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Abstract

ABSTRACT

At present, it has been one main investigation direction by means of
quantum chemical theoretical calculation to predict and research the
structures and properties of novel nanoclusters for chemists. Based on density
functional theory and wave function theory, a systemic theoretical
investigation has been performed on their structures and properties of boron
double-chain nanoribbon clusters, polycyclic aromatic hydroboron clusters,
borospherene (or called as all-boron fullerene) and endohedral and exohedral
metalloborospherenes in this thesis. And photoelectron spectra of the
corresponding anions have been predicted to facilitate their spectroscopic
characterizations. Furthermore, an initial investigation were performed to
explore the hydrogen storage capacity of borospherene. The results of this
thesis will help people further know and understand borospherene chemistry
and provide some theoretical basis for experimental researchs and

applications in the future. The main contents are as follows:

1. Boron Double-Chain Nanoribbons B,H>?*~ and Li,B,H:

We report an extensive density-functional theory and coupled-cluster
CCSD(T) study on boron dihydride dianion clusters B,H»?~ (n =6—22) and
their dilithiumated Li>B,H,"~ salt complexes. Double-chain (DC) nanoribbon
structures are confirmed as the global minima for the B,H>~ (n =6—22)
clusters. Charging proves to be an effective mechanism to stabilize and
extend the DC nanostructures, capable of producing elongated boron
nanoribbons with variable lengths between 4.3—17.0 A. For the dilithiumated
salts, the DC nanoribbon structures are lowest in energy up to Li>B14H> and
represent true minima for all Li>B,H." = (n =6 —22) species. These boron
nanostructures may be viewed as molecular zippers, in which two
atomically-thin molecular wires are zipped together via delocalized bonds.

Bonding analysis reveals the nature of ¢ plus m double conjugation in the
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lithiumated DC nanoribbon Li,B,H>Y~ (n up to 22) model clusters, which
exhibit a 4n pattern in adiabatic detachment energies, ionization potentials,
and second-order differences in total energies. Band structure analysis of the
infinite DC boron nanoribbon structure also reveals that both ¢ and =«
electrons participate in electric conduction, much different from the
monolayer boron a-sheet in which only &t electrons act as carriers. A concept
of “ribbon aromaticity” is proposed for this quasi-one-dimensional system,
where regular ¢ versus © alternation of the delocalized electron clouds along
the nanoribbons results in enhanced stability for a series of “magic”
nanoribbon clusters. The total number of delocalized ¢ and nt electrons for
ribbon aromaticity collectively conforms to the (4n+2) Hiickel rule. Ribbon
aromaticity appears to be a general concept in other nanoribbon systems as

well.
2. Polycyclic Aromatic Hydroboron (PAHB) Clusters Bs,H..

Calculations performed at ab initio level using the planar concentric
n-aromatic BisHe?"as building block suggest the possible existence of a new
class of B3,H, polycyclic aromatic hydroboron (PAHB) clusters made of
interwoven boron double-chain ribbons, which appear to be inorganic
analogs of the corresponding C,H,, polycyclic aromatic hydrocarbon (PAHC)
molecules, in a universal atomic ratio of B:C =3:1. Detailed canonical
molecular orbital (CMO), adaptive natural density partitioning (AdNDP), and
electron localization function (ELF) analyses indicate that, as hydrogenated
fragments of boron snub sheet, these PAHB clusters are aromatic in nature,
and exhibit the formation of islands of both o- and m-aromaticity. The
predicted ionization potentials of PAHB neutrals and electron detachment
energies of small PAHB monoanions should permit them to the characterized
experimentally in the future. The results expand the domain of planar
boron-based clusters to a region well beyond B, and experimental syntheses
of these snub Bs,H, clusters through partial hydrogenation of the

corresponding bare Bz, may open up a new area of boron chemistry parallel
VI



Abstract

to that of PAHCs in carbon chemistry.
3. Thermodynamic and Dynamic Stability of Borospherene By

By joint photoelectron spectroscopy (PES) and first-principle
investigations, we and coworkers successfully characterized the first
cage-like all-boron fullerene Ba4o~, for which we propose the name
“borospherene” . Theoretical calculations show that a quasi-planar isomer of
B4~ with two adjacent hexagonal holes is slightly more stable than the
fullerene structure. In contrast, for neutral B4o the fullerene-like cage is
calculated to be the most stable structure. Both Bs~ and Bso have Dy
symmetry, with 16 tetracoordinated and 24 pentacoordinated boron atoms.
The all-boron fullerenes are elongated slightly along the two-fold main
molecular axis, with two hexagonal holes at the top and bottom and four
heptagonal holes on the waist. These structures are akin to a perforated
chinese red lantern. Alternatively, they can be built from interwoven
double-chain boron ribbons that consist of eight horizontal By ribbons and
four vertical Bio ribbons, showing the important role of the boron double
chain structural units in the formation of low-dimensional boron
nanostructures. Molecular dynamics simulations of B4y show that it is highly
robust at different temperatures. D»s Bso possesses a unique bonding pattern,
with 120 valence electrons all being delocalized in multi-center ¢ and =«
bonds which cover the whole molecular surface almost evenly. To the best of
our knowledge, such a bonding pattern only exists in these all-boron
fullerences. The observation of all-boron fullerene represents the onset of
all-boron fullerenes, a promising research area that possibly parallels that of

the well-known carbon fullerenes.

4. Metalloborospherenes M@B4 (M =Ca, Sr) and M&B4 (M =Be, Mg)
The recent discovery of borospherenes Dis Bag~ ", paves the way for

borospherene chemistry. We perform a density functional theory study on the

viability of metalloborospherenes: endohedral M@Bs (M =Ca, Sr) and

exohedral M&Ba4o (M =Be, Mg). Extensive global structural searches indicate
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that Ca@Bao (Ca, 'A1) and Sr@Baso (D24, 'A1) possess almost perfect
endohedral borospherene structures with a metal atom at the center, while
Be&Ba4o (Cs, 'A') and Mg&Ba4o (Cs, 'A’) favor exohedral borospherene
geometries with a n’-M atom face-capping a heptagon on the waist.
Metalloborospherenes provide indirect evidence for the robustness of
borospherene structural motif. The metalloborospherenes are characterized as
charge-transfer complexes (M?'B4¢> ), where an alkaline earth metal atom
donates two electrons to the B4o cage. The high stability of endohedral
Ca@B4o and Sr@Bao 1s due to the match in size between the host cage and
the dopant. Bonding analyses indicate that all 122 valence electrons in the
systems are delocalized as ¢ or m bonds, being distributed evenly on the cage
surface, akin to the D.s B4o borospherene. And photoelectron spectra of (>
M@Ba40~ (M =Ca, Sr) and C; M&B4o~ (M =Be, Mg) have been predicted to
facilitate future experimental characterizations. The results provide valuable
information for potential applications of borospherene Bio as a molecular

device.
5. Endohedral Metalloborospherene Cations M@B40* (M =S¢, Y, La, Ac)
Using the newly discovered borospherene D2s Bso as a molecular device,
we perform a systematic first-principles theory investigation on four
endohedral metalloborospherene cations C>, Sc@Bao’, Cov Y@Bao", Cov
La@Bu4o*, and D>s Ac@Bao" which all turn out to be the most stable structures
of the system. From Sc, Y, La, to Ac, the distances between the metal atom
and Baso cage center decrease from 0.75, 0.49, 0.10, to 0.00 A and the nearest
metal-boron distances increase from 2.52, 2.68, 2.99, to 3.10 A, indicating
that Sc, Y, La are slightly off-centered, while Ac matches the B4y cage
perfectly. With respect to M™+Bso =MB4o", the M@B4o" series have the huge
formation energies of —163.8, —178.1, —157.4 and —129.5 kcal/mol for M =Sc,
Y, La, and Ac at PBEO level, respectively, suggesting the high possibility to

produce these endohedral metalloborospherene cations in experiments. The
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infrared and raman spectra of the C», La@Buao" are predicted to facilitate
future spectroscopic characterizations of  these endohedral

metalloborospherene cations.
6. Borospherene B4 as Hydrogen-Storage Materials

An initial study is performed on hydrogen adsorption and storage in
borospherene Bsg by means of density functional computations. Our results
indicate that H atoms in BsoH, (n =2, 4, 6, 8, 16) species all can be bonded
terminally with the tetracoordinate B sites of B4o. And especially, 16 terminal
-H in Dy BsHis exactly coordinate with 16 tetracoordinate B in
borospherene Bio, however, its chemical hydrogen storage capacity is only
3.57 wt%. Then, we further study the hydrogen storage properties of Ca- and
Li-coated B4o and find that B4 coated with six Ca or Li atoms capping onto
the six holes in Byo all can store up to 30 H> molecules with a binding energy
of 0.27 and 0.31 eV/H,, respectively. Due to charge transfer between M and
Ba4o, Ca and Li atoms strongly bind to B4y with an average binding energy of
2.53 and 3.07 eV, separately. The charge redistribution induces strong electric
field which polarizes H> molecules and makes hydrogen adsorption feasible.
The gravimetric densities of hydrogen of CagBao(H2)30 and LicBao(H2)30 can
rearch 8.2 and 11.2 wt% , respectively, so Ca- or Li-coated borospherene Bao

may be a promising nanomaterial for hydrogen storage.

Key words: Boron double chain nanoribbons; Borospherenes;
Metalloborospherenes; Density functional theory; o and =w double

delocalization;
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gl K A% (nanoclusters)Ab T4 5. PR, PARlRLE . RO SEARZ. gk
BHE 2 PR HIEE, e ZR AR 2 70 B AR — o 9K BIRE B 7T AT LA
HAM AT P57 B 100 T R RAS TR AR T I AN IR, KIS E T BRI
JRESR Je Ly BE JEHEMESE, RIS R R ES 0 THE B
TR T RE W i it & BUBT T AR 25 M AR AR R 2 B8k, ATl Ak S AB 1 55 07
BT BRI A T . A AR BIRRRL 7 1 5 — BT = R B 9P T T 4%
AT O, N R T BRI SR SR A A R 2 B 2t 1) @, 5 otk
o R UK T AR AR AR AR AL o XM ST VR AE A B BE VR IT 7T K
T EIEEM. DR RIEIE R K S, BV TS R 4] % 2H 2% 54 Bl (cluster
assembled materials)!>>4, FIACBHER =L E Bz — X—FREE
MR 5 B PRBET A BEZ R, TIETHUA R U R E . HAE
() B iR A TR IR QR AR S A A RS, L REJE I b AT DLAE JR 1A 73 17K
BT EBT RS RS . R BRI — AR PR K R B
U BBkl . BT R A AL R AR R BT ) 48 A5 2 AN 1985 4 Coo & B
R SORE T WL T A0 5 A 2 ARSI 1990 4 15 R FH LSO T2 1) 48 22 WL Cool® e IX—
NS 175 ) 2 0 SR AERE A T4
1.1 BRE#4 Coo

Kb b, Coo & BIG A TS PHEB 2 1970 4F, 5 RAATRKIAEMRE Hrdii
ERTH— R R A L £E 6500 SGAE LV B, #REFRE] Coo A77EITEDE o
1985 42 9 H, H[E 75 2E 70 Hr K 2% (Sussex University) ] H. W. Kroto (4% 5 3¢ [E 3£ ik
2*(Rice University)[1] R. E. Smalley #(#% }2 R. F. Curl Z¥% i A1 S5 (1306 28 K 525,
HIRAESEES BRI T LA Coo FEFHH Coo 1 Cro 1 & B S AR IR KB, FE3R1
THBEE . AR Ceo A& H T A TLE A = AAN NI B 44 5 JE R S e (B
1.1). 1989 4F4 [E AL} 7 5K AE SEEG HPIESE | Ceo I EIRGEH . BT &5 5 56 [ i
1 %# % Richard Buckminster Fuller fFJ/E f—— & KRS EFRI/R B YW & L E g T
ARARAL, B LK HoAiy 44 24 Buckministerfullerene. AT THOK HFR N & #4di(fullerene),
BB BRI o X — R IAEAR NATTRBRAL A4 G T 48 T, Coo BN BB WA
fis. TEICHKEASL, BRI 55— MR AR, B, P Coo MARRIIBORBEZ 18
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B RO I, H T R I G A AN 7 B M PR 51 S TSR AR
MR R I Z )70, OB A FATRE FE AR, RIS R B A 7 4 1) — A 2708
FIE TR B Ceo & 845 1 K I3 Kroto. Smalley Fl Curl =478 55K, HT7EE $hia
P2 ) 2N R TR AL R34S 1 1996 4F Nobel 46574 X AN HA RIS 1) B
BIrT Coo ML VBRI AR R B 707 A4 7 ECRIHES) 70, IF BAEWLIEAT R
AL AR S e i A7 55 2 A A5 07 T B VB AE R N T 5

B 1.1 Ceo 89 2544
Fig. 1.1 The structure of Ceo

B LTI A 2R MR IR T N A AT, el 2
Coo LHATAY) . —J7TH, Ceo 1528188 & o £ — € 2644 T A LU R A T 032 T 4
¥ HEA SRR B, i KsCeo 1 RbsCeo 8 A0, Coo i 1 1] LA
TE R T, BT DB RGNS 5—T7H, & $dai i BA BRI A s,
HAELRNT.1A, IO — L8575y -1 NI B2 Fh R 1) N 1R B4 4544
EC el <2 Ja « Bt <5 L 2 B R s R AT AR T Coo TR R & 'S BRE&1
(37161, ITAES G2 AR SR SRR AR S ST BT R o 48R, Coo tHTE
AR A EY), RESRE RSB REDGEEY. Rt
ZAh, NATE 0BRSS T O & 84 Ceo BEATAL 2B M, AT AR Z M EeE
s AT AR, P I U Es Ry T AR L S e R R S AT RS
FC, Bl CeaXa (X =F, Cl, Br, H). CooHse!'"\\ CsoClio!' 811 CoaHs' 125, [FIES, &)
Wi Ceo HH R SR 1 10 SR FL At o 2 BUAR, 38 W] RATE B 3004 oK i b — 2R 3R B 10407
BV EEATAEY . TR SR . VB R N, AT 32 BRI AR
FHITZRVE, 1 CsoNEOL, CysBiol2V4E

1.2 FLERZ BB 2 TR A =4



B 1.2 A FAMTFE N REM £ 7 ()& 2; (b) a-5% 90,
Fig. 1.2 The difference of structures that are constructed by C and B: (a) graphite; (b) a-rhombohedral
boron;

B 1.3 # L FE AT E R R A (a)8 £; (b) MgBa; (c) Ceo; (d) -5 75 4 7 49 Bsa S 7T;
GLESIA: FEAMAF: HEF HF RLF, 2011 ,41,29-48)
Fig. 1.3 The similarity of structures that are constructed by C and B: (a) graphite; (b) MgB2; (c) Cso; (d)
The Bss unit of B-rhombohedral boron;

AR 2 T B RA A A B R WE? RS, WS RRANLE, (B8 x>
ey

T RSO R N R B IR, R AR R B AE ZE 0] SAFAEAR L
A e mmgit, =5 R - EARH
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FL AR R R d PR S i A s R
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W2 B B IE AR T 45 & TE O = 4ESTARZE R 5 10 B BT A I/ I A1 5 #40 2
A4 Fmgit hE (B 1.2). 458, BAERIE B VT 2 S5/ AEAE — @ AR
FRFT N, A 2Rt Y sp? AU BB R T 2EL 0, DA A0 B8 45 ) Jo) ST HEAS T RS — A
WA EL, T MgBa 254 b B E 50 5 0 R B E A5 AR AR AL, R R 2 18 1 Mg J5 TR T
(B 1.3). A4h, il 1.3 s, B-Z2 TR0l d A 45 4 570 A% OB 7t 5 1k S M Ceo
SERAEFARAL,  [FIREAARIIL T A B AR ALPE .

2004 H= 5% [F 2 1 #r K (Manchester) K 2% Geim A1 Noveselov P47 B} 2% 5K 1 UK AE 52
56 v R 145 B S A S 45 K —— A0 32 4% (Graphene) 23], FRIRIEZRER 2008 4R A2
A 2010 EZR VU DURYY L2 2 BT TAEE AT U6 B AR B AR 5 ik 2 [B) A7 AE AR AL
A2 A5 AT DU R — SR TR AR e 454, Lanf 380, 2 & thRE TR e )=
RATSRIGLNE? A XL, AFIRIZPIRER . 2007 FRINATEIL, WA
AR HER ) RN B E S5 R TR AR — E EE IR T, B A AR EeNIL
FLIFEREE, B e LA T a-sheet B 5 )2 25 # (B 1.4). a-sheet 52 25 74 =2 FHAHITXY
BEAH IR, FLIFZEN 1/9, A s ha o 7a T A 55 B2 A vh i) B s, i Bt
SIRIFE . 58K a-sheet P ZRER LmEASE, AIMAKE&ESHEIE. S5U
TEALIRBREE B B =, SO =M 58T IR A B, Bl e 7 1T AL TR sk
B AR IR, FT RAP A 2 Py B R 20 2 (B 1.5 2 — P B B O B 22 smub sheet
(R JUART 5 )257270, A0 355 B- A y-B 5 J2 55 24280 AR PRARZH BRI FE R B, X el 4K
= B A B E K 045 MRHE (binary nature), R DA B8 — 52 BRI | 79 S8 3E A 4 4 BY
P RO 1.6)0 FRATT A I O PN ()X 26 A B S S0 — 48 1T 45 1) 1 A2 e B R
FHELAZ 2T A o

2012 FEA B RRALE S B TR, BH, RSB 1.7) %8 EAT T XUE G K
giK, fEmH IR 2 ARE AL R A Ba BTSN T A CLEITH)
MERO, [AAE, 5 A B K 27 R ik 2083 VR R AH A 08 e 't 7 e SR gk S 1 3RAT]
PRI TR 25 SR B IE B PEBOE] 1.8). SR FE & W A1 H i 35 0, S MBi XU 45 #4) AN P
FasE, MR EA PRk AR FokIe? EAIRATHE—BHRTT . 2011 SEBUATR B X}
56K a-sheet Il .= 5 A IR K G BEAT X B, KL B LA ERR SN dbg, BURR
S TR HAZIRUEE S ik B 2 8] B IRAFAE BRI NG R 2 A HoAlAR &
7 13 WARFESRALIRT B OC 2R 2 XA UREE B 9N oK 45 4 h B Ry BRI A 0?2 B
HIT I L8 fi) A 1 R B A
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Fig. 1.4 Geometric structure of the all-boron graphene a-sheet

Fig. 1.5 Geometric structure of the all-boron grapheme snub sheet
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B7Hy™ (Cav, 'A)) BioHy™ (Cap, 2Ay)

|

BsHy™ (Can, 2By) BiHy (Cay, 'A))
DD, Fa¥a¥aVa¥aVa®
BoH>™ (Cz, 1A) BiHy™ (Czh, 2Ag)

B/ 1.7 #®AB B,Hy (n=7-12) % 7| A 5% 69 & By #8424
Fig. 1.7 Optimized global-minimum structures of B,H>™ (n =7-12)
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B 1.8 B,D2 (n =7-12) & 7| B 7% 89 & & F #8330
Fig. 1.8 Photoelectron spectra of B,D>™ (n =7-12)
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a3

TR O RGFT OB 7 RIR 0 BT 525 EAL, TR 17— EE T
T A 455033441 36 - B~ (n =3-25, 30, 35, 36) 51088 1 1%, 1T 52 2 8 I ot A 2 doke
fdz ], FLRAS E S A A I B P 454 o Bae RIS PO & A — 583N T
FLIF 0 —4ESiH, 245 RRWIEAT J5 1 2 J5 5 10 5844 (borophene) ££ S8 & W] fiE
1. FHse b, ATCZLER S EXHRAEM 9K E5 1 #EAT W griessel,

& 1.9 Bgo 89 £ #9147
Fig. 1.9 The structure of Bgo

2007 4=, & [E i K2 (Rice University) Boris. 1. Yakobson #{#% M@ 2H F& T~ %5 fif
Z R EONELR IR T IR Bso W B0 A% RS E MEAT R TS5 KT Yakobson ¢
AR Bro 5 Coo NEMHTAR, Bso & BIES TN Coo th Kk, FEHZ+HAISTT
WA FOIHTE— B IR, REFH TG AZ . XFEEM ) Beo & #)
SERILREE T Coo I Iy X FRE, H HOMO-LUMO BERRTFREAEZI N 1.0 eV [HAFERT
F&, IXM Beo 45 149t A AE A 22 B RUEEAE B2 2T R (B 1.9). SR1M, Bso & 1)
W AR I A 55 5502 IR BT 70 2 S A R ANE AR SR M. |2 A R4k
R AR BRI SRR, B L XIFR IR Bso & B 4514 FF AN 2 H mde e M 4,
HREVREA S5 E Wi Coo FSUAK B TR BT84), gE— B TR AR RN, &
IR Bgo fEF 152 FARAATEE, Bso 7] B8 H A 1%-7¢(core-shell) 4= Ja Mt /)N 45 #4150-331, RJI
LN, Bso & I 3R HATAREUR T NMITRR 20 E 07 B SAH R RL )A)
KUAGEH MR, W2 BB BA R 2 k0. HA NBR )2, 2014 4F2 A/ S8 F
BB A B BECRAE AR 20 s Bl sty . BRI, 200E B 4 i 2 S AAES
NI — DA TR 18] L

EIRTEIR Beo & BIGAER S5 EIFATEE, Hi T H 55 E ##f Coo HL T 4511
FERAME, IF320 & Bhd A 1 E &, NS BB THEN S8R Beo & B0 HEAT A0 215
W, AT L EAE T, A fa et b il £ 170 25 AL B & 04 =R 5G4l oK
MHRIBOE |2 B ERR AR o X e 58 & Bk 0 5 Lax@Cso 15 SeaN@Csor BHITF T
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VEH I & B A Y Lax@Bso 5 ScsN@Bso #H4T 7 B 58( 1.10). BEJE, Wang
2 NISSUSUx 4 50 & #1975 B@Co12@Bso 5 Cois@Bso HHATHI T, 54 RAIMILNE
542 2 AAFE R B, A BB R R E . ATEK Beo B B 85 B
JEF F-CHR 38 3E AT B ARG T B Bes(CH) 12+ B2(CH)s A1 Brg(CH)4 EATHFF 720590,
PR BRI Mr 45 BT R A A 7 3R Bro(CH)s A1 Bro(CH)a J2& H 3 AE T _E I ELIERZ /N
WS, #ETHRGER, BHit b B & A RSB E S L. BR
FOUE S 42 JB L7, Bl b4 8 58 iU 4 J 90V 75 Ji5 ¥ Bio & A AR R AR L R il A
Bl il Ca %cke € 17 55 T Bso & B R 1M )G H U1 CaiaBgo RS 60 4~ Ha 41,
Ha 7> T B B BE N 0.12-0.40 eV/Ha, (SRR ATIE 8.2 wt% (& 1.11).

La,@Bg)(Cy) ScsN@Bgy(C2y)

F 1.10 La,@Csgo A= ScsN@Cso 49 2& #4954
Fig. 1.10 The structures of Lax@Cso and ScsN@Cso

B 1.11 Ca1aBso FHA~ Ca RTRM 5 A Hy 50T /6 69 tE AL AR AL 58]

Fig. 1.11 Optimized configuration of five H> molecules on each Ca atom of Ca2Bsgo
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2013 4F 10 H 9 H, i WURM - RAE TR dagiibe, MNEEREBIRI 2R ST «F
Hhz 4l (Martin Karplus) 3% [E B 458 K2 A VB 2 SRAG 507K <3k 4ERr(Michael Levitt)
ANF AN R ZEAE 2 K AHR « FLif /R0 (Arieh Warshel) (K 45 2 A 22 R et 1
2 RERBER M R AL AT . A 48 0 T 52 Wi A 28 10 5 1) SR B0 o0 & 1 0 4
H(ETIE), BB EHS IR0, B FIR R N 1972 /£
FITIERIE, T4 40 RAFELT IRV AN AT, Bt Dok £ 1)
W AT AL, VBRI R, EE N MR R R T B C H 8RN
BHF AR # vfr et TR
2.1 BEZEER

%577 B (DFT, Density Functional Theory) ¥ 18 Ff Hohenberg. Kohn I Sham 45
LA ST IR R IO, B 2 B AR R I HL TS M AT R AU — M & 1 07
IR B ST AR R T B SR T SR AL T — SR T (T R AR R AL T
Ay, JRN E DFT B ] DR TINE 7 707 R EAR K. A, BT 3
JEFAESREESSEE . Hohenberg-Kohn & FROE M FUEIH: ZR T8 T /1%
grh, AT RME— B T, R AT, S 2% RS IR
Wafd. ET iz, BmTHREER A

E(p): ET(p)+ENE (p)+EJ(p)+EXC (,0)
@.1)

DA BT i R o DI, 38— BUNH T Bh e, B BUNE TS5
TR G 3EE, £=00N R S5 B EHFRRE, SHBUTUNEHAEKEE. DFT
TR A R VO R BZ B, 1T 38— T50 Ex NTEE DY TR BT RG B072 oR AR A P £E
Kohn-Sham J7 #2374 DFT J7kH0Z B IR A T AR /N sk, H AT,
— R Exc 73 NS B REFIAE IS RE 845

E v (,0): Ex(p)+ Ec(p)

(2.2)

\|

Horpr, SHAETZ PRSI AIOCRETZ s TE R FEAR TR, R SIS AR e, 3,
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BAER ) Bao HIAL 22 M

ITRERE IRAT TE DRSS AR DG RE . I AR AA LS 75 8 TR KAEH 1 5
OB ERZ K, il CAM-B3LYP!3l, LC-wPBE!+7004% 5205 fi rp AR Y5 F 7T
K R KT oI E M B AR R R A @ 2 R . A SO FH BRI B R 2 o 5 1 E A L
LA,
1. B3LYP (X+B88+LYP+Slater+VWN3): 1994 4 Stephens #£ i, Z %5 B3PWII
FATF] o FBRox 5540 AR G H 2 VA E FH AN UF . TD-DFT 1 5 B i 4 R WOR S K b
REERENL . ZSEBERAWMMAEEZ RS, & HiTBE E sl iizm. —
FRABDLTS, TEREAE MP2 5 MP4 2 [8], MEZL MP2 tRIRZ . XRFMEEZ R
SRICIRAR R AT
2. PBE (Perdew-Burke-Ernzerhof): 1996 F42H, %32 BiJE T GGA ZZ#AHRZ K, A
“Z%, Hrb, RPBE HITitS Y, mPBE &5 — 124
3. PBEO (t2#% >y PBEIPBE): ‘& J& T H-GGA (Hybrid-meta-GGA)A #e A 502 i . ‘& 7E
PBE JEili E5I N 25%1) HF ZZ#e00, S AR £ B HERHESTR, AEUES
Ko ZILIE AT A%
4. TPSS (Tao-Perdew-Staroverov-Scuseria): ‘& J& T M-GGA (meta-GGA)AZ #e AH 52 bR,
& PBE HItit, /& PKZB (Perdew-Kurth-Zupan-Blaha)iz i (it — 25 K J&
5. TPSSh: 1%z i J& T HM-GGA (Hybrid-meta-GGA)AZ A <12 B8 . 2003 4, 7E TPSS
LA 51N 10%0) HE 2801, %77 Md & vH R %
6. CAM-B3LYP: %7741 2004 #d2th, 2% EKMKIER B3LYP, AR 19%H)
HF TR (B3LYP JEA S 20%), KFEF 65%(1) HF 22800, {E 2 5 5 K RE Aty i e 7
WS LC-, Bl 100%[1] HF AZH#03Z R /2% 2001 S HH 0, SR AnifE KRR IE
Ko FREATL, V198240 DFT L #z ok, KFEEZ#OUNE4H HF 1. &,
A LA LC-o88 3] b _EATARI 26 DFT 72 bR SR AR R AT KA IE. e LC-BLYP. {H
BB TAE4 DFT 2 56, XZK A HE S HIA S s e a2 EmEr, HHms
#HE.
22 WMEKRAE

45 7% 77 7% (Coupled Cluster Method) #& & F 14 5% M Sk S5 — Fh K B 0 vF 55 5
2, T Ei4d 50 AR H Fritz Coester A1 Hermann Kiimmel 1 5652 U871, %05 5&
— PR T BT R Tk MG R EITS CL R AH 2 HBRSHE
REUETT, - HREITHEARAFEN . CLEIT R A R BIL IR BR SR AT 7
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FoE HRERESWINE

XK, IEAEHZESHE TR BRI R, #mH IR ANA S w8 RS
WEITE N TR ARSI RERT T, B LEEMREAREA, & T
ANFIRESGRERIVER, AT e S T DA bR A

AR S H BIRE G 07 R RS — MR R ) CCSD J7v:, BAK
£ CCSD J5 ik Al b B iR m 1 =2 % Re ) CCSD(T) %

¥, . =exp(l+T +T,)V¥,
(2.3)

R H TG RN IEEE T E R A IS E R, (H U8 H R,
IR —EB S X CCSD s, THEFT 77 A ) A3 IS 2 ok S8 B it
T RUEEE, X453 CCSD fETHR K> TR RN JLF =~ AT RER . A AFRATTZE 16 FH
A R — B B B S H AR VRS A, MR TR IETHEOR B2 1 38 T~ R &= k>
TR,

2.3 BEARRXHEINEFLEFMREE
23.1 E/RNEEER

P ¥ 2 1) e e oA e M S A PE T, B DA 8 TR 1) 4540 — B /2 F e FL AR
KYESRIEE— 20 . PRy SEEe AR Ml 0y B A 2 A i g5 4, DR e BV AT 52 3k
HR N 2 AR e S M £ B ke — o WU _E5 58, kR MR 5L
Tl H S IR 4 E R 2 H AR BOG KIS, UK EE T TS AR R
BE LA R TR K FRR A Ak . BT O — S8 A R il N R
BV RAFE PLiX — a] {1, 4 Basin-hopping (BH)Z.Z:80811, Minima-hopping (MH) 5% (8283]
J% Stochastic Surface Walking (SSW)&.£B4%% . Basin-hopping (BH)#& 1997 4 81| #f K
% Wales 25 N R I —Fh 5 MR R 73, 1%77 1k 1 Bl 5255 K % (Monte Carlo)iz 3l
Al Metropolis 7H I 5 #8 2% 45 ¥4 () % & T . Minima-hopping (MH) /& 2004 4F Stefan
Goedeckera K & [ —Fh 25 i 48 2 J53% . %05 kIR I 7 30) 71 AN R AR A SR AR
REENI A RET - Stochastic Surface Walking (SSW) 5y & 55 H K 22 X1 B 2 4 #% T
2013 “F iR th i — P A48 R AN S BT 77, R — PRI A e B B S HUE
ERIAT AR R 7% . A SCHEHAT RS R 32 2200 BH 502 MH BIEA
SSW BILHBL & .

2.3.2 ERCMBAEERI 5 R
AdNDP(Adaptive Natural Density Partitioning, & it ¥4 H 28 % Xl 43) H Zubarev
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BRI Bao FI A2 A M

A Boldyrev®I3L [FJT A, & FH R ik 2 h A 27 s R i) — B TR . A2 P T BA
XTI RIS A4 2 () B A B R S S B AT R IR . AT |, ADNDP 2 — i 7E i bR L
(R EEAMl b AR RPNVTE BEAT RO 0 A B0 %07 . ADNDP R2 75k 4h T NBO F2E P ANfig
I3 M2 T B IS I BREG , EAE E AR T AUIE (NAO) I EEA |, i 4 5 1) o 4 e
ZEA AR T A ne-2e #(n /N TET AR PR THH) . RATEZAT AINDP
SIBTINS, S BN BR B B A S ) N BB FERE MR oIk, AR S AT AR
FHR 1c-2¢ BN HLT), FIBR BN B 700 235 FERE MR DTk LA S, A gk 8 F-48
2c-2¢ HE. 3c-2e B, —HEH I n EHEKH nc-2e 4, DA BT R X% A MR STRRE A
— B AR R PRI AN B . a0 R R B TR I SR BRI 2.000e], WX AMEITER
RGN, WA U, 28 IcE N ERE R DTt S N B, BRE kst
FHTF MR 185 N AINDP #2724 R ik 28 i ar+ A
B SIEFITRES, CEBIINHTIRZ TAEY, Rl £ 5 01 7% it 7t
Hro {H:2 AANDP JJVEWMARAESR £, BRES 5532 N ZR RIS . Fr LA T B e &
BT E R E(ELF) . 2O R AL EEH], il b o M s RS T SE R 4618

XX

CosHe Den('A 1)

6x2c-2e C-C o-bonds 6x2c-2e C-H o-bonds
ON =1.99]e]| ON =1.98|e|

@ oo

6¢-2¢e m-bonds
ON =2.00]e|

B 2.1 R3F CeHe B9 F M A T4 R
Fig. 2.1 Results of chemical bonding analyses for C¢Hs
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o IR SHINE

w2 AR, &R HAINDPEE 7 X R IR 73T CoHeBE AT M I &5 B o TECeHe M,
CHHZ [AJfF1E62c-2e C-H o, CHCZ[AJfF1E61 2c-2e C-C of, X127 cHEER &
SEIEE . E7S IO AEAE 3 6c-2e B It , IS CeHe P30 HE -2 3B 40 H1 5 »

Ribbon Aromaticity: (4n+2) Hickel Rule

 VAVAVAVAVAWAWAN W 4
LRI

2—
CZh B22H2

Pi Conjugation: 2(n+1) Electrons Sigma Conjugation: 2n Electrons

B 2.2 wikFE ST Cu BoH> 89 & st fe 5 okt

Fig. 2.2 The delocalized n- and c-bondings of ribbon aromaticity molecule Co;, BaoH,?"

WK 2.2 s, 2454 AINDP R 5 P 485 T 1) AINDP B8 55 A8 30—
AN TR TS BTV F Con BoH? BT BUE TS R R 2 /> 2c-2e B-H ol
BIPXCEE 3 22 A 2¢-2¢ B-B o LASL, HRATHL T 70 E K 6 A 4c-2e B IHoBEMN 5
A~ 4e-2e BN, BioM B Ein T 2 R VE R AT B B o TOIXUEE R I, O H s
LT R B 2 4nt2 ARTTRMU . (R, Con BoaHo> 23 Tl A 717 IR 0% Atk
2.3.3 FIA CP2K ZF#1TH FahF1FEHL

CP2K J& — 31 44 [ I\ Sk B5 53 1 30) 77 2 B AR 8087T) A SR 2k T 5 FE V2 vk B AR
(DFT), fANRE 1P g (GPW)IL L, AR Z k13, HTWIR. Bk, 757
FAEE R R TR A . MRLERTNS M E . &7 S mEmiE. M
AR FR (AN K B R VRS K BRI & o T B — 1R SR ) 4 T3 ) R
CP2K P27 i) — KA %« CP2K A I I AZ He-FHORIZ BRAT - 22 # #6013 Slater, VWN,
Pade; Becke88, Perdew86, PBE; tHKilsrflfiE: VWN, Pade; LYP, Perdew86,
PBE: H.r HJietlAt R T Becke88. A ICHT, FAIT— Mk FEAE 200K 300K 500K
700K ¢ 1000K T HEAT 4> 18 175840, LA H SR AR A 1) 35 7 # A 22 {8 (RMSD) Al
Fe R BEK A BS A (MAXD) AR Ay 1 W7 &5 460 7 75 B o R b o o
2.3.4 JEH T RETE(PES)HEHL

7% L ¥ BE 1% (Photoelectron Spectroscopy, PES)®81E 3k - RN R #E, Il & 5
FES FE S AT RO T B R M SRS HOG o . A SRS E R, IR
A BB BRI TR T 70 FAIBERAE, Rl [ AR R I o 45 1 — PR . b
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Bl R A Bao AL 2412 1

TIRTE DT, R TRGT AR B T SNER TR TG0, kit
— BB THUERERE R

Ot LT RE TS R T 9T A1 7% T A A ) — IR R, ORI i () R E
MR, SREHAT R TREE & .. SRS HRDGE TREIS R H a8 & =R, 5t
REWERIF HIR I IERE R . BT, IRESNSFEZE R, AT LA E BRI S 1 .
MICE R JE T 1B T HE TR (Negative Ton PES)H AR, 1ZH Adm i i 71 B A AL
S5 BE R A1 B T ORIRAFAH B I 4 7 BB B, AN R I 7] DAAS 2B 50060
FWM B FAEESEER, AW — PG T E R nT DU E e 10 LA 454
A 3 S B ROt HL T BE I & H 3% A7 B K % (Brown University) oK A4E 4% PR
H 58 Ko
23.4.1 KBTFRERREERN

Dt BN T R R G HEL T RE TS (PES) H R A JFU B, O B 172 It B A Hh PR 57 R
e, Bp

M~+hv—M+e~
EKE =hv-EBE
2.4)

Hp i MERE T, MAGRHE B 1, ho BB R o1, o
it B S A A AR B DG LT, EKE AR DG L7 A3 RE,  EBE AR HL 745
Hht. ERETROHRFREE ST, 2FRGTEEENNE T B%ES 75 R
HA MW E K KBOCR A TEAER, SR 57T LU il & i Bt B % o7 10 3 g ke 3k
RHETEGHE.
2342 NHETREESKIRER T

Kl 2.3 0t 7 R IS AR 4 M R = A, 3 B ALHE WO6 Ik Ui 7% U (Laser
vaporization cluster source). &7 B [A] i 1% 4% (Time-of-flight mass spectrometer) 1 I
A HL T3 M1 (Magnetic-bottle photoelectron analyzer)2 . A Ik o1 A 55 & 56
LRI R AR B AR R, AR R AR AR R T AR il R A g R
HIVE A AE R AN A, & A B A F RS SoE R BIAE R 7. RATIN 1) 5T i
AR AR R T S TIEX . &7 AT X, i PLE Xk ) B
THEATRO, SR JE 0 E T H(m/z), R O A R BT AR B T A R R LA
BEAT 0 A e AT ) B A S O EOC T i DO B B, BTSRRI A R 100
WS (A1 7 - "R AT IR [ B - O T RE TS R
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FoE HRERESWINE

‘—
P —— = =
H targei & Time-of-flight chster
Laser vaporization noEe mass detector
permanent
cluster source T —— spectrometer
/\ cluster beam P magnet
]
1 e
\ mass gate
pulsed ion laser
extraction decelerator e
lasor Magnetic-bottle ot
beam photoelectron analyzer
vaporization electron
laser detector b

=

B 2.3 BOLIRST H 3R R -TRAT B A R i - AR XL T AR LA T
Fig. 2.3 The diagram of Laser vaporization cluster source-Time-of-flight mass

spectrometer-Magnetic-bottle photoelectron analyzer

2343 AR FRETRBERESPHS FREENITE

FES TR R L — D TR P T ZE R e B RO BT R RE
SR, e LB Y WA T HE BRI AT IR AR
FATE Se i BB TH R4S 15 1 1) 28 B & §E(Vertical Detachment Energy, VDE)
55 4 34 ) 2 i€ (Adiabatic Detachment Energy, ADE) (& T 1 ADE 154 T+ {4 F
1) EA{H), AT 0H TRESE. Hod, S TrEERXEE(VDE)SFE T HE
THRBE MR EE[ADIRZ B A IS 7 EES S5 I Th 2 1 15 RRE(E[A]) (A
BB TR G R B i — AT IO AR R R, SRR I SOk AT, i BAORFREAS
Yo BIE T R4 AR Z BE(ADE) S5 1 M & 7 2L A8 S5 M I RE S (E[AT ]I 2 th PR o) 7 2
AL BER (E[A]).
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B WIXEEGK A B B.H 5 LiB.H,

F=F MWK THiE B.H.> 5 Li,BH:

3.1 5|§

TE R AR R B T oo 3R, R T = s IR R e AR K
— B ARPTE N, B AR A DAOE AT B S5 84 B 0 2H R &R B AR AE,
SR e ) LR = 4S5 K1) 2 AR T AR 1B 18 I, BRI TR C 2 E
A — 25 i AT [ 5 A 33440, BRI (31 7% 1B 28 1 W X AP e P i 454 — B
TRFFE] BigBO, HPE> T — B ARFER] BooBY, 18T 2D RFFE] Boy M0, 75— 4ER ]
i, M B RO I B-B oL, SRITTN T BT BAMER JE 1
BRI, YRS MR B JE T B A A S R T DA S 3 T AR LA T
B IR B X AR A A b B S 5 O A R R B S R A AL 89001
EIRRT R PER R T S, N g B = 2 0 25 AU R AR e B A RO EREE M, Daa
PR ) Bao 73T 4L, {H 2 Bao RS T HEA SR & BAIRXS BRI B —4EZE K . BTy
— IS I HE— IR S 2425 Bao BIFESE PN T 5, B K AL NIRFIRR
¥, M REA B T7 B (BN ERTT B i), e3P I 4 R MR s
THIE CowBag® e EAR, HiAM T BEHE A8 0] R A A AR RIPE R G M e A8, DT 50
BOATT AT A . A R

AN O “YERRIN BIAR AT A > A4k, = EOLMILR B-B ofit i, FEH S T
H P3N 4 B2 AR e . SO —4E 3 = 4E ) S i S g i X
BuH " BIFELE n =4-5 BT K ARG I 02, T T BeH, O R NIAE n =4 Ab KAz 45
Ry 03 e 3o 1 oAt SR A BT 1) B AR AT T e B4 58 56 T T 458 Coy BiH P, Dy,
BioHe (#FRAEME)OY), D3y BisHs s D2y BisHay Cay BisHs Al Dey, BisHe* (B AR ER 42
J#5)°0L Cs, BeHs™ Fl1 Cop BsHol?7!, - 4E 45 1 BigHe®Y1, XU3A 75 7 14 43 T BsoHs Al
BoHs!'101, 5] A3 H R, ITHDGH T RES(PES)SE g Al &AL 1 5 C &k Bl =
[#1#% B,HY~ (n =3-12) B A5 $i K A 3% (Boron Double Chain) T[4 K i 458, fEn
LT IRHE 5 T 5 2 A ARBARO300 SR, XS BaHo BIE, 1R n =12 A Aok s 4544
AFADE . — AT L5 EI RN T Coy BBy ORI #EF 1 Cs BiaHa A
s A R NG TR AAEIZAN BT BN R 11 E R ) Ul AR T AR HAR B -
T 1 A AT R HE— 2 R XK Ao B XU - T 294 0K 1] 7% S A 21 BE A RS) 2 B R AT e
W, ENREIE S S E R M2 IEAHZEL? izl TS, B8 B R iR
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Bl R A Bao AL 2412 1

R M INVERAEI A 1)

TEIXH, FRAILE & % 72 R B (DFT) AR & AZ(CCSD(T) B X — A 47 25 7 4]
B H2 (n =6-22) S HAH R B ER BEAT A 72 o BT A BRI BURE G oKty — A 1 8 1 141 7
B.H2?™ (n =6-22)#A IE W 52 Ho 4 Jmy e /NGl g, TR T HAH . PR 28 38 3 Al XURE 40 K ity
M R RFEEIn =14, 5BH.Y" R FAFEPOERKEZ11.1 AR L, B.H2 (n=6-22)
P A6 B 0L~ T 79 B MoKl 2540 — BB 31)17.0 Ao Sx 2eghkafy [ T DUE AR 2
—IE R TR, PSR T AOEN S A S AE . N T BT ST e — 4E ]
FRIGIIE T, FRATTX B BUEE 90 K iy AR LB HL~ (n =6-22) Ak 2% B REAT 0 T, b
> 14 XUBE G KA S5 MR AR % . 1E 2 T4UIE (CMO) &AL E 48 % B %1l 4y
(AANDP)®),  HL -5 33 bR HL(ELF)[1 021031041 1 400 37 A%, 2 A # (NICS )OS ) 73 A 45 SR X
INIX LSSy Tl AR AR B R (S o UL BT 4 R 5 A I R . UGk A
LioB,H,"" (n =6-22) A% 2 2 1@ BB T E AU . AT — A& “aIR5 &
PE” SRARRE— R A LIBAEBHL - > FLioB,H- (s R e T, XSS R A 2(n+1)
AN Bt H - A2n A B o H -, I HLBS IR T 1 B BT S (An2) RS0 R FN . XA
KRG B PER B AAE LS B o O AT B . %3 TARFRE R, st
F&— P AR AN R B X R A IR P T 4K G5 M ) BB, X BT DL
SRR I T B A KA
32 WEAEE

FIFH Gaussian09U'"f2 /%, 7E PBEIPBE/6-311+G(d,p)!' 1981k~ b 34T 45 # Ak
5¥RE, FNLE B3LYP/6-311+G(d,p)! 10K S EEAT 0 @i R F— %
YT X BiaHo?™ F BisHo? B #&f CCSD(T)!M 2SI d - BRHEAT IV 1A E o 45
TR T RATIF IR E 14k &, PBEIPBE 75 Fit A3 AeE 5 CCSD(T)4,
SER - SR B3LYP J7i M it EAF I se E AT fw B CCSD(T)45 R . Hit, &
f11i% ¢ PBEIPBE J5 i34 AiZa 4> TAERI F EHE ik,

% H Basin-Hopping F2 7 B081%} B,Ha? (n =6, 10, 14, 18, 22) — 76 BI#E K14 Rtk /s
CERHHTI R . AL, PRSI BN SE T CAaMER B, 2 AR E R
Ffk . =70 LizB.Ha (n =6, 10, 14, 18)BliE L RE & T Ak £ 22 5T B HL> S5 7ERL
BV A SR RGBS N Li B3k . BEJ5, 7€ PBEIPBE Al B3LYP 7K1 b
ARk B#% BH2 Al LinB,HY~ (n =6-22)#k47 78 73k . CMO. AINDP,
ELF 1 NICS 70 #2201 361X Lo A 7 1 BB . ELF o5 ELFa73 XAE e B i
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B WIXEEGK A B B.H 5 LiB.H,

iT Molekel5.4 344 58 B A4,
3.3 HBREWR
3.3.1 MR EEANAKEFFE BiaHa> . BisHo> F1 BoH2 R H§EED

NIRRT Bio B XUFET- T 44K 5 4544, FATAAEF- [ Coy Bra™ F1ITH Csy
Bis AR EAL =) B1aHo2 F1 BisHo? FFAARF Tt PR E T XUEE T T 40 K iy 45 4 Hh 4
ABIRT TTRR— B IE T, BT LA 6 AN BB T BRI I 5 AR R Ba,Ho230)
%50 A R A B T o BiaHo> 55 BuisHo> AL UF A5/ AN RE R FE T 3.1 . BT
A 1¥) PBEIPBE. B3LYP #1 CCSD(T) it 545 5 — 3 IRz (1B XUEE 1 T 44 K 77 45 44
7& BiaH2 1 BisH 2 14 AR /NGG R, I E e AT1 43 3 B AR B 1) Hofth e bt &2 /b A 17
F114 keal/mol. ELAANT T B,HL BFE, 1E n =12 Kbk Fimi URE T [ 99 K 7 25 46 AN 7
T, (H& ARt T —FrHLE] AT DLR KB K B H2 B 7% (n > 12). TEREER T THI,
PBEIPBE #(#5 ¥ 2. 5 CCSD(T){R#&ir, #R1M B3LYP 4 £ K iE {2 CCSD(T)4S
Ho B 3.1 3.1(b)H IR 7T DUE TS5 T — TE L R EE R
XL HER AN T B-H 8 R, PBEIPBE JiiAMIRILENE—%, AT UEBEA TAEERR A
it H 7. PBEIPBE 5 CCSD(T)MILL, HRATL T HHHHE .

N Y kA SR R BRI SURE ST T 9N K AT (A1 BRH2, FRATTDRHEF- 1T Boo? BT
ALY BoH> BHAT 45 )48 2 . PBEIPBE At & o/ il XUEE T~ T 99K 5 BooHo2 L fig
BRI I R R IR R 298 keal/mol (B 3.1(c)). AT LA, I XUSE T~ T 40 K A1 45 44 72
BooHo (A JR il /N ke, JF H R R PR S5 M G 017.0 Ao B2 B XUEEF- [HT 4N
Kty % BoH22 (n > 22) R A REAFE R, n AEI LRRUR R A (H2 Harxd 3
M=, TR & S e b K i — e A T & R R .

XFFANRST ) BaH? (n < 12) =M 7 B8 1 BIRE, BIOURE~F- THI 99K A7 2854 5 72 'EAT ]
4 SRl /NEEHE), BN BeHo> A1 BioHo? (K 3.1(c)) o 15 H L4518 F 2 LN P 77 T
Ko 55—, STISLE 5 BISHE 7P O R SEAE /N RSHE R Y, XUBE S TH 4 K i 45
P2 R AN £ 8 7 AR BoHLY A @il N ig . 26—, XFF/ANRSHI A S 1 1A
% B.Ho>, 43 TIRIEES e J18R 4k 7 — PN R 3l 70 48 2 K R B XURE 25 /0 A5 E T oK.
B2, FET UL S RBAMR AL, BTG M 78T B B.H2 (n <22) A m kN
CER R XU T T 9K 450, M I EE R B4 T 3. 1(d) . T HETAFIEI
%, BH? (n=6-22) W FUBS T =& A FaE 19, B DLERATTRE AR B £ 5
LiB HY 3 ATA 7T, HA 8 LioB,H 217 B.H?~ ARGl F AR G LitifR
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T ERAE Bao 1624121

m%@%wm

Con ByaH2 ('Ay) 1 ('A) s ('A) G ('A) Dy, ('Ag)
0.00 0.00 +16 70 +18.23 +26 07 +27.05 +31 .06 +33.90 +31.99 +38.71 +38.95 +37.67
{0.00 0.00} {+16.50 +31.05} {+25.89 +44.92} {+30.87 +45.15} {+32.11 +36.16} {+38.92 +56.46}
CZh B!SHZ C‘ IA)
0.00 0.00 +13 78 +20.71 +15 20 +18.37 +18.32 +25.19 +20 60 +27.39 +34 20 +38.50
{0.00 0.00} (+13.80 +31.77} (+15.42 +33.89) {+18.46 +37.71} {+20.91 +32.94) {+33.92 +65.74)
/W LR é Ry
M 1 3
C,p, BgH,2 g C,, ('Ay) C, ('A) C, ('A) C, ('A)
0.00 +14.88 +36 79 +46.17 +49.57 +92.96
CanBioHp ('A)  C,('A) C, ('A) Cy ('A,) C, (1A)
0.00 +11.05 +31.77 +31.93 +32.55 +33.60
Can BogHo? C, (1A) C, ('A) C, ('A) C, ('A)
0.00 +7.71 +14 12 +18.00 +18.50 +26.06
Con BeHo? ('Ag)  Con BgHo> ('Ay) Can BioH2* (A Con BioH2 ('A Can BigHo? ('Ag)
m m MW' a¥a¥a¥a¥a%aVa¥a %
CZh B16H2 CEh B1SH2 CZh B20H2 (1A ) CZh B22}422 ( A )

F 3.1. #£ PBEIPBE 7K-F TF(a) BisH?(b) BisH2?", (¢) BeH2?", BioH2?™ #= BooHo?, (d) 7 7] A a4 -F
& K i B.H? (n=6,8,10,12,14,16,18,22) 69 4L 25 4, 7+ L4798 7 CCSD(T)//PBE1PBE,PBE1PBE
(#HR) A1 CCSD(T)/B3LYP (7 # 5 ) K-F F A keal/mol h #4zay4astpt 21, AP BREE,

HAKRAE,
Fig. 3.1 Optimized structures at the PBE1PBE level for (a) BisH2?", (b) BisH2?", (¢) B¢H2?", BioHo>,

and B22H>?", and (d) the series of DC planar nanoribbon global minima of B,H2>™ (n =6, 8, 10, 12,14,

16, 18, and 22) clusters. Relative energies are labeled in kcal/mol at CCSD(T)//PBE1PBE, PBE1PBE

(italic), CCSD(T)//B3LYP (in curly brackets), and B3LYP (italic in curly brackets). Boron is in blue,1

and H in gray.
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= MPEEG K A% B.H 5 LioB.Ha

Cepprrere ;f*sz PEPPP P, Azmzp“ jfgz

Con LinBi4H, ('Ag) Con ('Ag) Cy ( 1A Ci('Ag Con ('Ag)
0.00 +1.65 +3.63 +9.70 +10.30 +7785
N A 2&
;mvsz ‘?5}» mﬁw,r » aTataravevel
o
Con LizBygH, ('Ag) Ce (‘A Gi ('Ay) Can ('Ag) C, ('A) Con ('Ag)
0.00 -16.80 +0.28 +1.52 +1.88 +8.76
VA WRRRE, R, TR
Con LinBgH, ('Ag)  Cyy, LisBgH, ('Ag) Con LioByoH, ('Ag) Con LinByoH, ('Ag) Con LioBysH, ('Ag)
t; a—,
VWAL, SRARRRRRAN,
Cop LinBigH, ('Ag) Cop LioBigH, ('Ag) Can LioBooH, ('Ag)
(d)
MWL N VRN, N,
Coy LinB;Hy ('A)  Cyy LinBgH, (TA,) Cyy LizByiHz ('Ay) Cyy LizBysHy ('A) Cyy LizB1sHz ('Ay)
- -
%a%aYa¥a 2 %Y YaYa VAT aa¥aYaYa Ya¥avaYa Y2 % 4
Cyy LizBi7Hz™ ('Ay) Cyy LizB1gHz™ ('A) Cyy LizBaiHz ('Ay)

B 3.2 4 PBEIPBE 7K-F F(a) LiB14Ha, (b) Li2BisH, = £ 7 4 384£ -F & (¢) R X, Cap Fo(d)JIR K,
Coy AR 7 2549 LB, Ho" (n =6-22) 89 AL 54y, (c)Fe(d)F 89 BT A 2 K i 25 A 4R 2 A JE B9 AL/ 2%
#H, FF n=6-14 R-T A MR R LB/ LEH. (a)F=(b)F 4R T A keal/mol # 342 44 48 %+

fegfi. XY BREE, HR kA&, LIA¥E.
Fig. 3.2 Optimized structures of (a) Li2B14Ha, (b) Li2B1sHa, and the series of DC planar (c) trans Cox
and (d) cis C»y nanoribbon structures of LixB,H2"~ (n = 6-22) clusters at the PBE1PBE level. All
nanoribbon structures in (¢) and (d) are true minima and those for n =6—14 are global minima. Relative

energies are labeled in kcal/mol in (a) and (b). Boron is in blue, H in gray, and Li in purple.

o TR ESRK S LEN LB = u BEHT RE 2 RE R, RAEEE
BiaHo?™ A1 BisHo? 45 A4 ) & a] B2 467 B A N Li J 1M 15 2] LioB1aHa #1 LioBisHa 45
4. PBEIPBE £5 3R M, HXURE T[T 94K A5 45442 LioBuaHa B4 R/ NEEH, i fE
A0 BB S ITCFLIA IR S 2 LioBisHo B4 M /NGS 14, A8 S A XS ~F Thl
KT 45K 2 LiaBisHo B —MIKREE AR 3.2). KL, #ALAETS LiaB,Ha XY
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Bl R A Bao AL 2412 1

BEYOK T S 0 LR RS 302 n =14 Bk, Xt —20 BoR s R A2 e 9K s 45/ 1
— I L] X TEE R R A Litse A RCH W B2 H I ECH R, RBUESF
JIFEHE LB Ho AR AFRE FEAEH . EAEF, BT B RS gkar —
W B 7450 B.Ho2 ANFEARE, 8 44 223 I e far m] BB A ARE oK. AR B i
#, W52)Z Con LiaBHa (n ZARE) 73781 Coy LiaBHa™ (n &80 & F 70 i A A
56 32 °F T 00 0L BE s R I SR g oK Ay S5 0 . X e S5 AT DL & A Bl X 1)
[Li(HB,H)Li]” @ kKR, I B e AT uE B 2 A ae i _E A/
3.3.2 Li:B,Hz #1 B,Ho> FAYc Snl eI 5

TR S T 49 K 5 T 7% LioBLHLY(n =6-22) S I H A U 8 A4 S A AR . DA I 0]
garHES R U EE (K 33 5 K 34), Li:BsH/LizBsH2/LiBsH:
Li>BoH,/Li>B1oH/Li>2B11H2 /LiB12Hz 5 LiaB13Hy /LiaB1aHa/LioB1sHy /LinB16Ha 14 % &
AFA AR EaIE, 255 1,3- T M5 Can Caen 1,3,5-C. =) Can CeHs
M 1,3,57- % VWU 4% Can CsHio AH 8L o [A] #F 1, LizBisHy/LizBisHo/LizBioHy™ 5
Li>B2oHo/LizB21Ha /LizBooHo # R E A HANFIZSAS EaiE, 53745 Con CioHi F1 Cap
CoHu#iftl. B2, IKIErBEAIE, LiB,HY K AT LAG E 2 2 06 A AL A 25
Y.

Bk — 5 [0 73 M 8 I s XU~ T 9K 77 [B17% LiaBeHo A — B dso SUIE, T
% %l Li;B7H,/Li:BsHo/LioBoHy /LixB1oHa ,  LiB1iH2/Li2B12Ho/LioB13sHy /LioBisHs
Li>B1sH,/LizB1sH2/LizB17Hz~ /Li2B1sHa/LizBaoH2 55 LizB1oHa /Li>B21Hy /LizB2oHy F#%4
AAAEFRA =4 WAFI A B e E (B 3.3 5K 3.5). Fealadifm 2, £
ZIRAEAEEZ P LoIE, EATASHHE C I 2p, PUBETE BN B BnliE (& 3.3),
XA RUEE 5 22 I E s 5 T E X . FOH, FTE I LioBHO [ 5 4R 10 4 Sl
Mo SrALEELS, 1M HoSnm i 2 Ph AT (), 5 Uk 2 1A 2 s A S T A e 3
IF) S5 B VR T o BuH2? (n =6-22) A 0 & 1~ M 7% B A A A B sl s A 2, 3RATT A
BooH> AT T A (K 3.4 51 3.5). BATFER BRoG5n LM R, H
T 2 HIAE BaHY (n =3-12)fk R R H B A

XoF T B XUBE~F- T B 4 K T (1) e &5 R kAT A 58 2 AR5 A R 1118, 4] 3.6 i
TN, TEFOKRTH M oy Sniy R A2 28 X R B XUEE 9K A -2 &t . e
BUEET I A K o Sn RN SR A, X 55 XU K B fE o bn
WLHRE B XFP G OLE Z4E 2 45 M a-sheet SE AR, o Srafr # ) LF
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FETRMN, TR oIS EE R TrmSEE, fRPEXL LS5 S HcH
FELZ T T

(c)
HOMO (a)) Hﬁ/l?a
299999 309”@ 299922
(b) HOMO-1 (a,) HOMO-1 (b) HOMO (b,)
HOMO (b,) Hdmo () i HOMO-2 (b,) HOMO-2 (b;) ’
299392 9999¢ 99992 39392 33992 92992
(a) HOMO-1(b) ~ HOMO-1 (a) HOMO (a,) HOMO-3 (b,) 'HOMO-3 (a,) HOMO-1 (a,)
2992 29092 9992 BST B S B3I
HOMO (a,) HOMO (b) HOMO (b) HOMO-2 (a,) HOMO-2 (a) HOMO-4 (a,) HOMO-4 (a,)
o3¢ IS 2392 3393 9092 3929 2232 99D
HOMO-1(a,) HOMO- §3 HOMO% HOMO-3 (b) ~ HOMO-1 (b) HOMO-5 (a,) HOMO-5 (b,) HOMO-2 (b,)
}:?n;o;s;:) ﬁ) -2 (b,) .HOM0-4 (bz)' ’ HOMOQ ®,) ’ i HOM(;-G (b)) ' HOMO-6 (b,)
20Q 392 292 IJOI DS DO F 3 :
HOMO-3 (b) HOMO-3 (a,) HOMO-I (a)) HOMO-5(b) ~ HOMO-5(a)  HOMO-2(a,) HOMO-9 (a,) HOMO-9 (a,)
y & ; DD BDID BDHIID
HOMO-6 (a) HOMO-5 (a) HOMO-8 (a,) HOMO-8 (a)) HOMO-10 (b,) HOMO-10 (a,) HOMO-3 (a,)
DS DY DD WD W DWW WD WG
HOMO-7 (a,) HOMO-7 (b, ) HOMO-2 (b)) HOMO-9 (a,) HOMO-9 (b) ~ HOMO-3 (b) HOMO-11 (a,) HOMO-11 (b)) HOMO-4 (b))
3 5 ol 3 . N Pe 4 B A - s
HOMO-8 (b) HOMO-8 (a) HOMO-4 (a,) HOMO-11 (b) HOMO-11(a) HOMO-6 (a) HOMO-14 (b)) HOMO-14 (a,) HOMO-6 (a,)
MR, SRS ‘a‘c‘a‘:‘o TR Z ‘,:.‘..':f;‘:.‘.‘: c‘ a‘c‘o;o‘; P aTava%a%avavava%a%a %8 ‘l,‘, Ta¥a¥a¥a%a%a%a 2% W ‘(" 0‘ a‘ J" v o‘
LizBqu leBqu Cme leBnHz leBsz C H leBnHz L'szsz C H
sz ‘Al Czn A! Czh lA; C IA Clh Ag Czh Ag C A Clh IAs Clh AA

A 3.3 (a) Li2B13H2™ 5 LizBisHo, (b) LizBi7Ha ™5 LizBisH, & (c) LiaB21Ho™ 5 LiaBooHs 89 3 Binde % o

B 415 CsHio, CroHi2 A= CioHig 89 & Bnbid 693 b B o 2 & S CuHo I A & Hohhid

Fig. 3.3 Delocalized m and 6 CMOs of (a) Li2B13H>™ and Li2B14Ha, (b) Li2B17H2™ and Li>B1sH», and (c)
Li;B21H>™ and Li2B22H>, as compared with the delocalized 1 CMOs of CgHio, C10H12, and Ci12H14,

respectively. Note that C,H,+2 polyenes possess no delocalized ¢ framework.

3.3.3 LiB,Ho B FEMESBEBEH PR 41 1ERX

IO P T 9K 7 LioB,Ho M R I FL 7SR M RE (EAs) 85 T LB Ha 1 1
P 7% (1) 246 #4325 8 (ADEs), HH M. [ 45 S 45 E 3.7 (@) . anE3.7 (b) TR & iX s
PEF R 0 LB 5(IPs) . B 1% T #984k, LioB.Ho () ADEs 23 4n B, R
BRI B T —NEI, 2 BICE n =9, 13, 17 A1 21 4bik 3 “ L)% W KAl , 78 n =10,
14, 18 A1 22 Abik B /ME o X R 208 LioB,Hy 5708 720 B P AN A 3 : n =6-9, 10-13,
14-17 1 18-21. )% Li>B,Hy 51 851 Hi% 5 A P 72 )2 i 2 néot, n86®, n!06®
Mn'?6'0(&]3.7 (a)). RMAENR /D RALHI S E BA IS = T AL, iy — A gish
HL 7 54 LioB,Hy 17 85 1 () HOMOs (JE & SOMOs), 1E#f5%f . LiB,Ha H 14 A #% 1)
LUMOs.
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Fig. 3.4 1 CMOs of Li>B,H>"" (n =6-12,15,16,19, and 20) compared with those of C4sHs, CsHs, CsHio,
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Fig. 3.7 Calculated curves as a function of size n at the PBE1PBE level for (a) ADEs of DC planar
LizB,Hz™ (n =6-22) clusters, (b) IPs of Li;B,H> (n =6-22), and second-order difference in total energy
(A2E) of (¢) Li2B,Hz™ (n =7-22) and (d) Li:B,H> (n =7-22).
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(RIS T AR 45 R R A o RN, JRATTR B LioB,Ha %185 T 1) ADEs fi/IMi J LRt % ]
5 X ST R I 28 1 9N (B13.7), - LioBAHo v BIFE R TPs He/IME th it 35 F %2 ST 1
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£ n=10, 14, 18 122 &b, XL ADEs fl IPs H W %2 21 (1) ZJ50E /& 52 42— 31
3.3.4 FRFEMEMEn2) BT ERN

75 AV SR 5 S O SR I SUE A G — AN . B R AR HEAR H
KA A R (I REAR TN R 3 75 & 1, A HE@n+2) RS /R BN, JEFRAE, ELF M1 NICS 4.
TEZE Sy TAES, IRATE R A ELF A NICS., S -4 K] 5O AU T8 240 K 45 (4] 1%
LiB,H" (175 F 1 . Santos Mt ¥ & 1 25 1 SE T X & FpG HLRTTEH LA REATH TR
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% 3.1 M4k A KA P B 5 LioB,Ha (n =6,10,14,18,22)%9 ELF #= AANDP s 4##% X.. ELF,, ELF,
A ELF, 893 A5 XA, HAS B Bokt P 8 NICS,(OAArA B kst b o L5 1.0 Adkay

NICS(1)A47]F %+ .

Tab. 3.1 The ELF and AANDP bonding patterns of DC planar nanoribbon Cz; Li2B,H> (n =6,10,14,18,

and 22) neutral clusters. Approximated bifurcation values of ELFs, ELFz, and their averages ELF.y are

also tabulated. NICS,(0) values are calculated at the center of each delocalized 5-bond and NICS_(1)

values at 1.0 A above the center of each delocalized -bond.

structure ELF, ELF, ELF.,
ab
O—9-9-o” O leile) 90
MAAA, ELF o,lg} o % 0.74
Con LiaBeHa ('Ag) 0.83 0.65
NICS —44 3(b) -11.7(a)
gd e 2 Q m A
S ELF o-%i 990 @@@ 0.80
Con LizBioH2 ('Ag) 0.84 0.76
o K
NICS —44.0(d) —-13.6(c) -6.8(e)
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Fig. 3.8 Computational ground-state adiabatic detachment energies (ADEs) of DC planar B,H>™ (n =
4-20; empty squares) nanoribbon clusters as a function of n at the PBE1PBE/6-311+G(d,p) level, as
compared with their experimental values (n =7—12; solid squares). Also shown for comparison are
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AR, Bikaw FEARCTET .

Fig. 4.1 Optimized structures of snub PAHB clusters B3,H,, (n =6,10,13,14,16, and 24; m =6,8,9,10,10,
and 12) compared with that of the corresponding PAHC molecules C,H,,, with the numbers of

delocalized mt-electrons indicated in parentheses.
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Fig. 4.2 n-bonding patterns of De, B18H62+, D2, B3oHs, Csp, B39H927, Cs B4xHjo, and Ca, Ba2Hio.
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Fig. 4.3 Optimized isomers of B3oHs at B3LYP with relative energies indicated in kcal/mol.
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Fig. 4.4 Optimized isomers of B3oHs?" at B3LYP with relative energies indicated in kcal/mol.
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Fig. 4.5 Optimized planar and tubular isomers of BsoHo?", B4>H 0, B4gsH 10, and B72H)2 at B3LYP with

relative energies indicated in kcal/mol.
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Fig. 4.6 Hydrogenation energies from the multi-ring tubular B3o, B42, and Bag to polycyclic snub B3oHs,
B4xHio, and BagHio.
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K] 4.8 B3LYP /KPR Csi BsoHo>~, Con Ba2Hio F1 Cy BaHio HInLiE
Fig. 4.8 1-CMOs of C3h B39H92_, Czh B42H10, and Cs B42H10 at B3LYP.

(a) Cyy, B3oHs

8x2c-2e B-H G-bonds 32x3c-2e ¢-bonds 4x5c-2e and 5x6¢-2e t-bonds
ON=1.92-1.95|e| ON=1.63-1.97|e| ON=1.85-1.96| e|

(b) D CisHig

16x2c-2e C-H c-bonds 19x2c-2e C-C ¢-bonds  9x2c-2e C-C nt-bonds
ON=1.96-1.97|e| ON=1.97-1.99|e | ON=1.55-1.75|e|

(¢) Dy CioHs

¢ 0
“Q @
3] [3) ¢

8x2c-2e C-H 6-bonds 11x2c¢-2e C-C ¢-bonds 4x2c-2e and 1x6¢-2e m-bonds
ON=1.98|e| ON=1.95-1.99|e| ON=1.75-1.83|¢ |

B 4.9 Ca, B3oHs (a), D2i CisHl1e (b)A= Dy CioHs ()9 AINDP 44 X AT b B, F4riE T4 8695
FAE.
Fig. 4.9 AANDP bonding patterns of planar C>; B3oHs (a) compared with those of D2, CisHis (b) and
Doy, CioHs (), with the occupation numbers (ON) indicated.
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2¢-2e C-C o, 418 82¢-2e C-C nHEFT MRS P75 TCFLIA I 6¢-2e i, WLIEI4.9(c))
M5, Con BaoHsHI BB AR AL MR . + 0 EERZ, £Cu BsoHsH, BaoH B
I S I ot (321 3¢-2e o) I B I Hi (41~ 5¢-2e mB A5 6¢-2e mid) >k v iz Ak R 1
RETIE, 5 O2WEER1BisHe" (1)1 G HUR AR, 3XFh-F- 35 73 Ah 1) B delio B
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flFLis, BuisHe> A Ath & WO A F % 1 o-m- 505 A 1
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AMInfE RILE—ANET ZF Z MBS B tntl) . X PSR 0 52K, 2%
HCioHs, Ci3Ho™, FEFRCraHioMEIRCaH o8 AR5 L, T HE— SR 7
75 A VE R 5 A N R AR R 5 B A TR R AR LA G &R
4.3.3 ELF 9347

N T BB ER TS A O R 4 R 05 A, FRATD k4T T VRS ELF 2347
ELF 3 B2 R BLTERFIR I 0 R TR B — AN B B0 F [ mT e Rl 7145 1400 7R %
FE AT FREAT KRETFE AT T, Santos 5 & 1E# KI5 & M4 THIT44)
YAEELFay (ELFay =(ELFo+ELF)/2)) K T0.70 ("F14 5 XA ELF. FEUEAE0E 1 2 [7]).
WNRANTR, SEFF AR O B (5 e A 58 2 RAR I AE~F Th LA A4 B R
FAL) 161 4> X fH ELFs =0.55~0.89 , ELFr =0.73~0.87, i UL 3L °F 33 /3 X {f ELFa
=0.70~0.87. D5k, FETELFHMARE, FRATHTIN & 0B HHER 05 B e AR A i _E 4T
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=]

BAREFEST, XE5CMOMAINDP M #T 45 B2 — 1.

k4.1 Z%EF @ F 3|4 De, BisHe*", Can BaoHs, C3n BsoHo*, Cs BaaHio, Can BoaHio#7 Ceon BroaHi28)
ELF B X, 472 T 48 & #)9 XAAELFo, ELFxA"ELFayo
Tab. 4.1 ELF bonding patterns of D¢y BisHe?", Con BsoHs, Csi B3oHo?, Cs BaxHio, C2s BaxH o, and Cer
B72H12, with the estimated bifurcation values of ELF; and ELF, and their averages ELF., indicated.

ELF, ELF.
Den BisHe2* @5 3 0.70
(7
-
0.55
0.87
C2;, B3oHs
0.87
C3, BsoHo> g%%
&
0.81
0.74
0.85
CsBaHio
% "':61“‘9-.* N,
3G
C2,Ba2Hio SRR 0.86
C2,BsgHio 0.80
Cer B72Hi2 0.77
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RAVPMELF T BoR, 5 =AU 3L Z TR T 1B = 1 B AZAE
[ N3c-2e o, MREANSAHA N TTALIAILE — KA B = MBI A L EUAFE —A
2c-2e ELF offf. iXFh2c-2e o G R H BRI STl &K H T =ML HRIE =4
TSR T, WiBsoHs (2) AINDP 8 15 X K4.9(a) T 7~ , 7EAANDP 2 T HH X Ffi2¢-2e ©
BN RS c-2e o, HHEANB:=MIEIMA —13c-2e ofit. EBisH (1)H A M
SRFIRBAIIE O o FRATHLE B BB ER % 75 VB0 1A% o 1R T AN ELF m 2 v B B 3
ff1, X EA1 5B H W H 1 18c-2e B Ikl = AHLLK o Con BraH 1% FH 0 1)
ST B s v B P AL S TR BB (1 B o BN B I (AR 4. 1), X N OREE )
snub sheetflf] /= IFIELF A A5 AR AR AR B o

B 4.10 snub sheet # %49 ELF B, ELF, =0.73,
Fig. 4.10 ELFs of boron snub sheet with ELF,, =0.73.

FF 2 FUATE S A, AT X snub sheetBlZEAT T HEAMELF 2347, 4niEl4.10
Fi7n, snub sheettlf] |2 I ELF 73 XAH N0.73(X 3% B snub sheetifl |2 B 75 & EAJR), H
5 Z AN e AL = =TS R T A B = A S — 1M 3c-2e o, 1
LT SK H 5 AHARZS o AL =L i AR B = A L BT L & 1) 2¢-2e of . 1E4N B3R
iR, 1XK2c-2e offXF BT AANDP TV H 13¢-2¢ o8 . Con BraHia g3 1 H1 O 1 [A]LaF
Bis v B IR A X Mot i, B2 H NP 35041 B9 75 7o AL TR SR A W snub
sheetfl 2 7 1) i L 2% AF

BT LLEaMr, FAVRH T snub sheetil] 2 M BB =, I H 5 I I8 40 58
175 1 AANDP 3¢ AR AT EEA L 4. 11) o i B, V5 SR U IRBIDOUEE 1977 A1 B84~ B
PN IR - 2H R ) S o LR AT 8N T N I 33 c-2e o, 7E [F)/Co~F- [HI Bos 2 A4 B T 1
WA — NS 8c-2e nfE (B AL & — M EOBs N B 7S TCIAHIBRAMES TTH) . X1
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I3 AT 18c-2e ni i 4Fsnub sheettl] /= HAT 75 A VEAN B @ 1 o XA B 5 s @R
WAL, B AR R T AR A S A SR 6 A ST AT 3 1 A 2¢-2e o AT TN
ToNTeALIAZ E T A 6c-2e mig !4 BRPA 7 25 LI 55 A N BOA A 57 2 b I £ il
W AN L 3L, FERH T EA15 Al snub sheetll 2 AUA s 47 (1 &40 B
H 4G 5 M 23 0 A 6N A2 Bk SR

(a) Snub boron sheet (b) Graphene

B 4.11 snub boron M E B (a)A= & F Hi(b) 45169 AADNP 44 X 3 kb | o
Fig. 4.11 Comparison of the AANDP bonding patterns of snub boron sheet (a) and graphene (b)

434 BFFIERE

DFTi 545 % BiB3oHs (2), BaaHio(4), BaxHio(5), BasHio (6)F1B72H 2 (7)) 3 B
HL B 38 (VIP) 7 1 6.74, 6.15, 6.02, 5.98F15.99 eV, %3843 B X #H S HR IR 55 & 1t
P P T B R E PESR E T SR

BATHFRR Co BsoHs™, =34 C) BsoHo MIUIR Co BaxHio, C1 BaxHio fic e 5E 45 149 1]
HE E R B AE(VDEs)#HT Tl . 1 PES &AL o (WL Kl 4.12), Ca BsoHs™, Ci BaoHy™,
C2 BaoHio M1 C1 BaoHio (158 —HE BRI B AE 40 N 3.62, 3.67, 3.37 f13.56 eV, H—4
FLEASRE T AN EE AN ZEH SRR Z MM RE B 25 (AEesp) 77 AN 0.61, 0.88, 0.56 F1 0.41
eVe BN ZRFIBES C BoHo A R KINAEg fH, FrLAE W] R824 Kk PES &
B b B 25 Sy A B ) 4 B T Bk . H T VDE W{E #RIR BT, it LLZE PES R v Al g
HILE LG . C2 BaoHs (2), Ci BaaHio (4)F1 C2 BaaHuo (5) X FRIFIRAR B AR 7373
1037, 1027 F1 1049 cm™", X LLE0HE AT GETE A J5 1) PES #R3N 0 HH g M 52 8], I A
TSR AEAE L R B0 5 B A O 67 T
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M M
> 3
: BP9 Pad
-9 -39
a2  wa -‘A
.0 e = A
a4  BUY o~
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Ci1 BazHio®
1
A
-3
v
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Binding Energy(eV)

@ 4.12 B3LYP 7&‘%"1‘— (&) B3ng‘(a), Ci B39H9_(b), C B42H10_(C)7IC~U Ci B42H10_(d)é{:} PES *%%l’}\ilaﬁo
Fig. 4.12 Simulated PES spectra of C2 B3oHs™(a), C1 B3sHo™(b), C2 B42Hi107(c), and Ci Bs2H107(d) at
B3LYP.

4.4 KREBING

BEFNCRE G, BAVEH T 1 snub B 55 & G 7% BauH,, B4
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SAARR A S B, IFEREAT 050 & S S RAE . KER S S EIEE 28K
Y S ARALL, Bt R LA T H AT 1 LA A B R A S5 PRI AE 4R oK 4544
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FARE R, FIFEH, @ — LR IR S M T R E T BA GO ER
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() TGmin F& 5 SAZHIXT Bao 42 SR il /NS K BEATHE R o TGmin 25 S AT H R R
it Bss A R/ NGE R, AR T R 1E BBk ER(BH) S B LAt B R iy, [RIEE SCHG
T2 L) AR RN R R A B RS . AP AT AR T Bao™ B 2 7 (A1 7R AT
BEATHEE, JLRE) 5300 NEEH, HAPIEERA Do SIFRIENE B SR . AR B,
WK SSW AT TGmin 772X Bao H % 115 () 42 R il NS R AT 1R R o B 5 20 S AE
PBE, PBEO Il TPSSh /KF-_F K H 6-311+G*FE 410} fir 5 R RE & AR EAT AL . A
T IR RSO AOA X A EE, il id NWCHEM 6.3 F2 5 % 23T CCSD/6-31G* ¥ /4
BETHAIS0, #E DFT /K _E X FE A 454 () ADE {6411 VDE {HHET 15, BR A1) VDE
{1 PES #0138 ik TDDFT 773556 il . AN 2 BT A 1 HE 7 &5 40 T B 0 2l ik
Gaussian09 27 52 B1%, 1] CCSD 114 2 @it NWCHEM A MOLPRO #2758 51,

53 ER578
5.3.1 #RTkIE Bao O S5 E M

2.D,,B,; (B,)

1A0 1
3.C_B,, ('A) 4.D,,B,, ('A)

& 5.1 PBE0/6-311+G*K-FTF Bao A= Bao 892 By N 5 4 RAKAE & S A 4R 69 IR AL B 5 ALK .
Fig. 5.1 Top and side views of the global minimum and low-lying isomers of B4y~ and By at the

PBE0/6-311+G* level.
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Bo BARHT Ba, JE L FETAHIN B = e 3 IR G MR, 12 Bao B8 WAL
g LAkt O 98 K T HA — e S . Bao 5 MM M 2 AR R 22 D e
AEAE—/MECK ) HOMO-LUMO RERE, b F A2 AR T RIS Buo HIRATENE

Ecoh

B 5.2 PBE0 K-FTF B, (n=7-40)F AR LR T LELRMAZRTHETREX, AT EECALA
ERE B, (n=7-40)89-F & . /f-F @ R FEKRBoo)EH, & H B AR E Bs, Bis A7 Bao 49 £ AR 2
6
Fig. 5.2 The cohesive energies per atom for B, (n =7—40) neutral clusters obtained at the PBEO level of
theory. The black stars stand for the planar, quasi-planar, or double-ring tubular (Bao) structures of B, (n
=7-40). The red circles stand for the cage structures of B3z, B3s and Bao.
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B 5.3 D2y Bao ££(a) 300K, (b) 700K #=(c) 1000K F&94F 3 ) ML R, HARET AAAELL
9 ¥ 75 AR AR £ 1A (RMSD) A= K 4 K 1& & 1(MAXD).
Fig. 5.3 Molecular dynamics simulations of D24 B4o at (a) 300K, (b) 700K and (c) 1000K for 30 ps,
with the root-mean-square-deviation (RMSD) and maximum bond length deviation (MAXD) values

(on average) indicated in A.
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W, XAEMRE T A A5 2 FIZEH 4 BAAHE) Do XPFRPE, BI 438 n—AN 1
BRI B — AW TE, ST RZRN. —J7, &M 4BKRE
HOMO-LUMO B BBk Bao BA m FERRE PER LAl . [RINE, X REPRLRE T
Buo & G S M AR E , X R A LE SRS 1 A FEL T AR AN | 4 R R e 11
LUMO.
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~ 7 3.13¢eV
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& d
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= 4 e—a— TN
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~ -1
O o a—py—
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2 e —t— —n—
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B 5.4 D2y Bao W9 AT & AE R A B, FH4772 T HOMO 5 LUMO #id I & HOMO-LUMO #E [
Fig. 5.4 Frontier molecular orbital energy levels of the cage-like D24 B4o, with the HOMO and LUMO

pictures and the energy gap between them indicated.

40x3c-2e c bonds 8x6c¢c-2e o bonds 4x5c-2e © bonds 4x6¢c-2e © bonds 4x7c-2e © bonds
ON = 1.87-1.96 |e| ON =1.91 |e| ON =1.95 |e| ON = 1.96 |e| ON =1.93 |e|

B 5.5 M Bao 9L FHEPTLEE,

Fig. 5.5 Results of chemical bonding analyses for borospherene Bao.

HATR M AINDP F2 75 254 4 (BIER)G Bao) B BEAT 04T (K 5.5). 4544 4
A 60 XL T, 48 DMEGHIRA Sk, HPAE B =ME L 40 4> 3c-2e o
B, AEAEST TS HERR Be 570 HA 8 A 6¢-2¢ of, SEFR b Be HLIGIHL Bs = MTEN
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6¢c-2¢ oM FEE TR . PTLL 48 Mo # A AR VR 3c-2e offf, T HEAIGHFS
25K 4 R Bs =ML HAAILEC . BIEATE S A fE Bao 7 73R, —> 3c-2¢
o X N By =M, IR ARER . 455 4 R 12 AN E Dy B
i WA MBS LAIIUEE 4 > Sc-2e i, 4 A 6¢-2e nEEN 4 > Te-2e nhE [FAIFELY
ST Bao TR KL, &5H) 4 hETA T E AR E ot, ZALME
Wnt, 52D PEEAF R Z Bao I IRA L RELR 2¢-2¢ . R4 AINDP 73 #r4h
RATA, P B JEF An B 22 0Tk 0.6 NHT o BERES Bao FHAFAE ) 2 o B A
Bt R AR AR, fE SRR SR R E ), X IR E B R RN
WER . BeE AINDP s oA, FRATHBIEREE Bao 147 1 ELF 20#7, 4555101
Kl 5.6 the mEIpR, PHERE Bao H B 1o BEAN B S8 i T AL 1K) 37 B IE4F 5 AINDP J
BT AR B, R ELF 70 8 R i) 2¢-2e ot /£ AANDP R 2R 445 A
N 3c-2e off, XA RAER FOANIE I VRN AR B BN AU s R i as
SRR Bao 119> X fH ELF; =0.80, ELF.=0.59, 3L°F#34r X ELF.y =0.69.
UEHET ELF 4, WERIE Bao AT B TFEMEAR R BLAL, FEMIBRIG Bao A1 Bao B
O s B HE A ST AL A7 #2AE.(NICS) 73 71 9—43 ppm F1-42 ppm, FKHHHH BRI Bao
A1 Bao #PEA —4E75 % 14 (3D-aromaticity) »

Side view ELF;=0.80 ELF:=0.59

B 5.6 MM Bao 89 ELF A AR X
Fig. 5.6 ELF bonding patterns of borospherene Bao.
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Buao (HET T S MR 4544 1(C, 2AN R IR H A X TE S R 5, 2D
3 3D M R AAE Bie™ b, (HRX T I BT &, A VIR E Hoad AL
B, NTEEMFN 2D n =24 1, B, S TR TIIAEA 2D 451, 245
n =36 i, Bss & TGN EA 2D 450, ATW AL RRAXT B, 5 & Tl
RS, FIAE n =40 4bR IR 2D 8] 3D S5 # I 8 R ~f. 7€ PBEO /K°F Lit
HASHIETH C, Bag ) ADE fHZ15 0.7 eV, BT LLZEE RIS M h B o 2efa e ik
(B 5.7). iHE 4 RRIHAEHETFHRSHN CBao> LB & #IG L) Dag Ba? B GE
1.46 V. HAHMBMAR, 458 1 =F 5k H A AEER N 0 LIRIR &5 5 1k NBCAE 3 2D
B-TZ24. iR Bas #E 1E /2 2D a-sheet Bl /Z IR, T4 AR ZEALK) 2D B-H 20581
BRVF AT LB £544) 1 3451 3 RIS, MRS S T A Elbh e AN R 28 2D B2 5%
Ho-5B-Zuil E AT AT

Energy (eV)

| e AE = 1.46

v ADE = 0.68
0 A____
FAYAN
AX

B 5.7 PBEO K-FF Bao, Bao #= Bao? 89 B AN AK AL & S M) HR69 ADE 1A tL B (£45: eV), SLIEM
B-F@ CsBao 2] C; Bao 89 ADE1, A ZAK Doy Bao 2| Doy Bao 89 ADE2 Z A AR Doy Bao> 2] Do Bao™
#9 ADEs,
Fig. 5.7 Comparison of the two lowest-lying isomers of B4o, Bso™, and B4o>~, with the calculated
adiabatic detachment energies (ADEs) from quasi-planar Cy B4o™ to Cs B4o (ADE)), from cage-like D24
Bao™ to D2g Bao (ADE2) and from cage-like D2 Bao®™ to Daq Bao™ (ADE3) indicated in eV at PBEO level.
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5.3.4 fiEk)% Bao BY PES &1L

193 nm

1 2 3 4 5 6
Binding Energy (eV)

B 5.8 Bso B £ &9 PES 52303 HAE LT L A .

Fig. 5.8 Photoelectron spectrum of the B4o~ cluster and comparison with simulated spectra.

N T € Bao A Rk /NGE R, FRAT1SR A TDDFT 7570506 H: ADE {E A1 VDE
fERAT V. P 5.8 X454 1 FSEH 2 ) PES B0 5 Bao™ (15256 6 1 347 X HEL,
RIAR R LG 1 b2 451 2 A RE b= Az S i v . SR, A% =& 456 W ae
IR ()RS SEER KU - 72 PBEO 7K~ T 1T B4 14544 1 K245 ADE {65 3.51 ¢V, VDE
E3.60 eV, Sibieh X A4 Frxf B[ 44E ADE/VDE: 3.51/3.63 eV fR¥FF—5. M
ZEH 1 BRI BE B S5 A AR 5 SE 0 R SR B ik A-D —— XL, SR, 7E
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PBEO /K°F it 555458 2 345 ADE fll VDE #8 2.39 eV, H5Lieih X' AT
XML 4HE ADE/VDE: 2.50/2.62 eV AW H2i . BT 451 2 s 4 & Refi 5 4
1A ERERERS, U EANX el AT e REatl, AT
2546 2 P HOG LT REIE M DT UM, RO S E5H 1 Ml EA Bm I REE . 2R
BRI, KA 1 FNGER 2 4554 BRIR I B fFRE Bao BIFER PES SE50E

54 REING

G54 HL T RE TG SEOG AN B — PR SRRV, AT B AR AT AR B IRTE SR
W52 2] FH I RUE AZ 2300 BRI B BRI 2544 Doa Bao 00 BRI Bao 1T AT A1 A2 FH T3 A1
Ui AN Be 7S JGIA K DY By Lo A LRk A T e, I LI A7 WA
K, BARSTFAEREIFRETITE. BATHEAT L2 BHAKCE 7 [\ Bo XUEE
AN BT 1] PUAS Bro BURER I AT 2311 s, P-4 3 W XU £E I A B 4 K Ao e o ) i 22
TEM o Bao S5t & A FE - Io LIRS BT, IXEALE G BK & ¥4 450 P2 A7
TEW, Bk Coo ZJ5 5 A MR 52 2 aiA LIRS R B . EAFR
FE R AT 73 73 ST F AR I, Bao TIERIGZ5 M AEH R E o Bao IIAL 7 B BR 1 4 H
Ky, LR 48 4 Bs =M IR 48 AN =l LT Bilo, 12 4000 L&
w12 B T B AL Bao 8 T RIS AT, B T BRI AR T B
X X IR T A 1 43 - O 43T R A v v 4

FRATTIEI eH W0 F 5k Pl -, E 5% SR AR A SR 1Y) Bao Z IR AAAE B 3L 0 A ELAE
I, ATIARAME L Bao 1E AL R S5 46 BT L T Bao IAARL, LU s 8@ K004,
R NTINER IS Bao HEAT A AAE AN DAL L UT B2 W] RER - WP THR 45 R Bos H 4
JBJET Ca, Y, La Xt45H4 4 FEATIBI 0T LUE Bi4: @ P BB BRIG M@Bao, Hh &8
T M #5# Bao B RIS R B 2E T 0, 5 Ca@Coo ML, FF5L b, 4544 2 Fghfy
4 HAWAE — A Ceo (7.1 A)IESAIR/NIELAR 6.2 A, MM EL Ceo HIE A BN — DN R IR
TENG T VB THREE FAMAUE SR 51 2 FIZ5H 4 7T LN Ho A7 SR A I i A 2
K& Hin— Hy 737 0] DAAE N Ho@Bao %0 T4 0%, IF HLELF16MHJE 141
n DA DA BE-HI T 20 454 2 Fgh i) 4 7S AS DU EC AL ot . R5Jil 2 Ca B 25 1)
Buao A ] BEFA— P 1 5P H 70 F OB BT RE, 254 2 FIZ5#) 4 R B JA
FHAE/S UL B Lo FLIR A 2 b, X AT RE 222 H 8 Ha 43 1R BR-S5RET8
FIHATCNIE, RADHIERAER BRI RAE, HE Aus, Sni> Fil Pbyy? 1160-1621,
ZE s TAEAMUEE TG, 1 BT T8 B 4K BT R T 8iE %
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FENE BMERIE M@Bwo (M =Ca, Sr)5 M&B4 (M =Be, Mg)

FARE SRBRMIEKE M@Biw (M =Ca, S1)5 M&B4 (M =Be, Mg)

6.1 5|5

H M Ceo ELIEERE R I S5, AMISLRIG T 42 )@ P ik & #4455 La@Ceo'®Y,
Hp—A La JEFHNIKT Coo BT H . BiJE, SXNSEHEMESRNIKE S, R
BRI E i RkoE e, o EE A Csy STFRPER Ca@Ceor EATHIHI IR K
REFFE T EWmENE. ENRBRS TR C RiESE, Ed XTI S,
DAL — R A5 A S LT BE 1S (PES) AN 8 — 1k JELEE 55 (R A 7231 S [ 7% B, °
FEAR KR TYE N (n =3-25,30,35,36) A8 H AT~ 11 By P I 25 443344, fils, ARSI
HHAVEZIE T 58— NS WE AR BRI Dag Bao ™00 1% I S8 0 I 25 5 AL
FHH B, O I A AR AN 4 B = 4 1 S R I R AR AR — AT AR A 1R n =40 i,
i AR SETNERIE A2 (SR . [RIE, RN ERAG A AL T3 & 00 1) =F & 12
MNITELUESL I E5E H IR Bso & #4544 I 35 H B %55 4544 (core-shell) ) 57
FRFRE, Bao IEHF A2 Bso HIR ST 10 —2F 0 S2I0 45 FAR BB BRIA Bao 1 Bao 42 I
XUREAR TLAZZAM R, 25K TV 5 B 40 5l A — AN /S e AL, (R B 25 4 A DY /&
TefLIA . AR5 H KRR & R BRI I 4 AR NS, Daa Bao AR E R B
Sl e 1 = 45 AR R . BRI B IER N 6.2 A, 437 Ceo (7.1 A)FI
Bgo (8.2 A)/N 1.0 H12.0 A, X845 Bao R LAFE LS54 A FE AR 44— L6 51 /N 431 AT
TR BRI ER I M@Bao, ZRALLT Nk M@Ceo A1 M@Bso34>>1721731, [F] I}, Bao JE-F
K ERSToAUIR, Rl B oo fUIR AR 6 8 )5 A vl BE LLAME R TE RS Bao
FT BN AE MEERHIFUI A BEE & N SEBR R R A, 3X SR i R A4 Ak
B REBR NIRRT % R

FEH FEZ MBI (DFT)/KF b, AT — R 5168 N IR M@Bao F1452 8 41
Bk I% M&Bao(M = Be,Mg,Ca,St)H# T T RAHIEIRTHE, H I/ TEREMERE Bao
VER I T E g e . |2 S5 M3 2= R W] Ca@Bao (1, Cav, 'ANM St@Bao (3, D2, 'A1)
)4 SR A /NG5 R 7 <6 B A BRI BRI 240, HL b <638 57 A R T8 1, 17T Be&Bao
(5, Cs, 'A"YFI Mg&Buo (7, Cs, 'A") NG & J@ Sb IR MG S5 44, b 4 )8 )57 LG RC A7
T 2 78 35 T Buao 28 TS AO-EICFLIA b o X e & JR BRI AR 1 /2 M2 5 Bao>
Z AT A, I HARFET Bao BT IS ST 8RN . 5 Doy Bao 2L,
EATHE A o F FIn B XUBS S A 5 U AR AR . 135> TARSEH T & E il kA

63



ERIE Bao MI1L 22154

MBuo (AN AT 1, BAR R R B fl IBER A AL 7, (R EIbR B8 WO BRI AT 4k 2 1
BRI IS .
6.2 WEG*

AT B/ ME BEER(MH) 503506 CaBao BT 43 AR /NG5 /48 22831, Jf Hid &
T LS. BT EEMIE MBS B KRR R A, AR IV A 554
MR T LA AL MH ig 5, LR B AR B 3500 NEE A, BEE, fE
PBE0/6-311+G* 7K~ 10715205 4 3] () K e & A AR EAT DAL, PBEO 73 DA A S Rl
(1) TAE H A B 7 vk S A0 . FE XS LG, FRATTURHE PBE0/6-311+G*7K
F BT w1 eV LN RIIRRE R A AE TPSSh/6-311+GHISIKF- F 47
W, FTAREEEET Z AR IER. MBi (M =S, Be, Mg)H 8 [ A & 5 M 14
#£ PBE0/6-311+G* 7K~ _EdEAT LA St IR A 307 B n e iR AR 20751760y . Sy 1 ORAIE
BTt 9 () S5 R0 2 AR AR/, FRATTER G g AT A i1 . dl it NBO #2570 77I% %
TR R ESRIE T AT 40 4T o 383 TD-DFT 77 3078006 1% 4 840 7 (1 47 B85 1 AT
R T AT AL . SR & Fe M AR 2RI 70 (AANDP)FR 7 0 e dE 47 0 2 Bl 70 851,
7> 13 J A G A CP2K AR B8R SE il . AT T A WL T 45 1 1F S el il
Gaussian09 2 /7 58 11,

6.3 ZER5T1L
6.3.1 £RBRMMRIEEKE Co Ca@Ba HILEH STaE M

B 6.1 PBE0/6-311+G*K-FTF Cay Ca@Bao (1)F2 C; Ca@Bao~ )89 A AL, A AMFAE, &L
AR
Fig. 6.1 Optimized structures of C, Ca@Bu4o (1) and C> Ca@Bu4o™ (2) at the PBE0/6-311+G* level.
Left: top view. Right: side view.

64



HNE EBMERIE M@Bawo (M =Ca, Sr)5 M&B4 (M =Be, Mg)

(a) Ca-Buao

+0.85 +1.05 +1.06 +1.16

C, ('A) C, ('A) C, ('A) C,, (A)

+1.71
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+2.13
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BT SRS M@Baw (M =Ca, Sr)'5 M&Bay (M =Be, Mg)

NAKE)
N &\\';‘k}!’

c, ()
+0.0021

+0.37

+0.42

+1.30 +1.30 +1.46

PAYAVAVAYAVA'
Ta
SO

C, ('A) C, ('A)
+1.90 ¥1.92
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& 6.2 PBEO #= TPSSh(#}+4k)7K-F F (a) CaBao, (b) SrBao, (c) BeBao #2(d) MgBao
KR AR, FHARIE A eV A Fpagnrt it 218, BT AR EMEAEET R aRER.
Fig. 6.2 Low-lying isomers of (a) CaBao, (b) SrBuo, (c) BeBao, and (d) MgBa4o with their relative

energies indicated in eV at the PBEO and TPSSh (in italic) levels. All the energies have been corrected
for zero-point energies.
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2.0

C, (1.93)

c, 4

1.5 -

Energy (eV)
o
|
1\
g

—_”/J 7

\\C (0.52)
7%

,\ A i%

\L.l,,/
C, (0.48)

0.5 -

004 — 5%
R <
SN

C,, (0.00)

B 6.3 PBE0/6-311+G*K-F T CaBao 09 B i £ 15 .
Fig. 6.3 Configurational energy spectrummof CaByo at the PBE0/6-311+G* level.

BT E BN &8N IRIER IS Cov Ca@Bao (N)EHATHIFL, 5 FHARXS B 0K &
WK Csy Ca@Coo CAAESL S AR 16S), R AR/ IMEBEER FIZ(MH) X CaBao
AT R RN R, B B A SR TR a5 R R, FRATTER B L35 R
[ 1 3500 ZANER. FET BaofKREE A, RATHT TG 7 REFMHA. K 6.1
AT A B2 R PBEO KPR, YRS T Cow Ca@Bao (PAr) (1) FNFH oL i i) £ 25
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B 6.4 & & NHMHEH Cr Ca@Bao #£(a) 300K 5 (b) 700K VAR Doy St@Bao 4£(c) 300K 5(d) 700K
T 30ps 89550 /1 FRMEE R, FHARET AAR FA269 34 75 ARk Z{L(RMSD)A» 5k K 4 K1k %14
(MAXD),
Fig. 6.4 Molecular dynamics simulations of endohedral metalloborospherene C», Ca@Ba4o at (a) 300K
and (b) 700K and D2s Sr@Bao at (c) 300K and (d) 700K for 30 ps, respectively. The
root-mean-square-deviation (RMSD) and maximum bond length deviation (MAXD) values (on

average) are indicated in A.

T C2 Ca@Bao CA) QIS H AL S MR, FACHE & ik s S5 £ K 6.2 .
E PBEO /K°F T CaBao MM BUREEHES T 6.3 . Al HE R A LIE, FTE®E
Y14 J8 PR BIER I Cov Ca@Bao (V) #EUESE 2 H ARl /NE5#, £ PBEO /KT FE £ /D
Eb HoAth A KL 5E 0.5 eV fE Ca@Buao (1) Ca JR T C RS 558 10 4
027 A. fEAXR, CfFRIEREE Cs Ca@Co H Ca JRTHEHE Cs il 228 70
21070 A, SEFEEJE N IRMIERIG 4514 Daa Ca@Bao 15 & LA Co Ca@Bao (1) 151 i
0.02 eV, fE PBEO /K*F T D2 Ca@Bao #iE BHAZHAE — A 80 em™ MEAR A A .
I, Ca@Cao SEF5n FAPAEM B2 R/ NG, i FH I IER Do Ca@Bao H1H Ca
JFRFIRE CHMgE#E), &L FrLIGR 2 A B, BATNER B A 28
=ANFNEREAMICRE B S A A O 0 2 2 S N R B R A% 45 4 (1] 6.2 (a)) - £ PBEO ZKFF,
& R AMEMER IG5 Cs Ca&Bao SR L& RN MR 1.23 eV, "Ef1Z (BT
AHAKRE R ARG =0 EREE, bR TEFHE. &
DFT-TPSSh 7K~ T+ & 1§ AN RE & 5 A4 44 AR X RE R 5 PBEO 7K-F N I fE
BIFF RSB 6.2 (a). FrLl PBEO 5 TPSSh /K F T i 5 45 B ARIE W Coy
Ca@Buao (1) %M R M E K RE &2 A4

ST BN TS R T &8 N ERIIER G Co Ca@Bao (DB 12 F0E M, 45
R T 6.4 1. ££ 300K A1 700K T, 30 ps 7318 ) A A 72 v JL 45 1) 58 5
PEARAR ORI AR T4 R M/ NGE R, 300K T st K ARk i3 7 iR 22189 0.11 A,
BRI EE A 0.43 A; 700K~ HAEKAA I iR 2 (H 9 0.14 A, RBEK
fRESAE N 0.55 Ao IRILAESh 7254 FE T, Buao ME AR AR (145 74 5 70 AR R L) Ke
&R R AR R T T
6.3.2 £BMNERMIIKE Cor Ca@Buao IR SBEFE

N T Bt B ARG R PRI BRI Cow Ca@Bao ()R EE, FoATIE T & BC 1 1 4R
W FERI 5y S MR 7 (AANDP )X AL 22 BB 3T 40 4T, AANDP 27 /2 H 2R S LiE (NBO)
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STREFHIARE . a1 6.5 iR, AANDP 7r 4145 S /R TE Bao JE T3 1H 40 4> B =
& LA 40 4> 3c-2e o, 8 NMEFIHIEHEI Be =M FH 8 1> 6¢c-2¢ ofi . HT1EHE
P HERL Be =T, Hb By ZMATEXT 6c-2e cHEFRML T E B TTEA, Frildise b
PA_E3R B[ 48 DNofEHRTT ABME B K 3c-2e o, — PofN N —A Bs =K. HA
13 ML T e A, S HRE G B 4 Bk R TR T TS S 43
A 44 5c-2e TR 4 > Te-2e nd, R T INIEEA 4 4> 6¢-2e nfiE LA A GERENJE
FRIA— 40c-2e n . BAATIF, 1X 13 NEIEnsE X — LT 5 5% T84
BFRM. Fil, R Bao A LR FRR, (HRTES T RIS LA
BT oo T 5l T, ANIMBUE A R LI H &R et BT
Y D2a Bao ) LUMO AHXT R 40c-2e nhi, 42 )@ WHRIIERIE Cow Ca@Bao (1) S BEAR
5 Daa Bao WIERIEOHEH AL, B S TRATE I Ca@Bao (1) AT 2 Ca?'5 Bag> 2
IR FERBE AW . R 5 WHE, B Ca¥ REST 5N DuBa? H 5, A3t
E T iZME R (B 6.5). Cay Ca@Bao (1)55 Dag Bao 1 B J7 T FARLIEE—2BAESE T Dag
Buo BRI (140 25 Pk

40x3c-2e c bonds 8x6c¢c-2e o bonds 4x5c-2e n bonds 4x6c-2e n bonds 4x7c-2e = bonds 1x40c-2e = bonds
ON=1.85-1.95]e] ON=1.90 || ON =1.89 |e] ON =1.96 |e| ON = 1.96 || ON =2.00 |e|

B 6.5 Cay Ca@Bao (1)49 AANDP s 42 X, F-4RiE T 4812 49 & #E4E(ONs).
Fig. 6.5 Bonding pattern of C», Ca@B4o (1) from adaptive natural density partitioning (AdNDP)

analyses. The occupation numbers (ONs) are indicated.

6.3.3 £RBAEHMTKAE C: Ca@Bao B PES #&1litk

FATRH TD-DFT 73254 Co Ca@Bao 171 51 1) PES 1S #HATHA, HIELR KR A Bl
Tozity b RAL SR N B ER % Co Ca@Bao (1) (E16.6). B 1 B HI =55, &
Ca@Bao 11 5T 1) PES Bl 55058 EAEL RN Dog Bao (] PES #R AHALL . B2 TN
ZEREIR C Ca@Bao A — M ER LK —F E R EHE(VDE) 2.35 eV (1A), ZEER
EE D2y Bao f¥) VDE {E #K(SL56: 55— VDE {4 2.62 eV). C> Ca@Buo 1155 — > 5344
TR (535 5 FHUIE (0-SOMO) H I BS 45— /N L, 1E Dag Bao HIZEUE A L4
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E6.6 (a) C> Ca@Bao~ 5(b) Doy Bao #9PESAE k3 3+ B
Fig. 6.6 Simulated photoelectron spectrum of (a) C> Ca@Bao~, as compared with that of (b) D24 Bao™.
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Fig. 6.7 Frontier molecular orbital energy levels of endohedral metalloborospherenes C», Ca@Ba4o and

C> Ca@Bao, as compared with those of borospherenes D24 Bao?™ and D2y Bao.
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H1(K6.7). HHHEFE C Ca@Bao % —> VDE 15N 2.62 eV (*B), J5T MB-HOMO-1
FIE A — /N, 1 Ca Ca@Bao 5 =/ VDE i 4 3.11 eV ('B), J5iT Mo-HOMO-1
FIEHE—NHET . C Ca@Bao H3.1 eV 2|4.4 eV Z[BIHIRERR, MRS SN T Do Bao™
HHRIRERR, ATTTIESE T R Dog Bao T2 M AR E 1« BLAR D2a Bao 5 C2 Ca@Buao™
BB, (HZWERIA Doa Bao™ 1) PES W m UK S AT Co Ca@Bao 1) PES 1541
G BT AA IR

6.3.4 XTEE M@B4o(M =Ca,Sr)5 M&B4o(M =Be,Mg)

3. D,, St@B, /4. C, SI@B,," 5. C, Be&B, /6. C, Be&B, " 7. C, Mg&B, /8. C_Mg&B, ;"

6.8 PBE0/6-311+G* K F T D2y St@Bao (‘A1) (3), Cs Be&Bao ('A") (5), Cs Mg&Bao (1A (7), Cz
St@Buo (2A) (4), Cs Be&Bao~ ((A") (6) % C; Mg&Bao~ CA") (8) AL AL 69 AL B 5 MiAL A .
Fig. 6.8 Top and side views of the optimized structures of D2y St@Bao ('A1) (3), Cs Be&Bao (1A") (5),
and C; Mg&Buo ('A") (7) at the PBE0/6-311+G* level, along with their monoanions C> Sr@Bao~ ((A)
(4), C; Be&Bag~ (2A") (6), and C; Mg&Bug~ (CA”) (8).

# B3 Be. Mg, CaMISrEIHE T E TRk, T CH1FHCaBaoMICaBao
(Rt 5, PATH X HE b o FEAR A 1 68 5 Bao /W 52 & W AT S5 18 R FIDF T4 .
K6.845 i T #EDFT-PBEO/K*F- K D2y St@Bao (‘A1) (3), Cs Be&Bao (‘A") (5), Cs Mg&Buo
(‘A" (LA S EATTH U 7 Ca St@Bao (PA) (4), CsBe&Bao™ (PA") (6), Cs Mg&Bao™ (PA")
)AL KT (i KL B SRR . SrBaos BeBaoMIMgBaol il UK it B 57 Mg 1A 4 7 T 1]
6.2 HA 583 Do b BRI 1) 43 J8 N RN BR % St@Bao (3) 4 1IF BH 2 StBaofA R 1142 JR i)
INGERE, BB D A SR AR T2 0.40 eV, 1% 45 SR WA 4 B P B ER I A4 B b St
VBN EFAE U 5 BaoZE T 58 EICHE . 10 428 SMEIER I A L Cs Sr&BaoH1 JEH
AasE, 548MNIRMERE D St@Bao ('A1) ) Z#1.49 eV, ML, 73 T3) 154
2R (E6.4)30 psl o180 TS A2 HH Dou St@Bao (‘A (3)IF145 #4 5 B ME LR HF
MARSEF o AHXS T2 RAR/NGS K, 300K N HAEKAR AL (135 77 il 2216 790.08 A, K
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ENE GBS M@Bao (M =Ca, Sr)'5 M&Bu4 (M =Be, Mg)

AR B E80.26 As 700K T A KA 77 iR i 22 (H 8 0.12 A, e KK A 25 4E
H0.44 A, ZE EFTIR, Doy St@Bao (‘A1) 3)IRMSDEFMIMAXDAE L Coy Ca@Bao (1)%R
/Ny B ADaa St@Bao (3)E3) 1% EHL 2 HCa@Bao (1)L EFZE

5 Ca Fl1 Sr AR 142, BT Be fl Mg J 7225/, FH Be Al Mg 121 Bao Ji5
[ T B SN ER A 454 Cs Be&Bao ('A") (5)F1 Cs Mg&Bao ('A") (7). f£ PBEO /K
ST BB 23 ) B AH . 1K) 46 S8 A R BI BRI 45 44 Coy Be@Bao 11 Cow Mg@Bao 13 Hh 3.24
A10.88 eV FE&J@IMEMERG A H, Be 1 Mg LATHIE #in JE G 48 1 Bao B
By LIofLil. X EER BT ISR /N RS Be Al Mg 5 Bao 287 AILAS, 1M
SR AL Be T2 T 5 Bao 2871 B7 LoafLIAAEH UL, TERL T —NME T
FEEN-EERAEE L. BT RS RS, Mg £ B KIKIER R T —M
MR (K 6.8). Htk, M Sr(2.15A). Ca (1.97A). Mg (1.60A)%] Be (1.13A4), BEEJR
TR, S B IR T A Bao BN TSN RIIESL, Horp Sr 8367 T2 1 1) 0,
1M Be WIAE Bao 28 TR M LT 58 R MR LA TE .

£ PBEO /K7 R4} T [ 8 M+Bao =MBag, Co» Ca@Bao (1) D24 St@Buo (‘A1) (3), Cs
Be&Bao ('A") (5)H1 Cs Mg&Bao ('A") (7)HITE il RE T =2 1741 , 43 7 9—78.5 keal/mol, —82.2
kcal/mol, —67.1 kcal/mol F1-20.0 kcal/mol, FH M 5 Bao Z [AIfFERAIBEAEH .
IERERNZ RV BIET C Mg&Bao ('A") (N EA BARKILEAE, X EER RN
g2, B Mg Ji 15 Bao 28T H O (B 6.8). 1HRE AR ERE R T Be. Mg, Ca
A1 Sr ) EH AR IR T HLAT 2 B N+1.57)e|, +1.18Je|, +1.60|e|F1+1.58]¢|, #WILE & @ HIER
Wi R - 4 B S AR N T AR Bao 28 PRSPt 1, TR RS [ H
B2 AW M>*Ba> . AN, Ca Ca@Bao (1)F1 Do St@Buao (*Av) (3) i F s PR R
By Ca. Sr 71 d FUE 2 MAFAESS RIBHERAG K. B, (E4i 1 hHP L8R
JRT Ca L T2HA Y 4s0213d%15, FES5H 3 b0 )g i 1 St K THE N
5501644020, 4R, 7F BeBao Il MgBao HIX FhECL AL A H S AN AELE 1 6

EME 6.9 i, RE G Ca@Bao (CA) (2), Co St@Bao (CA) (4), CsBe&Buao (PA")
(6) 2 Cs Mg&Bao™ (CA") (8)[1)J LTG5 #4 F- A HHIF] ,  AREEXT 1% 5 51 4 J8 W 3k A4 A A P A5
L PES J6HE S Do Bao ) PES SGIEAEH AHIL. Cow Ca@Bao (1)55 Daa St@Bao (*A1)
B)ILLAMIR)VEBLALHE 51 T[] 6.10 1, 245 RIFEFEARIL T Daoa Bao 458911 F ZHRENFHE
g, ZAMHEUES IO T 1274(e) cm™!, 821(e) e F1 380(e) ecm! Ab. iZFEIBLE A
Daa Bao IG5 R TEBEVE | AL 22 S8 BEME RO 1 S8 B VR SR i 7 0 SRR RN, B RR
ATTTIEIN 1 B8 A 46 PR KB 3R s R 4 B A/ B A 1 S8 R AE SR A — e B
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HENE GBS M@Bao (M =Ca, Sr)'5 M&Buo (M =Be, Mg)
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F6.9 (a) C2 Ca@Bao, (b) C2 Sr@Bao, (¢) CsBe&Buao™, (d) Cs Mg&B40‘&(e) D7y B4o 89 PESHE 443 %f
BAE,
Fig. 6.9 Simulated photoelectron spectra of (a) C> Ca@Bao~, (b) C> Sr@Bag~, (¢) Cs Be&Bao™, and (d)
Cs; Mg&Bug, as compared with that of (e) D2q Bao™

£ PBEO /KF F, Cs Be&Buo ('A") (5), Cs Mg&Buao ('A") (7), Cav Ca@Buao (1)H1 D2y St@Bao
(‘A1) G)IEEHE 5N 6.01 eV, 5.94eV, 5.94eV 590 eV. iX 5 Doy Bao
HL B9 35 B 2 AN [F] (7£ PBEO /K7 N HEE EH LB H R 7.49 V), Ui B v] Lod it 4 )& J5 1
Xof B R AR 204745 2% SR AR G fL 1
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Fig. 6.10 Calculated infrared (IR) absorption spectra (in cm™) of (a) C2» Ca@Bao and (b) D24 St@Bao,
as compared with that of (¢) D2a Bao.
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ENE GBS M@Bao (M =Ca, Sr)'5 M&Bu4 (M =Be, Mg)

6.4 KRB

G ERTR, ATENEREWER, BTSRRI S HT X 4R P i
FERI M@Bao(M =Ca, St)F1 4 & SMEMIER I M&Bao(M =Be, Mg) I Al 4T HEHEATIR E
G54 R EIR, Ca@Bao (Cav, 'AN)FI St@Buao (Dag, 'ANESIIA 1L F 52 £ &R N
R BRI 544, Horp &R 5 70T Bao 28 THIHL, 17 Be&Bao (Cs, 'A")HI Mg&Bao (Cs,
VAN UTE B @ Ab R Bk 25k, Horh &R 5 LA-BRC AL T S THI 7 25 T Bao 28 11
Hr-EoofUiF b BREE M IR 72 KN TR e & Bk Ia i ik S5 4MER
RUEAEH ST . Ca@Bao Z T Bao, 15U Ca@Co0 2T Cooo FRATIILE R — P UE L
T SEES EAREE RN I INERIE Bao IS5 H) . A2 RIS AR E 1 . BB S 4 SRR Sk
W5 Bao Z3M0L, 1% R 51 4 A BRI A 510 BT A T30 5 9 I B XU 24 50 4 A T 5
I, 1) T R o 5 o0 B A 2R o BT 20 AT 45 SR B T I L 4 & T BRI M@Bao
(M =Ca, Sr)fl M&Bao (M =Be, Mg)#l\ & $L U [{) L T 52 2 &) M2 Bao® o 1IZIF AL 45 R
N JERIT Bao PR 4> T2 R ROV LE R B AL T A A 1015 B
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FLE &RENBRIEREHE S F 7% M@Bw' (M =Sc, Y, La, Ac)

FLE SEARMEKEMEE FHE X M@Bsy' (M =Sc, Y, La, Ac)

7.1 515

HM Coo KM 5, NTHUT IR IR Z B & B 1R A7 A2 B P Re 1tk o S8
1M, 2 H F A IR ZR A ARATA S0 & B i [ AR SE A Eds , KBS 70 # 2 AE 2007 4F
Bgo & BB 5t 5 BRSO T ) — ek s, e, SRR I OE T B 4R 7 A R
B I JE 1 AT DUAE R — T B SR 1R 3 R AL 859180081 g, A kb &8 RST
B A 7 RO BE 7 23 2 i B N0 ) o FRATTUR R AEL 5 [RIAT S MR AE D' F 7 BE 15 S 36 v A
3| Bao WIMFAE. 56 SLR S5HEIRHTFTE H Bao IS5 R AT A AL, Bk
NPIEAE AN TOLIE, A PUAS-BITLIR, FRATTR AR AP ERIET T, T HL,
WS PR EE R, AATIET 7 — AN EE AR E R By & BE A, A AA
Doy RFRAE, AN TOALIEIS, R E SN Z, X SRk R I &
WAl I ST R o

XTHE RIS, WiREE S 6K C S 2 RS E B i— A
FaE W s B A, e s 5l T RIEE S/ N IS B ARG SR,
T Beo BT WIAFEIR RIS B, BT LB IV 2 WIRATAE Y A /e 20k o
HSRBSSITOT e 7 il , AR ZH O 20l 3R vF B0 438 Y RT3k )% M@Bao (M
=Ca, St)BEAT TR, ATy, JRATTARSEER DT B BRI Bao 781 PN iR HoAth <8 Ja J5 1 i 7T
REVE . K %5 BEVZ bR B NS <5 J A 1R BT R A BH 28 1 [17% M@Bao™ (M =Sk, Y, La, Ac)
WU EE R . Re e ME S TR OB AT IE 7T, BB AE 4 I W 2L AP Ot At 2 SR 6 o) gk
1THRAE,

12 HEFE

#£ PBEO 7K°F_EX M@Bao™ (M =Sc, Y, La, Ac) &5 A #EHEAT JUAARALIOT, XFF B
Al Sc K 6-311+G*IEZHI52, SbF Y. La A Ac NS 30 &) o Jig o 3k 4 11841871,
JURIMRAG TSRS, AER]—BRAR/KF BT S5t #-AT IR 404 . it NBO 127
75505 12 Z 1) AR5 1 BT 1R 4T 4087 « SR A TD-DFT J73E07O00 1244 S AH 8L 47 88 1
BTG FREIE R . A T PN SREe b R A A I B 1K Le 4 JE N R ER A RH B 1, 3K
I S5 G BE(Eo) AT THE . S5 G RE(En) B E SN @ N B BRI BH &5 7 [ 7% 1) = e
B (Ea(M@Ba0")) 5 4 1] Bao 7T (Eror(Bao)) M1 A % <52 J& B T~ MY (Ea M) I B BEEZ
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M ZEAE, Bl B =Eo(M@Ba0")-(Ew(Bao)tE(M")) o ASF A B 745 F TR S 8
id Gaussian09 £ 5¢ %1,

73 ER51118

7.3.1 M@Baso" (M =Sc, Y, La, Ac)lI4EH 52 E M

Coy La@Bao" D2y Ac@Bao"

B 7.1 PBEO K-FTF Co Sc@Bao", Cov Y@Bu4o", Cav La @Bao A= Dog Ac@Bao 89 AL AL, £ 30 A
WA, L HWAE .
Fig. 7.1 Optimized structures of & Ca, Sc@Bao*, Co» Y@Bao™, C2v La @Bao™ and D2q Ac@Bao™ at the
PBEO level. Left: top view. Right: side view.

HATHEIE T MBao" (M =Sc, Y, La, Ac) 5| FI &I AR - B IR HE T 1 55 4t 7R 5 A
(P 7.1 FIEL 7.2), RER 0T 3% 4 5 1 5 3R Bao (AR A7 B BT T B P9 1k X
ANANE R AR BEAT IRV o B4t FATIER: PBEO /KT LaBao UM Y fE R 1 51 K]
7.3 W, FRIRIEAEXTRERIT, MARRMELWI T HE GRS AN, THESRRHE
JE PRI ER G Z54) Cov Sc@Bao™s Cow Y@Bao's Cay La @Bao™ Al Dag Ac@Bao' 77 ) & Fe
BAaEMAY(E 7.1), 7€ PBEO /K7 N £ /0 L AR GE & F A2 5E 0.35eV. &JE A
THMET EIn AL b J7 B AR IR A% S5 14 72 RE & b 23 0] bUHG Py ik U 3k A7 45 4 v
H0.52, 111, 1.34 F1 1.53 eV, 1fi)&)i 7o T 78 oL b 07 i o Ul BRI 45
MEATE, al b E R N R ERIE g5 4 m H 1.55, 2.05, 2.24 F12.25eV. f£ Co
M@B40'(M =S¢, Y, La)+, &8 & T C #io mliw = 10 0.75,0.49 F10.10 A,
FA 5858 Doa XFRRIE B P i IR ER I Ac@Bao™ #1IE B /2 AcBao™14 2 [ i i 45 1),
F b ALK A B R IARERE 0.56 eV. 1%L R R IE NIRRT Ac E 04
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FHE RN ITIER 2T B M@Bawo™ (M =Sc, Y, La, Ac)

(a) ScBag”

(b) YBuao*

Ci'A
+0.52




T ERAE Bao 1624121

¥,

Cl 1A Cs 1A, Cl 1IA C2V 1IAI
+1.08 +1.34 +1.95 +2.24
(d) AcB4o"
\

o 9 \
Doi'Ay C'A Co A’ Cs'A’ G 'A

0.00 +0.56 +0.66 +0.73 +0.84
Cl 1A Cs IA, Cl 1A C2V 1IAI
+1.28 +1.53 +1.92 +2.25

B 7.2 PBEO &-F F(a) ScBao", (b) YBuo, (¢) LaBao #=(d) AcBao 491K A & MK, FHARIEA eV A
YlzegAnathe 248, EATARR A IE T RERER.
Fig. 7.2 Low-lying isomers of (a) ScBao™, (b) YBa40™, (c) LaBao", and (d) AcBao" with their relative

energies indicated in eV at the PBEO level. All the energies have been corrected for zero-point energies.

JBAE U RS 5 Bao %8 758 £ ILAL . 7E M@Bao"(M =Sc, Y, La, Ac)¥A 2511, M
Scv Y. La #| Ac, &R F2I5IEH B JETF IR 2.52, 2.68, 2.99, —HILE
# 310 A. & & W #00 Bk 4% 45 M@Bao'(M =Sc, Y, La, Ac) # 1 & & K
HOMO-LUMO B, 4304 2.17, 1.98, 1.67 f1 1.71 eV,

7E PBEO /K FAHM T &% M*+Bao =MBuao*, Ca Sc@Bao*s Co Y@Bao', CavLa
@Bao" Nl Doy Ac@Bao* I BLREHASE SR, 7090l 9—163.8, —178.1, —157.4 F1-129.5
keal/mol, R M"Y Bao Z [MAAEARSRIA BARH . 23R 45 RS J5H vl fefe sL
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LR SR P IRINERIG B RS T H % M@B4w™ (M =Sc, Y, La, Ac)

B b RAFBLA BRIX L 4 8 N R IERIG 7% . 1Ak, DL Cov Sc@Bao” NI HEAT NBO 4
MR Sc 1) H AR IR ¥ FL g 9+0.56e|, HRTZHASN 4s0233d075, SRUHTE S @ N R Bk
i Cav Sc@Bao ™ Sc /e E N BT IR TN ER % Bao 2E FIRALH T, (HEM FUHEMTI
Buo 6 T SO BB 4y BT S BREE Sc 1 d 3l AT T R AL AR T

Energy (eV)

0.0 — C, (0.52)

\gscgd
e

c,, (0.00)

A 7.3 PBE0 K-F T LaBa'#9# B it £ ik
Fig. 7.3 Configurational energy spectrummof LaB4o"at the PBEO level.
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7.3.2 La@Bao BIZLIMIR)FIHI & (Raman ) iE L i

IR

Raman

LA L

¢ T L T T T T T 1 5
0 200 400 600 800 1000 1200 1400 cm

7.4 Coy La@Buo 89 4 b Fuds § AL ALt BB 1A
Fig. 7.4 Simulated infrared and Raman spectra of C», La@Bao".

7.1 4517 DFT-PBEO 7K°F- '~ Cav La@Bao FINAL B SMAL I . Ho 454 5 5 B
Pt 5E ) Cow Ca@Bao IRAHIL, <R IR T-HTHE Co LA IR BN ER AR Bao 78110
BATXF Cov La@Bao' FHES T HIZL /M6 RE (IR) FI 7 2 Y 1 (Raman)BEA T AU 7.4), HEE
FRATTITEI £ 't 8 K oA B D9 b 28 <6 s P i 0 oA B 128 A1 7 ) SE B0 3R AR S it — 72
WL, AL AMERIE b FIFEARIL T Dog Bao S5 F I T BIRBHFFE NS, = AMRRIEIE 7>
IO T 1274(e) em™!, 821(e) cm! A1 380(e) ecm! Ab. A W, %I LS B 1 TR Ha g
BRAE Bao B 1E 58 814 DL AR 45 46 S e R I 2R e YRR AL 18 JiVeaiE

74 REING

TATTCA BT IR BIINER A Doa Bao F9AER, X PUAN4x & PRI BRI BH 2 7 1A% Cay
Sc@Bao*s Cov Y@Bao's Cov La@Bao" 1 Doa Ac@Bao" AT RIS — M E R 7T, &
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FLE &RENBRIEREHE S F 7% M@Bw' (M =Sc, Y, La, Ac)

MRS R AR e HHAERERM Sey Y. La Bl Ac, &BJE TS5 Bao %8
TrHORIEEE A 0.75, 049, 0.10 UGEIEE] 0.00 A, T4 @R 75 8L B 5T
ZARIEE B AN 2,52, 2.68, 2.99 fk k) 3.10 A, WL, Sc, Y, La #REHR 2
Bao B0, 1M Ac 15 Bao 2 F5EFEILAL. XFF N M™+Bao =MBso", 7E PBE0 7K
R Cow Sc@Bao™s Cow Y@Bao*, Cav La @Bao™ Ml Doy Ac@Buao™ #3E A 1R KT AL AE
I3 N-163.8, —178.1, —157.4 F1-129.5 kcal/mol, %A Al BEM LI & Kl
EX L8 4 J PRI ER 7S 7% . IR, FRATIN Caw La@Buao BH B8 T HILL AN A i
WRREAT AL, HHEE LR 4 T A R BRI PH B8 - P A 1) S B0 SR A AR — 8 I B 4K
o ZA o TAEADUONTRER I Bao 25 MR8 MR AL T X — 4, T H A it 5 5L
B LA 2t — ISR BRI A 22 AU B8 1 BEfill
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)\ E WA Bao HIREEIERE

FI\E EkI%E B BIES L RE
8.1 5|5

b6 AN AT AR REVE R AN AT S R G I TR A, DA SAE R a7 v i ok
FROPRIEE 1] R, A4S AT BT RE VA 1 75 KRR A 1) . SR AE D — M 250 Vi RE U
AERIFFIN RS, R HATAM S S S ReE S R 7E, (HR il T el
H & FIRBRE, TSR AN BEAR I F 2 AT AU Re 1 S b Bk . Gt 75 ZEFRA 1 4k
SRS FEEAEL, JRRAR TS B E M EAEH . B Ceo & H) H]
TR, AT g A SN EREHEAT BT, (HIR A Coo R THIR I PEREIR 55,
MATER R B AE AR Coo & B4 Hh 51N I8 JE 7R H X Ho MR B R ) . 098 K BiE
i Lilt88189190185 28 Ceo 5 T I LinaCeo RERE IR I 21K 60 A~ Ha 731, Ha IR PR RE N
0.075 eV/Hao Hifuf 73 AT 45 KB LiinCoo ' Li 7 +0.5]e| A 1E B faf, B5T-4L A Li @i ik
TRAE F R B Hao (HARTERRFNZEAE T LinaCoo 2R 11 78 55 1K) Li X Ha MR BHE AR 55,
HAR 55BN Coo B Li, FITEA Li A8H 5 1) Coo HA R —FGE HMEEMEL . BEA
FAEOUHE B 42 8 Ca RERS7E T AE Ceo R IHITE B CasaCoo, HAB AR AT IX 8.4 W%,
M IT S5 SRS B AR R AR 2 (R g — P BEn 02193, g R 7 ilis B 6.2 wt%
9 wt%. Ca 7875 )5 IF'E B A1 Hy 2 8] 1) FELAT 55 7% S o3 A BT P AR (R s i3 48 Ha K
AERRAL, HESR T %A R Ha IR PR . RICF Ca 7B Coo HIME M 42 8 R 02 7T
1T

2007 43 E TR 2 Yakobson #4% EL S FHEH T 80IR Bso & #hid, BAREI
MR I Beo & #d 5 AR5 FIEATRE, (HRETHERE WM Co BT4514
FIARABLTE, JE2 0k S B IR K, ARG B IR E X Bso ‘& B ) il S e
FTHRYF . 2008 4E Li 250575 3 NaioBso A1 Ki2Bso BERSWR I 72 4> Ho 707, AR
A 11.2 wt% 1 9.8 wt%, {HJEX; Ha FIIR P BEI 9 0.07 A1 0.09 eV/Ha, ARG
AT EEM R EL K . 2009 F— TR S8R I Ca BEAS A E (78 75 T Bso 1M,
TEH CaiaBso REBEIR T 60 4~ Ha 73, Ha BIWRBE 0.12-0.40 eV/Ha, S SZET]
% 8.2 wt%. A WLBH 48 Ca 78 75 1 Beo & B A AE OV BT I S k). Rl
ATREH 5N FATEE, 46001 Re T Sese MBS v 55 G LT Re T ok
56 G U BB ER I Bao CHIAFAE o THERIE Bao 7E R L IEUT 2 Bso & #Ia 10—, B4
IRZS 5y BB B W ER K Bao 2 15 AT BE SO — BB AL I S A B 7 B0 18 R T N
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H, i AF IR A IHE RO R e ? Ay 5 I A )@, AT 7 LU R0,
8.2 HHGE

BAE B AE ] VASPI4)(Vienna Ab-initio Simulation Package) % 4 £ 1 47 &5 K 41
AT B P ol B0 T B o X T SN BB 22 T B R ELAE P R 2800 1505 5 I 35
(Projector Augmented Wave, PAW)US4SRAIR . 7R B EETBU(GGA) I, 183
Perdew-Burke-Ernzerhof (PBE) & # S HR AU, Ay v+ LA & 1 Vo B IE. P
PBARMWTHE N 500 eV, X FATHTHE TR R 25X 25 X25 A3 i i o pirf & 5-4L
BT RS AR TR K TINT 0.01 eV/A, BEEZE/NT 104 eV,
FLrr ST B 8 52 SO MR BRI B S0 AR 2R 1R U B 0 25 T B AR % ) E
B, FHREES THREE. AN, XHER Bl (n =2, 4, 6, 8, 16)A) T HUAT @ T
Gaussian09 27 5¢ B
8.3 BR5ITiIL

8.3.1 BsoH, (n =2, 4, 6, 8, 16)HEH 52 E M

BaoH2 (C2 'A) BaoHa (Cs 'A") BuoHs (Cs 'A") BuoHs (Cs 'A") BaoHi6 (D24 A1)

B 8.1 PBEO K -F T BaH,(n=2,4,6,8, 16)A & eymic 2 MR, L7 HHAE, THAMNAE.
Fig. 8.1 The most stable structures of B4oH, (n =2, 4, 6, 8, 16) at the PBEO level. Top: top view; Bottom:

side view.

#£ PBEO /K°F 1, %t BaoH, (n =2, 4, 6, 8, 16) Z ¥ £ HIMK hE & FA A HEATARAL,
FEE LT NN TUECALI R T B nE AL B A, DL Ho 2 F W kB M T Bao
TG A, anlE 8.1 RIATIR B R 5 H % BaoHy (n =2, 4, 6, 8, 16)[1 Hefa
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SE R L AL A AL B BaoHz (C2 'A)EE Ha 43 AT Buao JE TE R SRR A R E
1.10 eV, E Ha 73 T Witk T Bao J5 T L) A AR SE 1.36 eV o5 T 5 M BaotHz =BaoHa,
BaoHa HJE B BE N—29.44 keal/mol. 415375 [& HAL Z B E AR M TEE 0.50 wt%. Xf
BaoHs (Cs AN F » B 2 A Ho #MET Bao JETERHI MR E 2.34 €V, L2 4N Hy
PR T Bao JGTE BRI T A IARRR 2 4.93 eV T Baot2Hz =BaoHas N H1, BaoHs Il fE
H—62.25 keal/mol, H2AER BRI 0.92 wtY%. X BaoHs (Cs 'A") Al BaoHs (Cs 'AN) T =
I R AE 2 51 N-96.57 keal/mol Fi1-126.96 keal/mol, 4k 21 E R 5 A 1.37 wt%
N 1.82 wi%. GRS EE B SR TE n k2] 16 B, TAVRE] T BA Do SFME
(1] BaoH16 77 ¥ BLBF 16 ANEJR T IE 47 P 2E-H B2 XS BRI Bao B9-F 75U EC AL
B J& T K% B-H 1b 28 . XF T 2 N Bao+8Hz =BaoHis, BaoHie I JE 1% RE v —243.86
keal/mol, FALZEMEEERIER] 3.57 wt%. 4R, AT 2 RIE BRI /KF T X}
BaoHao FEAT UL, 45 5L 7R BaoHao FITE L HE H-392.02 keal/mol,  HAL 22 fif E 21k
2 8.47 wt%, {HJZULI Bao S5 TEAK, TOIECRIFINER G S5 M4 o T B o 2R e
P E R B R AR SRS, R TCVE SN Hy AT IR, P DAAE A S B S BR B FH R 9
AT

8.3.2 Ca 21 Bao FEXTE SRR

(a) (b)

B82 —ACaRTHEET BaoMF MR @B RAM—A Ho 5 T o9RALLEH: (a)Ca BE T LTI
#; (b) Ca B & T ~TILA;
Fig. 8.2 Optimized configurations of Ca-coated B4y borospherene with one H; molecule: (a) Ca-coated

heptagonal hole; (b) Ca-coate hexgonal hole;

HEHEE—A Ca JR FIEM Bao AR, W& 8.2 Fur Ca i FBE 0] LUK LE Bao
L oeALIE b, AT AR AE Bao RIZSJCALIE b, 3RATTS 5 kAT b 24 Ca JiR
T T Bao M-LoodLIA B, Ca i1 5-LiofliF b B JEFHIFHIEEE A 2.66 A,
Ca JR T 5 Bao INEE G HEN 2.70 eV fEILIEAE FFRATH CaBao 55— Ha 73 F Z Al KIAH
HAEHBHTHFE, THH 45 R R Ho 7 CaBao K I R AE M 0.31 eV, Ca-H #F 254 2.58
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A, Ca-B ZEINFIEE N 2.68 A, S5AMM Hy 4> FIT A —3, H-H#KN 0.76
A, Ui Hy FFRMEES, TR LTI T CaBao Kl . 4 Ca JE T 75 T Bao I
ANICFLIA B, Ca-B JRFHISFHIEEE A 2.65 A, Ca Ji 75 Bao (L5 A HEN 2.68 eV
AL, Ca JRTWRBHE G oL E 5756 f0i B R R IX Al Bhit, 4—A H 707
W IRHLE CaBao(Ca W I LE /S Te LI _E) B, Ha 20 F W BTN 0.13 eV, Ca-H FEES N
271 A, Ca-B “F34FEE5 R 2.64 A, H-H 82K 4 0.75A. 5 Ca 78 7% T Lo fLIH L1 CaBao
XPECRT %, Ca-H BEBSIE K, Ho BIWRPHAEFEAC. wT I, 4H Ca JET TGRS, B
BkM Bao L ICALIA AT B2 7S JuFLIF BE 5 T IR B Ha 737

B 8.3 CagBao T A Ca BT L7 AM 5 AN Ho 0 TR . £ ALK, &3 HMALA .
Fig. 8.3 Optimized configurations of five H> molecules on each Ca atom of CasBao. Left: top view;

Right: side view.

SRJE, H 6 A Ca JR TR IHERIE Bao 19 2 D/ST0FLIFAA 4 A-EoafLIR & i 5,
ZEMMIE, 6 A Ca JEFIRTESLIN EJ7, Bao A RAEZ . JLI CagBao T 6
A Ca J- T 5 Bao I FIIE5 & BEN 2.53 eV FRATI4E0F CasBao 454 Ca J& 753 WK
M FLAN o 53 F ST CagBao(Ha)so HEAT AXHT, €1 8.3 45t 1 CagBao(Ha)so HE AL 1478
FRIRAL I SO o 72 2% 2 rh U T BB EIS 21 0.27 eV/Ha, CagBao HIfEERK
HAIE 8.2 wt%. (HAMALLE FEIRTE CasBao(Ha)so HE —A Ho KAEMRE, Hh—A
H LU FIRRAEAE, 15 —A H W5 Bao P MURCAL B BT/ B-H 16282
FT CLE A5 Y ) Ha 237 BT SE0VRE RS 6 £ v 5 o
8.3.3 Li &1 Bao fEXT S S HIIR B

R T AR, BAIE R RN Li JE TR Bao EATAEME, AT 4R SR TS
HAGEERE(B] 8.4). FAltth, 45— Li i 75 T Bao LoofLIA B, Li-B TR
BN 234 A, LiJfT5 B &GR8N 3.08 ¢V, i CaJiT 5 Ba 4 HE(2.70 eV)
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TR WHRBIH—A Haor 7, TR SR B8 Ha 7E LiBao R I WP BEA 0.25 eV,
Li-H BEZ5 4 1.97 A, Li-B FHEE N 235 A, H-HHE#KN0.76A. ¥ Li i FELT
Bao 7S JCFLIA LI, Li-B PR N 2.33 A, Li i 75 Bao IS5 A HEN 2.88 eV 24
—N Ha 73 TR BRLE LiBao (Li "M AE/S TCALIFE ) BB, Ha 0 TR R 0.22 eV,
Li-H i N 197 A, Li-B P E N 234 A, HHH#EK N 0.75A. AT, 5 Cafg
I J5 (1) Bao AHLL, AN Li JE T3 T Bao M-LoofLIA L7275 o fLiF EJ7, 5 Ha
LS N Z S AL
() (b)

BH 84 —ANLiRTEET Bao Mk R @ g BRI — AN Ho o T 89 LEH): (a) Li B & T L LILR;
(b)Li B & T LIRA;
Fig. 8.4 Optimized configurations of Li-coated Bso borospherene with one H> molecule: (a) Li-coated

heptagonal hole; (b) Li-coated hexagonal hole;

B 8.5 LicBao &4 Li RF L7 AM 5 A Ho Tt £AAWAE, &2 A MR,
Fig. 8.5 Optimized configurations of five H> molecules on each Li atom of LigBa4o. Left: top view; Right:

side view.

5 CaeBao(Ha)30 HEAT X, FRATFAFER 6 4~ Li 16 Bao 1) 2 7S JufLIRA AN 4 A
LIoALIA A 578 75 o ILI LisBao H1 6 4™ Li JR 15 Bao 345 & 588 3.07 eV o £E LisBao
HEEAS Li Ji 7~ B2l W 7oA Ha 707 )5 TR B LieBao(Ha)zo 78 R H1 (K] 8.5), &AW
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- S0 B BEIA F) 0.31 eV/H2,  LisBao Bl E 8 ik 11.2 wt% . HALIL S R BoR
LisBao(Hz2)30 FH AN H 5 Bao HIANAWYELAL B J5 TR B-H 8. Fr LA KK
i 7 Ha 20 T RIS B BE

8.3.4 Li &1 BaoH s EXTE S B IR M

B 8.6 ~ANLiRTEET Baolis &G a9 HHALEH,
Fig. 8.6 Optimized configurations of Li-coated B4oHie.

FEWTFTB & Li A2 10 5 P ER)E Bao X EUHIR B PERERY, FRATAIBEE B Li
JiF BRI Ho 0 FRCH 36 2, AN H JE T4 Bao FRIVURCAL B AL, M
Ml 7 Ho 2 TR RE . BRIk, FRATTS2 eI ERIE Bao HRBONTEIR 7511
ReAr B A AN, T8 5 BaoHie 1 58, S8 )5 T4 F Li JR-7-4 HAB M J5 T2 ) LisBaoHi6
R AV REBEATHE T . B 8.6 43t [ LisBaoHis KIACAL M AL, THALSE R BoR
LisBaoH1s 11 Li R 75 BaoHis 3455584 4.17 eVe 5 LieBao ' Li JR 75 Bao 1)
SEILELRE 3.07 eV AHEL, LisBaoHis o Li JR 745 & AE B B3 K

(a) LisBaoH16(H2)s (b) LisB4oH16(H2)12 (c) LisBsoH16(H2)18

B 8.7 LigBaoHis ¥ &/~ Li BT £ 45 BRI 1 A~ Ha (a), 2 4 Ha (b)#= 3 4> Ha ()T B 69 R 25
M ALE .
Fig. 8.7 Optimized configurations of one H> (a), two Hz (b), and three H> (c) molecules on each Li

atom of LigBoH16, respectively.
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i 8.7 B, B JGTE LisBaoHie FHIZANA Li JEF 07 2 5B 1 A Hay TERL
LisBaoH16(H)s 1 5, BLIF Ha 731 ISP IR BT RE A 0.22 eV/H,, HABERLFE A 5.6 wt%,
{ERFE S R RO R Ha 20 TN 2.4 wt%. SR )5 2kEEMR B Ho 20 T, SHEAA
Li JA 5 E 757 BB 2 A Ho J5 T LisBaoHis(Ho)io 78 RIEATHEFE o THESE R EoR,
LisBaoH16(H2)12 # Ho 43 F B P  HEN 0.15 eV/H,, fEERCFIAT] 7.8 wt%, Hig
FREMSRETBUH SR Ha 73 78 4.7 wi%. UM, FRATEANA Li J5i7 07 70 7t 3
N Ha, I LisBaoHi6(Ha)1s WY Ha 701 KPR BT BEDY 0.18 eV/H,, AR FIL 9.2
wt%, PR ERERE RO K IK Ha 73 183 6.1 wt%, 5 LisBao (i BCRAH LUBE A AN
Ao WIRARSRINTE 2 1) Ha 50, Ha 22 KAES RIS IERIE Bao o 1 FLECAL B K
B-H ft44 .

8.4 ARE /L

AREFRETHEEZREIRIIE, B BaHa (n =2, 4, 6, 8, 16) RVIFE IS5 £
SEVE RS SRR AT IR« W FC R ILBEE S T ECH R, H R #82 DLsi
3-H 7% RS TIERIF Bao MIVUELAI BB . [H A3 R M2, BaoHis I+ H BT
TE BRI Bao M+ NANVUELAIBASSRAN, Wi R Do SRR R 27, F
WEAE RN 3.57 wt%o [FIRF, W+ 48 Ca FIBR4JE Li &1 )5 Bao Mk ME
REHEAT T AP RS o TATZAEMNBRME Bao MR B 3561 Ca T 5L 6 4> Li [T /5,
T 1) CasBuao Al LisBao #RAEWL IR T 30 4> Ha 231, 21 Ha 23 T 1P H W B AE 2051 A 0.27
F10.31 eV/Hz, 76 HEDWEEM B ER . CasBao AT LisBao 142 & )5 75 Bao Z[H]
(RIS 35 25 e 23 5N 2.53 1 3.07 eV o FRATTHED 4 J8 J5 7 2 BT LARERS LGNtk K45 &
REE G T Bao K1, TEEMTEEIRTE Bao ZMKAET BATER, MR K&
Oy A BT AR SR B I A Ho RAERRAL, AT SZ B T X Ho (MR B o o1 50T S0k &R
CaeBao(Hz)30 1 LicBao(Hz)s0 [ i S 0CR 70 Al A #] 8.2 F111.2 wt%. A M., Ca 8% Li &
Ui J5 1) Bao B T Be BN —FPG 1 5t R B Gk i SR R
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FILE A REE

BILE REERE

9.1 R EFELR

RV SCR T iz R A AR, ST R AR A, X B UEE A B AE 4
TE R gkt % . B 55 B PR AG « BBRIG (AR 4Bl & Sh0a) LU Rkt B Bk 0 it
ITAZEABN IS TV R 00 46 8 P R oA AR 4 8 AN Bk s 00 T LA 4540 S5 T 45 .
PERHIE. D5 EIE. ROTERRE M S B ) R M SO I S AT RA . T
LU

L JE T2 FE2 s R AR G A0, BATKRI— B3 n =22, WS N5
A7 B Ho? #B B A R A B OUEEF T A8 oK 4544, 110 H.— B3 LioBiaHa, JLAHRLIF
B ER A 7% LiaB,HoO 8 5 A AR AL BRI XS - T 90 KAy 4544 - Wt AR R TE SR A1 Ak
FLAT A A 3K 8y K PR B XU A K s (1 A 8L, BT A B> B — B2 17.0 A%T
FERAE ) XSGR S5 H AT LB —Fh o T HREER A, RO A1 1 58 FE R 1
LRI B A A . R T SR N T SURE T T g KA B % LioBHY A _E 2
A oMLY 2 /75 w1, TUEEZEIEL ALY . B4
SR LB Hy A ARIE GRS LB Hy BB S, DLAFTA LiBH Bl L fe &
(1 R RE R LI 4n B3R, B LiaB.Hy (48 PRI AE AT — 20 fE B 25 78 %8 R~
n=9, 13,17 1 21 &b EILIHCEFAE, 10 LiaB,Hoa Y H B $5A0 — 2] fE B 22 I 7E B 7% R~
n=10, 14, 18 1 22 kb 2 IMLIEURFAE. ik, FRATRH A4S “drikos & ok
FRREIR LI AR, AT B MR N 4, =4 aEfh B HE— 4. R wR &
PRI U - T 40 oK s [ 7 B n20 Do B 7R 2, I B IL B a7 Flo FL T B 50T
B (An+2)RTE RN o 3K (4n+2) A B 38 LT Fll o HEL VR BITRURE 9 K s 7 T R 2
AR, R BTS00, Wi TR R e, B 2R
MUEE K AT 25 TR E T oK

2. FETHCRE IR, A H T — SHr B ) e B SUEE 58 2R s R B 28 55 2 1
175 F % (PABH) BauHo, TAT150 B2 AH LT Coll BHER 5 75 PR 5 A 75 (1 TE AL AB0 ,
FoA o 5 T2 E LLR 3 b 1 B A A R SR T R A A i S A
R A AR A G R e SEhR b, X SETER I O #82 228 A 220 snub sheet
R B A . 1IEN 2y T HLE(CMO), &M H 4R %5 FE ¥ 7 (AANDP) AT, 1 5
358 bR BU(ELF) 23 A7 485 S o 1% R A03A 05 S s A A i R B 2/ 5 &, A
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RI o &5 B MRS T B . TATERT ARG BT Re il dEAT 0, I
SRSLIG RISt —E MBS IR . Rk, HEAEL, Bt RT DUACE I R TE A
FESL I AL 1 o R AR A A K 454

3. SiBEH TR LS U2 A R S R R AN AR IR AR — M R A, FRAT
L5 T A A AT B 1 B VAE AR o O 2 BB ER A LR 2 B 0 454 Bao™o KT Bao™
A%, &AW TCALIR AT IS b & s s s fae . B2, T
Bao B1i%, &GS PR & AR NG . —J7 T, BATAT LAUCHIERIE Bag ™
J2 B T R it A Be 7S JGHR B B DUAS By LOeHAH BRI R 9 — 5 1H, ]
DL A E A B K 77 ] JAAS Bo SUEE AR B 7 1) DU AN Buro SUEEDE EAZ UM AR,  FRIRER
P 00 A 4 T 9 KA R P R B A o Buao A2 4K Coo 2 )5 55 AN N SEEG AN ER 18 -
SEAHIN I TCNAE SR FIFE S 7o Bao 0 S MRS 2 A0 TE T, FLRTHT BB XU 52 21
M, AEREN-CIOHGHERIT, KR RIEL G s S5 PR AR
FEAN AR BE N EAT 401 30 1 AR AR B A BHR Bao I 546 58480, W] W ER AR Bao £
BN ERFREN . Bao I AR R Rr PR, SR 48 /> Bs =M I Ak 48
ANEStlotE, 12 ZRMINUEEME FINE 5 12 A St . X SE RIS 5] A TE Bao BT
R, BT 2O SAATT F .

4, B4R R BT AL M, B O BT
T BRI Bao AT B, X468 N KB BRI M@Bao(M =Ca, Sr) 1< )& SN
BRI M&Bao(M =Be, Mg) I AT AT AT IR R . WHFLSE KB, Ca@Bao (Cov, 'AN) AN
St@Bao (Daa, ' AR R AT F 58K 15 B W IRIIERIG 451, Kb B AL T Bao 2
TR, 1M Be&Bao (Cs, 'A")F1 Mg&Bao (G, 'ANHE T & @ SMEMNERIG, &8 )R T
LGB E 078 55 T Bao K1 B7 LIufLiA F . Ca@Bao 2T Bao, 1 U1 Ca@Co0 2
T Cooo G R —AUESE T S50 UL R BN ERAR Bao IS5 K . 4022 RIS A A0 E M
Ho B A& R E T M 5722 RN TR € B IR 1 M ik 5 AN B R R
FBEIT NBO 73 M 45 S B R T A 1% 28 4 J@ W Bk A M@Bao(M =Ca, Sr)Fl M&Bao(M =Be,
Me)#l 2 SR B R E 5 M* By, H&BIR 2B FIHE, BB T2
. tH AANDP 2 HT&E AT k0, SHIERIA Bao ML, B+ & @ M BRIG A FZ T A 1
TH#Z 5T B RUEE 5 70 A0 (S 1, M e S E B IRA R . &8
SO T TOUI A B R 05 4 A 2254 BT B A ) 5 RN B ) e e MR TR e, Sl
BRSO HE— B B e M 4 T AT BRI AR . AL, FRATX Co M@Bao~ (M =Ca, Sr)ffl
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Cs M&B4o™ (M =Be, Mg) (P0G LT RE T HEATARALL,  NPESRES b BORI SR AE 5 J& B BRI
B 1 HES A

5. BT BoH KLV EREBao, AT M@Bao* (M =Sc, Y, La, Ac). R 5| FFEHAT
RGN — 1 JE R 7 R I, DUANBA S T 1% Co Sc@Bao”s Cow Y@Bao', Cov La@Bao®
D2y Ac@Bao" # H A & B NI ER IS 50 . BT 45 R 2R ASey Y. LaZlAc,
& BT 5B IBJEF 2 [ 6 35 2,52, 2.68, 2.99KUCHIEFI3.10 A, AHSHE,
& B JE T 5BaoE T O MIFE B K J0.75, 0.49, 0.104K Uik 310.00 A. diukal I,
Sc, Y, LaJi 7B I 25 BaoZE T I O AL B, (HACHE T 5Ba BT 58 £ ILAL. F,
<5 JE8 PN BRI R AR 45 4 1 A2 58 M A2 B Bao 28 1 A5 2% IR 1 (W RS IS RC BT U g 1) . PBEO
KT Cow Sc@Buao™, Cay Y@Buao™, Cov La @Buao F1 Doy Ac@Buao™ (I T S AEHB Ul 43
W N-163.8, —178.1, —157.4H1-129.5 keal/mol, i8] ;) S M*+Bso =MBa4o*(M =S, Y, La,
AC)HR AN, WA AT BE M LEG b BLERAE IR L 45 J N IR . b4k, FRAN
WX Cow La@Bao' FH B 1 I LLAMGIE FI R SO IS ST BN, JHEE N4 5 S B R AR S it
— 5 IR .

6. TEZFEIZ e IRIBBLAE b, % BB RUE 52 2T e IR 7 Bao [ il S ME RE HEAT
WIS tHR SR BoREE SR T ECE 3G, BaoH, (n =2, 4, 6, 8, 16) R ¥ A1 f%H
H 7 # 2 P2t -H 1205 Bao FIVUECAIB SR, H5 92 B A Doy XIFRIE BaoHis
H, A H IR T IR STERE Bao 75U RCALBIE BB-HAL 55, AL =g
AN 3.57 wt% o BAT B -4 )@ Ca 48 Li 15115 Bao Mk A M REREATHE T
KB, N Ca J&TFANA Li J8T25 58 Bao (754N FLIRA 7 75 J5 41 /T AW BF 30 4> Ha
435 CasBao 1 LieBao H &8 i 5 Bao Z AP 45 G 5e 5 R 2.53 F13.07 eV, H
Ha 70T H T X W B 66 2351 9 0.27 A1 0.31 eV/Ha, CasBao(Hz)s0 F1 LisBao(H2)s0 HIfif S 5L
Ry HILE] 8.2 FI11.2 wt%, 56 HATkHigE MBI ZER . FRATHEN Ca 51 Li 7 &5 )5
Buao F1 Ha 8] (¥ B far 6 7 K 43 A P 7= A R R B 058 Ho R AERAL,  ANTAT SR T X Ha
PRI Bt o BT DABS -4 Ca FNBRE IR Li 1E41 5 BN BRI Bao A 1T BE RN — Fh AL LT 14N
KAEEMEL
9.2 TIERE

XX BIAE . B T7 ARG B30 DA S < B BR A A R AT 5T
ABCEE T, WU R AOR AR R T OEE S, i S E A ST
17 KA RTNRGE AT U AW . DAl SRATHIWT I AR 5838, Fronl 2 X ek
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R A WIRITT UG o 3T 5 A0 SCHSGI R 22 A, RATHE SOERL R L
ANT7 T

1. AR9E H/AWBO KIS MM, ¥ eI SUEE T i BaH2? s LiaBaH2% 2% BauHa
AP H RF4 0 H Au /7% BO HHIERE, MK BAw? . LiBAw" K
BaAun, BEE Bu(BO)> " LiaBA(BO)Y K& B3u(BO)n, £ EXFIH LM ERE M. K
B 55 7 P DA BB 2R R AT IR T, X O SRR ZR X b XU 45 A4 R AE S
AL BB A VAN & H g b B B AR e AR AE , AT e — 254 58 A AT B 00U 4K
Hr IR 90 403

2. WIERIE Bao 1 Bao IR DR 35 W& B0 Sc 30 A B B 58 (10 P o, TR —
NS BCE BT KA ARSI T SIS WS . AT DAHERRT, Bao AU BIEK
Wi SR PSR —HER B, AR T A RSV A (B3o-Bso) A BEAFAE — > 58 B BB BRI &
B, X AREH A R RS TARF L EIF . N BRI E RS — 1
JE R FRAR T R Gt SR T b A RS 1A% (B0, n =30-80) KA1 LA
SERFH LT 2544 o

3. BATHB SR 28 WIB W& @ 5 XN ER I Bao AT (421, 7 NN
FLTFBBRIR AL 2 1) e o 38 B, Bao 4 —ANEE Coo (7.1 A)BS Sl /N ELAT 6.2 A,
MM EE Coo & A R 15N 731, BITRAT — 25 A7 BLA T N BBk AR 14T R 4 1) B
WHEFL . 5 Ceo J3ML, FERINERME Bao® AT LME N> T3040, #HAT S M5B, &
BB MBI, TERE M S SRR MR B T B S A A
BN AT

4. MBI RO AUESE Ca B Li f&15 5 (1) Bao A 7] RERN— PG 1T 5 008 A
S KL, AR BRI REAE EEH, XSmRS PR T Mo, 4kt
X} Ik 4 JE AR IS IR A% Bao UGG EUTERE, BAK Bao IGERETERE I AL . WHERIE
MR IR AT SAR RGBSR R . A BB AN S PR R 2 R, TR
P U 5 3 A 20 K R — I 99 KA A7 A B RT R
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