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ABSTRACT

ABSTRACT

Since the discovery of fullerene Cgo in 1985, fullerene, graphene and carbon nanotubes
have been the focus of material science research widely applied in various applications. As
a typical electron-deficient element, boron is the light neighbor of carbon in the periodic
table, it exhibits both clear similarities and obvious defferences with carbon. The
electron-deficiency determines the unique geometric structures and chemical bonding
properties of boron clusters. In the past two decades, chemists have gradually revealed the
structural characteristics of boron nanoclusters within a certain size range B, (n = 3-28,
35, 36, 39, 40) through a large number of experiments and theoretical studies, but a few
B,™ clusters (n=29, 31, 32, 33, 34, 37, and 38) still remain experimentally unresolved. In
addition, the reported work shows that the transition metal doping can effectively change
the geometry of boron clusters.

In this thesis, we have systematically studied the By ™ via the PES and theoretical
calculation. It found that entropy effect affected the relative stability of clusters, and planar
and cage structures compete with each other in different temperature. Based on the
borospherene, it is found that Dyg Bso" is the global minima of Bse", and the structural
rheology conforms to the "W-X-M" mechanism. Transition metal Ni is doped on the
hexagons or heptagons of borospherene D,y B4o and found that Ni could effectively form
coordination bonds with heptagons. We established the structural relationship between
heteroborospherene and heteroborophene. Theoretical prediction of endohedral metal
molecular rotor and endohedral metal borospherene TaB,! (q = —1~+3, n = 21-28)
complexes, found that the rotary speed of molecular rotor C; Ta@B,; and Cs, Ta@By," are
different with temperature changes. We proposed the current chemical highest
coordination number of Ta-B complexes. At the same time, we predict the metal boron
nanotubues grown with Ta@Bg as the structural unit.

The main contents and results are as follows:

l. The experimental and theoretical investigation on boron clusters
1. Competition between quasi-planar and cage-like structures in the B, cluster

Here we report a study on the structures and bonding of the B,y and Byg clusters

\Y
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using photoelectron spectroscopy and first-principles calculations and demonstrate the
continued competition between the 2D and borospherene structures. The PES spectrum of
B,y displays a complex pattern with evidence of low-lying isomers. Global-minimum
searches and extensive theoretical calculations revealed a complicated potential energy
surface for B,y with five low-lying isomers, among which the lowest three were shown to
contribute to the experimental spectrum. A 3D seashell-like Cs B,g isomer, featuring two
heptagons on the waist and one octagon at the bottom, is the global minimum for By,
followed by a 2D C; Byg isomer with a hexagonal hole and a stingray-shaped 2D Cs Byg
isomer with a pentagonal hole. However, by taking into account of entropic effects, the
stingray-shaped Cs B,y was shown to be the lowest in energy at room temperature and
was found to dominate the PES spectrum. Chemical bonding analyses showed that
stingray-shaped Cs By is an all-boron analogue of benzo [ghi] fluoranthene (CigHao),
whereas the seashell-like Cs Byg possesses 18-r electrons, conforming to the 2(n + 1) (n
= 2) electron counting rule for spherical aromaticity.
2. Cage-Like B4o': A Perfect Borospherene Monocation

Recent discovery of the perfect cage-like Dyg B4 and D,y B4o (borospherene) has led
to the emergence of a borospherene family. However, the geometrical and electronic
structures of their cationic counterpart B4o" previously detected in gas phase still remain
unknown to date. Based on extensive first-principles theory calculations, we present
herein the possibility of a perfect cage-like D,g B4o" for the monocation which turns out to
be the global minimum of the system similar to B4y and By, adding a new member to the
borospherene family. Molecular dynamics simulations indicate that Dy Bao™ s
dynamically stable at 300 K, whereas it starts to fluctuate at 500 K between the two
lowest-lying isomers Dog Bao™ (W) and Cs Bsg* (M) in concerted W-X-M mechanisms via
the transition state of C; Bs® (X), with the forward (W—X—M) and backward
(M—X—W) activation energies (E;) of 14.6 and 6.9 kcal/mol, respectively. The IR,
Raman, and UV-vis spectra of D,g Bsg® are computationally simulated to facilitate the
future charaterizations of this important borospherene monocation.
1. Theoretical investigation of transiton-metal-doped boron clusters
1. Heteroborospherene clusters and heteroborophene monolayers with planar
heptacoordinate transition-metal centers in n’-B; heptagons
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ABSTRACT

With inspirations from recent discoveries of the cage-like borospherene B4, and
perfectly planar Co € Bjg and based on extensive global minimum searches and
first-principles theory calculations, we present herein the possibility of the novel planar
Ni€E€ Bsg, cage-like heteroborospherenes Ni, € By (n = 1-4), and planar heteroborophenes
Ni, € B14 which all contain planar or quasi-planar heptacoordinate transition-metal (phTM)
centers in n’-B; heptagons. The nearly degenerate Ni, € B;; monolayers which may
coexist in experiments are predicted to be metallic in nature, with Ni, € B;4 composed of
interwoven boron double chains with two phNi centers per unit cell being the precursor of
cage-like Ni, € By (n = 1-4) clusters. Detailed bonding analyses indicate that Ni, € Bao (n
= 1-4) and Ni, € B4 possess the universal bonding pattern of ¢ + © double delocalization
on the boron frameworks, with each phNi forming three lone pairs in radial direction (3d,,,
3dx, and 3dy;) and two nearly in-plane 8c-2e s-coordination bonds between the remaining
tangential Ni 3d orbitals (3dxz.y» and 3dyy) and the n’-B heptagon around it. The structural
relationship between heteroborospherene and heteroborophene is established for the first
time.

2. Tubular-to-cage-like structural transition in metal-centered boron clusters at Ta@By,

Inspired by recent discovery of the metal-centered tubular molecular rotor C;
B,-Ta@B;s with the record coordination number of CN = 20 and based upon extensive
first-principles theory calculations, we present herein the possibility of the largest tubular
molecular rotors Cs Bs-Ta@Bis and Cs, Bs-Ta@Bis* and smallest axially chiral
endohedral metalloborospherenes D, Ta@B,, , unveiling a tubular-to-cage-like structural
transition in metal-centered boron clusters via effective spherical coordination interactions
at Ta@B,, with CN = 22. The highly stable Ta@B,, as an elegant superatom possesses
the 18-electron configuration with a bonding pattern of ¢ + © double delocalization and
follows the 2(n + 1)? electron counting rule for spherical aromaticity (n = 2). Its calculated
adiabatic detachment energy of ADE = 3.88 eV represents the electron affinity of the
cage-like neutral D, Ta@B,, which can be viewed as a superhalogen.

3. Cage-like Ta@B,® complexes in 18-electron configurations with the highest

coordination number of twenty-eight
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Experiments show that the highest coordination numbers of CN = 10 in planar
wheel-type complexes in Dign Ta@B1y and CN = 20 in double-ring tubular species in
Dios Ta@B3o and theoretical prediction of the smallest endohedral metalloborospherene
D, Ta@B,, with CN = 22, we present herein the possibility of larger endohedral
metalloborospherenes C; Ta@B23, C; Ta@By4", Coy Ta@Bss , C1 Ta@B2s, Dog Ta@Bos ™,
C, Ta@By/**, and C, Ta@B2s®* based on extensive first-principles theory investigations.
These cage-like Ta@B," complexes with B¢ pentagonal or B; hexagonal pyramids on the
surface turn out to be global minima of the systems with, unveiling the highest
coordination number of CNmax = 28 in spherical environments known in chemistry in
Ta-B complexes. Detailed bonding analyses show that Ta@B,? complexes as superatoms
follow the 18-clectron configuration with a universal ¢ + © double delocalization bonding
pattern. They are effectively stabilized via spd-z coordination interactions between the Ta
center and n"-B, ligand which match both geometrically and electronically. Such
complexes may serve as embryos of novel metal-boride nanomaterials.

4. High-symmetry tubular Ta@Bis®, Ta@Bis, and Ta,@By;* as embryos of
a-boronanotubes with a transition-metal wire coordinated inside

Transition-metal doped leads to dramatic structural changes and results in novel
bonding patterns in small boron clusters. Based on the experimentally derived mono-ring
planar Ce, Ta©Bg® and extensive first-principles theory calculations, we present herein
the possibility of high-symmetry double-ring tubular Doy Ta@B1s> and Coy Ta,@B15 and
triple-ring tubular Do, Ta,@B,;". These clusters may serve as embryos of single-walled
metalloboronanotube a-Taz@Bags ), Which are wrapped up from the recently observed
most stable free-standing boron a-sheet on Ag(111) substrate with a transition-metal wire
(-Ta-Ta-) coordinated inside. Detailed bonding analyses indicate that, with an effective
dp-d,, overlap on the Ta-Ta dimer along the Co molecular axis, both Ta,@B;s and
Ta,@B,;" follow the universal bonding pattern of ¢ + ® double delocalization with each
Ta center conforming to the 18-electron rule, rendering tubular aromaticity to these
Ta-doped boron complexes with magnetically induced ring currents.

5. Fluxional bonds in B,-Ta@B:5 , B3-Ta@Bss, and Bs-Ta@Big"

Boron and metal-doped boron nanoclusters possess unique fluxional behaviors in

dynamics. Detailed bonding analyses performed in this work indicate that, similar to the
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ABSTRACT

experimentally observed Cs B,-[Ta@Big] , the theoretically predicted tubular molecular
rotors Cs Bs-[Ta@B1g] and Ca, Bs-[Ta@Bys]” possess typical fluxional 4c-2e and 3c-2e
o-bonds atop the Ta-centered [Ta@Big] double-ring tube between the B, unit (n = 3, 4)
and upper By ring, unveiling the fluxional bonding nature of the B,-[Ta@B1s]® complex
series (n = 2-4, q = n-3) which follow the 18-electron rule in differnet charge states. Chiral
conversions are involved in the fluxional processes via pseudo-rotations between the B,

unit (n = 2, 3, 4) and upper By ring.

Key words: First-Principles Theory; Boron Clusters; Transition-Metal-Doped Boron;

Geometrical and Electronic Structures, Fluxional Bonds
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B 1.1 B-% M ams 4,

Fig. 1.1 Structure of B-rhombohedral boron!®!,
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Fig. 1.2 Global-minima of B, (n = n = 3-28, 30, 35, 36) clusters as confirmed by PES and
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Fig. 1.3 Structural relationship between Bs /Bss and borophenes**7.
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Fig. 1.4 The fullerene I, Csoand all boron fullerene I, Bgo™*%,
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Fig. 1.5 Top and side views of Dq B4 borospherenest®!.
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Fig. 1.6 The B, borospherene family (q = n-40, n = 36-42)*,

113 #WERE

BHF TAEFEIR R 2 E $A R FR, i — B AR R I AT IR R- 4. 2 Wi
WLAER], WA DUE BRI A S0 0l 3506 5= . 578 1999 4F, 1. Boustani
WIRIP IR 2, 7 BE 2 A R4 = AR I 45, 2 1, Beo 45445 % Tang
5 )R A S B 1n Beo BT, BB /N IATEALIA a-sheet B 52 (B 1.7)04%°),
a-sheet MR ZRABGHEM LT HR. SAEGARMNZS, WEGRZEHAEE
BB B, AR SN XU B =, BRI AE A AT 2B RT DU R Y T [T B
WHERIG I ZEH . BEJS, Yakobson ERAHZH AN Ji-Jun Zhao AR ZH 75 F8 /K 7 R 43 31 3
T AN Ao T B R A B A KOO A TR I AT I Ag(111)ZR 1T EFE A Y
W R LE M e R e, S5 R S A NI AL . AR RIS KSR T R A —
eghReit, S5REW, FIR/KT B B0 = 4egh K g M B XURAG /NI4T AL
T, HALBRFE A = UT. HAPEARG BT AR A S, ATRIEEAA ot
L MR AL () — 2 B 2108,



Bl S 3o 3 2 T 45 % O A K T )t 7
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Fig. 1.7 The structure of a-sheet boron monolayer®*%%,
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Fig. 1.8 The boron monolayer and structure models of xs!"".
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Fig. 1.9 Fold and close packing borophene®®!.
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Fig. 1.10 Global Minima of Dg, Co©Bg, Doy RU©Bs , and Dy, Ta©Byo clusters®,

1.11 #E#) Dgg CoBys #= Cyy COB1g -

Fig. 1.11 The structures of Dgg CoB1s and C,, CoBg .
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Fig. 1.12 The endohedrol metalloborospherene Ca@Bugo °.
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PR &EIR T, EREFE N E B SR 8)0? BU TAEE /EZ 07 AW R R .
2016 4, Zhongfang Chen PR H 1 i I R 15 2% 1) —4ER 5% FeB,, 18I %
Z BT A RS R R, Fe 5 B AR A FIBCALE FeB, (K 1.13)F1 FeBs
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Fig. 1.13 Optimized geometric structure the FeB, monolayer®.

B 1.14 VA CoBig [ 55 4 32 89 2 4 2 4 25 #[501,

Fig. 1.14 CoBys cluster as a motif for heteroborophenest®®.
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RUETTH Cs Boo £85I 2 MR SR IR IE ) 2 BL M A, DUSRIRINERIG Cs Boo IR ELLE
o LB e B, BE LR UE T Cs Bog 4 Cay CigHio HIASHRAIY, TI5EIRAN
BRI Cs Boo m HL-TE 4 2(n + 1) (n = 2)BRIR I A 1 L1 H0 U

FVUE (Bao"): FRICTHI Bao 4SRN /INA Dag Bao ARG, HJLATZ #4155 Doy
Bao Fhe 43T BN JJ AR, Dog Bao™ 45 #4175 1 TE AL R 14 TE A LI TE 45 7€ 1
B T AT LA ARRAS . HIRARTE S ColCo Bag ML, 54 “W-X-M” JAHLIH, HA
LERIR ARG
2. TEERBRIEZMEEMNIEILHAR

FHRFENILEBy (n = 1-6) & Ni,EB4): LI & BB 2] AR e Bk, FATE:
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WS EHRIB N Daog Bao IERIG T, RALAS BB ER MR Nin € Bao (n = 1-6) FIER LT
S2Jf Nio€Bugo THFLRIL Cs NiE By Fll Co Niz € Bao B2 %5 HAK R I 4 Rt/ 1
BAME)S Ni€Bw HASE FHEM, REAMERERTIRM. @i JLA gL
PR, FRAVESL TR ERIG AR I SR A OC R . R IE I H R
FMERIG PRI SRR AT E T B, L SEI0 & U AL E R K4 -

#AN. LETa@By (n = 21-28, q = —1~+3): T 2L R RME R B
L A SCHRIN T ik 4 R B15E Ta@," (n = 21-28, q = —1~+3) & S WIAFELE (7] BETE .
KIN Cs Ta@Ba1 Al Cay Ta@By, M3 A A k42 & IR 701 Hhik, #2458 € IR T
W, SERIAT R AR . WikE BIERIEG LTS D, Ta@B,, « Co Ta@Bys- C, Ta@Bys' -
Cov Ta@Bos  C; Ta@Bas+ Doy Ta@Bzs'+ C, Ta@By”* J Cp Ta@Bos™, X 4L Py 42
TR ERAT AT A 58— 1 o + m RS I SEARE 5 BRI AL 540 Co Ta@Bos™ I FC A 20N 28,
NHEFT AR G ZRER T Ta@B E &AL e . %4 BR0
BV BT FON G AR, AEREATRIRN K b B AL T 3B SO HF .

H )\ (Tan@By? EIRE M) : TE%EZ RELIR/KF, ARFETM T BAZIE Dog
Ta@B1g® « AUZAE Coy Tas@Big M AU =/ Don Tas@Bor fEAEHI AT AENE, XL IR
i B G — M AR . [F R Y R B -Ta-Ta- & B ANK 4 I B 9 oK i
a-Tas@Bugz)r FEH T —FITEEL o- WK EJRINGUKE MIHLE], ZEEN &-M-M-& )8
GOKRE . T T R EEERR 2 AL, SR BE T OB B R R IR 5

L (Ta@Bzo ~ Ta@Baiv Ta@Bao"): T4 150 77 S BLAUL 45 FLFN 58— 1t s 2
W, KEXEIRD T Dk Cs Ta@Ba « Cs Ta@By1 M Cay Ta@Bo, #EH4T T HELH I K
ST, SRBER D T Sis By (n =2, 3, 4) BTG HIHE M [Ta@Bus | IRl . R4S E
AT, B (n=2, 3, 4) . IuE 2 FE[Ta@Bas] b 77 H AL i AR IS A H = 290 ) 4c-2e
1 3c-2e o AW, KILT %30T LB IRAELE] .
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E_F BREMAMREE

&= 2=(quantum chemistry) & BB L2 1 — D %R, RN HE T /IFERA
JRERANTT I, WA R — TR RN . R FUIE I R T 2 T Ak
W4ty SPERe, AR, P EAEN . A OIS PO T RE
W, THBENAED . LR TF RS FhIhiebh R R R o6 R 250V, B
& VERETH ML A EE BE T FOT A CUR R, BT OB TR Bk 22 (1
FOAUE TG, FER AU ARETY K, SRR S IR ) 3 B B
WHFA T H . AR S5 10 SO DG B B8 LAl DL R A ST B 3 1R 7
Jiike
2.1 BEISHIE

HEF 150 R B0 450, & Je it 2 xl i e v5 7 R ISR g . X T2 i
THRRM S, HNMET AR, 1R 1A BAEH S0 # R 7%
L F R HBREER « AR R, BFIAT RAUEH &5 1 AR T R ——
SE T B 7 R R IR T,

HY = E¥ (2.1)
Horb, A OB
WO FE A BRES U R 4L
ENES Y FHRERAME.

LR RT, WMEEEA A A FrE R A% B s RETT(AL RS X, v, 2 (1
TG A BRI (E K B TR TR AR T RIE AR, RIS A

H= 38V, -Zavi-2 5+ X+ 255 @

1

IR, B0 ilRRZEE. BThEE. BTl BT H R
[ HE 7 RE -
o, py g AARRIET#:

iv T M ONER p MR TR

mi N5 | AT R E

WAVHIE, BN H' Hy SRR R DR R i, w2 kR, H
BN FEIRATCIERE TR . Bk, 7ERTTRER MG T, RHFKRH 2Rzl
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J7VEX 2 B T4 2R (R B 58 15 5 R AT A AR e o
2.2 B—M4EEHE

B — 1 J5 2 (First-Principle Theory) & AR 35 i 4% A1 - AH BAE A 1) Jid 2 A FL 2
Kizshfird, sHET PR, MWAKEDRIK, Gk —SirBUAb B S B8Rk
BEE Vg TR L, R R BT ) A S B AR B R B AT RO 38 — 1 SR T X
58— PR B R & — VR TR 7 IR BT B, T MK SR (ab initio) /2 4 X
A —PEEEHE, ERmAMEAAERZE, KB FRE, JtE, T, hn
R/ RSLIS B LR R AR DLAT, S MR IR MM CK B SEN AR
bEAEFOTERIA BT K BA T Xl fEE TR, M SLEALEHE Hartree-Fock (HF)
1 post-HF, DL AHR ) 2 HA& 7%

ML E T % (ab intio) /EARYE 2> T HUIE BRI A IE AR B, MEEE 155 FE R B B
KX 2 AR REAT IR . B TR RROCR A 5 M EARY B E. R
mo. JEFT ev FHATOH B hy J6iE ¢ MPURZZ 2 HH ke, AMBUTATZ 50 S HHI 7]
A EETINRHRAAE REPRES MR . HE B35k R &S M SKE Tk, Zorikk
2 LA RIS SR A ) B L AR, e T ZHAS A ELVE R SRR I HL T A G RE IR 2
I Bl A 56 RE i AL FE 3 B0 5 4 7% J772:(CC) « Z AR (MP) AL ZS A HAE I (C)
ST IR ST R 9 MK 7 ¥ 3 B AR B i 1. AR TR — P
2 MR 7, B F. Coester Al H. Kimmel $& H1 557, %772 I EL 1 4H 5 (1 £ 5
ARSI NABREAF T, A R0k b 1 A EAE 52 R T i 1 By o

Woop =exp(l+ T, +T,) ¥, (2.3)

WG IR T VE RS — R R CCSD ik, AT 13RI E HER I THH 45
R, W E R RVEREIL R, AR SO R T =AM CCSD(T) /5P,
IR G IRITIER I “AFRE T w2 Bk, (B2 T H v LS Aot S
KAFZSR WS, BTl CCSD(T)TEAUE & RATBUNR RITHE, X T HOR I
B, AR BIYE A AT OE 2 PR A
2.3 BEZRIER

% FE V2 pR PR (Density Functional Theory, DFT) & — i 75 2 1 71k & B 145 1)
B T, RGN EAL U8 F Tk — . B I 50,
R R A2 1 El 20— e ) 0 AR T LR, EAKIE
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AR AAE: 1. BREUZ 3N A ARFR I RRE(N AR R T4, HELUE R 2 TR
BOIR; 2. SREZ TR R Schrodinger HFEMRF M. FET X, AT 46
FHRAEE F T B AR B pR A T, AR L R A R U e ALY
¥N

FL7E 1927 £ 1951 4=, Thomans Al Fermi 43 51l £ Hi FH H 725 B b R R 1 751
J& KAk~ Thomans-Fermi #2784 . T ELAR K DFT 4&7E 1964 4 P. Hohenberg 1 W. Kohn
VB A 2 B AR At e (B, BANE B BN 1. KRS THEN S
W R TSN B A — — RN IE R (BR AT I — AN o o8 B E BAE RUH B LAAE) . AT 58 47
SERRMFTA TR 22 S FAERKEE p'(r), & E51E: p'(r) = 0, [p'(ndr=N,
W E[p'(N] = Eo» N 2R EHIHETH, Eo ek RESREE. /5K, Kohn Al Sham
FE ST B B Bl Eode— PSR R AR B2 R ) 2 B Se B R, AR Ay FE A
VTl Ab B 1 0, Rk, DFT J2 B Hohenberg. Kohn i1 Sham 25 A2 4 3 3 7] 2
SEANIR JRIOM00L S AR HF SRR E R b 2D R T A A AT A

DFT §iffi 5 Z W TR RS, MTE&A NDMETRZE TR, LBEKREA 3N
NN AT, BMETEEEATEALR), MHEFEE p S EATR(X, Y,
2) =R RE DFT (RIRR T2 TS, HIES AR B 755 p 2 8 .
FTUL, fERGHZ BT, REfR 3R REES IR . WM XL, BT meEE
PAFHIR 9«

E(p)= ET(p)+ENE(p)+ EJ(p)+ Exc(p) (2.4)

B Er N T BNRES
Ene MR 15 BT (A1 5] 356
E; LT AR RES
Exc NACHAHIKEE, 50 f A Ex(BCHREE) I Ec(FH IR RE)

Hr Er. Ene f1 E; 5 Hartree-Fock 7775 —30, A& TR EREE 4Ry,
Ene Ml Ey NECAIER, Exc fURIR/MIMEIE, HAZHEE R TAHICEE. Rt DFT J7ik
W) Exc A2 WG IZ BRI OCHE, ANERG 2 BRI Z R AE T Ex M Ec KA. Ak
SCHH PR A DFT J7ikA: PBE iz oM. pBEO 2 iM%, TPSSh'iz &g
B3PWO1M1%1081  HSEQ6 j7 iR [HO714

24 ARNHEXREERFEMREE

KA SCIRA TSy B % B ()34, £ 2@t Gaussian 09/Gaussian 16 F& 5108,
17
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Molpro 250 ADFIMO K VASPIMMAIRE B o pl o 4 ey /N 45 W0 38 2% 2 R
MHMIET TEminM MO e, (2 i 43 SR F 15 U 43713 (canonical molecular
orbitals, CMOs). &% H 48 % % &Il 73 (Adaptive Natural Density Partitioning, AANDP)
T T R [ 2 PO 1k 1 4R %% B 1) 43 (Solid State Adaptive Natural Density Partitioning,
SSAJNDP)MBIEEAT . HiL 145 # T2 BR H  4R8E 415 (Natural bond orbital, NBO) NBO
6.0t 51 . i H T i 1 AR 0L 32 R A I 5 92 6K (Time-Dependent  Density
Functional Theory, TD-DFT)M2% 5532, 160 i {188 I #5 A6 e 7 S i sz 06 388 3ot A7 B
K2 Lai-Sheng Wang i85 25 (OGS B T B iAo 751221

241 ERRNERRERF

NIV PR A2/ ik e A TR e v N I 2 b S iU B S RS s
BeT 4 R kN (Global Minima, GM)&5#4, 3RS GM 17— BE R E K%
Ho AT GM S5H 1 32 Bl M7 EAE O g . — Pl AR 1 ml S 451
Z MR T TR, ol i R a5 .

B AL PO R, BHE AR Z AR R 75 22, NI (KT R AN [ i 22 )
LM A RS WA REF, W B E K (Simulated Annealing)™ . 7% i Bk BR
(Basin-Hopping, BH)*#, Coalescence-Kick(CK)!*'21 | & /MEBkEL (Minima-Hopping,
MH)RELM i 454200 (Genetic Algorithm, GA)™®), NI Hi4TiE (Stochastic Surface
Walking, SSW)IM. ki BEARAK fi #4544 43 #r (Crystal structure AnaLYsis by Particle
Swarm Optimization, CALYPSO)!?81% , i v, BI#EE R 1R MH 1 BH 2%,
T YESEH A R K CALYPSO 57

BH HIEUPLRSINF RS K. J. Wales 25 A7E 1997 4E5:F Monte Carlo iz
Metropolis #E M2 5 ) —Fh 25938 % J79%. MH J51%:52& Geodecker Stefan 7£ 2004
FEIRMBRIERT, SBT3 AR A KRR R AR . BHIFSE BAIE X
T R R 25 R AR T W ik L R 45 W 2

BT BH Sk A R R, EEREEE RSN EEATFE T
TGmin &R, % F2 R A Python 1B S REATHF R, ARG TR LR 7 (F
HMESFFET, 1 VASP. ADF. Gaussian. CP2K %%, W LLHFJE-FH#%. 24
e R AEHERAER BRI T, 1ZFREF O &I 20 %
R, WRBCRE . AR CESANH BH A TGmin 44 % 5

BH A RILAT
1. PN Mo (ENIIGSE ), HAERN Eos
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o5 FIRELAR AT 7T T %

2. 50 Mo #EATBEALPLSN , 3k TR RSN 5 R 25 K AT S5 A AR AL AL 15 218 4544 My,
REE A Eps

3. HR#E Metropolis # I Xof 357 45 14 45 K4 330 AT 40 izt ¢ 5
47 E1 <Eo, NIEFEH M My AE T IIHI UG 4549 Mos
4 E1>Eo, MIEH—AN(0~1) 2 [RIFBENLEL g, & BENLEL q /NT p = exp[(Eo — Ey) /
keT] (ke ABURZZZHE, T RTRKIRE), WEE My /EA BH Hi #4645
Mo: AL HE Mo VE BT W AR Z5 ) o

4. EMZFER RN E SIS 1-3, EEIAR TSGR R 1.

| iBasin Hopping ¥4 KR A |

ks BB T

R TR ALH
Ly

=

R

LA

7] BA B R G SR ACAE 5

B 2.1 BH #&aAam,

Fig. 2.1 The algorithm process of BH!"*.

BH AR 2] THON 2N, BIHALE — s S, WA E LRt shsidis) &
SAEE, TiER A ESM R, NUAREIE NI, &S BNEHHR
/NEL. TGmin T X Sedh fSifi 1k — P Rekas, 75 BH f2ERE B, TGmin F 2Rk
ﬁ@*ﬁ[ml,l%]:

Q) XHRBNTT A E] . E BH H, PSSR T R BN e A R BEALY,  IXFE AR
R T NN ER, (AR R LR ). TGmin X iahid #edk4r
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ik, P T RS, IR B A AR R B A T 0 LA R S
TE G AN 21 R B AR N s

by XA TRk MBI, @I R A A R A Bk e
RN AT . X T —LE g R A, REE R AR IR T AL EANE
BB . WNEESRE, 1R 2B B A S WAL, TGmin ik FXHICHL
P ETFHE), TR AR B A R R R A s

c) TSRS S5 T SR X D ah J5 P e B S AT TR, I
HERRBR A T A AT B A A, IXREF R T REh K
KAG A L ) 1] 85

d) R R E 5 8092 (Ultrafast-Shape Recognition, USR)M6 38l ffi . BH 4433
EFH GM Fiid e, &% SRS EH 2 WS, XFFE
SHEIR PRI, TGmin S USR Skl i Al 18R

FEHPBSJobList 3 L &
Basin Hopping #1445 14

[ mEEsks |
R
R DL R
5
S R e R | ##iBasin Hopping #4449
FHUSRE 5417
IERRAT TS
WIBA S RGP R B2 14T
T
= . B
5 3k BB KA =
HRE?

B 2.2 TGmin 42 5 7421,

Fig. 2.2 The algorithm process of TGmin**".

CALYPSO =& — M 25 M Tl J73%, s MO D ER R B R A IT &k, 1%
P27 8 K WL B G AN SRV N P 380 R 5 4 0000 9038, 7 VR IRAE R AEE N A1 L
AL B FE . RES WA S B, SRR T RS 8
HMER SRR BE . ) T RIS E 254, (At CALYPSO w] LRI - T sl 1€ it 1
SER RNV 2 DhREA RL A
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2.4.2 ERCEBARZEEXI S ADNDP & SSAINDP 7554

AP H AR LI/ ADNDP 2772 Utah K% D. Y. Zubarev il A. 1. Boldyrev 7£
2008 “EFF 4 f— R FH 1 16 S N AL S B o W ), SRR R A2 N B
PRIAL S U 7 A o 6k, Tian Lu 28 A BT &1 Multiwfn F2 77 7] F SR 3EAT i
43439, TE U 43 F- %3 (Canonical molecular orbital, CMO) 2 84> BS AL 1), T [ 28
BN aE (Natural bond orbital, NBO)J2 =i B g 384k, I BA%s AN L+ 1c-2e F 2¢-2e
B, g5 AT DAY R B SRALLBI e ) = e P HL B (Be-2e), TR 2 L ) SRR
P4h . T ADNDP 5241 CMO FIl NBO P A2 [A],  RIKIR 5 44 5 1D 5@ 3 g A
B AT e R, B T LR 3c-2e. 4c-2e. 5c-2e, ELF| nc-2e 4 (n N TE%
THRRMETSH), G254 7 CMO HINBO A & 24k

{H AANDP 73 fr A HA R Z AL, FE3Hrid R, A [FA 5 ) BB ¥ AR B
BT F R, HER G2 NNFERRE. Bk, 7o i,
— x4 CMO MIHLF 52 38 K % (Electron Local Function, ELF)M%43 47 45 5 [
AdNDP Z5 RBEATRI L,  [FIRATEGEPY AN 1. 8 07 AT S R PRE 2,
A8 = 6 & 518 (Occupation Number, ON); 3. £ &L E Y 4 20 M7 50 2R A0
REFIEANE, 2565 IR BRI BB H 7 & .

[ A & M AR TE R 7> SSAANDP 24 ADNDP J7 ik 4E 2 B VE R g, i
Utah K% T. R. Galeev Fll A. I. Boldyrev 7 2013 4EJT % M8, SSAANDP #] L4453 #7 31
AR R, SOV 4 IO FI XU 0 DA K 2 v o B85 S B R e EL A T B VA & 1
i, BRI J7iES ADNDP KB AR N 200 a-sheet. BlIALEE5E
SRR, AR ST Bl AR IR B0 2 O B AR T
2.43 DTFENIFEM

Gy FEN TR R — P EAVEE T, D Fig sl A F BB &, W Tk
RAE— ML TR A AR SR . 00 73 5k e 1957 4F Alder A
Wainwright™ 5 S fEREER LR , SR 437 30 3 50 Fe SR RRAR IR S 5 7, %
WTAEIT R 1058 i st Bija, o 1aiiEiaed L HEr R,
TERIE R 9t . MPRMEEQUSAT B2 B, 7R E H YE FE BOR Bk
RIS, BEETFENL KRR, THER AN RS . RSP RT o1 %
BT R BRI CP2K FEFE 52 M, CP2K 52 — AN & T AL S A E S BR 4 1
£, ATRANYEAA. 07 IR L, SR SERAT R A . AR S, Bk
0 K~1000 K 22 8] & & T BEAT 3 ) 7 AR, B 28 LLEE R B AR AL 1 5 05 W A 22
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{& (root-mean-square deviation, RMSD) #1 f X 8 K &5 18 (maximum bond length
deviation, MAXD) 1 JyH i 45 /e A5 7€ 5 15 BRI .
2.4.4 VASP
VASP 4 Fx 4 Vienna Ab-initio Simulation Package, H14k 44K 2% Hafner /N
TR TS R T G5 8T ) 503 18 A R, SR R SR 2% A (B8
JRPRBR) AL R AR, K. iR, T AR Rk R 5. VASP iEid
IR Schrédinger H RS EIMA R H T FGEE, BEATCA{E DFT HEZE N K g
Kohn-Sham 7 #%, WA LL#E Hartree-Fock (HF)IZA TR f# Roothaan 77 FE. VASP
i P IR FE A, FB 15 8 T) 0 A B FH A B S 1 % 25 (NCPP) B 35 %5 (USPP)
SR BRI (PAW) VAR RS, — e S0k R A M S TR R ER TR R
RETTREMIPEMR . R 2B BEEER . 0 Tl s A
L Z MR K R EEEE ] VASP SRIBILZE ) . THEIR RIAEE. AT aEf
M A
245 KB FREIEFRIER N
't BT 3% (Photoelectron Spectroscopy, PES) M A & 55 T Ha g 3 J5 38, il i
W& O ARE i AT DG RT3l RE, TSRS HOGFaREE . 456 e
RN T U EEEE— SRR 7. /7 FEER A S [ R R T 1 454,
Kltt, PES HIARZHFMRETEMWMEEFB 2 — . AR & Tk 5
ERIAR R, HEmlER PES, Fif3RIRGilE B AR KRB TIEL, 468k
BAOGHTRENE, 5 O HR AT DU e R 2R LT 4544
PES MZEAJRHE G S, MIFEEL FJE, PES 7ERIE T d A2 bl
fEREESFIE, R
A +hv—>A+e (2.5)
Exe=hv—Ege  (2.6)
Hodre ATH A 23 SRR B 5 B O R RS 2
hv@ B EOEE T Re &
e ARRB R B T
Exe NOGHT3lHE;
Eee T4 G HES
7£ PES Surh, RIEDGH TS THOOLTRE SR Bt Ta ez =,
1 34 B9 B8 A0 4% 3 B 3 5 fE (vertical detachment energy, VDE) 144 #4355 fig
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(adiabatic detachment energy, ADE). % Hit5H /7350 R
VDE = |[Efa] - Epa (2.7)
ADE = [Eja - Epa (2.8)
ERF, En NI E ISR E
Erar W FTES T2 T U 454 R SR i) h PR S5 ) RE
Epa AW TR U S, 24T PRSI Ja Pl NS R e B
AWCH, Bog BB T HI5EH) PES SLIGEHE & 7 A1 B K 2% Lai-Sheng Wang i &
AP S FOL R T RIS B LTI, 2 st SEIE 2.3 Bos, FEEF O
B bR
SR ERAEFEAR AR Dy B BOG S AR S A — i B AR S B TR~ A
A 735 AR A FH A AR AR A0 v 50 — T8 BRAN [F) RS B R 18 7 — BIRR 28 13N ©AT
IS ) 53 A — R i 47 LU (miz)oxf H Fm R R AT 128 45— 8 Dl FL 7 RE B OO0 i o &
") ae R MR i 1) 11 B R AT P M5 B R LA

cluster
[ cluster beam permanent detector
/ !\ magnet

- H - =y 'J\};;;;..

mass gate/ e T

pulsed ion decelerator
extraction

]T B target & nozzle
(]

Y
e

isati 3.5m
vaporisation
p]aSEr glectron /—/
flight
tube

electron
detector ——af |

T

B 2.3 BoA#OLE R-aA KX PES &7 & A, &R EREEHHEY,

Fig. 2.3 A schematic drawing of the magnetic-bottle PES apparatus equipped with a laser vaporisation

supersonic cluster source, red dots represent the trajectory of the cluster?.
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B CE I B L MBI, a8 % Auy PO, B0 4% 5 %h DY 55 5% 75
P93 T 518 Bro ~ WHERIAMIEE .70 Bag /Bas ~ MHEKIE Bao « £ BB AWM — ok
CoBis [ Ta@Byo &5, X Y6 %) R B NMBLEL 2 AL B 2 18T SN KA Rl
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S =5 PR By HIFEHISLIS5 BB

E=F FEMIEIR By HFEAISLH SEILHHR

315|5

AP, PRSI, 55 A SaUb It RTEBGRI I . Uk 2
HH AT Bap B CiE s IANBEAE TR il R B SLIR AN B UE B, #R1E2] Bos , 1
T 5% Ba™-Boy 14 J5 Ml /IN 8 DAy~ T B v 1 i 4 g 142431471490

WEFERM, BT AT B8 7 By RSS2 B A BRI PO 38 (00 5 4, 465
o o1 B A 20 L) 5 95 2¢-2e B-B o B, W — MOV B o AES I o B, HHUGER H T
A5 (0 55 5 1k R s % 7 P 1942 15050 i g sl o i, RMIE AR A T [ 7
FIZ2 3495 75 J 2 A1 25 T 1 45 WA R PO A A e [ 718,20, 250520581 S P 5 ) 7Y
AR F 2 By =M. B WWilIE. Bs LB EL Be /NIEHI A, Blan: R 515 A]
#% Bn (n =20, 21, 23-28)P*u & — ANk AN TG FLIF, 10 Bao « Bas M Bag #1L
NI . HEVT Bas M1 Bas BIFRMIR I, N4l ip ZAAEIRGE T8 — 4
8] Bz S B0 UE 4, TR R B SR PR AL 2 R M BT, AR W A B O B SR R
(Borophene)P**™, 2015 4F, rh}Ee My AT S v MR AL 15 [T ] 57 S 56 % Nathan P.
Guisinger U84, 43 RIS AEARAT R Ag(111) 3R 1H A Bl 8807, iZ R B Emith = 1
[ — A 5 2 B R A 0970 Ak 2 5 — B R B AE SR B I BB ER 45 4 T Dag
Bao O M, X ARSI AT A S T4 . I, Wang % A id PES SZi6 A1EE
WA RILT WFDIRIERI Co Bos MIHETTT Co Bog »  ULFEIRIIERME Co Bag A ]
R ANEL S S

Bao HIFZRIH 241 PES Mol 2 4R AN &544 . 2015 4F, Minh Tho Nguyen ¥
HFRIL FTI Boo PR A 42 5 Bl /NG K f2 5 7N I T LR R T T Cy 5400, A 4
& PES SEIRMIESHHE T By BIFEHHT ARG T BB R, Baw BIFEMIATH
AMERE R AR RE R AR BRI, BEAE L 1, X TSR (KR B T AN
£ 0 KIS, DUFRRBNERIS CsBao (2, "A)REFRERI, 1M 2 AR 0.21eV, ML=
N, BEFCIRAETTHE CsBag (1, "A)MIBEEISL T DGRIRIERI Cs Bao (2, 'A). =
ANHETIH Cy Bag (3, "A) & — M NIUTEALIR , 5 HEIE 5 B, (n = 3-28, 30, 35, 36) 3.
SL6 I RTBOE I R R B, AR 1. 20 3 fESEIG E AT RESE A . 4F PBEO KT T,
Boo H 1 A% Y DL ST R A BRI A2 B A2 1, 1T 8 e PR VB S 1 B DL Fe RN BRI e &
0.90 eV. fh2 i/t & B, SEHCIRAE P Cs By (1, 'A)f& Cu CigHio
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(benzo[ghi]fluoranthene) {24, DIFEARTHERME Cs Bog (2, 'A) m HELFH A2 18 HLFHH
W, FEE2(n+1)° (n = 2) BT T AR,

3.2 SLIGFNIEIL /53

3.2.1 ELWHE

Boo F1#%SI2 00 Y B - R 1 SR — ML A ORI AL IR 0 B PES 35 B oy B3 31,
LI RE: FHOGIRS & A 1B (96%) HUMIEEAS, [FIHT s B il 5 5% Ar A f) He
WA, il FAEEE TR, BB K RCATOGE, AR A, A
G A R RS SRR T, B adE N CATIS TR BRE A, RS 53407 b (m/z) 4 H A
ARREATIERE . £ 193 nm (6.424 eV T REE T, HLF M SEIRAE ArF #E7r 10
SR R T GHT, BUETE 35 KK T T RIE LR TR S,
153 Byo YEHLFREN:, L PES 1 Au G TR E, 12 B AR 0 R AE/E &)
N 2.5%, B 1eV BIAREMIH T-RER DR LN 25 mevIser™,
3.2.2 BIFE

TS 2 B EEIR KT, Bog IFR I 42 JR98 % 32 2R ) MHI IR TGminlt 1161981
AT, FRETOMEMREGT THE. AT FEmNERRFEEA LS
14, TESEAHE 2 R O FH AN R O WT AR 25 VB A1, MH AT TGmin 725 43 5l 5 21
7 4100 F1 1200 AN5E Ao 1 eV L KRS RS M 1A, 33— 57 PBE0/6-311+G*10%1%
KPEFAL, TR DL ARG RS B 5 M A A2 34 RE T 1) IR AR /N 44
%1 F Bog B HAMERE ESEAIE, 75 PBE0/6-311+G*/K-F- X itk Bog AT 5. N T
BHT H MR A R AR RS B AOARXT RE R, /E PBEOQ SR 4 4 A AR N it — 25 R A
CCSD(T)P810010U 3 i f gk, LA ] 6-311+G*. 55 — A 3E B 3 55 BE (vertical
detachment energy, VDE) & F FH &5 7 B8 & 25 B & M 8 A B S B I 48 X6HE
HE ) VDEs {H AR N H UK A, o R W7 iR B R R
(TD-DFT)M 0% bk 5% 5 (outer valence Green’s function, OVGF)!0 1641 g /3 fp 3
SR FH IE T 437303 (CMO) RTIE P 14 [ 48 % 15 %1143 (ADNDP) 1, ADNDP ] #1445 H
Molekel 5.4.0.8 F£/51"°, i 5 452K/l Gaussian 09 25 [0,
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3.3 SLIGFNIEPLER

(a)| Experimental
193 nm

rel

(b)

Simulation

X KA

.
AP
oI
ey

rel

(©)

(d)

rel

Binding Energy (eV)

B 3.1 By A% 193 nm AT A2 T 89(a) b T At i F= PBE0/6-311+G* K -F T (b) F+ 449 4%k 1.
(C)FAR 2, (d) AR 3 R BUAEAT L, 1 REARI 3R
Fig 3.1 Photoelectron spectrum of B,y at 193 nm (a) and comparison with simulated spectra of
isomers 1 (b), 2 (c), and 3 (d) at the time-dependent PBE0/6-311+G* (TD-PBEDO) level. The
simulations were done by fitting the calculated VDEs (vertical bars), with unit-area Gaussian functions

of 0.05 eV half-width. I, represents the relative intensity.
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3.3.1 SKIG i RRAT

193 nm 4 By %R PES i 3.1(a) T . MFRICHIBRIENE X AT A-E SR,
PES & & e I B 2R DG IR, D6k Al 3~4 eV Z (A, 4G REEIRE
N 3.2 eVe MEIGHEN, X/ANFGIUES AT RE R ARSI, AT AR RAEE TR
DUk e X XTI Bog 1A FEAS BIAH N HH M S5 # I BRIE, VDE {8 4.37 £0.03 V. X
T Xor, BB R REh A, W XA ATAGE B, ZHEL S TG RE
A b il AT AR BTN R AE TN AR 43 HF 2 B AT 45 B 2 FA 3B B (adiabatic
detachment energy, ADE). B,y [) ADE fiii1{E /4 4.15 £0.05 eV, iX AL 7 xf R4
Bag 7% [ HL T35 & fE (electron affinity, EA). PIANEEES LS G RES 5 T REIR T IR E
FaAA, ARG AT 2 bR iE N X' (~3.4 eV)F1 X" (=3.9 eV), K7L FCidit. Ba M
E VDE (5 T I S£H#s D1, FHSHASTHHHUA M

AN LB Bog B PESEHSE — MUK A, VDE y4.84eV, 5 X735,
RE22°M 0.47 eV. B #51) VDE {5 4.97 eV, 1 AT —EES. C 7 VDE {H N 5.44
eV, 5B fIRE22 N 0.47 eV tH C it 43, FRic 4 D i (5.70 eV) 1 E 717 (6.04 eV).
332 ERHER
3.3.21By MEREER

254 MH Al TGmin R &Y, HEE&F L, fEHGem FL5 214y 5300 4
B, K 3.2 2 By BIFESE PBE0/6-311+G* /KT FILALIF B AL & 2 MIMA, BEETE
1eV LA MILIRE] 97 M ehky, Lt 0.5 eV LANA 25 N Affk. B HAMEAE & 74
Wit —2 R CCSD(T) i kit B H 5 i e (] 3.2 FAHE 5 ). By MR & A4 A,
0.5 eV LI RE =GR, HEeKaeE R A P s P, H G
G I E5 A8 T B A /NI AL o Boo AIFE I 40K RE B S A1 S Bog IR S5 HAH AL,
A DU 3 0 s> — > B R AR .

3.3a /& By A HAMKAER FAAALE PBEO Al CCSD(T)/KTFHITHE L5 R, AR
FH =T CCSD(T)/KF T %5 i 5 41 7 (PBEO /K F) H R RERUAR XS fie i, IRIEEA1=
T T & AT 0 5 e RRA RS E R, ARl ARId N 1. 24 3. 4. 5o XTLLEEHY
1-5 MIAHXT BE R T AR L, Mtk 1. 20 3ESIR FREEJL T A RN, F—2inE
TOFEI P, 30 T S8 i R R 2 OC L
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A 3.2 PBE0/6-311+G* /K -F T By M4 7 16V AN &AL & F A1k, 4B A Z £z eV,
AT B/ MK A& MR 2 CCSD(T)/6-311+G*//PBEQ/6-311+G* K -F- a9 taxt st & WA 65 1, * &
PBE0/6-311+G* K - T & & & Hr i Ak
Fig. 3.2 Optimized structures for Byg anion cluster within ~1 eV of the global minimum at
PBEO0/6-311+G™ level. Relative energies are shown in eV, along with those for top five lowest-lying
isomers at single-point CCSD(T)/6-311+G*//PBEQ/6-311+G™ level (in parenthesis). Zero-point energy

corrections are done at PBE0/6-311+G*.

THEZRFK, 75 PBEO Fl CCSD(T)BiF7iE T, FAMk 1-5 B B & UF A
[, AHPFPER T VEAR AR 2 R A RNt HUOR F Mk 3, 7ERRIEE IS
KFTF, R L 2 BEE e 0.21 eV, 0.13 eV, Minh Tho Nguyen & [ By
G R RR NG R X A B A A 4 (Cy, TA)), #E PBEO At CCSD(T) P FhEE 18K,
B 25 e kN, 4544 4 #1002 56 DU /MR RE & A R
3.3.2.2 By AIAMEAEE R

2 E IR AE T THT Cs Bao (1, "A)SE— AN ) AT ALIF M T T 45 44, 45440 7T
WY 215 A, ORGSRt . SRR 1 T LU Bay BIFERBYR S -EAS AR 28
WIH—A B R H5 RT3 Bos HFEPIRI S LA RAALE LR N —4 B
JRF1E5]. DFOIRBIERIE Cs Bao (2, AR —ANMIFEIEREE M, ZAUT DUFDRINER I
Bog » %45 M HHPIANESFTH = £ Bis 24 Tmdt=— MR 7, JKinfa 2 4
B, L ICIER:, B EA GBI, A — A\ . 7Rk Cs B
2, AV, . m RN 3.95 A, 6.13 A K565 A, FHEk3 EC,
T IEEM, BE— AN NUBILFAA—ANET Be LB . A4k 4 Jy C T
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G, S ANUALIR, SR SERIEP. R 5 RN Co 1 DLFEIR
iAo S UET T = Bys SEALRG, Tlmt = — MR 5, Eim 2 4> B,
FITIERE.

(@) By
1(C,'A)
AE/PBEO 0.21 0.00 0.06 0.22 0.10
AE/CCSD(T)  (0.13) (0.00) (0.07) (0.14) (0.08)
AG/CCSD(T)  [0.00] [0.00] [0.02] [0.06] [0.11]
(b) B, ,\‘\,\\
8 (C, 2A) 9 (C, 2A) 10 (C, 2A”)

AE/PBEO 0.00 0.07 0.41 0.45 0.90

B 3.3 M By AT AAMKAEE AR 1-5 £ =477 X T 4946 2)A 5 : PBE0/6-311+G*,
CCSD(T)/6-311+G* ¥ & fg it H (0 4£5), CCSD(T)/6-311+G*¥ & 38 % /& 298 K &4 TF & (5
#%5). PBEO #= CCSD(T)¥ % /& PBEQ K-F T a9 K &M At . & A A B4 /&2 PBE0/6-311+G*

K-FTFit 432, 1-5 35 289 F M By /£ PBE0/6-311+G* K -F AT 2] 2549 6-10,

Fig. 3.3 The top five lowest-lying structures (1-5) for B,y at the PBE0/6-311+G* level, along with
their relative energies (in eV) at three levels of theory: PBE0/6-311+G*, single-point CCSD(T) at
PBEO0/6-311+G* geometries (in parentheses), and CCSD(T) with corrections for Gibbs free energies at
298 K (in square brackets). The PBEO and CCSD(T) datas are corrected for zero-point energies at
PBEO. Gibbs free energies are calculated at the PBE0/6-311+G™ level. The same set of low-lying

isomers for B,g (6-10) at the PBEO level are also shown.

3.3.2.3 FERFE By

w1 3.3b, £ PBE0/6-311+G*/KF, FRATXS Boo W% (1 1 T /MK e 5 7 A4 44 Xof
LT Bog MM — A4, 135451 6-10. TS REN, 1£ PBEO /KFF,
Hh SR A R KL X B R 5 B S R AR R« b LSRRI ER A 6 (Cs, PA) I 7 (Co,
2B) b v T T 45 I RE RAR, BRI AR 10(RH R [ 85 1 SR A 1) A X RE B L DL3%
RINERIA 6 75 0.90 eV
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PLZFE IS, Bao Al Boo (RAEE FHMANTT Z 5K, 5 Z RIS EIH Bao /Bao
1 Bog /Bog Z5MBh,  BH B S FH X I8 o M 45 ) 1Y) R B o 1k 5 45 78 45 M 1 L o A e
(EAYH K. 1F Bao 1, ZEARGEHICI EA A5 BIER N BH 251 45400 LU 2544 e & v
7F PBEO 7/K~F T, Bo H MM 1 1) EA {E(4.06 eV)ELLL 2 [ EAE(3.37 eV)ETR £ .
PRIk, 7R B RS F— NS T Ja ARG T DUSEtR R A 6, f FOPR o R b A
10 BARAFEE
3.4 HRiTR
3.4.1 HigxtEL

Bog HIFEMIHT HAMIKRE & T A 44 1-5 13 B R 25 58 (VDES) 7t PBEO 7K~F- % H 75 i
R, B 31 SIS Rk 1. 2 & 3 MBI I . BRI R
W, SRk 1-3 B8 — VDE 53N 4.17 eV, 354 eV }% 3.89 eV, FHJfE 1 (%
—/NEi VDE (4.17 eV) 55250618 X W&, HATAKIE e ADE(EFR N TR E
A EA)AE 4.06 eV, TJLAMISZEG X #51#) ADE (4.15 +£0.05 eV)¥) & . MG R E,
SR 1S I ERRAE VDE M8, [FIFE T DS SR Y B —— X, LR X
MR A K B AN C a2 [ AERR, ABASTRI L& . SRk 2 13 (s —A
it VDE B 4374 3.54 eV 1 3.89 eV, 1] MR IF 1 5 556 3 Ik X' (~3.4 eV) Jz X" (~3.9
eVIVI, F9IKSEI0 e 16 % B S A ik 2 1 3 Xt Boo PIFRIUA 33 Uik A1 4 AN
5 FIROEIE W 3.4, IXPIAN AR S — e VDE [HAREMC, 2R, SHF et
WHREE A REALIEAH (G2, A 4 A 5 [TTIRANRE e S 9HERR, X Le AR 1T B
72 DUBRER /NI L IEAR /N2 ) o

NiE— B HIA TD-PBEO /K-F NS 1 HEm I, W F ik 1-3, AT —
R OVGF J7ik, Ak 6-311+G*. MM E5 1S VDEs, ALt 55056
JETE XS EL 5 R A&l 3.5b. M EEEE BoKE, OVGF (1) VDE {H % {4#% Lt TD-PBEO
EBSAK, A5 TD-PBEO HIREHOGHEE A LT =& — 8. WA & B 6 5 St
JEIERT LA SRR, A 1-3 T DR FIFERE SR it i, X A€ Bae HIA R/
AR RE B S A R SR A T B AR .
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(a)| Experimental
193 nm C p E

rel

4 5
Binding Energy (eV)

B 3.4 193 nm & By 955 32 b i Ao AR 4, 5 a9 LT IR . BERUL SR R A L
2y, MR 0.05eV,
Fig. 3.4 Comparison of the experimental photoelectron spectrum of B,y at 193 nm (6.424 eV) with
those simulated for isomers 4 and 5. The simulations were done by fitting the calculated vertical
detachment energies (VDES) at the time-dependent PBE0/6-311+G* (TD-PBEO) level with unit-area

Gaussian functions of 0.05 eV half-width.
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(a)

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

=1
.....

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

B 3.5 By H#& AT =AMK A= F 494K 1-3 /£ (a) TD-DFT #=(b) OVGF A AP 32 it K-F F a9 bl ki 5
KA, KRR, WAL EALR -, EETEANAFMRELER EZ LA, T
%%, TD-PBEQ 7 ikt OVGF £4F89 5 R ik & &.

Fig. 3.5 Comparisons of the simulated photoelectron spectra for top three lowest-lying isomers (1, 2,
and 3) of B,y anion cluster at (a) time-dependent PBE0/6-311+G* (TD-PBEQ) and (b)
OVGF/6-311+G™ levels. The two levels of theory are qualitatively consistent with each other,
confirming the fact that these three isomers are coexisting in experiment. The overall performance of

TD-PBEOQ appears to be better than OVGF for the current system.

3.4.2 %L

il 3.6 Ao, /i FLAMIK A 5 S A4 A TE T FEE BR 25T (R0 R X =5 A 30T 1) Eh R R UL
15 A PR AR B R A AR . /5 0 K, Sfdk 1 AR 4 Rt/ N 4,
BAEZRT, CREMEE HER RN, LI - BRI IAERIS B iR
JZ, (A2 ARG 0 RN, 762 RV T =M 50N GBI TE BOZ TG FE i ]
T ] 3.3a, 7E 0K, Sk 2 REEERIRALH, HUUE Rk 3 R
Pk 5, Sk 3 A5t 2 GEER4r i 0.07. 0.08eV. BEEIRERIT &, HHAS
(35 A0 0 ) B RR AR T S Ak 2 B i s, TR A 1. 3. 4 ARX T R 2 2
o, BEECIR AR L e R BB B N . Rk, E=EET, Sk 13 JLT
WA R AR, B 3.6 K E B g iR ] Tk 1-3 T RESLAF I IX S, %4h
i A R —3%, HR I AR 1-3 fESEE BT Re AR .
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oY 1C'A
-0.10 —Aprrrrrrrr —— S — S — SR VAYAVAYAY
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TIK

3.6 By AT ZAMKAE & FF MR CCSD(T)K-F T &9t 45K, # & PBE0/6-311+G*K-F T
EAMAEAE, KOK 2 400K, A AN mARFMIEK 2 AR AL,
Fig. 3.6 Relative energies of the top five isomers (1-5) of By at the single-point CCSD(T) level,
with Gibbs free energy corrections at PBE0/6-311+G* as a function of temperature from 0 to 400 K.

The energies are plotted relative to that of the seashell-like Cs (2) structure.

%%W@W%@ﬁ@

HOMO—1 HOMO 2 HOMO-3 HOMO-6 HOMO-10 HOMO-11 HOMO 17 HOMO 21 HOMO-24
(b,) (b,) (b,) (a) (b,)

HOMO HOMO 2 HOMO 1 HOMO-3 HOMO 5 HOMO-4 HOMO 10 HOMO 1 HOMO 17
(a,) (a,) (b,) (b,) (b,) (a,) (a,) (b,)

i 3.7 (a) Cs (1) By M # #=(b)benzo[ghi]fluoranthene (CigH10) PAH &9 7 4 E ] 5 F i 3F kb,
Fig. 3.7 Comparison of the w canonical molecular orbitals (CMOs) of (a) the flattened Cs (1) Bog

cluster and (b) the benzo[ghi]fluoranthene (C1gH10) PAH.

3.4.3 #EEIK/ETE C; By MILEREERE LM

fo3% A1 R UEST TR 1 K BB 40 BT 32 B OE U 43 1 BIL 3 (CMOs) AT BE 1 25 7 &l 43
(AANDP) #1777 1 J2 CoifEFI&it, A T iEMHE I o M a5, HHENF
[ Coy 454, Gl 3.7a, CMO Z5RFEH, RAE 1H 9 B n 8, XUiii%
SEMINTT B R R 1P 3.7b, XL SFA4R 1 AT Coy CigHao Y o 48, P4 &R n-CMOs
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JE IR 5 2 BOARAOLYE , DRI, R fCER VBT IR Cs Bog (1) AT BAIA A2 CagHio AR ALL
.

(a)

17 x 2c-2e g bonds 5 x 3c- 2e o bonds 13 x 4¢-2e ¢ bonds
ON=1.76-1.93 |e] ON=1.88-1.93 |¢|] ON=1.87-1.95|¢|

4 x 4c-2e thonds 2 x Sc-2e nbonds 1x5c-2e tbond 2 x 7c-2e nbonds
ON = 1.80-1.84 |e| ON=1.75]¢e| ON=1.70|e| ON =1.67 |e|

(b)

10 x 2c-2e 6 bonds 22 x 2¢-2e ¢ bonds
ON=1.98 |e| ON = 1.95-1.99 |e|

4 x2c-2enbonds 2x2c-2e mbonds 1x2c-2embond 2 x 2c-2e nbonds
ON =1.74-1.80 |e| ON=1.69|e| ON=1.60 e ON=1.59 |e|

[ 3.8 PBE0/6-31G #-FTF, 44k 1 4= CigHio #9 AANDP AN AT, & 484f 4 B P77 o
Fig. 3.8 Results of ADNDP bonding analyses for (a) the Cs (1) isomer of B,y and (b) the CygH1g
PAH at the PBEOQ/6-31G level. Occupation numbers (ONs) are shown.

Dt — A AR AR IR #E T H] Cs Bag M Cov CagHio U A AH A , FAT TR H AANDP
St B HEAT VEAN A T B 4 IR UE S THT Cs Boo A 36 1 Bs =M1 L AN FLILAL
I, 3L 44X T W& 3.8a, ZEHAMNEE 17 4 E K 2c-2e o B, N ES TLILIESLIR
A5 ANBE 3c-2e o B, 13 AN 4c-2e o B G AE > TR A0 3.8a 55 AT,
{52 f1 IRAESFTHT Cs Bog 1 9 > m-CMOs # BT K1 734 9 AN B35 n s 4 /> dc-2e n £, 3
A~ 5c-2e m A 2 4> Tc-2e n ¥, XE n T R IEH L. Kl 3.8b & CisHio
AT %, o B 10 D 2c-2e o C-H 8, 224 2c-2¢ 6 C-CH#; 9 4\%1& m
SN 2c-2e, A ARTESS AR X 3k Cs Bag Al Coy CigHio MIAK2E A A A JE
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FEAAHALE FRGIER] Cs Bag 72 Coy CigHio ISR, Cs Bag #1 Coy CigHio HI
Clar-tpye 77 & WLH 5% Bl, [FIFEJEIR T &40 5 B A ARABLE o
3.4.4 DIFEIKMREK S Cs Bog HIMLE R HE

H T CMOs 70 A UAHXS 5205, BT L DLSSIRII BRI Cs Boo (2)1iH 1 AINDP 2
ITHEE AT, sl R 3.10 Fs. DISRIRIIER)E Cs By (2 38 1 Bs =i,
A Bis 812 E&A 16 1 Bs AT, TR 6 D Bs ZMAAL T PIA Bis RN =
MR (N 2 > Bs)o AINDP 20T RoR, BlE 28 BB T 35 NI o
045 34 1> 3c-2e o B 1 4> 6c-2e o BEOXHW KX 2 > Bs =/MF). F#T 184 nHLT
IYATAEXS R, niE] 3.9 2 AT IS Bus HE FILAT 6 > Be-2e n B, TR 3 N a
BB RGN =5, SR Bis BE . SR, NSRBI Cs B
)P ITA ) o SN m BEESE BIRA), O E I 2c-2e B, XA BCERHIE SR ER
J Doa Bao K Mbl o i%4K R m HLF 75 & 18 BLF RN, [ A5 A BRR 55 Z A 2(n + 1)%,
N A 2. 7€ PBEO/6-311+G*/KFF, 7 st SIS AL =008 (NICS) Ui Ay
-21.27 ppm, IZESEHAR T EFHEVIE

30 x 3c-2e ¢ bonds 4 x 3c-2e g bonds 1 x 6¢-2e ¢ bond
ON=167-197 |e]| ON=1.61-164]e] ON=1.65]e|

3x 5¢c-2e tbonds 3 x 5¢-2e nbonds 1 9¢-2€ @ bond
ON=1.87-192]e] ON=1.88]|¢| 2 x 6¢-2e © bonds
ON =1.66-1.89 |e|
K 3.9 FH#4R 2 CsByy 89 AANDP s 547, & 4B B BT o
Fig. 3.9 Results of ADNDP bonding analyses for the seashell-like C; (2) isomer of Byg .

Occupation numbers (ONSs) are shown.
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RIAIE, 2T Bao LRI B TS5 78BS B SIS A Rl o AR 25 3 T 4% (1 48
— MR, TN T 5238 SR Dag Bao®s B M LTI ZEAUT Dag Bao 5 2% R
(K142 R AR /NG R o 3 13N 1 2 AU W, Dog Bao 7E 500 K PA_E 2> I ELEE AR I 52
[F, BTN 7 HA A, Fr AR AMDERE, HIEE R R SLLG & s AN SR AR 32 A 2
NS
42 BRFH*E

£ DFT /K, R MHM3UAON g e % NHRYE Ca 45, BLa T 1
HORAE AR R 1A RN R . T O R BIRREE B R, Dk Az o
PBEOM®IA1 TPSShIf it & 6-311+G 5 b ety iHE MR, A& T/
A S5 R Gaussian 09M%815% %, Al MOLPROMIFE e 447 CCSD(T)98160161]
LS BETI . 7E 300 K. 500 K J 700 K, Dag Bao 114> T8 J15 UK CP2K F2I7
PATMA, LA ] TD-DFTM 5
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43 FR5VHE
4.3.1 By ' JLIA 2544

WP 4.1 1 4.2 s, 43548 PBEO A TPSSh /K FILAL 193] 1 /i 20 MK AE &5
k. TEARBER AT, DUEIRGM AT, W FHSHMEIRTESWERR LA
AL LRI, Dag Bao™7E PBEQ ZKF N —ANEA(113.7 cm ™), ‘&5 Coy Bao® (2)
TEREE BRI, —HAEMAREALL, S EKACH 0.01 AZERE. fIhiZg R, &
11 H DFT /KSF F =032 56 (PBEROM% | TPSSh, B3PWOLNBN 44k, Doy Bao*, 45
REZW, Dog Bao TEIX =FiZ bR F A M. RIS, 7T LAACA Dog Bao' 7E PBEO 7KF
TR AR AT RE e B T TR IS . Dag Bao A2 1M RIUA R IR/NGE 1L, RTEETE
WREHR, 5tk 4 Rb NG5 16 B B8 145 — NS5 K4 Dag Bao 25U, BB ER I 53 ik
(1 —HT L o FEARGE ) Cs Bao™ (3) A I AMAHAR 7SI AL, ZEARE5HE) Cy Bao” (4)
A LA AE Cs By PY RS —A B IR TFH5], 78 PBEO /KFT, 3 M4 4tk 4/m
W R Re s 0.34 eV F1 0.39 eV, #ESIZEH 5 7 O R45H) 6. 8. 9 & 10
ARl N S RE R A /D 0.6 eVe FERIFERIEIR/KE R, Bao FFIIHETIH Cs4if4
Lt Dog Z5 M RE R AR 0.10 eV, Bao HIIHEFHILEH 5 LU B Doy 544 BE 5 7 0.62 eV
ZINEPIREE N Cs Bao™ (20)RHATLH, 7T FH5E 36 = IR EDIRES M Bae PR II—AN B JR T
B, BEES R NERT DS 154 eV, THELERED, B TPSSh =i &I
HETHI 4584 Cs Bao™ (5)F1 Cs Bao™ (7)7ERER (5 — & Ldh, (HAT 20 MRS & A 14
(RIAE X RE R IRUY 5 PBEO HFEA (R FF— 3L,

1D, B, (A) 2C, B

2d 40

f (ZAl) 3 Cs B&w-“ (2A1)
B 4.1 PBE0/6-311+G* K F T 4415 49 Dyg Bag™ (1)« Cov Bao™ (2) % Cs Bao™ (3)«

40

Fig. 4.1 Dag Bag™ (1), Cov Bao'™ (2), and Cs Byo™ (3) optimized at PBE0/6-311+G™ level.
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S0 E FERTNERIG Bao' BIL TN

16C°A,
(0.91)
[0.81]

K 4.2 PBE0/6-311+G*([@ 35 5) & TPSSh/6-311+G*(77 365 ) K-F T #F 5| 49 By 891K it & F AR 48
e E, B2 h eV(F EEREAER),
Fig. 4.2 Twenty low-lying isomers of B4" optimized at the PBE0/6-311+G* and TPSSh/6-311+G*
levels, with the relative energies indicated in eV (with zero-point corrections included) in parentheses

and square brackets, respectively.

HH 4 Dog Bao B 51 (i FEHLIE (HOMO) (a) T — N FJ5, B2IHIBHE F Dag Bao'
(DA K MR (N 4.3). WK 4.4, {E Dy B ()T, H—AKREXTH o
B EEfE I HE HOMO-1 (a1) b, ZHUIE 58 4R o-70 T 411E(a-SOMO) (a2)fEfE
& ARG X U Doy Bao RIB — /N, S5MFF AR AR KA, BRIk, Dag Bao®
(L)TE T LA 454 A0 et 5 28 AP AR 016 b 1 Dog Bao 1.
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B 4.3 PBE0/6-311+G*K-F F AL Dog Bag' A& Doy Bag AT 1L, K FH42H A,
Fig. 4.3 Comparison of the optimized geometries of Dyg B4 and Dag of By at PBE0/6-311+G*, with

detailed bond lengths indicated in A.

4 -
5  —h
. é <
= 1 a-LUMO (b,) B-LUMO+1 (b,)
-
S ,
g, /BVLUMO()
) X
| QP %
g ] a-SOMO (a,) /“
0- : —"$-SOMO (a,
] g0 ’ 9
: P —
.1 a-HOMO-1 (a,)

B 4.4 PBE0/6-311+G*/K-FTF, Dy By’ (1) 7T &Aitd B,
Fig. 4.4 Frontier orbital energy levels of D,y B4o" (1) at PBE0/6-311+G*.
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4.3.2 R REIRET

HERIE D2 Bao™ (1) MBI UL SR A EI4.5F7R, KINTE300 KEFEM, 3877
RIHZERMSD N0.06 A, & KAL# M ZEMAXDAN0.19 A, 4R, 4R T+ 4500 K
(RMSD =0.08 A, MAXD =0.29 A)#1700 K (RMSD = 0.10 A MAXD =0.39 A)j5, #
AMEREE R D2g Bao™ (1) (W)HFICs Bao™ (3) (M)ZILIIERSCy Bao™ (X) 4 HAHIR AL,

P BT RIE IC/Cy Bag B0 “WLX-M” JASHLEE ,

(a) ,
050 1
2 300K ] 300K
0.40 164
035 144
030 % 124 %
- gmmem .‘;’ «t < N
cozs y > S 104 S ¥
;o.zo- g}‘ﬂ < 084 J'j&
& o145 ] D, (1) = 05 D, (1)
0.10 4 044 | ‘ )
0,05 JUARAIRAAA A RAAMAA SN AN At e i 024
0.00 T T T T T d oo T T T T T J
[} 5 10 15 20 25 30 0 5 10 15 20 25 30
Tempips Tempips
RMSD=0.06 A (on average) MAXD=0.19 A (on average)
(®) 20
050 4
vl 500K 18] 500K
040+ 16
0354 144
gow- Q-‘ Q N g g ’Z-
N 0.25 10
gozo- § 08 f?‘
& 0151 D 1 (‘ CH) 205_ D, (1) Cm
0104/ 044
2 VTV B— OZMMWMMWM
000 004
o

0 5 10 15 20 25 30

Time/ps Templps
© RMSD=0.08 A (on average) MAXD=0.29 A (on average)
C
050 - 20
o 700K % 700K
040 16
0.35 - Tl .t 2 O W ’?*
<030 ?. "y ﬁi‘ X ’. S <12 é\ 4 » _,%“ /
aozs- Klﬂ ;aj}t w S1o
=020 /D (1) 1\“ C.(3) /('(}) <os Jﬂ\ L (‘( ) 1 o] U)
l =, k
0.15 4
= T B 6 AT~ |
B ; -Ma mwm MM«
0.00 T T T J
0 5 10 15 20 25 %
Tempips Templps
RMSD=0.10 A (on average) MAXD=0.39 A (on average)

E4.5 Doy Ba™ (1)4(a) 300 K. (b) 500 KZ(C) 700 K&45h /7 4840, 34 7 44l £ (RMSD) & & &
12 4% 1k £ (MAXD) & 4= B BT T~ o
Fig. 4.5 Born-Oppenheimer molecular dynamics simulations of D,q B4o* (1) at 300K (a), 500K (b), and
700 K (c). The root-mean-square-deviation (RMSD) and maximum bond length deviation (MAXD)

values (on average) are indicated in A,
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nE46, EARC B XA - MURAMABE T, #HWA LB ILE. £
PBE0/6-311G/KF, i ACy Ba™ (X)H — AN (155 cm'Y), EARAIIR SN K
FVEHEINE T o IRBNIBI R 1A SR VR R R 1 A B2 s R AR R B8 42 (intrinsic
reaction coordinate, IRC)73 | #iADag Bag™ (1) (W)FICs Bao™ (3) (M),  1E [ Al ] B 4%
7 HNW-X->MAIM—-X—->W. WoXFIM—- XTG4 EEE2 71 414.6 kcal/mol#16.9
kcal/mol. Cs Bso™ (3) (M) HITE AL RERLAK, K HEAE500 KFI700 K, Cs Bag™ (3) ED2g Bao™ (1)
WA SR EN, FOEAAAERII A . B 1 # R I, FF52)EDag Bao” (1) IS R E 1
G LL TSR, 35 2 Dag Bao?E1000 KUK IH 23 J124 845 1, 161200 KETUHE44
H I /N AN -G TR ALIRAE B AL I BLA .

E /kcal/mol
o
1

6 —
4
2
7 Dzd B40+(1)
0 -
! | ! | ! | ! | ! | ! | ! | ! |
0 5 10 15 20 25 30 35 40

B 4.6 /& PBE0/6-311G K-F, Dy Bao™ (W)22id it & Cy Bag™ (X)2] Cs By’ (M)#9 IRC #1 4., W,
X B M 8 F 5 R TF IR A 77 ) 4o B P AT ko
Fig. 4.6 Intrinsic Reaction Coordinates of B4" from the reactant D, B4o™ (W), via transition state C;
Bo' (X), to product Cs B4o™ (M), with the activation energies indicated at kcal/mol at PBE0/6-311G.
The vibrations of the active atom at the center in W, X, and M are indicated with an arrow to guide

view sights.
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SEVUEE FERMIER IS Bao H 1R TN

4.3.3 ZI5h. RiBREINAI AR

LT AN AR ES S 28 4 5 — VSR R S AR AR B A, SARR I R E 4
F 2 Bao™f5 500, %A AT REAE BB M4 E R, SRt SEIG I3 FL LT S kT
FAEI LA T 454 . W 4.7a, 1E PBEQ /K FERATTAESL T Dag Bao® (1) FILLAMG L
PUIHA J5 B2 S B0 32 (R PR 4K 35 - Dog Bao™ (1)ZL40E BRI T LK R A by file,
{5 e JRENTELT AR FE b 2 HOBe 95 . iR FIZT AMRBIIETE Vs = 1104 cm * (by)4b, HIIF]
IEE 7K, Dag Bao Bt IR WEAE 9 1274 cm ™t (e) PV 4= T HH BT HS . oAt (E 4y
54 528 em™ (by). 490 cm* (by) M2 1249 cm ™! (), XLt B AIZE T LAE N Dog Bao®

(D IR MEFRLL .

(a) IR
- 518
<s! = Dy
~ :7= < =k
€ B§ 1 5
- . £
§ g - 2
% = N
% Lo
ol
0 200 400 600 800 1000 1200 14oo(cm")
(b) Raman
OO
ElE
Qll ©
el | =
- =
9 == ~
vF w Lo s
o 2 E _i’, g < =
~ - = : S = =
< EE £ - 5
=} o © S S o <
2 83 8 Tg =
‘8 < o %) —

0 200 400 600 800 1000 1200  1400(cm’)
(¢) UV-vis

215 nm

!

Y T T T Y T Y T T T v T Y T 1
200 250 300 350 400 450 500 550 A(nm)

B 4.7 PBE0/6-311+G*K-F T Doy Bao' (1)894r5h, 5% R E I K%

Fig. 4.7 Simulated IR (a), Raman (b), and (c) UV-vis spectra of Dyg B4" (1) at PBE0/6-311+G*.
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Dag Bao™ (1)F 235 1 F BRI AR A T L HRIR N e Al ag. W1 4.7b FI7R, Dag
Bao® (1) e 5t oL 2 BT B 7E 1135 o (e) 2 1140 cm ' ()b, 15 Dag Bao TN F) 1327
cmt (ag) BRHLL, RAE T BEMILR(Z 200 cm ). BT B I 4E 43 IAE 165 cm
(a1). 353cm’t (e). 422cm* (a1). 805cm ! (e). 613 cm* (€)% 1316 cm * (a))kb, I
165 cm Al 422 cm T AN ag IRENIE R T 4L 142 1 R 3R B (radial breathing
modes, RBMs)*",

Dag Bao® (1)L AMAT WO i ] 4.7c. 45 EH], Ho 5 Doy Bao Y 2L
JERERFAE, SRAIAT AR AE 215 nm. 234 nm. 273 nm. 314nm. 377 nm & 447 nm
Ak o DL RSO 5 B L DR 1 P JE U ) e R S AR B TE BT
4.4 KREING

ARFEXT Bao  BEATER AR IR HFFL, I Dag Bao”™ (1)1 R4 Rt /NE5 ], 5 Dag Bao
H Dag Bao AAHBM ARG o« 53T B 1 BAUR B Dog Bao™ (1)7E 500 K B, 54544
Cs Bao' (3)FELMINHA, WALFFE W-X-M HLEEL, LT A Beg WO Byo MM, 4t
Dag Bao™ (1)FILLAE Hi8 S8 AM T WG EAT B AN, DARA S Sk SR 00 RAE M 18
45, FEMERIE .
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FRE FtEAIE SRRk X 2R = E R o

!

51 5|8

B AR Ceo ST IRAR A 82475 (1) 22 O = AP RLR} 22 B I BIF 98 34 R R 55 R
O, NBRIC R WAL S, BILE R %+ 8 AT AR 5. e 2L HER, R
T ARG S RAE T R A% B, (n = 3-30, 33-40), A& AL IX 6P 1 i >
4RI, 2R —A Ry 184248 2007 4F, Yakobson B2 TN T
B FREE 1n Beo 28 7181, SRT S RO B GTE 7E R B, JEIRIE ST S5 L 52 S 2R G5 1y
Beo b EHILIR 225000 220 AR 4R, 2014 R4 4 PES SEIGAIERIE 7735, H. J. Zhai
S NRILEE— AW 5 #04% Dag Bao ©° Yo Z45H 5 W #IA Ceo L AEEIIXTEL, Coo
ST 20 DANTHIEA 12 D THIBFLIR, JEREEH Dag Bao ™ BE LA 4 DM
B; L FLIH, ENWImA 2 AN/SIAEALI . 2015 4F, Chen %5 A SR 4T ML ER
Wi CalCy Bag » #5% 3 8k 4 AN By LI ALIACY . ISz RIEE v i UE 552 f0 75 AN
BRI 4544, Chen S5 NFEFRIR/KFIZ 09 J& T I ERIG 5% BoY (n = 36-42, q = n-40), 11
51 Bar"Bar”* PP By" M Bag® (Ca@Bag)®”\ Basr* (Ca@Bs7 )Y % Bas™ (Lis&Bss)™.
IXLEFAR 25 F R AL 12 2B BUREAC SR R, R T & A /NI BB TR LI, LR
BHH N 6. 2T Doy Bao 4514, Bai & NFEFLL/ACT- TN T A S ANE L PRI E &
Y M@Buo (M = Ca, Sr, La, Y, Sc)t1 M&Byo (M = Be, Mg, Cu, Ag, Au), IXLEHERIG Y
NRAE £ O ST 88,

PR 2100 57— A 9 3 — B0 S8 0 [ AP A B K a3 i o Waing &5 AT 51256 AT 1 L
BT AR : A — NI AL Bao " A1 B ANFEAR AN ILTEALIFIY Bas , IX
ANGERYTT DU 9 — e BB R RIS, 2015 4R, rhORIBEBE T 2 v MR R 4 AN 2
[l fi] 57 5256 % Nathan P. Guisinger iR 2H 5] i A 57 75 Ag(111)3R T & Bl — 4ER 51 2
ZERIOTO SRaE S Z TR LR, HAE S A AR NI B ALIATY, i
HE— P RN A AR G oK 25 h TR B 22 . fedlt, Yakobson P Tl 1 784K
Dog Bao HTIRAA: E75 . JULTER 40l 52, (RN SCRkeRE I 5L 2 a-sheet %
HAR LR RS, AEER %™ 2016 4F, Zhongfang Chen i@ ZH 75 7 16
IKP BRI AR ERE A FeB, M FeBe HLZ, Zifyrh &G/ NECAL. BRECAZE\ECAT Fe
A0t A, S8 FHIE SEK A -BRCAL Co L 56 25 FTH Coy CoEByg BOl3E—25
FIH T e S 2 A AR . DA TR R R, L LI 2 B A1 4 1 45 4
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Rz —, FTRLSESEEAL, R &1 -Ghc 74 % 42 )& (planar heptacoordinate
transition-metal, phTM) = U [ ZE IR ZR M BR M S A ) 55 0 B 2 v R AR T

RELEG AR R —YEFEIE I, Bl 7P FE Ni€EBs (1) HARER
#i Nin € Bao (n = 1-4) (2-5) I fig 5 1) I H B AR I 5243 522 Ni € Bas (6, 7)o Niz €Byy (6)
A R AR %, 2R 24T 8807 Nin€Bao (n = 1-4) (2-5) K AT IXAA . X L4 4N
KEEMHE A 0-B, LK, &8 Ni 5 n'-B; KT 1 -G AL 8 (phNi) L
—N phNi F10 55 n/-By FE AN 24 8c-2e o Fohrd, BlE 2N o + n XL
B, 5 E XN E R Dag Bao MV BT Coy CoBrg POl i AL
5.2 WHHEGE

Xt F NiBig A1 NinBao (n = 1-2)F15%, &RW/ERIFERA MHM MR
TGminMS e, [ 3 T A IS5 HI(CoBis B Byo ® PN B A F T X T
A& Sk, #—5H PBE0M K TPSShi04jy ik e iir & 564l 6-311+G*[MUp Ak, |
THEAE, RS A R E R E RIS R . PBEO /KSF FALALIT NiBgs 2
NiBao Al 1L MK AE B K44, 4K 11 Fl CCSD(T)PB 10010631 G* i B i sl fig . S T35
28 M3 77 1 (Projector augmented wave, PAW)Y 3144 1 1 ks 5 3L (GGA) £ PBER
2 B, 2D 4544 NioBis R CALYPSOMP 7 4 8 %%, SR VASP 251
LAY By i WAL R VESTAR . %8 PBE AL &5 H LRt -, 24 4kiZ iR
Heyd—Scuseria—Ernzerhof (HSE06) X7 -4 R FIAS B4 FE .
5.3 ER51HR
5.3.1 ARGV RIS E 4

i 5.1 K Bisk AL, TRk Cyy Ni€EB (1)2&— 5 FHgif, £ CCSD(T)/K
TR %A R A RN R, Ni s A "By B A U AT AN B 1 45 K T 5 2
VLHC, 55250 EXWIRIE Co CoEBs N AR, Ni€Bs (1)HH Ni€EB;EAL
BTG, X E B phNi F0 1 Ni-B T4k 45 145 A2 7E 1 AT R .

S b W B HOBH BRI Dag Bao I 5 4 ANEFTH B, LMK, iX 4 MET
1] m'-B7 BCAL A AT VR phNi oG A 20l iA . 5.1a. 5.2 % 5.3 i, S8R
BIERMR Cs NI € Bao (2)F1 C, Nip € Bao (3)33 9 &R R4 Ml /NGiKe,  Cs Nis € Bao (4)
H1 Dag Nig € Byg (5) 2 &1k RAGEM LI IEN /NS . 7E Nin€Bygo (n = 1-4) (2-5)1k
ZH, FA [ phNi O #R 5 n'-By LI A 30 Ni-B FL A8 A, 7EIX L%
Ni-B B IR B ryis = 2.02 A, X EL Ni-B B4t 242 1.95 A8 0.07 A,
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Ni,eB, 4C,Ni,eB, 5D, Ni,B, 6C,NieB, 7D,NieB,

(b) 6004

.- o
~ 5001 i i
2 NI4EB4<L -0 Nl{.eBm
£ 400 Ni,€B,, -“Ni,€B,,
g 3001 Ni,€B,,
m° 200{  Ni€B,
100{B,,
0 . . : : ; ;
0 | 2 3 4 5 6
Ni” (n=1-6)

B 5.1 Ay s Bt B ey BLds ft -
(a) PBE0/6-311+G* K -F T #7 21 49 2 % F- @ Cp Ni€Big & K Nig EByo (n = 1-6) 254 ;
(b) #F 2 K NiBao = Nign.1yBao + Ni (n = 1-6) 3+ F P13 2] &9 B {z 5%

Fig. 5.1 Optimized structures and calculated coordination energies. (a) Optimized structures of
perfectly planar C,, Ni € B1g (1) and cage-like Cs Ni € By (2), C, Ni, €Big (3), Cs NizsE By (4), and
D24 Nis € By (5) at PBE0/6-311+G* level.

(b) Calculated coordination energies of the Ni, € B4 heteroborospherenes with respect to Ni,B4o =

Ni(n_l)B4o + Ni (n = 1-6)

k5.2, NiBgo T 20 MIKRE R AN ARG, £ PBEO KT, =
AN SRR (C) R =S SR (Cau) LE Cs NTE Byo (2)RE R 0.41 eV, & phNi H0 1
HET 45 F L Cs Ni€ Bgo (2)AEEE 1.65 eV, X FK I, s MfERe
B PR GRS, &0F Ni S NE SdE TIERIGSE M, BK T RSP &5 1
Ref 7. AEMERIGETBAN 24 NiJET, KI 2 A Ni 5L BALIRBC AL Ag & 5
&, 2 AH2E phNi H0 [1 Co Nip € Bao (3) Fi & AHXT phNi H L] Cay Nip € Bag BERLIK 0.12
eV (W 5.3). 7E PBEO 7KF, NixBao MJHARKAE R FA1AIILE Co Nio € By (3)REE R
b 0.42eV, CPFHIGMTER R FAIRA L5 .
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B 5.2 NiBy % % & PBE0/6-311+G*, TPSSh/6-311+G*([f5%) % CCSD(T)/6-31G*(7 #55) = 4+
it K T 91K AL 2 F AR (F B R EHAFER).
Fig. 5.2 Low-lying isomers of NiB4o with their relative energies (with zero-point corrections included)
indicated in eV at the PBE0/6-311+G*, TPSSh/6-311+G™ (in parenthesis), and CCSD(T)/6-31G™* (in

square brackets) levels.
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C. A
121
(1.12)
H 5.3 NiBao 5 /2 PBE0/6-311+G*4= TPSSh/6-311+G*( I8 45 %) 7 A 32 16 K F T 64 4% A& e H1 4k

(F ER EHFERE).

Fig. 5.3 Low-lying isomers of Ni,B4o with their relative energies (with zero-point corrections included)

indicated in eV at the PBE0/6-311+G* and TPSSh/6-311+G* (in parenthesis) levels.
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sl 5.4a iz, 7E 600 K DA% &5 A0 7T B EHREHF IE, NiBag (IR AE & 7 F 4K 1) AH
o R MU A O o BB IR IR, AR NiBao AT T AMIK A 5 5 A AR IR HE K R
W& A%, 1H Cs Ni€Bgo (2)HIREEAMIBA L (LI 5.4b). WK 5.1b, 7E NinEBuo (n
= 1-4) (2-5) /R &, Ni FR7 8 H KZHg N, BoALAERAE NinBao = Nig.1)Bao + Ni (n =
1-4), 1EPBEO/KFF, “Fi4s4fE Ec A 95.90 kcal/mol (4.16 eV/INi). Ec-n 21K R
W, Dag Bao T 4 4 n'-By LIATERSL AT LIME A 4 AT ELAL A 76 Nis € Bao (8)
F Nig € Bao (9)HFII/SHECLAL AT, ~FIIECAL BEN Ec= 75.54 keal/mol, B LGB EL AL
BEAG, IXRUIIE 48 Ni SE A F7E -G LI T B 2 BRI L 5420 o

@ e

'
0.50 - 5C A
0.45- e
s o)
0.40 wor
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£ 025 3CTA
b’i\ 0.20 FoX
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7] ood
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g 010 26, A
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0.004 ;'.c'.'».A.
-0.051— ; . e
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TIK
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0.40 a A ﬁ‘,h‘ \.,:-.-:.
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2 0251 el
O] i
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= e
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B 5.4 CCSD(T)K-FTF, (a) NiBig#=(b) NiBy AT ZAMKAE & F 4K 5 H 4 0, 200, 400 % 600 K
694033 58 (% & PBEO KF T4 0 A WAL ARE), WA Coy NiBig A Cs NiBuo 54 4 4.
Fig. 5.4 Relative energies of the top five isomers of (a) NiBisand (b) NiBao at the single-point CCSD(T)
level, with Gibbs free energy corrections included at PBEO level as a function of temperature at 0, 200,
400 and 600 K. The energies are plotted relative to that of the GM C2vNiBisand Cs NiBao structures,

respectively.
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£ PBEOQ /K°F, Z4BiERH% Nin € Bao (n = 1-4) (2-5)/f) HOMO-LUMO figBike K, 4
5N 2.85 eV, 259 eV. 2.39 eV K 2.32 eV, XWARUFIISCR TR ERa et
WK 5.5, Nin€ By (n = 1-4) (2-5)PES Yeilk R B, IE &8 Ni 18 N LA
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Fig. 5.6 Born-Oppenheimer molecular dynamics simulations of Cs Ni € By at 500 K, 700 K and 1000K

for 30 ps, respectively. The RMSD and MAXD values are displayed in A (on average).
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K for 30 ps, respectively. The RMSD and MAXD values are displayed in A (on average).
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Fig. 5.8 Comparison of the ADNDP bonding patterns of (a) C,, Ni € B;gand (b) Cs Ni € By,.
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Fig. 5.9 Simulated (a) IR, (b) Raman, and (c) UV-vis spectra of Cs Ni € By (2)
at PBE0/6-311+G™ level.
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Fig. 5.10 Top and side views of the structures of 2D heteroborophenes. Ni; € B14 (6) and Ni;€By4 (7)
were optimized at PBE and their band structures and total densities of states (TDOS) at HSE06. The
insets represent the shapes of frst Brillouin zones. I, Y, S and X of (6) correspond to the (0, 0, 0), (0, 0.5,
0), (0.5, 0.5, 0) and (0.5, 0, 0) k-points, while T, X, H,, Y, H and C of (7) correspond to the (0, 0, 0),
(0.5, 0, 0), (0.440, 0.389, 0), (0, 0.5, 0), (—0.440, 0.611, 0) and (0.5, 0.5, 0) k-points.
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Fig. 5.11 The phonon dispersion curves of 2D heteroborophenes (6) Ni, € B4 and (7) Ni, € Bya.
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monolayer Ni, € Byg.
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Fig. 6.1 Optimized structures of the largest tubular molecular rotors Cs Bs-Ta@Bg (1) and Cay
B4-Ta@Bas' (2) and the smallest axially chiral endohedral metalloborospherene D, Ta@B,, (3) and its
degenerate enantiomer D, Ta@B,, (3') at the PBEO level. Dashed lines represent Ta—B coordination

interactions.
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Fig. 6.2 Low-lying isomers of TaB,; with their relative energies indicated in eV at PBEO, TPSSh (in

parenthesis), and CCSD(T) (in squares) levels.
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(2)h Ta-B PN 2.48 A, ZEEM BN EE = A HONEBK I T Bk ghi, FeAk
HE| 22, 45 EPTR, RS TSk Cs BrTa@Bis P Cg Bs-Ta@Bis (1) /%2 Cay
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A 6.3 (a) TaBz, #u(b) TaBy, f CCSD(T)K-F T 8y % i it M A, $124 eV.
Fig. 6.3 Configurational energy spectra of (a) TaB,," and (b) TaB,, with energies relative to the global

minima indicated in eV at the CCSD(T) level.
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E Ta@By, fh R0 — AN T, R FEXFRIEE ARG Coy Ba-Ta@Bis (PA2), %

SER N TaBo, M RE B A AREE 14, V£ L3R AB. 4R8N — AN 713 RIK &R TaBz,
Xf TaBg, HEAT AR ER, 195149 4000 N Al WK 6.1 & 6.3, %K R4 Rl /N2
TN TE A R 4 JB I ER ) D2 Ta@B2y (3, "A) XXk D, Ta@B,, (3, 'A). Dy
Ta@Bz (3, 'A) AN Buo WUsE, WL NEA B, HotiER:, EE TR
Ji% 4 ANEAN ) By B TRALIA, S5 MIT S 4 8 — AU A>B<, B R %A —4>B-B<.
W 6.3b, M TaBy, FIEIGEEMAIERT LIEH, 0.51eV JEHIN, 45kl DAIREE IR
NE. FAMKEEE Co Ta@Bx A=HRLM, TNHH —1 B ik, Tig—4
Bio FCA, &b Ryt i JEHR DU AN S840 1 -B<JR T AHIE, £ CCSD(T)/KFiZ45# E GM fE
& 0.2 eV, FHHLEANEM Cay Bi-Ta@Bys b GM RER R 0.37 eV sk A6 Il H{IKRE
= AE PBEO A TPSSh 7K1 T (A X it £ . D, Ta@B2, (3/3") A% Ta-B 344
K248 A, & Ta-B 1A R EE—A B /NN k& BIERNE, RAiB0LAS] 22, B
LM TR D, M@B,, (M =V, Nb). D, M@B2, (M =Cr, Mo, W) % D, M@B,," (M
= Mn, Tc, Re)¥ 4% H & R A AeTH - 0 B IER /NS o IR 28 P ik 42 8 B S I s 4
J& L R SEAR 0?2-Bop BEAATE BRI LART 485 K 1 7 T #0AR AU R, 56754 J rh ORI G
14 Dy Boo BCAATE U 2R ALAEH o
6.3.2 S FahF1FIEHL

N 6.4, 71BN, 1F 800 K, D, Ta@By (3)zhi¥faE, HBHIR
iz RMSD = 0.11 A, & K7 mz MAXD = 0.34 A, 7F 1000 K i, AT
D, Ta@Bz, (3)H! D, Ta@B,, (3)FF 4 thIFIFEAE, RMSD Hl MAXD 43324 0.19 A Al
0.67 A, EIRS T 51k Cay Bs-Ta@Bus™ (2)7F 600 K iR I H AU 45 M)A, 1E1%
TR S5k By BRI H I HIE R Ta@Bag BUIR B 7 e . anf&l 6.5, 7E CCSD(T)
KR, CaBa-Ta@Bis™ (2FENEFE I FE A =AML IEA A Co M —A CLE5H),
SR GM féE S 2.00. 1.80. 1.57 kcal/mol, X =AMKfEETESTUULH Cay
Bs-Ta@Bus" (17742 =/NEAN Be 7SI LI B (81 H- A4S e FHAE TR HAS a PRS2 15 2.
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Fig. 6.4 MD simulations of D, Ta@B2, (3) at (a) 800 K and (b) 1000 K for 30 ps, with the RMSD

and MAXD values (on average) indicated in A,

6\063 C, (180i cm)

@ +2.00 kcal/mol
©
Q
in e mode

. ) e ol

C 154i cm! < 0)00' C, (94i cm)
0.00 keal/mol Ca (1 09i cm”! ) Q +1.80 kcal/mol

+1.96 kcal/mol
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+1.57 keal/mol

B 6.5 £ CCSD(T)K-F, Cs BsTa@Bys™ (2)49id% S. Ca BiTa@Bug™ (4575 JLiA) A —A =
BB LEH), T AAY E AN TS LM A CoAm LA CLEEM),

Fig. 6.5 Transition states located in the rotational process of Cs, B4-Ta@Bss" (2) at CCSD(T) level. The
imaginary vibrational modes of the second-order stationary point Cs, B,-Ta@Bs" lead to the three

transition states in the rotational process of the C3, GM (two C and one Cy).

72



FNE Ta@Byp, : 1P EJE-MI K AR WEAR B TEIR (145 Ky id

6.3.3 B TFLEFNE S T

Cs B3-Ta@Bas (1)« Cay B4-Ta@B1s" (2) 5% D, Ta@B2, (3/3") 15 Fa & M n] fEJE T H:
PR () BT ARG TR B B AR G o X5 L Dy Bop BCAA AT D, Ta@B22 (3)H CMOSs AS{iEAH it 7]

DEH, BTEREIEA 94 o HliE(El 6.6). £ D2 By FLETIMA—NEJEE T Ta,

D, By, Bt A4 ) HOMO-LUMO HEFR M 0.84 eV 7% K D, Ta@B,, (3) .1 3.60 eV, Z%fH

RPN e RIER)E D2 Ta@Bo, (3/3)fbFAE TEELT

HOMO-10 (b 3@,4 @ HOMO 13
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& 6.6 PBEO K -F T (a) B4k D, By #2(b) M # & /& M 5k M D, Ta@Bo, (3/3")%9 CMOs A AE{A 1%,
HOMO-LUMO fe Fg e I s ARIZ{E. *ILAANEREME @ 94 nHil, B R 18 &-FMA,

Fig. 6.6 Eigenvalue spectra of (a) bare D, B,, and (b) metal-centered D, Ta@B,, (3/3") with the

HOMO-LUMO energy gaps indicated in eV at the PBEO level. The nine w orbitals over the cage

surface involved in the 18-electron configuration are depicted for comparison.
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MK 6.6 FTLAE ., D, By L&A 6 4> didl o $i&(HOMO, HOMO-1, HOMO-6,
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SR TR TN Ta[Xe]6s™2'5d*>, Ta ¥ 6s”_E (LT JL-F-#F 1Mk 4 Bop FLAK, 1 Ta 1)
#3 5d B E N S n E FECR B Boo FUARHIPIAN pr 7. 7E D2 Ta@B22 (3),
Ta-B ##Z4(E 0.24~0.29 2 [A], tt K% Den Cr(CeHe)2 H' Cr-C HIECA B8 22 (0.34) 1 )%
2k Dsn Fe(CsHs), H (1) Fe-C BLAi 482K (0.30) K. 5 By-Ta@Bis™ (2)~ Bs-Ta@Bis(1)+
Bo-Ta@B1s ). Cr(CsHe)2 J¢ Fe(CsHs) HI4: & Lo B HIEL, D, Ta@Bs2 (3)F Ta
A fre i A 4 (5.91), SXARHE—BAIEM T Ta HhoO IR i n?2-Bop S A ERER AL AR -
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H 6.7 PBE0/6-311+G*K-F T Cs By-Ta@B1s (1)#= Cay B4-Ta@Bys" (2)49 CMOs A FE{fL i,

HOMO-LUMO &4 B #7iz o B P fih3£ A9 $L A1 55 F Bl 5 B Ta 89 5d R T #id .
Fig. 6.7 Eigenvalue spectra of (a) Cs Bs-Ta@Bs (1) and (b) Cs, B4-Ta@B1s" (2) with the
HOMO-LUMO energy gaps indicated in eV at PBE0/6-311+G* level. Typical molecular orbitals

involving Ta 5d atomic orbitals are depicted for comparison.
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41 6.7 4 Cs Bs-Ta@Bus (1)1 Csy Bs-Ta@B1s" (2)1) CMOs AfEAA I, £ REH],
B@Eﬁﬁ 1) p L8 1 Ta 1) 5d,, (HOMO) . 5dy, F1 5dy, (f&i FF 1) HOMO-1 Al HOMO-1")

HECAER, AR¥kaE T Baot. HH HOMO-LUMO fEBRA A Egp = 2.29 eV,
By HLICHTY K () Ta-B #4%(0.32-0.35) L3 i Ta@Bis B IR 2% (0.24-0.27) 5, LUK
Bl fir S 7E Cs By-Ta@Bag (L) FISL M FIESZH Cs Bo-Ta@Bag PIAIREAFTE

2><2c-2e 0 bonds 20x3c-2e o bonds
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B 6.8 D, Ta@By, (3)AdNDP 4 447 .
Fig. 6.8 ADNDP bonding pattern of D, Ta@B,, (3).
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Fig. 6.9 Computationally simulated (a) IR, (b) Raman, (¢) VCD, and (d) UV-vis spectra of D, Ta@B2,

(3) at the PBEO level.
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7.1 515
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SR, KT Ta-Bo IR E &4 Ta@B," W AE IR e iy Fic A7 BE AR AN S g | &4 Rl .
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gERy, HAEABIEA LANET M Be TULTEHMEMS, AIJG A 1AL SLIE, i
A 1ML FLIF. 5 D, Ta@By (1), C, Ta@Bas ()4 2 MM By
XU, WE Coar T A AL, Ta@Bas HIZE /MMl Co xR, 45y
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FAE HR T LR RS T Ta@B AW (n=22-28)

EABHSA 1 NMATRK Bs LU, 1Z45#1 GM G5 0.03 eV (WK 7.2a).

Ta@Bz(z' zDz, 'A) Ta@Bz(3 (C,, 'A) Ta@BZE+ )(Cz, 'A) Ta@B24(' (C,,'A)
"

Ta@B28(3*)(CZ, 'A) Ta@Bﬂ(z*)(Cz, 'A) Ta@st£ ()DZd, 'A,) Ta@Bz(5 ()C1, 'A)

B 7.1 PBEQ K -F T HRALAF 2] 69 N 5 2 /% M 1-8 69254,
Fig. 7.1 Optimized endohedral metalloborspherenes D, Ta@B;; (1), C; Ta@B,3 (2), C; Ta@Ba4" (3),
Coy Ta@B24 (4), C, Ta@Bys (5), Dog Ta@Bys' (6), C, Ta@B,;** (7), and C, Ta@B,s®" (8) at PBEO

level.

Ta@Bgs R R I—A~ B", 193] TaBos M4 AR/ HI N C, Ta@Bzs™ (3), BLALEK
24, WK 7.13). %45 C; Ta@Bas (2)351L, 4ty &R 1 MHEFEH Be
TIEHER, HIE S 1AL, BEE 2 AN, REH 2 4 Bs L
WAL= B-Bil. A CL (LM A7), XA ER Ta@Byr
T 1A By HIt, i%45HIHL GM fE R 0.10 eV 55 = AN FRIER A Dog, £
VU A 4 NS Be TUATEAEME, Lk GM BEE S 0.23 eVe

7E TaBos R RPN BT, 1R R S Coy Ta@Bos » FCAIECH 24, 1N
7.1 Z5K9 4. ZERITT UL BN E B Coo FE MY, B A EAT 14 Bs
FIATEAMES, NOTH 2 M4BT B FATEAE MR, SEMRTHISE 4 ME R Be TLIATEAR
A 8 NFINTEALIA . il 7.2b, 5 AN FAIEN CoAFRE, XAER Ta@Byy -
5 —A Ba M, HAEELL GM /5 0.08 eV. =4k Cs Ta@Byy 451 4 HIfE
BRI, GM REER 0.11 eV, ESHEIUA Co SRR, R RMARITFR
14 Dan, -5 SCHRIRIE ) Dan W@Bos FIRUAR RN, b4 4 fiE B 55 0.18 eV £ CCSD(T)
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K, BAITTHE T Coy W@Bosn Cs W@Bos (XN TaBos 55 —N4514) & Dan W@B2as»
KL Coy W@B4 1 Cs W@B24 LU SCHRIRIE 1 Dan W@By4 i & 77 711K 0.26 1 0.08 eV
(WLH 53 AB) e AR ARy WBo, VNI T PN T I B R AIA, Coy W@B04 A
RN . B 10T, 7F 400 K I, 450 4 fRERsh 158, B
AW 2 RMSD 4 0.07 A, S KA m% MAXD 4 0.21 A, 1 450 K I, 4544 4 F155
= Co EAIARLE T BARIRAS, AR b FE 32 B985 e — AN U R R T 0 3, 3
JitfmZ RMSD 4 0.18 A, s KA (w2 MAXD 2y 1.08 A.

.6: x; ..;. » ..! :. .
04 - fey 06 iy o0 &
J | A
T o9 ') ‘e, & "ur«:..,.'
C, (0.30) .

o
~

e— ..!:“3 T =1 l‘;’-
034 —  Pav ] i i
1 - 01}'(:277) . G @31) ] g 5,‘5'{3‘1,>
=13 ] Wi 1/
1 | %) 1 4 <
—1 c ?0.27.3‘) T / G (:0,28) 0.3+ C.(0.27)
] — g | £ 1 — 22
- i ¢
0.2 NS 03] —/ & — e
i \cs (0.23) d — / C, (0.25) T C, (0.25)
3 . ;‘("” 7 ."Ty
2 ¢y — i g - :
@ : sy 027
. c, (022 1 » 0. T :
—J G5 02 v, ] ey
i {54 ] — &8 | A5
014 | M P <[l
\01 (3;13) i /C, 0.11) . C, (0.14)
1 g - B3 0.1 73
- o1 d — ] 2
- ¢, 011 1 % 1 c,(014)
e 4 A —_ s
| — &% i \1,‘;;, 1 ~ i
% t*‘ i - ‘zuc'. g i‘t 4
004 —J ¢ (003) J G008 004 — C, (0.05)
\_.!“‘. ' \?é:' \E’;'.r.
L . 3+ &2 AR
(a) TaB,, c, (0.00) (b) TaB,, ¢, (0°00) (c) TaB,, c, (6).'60)

B 7.2 & CCSD(T)K-FTF, #h%(a) TaBys. (b) TaBys %(c) TaBys™ 49 % Ml i A1 i, Aaxtfe
e BT, E42H eV,
Fig. 7.2 Configurational energy spectra of (a) TaBys, (b) TaBa4 , and (c) TaBys®* with relative energies

indicated in eV at CCSD(T) level.
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1 Ta@B,' E &%) (n =22-28)
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0.40 1.6
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80.30 21'2- " H
=0.25] e " / W 1.0
0.20] ?:é, I u‘wh'u il lrJ‘M/th.w =081
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B 7.3 Cy Ta@B,, (4)42 400 K #= 450 K T #93) /) S A4,

B P

MAXD=1.08 (on average)

B8] A 30 ps, RMSD

% MAXD {84

Fig. 7.3 Molecular dynamics simulations of C,, Ta@B,4 (4) at 400 K and 450 K for 30 ps, with the

RMSD and MAXD values (on average) indicated in A.

meE 7.1, 1E TaBz47El‘J%6tHJ:7JD~/I\ BR T, AFESARIERALH C1 Ta@Bos (5)

GEK, SR —

5 1 MHETE Be TLILTEHMEK,

WE 14BN

i, A%

INTE=A
Hl:.ijEi"

AREN

SRR AT Xt TaBos RSN B, 13 B ARIERHi 1) Dag Ta@Bos™ (6), HLA L
N 26, LSS FIEFERE 4 NS IIEA Be TOUJEME, ZETEARH %A —1>-B-
Mrd, HABRAE R AR WIS A9, TaBge 4k4:in—> B*, 54T C, Ta@B,**
(7), Bi#h 27, S5 )8 FAE WO AHE I TO AR, RT3 5 AN AL, K
PR WLF 3 A9. FHIR F HE B sitt) 1-7 By Ta I+, RIS 26T 9554
T4 C; Hf@Bas « C; Hf@Bas Coy Hf@B2” « Cp Hf@Bys « Dag HI@Bys. Mz Cy
Hf@B,,", 1XLLZEHHS S &k R RE I E I EIER/DN.

12 ik & B ERIE b, BB B T C, Ta@Bos® (8)Hse8l. wilE] 7.1(8),

PNU=NR
Hbij%

AR =22 BINI0EE, PIILAE 2 NS0T Be TLILTEMEMR . JRATIE DU5EIR
R Co Bog 0l E. Ta i1, ILALTFE] C; Ta@&s“%*@klﬁ 8 it 0.76 eV H
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%)@ LaHf. Zr & Nb #4549 8 tf) Ta 153 C,La@Bas”+ Co Hf@Bys™ . Cy Zr@Bys™
J% C, Nb@Bos™, ‘EAITHRE %1k RIARE_ERE EM/NER .. Wil R%E D2, 458
W Ta-B #1125 7E 2.50~2.92 A 2 [a], Ta-B [{] Wiberg #84% /£ 0.16~0.28 2 [a], Ta [f]
BN 6.00, IXELHIERY], 45K 8 K 28 4 B JE T 5 Ta AT LA

AREETE TaBog™ Ein—A> B3| TaBy', WK 7.4, &R/ ARKI C
Ta@Bao"", 4t 77 P B L Tl o — A2, Ta-B#K N 3.05 M13.12A, K
T 3.00 A, % A FHIME C, Ta@Bp* b GM EE R 0.10 eV, HH —4 Ta-B K
HAIT 3.00 A, B UFRARBIERIE Co Boo $5 LT KT Cp Ta@Boo 45 #41%, Hhfi R i 51
REE 7 0.96 eV, SCERIRIERY PbHe ™ (n = 2-15)HIf% 58— A E d Pb-He 4K Ky
2.595~2.869 A, /T 3.0 A%, 3% TR HE T Ta@B, 44 £ 1T (e A7 K- 3.00 A,
B, FTLLAJY Ta@Boo HIA SBCALECN 27, HIFHF gq>+4 FRI4A 2R BR] A6 R AE T X DA
TS EARAE, BT CL, BATHEWT A0 7R R C,La@Bas' Co HI@Bos™ I C, Ta@Bos™
(8)7E AN BRI BL AL AL vl e SEIL 1 e A 4, B0 28.

C'A C'A C'A CA
000 010 012 015

[ S

C,('A C,'N C,'A C,'A
0.24 0.31 0.32 0.47
& 7.4 TaBg™ H 52 /2 CCSD(T) K -F T 491K At & F M4k B A8 3t e B {4,

Fig. 7.4 Low-lying isomers of TaB,,"" at CCSD(T) level with their relative energies indicated in eV.

7.3.2 Ta@B, (F RLE3E L Hath

I 4 Ta S HARAR TG LawHE Zr Nb &2 W, FL B T# 8y M[(n-1)d"*ns?],
Rk, A5 S B R B s I E . 1 B AR
B TAES B IR, T EIN[He]2s%2pt, R RAREUN, A By BAAEI 4 0,
F IR 2p JRTRUIE R LUR CA 20K p—d RBHER, TERZERIE . XOAE
WRBTER "-Bo B fA, DA KL A7 SO LA AT ER 7 454 _F 26 DUt % 4@ BT 190, 1
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FHtE BTN R B R ) Ta@B,' 2 &) (n = 22-28)

7.5, M@B, E AWM 5L (e 8-28 Z AL EIE K, 7 C, Ta@Bos™ (8)iA HIRLK.
T 45 fFE Dgn Co@Bg + Don RU@By & Dign Ta@Bio Y, EIRZEHIAHE Deg
Co@B1s « Dgg RN@Bus « Digg Ta@B2o « Cs Ta@B3o « Digg Ta@Bgo B3, C, Ta@Bx
% Cay Ta@Bo" M9, JEARGEMIAIELEH 1-8. 7E Ta@Bas™ Fl La@Byo> 1, 1B, Ak
(11 n 4 29, (HA Ta-B #EKAE 3.00 A, FATN N SEBRACAIECH 27. 24 n KT 28 i,
FEAR B BT 46 LB A, Be A, — ANk U 4 J DR s oA KM S 1 2 A Hh 28
—EALE, S LESERIAERAEME, 1 M@Bsy, (M=Sc, Y, La)fl La@Ceo &
HC G i 5 ) i 7R [ o198,

Coordination number (CN)

T T T T T T T 1
0 8 9 10 16 18 20 21 22 23 24 25 26 27 28 29 30

Number of boron atoms (n) in M@B,

B 7.5 TRl 9 fe R T o) N 45 N A 5k 264 M@B, (n = 8-29) Btz 4 T L o 2%,
Fig. 7.5 Variation of the coordination numbers of transition-metal-centered boron complexes M@B,, in

different charge states in the size range between n = 8-29.

7.3.3 BFLEMIR BT

#54 CMO Fll ADNDP, kAT 450 1-8 BEAT VRGN B b 45 R R0, 1-8 (Y
AR R, o P ERF A 18 T AL, ARSI o + n AU IR B, A%
BB RS ) Coy Ta@Bos (4)VE NI FVELHI IR LA 0. PSR D2, 5
Wik G R ER 1-8 ) Ta-B KA Ta BT EL, BATA I Coy Ta@B2s (4) Ta-B
S5 BE B9(2.47 A) BN Ta B 2K(6.33) e o W1 7.6a, FRATXFEL T Coy Bos FLARFN
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Coy Ta@Bgs (4)I1) 53 T HUIERE R AMEAE, KINHIE TR IHA 9 > n-CMOs #1iE . Coy Bos
Bkl 6 NE¥E o-3iE, 2% N: HOMO (b)). HOMO-1(by). HOMO-7(by).
HOMO-11(b;) HOMO-12(a;) & HOMO-15(ay): & 3 M E (G #EHLIE 23 74 : LUMO(ay) «
LUMO+1(a1) & LUMO+2(a,). 1H5H %K, Co Bos LA HOMO-LUMO REBREL/N,
fHN 1.1eV,

LUMO+2 (a, 2 o)\
1
LUMO+1
’(31) 0
LUMO (a,) -1 }
_2 d10
HOMO (b,) 3
= 4
HOMO-1 (b,) \ ‘= YZJ
1.10 -5
6 Py
HOMO-7 (b)) "0 — "\ HOMO-13 (p,)
— ( electron
L p— accumulation
HOMO-11 (b,) 8 HOMO-16 (p,) p—
» = depletion
— 9 s
HOMO-12 (a,y~ =— HOMO-17 (p,) (b)
-10
5 -11 i
HOMO-15 (a) . 5 Energy (V) HOMO-21 (s)
C2v BZ4 CZV Ta@BZ4-

(a)
& 7.6 (a) £ IRBLAK Cyy Bog 7 Cy, Ta@Bos (4) & 440 12 PBEO K -F L4 CMOs 49 3 tb A,
HOMO-LUMO & Fg 4B Ao (b) Coy Ta@Byy (AT HEEEZ5E, HERAELTEE, BEK
REFRY
Fig. 7.6 Comparison of the eigenvalue spectra of the bare cage-like C,, B4 ligand and C,, Ta@B2, (4)
complex with the HOMO-LUMO energy gaps indicated in eV at the PBEO. (b) Electron density
difference map of Ta@B,4 (4), with regions of increased and decreased electron densities indicated in

yellow and blue, respectively.
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E Coy Ta@Bos (4, B #iM A 2p, JRFHLIE R Ta o [5d°6s%] 8 4 A 7E
WEEA BEAERTER 9 DM THUE, 4398 HOMO-5(dy,). HOMO-6(dyy)-
HOMO-7(dxoy2) - HOMO-8(dz) . HOMO-9(dy,) . HOMO-13(py) . HOMO-16(p)
HOMO-17(p,) 2 HOMO-21(s), HOMO-LUMO fgfifi v 3.86 eV, FrLL, 45k 4 ml ik
ElEdli 1, HEFHAERTE 18 B H (Nigand + Nmeta — 0 = 18, Njigana = 12 XK
FEARTCAR By It BT HL, Nt = 5 AREEEH O Ta B TEL q=-1REEZEW
I AS). Cov Ta@Boa (4)F HELFF %5 FE 75 43 IEIR B Ta ORISR Boa BC A4 2 [ 47 7E B
DR TFREGEETD), EW B spd-n FALEH (B 7.6b). 458 2. 3. 5-8
[f) CMOs W.Ffs% B5-B6, 54ty 1 14 KA, 45iky 2. 3. 5-8 #iA7 9 > HlEHT = #l
&, HOMO-LUMO fEBRTE 3.39-4.08 eV Z [i]. K25 1-8 4556 18 TR, &
] Ta 5 B, I RA RN SR E RSP B2, C, Ta@Bys™ (3)F1 Coy Ta@B24
DM B, P Boa BLARI TR, FASIFM Bos BLAASS# 23 ICAC 18
TR, w0 HLFE Miigana 737019 14 1 12,

H AR B HLIE (NBO) T R B (M 5t % D2), Ta@Ba4 (4048 Ta I THIALN
5d*9'6s™%, 4R FL T A—-0.64 Je|o iZHUME R Ta vty 6s* ¥ 2 AT LT TR
Boa FiCAA, T HE5 4 K 5d BB A M p—d RBRER, MIEIR n*-Boa F ik
BT 2 AMHET(-1.91 [ef). Ta@Bz (41 Ta-B P K(2.47 A)5FIH Dion
Ta@Byo 1) Ta-B “FH45E K (2.47 A, #ELWHAEAIR Diog Ta@Bzo M-V KK
(2.67 A)BLE3E8T] - Fe b kiy 1-8 th, Ta H1u0 SR (WBI T, = 5.91-6.33) b SOk R IE 14
R T 51k (Cay Bs-Ta@Bis™ (WBIr, = 5.87). Cs Bs-Ta@Bis (WBI, = 5.74)%1 C,
B,-Ta@B1s~ (WBIra = 5.69)°™H1=H}AE A4(Den Cr(CsHe)2 (WBIcr = 4.19). Dsp
Fe(CsHs)2 (WBIre = 3.06)) ) 0o Jm B R 1= AESGHY 2-8 tf, Ta o33 9 7 Ly
Ora 7£-0.14 |e|£]-0.64 |e| -2 8], A\ By B4 21| Ta HrCo#B R I H BRI p—d JBHEH o
TEW RS B IERIE Ta-B S, 4544 1-8 (1" F348 K Ta-B P854 S AR 47 11 S ¢
T ERA LA A AR K

ME 7.6 FTLLEH, Co Ta@Boy (4)F19 I Ta HuL ) 9 MBIk o $E7H 3615 o B
2, KRS 9 DB 1-CMOs #LiE . AANDP B8 ik — 251 %E T Coy Ta@Bas (4)
1 5 S AN B delo b DA K Ta-B 2 8] A BLAE -t &l 7.7, Coy Ta@Bgs (4)F 11 /> 2¢-2e
B-B o §#, &4 1 4 MEA B UM, 18 4 Bs = fMEIL A 18 4 3¢-2¢ o
GG JICHAH AR A FLIA T MEAR Z A1) By 25800 B 14 4c-2e o B 9 /> m B 5301
Az A 2 NUBCAL B E%F 14 5¢-2e n B8, A WIATINESA 14 6¢-2e n i,
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Bl S 3o 3 2 T 45 % O A K T )t 7

11x2c-2e 0 bonds 18x3c-2e 0 bonds 1x4c-2e ¢ bond
ON=1.86-1.87 |e] ON=1.80-1.92|e] ON=1.79|e|

2x5¢c-2e mbonds  2x6¢-2e 1 bonds
ON=1.77 |e| ON=1.79 ||

1x7c-2e mbond 2x7c-2e mbonds 2x7c-2e T bonds
ON = 1.64 |e| ON=1.83|e| ON =1.88 |e]

B 7.7 44 Cy, Ta@B,s (4)89 AINDP s s 4% KX o
Fig. 7.7 AANDP bonding patterns of C,, Ta@B4 .

THESA 14> Tc-2e 8, 7247 JB AR 1) 4 NI TE Be TR B354 1A Tc-2e n s
Kk, Ta@Baa (4)MHERFEN o + n WL, © L T4FA 2(n + 1)° (n = 2)ERIRIF &
PERLTIHEORN] . 4549 1-8 () ADNDP 73 45 RN fis% B7-B12, BEATEFT& 18 M1
W7, ZBALTBIER I 5% B (n = 36-42, q = n-40) ] iy 5 145:54.55.60-62]

K 7.8 7y Coy Ta@Bas (4)WLLAM. T2 SR AMERIOGHE . Coy Ta@Ba2s (4)H 54
SR LL AR U IERT 2 AR hr 20, ZLAMRFEE 73531 285.3 (by)+ 369.8 (ar). 425.5
(b2). 683.1 (bp) &% 705.3 (by) cm ™+, i B HFAEIE A 606.1 (a1) 1 643.2 (ar) cm o FHR 1)
Fir g 643.2 (an) N HLRIRPIRARS), 1206 AT AR SRR AR 25 O 7T, ik ) 2 A i
(222 263 283 % 301 nm) 3 22 N 2 B 1 [A) e B E G PR PUE B R, A ES R
S U (5 400 nm DL _E)EE P &x HOMO A HOMO-1 K Fikit. B4 2. 3 ) 5-8
(LA = A AT WA RO GTE WM 5% C6-C8.
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(@) R

(b) Raman
T T ; - Syl ]
200 400 600 800 1000 1200  v/iem’
UV-vis

225 250 275 300 325 350 375 400 425 450 475 A/Am
B 7.8 PBEQ K-FT, Ta@By (4)894rh. 45 % BOEINT AR AE,
Fig. 7.8 Simulated (a) IR, (b) Raman, and (c) UV-vis spectra of Ta@B,, (4) at PBEO level.

7.4 KEINGE

A EE TAREEW AP HI T A # 4 BIERE Ta@B,, 115 D, Ta@Bx. (1). C,
Ta@B.3 (2). C, Ta@Bys" (3). Coy Ta@B2s (4). Cp Ta@Bys (5). Dog Ta@Ba2s' (6). C»
Ta@Bz7"" (7) [z C2 Ta@Bas™" (8) - X LLIEIRE A &4 Be TLIALEK By /NIUTEMENE,
n TR 18 TN, A ik R, AT OB R . Ta JR T A B
JRF 42 % TR B UL, AR T Ta@B S E&WIITER, RIT Bl 1
B LA B I ER T BL &) Co Ta@Bos™ , FLALEH 28, X L6 5T AW T REAE SIS I h
B, T LMEA TG RO IR AG .
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H\E EFRIEER Ta@B1g + Ta,@Big & Ta,@Byy 4 M b 5 it I &R 2R 1 - K

BIN\E SHFHRMEEIR Ta@By  Ta,@Bys #1 Ta,@By, I
S EERER oK E

8.1 5|5

WIE N IR B 103, A& FE IR, BRI 2 do0 i R
[ % R IAR N 2 T 2 T R S A7 AE 12150107 1880 gl s PES S s — e R, A
WE AR S RGBTSR, KRBT WP s i git B, (n = 3-30,
33-38) F SR TN ER M Dog Bag ™ Fll Co/Cy By BE334245 545 pr - BT 45— JH L9144,
Chen 25 N\ 3% 257 7 WIERI% 5 B (n = 36-42, q = n-40) B36062] | & e 23T 3 S Al
B—EERIE, WERE KB By (n = 16-25) FIFE N SR EIRGE M, 1K AEHRAL 2 ) 5
— B IR, Se6 bR O I B R A 2 BER 9K, (ER S T RAK
BT AR ARIRIBTT 2, B St W, FasE ) a-sheet FT snub-sheet 3535 — & I 75 [F]
B, TSR 2 B AL AR [ O g o 104,05,208.2040

ITAER, PES SEIGAEG TR R, FE0 % a5 4 i U 4 8 T A R AR i A
TG, WSS R IR 58 36 FAIAF- [ 4544 Dgn Co© Bg + Dgn RU©By & Dion Ta©Big
I E IR Dgg CO@Bis + Dog RN@B1g M Dios Ta@Bao H A #5581, Srih i it &
FURSCR R, -1 AR E IR 2548 1) e i B2 40070 ) 4 10 A 200 AR TRARZHAE R 17K
PN T RSN IR <RI ER)G Ta@B,! (n = 22-28, q = —1~+3), ‘EM 1T & 18 1M
W, BILT Ta-Byd 45 R 45 it i A 110020 5288 F O 2 W F 1 HER C,
Ta©By B 14549, W] LLHENI IR Coy TaOBy™ Al = 25 Coy Ta©Bg A 5E 3 A1
4T, WS, Chen A1 Tian 25 A/EFIEKCF T T3 Co Ta@Bys P A4 A1
IR Ca@Bss O AT M E A, Wang AT Li 45 NG id PES Si6 A 15 & B
TN @ 3175 TaoBe Al LaBg » ot Bg A Bg HLIA7E Ta-Ta 1 La-La — %
TR J FEIEA G020 o IR, H i TR IE A 42 SR I AR N AR A, U
A Jm XA E R . =IEAR R Z BRI R & Y5 TeikiE .

FEF 52U IE SEA IR T I 4584 Coy TaOBg® ™ (1) M XA BRI S5 WIS AR, 454
SRR VRIS, AREES T T AL EIR Doy Ta@B1s® (2)s W%
SRR Coy Tar@B1s (3) K = XA E IR Don Ta,@Bo7* (4)45 1, X LLLE T 1R A4
JBIIAN K a-Tas@Baggao) (5)FIMERGE%52%, 254y Coy Ta,@Bus (3) & Don Ta,@B27" (4)

#i & Ta-Ta —RAKFI B, (n = 18, 27)AAkidE i spd-z B4R I ks e A%, Ta i+
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A B JR - 7E LA A0 EE - 25 44 795 7 T A 2 UL L
8.2 WwHFE

ZER A R R R A MHEBPIR Temin FEFESM), [E) i 3 T S iR 1
B, """ (n =18, 27) 45 #i4T T L34k . 7€ PBE/DZVP /KF |, &Mk R7EH AL |
HBIZ 3000 ANEES. FARRMEEER T, $—57E PBEO"®, TPSSh'™ K
HSEOBM ™ vk Rtk RIS AT LUB R AL S5 M ik R IE NS5, B R
H 6-311+G*L 20, i 48 M (M = Ta, Hf, Zr, W, Nb)F Stuttgart 320861871 4
1k 3% F Gaussian 09 725 %1, TaByg® i1 Ta,Bag 74 275 PBEO 7KF R HIHT LML AE B 5
ftk, #— M MOLPRO 2013 & /7M1 ™% i) CCSD(T) 7 ik N i s o g it 5
98160161 | fp 2% p it /3 4E PBE0/6-31G /KT T F AANDP 7l ABAT, A3 e o it
OB IR . REFR IR BN %5 FE 20 #r K B ACID(anisotropy of the current-induced density)
R0 fE PBEO KPR, PR REANAT OB TD-DFT Jikit& M, A
SREEZSHTH] NBO 6.0 FFEMY. 1 4 a-Tas@Buspo (5)4 @INAN KA 2 F A4 E HIT
a-sheet #54 (3, 0) /7 I Ak, 45 H4SKFH VASP f2 P a2 1k
8.3 #R5iE
8.3.1 M RIRE M

i 8.1, B Ta@Bus® ik, %A 5 14 Jr Ml /NG 1) Ay B B A5 58 S U A IR
454 Dog Ta@Bus™ (2), Deq Big FL 1A FH I NSS4 1) Bo IR HLARL i, WUPRAE v [ Py
&) Ta, AL EAR d 2109 4.66 A, Ta-B LA K rrs M 2.48 A, %457 H
SCHR T (1 SR ER 51 C, Ta@Bus PN I AN HL T 1T AT B, BANERAT ) T o
PELE SR I HOMOs $Uil . 4 8.2 3% AL0, Deq Ta@Bis® (2)HLEE —/MIKRE R
Fe iR AE PBEO A1 CCSD(T)/KF g &7 Ak 1.22 1 1.02 eV, NBO 73 #r3& W, 45t 2
t Ta [ SRR T BT qra N+0.50 Je|, TR N [Xe]5d*16s°°, ) Wiberger #2%
WBI1, A 5.11, Ta-B Fifi4# 2 WBIras = 0.29 (I3 % D3). 7 Deg Ta@Bis® (2)H
B Ca* Al 15 3 K IEH/NGEH Coy Ca[(Ta@B1s] » HOMO-LUMO FEF AEgsy v 2.88 €V

I Ta@Bis® (2) Co 0 FHIIIAN—/ Ta JR-F, AT LAf§ 3] Coy Ta2@Bus (3), &%
TR B4 RN (B B 8.2 BBt 37 ALL), Z5 KK 5 ST BRI Y Coy ND2Sing 2540
P12 3% 55 T A2 B E A5 Co, TaOBo™ ()34 = H 25 Coy TaOBo 80 T HE BT Ao
£ PBEO 1 CCSD(T)/KFF, %45 L 38 —/MIKRE E R MR B EIR Coy Ta,@B1s BE &
715K 0.24 eV F10.16 eV. [FIFT, FATH Doy Tar@Bis 11 55— /MABLM T 1HE (B4
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%/\% %Xﬁ%‘flfc%@% Ta@Blgs_\ Taz@B]_B& Taz@Bz7+é§*@&é\ﬁ?}§{ﬂi\Ez§] E‘] a-ﬁﬁﬂé{"]*%

Bo HLIA ) T i 3l B — > Ta JE), K HBERE L GM A& =% 3.05 eV, TPSSh
A1 HSEO06 /7% NitHARGEE A, MM REEIF 5 PBEO 7k LR —
(P ALL).

(1) C, Ta@B,> (2) D,, Ta@B183'

B 8.1 PBEO X-FTF, Ta@By (1) Ta@Big® (2). Ta,@Bis (3)% Ta,@By; (4) 49tk 224,
BeATaRT, L&HBRT.

Fig. 8.1 Optimized structures of Ta@By” (1), Ta@Bis® (2), Ta,@Bis(3), and Ta,@By;" (4) at PBEO

level. Ta atoms are labelled in blue and B toms in red.

nE 8.1, 45t Coy Tax@Bus ()W E W MAESENI Ta Hrly, Ta-Ta HEK rrara v
2.37 A, Ta-Ta##4 WBIrata N 1.37, Hh—/ TaJfF1E 177 Bo 3F 1.14 A&k, 5—
AN Ta JEF1E Bo JIKI 54 0.42 A kb, WA Ta i 5WA B M#BHECALER, K
0 Ta Ji 15 0UA Bug Be A FE A8 11 T 7 B EL THU5T T L~ FF2 o 1 T Ao e B 5 o A ) 8
WK R, 4543 Ta-Ta 2 [ MEK RN 2.37 A, tLESR Ta-Ta #E K (rrata = 2.27 A)
K201 A, T Ta 71 Ta-B FLAZEEK rras N 2.55 A, #E4% WBIyas 24 0.29, T
JEH Ta JR AR FE MO, rae 0508 241, 259 A, FHRLM Ta-B $84%
WBIrs 7358 0.28. 0.21. ETFHA Ta AT TN Ta[Xe]5d*%6s>% Fn
Ta[Xe]5d*?*6s**, 2 73 N WBIta N 4.75.5.67, F 4R JE T HLAT qra 23 7 9+0.92.
+0.42 le|, VEILFsFE D3,

£ Coy Ta,@Bis ()45 LT IRIN—A By B3K, AISEI5E3E = IRGEH Dop
Ta,@By;" (4) (W& 8.2), Ta-Ta —RAKEELIR DonBor 1K = A~ Bo PR ARACA . 1%
5K ] B SCERIROE ) Don Bor IR PIE 1o B 4B Ta-Ta R A2, o
Ta-Ta # K rrara N 252 A, SRALFTAE B4R d 2904 4.74 A, 1E PBEO /K1, 4514 Do
Ta,@B7" (4)/¥) HOMO-LUMO BEBR AEgap N 2.75 eV, 3/ MR vinin 7y 194 cm .
ZhR) 4 vp Ta-Ta $EKCTE 2.497~2.84 A 2 1A, X 55050 FWEEIN] TaBy (n = 2-5)+ (1
Ta-Ta — R AR H 21208,
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B R P 45 2 I g K B it 7t

oy £

R

¢, 153 C 121 1.0 c, 0.91 (T
— £ Ta 1.2 - . 1 — A Ty
~_ o] e 09 — éi}
144 =— iiy 1 — o, 1T )
C 153 ) ’
—_— g, S 1.0 G Lla(h) 0.8 \c 0.89
g — i «hso 1 2
1y a5y 074 —
C, 1.46 0.8 - C 115 1
~ Lol 7 ~ A 0:6
> y ‘ 9 : - ] pe———,
3 b g Qb 3 5] =
2 0.8 - 0B 0@ = %5
o C 143 2 C,, 1.09 (T) 2 J
b= A ) —
Ll QC:A = 044 . 03
C 1.40 a 3
0.4 - x — 02 \‘&2‘
1 \\§\- . R \c 0 .3:.8
02 X 0.1 2
: C, 130 . [
J & 0.0 H | fﬁ o
004 — q$& 1 i%ﬁ
C 122 Ta.B -0.1 S
TaB, * V00 ? Ta,B," 5§K€
. A 221 LV
D,, 0.00 D,, 0.00

B 8.2 PBE0 K-FTF, %44 TaBis® . TaBug & TaBy, 69 % 1] ik A i (H# B R S 4 EAE), (T)K
=%k,
Fig. 8.2 Configurational energy spectra of (a) TaBys® , (b) Ta,B1s, and (c) Ta,B,;" at PBEO level, with

the relative energies including zero-point corrections indicated, (T) represents triplet.

Ta.Byy Al ge A AL 4118 8.2 Fw, 1E PBEO /K°FF, Ta@Byr™ (4)HLEE A
45 Cy TaBor BEEAIL 0.28 eV, LLH XM =HE&FE 0.91 eV, fKRtE R AT —
A TPSSh F HSE06 WAt 773k T it 5, i3 (AT e & T 5 PBEO 45 R LF—
PR3 AL2)o TELH IR G AN SR KR W S3R D3, H AR5 1) Ta O T
FIB Ry Ta[Xe]5d* %654, EfdZ: WBI A 5.62, FHARJE T HIAT qra = +0.34 |e|. THH4E
FRASCERRIE ) Ta@B, (n =9, 10)B K Ta@B, BHEH ML, &l 8.3, Al Ta Ji ¥
AT C R & i Ta,@Bor ™ (4)H 1) Ta, AI1SE] =IAEIR Don ND,@B27"+ Don Vo2@Bo7"
I Don HR@Bor SFHITAAR, IXULLEHHL R &K R 1 EIEAR /NS, AT Reidid U
LA 2 e PES S R AL A K -
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H\E EXFREER Ta@Bg® s Ta@Big & Ta,@Bor 4514 2 4 i 4 JB 4R 1Y) o-F K

NE 8.4, =INEIRSEH Dgn Cro@Bos 1 Dan Zr@Bao™ #2514 £ 1) 42 Ritl /N e
¥, FEET Don Ta2@B27" (4), EHEAYVRAEZN, HAMKEERE FHEMALE PBEO /KF
IS fE B LB 5% AL3. Den Cra@Bos Ml Don Zr@Bso” H Cr-Cr J& Zr-Zr K5y
210 AF13.19 A, Cr #1 Zr ff) Wiberger 848 43 7 5.75 F114.20, HARH 74375
~0.34 |e[F1+1.05 |e. [EAFIER ML, 7E Don Zr.@Bso™ HIAIIR, 45 F AN (K134 B
A Ta PO peEE, TIREEE BoTaze LR KM, Do Zr@Bs’ HLoe 3 =
AR EEH] Don Zro@Baso? #2752 0.39 eV, Zr-Zr — BEAAF = IR EPIR By BOARTLE JLAA[ 450 A
BEACUFUCAL .

D9h VZ@B27+ D9h Nb2@B27+ D9h Hf2@B27-

& 8.3 D¢y Vo@By;'+ Doy Nb,@B,;" & Dy, Hf,@B,; #& PBEQ K -FF &9 t£ 254,
Fig. 8.3 optimized structures of Dg, V2@B37", Doy Nb,@By;", and Dg, Hf,@B,; at PBEO level.

D, Cr, @B

Iﬁ 84 Dgh Vz@Bz7+\ Dgh Nbg@Bz7+}9\ Dgh Hfz(@BZY_/é—L PBEO ﬂ(“F‘—Fé/J{t’f&g’g*@o

24

Fig. 8.4 optimized structures of Dg, V2@B57", Doy Nb,@By;", and Dg, Hf,@B,; at PBEO level.

Wk 8.5, 4kSEAE L5 Don Tax@Bor™ (4) b 77 HE N Ta J5-F A1 Bo 35, A LAY JEH 41
R IR 45K (penta-ring tubular, PRT) Dap Tas@Baz » 7E PBEO /K F T, %45k —4
FAER /NS, HOMO-LUMO BERR AEgp N 1.91 eV, FIAH &8 A0 Ta Ji-F,
B =ZINEREEN Cay Taz@Baz F Day HEs@Bazo IXFEII = 4% FLIAEDIRSE Ky AT DL i £
S a-sheet® 2S5 b, FEGEHIM PR, A = AMEAE S IL AL .
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B B P Jm 45 2 I B K A et

P

E 8.6 D3, Tas@Bs, « Cay Tas@Buay % Dgy Hfs@By, £ PBEQ K -F T 4#EALAG 224,

. . _ +
. . ] vV L] *
Fig. 8.6 optimized structures of Dz, Tag@By, , Cay Taz@Bay", (¢) D3 Hfs@B4, at PBEO level

(2) (b) (c)
(N J 2
\NPL i
of 1 e
/ t / T~
- %
e \/ P
06 /u ﬁ _2- —
= { B —
£ N P Ta ==
i . 5_ é :.. Total
/ -4

r Z DOS (arb. unit)

B 8.6 &£ PBE K-F T, (a) 1 44 & MAR%E a-Taz@Buga) (5) 8 RALLEH) | (D)AE W L5 M R (C) S % &
DOS, *f#rit A P3IM (Cay), 4 z 7 89 dh#& % 4 ¢ 2 B () T T
Fig. 8.5 Optimized (a) geometry, (b) band structure, and (c) density of states (DOS) of 1D
metalloboronanotube o-Taz@Bag,) (5) with P31M (Cs,) symmetry at PBE level, with the lattice

parameter ¢ in z direction indicated.

mE 86 fFraw, MHEREEMH LI E, AR 1 4eEMKE
o-Tas@Bus o) (5), AFNEN P3IM (Cay), BT O E — A TCPRAE(H - Ta-Ta- <5 Jm 44
Kk, ZEMTFEER d 2408 484 A, Ta-Ta FHIHE rn N 292 A, 4
0-Taz@Bas0) (B)IFLIFAZ A n = 1/9, &/ armchair a-& JBIIANKE . FE8EA Cay
oo, A Z=AONEA B BRA MRS, =AY B R REBIAAMESE . anlE 8.6(b) T
N, CERET L TR, K a-Tas@Basiso) (5) EILEEME, 1X5(3, 0) o-ligK
i 16465.2031 31 k6 e BFof L, 7E GGA ZKF R, o- Bl 9K 2 2 G4k, RERR AEgs, = 0.70 V.

96



HNE ST IR Ta@By® + Tay@Big & Ta,@Boy M &3 I 4 @ 2k 1) a-Bl 9K

4544 0-Tas@Bug(so) (5) HH - AR AR /E T B Al Ta Z (Al AL ECALAE T,
A2 K EH T A &6 4 8 -Ta-Ta- it A7 448 2K 28 1 2% 5 it 2% . 8.6(c) DOS K # i,
0-Tazs@Bus0) (5)7E P K TH |, B J5i¥Lt Ta Jii ¥ ¥ =) DOS 1, XK B Lt Ta )
GEVETTIRE £
8.3.2 MBAMRERSEM

ST BB (R R AR B OR 45 M R R E P, FRAT XS Dog Ta@Bag® (2)« Cov Ta2@Bis (3)
J% Don Ta,@By7" (4)E47 1 VELHTY) AINDP 8 /3 ¥ . 21 8.7a, #ik% Doy Ta@B1s®™ (2)
(1) 18 /> B =X 18 1~ 3c-2e o #, [i#fifd ON = 1.94 |e|. BigFifk B 5 MBI
/) 18c-2e o HE, (G4 ON = 1.77-1.99 |e|. IR 16 M HF1E o-B 28 LB 8 4
Bii ne-2e m B A7 8, 4 ON=1.99-2.00 |e|, €13 : Ta Hr.Co AR I Bo R 2 4> 10c-2e
T B (dxm 2 dy-n AHEAER); Ta HPO AT B 2410 2 4 10c-2e 7 B (dx-n J% dy~m AH
HAEH]): Ta F0A_E T Bo PR 2 A 10c-2e m 48 [ 2 D5 B8 AE 7§ L 19¢-2e n
i (do-n K doorn HEAEH). Ta H03E257T 8 MEEEE, 2 16 BT,
Ta ¥ 5d FLIE (W Co 73 T i) RS 5 it

XU AREE R Coy Ta,@Big (3) M BLEERI X T B4k K T Ta@Bis® (2)MIHEN,
AR Z AL RETE Ta-Ta AR Z [AITE R — dp-d2 o BE(A1FE 8.7b). 18 4~ Bs =AIE I
1 18 /™ 3c-2e o £, ON = 1.93 |e|; 7E Coy 0 ‘B 22 L, 5 2 /> 18c-2e o &1k, ON = 1.95
le], 34 18c-2e B3 n 8, ON =1.69-1.99 |e|. Fl4xHT 9 A ok & kg #1074 & Ta-Ta
TR, ON=1.98-2.00 |e|, f4%: 14> 2c-2¢c o #(dp-0p HAHES), Ta-Ta FALM
JE U Bo PR 2 A 11c-2e m I (dye-nt 2 dy-m AHEAER), Ta-Ta —RARFIT By
NI 2 /4 11c-2e m Btk (deo-me % dy-n ML EEB), Ta-Ta - SRAKF By FREMAI 4 A4
20c-2e m B I (A1t X dyoyo-m AHEEEZ) o TEIXAE—A 0 + m DS IBEAR 0, Coy
Ta,@Bis Q)H M —A Ta HO#S5 9 MU, 46 18 A, B#HJ1%¥ k-
R R U S BRI E A
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Bl S 3o 3 2 T 45 % O A K T )t 7

(a) Ta@B ;>

18%3c-2e ¢ bonds 5x%18c-2e 6 bonds
ON=1.94 |e| ON=1.77-1.99 |e|

i S 0

2x10c-2e 1 bonds 2x10c-2e m bonds 2x10c-2e m bonds
ON=2.00 |e| ON=2.00 || ON=1.99/e|

€o K

2x19¢-2e 7t bonds
ON=2.00 |e|

(b) Ta,@

938008

18x3c-2e ¢ bonds 2x18c-2e ¢ bonds 1x18c-2e m bond 1x18c-2e 7t bond 1x18c-2e ¢ bond
ON=1.93 |e| ON=1.95 |e| ON=1.99 |e| ON=1.75 e| ON=1.69 |e|

s PO

1x2¢c-2e 6 bond 2x11c-2e m bonds 2x11c-2e m bonds
ON=1.98 |e| ON=2.00 e| ON=2.00 |e|

2x20c-2e ¢ bonds 2x20c-2e 1t bonds
ON=2.00 |e| ON=2.00 |e|

(c) Ta,@B,.*

18x3¢-2e 6 bonds 9x4c-2e 6 bonds

ON=1.92 |e| ON=1.91 |e|
2x27c-2e ¢ bonds 2x27c-2e o bonds  1x27¢c-2e 6 bond 1x27c¢-2e mw bond 1x27c-2e © bond
ON=2.00 |e| ON=1.86 |e| ON=1.97 |e| ON=1.65 |e| ON=1.62 |e|

1%x11c-2e o bond 2x11¢c-2e Tt bonds 2x10c-2e © bonds 2x10¢-2e © bonds
ON=1.90 |e| ON=1.77 |e| ON=1.92 |e| ON=1.92 J¢|
2x29c¢-2e m bonds x29¢-2e  bonds
ON=2.00 |e| ON=2.00 |e|

& 8.7 (3) Ta@Bus® (2). (b) Ta,@Bis(3) % (C) Ta,@Bx7 (4)% AANDP M4k 47, & 44w B AT,
Fig. 8.7 AANDP bonding patterns of (a) Ta@B1s® (2), (b) Ta,@B1s (3), and (c) Ta,@B,;* (4), with the

occupation numbers (ONs) indicated.
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5\ m IR Ta@B1s” + Ta,@Bus [ Ta,@By it 4 & i I BB LR I o-BIPK

(a)
16x3c-2e 6 bonds 8x4c¢-2e o bonds
ON=1.95 |e| ON=1.93 |e|
2x24c¢-2e ¢ bonds 2x24c¢-2e o bonds 1x24c¢-2e 6 bond 1x24c¢-2e m bond 1x24¢-2e m bond

ON=2.00 |¢| ON=1.93 |¢| ON=1.98 |¢| ON=1.72]¢]  ON=1.72]¢|

O 6 & P
1x10c-2e ¢ bond 2x10c-2e m bonds 2x9c¢-2e m bonds 2>;9c—2e 7 bonds
ON=1.93 |¢| ON=1.62 |¢| ON=1.87 |¢| ON=1.87 ¢]

2x26¢-2e m bonds 2x26¢-2e m bonds
ON=2.00 |¢| ON=2.00 |¢|
(b) Y
£/ _‘()__
. a8 : £y
D, Zr,@B, * 20x3c-2¢ ¢ bonds 9x4c-2e 6 bonds
A2 =0 ON=1.87-1.98 [¢| ON=1.85-1.92 |¢|
2x30c-2e o bonds  1x30c-2e o bond 4x30c-2e m bond
ON=2.00 |e| ON=2.00 |e| ON=1.98-2.00 |e|

1x4c-2e o bond Ix11c-2e wbond 1x11c-2embond 1x11c-2e wbond 1x11c-2e w bond

ON=1.98 |e] ON=1.75 |e| ON=1.69 |e| ON=1.75 |e| ON=1.69 |e|
2x32c¢-2e o bonds 4x32¢-2e  bonds
ON=2.00 | ON=2.00 |e]

& 8.8 #:43(a) Dgy Cro@Bos #2(b) Dy Zr@Bao? 9 AANDP A4 547
Fig. 8.8 ADNDP bonding patterns of (a) Dgy Cr.@B,4 and (b) D2, Zr2@8302+.

Don Tax@By7" (4)1EN H BIHRIE I8 — MU = ERE &Y, ERL RS
gk 2 F0 3 AHALL. 4l 8.7¢ i, 18 /™ By = A 18 4 3c-2e 6 i, ON = 1.92 |g|,
9N By ZEEHTT A 94 4c-2e o f, ON =1.91 |e|; By ik FA 54 27¢c-2¢ o B515;,
f#, ON =1.86-2.00 |e|. 7 Dono B2 L, By B L 2 A 27-2e B35 n 4 (ON = 1.65
le|F1 1.62 |ef). PRI 11 MEFE G o B L, X 11 MEY N Ta-Ta ZRAKKIA L
BCAr g, QG Ta-Ta ZRAKAIHE] Bo IR 1 A 11c-2e n . %R FETTHRR H
T Ta-Ta dp-dyp o FE(~74%), ON = 1.90 |e|; Ta-Ta — AR A ] B SR AL 2 /> 11c-2e
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B R P 45 2 I g K B it 7t

 BE A7 8 (dymm A1 dyo-m AHELAEF]), ON = 1.77 |e|o A Ta &5 EF Bo RFEAL 2
A~ 10c-2e 7 BCAZEE (dx-m A1 dy-m AHEAEH), 4 A 29¢-2e o BCA7 8 B I AE 2 701
(dwy-m 1 dyomyo-m E &), ON =2.00 |e|. fEIZMEBA S, Ta@B,r" (4)FHIFH A Ta
OEZ5 T 9O, 8 18 ORI tFER, B0k Ta £75 1.0
A KL IR STAY A1 F% NICS 18 5-98 ppm J2-46 ppm, 456 =& IR E 4 ) Ta,@B,r '
(4) o + n BB, #BK W] Don Ta2@B2r™ (4) WEMRIT EVEMAK R

] 8.8 fiw, FKAUM o + m WG SRR TUAE = I EIRZ5 1) Den Cro@Bas H1 Dan
Zr,@Bso” R AFAE, HL R Cr A1 Zr AT & 18 FLFHI% . Dep Cro@Bas 5 Doy
Ta,@By7r" (4) B ZAL, {H Daon Zr@Bso?* 1 A ] B1o B AN B IR 1 N [, 5 AN Zr-Zr
JEFTERL—A 4c-2e o B, XL Zr-Zr & 05 Bio FIVTHLEA & 6
8.3.3 IR

it RT Dog Ta@B1s® (2)+ Cov Tax@Bus (3) % Don Ta,@B,7" (4) B AW 75
FiE, BATKA ACID FEFEPOPMLE] T 454 1-4 o + n HMHEE. WK 8.9 X
8.10, TEFATT CofhMAMIA Y, KIMLEH 1-4 PRGN —5, S5HFRETEKR,
FHRL ARG RIR T 2538 o MBS I n L PRIk %I 55 WA IR Bao PH4H1 =38
IR By PRME AL, X5 B4R 1-4 #R2 S1 R A EDIR DS B 1k ik R LI 2

K 8.9 %4 1-4 8y o+ n A E (AL B AMAE), FEEIEA 0.05, st B -F47T Coin T
B, FRF e B ek
Fig. 8.9 Top and side views of the ¢ + 7 ring current maps of 1-4 with the isosurface value of 0.05. The
external magnetic field B is applied in vertical direction parallel to the Co molecular axis, with the

induced current vectors represented by red arrows on the isosurfaces.
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55\ FR PR Ta@B1® . Ta,@Bus M Ta,@By 4H4 1 £ i E &M LRI oMK

(a) o ring current maps

(1) C, Ta@B* (2)D,,Ta@B (3)C, Ta@B, (4) D, Ta,@B,’
(b) 7 ring current maps

W

(1)C, Ta@B,*  (2) D, Ta@B,*

K 8.10 44 1-4 493 A% Z AR ZMALE(ACID), F{a@{a% 0.05. #p ke £A TETL

M 1-4 B EZ, AT e B P kAT

Fig. 8.10 The top and side views of anisotropy of the current density (ACID) isosurfaces maps of 1-4 at

an isosuface value of 0.05, Current density vectors are plotted onto the isosurface as arrows (green and

red). The vector of the magnetic field is perpendicular to the diameter of tubes 1-4.

Ry 8.11 A LLEH, Don By itk A 5 NAR LI o HLIE(LUMO,

LUMO+1/LUMO+1’", LUMO+4/LUMO+4"), X S84 78 F Fok 5 T34 H K B 1 2p;,
JEFHE . X HIE AP Ta F0[5d°6s7) #2078 I HL T, 7E Don Ta2@B27™ (4)
FE %5 AN 5 98 i spd-rr 2446 B A7 #1LiE (HOMO/HOMO!, HOMO-1/HOMO-1', HOMO-4),
URUAERA B TRENZ=ZEE 6.
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S &3 S

LUMO+4 LUMO+4'~__ B HOMO  HOMO’
—— mn
LUMO+1 ; — 71 wumo OMO-1 HOMO-1’
* g s49ev 0T |2750v a %
LUMO  LUMO’ ' 9‘ ’ HOMO-2 HOMO-2’
§3_ ut g0} =
HOMO HOMO’ e o HOMO-4
) '12" /
HOMO-2 HOMO-2 | HOMO-5
8 —_— =_13__ m— ‘ a
o T e Y
HOM03 /___-14—-— ——  HOMO-7 HOMO-7’
5H=="@ &
HOMO7 HOI\V -16—-- HOMO-11 HOMO-11"
ol @

HOMO L Orbital Energy (eV) REMO-4
B B~ D, Ta,@B,,’'

Sh —27
& 8.11 Dgy By Bt Ak & Dgn Ta,@Bo; " (4) £&-44 49 # 35, n-CMOs *F tL B
Fig. 8.11 Comparison of the delocalized t-CMOs of bare Dg, B,;" ligand and

Dgn Ta;@B2;"(4) complex.

8.3.4 415, R RERSMAI ARG

Kl 8.12 NEEH) Ta,@B1s (3) 5 Ta,@Bo7™ (4)HILLAN . $i2 S AT WAL A1,
XEEIRE SV IRV R, FRARIEECA T . 208G R AU SR 50 2 AR A R
FAE RS 10z — 72200 ] 24 1 i A4 BT R SR SE I R AE 1% Coy Ta2@Bas (3)
1F 287 (e1)F1 493 (e1) o * AL BHANSRIK IR WRUCUE, 9ok f) ir 2 AR FE U4 AE 559 (ay)
1653 (ag) cm b &b, AT R S 4% 1) R R Bl (radial breathing modes, RBMs) .
o5 AR 0% 305 em T EEE T Ta-Ta (H453R5) (ar) , 55 =N 2 1% 339 cm H JE T Big
P A7 FRO 4% D PRI AR S K (e0) , I LU R B AT FH SR FRAF I SRR 5 M 7T e 1) 45 b
WL E 217.4. 230.8. 268.0. 332.1 % 406.4 nm 4b, FERE TN EHE FRAE
i 48 B LT BRIT, 10 500 nm BA B fUE{E, 4n 546.9 F1 636.1 nm Ak Z4 X HOMO
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S\ E AR EDR Ta@B1s™ « Tap@Bis M Ta, @By 4514 L &I I & R 2K 11 o-WI MK

I THOT. 7€ Ta@By " (A)Fi 2, 260 (e2). 574 (ar') & 647 (ar) cm 2 S L[
el IR IR o

IR s 5 IR Py
~ ™ @
@
g8 g &
s
J
el
N
T T
Raman S
<
~
o
&
~
<
©

B A e e R ]
0 200 400 600 800 1000 1200 v/em™ O 200 400 600 800 1000 1200 v/em™

631.8

546.9
636.1

N

200 250 300 350 400 450 500 550 600 650 A/nm 200 250 300 350 400 450 500 550 600 650 A/nm

G, Ta,@B, D, Ta,@B,;"

B 8.12 4544(a) Ta,@Bis (3)#7(b) Ta,@By;" (4) 4 PBE0/6-311+G*K-F T #y4r sk, 45 & ROESHT L
KB (A 3% R AL E).
Fig. 8.12 Simulated IR, Raman, and UV-vis spectra of (a) Ta,@B s (3) and (b) Ta,@B,;" (4) in

arbitrary relative intensities at PBE0/6-311+G*.

8.4 KRE/L

BFTZ MR, AR T AL E AR Deg Ta@B1s® (2)« X%
WIRER Coy Ta2@Bus (3) L WUIZ —IAE IR Don Tax@Bo7™ (A)AFAEMI AT BEME,  [RIINFHs H
¥R R RS -Ta-Ta- SR AK L 1 4k o-91KE a-Tas@Buso) (5)F - 1ENH AT —
ANEIRTS B2 A% 4 B, 45#) Coy Tax@Bis (3)« Don Ta,@B27* (4)« Dgn Cro@Bas
J% Do Zro@Bao” Wi 4> THI# A dp-de M-M AHEAEH, &% o + n XS
R R . Don Tax@Ba7* (4)« Dgn Cra@Bas % Do Zr@Bao” 4 ik % 4 & F o il
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Fre 18 BRI, FFER MR K o- 2 RGN A (& B LE] (A 5 -M-M-& 8 9K
28). EAENRPRI Rl R, B BEEIR 2 LSS, AT Al Re R NMBAT AD
S ) BRI FUAR &
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FNLE SRBAMIPKE Ta@By « Ta@By K Ta@By, i AL 4

BNE SERBEMMNKE Ta@By « Ta@By K& Ta@B,, HHY

N <4
/ﬁgfﬂ

91 5|8

Wang A\ 454 PES 1EAEE — MR #F RO DR TR % By (n = 3-30,
33-38) HI£E M IR AR A, P TR A P T 65 M 3 ) R £ W e 12434984 T i
SR AN — PR R BB R W], Ba' (n = 16-25) (K14 WM/ NG5 R85 9 R IR g p 7,
SIS AEIR T LT EUE R, AE/ANRST O B1% T35 8 a0 4 8 w50 1 B A 11 285
PR TP 5T . 2015 4, Wang PRAA 1 IR IA 56 36 N k& J@ WA IR 2544 Co@Bis
B, BEJE, ARGERIVERS T MnBis P RhBig P Ta@By P71, MUK Cq
Bo-[Ta@Bus] (V)fFEA Ta@Boo 1A RN A IR /NGEH, BN S5 ERAA B A H0 =
(5> F o FERLEAS b, FRATR A B T BRI 1 B A H0CHE & )RR ER S5 Cs
Bs-[Ta@Bus] (2)#1 Cay Ba-[Ta@Bug]* (3) **. 4 FEN /12 FE W, Cs Bo-[Ta@Bus]”
(1)« Cs Bs-[Ta@Busg] (2)F1 Csy B4-[Ta@Bus] " (3)7E i il B T H R B L 45 AU AL 1k

B, AR NHHETH 5K Coy Bre « F=WIVASH Cs MBig™ (M = K, Rb, Cs)
Je NiBuy BBk Cs/Ca Ba AL 2% BB T EAH 43 #7, £ Hh“ it A2 58 ”(fluxional bonds,
FBS)MES, s 1 ik Lufli 3L g K R LS MR AR A S5 11020, W e 1, AR s th 77
fET-FIfi Coy By~ (B2@Bg) P**%, Cyy Bis™ (Bs@Bio") P*** J Cyy Bis™ (B4@But*)
(912201 A #E Xt AR T 5k Cs Bo-[Ta@Big] (1). Cs Ba-[Ta@Bus] (2) % Cay
Bs-[Ta@Bus]" ()M T VAT, KBLIX = AN #0 A tH I [ Ta@Bag) & T 1 77 1Y
B (n=2, 3, HFICHM, —EIRE T, By IofEE[Ta@Bus] 77 H HFE). 1k
SRR, WA K Z T o B EREAS, FEE n KN, AR EE
IS .
9.2 &%

BRI T ik Cs Bo-[Ta@Bas] (1)« Cs B3-[Ta@Bis] (2) & Cav B4-[Ta@Bis]” (3) 1)
LRGN I S e Al R 7E PBEO MUK S8 A3t Ak, B K 6-311+G* 9910t 4,
Ta X Stuttgart FE2H 18087 E MU T, BRFTA UL IS5 A B IEM N 51
BURBREI AR, TR EIES, K IRC (Intrinsic Rection Coordinate)
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IAIF R N4 BT TSR Gaussian 09 725108, b2 s 73 M % H] ADNDP
R,
9.3 ZHR511R
9.3.1 LA FNFRE M

TaBy  TaBxu K TaBy &R & HI AR/ Cs By-[Ta@Bis] (1) Cs
Bs-[Ta@B1s] (2)F1 Cay Ba-[Ta@Bus]" (3) (1 9.1). ‘BXATTFAREIET L0k B2 fy w i) 44 i it
BB A RN 9.2 Fiom . BAR > F 51k Cs Ba-[Ta@Bis] (2)F1 Cay Ba-[Ta@Bus]” (3)
WA AT Cs Bo-[Ta@Bus] (L)AL RUAR, TEXVE Ta@Bys 5405l A
—/~V AL Bs i (=B-B-B=)F1—> By MR, 7073 I # KRR, £ 300 K.
400 K. 300 K If, CsBy-[Ta@Big] (1). Cs Bs-[Ta@Busg] (2) /% Cay Bs-[Ta@Bus]" (3)
[ By Bs Ba FLIGIREE 74l ] DAME L FE[Ta@B1s) & F 77 B HH¥ 30

W 9.2a fli7n, CsBya-[Ta@Bis] ()& —A Coid A (TS) R AT Al BIJEES, A 6E
i EARFEE AR, FAREEN: C(GM1)—Cy(TS)—Cs(GM2). £ PBEO /K*F, 3t
SEEERZ IR AE, A 1.59 kcal/mol. UWIE 9.2b, CsBs-[Ta@Bisg] (2)4)i—4
Cs EAM) R A1 F Cp I (TS M TS2)FE R B BIFE A4 . MET C
Br-[Ta@Bis] (1) » Cs Bs[Ta@Big] (2) i & o & & &
C«(GM1)—Cy(TS1)—Cy(M)—C;(TS2)—Cs(GM2). £ PBEO /K-, Hh[EJ4&(M)FIILIE
AB(TSUTS2) 54 R/ #) Cs Ba-[Ta@Bis] (2)f1AEZ AE, 4354 3.32 kcal/mol A
4.19 kcal/mol, HjE]4& M FEIEZ TS1 HIRE£ A 0.87 keal/mol,

E 9.1 PBEO K-F T, CiBp[Ta@Big] (1)« CsBa-[Ta@Bis] (2) & Csy B4-[Ta@Big]" (3)4%
b By M EEH
Fig. 9.1 Global minima of Cs B,-[Ta@B1g] (1), Cs Bs-[Ta@B1g] (2) and Cs, B4-[Ta@Bug]" (3)

at PBEO level.
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(a) Cs BQ'[Ta@Bm]- @

. (TS)
@ AE =1.59 @
C. (GM1) C, (GM2
by,
0 o 40 o

(b) C,B,-[Ta@B,,] :
fog £a

(c) C,, B [Ta@B,,

K 9.2 7 PBEO K-F, (a) B»-[Ta@Bg] (1) (b) Bs-[Ta@Big] (2) % (C) Bs-[Ta@B1g]" (3) &9 4 BRI
M), P RARRGTIEAS, AxTREE #1424 keal/mol.
Fig. 9.2 Intermediate states and transition states of (a) B,-[Ta@Bis] (1), (b) Bs-[Ta@B1s] (2), and (c)

B4-[Ta@Bys]" (3) at PBEO level, with energies relative to their global minima indicated in kcal/mol.
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& 9.2¢ iR, BARS T ik Cay Bo-[Ta@Bis]” (3)Z Wi 1) C T o]
AR(MYFIDUA I E A (TS) B R B BB 250 . o, DU IS ARG IANME T
P Cy i PEA(TSL A1 TSA)FH A Cs it JEA(TS2 Al TS3). By-[Ta@Bus]" (3) 13 ik
[Ta@Bus)& T LA 3 MEM Bs LA, 115 — Cav Bs-[Ta@Bus] 2541
BLJE[Ta@Bus] FJ7H 3 MEEMNI Be /NIUTEALIE, L5 23 ReH I Z 98 i,
e PRENHE AT AFS BI3L I 25 TS2 A1 TS3, ap JRANIE AT AT 23T 245 TS1 A TS4M,
IS TSUTS4A 5 Cay Ba-[Ta@Bis]” (3)1IfE22 N 1.32 keal/mol; TS2 AT TS3 H4f5#4 3
(116622 7373 0.47 A1 1.47 kcal/mol; TS1 5 M1 [JfE£ N 0.85 kcal/mol; TS2 5 M1
(11622 0.1 keal/mol; TS3 5 M1 1G4 1.0 keal/mol. MRIFFAZ AT LA H, TS1
1 TS4 SEHA AT FE A (I pRE LD, 1 ML Z83d TS2 51 TS3 # 7] LLEE M2, M1 5
TS2 Z Al EE 8%, FTLL TS2 & M1-TS2—-M2 1 ER AN MG . AR e, i
JEAS TS2 F1 TS3 AT LLEAHEEAL, 4> F THHEI Be Mol 8 5 iHL i BRI AT 58 i TS2 £
TS3 Ak, —FH IR MIEE kolks = 2.5, XER U H M1->TS2—>M2 F AL 2
A Tk R ) T BEEIE (T2%) . Cay Ba-[Ta@Bis]”™ (3) L Cs Ba-[Ta@Bus] (2) ./ i B 57 24
(IR RETHT, IR FE N Ca(GM1) — Cy(TS1) — Cy(M1) — C4(TS2/TS3) — C1(M2) —
C1(TS4) — C{(GM2).

BRI T 53k CsBy-[Ta@Bis] (). Cs Bs-[Ta@Bis] (2) % Cay Bs-[Ta@B1s]” (3)%F
il —, By HRICHIEEE[Ta@Bus] AHX HEF% 40 58— BB ies:, MAASHRESL
9 W. KUEERF LA AR VIR T HMRR R R . o FHUE TR C
Bo-[Ta@Bis] (1)~ Cs Bs-[Ta@Bis] (2)F! Cay Bs-[Ta@B1s]” (I)¥HEA 9 A L1 = 7
THIE, ¥ Tadta i 6s6p5d Zetb BN, 4nkfts% B13-B15, /L& CMOs {77 ]
AT AR, AR B AT HR A AR I I A A 18 H TR
9.3.2 BRS F ik Bo-[Ta@Bus] FHIRE 52

Cs Bo-[Ta@B1s] (1) AINDP Rt &l 9.3 fizr, rifrai SRR, s
AL FERAAE By LT T [Ta@Bis] &AL, HEZAS(GM) T 2 4 4c-2e o B A
IEZ(TS) Y 2 4 3c-2e o . GM-TS-GM 11481k K. 2 4> 4c-2e o #E—2 /) 3¢-2e
c f—2 4c-2e o . TVES TS #) AINDP R8T & WLk B16, AREEMENS Cs
B.-[Ta@B1s] (1)2E18-

an> and

(=%
|
(=%
|
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BIE SRBRMIIKE Ta@By « Ta@By M Ta@By, I AL

1sz-2e o bond 2x4c-2e o bonds 18x3c-2e 0 bonds 3x20c-2e o bonds
ON=1.90 |e| ON=1.76 |e] ON=1.90-1.94 |e| ON=1.96-2.00 |e|
3x10c-2e 1 bonds 3x12c-2e 1 bonds
ON=1.93-2.00 |e| ON=1.85-1.91 |e|
1x3c-2e o bond 2x21c-2e 1 bonds
ON=1.96 |e| ON=2.00 |e|

B 9.3 Cs By-[Ta@Bys] (1)89 AANDP s 547, & 4845 (ON)H= B AT T~ o
Fig. 9.3 AANDP bonding pattern of the global minimum C; B,-[Ta@Bis] (1), with the occupation

numbers (ONSs) indicated.

9.3.3 ER 7 F5I& Bs-[Ta@Busg] P IR L HE
Cs Bs-[Ta@B1s] (2)f1 AANDP st L& 9.4a o, V & B-B-B H85H 2 M4%

#rif) 2c-2e o B, HHRME 1.90 |e|; =B-B-B=E F15: HE[Ta@B1s] 2 [AH 2 M54 4c-2e
o B, HHEEN 1.80 |e|; RUEH 2 LH 18 /> 3c-2e o £, ON = 1.84-1.94 |e|; 3 4> 21c-2e
o BB IRAE By FiLfA L, ON=1.97-1.99 |e|. TR 18 MirHFHARAE 9 NI = HL

8 F, ¥5 Tad0 6s6p5d ZALEEARDE, E4E: Ta f0F1 i Be PR 3 4 10c-2e
m B, ON = 1.82-1.98 |e|; Ta 0o F_Fiis Bo P 3 4 13c-2e 7, ON = 1.87-1.98 |e;
Ta J7 T AT Bs () 1 4 4c-2e m 4, ON = 1.97 |e|; I AE A TR 2 > 22¢-2¢
n#, ON = 2.00 le|. TaH 0325 9 MR o, E5 18 T, 5 Bl
) CMO Z5R—5(. LIEA Ci Bs-[Ta@Bus] (TS)KHEE Cs Bs-[Ta@Bus] (M)5
Bs-[Ta@Bus] (2) 1 s sa AR AR AL, TE4H 531 WLBR 5% BL7, E EE (WA fb K 4 A %42 B-B-B
BEAN E S Bo AR o B . & 9.4b, GM ) 2 4 4c-2e o SEAR NI IEA(TSL
AT TS2)H ) 1A 3c-2e o BEA 1A 4c-2e o B, HETAR N EHAM)ASE 5 =1 2 A
4c-2¢ o FE(WIE 9.4b). eks J0FEMITR LIS FEN: 2 14 4c-2e 6 BE(GM1)—1 4> 3c-2e o
BN 1™ 4c-2e o #E(TS1)—2 /> 4c-2e o BE(M)—1 4> 3c-2e o A1 1 /> 4¢c-2e o B
(TS2)—>2 4 4c-2e o $E(GM2). TE— M, A 9 MEN I GMs, 9 M4E
Wi IaA, Je 18 AN &
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2x2c-2e o bonds  2x4c-2e o bonds 18x3c-2e o bonds 3x21c-2e 0 bonds

ON =1.90 |e| ON =1.80 |e| ON = 1.84-1.94 |e| ON =1.97-1.99 |e|
3x10c-2e m bonds 3x13c-2e m bonds
ON = 1.82-1.98 |e| ON =1.87-1.98 |e|
1x4c-2e 0 bond 2x22¢-2e T bonds
ON =197 |e| ON =2.00 |e|

1x3c-2e o bond

2x4c-2e o bonds 1x4c-2e o bond 2x4c-2e o bonds
ON =1.80 |e| ON =1.81-1.88 |e| ON =1.80 |e|
C,B,{Ta@B,,] (GM1) C,B,[Ta@B ) (TS1) C,B-Ta@B,,] (M)

B 9.4 (a) #44) Cs B3-[Ta@B1g] (2)49 AANDP s 4547, & #4842 B P 7o
(b) & By #1125 4] Cs By-[Ta@B1g] (ML) it 3 4 Cy By-[Ta@Bys] (TS1) & ¥ i) 4k Cs B3-[Ta@B1g] (M)
F 44 4c-2e A= 3c-2e o AL 4.

Fig. 9.4 (a) ADNDP bonding pattern of the global minimum Cs Bs-[Ta@B1g] (2), with the occupation
numbers (ONs) indicated. (b) Fluxional 4c-2e and 3c-2e ¢ bonds atop the Ta-centered [Ta@B;g] DR
tube in global minimum C; Bs-[Ta@B1s] (GM1), transition state C; Bs-[Ta@Bg] (TS1), and
intermediate state Cs Bs-[Ta@Bs] (M).

9.3.4 EIRSF DA By [Ta@Bue] FHIRER

Cav Bs-[Ta@Bus]” ()M AL R B 44 . AANDP Jilt i /) 47 45 S 4 Pl 9.5a, 4544
TR Ba B 70 A 3 AN 20-2¢ o B, FEBE By B CH F Bo F A 3 MMM dc-2e
o i, Big WA LA 18 4 3c-2e o, SEABINTE By FifA 1Y 2 4> 22¢-2¢ o .
A0 18 MY LTI AL O /N BSBE n B, (035 : I 3 4 10c-2e m i, TR 3 4 14c-2e
n i, Talfi-FH By #7014~ 5c-2e n H, TEAREE 2 4 23¢c-2e n . IR K
i [E] AR VESH Y] ADNDP fibd Bt DLFH 5% B18-B19. 4nf&] 9.5b, MBS T LUK I,
BT Ba 2ACAHI LI Bo JRALIY 34 4c-2e B 3c-2¢ o, LIEA(TSL, TS2, TS3, TS4)
R A (ML, M2)FI RS Cay Bs-[Ta@Bus] ™ (3)351L. By HITHEIERL 40 HEH
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WAL FE N 34 4c-2e 6 #E(GM1)—3 4> 3¢c-2e 6 #E(TS1)—3 /> 3¢c-2e 6 FHMI)—3 4>

3c-2e o B (TS2 F1 TS3)—3 4> 3c-2e o FE(M2)—3 4~ 3c-2e o ##(TS4)—3 1~ 4¢-2e o i

(GMZ)o FE— e B E R, 3 9 NS GMs, 18 NS4 I Hh )4 A2 36
HER.

()
3x2c- 2e obonds 3x4c-2e o bonds 18x3c-2e o bonds 2x22c-2e o bonds
ON =1.88 |e| ON=178le] ON=1.84-1.93|e| ON=1.99|e|
3x10c-2e  bonds 3x14c-2e 1 bonds
ON = 1.88-1.98 |e| ON = 1.88-1.97 |e|
1x5¢-2e  bond 2x23c-2e 1 bonds

ON =196 |e| ON =2.00 |e]

(b)

/ 3x3c-2e 0 bonds
ON = 1.85-1.93 Je|

C,B{Ta@B, ) (TS3)

3x4c-2e o bonds 3x3c-2e 0 bonds 3x3c-2e 0 bonds
ON=1.78 |¢| ON =1.81-1.93 |e| ON = 1.80-1.93 Je|
C, B-[Ta@B,]' (GM1) C,B-{Ta@B,)'(TS1) C,B{Ta@B,]’ (M) 3x3c-2e 0 bonds

ON =1.82-1.93 |¢|
C,B{Ta@8,J' (TS2)

B 9.5 (a) %4 Cs Ta@By2" (3)89 AINDP A5 47, & 484 B AT T
(b) & By AR )>5#) Cyy B4-[Ta@B1s]” (GM1). i$ % & Cy B4-[Ta@Bis]” (TS1). ¥ a4k C; Bs-[Ta@Byg]”
(ML) A ALK S Cs By-[Ta@Byg]” (TS2)#= C, Bs-[Ta@Byg] " (TS3) ¥ 9 4c-2e #= 3¢c-2e o i K 4o
Fig. 9.5 (a) AANDP bonding pattern of the global minimum Cs, Ta@B2," (3). (b) Fluxional bonds atop
the [Ta@Bys] DR tube in global minimum Cs, B4-[Ta@B1g]” (GM1), transition state C; B4-[Ta@B1s]"
(TS1), intermediate state Cy B4-[Ta@Bis]” (M1), and transition states Cs B4-[Ta@B1s]” (TS2) and Cs
Bs-[Ta@Bss]" (TS3).
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9.3.5 RS FOIE B,-[Ta@Bis]® (n = 2-4, q = n-3) AU ZF]

i8I 5 HECs Bo-[Ta@Bis] (1)« Cs Ba-[Ta@Big] (2) % Cay B4-[Ta@B1s]* (3) I3 it
T2, RIVEATZ 8 BEAECE A AP 22 S o AT LA R DU S dn e 26
—, IXEEEDR > T AR B R [ Ta@Bas] 1 # & A B IG(n = 2, 3, 4), EAITEARFET)
DR FEAF A 18 L 7M. 55—, MGM1BIGM2, ‘EAEHRAE 2, FrEsif
JEHINA0Q AR ER AR E B T M A [Ta@B1s) 2 1] . B BB senifiHg K,
EATRAZ AR TMASEME R, WAAFWZERMEE L SCOMFEMEH. £=,
B 5 G 3 JBE [Ta@B1s] 1] 1E A2 6 B 3 43 M AR 5, 45 AR 32 B35 Je 4c-2e Fl1
3c-2e ofEMIILAR . U, IXELEAR S T LI I AN A SR /N 2 1R RE 22 LA
FEPBEO/KF, CsBy-[Ta@Bis] (1). Cs Bs-[Ta@Bug] (2) /2 Cay Bs-[Ta@Bus]" (3) 5 H: %
e B I S I RE R AE 7 791,59, 4.19071.32 keal/mol. 1E%5 & KT E T HIAN,
WA ) 4c-2eF3c-2e off, XLy L IA I H B S5 AT M .
9.4 KENGE

AR FERHE AR T 5k Cs Bo-[Ta@Bis] (1) Cs Ba-[Ta@Bis] (2) /2 Cay B4-[Ta@B1s]”
Q)T T VLI = R BT o R ILIX BE DR 73 7 D IA TR & 40— 1 s o, s
[Ta@B1s] T AL AR, 23 FT0HE By (n = 2, 3, 4) 570 55 R [Ta@B s iE AL (1L
FHERARWNSREYEER, FEBLEZHO o BN . 2P0 o el n
fRAE 7 IX L BT IR AR TN, 40T ROV AR AR BB 3 BT SRR 17 SR R R H i A
R X — RILATREAE 731 7% A HLER AT B g oKL S 77 Tl B A .
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FtE R ERY

F+E RHE5RE

10.1 KX FELE R REIFT =

255 IO HL T RE W AN S — R R B, AR S ISR 7% Bag « Bao' M)
BRI AL R G T T LA A 250 . SR st s i3t
5T M B s S

R BLEWL
1. 25655 PES MBS THE R I 1 8% EOIRAE T T Cs Bog I FEARINERIE Cs Bog ©
i RSP N5 0 o0 B — N FOL TR AL, R RSk i i) R B R k. D5E
IRIMERIA AZ B P Bos - T 225 1 308 I THOR R R S = M e, R R 1 (1 Ik
TR B TFREIR, BEAE IR RO, R IR v YT AN DL SR BRI 45 M 7E
fem D REDUHAHE SRS LA, RN B A X R e M B B . b
ST BEECIRIEP TS5 n PUE Y B NS IR 5 18 CigHio 28000 DISRAREN
HRIEEA 9% n T, G 2(n+ 1) (n = 2)BRIR TS B LB BN . ik TLSRAREN
BRI Boo fERER b A AR S . NIFDIRBNERIS Bag 4k Bog © AESLEG ERHINAIES
AN/ NI ERIG G5 o
2. RHAERARME MR, RILT B MIa R/ NGRS K
YEJE Dagy AHELT Dog Baor HEBKAMITLN . Bao MIMIKAE & M4 32 ZELARIRE5 1)
N, R AGFLIR ST TH 251 Ll 42 R /N 4584 Dog Bao BERE ) 0.62 eV. 3l /1%
W FEAE S, 2435 5 = T 500 K, BERI Dog Bao™ F1EE = AMIK At & S A R T LU ELAH VR AR,
FoRAR FZER AN ALAM GBI Z B, FF6 “W-X-M” FRAHLE .

3. BRIRTUN 1 RIVERAINERE Nin € Bao (n = 1-6) A L HT RAK BRI 22 4% Ni2 € Buao
Cs Ni € Byo 1 C; Ni € Bao A& HIE RN AR /NEH, Nin€Bao (n = 3-6) 4% H #H e
I _E B IER /NG o B AE Dag Bao BI-LITE LA _ERLAL Ni B+, &I Ni 5 By
&G REG R R, Ni 5 Dag Bao -G FLIAEL AL BE LL /SR FLIA B AR . PES 45
PLIEHER B Ni B N IHAFEM Doy Bao M — BRI AL WFMBEA TR, 1E
Nin€Bago (n = 1-4)F1 Ni, EB1s ', Ni 5 FEIF 7 4 B ETIEH 2 /> 8-2¢ o BLALEE,

R TR B R e N ER A 25 A S O A B o B A I ERS FI B 2 B 580 B 4 — K
S, AL TR ERIG AR SRR A OC R
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4. TN T TaBy! (n = 21-28, q = “1~+3)E &Y. KIS ERHERD T 5k Cs
Ta@B1 1 Cay Ta@By'~ /N F- 1 W k& Bl Ek % D, Ta@By K H ik LA
B mIER)S C, Ta@Bos™ . ERGM T &BIE T Ta M KA E ik E] 22,
Ta@By (n = 22-28, q = —1~+3) T AW &N RIVA SR /N R R G5 H . 1 n = 29,
q=+4 I, TaJfi-F R A28 H IR TR, Bk Ta-B E& YRS M i m il Ar
Kok 28, fh2ERsERI, FIREEH Ta@B," (n = 22-28, q = —1~+3)#4 9 X} n H-F,
FEE 2(n + 1) (n = 2)BRIR 75 A Mk f U

DA B ME NS5 HI B TCHEE T TamBn 42 )8 Z ML GK A o I T A2 IR IR
Dog Ta@B1s® + IUZBIAE IR Cov Taz@B1s WL =R Do Tax@Bor"s X =AN4h
TR R A SR INGER . K 2 AR E ST B2 5 -Ta-Ta- & B 41K 2
(11 4 a-FRBERNAKE o-Tas@Bas@o)o MU HTR A, %R L INPUKER 7T
A M-M ] do-d FHEAEH, 54— 1 o + o AEBREE R, 524 TR o-
& BTN BIWLE
5. B TE )R], CsTa@By « Cs Ta@Bgy Ml Cay Ta@By, 7E— € IR N Al
RAGHRA . %R0 F LB B T R SR, SRS FHERA 4%
— SRR ORI AR 3, IR IS AR 4c-2e 5 3c-2e o BEAH FLEG L. XA FLAE
7~ T By [Ta@Big]? (n = 2-4, q = n-3) I A A5

AR EEERHT A
1. IS SIS T A% Boo (LA B T 45 44, R I F R AE ST T
0 DL SEAR I BRI 25 40 35 R AR SR B 1, M RS0 — 2 e & (R AR N AR e 1t A sg
HANT By BRI G, T T Bao BIJ LTS5, 4k Ca/Cs Bsg 1 Dog Bags KILT
FEZAINERM Dog Bao S5 R, F 8 TG KR,
2. RIS B R T WERIA Dog Bao, T T RIVELAHNERIE NinEBao (n = 1-6)
T FCHTIRAR AR AT 580 Nip € Bua, B IR ER T R I ERIA FIER A0 SR IA I 450 O &R,
e e WK B I 7 B B B Al
3. IR/, KIN TaB, 1A &R HAERIA RGOSR A n = 22, T T x4k
R/ R4 BT ER AT D2 Ta@Boy ANECAIHUR 5 1K A1 Co Ta@Bos™ , #H7n 1 TaBy!
(n=8-29, q = —1~+A) Ik RIILEREAS I . R &8 IR TV NI A K& (i 2k, 8
i Ta STRACKE FIECALIE I E Site e B R IMa KA, MR T Wik I8 & @9k 2k
I ELBERN AR, i i BB KA SR A VOB Rk . RIS TSIk 45
FA T R R AR ML
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ARV SCE U0 BRI B 7 S I < S 15 2R B e AR AT AT AT, AR E A
IR, 4 7 RGBT 5T 00 (ELB IR AR S B 40 K AR i T e 114 43
A NN GG, XA (R AT I . &5& AR SCATRE AR 7 ), 0TI
YN IR 5 28 LA, AR E LR L7 1 :

1. WHERIGA 2R T & Bl 2, WM 22— A R AU, H &8 15
BEAT A SAAB I R AT SR S WU BRIA 2 LR R DA JUART A0 - 5 44 DT I 1) 5 9
GIBARIAL, AR ERCEY), BBk . DL Ag Jutet i i m S i £ S — 40
MBI R BT 736, SRR A R ME & B Ao R 3B R B BB R0

S FIERYE ZK % B (g = n-40, n=36-42), T TAERT DL FE2 A2 VLIS )ik 4 )
JEF R LR BEAT A2, BB iR N E &R i1, s AR R it 1)
H BRI A A 2807, Je NERIE BARCE BNERIG OO 220, 12820 SOl Bk 05 S B
SR 1) B %

2. HVESIEB R BNIEGCRAR R 8 FCA 1 AT 2R R R I 4 A S
Jito AR IR SR TR oAt I 2 4 J& S5 745 2% B A % b i S i AR, SEIAN ]
A 46 AN 8] RSB A 9 280 4%

3. A4S EMEEYURE R T a-sheet B SEIGAIFEISHIE A R4
M REE K, WAERTTREMAKE, E8 7T OREANF RN EEAKEL,

G RAIIE Z —DT . & BYKEAAR R FLIAR KB, .
Fo ML EESEER S A AR, SRR .

4. FEEVCELEN, SHYEMER . EIEGORAES, CEBEIR A FZEET) 5y
Tk R, RIE—EMIRET, 2 TanTlE H¥s). EiXs)1 ik
LA SRR RURES S A AN R B SRR, DI B A TR AL . XL
PE, A TRE, TR, BAIENE R RS HRBEIFE, E53HE—
HIRNIRT RO FT o
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B10 454 Doy Ta@Bos' (6)#9 AANDP A4 D7, & JBAH(ON)4e B Fi 7.

4><2c-2e0 bonds 8x2c-2e 0 bonds 20x3c-2e o bonds
ON =1.89 |e| ON=1.90le] ON=1.79-1.92e|

0 we

2x4c-2e mbhonds  2x7c-2e mbonds 2x7c-2e T bonds
ON = 1.67 |e| ON=1.89 |¢| ON=1.89|e|

w a8 ¥

1x27c-2e mbond 1x27c-2e mbond 1x27c-2e 1 bond
ON =2.00 |e| ON =2.00 |e] ON =2.00 |e]|
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B1l ##) C, Ta@B,*" (7)% AINDP A4 547, & 315 (ON)%e B AT o

2x5c-2e o bonds  1x6¢c-2e mhond  2x6¢-2e T bonds
ON=191e| ON=1.88|e| ON=1.84|e|

@ @ w

2x6¢-2e bonds 2x6c¢-2e bonds 2x6¢-2e 1 bonds
ON=1.75]¢| ON=1.85]¢| ON = 1.86 |e|

B12 #:#) C, Ta@Bys" (8)% AANDP 4 547, & 4815 (ON)4e B 7 o

& &

6x2c-2e 0 bonds 26x3c-2e 0 bonds 2x5c-2e o bonds
ON=1.81-1.89|e] ON=1.85-1.94|¢e] ON=1.92]e]

=
5\ \3
\'!_;;;04‘11;

9L/

2x7c-2e mbhonds 2x7c-2e mbonds 2x7c-2e T bonds
ON=1.90 |e| ON=1.92 |e| ON =1.93 |e|

SNe

1x29c-2e mbond 1%x29c-2e mbond 1x29c-2e T bond
ON =2.00 |e| ON =2.00 |e] ON =2.00 |e|
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B13 i$ /&% Cy Ta@By (TSL)A= ¥ 4k Cs Ta@B,1 (M)#9 n-CMOs #rid .

-10 -

-12 -

LMo @

O HOMO (a)

HOMO-1 (a)

HOMO-3 (a)

HOMO-5 (a)

HOMO-6 (a)

HOMO-7 (a)

HOMO-9 (a)

HOMO-12 (a)

HOMO-18 (a)

B14 i13% % C; Ta@By,' (TS1)4= ¥ 4k C, Ta@B,," (M1)49 n-CMOs #Lid .

4
LUMO () 0 HOMO (a)

HOMO-1 (a)

HOMO-2 (a)

HOMO-5 (a)

HOMO-7 (a)

HOMO-8 (a)

HOMO-10 (2)

HOMO-11 (a)

HOMO-19 (2)
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LUMO (a) 0

HOMO (@)

HOMO-1 (2)
HOMO-3 (a”)
HOMO-5 (2")
HOMO-6 (")
HOMO-7 (2”)

HOMO-9 (a")

HOMO-12 (2”")

HOMO-18 ()

HOMO (a)

HOMO-1 (a)

HOMO-2 (a)

HOMO-6 (a)

HOMO-7 (a)

HOMO-8 (a)

HOMO-10 (a)

HOMO-11 (a)

HOMO-19 (a)
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B15 T & CsTa@By,' (TS2)A=F A4k Cs Ta@By," (TS3)#9 n-CMOs #Lid ,

-10 -

42

14 -

-16 -

.UMO (a

:

2.58 eV

T
/ |\

/

eTane

~

&LOO

HOMO (a")

HOMO-1 (2")

HOMO-2 (2")

HOMO-6 (2")

HOMO-7 (")

HOMO-8 (a™)

HOMO-10 (a™)

HOMO-11 (a)

HOMO-19 (a)

=12 -

14 -

-16 -

2
O HOMO (2)
LUMO (27)

HOMO-1 (2")

HOMO-2 (a”)
HOMO-6 (2")

HOMO-7 (a™)
HOMO-8 (a™)
HOMO-10 (a™")

HOMO-11 (a")

HOMO-19 (2")

B16 1382 C,Ta@By (TS) #9 AANDP A4 47, & 4818(ON)%e B A 7,

= @ 2 BWEe

1x2c-2e o bond 18x3c-2e 0 bonds 2x3c-2e ¢ bonds

3x10c-2e 1 bonds
ON=1.93-1.99 |e|

1x3c-2e o bond
ON=1.97 |e|

ON=1.91]¢] ON=1.91-196]¢] ON=1.88 |¢|

i IO S

3x12c-2e 1 bonds
ON=1.87-1.93 |e|

3x20c-2e o bonds
ON=1.98-2.00 |e|

2x21c-2e 1 bonds

ON=2.00 [e]
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B17 it & C; Ta@By (TS1)#= F IA 4k Cs Ta@B21 (M) 49 AANDP sk 247, & 4845 (ON) % B B 77 o

1x3c-2e o bond

2x2c-2e 0 bonds 18x3c-2e o bonds 3x21c-2e o bonds
= ATR 1x4c-2e o bond = % S
ON =1.89-1.92 |e| ON = 1.81-1.88 Je] ON =1.85-1.94 |e| ON =1.95-1.99 |e|
3x10c-2e m bonds 3x13c-2e 1 bonds
ON =1.82-1.99 |e| ON =1.88-1.98 |e|
1x4c-2e 1 bond 2x22c-2e 1 bonds
ON=1.97 |e| ON=2.00 |e|
C; Ta@821 (TS].)
,/;‘Aiq\ / \
PR N
VIR Y VKO Y
\ \V/‘\ \t_ \'// Y
2x2c-2e o bonds 2x4c-2e 0 bonds 18x3c-2e o bonds 3x21c-2e o bonds
ON=1.90 |e| ON=1.80le] ON=1.85-1.94 |e| ON =1.95-1.99 |e|
3x10c-2e 1 bonds 3x13c-2e  bonds
ON =1.82-1.99 |e| ON =1.89-1.99 |e|
1x4c-2e T bond 2x22c-2¢ T bonds
ON =1.97 |e| ON =2.00 |e|
Cs Ta@B,: (M)
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B18 if A C, Ta@By' (TS1)A= a4k C; Ta@By' (M1)4 AINDP s 547, & #E4A(ON)4= B
Fraw, TS1 &9 EIMH 169 cm '

BN\

3x2c-2e 7 onds 3x3c-2e o bonds 18x3c-2e o bonds 2x22c-2e 0 bonds

ON=1.85-1.88le] ON=1.88|e] ON=1.81-1.93¢e| ON =1.99 |e|
3x10c-2e 1 bonds 3x14c-2e 1 bonds
ON = 1.87-1.98 |e| ON =1.87-1.96 |e|
1x5¢-2e  bond 2x23c-2e 1 bonds
ON =1.97 |e| ON =2.00 |e|
C1 Ta@B,," (TS1)

3x2c-2e obonds  3x3c-2e o bonds  18x3c-2e o bonds 2x22c-2e o bonds
ON=1.82-1.89|e] ON=1.87-1.89|e] ON=1.80-1.93 |e| ON =1.99-2.00 |e|
3x10c-2e 1 bonds 3x14c-2e m bonds
ON =1.85-1.98 |e| ON =1.87-1.95 |e|
1x5¢-2e 1 bond 2x23c-2e ™ bonds
ON =1.96 |e| ON =2.00 [e]

C1 Ta@By," (M1)
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B19 i$E A Cs Ta@By,' (TS2)A=# A4k C; Ta@By," (TS3)#9 AANDP s st 47, & #E1E(ON)4= B
Bimo TS2 4= TS3 49 95 #1% 88 cm 4= 181 cm ',

& o T3

-0

2

TRoXV
Y \v/
3x2c-2e obonds  3x3c-2e o bonds 18x3c-2e o bonds 2x22c-2e o bonds
ON=1.82-1.89 |e] ON=1.87-1.88 |e] ON =1.82-1.93 |e| ON =1.98-2.00 |e|
3x10c-2e  bonds 3x14c-2e 1 bonds
ON =1.85-1.97 |e| ON =1.87-1.95 |e|
1x5c-2e  bond 2x23c-2e T bonds
ON =1.96 |e| ON =2.00 |e|
Cs Ta@By," (TS2)

3x2c-2e obonds  3x3c-2e o bonds  18x3c-2e o bonds 2x22c-2e 0 bonds
ON=1.83-1.86|e] ON=1.87-1.89 |e] ON =1.85-1.93 |e| ON =1.99 e
3x10c-2e  bonds 3x14c-2e m bonds
ON =1.87-1.98 |e| ON = 1.87-1.95 |e|
1x5¢-2e  bond 2x23c-2e 1 bonds
ON =197 [e| ON =2.00 [e]
Cs Ta@By," (TS3)
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C2 PBE0/6-311+G*K-F T, %4 CsBs-Ta@Bg 8945t 42 % BOKE SN WALM A,

(@) K
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C3 PBEQ/6-311+G*K-FF, #:#) Cy Bs-Ta@Big 89 45h. 452 BF ST WAL B i,
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C4 TaBy,' % —AM& At & F H1k C, B-Ta@Bg 7 PBEO K-F a9 4rsl, 153 B RSN WAL i,

(@)

301 (8a)

177 (2a)
03 (37a)
720 (43a)

|

0 200 400 600 800 1000 1200 1400vcm’

(®) 3
NJ

0 200 400 600 800 1000 1200 1400vcm’

200 250 300 350 400 450 500 550%(nm)

168



JiE C it

C5 PBE0/6-311+G*K-F T, %4 D, Ta@B,, (3')894s. %, VCD R ¥ ST MARM A%,

(@)

0 200 400 600 800 1000 1200 1400v/cm™
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0 200 400 600 800 1000 1200 1400 v/cm’

(c) 400 =
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C6 PBE0/6-311+G* K -F T, £ Ta@Bys (2)47 Ta@Bo4” (3)#9 405k 42 % R ST WA

(@)

238.5 (b)
290.8 (b)
1423.1 (b)

0 200 400 600 800 1000 1200 1400 vicm'
(c)
UV-vis

800 1000 1200 1400 vicm
c ©
© UV-vis

350 400  Wnm

250 300

C, Ta@B,,* (3)

300 350 400 450 AMnm

C, Ta@B,, (2)

250
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C7 PBE0/6-311+G*K-FTF, £4# Ta@Bys (5)#= Ta@Bys (6)49405h, 5% B FIN-T WAL K%,

a) E 2 2
( e IR @ 3 I R
@ 9 s
B ~ _ a
£
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b
s =
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b = b
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3
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C8 PBEO/6—311+G*7J(—11—'—‘—F , é’?‘:’*"g Ta@Bz72+ (7)7F‘:' Ta@8233+ (8)% éf-ﬁ"l‘\ ;}1“}%&% ﬂ‘qﬁﬁé\"}%;ﬁﬂ%o

a 2
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i 2
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b 2
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Bk D #hs

iR D 3R4&

D1 %4> By 9 VDE 1 5444 1-5 #9321t 7+ H VDE {5 2§ st (1 TD-PBEO % ROVGF % #3236 77
). (*VDEs #& TD-PBE0/6-311+G* 7K -Fi+ £ #r1%, °VDEs & ROVGF/6-311+G* K it 5 F7 #3)

Feature VDE(expt.) Final state and electronic configuration VDE(theo.)
TD-PBEQ? ROVGE®
Isomer 1 (C.. *AN
X 4.3740.03 ZAnf --20a” 17a™ 21a” 222 18a™ 23a” 192" 24a” 20a"} 417 4.14
A 484 2N --20a 172" 212 222”7 18a™ 23a” 192" 24a™ 202"} 4.74 483
B 4.97 ZAnf --20a” 17a™ 21a” 222 18a™ 23a” 192" 24a” 202"} 483 457
2N --20a 17a" 212 222 18a™ 23a™ 192" 24a” 202"} 488 4.65
c 5.44 ZAnf --20a” 17a™ 21a” 222 18a™ 23a” 192" 24a” 202"} 5.58 5.46
) 5.70 2N --20a” 172" 212 222" 18a™ 23a” 192" 24a” 202"} 5.69 5.69
2N --20a” 172" 21a™ 2227 18a™ 23a” 192" 24a” 202"} 5.87 5.86
E 6.04 ZAf --20a 17a™ 21a” 222 18a™ 23a” 192" 24a” 202"} 6.17 6.27
2N --20a" 17a™ 21a” 222 18a™ 23a” 192" 24a” 202"} 6.19 6.33
Isomer 2 (C.. *AN
X' ~3.40 2N --22a 153" 23 162" 24a” 17a™ 25a” 182" 262} 3.54 3.36
ZAnf --22a 153" 23a” 162" 2437 17a™ 25a” 182" 262} 4.14 3.85
2N --22a 153" 23 162" 24a” 17a™ 25a™ 182" 262} 4.16 3.90
ZAnf --22a 153" 23a” 162" 2437 17a™ 25a” 182" 262} 473 4.48
2N --22a% 15a™ 232 162" 24a™ 17a™ 25a” 182" 26a°} 4.95 487
ZA"f --22a” 15a™ 232 162" 24a” 17a™ 25a” 182" 26a°} 5.19 5.00
2N --22a% 15a™ 232" 162" 24a” 17a™ 25a” 182" 262’} 5.25 5.08
ZA"f --22a” 15a™ 232 162" 24a” 17a™ 25a” 182" 26a°} 5.61 5.58
A --22a" 15a™ 232 162" 24a” 17a™ 25a” 182" 26a°} 5.69 5.64
Isomer 3 (C1. *A)
X" ~3.90 2A{ --37a% 38a° 39a° 40a” 41a” 42a° 43a° 442"} 3.89 3.92
2A{ --37a% 38a% 39a° 40a° 41a” 42a° 433" 442} 4.34 4.30
2A{ --37a% 38a% 39a° 40a” 41a” 42a" 43a° 442} 4.64 434
2A{ --37a% 38a% 39a° 40a° 41a* 42a° 43a° 442} 475 453
2A{ --37a% 38a% 39a° 40a* 41a” 42a° 43a° 44a%} 4.89 476
2A{ --37a% 38a° 39a" 40a” 41a” 42a° 43a° 44a%} 5.40 5.40
2A{ --37a% 38a' 39a° 40a” 41a” 42a° 43a° 442} 6.18 6.09
’A{ --37a" 38a% 39a° 40a” 41a® 42a° 43a* 442} 6.37 6.58
Isomer 4 (C1. A)
2A{ --37a% 38a° 39a° 40a° 41a% 42a° 43a% 442"} 3.71 3.75
2A{ --37a% 38a% 39a° 40a° 41a% 42a° 433’ 442} 4.07 3.98
2A{ --37a% 38a° 39a° 40a° 41a% 42a" 43a% 442} 474 4.42
2A{ --37a% 38a° 39a° 40a° 41a* 42a° 43a° 442} 5.00 467
2Af --37a% 38a% 39a° 40a* 41a% 42a° 43a° 442} 5.20 5.26
2Af --37a% 38a° 39a" 40a® 41a% 42a° 433 442} 5.62 5.72
2A{ --37a% 38a' 39a° 40a” 41a% 42a° 43a° 442} 5.91 6.05
2A{ --37a" 38a° 39a° 40a* 41a% 424° 43a° 44a%} 6.13 6.60
Isomer 5 (C». *A)
2B{ --18b° 18a% 19a° 19b? 20b* 20a” 21b* 21a% 22a° 22b'} 3.46 3.29
2A{ --18b* 18a° 19a% 19b® 20b? 20a% 21b° 21a% 22a* 22b%F 3.88 3.68
2A{ --18b* 18a% 19a% 19b® 20b? 20a% 21b° 21at 22a% 22b%} 435 4.18
2B{ --18b° 18a% 19a° 19b? 20b* 20a” 21b* 21a% 22a° 22b°} 4.44 4.19
2A{ --18b* 18a% 19a% 19b® 20b? 20a’ 21b° 21a% 22a% 22b%F 484 4.66
2B{ --18b° 18a% 19a° 19b? 20b* 20a? 21b* 21a% 22a° 22b°} 4.98 4.92
2B{ --18b° 18a% 19a° 19b' 20b? 20a? 21b? 21a% 224 22b°} 5.24 5.15
2A{ --18b% 18a° 19a® 19b? 20b? 20a% 21b° 21a% 22a% 22b%} 5.41 5.27
2A{ --18b% 18a’ 19a% 19b% 20b? 20a% 21b° 21a% 22a% 22b%} 5.60 5.53
2B{ --18b" 18a% 19a° 19b? 20b? 20a? 21b? 21a% 224 22b°} 6.34 6.55
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D2 W #k4 /&M H Ta@B,® (n=22-28, q = —1~+3) £ 444 1-8 4 HOMO-LUMO #& 7. &/ 3EH

(Rmin)~ 3 K 2B % (Rmax)~ Ta-B 42 K -F ¥ 14 (Ry)« Ta-B -3 Wiberg 4 4% (BO,)+ /2 4% & Wiberg bond
orders (BOry). A ARTEAT(qra) & Ta F o FH A,

Ta@B, AEcp/eV | Rui/A | Rmax/A | Ry/A | BOy | BOta | qrafle| | e-configuration
Ta@B,, (1) 3.60 2.40 2.52 248 | 027 | 591 | -0.05 | Ta[5d***6s**]
Ta@B,; (2) 3.94 2.40 2.64 253 | 026 | 591 | -0.14 | Ta[5d**6s"%]
Ta@B,4" (3) 4.08 2.38 2.62 251 | 026 | 6.12 | -0.37 | Ta[5d*™6s>*]
Ta@B,s (4) 3.86 2.39 2.53 247 | 026 | 633 | -0.64 | Ta[5d**6s"*]
Ta@B;s (5) 3.63 2.42 2.66 253 | 025 | 620 | -0.49 | Ta[5d*®6s"*]
Ta@Bys" (6) 3.47 2.60 2.74 264 | 023 | 597 | -0.31 | Ta[5d*"°6s"*]
Ta@B,** (7) 3.77 2.48 2.80 261 | 023 | 622 | -0.49 | Ta[5d*"6s"*]
Ta@B,s"" (8) 3.39 2.50 2.92 268 | 022 | 6.09 | -0.44 | Ta[5d*6s**

D3 7 PBE0/6-311+G*K-F T, 44 1-4 49 Ta-Ta/Ta-B 26 % (1/A). Ta-Ta/Ta-B % 144k 2 (WBI).

Ta th 5482, Ta td B AL qrel. Ta 69 F %A % HOMO-LUMO £/ AEg/eV.

rratdl | WBlrata | rras/ A WBlt.s | WBIg, Ora e-Configurations AEgp | Vmin
A
Co Ta@Bg* (1) 2.33 0.54 4.82 +0.75 | Ta[Xe]5d*¥6s"%® | 2.28 111.06
Do Ta@Bys> (2) 2.48 0.29 5.11 +0.50 | Ta[Xe]5d*''6s™'® | 0.82 130.50
Coy Ta,@By5 (3) 2.37 1.37 2.55 0.29 475 +0.92 | Ta[Xe]5d*%%6s™® | 2.93 171.60
2.50 0.24 5.67 +0.42 | Ta[Xe]5d**'6s%2
Do T2,@By" (4) | 2.52 0.88 2.54 0.24 5.62 +0.34 | Ta[Xe]5d*®6s"? | 2.75 194.10
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