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ABSTRACT

ABSTRACT

Today, for chemists, quantum chemical theoretical calculation has been
one main method to study the application of new materials and to predict the
physical and chemical properties of novel nano structures. Since the discovery
of Cego, carbon fullerenes with different dimensions have been synthesized in
macroquantities as well as practical application, motivated by this, attempts
have been made to seek alternative freestanding fullerene structures
constructed by other atoms. The observation of all-boron fullerene B4 and Bsg™
tremendously stretch the inorganic fullerene architecture. Based on density
functional theory, a systemic theoretical investigation has been performed on
the isomerization and chemical modify of Bsy borospherenes, the main
contents are as follows:

1. “W-X-M” Transformation in Isomerization of Byg~ Borospherenes

The first axially chiral all-boron fullerenes Cs/C, B3y~ are as the second
experimentally observed borospherene after D,y B ™, first-principles
molecular dynamics simulations demonstrated that Bsg fullerenes hop
between the two C; and C, lowest-energy isomers. The Stone-Wales
transformation plays an important role in the isomerization of fullerenes and
graphenic systems. However, the isomerization mechanism of the recently
discovered borospherenes (all-boron fullerenes) still remains unknown.
Extensive first-principles molecular dynamics simulations and quadratic
synchronous transit transition-state searches indicate that, via three transition
states (TS1, TS2, TS3) and two intermediate species (M1 and M2), the C;
B3y global minimum structure convert into its C, isomer. In the first axially
chiral borospherenes C; Bsy and C, Bsy, we identify three active boron
atoms which are located at the center of three alternative sites involving five
boron atoms denoted as “W”, “X”, and “M”, respectively. The concerted
movements of these active boron atoms and their close neighbors on the
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boron double chains between neighboring hexagonal and heptagonal holes
define the “W-X-M” transformation of borospherenes. The maximum barriers
are only 3.89 kcal/mol from C; to C, B3y~ and 2.1 kcal/mol from C, to C; Bag,
rendering dynamic fluxionalities to these borospherenes. The new “W-X-M”
transformation mechanism not only explain the interchange of hexagon and
heptagon in the interwoven boron double-chains structures, but also as the
grow mechanism of borospheren. Just as the Stone-Wales transformation play
an important role in isomerization of carbon materials and the grow
mechanism of Cyy.,, the “W-X-M” transformation can be easily extended to
other borospherenes and borospherene-based nanostructures.

2. Theory investigation of metalloborospherenes MBgg

Based on global minimum structural searches and first-principles theory
calculations, we report herein a systematic theoretical investigation on their
alkali metal neutral salts, present by lithium in this article: the exohedral C;
Li&B3 (1) and C; Li&B3g (2) which are the global minima and the second
lowest-lying isomer of the system obtained by capping a Li atom on a
heptagon on the cage surface of C, B3y and C; Bsg, respectively. These
metalloborospherenes turn out to be charge-transfer complex Li'Bsg in
nature, with the huge HOMO-LUMO energy gaps 2.72 eV and 2.84 eV and
formation energy of —83.1 and —78.2 kcal/mol, respectively, their unique
electronic structures and physical properties have made them as attractive
candidates for especial electronic nanomaterials. Detailed molecular orbital
analyses indicate that Li&Bgg (1/2) possess ¢ plus © double delocalization
bonding patterns similar to their C,/C; Bsy— parents and Bgy. Extensive
molecular dynamics simulations reveal that those metalloborospherenes
fluctuate between low-lying isomers above room temperature. The simulative
photoelectron spectroscopy (PES) and UV, IR, and Raman spectra of Li&B3g
(1/2), preparing for the production and detection, will positively stimulate
future experimental studies of metalloborospherenes. Such neutral
borospherene salts may be produced in macro-quantities in future

v



ABSTRACT

experiments, serve as building blocks to form borospherene-based
nanomaterials. Those theoretical searches have made them as attractive
candidates for especial nanomaterials, such as molecule device and
field-emission materials, and they may constitute a new class of
nanostructures complementary to the carbon nanometer materials.

Key words: Isomerization of Borospherenes; Metalloborospherene; DFT;
o plus = Double Delocalization
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4. BV TR 2 MBS R AR, 7 TIEIERIG Co/Co Bay AR L,
XF Bag” BEATAL B, FIBSS JEX FAEMIERIG AT AR R . LU LI IIRE, R4
Wt 7 BakeRlE T Li, Na, K, Rb 5 By FETZIRIMISCR, MIMHHE SRR T
B EAS IR A7 ] () 65 0 2 3 16 N iR B 2 AMEE Y 18 5 Bag Bag AT XS EE, Bag™ -
Bao PS5 B LS BIBI & B ik — B IESE 1 S5 AR e M A AR E PEADG T 2
P e M o SR FH 25 I 85 R V2 B B T V25 T AE 1 i < s 00 3k A4 ) 28 1 AR O' H T B
SR R T RN B 25 ) I L A B e S T BRI B AR, TN T PR BT IR
fESCIRRAL A E R BRAKTE, ILAMGT BRI LA fr 2 AN GRS AT AL,
N R AT LA R SE SRR S5 . il g3 13 ) AR PR E B AT
St tE, SN, RRE X L RAL S R o AT S D B T IR R & B I BRI
fAssE b, JEEE R AR ERI SRR 0T, ERNERIT O OURE 75 0 BR ) 45 4
SRR, ik BT ERIG L2238 1 07 1)

5. 5 B L AW ST T N2, EBAFAE 0 I R iR e vk, IR
DL IR 7E TAE
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BT EREMSMRAE

PR 2 SO A 18 P A AR T BT R S8 5 VSR T AL A BN (1
AR, AR VR E NI SO R i R Bk, DUR B s R SR
i AR o4l B TR R 58 e FIBE AL B bR, T & 40 2 2 BB A AN v B 1) 43
a

AR R Ay, 1925 A4 5 5 7% £ (W, Heisenberg) 7 I [ /)%
F1 1926 Fi¥E I (E. Schradinger) 21D 1 EFEET IFNEE. &)
FRAEEZF T T WRPFAGE SRR R 8 TR . B2 55050 v 3 1
WAETEFEANE, B &7 77 R DR AN 5] T 2 0 AR 2 10 D7 VR R ATt 9 5
TN EORE B A AR DG i), Bt B HEAR DR, BEE BT IR E R R B
AT BE 1 IR T, Bl R A B A= I KRR R, e R A U1
ZH L HAE SR, AR ER T RIEE - 2 R E . BT iR
CE PR B oA R R %, 1IEW Pople #%ATik: “4K, fh22RHE
TEL 176 ISR ) 505 o 4 P 50 B
2.1 EFHFENITEREMFGE

BT R R AR bR B A2 1998 4EAT 2013 M DURILAAE, Ll
RIS FAE R ik oR 7 V20 2% B vz s B 7 T R sk, 1 59 =02k
PIIEERIAL 2 R, DRA AR K00 T BOAZ 0o B8 43 T FRT A 1T A L A0 - S A 200 17 3345 D
IR o XU DUIR A 25 2 () A A AR bk 22 RO R AR 2 TR B B R A 2 1) 7 {8
Ve, EEEME, WAEELS O AR TR SRR AR TR T L, B
AR —Fhog B PR 5 (8 B 7 7k © H 28 ON SR BB IT TR, IE R ok
22 A ST AT A EEAL, RIS 0 N P S IR 2RI K
2.1.1 BEBHRERIEI

BT T EAMGR BT T — DN, WERETIEN A AE, 2
H SR ) — 20 25 42 W ER A SR e 1 AR R B S I I I T AR BRI
kA AR LI B 7 R4 AT A, 3 B P SR R SO R 1T AN 72 5 W B 5 ()32 3 o
PR B AN RO 3R e # — AN A SR URE i e e 1 7 AR 2, B v SR g FE R T
75 2198 oR B0 ELAATE 3 DA B ORI BE B, IXRERL NSO B TR T R
RV . TEE A2, RN R 7, (ER T AAZ O 1) AR UE 465
TEEE S T R BERR AR .


http://baike.baidu.com/view/50843.htm
http://baike.baidu.com/view/4207550.htm
http://baike.baidu.com/view/181885.htm
http://baike.baidu.com/view/89435.htm
http://baike.baidu.com/view/251133.htm
http://baike.baidu.com/view/71009.htm
http://baike.baidu.com/view/24951.htm
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fitBE E TSI TRE, EOE TS S Rk T
H|y) = Ely) 2.1)

Hr, H R RBESSWHER, W AR RES (O E AR B EALRD 1Y
REWRE, E ARRLETES W NHRREAME . SKWEREE 15 77 72 R R 2 H
A DA IR AR REPERT . BT TR ROUX 2 B AR RN, B 15 05 15 AT DA 4T 434 FR
T RAZ I R AR - T 2R TR R, i S AT o A5 P S T T
zhae. Haeml, HEREA:

——Z—VZ Z—;Vf Z e +z_+zz Z &2

i pi s pea (2.2)

R P LI AR ZEhRE. BT ahae. X RTINS, BT

REFIAZ IE) FRBE . Tl AL ) F R A (au.) 3R -
=-ZZM b2 Y et B e
pi A (2.3)

Z BT R RIYE 5 FIZ25) H Schradinger J7 5 AT SO BEA R, (HEAR A
PRSRAR A AR B Ty RERUE JFON — N R . HERBM T2 TR RIEEER, R
ATVERG RSN TR, PRIEL L\ 2 FoRE T A LR SRR A,

A DLSR B 05 77 R AT DU A 5 7 R I B ] 81 = AN A B AR AR
AL EARZITAAFIPIEIT AL .

(D ARAXHE LT ARD AL 73 E AR A MR, 2 RIS AR RN, AT
FESRMK AL e T RE, IR ZE R ZIRE TR T, TR~ (2 24k
REFHEITHRN, ABEZMSANS 18R I o

QYEZILML, T i T REMEE T i s Z R AR K, AR T 1 RIEs)

AR, AT DR B 7 B AR A IR B IS SRS RS B 2 1 A
R, BRI SR ARSI, XA DL T AT SR, AL Ui
N

Q)PUEIL AR L 7L e, RIAE 2 il 7R S R U i 7 s sh B 1N
MALIE AL T S T IR T 3l e s iRaS LB ek S iR, SKAg
PeorJa s N AN B 7 R B0 o] DASR S NS HL 7 R BLAA AR (1 B2 0 A % 1) LB R
B MR E RS B T R AARIE 7> TR L AMESRAR T RE ) B A2 B4 H B
Ul T LRI P AR 1 SRAAEMEFE
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2.1.2 HFHIEIRIL S B FHEXE)R
Hatree-Fock 7227 FHUER I HIZ 0, BRK BRI FZEE L. Ak
FJ7i% (b intio) M 7rTHUEEIS Y EEA FR = ANER R, TR P A ST
ffseinZ4, RAHNUANEAYHEE, BFE TP H 2. TPHwEE h, B1TH
iR me FIHE e. bitd-b/\HFEARRLR, THREE KSR, RT3 7 AKE
S FELEEE I N
2.1.2.1 Hartree-Fock 712
FEAEA XIS S AR AN AR TE AL =S EE AT ALK 257l F,  Hartree-Fock-
Rothaan (HFR) /5 #2 1] B ¥ 37 (SCF)IE 7 ik r THUE AL & 28, €T
Hartree-Fock 5 F240 —H AR A AR 70 1) — il or 5 R e A2 D98 H A TR — A AREOT
T, H BB ER TR 2R R 07 T HOEAUE N RE &, #E T 45 21 H At AE 50
YRR, TR R IR AN T
D (E, ~e8, )e=0 (u=Llevgni=lem)
F,,=h,+G,,
G,, =D > [2uviic)—(ucl iv)IP,,
L ZC“C‘ (2.4)

Hrh, F, h, G 2%~ Fock %EF%. Hamilton %F%. B 7HEFMME, P S 25%
INE AR PUEE SR

W2 LT IS B0 o B A AR 28 B AT 3G I i B R AR K, AE R RSN, 238 B
M IGVE ARG, WK I E R X AR 22 & AR R I LG B R 2%, AEE R
BN E . AEEASHEAE MR TR IRE, WIRELIE B 1T
FRHIIRZE, XM R ITVE P AEAFAE B PR AR E ) o — Tl
2.1.2.2 3834 #& 75 %(Coupled Cluster Method)

BEARTE Hartree-Fock(HF) B 1 B 7k B e TR F IR P EAEH, (HiE
KA H BT Z A BB A5G 110 J5 B ¥ (Post-SCR) ik v 11X — i), "B R
Db ACFR 1 AR O e O, AR AR BRI ELIR(CI), PR W (MP)RIME A 3
#(CC). f£ 20 fth40 50 FEAHE H AR & 1% 572 (Coupled Cluster Method)J& - Ak
— R RS R AT S RO M AT NS CLRITSUH AR F R T AR R R
SUBRE Cl AP THRE, Pridlin)mRzslon, X2 C B REUR
BREEFER L —, FENBSH 7T Cl BITRAE RN —FUE, eIk
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PUBEFAR RIR R, 5% B R SCARERIVE A E AR DG AR B2 H R 51 N %
BT, NG T ClRIT b Bl e s 9,

ARV SCH I ST AL % 2 4 B 15 2 A AR I B RS S T VR R AE S AN — 2
PO Z I Bl BN T =k AHKREIY) CCSD(T) 75 . CCSD(T)J7iAAE AL B Ab
TFET SR 4TI, AT AR R BRI [R] Ik B B R K4, R
WA AT I S bRt

Y p=0p1+T,+T,)¥, (25
RE BT G EE B E T CRUSIR KRR, (A WAFEE— B
HI CCSD JrikitSnt, Frasit &S5 B B -Bos sk te, IR B E A vE 52
HUBEIR TS 8 ) X MO VEARME 58 U 720K T 100 IR AR R TR . BTEAN
TR, ERUETFEARS BRI T, EARAEIE S KR Akt
N
2.1.3 BEZHRIEFER
2R CLRR R = R R AL, % EZ K (DFT, Density Functional Theory);zUJZli
R HEREBCOVERENIZ R, 185 B % R BRI R A€ B B AR R
VESRT A AR R R A, B RS R R Z 1 — %*i?ﬁ%ﬁ& H
Hohenberg. Kohn 1 Sham SE{EHT 5T 2 FL 7K R I HL 7S5 RIS, 3[R S7 f BEAE 0
HIHTIRANKE . HTEEZRHILHE Hatree-Fock TBIRIFERY F, BT HTA
FAAHSCRE, DRI 1SR R A B TS5 R TS (A 2. Hohenberg-Kohn 72 #E A
Hig FIEW T 2R 7R ERRS, o KRR RSEE, R R
FUT, EREERNZA RIS SE. T X0, BTRRRETSMN:
E(p) = ET(/O)"‘ Ene (p)+ E, (:0)"‘ Exc(p) (2.6)
THEZ R, DFT J5iEE L0 SRz |, MR A 55—
FEEPII . Kohn-Sham 2N DFT J5i% iz s HIR B T <8 5Tk, H b,
— B Exc 7 NS B BEFIAH O HE
Esxc (p)= Ex (p)+ Ec(p) @1
LRIz B FMOCREIZ BRI R FREBR IR, Rl & Ol N ERAEE S, ARt IR 15 TE kS
(IS AR S REIO, T AESRIR HE T 2 R A TR RE AR ) 745 Ea B A IE (92
i1 CAM-B3LYP. LC-wPBE. wB97XD 250681 SRy sEprit ik #Z s,
I AR T AR 2R ST 58, W TEAR R SO (R 141 7% K 4 e 0 1] 7 b P 380 1) 3 P V2

10
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A EA LU LA

1. PBE (Perdew-Burke-Ernzerhof): 1ZiZ i@ T X Bl (GGA, generalized
gradient approximation) AR IZ B, A S, T 1996 fEiRH . Hd, RPBE
HF 5 A, mPBE & — N4,

2. PBEO (7% & PBEIPBE): ‘& J& T H-GGA (Hybrid-meta-GGA)AZ # Al iZ B,
T 25%[M A2 He Al 75% 1) RERIALEE, BN i R HE Sk, R EAT
LA S %, 7RI SCik A B PBEOU, % iS50 7% .

3. B3LYP (X+B88+LYP+Slater+VWNS3): 1 Stephens T~ 1994 “E#¢H, 7& Becke
THZ RS LYP KBZ BRI A, 2305 B3PWOL MIIF], A2 B A 84k _F iR iF 72 i
HRWALLTIMNARZLL: MEZSHEBERE AWAEELZ R %55 B AEH
R 52 vander Waals /£ AN« TD-DFT 1F 5 B fa #2302 &5 K =i Rydberg state A
. — SO, THEMEREE MP2 5 MP4 Z ], (EOEEEELL MP2 HRIRZ . UL
P FEZ BRIE & TR SR OCH A R

4. CAM-B3LYP: f& I A S0 7 % e 1 KAZ AL IE [ B3LYP, T 2004 21,
ERAE B S P R B FE A @ U A LC-, B 100%F) HF A3 HZ iR, AT INTEAT
EAZ R, T 2001 AR I, RARERKERIEEX, e HF . &
FEAAE, (588240 DFT 28 ¥z ik . LC-RBEIR AN REH T4k DFT 221k, FEZFH
HF A3 A 5 5 LA 2 AR R, FAEmRES .

2.2 IREHEXEFLREAKSGE
221 ERtRNERIRER

PR R HCE G, UK EE AR IE RIS 2 LA R RE, T HAR
MEFAFE LA R T R, BAHR S RAN, fEKERE, Biica
— SR ) R RN R AR R L, W8I K (1) Basin-hopping (BH) %,
Minima-hopping (MH) %% & 5 H. k2% Stochastic Surface Walking (SSW) 422417171
Basin-hopping (BH)s& 1997 4 Wales 5 AWtk IG5 R T71%, S iEFEHZER R
1% 7715 Metropolis #ENI SRR ZR 85/ 1A RETH . Minima-hopping (MH) It 4>+ 30
1RSI AR R &R A& 5 Re T, Stefan Goedeckera T+ 2004 4E42H: .
Stochastic Surface Walking (SSW) 5.2 IH FH#Ge T =B UG BEREITE W R,
FE XN BT 2013 4R, (AR AT AGS I R AN TN S B, AR SCAEEAT S ) Ak 4
RIS LA MH 5%

11
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2.2.2 Gaussian #2F

B S AN D e f o R THR AR P 32 Gaussian #2777, B H Al E A AR
M) iz, WEBIIEIALKIRE P2 —, =124 LK John Pople i I 58
T B\ 13 22 3R S BF R JF A W S8BT 10 11 5507 3, IRAE SRR B8 FH BRIz I RiOAS 2
Gaussian 09, m i HRMEZ M DAY AT, MERTHREDIRARY . Ak
2 BT AR i Gaussian09 # - f, 52 i el
2.2.2.1 SEHNALTINR S

PR AR 2 1 B 1 FL S M SRE 1, B DARIE F A 1 ot ) Rt 2 ) B Ak . £
B R HEAT SR AT OSBRI freq, HH UL OCERIAE A MR BZ M LA, Fi 2
ek T UIERIA RS, EWRGE TR AR R REEER . TR RIS AT S )
W, XA BT I EVE BT I, NS AE R SE BB K TR AT

Rl EERZ, ARTSALESRICERN, 2R RIEFEAF K H
fie 2 B AT I A5 AT A, RO ES B TR R T AR 2o, HE T
HiAn 32 A& RIA BRI BUR .
2.2.2.2 RMEEFIBER(IRC)

FH 87 3 A R FR o0 1 5 3 N #4523 B (IRC, Intrinstic Reaction Coordinates) it 47
THEIS, AR5 U 454 R R A B 454, BR AR W] AR b 85 i 4R 3 1) — A7
[Fa) OO [ B8 S B BR A BEAT THEL . I PR R iR K o B I N, S U 1) i 1) )
J7 ) E SN ERTHI T ] IRC TR S AT E 1 8p se kAT, /5 DL 7 20
FNEAE, A 7 R AR S AT IR SRR A s, PR S: IRC 5
BT k5 ) LT S R e 2 — AN RS S5 4, 5y —FH B 5 s0 #E IRC
ST AR THRAE 0% 2 (CalcFC) o A5 ARARAE AL B — AN J7 [ R [ Ny, 1 o — A
J7 B IR N AL B, U B LR R B 1 IR R RS, A gk 2 S HRIET Y L
BEA G5
2223 PAEFRFRBERESP S FREENITE

FHES T RIEEAS G R — DT, AN 7 I i e ROy o1 R 2
R, WA DLERR N AFEAS 7> THUIE BRI — DTSR EN R R THRER
K| HE(VDE) IS5 M LRHFANEE, R R PRI R ) B R ARt T8, BT L, 50 FH Y]
BRI R R IR L LSS M i b Ve T B AR . T T B T RS S I e
R 2 23 3 A M ) i R UV A5 B 4 A B RE(ADE) DO, g Somid A i iz
B J7i% (TD-DFT) H407, 38495 897 1 2 B B A (VDE)-5 45 #4355 % (ADE) (I
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BT 1) ADE 55 T H 20 T EA{H), BEEREAT 6 T RETE AN, DA fa I skis
RIS,
223 BEEMBEREEXSIERF

T 70 S LT RO BRI, 0 B A 2R oAb o B SR A N A %2 1) L Bl 2
AdNDP(Adaptive Natural Density Partitioning, &Y HARAZEE X MEF, EH
Zubarev FI Boldyrev 3£ [F]TF 4, ATt BT AIF 97 44k 28 FR) 8 3o i 10 s S 1 AT 72 M () Ak 18,
FEARJ5T F K, AADNDP 044 R PUE AT BB 70 A R AE B AR R T HUE (NAO) A&l I,
HWREFTA K nc-2e BASn<AREJETH), 74T NBO BFFARIS 208
sk el 1

XTI TR R BEAT ADNDP 20 A, A8 B s SR 1 S B0 T 1.60je[ L 2=
P23 2.00e], MBI MEICERZ G . il AINDP R 7R BT A ne-2e B
SIE TB 2R L, Nz Ho 200 2 0K 2 5 S B BRI . il 7 225 H
SR T T U ADNDP #2724 RAE o A fe i B sh ot A& B Ay $a € 17
THE, SREFEIFRES, FHEaSmRmGpe %, (22 AINDP J1iER
55 NJ9WRI 2= B 0 , DR]akl ] 5325 3t s FH L B 250 R 9 1)+ T € 3 bR #2317 (ELLF)
GOFILEAT A, IR o A RIS AT SR ) A e

Dyg By 4544

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

B 2.1 &40 $hH By 9T BT R

Fig. 2.1 Results of chemical bonding analyses for By,
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WmE2.157R, 2R FHAINDPRE 7] 88— 40l & E )@ Bao AT A AT 45 R . 1
Bao 1 477£401-3c-2e o, 84 6¢-2e i, 4/M5c-2e i, 44 6¢-2e nfi, 44 7c-2e ni,
HEE Bao M 120/ M -T2l 0T 58, IR B BT B A2 5 e e, EAS5E
B, R R T o+ B I A
2.2.4 FIA CP2K BFHITH FaINFEEHL

BT W, FARE ST, UAZRFHMNRE ST
B 71 CP2K B8 iz FF 4k R R T A4 AL, T — R
3N )1 AR CP2K A () = AR .l ik 3 W 3 Ty A I B S, T LA
W5 SIS R o 45 46 ) A MR B A R AR . CP2K 8T A I A8 - FHOGZ 1R A
24y Slater. VWN. Pade. Becke88. Perdew86. PBE; #H2<# VWN. Pade. LYP.
Perdew86. PBE. AR ICHIBEATI 70 18 1 # I, —RIGFRAE 200K, 300K, 500K
5% 1000K, Hff 7t BRI S5 AR AT, 38 R AR 5 B 1) 2R AU SRAE 70 5 44 1) S Al Akt
T2, 8IS E ) AL R A 00 AR AR B SR E S R AR e T
2.2.5 JLEFEEIE(PES)HRH

BE T 0 W R JE B AT A R T T 4 R B R R R Ok B T R
(Photoelectron Spectroscopy, PES)#fF 5T, X+ R 7857, 6T REWE T LAAS 2 FH AN
BTSN BB TR TSR, HRILEE a8 8 51 THuE s s B,
]k R E R, TR RIS R, PSR TRt RIS
MR, AR ERNPIERES . HTE. RISEETFEE, M LU
SE Tt LRI B A 45 0 . S O REIE, Wi ot 7t A BUIREE S REm FUES
TR ST HIME R, AMNETT IR AN R BT E%EEE R,
kP RCE BRAR TSR RT AT E AT AT S5 4

14



= WIEM Bge RIS ) W-X-M" 622

F=EF Tk By FMURNPAIW-X-M LT
31 518

=R R ILE AN, Stone-Wales #4542y s B 18] 3 S A 4 1) 57 4 A6 s 2 T L
BREAAR T ok, &3 C-C #uk 900 d:, Stone-Wales 4 g — i sk AN AH
Xt FICHFIPEAAR N LI A B R T B, 53— s U DY N AE AR 7S TC IR AR AR
PN TG IR AT AN AL eHE o X P AR TR & MG . BRAOKE R 3203 A4k
HREREE TR, R TITRAARERIRAAAEN . T E R E R AR
J7 BV AR ER AN S bR B S A S B LE 2014 4E R BLLASK 5]
THEZFR) 2 R, WO T AT A 22 0 R, 51807 — N AT SRk w0 5%
WRSERIINERIG M . BEJE RILT 56— AMNESRLS E WS BN FHEMBkIG Cs By M
C,Bay ', M T2 RKAEE MR RIS — RIS, T By o Bi® By
TEF AR AR I o BT X LS R A 102 B AE A2 AR - I DU R i, R T
ANTEHR ., LR ERE LT IR 8469

BT Ol A s BT, FEMIRSF T . P IR T4 A K& 2 oL i T,
O Y A A A — s R AR RS, RN PR AR R AR 1 T DA R 2 9K 4 T
RENHL. B, 6/ By, Bis', Bis® 1By {EN—RFIN “TETRSTREH C
W HEE bR — M SR 7 AR S8, i 4 T Bl S B I, £ R S CK T 1200k
i) Bao 5 H H AN TEIR S -LIeHR T LU AR TR, ATk Ba™ B #hJ5 300K T
G T8 1A RS HAMRR RSN, Cs Bag + Ca Bag [Al43 St A 2 [B] W] LAAH FLA%
1, R Bao™ #A RAXT T Bao HEMIE & FHSRAI FURN BRI 45 #40 [R] 1RO Ak 54 R 1) 572
R R o

ARERRAUFAIIT T Byo & BIIG I GS IR, KL C3Bag « Cy Bag & #ME1]
AN —DIRIE Bas i ZEFNBH-HIXUEE b 7S Jo AL oo I (B = A5 BR B0 SR 14 &1
Jlo TEAEIXEEE I b S5 AUAR LS I AL S S T Bao™ & B4 PRI [R] 43 S A4 4 2 ]
AR, IR A G R T RS SRR W-X-M 4
32 HERE

FITH Bag [Al5 AR 4544 53 HIfE. CAM-B3LYP/6-311+G* I PBE0/6-311+G*
ACFHEAT 7RO, 3R B R AR AR, LSRRI MOLPRO 4 fEM)
£ CCSD (T) /6-31G* JK-F T #E4T | B BEE T . HARH] CAM-B3LYP A1 PBEO

15
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PRALI JUAAT 45 4 22 S AR /INAT L ZS, {HF CAM-B3LYP J5 V545 K4 (R AH Xt fit B A
ttF PBEO, H i CCSD(T)I4ER, Fik, CAM-B3LYP J7iZfid kit 5 BRI 1)
e, M CP2K B f4-%f Cs Bag « Cp Bag FAMABEAT T 20 T8 J1 488, AT-40mH 5%
GE RS T FR PO SO R I T PSR A, 7 CAM-B3LYP /6-31G*/KF- T, f
ZRFIB I TTIE(QST)TE Cs Bag  Co Bsg MPHANHAMAR A R 2] | = JEA,
DRI I A FOAE 0 AR /NG AL (R, P PN B B AR BRAR i o IR R I
AT IR AIE B, [BIIN A J5 £ 7 A7 54, 22K 0.05 /K .k 7 CCSD(T)
ANEI T IX e B — P JR R S AR 2l i Gaussian09 B2 RS, WA BT AN
A, FEZ AMAR D RA,

Cs Bsg ~ Cp Bag MIERIA M SE — MR H 70 T3 1 =B HLAE CP2K B AR 11
QUICKSTEP #be FE4T7, G411k 200K 300K FI 500K, HF-AASCH 5
B BLYP iZ ek ALFE, R HH & 7 ek O T R O & 1077wk
Goedecker-Teter-Hutter i =[] double-zeta {42 , ~F- [ 3% (18 W e % 4 280 Rydbergs.
SRR R B AL KA L5 KRS T &1, R%58 NVT, i Hoover #4
W AL E] Y 30 ps. B KON 1.0 fso X EEAMEILANZE A A T IR B AR
[T B-B S HASREAT 1 PRER, DU S h0AF40 B 78 45 M 3 AR I A
3.3 HR51HL
3.3.1 &t

HFAMEE Bgy ARt/ INGEHE Ca Bay FIIRARIE &5 Cp Bag I, AHAITHT LARE AR
HN—ANERIE Bag B GLFIRN -0 XUEE 7S 7o 5 L e A = AN ER IO IR 1 CBAAL, 4%\
B Mgtk dAamk, w(E 3.1af3.1d). EEANEENEREFSWTn. 5
A R R A B s AN B A Rk, BAE—AN S IR B Ak
HJG. CgBse HHTA =/ANEVEWI IR 747 T 2R 1) B-B B8 b1, Ubisy, it
W A TR AR S, B =AM T EwA R, 7T =AW RER IR
(&l 3.18). 1MfE Cp Bgg H =ANVEMEN R T IO B & AMIE, 73 mil4E AR T HoT
by dy FEAMLE, HWACW?, <X, “M7AI(E 3.1 d). Bk, SN SR
5B IR R ) TN R R T RE R I W X ML, BAR, IX =
ANEIE R TR 2 3% = 27 Fhew?, «X>, “M ZH &SR M A S 1) Bag SEAA4A, Cs
Bsg 1 Cz By & B U 7330l & X N “WWW HI“MXW” 1Y
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B MBI Ba FAIAL B (1 W-X-MV AR

B 3.1 FNHH Byy 69/UATILAIZEH), (A) Cs. (B) M1, (C)M2. (D)C,. (E) D3, H4ha. B.
YO RRERME., A@. HE@EAWA, 2. F. ESHNETIRIFGAFTRR T,
Fig.3.1 Typical geometric structures of the Bsg fullerenes: (A) Cs, (B) My, (C) My, (D) C,, and (E) Ds.
The a. B . andy are their front, right-back, and left-back views, and the red, green, and blue balls

indicate three active boron atoms at the waist, respectively.

AUAEERADRIIE) 27 A Bsg BT ANDIESEN BIRE: Dy Cov Csv M1
M2, M3 (M1, M2 /& C3Bgy #45K Cy Bag IFEFHIPBAS IR, M3 N mim &
ARSI A, I A A, ARSI AR A 44D, & ELFE 1. 2. 6. 6.
6 6 NEARJLITEH, 7 MIFRm AR 3.1 AL, S RRIT XXX 8 DyByy & #1k
A R L, B BEEWCARIR 26 MM ER—1. M3 B
)RR AR AN R BRI R /NS5 0, RIS BERR B #77E « 7E CCSD(T)/6-31G* 7K
PR Dsv M1, M2 A RHIBEEAH L T2 Rt /M4t Cs Bay AH 4.64. 3.78. 3.98
kcal/mol frIREZE . PRIk, TERRE KM N EATAT RS AR, H2& S LLBI T RRAR /.

% 3.1 JLAY AN M By #9250 £ A AT RE =
Table 3.1 Specific geometric structures and relative energies (kcal/mol) of the Bsg

fullerenes.

Name Symmetry  Geometric structures  Ecam-eatyr  Epseo Eccsom
Ds Ds XXX 4.62 7.04 4.64
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WWW
Cs Cs 0.00 0.00 0.00
MMM

XWW, WXW, WWX
M Cy 2.84 4.57 3.78
XMM, MXM, MMX

MWW, WMW, WWM
M2 Cy 2.68 4.67 3.98
WMM, MWM, MMW

MXW, WMX, XWM
C C 0.73 3.07 1.74
WXM, MWX, XMW

y XXW, XWX, WXX
: XXM, XMX, MXX

3.3.2 HAFEH

i CP2K #f44E 200K 300K, 500K T, Z3Jll%l C3Bag ~ Co Bag™ & #1117 T
B )1 RAT IR (S5 30k 17 BRI 3.2), 7F 200K 251F T, C3Bag ~ C2 Bso” & #)
I RFaE, REEHEA R — A Mt. SR1f, 7E 300K 45552 500K H, 444 e
KA TIENEA, SREPEET My, My B R, BAHILD; “XXX” B
F R (& 3. 4). 7€ 300K (&1 3.4, 35) A1500K (& 3.4, 3.6) I, C3Bay LidPiA
ik M1, M2, TTRLEARN Co Bag, dFE M40 = ANAH E kST HL AT 30 (136 73t A
Cs #| M1, M1 #] M2, M M2 E| C,, FT A IX Ee4h ¥4 (] () FE 5 T3 VA S 7 (132 3
TEHE— R —/MEEIE 7 T i2sh, THK B-B XUENZ, H “w” B
X B (E33), oA —ANEEE TSN Vs, RmmAEEK
AHFIAR R R e AR OB B-B B, 1 “X” RIS “MT R, S = AN RE A
WHER FA ), SO AEEME R TiE3), T B-B XUEMR, 5
THEAE TR W RUAR R X B, AN RE T R s R R T R A T
ANEEARAS e, “W” BIARR “X” BN B-B XML, NTCHAAS N 5HEAL-E TS
— AR T B TCER, W BB, X7 BAR Sy M7 BURE, B AE R B-B XU,
JE SR A ST A TR IR AR Sy S A R 1 LI S TR NS e . R AT AR
“W-X-M” A8k R TR Wl -BIXUE & s h B IR RN o B it A (8 3.3).
VPR R PG AR LR AT LY 8 21 A B B 05 45 M BT T B IR AR s A
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0.8+ 08 0.8
200K, RMSD = 0.06A 300K, RMSD = 0.13A 500K, RMSD = 0.19A
0.64 0.6 0.6
3 < <
2 0.4 2 04l 2 04+
4 z b1
, , e ™
0.2 ~ B
02 ‘MW‘N IW'&,*WI 02 M ‘MWWA
- A - LRSIV ﬂ W
0.0 : : r r y 00 ; . . T 00 . r 3
0 5 10 15 20 25 30 0 5 10 15 20 25 3 0 5 10 s 2 25 30
Time/ps Time/ps Time/ps
20+ 2.0 20
L6 200K, MAXD = 0.16A i) 300K, MAXD = 0.63A L6 500K, MAXD = 0.89A
12 124 124
< < < l
a a =]
% 08 % 08 ’ Z os- H h
= = =
04 044 0.4 4

0 5 10 15
Time/ps

20 25

0.0+

0

Tlmc ps

0

T
20 25
Tlmc ps

B 3.2 #M#th C B 4 200, 300. 500K T #9 % —te RIZALIH) /) FALMLE R, #KHT
RAEF R KR ZZERELER T LT R,
Fig. 3.2 First principle molecular dynamics simulations of borospherene C, B3y at 200, 300 and

500K for 30 ps. The values of root-mean-square-deviation (RMSD), maximum bond length deviation
(MAXD) (in A) are indicated.

Y

B 3.3 S AFAL AR L L FAZ P AGW-X-M"4 T,

Fig. 3.3 “W-X-M” transformation between neighboring hexagon and heptagon.

19



BRI Bag HISRRIL K AL 212

C24— : o . —_—

VSIS .

C31 i—i :‘—': (A)

Cp mmmn— s — 0

woft ¢ BEAEE B L o S Lt

C31 ¢ - wu (B)
M B R~ s S .

Timelps

B 3.4 300K (A)#= 500K(B)3) 71 £ 403 A2 F 49 Ca. M1, M2, C, Bgy AN M #R 2L 18] 69 Z AR
BT, KFERATEMILNIAE, 2AXEATHTIHR,
Fig. 3.4 Presences (horizontal solid lines) and transformations (vertical dashed lines) of Cs, My, My,

and C, Bag fullerenes at 300K (A) and 500K (B).

Cz2/

— —
S s

M2 ¢ & ¢ - ~

M 2 S 4 ™ .

CS L) L] L} .

W
Right-back
Left-back

| 1 I I I
0 5 10 15 20 25 ki

time/ps -

B-B bond length

& 3.5 300K T #93) /) AL it A2 =ANEMRT ETF 895/ B-BARKM LA 8) By £
#) (A CyBgg Ao
Fig. 3.5 Change of six monitored B-B bond lengths above and under three active boron atoms and their
corresponding By geometric structures (upper) in the first principle molecular dynamics simulation at
300K.
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B MBI Ba FAIAL B (1 W-X-MV AR

CZ"‘! r— e P P— — — r— -
. ' W gt 0 L ' (YO ¢ ] ' "
Mmar vt L] . . "
' ' I " [ [ ] ' "
MZ.L, o au L LA by - o — o ~
Bl "won " ' (K ' [
0won " ' " '
| gtily :; u u :—|,_;L .-: [
M1 57 et —
] 1) '

0 [ EIE]
C3- o — o

LIICCI e I
A

T T
20 25 3C

B-B bond length

0 13
time/ps
K 3.6 500K T #95) 71 A it A2 of =N EHRT LT 49554 B-B 4 K a9 T A48 2 49 C3Bag

%] C,Bag #4 (K CyBag &)
Fig. 3.6 Change of six monitored B-B bond lengths above and under three active boron atoms and their

corresponding By  geometric structures (upper) in the first principle molecular dynamics simulation at
500K.

Cs Bag #7H Co By WA EFE—/METEE 71 “W-X" F1 “X-M” $72,
FMEER TR W-X"HAE . T CaBsg HUXFRME, =AEMEE T2 ME), #
EANET AT RW-X-M"EHE, W Cs Bag 58 I HI“WWW” | “MMM” K22,
BEAKARAL Ny : C (WWW) My (XWW) ->M, (MWW) —Co (MXW) —>M; (MMW) —M;
(MMX) —Cs (MMM). H-T AN I FE A% b (R A Fsr BT i, R — A58
B TR, W C-M2-Cy, C3-M1-Cs, C3-M1-M2-M1-Cs I IH] (e, B AR
£ 1000K P FHIERIE Bao B UEBH AR E B, SRIRE = T 1200K I £/ o 5 -t
A ALT Bag™ II“W-X-M"e4e, HULTTIL, “W-X-M # /e 54 b
PrisE HER M, IEW Stone-Wales FE 4 fE & B)d . A M. TRIVKE R R4
) B — . Stones-Wales %748 i B C-C MM e, (EMA e
TN E R AT B, SR, AHILZ FW-X-M"#8 R 2SR 7 10igs), 5l
ey AL VAwIveZ R v v Z NETRER
3.3.3 FHTHIE

NTHEF Bae AR SLHINIEE, FRATEH Xk AP I A1 3= 7 15(QST2) 7
EN T C3 A ML Z IR IERS TS1. M1 Rl M2 Z [E] IS TS2, M2 fil C, 2
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IR TS3e 25 N LR S AR 47256t 0 i B A AT IR BB AR i, AR
AR, EWA TR, PR 0.05 /R, AN T S
FHABPRAN R NG AL e 1 (] 3.7), vk TS1. TS2 JAIAIHT [543 il i 45
TS3 NEHE RPN T TS R . B C3 Beg™ H35N Cy Bey HIGLFRARIA T 1t
MR ¥ 123, TS1. TS2. TS3 Zite il i1 ML T3 — At “W” BUARh
CXPHLL B TANE X7 BIARN M7 L EEAN B REAR T ROCH ‘W A
AR X7 BRI EALE, M P RS . SN ES A A
R R I HESR(TS,: 1041, TSy: 55i, TS3: 89i cm™), HIESE T S Mk S B AR A it
2.
450} B, (TS)

4.00 | / \ 3

\
) 350} / _/'/ \.\ B, (TS,)
= 3.00 b o / \ /ﬁ\
g —
c250f / e \_‘J_ \

S
2200}
S50t \

1.00 | \
0.50 | \‘a-

0.00 |

Intrinsic Reaction Coordinate

K 3.7 #& CAM-B3LYP/6-31G*/K-F T AN iL A5 0F, C3Bsg %] C;Bg W R #1238 JRiTAZ
W LE M Eg AT RE
Fig. 3.7 Relative energy change along the intrinsic reaction coordinates from Cs to C, B3g fullerenes at
the CAM-B3LYP/6-31G* level of theory.

NHE RO BE 2, 7 CAM-B3LYP/6-311+G* /KT, Fedl1it5H 1 4bFix kit
PORESEIIRERE, X T 2R Cs Bee » =ML IERMIREZ 742 3.89.
3.60. 2.84 kcal/mol, AJ W, =AMS7 () 35 76 s B ) i 28 7779l /2 3.89. 0.76. 0.16 keal/mol,
K Cs B M1 4t A I N eigsh, DU BAN AT FE 25 T 3.8 . Can
Cy Bag ML N f K fit 22 /2 3.89 kcal/mol, Wk S BiAl DAFE S F R4, 1E
FE 300K W73 T3 1) U as R —Hf . ERSEAKF T Co 3| Cg Bag HUMI S AESR
g3 2,11, 0.92. 1.05 kcal/mol, KT 1E 37 () 5 K g £2(3.89 keal/mol), [Hlitt,
P A R P 3 Tk R B T ) S B B AR 5y A . BagT BN SR K B K A 42 (3.89
kcal/mol) B & 1% T 5% #4 Bl ' Stone—Wales % #t f#) it £ (162.9 kcal/mol ,
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= WIEM Bge RIS ) W-X-M" 622

B3LYP/6-311G* level /K1), 1t BAHIAARL - IX Fh e W-X-M> A8 [ B 25 55 ) Ao (R
W E2ME T 5HBMAREER Tl 387, XM 2SR T — RN E) 1%
77 TH B AN

R
0.640.92 ~

= &

AE/Kcal mol”!

~_ B, (M2)

~

B 3.8C3Bsg  Cp By Ak F A LT AZ 69 AN BT 5642

Fig. 3.8 Reaction pathway between the Cz and C, Bsg fullerenes.
3.3.4 TRINEHIREMT

A ] AR L ) A i e M R PR 41, T 3.9 o, L3RR /Nt

W, R EHFREITH, ROHFRE ARSI . 188 Bk & B 451 2
H1 22 /0 12 A~ T e RIAS e 20 H (N) 7S To A AL o 22 AR, BT 4 =
MR ANFTIRA E+F=V+2, 2E=3V, REZHERELRAXN Coon(N£L), HIF
BT FTCIR B ) /N B B A Ceo (N =20). Bag™ ML RE BT A AR
RILIBNERM Baos Bar's Bay" #AFAEILANE + F =V + 2. S5HRE WA AR K2
B ERG R A = e Ao, HIOR R 7R ECAZ0E 4 A5, FreATie. . #1
K 1N 2E = 5Vs+4V, = 3F3+6Fg+7F7. X Cg Bag™ Fa= 47, Fe= 3, F7= 3, V4=15, V5= 24,
E=90; XJ Cz Bsg , Fs= 46, Fe= 2, F7=4, V,4,=17, V5= 22, E=89, F AL 2 HiAth 45 44 1Y
Tl s BAECH AT & B i pgas o, AR
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/]O‘. A= Q ‘, :/j: ¥ = A
E B, (TSI) L ,B,w (TSZ\)\ 1 : ' Bi‘,'(Téz)
3 i - By, (M1 -7 By, (M2) e ™
< \ > 7 ' \ J
L 1 A ] ' C,Bw_
oY N ¢
OQ:, H
AV
!
C}BF‘?— l’

B 3.9 Cy3Bsy %l CyBag ##TidAMI6EME T,
Fig. 3.9 Topologies of the transformation process from C; to C, Bag fullerenes.

Stones-Wales #4grh 3 2& C-C HAgt i iehs, WAMAMRIE T, Of CHIEY
Stones-Wales ] LA VERRE T HMBEL (Coosan) B MIHLEEEO, BRI W-X-M” 5344
I A R NS R SR T AE X BERI W i2 5l BvF AT DU ORI JE T Bag -
Baov Bar's Bup" KIUIEKIINLEE (Bagen)o 1M1 5E BT, &I 5 T 75 0UEE 2 A1 (1)
ACHIR R G G O ARAR 7 o B RIS G (AT SCH A R AR H AR, 2R 3.10 JEoR
T IXMI R AL

B 3.10 f& i P & MR T A Uk 1] 0 LB e
Fig. 3.10 Atom’s interchange between boron double-chain show in cell.

34 BE

AREALH CP2K B AR} Cs Bag « Co Bag A MABEAT 1 70 T3 Ay idth, R3] 1
S5 R R LR AL I R A AR iR 2 SR I AN R 1, JRIEE B &
FIHAN R FRRICE “W”, “X” F1 “M”. X EE3E P 7 B Ham AR 0UaE i JR
TFREHMEET LS TOH S -Bon A T BAR, 8RR T S R W-X-M
o ZANE) 513 )1 AREHE T I S KA S C3 Bgg 11 C, Bag™ [H]
P E A, 5@ A EARML T M2), = AN IR (TS1,TS2 F1 TS3)45#4. M Cs
Bso 745N C, Bag I i K RE 22 X 47 3.89 keal/mol , 7 j 37 (I fig £ W A5 2.1 keal/mol,
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A2t Stone-Wales $¢45t /MR %, IXBARRE 17 C3Bsg™ Ml Ca Byg MiALYE. IXFIHTHI
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CARS TR R 0 e A A R, AR08 7 % R 7 B G RO AL, SR A e e
FETHAREL (Cooron) WEKALIEN) Stones-Wales 78 . IXFh A4k 77 U RE T S A £
Frt A e 2 251k, WARAE T ARSI B S5 o, DR e LRt mT L™ e 380 A
BiM . BERIGIEGORA R B AR E . PR R
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BEAT 2 R /NGS MR FR R T BN ZE 00 K HAR BT IR AR S5 MR A 2
), KRBT RS EET L 2000 24N 0E M. 5T By LA AEE M, FRATH
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(S BRI Li&Bae (1)A2 2 Rt /NE 1, RE B AR 10 DY A e 1 A 1 B RS 1 1

FHXTEE R, H MOLPRO % f4:7E CCSD (T) /6-31G*//CAM-B3LYP/6-311+G * /K°F R

BT R R SRR R Li&Bge (1), 1 C, Bgg 78T EHI—/NLI0H (U

LI 5L E A BET) FER LiJ T, MRAERNEEH, Li&Bs
(2) /& Li JEFHEGEIE C3Bsg M —ALiH b, AR N ERIREE R & 0.02

eV, MI, Stk 11 2 fESLge i vrn DIIEAE . RAMK LiBse (K1 4.3-4) , LiJR

TSR = HERIIIE |, 78 CCSD (T) /KF R A/t N5 0.27 eV Li&Bsg
(K 4.3-3) LiJETEMAE CsBsy M/NTLH b, A @tk 511 0.08 eV

1. C,Li&B,/C, Li&B, 2. C, Li&B,/C, Li&B,,

K 4.1 CAM-B3LYP/6-311+G*K-FF, C; Li&Bgo (1) #= Cy Li&Bsg (289 ALEM, & T A= p £
ST EMERNR, B EETABTLEH.
Fig.4.1 Optimized structures of C; Li&B3g (1) and C; Li&Bsg (2) at the CAM-B3LYP/6-311+G*

level. Due to the little difference between the anion and the neutral structure, it is omitted.
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Fig. 4.2 Configurational energy spectra at the PBE0/6-311+G™* level.
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65.C;LiBy (1A)
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B 4.3 #& PBEO/ 6-311+G*, CAM-B3LYP/6-31G* (455 4), CCSD(T)/6-31G*//PBE0/ 6-311+G*
(FPHEFTA) KFT, LiBgg 09K MK, eV ARLARE TR SIE, PrAEAT 485 R
IR F ARG e AT H T R ERER
Fig. 4.3 Low-lying isomers of LiB3g with their relative energies indicated in eV at PBE0/ 6-311+G*,
CAM-B3LYP/6-31G* (in parentheses), CCSD(T)/6-31G*//PBE0/ 6-311+G* (in square brackets) levels.

All the energies are standard with the first and corrected for zero-point energies.
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Fig. 4.4 Molecular orbital energy levels of C; Li&Bg3g (1/2) as compared with those of D,y Bao.
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B 45 C;Li&Bsg(1/a) A= Cy Li&B3g (2/ b)#9 ADNDP s 4 X, FF47iE T 40 89 5 4B1H.
Fig. 4.5 Chemical bonding pattern of (a) C; Li&B3g (1) and (b) C; Li&Bsg (2) the analyses were done
using the AANDP method. The occupation numbers (ONSs) are indicated.

4.3.3 RN FaEE

AR & i 2 2 e (TD-DFT) %) Li&Bag™ 1B T HIE B FREIE
(PES i) #EATHEAL (K 4.6), WA TR KL ERAEN RS BIIERIG. T
AT — 5906, Li&Bsy~ 7 T-H) PES MRl 5 Bay 1) PES iR AL, X
FEHTEBRRMR A ET RHHE 7B Ba M SiEHLE L, IH%A 2
MENEBETHAA. ERHNSRERHA LikBy B FEWEE — NIRRT
% — I E R HHE(VDE =2.51 eV/2.46 eV), Z{EEZ X Dag Bao ) VDE {HAME(SLI0 2
— VDE {4 2.62 eV). iIHEMAIMAFRIEHE (ADES), Li&Bsy (1, 2.36 eV) Al
Li&Bsg (2, 2.29 eV) AR PELGE M FE T2 TN (EAS), 1XAHEL Dag Bao HI[FEE/K
SRR (2,39 eV) /N, RN EA IE A IR o 4 U B R B B K A
BUBRIRE R, XEW T Li&Bs LN E I faE .

35



BRI Bag HISRRIL K AL 212

&

C,Li&B,; (1)

==\
| - k*\\\- -

C, Li&B,;(2)

Binding Energy (eV)
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Fig. 4.6 Simulated PES of C; Li&Bsg (1/2) and compared with that of Doy B4 .
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Fig. 4.7 Simulated IR spectra of C; Li&B3g (1/2) and C,/C3 By anion.
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Fig. 4.8 Simulated Raman spectra of C; Li&B3g (1/2) and C,/C3 B3y anion.
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Fig. 4.9 Simulated UV spectra of C; Li&Bg3g (1/2) and C,/C3 By anion.
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MER, HARET A A R FAZE 3 AR EAE AR KA KR B 1E,

Fig. 4.10 Born-Oppenheimer molecular dynamics simulations of metalloborospherene C; Li&B3g (1/2)
at 200, 300 and 500K for 30 ps. The root-mean-square-deviation (RMSD), maximum bond length
deviation (MAXD) values (on average in A) and typical structures picked up during the simulations are
indicated.
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A 4.11 PBE0/6-311+G*K-F T, (a)NaBsg. (b)KB3g F1(C)RbBzg 69 L A 2& 4 F= A8 3F AL = .
Fig.4.11 Typical structures and relative energies of (a) NaBsg, (b) KB3gand (c) RbBsg at the
PBE0/6-311+G* level.

4.4 518

g LR, AEiEESREMER. BTSN TE. RS IT S EFE
F & B ERIG LiBao 1T T &R . HibitHEE R E R, Li&Bsg (1/2) i T
MAER S B ERIG M, Hd Li 71 DL RO 78 T3 7E Bao 28 T ML o FLIA L.
AT Hofb bl & BT T WP R R, &I Li, K, Rb 5%k Bag 45 &1 17 TE AN EE

41



BRI Bag HISRRIL K AL 212

LR, T Na YRR TE 7 HL I N R il A A AR, IR WX Bao BEAT R 1A (1T 7T
2R, BaREelE M WE TR NERE SR MR iR, BN R
Y itk A 2R B T B B U T 1~ A JRATI G R — SPAIE S 1 S |
B ERMG Bag IIEEH . 2RI 2R eV . SIERIG Baoy Bae « &JEHN
Bl Ca@Bao 24, UM TAE IR, 4 RINERIG H% Li&Bao(L/2) BT A 11
T A S SIS TR 1Y) o+m XU B, IR - XUBE 2 2 A AE I E 11
Rl BACHIL PES. SAh. LU 8 V6 oy LR Il & da i AR 4R 4 3.
HLAT 70 M7 45 SR R T X e R B AR AR R S A L TR ) MTBag »  HJURY
(Y EL S R AN B o (56 Al AT RSO BT W 51 70 BORFBR I L 74 ko X BB FE R R
<A I B AN 2 B0 BE 5 R AR AS RUISHE . R BLE T8 O SR
RAPPRE g RN, SR TG RS S, BT RS DA R 2 4k
BHENBRAURI LA, B T5 T 5 2 4

42



FLE RESRE
5.1 AP EELIL

AVE SO T HIRRAR AN, 7625 B2 bR B A3 pR B 6 Rl b, om0 X e A
ARG S — AN FEERIGE T R . B PIA ke E 45 F 18] 1 2R 1k
L, AEAETE B & SR IER G e LM 458 Y. B E . 57 &
e #O% SRR KO RS . R BRI

1. H B-B XU 2T BRI EAR Cs Bag™ Ml Cp Bag™ £ 142 35 — ANESESS 5 3|
T ERERAG, T30 RN, ST 300K Bf A Bag™ SR A A AT DAAH L
FEAR , AR T R I E R C3 Bag™ Al Cp Bao A1 A EL 4, 75 ZE3d L #4144 (M1
M M2). =AM EIRAS (TS, TS2,TS3) 45 FRAT e 1 A F 5528 Hh O I = ANV Ve
JEF, AR B ) HANR R AR IE W™, XORIM o IR ey P R T A AR
R IR ROl ) eI )l O PANTVE 2 NS TS W TvEZ N e SO s P b . 97 s s
JFE T I8 S FR N “W-X-M" 54 )\ C3 Bag ¥78°H Cp By B KMIBER XA
3.89kcal/mol, T ;s M R 22 R4 2.1kcal/mol, Lt Stone-Wales ## /MR %, X tfiE
BT CsBag Ml Cp Bag™ FRITARASYE L X FHHT 1 W-X-M % e WLl AR R T 01- B0 00 &5 44
FNTTH S GO HAS LI, 0 R] DA BRI 2 1 IS KL, SR T il e e
FETHEIEEL (Copean) WK HLIEfY Stones-Wales FEASTE B BIIE . 17 B0 . BRAVKE 7
RG9S EEN MO, YU T DA fE 21 A B BR ) 25 4 b s ek
WIE GO R B gKE . KE .

2. BT LKA E TR RS — M R, FRATT 4 T O BRI B 4
JE AT T RGMEIRH T Li T2 AMELE Cof Cs Bag HI-LITH ETEALH Cy
Li&B39(1)F1(2) 2 fefia /& AR A e ik, Horp Li R T B 55 7E Bee ZEFI-LIT
FLIF Eo BREE M 1R F48 KN BHGE A 4 8 BBk M 2 E 4  id 2 A EE =X
PR, AT 45 SR R T X S 4 R I ER A e R PR B A M By
OB (14 B 45 R AN B SRS AT A B T 5| DT R R AR . IR S R B e
HARHUE SRS PUERREZE DRI 2.72 eV Al 2.84 eV, M N-83.1 Fi-78.2
kcal/mol. VEANMI 7> FHUIE ST R, STIERIEG Baow Bso ML, &JRINERIGE H17%
Li&Bgo(L/2)[1 AT FL T 405 5 T BB B T AURR 1Y) ot XUEE B4k, FE BT XX
BB S) M AREME FRIRT . 5 Fa /I BALE R, &1 300K B A Li&Bsg 714
PRIA AT DAAH B AR o XA @R G R i Re sl . 5840, 4040, RZonilhikeT

43



BRI Bag HISRRIL K AL 212

THW, ALK T IR Bay LSRN ILE A ERIEE, WHRIST0
BRI el ST o e R TBRAS RISRAG 154 785 0F 7 WM FE R, 420 7
AR RATT LA RS R T T S5 BRI S 0 KM
.

52 T1RRE

X - U ) ol ) R B s e < SR I BRI VR R BEAT AL T, ANOLARN TR 1 2544
MIRsIRYE . B T SE, 9SO AR AR AR BE 1 BB SEA, 1y ELIX SR
HUERAN 7R B — AN R T B AT 1038 % AT T ST E AR AR Wk o PR, BRATTI
R kS, b dh g, 5 X BRI AL 2 BT SN AL T2 2P B B T A
WICH R RS LA, BATWE S E AL LT L2

1. Stones-Wales AL B Bkl 1 sRM6 . BRPUKE FAA B #3855 B2
i, “W-X-MEHALHIFR 1 By e 5-Loc A AN, R A e
THABA AL BRI . RS AT LARIELT Stones-Wales 35 AR AR T8 1 1 4
(Coouan) M —FF, MREOIIE T HERHLEE, 20 ] DUAEAE T O BRIG S 2R Rl
BRANAKE . BIAK AR, SR ) AT A2 AT % T ORI ST A B A

2. W E ¥4 Baos Bao HIRIUbR EEMIERIG SRS IR AN BB FE (0 o, T
AN AT YA AR A WS . R LR R ALK LA 1 A A vk — £,
FERARECE R R VE B N, AT REAFAESE R AR ER I 454, LT3 = 04 1 Caoron
Fealo X — B 22 Uk A R i) R S AR 2 I AR R, AR AN S de T AR 3k
FIff e BrEJFRE. T ORIATH AR L2 h A R EEER L, KA
AN 72 Hh 45 RS 1 #%(B ", n =30-80) (9 ) L AT R -5 Hg 06t 425 ¥ AT T B4
WELMEEATE AR S . R HB AR

3. FRATHLE JRATTHERIG Bao ® HEATAL MM, KRB AaE AR AMER T
2o XA NIRRT ERG A2 A 22 5, 5 1B R B <6 S 7B 1 i Bk e
SRR NN IRE A, B AT — 2 0] LSS IR T PRI ER I MBao 347 R ST 2R
WHTTT. 5 Coo FRMLL, JEARBWERIG BLVF AT LAEDY 77 a5 F, AE IR BN 731 Bl S
MRL AN EHAT S ML B N, SRS SR T B BRI ECR R, IR0
FEARRLZERIMIPER,  FIBRE K 75 AT AL RE R A A7 S e SRR SR ME LA B T
S U AT N

44



Z26 3k

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

B2 3 HR

Boustani 1., Systematic ab initio investigation of bare boron clusters:
Determination of the geometry and electronic structures of B, (n =2-14) [J].
Phy.Rev B., 1997, 55, 16426-16438.

A. N. Alexandrova, E. Koyle, A. I. Boldyrev, Theoretical study of hydrogenation
of the doubly aromatic B; ™ cluster [J]. J. Mol. Model., 2006, 12, 569-576.

H. J. Zhai, A. N. Alexandrova, K. A. Birch, A. I. Boldyrev, L. S. Wang, Hepta-
and octacoordinate boron in molecular wheels of eight- and nine- atom boron
clusters: Observation and confirmation [J]. Angew. Chem. Int. Ed., 2003, 42,
6004-6008.

H. J. Zhai, B. Kiran, J. Li, L. S. Wang, Hydrocarbon analogues of boron clusters
planarity, aromaticity and antiaromaticity [J]. Nature Mater., 2003, 2, 827-833.

A. P. Sergeeva, D. Yu. Zubarev, H. J. Zhai, A. I. Boldyrev, L. S. Wang, A
photoelectron spectroscopic and theoretical study of By~ and Bi* : An all-boron
naphthalene [J]. J. Am. Chem. Soc., 2008, 130, 7244—7246.

C. Romanescu, D. J. Harding, A. Fielicke, L. S. Wang, Probing the structures of
neutral boron clusters using infrared/vacuum ultraviolet two-color ionization: By,
Bis, and By7 [J]. J. Chem. Phys., 2012, 137, 014317.

W. Huang, A. P. Sergeeva, H. J. Zhai, B. B. Averkiev, L. S. Wang, A. |. Boldyrev,
A concentric planar doubly m-aromatic Big cluster [J]. Nature Chem., 2010, 2,
202-206.

B. Kiran, S. Bulusu, H. J. Zhai, S. Yoo, X. C. Zeng, L. S. Wang, Planar-to-tubular
structural transition in boron clusters: By as the embryo of single-walled boron
nanotubes [J]. Proc. Natl. Acad. Sci. USA, 2005, 102, 961-964.

T. B. Tai, A. Ceulemans, M. T. Nguyen, Disk aromaticity of the planar and
fluxional anionic boron clusters By >~ [J]. Chem. Eur. J., 2012, 18, 4510-4512.
A. P. Sergeeva, Z. A. Piazza, C. Romanescu, W. L. Li, A. I. Boldyrev, L. S. Wang,
B,, and By : All-Boron analogues of anthracene and phenanthrene [J]. J. Am.

Chem. Soc., 2012, 134, 18065-18073.

45



BRI Bag ¥ 5L o A 212

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]
[20]

[21]

I. A. Popov, Z. A. Piazza, W. L. Li, L. S. Wang, A. |. Boldyrev, A combined
photoelectron spectroscopy and ab initio study of the quasi-planar B,4 cluster [J].
J. Chem. Phys., 2013, 139, 144307.

W. L. Li, Y. F. Zhao, H. S. Hu, J. Li, L. S. Wang, [Bso] : A quasiplanar chiral
boron cluster [J]. Angew. Chem. Int. Ed., 2014, 53, 5540-5545.

W. L. Li, Q. Chen, W. J. Tian, H. Bai, Y. F. Zhao, H. S. Hu, J. Li, H. J. Zhai, S. D.
Li, L. S. Wang, The Bgss cluster with a double-hexagonal vacancy: A new and
more flexible structural motif for borophene [J]. J. Am. Chem. Soc., 2014, 136,
12257-12260.

Z. A. Piazza, H. S. Hu, W. L. Li, Y. F. Zhao, J. Li, L. S. Wang, Planar hexagonal
B3s as a potential basis for extended single-atom layer boron sheets [J]. Nature
Commun., 2014, 5, 3113,1-6.

E. Oger, N. R. M. Crawford, R. Kelting, P. Weis, M. M. Kappes, R. Ahlrichs,
Boron cluster cations: Transition from planar to cylindrical structures [J]. Angew.
Chem. Int. Ed., 2007, 46, 8503-8506.

J. Lv, Y. Wang, L. Zhu, Y. Ma, Bsg: an all-boron fullerene analogue [J]. Nanoscale,
2014, 6, 11692-11696.

Q. Chen, W. L. Li, Y. F. Zhao, S. Y. Zhang, H. S. Hu, H. R. Li, W. J. Tian, H. G.
Lu, J. Li and L. S. Wang, Experimental and Theoretical Evidence of an Axially
Chiral Borospherene[J]. ACS Nano., 2015, 9, 754-760.

H. J. Zhai, Y. F. Zhao, W. L. Li, Q. Chen, H. Bai, H. S. Hu, Z. A. Piazza, W. J.
Tian, H. G. Lu, Y. B. Wu, Y. W. Mu, G. F. Wei, Z. P. Liu, J. Li, S. D. Li, L. S.
Wang, Observati on of an all-boron fullerene [J]. Nature Chem., 2014, 6,
727-731.

HE. BRI Bao AL, 1L P8 R 2218 3L, 2015.

H. W. Kroto, J. R. Heath, S. C. O'Brien, R. F. Curl, R. E. Smalley, Ceo:
Buckminsterfullerene [J]. Nature, 1985, 318, 162-163.

R. Taylor, J. P. Hare, A. K. Abdul-Sada, H. W. Kroto, Isolation, separation and
characterisation of the fullerenes Cgo and C;o: The third form of carbon [J]. J.
Chem. Soc., Chem. Commun., 1990, 1423-1425.

46



Z26 3k

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

F. Diederich, R. Ettl, Y. Rubin, R. L. Whetten, R. Beck, M. Alvarez, S. Anz, D.
Sensharma, F. Wudl, K. C. Khemani, A. Koch, The higher fullerenes: Isolation
and characterization of Css, Cgs4, Coo, Cos, and C7oO, an oxide of Dsy-Cyo [J].
Science, 1991, 252, 548-551.

Z. Wan, J. F. Christian, S. L. Anderson, Collision of Liand Na" with Cgo:
Insertion, fragmentation, and thermionic emission [J]. Phys. Rev. Lett., 1992, 69,
1352-1355.

M. Saunders, R. J. Cross, H. A. Jiméez-V&quez, R. Shimshi, A. Khong, Noble
gas atoms inside fullerenes [J]. Science, 1996, 271, 1693-1697.

J. Lu, X. W. Zhang, X. G. Zhao, Electronic structures of endohedral N@Csgy,
O@Cgpand F@Cg [J]. Chem. Phys. Lett., 1999, 312, 85-90.

T. A. Murphy, Th. Pawlik, A. Weidinger, M. Hdne, R. Alcala, J. M. Spaeth,
Observation of atomlike nitrogen in nitrogen-implanted solid Cgo [J]. Phys. Rev.
Lett., 1996, 77, 1075-1080.

L. S. Wang, J. M. Alford, Y. Chai, M. Diener, J. Zhang, S. M. McClure, T. Guo, G.
E. Scuseria, R. E. Smalley, The electronic structure of Ca@Cg [J]. Chem. Phys.
Lett., 1993, 207, 354-359.

M. Waiblinger, K. Lips, W. Harneit, A. Weidinger, E. Dietel, A. Hirsch, Thermal
stability of the endohedral fullerenes NaCgg, NaC, and PaCg [J]. Phys. Rev. B,
2001, 63, 045421.

Y. Kubozono, H. Maeda, Y. Takabayashi, K. Hiraoka, T. Nakai, S. Kashino, S.
Emura, S. Ukita, T. Sogabe, Extractions of Y@Cg, Ba@Cgo, La@Cg, Ce@ Cey,
Pr@Cegy, Nd@Cso, and Gd@Cgo With Aniline [J]. J. Am. Chem. Soc., 1996, 118,
6998-6999.

P. Weis, R. D. Beck, G. Brauchle, M. M. Kappes, Properties of size and
composition selected gas phase alkali fulleride clusters [J]. J. Chem. Phys., 1994,
100, 5684-5695.

C. Thilgen, A single water molecule trapped inside hydrophobic Cgo [J]. Angew.
Chem. Int. Ed., 2012, 51, 587-589.

Q. Sun, P. Jena, Q. Wang, M. Marquez, First-principles study of hydrogen storage
on Li;2Ceo[J]. J. Am. Chem. Soc., 2006, 128, 9741-9745.

47


http://www.sciencedirect.com/science/article/pii/S0009261499009136
http://www.sciencedirect.com/science/article/pii/S0009261499009136
http://scitation.aip.org/content/aip/journal/jcp/100/8/10.1063/1.467134
http://scitation.aip.org/content/aip/journal/jcp/100/8/10.1063/1.467134
http://pubs.acs.org/action/doSearch?ContribStored=Sun,+Q
http://pubs.acs.org/action/doSearch?ContribStored=Jena,+P
http://pubs.acs.org/action/doSearch?ContribStored=Wang,+Q
http://pubs.acs.org/action/doSearch?ContribStored=Marquez,+M

BRI Bag ¥ 5L o A 212

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

S. Aoyagi, E. Nishibori, H. Sawa, K. Sugimoto, M. Takata, Y. Miyata, R. Kitaura,
H. Shinohara, H. Okada, T. Sakai, Y. Ono, K. Kawachi, K. Yokoo, S. Ono, K.
Omote,Y. Kasama, S. Ishikawa, T. Komuro and H. Tobita, A layered ionic crystal
of polar Li@Cgo superatoms[J], Nat. Chem. 2010, 2, 678-683.

M. J. Rosseinsky, A. P. Ramirez, S. H. Glarum, Superconductivity at 28 K in
RbyCeo [J]. Phys. Rev. Lett., 1991, 66, 2830-2832.

A. F. Hebard, M. J. Rosseinsky, R. C. Haddon, D. W. Murphy, S. H. Glarum, T. T.
M. Palstra, A. P. Ramirez, A. R. Kortan, Superconductivity at 18 K in
potassium-doped Cg [J]. Nature, 1991, 350, 600-601.

S. Hino, H. Takahashi, K. Iwasaki, K. lwasaki, Electronic structure of
metallofullerene LaCsg,: Electron transfer from lanthanum to Cg, [J]. Phys. Rev.
Lett., 1993, 71, 4261-4263.

Q. Sun, Q. Wang, P. Jena, Functionalized heterofullerenes for hydrogen storage
[J]. Appl. Phys. Lett., 2009, 94, 013111.

S. Y. Xie, F. Gao, X. Lu, R. B. Huang, C. R. Wang, X. Zhang, M. L. Liu, S. L.
Deng, L. S. Zheng, Capturing the labile fullerene [50] as CsoClyo [J]. Science,
2004, 304, 699-699.

S. Bulusu, X. Li, L. S. Wang, X. C. Zeng, Evidence of hollow golden cages [J].
Proc. Natl Acad. Sci. USA, 2006, 103, 8326-8330.

J. Li, X. Li, H. J. Zhai, L. S. Wang, Au20: A Tetrahedral Cluster [J]. Science,
2003, 299, 864-866.

L. F. Cui, X. Huang, L. M. Wang, J. Li, L. S. Wang, Pb:,°": plumbaspherene [J]. J.
Phys. Chem. A, 2006, 110, 10169-10172.

L. F. Cui, X. Huang, L. M. Wang, D. Y. Zubarev, A. I. Boldyrev, J. Li, L. S. Wang,
Sny,? " stannaspherene [J]. J. Am. Chem. Soc., 2006, 128, 8390-8391.

N. G. Szwacki, A. Sadrzadeh, B. I. Yakobson, Bgy fullerene: An ab initio
prediction of geometry, stability, and electronic structure [J]. Phys. Rev. Lett.,
2007, 98, 166804.

F. Y. Li, P. Jin, D. E. Jiang, L. Wang, S. B. Zhang, J. J. Zhao, Z. F. Chen, Bg, and
B1o1-103 Clusters: Remarkable stability of the core-shell structures established by
validated density functional [J]. J. Chem. Phys., 2012, 136, 074302.

48



Z26 3k

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

L. J. Cheng, B14: An all-boron fullerene [J]. J. Chem. Phys. 2012, 136, 104301.

Q. Chen, S. Y. Zhang, H. Bai, W. J. Tian, T. Gao, H. R. Li, C. Q. Miao, Y. W. Mu,
H. G. Lu, H.J. Zhai and S. D. Li, Cage-like B4, and B4,**: New Chiral Members
of the Borospherene Family , Angew. Chem. Int. Ed., 2015, 54, 8160-8164.

A. Ceuleoans, J. T. Muya, G. Gopakujnar, M. T. Nguyen, Chemical bond in the
boron buckyball [J]. Chem. Phys. Lett., 2008, 46, 226—228.

A. Sadrzadeh, O. V. Pupysheva, A. K. Singh, B. I. Yakobson, The boron
buckyball and its precursors: An electronic structure study [J]. J. Phys. Chem. A,
2008, 112, 13679-13683.

P. Jin, C. Hao, Z. X. Gao, S. B. Zhang, Z F. Chen, Endohedral
metalloborofullerenes La,@Bgy and ScsN@Bgo: A density functional theory
prediction [J]. J. Phys. Chem. A, 2009, 113, 11613-11618.

J. T. Wang, C. F. Chen, E. G. Wang, D. S. Wang, H. Mizuseki, Y. Kawazoe,
Highly stable and symmetric boron caged B@Co1,@Bg, core-shell cluster [J].
Appl. Phys.Lett., 2009, 94,133102.

Y. C. Li, G. Zhou, J. Li, B. L. Gu, W. H. Duan, Alkali-metal-doped Bg as
high-capacity hydrogen storage Media [J]. J. Phys. Chem. C, 2008, 112,
19268-19271.

J. L. Li, G. W. Yang, Iron endohedral-doped boron fullerene: A potential single
molecular device with tunable electronic and magnetic properties [J]. J. Phys.
Chem. C, 2009, 113, 18292-18295.

M. Li, Y. F. Li, Z. Zhou, P. W. Shen, Z. F. Chen, Ca-coated boron fullerenes and
nanotubes as superior hydrogen storage materials [J]. Nano Lett., 2009, 9,
1944-1948.

Q. Sun, M. Wang, Z. Li, A. Du, D. J. Searles, Carbon dioxide capture and gas
separation on Bgy fullerene [J]. J. Phys. Chem. C, 2014, 118, 2170-2177.

G. F. Wu, J. L. Wang, X. Y. Zhang, L. Y. Zhu, Hydrogen storage on metal-coated
Bgo buckyballs with density functional theory [J]. J. Phys. Chem. C, 2009, 113,
7052-7057.

49



BRI Bag ¥ 5L o A 212

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

H. L. Dong, B. Lin, K. Gilmore, T. J. Hou, S. T. Lee, Y. Y. Li, By fullerene: An
efficient material for CO, capture, storage and separation, Curr. Appl. Phys., 2015,
15, 1084-1089.

H. L. Dong, T. J. Hou, S. T. Lee, Y. Y. Li, New Ti-decorated By fullerene as a
promising hydrogen storage material[J], Sci. Rep., 2015, 5, 09952.

H. Bai, Q. Chen, H. J. Zhai, S. D. Li, Endohedral and exohedral
metalloborospherenes: M@Byo (M =Ca, Sr) and M&B.o (M =Be, Mg) [J]. Angew.
Chem. Int. Ed., 2015, 54, 941-945.

P. Jin, Q. H. Hou, C. C. Tang, Z. F. Chen, Computational investigation on the
endohedral borofullerenes M@By4o (M = Sc, Y, La), [J] Theor. Chem. Acc., 2015,
134, 13, 1-10.

J. P. Perdew, A. Zunger, A self-interaction correction to density-functional
approximations for many-electron systems [J]. Phys. Rev. B, 1981, 23,
5048-5079.

R. J. Bartlett, M. Musial, Coupled-cluster theory in quantum chemistry [J]. Rev.
Mod. Phys., 2007, 79, 291-352.

G. E. Scuseria, H. F. Schaefer, Is coupled cluster singles and doubles (CCSD)
more computationally intensive than quadratic configuration interaction (QCISD)
[J]. J. Chem. Phys., 1989, 90, 3700—3703.

J. A. Pople, R. Krishnan, H. B. Schlegel, J. S. Binkley, Electron correlation
theories and their application to the study of simple reaction potential surfaces [J].
Int. J. Quant. Chem., 1978, 14, 545-560.

C. Lee, W. Yang and R. G. Parr, Development of the Colle-Salvetti correlation
energy formula into a functional of the electron density [J]. Phys. Rev. B, 1988,
37, 785-789.

A. D. Becke, Density-functional thermochemistry. 111. The role of exact exchange
[J]. J. Chem. Phys., 1993, 98, 5648-5652.

T. Yanai, D. Tew, N.Handy, A new hybrid exchange-correlation functional using
the Coulomb-attenuating method (CAM-B3LYP) [J]. Chem. Phys. Lett., 2004,
393, 51-57.

50


http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=Q1On6Zh9OwzkaWfikLN&field=AU&value=Jin,%20P&ut=8534742&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=Q1On6Zh9OwzkaWfikLN&field=AU&value=Hou,%20QH&ut=7694675&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=Q1On6Zh9OwzkaWfikLN&field=AU&value=Tang,%20CC&ut=19775590&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/OneClickSearch.do?product=UA&search_mode=OneClickSearch&SID=Q1On6Zh9OwzkaWfikLN&field=AU&value=Chen,%20ZF&ut=3308061&pos=%7b2%7d&excludeEventConfig=ExcludeIfFromFullRecPage

Z26 3k

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

O. A. Wdrov, G. E. Scuseria, Assessment of a long range corrected hybrid
functional [J]. J. Chem. Phys., 2006, 125, 234109.

O. A. Wdrov, J. Heyd, A. Krukau, G. E. Scuseria, Importance of short-range
versus long-range Hartee-Fock exchange for the performance of hybrid density
functionals [J]. J. Chem. Phys., 2006, 125, 074106.

J. P. Perdew, J. A. Chevary, S. H. Vosko, K. A. Jackson, M. R. Pederson, D. J.
Singh,C. Fiolhais, Atoms, molecules, solids, and surfaces: Applications of the
generalized gradient approximation for exchange and correlation [J]. Phys. Rev. B,
1989, 46, 200—-206.

C. Adamo, V. Barone, Toward reliable density functional methods without
adjustable parameters: The PBEO model [J]. J. Chem. Phys., 1999, 110,
6158-6170.

D. J. Wales, J. P. K. Doye, Global optimization by basin-hopping and the lowest
energy structures of Lennard-Jones clusters containing up to 110 atoms [J]. J.
Phys.Chem. A, 1997, 101, 5111-5116.

D. J. Wales, H. A. Scheraga, Global optimization of clusters, crystals, and
biomolecules [J]. Science, 1999, 285, 1368-1372.

S. Goedecker, Minima hopping: An efficient search method for the global
minimum of the potential energy surface of complex molecular systems [J]. J.
Chem. Phys., 2004, 120, 9911-9917.

S. Goedecker, W. Hellmann, T. Lenosky, Global minimum determination of the
born-oppenheimer surface within density functional theory [J]. Phys. Rev. Lett.,
2005, 95, 055501.

C. Shang, Z. P. Liu, Stochastic surface walking method for structure prediction
and pathway searching [J]. J. Chem. Theory Comput., 2013, 9, 1838-1845.

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, et al., Gaussian 09,
Gaussian, Inc., Wallingford, CT, 2013.

R. Bauernschmitt, R. Ahlrichs, Treatment of electronic excitations within the
adiabatic approximation of time dependent density functional theory [J].Chem.
Phys. Lett., 1996, 256, 454-464.

51


http://www.sciencedirect.com/science/article/pii/000926149600440X
http://www.sciencedirect.com/science/article/pii/000926149600440X

BRI Bag ¥ 5L o A 212

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

D. Y. Zubarev, A. |. Boldyrev, Developing paradigms of chemical bonding:
adaptive natural density partitioning [J]. Phys. Chem. Chem. Phys., 2008, 10,
5207-5217.

D. Y. Zubarev, A. |. Boldyrev, Revealing intuitively assessable chemical bonding
patterns in organic aromatic molecules via adaptive natural density partitioning
[J]. J. Org. Chem., 2008, 73, 9251-9258.

D. Y. Zubarev, A. 1. Boldyrev, Deciphering chemical bonding in golden cages [J].
J. Phys. Chem. A, 2009, 113, 866-868.

H. Bai, S. D. Li, Hydrogenation of By,”": A planar-to-icosahedral structural
transition in B;,H,"~ (n =1-6) boron hydride clusters [J]. J. Cluster Sci., 2011, 22,
525-535.

W. J. Tian, H. Bai, H. G. Lu, Y. B. Wu, S. D. Li, Planar Dy, BysHs, Don B2sHs?",
and Cy BagHs: Building blocks of stable boron sheets with twin-hexagonal holes
[J]. J. Clust. Sci., 2013, 24, 1127-1137.

Q. Chen, H. Bai, J. C. Guo, C. Q. Miao, S. D. Li, Perfectly planar concentric
n-aromatic BagHs~, BigHa,BisHs®, and BigHg 2" with [10]annulene character [J].
Phys.Chem. Chem. Phys., 2011, 13, 20620—-20626.

H. Bai, Q. Chen, C. Q. Miao, Y. W. Mu, Y. B. Wu, H. G. Lu, H. J. Zhai, S. D. Li,
Ribbon aromaticity in double-chain planar B,H,>" and Li,B,H, nanoribbon
clusters up to n =22: lithiated boron dihydride analogues of polyenes [J]. Phys.
Chem. Chem. Phys., 2013, 15, 18872-18880.

Q. Chen, H. Bai, J. C. Guo, C. Q. Miao, S. D. Li, Perfectly planar concentric
n-aromatic BagHs~, BigHa,BigHs®, and BigHg 2" with [10]annulene character [J].
Phys.Chem. Chem. Phys., 2011, 13, 20620—20626.

http://www.cp2k.org/

J. VandeVondele, M. Krack, F. Mohamed, M. Parrinello, T. Chassaing, J. Hutter,
Quickstep: Fast and accurate density functional calculations using a mixed
Gaussian and plane waves approach [J]. Comput. Phys. Commun., 2005, 167,
103-128.

Stone, A. J. and Wales, D. J. Theoretical-studies of icosahedral Cgy and some
related species [J]. Chem. Phys. Lett., 1986, 128, 501-503.

52


http://www.cp2k.org/

Z26 3k

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

H. F. Bettinger, B. I. Yakobson, G. E. Scuseria, Scratching the Surface of
Buckminsterfullerene: The Barriers for Stone Wales Transformation through
Symmetric and Asymmetric Transition States[J]. J. Am. Chem. Soc., 2003, 125,
5572-5580.

P. W. Dunk, N. K. Kaiser, C. L. Hendrickson, J. P. Quinn, C. P. Ewels, Y.
Nakanishi, Y. Sasaki, H. Shinohara, A. G. Marshall, H. W. Kroto, Closed
network growth of fullerenes[J], Nat. Chem., 2012, 3, 855, 1-9.

S. T. Skowron, I. V. Lebedeva, A. M. Popov, E. Bichoutskaia, Energetics of
atomic scale structure changes in graphene[J], Chem. Soc. Rev, 2015, 44,
3143-3176.

T. B. Tai, M. T. Nguyen, A new chiral boron cluster B4 containing nonagonal
holes [J]. Chem. Commun., 2016, 52, 1653-1656.

A. P. Sergeeva, I. A. Popov, Z. A. Piazza, W. L. Li, C. Romanescu, L. S. Wang, A.
I. Boldyrev, Understanding boron through size-selected clusters: Structure,
chemical bonding, and fluxionality [J]. Acc. Chem. Res., 2014, 47, 1349-1358.

Y. J. Wang, X. Y. Zhao, Q. Chen, H. J. Zhai, S. D. Li, By : a moving
subnanoscale tank tread [J]. Nanoscale. 2015, 7, 16054—16060.

J. Zhang, A. P. Sergeeva, M. Sparta and A. N. Alexandrova, Byz": A Photodriven
Molecular Wankel Engine [J]. Angew. Chem., Int. Ed., 2012, 51, 8512-8515.

D. Moreno, S. Pan, L. L. Zeonjuk, R. Islas, E. Osorio, G. Mart mez-Guajardo, P.
K. Chattaraj, T. Heine, G. Merino, B1g®: a quasi-planar bowl member of the
Wankel motor family [J]. Chem. Commun., 2014, 50, 8140-8143.

J. O. C. Jiménez-Halla, R. Islas, T. Heine, G. Merino, Big: An Aromatic Wankel
Motor [J]. Angew. Chem. Int. Ed., 2010, 49, 5668-5671.

F. C. Navarro, G. M. Guajardo, E. Osorio, D. Moreno, W. Tiznado, R. Islas, K. J.
Donald, G. Merino, Stop rotating! One substitution halts the Big~ motor [J]. Chem.
Commun., 2014, 50, 10680-10682.

G. M. Guajardo, J. L. Cabellos, A. D. Celaya, S. Pan, R. Islas, P. K. Chattaraj, T.
Heine, G. Merino, Dynamical behavior of Borospherene: A Nanobubble[J]. Sci.
Rep., 2015, 5, 11287, 1-6.

[100] H.J. Werner, et al. MOLPRO, version 2012.1 (www.molpro.net).

53


http://www.molpro.net/

BRI Bag ¥ 5L o A 212

[101]

[102]
[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

E. D. Jemmis, E. G. Jayasree, Analogies between boron and carbon [J]. Acc.
Chem. Res., 2003, 36, 816-824.

S. lijima, Helical microtubules of graphitic carbon, Nature, 354, 56-58 (1991)

H. W. Ch. Postma, T. Teepen, Z. Yao, M. Grifoni, C. Dekker, Carbon Nanotube
Single-Electron Transistors at Room Temperature[J]. Science, 2001, 293, 76-79.
K. S. Novoselov, A. K. Geim, S. V. Morozoyv, D. Jiang, Y. Zhang, S. V. Dubonos,
I. V. Grigorieva, A. A. Firsov, Electric field effect in atomically thin carbon films
[J]. Science, 2004, 306, 666—669.

D. Ciuparu, R. F. Klie, Y. M. Zhu, L. Pfefferle, Synthesis of Pure Boron
Single-Wall Nanotubes [J]. J. Phys. Chem. B, 2004, 108, 3967—39609.

A. Quandt, I. Boustani, Boron nanotubes [J]. Chem. Phys. Chem., 2005, 6,
2001-2008.

X. B. Yang, Y. Ding, J. Ni, Ab initio prediction of stable boron sheets and boron
nanotubes: Structure, stability, and electronic properties [J]. Phys. Rev. B, 2008,
77, 041402(R).

C. Ozdogan, S. Mukhopadhyay, W. Hayami, Z. B. Giivenc, R. Pandey, |.
Boustani, The unusually stable Bjg fullerene, structural transitions in boron
nanostructures, and a comparative study of a- and y-boron and sheets [J]. J. Phys.
Chem. C, 2010, 114, 4362—4375.

E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, J. A. Bohmann,
C. M. Morales, F. Weinhold, NBO 5.0., Theoretical Chemistry Institute,
University of Wisconsin, Madison, 2001.

U. Varetto, MOLEKEL, version 5.4, Swiss National Supercomputing Centre,
Lugano, Switzerland.

P. v. R. Schleyer, C. Maerker, A. Dransfeld, H. J. Jiao, N. J. R. E. Hommes,
Nucleus-independent chemical shifts: A simple and efficient aromaticity probe
[J]. J. Am. Chem. Soc., 1996, 118, 6317—6318.

F. Liu, C. M. Shen, Z. J. Su, X. L. Ding, S. Z. Deng, J. Chen, N. S. Xu , H. J. Gao,
Metal-like single crystalline boron nanotubes: synthesis and in situ study on
electric transport and field emission properties[J]. J. Mater. Chem. 2010, 20,
2197-2205.

54



Z26 3k

[113] L.M. Cao, Z. Zhang, L. L. Sun, C. X. Gao, M. He, Y. Q. Wang, Y. C. Li, X. Y.
Zhang, G. Li, J. Zhang, W. K. Wang, Well-Aligned Boron Nanowire Arrays[J].
Adv. Mater. 2001, 13, 1701-1704.

[114] J. F. Tian, J. M. Cai, C. Hui, C. D. Zhang, L. H. Bao, M. Gao, C. M. Shen, H. J.
Gao, Boron nanowires for flexible electronics[J]. Appl. Phys. Lett. 2008, 93,
122105, 1-3.

55



BRI Bag ¥ 5L o A 212

56



TS At 22 0 3 8] B FO F 7 R

BUE T F A HAIE ERIS RIS AR

B&EARILX

1. T.T. Gao, Q. Chen, Y.W. Mu, H. G. Lu, S. D. Li, “W-X-M” Transformation in
Isomerization of Bsg~ Borospherenes. (& & 1)

HERILX

1. T. T. Gao, H. Bai, Q. Chen, Y. W. Mu, H. G. Lu, H. J. Zhai, S. D. Li, Exohedral

metalloborospherenes Li&Bag: a first-principles theory investigation. (1% %)

57



B

B

FERDRESE IR SCZ I, MR R B = L2 X B e B, PR
R, FFaE NAE X —BAERR . 7RI ] B A 1 B 0 N T8 75 I !

B, BRI —— 2 BBEEE, ARSI A U R AR R TR &L
85, BIRGHERT, AR O M FEARBIR N T, BEIR T FO0 B al iR i 27,
SCLEBS THRAM R AU 22 1 SOl E AT 1T IR . BORAE S8 T7 T A3 22494,
{ERGH R B, AR FRIBA 58 Bl

U7 I BN L X SR BSOS, MRS AR R,
WA IR, I E CRRIRIIHE R E25 84T . AEHIES T, BB
A THHRAR, IRFSEIFRE, BERGRINTE. R RPN e, 12
SO SO ARG, AR TR D TR I

U TR R eI, BRI, RGP, HRCE I A L0 7T
R =R AR, OO RiE SRS TIFZRTIR. g, B TSN
NITRIGER . ST ' AR, iR

SRR o SR 2Rigan . B S, Wdg. Edk. £E. H
B . AR TKEEE. SR S AT A IR ARATT, R SSRE S T A
S5 I F s . TR IR B A AR K !

U7 I 4 T3S S0 ST B Z A E A1, AEBESLR
TREILAR !

U AT 2 LR B AP ST T B X 22

R

2016 &£ 3 A T KJR

58



PN VRN

PABRARIKRTN
WNLP

s s

PRl 2

FETT: I ARBWN T E B

NVT

2013.9-2016.7 WP RZATRIZ RO B E T Wi
i 2 JE B 27

2012.7-2013.7  HETERGLRE B G B AR5 A

2008.9-2012.7 G K N A ¥+

TAEEm:

BEAR

Fif: 18835128906
Email: gao1990ting@126.com

59



A&

EIED

ARNFEFER: 2 AAR I, RAEFIMIR S MRS,
EALR S EIR AR T L RS . RS JE DU A 44 SUR RS 1E
AR AR O R AR, R AIREE DT BRCh et 5 )
SCHRBERLAN, AZEAL 1 AR AR N BRI D Rk R o 5 i
IR -

fE& 4.
20 £ H H

60



LR SCAE PR W)

0 S A

ARNGEE T LT R SRR AR S Rle, B 22
RATRUOR B T 17 [ 5T S LR B LG I 52 1 SCIK SR B B 1 SR
FCVFIR SCHECAE BIANAE B, RTDICRFHREEN « 48 B ol 40 5 T B R AF L I
G AL o R L P KA n] LA G SUEE A AR B R AL4k
VB ST Al T 20 A 2

DR 1) 22 Ve SCAE A i 16 L A

TE& %4
TR
20 £ H H

61



62



	封面 
	目录 
	中文摘要 
	英文摘要 
	第一章 课题研究背景 
	1.1 硼团簇的研究现状 
	1.2 富勒烯-C60 
	1.3 全硼富勒烯 
	1.4课题的选择思路和内容 

	第二章 理论基础与研究方法 
	2.1 量子化学的计算基础和方法 
	2.2 课题相关程序及具体方法 

	第三章 硼球烯B39-异构化反应中的“W-X-M”转变 
	3.1 引言 
	3.2 计算方法 
	3.3 结果与讨论 
	3.4 总结 

	第四章 金属硼球烯MB39的理论研究 
	4.1 引言 
	4.2 计算方法 
	4.3 结果与讨论 
	4.4 结论 

	第五章 总结与展望 
	5.1 本论文主要结论 
	5.2 工作展望 

	参考文献 
	攻读硕士学位期间取得的研究成果 
	致谢 
	个人简况及联系方式 
	声明


