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ABSTRACT

ABSTRACT

Buckminsterfullerene Cgo was discovered in 1985. However, there has been no
experimental evidence for all-boron fullerenes before 2014. In recent years, a series of
rich-boron cluster with Bj triangles basic unit and boron double chains and the
quasi-planar boron cluster with hexagonal holes were observed in gas by our group in
collaboration with Lai-Sheng Wang at Brown University. It is interesting that the
double chains and hexagonal holes are the basic building blocks of the stable
two-dimensional boron sheets at theoretical levels. Based on these experimental and
theoretical results of low-dimensional boron materials, we perform systematical
theoretical and experimental researches on all-boron fullerenes. Firstly, we confirmed
the existence of cage-like D,y Bs™ and Ci/C, Bsy~ in gas phase by joint
photoelectron spectroscopy (PES) and first-principles calculations. The borospherenes
D4 Bgo and C3/C, Bsg~ are composed of twelve interwoven boron double chains with
six hexagonal and heptagonal holes. These experimental evidences initiated the
borospherene chemistry, and motivated the theoretically predictions of a large number

of borospherene family members. The main contents and results are as follow:

I. Boron-rich binary clusters with Bj; triangular basic unit and boron

double-chains

1. BsAu, and B3(BO), (n = 1, 2) clusters with the Bz Triangular Basic Unit
Photoelectron spectroscopy and density-functional theory are combined to study
the structures and chemical bonding in boron-gold alloy clusters and boron boronyl
clusters: BsAu, and B3(BO), (n =1, 2). The anion and neutral clusters turn out to
be isostructural and isovalent to the BsH, /BsH, (n = 1, 2) species, which are similar
in bonding owing to the fact that Au, BO, and H are monovalent o ligands. All BsAu,
and B3(BO), (n =1, 2) clusters are aromatic with 2r electrons. The current results
provide new examples for the Au/H and BO/H isolobal analogy and enrich the
chemistry of boronyl and gold.
2. BsAu, and BgAu, (n = 1-3) Clusters with Bg Boron Double-Chains

Photoelectron spectroscopy and density-functional theory are combined to
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investigate the electronic and structural properties of a series of B—Au alloy clusters:
BsAu, and BgAu, (n = 1-3). The calculated electronic binding energies are
compared with experimental measurements to establish the anion global-minimum
structures and their corresponding neutral states. The ground-state structures of these
clusters are shown to be planar or quasi-planar with an elongated Bg core. All three
anion clusters are © antiaromatic. Natural bond orbital analyses show that the B-Au
bonding is highly covalent, providing new examples for the Au/H analogy in Au alloy
clusters.
3. By(BO), "° (n = 5-12) Clusters with Longer Boron Double-Chains

A series of boron dioxide clusters, ByO, (x = 7—14), have been produced and
investigated using photoelectron spectroscopy and quantum chemical calculations.
The dioxide clusters are shown to possess elongated ladder-like structures with two
terminal boronyl (BO) groups, forming an extensive series of boron nanoribbons,
B,(BO), (n = 5-12). Both = and o conjugations are found to be important in the
unique bonding patterns of the boron nanoribbons. The = conjugation in these clusters
is analogous to the polyenes, while the ¢ conjugation plays an equally important role
in rendering the stability of the nanoribbons. The concept of o conjugation established
here has no analogues in hydrocarbons. The nanoribbons form a new class of
nanowires and may serve as precursors for a variety of boron nanostructures.
4. »-bonds and o-bonds in Oxygen-Rich B;0, """ (n =2—4) Clusters

We explore the structural and bonding properties of the electron-deficient boron
oxide clusters, using a series of B3O, ™" (n = 2-4) clusters as examples.
Global-minimum structures of these boron oxide clusters show a remarkable size and
charge-state dependence. An array of new bonding elements are revealed: core
boronyl groups, dual 3c—4e hypervalent bonds (®w-bonds), and rhombic 4c—4e bonds
(o-bonds). In favorable cases, oxygen can exhaust all its 2s/2p electrons to facilitate
the formation of B—O bonds. The current findings should help understand the bonding

nature of low-dimensional boron oxide nanomaterials and bulk boron oxides.
I1. Quasi-planar Boron Cluster with Hexagonal Vacancies
1. Quasi-Planar Boron Clusters Bss ° with Dual = Aromaticity

Here we present computational evidence for the quasi-planar all-boron aromatic

VI
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Bss (Cev, “A1) and Bss (Ca, 2A;) clusters, established as the global-minimum
structures on the basis of Stochastic Surface Walking (SSW) searches. Our
global-minimum structures are in line with a recent report (Z. A. Piazza et al., Nat.
Commun., 2014, 5, 3113). These structures consist of two-dimensional close-packing
boron with a perfect hexagonal hole at the center, which may serve as molecular
models for the monolayer boron a sheet. Chemical bonding analysis indicates that Bsg
and Bgs are all-boron analogues of coronene (Cy4Hj12), featuring concentric dual «
aromaticity with an inner 7 sextet and an outer w sextet.
2. Quasi-Planar Boron Clusters Bss ° with Triple © Aromaticity

Here we report a boron cluster with a double-hexagonal vacancy as a new and
more flexible structural motif for borophene. Global minimum searches find that both
B3s and Bgss possess planar hexagonal structures, similar to that of Bgs, except a
missing interior B atom that creates a double hexagonal vacancy. The closed-shell Bss
is found to exhibit triple = aromaticity with 11 delocalized = bonds, analogous to
benzo(g,h,i)perylene (C,2H12). The Bss cluster can be used to build atom-thin boron
sheets with various hexagonal hole densities, providing further experimental evidence

for the viability of borophene.
I11. The Discovery of Borospherenes

1. The Discovery of Borospherenes—Experimental and Theoretical Evidence of
Cage-Like All-Boron Fullerenes Dyg B ™"

Here we present the observation of the first all-boron fullerenes Dyq B,
dubbed as borospherenes, via a joint first-principles calculation and photoelectron
spectroscopy investigation. These all-boron fullerenes are composed of twelve
interwoven boron double chains with six hexagonal and heptagonal faces. In fact, the
double chains and hexagonal holes are the building block of numerous
low-dimensional boron nanomaterials. The chemical bonding analyses show that there
exist a three-center two-electron (3c-2e) o bond on each Bjs triangle on the cage
surface and twelve multicenter two-electron = bonds (mc-2e, m =5, 6, 7) over the o
skeleton. Dyq B4 appears to be the first case of o plus n double delocalization
bonding pattern. The observation of Dyq B " borospherenes suggests the beginning

of the experimental and theoretical research of all-boron fullerenes, implies there exist

VIl
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a family of borospherenes which parallel to the well-known carbon fullerenes.
2. Experimental and Theoretical Evidence of Axially Chiral Borospherenes C3/C; Bag™
Here we report the observation of axially chiral borospherene in the Bag
nanocluster on the bases of photoelectron spectroscopy, global minimum searches,
and electronic structure calculations. Extensive structural searches in combination
with density functional and CCSD(T) calculations show that Bsg~ has a C3 cage global
minimum with a close-lying C, cage isomer. Both the C; and C, B3y~ cages are chiral
with degenerate enantiomers. The Cz global minimum consists of three hexagons and
three heptagons around the vertical C3 axis. The C, isomer is built on two hexagons
on the top and at the bottom of the cage with four heptagons around the waist. Both
the C; and C, axially chiral isomers of Bsy are present in the experiment and
contribute to the observed photoelectron spectrum. The chiral borospherenes also
exhibit three-dimensional aromaticity, featuring o and = double delocalization for all
valence electrons. The current findings add chiral members to the borospherene
family and indicate the structural diversity of boron-based nanomaterials.
3. Endohedral C3/C, Ca@B3y": Axially Chiral Metalloborospherenes Based on Bag~
Using the newly discovered borospherenes C; Bsg and C, Bsg~ as molecular
devices and based on extensive global-minimum searches and first-principles
calculations, we present herein the possibility of the first axially chiral
metalloborospherenes Cs Ca@B3g" and C, Ca@Bsy" Which are the global minimum
and the second lowest-lying isomer of CaBsy', respectively. These
metalloborospherene species turn out to be charge-transfer complexes Ca®*@B3y™ in
nature, with the Ca centre on the C3 or C, molecular axis donating one electron to the
B3g cage which behaves like a superhalogen. Molecular orbital analyses indicate that
C3/C, Ca** @By possess the universal bonding pattern of ¢ plus © double
delocalization, similar to their C3/C, Bsg parents. Molecular dynamics simulations
show that both C; Ca@B3," (1) and C, Ca@Basg" (2) are dynamically stable at 200 K,
with the former starting to fluctuate strucutrally at 300 K and the latter at 400 K, again
similar to C3/C;, Bag .
4. Cage-Like B4 * and B4,?*: Chiral Members of the Borospherene Family

With inspirations from the newly discovered cage-like Dag Bag ® and C3/C; Bag

VIl
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we introduce herein two chiral members to the borospherene family based upon
extensive global minimum searches and first-principles calculations: the cage-like C;
B4* and C;, By,*", both of which are the global minima of the systems with degenerate
enantiomers. These chiral borospherene cations are composed of twelve interwoven
boron double chains with six hexagonal and heptagonal faces and may be viewed as
the cuborenes analogous to cubane (CgHs), similar to the observed Dyq Bag ™ and
Cs/C, Bsg in geometry. Chemical bonding analyses show that there exist a
three-center two-electron (3c—2e¢) o bond on each Bj triangle and twelve multi-center
two-electron 7 bonds (mc—2e, m = 5, 6, 7) over the twelve interwoven boron double
chains on the cage surface. The o plus © double delocalization appears to be the
universal bonding pattern for all borospherenes that have been studied so far. Bsg , Ba,
B4, and Bsy?* thus form a z-isovalent B, series in different charge states (q = n —
40), which all have 12 delocalized mc-2e © bonds over a o skeleton made of n + 8
delocalized 3c-2e ¢ bonds.
5. Borospherenes Bss? ", Bsg*, B3>~ and Metalloborospherenes Ca@Bsg, Lis&Bsg, and
Ca@Bs7

Based on extensive global-minimum searches and first-principles electronic
structure calculations, we present the viability of an endohedral metalloborospherene
Cs Ca@B3g Which contains a C, Bgg?~ dianion composed of interwoven boron double
chains with a o + m double delocalization bonding pattern. The discovery of
borospherene Bss®~ and metalloborospherene Ca@Bss indicate that electron-deficient
borospherene can be effectively stabilized by doping metals. Based on the same
measure, we confirmed the charge-transfer complexes Li,&B3zs and Ca@B3; contain
borospherenes Bss*~ and B3> respectively. The current findings extended the B, (q =

n — 40) borospherene family from n = 39-42 to n = 36-42.

Key words: Borospherenes; Boron double chains; Planar aromatic boron clusters;

Photoelectron spectroscopy; First-principle calculations
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B 1.2 '8 $H Ce, AKRE, BEMAb R MM XZ, Z B A LHK[34].
Fig 1.2 The geometric structures transformation between fullerene Cg, carbon nanotube, graphene

and graphite®.

1.2 REERMLARA R

VEN AR TR AR R, TS A B Foe R, Bia TR R E O
B RAMEE H Bk T, X5 B0 S5 AR AE — 8 AL A LR R S 2> S
S R 2 22 5 o BLRUIRZEBR DKL (1 R AR A A BRI 2 T AR 2 25 24U
REARLE I E )G K E R 2K A AT RENE , RS — S5t
AR RN S 6 kR
1.2.1 FEMEARE

A3 TR L 40K [ 5 5 (0 S8 X FRARF AR BT T Coo KILZJEHIJL
E, Hh A R L, 1988 4 Anderson 25 A\ K HILFH B T 1415 BistH “ 40807
WEME, B R ENE, AR AP T AR A e 2 20 TR AR
HAEMEREWARE, SR PR IE A By N S0 =4E5r
R, Gl 1.3 sy o- 25 TGS s B ], XS By R 2L (4D &
ERRET., HZJEHLER, Kawai 25 ABYR Boustani®* 17 5 K FLSE T Bas'
FFAEILIARETE AR E A5, R UL By = 4E IR MR VA RO J5



B RlE

i3

K, Bus BEIE R B oy A M v 2o 1 R,

1.3 a-ZE BN Sk 7 = B o
Fig 1.3 The structure diagram of a-rhombohedral boron.
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Fig 1.4 A summary of the global minima of B, (n = 3-25, 27) clusters confirmed by

experiment®%,



BRI G L B 56 L 7 RETE T B

AL, O T EIE AN RSB TR R T UART 45 7 A0 H 5~ 25 R s AL A, Wang
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[R5 4, 15 Kappes 58 A\ & 1 F% (ion mobility) 558 ik 52 BH 25 15 [41#% B
1E n = 16 B A2 AT T B IR M 45 3 s d) fhp i i SR o,
IR HEvEEF A B 7% 5 © AT E A —— 38 55 e FoA AL s I3 s g =X
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B 1.5 Cy, B,y #23E (phenanthrene) no>F #id 34 kb,

Fig 1.5 Comparison of the 1 CMOs of Cy, B3~ and phenanthrenet*?.,
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Fig 1.6 The front and side views of I, Bgo®®.
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Fig 1.7 The structure of o boron sheet. Red line mark the unit cell.!**)
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Fig 1.8 A series of monolayer boron sheets which contain the binary nature.™™
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TPl AR IR O R B SRS RE, 91 0 7 R S B S R M A
L F £+ 1kal/mol 1) “HHERE” , T2 B E T TAEEMER. HX0ifEH,
CCSD(T)vH&E, JuHZ2XS R RITHE, SR BE THENLEEAR AT T R K
R AL NI . PRI, FRATTHE AT 1275 ik I 0 20T R) H 8 0 2 AR TR
(MP), AZSMHEAER(CYKEMAA TR S, AT LLEEEE SR B AR D
ML R 75 A T 52 TH 5 4%

2.3 BEZRIER

MRS T7 1 AT 5 15 7 R PR U8 R B RORE 22 SR 1A R AT I AU O o (R i
BREEASEI,  EiZZ N4, Hohenberg #1 Kohn 3iF B XHT- HL 1 il 2 22
KA %R, HIEESRERAUE B 755 p 2R, 17 FET- 3 R AW i), BRIt
FH T2 SRR 2 R R B2 rl e . JE Tk, Hohenberg. Kohn il Sham %5
N 3 I 3 [A) Ad ST RT R R RS T % B 72 bR B8 (Density  Functional Theory,
DFT)I97, 3% 771 & 7 Hatree-Fock ALl JEA btk — 452 18 7 28 i e FIAH CAE .

MM EZH TR S, BTHE B REA RIS A TE5H N AH
THZE TR, HEREA 3N MEEN 78, BB Fas =42 EA
B), MHETHE p MRS ARy, ) =N BB R E. Wi, BEEd R
K, ZEHEH 3N AN H R ME, 1 7R 2 A b 1) 2 B IR A TR 8 3 A
AARR I R EOR A S R

ST RAVR G OIMESR, BFW6eE, H%EZRER T LERRR:

E=E;,+Ex+E, +E+E;

(2.4)
L AR W LRI i T3 RE(Er) s LT 2B P RZ IR G RE(EN) . HLTZ 1A
G HE T RE(E) SCHRAEATHL T B HEFr BERIIZ IE (Ex) A1 A [F] E e B 122 8]z
ZNIIAHERE(EC). AP AT =T 5 Hartree-Fock J7ik—8, A& TR MFER M4
RS, HVUTANEE TR AR N IE, HATHRER THOCRE. HEIR LK,
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Ene 1 By ARG SN O A F T DL B 31521, 17 HE T3l R (Ex) RN AS # L AH G BE (Exs
Ec)WIANRE. ANRIRG L2 bR TA) B8 X 0 AE T BT A P A2 #32 B8 Ex AR SRVZ R Ec Y
ANE], AR, JUHRE IR ERIGIN, FRATAT LS 2 5 ks B2 (A8 4kl S R
FEh, BT ATHRZ R I AR RO B 03 0 R R, 0 EE B AR R TR A AR =
R, AMIXE T AEKERIENRZ K. DFT WHEKMRAET, B AL
BMKE I EDIRZ, (AREER R XS 2 MY Rt T 5 &k &k A
B3LYP Z44kiz s %, 5otk R4 ] PBE 32 s MO, 75 ab R alifl vk R i
#]7 PBE1PBE J7i%M%, TPSShU®URIM & K A5 4L IE # CAM-B3LYP J7i%1M,
24 SRR HEXNEZREFREAKREBRGE

AR SCIAR TR 43 A X1 32 B85 Gaussian 09 F25%°1H1 Molpro #2511
SERL, AR /NS R Z R PN T AN 4 R R AR AR EL LA 1 5 AT . R
IS RO B AR % 2 %5 ADNDP R Pl AT 2 sl s o A . 340, A SC b
BB T BIFE ) H T e T Sz a6 8 o 38 [ A1 B K% Lai-Sheng Wang B8 2H i3
eI T BRI e R
241 ERMRNERIRER

HA MBI, R @k AN [ 7 N G2 A & e & 1) 7 44
o Wt R, g e Ao fa, MRS & b AR i R -7 A Am A e ] BA
2ttt — A RE T, B R S A TR A 55 5 A2 AR IX AN A RE T4 R
FIT et N S5 84 o ohT IR 1 B8 MRS o B B — B o, A Re Ty a5, 18
AL B S T LA G AT LAR AR 5 M3k 21 L 5E 8 B IR A5 4 o (EN 10 TR
&, HHAREHE BRI/ R H S S5 T8 H R 2 m se o7 ARG, B,
MIRREA 13 NETH, HBREH LR/ S KAE 10% (H4ETHH N 55
i, JLBAREI S B 107 M/ 00, s il kg Sl N T 7 3UR
HMESE AR B R R4 RN, 75 ZEAE B R R e iz vl . AR,
BE A TSR PR R, NATTIT At & 4 Jmy 48 R P AT 35 6 I 41 88 0 45 4 T
W, 540 Random Sampling (B #L34 Z2)M9 Coalescence-Kick (CK)&2
Basin-Hopping (BH, #x#iBkER)M!. Minima-Hopping (MH, /)M #kik) 418
Simulated Annealing (545118 4 )M®),  Stochastic Surface Walking (SSW, BE#12 fi
477E)M 0 Genetic Algorithm(GA, i#tf&5k) M4, Acrdh B %) BH, MH
I SSW 44 2 BLIL 4 1 T 4K (1) J ST A 56 , 38 45 -0 A 4 22 . BH vk 92 1997
SESIF A Wales 45 NI T S245-R% 1851 Metropolis #E NS 4 (145 k4 i
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WT7%. MH J7%42 Stefan T+ 2004 4EFF K& B8 IS 731 30 /1 # AR BRI R
HREH B RIE, A2 IR AT D T H e 4 1 BE & BRI ) Beo 141715
e 0, A SR AR AT SR G R . SSw s B
KRR PRA T 2013 4EHEW 19— MR H A ae 1 E — B S80S Bk EET 451
4 Z RS B TR AT %o AN SO, 6 R TR D B E I = e R R B CK U7
AT R, R AR RSP A A se i A Dy BH, MH F SSWBEAS XUAH
.
2.4.2 B BAREE XI5 (AINDP)IZFF

FH 7485 R 1) ADNDP(Adaptive Natural Density Partitioning )27 /& H1 3€ [E 5t
fih K% Zubarev F1 Boldyrev 2 AT 2008 4EFF & s v T D, F3i g f T
IR R AL SR, AR [ 2010 4R 5] 3EZ R OF B 2 Fr s Bc o 1 48
R0y B TR ), D 2 T E B A . AR A R R S RSB R
102 R BT

TAVHTE, TN 531 2 v R R AL, T NBO U I 2 B2 e A 1
NBO 1] LA UF AL Lewis XAHXT B i AN B ¥ (Le-2€) AN GO 9 L -4
(2c-2€), g A LAY BIZSA e b (1) = o0 P FL T4 (3c-2e) s TR 2 L 1)
BINTCHE N . N T S S AR R A S O e i, 75 20K NBO f2 fpidk—3P
PR ] LU R 4c-2e. 5c-2e, HLE nc-2e f#, AINDP ¢ IE 2k Tix — ARk
R IFRE A . AR Y%A P 0 PUE 1) 7 4 R A2 /v T CMO F1 NBO M Fl
I M A R Z ). AANDP FEFP R &R, gl A 5. T
RIETHUIENAO), B HBrisEAS 5 MEERI N JZ 10 % BEAE PR oIk, 285
HER 1c-2e B, BN HET, HIOG BT 1) 4l H— BB B T 2.00 Jel. ZEHIER
PO 750 B R R = 5, B OR PR A 55 28 1 07 N R AR R b T A7 1
2c-2e B, MO T ELWA T EH R, WE SR BIERAME 2c-2e #HE R
B, Gl RATAA & AR FF & SRRV . SR80S &4 2.00 [ef. FIFR
2c-2e HL TR LR TTER S PR UCR - AR IR U7 AHEAT 3c-2e. 4c-2e, +--+o .
nc-2e BT ZAEFFIT K B ASIER Z BRI 70 USRS IAT 2, 1 ani 34 55 &
B Au [AfE. PR SRS . fEZfEF 2o, A 185 T AINDP 45
ERBRERFATHHE A . B4R, 7EEAS AANDP (6 L RE A, 72N T3 Ak %
Tl 7R (1 R DA R AR R 0 R 23 47 o] RE 2 H IR e B Y, i HL AT 45 R 5 2
B FEMEZRITH T R 0] A ke G 32 MR 200 o0 M 45 R s, JRATT— M
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P A 2 W 1E T 43 F- 3L iE (CMO) A HE 1 58 35 2R 20 (ELF) % 8 40 B 45 SR [
AdANDP &5 R at47 XLk, REUER AL T & . S, BN S RE NFTIF R
Multiwfn F& 5t 7] Sk #k47 AANDP fig 43 #7120,

2.5 B FRIEHARSRIE

L TREEH AR (PES, Photoeletron Spectroscopy)™ 2 35 B 25w R 21,
& AR WA BT FE T BhEE, MRS HOEFIRE . BT 466
A E AT, X EE BRI TR T 70 TR SE A, 02 A 2 1 () H
T4t . T RS — MR REEEA, B TEAFERITS, JGR AR
WOk BT 20-30A BN HT, BRI H 7 SO 2 AR H S B X
THEFE T E, @GR H RN v SRS M B RN E T INE &
e, HEMIRTSF AT 7 THUIERERAE B

o HL T B B R bl L W BE RS (A B2 5K Siegbahn 5 A 22 1957
IR IE R RECRI, AMATRAIZECR, @i X 4ol RERE (XPS)ME Cu
i KA L BRI T4ARE, FFHIIRTS 1981 F/i DUUREE. J52k Turner
2t NP 9% e SR Ml B T REVE (UPS), I T REBAII 2 UM 2 T 1 L BT RE 1P, %
T X ARSI AR AT, BHF TAEE XOF K H IS 7R FRe ik R
(Negative lon PES)M®24127 - FF-Aff ¢ BAT BUR B 45 S REMIH B 7, 3k 7531
5 HO6T B R M S5 R B BB REAE S D' HL - BE TSI P 15 B OGS B TN
AR R T FRE, 75 B — 20 @ i B v AN H 7 R R AL R o R A AT DA
e e ATTE LT & 4, 4k B 78 B & M BT o AR SCERATT [F)AT BH K %7 Lai-Sheng
Wang Z-5 1, T BT IS 00— & B = 70 B 55 0 Al B 14 55 Ko ek 12 ) A 25
FH 2P 1E & B 3 7 H T BE % 5 R (Negative lon PES).

MIEE EF, GRS A T U N R B AN TS, FERI BT
AR R R E ST ER, B

M +hv—>M+e
EKE =hv- EBE
(2.5)
B, MM 2 AR B B 1 SO B RS, hve R RO T, e AR
T E DGR, EKE Al EBE 40 AR R B L AR OG- I3 RE I 45 & RE
FEF B 1 It L Re R s, ROFIESERI B & 5 — A e K OB BLAE
F, a2 S O6 F Bh ek I E T 45 A g
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B BRI S5

FEASC PR TR BRI TR AR B BE(ADE) TR I & T HE S S
REE I L% I 1 7 450 T PRSI RE R . T8 LK B RE(VDE)Fa B & 124 a5 454
MR R S TP R e 2. ARREA T

ADE = Eja ;- Ea
VDE = Ea ] - E[ag
(2.6)
B, Ea RIS 7RSS M REE: Epnpefadt T U8 725 U4,
BEAT RSO G TSN R B BE B Epapedidd T T2 U4, X
BEAT A B R RETH S T A E R

N‘/
+ 2 Ski i M Ion
0 |~ 2 Skimmer Horizontal and ‘;‘g““‘ detector

. vertical deflector 7 9
Einzel lens 6 Mass gate
/. 3 Pulsed ion 5 and decelera\ﬁr

extraction stack

L — 1 Target and nozzle

Source Chamber

Com o |

]
4 | |
10
Ton deflector TOF-MS Detachment
: laser beam
Vaporization e
Laser 1| ——>

3.5 m electron
flight tube /_/

SAd-A0.L dog-dnudey

12 ——tml

Electron detector %
B 2.1 BOLAR K- AR LT RS ALTE R

Fig. 2.1 The schematic view of the laser vaporization, magnetic-bottle photoelectron spectrometer.

K 2.1 NATRA K (Brown University)Lai-Sheng Wang @141 1B & 7' HL
TREIE SR BB, 2k 3 B 0L 28 & B % J5 (Laser vaporization cluster
source). K47 [H] i 14X (Time-of-flight mass spectrometer) FHE IR RO HL T~ 70 HH X
(Magnetic-bottle photoelectron analyzer)s =AM Frdl k. e EEAMHE: H
TR B R R BTRE , PRAIE 25 5 RIS R A MO 7 BE TS 20 3 1 DT 2
B BNRGEABRIHAFBEET RS, MRS, UAZ kit
JeaR(E A Nd:YAG Ot =&, —& TAET 532 nm A11064 nm, 5—& TAET
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1064, 532, 355, 266 nm EZ K. #EDTHOCZ G, —& N AF Bot, BEK
N193nm; H—GNF2 Bk, WK 157 nm). B SeiE R Bkios & o B AR
anEAT, i R P AR A B TR RS A TR IOV P R AR R R A, B 2T R
FMAE R B BR E 5 H3E BIRR B b N RAT IS TR, R B AT e (m/z)
Xof TN R (1) AT AR AT e 453 s o Je Bt D't H - R i (0OnT 283 Joid e AN 5 1) A7 25
FREAT HLT I PR A
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B A By = ARG BTN UEEANK AT ) 5 0l — A%

EZES B8 B =AEEREHETT
TR LN oK 5 /Y & W — e [Z 5k
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

FZE ET B =ZARERGWERETH
BsAu, 1 Bs(BO), (N =1, 2)

3.1 B

T[] A R f A, BB MR B S B R e o o, B =
Lo FL T4 (3c-2e i) BRI AL A i 5 A 2 F Lk, A S ]
WIS B, W A 1) Bt 2 8 e 5 A PR A s 0 A PR R PR A 2 3, IX PR IR 1)
TR 3 B A1 4% W AR s B A 2% ) 1 6 2R B a2 B A0L ¢ R RSP T BT
T 4 g (38:40-42. 454048, 54.152-L43] - S g 101 iz %5 7 1k 1A MR & T [ i FH B0 1 2 1) o
Mg Ze, FHWHH 7 B S + oW E A A VE. XE e 745 B M EO 57 & 75 &
Pk alif) 15190133 5 STl & & B AN BRSNS T Fe R it 73t — b
EAC P A 5 Fl 3 W T BBV R (1 L 45 183 144198

S E I B 5 7Bs 1#%(Dan, 'A) RGN + nWE S F
kR, o F RN B2 SR A2 S, 4 alfFE4n + 2R 50K
B (Hickel rule)®. o F#%Bs (Dan, "A)FIFERAT o5 Ak, (HEAE — A5
oM (AR = —— B4, 3c-1e)M 1, HEREIB G &+
R T AL, HA R ALAE T B 78 e AT TRT AR 7= 328 038 i e 4 i 00 AT e P 55 4
A5 E AR AL, 0T DL BH B 3 22 v O B 3B G n] 3 A Ay e 3 -
Hi P4 (2c-2€) . A KBsHAIBsH A5 M I BRI THE R, HIR i m T1F B =
T S A8, AL HAIAIH B I B B A R HE A 47 B T4k 2 BsH A BsH A BL )
L te9 1000 fH R fE N BaHANALHI S L AR R, BaLidl 2 HA Co t FRTE R
HA R E S, LR AT B = Mikai oo F e, ik, 2% 4 BsH
BT £ 5% A EAE RS — M R ECCSD(T) &2, ok, #istiky
Ba(BO)s J He B B A1 4 B T 3 8 RGBS 11 510, i Lidge A6
WEACAIESE, B33 (boronyl, BO)RT LA A AE 1 — oML A LEAT RIHALL 1L
AT N (S AT IS I BOIHAE AR IME), (Rl Bs(BO)s £ 41 1 7% 5 BaH L A A [H]
MEEFIER . AR B E A R B0 A MBs 7l LIEEI A2
Ao HLT 1075 B MR R Cyy BaHg 1207, Sl g AUk BaHg 7T LA & i —Fh i e
s ERE, BIZAIGE BRI BUR AT A INHaBaH ™, Cay BaHe™ R W niL 1- 55 7
Pk RO, RIS B BaH, (n = 3-9)BIFRHSEA 5 B S, AN T
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BaHn (n = 4-7) (014 Rl NS MBS AT = F B 2208 M KB I ER T AT
M5, A RBE AWMLY AT 7T N A HRiE .

AF A, FRATIE R BT AE 1% 5256 (photoelectron spectroscopy, PES)4: 4 4%
JE3Z PR HRAE 1) 7 2 T -4 & 4 [ 7B AU FIBaAU, LA B A T IRt S FX BB ¢
F:[H1#%B3(BO)” [B4O JHIB3(BO), [BsO, 1. Auli 1 [Fl%E: Bl#% 8k B A i fa & i) B
SHE AR AT A, AT G VR H A PR ol A4 182180 o] b oA 2 B i B
FIIB-Au, B-(BO)H#ER 1ZE A FBsH , BaHy AHALIY UM e 4544 . FRAT
R ILAR B BT I 12 40 B B-Au I B—(BO) 1 7% 11 0% FL 7 RE 3 S 36 1 B 2B — 2 1
FAltE, SEEFRTFEEGE, 7 LLUESEBsAu, FB3(BO), (n =1, 2) & H Atk [Fl#%
IR /2 BsHn 1BsHy (n = 1, 2)HJ [N . SEAFh . 380708 58 LAE AT LLIEW] Au, BO
FHEA ML ST R (BT DAE N FR 2 I — ot i), AU, BORIHAEHEAH
AVESR A T 7 s 9
32 KWEBIRFE
3.2.1 LWHE

SR A L 4% oG 28 8 AR A R SO R T B e B 10, e
Huiit, 7E4E He BAUR B @ EOLIEST & & °B RN R Au/B IRAW)HH =
4 BsAu Al BsAu, B1#%, 78 Oy &8 0.01%(1) He 2/ FE R OGRS & &
0B [ AL R AIREER2E B BJOF1 BsO, %, HEATEHNES LI /T, BBk
A R TS R 2 W S N AT I ] SRR AT o B 4 AT 40K T %o S R )
H bR R 3R AT 0T Sk B AaoE . i B 52 588 73 Al E Nd:YAG B0 355 nm
(3.496 eV), 266 nm (4.661 eV)Fl ArF #E 7 T30t 193 nm (6.424 eV) =FOL T REE
T R T T CEAT SR R LA LT 100% 0 20 BT 4R FEAE 3.5
KK T RATER R 0. FTf3seis et H S Aufl RhOGREF TR
ZAEE B EYER N AEE = 25%, it 1 eV SIfeIHE TREE D PR KL
N 25 meV,

3.2.2 BRHE

KL CK A8 & iy 1234005 53] 7 B3LY P/Lanl2dz FlIB3LY P/3-21G 7k S (100166
% B-AuMIB—(BO) M & 1 /%t A7 4 it /NS 4 2R . R AR I Re & e A A
B3LYPJ7i% FHET e AL H T B R W (R O L IE IR N G5 K, HFB. OF
Faug-cc-pVTZEEZH, AUSE & FRIgR ks 1F ¥ Stuttgart & 34 gk 20 (1871901 5 -1
BT 45 5 ek S5 R BB SR T S Koopmans &2 BN AN & i) 45 B 7 o6
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

V1921981 ) 7 A B R B 1) SR R X RS B RN e 3R . T B P T B A% (ADE.
VDE), T B3LYPHLA T J LA £ 4 St 043 45 ¥ 34T CCSD(T) o419 s i e
B, AT R E T Gaussian 0978 RSl 5E ik .

3.3 SLIGER

3.3.1 BzAu #1 B3Auy~

K13.145 i 1 BsAu7E(a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV)F1(c)193 nm
(6.424 eV) =Fib FREE FIIOEH TAERE . 355 nm R A2 (3.1 () T LA
A FEAAXUE AR BEY HEA — A E AL PRSI, RSN ~1040450 cm ™.
0-0BKIL BB H2.2940.02 eV(ILFR3.1), 1ZAE /& SL5e il & [FJADEAIVDE, [Ai &
BaAu 4 [ % 1) B, 155 A BE (Electronic Affinity, EA). 7£266 nmJt i (1%13.1 (b))
AU (VDE: 3.28)R] LIS 3| RAFHL 737, H 5 X IE R e B HIBR K2 h1eV, A
A A A11704 30 em™ (3.1 ECA TEZ R 4 BIlI&VDE #3.70

(a)
355 nm

Binding Energy (eV)

E 3.1 BsAu 4£(a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV)#F= (c) 193 nm (6.424 eV) =#F £
FRETOLELTARIE, EARETTHHORADEM,
Fig. 3.1 Photoelectron spectra of B;Au™ at (a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV), and

(c) 193 nm (6.424 eV). The vertical lines represent resolved vibrational structures.
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eV, 7£266 nm A /33 FIRE B A RSN, FRBNIAB KL 81200450 cm™; C
1% (VDE: 3.94 eV)FID% & (VDE: 4.34 eV) (AN 3 — ok —55, {5 - H#H 5
FERARBFFIE. 7193 nmtiE(KI3.1 (¢), sl & REX IR LI B — R 5145
fEREWE, E. F. GRIHBEUEHT X N VDEE 7% ~44.57. 5.34. 5.60f1~6.1eV.

& 3.2 Fin A BsAu, 7E(a) 266 nm (4.661 eV)#1(0)193 nm (6.424 eV) i Fft
TRER NGRS . £ 266 nm D' (8] 3.2 (a)) AT UM 2 = AN B0 1) D' i
g X\ AN B, 73 7%t B2 BT R B A (VDE) y 3.22, 3.80. M~4.2 eV(ILF&
3.1). B4k, 266 nm S AT LA 2 14 HE X g B — MR B R y~1150 cm ™
IRBNERE, (5 X WEREE — IR IRR B8, X R BLAL v] REIE L A 43 7%
HRR S . e P T B B ADE (O 2 J7VE R T XA 58 — 1 e (1
WY — AR ELLR, %L T4 SRR AL AR RIS ST R AUE N B AR S R
W51 13 5L 5 ADE, 2 H1 1% BsAup IHL TSR MITRE EA, 2 3.17+0.03 eV,
193 nm St (] 3.2 (b)) Fehr b 7 # s 456 e XK DU ANkl €. DY EATF,
XTI ) VDE B4 5 4.89. 5.42, 5.70 f1 6.15eV, ' C. D fl E B AARBiM
F 5 MU X 56— 28 . 76 D 7R E A5 1] DAL SR SR 4353 9 ~900 F1~950 cm ™"
RSN 25 o

(a)
266 nm

X
W

Binding Energy (eV)

B 3.2 BsAu; #£(a) 266 nm#A= (b) 193 nmTF ey ke F Ak, £ A KK TT o HERAEM,
Fig. 3.2 Photoelectron spectra of BsAu, ™ at (a) 266 nm and (b) 193 nm. The vertical lines

represent resolved vibrational structures.
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

% 3.1 K8 F At RN 2 HTF BsAu Am BsAu, RAE G946, E A BT 3 H (N eV)
5 Cy BsAu™ (1)#= Cyy BsAu, (3)42) L Koopmans & 32 f= A0 58 & i % TD-B3LYP 7 i T+t
HArfgeei, EAE TR BRI,
TABLE 3.1 Experimental adiabatic and vertical detachment energies (ADEs and VDEs; in eV)
from the photoelectron spectra of BzAu™ and BsAu, ™ clusters, as compared with those calculated

using the generalized Koopmans’ theorem (GKT) and the time-dependent B3LYP methods.

) exptl theo (GKT) theo (TD-B3LYP)
SPEEIES eature | ADE/VDE®™ MO* ADE/VDE"* final state | ADE/VDE"
BsAU" X 2.29 (2)/2.29 (2)° a (o) | 2.45/2.47 (S)° A 2.45/2.47

A 3.28(2) by (B) 331 (M) *B, 3.12
B 3.70 (2) by (o) | 3.42(S) A 3.48
c 3.94 (3) a; (B) 3.87(T) *B, 3.68
D 4.34 (3) ay (o) 410 (S) B, 3.79
E 457 (3) b, (B) 4.43(T) A, 458
F 5.34 (3) b, (@) | 5.13(S) A 5.11

a; (B) 5.18 (T) A 5.75
G 5.60 (3) a; (o) 5.26 (S) 'B, 5.78
H ~6.1 a; (B) 5.85 (T) A 6.02

a, (B) 5.85 (T) A 6.02

a () | 5.86(S) A, 6.15

a; (@) | 5.86(S) A 6.15

B:Au,” | X 3.17 (3)/3.22 (3)° by (o) | 3.04/3.21 (D) 2B, 3.04/3.21

A 3.80 (3) b, (a) 3.56 (D) A, 3.54
B ~4.2 a; (o) 3.80 (D) 2B, 3.79
C 4.89 (2) a (o) | 5.05(D) B, 5.09
D 5.42 (2) b, () | 5.31 (D) A, 5.38
E 5.70 (2) b, (o) | 5.94 (D) A, 6.05

a, (o) 5.94 (D) 2B, 6.05
F 6.15 (5) by () 5.96 (D) oy 6.07

a; (o) 5.96 (D) 2B, 6.07

P RHETEORFREAERZE,

b Ak TR A LA ADE, Bt b b E SRR T a0 bF FE At

¢ MA BB TASE R L o Fo PIRESIE At S, DATHHIREEES, —ES5MZES.
IBAUTE B R R X, A, A2 B HTA R BeAu ik B £ 69 34 AR IR 9T E % 1040 + 50, 1170 + 30, 1200 + 50
cm; BsAu, It X, D A= E AT BoAu, B ) 55 69 3 AR 3k 3 91 4 ~1150, ~900, ~950 cm .

¢ f& CCSD(T)//B3LYP/B/aug-cc-pVTZ/Au/Stuttgart_rsc_ 1997 _ecp+2flg K -F £t 5 F71F BsAu 4= BsAu, &5
ADE/VDE % %] % 2.03/2.09 4= 2.97/3.25,

3.3.2 B,O [B3(BO) ]#1 BsO, [B3(BO); |
1 B,O 7E 355nm JaFRefE ML FREIE (K 3.3 ()T LLAEH, S Xy
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B BRI SR BB S ' F T REVE 7 B

HA 5 RIFHARN 50 . 0-0 BRIEFT A€ B,O AL TR 6 ADE, EH
HL TR B8 VDE 1 B,O ML TSR FIRE EA N 2.71 +£0.2eV. 1] 43 HHAIHR 3 45
FEJ 22 B v 1k 3 A XOHF IS PSR 2 1)l 1020 250 em 1 730 50 cm ™ 3RS
B, EATHSE G5 BT AR IR BE A K LI7E 2.93 V. TE 266 nm JGitk (& 3.3 (b))
Ha] DU RO &S A, B fil C k14 (1) VDE {571 3.88, 4.03 fl1 4.43 eV, A
A R HoR R, B AN SRS, C aw AR . 193nm ik s &
RE DX I — Lo PR ZE S L T(5 5 (B 3.3 (¢)), P REhnicth D, EFIF
T4 1Y) VDE 185> 54 4.85, ~5.2 F1 5.80 eV.

X

(a) FH
355 nm

I
(b)

266 nm

Binding Energy (eV)

B 3.3B,0 [B3(BO) 14 (a) 355 nm, (b) 266 nm #= (c) 193 nm F &y k& Fhkif, £A X% T
TP I LA
Fig. 3.3 Photoelectron spectra of B,O™ [B3(BO) ]at (a) 355 nm, (b) 266 nm, and (c) 193 nm.

The vertical lines represent resolved vibrational structures.

K 3.4 JE7~H 355nm A1 193nm Yt F-BEE T BsO, HIGH TREIE, A X 7
£ 355nm I} H A 73 PR i R S R (UR 38 A 370 £30 ecm ™, WLl 3.4 (),
7E 193nm I A 4335 Y X ik BT —AMREIHI Jy 1280 50 cm ™ ) = Ak (1] 3.4
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

(b)) 0-0 BRILHE N 4.44 £0.02 eV, IZ{EAGETE BsO, 4 ADE. VDE {4 BsO,
(R FE 2R ARE - 193 nm G HH ik T RUBLIN 2 P AN 06 (R UK A5 15 06 - A 717 (4.90 eV)
F1 B 77 (~5.2eV). & 3.2 FI|H T SL58l & 1) B4O #1 BsO, 1) ADE A VDE fH.

(@) ™
266 nm

LS R Y COE
38 40 42 44 46

(b)
193 nm

_x
@

Y

T T T T T T T T T T Tt
2 3 4 5 6

Binding Energy (eV)

K 3.4 BsO, [B3(BO), ]#(a) 266 nm #=(b) 193 nm F ey X -Fhtik, ££H X & TT 290k
HLEH o
Fig. 3.4 Photoelectron spectra of BsO,™ [B3(BO), ] at (&) 266 nm and (b) 193 nm. The vertical

lines represent resolved vibrational.

3.4 HpER

BsAU™, BsAuy, B4O FIBsO, A2 & AT Fwt W i [ iy 4 Jr il /N6 44 41 T 1
3.511, Mt FAL-AAZ HI T BTt FE VYA BB T4 R BRI RE & 5 4 Ak S AR fg
(FRAEFEVL], AT A REEIAE BT AR IERE) . KICKIE R LT X i
A B FHEFATER WD GG W E R, B S £ BILYP/B,
Olaug-cc-pVTZ/Au/Stuttgart_rsc_1997 ecp+2f1g7K “F X 4 2 Fr 431K e & 5 M 4 i
FTFE AL . B3LYPZK - AN} B 7 20keal/mol LA FA B 55 1 S b A gk — 2 i
TSR I CCSD(T) ¥ i e tH 5
3.4.1 BAu™ #0 B3Au, "

BsAu YA 5 MEAEE FHIAMT % AL). 2RH/NEH 1 (Co, 2A) (K1 3.5)
T, Au SRR NI EC R R E Bs = MBI — AT b BB S M AMIKRE &
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B BRI SR BB S ' F T REVE 7 B

FRIARALE B3LYP 7K b3 L4141 R mi~17 F1~25 keal/mol. 3 —fKREE
R AR HAT — AN AR Coy X RRIESS K (T BRI 5 e A A 28 1), HAE Bs =
AT EE R B IO — 3L Au JE T, CCSD(T) M it BB 4 M 4i iy 1 ki
Bi~7 keal/mol. 55 = KA B R A Bk 2 2R, Au J5LF AL By H G I
AR . AN By ST A R R E B B T A RN SR 1. 1 35
£51) 2 (Cov, "A) N BoAu SRR E MY, 7RSSR B[R] FLXT AR BA 5 7 4 R bl /s
2 AN Bt

2.025 1.977 \2.010 1 93(%‘
J—J(j St /A 9 9

1.C, B,Au (°A)) 2.C,,BAu('A) 3.C,,B.Au, (‘A) 4.C, B,Au, (B)

1.220

L B

1634 @ 1.205 d §
5.C, B,(BO) (A, -9 628 w
» By(BO) (CA) 1636 @ Do s

1.220 7.C,,B,(BO) (‘A)) ) @

ol - 8.C.,B,(BO), (A)  9.C,B(BO),(B)

1.630
6.C,B,(BO) (A"
A 3.5 BsAu, #= B3(BO), (n=1-2) A 4 & H ¥ 1 | % £ B3LYP/B, O/aug-cc-pVTZ/Au/Stuttgart
K-8 & By R 25 A
Fig. 3.5 Optimized structures of BsAu, and B3(BO), (n = 1-2) clusters and their neutrals at the

B3LYP/B,0/aug-cc-pVTZ/Au/Stuttgart_rsc_1997 ecp+2flg level.

Bt A2 FiTR A BsAu, HIMRBE R SEHI A . BsAuy AR/ N # 3 (Cay, 'A)
(B 35) /2T By = AT S ICHI B BRI Coy £544, BN Au J5 T DL B 7%
LR By =MW A TS b, %45 7E B3LYP /K R s i T 1) 744
A e %70 ~16 keal/mol . f 7t A2 Hr e SR 4 (1 g R 3 azc v T A SRR /NS5 4 3.
Hi1k BaAu, (B 3.5, 4 (Co, “Ba))TESE 4 A AT HT B2 I B 7 42 Rl /N s 1
3(K 3.5), UM Z AIAE T H 1 BsAu, (4)H) 2 BBAU HELE 1 I¢ M (172 9% B B 1
BsAu, (3)Kk~4<,
3.4.2 B,O ™ [B3(BO) ™]#1 BsO, ™ [B3(BO), "]

WATEIL BOAH MR, fe B MESEH AT B MR AE R Rk, 4
5 (Cay, *A0)FIZEHKY 6 (Cs, 2AY) (8 3.5), ‘EAIT#E B3LYP F1 CCSD(T)/KF_E (i
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

XTRERIILE Lkcal/mol 7247 (5% A3). £ B3LYP /K- |, Sxd#rbEf 45y 5 BA
—AN-383cm T MRS, (HAR, 4R T AL RN R I A5 5 B Co4it 6 FasE R
#) 1kcallmol, [K it B,O (RBP4 M N Z N 5. th4t, BATETE
BP86/aug-cc-pVTZ 1 CCSD/6-311+G* /K F-_Lxt L_E AN s 1 3HE— D 36AIE .
LR K. BP86 fll CCSD /K1 _E Cy, 451453 Il 2 BE 451 285 1 238 cm™ 1)
—Wr¥ s, HREESRIE G B Cs 45 Fa5E 0.33 A1 0.06 kecal/mol, 5 B3LYP
THEERYIERLT . FIX AT LLEEZ BO It Bs =AM EAE
FTE R BsAU 4514 . M5 A3 Faf LB A, HAR B,O i L |
WA GEME e F 2D 16 keal/mol. HiE B,O 5% 7 (Ca, A1) (Bl 3.5)1E
B3LYP /KF ERBIEMN/NG R, 254 FALRIBES 1 B,sO [B17% 5 A7 L1 1) 4
ZHER.

A~ BO JEH DA LA (TR By =M 2451 5 oA AR TR BsO,™
(14 R /NS R 8 (Cay, *Ar) (K1 3.5). BB IS5 8 IR BE B T M1 3
T By R PE R u i B2 B S5 1), 1 45 M7 B3LY P /K-F LA Rt/ N gt e & m~11
kcal/mol. Pf3% A4 HIEFH H e — LT By, By ai# Bs B 4L, HAu%E BO Al
M O BRI, XL gh iy 22/ L 4 SR Ml /NG5 44 BB it =i~20 keal/mol. 4 BsO, 9
(Cav, 2B1) (LI 3.5) 5 A (5 B T-1415% 8 (Cav, “A0)ZE M AER HIAL, 1 BsO2 (9)
) ~ BB(BO)#EL : & A1 (176 YR FH B 7 BsO, ™ (8)I MY 5K 7 ~2= T
SR HE BsO, [Ba(BO), 1A BsAuy HIFARE AR, (B 4 Rtk
INGERIMAR BT T Au/BO 53R A 4
3.5 LI SIPLEERITLL
3.5.1 BsAu #1 B,O” [B3(BO)]

BsAU I B,O G HLFREEELE 1) LA REMBIE, BT E#H MG REA L
VFIERS o Sl B AR P B AT S5 A R AR BTE S, B4O™ FH AT RIE N
Bs(BO)™ (Kl 3.5, 5). 7E B3LYP /K F-il 5435 BsAu™ 1 (Cav, 2A1)F1 B4O™ 5 (Cay, 2As)
75 ADE/VDE 73y 2.45/2.47 #112.87/2.89 eV( WL 3.1 #1 3.2). 55256 ¥4fz 41
tb, PRie ADE/VDE ##imifli 7 0.2eV Afi. FFEIEEAIZTE B3LYP, BP86 Al
CCSD 7K, B4O™ 5 (Cay, 2A0) N3 RE T b — B o5 . FIER /NS #4 B4O™ 6 (Cs,
2A) 31 ADE/VDE Ny 2.90/3.12 eV (P C1), R SZoé i < {f fw 22 8 i ik
+0.19/+0.41 eV, XA B WA Z LA KT REF=2E H AT T2 B,O T
BEWE . IX PN 45 B IR A B 2 25T B4O™ 5 (Cov, 2Ar)HlT B4O™ 6 (Co, *A) I REE
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%k 3.2 AwF AL Z e B,O A2 BsO, Mkey%#, AL TH BN eV)5 Cy
B3(BO)™ (5)#= C,, B3(BO), (8)4 ) L Koopmans /& 32 A=4 B % & 2 & TD-B3LYP 7 i F it 5
FrfFeeih, A TR HRTIL,
TATLE 3.2 Experimental adiabatic and vertical detachment energies (ADEs and VDEs; in eV)
from the photoelectron spectra of B,O™ and BsO,™ clusters, as compared with those calculated

using the generalized Koopmans’ theorem (GKT) and the time-dependent B3LYP (TD-B3LYP)

methods.
_ exptl theo (GKT)? theo (TD-B3LYP)?
species
feature | ADE/VDE"® Mo ADE/VDE® final state | ADE/VDE®
B,O” X 2.71 (2)/2.71 (2)° a; (o) 2.87/2.89 (S)f A 2.87/2.89
A 3.88 (3) b (B) 3.90 (T) *B, 3.71
B 4.03 (3) by () | 4.00(S) A 4.03
C 4.43 (5) a; (B) 4.41 (T) °B, 4.18
D 4.85 (3) a; (o) 470 (S) B, 4.40
E ~5.2 b, (B) 4.98 (T) A 5.28
F 5.80 (2) b, (a) 5.79 (S) B, 6.45
BsO,” X 4.44 (2)/4.44 (2)¢ by (@) | 4.31/4.45 (D) ’B, 4.31/4.45
A 4.90 (5) a (o) 4.86 (D) 2B, 4.87
B ~5.2 b, (a) 5.01 (D) A, 5.14

LGS EAAT B ARG LM 22 (Coy, 2A,), AT HEM LM 23(C,, AN H 4 5] F W&
Cl., HHEZRPTOLSRERER, ZH 2 EHRA-FHEMAF LR T RN 2 69,

A5 EHHFREERIRE,

© AR FRELS ADE, Hit R PR EN B ETF FER

CARABETFHHE B o7 A PIREBIE Ak; ST, DATHAEATREES, —EAAZTA,

© ik B,O UL B &Y 3T ARIR BN IME A 730 £50 A= 1020 + 50 cm ™ P BsO, M B 49 ARk F IR E A 370
+30 #1280 £ 50 cm 2,

T # CCSD(T)//B3LYP/aug-cc-pVTZ #-F it §13 2149 B,O 4= BsO, %% ADE/VDE # %1% 257/2.55 #=
4.40/4.53, T 44 22 A A B A LEH), Ak B,O #932# ADE #§ X T3 VDE 4.

ZNTEATNE SR IERE. Bk, FRATATLLAYIE Bs S5 K45 JaTi P +H #f i 5 &
[ 5 ¥ A S 5K BoO 55 ML B IR AR 3 F 3 4580 5 (Cay, 2Ad)o

L) X Koopmans & #H5A3 H ) BsAu Ml B4O UK A VDE 555246 #4fs
VIO, TGRS I TD-BILYP 454 T 1 5o 7 i &
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FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

FAERRIRZE, FFAREIR I E I IER 2366 . 10, TD-B3LYP 5T
2 BsAu Al B,O [ X—A i [A] [ (BsAu: 0.65 eV; B,O: 0.82 eV), a2 %W ik
P 5. J2 T e A v o 418 078 (HOMO) Al AR 23 Ui (LUMO) BE R, 2 B AR T 5258
MEE(BsAU: 0.99 eV; B,O: 1.17 eV). 5 Bk, X T-X 2658 )= 1 & 1 B %,
Koopmans 5& P {34 % 4 VDE 545 4% TD-B3LYP & af 2197,
3.5.2 BsAuy # BsO, [B3(BO); ]

BsAu, F1BsO, Jt HL T RE 1k [FIFE R KA. HBIKZ, BsO, MG HL T REIEAH
X BsAup HIIUKIE RS, X FHBsAu, 7£266 nm T 3 K] [7]193 nm BsO, D%
HMFRAL . PR A s A B R AR AL TR R I 9 SE 56 S sk R ARBL I, BsOp A K
A 1% N [FBsAu, FELLKIB(BO), - BsAuz™ 3 (Ca, "A)FIBsO,” 8 (Ca, 'A)TE
B3LYP/KF-i1 545 2 (1) 3£ 2 ADE/VDE 43 5l 93.04/3.21F14.31/4.45 eV, X555
W 5E B 3.17/3.22F14.44/4.44 eNVW) & I (WFR3.1F13.2) . I8 i Koopmans i& 2 Al
TD-B3LYPit 543 5f{1BsAu;~ 3 (Cay, "A))FIBsO,” 8 (Cov, "Ar)i L AVDERFE S
SLIAE M) B BT (W3R 3.1F13.2) . R RE H T I Ak 12 3 () B 15 7 H AR 9 T 52 )2,
Koopmans & 3 A TD-B3LY P iATETHFIUR A5 VDERS 22524 1 -
3.5.3 IRBhZEM TR

EAFE R, BT PR B B 1 B AR R S BT FIBsAU BTRIUR A B IEA.
BIUYRBIAE AN 45 M TE S8 1 R A5 2 T BT Hh - HEAN, IX R X e B 2 1 [4]
75 R stk 7 ) P P T L A e v Ak R e L B 18 T 7 b s — A L AR R P
A S5 K AR /N o FEBLY PRSP S545 30 1) e M LS R B A0 2 ) F SR 7 i
6 M0 B (IR Bh E5 48 T 55 WL, SEE6 U E] I BsAufBy(BO) A AT (43 1
1040411020 cm ™) AT LAR 42 5 )4 46 7 M B #L G (¥ B-B A 45 41 21 (1089 A1 1167
cm™Y); SEEG I 5E X1 Bs AU FIBy(BO) EE AR B 43 51 Jy~1150/11280 cm ™, %R T
ST AR B 1B = M T IR R 511242011344 cm™, I K360 T AT 4, iX
SEAIR B AT (1 5 FL 46 € 5 5 A5 VDE I B -3 125 B &P 91 58 1 A5 Fons B 5 i o
PRI (HOMO) X FEI A BT AW &, BsAu HIB3(BO) 15 i o5 ¥ i - H R4 Hy
B-BsE ot , BsAu, F1B3(BO), FIHOMO NI A 7 56 Bo4h #4 B 7T I 25 4k nfit . By(BO)
1i71-2.93 eV KA/ MIE B I (1K1 3.3) A2 K - 41 730 em ™ I B—(BOYR AT 45 4 51 »
S TG 513 cm ™. BsAulR AR ISABIIIREN M, 1170/1200 cm™ (&
3.1), %R T EAE TR A1251 em B RN, i KI3.6(b) T AN K A A/B
1 34 9 1 7 55 B M R T I B i . 55, Ba(BO) A X I R AR
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(370 cm™) (E13.4(a)) VA8 TBO® MR 5h (F R TN 4275 cm™), i T M
B T#5 A8 Sy rh RIS Ba(BO) 2k M 32 1 BB (BO) A% M As Ak . ISR UL, TRENE B
AT LA 58 Hp i 2 B 8 AR 0 4 SR /N g R S A g — 20 B30 5 SRR SR
3.6 HRIIL
3.6.1 &L

SCIG 5 B TS AL R W) A RT DA BhERAT T E— 2P BsAuT, BsAug,
B,O 1 BsO, His it [F] BgH, BaHp JMBLA 4 /M ab g8, it Al-A4 3
AT LMR B BB Y, AR E R & B-Au, B—(BO)ZI#% 4 @ik /N M #8 B k%
mARE T, 7E B3LYP K E& & RHRKAEE R AIE R L 2B M
(14 SR MR /NG K43 il v He~17, 16, 16 A1 11 keal/mol . PR 45 5L 5 Seid il =2 18 1%
TF—BE R TR TR IR A B R AR E AR TE IR . AL
Bs 45 M4 S e —/M> BO A RIHI A — Jc 1% BaO /B0, 4= Rt /NG K 4 IE ]
SR A% By /Bs £E 45K b I IE S EEISS 1] SRR A 2 Wiy R LI L
TR AR AR IO 10189078 B, O Rl BsO, FAIARAE 4544 152 BO JEFIMI SR, "Bl
(1173 7 RAT A E N By(BO), (0 = 1-2). XFh& MR- IEHEE T BsAu /BsAu, Al
B4O /BsO, J LA 45 K A FL - BT 1) AHABLIE o (B 15T B ) 42, BsAug H1 B3(BO), (n
= 1-2) K Houk N 4579 K) B—Au, B—(BO)AI BO (8K 3435~ 1.960-2.025,
1.628-1.636 11 1.205-1.220 A) 2 #i.7 f) B-Au #.45¢, B—(BO)H. 41 B=0 =8 (I
] 3.5).
3.6.2 LERRESTHT

AT AETRIBs 40 T LB AT R L6, I3.6%1 ! T % BsAu, F1B3(BO),
(n = 1-2)F Bz =M IEIEALE R 0 L B igini K Bs 5 AUBOX [ 2¢c-2e 5 ot H
DUBRI 2 FHE . BB5-BO%A T WUFNI & T I B0 2 S48 75 FHuE.
Al [ 7% By A — A 5€ 4 B 8 n L (HOMO-1) il — AN 58 4 B 38 ) o $L 18
(HOMO), P& PN Bt 7 F124 o HL 7 (K13.6 (3)), AR#4E4An + 20Kk o /R BN
(Hickel rule) il &1k RAA 7 + oW E T & E.

KNAURIBO A— M ofiLfR, BsAu, A1B3(BO), (n = 1-2) %+ IAUFIBO
L 3 % U RIBAZAH FLAE FH DR b 2 3 1 Bo A% R A 25 458 o B 1T T2 BT P 2¢- 2e
BEtlot, HARFILIMA LT &M, H—JH, BsAuy fMB3(BO)y (n = 1-2)
I TE AR R R L e B, B T B TR Rn s &R R . BEskC23
Fi7s NBsAu, F1B3(BO), (n = 1-2) S Hoxet o7 A [ 7% B 45 4y B e J LA e BA 21

38



FEE HT By M AERE TN BsAu, Ml By(BO), (n=1,2)

ALr B S A2 0082 (NICS) B, FraNICSIE# N M, X 51k R HInTs
FYEAVIE, BsAuMIBs(BO) 1 PEIFEINICS B BTl /N2, 12 A EAT]
e BT A . 5B R 2, BsAuBs(BO)H 1% Bl INICS fi A
FEORE 91 88 7 A% 0 A BT 1S K, 3 B T o 1 T A ) s A 1 (A BRI
HOMO-LUMO#EFR).

(a) 3)

HOMO (a,") HOMO-1 (a,")

(b) ‘é w

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

© ®

2 Fo M
HOMO (b,) HOMO-3 (a,) HOMO-4 (b,)
(@ - ) ! I ‘
SOMO (a,) HOMO-1 (b,) HOMO-7 (a,)
©

(

9, SO,

HOMO (b)) HOMO-9 (a,) HOMO-10 (b,)

B 3.6 5By, BsAu, 42 B3(BO), (n=1-2) B3 # L #yofentt A B-Au 4= B—(BO)Z I 493 4
A8 K895 THid .

Fig. 3.6 Selected molecular orbitals of By, BsAu, and B3(BO),~ (n = 1-2) that are responsible for

the o and = bonding in the B; core, and the B—Au and B—(BO) o single bonds.

3.6.3 BsAu, F1 B3(BO), (n = 0-2)BUEL F = FnsE

TR R I B1oAU /B0 FIB AU /B0 145148 B AU, FIIB(BO), (n =1,
2)FH IS [ 2 1) L AT 5 R 7 5 R AR B D B 4k 47 11 7% o 1 BOJAUAR UL $R 14 1 337
IRl R, FRATTE 2 2 B3 EIBsAu, M1B3(BO), (n =1, 2), HofitAhAu/BO%L
H RS, ST TSR M REEAZR AL - 35 2 A AR 22 73] (B13.7) . BABs
AL, BsAuFIB3(BO)IEAL IR I FEAR, X2 B T34 0 55 — /> Au/BORL (AR o
BRI AR . BHE, FIBAuMIBy(BO)MEAN 2RI A, XIHET
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FE S 9 15 1R A1 7 2 R R B AT 2 70 T B Mo B i1 224K (1513.6) o

45—

4.0

3.5

3.0

Electron Affinity (eV)

2.5 -

2.0

K 3.7 AAu/BOBRE B T, §B32BsAUA2B3(BO), (n = 0-2)89 & F F A=k 15 1Ll £,
B3#9 ¥ F F A= A #0458k B LAK[135].
Fig. 3.7 Evolution of electron affinities of BsAu, and B3(BO),, (n = 0-2) clusters as a function of

the number of Au/BO ligands. The electron affinity of B; is taken from Ref. 135.

FAr1sniE, B—(BO) % HA HhH X6 N B-AuA 7% 5 =y IEAE . 111, By1o(BO)
F1B12(BO) LL & AT BT X 2 F i 4 25 AL BroAu R BroAu F HL T 5% AT BE 22 50,47 F1
0.42 VIS8l Kb, YT {4 R B3 (BO)HI#% Lt B;AUEAME 3 5042 eV, TN
B HIE, Bs(BO)#iBsAuU, EARIE KR =i51.27 eV(3.6#133.1, 3.2). B—(BO)
P 7 B A 5 R E AL A R 9 1 DR 35 A L BRI B i P = 1) —B=OZ [ AT e il 43 Hh 2
5k RIS EBOMBsOMN Eintl B %Y i FIB,EBs T, &Ik
YOZH R BT RE P IEEBEAMAR,; 2) HEREME, —B=OXE M HEA R
AT LA KB (i B FH SR A2 [ Bo(BO), (n = 1, 2)H1#%E, 45 5 3 35060, & WUpl e it
~B=OKIB3(BO) LA MR KM FEMAE. UL EMrarss, £ &ML 4
(-B=0) AT LAF=AE HAT s TR MRE B Bl A, 4R IX AT eIt 75 23— 2D 1Y)
SIS FIEES IR R
3.7 KE/INGE

KRG T RENSSRI0 45 &% BEIZ BRI 7%, WHIUH B =M EEAR LM
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BEE BT By ZMIBHERL R HITI BsAu, A By(BO), (n=1,2)

Foo(HfAn + oWEFEHN)S AuBO RS TR RIIELEY) BsAu—Al
B3(BO)n (n=1, 2)HJJ L&ty s TP AL 5 it . Au F1 BO #8—Hrolii ik,
BsAu, 1 B3(BO), AIHE AN MMM S AL, PIAEX R Bs—Au Fl
Bs—(BO)E &4 v] LA H AR G fe 7 Re ik . a5k, 1% R FIHA% 1) B3
W & e B B e, NI e 1# 2 Bn sy & . AT BsAu, £ B3(BO),
(n =1, 2)MSLGAEL R A 7T AT Au/BO SR AR UM S At s, JHadt—bF
B AR E ATC AU R B B AL
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FIE FETHE B LR BeAu, M BgAu, (n = 1-3)

FUE ETEE Be X EERY BeAu, F1 BgAu, (n=1-3)

[ —

4.1 8]

B 1 Au T 3 PR R R B2 & B AR RS SE FEl P #0 R T8 BT T B~ 1 45
PRI R, R T AR T -6 SR R AIE . DR, 4
BRI B TR M 2] Au® PR Augy ORI RSO T 54 . S0 A1 7%
[36-38,40-42|44,45,48-50,54|133-140,148,149,203-206]m\UEEj( H@R#?ﬁ lj\] %Kﬂ u{%j:#glzﬁﬁy‘\{ﬁ
SIS A S T A MY B = 4 5K R B Bie T R Al ]
% Boo HHIE A A WA ARG, BB TNE%EE DB Bae 9 4415 i 1
[40-4244-46,48.135- 1018181 | ix — a3 Al B AT R B K R ~F o WG R AR
A PEILEA FE R B, B 0 = - T T, S
R 75 B K 75 A R ) R, B-Au & & BIEAE G 4k A B R
DX T 4/ TAT A 1) A R 38 A = Sl T AR AR 1)

PR AR 1 RONE PR 207, Au EL A EEAT T 3 i 25 70 20 B v (0 H TSR AR
(2.3086 eV), [FINFEPTA @t EHA &I aE2.4, MMWREE). BT
AU TEBS AL A R DUIR o AR AL R (10 Cs*AU)P, 55T i
Au &R AuH SEAR I A 08 A J BTl s fhes 145, 1701821891 - g
Ui Au FESE R AN pCEEE SR H SRIH — 2 (AR, TT DARR I 7 3R % R e R 3
k2100 AuH HTULE OSSR S A5 AL AuPRs H Au 5 H J5
T A B A, X S IX A B T R 5 DA AR
M Au tbEMIERIFI B . Si-Au A4 BIFERIS MG T RS S Ib e
SiAus, SiAu, (=2, 3), SibAu, (n =2, 4)F1 SisAus 7 ) LT 25 ¥ Ak 2 e 43 5
55 SiHys SiHn (n=2, 3), SioHy (n =2, 4)F1 SigHs /7755 — & FIF I, 3 —DHE
S Si-Au B & BT tAEAE Au/H RS pETe18,

EA NI, UELEXRT B-Au &4 FIFEMHT L TAEe 1018212 - py
s 72 Boldyrev 25 AZESZE FiER B,Au, MY B B/H, PRI 45 Fifk 2
ke, [FIRT iR R 1 B-Au #EE A5 B/H, T B-H SRR s B . B,
Zhai % A\ K T BroAu Fl B Au [SEERAF TR, BroAu /B Au 1E L5 1 AR -
A BioH /BoH™ WM e —5dk . B-Au & & H#% X fh Au/H ZERARUE RIRE 3
T B TAEE BB IT 048R, 117G 55 BAUY™ (n = 1-4)H1 BoAu,”™ (n = 1-5) IR 7T

il
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2112121 k.41, Boldyrev 25 A\ B T ) 116 -4t (BrAuL > ) R AT 3 B 1 2
BRR IS AR 2R A -0 BoHZ (n = 5-12)1) B-Au 244 Ll BT Si-Au
A B-Au & & BIFERAT R, Au ATPERRELIT H B —fhroliifk, XAt Au/H #H
PR —F @& MR I E AR — PR R

A FIRA I S T ARG SE I A A% R IR BRI X R B-Au A&
7% BsAun 1 BeAu, (n = 1-3)HHT RGH L. BAKFIEEEL T Bs 1 Be
T/ N R IR o AW R R 95 B AR R, 78 BeAun A1 BeAu, (n = 1-3) 5%
dr, BABEINE Au BCEROZ ARG AR T — e THUE, [FIRLREE Be HICMIn
B RAEARAY o VL [ WA R 0 Au Bic A 3ot R F 1) 5 A 8 A A Rl A X AR A
TR Z RG] B-Au A & RS CE T, RATH SIS E FIRHEH, g
[ BeAun 1 BeAu, (n = 1-3)& BAKFENEE Be B, H£—. £ AuJET
DL 3 T UM TE Be IR ANTHA T b, 25 =4 Au RPN e, = AB1E
THBES AR T HFEARR, XE5EMHKFRI TS MHEYE .
42 LHWSBIRLFE
421 EEHE

1A I TR 2% A WO I S AT AR ) RO 01 H - e i 2k B AR A 56 B-AulT 5
LT RERENO]. BAu, (n = 1-3) 7% 2 7E He S PR o I O 725 % OB R i 25 =
SN99.75%[1 Au/BIR A DA IRBE AL B AR i Hed i SUBH MO 78 R A8 I B-AuZS 5 1
My N TRAT IS B JSEASCGEEA T 03 52 23 BT 4k 1T 6 B R 1) B A [ e A T D e
R, BHEE B RRS TR B . AR SRR 355 nm (3.496
eV), 266 nm (4.661 eV)(Nd:YAG #)F1193 nm (6.424 eV) (ArFHE S Ti06) =
T REE OGO R RE RS SEEE . N T IR R A HER I T RS, BOER
B F 30 VA B I 5 (R g A T A v 157 B T 1) B ) P ) HEAT O B B L,
Wi 25 LA 100% 1) SR ISER 1 RS AR L 1, BB 7E3.5 m KL 1 RAT & h
BRI . FrfR st e il FH S A AU FIRh OGS BT A . 12225 B 1028 0 3
HNAEIE = 2.5%, HEiE 1eVERERIH FRER T HEE KL1I825 meV.
422 BRRFE

7E PBE/LanL2DZM0O1 4 5, S CK 482 sy ML 21400 5 5 2 3E4T 42 )
WA ER. BN RRERBAME 15 MERRE R W ARE— DT
PBE/Au/SDD/B/6-311++G** 7K - MOk 47 4 i {12 A6 A 5 1+ 5 (A4 T A 45 A4 3
SR ERIERIRN) . YRR O R B T B TS T LA, it
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FIE FETHE B LR BeAu, M BgAu, (n = 1-3)

i ﬁz,TDDW2m¥W”ﬁﬁﬁﬁ N T RS B E (G AR B R A
(1) AH X BE & F S E TR &R EEHB 7R G (VDE), 1E
PBE/Au/SDD/B/6-311++G** FA ik J LA £ ¥ i 56Mk 3647 CCSD(T)M* 1908
Reith i, AEA T T Y@ Gaussian 09 F2 5 %52 i

4.3 LINEER

4.3.1 BsAu™

(a)
355 nm

Binding Energy (eV)

B 4.1 BeAu £ (a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV)#F= (c) 193 nm (6.424 eV) =4t £F
RETHACTRIELE, EAXETTHHOIRALEN,
Fig. 4.1 Photoelectron spectra of BsAu™ at (a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV), and (c)

193 nm (6.424 eV). The vertical lines represent vibrational structures.

WK 4.1 Frn ol BeAU IR FRENE . A 355 nm J6FRER N A SLE ik i m] A
LB — A58 57X i1 (VDE: 2.78 eV, K 4.1)F—/NEamfERIE A 45 (VDE:
3.05eV) (K 4.1 (a)). Kl 4.1 (b)266 nm ik EFIEFFEROLIEELE: ATWES

A RAIRSERENTE I, B X R BRONE (K 4.1 (b)) » (H XA
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B BRI SR BB S ' F T REVE 7 B

BN S5 o Festh I A 6307 RIBS e ADE (M5 77N, WE X I
ROV — 2k 2k, ZHELKS B TE A RS ARPRhAS 55 B L SR N AN 38 40
R, UL T VRN S ) ADE, tHal 2 P BeAu BIFERIHLFEMIRE, v 270 £ 0.03
eV: A BEIEIRFFEFENT SRS E B A 1400 + 30 cmt; B F(VDE: 3.92 eV)££ %
W BERTE B PHE RS, IRSNEBRE/NT20 cm™); C iU TH A E
13 VDE N~4.4 eV, ZikiE L EUUFH R HIRsh 45+ . Bl 4.1 (c) 193 nm
S LI 2 2 A e XA DA ek g, 4y BilbRidoh D, E, F I G (VDE fEK
N 4.78,5.35,5.55 fil 6.24 eV). (EXEENiEiIgd, D B A IRENAIE A 880 cm
AT PHRBNARE, FAFREE . VIR

(a)
355 nm

Binding Energy (eV)

A 4.2 BeAu, 7 (a) 355 nm (3.496 eV), (b) 266 nm (4.661 eV)#= (c) 193 nm (6.424 eV) =#t %
FRETOLETRELE, EAXETTHHORNEN.
Fig. 4.2 Photoelectron spectra of BgAu, at (a) 355 nm, (b) 266 nm, and (c) 193 nm. The vertical

lines represent vibrational structures.
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FIE FETHE B LR BeAu, M BgAu, (n = 1-3)

4.3.2 BsAuy™

W 4.2 Fizn N BeAuy HIYGHETAERE . 7E 355 nm 1 266 nm Y& FRER AT fs
R AT, BeAup II3EAS X IR A — My 1350 cm ™ [IHREH 4.
M X UG (AR e AT LA & Y 00 BRITANJEZS ADE. VDE {0 2.91eV.2.74 eV
AT 550 J T AR BN AT o 7E 266 nm i ok n] DUOULIN B AT DG g A
B(VDE 7354 3.84 eV 1 4.21 eV). 7E 193 nm Jigith ] DU 70 #5341 =
MNEB IR ARG C, D A E 47(VED 437~ 4.87,5.23 F15.58 eV), ‘1]
Jiext S AR S A51% 73 591 930, 960 AT 160 cm . (EAER 2, E i 193 nm
DT B PR A v TR S T U
4.3.3 BsAus~

(a) B
266 nm A

Binding Energy (eV)

K 4.3 BgAus 7£(a) 266 nm (4.661 eV)A= (b) 193 nm (6.424 eV) AP LT k& T a9 L & F 4k
i

Fig. 4.3 Photoelectron spectra of BgAuz at (a) 266 nm and (b) 193 nm.

K 4.3 HER T BeAus £E 266 nm AT 193 nm PR T AE R T I S256 6 FL T RE
. 5 BeAu Fil BeAup SEIEETEAG BRI IX 5, BeAus HIDGIEIEARE: %8 L H
R IRBN LR . ] 4.3 () 266 nm Y6 A UL 2 VDE 4351 3.43, 3.93 Fl14.33 eV
X, AFIB . M Xt &Kl EASHEE ADE S 3.21eV. K 4.3 (b) 193 nm %
Tk — B R H e Al A RE X I AT A A B i DU AN,y ik C, D, E
1 F(FTll VDE 43734 4.94, 5.35, 5.58 1 6.13 eV). Ailliff)j&, BeAus ) D Fl1 E
117 [7] BeAUTI) F 47y BeAuy 1 E Hr —FEBATH S 158 FE
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4.4 IBipZER

BeAu, FIBeAU, (n = 1-3) 1) Fr A I it & 7 54 1427 F1I 45 i Sk AB-10.0 IX 26 45 14
WIKIE T #EPBE/LanL2DZ/KF- EHICKAE R FE#AT I 2 Rtk /N8R, 13310146
BsAu, F1BsAuU, (n = 1-3) 7 Hfk )5, ik — & 7£ PBE/Au/SDD/B/6-311++G** il
CCSD(T)//PBE/AuU/SDD/B/6-311+ +G**/K-F-XF B A T A X BE Edb ATk 5. I
4.4 T 7~ N 7£ PBE/AU/SDD/B/6-311++G** /K *F- #E 17 58 4= 4L J5 I BsAu, (n =
1-3)(1-3) S H i M [ 1% (4-6) & R AR /N i), AR AR DL ERAN SR B T K 2%
RAFEB S BT R . 45 1-6 1A TR 4B-BAIB-AUSE K LI SR ALL.

4.4.1 BsAuF1 BsAu

BeAU 114 Jatl /NG H) 1(Co, PAM A FF 722 = EA T4, Au JRF LA
SRR Be A BO AL W AR IR T i (L 4.4) . AR E S Cs (*A)
SEF BB 5, 7£ PBE A CCSD(T) 7K T 73 M 25 44 1 g = 51 4.35 1 1.40 keal/mol.
KR TR E T WATE PBE /KF 2/ 4 Rtk /s 1 RE= & 8 keal/mol. [
BT BeAu 2 R/ INGE M IR L f R S5 R 4 (Cs, A" IR A LS e _E 1 4 Rtk
N REERIAE PBE JKPEAD L E IR B R RS E 11 keal/mol(Fi3x
AB).

4.4.2 BgAu, F1 BeAu,

WATITHAT SRR, B 4.4 h4EH 2 (Con, °Bg) LMR KIS BHN
BeAu, FIHZ M4 R /NG ¥, HoRk &Ik 45 7E PBE F CCSD(T)/KF-2 /DL 2 fig
B K2 8 keal/mol(WIFH 3% AT FIizR). S5 2 IIEERISFIE N, P Au JEF DL
FIE G X Be Bo 2T i — M SR e NG o 41, [F] BeAu AT BgAu 1L,
G 2 Font L R PESE 4 5 (Can, *Ag) FIFEA BeAug 1142 R/

4.4.3 BgAus F1 BgAus

SERHE R A IR, BeAus 1 BeAus 1] LR IT BeAu, 1 BeAu, IK AE & 57 4 4
BEATRIAIE, B IS8 = A Au JRF300 T T8 B (3% A9-10). 4nEl 4.4
Z5H 3 (Cy, "AVITARA BeAus HIA SRR/ MARY, B Au TR HREAS 47 F TR
JERIK. PBE KPR, HARMAEEFMEAERE LEDELEH 3 &l KL ~7
kcal/mol. BeAus (14 Ritl/Naite 6(Cy, 2A) LA RIZEH 3 MBI RS, X 5T
ZEH 6 SR AT K. 545K 6 thHfF Au AL BRE AT 25 1) BeAus Ikt & FF R 7E
fe E[A] 6 B2 KE 2.5 keal/mol (3% A10).
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FIE T RE Bs MEEN BeAu, 1 BgAu, (n = 1-3)

4. BAuC,’A" 5.BAu, Cy'A, 6.BAu, C, ‘A"

B 4.4 7 PBE/AU/SDD/B/6-311++G** K -F LK ALIZE] 69 BeAu, (n = 1-3) (1-3) B 2 3t 2 &
PEH AR 6 A AL, P IEAR T & 454069 B-Au & K (A).
Fig. 4.4 Optimized anion global-minimum structures (1-3) for BgAu, (h = 1-3) clusters and their
corresponding neutral structures (4—6) at the PBE/Au/SDD/B/6-311++G** level. The B-Au

bond distances are labeled.

4.5 LIS IPLERITEL

BeAun (n = 1-3)y & /mth/ Nt (Kl 4.4, 1-3)#FAI AR E, XHARHT SL 5001
AESEH. TFEERENZE BAu, B RAEEFWIA(SEW 1 FMER R ES
SEKL, PR3 AB)FTRESE SO0 bR B 1) B A . R R A SR AN S
(B 4.4, 4-6), MLLTEAMNSBRE _ARRRERWAE, WEHAEFERE. ET40
1-3 iF 513201 VDE %4 ADE 51 73K 4.1. PBE 75 T 451 1-3 (1254 VDE
B2 04 3.12, 3.13 #13.35 eV, SIS I BeAu, (n = 1-3)VDE | 73514 2.78,
2.91 f13.43 eV(K 4.1). DFT J7ikTif 22 ADE 437k 2.82, 3.04 1 2.97 eV,
SXoF I P 1 2 56 00 B D43 ) 49 2,70, 2.91 A1 3.21 eV, W LAE Y, PBE FERL T
BRI AEAE 0.1-0.3 eV [RiR 2 . CCSD(T) A f it R 15454 1-3 iFEZS VDE
5358 2.97,2.77 F13.15 eV, 5 PBE 1545 KA, CCSD(T)/KFF45# 1,
2 [f) VDE 5SZBeWI& L, (B854 3 HTH5as B 5 seie (2 5k, BAR
CCSD(T)/KFf32I45H 1, 2 () ADE th&5#) 3 1) ADE T stiG(l, HiZ/KF
BAKIRZEL PBE 1HH S5 R K. 256 LA PBE #il CCSD(T)xk T%:7 ADE/VDE (1]
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B HE S EM T R, PBE HiEEARTEST B-Au —JtHE(LE
4.1). AR, i BsAu, M BeAu, (n = 1-3)EMA R Al LMK AE B 57
R A e BT, PBE A1 CCSD(T) M A 77 A AH L) & 5L i (WL B 3% AB-10). 4
4 1-3 BB T VDE HE 4 35 PRSI0 I 1) PES 150 S F, R 4.1
SEVEHBZE T B S5 SIS & VDE 1) BOA & . AR B T R K S
THEWEE~D.3-5.6 eV 44 e X A 1R B S RFIE IS, 1 BeAu Y F 7 (5.55
eV), BesAu, iJ E if7(5.58 eV)Fl BsAus 1 D/E 77(5.35/5.58 €V), 1% LLHFAE LI 1k
W LEFRVE /KT (A 2 ml ik —25AE s PBE R85 7551 1% R 51 B-Au BIFEN)
AR

R TE I, BeAu ISR AR R AR (M AB. 8] 4.4 5558 1
[Fi] #4 L fF) L E A 5 A4 N K T BN BeAu™ RGN S EE Uik IE A o 12450 7E
2.5-3.5 eV S & REX AN — A BL TU F 1 #RT (PBE: ADE 2.63 eV; VDE 2.76
eV), M SE5e GG E % X S AR B A A H BRI I TE (K] 4.1) . B EE R0
WA POk, HAE R R, HOGIRIRIR v RER 4544 1 FOG i T REE BT
.

WATER ZIER, JTREBAU (1)F1BsAU, ™ (2) it ik 2 4 & R &
= H K B RS (BeAu, VIELS/EE; BeAuy, HES/ZEE), mHEESE
JEH T REE P (5 S ST . BeAuMKI I E A VDE ] G645 B T SL 36 6 B I 16 2 5 1)
FRAEIE AT, 1RV /2 Gaussian 09FE 7 TD-DF T 5 i ikt AT DU B A& 5. N T
PRI —F AR 1), FRA1 TR F OV G 210l5 B Aur i 31 B L 7~ 85 B VDEREAT %
FEVFEE, 45 B R DL R 5 I (BT JLANVDE(2.90 (PA™), 3.20 (PA"), 3.70 (A,
4.25 (*A)F14.44 eV (CAY)) 5 52BE T IX-CHE W) & 14T

F 41 RETFRIES N E T BAU, (N=1-3)A7| Ak, 2B FH BN
eV)5 TDDFT 32t 75 A TN 69 463 . & A F) Atk
TABLE 4.1 Experimental adiabatic and vertical detachment energies (ADEs and VVDEs; in eV)
and vibrational frequencies (in cm™) from the photoelectron spectra of BsAu, (n = 1-3), as

compared to the calculated ADEs and VVDEs.

ADE VDE Vib. freq. | Final state® | ADE VDE
Species | Feature
(exptl)? (exptl)? (exptl)?® (theor)® (theor)®
BsAU™ 2.70 (2)° 2.78 (3)f T\ 2.82¢ 3.12¢
A 3.05 (2) 1400 (30) N 3.20
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FIE FETHE B WHEH) BeAu, Ml BAu, (n = 1-3)

B 3.92 (2) 720 (30) Zp 3.92
o ~4.4 N 4.26
D 4.78 (3) 880 (30) 7\ 4.69
E 5.35 (5) Zp 4.89
F 5.55 (3) RN 5.19,5.19
7\ 5.61
G 6.24 (3) 2pr 2 6.29, 6.34
BsAu,” | X 2.74 (2)° 2.91(2) 1350 (30) A, 3.049 3.13¢
A 3.84 (5) *Bg, 'By 3.62,3.79
B 4.21 (5) A A, 3.87,4.25
*By, 'By 4.48,4.81
C 4.87 (3) 930 (50) A A, 4.66, 4.83
*Bg, 'By 4.68, 4.95
D 5.23 (3) 960 (50) °B,, 1B, 5.19, 5.42
E 5.58 (2) 1160 (50) Ay A, 5.35, 5.42
*B,, 'By 5.35,5.43
*By, ‘A, 5.35,5.43
Ay 1By 5.35, 5.80
A A 6.26, 6.38
BsAu; | X 3.21 (5)° 3.43 (5) A 2.979 3.35¢
A 3.93 (5) A, %A 3.74,3.97
B 4.33 (5) A, 2A 452,455
C 4.94 (3) A 4.98
D 5.35 (2) A, %A 5.12,5.12
E 5.58 (2) A, 2A 5.41,5.42
A 5.69
F 6.13 (5) A 6.06

PRSETEORFREERIRE,

b o bk ) 55 49 AR IR AR o
© B Gaussian 09 425 TDDFT 7 i £ ik % i3t BeAu™ (Cs, SA")WIW E A% K A8t 3. £ OVGF K it 43
3189 BgAu (C, SA")FUM 2] 49 5T /LA VDE # 2.90 (PA”), 3.20 (PA"), 3.70 (*A’), 4.25 (*A"), and 4.44 (?A').

4 393 75 ik % PBE/AU/SDD/B/6-311++G**,

M RE B RO R A o o

iy FXE AR AL EE(H41), $—VDEMALFEHAIIN,
9 #£ CCSD(T)//PBE/AU/SDD/B/6-311++G** K - it H 3 2] 4 & & ADES/VDEs % #l 4 2.56/2.97, 2.61/2.77 #=

2.71/3.15 eV.
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46 HRTR
4.6.1 LEFIFNRRBETHT

BT 5286 SHS 25 LR ELIGAE, B2 BeAu, A1 BeAu, (n = 1-3) 14 Rtk
ZERINIE 4.4 FIRIISER) 1-6. BT XL B-Au & & FIFEHR AU Be 1E NIEALE
FE S, BsAu /BsAu Fl BeAuy IBsAU, 1 Au JE 147371l 5 Be XUEE 1) LAz TH A5 B
JEF I i bt B-Au of, 5= Au J5 T IIFEXUEE Be 1 — FLAL A =HiAL 5 72
[T B Au B . BeAu, A1 BeAu, (n = 1-3) 42 Jai Al /N 45 44 [F] EL & 450 il &1L
Y1 BeHn F1 BeHp (n = 1-3)251B0  ARBL I WUEE 45 Fa#a 2408 HBILLE BoAU, 1 B, 25
(L STzi) Ll

] LA 7% B 137t R SR A R ) B BoAun A1 BgAun (n = 1-3) R 51
R . B o+ mlE R A EE@ DN BT, 4 MEErBE )N
B T Be® AR I BT o + mWE ST A TER By W TR A 1
&, HXE RIS E AT AER T B 7E LT o] 2IA K ARG . BRE 8
AN T, FIAH 12 M ETAE Be® AMNETEK 6 4~ 2c-2e B-B ot

Wik 4.5 A, XEE Be Z5 M) 5045 4% Au i FIE BeAu, (n=1-3)LLJG, #
Moy FEUBKIRS AR : BsAu™ (1)) HOMO-1(*fHL T 5 #5)Ff1 HOMO-6,
BsAuU, ™ (2)f) HOMO(H.Hi - &5 3%) A1 HOMO-6, BgAusz™ (3) HOMO #1 HOMO-5.
HHUE RN, X2 oo &4 BRI TE SRR I n R O5 & . K BeAu I
e, Be® BB B ko PG (4 fL 1~ 5 35 19 HOMO 4 (54 ) HOMO-3) 3 A
Au Z 5T IE RIBER, Hit BsAu EILF Be? Kok 5 &M SZHK,
Be* 55 /=4 Au 5 TAR ELIE FIE A BeAuz /BeAUs I, L) — AN Biidiofh
TE 2 XA Au JRF T 8 1 B-Au oBE 1T 1 SRR, 3l i BeAup Fl BeAug™
# EAN R — DB I ol (BsAu, , HOMO-1; BgAus , HOMO-1), K7L /R
4n+ 2 FMIAT e 13 A 075 B . 48 1, BsAU KSR NG + nWE I 5 H A R,
il BeAuz Ml BeAug TR AAH BIP & (155 B (o0 &, nI5 ). FANER
3| BeAup Fl BeAus HFHRANE Au B8 T R 1 LT X4 B e HLiE (BsAu,
HOMO-1; BsAus , HOMO-1) A vk, a2, XPIAHUIER B o 13
L Be 22t oA B i r Fo.
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FE F TR Be WHEH BeAu, Ml BgAu, (n = 1-3)

(a)BﬁAuﬁ»‘ é’“ ﬁj‘ J‘? J“

HOMO (a') HOMO-1 (a") HOMO-3(a') HOMO-5(a') HOMO-6 (a")

"9 (B° P P L

HOMO (b,) HOMO-1(a,) HOMO-4(a,) HOMO-5(b,) HOMO-6 (a,)
(¢)BAu,

&‘o e Vﬁgﬁ a“-"‘ﬁr Q‘;‘e‘)

HOMO (a) HOMO-1 (a) HOMO-3 (a) HOMO-4 (a) HOMO-6 (a) HOMO-5 (a)

B 45 5 BeAu, (n=1-3)FBnst. HikoHkinAftiL B-Au 448X 85 F b,
Fig. 4.5 Pictures of selected molecular orbitals for the global-minimum structures of BgAu,, (n =
1-3). These include orbitals that are responsible for the delocalized = and o bonding and the

terminal and bridging B—Au bonds.

PA b FEEBHR 2 BeAu, (n = 1-3)/K R Fo MnBIREiE, K 4.5 88 5 T
X B—Au A TTRR 173 PUIE o 3X LL L W] B R AE N 2¢-2e B-Au i (BgAu”,HOMO
—5; BgAuy; , HOMO—4 #l HOMO-5; BgAus, HOMO-3 Fl HOMO—-4)#1 3c-2e Au
Mt (BsAus , HOMO—-6). M BgAu, (n = 1-3)H: A K4 2 5 45 B (Ft % B6-B8)
A LMRAR Z 3 3 #E HH Au 1) d10 916 LT, G R T I8 THUE (BeAu, (n = 1-3)
SRRRPUERE N 6, 6, 5)AIHHEEHLTEIN )y B B ALAME B-B kot . %
TE RN, BeAus FIRMosy THIES H 5 Be B AL 4MH L 1, X FPr i
DB &5 BAENTE L K 3c-2e B-Au—B o B iZ# ALK B-B & lso i 215k
W, W2 Be BA4MNE I B-B o H LR FIF LT ASRE R R s B 1k
4.6.2 IRThEEMI SR
FESZIG HL T REE TR AT DLy 3 BeAu™ (K 4.1, A, B A D #) A1 BsAu, (K
4.2, X,C,D M E)# AR H. A1, BsAus /BsAus(F 4.4, 3, 6)fLLT-[A4S
R TRt ABH S 2 PESS M AR A EOR STz 1 Pl b I A U DU 2149 3 45 44 (1
4.3). DL EXT B BeAu (4)A1 BeAup (S)HEATIREN AT R itk I A 45
THEAFBIMIRENATR , T LUONFE N SEI6 E I 2 1308 AR S ER (R (1 48
Fo WU, PBE K-FIHEAFE] BeAu (4)F1 BeAuz (5)HIFR:ZAXS FRARSNAR 7> 7l
N: BgAu (4), 1349 cm (Hl By BICHEILRS)), 833 cm™t (B HITIFIRIREN)
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#1665 cm™ (B-Au HZEHREN): BsAuy (5), 1363 cm™ (0 By BTGB IR S),
1250 cm™! (it By BT 4EIREN) A 1018 cm™ (B B TTIEAREN) .

AR DA BB HHE,  ABhT- 1T LK S 21 (R 5% 20 A e A B AT 40 R 4 T
BsAu™ (1) A 3£14(1400 cm ™)1 BeAu,™ ()11 X i14(1350 cm™)JyHtr By BT
IEIR RN s BeAu™ (1) D #£15(880 cm )1 BgAu,™ (2)#) C/D ii14(930, 960 cm™)
N Be B ZERFI RN BsAu,™ (2)1 E #E15(1160 cm ™)y Be B 420y By BT
HEARFIL: BeAu (1)H B #I4(720 cm )UK B-Au izl . LikdRahsitn
FENTEARSR 5 PR BB 4> T30S — AR AV A . B, BsAu™ (1)IF A
AN BeAuz ™ (2)1 X 15155 % B FR BTG R JR 5 SR S oy T BE A — 8 KB,
MAZINE R BS 7B T] BE 2 0 Be 1 22 70 By BTGRP IR IR 28717, BeAu™ (1)
(f) B iU 35 K 3 HOMO-2 [i5E8s B-Au S5, M ZHLESA — DT £
51 B-Au H4aHRS) « IRBN 519 737 T ik — 0 iz R0 & 6 B2 R il 451 1)
fif i PR AL AL B AR .

4.6.3 B-Au N 52F0 Au/H AL

AREE IR BeAun A BeAun (n = 1-3) R 51 FFE I 78 7T g [ BE B—Au BUHE A i
PALHT R . K 4.4 iR, Au R DLk B Y 205 XU Be B AEAH B
TEF R . Mo FHE (B 4.5) 1T LA 5 Hiilil H BeAun (n = 1-3) /) B-Au ofi:
BsAu ) HOMO-5; BgAu, ) HOMO-4 1 HOMO-5; BgAu, ] HOMO-3,
HOMO-4 1 HOMO-6. fHAFTEHIZ, Frfa4ify 1-6 it B—Au #S2& AL 5
G 1185] | o e P 0 o vk T 1 B—Au 4K FEL 43 712 2.00-2.01 A FiT 1.96-1.99
A. BeAus /BeAus(Z5 14 3/6) I B-Au EAEMEK —L, X5 3c-2e B-Au-B HIk
ARV A o B IRBEBIIE 7 b7 25 SRAIE SE A T i g 1Y) B—Au #B 8 T e L
W, 258 1-6 Himdk B-Au 81 Wiberg 8845 4 74 1.04, 1.05, 1.00/1.05, 1.12,
1.19 1 1.03/1.13, Tzt 3 1 6 FEIHE B-Au $H N 5%y 0.61/0.50 Al
0.49/0.65.

Kt BeAun Fil BeAun (n = 1-3) F#% 7] Fo A 5% (1) B—H F1#EI> 21 28Ut bt 7 A
193] — LG MR 2510 . BeAu™ S H0 B A P BRI 42 SR il NS5 i 5 2 HRGE 1Y)
BeAu " PR AL, T BeAu, O NI BeH, P B MR MK e
BeH, BB FL T R B AT AN IS S BeAuy FOBELLEE SR AR L (3£
4.1 FFERREE) o A 4h, Boldyrev S5 AT B, A Cp BeHy 5
—/MF H R T5 BeAug J& T A, XA EE RiE— N Au & &%

54



FIE FETHE B LR BeAu, M BgAu, (n = 1-3)

AUMH SEEAR L PESRAE T IR, AuZH ARBUE AT /2 T Au Ji 732 2803 AH
X Y0 REONE B SR T B AT R R L A7 - BeAun A1 BeAun (n = 1-3) F1E ) B-Au B
K SR AR o 1% b s S AT 5 B—(BO)BE#RIEH ILAD, A< JE A= Au A1 BO
B2 S H R — ot k.
47 REINE

TRATIE I T B U A5 B V2 bR B A FLIGUF 1) VA AT T B-Auh & %
BeAU, FIBeAUn (N = 1-3) A LT H 1 BRI BRCERRFAE . ST REIG I T
DA B R =5 Rk E 5, [RIR AT BASr 7% H BeAu FIBeAU, FRIAR 2 BRIT 1 g
RS .. MEEBsAU, (n = 1-3)HL TEMAES 5 N2.70 + 0.03, 2.91
+ 0.02#13.21 £ 0.05 eV. KEHILE MR FVER KB 745 & aett S T F s
B K AT RS A LIS, I i kA B—Au FR 51 BH B 1 71 7% S Lot o v i ] 7
[ R /NGE R . TS 2 SR S5 K ET B K SRR B BE 5 42, AT AUSE 143l
LI JE T S B I AN —BCAL T s JE i B-Au o, 28 = /NMAUR T MI7EBg ) i
PN = A T T AU . BT A 0 = AN F RS e R S &R R B
SRBEAILTE 73 BT SR AN B T A 1 b () B-AUBE A R AT v FE LA 1
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R T KRG K S5 R ) By(BO), ™ (n = 5-12)

EHE AT EKMWEEMKLEIR B,(BO),  (n =5-12)

51 BIE

it 2+ 24, Lai-Sheng Wang%5 A\ 454 6 HL T B8 0 S2 460 AN S 1T A 50
FH, SHUAT =45 (3D)IE I A B 1 bR 45 14 B 7T S [] PA92200 S i A
FEAR KR T e Bl P A7) T 465 T T m e T T 5 g L40-42 44464854139 140,221 3o s S T
e T 1 A B0 P R i s M R, it SPIEERAL 45HY, FORA K
SR g R T4, i A A M4 (RT3 A Wankel s 43 1E%0) o 09 [ 3ok ol 25 14
I 2 R R B A B BT B R A A o O A S R A AR T T 5 g 1984045
4048130.222) | rR BRI MTR I, WA S B A I i A R ISR, I H
2 H T D A 1 e S A A SIS AL £ A MAO-42.44 48,1400 st il DA e o 4T 53 D1 15 2%
I, AT A LA S LA 455 A AT HL R 3 A e 1150192 195.223:228] it - ix —fgf
SIS, 20124EWang AT G HL T REHE A 2 bR BB R AT 7 Bl — Sk 1]
FEBoHy (n = 7-12)B4,  JUF[R]—Ir [] 25 1 B 2H 0 57 58 B T 9BaHa, BgHa,
BuoHo % S AT 2 A 5 1~ A A 1 5 P V2 BR 9 AR, DA e R B H, %
AP L A 0 LA T K PR R U B 2, T H R DM i 7 2K R XU i
T 7T o7 B o 3 8 — S B 4172 PR S5 TE B B TS 2540 TR BB KR i C=C
BT, WA ARG AN Bt T ST, W RLE SR A A
W2 g ST — AN IR E R, BoH, (n = 7-12) 251 2 0l AR R it s 6 4
TR,

5 (CN) i C=N =4 26 8L, Tl 5 (BO) A A /i 4 52 (11 B=0 = = {t
(177.225226 3481, Lid% N PRBIE 72 T AFALE W BOJE [A] v i 255 8 WA 0 LA 9 ) Hh 7
Hy btk 1104191672271 BOfE N [RIHSAUL I — o SE [, TR e A ALk 42 141 7%
AU R B R, AL R, A AR % Be2Os /B0 1% H
£ [FIBaH2 1By H, PSSy B (5 o A 2 BAT T3 i HEL T R A E R T ) 7 725
W5 R AE— R AV — B FFEBLO, (x = 7-14) . 3X 88 AW R K eh]
et IO ) At A S LA K R U RE S A B 2, B (BO) 4 [ 5 BRI )
Wi R TR He o, PRI E AT T RAE TS T LS 9B, (BO), H1B,(BO),
(n=5-12), FLTHHEL R BRI, Brs(BO) B 20(BO), 2 HH K~ HIM AU
SRR A . Bo(BO), H T3 REEA I An & W MR 25 W 35T B4 2 T A2 T

il
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BEANARAT I FEAR R B0, XK 250 2P IR ST A B4 K nlile
WESLHE . 40, EAEERR, SRIERMEARS. B #ia
L B S0 J 00T T POV (U A B 4 K 5 A 1 T2 XU 49 K 5 o

5.2 LGSR AL

5.2.1 XWHE

IS 2 A O S ] AR P B 3 P T R e 7 A A DR AR o A
PR i T RIS, RS RN 0.009% M A E SR oL R B
[l 3 =F B 99.75% (1 BHARTINFE A 2E R BLOy B 1 [H#%, B35 7 s O bt B
bR BxO2 (x = 7-14) A& AT B &1k 4% . 4377 193 nm (6.424 eV)ArF #E5r 0
F11266 nm (4.661 eV) Nd:YAG #0t F kT 6 F 7RI 2515 2 PES Y TRETE K
BTSSR 46 63 FH 200 AuTFT RhOGISEHTIRHE . 238 B 3R 2 #FE8 AEIE =
2.5%, W2 1eV NEERIH T REE D HIFEKLIN 25 meV.
5.2.2 BpFE

AT T K # T oA B I R B 4% 4K B3LYPRR @ i T R U7 kA
6-311++G** BN Pk 4T . 8 AH A BAS K T BEAT R 5, LARA R T A 1 WU
Bn(BO), F1B(BO), (n = 4-12)¥ y KA BE M FEIEMMR/N . FE TR S TR M
F P ] 5 L S i T SR P 5 N5 B 92 BB vk (TDDF )M 1985t 47, SR A
B3LYPHRALAS B (K U454, 3E4T 5 ™ K% (ICCSD(T) 8 i g i 91981, st — b
IABA(BO), (n = 4—12) |41 7% ¥ & B HL 3 B9 fe (ADE) M £ #4 HL 1 3 B9 2 (VDE)
S 43 T B (MO AT AL M 1 4835 FE il 4372 Fr (AINDP)O VA7 iz 2 . A
I i 54538 14 Gaussian 0972 55 (w158 . HUIE AT A4k R HIMolekel 4.3F% 58
&[229] .

5.3 SLIuSIEPLER

5.3.1 LIRLHR

WES.1FRABO, (x = T-14)KDGHFRENE, JEARL AT R B GEADER
L HL R B BEVDES T-3£5.1. X T RA RSN W] 7 HrBe A8 X5 0 1) B &5 - 1 7%
HEL A ADE (5 A M % 0 LT SE FREEA) AT AO-ORKIE B2 . X T4
XA B YRS 73 HE I S5 6 1%, FCADEAE AN &5V A IR 36 X0 UG () T 4
—HEL, ZHLE BTGRP A ST RIS I EAGER PR . KB
BT A REUR SV DE ) S5 S8 e B TR 51) -t 5 C3FC4.
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SAE ST KPR A ) By(BO),  (n = 5-12)

(a) B;O,~ A (e) B41O,~ A B

(d) B1oO,~ A

I M SE C S . Co e et e

2 3 4 5 6 2 3 4 5 6
Binding Energy (eV) Binding Energy (eV)

B 51B0, (x=7-14)4 193 nm (6.424 eV) L TR = T o9 L T A%, £ A KA TT 5 H8
WL . (b)F 6946 B A BgO, £ 266 nm (4.661 eV) T i & T 69 £ & T fE 3%,
Fig. 5.1 Photoelectron spectra of B,O, (x = 7-14) at 193 nm (6.424 eV). Vertical lines represent

vibrational structures. The inset in (b) shows the spectrum at 266 nm (4.661 eV).

HES.LTT &1, ByO, (x = 9-14))6 M7 il v B4 vl ML 1 1 6 15 4T 5
WangZs A CRIE AR RiHB, (n = 7—12) S 20l 5% 5256 e i B 1A & 24
U, X 507 T B A M 405 5 6t Y 48 A AR K 0L eV e SRR () e
FEAATE, TR % B Oy IR % B A R — S 155 HoBy ALK S LA 2544,
A 1 BxO, 4 T IAE 20 1T L 5 8 BT AN BOKE [ BA(BO), 1. BOXE
P 1) Fi TS AN BEEAELTE v T HIR 7 (K o el 720, Kk, BO o JEMIHIN
FHIE T EA BRI AT, B ST IR [ 5 X000 2 ) Fh 7485 A
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B o AR S 1 P rhnT DOWLIN B B A BT 2 B B ALK DG T R T, 491 40
BsO, F1BgO, HIXiEIEE, B1p0, B30, ARG . IX LeyR 547 2H Y5 140 B A 1 [4]
R AR RS, e el & 1R Sh A B v EAE X L g5 SR BTt sk C5. M
B0, (5.1 (f), X'iEIE)FIB140, (B5.1 (h), X'HEIE)S2a6 ' il A m] AR IH & 1
RIS 5 55 BIAG Rl R . BiaOp SR (5.1 (e))H w2 i s s AFIB
IR T 5 XU 45 1 e B AT T 1 5 — A AR (U M R CAMIAL2, RS T2
VRNt IE). ABAE, BO, ATWIIE] 5 KR BaH, BRI BT RE AR i
WA, 33K 3 W XU Bl A A A 7 5 U B0 41 e R A A AL ) 34 e T

% 51 FAESRMNE G BO, (x=7-14)A 7| Hkeyk, £AEFH BN
eV)5 TDDFT 32t 75 sk TR 69 2634 . £ A F) H Atk
TABLE 5.1 Experimental Ground State Adiabatic (ADE) and Vertical (VDE) Detachment
Energies from the Photoelectron Spectra of ByO,™ (x = 7-14), Compared to Theoretical

Calculations. All energies are in eV.

ADE (expt)*® | VDE (expt)® transition ADE (theo)* | VDE (theo)"

B0, 3.90 (3) 4.01 (3) AL« 'A 3.69/3.61 3.89/3.82
BsO, 4.07 (2) 4.07 (2) ‘A, <« B, 4.12/3.87 4.21/3.99
BsO, 4.61 (3) 4.61 (3) A, A 4.50/4.42 4.60/4.57
B0, 3.50 (5) 3.62 (5) 'A, < B, 3.56/3.31 3.71/3.42
B1.O, 3.98 (5) 4.06 (5) B, « 'A 3.86/3.80 3.98/3.90

4.45 (5)" 4.81 (5)° AA 4.22/4.22° 4.59/4.58"
B1,0; 4.33 (3) 4.33 (3) A, <« %A, 4.28/4.07 4.39/4.23
B30y 4.80 (3) 4.80 (3) By« 'A, 4.65/4.60 4.74/14.76
B14O, 3.67 (5) 3.72 (5) A, <A, 3.68/3.47 3.78/3.53

CHET IR FTRERRIRE,

O bk SR 4G BT FE A

¢ TD-B3LYP # H 4 R B B4R F &7, CCSD(T)¥ &itH 4% AMKREKF AT
¢k B AR
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SAE ST KPR A ) By(BO),  (n = 5-12)

532 EIRHER

FF BOMEE A ITE DL K By O, B H, SEI6 Y HEL T RE TS 1 =y FEARALL I, B
WIFAULAEBILY PRV _EXF— RFIZEUT BH, HE AL i S BOJKE [41 i XX
bR IR HIBA(BO), (n = 5-12) (F5.2)BULITRALRFER 5. A T3 47 45
W LRI A, [&15. 2 3EHE T 5610 HiChens AT RIE I{IB4(BO), H#E1,

e SO, T S W

B,(BO).” (D.,"A,) B,(BO),”(C.'A) B,(BO).,” (C.,’B,) B,(BO),” (C,,'A) B,(BO),”(C.’B,)
B,(BO),” (C.'A) B,,(B0O),” (C.,’A,) B,,(B0O),”(C,,'A) B..(BO),” (C..’A,)

B 5.2 By(BO), (n=4-12)89 3kt 4k K 4 4 BN 254

Fig. 5.2 Optimized double-chain nanoribbon global-minimum structures for B,(BO), (n = 4-12).

B S AL N IR S5 R 7K PR AKAF 21 1 B A [FIBA 251 Bn(BO), BIAZAHBLIL
] 45 K (1 T 1B (BO)2 B1#% . 20104ENguyenZ AFEFE i /K-F L3Rt — il
#%Bn(BO), (n = 3-8)P* AT i HAT XU B R WU 4544 . %t FBo(BO), , FA1H &
T — 5 B OXE A [V TR S5 4 Bl VAR [T 5 LAt 35 T 3 Rl i 7 A (o7 2
SRR (M AL2) o FE R IIEAT CoRAR M RIHL I 6 1R &5 400 5 XU Co 5 R AT AE 5%
$e 2 22, ks FECCSD(T)/IB3LYP/6-311++G** B i+ 4 s LA EAN S M fi
ZNZ)1 keal/mol . {HJ2 X PIAMIGRE & 45 14 I VDEAE A E1R K ZE 71 (B3LYP/KF,
C145/VDE N4.59 eV, CoXUii45i#VDE}N3.98 eV(FfizC4), I EAMIESLZI
HLF-RE 0 o] DL ) A8 BT T30 00 8. BT Ba(BO), HIBL(BO) 121 7% (115270
SEALI) BN “HiAR” 45K, BRBs(BO), AIBo(BO), & AL M THI P —TH #M L it
11 T BB A CoRAR T AE P T 25K 4, AR T A1 7% 0 #8576 Dan, ConBRCo X R
PR TE S P THZ5HE o T P —THI A1 i 1Bo(BO), #8472 L T-Wang % A BT K I C,
BoH, o1, F M)/, By(BO), ™ (n = 5-12) XU B 42 A B AN 71 W4 BO
B A 500 T A A T 1 ) o T 00 R 2 A 3 A o 2 ) 4 g 2 A S
AL B . i HTBA(BO)2 (n = 5-12) S5 1 i firish & B B R AE B R M AR AE A
B AMETEAR N 10 BHEEILT, SRR T AR T L B SR R AR R 7
AT RA M A RN ZR, B0 ORS00 B R R T 1 S5
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R Ko — S A Wi 141 A — S A Wi 1417 S 36016 . - REVE (PES) AU AR UL, 3.
TR AGRIT K& B S5 A0 48 2O A B H Fp B AT PRAS v AN SEIG 0AIE «

S
i
2
IS
£
<
c
e
<@ - ’ t\ w”
W 3.0 g R
b
2.5
2 —o— B,(BO), expt
1 -0~ B,(BO), theo
] B,H, expt
2.0 -+ B,H,theo

I I I I I

4 5 6 7 8 9 10 11 12
n

B 53 BEFSHEFLE T SH &9 AR EBL(BO), (n=4-12)% 1Ml & % CCSD(T) K -F
BTN 6 F F A REEAEL. By(BO), T 3 Ao AEEARY I it Ao K 10 K 3B R B [168] 5 LK.
B e FO T S8R ST S AREBH, £ EtIRBILYPK PR MM £ ETF
#) % #t VDEAA ™,

Fig. 5.3 The experimental electron affinities of B,(BO), (n = 4-12; solid dots) as a function of n,
compared to theoretical values at the single-point CCSD(T) level (empty dots). The EA of
B4(BO), is taken from ref. 81, Computational ground-state vertical detachment energies of B,H,"
at the B3LYP level (empty squares, ref. %) and experimental values (solid squares, ref. %) are

also shown for comparison.

5.3.3 LW EBILLERITEL

25.1% %1 i T B3LYP/6-311+G** FICCSD(T)//B3LYP/6-311+G** /K V- it 545
FIBa(BO), (n = 5-12)3 A3 B HiL 1| BEADEM 4 P i T HiL 1 R B iEVDE 5
SCIG I E fE T LE 25 A . B3LYP IS5 A 5 s ie i E W &8k, wZEJEEN T
~0.2 eV. FL b, B3LYPR#MM IR R SLIEE RN ZEIFAE~01 eVZ N, £
HIHHUT, CCSD(T)H mife it B K TBILYPIM H AR . BN RIEAS
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SAE ST KPR A ) By(BO),  (n = 5-12)

FL - BRAT 5 S B 45 SR X LA 0 51 B S C3ANCA . i L T BE 1% 256 W (1) VDE AT
Bk R BRI 4880 4 E15.2 BT 7 10 XUBE 999 2K iy 45 44 7T DUAR 4 b B3 20
Bn(BO), (n = 5-12)SZ50 6 HL T 1],  pH b AT DAAf 8 1X S 25 A SN e 145 B 25
RETH R4 RAR/NGG R o Bt s CEH B T SIBR 61 o m] 43 IR 4R B A 2 A A T
PR RS SE R TSR B R AR IR SR, R T R] DL H S Bl & 5 R Tt Ul
EVIE BT

MBo(BO), 5 - 574 A (B S AL2) Bl 75 A B 7~ 341 5 30 105 73 1) 11 T . P10
AEVDE 55 SZI8 6 1 Hh UL 1 1 AT I RN B 06 ) & LT (15.1 (e)), T CoXUBEGN K
7 45 1) [V DEAE # 7] DL s B BB o(BO), Fl 4 (G IR AE G . Codghykett 45 44 1)
5 O HL T B R E X B TSI RE M CRE I, X T BOOURE 45 R BT PAN B TR
B (8] A AE AR K RE BRI, IX b8 100 I 2 R 8L T~ XUFE BoH, FRFAE GG . 1E
WNBoH, 3L H TR UTRFERY, BoH, /Bo(BO), HII - MBUA I IE ALK e Ik
FEEA S E SR PIE(HOMO)M A Fa e, DRI 3 35 4 1 Ok 2B T A — T A ML it
I . 5BoH KM, 8 5 W EEBy(BO), 45 HOMO L[4 i i, 745
B AR H A2 E B 58 P 1 Bg(BO)2 s B1o(BO)2 FHB12(BO), H Afi JE BUB IR Y S A4 44
[FIRE AT e AT A (1% o B8 TSR0 SR I8 B0 (1) R AW &8 A
A 1 552 Py SOt << bR 235 46 R BOH S AR AL 4R AL B AT g (0 S
5.4 LRITIE
5.4.1 B,(BO), %1 B,(BO), FBInitiE IR

MBI 5.3 [ LIEH, Bn(BO), il BHy (n = 4-12) K SLI6 A EE i B 2R AT RE
EA PAEL 4n FAWIME . 2L IS5 By A nfE UBEA KA 45 h AT B0 H
ITER . F5ERFAIBLIIRIZ, BaXp, BeXo Fll BipoX, (X = H Al BO)H EA {EHEHUK,
X5 EATAAE K HOMO-LUMO BEFR I H SEAHY) &, HEbkag Bk ik B A
ArERE,. WATES S THIEE 5.4 M BO)AER M [ 4R % & &Il 4y
AANDPM([E] 5.5 pli i 43 4 K HE AR A ] B Bo(BO), /Bn(BO), M4k 2 pitdtt . AP 5.4
AT LURIL, 5N Sl %251, Ba(BO),, Bs(BO), 1 B12(BO), XWUi
KA iR o B 1, 2 F1 3 MBSty THUIE, IX [E Z i (ethylene), 1,3-T —
##5(1,3-butadiene) 1 1,3,5- . =% (1,3,5—-hexatriene) i i) B ik n 7y 1L iE B = E
FRAE . RIS W, X AT A R CARIE R BaHo 1BaH, RSBk 2 BB 50
gk £ RPN, TR R R MR IR . ST Wang & 0K — &
K BoHy /BaH2(n = 7-12)1ir 4 8 S 4 (Polyboroene) B4, [ it A 7 fir i
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KB A W [ 7% 0T i 44 Ik 38 2 R (Boronyll Polyboroene), 1X46E
R 22T By oo TIE L IE T H) C=C 0.

a D,,CH, c  CpGCuHs Cyy CeHe
HOMO (bs,) HOMO (b,) HOMO-1 ( HOMO(a,) ~ HOMO-1( HOMO-2 (a
b D,,B,(BO), Can B4(BO), Can B12(BO),
HOMO-1 ( HOMO HOMO-4 (a HOMO (a HOMO-4 (b HOMO-10 (a

5.4 CoH, (a)ﬁ"B;;(BO)Z (b), C4Hg (C)ﬁ"Bg(BO)Z (d) & CgHg (e)ﬁ"Blz(BO)z U] 89 & Brdhi .
Fig. 5.4 Comparison of the delocalized = molecular orbitals of C,H,4 (a) and B4(BO), (b), C4Hs (€)
and Bg(BO), (d), and CgHg (e) and B1,(BO); (f).

5.5 AHI5EE ALK By(BO)2, Ba(BO), A By(BO),* (n = 4-12)
[¥) ADNDP 5 7341 AANDP F2/7 /2 #2 B n =005 B T8 (ne-2e bonds) >k ik —
AT, n MR LURM 1 B1%0 TR R TH nPY R,
AdNDP 1] DLk 55 28 HL 1) Lewis B8 (10N HEF- % 2c—2e FE) A AE 248 L 1 ne—2e B9 384
T30 CLARE 205 7% I e 14042444048, 54,139,140 220] - iy o s b4 A1 R ) B-B ]
H 2c-2e jE o HRAIR, YUK AR PIAT B 1 2 1] D] H B deko e T o sl ol
. W 5.5 Frn, BIsndE G /E By(BO),, Bg(BO), Fil B1o(BO), 5T By
TG SLE AT AN A IG5 W RIS 1 = A s R B B 3 — SR AH L
Jl B
5.4.2 B,(BO), %1 B,(BO), FHcttiEIN &

M 5.5 FIfft 5% BO FATAT LURIE M A 2], Bo(BO), H% A A JAl T H Bk
niR I B ot , WA UL, ASCHTEE K R AR -G R T R i
Gb, ERIHMFF MBI R . £ IER S Frh IR K EG o3t
BEvESE Y, R SR r 13X Fh o LB R — A 2 Bl (8 Y SRR A . ADNDP
JERE S AT s (1 5.5), T2 I RST AT FLAS, BB BE— SR b ) i A o
S N, EHARA T (540 Bg(BO), Al B12(BO),), 44T B i n Al ot
A ZEN, B B ot 278 B 7 s MK A A BRI R ) By
BTG, TR P T B AN GO (1 P B A = TE R IR RR R 1) i B AR 2 3 5
Bl — SR AR Ba(BO)2 Al B1o(BO), MY E EARE M. 2470 T B dsin b Ml o B 2 H
AR R, 8 ek e A B I o 2 7 A 9K A 2R A R By 0T, il
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Bs(BO), Fl B1o(BO), (K 5.5). iX Al IE-F 1 1] s i X A A T g = S EUBN 1 T 45
PV 4 KA A=l (1 &) 5.2 H1 C, Bs(BO), A1 C, Bo(BO), )

B(BO), g -a§o--
e . o
LU - e . -
TRy Y - 4
TOL- Sy o ﬂ
o0, k.. W SN
TR~ /mf ﬂ
00t y- 4
YT R VN ... §
ov0). _ Aghar e goeenp

FOSTR Sy = .-
5.(80), e, e SR

5.00), i Lumamy LSS
5.00) e S OSSP

B5.5 1] & /ZB,(BO),, By(BO), #2B,(BO),> (n = 4-12)4 AANDP s 4 5 #7 o M4k B 22 R T
HNAFEAAEZET N BT LEMBAT RS, Mk B RR TR A 4B 5060 I 5% 0] &
TP ge i S AT R A AT B P AR T Ik A K AR R IR A R B AT A R
Fig. 5.5 AANDP analyses for closed-shell B,(BO),, B,(BO), , and B,(BO),> (n = 4-12). For odd
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n species, monoanions are considered, whereas for even n species both neutrals and dianions are
analyzed. Only the bonds within the B,, nanoribbon frameworks are shown; the localized bonding

elements within the BO groups are not shown.

Bu(BEk M /ZM m
5.(0),  efuiis‘amiary SESSSSSSES)

B 5.6 a3 K- M B15(BO)A2Bog(BO), T AN 35k 49 K 23 4] 69 AANDP &k 42 547 o
Fig. 5.6 AANDP analyses for the boronyl polyboroenes, B1g(BO), and B,o(BO),. The localized

bonding elements within the BO groups are not shown.

5.4.3 BARST BMHNTITHRER

AT R B, WU K A 554t 2 B T (1) Bao R 25 0 PBAN — 4 |2 485
N S SE R T . DRI, KR ST B S BOBR S 5 H ) SR B s 7 R4
JE1H EROZARAN . HXTTH, BOREFM BT, XEREMRE-R
A I 12 L A — SRS TE AR o AT A P AE 1A SR 30 DR 256 7R T 14 0 i e — SR
Wit — DK BT RO 1) WERIE— SR 20 7 P9 B A it FE BO 3L [ R 461
BEL 250 I - HE R 0 1 SR A 7 > BOJE A LIz 15, TR G 5 T T B K (1 g oKy
gEK; 2) uiEBOSE A H I niE 7] LAS 5 9Ky BRI ndLfiE, gRons ik R4
RS AR E AR

HH 5. 37 7 f 4n i S IR T AR HE S Bag(BO)FIBoo(BO) M %52 4 B4(BO),,
Bs(BO) H1B12(BO)2:Z Ji& AT R B AFAE B B S — SR M . A2, FRATFEB3LYP
IR TS B DAL A AR I i R AT e e e e e, e — 2P S5 M4 =
E B AT SR AT T A3 B R B R A A T ) A SR RN ) o B B — SR s 4
K Boo(BO) K JE AT 35 ~1.5 nm. E5.6F15B107: 745 T LA E A Bl#%
AdNDP R 7 Hr A1 B Sl 7 T #IE o B16(BO)2 AN Boo(BO)2 7 72 73l 4 1F B KRS
HEHE 2 JEH(CH=CH),H (n = 4, 5)[FBIBIE K .

5.5 ARE/NE

K F O LT A8 1 S 36 AR T A0 2 T SR R A - — AL K B (BO), A
Bn(BO) (n = 5-12)iEAT RGBT FENIRAL . F11EB(BO) HL 1 3R A AEEARE /R H ]
S rAnE IPE R, X EIREE ZE I B A A BT AN i b A 2 R S - S A
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R T KRG K S5 R ) By(BO), ™ (n = 5-12)

GG TC . XL R W0 K VS 7E2.758.9 ARIXUBELN K i 454
» PAANBOZXE [ 73 1) LA S 5 7 3 [ U 45 #4 A ) B 145 6 i o IX B 40K
SER R RISEHE 2 0 = FEAR DL i, DR APk SR 7R P SOUBEE 28 e 0 iy 424 9
PRIE-TEWI . 1D BB TR EURR], SER A ~1.5 nmi B I kSR )i
B16(BO)2AMB2o(BO) AL 18 L RATAFIE I . X L8 7% W] 456 1 2 il i il o X E 3
Pt A R 2 R, ROPMHURE I R 2 QR AT A R 1.
BRI, XL R AR A E D < 5487, ION R B I 4E R 3 40K
ZERIIRT RS o

=
o

o Tm
(o
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NE A o-SA o 1 AU % B,O, O (n =2-4)

BANE A oM o-BMESMEFE B0, (n = 2-4)

il

6.1 AIS

B2 LA b 42 PR B A 5 £ i 2 e el S R P 9 B B A R
(2320, i o 0 = 0 R LT (Bc—2e) B A R BAR AL S BB (X B, 2% P A
AT LU RGMEI ) S RPN Bt R M, RO AE B A2 B (el ) 7Y
AR S 57 B R T 5 AL A ), RN ] 7~ T R o ~F 1 ) &5 A A P DA SE 2 3]
//TEj(RTJ_[38,40-42,44-46,48,54,133,134,139,140,221]O ﬂu%ﬁy—d‘ﬁ(} éﬁ%%, ﬁﬁﬂﬂ %?}%O}Eﬁﬁ
I FAI B SR 7 [ 103105167 174,175,226,227, 233,238 g f g by -, 33K 4k 22 ] A2 2
[ Sl AL BB SR LR AT

Li%5 A @' B 7 Re il st IR 25 & 3R TR I U R B, A — " B=O = = i
PRI 35 5 (B O (A1 8 2 B BA 420 1217 m T 76 224 e i k104109187, 2340 39 5 PRI AL T
2 LI CNFICO/CN JE [ (43 A& TBORIBO ). #RTM, H ATHRA N IX Eeik &Rk
R A A — B R IR . AT BRATEEBLON ™ (n = 2-4)1E ATk
RT3 U S ) S5 A A0 B VE JoT o 465 SR B, BTt 7 LA A T LART 4544
FEE R TR R SO T H . 1A, BATERIL T —RIF M. H
R Ak 2 AR 2 K% B R3E (Core Boronyl Group), AT 906 HL TR (1) 3
BcfB, X EE3c—4eiB i (o-bond) 125 F4c—4efE (0-bond) . FATIN A, XLLHTH
(AL 7 BB R T B 1 o P - B S50 R b 2 B R R O, W — B R T
BB 7% S SRR HE G KA R R AR AA K
6.2 iR

#EB3LYP/3-21G 7K F-F] FH CK (Coalescence  Kick)MHH 214005 2wk sk (235042 i of
WAk REAT RIS WER. ME, B8R EKGEELSWE
B3LYP/aug-cc-pVTZ/KF- 14T 78 73 A AU Za o 5 (R DR I A S5 i el 1 4% |
FRETH I E IEHZ/N) . B3LYP/K 120 kcal/mol LA MK BE & T M fA, 325 R
CCSD(T) 47 RS WA g B 115 J8 I 1E 43 F 9 (CMO) RE e P E 4R
25 55 K1) 43 (AANDP)Y MO 4 Jo A /N 485 M 300 AT OB A3 BT o 1 AR JE 3R B8 (Natural
Resonance Theory, NRT) 2% 24 KI5 T B 2R # %L1 (Natural Bond Orbital, NBO)
GrMTe SR I S5 2 B TD-B3LY Py 2 S5 B 85 7 4 R /N S5 4 (1 O v
THEW, XA G SR RAEA TR B . RETE JLAIAG . = AVDE
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BRI G L B 56 L 7 RETE T B

TR 5738 3 Gaussian 0972 3 A1) 52 1.,

(a)

1.233 1.577

1 B0, D, (°%y) 4 B,Os Gy, ('A) 7 B,O, Gy ('Ay)
(b) (e)
1.209 1.604
2 B,O,D,, (°I1,) 5 B,0,C,, (?A) 8 B,O, C. (°A")
(c) (f) (i)
1.193 1.240 1.193 1.234 1.192 1.193 1.250
1.638 1.449 1.636 1.370 1.361
3 B0, C,, ('Y) 6 B,O," C,, ('Y) 9 B0, D, ('%,)

B 6.1 B3LYP/aug-cc-pVTZK-FB30, ™" (n = 2-4) A £ 69 4 B4R N5 41-9, 4K %45 HA,
Fig. 6.1 Global-minimum structures 1-9 for the BsO, " (n = 2—4) clusters at the

B3LYP/aug-cc-pVTZ level. Bond distances (in A) are labeled.

6.3 IHILER

6. 117~ NBsOy ™ (n = 2-4)H1#% HCKAIBHEE /I8 RILF VBRI,
W B3LYP/aug-cc-pV TZ 5 1% 78 43 AL FIAT S 1 530 J FITAIE S0 4 SR /N g o o)
DFT/KF-20 kecal/mol LA P FEG A B 25 1 3k — i =k FE CCSD(T) B riRE T 5. B
BsO, (1)F1B30, (2) B H:HL [ Lide AR 72 T ARSI, IR P FFk ) 4 L R Ak
B AR TITE S AL5-A21, A, 7EB3LYPHICCSD(T)/K -, &541-6,
8FI9Z /D LU e A4 H AR 1) £ 1 S M 1A R E ~10 keal/mol . WA ARFAZ, 257
FA WA BA A KR E T AR (3R AL9), (HIECCSD(T)/KFEA15 5 b
SRR NGE R TRE B ~4R1~6 keal/mol. W 4)=, BT BIFE 4 Rl /N e K 41
A DA AR5 G b 552 A0 9%

SINEHHAR, S5H1-9 BRgE 12025 (A A AL, 4% A 0 18
B~ H0RN SR o g B A BB R 2 R AR SR PR O . kAR, RO JR T H g
KRGS EHE . 1% R VI A A FEAE G54 X P A AR SE T R — AN &
TP BT T ORI AN S T B AR A 2 3 21 i (A1 A% A B T A
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NE A o-SA o 1 AU % B,O, O (n =2-4)

WAk & o WU B9 2 Rl /NG L, 1-3, 6FNOR AN A% J L #4285, 7
ABIMHE A B0, 72 JE H T (K16.1)

(a) v, . '

HOMO-4 (1) HOMO-5 (m) HOMO-7 (o)
(b) ‘ ' (c) |
HOMO (6) HOMO-9 (o)
(d)
HOMO-4' (r,) HOMO-4 (r,) HOMO-6 (G,)
HOMO-5' (m,) HOMO-5 () HOMO-7 (5,)
(e) ! E i \
HOMO-1 (a,) HOMO-7 (b;)

B 6.2 i@ id E N 5T Hid (CMO) 5 #7472 69 A A4 P 69 X4 A L&« (a) B3O, (3)#9
#B=O=% 4¢; (b) B3O," (3) B A 2sIKxt & F 442935 K B; (c) B3O, (3)#89 3% AB-O% 42, %
Bl B ()45 4 )6 £ AR X _EXOW T4k ; (d) B3O, (9)49 3 F 3c-4eA2 i (o-bonds) ; (€) B3O
(5) 89 % 5 4c-de’ (o-bond).
Fig. 6.2 Key bonding elements in the boron oxide clusters as revealed from the canonical
molecular orbital (CMO) analyses: (a) core B=O triple bond in B;O," (3); (b) terminal B with 2s
lone-pair character in B3O," (3); (c) terminal B—O single bond in B3O, (3), which combines with
(a) to produce a formal fourfold bonded O site; (d) dual 3c-4e hypervalent = bonds (w-bonds) in

B304 (9); (e) rhombic 4c-4e bond (o-bond) in B3O5 (5).

MK A, 4519 I AT i R BOJE [41(1.19-1.23 A) R U] B & ml #i i
W NB=0 = E (AL Il I RIE),  SFriT T g 123k (A1 72 Ay A A [ 7 e
;H\: ,f/t /El\ CF@ E](j % ZIK é:pl(: *@ $ f[] [163-165,167,174,175,226,227,233,234] . é:tlf *@ 3-7 EFI B/‘J BB% JD/Y j’\j
1.64-1.74 A, AT R\ g i F 4RI23023T], g 1402 (BB K 9 43 3] 1.58 F11.60
A, NBOHTR/R BT SS9 1.5/11.25, % T A1) BBHAE, X
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UH B T R A = — FL T BBBEE . 45 K94 I BO 2 SR XU, B
79129 A. VLESCT K R BERL IAR DGR S T e 0 O SR RAT T 5. R
I, BIRA B0, R A B BOR R TE B ) 1 AR Lt 454, (EHAE
BEFEIN B A S R i 2 P

(@) B;O, (1) (d) B;O; (4) :0: (@ B0, (7)
[l 0
© BO 2 NS
:0=B=B=B=0: SN O=B—B B=0
//B B\\ Nal
..o/ \0.- o)
(b) B3O, (2) (e) B3O, (5) (h) B3O, (8)
0 oS o
_ _ /"\ B %
:0=B—B—B=0: O=B—B B O—B B-
N? \../
Q 0
(c) B;O," (3) (f) B;O;" (6) (i) B3O, (9)
® ® ®
:0=B—B=0—B: :0=B—B=0—B=0: :0=B—0=B=0—B=0:

B 6.3B30, """ (n=2-4)4 B 25 H)1-989 Lewisz )7 & B . 4242 % #93c—1e BBBA: Ak
Frite L EARRE T B TR E T P §EARTEONERLIPH T L0 E
5 R AR AL
Fig. 6.3 Schematic Lewis presentation for the global-minimum structures 1-9 of B3O, " (n =
2-4) clusters. The three-center one-electron BBB bond in 2 is not labeled. The extra charge in an

anion or a cation species is shown in red.

6.4 ZER1T1L

LLB3O, " (n = 2-4) B4 1217 451 e 2 LA JUR A 2 B R R ) 1 1806.2, 3%
S e B AL 310 43 AT 45 SR IR B NI R B LR BT AT 10 R G5 DR 4y T ELIE
(CMO)FHd Bt 4 H 28 % B2 %)) 73 (ADNDP) 73 A (Fff 5t B11-B18) - AANDPARE /7 5 4% Hin
o O 7 FEL - (ne—2e) IS SRR 7 I HL T 450, AT DU IR g LewisAIIONT
H1, 7 (lone-pair) Al —H 0 — i, T-5#(2c—2e bond), AT LAFHZ 44 £ 1 JF d  Lewis
H#(nc—2e), nHJBUETEELZ MLZVEEA 7> 515 T H Hn. CMOAAJINDPX [ £ 14
RIS AT R B0, A T IR ZI R R R R I BRI, AR ST
T I 48 A B i3 — 2B T NRT 882 Bh 70 A (4 ¢ C6-C13) o - LA I it 4347
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NE A o-SA o 1 AU % B,O, O (n =2-4)

GRS, FRATIAT LA B9 M Lewis S R B, VRS LIEI6.3.
6.4.1 FxAFE

g K36 F) A7 BOSE AR K 1.23-1.24 A, J& T 71 () B=O = H A Ji I ,
PRI I T 4 48\ k%l 3% 55 (Core Boronyl Group). #4b, MCMOZ: 45 St m]
DIR 5 il e 1 vB=0 =& 8. LIB30," (3)N#(Kl6.2 (a)), HOMO-7/ %
T-0 2pJi T %L (Atomic Orbital, AO)JE Hiffict, TiIHOMO-4HFIHOMO-5 43l
&3 T OJF 7 2p, F2p J5 FHUE nkd, e AL R ST S AHF%BO, CO
FICNF R Bt — Fb . JRAVITA, B AR B X T AZIHRIE 1) SR s .
STl TR 50 -5 0 A S 6 R 00 ) Pt ity S AT S g L 105 109,107, 174,175,226,227,
BB YINER AT BT 0 R AR R TE LR BRI 1 KT . 4R
i, B DX ) T i S AR S AR, IR 5 4 T RO BT B IR 55 (F16.3) 6
1B i 35 Hh (19 B 1% B=O = H1 8 DTk — 1> HL - 17 O I 75 2L S L el R (1 54 H
Ty HZ MR, AR B I BARIO 2y Sk = A TRk 2 R4S LT
BT 3K o H 5 ) R A 22 1) R S A e A Bl B AL - B B AR PR AN S
RSy BN, TER—IESTFHRIESS, BlREMNRT# I 55 H0.72,
BT R N2 21 (SINRTHE 2 92.93) , 11 i B Bl 2 FXONRT 88 2 (1) S A7 MRS 1~ Rl o
)35 41,3981, 58(NRT 48 ¢ 2.97) (M 5£C6).
6.4.2 BERIIEBEFIFERIRE B

MIE6.L (C)FRATATLAE Y, 53 RA —MimkEB. A AU LB 2s 1)
PRHLF X RHIE . % P& B 254 32 A BE R FL AR 2R, 1A 1 IR BATORT FL - PR 3 5
IR PR SR . CCSD(T)mikg [E TSR], 4 Rt/ G5 32E L T AR 1 BAT
1A~ BB FLEEE [ < 4 o B /N 25 40— 28 M Doy BoO, 45 K FR i ~14 keal/mol (Bt 5%
AL5FIB12). 2 Fi 4 5B,0," IE B T [F% BT 70 A5 52 B3t 2ol iy 2L e 7 B,
AT N, BRI &R NSNS T %A R BB MBOMH 2 1 15
R R, 1M ABORALTFEEMA . EHSETIBORMLIANBBE, 527
G5 R IDon 22 ME 45 F (M 5 AL5)BOBE FIBBEE R H 43 5 N6 12, Hf)ifid, £5#
3Z I —BOBEIY 58 1A RIMERE 1.
6.4.3 WE 3c—4e B (0—bond)

TESERI3, 6FI9H, TATE LRI T 7 —Lefpt . BA DU S OJR T
I E = AP LT (3c-4e) T B P B IR 7. 454997 iU OBO # T il A %
JHIBO®EK (1.25 A, E6.1), iz KL T 4536 Ml L 8 K (1.23-1.24 A),
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BRI G L B 56 L 7 RETE T B

B B B e g5 4 (BO - HE 5 (1.29 A)jH . IXFH I L IR , 451991%0BOIBO
S NZ A = AR, X5 E A S B (rs = 0.73 A 1o = 0.53 A) PSR
—E. UL R R BT R 4T E0E ILEL6.2 (d). S I = AN Uil (HOMO-7,
HOMO-5F1HOMO-5') /& FH O 1 2p A B[] 2s2p 2 Ak, Jif T~ 118 5 B it 20 1 1) 56 4 il
PHELIE. HOMO-6FHOMO-741E 5 T N ott, 21 OBOTEP, T Ml [ o B 1%,
SEEE .

45191 HOMO—4HMTHOMO-4', JE{ F 2 PR NBO K Hi o [H] ) e s 4L,
AR RO (2py/2p,) 5Tk EE 48% I A B HILIE (1&16.2 (d)). ANl i 1
HOMO-4FIHOMO-541 & J& L i —1~3c-4e nit, thmlp, 5 HIOBO=H lin
B, X B SANEELE N AE A 3c-de i B (BT H ) w-bond), LT, HOMO-4'Al
HOMO-5'45 & JG TEp, 7 T S i o —-3c—de nil . K2, S5M9H .0 1B 43l
TEpx, PyFIp, =AM 7 Wl [F P IA IO T4 &, JLIR] S 80— Fh bl i) SOBARAS, 3 b
Fi B A = AT 4 T fBA Y 4 ik 9—O0=B"=0-.

3c—AeiEA B 2 R 22 S Lewis 2 M ME & (R O B PE U SR L . DAXeF ], =
AN 1 py iR T E AE ELA AT A S 70 1 B A T AUE R A A R T
B . XeH Lot A 2 TR A B DU X Fho—bond I TR . 454419+,
HOMO-5F1HOMO-4 4 & AL T XeFH i o-bond, X 7 #E T Fil # 7€ py /7 0] H
BT IS & W o™, p, 7 1) A L ) B ik, HOMO-5"RIHOMO-4'41. & J5 &
J% s —/~3c—4e nf . AR, TEXeF I AAF/E XN 3c—defil . 75 ZEBRIA 142,
g9 L IBT R M BT, BN .OO0R T H TEks M i+, FIIkOBO
A M. b, XeF " f13c—4e o i H A SRR NP NF--- Xe - F-
2 RS, B R 3c—de o T ML BB ME PS4, BRI ZE R 9
B LR B NEH, XSHIZOBOMNRTHIBAL(NFECL2). &k, LK
OBO % i ¥ 5T A XU H 3c—4e B M 8 /E = Je MU JeAR R b 13 RS2 36 R A, filtn,
LiB,03", AuB,O5 FILIAUB, O3 155 K B AT THIT A o7 i) rr ok 435 4 2281,

HER)E, N TIEHEBORIEL, 453, 6F19/) F1.0O i T2 F8 /X H2sF12p
hEEF(ELERR L), $8%h 00 FRAYEE: —B'=0-. LI%4
13 9%1(1€16.2 (a)F16.2 (c)), Xty ST LA BAMEE R BT, 2l
FE1Z Z2 H B S A0 (AT P B A o 11 O B T 4
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NE A o-SA o 1 AU % B,O, O (n =2-4)

0o 0 08 B s

5X1c-2e O lone pairs 1X2c¢-2e0-On 4X2¢-2e B-O and

ON =1.79-1.99 ¢ ON=2.00 |e| é)1>\<1201—2965BiB9g| |
=1.95-199 e

2X2¢-2¢e B-Oc 3X2c-2¢eB-On 1X4c-2emn
ON =2.00 || ON=1.99 [e| ON=1.96 |e|

B 6.4 By0, (7)49AdNDP A 4 5 47 .

Fig. 6.4 AANDP analysis of the bonding pattern in B3O4 (7).

6.4.4 ZE=T dc—4e #BM 5 (0-bond)

5, 7RIS [ 5 4 REAE 2 5 LA 22 T B0 ¥ IT , 1X = AN M Hh Bl 48U 3k
FESER ERFRoN RiE . B AT AR (BOE K (1K6.1) . IXFh3ETEB,0, 8 L AT
FRZ N“o-bond”ffi4c—4efi T 3= F . LAB3O4+ (7) AHI(16.2 (€)X 4c—4e o ik 4T i
FEULH, HOMO-T & FHO 2p, FlIB 2p,Ji -3 AT 20 ji 1Y) 56 4 A B e 20 338 18 ) 4315
1. 1MHOMO-174 5t b2 H O 2p,J5 T i Fr vk € B AE 3 Pl . HOMO-7 A1l
HOMO-14 4 1T 4E il 5 45 #49 Jt XeF, 1 3c—4e oSSR LRIHEM B, FATE ZFr Ao
##(0-bond). 0-bondFJ 4% F 1F 42 co-bond A = FFCa B P O [ 30 i« 35 B SR 112,
ARKrdc-de ofE Fl4n ) 75 & AR RIBIHE . 4c—4de off /& JEHE/ AR 1 P A L aEE AR
HAA, WA s AR RN 2 SO s R A nlE A B 455 . o-bond (K A6k
D BRIy, AEARJT A 2n BIEAR &R, i DSOS B I An R B SR RN AE L IR AN
EH. WEFERNZ, anRFEERRPOZEEMAESE 4. 45145, T8
o-bond JLAT FRCy 1751 AL B I AL AT B (NICS)E A Nl : —2.04, —3.04
F1-2.75 ppm.

AdNDP 7 %52 40 11 52 48 R s 07 N B FBe . BI85/ AB30s (7)1
AANDPJSEE M AT S5 A, AP ERATTRT LATE b b 73 7% H 2c—2e i K B=OHIB=O%g . 3%
T4 Bt _Ef2c-2e B-O . 2c—2e B-BHEFIS PO HL 1o TS 4L TBEE
B0, .70 ¥ 2c—2e JE B BILE 1 56 45 B I dc—2e U S B TE 20 & )5 TV U A &
MG 14c—de oft. DL b B BT 45 R T iE I a1 16.3 () T [ Lewis 45 14 1EAT 1
Wik . 2E4c—4e ot R T B0 MU IO 2pli THUE M IHEE Jy, BVFAT
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DK X — AR st — 25 30 B B Lo AN eSS BT, WERRER T, B3Os/s ik
3 P 35 TS A R o LA O BRI 8RR} o o 9 3 S A7 29200 T B305 /5 J0 3
A BE A A2 B3 ) S b — 7S L T-(6c—-6e) ik 221, JE3c—de o flidc—de o[t
Btk .

()
B,O, (7) - ¢

0 1 2 3 4 5 6
Binding Energy (eV)
BE 6.5 ZTD-B3LYPK-F, & B INEHL, 44Tk € T re S mAE,
Fig. 6.5 Simulated photoelectron spectra of the global-minimum anion structures 1, 4, and 7 on the

basis of TD-B3LYP calculations.

6.4.5 JCEFHEIEAEHL

ATRHTD-B3LYP 72411, 4FN73EAT T2 B L 7 %I 5 52 VDE T H AL HL
RETE I (16.5), i SR SR BE B3On— B30y, (n = 2—-4) I L 1 A i S0 R AR
e MBS YR . PHSRCL3% H T 2511, 4RI7H B i 1R B 5E(VDE) &di . M
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NE A o-SA o 1 AU % B,O, O (n =2-4)

6.5 s C13mT LABH R Y, BEE AR THH G 2, 4 RIS VDEE
b AR K (I —ANOJEF, VDEHIK~1eV). PLE=APIEs 7 RIAER = E BT
| E REVDEBEH FE A& H AT ZPUE I & 458 1FHOMOJ2 EABI)2p
JEFHE N SE R B 4> T HIE s S5 HIAIHOMO I B A — 2 O 2p It HE 1
FFIERBII R B 5rs Z5ATIFHOMON = ZE R B NOMI 2p 8 FHIERFE . ALk,
MEERIL, AF7, S6H TREBERE o BIX-A BRI . B3LYP/K Tt 55 45
K, w2, SFISHE L H4 7089.81, 10.42F110.64 eV. fHFH ZE ML,
PR ot B S 85 B G S rR B # R T o e I R, DRt T 24 i TR T 6 B0, O
(-9 Hf%, I 6 e 7 [A1RE 1 o 3 59 I P e i oy 308 sk 4 JR /N g
(IR, i A A ) fR B AR R AT TR TE VR B B Bk IE B T A RN A o TR
T U AR5 < 24 A0 FEL T ) B BE RN S 1] 6 110 448 B B B8 AR S A T S AR A S R
B, BT FAE AR S R A5 M, 2, SIS 4 L B H 5 e el TSR R RE 2
HF'EA1% B FHOMO-LUMOFREBR % H K R .

6.5 RE/NLE

W4 RN R, B Z MBS BILYP T VLA T HLIE BB CCSD(T) it
B, BATRGHBTIE T 5 TR A1%B0, " (n = 2-4) K LTS5 K, H THENR
FE 2 s . 45 RAER, % ZRF0B B 1) JUART 25 4 0 4k 2R 0 RO IR S 3 2R
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(w-bond) F1ZE ¥ 3c—4eitB 414 (0-bond) . IX BB 48 ] Fp S8 B T I Th R E R BN
DURRFIFE R o 2s/2pM 2 LT LA iBOSE,  #5 BhAME ik R BIIGHL 1. b4k,
FEWAc—de ofETI UL OB BRI MEAG, T RESE 75 & MR AR
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FtE BBAVNESEFMEREFEEZFE By F1 Bys

71 BIS

FE3E ) F4F BL, B [ 198 4044.45.48. 54 133,134 2411 g At SR 4k 4y K 25 4 (4 &
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Wangs A 45 & S AN B T 5 (T 78 BUE AT /N RS [ e 1404442 481 gy 2 g
MR A T RS ERAE AR o B F0UIE BN RSSO0 R D~ T sl ~F T 45
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i, N=272 5B, BBy A% v i 25 K5 AT AR L A HE DL g4 l452420
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Wit EAFE . 85T BN 4778 (SSW) M BEAT 4 TH 45 M358 R I 315 4 R /N 2
1, SR H% 2 B PBE0/6-311+G* 75 12 MO0 102 k47K s B R A AR A N RE B
Bss (Cov, “A0)1Bas (Cov, 2A) RS K F(KIMAFIER BN : JET 4B R 45
M, R4 F LR RO B — AN e R NIAIEALIR . st 2 AT, BN ZER
R 5E B 2T a—sheet®9 7082y 4 PR . Boldyrev 2 & 1E 2 SR FABATT T IE R 1
AdNDPFE 3 X i S04 5 7 (coronene, CasHio)iEAT 1 FFBUE A e 43 A7, R
FAAFIFE 7% Bss (Covs "AD)F1Bss™ (Cavy “A0)HISMHT 45 SRR WA E AT mpl s 55 )
CoqH1AE T Mk o BaeBag MllET 1 EH 7 AT LUCRFFF- 1 Bl 1 171 45 44 i) R ~T
WK B RliE e, ERNMESARILSCARE, WangfE AL kE 75
AR AL S 2224 1 4775% FH CK (Cartesian Walking) F1BH(Basin Hopping) 4 4
2R HE S SR FEL - R T RS 21 5 AU [l Bas 1 Bag 22 JRI Bl /N A4

7.2 IBig Ik
T L T AT 78 5 (SSW)REAT R G514 R /NGE I 2%, Al DL K &
(N T 5. 7R /T, SSWHE Vbl B Th F 148 % B & 2 A RE T 0 S A2
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Morse 1 #% A1 Ji 7 ¥k it 100 i A #24 Sl 1 R FE 0125 15 81— R PR AL B
SRS, PRI 440 B BT R 7 VEPBEO/6-311+ G002k AT SR A A AK . 3T
A5 5% B B T 0 A A S 56 Ot T B S AT B 8 TF B0 IR BIF A I s 1o
PBEO/6-311+G* A &5 R I 4177 1) Tl &5 SR AH 4 m] S (G 2 ) T LA 25 44 A AR

1.C, B, ('A) 2.C, B, (A) 3.D,B,, (A) 4.C, B, ('A)
0.00 (0.00) +1.10 (+0.88) +2.13 (+1.41) +2.84 (+3.11)
)
_/AV/AV;vAVA\, aasn
.mv.\u\u, " (AYATAATAYy
VAVANIWAVAY, '

\VA\VAVAV/AV/
5.C, B, (A) 6.D,, B, (B,) 7.C, B, (B, 8.C, B,~ (B)
0.00 (0.00) +0.43 (+0.29) +1.64 (+1.06) 42,41 (+2.71)

9.C,, B, H, (A) 10.C, B, H, CA)

6v 36 6

B 7.1 7 B3LYP KR-FTFHALIFE 89 By (1-4)4= Bss (5-8) K &M FMIk, R AN A%
BasHs (9)#= BssHs (10)o 4% /& PBEOQ A= TPSSh(#Hk 2 F) K -F it 5 Bgs (1-4)#= B3 (5-8) 8%
AT REE . ARITAEE A2 A eV,

Fig. 7.1 Selected optimized structures at the PBE0/6-311+G™* level for Bsg (1-4), Bss~ (5-8), and
their hydrogenated clusters BsgHg (9) and BssHs ™ (10). The Bss (1) and Bag™ (5) structures are
established as the global minima. Relative energies are shown in eV at the PBEO and TPSSh (in

italic) levels.

%o REE R TRIN) « PBEOZKF- £ Bl +AMIG BE B S Mg 44k [ I S AE TPSShk 1083k 47 1,
fATARAL TS5 BT A K BE S A R AR AT R o B DA DR P 15 25 M S oy L
R LRI E IER /AN, DL EDFTES ML . MR 11 55 A o - 45 44 o9 Hr B Jl ik
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A1 TPSSh 78 T 45 K AH X RE BRI ) B — Bk, A7 IR, BU R e Es A
51 H PBEO /K-FMAH S . i 25 WL, #ESPIIREE ) 1 F0 5 2 FIE M 4R i)
NG, X5 Wang 258 AR S O RTA R S 48 18— 5 N 7.2 FTRLE
i1 Bas (1, Cov, "ANTE NIRRT HAIA R/, HAREEMERE SR
1 EH~1.1 eV, WREINFREMYEGIRE N, Bl =IFEIREEH(2 A1 6).
INEIRGEFI(3 AN 7) B EIR & s a5 K (4 AN 8) B R SRR BB IER/N, HEA]
TERe R B3R R . EF 1S, WIRAIATE, B Wang % A\ 456 6T RE
SIS TAERXT Bee HURHEAT T AR /ME RSN, KRV KBIGIELEN 1L RN
Bas LT 5t T ARV R 523
7.3.1 JL{aIgEH

SEF LRSI R A 431 iU L 58 5 /N IA T FLIR PO HE P TR IR A Y . 83, R
AT AT DK 2 R St = 5B R NJEBeIR, H1IAIBo A 141 EBysth
SER LRS- 737 N BJR FRECA E Oy =, PO, FHBEFESELAL, XFECA 5 5
FR R BT, AN S OB IR B E T E R N . MR 7.2H17.37]
DRI R HE H, BaeMiBse MBI RE RIS M —4E-FIIZSMFTEF. Flil: Baefik
BE B AR S A RN LRE B 25 76 ~2 eV LI [ 1345 4, 4 (2D) - THI £S5 4 5L
f8; ~2 eVLELN 120 Bss MIRRERE A, 2DEEI £ 18144 . EFE AN AR
~HTRT R 2D 25 14 (e 70 1T e 2 Bl A A BT 1
7.3.2 {LERLHE

K7.4707 545 T 1F19FI ADNDPIO B 23 b7 Ml IE JU) 73 T~ 513 (CMO) . Bgs (1)
HASAXNZ T, HAINDPREE BT AT A1 Hoor 41 El B |7 181 2¢-2e
B-B ofif; M/ZEBeIpi6/N25IH3c-2e cHEFTELE 43T IR FANR Z (A 418/ 25
idc-2e TR FT BT, Hrh 12N AcBEEE SN AR HIFIBL IR, AR 6> 4ck N
AT N FIB I 2 1] o fHAF— 3212, BN B Iot A BB, BIR 7 B 3,
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Cov 'Ay Ca'Ay C:.'A
0.00 +1.10 +1.40 +1.52
0.00 +0.88 +1.19 +1.85
C.'A C A C.'A C.'A
+1.57 +1.75 +1.83 +1.92
+1.50 +1.66 +1.73 +2.27

C, A C.'A Ci'A C.'A Do lA;
+1.93 +1.95 +2.00 +2.04 +2.13
+2.33 +2.12 +1.80 +1.92 +1.41

C.'A

+2.21
C,'A C,'A C,'A
+2.32 +2.37 +2.37

B 7.2 By 891K AE = SR, 5514 PBE0/6-311+G*#= TPSSh/6-311+G*(#Hk & F) K-Fit+ &
et REE, AAxTREE R eV,
Fig. 7.2 Low-lying isomers of Bsg, with their relative energies indicated in eV at PBE0/6-311+G*

and TPSSh/6-311+G*(in italic) levels.
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C, %A
+0.89
+0.90
C. %A C,°A
+1.25 +1.34 +1.45 +1.46 +1.50
+1.22 +1.18 +1.40 +1.28 +1.32
C. %A
+1.83 +1.89

C,°A C,°A C.%A C, A
+1.91 +1.95 +1.96 +1.98

C.°A C,2A C,°A C.2A C.2A
+2.04 +2.13 +2.22 +2.25 +2.27

B 7.3 By t91KALE AR, 5 A& PBE0/6-311+G* A= TPSSh/6-311+G*(#HHh# F) K -F 3t
et REE, AR E 1A eV,
Fig. 7.3 Low-lying isomers of Bsg™, with their relative energies indicated in eV at PBE0/6-311+G*
and TPSSh/6-311+G*(in italic) levels.
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75 B 1 A2 R AR T TR ARNS S5 MU RFAIE S A VE R SRR E « RESVER M2, FRATTN
Bas (1) F1Bag™ (5) 4 Jmim /s S8 A% 5 1A g il Waing 2 A 47 22 5112420
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SRR 7N A 2¢-2e C-CoEddinti . MmiE I 43 L1 (CMO) 23 A 5 4 th 1T LAAS HE
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ZIBFAE— XK R o BRBag (1)2h, UH DEILBITEHL T R BA R flin
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Wik EATRHE VR 8T I Be M M AR, 4 Be = f1 T35 5 HLAHE
(K 573 7 = A Be LA S T A 1o [RIk, ZEERR 45 F 3R THI A= a9 9 AH X ) 75 A7
WAL B0, IR Basth 7T LLE T 124 Bo XU EE AN K M M ELAZ GBI
72 XU AR AT 5 46 A0 2 M I IR B PR B G5 M B T ol WA 138 R T
TR I RABIR T #AL T 7SI BALIR A% . NIATEALIRE L, A5
NPUERAT, AANA RN T RCA . SIRTE, 488 PURCAL . FFCAL R T4
SrHN12F024, T E R T HEBEA SRR R T . K B, 48T 5
RN E BEA, (A, ENTERRE & B 20 LI R 4 R Al /INAE - TH 45
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18x2¢c-2ec bonds  6x3c-2e o bonds 18x4c¢-2e o bonds
ON=172-187f] ON=192F]| ON = 1.89-1.95 fe|

6x4c-2e  bonds 3x36¢-2¢ m bonds
ON = 1.83 Je| ON =200 ||

3x12¢-2¢ & bonds
ON = 1.77-1.86 |¢|

('

O O ‘
6x2¢c-2¢ B-H c bonda 6x2¢-2¢ B-B 0' bonds 12><3c 2e (s bond.u 6x3c¢-2¢ ¢ bonds 6x4c-2e o bonds

ON = 1.9 ON= 1.9 ON=1.94 [¢| ON = 1.84 |e|
6><3c—2e rr h()nds BXSﬁc-Ze o bonds
ON =2.00 ke

6x4¢-2e T bonds 3x36¢-2e 7 bonds
ON=1.82 | ON=2.00 e|

3x12¢c-2e 7 bonds
ON =1.84-1.90 |e]

%ﬁ@ &

12x2¢-2¢ C H U boud» 30x2¢-2e C-C o bonds

ON=1 ON = 1.95-1.99 |e|
6x2¢-2¢ C-C m bonds ><24L-2e n bouda
ON=1.76 e| ON=2.00 |e|

@1@’@

3x6¢-2e 7 bonds
ON=1.67-1.87 k|

B 7.4 (a) Bss (1)#=(b) BssHg (9) 5 (c) % # (coronene, CosH15) 49 AANDP a4 75 #73% kb o
Fig. 7.4 Bonding patterns as revealed from the adaptive natural density partitioning (AdNDP)
analyses for (a) Bz (1) and (b) BsgHg (9), as compared to (c) coronene (C,4H1,). The occupation

numbers (ONs) are indicated.
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Fig. 7.5 Comparison of the © molecular orbitals of (a) Cgy, Bsg, (b) Coy BsgHe, and (¢) Dgn CosH1o.
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[f136c ot (KI7.4 (b)). TEBRIAMIA, L5HI97F 541 B R A AI B 3 A 55 9
Mot (ET7.4 (0)2 ZAT)EE R LRI TR RIEZHA I nfE (K 7.4 (b)) =
17), XERE LI I + o5 B IE. Bk, Ba” (U/5)A Ak Ja ™ A4 ks
[ A4 = B B VR R9/10: BT W EBSAI6 N EIn il T, 5 4ME B &
[H] B R AH I (6 42 7 B diln FL P RI6 4 R B o H T, B AT AR A A4n + 2
R /R G BRI . F4h, MET75TLLEH, BasHe (9)5CoHi B A 58 4 2R
mESIR RN FE,  RIORI 10T 4 1 /2 55— CoaH o M A KB -
7.3.4 B3s #l1 BysHe JCHE T RETEIR AL

N T B A RN #IBas (1, Cov, "A)F1Bss (5, Cav, 2Ad)BIFENI SLI R AL,
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LT RE R K (187.6(0)) . Ot HL T RETEARAD) I I S5 MR R 47 . B2 ASADE/VDE(H
793.11/3.15 eV, X-A5 [ N0.84 eV (& — e e IR e E 45 0) . 5 |,
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(@
CZV BJb
1 2 3 4 5 6 7
(®)
C2v B36H6-
1 2 3 4 5 6 7

Binding Energy (eV)

K 7.6 TD-PBEOQ/6-311+G*7K-F T (a) Bss (5) #= (b) BssHs (10)#9 PES A #Aik
Fig.7.6 Simulated photoelectron spectra of (a) Bss (5) and (b) BsgHs (10) based on the

PBEOQ/6-311+G* and TDDFT calculations.
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17 4% A 2975 (borophene) 2, i J& HIIE 9T AESE Bag A —R& /NI AL

E
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YT T T xS A AT, ph e, NI LIRS A s RS B, (n >
30) I FEALE MR . i, Zhai 55 NSURIN Bao BIFESARGH FRENE SLin bl
PR BE BT ACA B A A7 S A A . AT A &R 75T T AL IR ()~ T 45 44 F1— A 3D 8
ARG (LSBT 5] T 3 B0, v % A ERY borospherene) .,

AREFAT, AT PES 453 THREK T-BAGHHT I Bes M Bss 1%, 45
SAE B Bas ™ A2 fie /N AL SUKLAG 75321 7 FLIF (twin-hexagonal vacancy, THV,
FATE N HAR /S T AL T 450 o 2S5 MR TE Bag ZEAN_EHIBR— N HIEE B JR
T TEHE Bag BRSPS . A= T R, 72 Bes 42
FAIZE FF[0,h,i]EE (benzo(g,h,i)perylene, CoHp) M —FEab & MK R . &5 NiEH
(172, Bas BRI BN R A5 F 3 B REMER R AL S5M R e, HTHESKa
B XU R 7S AL (THYV, twin-hexagonal vacancy)sl# 7~iaEALIFAA THV B &
HEZ1 1 55 475 (borophene) .

8.2 LW EEILTE

S 38 73 SR P T #6561 A 0 0 B 20 R 7 R s B e %, £
BN, AR OIS AR OB R AL R AR S A A FE A RS AR, T
RAT IR A] BT R A AT PR RS 19 2 Bas 1%, M5 7E 193 nm (6.424 eV) ArF 1
ST BOG T EROG T RIB Sk . Fr3 sEiotil H A Au Al RhOGHEEAT RS
HEo 1% B RN AEIE = 2.5%, it 1 eV ZhBEl i FReR D iR
KZ1N 25 meV.

SRRSEH “TofR” 1 Minima Hopping (MH)M M1y 50 F /45 5 R (1 Basin
Hopping (BH)**VRExt Bes BIFRHEAT A2 Rt/ NI 2, 53 AM BN DAK B 1
ANTHE SR . % MH 48R 55 %, i BigDFT H 45T, T R
G HELE S TES . FRE)R 55 I L (LDA) P AFI Perdew-Burke-Ernzerhof (PBE)
M B POV B R, R B R R T B A 5. BH Y
ZIEAE PBE /KT HMEE I CP2K 27 Pt 14 243 3 ) S W A AT 1120 g B L
8o 4 I 8 AAHE ST FIRTAR 584 H RN Bas HEAT MH 482, 15 26055 XU b
ANIGELIA I Cs Bas (PA)A R M/ NS HITE P 111~2600 A% ik SRk . S T B6AIF
MH FHREER, RN R BH #HEREFX By #EATFATHER, 1531K% 1000
LZAMERE R FIAIFE 2 5 MH 8RR E, BOTHIESE Cs Bas™ (PAY)
SN SRR NG o

BtiJE, FRAE PBE0/6-311+G*M02221 K Pt 4 215 5 1) Bas (K it B A 14 I
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S%of S8 PR o M 5 AT 78 4 AL LIE— 3B N Bas " HI-A R /NG #E) o AR T B
RS T B B 5 B AT A, S 34T A BB /N . X Bas ™ RTIMIK
i B S M (AR FH RS 2 1Y) CCSD(T)/6-31G//PBEO/6—-311G* P95 t55, it — B 5
EATRAEXS e . CCSD(T)ZK T, BB+ A rh VRSG5 H 1T PR A e A A IR A G R 5 59
5124 0.56 F1 0.38 eV, X5 PBEO /K545 5(0.52 A1 0.27 eV)HA—3.
KA VDE HHECE I I 55 7 i TD-PBEO 5e /%, b 2% g 43 47 ) 2 56 1F
%38 53 1 (CMO) A& Be Mk E AR %5 B %1 43 (the adaptive natural density partitioning,
AdNDP)ﬁF%‘“O”, BB AR Molekel #25P)5e . L EFTA PBEO /KF
(IS4 2 i 1 Gaussian 09 721152 i, CCSD(T) 41 2 38 52k Molpro #4510
5E o

(a) 193 nm B

Illl|llll|llll|lllllllIl]IllIIllll[llllIllll
(b) Simulated Spectrum

LB ' | G 7 I | 5 3 NIE | | LB BB | I | 35 3 7P | | 5% 32 N | I T | EE LE l LB
2 3 4 5 6
Binding Energy (eV)

B 8.1Bgs H#& 7 193nm & T k& T 49L& F At ik (a)f= PBEO K-F T & M 454 CsBgs
(A8 & 8T A AL 3R 3
Fig. 8.1 Experimental photoelectron spectrum of Bss at 193 nm (a), compared to the simulated

spectrum of the global-minimum C, Bss~ (*A") at the PBEO level (b).
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8.3 SLINZER

] 8.1(Q) TN Bss ££ 193 nm T REE N IOGHL T RE 1T, SO0 I & ) 4 £
HLF- 3% 25 §E ADE {H % % 7 B fi 7 %I B i VDE 41Tk 8.1, R4 &g X It
TMEELS Bas BIFLPTXT R Bas (14 HL T B RRAT 456 T i AL M B L3S VDE
4 4.06 +0.05 eV, Ky X iU I3 A o B IRBh ), 7 an T 77 0
LI ADE: i X IR RTIRE R B, 1ZE LS T4 AR R AT
Xof L FRIEUE N EACGES 73 R . W& 79 9258 ADE B2/ 3.96 £ 0.05 eV, iXfH AR
T Bas TSR AIRE A WEUE I BLTE~5.0 eV AL &, 5 X i[RI [R] B A~0.9eV
B iy iR R HAG IR B (X RS I b al e A0 2 EHL T RIBERIT), ik
W T A5 Kb B 5.35 + 0.05 eV & REX I C ik I 45 BIHL T b 4y HE,
& VDE {54 5.93+£0.05 eV SRR, HAARSLIR G 1A xUA5 M T b ELAH 4 1)
7t AN Bas MILAHNIIHPE Bos $RAL BRI HL FHESL . H B2, Bas 45 Bas
HAT P SEE B REIEP, BR T Bee B & — NSRS & RERFIEIE (3.3
eV). XUt Bgs 7E UM &5 AT REER /NI Y Bss A7 — € BRI

AVAN
..V. V.V.... % \V,
VAYANWAYAY, VAYANWAYAY,
\VAV, 7A\¢.A\ ) AY@?A\‘A\
\VAVAVAY, \VAVAVAY,

— 1A 2AM
CSB35 (A) CSB3S(A)
B 8.2 PBE0/6-311+G* K F T # 4 B 2 #) By (Cs, "A)F= Bss (Cs, A"

Fig. 8.2 The optimized global-minimum structures of Bas~ (C,, *A’) and neutral Bgs (C,, *A") at the

PBE0/6-311+G™ level.

8.4 IBIpLER

K 8.2 44 T Bas ° 4R M NG Cs Bas ("AY)HT Cs Bas (CA") I 1IEAL B F2 AR
B, e AR RS S AR 7S 1 T FLVE (THYV, twin-hexagonal vacancy) 1 #E - [ 75 122
gk, i 8.3 A1 8.4 Aoy il hiEid MH &iE, A TI385 FH BH fEr# %
M LAY 0%, PBEO 7KF R 5 Bas ° 4 RHe/Ng Mk X RS B AE 1.5
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; RRRARA \ a%a%a%a%4% 9
WA S K
AVaYaVa¥, KARRRES

C, A Cs3A" CslA! Ci'A G A Ci'A
0.00 +).52 +0.60 +0.60 +0.85 +0.89

B 8.3 PBE0/6-311+G*K-F T Bgs & AYIKALZ FAK AL AR AL F, A3t A2 42 h eV,
Fig. 8.3 Optimized low-lying structures of Bss , with their relative energies indicated in eV at the

PBEO0/6-311+G* level.

eV LA KB M1 . PBEO /KPR, BIE T S Bes S L Sa S LMK AE =
FRARLERE R b3 B IR 4 JR il /NS R s 0.52 eV R 0.27 eV, IX AL
THV ] Bas~ (Cs, "A) 1 Bgs (Cs, “A"FAEH B . #kESE CCSD(T)AKF T, Bas™
T Bas 172 1l 15 A S AL A B REDX e 20 7] 04 0.56 eV 1 0.38 eV, ik —BiIEsk |4
R RN R s P R s M . Bas 0 REEELIRA0 = 4E(3D) 4 M A SR AL, 7F
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PBEO 7K1~ Lt 4= JRi il /N A4 1) i £ 1 0.85 eV/0.72 eV([&] 8.3/8.4)

’ \YaVa¥aV, Va¥aVa¥aV;
g A'A.%fh' 4 ‘A'&l{

C,2A"
0.00

. \
£ 1RO
e aYava¥a¥a¥
Cz ’A

Cs2A’ Ci %A C2%A
+1.31 & +1.32

Ci?A
+1.37

Ci%A
+1.51

B 8.4 PBE0/6-311+G*K-F T Bgs H £ 491K AL & F MK A LAt &, AAxTAt Z £z eVe
Fig. 8.4 Optimized low-lying structures of Bss, with their relative energies indicated in eV at the

PBE0/6-311+G* level.
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8.5 IGSIRIPLERITLL

N T AESECs (VA S H (F18.2) i S A Bas A RETHT AU B IE 4 Rtk N, FRATTRH
IRz B TD-DFT VAT 185K 1 2 S ADE/VDENTUK A VDE, JF 5
LI EHERAT X LE, TEE WARB.L. WRHPELUE Y, TR TS5 A ADE/VDE
3.91/3.99 eV 5 SIS #:113.96/4.06 eVWI & AR 1 o 55— UK A VDE 4.89 eV X}
T SZE AREIE(~5.0 eV) . SLEE Bk I (VDE = 5.35 eV)HH X o J3 45 vy BG4 5
XYL IZ X IR ] BE A & 2 B T IOEA, BEIRTHE R II5.07315.47 eVIX $5k P IE4F
BHANSERE TR EEE N LS LEBIIE E RS . BHIHEE — R/
RERR, N — MBI T 03O &S BRIE K AETED.87 eV, X b5 S i 21 i) Cik i
(5.93 eV)FHE XM . 8.1 (b)45 H: T TD-PBEO/KF T Cs Bas~ (CA) I He T A i
PL, o LR BZARAEL B LT AT DA B b 58 55 FE I SI2O6 1% P 14 45N RFAIE U 06
LA 25 UM IS 75 3 T S LR BV P T 7S AT Cs Bas™ (CARA N 4 R il /N g I
— &5 U B AL

% 8.1 £BN4F By 09 & A v T3 &t VDE 5 PBE0/6-311+G*K-F T & B 4549 Bys
(Cs, PANIZ it 7M VDE 3ttb, #4244 eV,
TABLE 8.1 Experimental vertical detachment energies (VDESs) of Bss , as compared with the
calculated values at the PBE0/6-311+G™ level based on the global-minimum structure of Bzs (Cs,

A"). All energies are in eV.

Exp. VDE VDE
Final states and their electronic configurations
Feature |  (exp)® (TD-PBEO)
X 4.06 (5)° | 2A", {..26a°27a? 21a"? 22a" 28a” 23a"% 292" 24a™} 3.99°
A ~5.0° A", {.26a% 2727 212" 22a" 282 23" 29a" 24a"%} 4.89
A", {..26a”% 27a% 21a"% 222" 282" 232" 29a” 242"} 5.07
A", {..26a% 272 212" 22a" 282" 23" 29a” 24a"%} 5.18
B 5.35 (5)°
A", {..26a% 2727 21a" 22a™ 282 23" 29a” 24a"*} 5.27
A", {..26a%27a7% 21a" 22a" 282" 23" 29a” 24a"*} 5.29
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A", {..26a% 272" 212" 222" 282 232" 292 242"} 5.47

C 5.93(5) | 2A', {..26a"27a”21a"? 22a"* 28a” 23a"* 292" 24a"*} 5.87

CRAFETENHFTREERIEE.

P RBBHKEL TR EAE ADE H 3.96 (5) eV, witA b IEE KN B F EARL, i 2Pk By 698 F FAe
At EA.

CPBEQ R-F3it M ey A S LM e T 7 HikH 3.91eV.

a2 Ay ADE K295 4.82 (5) eV, FIE By X-A M ARH ~0.9eV.

¢ TAIPESH M, KB EZMHLEAHRKIRHN5.1-5.6eV,

8.6 FERiTiP

8.6.1 ElF&/LIa45#

H P Bas 2 ) B/ 254 5 0T I 1) [ 85 - AT AR AL, AN AE SR 20 A Al
Z R (LAY, NIRRT, Bas R 3T Bas RN LS,
AT 2 M — AN NI TR AL TE OSUKLIG 7N TG FLBRRG o Bagr 701 J LT O HoAA — 4
INIATEALIR ) 56 5 Co X FRIE /NI TR S5, WA A A2 HH = A A3l 7N 14 TE B A
. AEBeIN, H1IE BB IR M SR BigFF o Bas 045 K AT W 1 & M Bas O [
Bk EAIBR—ABJR T, FoA— A5 it S e fLEEAS B 3L 5 — 24 B-BE I AIIM S
WIBALIRA, Wkt K T Bas 04544 R (1 WU 7S T ALIF(THV,  twin-hexagonal
vacancy). 4 NISAF 5, Bas ABastf% T-E 111365 FHI LB 2422, 7E 4
K EAA AEH NI (M 52A22, A24). 5Cey BaglEAIXT ELZ JG KB, Bas #E4
TP TH N VR XU G 7S A FLIR Y 5 [l i T 420.06 A, T 7E 1 P9 2 BT FL I Frli 28
(77 R 4R 2 70.09 A 541, RUKLAG LI 5 2 Bss W& G S 1) TP i fk, Bas
S F I A-TAMOETERERE 112 A, Cey Bssd ¥ - AN TEAE EE N 1.16
A\[242]o
8.6.2 LEREST

N T SR G b R 35— S B [ AR 1) LA S R AR E I, FRATTX P JE Bas 14
T RA I T B b B854 H T Cs Bes FTAH L1 MriE N oy 7 . I
W, B RS 4 Rl BE i HOMO-29, HOMO-22, HOMO-26, HOMO-13 I
HOMO-15%/13E it ot 3& e 1 H 48 % B &1l 43 (ADNDP) J7 v il 4% A4 v i 118.6 - (a) H Al
ANHISA T - BT (5c-2e) . X LAk B R Bas T M Brg A A
[ By IR A Al EAE R . 8.5 R )6 sy 1 HLiE i i AANDP 77 i 7T DL
AP EE R (8.6 (): 3111c-2e nt, = EH i Bl ABes 73T P ZBe I Al
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WA By A ; 34N35¢-2e 4 R, ¥ A BN T  BRATT SN IE

, f1IF%114~n CMO

T 5, Bas FIRMIA2XT 2 HF K T 42406 CMO. AANDP43#T i 7R X
s CMOR] LAA SAJE T2 4> T4 11184 2c—2e B-B ofilt; 41 N AT /S

ié@

HOMO (a") HOMO-3 ()

HOMO-1 (a) HOMO-5 (a")

HOMO-8 (a")

HOMO-10 (a’)

&8

HOMO-13 (a") HOMO-15 (a")

HOMO-22 () HOMO-26 (a")

&%

HOMO-29 (a')

Cs Bys™ ('A)

(b)

o o

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

.

” 9

i%
}h\

HOMO-3 (b,) HOMO-2 (a,)

up

HOMO-4 (a,)

HOMO-8 (b))

> ’ s
’ 5 >
4 F
’

HOMO-5 (b,) HOMO-9 (a,)

HOMO-22 (b))

ol

o

v

Cay CooHyp ('A))

B 8.5 (a) Bss (Cs, "A)A=(b) CooHiz (Cav, A1) E Moy -F il 3 1L

Fig. 8.5 Comparison of the canonical = molecular orbitals of (a) Bss (Cs, 1A') and (b) CxHis (Cay,



B BRI SR BB S ' F T REVE 7 B

19 x 2c-2e o bonds 9 x 3c-2e o bonds 14 x 4c-2e o bonds
ON = 1.75-1.96 |e| ON = 1.89-1.94 |e| ON =1.86-1.95 |e|

5 x 5¢c-2e 1 bonds 3 x 11c-2e 1 bonds
ON = 1.69-1.92 || ON =1.59-1.79 |e|

3 x 35¢-2e 1 bonds
ON =2.00 |e|

12 x 2c-2e o bonds 27 x 3c-2e o bonds 5 x 5¢c-2e 1 bonds
ON =1.98 |e| ON=1.97-1.99|e] ON =1.69-1.80 |e|

3 x 6¢-2e T bonds
ON = 1.58-1.86 |e|

4

3 x 22c-2e 1 bonds
ON =2.00 |e|

B 8.6 (2) Bas (Cs, "A)F=(b) CooHaz (Cov, "Ar)AINDP s B> #7535 b o

Fig. 8.6 Results of AANDP analyses for (a) Bss (Cs, *A"), (b) CaH12 (Cay, *Ay). Occupation

numbers (ONs) are indicated.
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AL T B-B 2c-2e offt; B WUAR /S I FLIA 94 3c-2e o T1iE
OrTHNE B AT P A B, A 14 c-2e ot T~ T B A1 7% o (4 41 L B IR 1368 3 T
E\ZZC-ZG G%[40'42’43’45'47’48'136’241'257'258], ﬁﬁE?ﬁﬁ%W%B&fﬂZc-Ze G% E@,rﬁﬁgmmujk
D B, ANFEB PN MEAR TLI T AL 18] — 5% 0 iR DU 2045 2k
(153 P 2c-2e o,

Bas HIE I B M 0 A 3 A 4R, AANDPSY BT 5 % 45 W (R 10/ i v 3l 43
HNIEARFMInfAR: 5/75c-2e nd, 314-11c-2e nigf134-35¢-2e nift. FERKR
(K740 H AR G an+ 2R SR 5 B RN . Rk, Bas AR vl 4 A 9 2 AR 1)
—HEHa AR, EAEBIE, OB ST & A Z I [g,h,i]
¥ (benzo(g,h,i)perylene, CooHqo) HnfiliE J1.-F- 58 4 HALL(18.5 (b) #18.6 (b)). AANDP
ST BH CooH 1o 11/ i [FIRE T K 23 2 BABgs I =B SE i R o R0l 75 2
VLA [ 52 CooHio 54N B 3 C—C 2¢-2e it xif B T-Bas HH KI5 B4k 5¢-2e ni, X
— R ILAEE L N AR XUBE 4 oK 7 & W) [ 7 (F- A TKE 2 i 44 9 polyboroene) H B4 X
Bs S TG EE M T L HE 2 45 I C—C A T . Wang 25 Ak B 85 7T 1% (1 R Se T 90
BLVE 2 W A 40 B AT 5 95 B MR RR AL A AL 1 oo e i 2, [98,40,42,43,45,47,48, 131,133,136,
240,257,258 - B 1 S T AT L 9T LAY AT A AR SR T 8 e S
8.6.3 Bas Al p—sheet 2 =7

KEHIRTMEH, Ce BssH O MI/SIUTEALIFXT 2D 2 S5t 4574 2 G E 2L .
Bas 2 i - AR S THT P9 —THT AN AR S5 12 BRI S i SR 1, it /&, Bt
R 2> 7 I EEB-BRE 5 B i (141 [l B-BHEP22°), A5 AL, Bas PPN
B ANBRIIR S SEEER BMM WA, S E IR AR EUE Bas
BB NI, 1% — IRk — 25U 5275 12 FLIR X e 0 B s LA 21 2
Bag [A1 7% 1T 4 & 1 A2 440 i L AT IS 75 00 7 LR B B 445 52 a-sheet B J2 110 45 4y 5
TGo B-sheett 10 & XUMLIG 7~ 120 T LI St 415 7N 2 10 F LI A 20 J -l J2 1002
H AT EE b TN A8 5E A a— A B-sheet Ak, Y% B AR NI FLBE R A
RIS HES 5 3R 88 B B2 4 AT 4k i 1 (03 7173 79 2552981 e 1 % B 1HT B s A
e BRI g4 o B RS R AT T A R S A LI (THV) 8N 14
TEHTHVIR & LA I 55075 . an&18.7 it 7 2 PR AN [EHEZ 07 =X i fa o 1) i 5 44
CEMPRE R RIRUL, 8IS BasBRATRT LA IE H L A 5 Rl LB R ) R
THZ
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B 8.7 &-F & ARSI IR Bes AR HEF 5 XPT A& 9 B 5T & B B & AF
EKBARE—A Bgs £, (a)F W95 E MR KBARE R By F AT 77 KPS s g #5512
74 3LiR
Fig. 8.7 Schematic drawings of borophenes constructed from two different arrangements of the
planar hexagonal Bss motif. The blue shaded areas represent a single Bss unit and the green shaded

areas in (a) indicate mono-hexagonal vacancies as a result of the arrangement of the Bas units.

8.7 RE/NG

A E AT RATT T ZERI T Bss M1Bas 1R ) LAT A BUANAL 27 B, &5 SRR W EAITIY
G JRRR /IS GE RGBS UL 7 T2 P FLIR B ST T 45 440 o X R o B R 1 25
R RT R ARAE & 7N LT Bas &t K Hh 4 BR — AN BRI 7 J5 TR B o A0 27 BB 23 BT
BoR M58 = Bss Bl R AL T M 7 & M B A Y R JF [ghi] B
(benzo(g,h,i)perylene, CxHiy), A =EMZHInAR, BEIHIKFH =HE )5 &
Mo AL U AR 7N ILFEFLIF (THV, twin—hexagonal vacancy) (] Bas #1552 —Fh 5
RGP A it oo, v H T #4185 p—sheetAH ¢ 1 B A XUMLIG 75 14 7% LR
(THV)E S A FLIA S THVIR & HEAG I 22 05 250 o Bas S5 AR ME R L 5
B—sheetFRJIEC 2 1 — A2 SN Sk A4 P T AT PEATT 78 42 A S B0 E 4R
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SELE ERIG IR I —— IR A & 9005 Doy Bap ™ MOFLIE R SL I IE 47

BHAE WIRER LI
—HRETREENE Doy By ° BIFRIL FISCLIIEIR

9135

[ 1985 4 Coo & BIACVE B2 JE T —H4EK, AA1— B A BRI Coo (KI5
HEE IR Beo SSMIAFTEMI AT REE . IEAESR, BARE —SOC T A0 s Bim g i 2
WML, (B3] B AT A IR SN & SR A7 A S IR . AN, ARSCHI
PRSI, IEARMIE] Beo MIFFRRILIE, Beo A2 P K bl 25 5E R, 78
i £ BB, AT B 255 SIS B U7 VR R G T A T A L AR
FE B AN L T 2 A AR R R, O eh Ay A A HL BT 2 1 S T [ A 4
[40.44,45,47.48,54 2412021 ;KA 209, Wang 25 NRFT R, BREABIR o MBI o
BER AT, BB TN By —Boy S (RE T s T £ U2 BRI
FRBIETTAN,  LEBBIE 70 AT b A — S5 (IR 28 15 290 oK 5 A 1 B 448 Ty 100702881 - g5
U, T RENESCIGE I Bae A2 T LARI ROV 58 35 /S T LI FA) P THT 45
M, SRR TR e JE 450 o—sheet $RAESZES B B ATAT R AK AR
(2422591 %) 2007 4E, Yakobson 45 AJET Ceo B EIH 45 IR Y T 5226 584K Bao 45
B8, ke T NI B A B e A 17 (O3 00 67 0,267 2700 {7 i — 5 (1) 38 5
Fi 25 FAE W] Bgo SR T T Hik%—5% (core—shell) 25 #4592, P i 2 5 AR AE A
I G AT A — AR AR L) 1) o AR B AN T BB (2 Bao BRI HL 7 BRI
LIS RAE BT . 255K, 1E Bao Y61l S50 b AT LA B S0 31— el -
TR XU 52 2T 35 1 8 R & A R — AN LA L A1 7S a2 T LR B9~ T 4544, S8R Bao™
FERE R R T & R NI 458 . (BN Tk By HI%, 2> TR e 2k
B35 L T 7 i (O R R [ 1 2 RSB A 37 0 i [T b i o HH BRI ) 1 A 0
B AL DA BV AR 34 O e Rl /N &5 84
9.2 LWEE IR L
9.2.1 KW FHE

SIIG o3 o R HHE SRR T & WOk 28 R A AR IR M RO O P e B
MO8y i, 6 B B NS 5% Ar <K He /<, OGRS & & °B R &K
FOREEAL BT P= A 1 Bao SRR AR AT N AT B TR 5 38 (SCGHEAT R B e o PR PR
SEIGA FIZE 193 nm (6.424 eV) A1 266 nm (4.661 eV)Hi Fhot 1 Re e 1 i i i = i
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T M AGHAT . FTA LI H ORI R AuTAT RhOGIEH TR HE . 225 B I REE
IYHEFEN AEIE ~ 2.5%, Wi 1eV ZhREMIH T-RER PR KZH 25 meV.
922 1B 5k

KT Bao HIFREMI A, KA BEALR AT & # &R B % (Stochastic Surface
Walking, SSW)M 71 DLz Bk ik 2032 (Basin Hopping, BH) A ZEAL (] TGmin 38 & 25
(242, 21028 XGHEAT o ST ARG IR %R, L REE T RENL A e BRI &7 [ 40
AT, 84T 16 AT AL SSW R, ST 33 3027 M/NAGH, Doy & D
W TR G 2 1Zie B B Rtk /NG . BTG, N T IRIEZ RS s
P, XM Dog BORGEMI R 4r ST T 40 41 SSW iB5E, 78T 3565 AN/
LERIR I AR RIEL Doy ZEIREEME R E I SRR BbAh, T ETFHE /N 40
(1) B s -0 A1 2350 D1 Th BAE T A5 A I b, 75 ZE0F T Bao MU ST 2R .
BANZ OB DRSS %E, ARE S B s A @243 2 HEF 1 Cs
Bao > 24 AT 1 LLIZ 45 A4 A2 55 1Y SSW s 51 7] LLIE % C I 45 M 1 R e Pk
IR Dag Bag FIHET-1H Cs Bao X PIMI/NGEMIAL T A BE IR _E AN 78070 B 1) “ U
SRS, AE AT SSWZERE X P AN B AR SR AN [R] R 25 H AN AT e AR A ELEAL
Rtk SSW 8 R 45 R B R, FRATEIN H TGmin #RIZFX By 1%
HAT T PATHE R . TGmin & LU BkER 575 (Basin Hopping, BH) AL, H#1¢ T il
DAt ZE R AR AL PR R A 25 A0 A SR A B R B (MR R AR P, Bae 2Rtk
ZINERY G RE BRI S A2 T AR Y BOAR S B S5 . TGmin SF~F~ T A1 AE -1 Bao HIHE R,
132 7 A5 IR Dag Bao 7E N 1) 5300 ZAN45 44, RIFHIIIE | SSW HIHHREE R .
S Bag R4822, 43I SSW A TGmin #ZEF2, SREUHIBAI SRR 4T T 4
FMMER . R ITEREE R R R 5I7E PBER, PBEOMAN TPSShI®K
R 6-311+G*FE PP AT SR AL AR T 55 B R A1 R S M A M o
= IHER T, FRATT O S AR B 8- T 4 A 14T 1 SRS ) CCSD/6-31G™*
PSR . WHEISSEHI ADE A VDE iH5E7E DFT /K T#k7, kA H) VDE
A PES A TDDFT APHEATIS, AZA5eh CCSD # At 5 il
NWCHEMP"@H1 MOLPRO F2/5M05e i, itk SR 4% Al v 45 MM SR 155
#4385 Gaussian09 FE 15 Rk,
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9.1 (a) By A 5% 7 193 nm (6.424 eV)

#) 1 Cs By~ (CAY) (b) Aotk bt &

Binding energy (eV)

AT RETHLETiIELS PBE0 K-F T & Ak 4

25H) 2 Doy Bag” (°By) (C)#9 AT A EAZ M A tb. B a b 4945

B &~2.6eV L& X5 X ERRANEZ B HHRE,

Fig. 9.1 (a) Photoelectron spectrum of the B4~ cluster at 193 nm (6.424 eV) detachment photon

energy and comparison with simulated

low-lying isomer (b, 2 Dyg B4o~ (°By)) of

spectra of the global minimum (b, 1 C; By~ (°A"))and

B4o . The inset for the weak band X' at ~2.6 eV binding

energy is magnified eight times to show the details.
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9.3 LG S5IFILER

9.3.1 SKIEEI T

Bao 1577 A T WO R R A SR, il e i TR AT R eI, & 9.1
(Q)F11& 9.2 43 5l J€ 7~ H: 193 nm (6.424 eV) H1266 nm (4.661 eV) i Flt T RE & N~
AREHETFRERER, X' X. AL By C Ml D FKoRaEe EAIE] A7 Bao
B R Bao A BDEHTRRIT . ASEEGHE B T A0, Bao DRI HARFIR IR HL -4 5
AR BA kDX T e B A%, se il R R R I T © Wtk KRS
ARG, Bk B2 U PF 5 RS R @ FEOhIEW X AAIEEAR
)3 L LTI I AE (VDE = 2.62 £0.05 eV). XTint XMEE —DEE i ar kK
Bao A, ZEEMIHA L H AT SRS T By BN B T4 &hg: @ X\
X 77 (VDE =3.63 £0.05 eV) 1 A 77 (VDE = 4.24 +0.03 eV) #7570, Witk
()6 1% w5 B U B R e Bao 18R 5 35 313 (Highest Occupied Molecular Orbital,
HOMO) Fl Ak 2 #Li& (Lowest Unoccupied Molecular Orbital, LUMO)Z [EJ 47 /E1R
RHIRERR, AR U Bao 2 7 W AR IR . @ 45 6 R i et 40k 75 WA b WL
M|, B (VDE=5.10eV). C i (VDE =5.55 eV)Fl D 77(VDE = 6.08 eV).

1 2 3 4

Binding Energy (eV)
B 9.2 By H& 4 266 nm (4.661 eV) LT REZ T AL E T AL, B P AIIEE Z~2.6 eV L5565
R 3R b9 55 XM RKNEZ B RE,
Fig. 9.2 Photoelectron spectrum of the B4o~ cluster at 266 nm (4.661 eV) detachment photon
energy. The inset for the weak band X' at ~2.6 eV binding energy is magnified eight times to show

the details.
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Bao FIAE I AT B S5 M T (M TS RE D), 2 20 1% 256 e Pl 7 R R AR AT e S Al << e
TAREL, AILLE T S 5 AR T B 45 BT RSO X R I T Bao IS Uk
b, XA X 5 LU 3R AT U T K S A 2 R AR R AL, IR R
F X X IR E T Bao B BT USLAZ R Rk o SEIGINTT X A X 7
26 H4 L T B B8 ADE 4394 2.50 2£0.05 eV F1 3.51 £0.05 eV, iZ{E XN T4
R L% 6 WL TS B EA L 5 L0194 LI ADE JE1¥) By~ (ADE = 3.12 eV)2*2
il Bos™ (ADE = 3.55 eV)P*UAHEL, Bag SCBtilhih X S BL AR A ADE i, X%
AT A RRTE Bao JUSTAEPTRE R AE TR KR EE 7 .

9.3.2 ¥R

K FHBEALR AT 7E 505 (SSW) FI Bk R (BH) 57323, X Bao A1 Bao HHAT “ Tofi”
(R4 RN R . SR ITHICRERE 4R, 737 E PBE. PBEO Al TPSSh =
T 25 B2 bR B 1 (DFT) J59 N R 6-311+G* L2 M A A Ak kA7 M ) g B it
B F9.3F19.4 R4 H T 5 By Al By &AM/ INGERIANT BEBRAE 15 eV 2
(T (K BE B S MK B2 & 41178 PBE. PBEO 1 TPSSh =Flt DFT 7532 K fRARX fig
. i HTREN ST By HEW A TAEMRS:, KM PBE0/6-311+G*iX —
WK B A P T 00 [ et g [0 42.99. 2402920 B ik A S PBEQ /K- (KM X6 A B2 I
JPRLZAE AT SER . B 9.3 F1 9.4 AR T LRI R IE H, —F DFT KFETF
Bao F Bao AE R IAR AP FAAHR Z Cs HEFTHXUFLEE AT Doy 3D ZEAREEH o
NTETRIFGE, B 9.5 4 H T LU EPUAN R AL S AL . Bao iR BE
BIIWEAFRER, 50 1 Agii 2, E=Fh DFT J59% N AR fE B RS N~2
kcal/mol. A 7 SEREHAIITF R EA TR e, FRATTSCE— 5 7E PBEO JLT45H4
FHemiti >R CCSD/6-31G* . it B AR EAIAX G &N 1.7 keal/mol, X5
DFT (iR 45 R A — .

N T AT Bao HARETHAT AR AN, B 9.6 ()45 H TR IR Bao ICAE R
SR BERE T HI r A B pE R RE ], AR MMM (T . 2R
XU Je = BRAE MR 3 AL ) T R R KT 2 ARG 280 5 (I PP 1 T e s il A o AR AR,
Bao MBAREHIR AT “UFIK” APy, 54 R/ NG 1 AT RERTE 1 eV DA
(1AM B B S A A B 2 v T A Y B e IR A B, 7R (OO R = IR R
ZERIBE R AT I (B 9.3 A1 9.6 (). X T Bag HI#%, ZEARZEH 4 (Dag, 'A1)
AT LR 375 0 AR R I SR A A X 23 Rk (B 9.6 (b)), BB ATl 552 A Bao HI 42 )RS
/Ngikg . PBEO KF T, e Z/bEght 4 5 0.5 eV [ =/ MK RE 2 = A 14t #R
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+0.29 +0.52
{+0.22} {+0.95}
[+0.13] [+0.56]

+1.05 +1.15 +1.16 +1.21 +1.38 +1.46
{+0.85} {(+1.14} {+1.08} {+1.13} {+0.66} {(+1.31}
[+0.74] [+1.06] [+1.03] [+1.07] [+1.26] [+1.17]

{+4.95}

B 9.3 By #91KAEZ F IR, £ A& PBE0/6-311+G*, TPSSh/6-311+G* (745 5 ¥ 69 & 4%)F=
PBE/6-311+G* (7 #5 ¥ 49 3 48) = AP 32 6 77 sk T L e ey tast b2, Aastab e £z 2
eVo
Fig. 9.3 Low-lying isomers of B,g , with their relative energies indicated in eV at PBE0/6-311+G*,

TPSSh/6-311+G™ (in curly brackets), and PBE/6-311+G™ levels (in square brackets), respectively.
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0.00 +0.48
{0.00} {+0.46}
[0.00] [+0.43]

Dl
L T s
.2

Cd ‘,"
SR
—.q%,

{+1.28} {+1.34} {+1.35}
[+1.33] [+1.33] [+1.27]

{+1.36} {+1.39} {+4.99}
[+1.21] [+1.29]

B 9.4 By 891K AL = M1k, £ A1/ PBE0/6-311+G*, TPSSh/6-311+G* (FL.4565 ¥ 694 &) A=
PBE/6-311+G* (7 #5 W 49 5 48) = AP 32 6 77 sk Tt e ey tast b2, Aaxtab e £122
eVo
Fig. 9.4 Low-lying isomers of By, with their relative energies indicated in eV at PBE0/6-311+G*,
TPSSh/6-311+G™ (in curly brackets), and PBE/6-311+G™ levels (in square brackets), respectively.
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HAFERR R (TN L1 4 BN B A AAK) o S SR UL Z5 4 4 RIHET-THT 2544 3 (Bao,
LAY (B3R Bao A JRAR/INEE R 1 BTN (¥ o %) 7E PBEO 7K SFALEE ) 4 Rt &
HIRZ) LeVe IR, By B AT A ISR, T Bag WP VE A% IR 45
I 5 A A0 B3

1 CiByy (A) 2 Dy3Byy (°By)
3 CsBy ('A) 4 Dy By ('A1)

B 9.5 By A2 By & PBE0/6-311+G* K -F F it & RAKEY AAF AR, 455 & 695 5 KA L4
BT HARBH P Y/ CA R LR A Bg = AT M 8 55 R K EAe ik & H#ATAR
1To
Fig. 9.5 Top and side views of the global minimum and low-lying isomers of B4q and By at the
PBEO0/6-311+G* level. The symbols in parentheses represent the spectroscopic states of each
species. The hexagonal face of the top view of the cage structure is shaded in purple, along with
four Bg triangles shaded in grey. In the side view of the cage structure, the heptagonal face is
shaded in purple along with four Bg triangles shaded in grey. There are two hexagonal and four

heptagonal faces on the cage surface.

9.3.3 LSRR ITEL

N THAE Bao M4 RN AR RE B S, FRATTSR A TDDFT kit
T — &% By Ik BEE FHIA ) ADE Al VDE {8 35 T s236 ByE dkaT 3t th. 9.1 %44
T 45 1RGSR 2 B TS S SR ae ik e FR K. BHRHE, TOIRgE i 1 BUEE
2 FARE AR I SCIO GG . AR, K A5G S AT DA G AR P A S
AR . 450 1 1£ PBEO /K-F45 1% ADE/VDE & 3.51/3.60 eV, X555
& X 1L ADE/VDE 1 3.51/3.63 eV {R¥F—3. 451 1 Mmsh & REERIE 5 5L
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BRI E ) A-D SIS BT, SEE A-D iSRRI B S H 2 HE TR
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16 ==
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> >
) <)
[} Q
c c
L L
0.5 -
) e—

B 9.6 (a) Bao #7(b) Bao/EPBEQ/6-311+G* K -F ey A AL S5 I . AL Bl MMy ag e S AF
Kb BEMEARKEF@EH, LA REEHMEIRLEHN, K Efo kMmN 55K
F I A Z IR E AR EEM)
Fig. 9.6 Configurational energy spectra of (a) B4 and (b) By at the PBE0/6-311+G™ level. The
energies of the global minima are taken to be zero. Black, quasi-planar structures; red,

fullerene-like cages; violet, double-ring tubular structures; blue, triple-ring tubular structure.
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b

1 2 '3 4 5 6

ARARE RAR RS RARRE LALEE RALAN RA
I 1 2.3 4 5 6
PBE PBEi M
_AA«\J A
'I'I'I'ITI'I'I'ITI'I'I'ITI'I'I'ITI'I'I'ITI'I 'I'I'I'ITI'I'I'ITI'U'I'ITI'I'I'ITI'I'"TI'I
1 2 3 4 5 6 1 2 3 4 5 6
Binding Energy (eV) Binding Energy (eV)

B 9.7 & PBEO, TPSSh, B3LYP #= PBE K-+ T (a)#-F & C By A=(b) %4k Dyg By #9 X £ F
AER 5 193 nm T R 3L TRkt k.
Fig. 9.7 Simulated photoelectron spectra of (a) the quasi—planar Cs B4y and (b) cage—like Dyg Bso

at PBEO, TPSSh, B3LYP and PBE levels, as compared to the experimental 193 nm spectrum.
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b

1 2 3 4 5 6

1 2 3 4 5 6 1 2 3 4 5 6
Binding Energy (eV) Binding Energy (eV)
B 9.8 7 PBEOQ K-F T ()t & ARG W@ AN/ -F & By S+ e (b) A Z RAKGI I AN AR A 89
e FAEMGER S 193 nm F R AT akiLatib,
Fig. 9.8 Simulated photoelectron spectra of the four lowest-lying (a) quasi—planar isomers and (b)

cage—like isomers of Byg , as compared to the experimental 193 nm spectrum.

115



BRI G L B 56 L 7 RETE T B

SR, PBEO K~V Rl 545 34544 2 (12L& ADE/VDE & 2.39/2.39 eV, iX—
gE AR HR T 90 X' iE g ADE/VDE [l {E: 2.50/2.62 eV. HIT4H2 5
G50 1 MG R RS, AR AR X eI RA AT . RIE W,
KR ZEHE) 2 B Re A T — L%, AT TR 25 S 4540 2 % S0 61 1) s k2 Tk
(1. 46, BATELE TPSSh, B3LYP Al PBE /K P45y 1 &b Hy 2 HE4T T 6k
LA 9.7), 3 l#R AR A 9.2 (D) ()AL e i izl A, By HIFERT
A VUMK RE IR T AR (RT BB AR R 454 2 (AL B SR R) B mT DA A — A2
i 2.6 eV (1) VDE {8, 1M BT A 1 DY AN BE B 4~ 170 45 74 SCER W] DA% H— N4l 3.6
eV 55— VDE {A (&l 9.8). ixuesh Rt — B 3 4 R Sim i SR 45 b A~ 1h 45
PR L4555 J7 BEMARE Bao SERGHL T REIS OS5
9.4 LSRR
9.41 BHIEWEES

JUEFRW KT B A KRS TR G5 ) i T 1 25 158 03, 80.87.70.207-270]
18 Buo BIFREH 2 2125 N IEAE S5 BAS 305 BRI R AE 1 58— 4B & 34 o 45
) 2 Je L B (1 vtk R 454 4 HF BT Dog REARTE, 7 16 /ASPURC A B iR 1A
24 NHFRAHIEF. AWE w2 1 4 #VEE 9 i E R E Bk,
SE KL THUH RN K3 P A AH LA B AR IR 7S a4 T AL, 85 K T ) 43 47 55 79 7 2 B A
X IO AS-C LI (B 9.5 R TS T e bric T 4544 2 70 4 N1 B f-Gid %
FLIR) . X seghiy S Lt B LI RS AL, 2 BT W B AR S
JATERIE AT MR, 1 il T AL JE 6] ff D % BB XUsE FT A  SCHEAT B 10 H
S B S5 A T A 1A R 12 2% BB XUBE (I A/K T [ 8 4% By i AR
BT 4 % Buo )M AR LAM A . B, Bao ZEIRLE AT UG il S 1
VT 58 5~ TH )\ 2 HERR Be = M AL R 1T (] 9.5 K (LI e AR ic 1 45
1 2 AL 4 )\ Be =), HRasi by R lIA Be = MAHE
JLZPUAS B sk (ENMZHALN, S Simaii 2 f 4 &R b AR
[: E (92 2%#%) = F (48 N=HMIEIH + 2 DMNiem + 4 A-BilJBim) + Vv (40 4
TA) — 20 F5 LR AITE K2, 78 R0 0B R B8 T3 DU RO B A KA ek o oA
BS54 2 A1 4 BT R 3 1) -G LI

EURAT 5 4R MR N KA rp L P FLIR B AL A 1 B i1 ity 2R 2731,
RAEATAT 46 1) B I 254 R AR I B LA . B #E ) C JETR
Y sp? 244k, 524 B AT AN T FLIR A R ) & 8 LBl R gk /7. (H
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Ecoh

K 9.9 PBEQ K -Fit 13 £ 69 P M AN A 4 B, (n = 7-40)89 % R T4 & fk. B EMIKBARKE
T\ LA RUIRE K By . &SI B K By, Bag o Bag EAIRLZEH
Fig. 9.9 The cohesive energies per atom for B, (n = 7—40) neutral clusters obtained at the PBEQ
level of theory. The black stars stand for the planar, quasi-planar, or double-ring tubular (By)

structures of B, (n = 7-40). The red circles stand for the cage structures of Bs,, Bsg, and Byg.

e, —HIESEIY b O RN KA E B T A B ALIREY. s
B -EI T FLIRALCT 8 TR sp® AL E Tk g, X w B %
Hh ) -EL T FLIR AR A 58 36 F P T AT U X —Z552, MR 9.4 W5 2 Fgh i 4
ATLAE Y, Bao ZEARG M IR A, HA B AL R AT R 2R LT
RE IR L, H LN ERE MR TR /7, BT 323 Bag IR HY
HA St t.

N T PR E Bao 2 W'E B)E BIFRENE, FRATLE PBEO K T-# 4R By F1
ST DA S B8 AR (1 b M A ) o R A S R AT XS L (B 9.9).  IETFRATTIT
FURHGACKE, B R~ RIE K (N By 31 Bao), —ZERH B4 4 it Sib i
Ho AIIRZ, M Ba A HIRRE R IG5 . Bao Fll Bag HIZEMR A4 &A1
FH L ZE~F- ] 25 4 1) 5 S5 1 45 -6 B 43 71 IS 0.028 1 0.081 eV/per atom.. TiiH7E Bag
S R A Y TR = 4 ST AR S R L5 45 G R D 22 S, a2 i i (41 A A
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Bag & A5 AT At 2> I 451 T 45 44 B = 4E ARSI I . BARAERT B T Bao
P v — 4~ T S5 MR TR T IR & IR 44, (BLAE Buao TR VERIRE s ) 45
K20 2508 1) Re AR A o Bao HI A% 1V a0 B2 AR e MR AR B AE L LA IR K
HOMO-LUMO fEfi, X 1E2 33 By & ¥k AT E I EREF R

ST EN RS SRR, BIfE7E 700 K AT 1000 K FF&EETE T Bao & #h
WIHE R ERER . AABRITERI, B & BEIEIAE = 4e i iA57 &, 714
H 2 A0 4 JUT 4SBT A 247 A 48 A (NICS) 8150 5 9 -43 Fi—42
ppm-.

40 x 3c-2e o bonds 8 x 6¢-2e ¢ bonds 4 x 5¢-2e m bonds 4 x 6¢c—2e m bonds 4 x 7c-2e n bonds
ON = 1.87-1.96 |e| ON =1.91 |e| ON =1.95 |e| ON = 1.96 |e| ON =1.93 |e|

B 9.10 By 2415 k5 89 AANDP R 40474 %
Fig. 9.10 Results of chemical bonding analyses for the B, fullerene. The analyses were done

using the ADNDP method.

9.4.2 2WREENE Bao IR

Pk Buo B B BRI A BT 3 RS EE, X M B B 15 A 4L it
T ECRH X-A B (B 9.1 (¢)) nT LAGHS —elE R . RN 51 2 Fghil 1 mds &Rk
RGN R S, 7ESL0 i B ik B 2458 2 1) X-A #Bi. PBEO
AP EARRIZ5 1 4 1) HOMO-LUMO BERR N 3.13 eV, [A—HR/KF T Ceo 1
HOMO-LUMO BeFR N 3.02 eV. 2514 4 1) LUMO AFERI I by i, T4
14 2 BIEHLT 4 HOMO B . X fRE T NI EIS B> — N B F e AL
PR TR, AR Uigi i 2 1 4 HATAHIE Do SRR ME. —J5TH, 4504 4 1
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(I RERR B2 5 30 Bao MRS R PEARGTAE 22, DR ATA NN N AR FEL - 00 200 o 4% Hp 1 [ %
T AR LUMO BB . 55— J7 1, Bao ML) Co 4V I4ifg(& 9.5 Hrif4h
14 3)] HOMO-LUMO REFRAEH /N BT 9.1 (b)) X-A HiBR). sk b, 25
F4 3 H1 4 HOMO-LUMO HER 1) 22 7 J PR 1 S ik 17 99 85 1~ A1 7 v — 4 ~F- i 25
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R = 4L TR GRS E M B ZE ]

T3 T PIUTE 1) 5 B B Ak 5 B5TC v A 1) 20 AT S IR 5 M 1 Rl B, AR S RAT]
K EAT 58 SR PR B AR5 B K123 1 75 12 (AANDP) MOt 254y 4 #E4T Ak
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Bes H.70 o KON B FEIGH ) Bs = MIE 10X 6c—2e ot F EoiukfER, Btk
48 o SR AT H A 1E 2 48 4> 3c—2e o . AR X — RIS ITF 555 4 &
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BRI, 5= 4EFimBiEAE, 4t 4 hIEAEAE 2c-2e o, HITEMZHRT
B R o B B dn i . M ADNDP M 45 KR, JEIR Bao PR E T
DIk 0.6 N T LUE A R I g 4. 2 E ¥k Bao HATA B HL TR B 5 Il
b ()45 Rl B TN SR TG R BI,  3X L IE R i 25 0 S o A B Ao BT e
9.43 EIHNErA B M/ETFE Cs B

Bao 7% R UEF- T AR S5 1 (Cs , ANV AEH A K. Oger 25 A E T
RS SRIGEN], 1E B T IIREAE Bie R R YA 45 4 B = A 1 i Y,
(LS FP P 21 9 1 0 ) 3 3 R A7 v o w221 AT 0038 . Wang %5 A IRIF 57 4%
BOZRHAE LGS DES] n = 27PN a1 48 — g sh i iash, inik
ITSAER] T Bas 1 Bao A754R S e - i 45 441242259270 I\ K 25 (19T S 405 ok, B
BTN By A 4ES] = 4E i I B OB E RS AT B2 n = 40, 177 A A ]
%R A B BRIR G5 M I VE AT RETFUR T Bago BRVFFRATT AT DL TR AU E LD
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F 3 SRM, XK SIS E IR Bao 4549 1 7] LAE A p—sheet i & o Al
B ICZRAT B 2 (k& A 2B B 2B 4%, borophenl ™) BT 47 MERIF 5 () SZ IR AE S .
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RS AR o X FBOAIISLIY Bao NEANI BTG, TRt & #h 2 it
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4 N EAR6.2 A Coo(7.1 AR/, B EATAIBEEL Coo BEIE TN — 1
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F1+EZ WMF MRS C4/C, By HIIRIL 5 SLIG 5

10.1 5|

SR R SEE B T Ceol T A, SERRLE S T A I E R A
THEGIFHEE 8% D2 Cre™ {ENAMIFR A C MMEACE, B B THEAE
o B OB T SRS, XS EU 5 TR R M 2 AR T IE I A By
F) LR A ) 2 R AR D28 2800 M Yakobson 25 A\ 3E T Ceo B #5451, 7E3L 20
ANDAUE LS AT A B JE TR Coo RIK Bao LAKPT, JL4E A A
SR & B BRI 70 T Dok S [P 000N TO20T210L (H R ik — B B AN FL i
FRMTEIR Beo AR H LI 2 Rl /INES 4, RERE L AT R Bo 45 H T T~ LA -
7t (core—shel) R = 4 i g T SAFAERT . B —J5H, fEd LiH4Eh, REiIH
SIS AR VI FUAE I RS IE FE A B AN K BT% (By AT Bo) AEAR KA RSB RN (n =
3_27, 30, 35, 36)%|zjgglzﬁ‘§z‘{ﬁglzﬁ‘é§*@[40,43-45,47,48,54,241,242,259,276]’ ;H\:qj@j;ﬁj&/ﬁﬂﬁ
SEHG AR I FVES T Beo ™o Ak RATHENT, A TRAIRE W Ak
HAE~37-70 MR 71X — BN RSB N . &, 3ATEE ARG T Re T
SO A5 A VRIS T, EIRTAE T AT E I Bao IFEER, IR
Z fin 4 9B ER A (borospherene) . Bag S FLXS B (1A BH 5 ¥ 4172 EAT AR ALK IR A4 7
HARORSF Dog X FRNE . BHERM Bao 707V Co ~H EHIT AIBS AR, S5 H
T AR B A R, A TR IR S AN NI B A Y A -E AL

AT RATEE A R IROG BT REVE AR THEER Bag BIFRHEAT RGEWE T, S5 R K
BLiz A R 2 Rl N S5 A B AR AR RE T S A AR 7l R B R Co A Co FEVIRE,
16o Bag HIFEAE A EE — ] il PR AE O SRV E 9 He A SR N O BRI 731, T
AN IR T VR ER I O B AOR S5 MAFAE Bl e . TR S MR ZE A )
SR A 22 K FE A o UM SR8 mhOUL I 1) 0 A T 4 B R 5 A R
BRI o> TAES R B2 AR, RN IR 1A — Rt B TR 5 R AR A A
AN B R AFHIE FENIRZR o

10.2 LSRG A

10.2.1 LW E
ot L BE T S SR o T %A O 2% O TR R I RG5O PR BE T 2R L S K
081, OB & & OB AL FALIREEM B P A (M08 Bao RRINAEES 1 A Ik
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TA 5% Ar S He BN VAT IN TR BT IS ACHEAT B 1% . L1t B SE A 7
ArF S THOER ) 193 nm (6.424 eV)JEHL FRER N IE I REH = s T M G
17 WJETE 35 m KB UTETHRENETES, IrgscinibH s
AuDEEERH TR . X3S ERER 0 %N AE/E = 2.5%, W2 1eV ZIEEMH
TREE DR KRLIA 25 meV.
10.2.2 BB 753k

SRR MH FEASR TGmin FEFP% Beo th RHEATHOLIE R . MH
TR PR XN E R0 TR R R R AR A 2%k, A REEfE T R
s USR] RE PRI TE FE IR R AR R A B 23 (8], Skt S o0 A (R4 28 3 [A) g AT 2 4
fio MH #RBRMREEE A, BT RGPS GRS bl )R8 FE T
(LDA)*UA1 perdew—Burke—Ernzerhof (PBE)%Z #i—#H 532 ik %2R ] BigDFT i T
ZERIA IOV AT YL RE R T . 2 BT A L Bao S5 H P IER— A B R TN
N LEMEENTBOMT MH SR IrBRYII6aE . RATUA R YI6 45/ 7k
NS, A AIRAT T 8 A B MH 3ERE, RS EE4E Cs M C, IR g H
STV AR AE PN 2R 24 5000 A4 44

R TR HIA MH R R R, RATERB KA TGmin #REF
X} Bag HEATFAT M 2 . TGmin RN R G R BCR T &1 BH Hik. Xt
TGmin #REZPFAE, KA PBE A #t—#H%7Z Bl Goedecker—Teter—Hutter
(GTH) #2625k & DZVP S22 i 4hg ) CP2K A2 5Pt AT W aA Ik At B 5
PRI « CLZHRIE A DRI 78 TAEIERH TGmin F2 7 X i 1 48 R 36 5 = 20
i TGmin # R 3N 4600 2> T fh b I AR KINEL Cq FEARG ) S T Xt
WA SRS E 4544

4 WIS F PBE0/6-311+G*[102281 11 CAM-B3LYP/6-311+G*11042281 7 v 3 if
Gaussian 09 F& 7%l MH A1 TGmin 48 R 3131 Bao (K At & A A BEAT 78 0 4L
RS 5 (B PR AT A3 S5/ Bae B RETHI LI EIEAR/N) . A T #5321 58 AE R I AH XS
feke, AT Molpro #2 FF 10Tt PBEO /KR iA ) Bag 1 Al & A A E1T 25
5% CCSD(T)//PBE0/6-31G*#1 CCSD(T)//PBEQ/6-311G* i1 195:194264282] g 4 5
HWRABHE N E T By A - NHFFR P By 4514, FATX
PBE0/6-311+G*/K*F- T Bag Bl 5 Cs ARG MAHNT REEAE 1 eV LA HIMKHEE
SERARTE [F]— BEAR AT 3EAT A L ) At &5 R A A RSR[5 TG R
1AM VDE {H 115K H TD-DFT J7 ikt 471, SR Al AANDP F2 72171k 2 pit it
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S ATUOISEE L Molekel FFERUIEF S AT B, 4 T2 11 BB CP2K 72
IS

(a) 193 nm F

LA B S S S S S S S S e e e s e o |

(b) Simulated Spectrum

Isomer 1/1'
'Ill'l_l' -I--l "..

T T T T T T T T T

(c) Simulation Spectrum

Isomer 2/2' M
el L L L
4 5 6

1 ' 2 3
Binding Energy (eV)

B 10.1193nm X -F A2 T By AT AEiE(a)5 PBEO K-F T &AM 4H) C3Bsy (b)
Ffk AL & AR C, By (C)EMA R T A ST b, B P B XK K ZBFM A VDE,

Fig. 10.1 Photoelectron spectrum of Byg at 193 nm (a), compared with simulated spectra at PBEO

based on the C3 B3y global minimum (b) and the C, B3y low-lying isomer (c). The vertical bars

in (b) and (c) indicate the calculated VDEs.

10.3 LW 5P ILLER
10.3.1 LG SETERRAT

KABOEE R E & 1B RN R AR 724 Beg HIR%, FHBIT B T AE
BEATRAE(E 10.1 @)1, PES ) B¢ X A5 4b I E45 VDE {84 4.00(5) eV
TE S0 6 1 o 4 R T R Xt 0 Ak T A YR B RO 5 A A HA L 3 B A ADE A
3.84 (5) eV, ZAHHMWAREK F114E Bao IHL T35 HIRE EA. A9 KH EA RGBS

123



BRI G L B 56 L 7 RETE T B

T Bag NHIFEZHLTE5H, H A B JB T KI5 T PES il EH T~ —MRHE
i A Hf VDE {55 452 eV, fE X WGIEA A {62 MR ELMHBETES, X&
WA AL PTREA AN R PR I TFEAE, A TR E LA k. A
R 2 5 1) 2 G e DX 30T DU 21 JUAN 7 U R RFE S I B (4.82 eV), C
(5.23 eV), D (5.45 eV), E (5.70 eV), F (5.88 eV)#1 G (6.00 eV). MK it, Bay ¥
PES Yt il A 5t HE A%, TURETE Bay BIFER T AT RE 2 I Z AN REEIL
ALATET I 1) S A A

10.3.2 5 &

KH MH %32 (Minima Hopping)™*™*1f1 BH 44225 (Basin Hopping)*2#H
HALHLN Bag AT & RM/NEE MR . M RE IR E gk — D
PBE0/6-311+G*fil CAM-B3LYP/6-311+G*[1021042281 54 S 34 17 35 43 A A, F1 451 22 1
5. Bay (Bsg)fE PBEO 7K°F'F 1.5 eV(1.0 eV) L 1) 7 #4451 T B 10.2(1& 10.3).
N TR TR AR e B, X Bse HIEAE PBEO /KT T e R RAKMIAT 12 4~
FyfAi34T CCSD(T)/6-311G*//PBE0/6-311+G* 51 s A i1 5.

K110.4 25 H T By & JRM/INGiH Cs By (1) 0 5 H A B 418 R AR C, Bag
(1), 7EEHEE CCSD(T)/K P45 2 (N EL 45 1 e & 0.08 eV N T HE— B ik
XF Bag #AAETI AR, & 10.5 4 H! T H CCSD(T)/KF T Bag K AE & MM HIAH
SFRE RS HI R B EE E K . HERIZ, Co M Co RIS N F IR 4
), WL BT I 4 SRR/ Ca ()T Ca (L) — R BV Ca o) Bkl ) ety T4 0
A, S, Co ()R Co VMIER—XfBA Cop XFREh 4 F Xt mfd . 7E
CCSD(T)/KF T~ e sg AT+ MK e A A, i HAN R F A : Co (3),
C1 (5), C1 (6), C2 (8)H1 Cy (10), sz F'efi &l B A FHEHFIE (K 10.2 A1 10.5).
FE—ERR R R LM LA TR = EARGE ) Cs (4). 35— ANHEF T R
FR(7, C)E CCSD(T)/KF-Hu A Rtk /s 1 RE& i 0.28 eV, B, ZL5MIR
IO AE S SIS ORI B I NI TE Bae BIREAT — 7€ KIAHICHE(ZE Bss /NILTEH—
N EIRIM=A B ) 5 — N EP IR K9, Co) WIFEF U 0 — Bl
AL -

HiFE 10.2 A1 10.5 A%, Bso MIBAREAET H 4, HA W ZREEIEF BLN)
JRsER N . £E PBEO /K-, ZEMR AR 1, 2 A1 3 BUAHXTREEAE 0.2 eV DL, &R
SR 4 RO AR 7 AEREE Ay AL 45H 1 B8 0.19 1 0.24 eV, B, 1E
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1.C,By, (‘A  1.C,B, ('A)  2.C,B, (‘A) 2'.C, By ('A)
0.00 0.00 +0.13 +0.13
(0.00) (0.00) (+0.03) (+0.03)
{0.00) {0.00} {+0.09} {+0.09)
[0.00] [0.00] [+0.08] [+0.08]

3.C,B, ('A) 4.C_B, (A)  5.C,B, (‘A 6.C, B, ('A)
+0.20 -0.19 +0.31 +0.28
(+0.03)° (+022) (+0.20) (+0.19)
{+0.14) {+0.16} +0.17} {+0.22}
[+0.11] [+0.18] [+0.20] [+0.23]

A

| SHVEAVAAV A
W o e &
\ \ 7 \

AVAW, ¥ \:
EARAT
A, SAVAVE o

N\

AR
SYAvATE S
&Y

X
. -

L AVAVAVE
7.C, B,y ('A) 8.C, B, ('A) 9.C, B, ('A) 10.C, B,, ('A)
-0.24 +0.56 +0.21 +0.50
(+0.01) (+1.32) (+0.20) (+0.45)
{+0.11} {4+0.28} {+0.36} {+0.43}
[+0.28] [+0.34] [+0.43] [+0.43]

A 10.2 By 894 R Mo KA & F AR, 3THTH 4644 2 PBEO/6-311+G* A=
CAM-B3LYP/6-311+G* (I& &5 F & %) K-Futfr4axt fe 2+ H . xF PBEO T 8977 12 /MK At
¥ F Atk 4T CCSD(T)/6-31G* (#2455 4 3%)F= CCSD(T)/6-311G* (7 455 F $48)it H .
H b 2549 3 £ CAM-B3LYP/6-311+G*K-F 2 A sh 4 K A 454 2, AR £42H eVo FTA

AeZH AT R B AR E,

Fig. 10.2 The global minimum and low-lying isomers of Bsg , along with their relative energies (in
eV) at the PBEQ/6-311+G*, CAM-B3LYP/6-311+G* (in parentheses), CCSD(T)/6-31G™* (in
braces) and CCSD(T)/6-311G™* (in square brackets) levels. All the energies are corrected for

zero-point energies. Isomer 3 is automatically converted to isomer 2 during structural optimization

at CAM-B3LYP/6-311+G* level (*).
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Fig. 10.2 Continued.

W e

11.C,B,y (A) 12.C,B, (A) 13.C,B, (‘A 14.C, B,y ('A)
+0.21 +0.66 +0.44 +0.61
{+0.48} {(+0.51) {+0.54} {+0.57}

+0.62 +0.68 +0.71
{+0.68}

19.C,B, ('A) 20.C,B, (A)  21.C,B, (A)
+0.50 +0.72 +0.72 +0.73

23.C,B,, ('A) 24.C,B, (‘A 25.C, B, ('A)
+0.73 +0.76 +0.76 +0.80

28.C,B, ('A)  29.C,B, (A) 30.C, B,y (‘A)
+0.81 +0.81 +0.82 +0.82

31.C,B, ('A)  32.C,B, (‘A
+0.83 +0.84 +0.84 +0.85

34.C, B, ('A)
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Fig. 10.2 Continued.

35.C,B,, ('A) 36.C,B, ('A)  37.C,B, (A
+0.86 +0.88 +0.89

39.C,B, ('A) 40.C,B, (A} 41.C,B, (A 42.C, B, ('A)

1

+0.94 +0.95 +0.97 +1.01

43.C,B, ('A) 44.C,B, ('A) 45.C,B, (‘A)

+1.02 +1.03 +1.04 +1.07
) YAVAY.
JAvAYATY
VAVAVAVAY,
SVAVAVAY
47.C, B,y ('A) 48.C, Bas' ('A) 49.C, Bas' ('A) 50.C, B,y ('A)
+1.07 +1.09 +1.09 +1.10

51.C,B, ('A) 52.C,B, (A}  53.C,B, (A)
+1.10 +1.10 +1.11 +1.12

QXQA\
INININA

\AVAVAV
AN ,
55.C,B, ('A) 56.C,B, ('A) 57.C,B, ('A) 58.C, B,, ('A)
+1.12 +1.13 +1.14 +1.16
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Fig. 10.2 Continued.

59.C,B, ('A) 60.C,B, ('A)  61.C,B, (‘A) 62.C, B, ('A)
+1.16 +1.16 +1.17 +1.20

63.C,B, (A) 64.C,B,('A) 65.C, B, (A 66.C, B, ('A)

1738

+1.22 +1.23 +1.28 +1.24

67.C,B, ('A) 68.C_ B, ('A)

s

+1.26 +1.27 +1.31
71.C,B, (A) 72.C,B, ('A)  73.C,B, (A) 74.C, B, ('A)
+1.32 +1.33 +1.36 +1.38

75.C,B, ('A) 76.C,B, (A)  77.C,B, ('A) 78.C, B,y ('A)
+1.41 +1.41 +1.41 +1.43

79.C. B ('A) 80.C,B. ('A) 81.C B. (‘A 82.C, B, ('A)

1739 1739 1739

+1.44 +1.44 +1.45 +1.46
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1.C, B, (A 1.C, B, (A 2.C.B,, CA) 3.C_B,, (°A)

1739 1 739 s 39 s 39

0.00 0.00 +0.03 -0.34

4.C, B, CA) 5.C, B,. (CA) 8.C, B, (A) 7.C_B., (A)

1739 273 1739 s 39

-0.28 +0.13 +0.15 +0.24

8.C, B, CA) 10.C, B, (A)  11.C, B, (A

1 1739 2 739

+0.25 +0.26 +0.31 +0.35

12.C.B,(A) 13.C,B_(A)  14.C, B, (A 15.C_B,, (CA)

s 39 1 =39 1739

+0.39 +0.43 +0.46 +0.47

16.C, B,, (?A) 17.C.B,(A)  18.C. B, (*A) 19.C, B, (*A)

1739 s 39 1739 1739

+0.49 +0.49 +0.50 +0.52

B 10.3 By #9 4 By iR/ 254 A e & FH M) PR . /& PBEQ/6-311+G* K -F#tfTAAxt AE & i+ . 48
AR E £ eVe
Fig. 10.3 Low-lying isomers of B3y with their relative energies (in eV) at the PBE0/6-311+G*

level. The energies are corrected for the zero-point energies.
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Fig. 10.3 Continued.

AWYAVAVAVAVAV,A
V< RVAVAVZR VAVA

Vee (NN
NN NN
NANNNY
20.C, B,, CA) 21.C, B, (A) 22.C,B,((A) 23.C,B, (%A)
+0.56 +0.57 +0.59 +0.61

26.C, B,, (A) 27.C, B, (A
+0.64 +0.67 +0.69 +0.71

29.C,B,CA)  30.C,B,, (A) 31.C, By, CA)
+0.76 +0.76 +0.78 +0.78

32.C, B, CA) 33.C_ B, (CA) 34.C, B,, *A) 35.C, B,, ’A)

1739 s 39 1739 17539

+0.78 +0.82 +0.82 +0.84

36.C, B, CA) 37.C, By, CA) 38.C, By, CA)
+0.85 +0.88 +0.93
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1.C,B,, ('A)  1.C,B, ('A) 2.C,B,, ('A) 2.C,B,, ('A)

B 10.4 Byg /£ PBEO K-F T it & s AK A9 AN AR (L Ao 2) AR AT 89 F M3 BRAK (1 F2 27) 6
AR L5 M) K@ 095 WA R ILR R E &R AR,
Fig. 10.4 Optimized structures of the global minimum C; and close-lying C, isomers of B3y at
PBEO. The two enantiomers of the axially chiral structures are shown in each case. The hexagons

and heptagons on the cage surface are shaded.

CAM-B3LYP /K P (% & 7 KRR IE I AT 751, SR 1 BN 4R
We/NGEby, fE AL T TH F A A 7 1% 0.01 eV. CAM-B3LYP il il ik — 5 4 i
5% CCSD(T) iS4 SR FriilE . £ k5% CCSD(T)//PBE0/6-311G*/K-F-, 544
T LAAR R BARRE 451, BeAEia e 1 ik 2 BB 0.08 eV A4 14k 3-6
HAXTRERARAE 0.23 eV LAPY, (H45H) 7 ERE R FIR A TIR KRB (4544 1 g &=
5 0.28 eV). F:T CCSD(T)iHHE 45K, AT, Stk 1, 2 Je/b & itk 3 Xf
SISV T BE AT TURR, R U DL S AN M AR AR SE G R T AR LA . T T
B2, Bag 25 —HILAEIRGME N A RN 8 BB B I 1% . Bdli %
Bao O MIBE AR, RAEHIE Bao MIERIE UM 1 A8 B 35 oA L34 BE TR 11
2R, AR AE S S8 HR AU ) ) FEAR Dog Bao MIERIGERE & Eib 2 LEH
S SRl /INE T T S A I i P00, ST Bag, ANAE PBEO AKSPHEAT T JLATARAL
SR AFNT RE R (B 10.3). BATRIL, ik Bao HAFTEZIR. EIRAIEFIH
SER AR LS S o AR A R T I S T RIAR, P AT SCE R T =
HEIRZR(E 10.3). B4, B ERTRATHE S5 RIRATRT LUK I, PBEO J5 il
) TSP TR B IR G5 K9, 117 CAM—B3LYP A1 CCSD(T) NS 4R 45 4 56 45 F1) o

131



BRI G L B 56 L 7 RETE T B

B 10.5 CCSD(T)//PBEQ/ 6-311G* K -F Bay 494 %! 4
S5 B T M S Bk AR 18]
HMAREZILEIREH,

X5 Hh eV, %K

*J/\ |'F'§\

0.40 -

0.30

0.20

Energy (eV)

0.10

0.00 -

/ \Y{j,, &

10. (#)-C, (o 43)

9. C, (0.43)

gee, (ij

8. (+)-C, (0.34)

L R

.....

4. C, (0.18)

" (#)-C, (0.11)

2. (2)-C, (oos)‘
/\-.-l v.-/x

39

AL Z | o

r@/,

Nicih

1. (£)-C, (0.00)

LRI E . 2D

EMA RS, Haxthk
e R RE G IR
B EAEN R KA @ LEH.

wHy, B

Fig. 10.5 Configurational energy spectrum of B3y at the single-point CCSD(T)//PBEOQ/ 6-311G*

level. The energy of the global minimum is taken to be zero, and the relative energies are in eV.

Cage-like enantiomer pairs are degenerate in energy. The red, black, and blue bars denote

fullerene-like cages, triple-ring tubes, and quasi-planar structures, respectively
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10.4 SEI6 5IBiLEE R XL

N T AFSE B T LS R, FRATISR A I 5 2 5K 7 vk (TDDFT)!M® - 4 7
Bao (KAE B SR I EE B THERE VDE FHREIE B T R8I B 5 s B 4T
XFEG. B 10.1 45 T REE BN A A L VDE i 5 558 0 i Rt L 4
Fo Cs (1) Cy (2) a7 FHF B A 1P ) B 12 A6 B[R] () 0 T REVE P o A R /N
P 1 PSR 1 ] DL ISR B R ) X, A, C, F A1 G 4% 4EIE (] 10.1 (b)) S256
Tl b X—A 1§ 2 (8] R4 #7153 5T 5 Cs A LT ERIT AR & (H 2,
Cs SR IO TE JF AN B 58 A AR RE SE 0 6 3 Hh I T R fiE I, 0L B a0
H D-E 1 2 [A] R Rp o [X 3 (X e AR A I LM TR B i 44 2, €1 10.1 (). B4R,
ZERE 1A 2 R AT — AN ERAS B B AR S0 il . T A A T RE ST
T I SEIORRAE U, RIMTE SR SR IR TP 454 1 A0 2 RNz SR A7 Y

i 10.6 Fros A HARICEEE JER /443, 5, 6, 8 F1 10), B IR 7 44 14 (4) A i
S AR (7, 9, 11 A0 13) e T RENE AT . [RIR AT A I L8 S R A4 0 g A 572
JEHTEE, EATE T DA RS S0 X I A 5 — VDE fH, BT Sk
C, (8) (3f— VDE {ERAK, W HHEHERR). Bag 55 Bas Ml Buo (M1 ILTE AN,
Ji 3 BTG AR ek [ % 9 A 7 2 B HOMO—-LUMO SRR K . Bas F1 Bao K
BB S S5 b o AR F TSR AAE EA JER /N o TP NI Bae " AR Bag™®
g, TEXT 25 R AT %5 0 I IX L B R E 2 B BB ) 2. 55T Bao SRB0OK
AR S A RN, AT AT T RN S50 i X — 5 3k e A HE R AT AT
o B Bt SR A R TR o SR, 2 TR O T THI A DR A ] 7 RO O 9 00E i
CCSD(T)%h Hi I e S 24 ] 4gli0-40,47:48:54241,262,200.2700 1 it F-48N Cs (1)1
Co (2N Bag REE BRI T X — 25 R ARG BN . HEIE, REE
Cs (1)F1 Co (2RI ZEMR A4 3 B AT LA TERA T 556 55 — VDE o 1485 14 T 21 ~5.1
eV BHEAFAE L FRRIE, (HSZI0 It X — 45 & AR X I B iU AN C 104 2 Bk
UFAr B, X TR RIS Ba BRI A F ik 3 IAATE, HF B @A Rm
(] 10.1 () A1 10.6 (a)). HR4E CCSD(T) Fiksh AN fEBE R, FMk 3 25
FAR KRR 2 A A0 S B0 1 (1 DTk vT AR 2B 1) o BRI, SR Bag WL 2
(SR FL T RE T AR 10 0 B3 RE T A 4%, (B B A S B A Ee U SR 1Y
SR, XTFHE Co M Co AR I HR IR 242 IEFI .
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@ ®
o /\[N\I\MAM
1 2 3 4 5 6
(b) @
J: 1
N
C, By (5)
1 2 3 4
(c) (h)
ATA

(d)

(e) _
&
C, By, (10)
1 2 3 4 5 6 1 2 3 4 5 6
Binding Energy (eV) Binding Energy (eV)

B 10.6 PBE0/6-311+G*TF & At & £ Kk 25 #)((a) C1 (3), (b) C1 (5), () C1 (6), (d) C, (8), () Cy
(10)), =& REEHM((F) Cs (4))F=/&-F @ £4((9) Cs (7), (h) Cs (9), (i) Cs (11), (h) C; (13))89 5L
wF AR AR L I .
Fig. 10.6 Simulated photoelectron spectra of higher-lying cage isomers of Bag . (a) C; (3), (b) C;
(5), (c) C1 (6), (d) C, (8), and (e) C; (10) at the PBE0/6-311+G™* level. The simulated spectra of (f)
the triple-ring tubular Cs (4), (g) the quasi-planar Cs (7), (h) Cs (9), (i) Cs (11), and (h) C; (13) are

also shown for comparison.
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A LU FE Cq (1)1 C, (2) Bao™ 5 Buao M BRI 10 45 A4 REAE AN B A A EAT X L
GhT. 1ESEHE, H4 Dag Bao ARG I — By LiLJE & Hehy Be /N IUIE i
ITEEM BT LAIE Y Cs (1) Bag o L F, DL Be 7NIUTEARE Dog Bao JEHE—A
By LM I B 25 R /E 8 MH R I i, 22 B3 R 4535 Cs (1) Bag o Uk
b, HH Dag Bao AT LAE #4532 Co (2) Bag s M Buao JEHE = — 26 XUEE ERE R —A>
B 5T, TR — 2% DRl BRI 1T AN T 58 BE I DU RFAE IR C (2) Bag o

Cs (1) Bag %% Ca T AlAEH 4 T T A 2 A = A /NI = A Lia e
1, AANISE 12 2B UBEEI A1 0 A 47 4 By =TI . 25 & Bk A 3 E (90
FR) =F @1 AD=MIBIH + 3N + 3 A-BIJRH) +V (39 M) - 2.
LTS5 S, PBEO /KF N HI5E)Z Cs (1) Bag 5 Bao BB ) HOMO-LUMO
REBR R #4211 (Cs (1) Bag , 2.98 eV; Doy Bag, 3.13). [AIHE, C, (2) Bag 7 H 43 Tl
R A — NS, A6 UG, 46 S B = MK
H % . H: HOMO-LUMO BERRE A0 24 K(2,73 eV) . 1% 45 1) R RERF & Rk hi A 20 E (89
%) = F (46 =ML+ 2 N/SILIET + 4 ADS-LILTET) + V(39 ANTIR) - 2.
10.5.2 ¢ + tNE BB FERHEIRTN

KA AANDP 57514 Co il Cp Bag ARG M HEAT 1 2 i /47 (B 10.7).
Cs Bag™ (1)#5 39 /> 3c—2e fil 8 > 6c-2e ¢ . FL L, 6c-2e offffH F1EHE
HEFIE Be =M HICH L By =M L. RILATH 47 ANoA R A% s
PRI 47 /4> Bs =T L1 47 A 3c—2e o 8. TR 12 SN EHR TR TR
e, Hrh 34> 6c-2e =4 5c-2e it EL T4 11 Cs Lhh, 59 710k
FEHS ) Be =M ITHX. WG 6 4> 6c-2e niE AN T LR B =
FTE B0 2 A AR SR XUEE Lo 25 F, 55 Dag Bao 2RMBL, C3 Bae (1) ATA BT
JZHLF (118 AN) LhoMntg 171 35 5] M B IS E AN BRI R T, A A T
RAR T B B P T B AR AL S 2 I R 285 4 v E A R R R B T A

C2 Bsy (QWIRIFRIEIAC, HLE 0 BA — MR 5c—2e o (K] 10.7 (b)), %
SERTHTALIEE B 1 2p A6 FL 7o B SR LT 20 BT 285 SR AT DA i i BRATAE
VEIE, CoBae (2)4EHIH “HhFE” ALE M B JR 75 A 1 Hif7(~0.60 |e]), T~
7% B 3 4% B R ATz s e« R B 20.7 (D), BRATAT LA B H Cy Bag™
AR AR 28U T Cs Bag (10.7 (@) 45 LA EMHTSS B, 7E Dog Bao RN
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1) 12 A B3 m B AT M ER A 7 7 RFAE Rl B 7 20, RIZ sl B e Co AT Cy
JEAR Bag 19 LAAK SRR +E .

o + mBEE B AR T B Bag MBRIA 2RI = 4E AR5 F 1. ALk
FALFE(NICS)THE AR KW, Ca By (1)1 Cy Bag™ (2)J LA H o A HB BA ey 714
ft) NICSIM Mg (—38 F1-39 ppm), 5 [E—FiL 7= K Daog Bao JUAT .01 NICS {8
(—42 ppm)AH L 20

39 x 3c-2e o-bonds 8 x 6¢-2e o-bonds 38 x 3c-2e o-bonds 1 x 5¢c-2e o-bond

8 x 6c-2e o-bond
ON=1.86-1.96]¢| ON=1.74-1.92|e| ON=1.86-1.97|e| 0’;\13 7%_‘; 98Tels

3 x 6¢-2e n-bonds 3 x 5¢-2e n-bonds 3 x 6¢-2e n-bonds 1 x 5¢-2e n-bond
ON=1.96|e| ON=1.91|e| ON=1.92|¢| ON=1.92|¢|

6 x 6¢-2e n-bonds 4 x 5¢c-2e n-bonds 4 x 7c-2e n-bonds
ON=1.90-1.93|e| ON=1.91-1.95|¢| ON=1.74|e|

B 10.7 & &R 2EH)(a) Cg Bay Arik At = F+ 491K (b) C, Bag #9 AANDP a4 547 .
Fig. 10.7 AANDP bonding analyses for (a) the global minimum C; B3y and (b) the close-lying

isomer C;, Bag .

WL H AL RS T M5 Ca/Cy Bay M EAEA M T E AW
M*Bag K7 R AT LARE— 25 K3 5E Co/C, Bao MlIERN . Lit b2, AT I Li
JE {5 7] T 78 S5 TE Bao BRIRGE M HI-Ci 3R, & 10.8 45 H 72T C3 fl C, Bag™
SN Li*JE ™ Cy Li'Bag™ (9 10.8 (b, d)). 54t 280K Li'Bsy E &WH B A T
PERFE HLARAG 7] LA HoBEA Bag S 114 Doy Bao HHUEZE ) HOMO-LUMO BEFR .
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Orbital Energy Order (eV)

313eV

Cy By C, LiByy
(@) (b)

C, LiByy Dy By
(d) (€)

B 10.8 (a) C3 B3y (1), (b) CiLi&Bgg (3£ T£4 1), (c) C2Bgy (2)A&(d) Cy Li&Bgg (3 T 244
2) 5 Dyg By 89 #LiE A8 B3 LA

Fig. 10.8 Molecular orbital energy levels of (a) the cage-like C; B3y (1), (b) C; Li&B3q based on

C3 B3y (1), (c) C2 B3y (2), and (d) C; Li&B3g based on C, B3y (2), as compared with those of (e)

D24 Bao.

O, C,H,

B 10.9 440'% 21t Doy Bag, Cs Bag 47 C, Bay 5 = 7 k. (cubane, CgHg) 543t kb . 440’5 $h b6
LEM) T AN R B AA Bg = A (B F & & R5)H AR

Fig. 10.9 Structural analogy between the D,y Bao, C3 Bsg , and C, Bsg all-boron fullerenes and the

cubane (CgHg). The all-boron fullerenes can be viewed as cuboids composed of eight triangular Bg

units (shaded).

10.5.3 37 5%t (CeHg) ZE{LHD
AT [T 0 (215 5 FR 55 5 I B AR A 1) of 7 S 2 [40-4447,48.241,242.276] - o0
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ATTAT LLKE Bao £ Bag™ 53775 bt (cubane, CeHg)#EAT X bb DS 1 — 20 BRAR T A TR0 57

J8E . Dag Bao MT-HE CalCo Bag FI ML INA 2L TR FEIREE K. 6 /NI IEEL

LI EEANEL TR NANE, 8 A Be = MAIEHE LT H) )\ (K] 10.9).

M AANDP 7t 45 SR a] LAHERT Y BERIG AR SR h S Be =M i 286 Rt ot
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i oEr e 12 DA 327 e i) 12 4~ C-C .
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e
S
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200 K, RMSD=0.06A 300 K, RMSD-0.23A 500 K, RMSD~0.23A

0.6 0.6 064
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a = { X } a
Z o4 Z 04 \d27 204-
e = 'C,2) = k, um ¢, (z)

0.2 % (‘1; 0.2 i N ‘. ‘- W" f 0.24 WM '

ottt b s o e,m H c(,, e ,.,
0.0 T T T T T 0.0 r T T T T 0.0+
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 20 25 30
Time/ps Time/ps Ti mc/p

(b)

20 20 20

200 K, MAXD=0.28A 300 K, MAXD=1.04A 500 K, MAXD=1.04A

1.6 1.6 1.6
<12 <12 Ll : <12
3 8 )
> ~ -
< < 1 <
=08 =084 [ =08

|
0.0 0.0+ . y ; ; ! )

T T T v v . - T
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
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B 10.10 C3 B3y (1)# 200K, 300K #= 500K T 30 ps M #9450 1 FAE . (a) ¥ 7 4Rk £
(RMSD)A=(b) & k4% 1k £(MaxD) #1424 A, EE@)FARS T304 FAGTAL & o 9L ey

Fig. 10.10 Born—Oppenheimer molecular dynamics simulations of C; Bsg (1) at 200, 300, and 500
K for 30 ps. The root-mean-square-deviation (RMSD) values (a) (on average in A) and the
approximate symmetries of typical structures picked up during the simulations are shown, as well

as the maximum bond length deviation (MaxD) values (b).

10.5.4 Byy /IR : “IRIBA AR ?

N T BIREFIEERIG Ba MIFRE 1, 1E DFT AKX EAT#ET 3 /)%
Bidtl. 200K & 30 ps By EAUINIIE], Cs Bag (1)#K HBH & B HOAS E P (1A
10.10). {H7E 300K, JULHJEFE 500K T, i HABARH 22 K P FEINLE], Bso H
FEFFURLEA ] IR GE M 2 A1 AH EL MR ER . S5 HBkER R ETE Cs Bag™ (LA Cy

o (QIR(GEA RS 3 110 WITTHR), 25 AR FE P I 295 5] (1) W g A
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AT E AL SE56 POUL I ) A BT R R B ER AR Cs Bag A1 Co Bag > ik
J& CCSD(T)it R EAMEREE _EARF L HXPWM R Bao DG T RETE LA
TR, WAL Cs Bsg M1 Co Bag £E UM ZILAFH . AANDP Jlidi 7 Hr4 R Eos
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2014 4F, Zhai %5 NI SADGIE S0 456 i I BR THRUR I 1 5 B i 28R
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Y S K 3 P T RE R AR AE n =~ 401200, 2015 4E 4] Chen 25 A\ SUAESEIG XN E] T 1
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FRA)2S, RS, T Dog Bao £ Ca/Cy Bag A JLATSE MR, Chen 25 A
Bt T BRI SR O R 5L Cy Bag "R Co Bap™, MBI, KEMIA R
/N RN — ek B R SR SO A T SR 45 R R 0 A SRR N I, i el
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FALT La@Cgo M1 Ca@Ceo, Bai 55 NF: T Byo 7E%5 V2 BR/K-F- it E Bl 8 N
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La)ZEFL 187K Tt 2 Al 47 %0,

2 C,Ca@B,’ ('A) 2 C,Ca@B,,’ ('A)

A 11.1 7 PBEO0/6-311+G*K-F 4k AL1F 2] 4940 51 1 4% X C3 Ca@Bgy' (1)#= C, Ca@Bgy" A K
A BY 5 X AR
Fig. 11.1 Optimized structures of the axially chiral endohedral C; Ca@B3s" (1) and C, Ca@Bgo"
(2) and their degenerate enantiomers C; Ca@Bsg" (1) and C, Ca@Bsg (2') at PBE0/6-311+G*

level.

ARFEPATCASLES B S 1) FHEII BRI ColCo Bao 1E N/ T8, BT 2
14 JE W /I RN — P SRR TS0 1.1 BRI T 4B I ERIE Cs Ca@Bao”
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3 PR AL AR IR 4 JR A /N G5 R R 5 RS0 S b A o T 8 P i 4 SR I Bk A A e A T T
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I 7ESN 12 R R R e 1, (R IR HE i B 400 K I J# 2 B A 5 o AR
SO TR, X BRI 4k AR 7B A1 RHACS/Co Bag FTHE & o + nll
R, 5 CAIEN M@Bao (M = Ca, Sr)PPUR[E, XEEET By 4R
BRI LA BT HERFE . 9 TR HEK SR S50 b X 6 BH B 1~ R 1) 52 06 R AE
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1 C; CaB;, T (*A) 2 C, CaB;o" (1A) 2' C, CaB;, " (1A)
0.00 +0.26 +0.26
0.00 0.00 +0.15 +0.15

3 C, CaB;, " (*A) 4 C, CaB;, " (A) 5 C, CaB;, " (A) 6 C, CaB;, "(*A")
+0.27 +0.45 +0.55 +0.60
+0.20 +0:35 0.00* +0.47

7C CaBy *('A)  8C;CaBy"('A)  9C;CaBy "(PA) 10 G, CaBy " ('A)
+0.61 +0.62 +0.66 +0.69
+0.52 +0.15* +0.68 +0.72

11 C, CaByy *(*fA) 12 C; CaB,, *(PfA) 13 C, CaB;, * (‘A" 14 C, CaB, * (1A)
+0.69 +0.69 +0.82 +0.86
+0.61 +0.60 +0.47 +0.78

B 11.2 CaBgy' #91& Ak & F 4K & € 1142 PBE0/6-311+G* 4= CAM-B3LYP/6-311+G*(4H1k) K
FOEREREGIMITRE, TN eV, BP*REAZH5 £ CAM-B3LYP K-FHAL
B BB A a1, #U KA LA 8 £ CAM-B3LYP K-FHRALH & 3h4 LA 454 2.
Fig. 11.2 Low-lying isomers of CaBsq" with their relative energies (with zero-point corrections
included) indicated in eV at PBE0/6—311+G* and CAM-B3LYP/6-311+G* (in italic) levels. The
isomer 5 marked with * is automatically converted to the isomer 1 during structural optimization
at CAM-B3LYP/6-311+G™* level.The isomer 8 marked with # is automatically converted to the

isomer 2 during structural optimization at CAM-B3LYP/6-311+G* level.
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Fig. 11.2 Continued

+0.91 +0.93 +0.95 +0.98

+0.99 +1.01 +1.03

25 C, CaBy, * (A)
+1.03 +1.05 +1.08 +1.09

+1.09 +1.10 +1.10 +1.52

31 C,CaBy,*('A)  32C,CaBy, *("A) 33 C, CaB,, *('A) 34 C, CaBy, * (1A)
+1.77 +1.91 +2.14 +2.19
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Fig. 11.3 Molecular orbital energy levels of C; Ca@Bs," (1, 'A) and C, Ca@Bss” (2, 'A) at the
DFT-PBE0/6-311+G* level. The HOMO and LUMO pictures are depicted.
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Fig. 11.4 AANDP bonding patterns of C; Ca@B3," (1) (a) and C, Ca@B3s" (2) (b).
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Fig. 11.5 Born-Oppenheimer molecular dynamics simulations of (a) C3 Ca@Bso" (1) and (b) C,
Ca@B3,Ca’ (2) at 200K, 300K, and 400K for 30 ps, with the average root-mean-square-deviation
(RMSD) values and maximum bond length deviation (MAXD) values indicated in A. The

approximate symmetries of typical structures picked up during the simulations are shown.
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Fig. 11.6 Simulated IR (a) and Raman (b) spectra of C3 Ca@Bg3," (1) and C, Ca@Bss" (2)

compared with those of their C3 Bsg~ and C, Bag parents.
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Fig. 12.1 Optimized structures of the chiral borospherene cations C; B4, (1) and C, Bs,> (2) and
their degenerate enantiomers C; By;* (1) and C, B,,** (2*). The frontal B; heptagons are

highlighted in purple and the close-packed Bg triangles in gray.
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Fig. 12. 2 Configurational energy spectra of (a) B,* and (b) B4,** at PBE0/6-311+G* level. The
energy of the global minimum is taken to be zero and the relative energies are in eV. The black,
red, and blue bars denote fullerene-like cages, quasi-planar, and triple-ring tubular structures,

respectively.
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CCSD(T)/6-31G*//PBE0/6-311+G*(ft.4& 5 ) K -F 7t A8 X ARG At p &

, fAxtREE E4z
A eVe iR EH a4 At s AR IERR .

Fig. 12.3 Low-lying isomers of B,," at PBE0/6-311+G*, CAM-B3LYP/6-311+G* (in parentheses),

CCSD(T)/6-31G*//PBE0/6-311+G™ (in braces) levels. All the energies are corrected for zero-point

energies and indicated in eV.
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Fig. 12.3 Continued
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Fig. 12.3 Continued
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Fig. 12.4 Low-lying isomers of B,,”* at PBE0/6-311+G*, CAM-B3LYP/6-311+G* (in
parentheses), CCSD(T)/6-31G(d)//PBE0/6-311+G* (in braces) levels. All the energies are
corrected for zero-point energies and indicated in eV. The isomer marked with * is automatically

converted to the GM during structural optimization at CAM-B3LYP/6-311+G* level.
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Fig. 12.4 Continued

C;By" ((A)  CiBu” (fA)  GBp(B) G By (A)
+0.87 +0.94 +0.97 +0.99

CBp ('A)  CBR 7 (A) G B, (fA) G By (1A)
+1.03 +1.09 +1.11 +1.11

D, B, (B;) €y By (PA) Gy Bp* (*A) D, By, ('A)
+1.15 +1.15 +1.15 +1.18

CiB," ('A) G By (A) G B ('A) G Bp» (fA)
+1.22 +1.24 +1.27 +1.29

C;B ('A) G B ('A) G By (A) G B (*A)
+1.3d +1.34 +1.52 +1.33
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Fig. 12.4 Continued

CiBy* ((A)  CiBu* (A CiBp7(fA) € By* (A)
#1.33 +1.38 +1.38 +1.46

C, By ('A)  CBp* (A) C; B, ('A)
+1.46 +1.47 +1.47 +1.50

CiB, ('A)  CBR7 (A) G B, (fA) G B (fA)
F151 +1.53 +1.56 +1.:57

CAM-B3LYP F1 CCSD(T)JUI X AR G5y T A AP, (HAE, DL i+ S 45 HiE B,

P () =M BRR VARSI SCHRF AR Co Bay™ (1) S0 WUy 4 Rl /gy, BRI
R EHIIEE TIIERG . b, BT B TIEZ Coy B PRI Cs By P
[IUEFTH Cs Bar" 27k (B 12.2 F1 12.3), 4K ZH Bay" AR R EL.

ML 589K, Co Ba™ (1)5 Dag Bao IEHAHML, HH 12 ZEWIXURE SN K 5 22 21T
B, 853 R TS A S & — N NI A -GS T T, B 55 A7 5 P R A AT DY
NI E. 83, Cp B (WWATHEEAEAZLL 12 SRS H 8 4 Bg
W = MIHRSI TR G T b, BANRMAME 499 =M%, 1 A
WA S ANBDE, XEEMERRM C, By ()FEZ KA AR: E (94
%) =F (A9 M=A +1L NN +5 L) + V(AL Ti k) — 2. 4 Dog Bao I
AR B NUTE BN B, LT, M EHS/E PBEO /K-F 7 5uAk
AR AT LA R =R s S R B8 6 MBI ALIARKZIR By 4
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R /NGERY Co Ba™ (2), 3B ARBE R EMK Cs Bao® (PBEO /KT Co B™ (2)RE
R 0.29 eV)FIEE VU ik & 57 H414 D3 Bg™ (PBEO /K-F#% C2Bsp”" (2)fE R 0.37
eV) (& 12.2 (b)#11 12.4). £ CAM—B3LYP 1 CCSD(T) /5% R, C, Ba? (2)43 Rk
8 RE B SR E 0.30 A1 0.28 eV, Bl S 3 T PBEO 1545 H . C, By (2)
T2 HCTF o ARV Cp B A K 1) N BH B T BRI, 5943 T — 8 1
SEF R TILHE v s 0JES 8 55 PR IS IS AU 1) By LI o b, Co Ba™ (2)
AT BB AR A LL 12 Z0IURE A KA Ay S R 8 ANESF T Be — A T SR G2 RN
SETTAREER, FIRER A TR A E (96 £44%) = F (50 =M +6 4~-Lidf)
+V (42 TS — 2. FRATIEFEZ S, PBEO KFF By 0.9 eV I AL & F M 14
SONFEIRGER, 4 O LI ALIF T = E AL Cs By™ . T E NG
FLIG T 2 HE AR 55K Cs B 2 = IR IR D, B e B T C, B (2) (B
12.2 (b)F1 12.4).

41x3c-2e o bonds 8x6c-2e o bonds  3*5C-2e © bonds 4x6c-2e 1 bonds 4x7c-2e 1 bonds

ON =1.86-1.96 |e| ON = 1.78-1.89 |e| OL"§°1’2:2"1":7’“|‘e| ON=191-192]¢] ON=1.73-1.79 |e|

(b)C,B, >

2 742

&

42x3c-2e c bonds 8x6¢c-2e o bonds  4x5c-2e © bonds 2x5c-2e © bonds 4x6¢-2e © bonds

ON=1.86-1.96 |e] ON=1.75-1.81|e| ON=1.91-1.94 |e| 3;‘{0123(;‘1"32"'; ON = 1.89-1.90 |e|

B 12.5C, Ba' (1/17) (@)4= C, By (2/2%) (b)% AINDP A& 4 547
Fig. 12.5 AANDP bonding patterns of C; B4, * (1/1") (a) and (b) C, B4,** (2/2").

12.4 L Rk 5

RH 25 - BRS040 v B AR MRV T e TR 0 FR T S5 A A e BB 0. PBEO 7K
SR, C1Ba (D)FI C, Bao® (2) (3.16 A1 3.14 eV) A 7 LS HIERS% C3 Bsg «  Dag
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Bao Fl'E B0 11, Ceo £ HOMO—-LUMO FER#(2.89. 3.13 Fl1 3.02 eV) 12602931 %5
KHJ HOMO-LUMO iR 2 B X 26 1 85 1~ [ 7% 1) e B A A s v, R )
C1 Bar" (1)) LUMO HUIEHEAT Ll T3 78, X Cp Ba™ ()M B FIBIIEREAT XA T
HA T R Cy Bay FI C Bap FER T2 FRANKRE (1. FSLE WA S Uitk

K AANDP F2 7 063X 28 7 52 22 BH B8 1B BRo 14647 10 2% 8 Afr AL 12,5 (a)
WATHTLAE H, C1Ba™ ()IF 414> 3c-2e oiE(F % AE 41 4> Bs =fTE£ )M 8
> 6c—2e o HE(E R AE 8 NMEF I B =MIEKIMN). 6c—2e o R 2HE fHEHHE
M Be =M H It b, (HEZETTEE TIEE Bs =M 0H B =MIEHIT,
Wik 2 i 6¢c-2e o BEAH & 3c-2e o H . KIULFTA AT 49 > o B SE A #E
A VA WU 7 7 AERROIR G5 /R T 49 A Bs =T L1 3c-2e o . FRidoH
TIERIRE) 24 MY JEr i FHI A A B AT 45> =38 73 F T 3 4> 5e—2e w4
A1/ 6c-2e m i, FEELI 4 /> 6c-2e m BEFIREL 4 /> 7c-2e m . Znpl A
G T CoIFRIE - X 12 NS U 70 710 12 I RUEGR A L2
S SR A ERIRGE MR T o 25 TR, CoBar* (1) IS Dag Bao? Mo +
W EE B B . ERAR Cq Bay” (1)% Dog Bao 2 Hi—4> 3c—2e o B, {HEATIM
BOIR 48 #4  THATS LAAH R RO RE o A o 12 AN B 3gindit

C2 By® (2)45 Cy Bar™ ()R AEH ML, B 12,5 (D)FTR, Co B (2)
HA 50 N3 7 diAE 5>+ 3K 1H 50 1 Bs =M EI o BE(SE 5T E#72 3c-2e o )
112 AN U210 A 48 12 26BX0H Bt . 7] Co Bar™ (1)280L, C; B™ (2)
) 12 D AT A B W TR =28 o TEREGES Y 5 4 5c—2e w4,
JEZBEIPIAS Be-2e m BEFIPIAS 6c—2e m 8, THHELARHH 4 1> 6c-2e n 5. HEMFH
K, CoBp™ (QMEAG o+ a0 E B . BARIZIE 4 FH B T 2R 45 # 43 ll i
Dag Bao 1 Cy Bat" (1) 2 PN FI—A™ 3c-2e o 8, HX =AERIG 2> TR IMAE
A 12 > Sk

Lrty FAT R T Rk 227, TV ColCaBag” P, AEF4% Doy Bao %,
FAE Cy Ba" (DFIFME: C, Bo™ QR — B A AR B 25 n I ER 5 14
% B Y(q=n-40, n=39-42), EAIHEEA 12 MNEIH L hOn (12 4> me—2e n
m =75, 6, /) n+ 8 NEikot(n + 8 /> 3c—2e o, 8K AMIK 12.6 fFronar ik
B\ AR By ZAATE) . 168 58 36 SRS A A8 1A 75 (A TR BBk 415 L
A0 12 ZBINURE G K BT BT B 1R 6 SN i -Gl LI, & 5777 JE (cubane,
CeHg) TS . FETIXFPHMK R, BATK X — RIVWBRSG 71y % N7
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B4 (cuborenes) (& 12.6), BHIXUEESEA Tk Sk, KRB “XUEEIL A Rk

B 12.6 C3Bsgs , Doy Bag, C1 B, Co Bup® Ao 52 7 #2.(CoHg) A9 25 H) KN £ £ .

Fig. 12.6 Structural analogy between C3 By, Dog Bag, C1 Bar™, C, Bo?*, and cubane (CgHg).

LA R (NICS) M HHIESC A o + oW B sl i i X ) B 5 1
BER) Cy Ba™ (L)1 Cp Bo™ (Q)EIL=4Er 5 5 &bk, 0 T LT gs b i B
[f] NICS tHE 4 R EoR, C1 Bu™ ()1 Cp Bi™ (2) B4 1 5HAMNERG /> 715
(%K NICS fifl, [Al—38J53% PBEO F Cy Bar™v Cp Bay™ . Dy Bag~ Doy Bag
F1 C3 Bag HJ NICS {543 4—41. —40. —43. —42 F1-38 ppm.

125 3 FEIFEN

12.7 45 7 Cy Bay* (1)1 C, Byo™ (2)73 HI4E 200, 300 #1500 K 548 30 ps
(193 F-5h J7 A . 76 200 K I, C1 Bay™ (1)1 Co Ba™ (2)HI34175 4k 2% RMAD
{E.(4379124 0.06 1 0.06 A)Fli5 KK AmFe B (551 v 0.26 A1 0.23 A)EFEL /N, Xt
FH 2 T B B8 TR 3 1% R R o 5 Dag Bao 51U, C, Bo™" (2)
£ 300 #1500 K £ ERFFH S Sy Fa e . SR80, 300 #1500 K T Cq Bay™ (1))
RMAD F1 MAXD 35 2 B Bt B BR AR (] 11.7 (2)). TR HT 4 SRR, —
Y BB F IR ERAR AR B H [F] Co/Co Bao™ UMMM BN J1 AT Ny, 1E2) )y 3 0L ]
Ci Ba™ (1)@ FINLHITE S MITEA ZE 0 I RE 2 AR 2 RMETC A 22 330, X
BE— IR S A1 A5 1R 31 0 22 AT Rt 5 K RS RO AR VA — s RO . A BRI
&, M C1Bar” (1) 300 F1 500 K Zf) /7 A ALL G o A 6] 5 > b SR HHH Y 45 44 FEAE
A5 TR G #5728 N 4 SR il /NGE#E) Cy Bay™ (1) BT BIRR R LR 5+
25, 583 Dag Bao fiTAETT ) Cy Bay"Hl Ca/Co Bag £ 6 23 AR it ELXSFR
B, X FECEAE SR 258 BAT AR . X — K — 2 R B A w54l
JEF o ARKEFREBNER ) (0 B A A B . X887 5 (ACIRE B #E (B 12.6)7E47 4 F
WA — 77, W LT T 2550,
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(@) C1Bat" (1)

147 200 K, RMSD=0.06A 143 300 K, RMSD=0.08A 13 500 K, RMSD=0.17A
1.2 124 12
10 1.04 1o
gu- ‘E‘u- gn.n-
z Z Z
E 0.6 =06 Z 069
04 044 04
02 024 02 ﬂ I ]
muwmw Vi
00 ' - - - - ] 00 ! ; T . . 00 - - - : : )
0 s 10 15 20 25 30 0 s 10 15 20 25 30 o s 10 15 20 28 30
Time/ps Time/ps Time/ps
(b)I .
* 200 K, MAXD~0.26A 3 300 K, MAXD~0.39A
124
104
= =< =
2 081 &0 g%
= z
= 35 <
= = 04 =0

T T T T T J T T T T J
0 s 10 15 20 28 30 0 H 10 15 20 25 30

Time/ps Time/ps
2+
(b) C2Bx™ (2)
(©)
14 200 K, RMSD=0.06A ta 300 K, RMSD=0.07A 147 500 K, RMSD=0.09A
1.2 1.24 1.2
Lo 104 Lo
= = o84
E 08 a 08 2 0.8
Z z Z
2 06 Z06 Z 067
04 044 04
0 GBa" 02 L 02 i
" PRT TR A " D A oA A L S, Wi oA A s,
00 ) ; } v : ) 00 ; : , ; ' 3 00 ; ; y x ; ,
o s 10 15 20 25 30 0 | 10 15 20 25 30 0 5 10 15 20 25 30
Time/ps Time/ps Time/ps
(@)
4 200 K, MAXD=0.23A 14 300 K, MAXD=0.29A ) 500 K, MAXD~0.40A
1.2 1.24 1.2
L0 1.0 K
< 5 <
E 0.8 a2 08 a0
Z Z Z
S e S ]
= 0 = 0. = 0.
044

T T T T T J T T T T T J T T T T J
o s 10 15 20 25 30 o 5 10 15 20 25 30 0 5 10 20 25 30

15
Time/ps Time/ps Time/ps

B 12.7 C;By* (1) (@)= C, Bi™ (2) (b)# 200K, 300K #= 500K & & F 44 30 ps 499 T30 7
FHEL ¥ AR £ RMSD A=k KAz #5142 MAXD #4124 A,

Fig. 12.7 Born-Oppenheimer molecular dynamics simulations of C,B4.* (1) () and C, Bs,* (2) (b)

at 200K, 300K, and 500K for 30 ps, respectively. The average root-mean-square-deviation (RMSD)

and maximum bond length deviation (MAXD) values are indicated in A.
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P
B * =

-

4 ¢ &
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P, T ¥
G 5 9,
<t ™ <
© N © ™
N o]

%
)
1148 (a)
%)
p——

1327 (a

1)

L

URSLE R BN A L BB TR LS
0 200 400 600 800 1000 1200 1400 O 200 400 600 800 1000 1200 1400

(a) IR Spectra (b) Ranman Spectra

Iﬁ 12.8 Cl B41+ (1)7&' C2 B422+ (2)[5] -ﬂ;%n%%ﬂ‘% DZd B40 é’jé’iﬁ’l‘(&)&’}l ‘g’iﬁiiv}\%(b)ﬂ tbo;}}ﬁ:{
HMEFLEH om ™
Fig. 12.8 Simulated (a) infrared and (b) Raman spectra of C; B4 " (1) and C, B4,** (2) compared

with those of the m-isovalent D, B.o, with typical vibrational frequencies indicated in cm™

12.6 ZI5N R EIE SR SEIEE

KEMREN, IMHEHEE(R-PD)SE & % — MR RAE— B T
A #5 f RT BEBOOU 18] 12.8 (@) 45t T Cy Bar™ (L) Co B (2) IR Hi & il T4
Z Dyg B MRS LA AMESL(IR)HE . 3# 1T He 58 N &K Dog Bag HIZLAME
BIHAT I AT 167, NP 12.8 (@)FRATAT G AR R ST SR R ER 25 A
BRI R BB LT SN E I AEAE: Cy Ba™ (D)1 C Bo™ (2) IR ﬁ%ﬂémﬁm%ﬁ
T Dag Bao FIVUA T IR 105 1274 cm ™ (e), 816 cm ™ (b), 713 cm ™ (b)) #1380 cm™
(e): FIRM IR FEMERALT-HELHS o

& 12.8 (0)FT7N C1 Bay* (1) Co Bao®* (2)F1 Doy Bug [ SR E K], K
ATLLAME R, EATRIRL 2 1% BRI LT A2 G50 RS X RR IR HLAS 1

167



BRI G L B 56 L 7 RETE T B

S o Dog Bao -G T B 2 k04 1327 cm ™ (ay), 1148 cm ™ (ay), 821 cm ! (e), 648
cm* (a1), 428 cm™ (a1), 218 cm ™ (e)F1 170 cm ™ (a1)7E C1 Bar ' (1)1 C, Ba?* (2)4i1
SR 15 DA SR EE o Doy Bao ZEIREE F i 2 i M Y 170 em ™ AT 428 cm
ay PR8N @ T H AU )42 [a) IR A (“radial breathing modes”, RBMS). RBMs i & #
FH SR 52 oK Th () 28 I 4540 o 7 R SRR K (B 420 36 =1 A) s ifdfis
E A B 210 om ™ AU — 5 F5E A2 R AU REAAE TG , 2 M 0o I 5 LR P P R A
TEA [ P A%

12.7 KE N

SBIE 2 0 4 SR M N 2R R A R A 3 — MR R B, BRAT T T T R ER
W F B FE L, R Cu By ()1 C, By™ (2), BAMIAR AR RNAR
W INgs R LA TT REAE R SR SAR S R W 3 o L3R IE 1 Bag A1 Bao LA HT
KB Bar A Bo? MR —ANBOA 58 B IR Zenl BRI 5 R BT (g = 40 — n), AHARI
WERI 5> T 2 [0 A 25—~ BY Al —A> 3c—2e ot . ADNDP EEE T B, B4 B(q
= 40 — n) &5 B A MBUAL 2 AR 202 12 DB Ik 2 g (me—2e, m =5, 6, 7)
A n+ 8 ANBIIK 3c-2e o, BT (KIMIER IR 4 S B0 = 2 v 4 5% 7 1k H AT Al (e
+ oXUE B . AN, BR T Doa Baor SROBIIERIGS 25 0 AT YRR Fik
TEAR2E . FORLRIAE fr Rl AT R 28 R IV . 40 T3l f1 st R R
W, CyBa" ()TEZIR T EA SR C, Bo® (27E Bk 700 K & IH/R
SE o ST TR H B T ERAR O 20 AN AL T ol SR F) S 3 A FR A1 — 5 1Y)
HR KR . FHE CLBa® (L) C Bp™ QWA — S K THIERG Rk, &8
TR N HILHE AR 975 325 0 KA BF 0 AT R A
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E+=F Mk By RAHREBIMEKE Ca@Bgg

13.1 5|8

e Iu R, WA T EA 2 0B 2 ks . (2S5 EA%
SR8 ¥4 B TT AR R AR I Fk 8 o B e, S B BB AAIE I AE AR K R R <) 9
lj\](n — 3_25, 27, 30, 35' 36) [40,43-45,47,48,54,241, 242’259’276]%M%%%ﬁ@i?ﬁ%ﬁ%1‘@o
ST AR GE M, ELE] 2007 4EHEET Coo B BRI Beo B EA S PG 4 5]
EANTRIRE . AR, B TR S SRR Beo B[R] T itz —7¢ 45
02 S RE LB R T AT T AR AT WA Ha ) R . A AT %% A
S, 2014 4F Zhai S5 NATAESMSELER PR3] T 85012 E #))6 Dag Bao (fRAI7
¥ 2 fr  ATRERME, borospherenes) 1, [ j5 Chen 25 A5 HH 256 v LB VO
ME) T HFHERERS CalC, Bag™ PP, 3T W E #1J% Doy Bao Al CalCy Bag 45 HH
(1) LA 45K EE, Chen S8 AN X F 2015 SR 1T H BT I -1 BH & 0 ER %5 C1 Bag”
N Cy By™ s FIm I 4 J W /NS 22 A0 ™ s 10 5 — M R IR S2 e AT T s 2 4% 1 A A
T 4 SR M /N A1 IR AR, B H R Ik T RIE I ER IS 7> T Bae, Bao, Bar’
1 Ba? T B — A B AN [F 47 FL A& F 25 L K & BT (g = n — 40, n = 39-42), EA]
HB A HH I RUBE oK A2 2R R AL 6 NS L . #T S 2, X— &
VAR EEFIAE IR T EON 39 2] 42 s R Rk, Z5R R /SR (Fe) S5 LB
TH(F) B H S AIRZ N 6, EI(Fs, F7)=(3,3), (2,4), (1, 5)F1(0, 6). i%ZRFIBHERS
FE G K AR FER AT LU AL N S7 5 (AR B, T IR 3777 5% (CoHe) FRIB 7% 25 A0 42120
293,291 4N, By (q=n — A0)BERMEHIAT Gi— 10 o + m WUE B IR AR R 22
THIn+83c—2e ol LA 12 D mc—2e (m =5, 6, 7)nfg[200.2982941

[ Zhai 1 Chen 2 NI SE7E R 5256 H AT LUWII 2 Dag Bao "° il Co/C, Bag™ LA
5, S FRE R I R B R ERIE A 7T . Bai S8 A AE % R R BIR /KT
TR P9 % 4 BRI M@Bao (M = Ca, Sr) %) Doy Bao HEF 44 M il LTt il
HIEREAT 7227 Dog Bao MR NI Pyt sl M@Bao (M = Sc, Y, La) I FRL ¥
587228, B T (1000 FT 1200 K) Dag Bao “nanobubble” (14> T3l 712 5 fu
FLBOL Doy Bao A HE JTHIBRE T, JET Doy Bag 1 Au-Bao—Au &3t 2841
S ERII A A R R AR, X — RBNEET Dog Bao BRI OB ATURE — A5
Tk & s ~TAT I A B it 7 U EAE Y
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THERAT 5> T (Bso™, Bao, Bar'Hl Ba™) BAT BN A IE I i R sH(A s BLAR K
~6A), AT T YNSRI A IR A B AR 1 4 B T R LT E AR E WG
(M@Cg (M = La, Ca)fl M@C7s (M = Ca, Sr, Sm, Yh) [#77:284-286.288.308.309 ty s sy
iR\ &BIMERIG . BT, Chen 25 ALL Byo 1N T8 BT T Bl F 1k &R
PR A (R T 0, A ob, AERERIES 4 TR LI ALIA R R 4R R T
AT AR Bk e 1 A 204 B I ERI% , 9140 Bai 25 A 2014 4E T ) M&Bago (M =
Be, Mg) %!,

TN RST B E S SR 7%, Ma 28 N 5l T HL AT v e AR F R
Don Bags S5 HITE DFT /KPR RIIRARAE R R AR, BifS, —RHIET
Don Bag ZEAR S5 KT U8 4 8 Ji 7 B 250124y T2 I NN IR NE 59 M@Bas
(M =Sc, Y, Ti)# P, FEEZR IR, Do Bag SERG MR A 4 N/NILIAL
TR 2 M NIATE, R B BRI R 51 #1175 30 A5
HIZERI(ByY, Bao, Bao, Bar I Boo® 1 12 S M XUEEAE 43 TR A LULI 6 AN NiL
LI ALIA, FA B TE i N ) P02 gt s, i ik M@Bao (M
= Ca, Sn)H M@Bss (M = Sc, Y, Ti)lA#EHR & B f 7~ bt g B2 1 2 JE R 5 1)
MR AR, B0 &R 57 B ok it FL iR 8K ) HOMO-LUMO  BERRIE 78 1|
Dag Bao F1 Dy Bag [ g & LUMO #3203, S fh g 40 7 U AT RE SR
Ak R R E . BT, JEFHUNT 40 BEATIRCE F/SFLA
REER R By IR, BT 6= BRI I EVETE RS By (g = n — 40)
PRI AHUCAC o + XU B 3 RS X, AT THHE I e I 7E AR 250 P i e 2 4
JE R (TN P A B Bh TR e R Lk i P A R . AT RAT:ZE T
DL b S ER HEAT IR TR, R AT S 1 R N BRI A T R R RN AIE o

HF T Z R NME R E R, AERMNFEEHS A 13.1
Fios B s P i U4 JB BRI Cs Ca@Bas (DAFTERITTRENE, A MM IR 22
H1 12 2540 HAE S B XUEE 9 oK s F il L o + moBUE B 3 A 3 . Ca@Bas (1)
TN TR A Ca® @Bag™ s AT HALAE B 4 B B8 Tl BRI Cs Bag™ (2158
R EE M P9 BB TR LT R R A VR 0 Ca? L. FRA BRI T 4544 1 IZL b e
S IR CaBas WA B BE 12 5 M 0 BT T A 25 1 AR e 7 BE RS 1], A5 2T
DAL CaBag 1K RIS RAT . A4k, TATH) DFT 545555 KW, UL CoBag™
(FE Ay REAR BT BT (1 1o 4 S P9 i U ER 75 Cs M@Bss (M = Sc, Y Hil Ti)7ERE
B AT SCIR RIS (K135 T Doy Bas PO (1) Coy M@Bag P USSR
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1 Ca@B,, (C,, 'A) 2B, (C, 'A")

B 13.1 PBE0/6-311+G* K -F 4 4L13 2] 89 Cs Ca@Bas (1) & 2 “B4K"Cs B3g® (2). 251 1 % &.Fa
REMFARTHE T NAHILRFE-F & Be = A,
Fig. 13.1 Optimized strucuture of C; Ca@B3g (1) compared with that of Cs B3> (2) at
PBEO0/6-311+G* level. The eight almost perfectly planar, close-packed Bg triangles at the corners

of the cubic-box are shaded in grey.

13.2 IBig 3k

B SRRRATIIE T T Bag 45 283131211 T e it — HE R P 1T S8R AN
IR CaBag SEHIMR, FEMIX L A i R R EL— B 50 45 F 19 CaBgg 1 72 MHIEOH]
RS R IR A, RTTHRER CaBag HAEIAI G133 K%) 2800 43 mle R
BRIIIRAE R A AGE T Gaussian 09 72571 °IE PBE0/6-311+G*1022281 /i -3 47
FRAMAL AR B B 142 ¢ Sr MY [THESR A Stuttgart Jil 34 L2 8 %1
PBEO /K- FHIXF AEEAE 0.5 eV LA IR 1A, i3t MOLPRO F2 5Nk 47 ik
J CCSD(T)/6-311G*//PBE0/6-311+G*it 4951942821 7 200, 300 Al 500 K T 431
X CaBag MK REE MR IEATHREE 30 ps BT 3124, FrHET A
cP2K 3,

13.1 Z5th 1 1£ PBEO /K- G I ik Ca@Bss (1), FF T —MBIE T
Bag™ (2)#E4T %} Lt . 13.2 fE T PBEQ /KF N CaBag fik At B S My A X RE L AE (1 eV
PAN) ATz e A B ], I iia 2 B 1 S8 R B RN IR S5 i s =
TERE 13.2 kb7, K 13.3 FE4% 51 7 PBEO /K°F- T CaBgg i & 5 & /il
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Fig. 13.2 Configurational energy spectrum of CaBsg at PBEQ/6-311+G*, with the relative energies
indicated in eV. The red and blue bars denote cage-like structures and triple-ring tubes,

respectively.
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Fig. 13.3 Low-lying isomers of CaB3g with their relative energies indicated in eV at

PBE0/6-311+G* levels.
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Fig. 13.3 Continued
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Fig. 13.3 Continued
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133 &R 5i11E

13.3.1 JLAT&E A 53 i

EIEE| PBE0 /LT Bag HlikmAn g 1) T A2 HA SRR AR Do
Bas™'%, A R A I A AE % S5 LA OB Ca JRUT IR Do Ca@Bag 7
CaBag Tk R NZ b H —EMREREM A . (HiE, MK 12.2 F1 12.3 7] LR BI# 1)
FH, AR NE AR At B R E [ CaBag A AR I ZE IR B 28 A XUEE AN
FLEEHIRHIE((Fe, F7) = (4, 2))If) Ca@Bags (1, 'AY). st U, BA—A CaiT/a
M Bag El| CaBag & AE 1R H ARSI 1 (0 45 547 , 2 i B AR ¥ Don Ca@Bags 454475 PBEO
KT IREREL 1 1.47 eV, &K Doy Ca@Bas AN E MR K AT g /& )& Ca J5l ¥
FIToTHR 4 F AT 75 BB AR HOMO-LUMO #EF(2.25 eV) 4 eI 78 2 Daon Bag
¥/ B B LUMO #i P,

AL, Cs Ca@Bas (1)ITIIEIRH SE Cs Bas T & O AN BRIA 473 T S M AL A
(58— AT A M. @3 B 4t Dog Bao *HAHSEF AN By LILTE N Be /Nt 2%k
HFIPIAS By LI B AR IR Bao o AMHAE Be /5 12 PV B HEAT 7540 0 LA {4k,
JE# AT LA R FER Cs Bago Ca@Bas (L) MWAME EFE G — A 70 Ui A “HF(H 4
FHAS-L I T 2 8] AT ) i) B, A543 I T A P A AH B8 £ 1) -Gl AL
T, Hh RS, B A AN F ARSI FLIE, 43 R A P S 58 35 AR R 7S 32
JEALIA . [7] Dag Bao?* M0, Ca@Bas (1)t ] AR B J\/ANIE T 58 55 V- i Fr) 25 1
A Be =M H T eSS M PR A S T A & . B FRIAA
46 A Bs =T, 4 Be NIUTEA 24 B, Lk, Ca@Bag (1) IHiALE HIFF & RK
FL A E (88 54%) = F (46 =ATE +4NNUTE + 2 4N-ElE) +V (38 M A) —
2, Ca@Bgs ()AR FR MM EAY) Ca @Bss™, A A5 CIIMIERIE 1+
AR o + m R B 3 AR S T B T2 b AT VR I8, 20 F AR Catil
L R AT AR E T N T C Bag® ZEIRSE M. R BRI, Ca@Bag
(L)RE— P55 CsBag® (2)FRHM T prid oy ik X & SR I BRAT -

LR /NMERIGE] CaBas HIEE —FeE R L& = AN IR =46l
FM# Cs Ca@Bss (“A) ((Fs, F7) = (3, 3)), £ PBEQ /K FE{X th Ca@B3s (1)BEE
0.08 eV/(/X] 13.2 fi1 13.3). iZ45KIM Cs Bag ZEME 22K 5 5206 EXLII 3K C,
Bao AEE AR, AT L@ 0 T 7 kS B JEH B /NI AR Dog Bag HI— A
B; LT, VRS FHIBHARTH FE AP HE ARSI T Z R I XGH FR8 ik — > B
JE T il 2 AT DURC AT BBREE T s (AN SE B BT . 534k, TE5 A1)
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CCSD(T)/K P, Z&E MRl 4 ik /N g5 74 Ca@Bas (1)IFIREEZ( A 0.03 eV, XTH
ANEEAE ] REIAE TSI AR e B R A A

B ARRER AR Cp Ca@Bag [FIFF AL S = AN/SUTE A = AL LR ((Fe,
F7) = (3, 3)), f£ PBEO /K PE4 Mtk /N5 K Re & 5 0.16 eV, FEBRA AR SIS T
I Cy Bag™ PPIMIAR-LIATLFLIF 2 B AUEE E M —A B JE 7 (A FIFE I R T
VUBCAHL Bk pia A i) Pl LA 3R %450 . A PSR /S id g AP ALl %
((Fe, F7) = (2, 4) 55 DU & 5E S H1K Cs Ca@Bag (*A)TE PBEO /KT 45 # 1 BE i
0.23 eV, ZZEMET Cs B WG HHI— MLl B AU, 75 F s B
FRTH 6 BT R G54 P R R AL T I, Forp 09— AN 0 i A4l
B I A B FR B DU BRAL B A7 5. 55 MK RE B A C, Ca@Bas ("A) 4 ik
/NEERIREE E 0.41 eV(PBEO /K1), 145468 A7 i JE A DAL T ((Fe, Fr)
= (2, 4)), TE42F Co ERMII B i 5545 — N PUBECALHN . 55 754N 244K C1 Ca&Bas (PA)
& CaBas 1k R I — AN S ER L1, PBEO /K F R [EI 4544 1 IAEX e &4 0.49 eV,
Ca J& T s FEMN ISR B 2200 Bo FF 1 35BN 44k C; Ca©Bgg (*A)7E PBEO J7
R &R NEBER 28 050 eV, 2RI =IREIREE ), Ca i BB
EMTRET) Bip ¥4 o CCSD(T)/K 28 = 2551 CaBag S A [F] 4= iy Al /N 45 I AH
ST AR 4398 0.06, 0.09, 0.18, 0.22 1 0.40 eV, EAR, IXLbsk RS # PBEO it
BB . CaBag A — MEFIHIZ5 4 Cs CaBsg (*A')YE PBEO 77 5 Ca@Bss (1,
AV 1.36 eV, HESHBRAEE By UM ILIE, Ca 5T IELF & i /Lt LI
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SEKE, EATTA B T R S0 A BRINHEIE S5 44 . PBEO /K-F NP i 45 SRR B,
FETF Cs Bag™ (2RI Cs Mg@Bag 1 Cs SI@Bag ¥4 T A 18 H 1k 2 I ELIEAR
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117 SrBag NIy =IFE ARG K Cs SrOBgg BEAT L (GRAT- 2581 T 11.3 1 CaBss 1Y
HEANFHE, B Cs SI@Bag FiiE 0.12 eV).
13.3.2 T FEI I EIRI

AR 781 J1 22— 5 R R CaBag IR BEE I N M A RS E 1
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(c) The concerted transition mechanism of the second lowest-lying isomer C, Ca@B,, at 500K.
Side Top

CRD G

B 13.4 CaBgs M AN A& AL = S 44K (a) Cs Ca@Bas (1)#=(b) Cs Ca@Bgs % 44 200K, 300K #=
500K T 454 30 ps 495 F 3 71 AL 4k, 3 75 AR A £ RMSD A=k KAz 45 1% £ MAXD #4x4 A,
B P AR T ARB) A AL I AL P BRI 6 A 25 M A AR AL 2R G B SE M TUAT 24 . )

()W T % — kAL & F M4k C; Ca@Bgg 4 500K B 25 R 45 T 49 B Bl AL
Fig. 13.4 Born-Oppenheimer molecular dynamics simulations of (a) C; Ca@Bgzg (1) and (b) Cs
Ca@Bgs (the second lowest-lying isomer C; Ca@Bs3g in Fig. 13.3) at 200K, 300K, and 500K for 30
ps, with the average root-mean-square-deviation (RMSD) values and maximum bond length
deviation (MAXD) values indicated in A. The approximate symmetries of typical structures
picked up during the simulations are shown. The concerted transition mechanism of the second

lowest-lying isomer C; Ca@B3g at 500K had been depicted in (c).
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1 13.4 (b)), HEBIZIXHA Co mAAELE P RIFLHIMER N A —A Co a4 4h
F (PSR- 2 [ — AN U BC AL B A7 50) B 5138 (K 13.4 (¢)). #HE—2B5 %W,

£ Ca@Bgs (1)) 700K ) /7 2= L FE 1, dihg 2= 7E anl&] 13.2 F1 13.3 Ffi7x CaBgg
[IHT = AN AR 2 TR “BRIR” . iR T CaBag PIAMK RESE M4 HI BN 14T A RN T 4
KB ) SIS DT o

13.3.3 FL FLEM R AL R S

Pk B IERIE Cs Ca@Bas (1) 58 —(KAEE T #41E Cs Ca@Bag #8A A M
R TSR s . B, 7E PBEO /KPR, B ATI4AAE nT LAIF B 40
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XL ST A rh0 1) Ca 45 1 IE FLGr 23 00 A +1.69 e[ AT .71 |ef, JITox 82 ) FEL 44
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BTl Ca™ 5 Bag™ AR FANEMIES FAI AR . AN, Bag® miliE X
O Ca T 4d 25 1 55 S HE A AR AT B8 5 BUX L8 5 AW FE Fa e M (R S0k
242 3). £ PBEO /K, Cs Ca@Bag (1) 5 ik fe & w4k Cs Ca@Bag [FITE B fE
AE: 7> AN —127.7 A1-131.9 kcal/mol (AE;itH AR N B (Cs) + Ca = Ca@Bsg
(Cy)), TEEFHEH VIP 4058 7.35 1 7.16 eV, X EeHHa#lut — ik B ix st dh
SRS PR EREN.

WP 13.5 i) AINDP 43878 T Cs Ca@Bas (1) 5% 28 Mk At & A1
b2 iR . Cs Ca@Bag (1)11) 38 > Bs =A1K A5 38 4> 3c-2e 6 ., HAMNEH
8 /> 6¢c-2e ¢ HIF HIE AL 8 4 Be M Lo Bg —FATEHOHI Bs —MATEH XY
6¢-2¢ o L FETTERIEA, LA Cs Ca@Bgg (1)F 5% A #HE R A 46 3c-2e o #,
XL o B S A SRS R T A Bs =fE F. BRI 12 MY ZE T
TR 1 I e X L J T2 S5 R8N o 3R, BT E . W
ANFHAB -G TE LI Z [ B UEE A —A> 7e-2e n 48, FIRH 11 4000 - &%
A —> 5c-2e m B (14 13.5 (). AL EA-HTAI AN, Cs Ca@Bss (1)1 116 M= HA
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T RIAMTEI R S B AL X, B P AR AN LS AT AR AT B 13.1 A 13.2 P A9 RAE M)
{2347 T £ % 69 A Bae s,
Fig. 12.5 The AANDP bonding patterns of (a) the global minimum CaBsg (1) and (b) the second
lowest-lying isomer CaB3g, with the occupation numbers (ONSs) indicated. Both strucutres are
rotated with respect to the oroginal orientations in Fig. 1 and Fig. 2 to make their mirror planes

perpendicular to the paper surface.
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B AUH _EANE 55 — > 5e-2e B 6¢-2e m (1K 13.5 (b)), ¢ ik, Ca@Bss B
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TEFEERZ, Cs Ca@Bsg (1)H HIH P Cs Bag ZEARAMFEHD AN HFT6I4
A ERIF ) o + n XUE B, L0 Ca T STEk A 4s” FLFIE
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cm ™ I ELIEAR/NG R, B HOMO-LUMO RERRE RN 2.54 eV, SHSiF B (/& 135
(@)) Cs CaBsg (L)15 15 A R CAMHERIEAH [F] 1 o + m OUEE S pe B A =0, 1% 3id Bl
i Ca JE M L B SRS & B8 A 2t . FRATTH1IE PBEO T Dog Bag JUAATHL
f37 B 1 NICS 18 -42 ppm®0, H[FEJ7 ik 21450 1t B A BRI NICS i
537 ppm, iXFEHI[F] Dyg By F5ML, Cs Ca@Bag (1) EA =4irihT5 &M, BA
BRI, ONERGE M ECHFRIER, CiBas® QWA FHRIFIFEE R
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NEER . Cs Ca@Bag (1) [ 4 BHE T Ca® rp 0y IESF FT AR Bas™ RSN 5T AT
PEAT KPS LT, IX P A 1 BAT e B RE ME IR O CaBag 1 & (14 Rtk /s
2o FRAAIRI 20 A B A 45 R 3G F 40 B 13.3 s CaBag 28 —Ad g s F 1A

a
il
llllll lll l l
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B 12.6 CaBsg & A 44 C; Ca@Bag (1) A 4 5 — KAk & M ARBT AT B 1 % F A £ 69 &
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Fig. 12.6 Simulated photoelectron spectra of (a) C; Ca@B3g™ (1) and (b) C; Ca@B3g~ which

correspond to the global minimum and the second lowest-lying isomer of CaBsg.
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13.6), 7 HH AT LN RAE L8 FRAE CaBag $241— & MBS IKIE . MK 13.6 &
ATTRT DAAR B S b R 3K 9 A e ) 2 A 401 3 1] 5 S 36 I B 1) Dog Bag S5 3
(OONY L bl s 4543 8 55 — 40 1A L S 8 A R I P13 2 i (ADE/VDE) 43 il
N 2.44/2.55 1 2.52/2.62 eV, BELRLIEH X-A HBRAE > A% B 1.32 F1 1.35eV. #
/N Cs Ca@Bg3g HIH > VDE FK 1 B R AT TN B H PR R A e B
A8 KM HOMO-LUMO fef. F5L |, C; Ca@Bss (1)F15E —IKAEE FHIA Cs
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] 13.7 Simulated IR (a) and Raman (b) spectra of C; Ca@B3g (1) compared with the cage-like Cq

B (2).
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2 IR E+r 8 0 (8] 13.6 (). Bag® (2) 254 cm™ il 454 cm™ &b Y41 1 14 5
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KA A BRL, DLESB R RS ZDAN KR R SR S X e
58 TV 4 SR I BRI AN S AT TS B B 1R S SR BRI
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ARG FRA TR 45 25 U 4 1 P ik B Bk A% 2 59 M@B3s (M = S, Y, Ti)
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(5)F1 Cs Ti@Bgg (7)7E PBEO 774 T, BEMI{EREE L7 B OCHRRIE ) LA Don Bag
GEARGE R R FE A L Coy Sc@Bag (4), Cov Y@B3g (6)F1 Cyy Ti@Bss (8) B4
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3 Sc@B,, (C,,2A") (0.00) 4 St@B,, (C,,?A,) (+1.37)

5Y@B, (C,2A")(0.00) 6 Y@B,, (C,,?B,) (+1.63)
7 Ti@B,, (C, 'A") (0.00) 8 Ti@B,, (C,,,'A,) (+0.73)

B 13.8 PBEO K -F T A+ X Cs M@Bas (M =Sc, Y, Ti) (3, 54 7) 5 & & % Cp M@Bgs (M = Sc,
Y, Ti) (4, 6 A= 8)aY LT L& M AR Z 3t tb, REZRAL A eVe A TR Trbi, B F ZEMARL IR
= X AR
Fig. 13.8 Optimized endohedral Cs M@B3g (M = Sc, Y, Ti) (3, 5, and 7) compared with the
recently proposed C,, M@B3g (M = Sc, Y, Ti) (4, 6, and 8), with their relative energies indicated

in eV at PBEO level. High symmetry structures are depicted for comparison and clarity.

HRUT, 458 3,5 F1 7 FITERLEE 43 ) -163.5, —182.8 Fi1-186.9 kcal/mol, 14514
4,6 1 8 M R RE N 3 /N (43 79 9—114.5, —127.8 F1-152.7 keal/mol), iXLb%
PRI R TR 4544 3, 5 F1 7 7E5256 EFEAT4T. NBO 3 #r iR 3, 4,5, 6, 7 A
8 H0 4 & ST 1 AR S T FaL R 45 7 9 +1.09, +0.80, +1.07, +1.15, +0.88 il +0.50
le|, X Rt 4 A0 R T STk FEL A B JER Bag FOAR . EAR LM AT A RS 4
JEINERIE M@Bss (M = Sc, Y, Ti) BT & KB E T I A &, Bl i
2.04 (Pauling scale), T Sc, Y F1 Ti B G450 1.36, 1.22 F1 1.54. A TER]
DUMAR 2 1) R T 254 L R KA 454 3, 5 A1 7 v M- 4544 3, 5 A1 7 IR
TE 22 Cs Bag i B4 & SR T HR AL 1A &b FL - LA B W) AN BRI 45 M A & o
+ W B A, TAESE ) 4, 6 11 8 1, BT RN Do Bag & B
K HOMO-LUMO §E#(2.25 eV) B AT 2450, 4@ J51 B sk (34 B 7
T LB AL K RE 224 RE S 78 B Do Bas M miAE R LUMO $ILiE ; 4544 3,5 F1 7
D4 BRI TSR S [Ar]as®e3dE Y [Kr]5s%%4dt0 i Ti
[Ar]4s®°3d>Y, X E kA XL ST Cs Bag O AIIE I 42 8 57 (A1 4745 5 1R ]
Rin—>d B R FERENZE, 451 3,5 f 7 I Hus A I\ 2 Enil
SR 100 225 K F D 0 P B 2 A WAL T T AN K 485 K T JEL B 2 5 4 TE A 1
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13.4 KE TS

AR B AT 4 R A INE R S5 A 5 P R R SRR 2 B 40 AT X P R R
EIRIIERIE Ca@Bss (1) AIAT HEHEAT IR R MNKIIE. 45 R &I, Ca@Bss (1)2H =
1 Bag® (QWIERIGANFEHI 4 RN . T BRI, Beg® (2)31dFE Beg™ 1R
(R4 R NG R, (E ] DB AL U RO B Ca®* &R IR TR Ca®* @Bag®
LTI RS AN 7 SR A TE Bag® (2)MERIT . % E A4 Ca@Bas (1) MIHH IR
41 Bag® (2)FH 12 ScHMBSCAS T OURE G K AT BT AL, TESEHIRTHRA 6 MN/Nid
LI ALIA, BB 3 A R B R S M R A BRI 3 71 o + m XUE B
R, Ak, BT 5 Ca@Bas (L)AH A EK B 110 B I U 42 i A 1k Ul R A%
Cs M@Bgs (M = Sc, Y, Ti)fE[Fl—BR /K T Zim kg T SR IE 1) Coy M@Bag
(M=Sc,Y, Ti)o kR, FTIBRIE Bss® (2) 7T LLKIE H A 3 P9 itk X 42 &
Bk Cs M@Bgs (M =Ca, Sc, Y, Ti).
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E+IE FREKE Bs,” F BygH
KEBEEZESY Ca@B;; 1 Li,&Bsg

141 g5

Ceo IR BB BkE T AT AL 22 A0 R 7 A58, 2% 5 045 0 2 1 10
eV, IEFTIT T A AT R gk O SRR Fe AR K T T SR
23 RESLIRIRER, 124 N IE AR 2> 8 H B T 2R BT R & Bl 45 74 1 52
ISEHE, P adE: Bumssik A P2, 8BRS Snp? (Stannaspherene) PIFIAER
1% Pby,® (Plumbaspherene) P4, 1 9 i A2 FBR AL AR TC 2, B2 S0 7R (e e 7
TCE, TERNGESE 2 T A4 S5 R AN BRAR I A 6t 7] 5 I8 B 2 Hho0 S HL T8 (me-2e) . (H
&, MABRRZ, S 3D SIE R 2, DG H 7 RS SLiE
SN RSP B, 0 ZEAR KR ~FYE L A (n = 3-25, 27, 30, 35, 36)# T i 2l
SRR F A, SN RS LA S B 55 B R 2 A o A 2 19948248
2N E IR KIA LR IERZ BT 32 550, HE 2007 580K 1n Beo Z5 14
Feth, 2GR AE Coo SR THI AN /NITEALIA %78 75— A B JR 7B Al
8, A AR, S ok AT I & A [ R BE 18 7 MRAIF 2 52 28 1 Bgo AR
5E > Bao BEMIA T T T I EBAL 5 B ZEIR BT A% 545 1909, 2014 45, Zhai
S NI I TR A 5 A S (0 7 AT ST R R B T 150 4 B Dag Bao 0 HKEZ
fir 4 ATk (Borospherenes)®® . Do Bag " IR I, b 25 BRI AL 2 (1) FF 3 -
SEITARZEIR Dag Bao ™ 1 12 2B XUEER ELAZ R K, 70 T I TRES MU B &% —
NI, FEERS 2 A e X WUAS-CIA e T . EROR Daog Bao fEREE L AHEF1H
2 JEtR /N Cs Bag B, {HHE Doy Bao N HFARE I FA5 21 R 41 5 7€ 14 /il /)N
ZEH) . 55 Ceo 2518Ls Doy Bao B A HOMO-LUMO AE[(PBEO /K°F- T, Dag Bag
N 3.13 eV, Ceo v 3.026V)?L, PELUIIHLE TR Y, JEIR Doy Bao A Mo
+ o I 2 AR I, RIS AENTAR TS B 1 Bao KILE A, Bai 58 AR
T Bao 15 2% Bkt <5 J& W] LA BN X M@Bao (M = Ca, Sr)M4ME M&B4o (M =
Be, Mg) & @ MR, 4k, Chen 25 AT 2015 4F, NAESMFHRILT B 6T
PEBIER IS Ca/Co Bag P, 1% 45 ¥4 Ay Hy XU A2 21117 1k PO M e 28 TP Al K A 4R ik —
SEM SIS T AT . BEJS, Chen S8 ANE:ET— R4 2 B4 Rt/ MER A —
PEBREITRSE, RRSHT T SERERAN 5% Cy Bay™ A1 Co Bo™ P & R et 10

185



B BRI SR BB S ' F T REVE 7 B

FEIR CalCy, Ca@Bas', ™ Cs Ca@Bsg ™™, Dy Lis&Bss, Coy Lis&Bss', Th Lic&Bas?",
Dan Lix&[Ca@Bss], Coy Lis&[Ca@Bag] 11 Dypy Lis&[Ca@Bsg]® B, LA A FeifiEk
W7 BRI E TAETERR R 145 H > 36-42 1 R~ Bl Py ST A BRI 5K B (q = n —
40, n =36, 38, 39, 40, 41, 42)1260293-2963133L4] s B3 (n = 37, q = —3) AT
HEIFAE S — HARREA RIS MBI IR, CAE R R ERE 2T, Ty
Bas', Cs Bg™, Ca/Cy Bag™, Dag Bag”°, C1Bas Ml Co Byo®*, W L 37 )5 4% (CeHs)
BRI . o, XL 70 748 i 12 S6W0EEAH ILg ZAm e, Aofy
6 MNUIEE-EILEH . HiBKE, AINDP i BN, X— RIITHERKE 2
TR RIS MR 20T n o+ 8 Dot TR IR B 42 E 3 5
BEE 12 M2 hbnb(me-2e, m = 4, 5, 6) [260293-298313314] - 357 aitsab i T IF 55 1 g
R UFEAR Co Bog ™ MBI, 1R AIE A N 1L TR B BN RS ERIE 2 T Co
Bas "° ) J LA 4436 77 205 Dag Bao BRIRANIFI(Co Bog ™ 45 49 F 1 BAT PIAN-LiL TR ALIR
F—AANBEFLIAYES, H4h, Nguyen 5 A KL Ba* il Bag 73 B2 TR 10 2AT
J\IH T AL TR FLIR (0 FE AR 25 K B3 e, Mannix F52 50 W 28 A 43 I 7E
AQ(L11) 4 bR Dyl £ 1 B 75 TR AL R 52 4 = 25 MERRE B ) A 22475

R UK A0 K S5 R e LT T . B IR AN IR 4 8 ) 1 — 42 A0

[80,81]

IC, Ca@B,, ('A) IC B, ('A)

A 14.1 PBEO K-FTF Cs B3> (1)4= Cs By, (I8 RALLEH . 42T By =7 ET 8 AT Al
EayA-F&E By = ABBARTA K E.
Fig.14.1 Optimized structures of C; Bs;> (1) and C, B3;> (11) at PBEO level, with the quasi-planar

B, triangles at the corners highlighted in grey.

ARBRAVET T 22/ N R A — M E, XN iU R e
&YW Cs Ca@Bs; (DT RS 7T(1K 14.1). 15 CaBs; 7k R EAKBE R FAIE,
SRR | A — AN BAT S E ST AR TS B ER L =AM BB T L TR SEIR Cs Be® (1145
o0 (E 14.1) . 5 CRIIIIERIE 73 T2, Cs Bar® (11)FR 12 ZRBIXUREAH A2 41

186



FEIE PRk Ba7a_$[] 8354_&/ﬂ\: HAa B R AT Ca@B3; f1 Li,&Bgg

M WE D FRIcE RS NS 12 Bkt 2ok, WAOTEMETE5E N
36-42 [ Ry PN g S — AN SE B I ER A ZO% B (g = n — 40, n = 36-42). K
ITEBHL T Cs Ca@Bsry™ ()HILLAL, HrB A FREMS I, & ] LUK
CaBay 4 R [ SL 30 RAFTR it — B FR K . WP H AR TR, 5 C, Ca@Bar (1)
AL, et 48 A ik Cs Ber™ (IR FH B E A4 C; M@Bs, (M = Mg,
St % A R I H B/ INEE
142 IR 5%

KH MH BZRERF, fE%EZ RPN CaByy ik RiAT 2 4Rl gG
P Al AL AR LT I LiCaBss B, Bag? Al CaBag™ Mk A &
FHE, TTHEDL KE CaBy HIE4 K . L Gaussian 09 F2 7
PBE0/6-311+G* /K V1% 2815t Bip 141k i 2 57 M AR HEAT FE A0 AL AT R S i . &
14.2 | T PBEO /K- N 545H | AHXFAEEAE 0.85 eV LANIF) 20 N et fd . Jy
T IR RGN e R, R Molpro £ /701t PBEO /K7 T fE & AR AT 11
AN BRI HEIT CCSD(T)/6-311+G*//PBEQ/6-311+G* /K “F [ 3 f R i1 11941961 ¢
JH NBO 5.0 2B It M1 56t R HEAT B AR R T B AT B TR0 HT . U e 4
I AANDP T2 52 0. 1 Cs Bar® ()23 T JUAAT 0o i B 58 HAZ S ST Ak 27
FAE NICS! ™, DLVPA5% =t I B8 BRI 1 = 4 75 &
14.3 LIS AR E M 57 iR

B Ca® AT BB TIERIG I — P 2T B, Bt Ca®* 34N Bag™ -
Bas? il Bao AT L8 £ 5 I N4 BN ERIG Ca@Ba® . Ca@Bss™ A1
Ca@Bso" . RAANF MIskNE, FAIFH T RE M Cs Ca@Bar (1)
PBE0/6-311+G* /K V-4l R /3 #f B/ Cs Ca@Bs; () RH/MEEIIAE N vigin =
+103.01 em™ I IEM /NG . FSZ B, K CIREN Cs Ca@Bas P —1 B
J5iF J5 T3 C, Ca@Bar fFy MH R ML &1, T LAF=4: Cs Ca@Bs7 (). %451
(R ZER B B2 R 12 2% BIOUHE A 22 2117 i, TERRAR G5 H R 43041 6 994 Bs FLil
B —A Be /NIEIMAN = B, LB, B2 CoiRrtE. 1ERiEs
N B R B B FL I A LI B P 6k X 4 R i ks 1200299203133 C Ca@Bg
(B AT BEE R S AT AL eI Be —MABAPIA TS EESK B
=T B AR A IR 375 4458 T (K 14.1 AT 14.2). A Bs (1) + Ca?t =
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20C,'A’
0.75 . 0.85

B 14.2 CaBs; 491K A8 = 7+ A& € i1 4 CCSD(T)/6-311G*//PBEQ/6-311+G*(F£.4& 5 F 4 4%) A=
PBE0/6-311+G*/K-F T ¢y 4a2f ik = (£ 4% V).
Fig. 14.2 Low-lying isomers of CaBg;~ with their relative energies indicated in eV at

CCSD(T)/6-311G*//PBE0/6-311+G™* (in curly brackets) and PBE0/6-311+G™ levels.
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Ca@B37 ()R %1 Cs Ca@Bsy (1)HIJE Ak HEN-589.6 keal/mol, 1X KB Z 45 A =
FERT IR ENE . 450 | BETSCHL AR T )5 P19 31 CaBgy 14 R 1M 58 (KA & 7 M 1A
C1 Ca@Bs; (2) (Bl 14.2), 45#4 2 7€ CCSD(T) 1 PBEOQ 7KF- 73 85 4 R i /NG5 4 1
B 0.07 1 0.05 eV.o M HRIE K Cs Ca@Bgs™ 8 i — N5 7 J5 7T 53] CaBsr
R AR =ARREEF MK CL Ca@Byr (3) (M 14.2), &M HA VYA Be /NI I
FIFAS By LIATETH . J3 7 TS A G20 R 1 A0 E Ji 77 7S T e 22— AN DU L Ar
IR T #£ CCSD(T)/K 4544 3 #i Cs Ca@Bs; (1)AEE H 0.25 eV, FVILALE F
A C1 Ca@Bsr™ (4) (K 14.2)#£ CCSD(T)/KT42 | AEE =1 0.31 eV, %45 n] LIE
VESRS5H4 3 A B AL PR (DU e A7 B s (0 17 B 1 RAE R AN A A0 -BL T 2 THD) . 4%
Th Ca@Bass™ P& #i ) /N i FLIF B 78 — N0 BT )5 AT 43 B s X #R - Coy
Ca@Bs; (5), %L HITE CCSD(T)/KFH% | fig i 0.63 eV, ilid T Bss™ A LAKIE
A —ANEREM AN B 12 MR AR Ak Cy
Ca@Bs3;, HTH-GUIEIHSMEAR/SIA TR 2 WA BRIk )1, 4 MTEIAL
SRR & H AN N KRR E T MK Cp Ca@Bs; (2) (Kl 14.2). H Bas I
Bas P2 M T A A — AN NI T LR SUHLG 7S 32 T FLIR (I F T CaBay™
SRR, 78 PBEO /K2 /DE 25 | g 0.54 eV(IE] 14.2, 25%4 13 Fi1 20). MH
4 R MR /N 2% BT AR 3 (1) 1300 2 CaBg; SRRt 3E K R 4L Cs Ca@Bs; (1) FAasE
MHRREE ik . B8 14.2 ATETT LUE H CaBsy #& R IHT T+ =/ MIKAe & 744
=R IR . EASBNE, RIKEEERMA C; Ca@Bsy (NATELE
(& B IR Cs Bar ()2 B ARIRSIIAR Nvmin = +156.8 cm™ FIE IEM/INE R, 1%
GER I R DR S MR 750 H 9 n = 36-42 KIS Bl W AEAE— D s BT ER 17 5
15 Ba® (q = n — 40, n = 36-42) 1200293293183 @ iR KB, 5 Cs Ca@Bar (1)2540L,
Nk Cs Mg@Bs; M1 Cs Sr@Bg; 72 % F A& R I H IEM /NS K . PBEO 7K+ 4]
St RER, WA CORE EEE 0L S TR E R C
Li&[Ca@B3/] 1 C; Li&[Ca@Bs7] #1777 I LA — 1€ Cs Ca@Bs; (1). Cs
Li&[Ca@B3;]#1! C; Li&[Ca@B37]7& HOMO-LUMO FEFR 514 1.91 eV £1 2.03 eV
feEfe B Rk, BA AW Ca M— A% Lttt Li&[Ca@Bsr] 8l
1746 T B-Ca-Li = oMM R .
14.4 B8 F 254 R R & 0

Cs Ca@Bs; (1) FEfa s PEUE T FMURR 1) FEL T 25 R R B . 11 AR R
HE(NBO)/M T4 R EIR, CsCa@Bsr ())& T MM i FHBE &Y, ATUERRAN
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CsCa®"@Bs* (2), ME Ca JHT([Arl4s) STk A~ 4s HL 5] By ZEIRF4E. NBO
HHEEEREY, C,Ca" @By (), Ca i THIERIE T HAMTA gea = +1.71]¢|,
Ca J& T HL TR BN [Ar]4s123d%Y . vl Ca®* 5 Ba,® BEAA I8 ) d—p 5 BCALAR EAE
FHE BT ZE &M RITEL. 54h, 5 Ceo MO ARG T B (9=
n — 40, n = 36, 38, 39, 40, 41, 42)[?61:294. 295,318 31713k 11) - C. Ca@Bs;> (1)F Cs Bsr>
(I HEE B KK HOMO-LUMO RERA(PBEO /KF-~, 1, 11, Doy Lis&Bss, Cs CaBas,
Cs Bsg ™, Dag Bao, C1 Bas™, Ca Bao® Ml I, Ceo ) H-L RERRZ> 1l /9 1.94, 1.96, 2.98, 2.70,
2.89, 3.13, 3.16, 3.24 fll 3.02 eV ) [260:293-296.313314] |

@ C,B, ()

2 x 2c-2e o bonds 6 x 6¢c-2e & bond: 2 x 5¢c-2e n bonds 2 x 5¢c-2e n bonds 3 x 5¢c-2e n bonds
37 x 3c¢-2e o bonds ON _°1' ge1cr1 ;Sn s 2 x 6¢c-2e n bonds 2 x 6¢c-2e n bonds 1 x 6¢-2e n bond
ON =1.78-1.97 |e| =1.91-1.95¢| ON = 1.89-1.94 |e| ON = 1.87-1.94 |e| ON = 1.88-1.95 |e|

(b) C,Ca@B,, (I)

2 x 2c-2e o bonds 6 x 6c-2e & bonds 2 x 5¢c-2e n bonds 2 x 5¢c-2e n bonds 3 x 5¢c-2e n bonds
37 x 3c-2e o bonds ON= 1 90"1 93 2 x 6¢c-2e n bonds 2 x 6¢c-2e n bonds 1 x 6¢-2e n bond
ON =1.74-1.96 |e| =1.90-1.93 |e| ON =1.88-1.94 || ON = 1.87-1.94 |e| ON =1.89-1.95 ||

& 14.3 C; By, (11)#= C; Ca@By; (1)%9 AINDP A4t 547«
Fig 14.3 AANDP bonding patterns of C; Bs;> (11) and C; Ca@B37 (1).

K H AANDP #2515} Cs B3> (1)1 Cs Ca@Bs; (1)FEAT VELH (1L 2 i 43
Bro HHE 14.3 ()40, #MIFE Cs By® (IEKMHIPAFLEE L&A —4
2c-2e E1 o B (ON = 1.87|¢|), 37 4> Bs =M L& 5 — 3c-2e B ilot(ON =
1.78-1.97e)), 6 N EHIUETFH Bs =M E&H 1 6c-2e Fifc(ON =
1.91-1.95¢)). F5Z b, B = MAEH LI By =X 6¢-2e B ikot ke 3 2 vk 1k
Fi, R Cs Bar® (1) 8 3ot T R 1) 11 A2 7 o (EBROIR G5 MR 1T 43 4 B =
T L1 43 4 3c-2e ot . CsBar® (INFIARHT 24 M2 HTFLL 12 A2 fl B8
nf#(mc-2e, m =5, 6; ON = 1.88-1.95|e|) (ITE XI5 5178 B 7E 45 Mot T o %E
WHERE, Hps 7 5c-2e ndEf15 4 6c-2e niE(K 14.3). HLL Eriras i
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A4, Cs Byr® ()42 CUMBI R 73 1201294 29031031 e vy P4 2R, B 12 NS
ST B AR L R B4 T 12 SR T . Cs Ba,® (IR B, 5Ep T R T
$h 36-42 Y B N BIERIE K B (g = n — 40, n = 36-42)(Hfi 7. 5 EiRIE I BIER
W93 T2, Cs Bgr® (1) JLATT 7 B 19 NICS {8 B 85 K ) 47 8 (PBEO /KF
ThBss* '+ CsBsr® + CsBss”+ C3Bsg~ C2Bag v DagBags Ci Bar "l Cp By® JLATH
O A7 B ) NICS 18 4 %) N-36, —33, —37, —38, —39, —43, —41 F1-40 ppm)
[260293296.313314) - R W% L5 My R = HESL AR TS B k. MK 14.3 D)ATLLE 1, &8
FasE bl Cs Ca@Bsr (VA5 CsBsr® (INHIFINY o Miniii =, Bl 45 4> o 4
P2 ) o FERE SR B3NS 5 12 AN S22 10 me-2e (m = 5,6) i . 40 Hfr
GREIR, BAE—HESR n L' Li&[Ca@Bs]#i A [ C; Ca@Bs; (1)
A1 Cs Bar® (INARLI o A3, Cs Ca@Bs; (1)1 1 Li&[Ca@Bs7] i P&t
Ca JE 7 STRR LA 2 BIPAS 4s HL IRk 12 B sk R T

1290 (a') 1256 (a')

595 (a)
834 (a)

L e e e e e s B R s e e e EREa
0 200 400 600 800 1000 1200 1400 O 200 400 600 800 1000 1200 1400

(a) IR Spectra (b) Raman Spectra
A 14.4 C;Ca@B3; ()5 CsBy,® (I1)#9 40k B 35 2 A2 ki 2t bt
Fig 14.4 Simulated IR (a) and Raman spectra (b) of C; Ca@B3; (I) compared with that of C,

Bs,> (I1) at PBEO level.

14.5 T 5h R h S/ 1ERR L

BATHH T CsCa@Bar™ (1)5 Cs Bar® () HIHRBNATR FHAA T AT L0401 K
PSR (E 14.4)0 BRTTYISE B0, REIET IR Be,™ R R AU 4L
AR B I 55K 11 £E 1304 cm™ (@), 770 cm™ ("), 598 cm ™ (a') #1501 cm™* (a")
Kb B A2 v (I LT AR D AR S5 ) | R SR AR LR, S5 7E 239 em™ (") —
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FAM AR I 2500, 254 | FRE 4K & T 11 7E 1256 cm ™ (@), 1206 cm ™ (a'), 834
cm™ (a), 595 cm ™ (')Al 323 cm ™t (@) AL (AL R 2 I . S5 11 #E 157 em Ak
Z5H4) | 7E 203 em ™ AL MPIRAR BN AL B T Bart R ILEL AR PR A (RBMS).
TEERR A, 210 o ARAURRAE A7 ) RS A P SR s 5 BRE I 40 K A 1)
fis S #1200,

(a)

&)
Jff/

250
1c,ca@s, (A) A
---------------------------
1 2 3 4 5 6
(b)
/‘"* © b
L)
oV / 3.66°A

2 C, Ca@B,, ('A)

T T T T T
1 2 3 4 5 6

Binding Energy (eV)

B 14.5 Cy Ca@Bg7_ (l)—% C, Ca@Bg7_ (2)& PBEO 7K’T"T % fé%%ﬁ%l’éﬁcéd% B,
Fig. 14.5 Simulated PES spectra of C; Ca@Bg3; (1) and C; Ca@B3; (2) at TD-PBEDO.

14.6 JCEBFREIEIET

T A RAG R B I AR B R W, BB 1O f T Re i 45 5 50— 1R s
B R AR 3 S L 7 (0 2 T B B8 2431 3RA1 1SR 45 N 5 32 B TD-DFT
Jr iU S by | T ELOR B R B OG B RERE R (K 145 (a)), ASEEATL
KRS b RARZ & BN ER A SR it — & B K R - Ca@Bsr (1) A A BRI
—HqEH AR5 VDE =3.36 eV, 255250 EAIM R Cs/Co Bsg AHALRIGH
TFHEE RS PR, 2 BT AT & 1522 Cs Ca@Bar (1)5 CalCy Bag J
EMrH AR, eI EARERKMT HOMO #iE, K Ikix & —4r & 11
FEEHE RIS B 14.5()F 6 T RERE 5 45 A BE DX I R AIE i g ]
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TE Rk si5s FERAE Cs Ca@Bsr () “HLFHEEL”. X T Cy Ca@Bgr (2), 74
EEEE: 1) %4554 RN Cs Ca@Bs, (NIEAUNZREE FIE; 2) F
a4 2 ARG T | FEZ5 ) b AR AR R 78T 5 3) B3 — e 73 B e =i VDE
N 3.66 eV Ab, SRk 2 IH S Co Ca@Bsy  (1)AHABAI: HE A ik BEADLIE 12 (1
14.5(b)). I, C,Ca@Bs; (2)5 Cs Ca@Bs; (1)TE L T-AEI 26 Al fESLAE .

14.7 TREK I Bas™ REHB FEBRE &4 Liy&Bsg, Lis&Bas F Lig&Bag™

LA AL T MH 4 @M MR R AN — 5, SHERAS Tn Bas™
K HAMER A SR B TR E 5 Doy Lis&Bss, Coy Lis&Bas 1 Ty, Lis&Bag [ HE
WHRATHIT T RGHT (B 14.6)B9, 4R EM, ik 2504 BIERkG 2 W 5%
—HIUTE R, #EA 12 T ST A 5 6 D/ IaTBFLIR)
563 Bas IR 4 AL S R AT ST S Bas MR ERIGAL DI A 44 A543, 3c-2e
GHEAN 12 4 5c-2e nith, T 12 f T LA IO U8 S 25 7F Bas BRIRZS M %
M. [, YIBH DFT RN, S5 B R E AW E R THEEAY
Don Lis&[Ca@Bsg], Cov Lis&[Ca@Bag] Fil Doy Lis&[Ca@Bss]* th A& 5 [ 1A R 1
BN . K Bas™ MIERIG M L& B A B FE ik — HESE T 5 24 &R T
DU R E BT B TAERIR , FERBERIA 5 Bad(q = n — 40)31/E & n = 36,

1ThBss" ('Ay) 2 Do Lis&Bss ('Ag) 3 Co Lis&Bss" (‘A1) 4 T, Lis&Bss> ('Ag)

B 14.6 T, Bss (1), Dan Lis&Bsg (2), Coy Lis&Bss™ (3)4= T Lig&Bss™ (4) 4 PBE0/6-311+G*
KT ARAL G B TUAT 2547 & A
Fig. 14.6 Optimized structures of Ty, Bsg* (1), Doy Lis&Bas (2), Coy Lis&Bgs' (3), and Ty, Lig&Bag”"

(4) at the PBE0/6-311+G™* level.

14.8 KE /N

gi bPriR, ARERATEERT BB R EY) Ca@Bs, (NHIEIR AT,
AR T 12 SR DOUBE QKA A ILAC IR, AR o B B SA 12 Rk
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. <\ Za\ =N A o | Py
</ X T A 1 45 T AR \.“ P W >/_\- \» = .:\
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level.
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KF(e4E5 b 438t H e et £, At E$£42 A4 keal/mol,

S e sease s

o

Co'Ay Do 2, ClA C'A

0.00 +11.55 +19.80 +31.61

{0.00} {+15.36} {+20.01}

. 0009

c.lA Co'> C,lA’ C,tA

+41.87 +42.63 +45.09 +52.09
v‘/i m ' .

%9 )

Co'Ay Ca'Ay C:'A Ca'Ay

+53.50 +57.82 +61.72 +65.47

C.lA cla’ Co A, C. A

+66.07 +70.77 +82.79 +83.37
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MR A

A5 BeAu & 1K A & F M 4k, 5o Al & PBE/AU/SDD/B/6-311++G** A=

CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (646 5 P # 38 ) it H e nayrast b £, Msthe =

¥ 45 % kcal/mol,

9
Tapp, Cepp WS éf Teags
C, A" c, A C, A" C, A C, ‘A
0.00 +4.35 +9.49 +13.57 +24.82
{0.00} {+1.40} {+8.47} {+11.30} {+21.92}
C, A C, A Cyy A C, °A C, ‘A
+27.59 +28.04 +28.10 +33.31 +34.27
PO R~ I A
C, ‘A C, ‘A C, °B; C. A Co ‘A
+41.00 +44.01 +57.07 +52.15 +53.82
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A6 BsAu # 1k A& & F M 4k, 4 A £ PBE/AU/SDD/B/6-311++G** e
CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (7645 5 F $3&) it H € Naytaxt it 2. MrTpe =
¥ 45 % kecal/mol,

C: A C; °A Cu A,
0.00 +12.63 +12.91 +19.77 +25.40
{0.00} {+11.47} {+14.03} {+23.53} {+34.60}
% %' fappt %
C, A" C, °A C, A C, A C, A
+29.96 +30.06 +31.39 +35.67 +37.08
C, A" C, °A" C, °A Co A, C, A"
+39.34 +49.65 +63.80 +68.16 +76.07
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MR A

A7 BeAu, ) & A& = F M 4k, 4 Al £ PBE/AU/SDD/B/6-311++G** =
CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (646 5 P # 38 ) it H e nayrast b £, Msthe =

¥ 45 % kcal/mol,

o A RO
9 ]
Con By A, C, °A Cs °A C, °A

C2v

0.00 +8.86 +25.13 +33.07 +34.67

{0.00} {+7.91} {+23.04} {+32.68} {+33.60}
C, A C. °A C, °A C. °A C, A
+35.84 +37.03 +38.52 +43.48 +39.25
el Al e

' : 9 d W
C, °A C, °A C, °A C, °A C, °A
+40.04 +40.57 +41.72 +41.74 +46.56
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A8 BgAu, # 1k it ¥ F # 4k, 2o A & PBE/AU/SDD/B/6-311++G** A=

CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (7645 5 ¥ £ #&) i+ H € a94a st fe = . AT hE
¥ 43 kcal/mol.

/W’ﬁf%m‘

Cn A c, A C, ‘A C, 'A

0.00 +4.39 +15.05 +18.16 +19.29
{0.00} {+3.99} {+14.73} {+17.46} {+21.74}
- \ o J)—a—a
c, A C, A c, A C, ‘A C, 'A
+21.74 +23.39 +23.51 +29.02 +29.21
SN 4 3

> 2 X
C. A Co ‘A C. & C, ‘A
+34.86 +37.55 +38.36 +42.57
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MR A

A9 BeAuz ) & A& = F M 4k, 4 Al A& PBE/AU/SDD/B/6-311++G** F=
CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (7645 5 F $3&) it H € Naytaxt it 2. MrTpe =
¥ 43 % kcal/mol.

2 ’
— J
c, ‘A c, A C, A C, A C, A

0.00 +7.93 +11.05 +14.25 +15.61
{0.00} {+6.70} {+10.93} {+16.30} {+15.55}
o )
WJ /f i
C, A c, A Co A C, ‘A C, A
+17.13 +20.10 +20.48 +21.30 +23.57

° ¢

praa , o J*«%{ J}J:‘

C. A C, ‘A Co °A,
+24.16 +24.41 +24.88 +24.91 +25.32
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B BRI SR BB S ' F T REVE 7 B

Al0 BgAu; #9 1k & = F+ # 4K, 4 Al £ PBE/AU/SDD/B/6-311++G** Fn
CCSD(T)//PBE/AU/SDD/B/6-311++G** K -F (7645 5 F $3&) it H € Naytaxt it 2. MrTpe =
¥ 45 % kecal/mol,

9
?myf ,gt\;’ YN
d
Cs °A C, °A

Co A, C; °A Cs °A

0.00 +2.53 +5.67 +6.08 +8.11
£0.00} {+34.85} {+2.69} {+5.96} {+7.63}

‘f
2 2 A

o 9 9

C, A C. A Cs A C, °A C, °A

+15cm™ +11cm™ +9cm™ +27cm™ +28cm™

+9.81 +14.57 +16.00 +17.62 +17.98

4 \
. WX 3
C, A C, A C, °A C: A C: A
+19cm™ +6cm™ +40cm’™ +26cm™ +34cm™
+20.55 +22.00 +23.33 +25.82 +26.36
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MR A

A11 PBE/AU/SDD/B/6-311++G** K F T BeAU ", BeAu A= BeAus (1-3) A 3t 3t &7 1k H 5% (4-6)
AR BN, M PR FH B-B A B-Aukk, ¥4z A,

3.BeAus C; (‘A) 6. BsAus Cs (CA)
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Al12 By(BO), 491k it & F 1k, B At 25y (a—d)k 8 mA BO A A4 Al 5 Be sk 5 F B i
BBz E B R T om A BAZF m 942 B F 4k, £ B3LYP #= CCSD(T)(f£4& 5 ¥ # &) K
Pt H i F MR AT AR 2 . ABRT AR 2 42 A keal/mol.

"a @
2 B
.‘ﬁﬁo oo ‘}% %&0 N\@
Bs(BO), (C2'A) (C:'A) (C.'A) (Cv 'Ay) (C.'A)
0.00 kcal/mol +6.93 kcal/mol +14.30 kcal/mol +22.67 kcal/mol +50.66 kcal/mol

{0.00 kcal/mol} {~1.05 kcal/mol}
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MR A

Al3 & B3LYP K-FHRALIFE] 491k s R B (BO), (n = 4-12)F M A 5%,

Al - - N ol

B.(BO), (D.,'A,) B,(B0O),(C,,"A,) B,(BO), (C..'A,) B,(BO),(C.,’A,) B,(BO),(C..'A,)
B,(BO), (C.."B;) B,,(BO), (C.."A,) B,,(B0O),(C.,’B,) B..(BO), (C.."A,)
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B BRI SR BB S ' F T REVE 7 B

Al4 B3LYP K- (a) B,4(BO), 4= (b) B,,(BO), 494k &t & F 14k, A8t A5 #4552 kcal/mol.

ava®
. -'d'
S

(a) B16(BO)

B16(BO)2 Can 'Aq C:'A G A
0.00 kcal/mol +19.88 +23.93
G R s A
+26.83 +33.36
(b) B2(BO), g
‘J\
Bzo BO C2v ( ) sz (1A1)
0.0 kcal/mol 0.07 +1.76 +4.41
]
9
Ci ('A) Cs ('A)
+8.20 +9.57
»3%@
Ca ('A) Ci ('A) Ci ('A)

+13.92 +15.37 +16.16
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MR A

Al5 B30, 81k Ak = F MK, AR CMsTARE, ©F&5FB3LYPR N RFME., AL

B3LYP/aug-cc-pVTZ#=CCSD(T)//B3LYP/aug-cc-pVTZ(#.45 5 ¥ 4 38) K -F+1+ H € 169 48 35 A
. M AeE 4z Akeal/mol,

02200 02020 20009

Cav B:02" ('2) D, B;0;" ('Z,) Ca B:Oy" ('Ay)
+5 cm'! +97 cm™ +19 cm™
0.00 kcal/mol +7.72 kcal/mol +16.10 kcal/mol
{0.00 kcal/mol} {+14.49 kcal/mol} {+13.01 kcal/mol}

C.B;0;," (*A) C.» B;0;" (') Cy B;0," ('A))
+142 cm™! +61 cm™ +310 cm™
+16.82 kcal/mol +32.53 keal/mol

+45.80 kcal/mol
{+20.12 kcal/mol}

9

4

Cy B;O)" ('A)) Cy B;Oy ('A)) Cyy B;O)" ('Ay)
+178 cm™ +125 cm™ +63 cm™
+56.52 kcal/mol +77.48 kcal/mol

+85.22 keal/mol
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A16 B3;O; W1k it & F MK, VAR CAI T MtE, ©F5/B3LYPR MMEREIAE, 5 H 4

B3LYP/aug-cc-pVTZ#=CCSD(T)//B3LYP/aug-cc-pVTZ(Fe.4& 5 ¥ #38) K-+ H & 149 48 3t fg

i=4

. XA 45 Fkeal/mol.

N A e

Cy B;0s™ (‘A) G, B;O5” ( A') Cae B;Os™ ( A) G B;0s™ ( A)
+82 cm™ +76 cm™ +78 cm™ +94 cm’
0.00 kcal/mol +13.61 kcal/mol +33.20 kcal/mol +33.47 kcal/mol
{0.00 kcal/mol} {+12.49 kcal/mol}
P Y-~
C B0 ('A) C,By0;™ (‘A) C,B;0;” (‘A) C, B;0;™ (‘A)
+45 cm™ +67 cm™ +76 cm! +73 em™
+49.03 kcal/mol +52.15 keal/mol +53.01 kcal/mol +54.75 kcal/mol
C B;05™ (A) Cy B;O5™ (A1 Cyy B;O;™ (Al) C,B;0;” (A)
+110 cm™ +38 cm™ +184 cm™! +149 cm’™
+71.32 kcal/mol +139.57 kcal/mol +164.36 kcal/mol +168.92 kcal/mol
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MR A

Al7 B3O:89 kA= F MR, AR MR, ©F5FBLYPR MEaHME., 5 A A
B3LYP/aug-cc-pVTZ#=CCSD(T)//B3LYP/aug-cc-pVTZ(Fe.4& 5 ¥ #38) K-+ H & 149 48 3t fg

¥ . AR E 42 AHkcal/mol,

**%*mz\»*«./l«

Cy, B;0; (A) C.B;0; (A) C, B;0; (CA) Cy. B;O; (°By)
+141 cm™ +69 cm™ +89 cm™ +86 cm™
0.00 kcal/mol +4.18 kcal/mol +15.96 kcal/mol +17.68 kcal/mol
{0.00 kcal/mol} {+10.21 kcal/mol} {+9.84 kcal/mol} {+23.61 kcal/mol}
C, B;0; (A" C, B;O; (CA") C» B;0; (°By) C» B;0; (°By)
+72 cm™ +64 cm™ +243 cm! +56 cm™
+18.88 kcal/mol +23.83 kecal/mol +33.47 kcal/mol +63.13 kecal/mol

{+16.15 kcal/mol}

C.B;0; (A) C. B;0; (A" Cs, B;O; (°B)) C,B;0; (A)
+351 em™ +387 cm™! +73 cm™ +77 cm™t
+69.85 keal/mol +74.16 kecal/mol +120.23 kcal/mol +145.61 kcal/mol
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Al8 B;O; #1k At & F ik, AR A TARE., & F5/BLYPR DRFME, 2 AL
B3LYP/aug-cc-pVTZ#=CCSD(T)//B3LYP/aug-cc-pVTZ (7L 455 ¥+ £ 48) K -F++ H < 1169 48 2 4E
¥ . AR E 42 AHkcal/mol,

sesasn sesese =9 L2

G B0, (02) C,B;05™ (‘A) C,. B;0;" (A) Dy, B;O5™ (‘A))
+66 cm’™ +27 em™ +134 cm™ +371 cm™
0.00 kcal/mol +17.88 kcal/mol +28.32 kecal/mol +37.36 kcal/mol

{0.00 kcal/mol} {+13.54 kcal/mol}
Dy, B;O5™ (*A) C,B;0;" (*A) C,B;0;" (‘A) Cs B5O5™ (‘A)
+101 cm™ +289 cm™ +367 cm™ +97 cm™
+61.76 kcal/mol +80.60 kcal/mol +84.80 kcal/mol +87.81 kcal/mol
D3, B;0;” (AY) Cy, B;O5” (IAI) Cay B;05” ( Ay) Cy, B;05" ( Ay)
+34 cm™ +55 cm™t +16 cm™ +80 cm’!
+97.57 kcal/mol +114.73 kcal/mol +140.51 kcal/mol +150.53 kcal/mol
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MR A

A19 B3O, #9ik At = F MK, AR EMEsTARME, & F &5 FBLYPR NRFME, »HAE

B3LYP/aug-cc-pVTZ#=CCSD(T)//B3LYP/aug-cc-pVTZ(#.45 5 ¥ 4 38) K -F+1+ H € 169 48 35 A

¥ . AR E 42 AHkcal/mol,

Cyy B3O, (A)
+87 em™
0.00kcal/mol
{0.00kcal/mol}

C.B;0, (‘A)
+60 cmt

+19.66 kcal/mol

o

C,B;0, (‘A)
+65 et

+34.76kcal/mol

C,, B;0,” ('A)
+87 cm’™

+114.75 keal/mol

C.B:0; (A)
+57 cm™
+0.09 kcal/mol
{+3.90 kcal/mol}

Cy, B;0, (‘A)
+58 cm™

+20.10 kcal/mol

C,, B;0,” ('A)
+95 cm™?

+52.10 keal/mol

C,B;0, (‘A)
+111 em™

+128.51 kcal/mol

253

C,B;0,” (‘A)
+43 cm™?

+2.07 kcal/mol

{+6.42 kcal/mol}

C,B;0, (‘A)
+52 cm™

+21.61 kcal/mol

C,, B;0, (‘A)
+355 cm™

+82.03 kcal/mol

9

-
9
C,B;0, (‘A)
+80 cm’™

+131.76 kcal/mol
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A20 B30, #9ikft = F AR, AR ECAITARME, ©F 54 BILYP D RENAE, A&
B3LYP/aug-cc-pVTZ 4= CCSD(T)//B3LYP/aug-cc-pVTZ (74 5 ¥ 4 48) K -F4+ H € 169 483+

2. MATREZE #2424 keal/mol,

Vel esgagen oo re

C.B;0, (PA) C, B3O, (CA) C,. B3O, CA)
+76 cm™ +64 cm’™ +73 em™
0.00kcal/mol +4.78 kcal/mol +28.04 kcal/mol
{0.00kcal/mol} {+9.83 kcal/mol}
C.B;0, (PA) C.B;0, (A) C,, B;0, (CA))
+64 cm™! +64 cm™ +16 cm™
+30.46 kcal/mol +30.58 kcal/mol +46.16 kcal/mol
‘\‘l
C,B;0, (CA) C.B;0, (CA") C,, B;0, (°B,)
+62 cm’! +25 cm’™ +6 cm’!
+46.98 kcal/mol +64.88 kcal/mol +65.30 kcal/mol
C.B;0, (A) C.B;0, (A)
+36 cm™ +60 cm™

+121.95 kcal/mol

+127.71 kcal/mol
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MR A

A21 B3O, 891k fe & F AR, AR Mt irtk, & F 54 BLYPR DM RFHME., £
B3LYP/aug-cc-pVTZAK-Fit H e eyttt fb =, A8t AL = £ 42 Akcal/mol,

"3
o909 %_é

D,; B;0," (‘%) C,B;0, (‘A) Dy, B;O,” (‘A))
+35 em™! +70 cm! +96 cm?
0.00 kcal/mol +29.52 kcal/mol +77.52 kecal/mol

9
eo0o o

L

Cy. B3O, (‘A Cy. B3O, (‘A C,B;0," (‘A)
+53 em™ +53 em™ +121 em™
+111.45 kcal/mol +120.36 kcal/mol +121.50 kcal/mol
por S 2
C,B;0," ('A) C,B;0," ('A) C, B;047 ('A)
+66 cm’™ +88 cm™ +43 cm™
+126.68 kcal/mol +132.68 kcal/mol +148.65 kcal/mol

C5 B30, (A)
+79 cm’™

+150.03 kcal/mol
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A22 (a) Cgy Bss (*Ar)#2(b) Coy Bss (CAL)£PBEOQ/6-311+G* K T4k AL G 4 42 4 Bk Sk, K
#45 AA,

(@)

/AVAVA\VA\
,/AV/AVA\V/A\VA\
INONG NN
WAV ANVAVAY,
\V A\V/ \V/A\V/A‘W/

Cev Bss (‘A1)

(b)

W’A‘VA\VA\VA\
SRINT NN\
\WAVAN ININY
\V A\V/ \V/A\V/AW/

Ca Bas (CAy)
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MR A

A23 (2) Cey BagHs (“Ar)F2(b) Cay BsgHs™ (A1) £ PBEQ/6-311+G* K P 1AL & # £ H) % 4t 53¢,
HKEEAA,

/A\V/A\V/
\V/A\V/

\V/A\V/A\.
VAVAY,

¢ E— . — _—

.*‘AV"A’ \V/A\V/A\,
\V/\V/‘ \V/\v/

Cav BasHs™ (A1)
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A24 (3) Cs By (*A)Fe(b) Cs Bys (PA") & PBE0/6-311+G* K T H Ak J6 69 45 4 B4 S 30, itk
24 A,
(@

(b)




MR A

A25 (8) Cs Bug (°A), (b) Dag Bao™ (*Bo), (€) Cs Bao (A)F=(d) Dzg Bao (‘Ar) £ PBEO/E-311+ G
TG B LE M R S R, REREAEAA,




B BRI SR BB S ' F T REVE 7 B

“AAWAYA
.VAV‘* ‘V/AV/A
\CAYAWAYAY
‘!ﬁ!A\VA\VAV

(d) Dag Bao (*Ay)



% B

Mi% B

B1 BsAu™ (Cp, 2A) 811 & & 48 5 F #if

28 3 ) =2 @

HOMO (ay) HOMO-1(b;) HOMO-2(a;) HOMO-3(b;) HOMO-4 (a;)

& 3 = & e -9

HOMO-5 (a;) HOMO-6 (a) HOMO-7 (b)) HOMO-8 (b;) HOMO-9 (&) HOMO-10 (ay)

B2 B3AU, (Co A9 & & 385 F ik .

2 90 a*ﬂ

HOMO (by) HOMO-1(b;)  HOMO-2 (a,) HOMO-3 (ay) HOMO-4 (b,)

SPELEISPIY

HOMO-5 (b,) HOMO-6 (3)  HOMO-7 (by) HOMO-8 (a))  HOMO-9 (a,)

7% o0 2y 2, B,

HOMO-10 (b,) HOMO-11 (b;) HOMO-12 (a;) HOMO-13 (a;) HOMO-14 (b,)

-,

HOMO-15 (ay)
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B3 B3(BO)™ (Co 2AL) 89 & & 485 F #if .

'S i) +Q 2

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

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

B4 B3(BO)™ (Cs A4 & &35 F #id .

3 D)2 -

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

HOMO-5 () HOMO-6(a)) HOMO-7(a) OMO-8(a’) HOMO-9 (a')
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% B

B5 B3(BO), (Coy 'AL) 91 & & 35 F #id

2, PRy e

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

THP S FY

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

g3 & ;7957

HOMO-10 (b,) HOMO-11 (a;) HOMO-12 (b,) HOMO-13 (ay)

B6 BsAu™ (Cs A8 & & 48 45 F il

2 32 28 @

HOMO (a) HOM?-l @) HOMO-2 (a) HOMO-3 ..(a')
HOMO-4 (a) HOMO-5 (a) HOMO-6 (a) HOMO-7 (a:')
2, 22 P
HOMO-8 (a) HOMO-9 (a) HOMO-10 () HOMO-11 (a)
HOMO-12 (a) HOMO-13 (a) HOMO-14 (a) HOMO-15 (a)
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B BRI SR BB S ' F T REVE 7 B

B7 BeAu, (Con “By)#90& & 369 F #Lif

HOMO (by) HOMO-1 (ay) HOMO-2 (by) HOMO-3 (a,)
HOMO-4 (ay) HOMO-5 (by) HOMO-6 (ay) HOMO-7 (by)

HOMO-8 (ay) HOMO-9 (ay) HOMO-10 (by) HOMO-11 (by)
HOMO-12 (b,) HOMO-13 (ay) HOMO-14 (a,) HOMO-15 (ay)
HOMO-16 (by) HOMO-17 (by) HOMO-18 (a,) HOMO-19 (by)

J}iillif‘

HOMO-20 (a))
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% B

B8 BgAus (C1 'A)#MH & & 48 5 F i,

o 2° P

HOMO (a) HOMO-1 (a) HOMO-2 (a) HOMO-3 (a)
HOMO-4 (a) HOMO-5 (a) HOMO-6 (a) HOMO-7 (a)
HOMO-8 (a) HOMO-9 (a) HOMO-10 (a) HOMO-11 (a)
HOMO-12 (a) HOMO-13 (a) HOMO-14 (a) HOMO-15 (a)
HOMO-16 (a) HOMO-17 (a) HOMO-18 (a) HOMO-19 (a)
W’ T W w
HOMO-20 (a) HOMO-21 (a) HOMO-22 (a) HOMO-23 (a)
HOMO-24 (a) HOMO-25 (a)
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B9 B (BO), (n = 4-12)4 B LI 48 & ks & HoH F4id. SOMO &% & F & 186y
HOMO.

Ba(Bo)z- B,(BO),'
(C.."B.) (C.'A)
B,(BO),"~ B,(BO),” . ! =
(C..’B,) (C..'A,) SOMO (b,) HOMO (b)
B.(BO)," B,(BO)," sw w Q"%ﬂ
(D..’A,) (C..'A) SOMO (b,) HOMO (a,) HOMO-1 (b,) HOMO-1 (a)
SOMO (a,) HOMO (a) HOMO-1 (a,) HOMO-1 (a,) HOMO-4 (a) HOMO-4 (a)
HOMO-2 (b,,) HOMO-2 (b) HOMO-4 (a,) HOMO-4 (b,) HOMO-5 (a,) HOMO-5 (b)
B..(BO),"”
(C..7A,)
B",(Bo)z_ B"(Bo)z— m
(C..7A)) (C..'A,) SOMO (a,)
BOMO (e HOMO (b)) HOMO-1 (a,)
=28 =2 =
HOMO-L(5) HOMO-1 (b,) HOMO-2 (b,)
HOMO-4 (B HOMO-4 (a,) HOMO-5 (b,)
HOMO-5 (a,) HOMO-5 (a,) HOMO-6 (a,)
HOMO-6 15 HOMO-6 (b)) HOMO-7 (a,)
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% B

B10 B,4(BO), = B,o(BO), 9 & Hirhs & HomF 4k «

(b) C2 Bxo(BO)2 ('A)

(a) Can B1s(BO): ('Ag) W

HOMO-1(a)
M W ,W
HOMO-1 ( HOMO-3 (b HOMO (b
,.aw 232 M /@%’
HOMO-5 (ay) HOMO (a,) HOMO-7 (a HOMO-2 (a)
saad S Msa‘ ,@@/
HOMO-7 (bg) HOMO-4 (b,) HOMO-13 (b HOMO-6 (b

HOMO-14 (a,) HOMO-6 (ag) HOMO-16 (a HOMO-8 (a
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B11 BoO," F 55 4 B 4.1~ 25 44 8 (2) ANDP A 447 o(b) £ 1] 43 53 (CMOs).

(@)
Ix1c-2e O and Ix1c-2e B lone pairs 1x2¢-2¢ B-O and 1x2¢-2¢ B-B 6
0009 ON = 1.98-1.99 lel ON = 1.99-2.00 lel
2x2c¢-2e B-O 4x2¢-2e B-On
ON =2.00 lel ON = 1.96 lel

L‘%’“M"Q

HOMO (o) HOMO-1(r)  HOMO-2 (1)  HOMO-3(s)  HOMO-4 ()
" @ P P
HOMO-5 (r) HOMO-6 (6)  HOMO-7(s)  HOMO-8 () HOMO-9 ()
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B12 Doy B3O," (“Z) () AANDP sk 4 9 47 A (b) E ] 4 F % (CMOs)..

(@)
*-0—0—90-9
D. B;0, ('Zo)
2x le-2e O lone pairs 2x2¢-2e B-O and 2x2¢-2e B-B o 4x2¢c-2e B-On
ON=1.99 |e| ON=1.99 e ON=1.94 le|

S8 &P &3 TP e

HOMO (r,) HOMO-1 () HOMO-2 (5,)
30099 °P° S-S
HOMO-3 (5,) HOMO-4 (5,) HOMO-5 (5,) HOMO-6 (5,) HOMO-7 (5,)
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B13 B304 I 3£ 4 By L] 25 4 49 (a) ANDP & 4 547 F= (D) £ 1] 4 F #i& (CMOS).

ot X

4x1¢-2e O lone pairs 2x2¢c-2e B-Bo
ON = 1.86-1.98 lel ON = 1.99 lel

(@)

4.C, B,0, ('A)

3x2¢-2e B-Oc 5x2¢-2e B-On
ON = 1.99-2.00 lel ON = 1.95-2.00 lel

(b)

2. 3, e

HOMO (b,) HOMO-1 (b;) HOMO-2 (a;) HOMO-3 (b,)

2'3 3 59

HOMO-4 (ay) HOMO-5 (by) HOMO-6 (a;) HOMO-7 (b,)

) eéa ."*.

HOMO-S (a,) HOMO-9 (b,) HOMO-10 (a,) HOMO-11 (a,)

20

HOMO-12 (b;) HOMO-13 (a;)
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B14 ByO3 [ 3£ 4 B L] 25 H 49 (a) ADNDP & 4 547 F=(b) £ 1] 5F #i& (CMOS) .

(@)
3xlc-2e O Ixlc-1e B 4x2¢-2e B-O and
lone pairs lone electron l();zNLELW(())()?; I1x2¢c-2¢e B-B o
ON=1.99 lel ON = 0.96 kel o ON = 1.95-1.99 lel
y ] ~ po— 3
5.C,, B,O, (A . : i i : i i ‘ ;

1x2¢c-2e B-O o 2x2¢-2e B-On Ix4c-2e
ON = 2.00 lel ON = 1.99 lel ON=1.99 el

o3l -3 @+ B

SOMO (a;) HOMO-1 (ay) HOMO-2 (b,) HOMO-3 (b;)

“’é ) 09 -3

HOMO-4 (b,) HOMO-5 (a,) HOMO-6 (a,) HOMO-7 (b,)
HOMO-8 (b,) HOMO-9 (a,) HOMO-10 (a,) HOMO-11 (a,)

-3

HOMO-12 (b,) HOMO-13 (a,)
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B15 ByO5" I 3£ 4 B L] 25 4 49 (a) ANDP & 4 47 F=(b) £ 1] 4 F #Li& (CMOS).

(@)
2x1¢-2e O lone pairs 1x2¢-2e B-O and 1x2¢-2¢ B-B o
ON = 1.97-1.99lel ON = 1.99-2.00 lel
SO0
3x2¢-2¢ B-Oc 6x2c-2e B-On
ON = 1.99-2.00 lel ON = 1.96-1.98 lel
(b)
HOMO (n) HOMO-1 (1)
li"' Y .i-’"' G’.: ’—”
HOMO-2 () HOMO-3 (o) HOMO-4 (1)
HOMO-5 (c) HOMO-6 () HOMO-7 () HOMO-8 (o)

HOMO-9 (o)
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B16 B3O, I 3£ 4 B L] 25 4 49 (a) ANDP & 4 547 F= (D) £ 1] 4 F #i& (CMOS).

(@)

oo $o0 0B B -

5xlc-2e O lone pairs 1x2¢-2¢ O-O m 4x2¢-2e B-O and
ON = 1.79-1.99 lel ON = 2.00 el Ix2¢-2e B-Bo
ON =1.95- 1.99 lel

7.C, B,0/ (‘A) : | i| . i/}

2x2¢c-2e B-O o 3x2c-2e B-On Ixdc-2e m
ON =2.00 lel ON = 1.99 lel ON = 1.96 lel

(b)

HOMO (bs) HOMO-1 (by) HOMO-2 (a;)

HOMO-3(b,) HOMO-4 (a;) HOMO-5 (b;)
HOMO-6(b,) HOMO-7 (b)) HOMO-S (b))
l l { »d i; ®
HOMO-9 (b;) HOMO-10 (a;) HOMO-11 (a;)
HOMO-12(ay) HOMO-13 (a,) HOMO-14 (b,)

HOMO-15(a;) HOMO-16 (a;)
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B17 B3O, [ 3£ 4 B L] 25 H 49 (a) ANDP & 4 547 F= (D) I 1] 4F 1% (CMOS).

(a)
5x1c¢-2e O lone pairs ON = 1.97 lel 1x2¢-2¢ O-On 6x2c-2¢ B-O o
Ix1c-le B lone electron ON = 0.89 lel ON = 2.00 lel ON =1.94-1.99 lel
A @ G ® “~y
1x2¢-2e B-O o 2x2¢-2e B-On Ix4c-2e
ON =2.00 lel ON = 2.00 lel ON =2.00 lel
(b)
] e,
‘@ °
SOMO (a") HOMO-1 (a") HOMO-2 (a) HOMO-3 (a")
HOMO-4 (a") HOMO-5 (a") HOMO-6 (a”) HOMO-7 (a)
HOMO-8 (a”) HOMO-9 (a") HOMO-10 (a") HOMO-11 (a’)
@
HOMO-12 (a") HOMO-13 (a") HOMO-14 (a") HOMO-15 (a")
L]
? -
HOMO-16 (a")
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B18 B3O, 3£ 4 By L] £5 4 49 (a) ANDP & 4 547 F=(b) £ 1] 4 F #i% (CMOS).

(a)
0009009
9.D., B;0,* (T,
2x1¢-2e O lone pairs 2x2¢-2e B-Oc
ON = 1.97 lel ON=1.99 lel
4x2¢-2¢ B-Oc 8x2¢-2¢ B-On
ON =2.00 lel ON = 1.95-1.99 lel
(b)
HOMO () HOMO-1 ()
SO 3490 -0
HOMO-1' (m,) HOMO-2 (o,) HOMO-3 (o)
DS IS
HOMO-4(r,) HOMO-5 ()
HOMO-5' () HOMO-6 (5,) HOMO-7 (5,)
HOMO-8(c,) HOMO-9 (s,) HOMO-10 (5,)

P

HOMO-11(s,)
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B19 (a) Cs Bao” #=(b) Coy CorHas 49 AANDP sk 4 4% X35 1b

(b)

21x2c¢-2e B-B o-bonds 23x3c¢-2e o-bonds 4x4¢-2e o-bonds 34x2¢-2e C-C o-bonds 13x2¢-2e C-H o-bonds
ON = 1.73-1.98e] ON = 1.74-1.96/e| ON = 1.63-1.65e| ON = 1.97-1.99lel ON = 1.98-1.99J¢|

i

4x4¢-2e and 3x5¢-2e n-bonds 6x2¢-2e and 1x3c¢-2e n-bonds
ON = 1.83-1.94/¢| ON = 1.50-1.95¢|

3x40c-2e -bonds ON = 2.00]e| 3%27c-2e n-bonds ON = 2.00/e|
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B20 (a) Cs B4077F‘?(b) Coy C27H13+é"§ﬂ2/7}\%$ﬁ-3‘§]7]’ kb, -? & 49 HOMO !F}Lﬁﬁi%ﬁ_‘y] SOMO.

HOMO () HOMO-2(b) HOMO-1 (a,)

HOMO-5 (a)  HOMO-6 (a) HOMO-4 () HOMO-3 (a,)

@ o

HOMO-9 (b,)

¢

HOMO-10 (a,) HOMO-13 (b,)

HOMO-28 (a) HOMO-29 (a") HOMO-20 (b) HOMO-17 (a,)

&

o
4

HOMO-34 (a) HOMO-26 (b))
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Cl A e TR 52 1M BATiF B,O 694, A FH HR(EIY eV)5 C By(BO) (M
A3 F A2 FMAK) £ L Koopmans € B Ana Bt 2 & 2y TD-B3LYP 7 & TF it HArfg4e

Ho EAETRHATIL,

Fifs% C

exptl theo (GKT) theo (TD-B3LYP)
feature ADE/VDE® MQ* ADE/VDE"* final state ADE/VDE"
X 2.71 (2)/2.71 (2) a' (o) 2.90/3.12 (S)" A 2.90/3.12
A 3.88 (3) a" (B) 3.90 (T) A" 3.61
B 4,04 (3) a" (o) 4,01 (S) 7\ 3.96
C 4.43 (5) a (B) 4.36 (T) ar 437
a'(a) 4.56 (S) 7\ 4.38
D 4.85 (3) a (B) 5.15 (T) A 5.06
E ~5.2
F 5.80 (2) a' (a) 6.03 (S) A 6.78

TS ERFREERIRE,
b AHKMCF R ALS ADE, ALFEA P E M TR T E b,

C AR B ET B G ‘o Ao PIRESE B AR

S, DT R ARKE TS, —EERZEA.

¢ f CCSD(T)/IB3LYP/Blaug-cc-pVTZ K -F kit 13 2] 4% C,B,0 #) % % ADENVDE % %1 2.62/2.81 eV,

C2 /£ By Z AM AT w2 b 1A & H 7 1% BsAu, A= By(BO), (0 = 1-2) Bt ot 2 o 14 A 52
4 BB EEH 89 NICS 45, 42 ppm.

BsAU B,AU, B5(BO) B5(BO),
Neutral -21 ) -18 -2
Anion -16 -16 -8 -12

@ A F I 35 44 5 Cy By(BO) (A
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C3 AW F AL m & pri3B,0, (x = 7-10)89 4, £ H & F 3 & (4 HeV) 5 &k 7
A By N AR A B B B % BTD-B3LYP 7 ik F it L prigse sk, £ A & F F) F Ak tib,

a

c

d

e

Species Feature ADE (expt)®® | VDE (exptl)?® Final state | ADE (theor)® | VDE (theor)*
B;0, X 3.90 (3) 4.01 (3) A 3.69/3.61 3.89/3.82
A 5.29 (5) ] 5.33
B ~6.0 ’B 5.97
A 6.10
BgO, X 4.07 (2) 4.07 (2)° A 4.12/3.87 4.21/3.99
A 4.84 (5) *B, 4.66
B 'B, 4.90
C 5.29 (2) A, 5.27
D A, 5.75
5.55 (5) *B, 5.87
5.95 (5) °B, 6.02
ByO; 461 (3) 461 (3)° A, 4.50/4.42 4.60/4.57
A 5.46 (5) 2p, 5.35
A, 5.58
B, 6.31
B10; X 3.50 (5) 3.62 (5) 'Ag 3.56/3.31 3.71/3.42
A 5.36 (5) *Au 5.11
*Bu 5.18
'Au 5.43
B 6.00 (5) *Ag 5.53
*Bu 5.82
'Bu 6.21
'Ag 6.32

Ri65 LR FREAEREEL,
b YT E AR,

EARKFRETD-BILYPHH X, AR FRECCSD(T)K-Fit 4R,

o bk [ 55 3T AR IR BDAE . 890 £40421620 +40 cm L.
b A SE AT ARIR BN AL . 680 £60£21320 +40 cm L.

280




M C

C4 e FAEE M2 ATEB,0, (x=11-14)#%#, £ A & F3H Hik(EizHeV)5 8Kk A
A B EMBABL0, % = FMARAEAITE B2 HTD-BILYP 7 & Tt HArigseih, 4%
T #) B AL

Species Feature ADE (exptl)* | VDE (exptl)® Final state | ADE (theor)® | VDE (theor)®
B0, X 3.98 (5) 4.06 (5) ’B 3.86/3.80 3.98/3.90
A 4.45 (5) ¢ 481 (5)¢ 2A¢ 4.22/4.22% | 459/4.58¢
B¢ 5.11 (3)¢ 2pd 5.07¢
C ~5.6 ’B 5.64
D ~6.0 A 5.79
B 5.96
B1,0; X 433 (3) 433 (3) A, 4.28/4.07 4.39/4.23
4.49 (3)° ’B, 450
B ~5.4-6.2 'B, 4.56
*B, 5.86
A, 5.94
A 6.07
A, 6.20
B130; X 4.80 (3) 4.80 (3) ’B, 4.65/4.60 4.7414.76
4.95 (3)f A, 4.93
B ~5.6-6.2 ’B, 6.08
A, 6.11
B0, X 3.67 (5) 3.72 (5) A, 3.68/3.47 3.78/3.53
A ~5.2 °B, 4.92
B ~5.9 A, 5.14
A, 5.37
°B, 5.89
A 5.91
B, 5.95
P EAEFTEHRFREERIRE,
R E YT E A,
¢ EARHKFREATD-BILYPHH AR, #HRKFKECCSD(T)KFit AL R,
U F — FARe R F KT AL, TD-B3LYPAKF, 44 H2AF2AlY & 454k KB VDEIL S #) % 5.87426.01 eV,

® ok A SEATARIRENAE . 1200 +80 cm L,
' op bk ) 35 2t AR IR S BE: 1060 +80 cm s
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C5 o -4k E M E AT/F BOy(X = 8, 9, 12-13)893r 313N FE 5 bt A X 453236 i1 H ik
FIMFIF P

Species Feature | Vib. freq. (exptl)®| Vib. freq. (B3LYP)® Description

BgO, X 890 (40) 849 Breathing of two end B units
1620 (40) 1451 Breathing of central B, unit
ByO, X 680 (60) 633 Breathing of central B; unit
1320 (40) 1267 Stretching involving the central BB in

the long chain

B,0, A 1200 (80)° 1218 Breathing of two end B, units
B30, A 1060 (80)° 950 Central BB stretching in the long chain
1187 Breathing of two end B, units

A AT EHHFREERIRE,
b bk B2 4R A I8 o AT AN EAAL
CIEEAFE L AP HARGE —RAS, RPERAZLASTRANEF .

C6 C.,, B3O, (3, '¥)# B3LYP/aug-cc-pvtz K -F#9 NRT(Natural Resonance Theory)4# 2 #= & #&
BFhr. KELERA, ARELFTEE R,

di“a“i 1.193 I 1.638 i1.240I 1.449 I

charge -0.532 +0.651 +1.146 —1.049 +0.78

th

Coy B:O," ('2)

Natural Bond Order Natural Atomic Valency

Bi-O; | BBy | B»-Os | B3-Os | Os | By | B, | 0, | By

] 1.03 | 1.03 | 293 | 2.97 | 297|399 | 395|397 |1.03
c| 017 | 093 | 072 | 1.39 | 1.39 | 2.32 | 1.65 | 0.89 | 0.17
i| 086 | 010 | 221 | 158 | 1.58 | 1.67 | 2.30 | 3.08 | 0.86

NRT

at, NRT E4828; ¢, NRT 44 4; i, NRT & T4 %,
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C7 C,, B3O;5 (4, 'Ay) 2 B3LYP/aug-cc-pvtz 7 -F#9 NRT(Natural Resonance Theory)4# 2 4= & &
RFMh. skt A aREFEER],

charge

-0.865

distance

-0.901

Ca Bs0s (*Ay)

Natural Bond Order Natural Atomic Valencies

Bl‘Bz Bz'B3 Bl'O4 82'05 03_06 OG 83 BZ 05
t* | 0.98 0.98 2.98 2.04 298 | 298 | 396 | 4.00 | 2.04
NRT

c 0.90 0.90 1.08 0.95 1.08 | 1.08 | 1.98 | 2.75 | 0.95
i 0.08 0.08 1.90 1.09 190 | 190 | 1.98 | 1.25 | 1.09

t, NRT &4 4%; ¢, NRT M 44 i, NRT & T a2 4%,
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C8 Cy, B3O; (5, °A;) /£ B3LYP/aug-cc-pvtz - #9 NRT(Natural Resonance Theory)st % 4= & #
BoFhr. HKELRZ A, ARCTEZR|,

distance

1.401 404
.200 '

charge -0.736 +0.769 +0.749 +0.959

-0.870
Cav B30s (Ay)

Natural Bond Order Natural Atomic Valency
Bl'B3 81'04 B]_'O5 82'04 Bz‘05 B3_06 06 B3 Bl 04 05 BZ
NRT® |t | 0.9 1.45 1.45 1.46 1.46 3.00 | 3.00 | 3.98 | 3.88 | 291 | 291 | 2.92
c| 095 0.49 0.49 0.42 0.42 123 | 123|218 | 193|091 | 091 | 0.84
i | 0.04 0.96 0.96 1.04 1.04 177 | 177 | 1.80 | 1.95 | 2.00 | 2.00 | 2.08

2 Cyy ByOs CA) A A /A~ £ & 49 23R 54 NRT, and NRT,.

NRT,
40%

NRT,
40%

Reference weight

bt NRT #4848 ; ¢, NRT £M44; i, NRT & T4 4.
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C9 C.,, BsO;" (6, 'x) £ B3LYP/aug-cc-pvtz K -F#9 NRT(Natural Resonance Theory)4t 4 4= A #&
BoFhr. HKELRZ A, ARCTEZR|,

distance
1.193 1.636 234 a1 370 mml 192
charge -0.529 +0.652 +1.112 -0.840 +1.231 -0.626

C.v B3O5" ('2)

Natural Bond Order Natural Atomic Valencies

Bl'Bz Bz'B3 83'04 B4'O5 BS_OG 01 Bz 83 04

B5 05
NRT t®| 297 | 1.02 | 291 | 1.04 | 295 | 297|399 | 3.93 | 3.95 | 400 | 2.95
c| 140 | 093 | 072 | 034 | 131 | 140|232 | 165|106 | 165|131

i | 157 | 009 | 219 | 0.70 1.64 | 157 | 1.67 | 2.28 | 2.89 | 2.35 | 1.64

at, NRT 2484 ¢, NRT 2M4E4%; i, NRT & T A4,

285



BRI G L B 56 L 7 RETE T B

C10 Cy B304 (7, 'A1) 4= B3LYP/aug-cc-pvtz #-F# NRT(Natural Resonance Theory)4# % #=
KRBT kELRA, AREFEEZR)

distance 1.364 522

21

charge -0.853 +0.787 +1.128 -0.963

-0.879

Ca B304 (*Ay)

Natural Bond Order Natural Atomic Valency

Bi1-B2 | B1-Os | B1-O7 | B2-Og | B3-O4 | B3-Os | B3-Oy Os B>

Bl 05 07 B3 04
NRT* | £ | 0.99 1.47 1.47 2.99 2.04

1.38 138 | 299 | 398 | 393 | 286 | 2.86 | 481 | 2.04

c | 095 0.53 0.53 1.13 0.82 0.34 034 | 113 | 208 | 2.01 | 0.88 | 0.88 | 1.51 | 0.82

i 0.04 0.94 0.94 1.86 1.22 1.04 1.04 | 186 | 1.90 | 1.92 | 198 | 1.98 | 3.30 | 1.22

2 Cp B304~ (LA)IA A £ 249 235 254 NRT,; and NRT,NRT; and NRT,.

e dre we oo

NRT,
Reference weight 32%

bt NRT #4848 ; ¢, NRT £M44; i, NRT & T4 4.
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C11 Cs B3O, (8, A" 42 B3LYP/aug-cc-pvtz - #9 NRT(Natural Resonance Theory)t 4= & #
BFh. kELERA AREETEZR]E,

charge _0.800

distance

1209 -0.880

#1:251

+0.949

-0.871

Cs B304 (PAY)

Natural Bond Order Natural Atomic Valencies

B1-O4 | B1-Os

B2-Og | B2-O7 | B3-O4 | B3-Os | B3-Os | O B> O¢ Bs Oy Os B

NRT® | | 147 | 147

c 0.43 0.43

i 1.04 1.04

1.08 291 1.42 1.42 1.04 | 291 | 399 | 212 | 3.88 | 2.89 | 2.89 | 2.93
0.39 1.16 0.48 0.48 0.40 | 1.16 | 156 | 0.79 | 1.36 | 0.91 | 0.90 | 0.85

0.69 1.75 0.94 0.94 0.64

175 | 243 | 1.33 | 252 | 1.98 | 1.98 | 2.08

3 C, B3O, CANAA B4 £ 269 33k £ 4 NRT, and NRT,NRT; and NRT;.

Reference weight

;o

NRT,
30%

NRT,
30%

bt NRT #4848 ; ¢, NRT £M44; i, NRT & T4 4.
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C12 D,y B304"(9, '2y) # B3LYP/aug-cc-pvtz 7 -F 4 NRT(Natural Resonance Theory)% 4% #= &
RBFH. kLR A ARV,

distance
193 1.361 250
-0.657 +1.230 -0.843 +1.540
1
D.h B304 ("Zg)
Natural Bond Order Natural Atomic Valencies

Ol'Bz Bz'07 83'07 83'04 04'85 B5_06 01 Bz 07 B3
| 296 | 1.04 | 1.97 | 1.97 | 1.04 | 295 | 2.96 | 3.99 | 3.00 | 3.93
NRT® | ¢ | 1.30 | 034 | 055 | 055 | 034 | 1.30 | 1.30 | 1.64 | 0.89 | 1.10
i | 166 | 070 | 1.42 | 142 | 070 | 165 | 1.66 | 2.35 | 2.11 | 2.83

D, BsO4 (S #MA ZA £ %49 R 54 NRT,, NRT, A= NRT,,

NRT,
Reference weight 34%
NRT,
34%
NRT;
Reference weight 17%

bt NRT #4844 ; ¢, NRT £M44; i, NRT & T4 4.
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C13 & TD-B3LYP K it H FiiF & B 454 Doy B3O (L, °%g), Coy BsOs (4, 'Ay)A= Cyy
B:O, (7,'AN# & A b FF &hk.

Species Feature Final State VDE (eV)
B302 D (1, °Zy) X 2, 3.07

A 2, 6.43
B;0;™ Cyy (4, 'A)) X ’B, 4.06

A ’B, 6.40
B30, Cy (7,'A) X ’B, 5.10

A A, 6.10
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EALR S FIR T RUE T LKA . WA J5 AHAR B 44 UK RS E
B AR O R A, R AIREE DT E . BRCh et 5 )
SCHRBERLAN, AZEALIR AR AN N BRI D Rk R o 5
IR -

fE& %4
20 £ H H

291



SRR S A A

FALRSCE AR EER

ARNGEE T LT R SRR AR S RlE, B 22
RATRUOR B I 170 [ AT AL IR BRATLAAIE AT 18 SCIK &= B AT i S04,
FCVFIR SCHCE BIANAE B, R DICRFHREEN « 48 B i 40 5 T B R AF L I
G AL o R L P KA n] LA G SUAEE A R AR B R AL4k
VST A T 20 A 2

DR 1) 22 Ve SCEE A i 18T LR Bl

fE& %4
TR
20 £ H H

292



	封面 
	目录 
	中文摘要 
	英文摘要 
	第一部分 研究背景和方法概述 
	第一章 前言 
	1.1 低维碳纳米材料 
	1.2 低维硼纳米材料 
	1.3论文课题的选择、目的和内容 

	第二章理论基础和计算方法
	2.1 薛定谔方程 
	2.2从头算方法 
	2.3 密度泛函理论 
	2.4与本论文相关的主要程序及具体理论方法 
	2.5 光电子能谱技术与原理 


	第二部分 包含B3三角形基本结构单元和硼双链纳米带的富硼二元团簇 
	第三章 基于B3三角形基本结构单元的 
	3.1 前言 
	3.2 实验与理论方法 
	3.3 实验结果 
	3.4 理论结果 
	3.5 实验与理论结果对比 
	3.6 结果讨论 
	3.7 本章小结 

	第四章 基于稳定B6双链的B6Aun-和B6Aun (n=1-3) 
	4.1 前言 
	4.2 实验与理论方法 
	4.3 实验结果 
	4.4 理论结果 
	4.5 实验与理论结果对比 
	4.6 结果讨论 
	4.7 本章小结 

	第五章基于更长硼双链纳米结构的Bn(BO)2–/0(n= 5-12) 
	5.1 前言 
	5.2 实验与理论方法 
	5.3 实验与理论结果 
	5.4 结果讨论 
	5.5 本章小结 

	第六章含ω-键和o-键的富氧硼氧团簇B3On-/0/+(n =2-4) 
	6.1 前言 
	6.2 理论方法 
	6.3 理论结果 
	6.4 结果讨论 
	6.5 本章小结 


	第三部分 包含六边形孔洞的准平面硼团簇 
	第七章 具有双重π芳香性的准平面硼团簇B36和B36- 
	7.1 前言 
	7.2 理论方法 
	7.3 结果讨论 
	7.4 本章小结 

	第八章 具有三重π芳香性的准平面硼团簇B35-和B35 
	8.1 前言 
	8.2 实验与理论方法 
	8.3 实验结果 
	8.4 理论结果 
	8.5 实验与理论结果对比 
	8.6 结果讨论 
	8.7 本章小结 


	第四部分 硼球烯家族的发现 
	第九章 硼球烯的发现——笼状全硼富勒烯D2d B40-/0的理论和实验证据 
	9.1引言 
	9.2实验与理论方法 
	9.3实验与理论结果 
	9.4结果讨论 
	9.5 本章小结 

	第十章 轴手性硼球烯C3/C2 B39-的理论与实验研究 
	10.1引言
	10.2实验与理论方法
	10.3实验与理论结果
	10.4实验与理论结果对比
	10.5结果讨论
	10.6本章小结

	第十一章 基于B39-的轴手性内嵌式金属硼球烯Ca@B39+ 
	11.1 引言
	11.2 理论方法
	11.3 结果与讨论
	11.4 本章小节

	第十二章 硼球烯家族手性成员：笼状B41+和B422+ 
	12.1 引言
	12.2 理论方法
	12.3 结构搜索
	12.4 化学成键
	12.5 分子动力学模拟
	12.6 红外光解离谱与拉曼模拟光谱
	12.7 本章小结

	第十三章 硼球烯B382-及内嵌式金属硼球烯Ca@B38 
	13.1 引言
	13.2 理论方法
	13.3 结果与讨论
	13.4本章小节

	第十四章 硼球烯B373-和B364-及其电荷转移复合物Ca@B37-和Li4&B36 
	14.1前言
	14.2理论方法
	14.3几何结构及稳定性分析
	14.4电子结构及成键分析
	14.5红外及拉曼光谱模拟
	14.6光电子能谱模式
	14.7硼球烯B364-及其电子转移复合物Li4&B36, Li5&B36+和Li6&B362+
	14.8本章小节


	第五部分 总结与展望 
	第十五章 总结与展望 
	15.1本论文主要创新点
	15.2 硼球烯化学下一步工作


	参考文献 
	攻读学位期间取得的研究成果 
	致谢 
	附录A 
	附录B 
	附录C 
	个人简况及联系方式 
	声明 



