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ABSTRACT

ABSTRACT

Bare boron clusters and planar two-dimensional boron sheets have
attracted extensive attention in recent years. The first borospherenes Bao”"
(all-boron fullerenes) were observed in 2014 in a joint theoretical and
experimental investigation. This finding enriches boron stereochemistry.
Recently, chiral borospherene Bsg~ was confirmed combining PES
experiment and theoretical calculation, and B4;* and B4,>", as new members
of boropherene family, have also been investigated. They are all composed
of interwoven boron double-chain ribbons. Therefore, the double-chain
boron ribbon should be taken as an elemental structural unit for constructing
boron fullerenes and sheets. It is necessary to investigate the double-chain
boron ribbon in suitable species. This forms the topic of the current research
which includes two parts: On one hand, a series of double-chain B,,CHa(n
= 2-9)were studied using the density functional theory and the coupled
cluster method, including their geometrical structure, electronic structure,
and chemical bondings; On the other hand, we predicted and analyzed the

02* The main contents and conclusions are

large size boron cluster Bas
presented as the followings:
1. Boron double chain (BDC) may serve as building blocks to form

boron fullerenes and sheets. In this part, a series of B2,CoHz clusters (n =

2-9) were extensively investigated using the density functional theory and

1
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the coupled cluster method. The most stable structures of B,,C,H> are planar
double-chain nanoribbon with lengths from 3.9 to 15.0 A. According to
CMO analyses, the B2,CoH> (n = 2-9) nanoribbon clusters are similar to
polyenes in the m conjugation, in which a rhombic B4 or triangle CB: units
are equivalent to a C=C unit in the polyenes, respectively. The adaptive
natural density partitioning (AdNDP) analyses show that there exist
conjugated multi-center bonds along the nanoribbons. The two-dimensional
contour pictures of the nucleus-independent chemical shifts (NICS) reveal
that B,,CoH> clusters have ribbon aromaticity that fluctuates along the
ribbons. The photoelectron spectroscopy (PES) spectrum of the B.,CoHo>
monoanions are also simulated to facilitate their future experimental
characterization. This finding will provide new insights on boron fullerenes
and two-dimensional boron sheets.

02+ clusters.

2. We perform a density functional theory study on Ba>
From the theoretical calculations, the ground state of Ba4> cluster possesses
triple-ring tubular structure, instead of borospherene, which composed of
interwoven boron double-chain ribbons. However, the ground state of B4x**
favors borospherene. HOMO-LUMO gap of triple-ring tube B4, equals to
2.13 eV, which indicate the high stability in thermodynamics. The shape of
delocalized CMOs of B4 exactly parallel to the corresponding wave

functions obtained by solving the Schrodinger equation for a particle in a

hollow cylinder model, which was reported by Minh Tho Nguyen’s group.

v



ABSTRACT

The number of electrons both radial and tangential conforms to 4N+2M rule.
And we find that triple-ring tube Ba> has triple aromaticity, which enhance
its structure stability. Tubular B4> would be viewed as a smallest triple-ring
nanotube, in which two double-ring tube Bog are connected by sharing a
single ring and may be the first triple-ring tubular neutral boron cluster.
AdNDP analysis reveals the bonding pattern of Bs?* is similar to
borospherene B4. We simulate the photoelectron spectroscopy (PES)
spectrum of the corresponding B4 monoanion to facilitate their future

experimental characterization.

Key words: Boron cluster; ribbon aromaticity; double-chain boron ribbon;

NICS; AANDP.
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&, FOIRSIRFIRE, o A VF S MRF PR . XA R R AL T 2 5
BIEESCHFEmE, OIS 7 AR ER . RItL, IR e B 22 B 7T
PR AT TR —

B2 e R IR 2R 5 5o, BT 1s%2s%2p!, HRRAHRE, Pl
AR, (HEAW TR A AR E T IE(CRA 1A p BUEH R T),
E T H SR AN S B A e BT DA AR 32 3 1 BRI A SEIR T 7T 1
ke EFER, AATREROTEZ . &0 — o iU 2% . 4 BT <5 ]
FEAF)REAT T KRBT, EIXEERL 20 7 A — SR A B AR, X HEEATIRA
Wt Al B 1D

1.1 R =R MR B R

BRI A R 5T AL 5 R AR A A S AT SN 40 302 —, TS EAR 3] T
SR SEI AL TAER ) 220, R MW, Wang 5 ANFIHBEILSES
SIS TR, SRR By Bt A1 By(n<dl)iHAT 7T IZ HUBF 520, ok
BT RR A% B0 AT TH B ST TH 45 A A7 7E (n = 3-25, 30, 35, and 36) 117201, fif B,
BHES 724 n>16 B 2R EDIR 45401,

2013 4£, Lu 25 N\PASETHHTE N IUTE K By 0 R — R 51 B9 21 e BIRR
BELEM) (B2, Ba, Bs, BsHa, BioHa, BioHa, DBV 4544 Bao), HEig IR T — &
B i = 2 B S5 FI T BRI 8 T Bonsra(n = 1-12), IXSEERI (1) =500 58 745 14 7 fie
SAERATRA BN E B0 40 Beo) 156 IREEH) o DRI = BE S5 M B SE30 O
1520 /N~ T Aok 4 il s A AR A T — R T RE I BR A

2014 5, fELPERE21 S. -D Li @4H, £ L. -S. Wang BRAEZH FE K22 1)
JLi R, LR HKY Z,-P Liv A E DI E NAMEIE TR, 2l 7 —A0lER
$is Bao” CUWR N & 822, 58— IR b, 1 HAESESS FIeiiE 740l =
G IAFAE . XA A ST RUEE L A, LR 8 257K P Bo XUBE RN 4 2%
T EL 1 Bio MUEE . Bao” BHERM X A = 4S5 AL, IR 2R 50 ik AATAR 2 3El e 2 A
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AT, RIS SAFAEL B HIRIE ? i E X LeEE ), S, -D Li 8 NSO RS N n =
40 AL RIRRO AR EAT 1 — DI T . @ NAT BRI, AAZ RS — D F IRk
Wi Bao BIRIAAAEB S0 EUER, XA S5 Ht2 S S XU Rl . 9%, %
DR SRR ESR 1 BERAG Bar ™A1 Bao®", JWWHERIG ORI I 1 I H ot . K
TR BMRA D bR B, IR S RE R AR ER I Rl 57 0 FR A OUBE A M Ao X S8BT ST 45
PR, B OB A2 AL B BRI (R G5 H 2 TC o Bao PRI ERIG IO BLE, IREZEA
BRI F RAT O 40 BEL R R %R, RS VR A BRI 45 H e ? X T 4R
VA% A IE 7E .75 % R 3

1.2 S PR ER

St A% AT AR BRI A B Hy BT A& BRI AT LA A =28,
B 5SS (m = n), & TIEAAI < ) A E DRI (m > n). BKEE B
A SRR N s A AN, IR AT, — E A AR,
A RAE i R A e R T AE S AT 5, C ol AR 2 A AR AR
PR, AN TIIEE . BRI A SR . T E B A
I U JLAE T AR 13 B AT TR A

TERT B MMEA T R AT, HTEEGERTN, BT —%RE
B . BB S =N, WEN RIS BT GRS ) = 4E k2
FIREEAR,  H A A (45 1 40 BioH O (n = 0-6)E n 25T 4 B 5 Z [a R4 T WCF-H
AR I IERS), BeH, AE n = 42000 I 7P 458 n] = 4EFIR M A . (1
A A S B BRI, SERMP IS M2 SR, el 58RI 4
4 Co BsHy™ 191, Dy, BiaHe 2 (4 R AF borozene), Dsi BisHs™, Doy BisHa, Cay BisHs",
F1 Der BisHe2" 281 (£ 4 N borannulenes), Csx BeHs Fl1 Cop BsHa?%, #ET- 4544 BisHs
BO1 D) Je 22 AR 75 75 1 4584 BaoHs A BagHg B132

X & WA R BT AT, 53— AR R R R I XU B S5 B e 2
FEAREAFAEN . 2012 4, D. -Z. Li F ABIEET BaHo(n = 4, 8, 12)HF 5L, AMUBEH
XEA T BA LR, T H S T SiE N SRS EIBR, fEl T
2T Ba S5 BTG S TR 1) C=C Y. [F4F, Wang 2 \BYRIH 15,
ZELSEH TR SRIG 572, BAIE T BaH2O (n = 3-12) A5 HE K O UUBE T T 4 K 45
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KT 3K A I U £ ) T — OB TE (1 F TR R T AT SR R AT

1.3 FHEMEESHHTRERR

W, FERMRP SRS, AESREU R, RATREsoNE AN AA
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1.4 REBBEZHEHARAR

KERTRRINBIE WA LA T2 3 SRR B LE JRATAS H PR 4518
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P2 BRI O RITAR SRR T SR TR S ROUURE 7 2 TR B A LA
1925 AEFN 1926 4 B8] A F8 LR IR &1~ 7 2 S B 1 A0 25400 I BT Ss 0 () A A JL 4R o
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1964 4 Hohenberg-Kohn & P ({52 1, 45 &5 % %72 K P12 (Density Functional
Theorry, DFT)J7i% () 571421, 1998 4, Kohn 1 [K DFT J5¥:HJTF6) 14 T4E, 55 Pople
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FHIAT o

2% )2 B B4 (Density Functional Theorry, DFT) &5 /& & 7442 FG EUR
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W REA s R, HOEBE LU S b B R TE. HT, 5B s BRI BN
TERTHERT T P B E IR T . B BRI SRR AE T A A SRz BRI

A2 Bk E AT S(Slater pR%Y), X(Xalpha i2 pR) Il B(Becke 1988 32 Bfi). HHKiZ
PR F AL 5 VWN(Vosko-Wilk-Nusair 1980), VWN V(Functional V from the VWN
80), LYP(Lee-Yang-Parr), PL(Perdew Local), P86(Perdew 1986), PW91(Perdew-Wangs
1991 gradient-corrected), PBE(Perdew-Burke-Ernzerhof), DA} BLYP(Becke-Lee-Yang
-Parr)%%.

H Ri# ) 2 B AL 2 B3LYP J53%, X THIRIFRHIE ST, PBEO J7iZi /2 1R
FIR o RN 6B B #52 (R E 2 vh R B, PBEO Fi T L8 F 5 FE 5 28 DA PR RS Aff B 3%
CCSD(T)f5H B REE M A — 2, R RALIUEXS T 21 7% BRI B 72 LU B AT 52 A0 1
SETTIE, Rl R AE R RAE BT, RS REE CCSD(TY/ D VF 2, I AR 12 R .
AL E R 7715 & B3LYP A PBEO J7i%.

2.2 EXRPBEXNEFZAFEBILS X
2.2.1 Minima Hopping & 75 5%

CER IR N TR MRS AR AL S B A R . TR MR, B
SLIGSRHHATIE RARMAE N, HAFAEVE 2 M. AR, TR SR S IR 7
2, WE T YRR AN, eI B AE T, SRADE BT REIE RIS T TR, Bao
TRERIAS I R B, 25 08I SEa6 1 578, il i ARSIV AT R 4 Ve 3 2% 1, T
fOEE BB IS, 43— AT XALEE I ELBER s 45 A B B A, AR A IR A H AN
RE RN RSN, N SICMIERIGE M & T, WA EmL S, RICPE
UL R RO R 25 ¥4 /2 PR e SR B 1), B Z8Hfe 1 BIERIGS 45 M A7 AE o FR I mT L,
HLS VAN A TR R AR S, BRI SEIR MM B, EAMBRIR . 0T A
] A e P 45 R TR AR A A S A 1) BT DK 5 R A T T B S S AT T et izt
I, ANV T EAE BV 24T BB RIT, ASCh E R R R
¥ 72 i /IMEL B K 75 ¥ (Miinima Hopping) -

2004 4, Hit B FE IR K241 Stefan Goedeckera #4211 M /M B BB 7 32

(Minima Hopping)), —fpei =775, HXTHSLU 7 EF. XF7ika B
8
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I o B/ MELBRERIE, AT+ B — 22070k g BkER 7 ¥4 (Basin
Hopping). BB KIESE, ERAMKB TR R MAT A ER, At 1 Hm
1A 7 5B B FCTETIN TE ANBE R E X Bk R /IMEBEER TS — MR
N TG R R AR R XA T R, RS, AR MEBRER TS
Pl R R AR 7 S, SRR R A R = 5 I S I W A A AT L
B, HWREES, XFEHUARIER FIXA R 5i5h, R AMEBR AR R
FEHHIZ 5o, a2, Bis Bar By AT LMRIE L ZOROL B AIREAT Y, XFEAER R AR
KRR HREEILE 2.1,

W IMEBER T VR S IS I 2 1 PR ES R S Uk e 20740 R
W%, 4% LI #%% . Stefan Goedeckera 28 N\ W % J5 % i hb 2 7 B A

NIEREE R R AR A 5451 Bso I,

FEHLAE R — S
NALEE—NEEHM,

I 'Vi |
Exin=Exin"B1 PAEin 810 T3 77 45T, Eiin=Esin B>
B.>1 B,>1
R -
/‘\ %
7% 8l &R A M, & 22495 i it 2‘_
Exin=Exin"Bs
Bs<1
Eir=Eqirr” 02 Eqir=Eqir Q4
O(2>1 a1<1
i 5 = f
BM,E AN

A 2.1 Minima Hopping ¥ % AAZE . @i AT Sdo, oo, Pi, P2, P3891E, RIEHIIG & &,
Fig. 2.1 The flow chart of Minima Hopping. The search efficiency determined by adjusting the

parameters of ai, az, B1, P2, and Bs.
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2.2.2 Gaussian09 27

Gaussian F {672 H #T E N AN DRe s ok 8, R BT Z I ALY
FEFP 22— ZFER A LA DURIE 222245 3 John Pople NARE KWL HIN G =+ %
FARWAIE . AW EIE, BRI EMAR, IEE B2 MR A MR
Gaussian03 BOF1 09 B, A Gaussian #2/5 F B 78 (1 N & —AR 21, EALZEJ7 1,
ERH TR SE T A SOV B AR IR R SRS RO SE
Gaussian T+ 5 A AHE AT I F windows & linux 253157 & i HIEF M, @&
A3 P RRAL I B 3 N Bt LT (Gauss View), PRE A, BFFCkEKIEH 7 {H.
Gaussian 27 GEAE T, ER BURS R PR, #AER S, Eheile K
H PR, Wae T T TANE AT RN R RS . AR SO A TS L AE#R
& fF H Gaussian09 27 5€ i . Gaussian09 G AN[E A, AR B ILA i
A& Gaussian09 A02. Gaussian09 B02 1 Gaussian09 D01 %%, Gaussian09 DO1 & H
AT BCHT RS, R FRATURE 2 B A S8 FH BT, e R AE AT LA O 2RIl |3
BEAT T O SR AR R
2.2.2.1 SRR SHES R

T € 1A F32 1R 5 A6 S fE 0 AR R I B IR AT 32, B PRE R T o AT RV IR R 1%
FEHEAS G, IO FES S AR AR R ) EL SR Y, 73050 Hh B s 2 0 ),
DAL 1 B AN A5 M fe 5 A RV U AT R i R 3 — 20, R EEN . T
B AR E W] LA I BT AT BRIV R R N A R TR e B AT LU E R R IR
(RIS BN A BN S5 4 o 75 P] RE IR SR IR /N G ) (R R A v, AT ] S S P AR T vk -
—R R B AL TR, T LR REN R, R LB AU
HWERITE, AT RN R, B MR, B R, B R R 2
FEARACTISRZE 73 b R AT i 8 FL R TS R/ INGE M, T AR B S5 MG Ao, TUAS
FEHABE LRI, TR A E B AU AL .

FEFRATR S R A i R, A TR B B 1502, =B B (SCF)
IEARAYRSL, I8 BOX PG LI — N ] BE SR R R R S5 A #5  i RIE ANA 3, FRATTT
PUs S S, A SR G AT R R, e A, SR R
PEAC— R SbrdE . 19999 H R R 2 W 2B R EE R, 3G SO Fh A 1R 1K IR 1K f2 72
FUE DB N A e R, BB B R BIRME s o X T IR AT e 2 A

10



5 BORIERAITH VA

BREEMNNSUIEN: &R IEERIRRDN, AU, EMFRT, REmMKE
HOPH, AIRERARYE TR A A R B R I T RIS, AR Re e I
R 2RI G, HBNCEIR/NT, IXEFATAT LA LA I 72 B R A A )
EERIARRR, FERA SIS N OGEE ] “opt = GDIS”,  HLFT AT VS HI A B A —Fif
R I BATH B R —1103 455, &0 N ARARAS S, FRATAT LUd Rt 1 i o4 i
“opt = Cartesian” KAFE

TEXT SRR AT SR R RIS S BT IRE, FH B 5S8R 59 TR opt freq, 7EA&
FRIBORIS, SR RARFENUN 1, AT LASE RAT g, AT 5% 5
r, UGS R B A5 Re AT LA, R B LU I — L R ik, SRS T
AT —ANBLRTHEL, ORI S AT I O B R AT, X FE T AR KK
2.2.2.2 EMSFHIESH

FRATTHS 038 1 e R R AE AL (1 2207 R — R AEAMA EAEH, XFLIRA TR
I B TG IR 2 - S 0T BT I 7044 2 10 OB AE AT 20T o B IE DU 35038 43 A
(Detail canonical molecular orbital, f&#K CMO), FATRER BN AFAI. RAHK
FEEAE B . 7E Gaussian 09 FEFFHY, FRATZEMERM A SCAFRS, Hi A\ “chk = name.chk”,
TG 2R B0 T 7 FHUE(S B0 .chk ST, BHERANCHEFHIN “pop = full” 5%
SR, 7E.chk SCHFrhgt 2219 34 0 T HUE M H0E KRBTGS S . F AT I K
1 GaussView RV AT 1R B H WL SR BT it 7848 R 10 2 T HIERC BRI, NI 43 47 237 P i
JE U A ELAE F A% L. 75 B AL TR 7 GaussView MEAAR R (153 T HUE 5 B
I, RIE I AT Isovalue B R 15 EMRIOIE IR, S AaRAIH T ELAERS 1030 AR B
TEF K. EFATTH GaussView #THF.chk S0, MERE—AN 7 FHUER, HSTIEAE R
TN THEREER, 27— .cube U, HAE & 15 B2 R H0HH
A5 380 00T LA PR 45 45 T ) S A 08
2223 B FEEFSREMERAT HEMITE

FEFRATR BRI T 545 At B BRI SE IR (10 77 VE I 8 S5 W RS ), — MR H %
FHUE /2 VDE. 4P T IS ST S — Ao, TR, it kA
Jeth g, BT CAET 5 RATISR T 8 I B 450, MR R AT AT H O T i,
AT U R ORI B 7 LT SR I B 24w — AN, BTG M AE 2 16 B )
B fE(Vertical Detachment Energy, VDE). HAKHHE 5%k

11
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VDE = Eja-Ea

AREHE TSN, AR RS E TR AT 0 — AN ik 1
SRR, AR AEEM 3, XOE T AR, — MR, — Rk,

B AEEREUE R ADE. €2 P 7RSS MIT I AT, B R P
AT 0, FRIh IR R T IAR R AR, BT R R 2 e AR B R
(Adiabatic Detachment Energy, ADE). ‘& KitH 75T

ADE = Ea-Epa

A, ARNELE, ARKRKREM AN E TR, Baydht, gl
RAETIET B

TEFRVRAE A SCIE AR XS LU, VDE (A B2 BN THE T RIS [F G BTRg i . 76
B %, PBEO J7ikS R VDE {ERISER EWy& R LAy, iRz VN,
2.2.2.4 FEMHIM

— Mk, AR IR R R SR E R L — . TE V2 7 T AR R
WA R BA AR, R A A5 G4 f T 4(4nt+2)Hiickel RN, RE&E
FIHE . BEAESE . NICSOREMALAEAL R B T & R E M A s e, 2 — oA
JIIENE o BT DAAR SO = 380 (0 2 U 1) NICS (A SZ AL 07 78 ) o

ARSI NICS A B ARBUE 75728, LUE 2.2 A

-10 4

-30 -

-40 - e
933999 JLSrE-a-E- - e e

B 2.2 &% BisCaHa (A)A= B1sCaHa (B)2F & A £ 0,0.5,0.8, 1.0, #= 1.2 A4 #9 NICS {5+ &
A
Fig. 2.2 NICS values along the middle lines above 0, 0.5, 0.8, 1.0, and 1.2 A of B1sC2H> (A) and
BisC,Ha (B).

AN T 4K NICS {H AR L%, S FH40, 05, 08, 1.0, 1.2A

12
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A, S AEL T S SRSk SN R B NICS B . 1 7E4F 45 2k NICS fE i St i o
thin 0 Adb, JREFLEMNA B R 0.2 A— N RIETF, WE T 4 HRET, Tl
X FO7 R ARRR P BN — 4 : ... -0.6. -0.4, -0.2. 0. 0.2. 0.4, 0.6 ...
...n -0.65, -0.45. -0.25. -0.05. 0.05. 0.25. 0.45, 0.65. ...
oon 0.7, -0.5. 0.3, -0.1. 0.1, 0.3, 0.5, 0.7. ...
...n -0.75, -0.55. -0.35. -0.15. 0.15., 0.35. 0.55, 0.75. ...

B Je X VU LA 45 5 7 — R B R — 2, U A S T2 369 0.05 ATRE T
ANV, XA R B R SR NICS ik, I A5 20 0 it 28 56 -7
SRJE AT AR NICS I SRR R 10 05 B AT 2047
2.2.3 AANDP 2R

AdNDP (Adaptive Natural Density Partitioning) 2 Ff & H1 35 E It fth K =
Zubarev 1 Boldyrevi®> 331 - 2008 3L [FFF & I — AN, B RIERZ ik &
AL R AR R, BT SR SRR NG L AR % 5 K 23 U S T AT . ADNDP
BN [E T — B AL i) [ 4R B %118 (Natural Bonding Analysis, NBO)/MTFEF, (HE X
T NBO 7t /7, AILAULRE M — Py fE. AANDP 25 MY AT LM NBO —#£ 1]
LA B 5 SR BNE (1c-2¢ A1 2¢-2e §, 73 ARG L7 A0t — 4, 1 HL9R
#h 7 NBO JiE AR AL H =m0 A R B A . FEAHTIERE S, BATEAE S/
JERK, BUM lc-2e S3HT58, #& 2c-2e, LAMLZEHE, BEIFARPREMN BT HE:E. G
—NEEEMRARE L, 4 1c-2e BANTEIE, TN S IE B pAmeR, #T
3% I B R BT, TS AT ARG . XA T DA P R A R R T
ne-2e f(n < RREETFH) . A BRI N5 FERELE B AR B A AR T BR CRRS o
PEAE BB 2.00/e B ARG ), R 1c-2¢ (RN HLFHUE). 2¢-2e, A
JEAKIAE 2R 3c-2e, «+, BT ne-2e B P TN 1 AINDP f2/7, &1E
FEFP EAT 40 BT A R 1 DL B ARME AT A R RN R T BAT i A A Eid
T BT, AR 40 Fr BT /04T, R b B — i AR,
MBS AR TR, FTEEEHEHE RGN TR, &iF4a CMO
S M7 S ELF(HLF 58 38R 50 5 45 R AT

AdNDP &7 H 2008 ETF K LASK, Wh7EVF 2 F A% 00 RS o b7 77 T A3 21 1 R BE,
254 CMO 43HT, iz R T4 R AU 5457 o H TR T A S T 43

13



BV = IR AR A AR 4544 5 B oo

T WL A 1 o7 R G A2 390b, A SR AE RN R (¥ 20 BT R AR AR HE T 5% HH DR,
FRTI R T 43 BB 3 A NI RIS Bao® 22k TR T A AT A AT R

BHENKH AINDP F2J7, 8T 1o AN IERIE Bao 20 T I SRR S, HL A
BRI 2.3 B, o3 60 X HL . Horh Lt 48 Mot % TS
48 N=MIE, MR 48 Dot IEF AN =ML L, BIRE 84 6¢c-2¢ Hok,
{H 2 H A TR R AE Be AT O Bs =B L. X 48 Mol e @ E T T
Rl I T84 12 i, 20508 4 4 Sc-2e niE 4 /> 6¢c-2e i Al 4 4> Tc-2e itk
X 12 Mt e e E R BN . BERRES, BN EE 2.0/e/1,
N A B 1% 50 P T IR I, Y A G T IR (O B
20-2¢)0 XKLL B ) H LA R RSB TR K

40 = 3c-2e o bonds 8 x 6c-2e o bonds 4 x 5c-2e 7 bonds 4 x 6c-2e 7 bonds 4 x 7c-2e 7 bonds
ON=1.87-1.96 |g| ON=191|e| ON=1.95 |g| ON =1.96 |e| ON =1.93 |e|

B 2.3 By &9 AANDP sk s X221,

Fig. 2.3 The bonding patterns as revealed from the AANDP analyses of B4o?%.

2.3 =1L EHEFEERY the hollow cylinder model (HCM)

A S Minh Tho Nguyen UR#EZHB8T- 2014 F4E H, FE R Thia H T RE Bar"
R E . B 2.4 PRI T HCM RIS 5L DU AR & &
SRR EE RN L, BN R, NN Ry SMEAN Ry, FLTHIIE SRR #17E
RoF| Ry 2 IAl, Heth Ro=R-ry Ri=Rtr, r WA OBIAAK TGS K22,

FEARARRR A, — AN BTEN m PR AR XA 20 AR g B K e e 19 7 B T R
NN
1o 1o @&

op’ p%erzﬁ+§)‘/’(p,9,z)+K(pﬂft//(pﬁﬂ)=0 2.1)

Hobt, x(p,2)’ =;—T<E—V(p,z)> 22)

HBERMEA TP 1R2p MR 2, Vi(p,2)iwi & BT SR AT A2 -

14



8 BRI SV

0 ifRySpP<R,and0Sz<L
V(p.2)= ifR;SPSRand 0z,
(p:2) {:c otherwise

(2.3)

H24 2SRAAREAE, ROREEKRGHENL, FELAR, AEA R, IMEAR, T
4935 AL TR H) 2 Ro 2] R1 Z 18], Ro=R-r, Ri=Rer, rikifkHh 2o Eitkd EahayFn",
Fig. 2.4 Hollow cylinder model. The hollow cylinder’s height is L, radius is R, inner radius is Ro, and
outer radius is R;. Particle’s movement is limited from Ry to R, with Ro= R-r, R; = R+r where r is
called the active radius of the hollow cylinder. **
FQ. DM A SE HH Gravesen FE A$EH . R @R, WRETEA:
v(p,0,2)=P(P)OO)Z()  (24)
HArP(p). ©(0). Z(z) 53 il 2 -

d*7Z

o =—k3Z (2.5)
e
=@ (2.6)

15
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2
X P+pd—P+(k2r2 ~1*)p=0
dp®> T d n
P P (2.7)

ERXQHEEGUFHFM: Hz=08F =L, Z2=0, R5H—1k, @FHE
2 . kx
Z(z)= 7 sm(T z)
AHEFH 2N IEEH(1, 2,3, ..).

/iy 4 1 .
i 5E(2.6)15: () = ol

27
H T 00) W6 2t /2 SAVEIL S oA, BT A e &0 1 e B0, 1, £2, +
3, ) BIAET O, AR ERIES.
P(p)ii e RITAF A6 Hp = Ro B p = Ril, P(p) = 0. FITLL P(p)HIfFERE—4
Bessel BRI, FIRIRA:
J (ke R+ )Y, (k, R(1=&)) = J, (k,, R(1 = €)Y, (k,, R(1+£)) =0 (2.8)

HERQIYERT A, kR, 5. S Y, 7358 Bessel 55— RFNE 2K
R [ RIEHE T ¢ = /R 2T OEFEBEREHNER. kR T, %X(01)
ANE(E B RE BT 3 S

R KL R
2m 2mR

E (K, R’ +(’Zf’f)2) 2.9)

L/ = L/R WRR 9 23 [BRAE AR 1) Oy 1

B AN BATI R Dy AR A e e B 7K 1 ROMEL,  mURE I HY £ R) IO R, IF H. kiR
FHME R BLRE H fknR) = 0 FIETHE -

VEN— KA kR BRI TR RIE] T, B 2.5 BoR T 2e=0.5, Hi= =1 K HH]
= kR . RZFE A T RO R ERRE RS =R TR AR T ¢ =1, 2,
3, .o FMTATBAE M AME E RKXT kR, kM LIX=AHEBKN RS 45
MHRTIE, kR B2 G e, [ n PUE . B, 250 AT AR AL ) AL 25 (B B8 H0) Bk
TEANETH, A —MEERETH(K=1,2,3, ...), —MHEHETHI=0, +1,
+2, £3, ), A—MRAKNETFHHN=1,2,3,...) KIESFBEE I LT HE R
RREP R ETRRES

16



5 BORIERAITH VA

1.2 T
€=0.5
1+ [=%1 -
08 1
~ 05 1% zero 2" zero 3" zero |
ijs n=1 n=2 n=3
= 04 k,R=3.2712 k,R=6.3577 k R=9.47621
02 J 1
\{ //—\
0 v '\
Yo 2 3 4 5 7 8 9 1

KR
B 25 53 kuR 9T Trike BYRTT %e=05, Hi= £18, $XQ.8)MAT=A kR 8914
Fig. 2.5 Method for the determination of the parameter k;,R. The graph shows the first three kiR
values of the eqn (2.8) when ¢ =0.5 and /= *+1.*"

FEBARSEB R R HT, FRATTEL Bor" BRI — " o 70 5 HLIE 7 At e (B
TERIE)F) [r) EHUTE (15 A o U ) B A . B 2OF EH HCML ] HH (R U G R AT 144
KPR H, RANE—TUIRMIE, WE 2.6 B, KZEY)H 2T
T8 AT TR G K b7 18] B9 2p, JR 7 PUIE B A0 R 1 HUIE 2sp, AH BAE HJE B
Hro EAIELLN, 427 R n REER—ME n=1. G5 8H £ RIZKTEIR
SEMITPIECE . Bl k>3. BAh, k=5, RAEPUEHARIESED S FEHUIE)E
e R THIE . eE T REBE I NZAR - ERT SR TR E 2. f£ By
=ZESMYIRPGET, FEE T AATRE k=4, 5, ..., RETRETRI=0,
+1, £2, ..., 9, 12FTEE n KEUE R BER 1.

2.7 2L T AR RBUERIE L, K2R 0 THOER I B T BRI R
A1 ) 2pxy ST BE B 2spy SR THUIEM BAEADE ). BIAR AT i in RA—
ME n=2. HEATREH kK ARILETHIAREE K. 5UIRPUESRDL, ek s
HH I Nz AR EHIERNETREZ. £ By = E4ampuEt,
HETHEATR k=1, 2, 83 k=3, REETHIDEILR =0, £1, £2, ..,
+9, TMARFETH n RN 2.
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4121 411 401
B 2.6 &= HAARREY S E R E (chiE)E, BTRFLAAAEETHET

LA

ok, REEBTHI, FREOETH M, EQFREGZ AR FHE,
Fig. 2.6 The tangential (o) shape of the MOs obtained by solving the Schrédinger equation for
the particle in a hollow cylinder model. Lower panel: the model solution with quantum number £, /,

and n, respectively. The + values stand for a doubly degenerate state."™

)
f v e —

gy o0 (oo) ©

4 L @ =

2+12 122 202 1+12 102
B 2.7 RS HAEAKRERER B E R EEHE nid) B, BTHRFIMNAZANZTTHE, |,

n 694, E {5 REGE R FHE™,
Fig. 2.7 The radial (x) shape of the MOs obtained by solving the Schrédinger equation for the

particle in a hollow cylinder model. Lower panel: the model solution with quantum number £, /, and n,

respectively. The + values stand for a doubly degenerate state.™

A0 BEAE AR R, AR R PUE A D) FPUE BT SET A (AN+2M) . MORTHO
o 1, M A FEBUE R DFPUE R E e, 270 T HIE T8 A vy B, M=

1, {M=2,
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H =5 XK DT B PERIR BanCoHo(n=2-9) ) 58—V JF PR 7T

F=F WETHIRS TR B.CoH, (n =2-9) BYSE— 14 R IR

9{'

31 3|8

PR A R T A BRI T oo R, SERARSE, ERA V2 A E T HIF Bk
MM . TRk, BIER By, B’y F Ba(n <4142 4R FH LIS A
BOARGE A W AT T T2 B TE o Fe b 0 2 D A A A~ T B P T 4544
B T IR S5 H 1) Bao®22UR0 Bao BRI « K5I, Bao” F Bao BRI ¥ o1 HAHZZ
URTIRUEE L . TR ITCIA By el — S DS (S0 IF R e A7 7E I
XUFEHPRE ), — R P =20 R I JE T 220 B A BRI & S (4 & o e 22
W IR T — R R ST, AR I LR A R g TR pR B 2
XU ZH B3040 59010 R, B U 7 122 2 A S B s s RV )22 465 ) ) — A B B 5 ) B
fir

N T IRZE WU e PE  SUEERN (175 N 4 R Ge iR AU 9 o R SR XUE Bo,Ha B4
H Bau(BO):2 (1 = 2-6) FH AL LG 4RI, (R AT K 5T R G 7R
U I AE () B T R UE AR L8 . BUE B,Ho? (n = 6-22) BIF R L E Lyt
FCo BRI G BB ARG 2 D0 AR B IR, T DA T 70 o 1k A 1 B AR R A A
(Ko WEE BioCoHa R R, AENWEE B> S TR R, A e HaEE Limes
B /ME A DRl e PRI R AR AT 2 5 4 LR R S5 M B e

5 1 A BT T AR T L AT S5 AL R P T S A B R — o TR S A
MR i, RIST AL AL RS (B (NICS)I63 64 & —AMa B HoA e dE, 1MiiE
PO (4 28K 53 (AANDP)S7- 051 e 3 M it 7 — DB ErdtiR . SR, X
TP % 55 A RN FUATD SR S kA 1

FEXATAES, — R 51 Bo,CoHo BSE LA T 25 R Bt 78, 18 H
()2 % FE 7 B FR (DFT) A MG B 5725

3.2 EG%

SERIRAL AR ZE AT R F (2 B3LYP ik, 6-311++G(d,p) 4166681 , %} T4
—ANAEIRATVES % & T R E N RER) SR . eI S R HE R T B Ho 2 I
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BURETIR =P IR R TEDR I P A 4 ) 5 i o o

BE SRR, @I F AN BRE T B AIR T, 503 BCao (KK AE 5744 fA i i 484 i
PIAN s SR T AESE MO F kb . 78 B3LYP 7K F R I — 6 5 Mg 4 1) AR X A R H
CCSD(T) [-72(coupled cluster method with triple excitations) /7 ¥ i#E 47 1 i3 — 5 K5 i
5. NICS 18 i 5 5% B 1 /& Gauge-independent Atomic Orbital(GIAO) J5 v
B3LYP/6-31G* RPN . AINDP 73t 1 AR E5 1 1 A 3. PES 3 B REUCR ]
(& TD-DFT J5¥%. FTH DFT iHE A M5 E H Gaussian09 257151,

3.3 SR MTR
331 GEREMN

K 3.1 @R T BauCaHa(n = 2-9) B B AR € IR LI Con 1 P/t S0 1) XU
GEik, A5 Z AN RIS B AR BuroHo? AL . BUREK FEVE 2 3.9 3] 15.0 A, X T
PR 2 BURE S5 M PR R I A B R 1 o R 5 75 XUE 45 74 BouCaHa(n = 3-8)
L TR AL, TN T BaCaHa Al BisCoHa Ab T4t f1 Ak

XU 45 F4) 5 HAth P T 34 336 1) S MDA A EL R ARG R (. 280K 0, 1 3.2 AT
3.3 5 T BsCoHay BsCoHaw BixCoHo Al Bi6CoHa )22 SRR SERIfAR . EARRE,
LA P AR R I 45 R XU ), R Bk iR 1 PR A 8 AN T3 A i 45 A AN
CCSD(T)J7i5 2 H Al AN I R S i e . T s i (R 779, EUR FHIX RO VAT 2
EeAsRERT, FRATIESE CCSD(T) 7 VEM B3LYP LR &1, RIRAMX AN B S . X
F A AT TSR 2 P BN % BaCaHe, FRATTAH B3LYP A CCSD(T)IX #5 Fh 77
PATE T WA R AR AR, RATRIL, XWEFONER B RE R & — B, K
Ph 5 L A4 I B B3LYP 5 v HAth A #0047 1 5

i 3.2A, XUEE Con B BaCoHa LIRS E AR HE S A K Cs ) BaCoHa 7E B3LYP A
CCSD(T)/KF- R 23 A 0.14 eV F1 0.20 eV . ek 58 1 BaCoHo Z5F UBEK BN 3.9 A
AT JE 1 C=C W — PR B & 7 20, FRATIR 2 5 A8 BB A B hr T 95 2% P47
BERPIRIALE, SRR S T RR A E I C=C X, (HRIRATR AR,
Hh ()7 B BT AR Bl A T 1R B 3, e R RS R R RIS = A Rk, 2
JEIERAME, T IXAN Je) 3 /M 454 LU SR 8 I 45 R 7E B3LYP A1 CCSD(T)ZK P 1
5391 0.14 eV F10.25 V. X T BsCoHas WK 3.3(a)fTn, FATAIEH, 1.0eV LA
N REE LR, T 1.0 eV LA WL T BOREEM o T8k R 107 B 7E W
FER LA A B AR E , AT BaCoHa, B S 7E 81 A Ak 10 45 04 LU AR B A b ) 5 A TE
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H =5 XK DT B PERIR BanCoHo(n=2-9) ) 58—V JF PR 7T

B3LYP /KF- FREE R 0.31 eV.o KT BioCoHa, ki i [ XUEE 45 MR R 107 Bt 7E 8
AL, TR BsCoHao HReASE Y XUEE 25 1) L IR RS 8 45 K72 B3LYP 7K-F T 1IK 0.16 eV(Hn
K 3.2B). B BRI FA R E =AU IR R AL 1 E BRI 1) B1oCoHa BEARE,
RIS — i AR R K BUEE T T oK G5 AT A U 5%, IR0 BaoHo> A1 7%
W —E, ST K SO, FRATi%E BisCoHo AB), WK 3.3(b)FTs, 1.0eV LA EH
LT RIREER, XA T RE R b S R AR E AR ZEROR, SR B LI
AF e T LA 45 M 2 XRS5 ) o

299”7 PRI’ 29D 0 9P R0 500090 5
9P L,V P99 V399 033999 5455009

Con 'Ag Con 'Ag Con'Aq Con 'Ag Con'Aq
A B C D E

-]
PP IDIDDG FPIIIIII G aw;aao;;o:
P S PGB PP 999999999

Con 'A, Can 'A, Con 'Ag
F G H

A 3.1 M4E B2,CoHa: B4CoHa (A), BCoHz (B), BsCoH, (C), BioC2Hz (D), B12C2Hz (E), B14CoHa (F),
Bi6C2Hz (G), #= BisCoH, (H)89 JUATH AL,
Fig. 3.1 Geometric structures of the double-chain B2,C2Haz: B4C2Hz (A), B¢C2Hz (B), BsC2Hz (C),

B10C2Hz (D), B12CoHa (E), B14CoHz (F), B1sCoHa (G), and B13C,H> (H).

. 2@’ e % %
S99 RE R ] 99
J 9 4 4
A. Con 'A, Cs!A' Con 'Aq Cav 1Ay Cs A’
0.00(0.00) +0.14(+0.20) +0.14(+0.25) +0.27(+0.39) +0.53(+0.59)
@D 9
A 299
R B & S e e e Sl S o o i ' X000 e Ry
V3 3P I9 39399 0399999 J\J,o\‘o ‘\‘Q‘J
B. Can 'A, Cs A’ Con 'A, Cav 1Ay C A
0.00 +0.16 +0.43 +1.32 +1.62

A 3.2 BsCoHa (A) #2 B1oCoHo (B) 89 — AR AL S M4k, Mefi@gAast e 2 a0k 242 h eV, 5]
& #£ B3LYP K-FTF 4= CCSD(T)//B3LYP(IH # 5 #)K-FTF.
Fig 3.2 Some low-lying isomers of B4CoH» (A) and B12CoHa (B). Their relative energies are labeled in

eV at the B3LYP and CCSD(T)//B3LYP (in parentheses) levels.
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v AR

Con BngHz(] Ag)

(a)

0.00 +0.08 +0.24
-2 2297 }ﬁir/ 2099
m#j ? J‘H >
Con A Con 'Ag Cs A
+0.31 +0.54 +0.64
&S e s g
S ? Pap
bt 9 ﬂ“ o )&
Cs IA' s 1lA C2 l[\
+1.00 +1.14 +1.83

(b)
ANNOIN SN AP

J

Con  BisCaHo('Ag) Cs A C: 'A
0.00 +0.21 +0.33
9
E -2 ~ 222222
SOSRINET SRR SRR
9 9
Con A C 'A Con 'Ag
+0.50 +0.59 +0.70
av, @99
ot Fa¥ e
JZ:;&’ ¢j¢‘ - ?Htf
u <& i* v/‘ ‘J @
A Cr A G A
+1.38 +1.40 +1.46

B 3.3 BeCaHa(A) A= Bi6CoHa (B)#) — K AL F A 4R, M ey Aast fe Z R T 842 h eV, R A
#9 7 %% B3LYP,
Fig. 3.3 Some low-lying isomers of BsC>2H> (A) and B1sC2H> (B). Their relative energies are labeled

in eV at the B3LYP levels.

3.3.2 HEMEEM
XUBE ) BonCoHa A Dy e fi] 1T~ 1 [ 7%, A DR 21 T s -1 1 8 2T e

() EL T ARR IR (1 L R 2 3

153§ HUIE(CMO) A BoyCoHo(n = 2-9) AR I A B S T ZME R . Hin
g LA H (L 3.4), BsCoHa, BsCaHa, BioCoHa Ml Bi6CoHa 4351 2 4, 34,
4 AFD S ANnE, AT rIEER 1,3- T 0 CaHe, 1,3,5-C. =4 CeHs, 1,3,5,7-
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= WEEHIRTT A LRI BanCaoHa(n=2-9) 15 —VE JF BT 51

VU4 CsHio, #1 CroHizo WIS ., X B,,CoHo 7%t REHE B 1F & Ak B ) —
Sy, nEE S R T R PUE R, HP SRR By BoraiE = A CB. ot

IY B TSR T C=C WUk
29999 99942

HOMO-1(a)) HOMO(a,)
2908 9992 2399 9292
’
HOMO(b) HOMO(b,) HOMO-3(b) HOMO-1(b,)
292 992 932 P99 IBI DR
b &
3 4
HOMO(a,) HOMO(,) HOMO-3(@a)) HOMO-1(a,) HOMO-7(a,) HOMO-2(a,)
9% 22 S0 @ D IS BID BW
1 M &
4
HOMO-1(b) HOMO(b,) HOMO-4(b,) HOMO-1(b,) HOMO-7(b,) HOMO-2(b,) HOMO-9(b,) HOMO-3(b,)
- =2 b 4 D Sy D .
HOMO-3(a,) HOMO-1(a,) HOMO-6(a,) HOMO-2(a,) HOMO-8(a)) HOMO-4(a,) HOMO-11(a) HOMO-6(a,)
2-9° ) )‘*"a‘ 1 asapaRo°, 3 3 3 3 anaaaaangs . d 3 3 3 3
f ‘J %, e == ] “‘ e = s =S ‘? f‘t‘f"a Ra b A araret ‘f‘f' f f ""

A B
B 3.4 B4CoHy #= CsHe (A), BsCoHa #= CHs (B), B12C2Hz #= CsHio (C), YA B16CoHa = CioHiz (D)n

FFHE N —— T E .
Fig. 3.4 One-to-one correspondence of the © molecular orbitals between B4C2H> and CsHs (A),

between BsC,H> and C¢Hs (B), between B12C2H; and CsHio (C), and between B16C2H> and CioHi2 (D),

respectively.
A (2) 3)
B (1) (2) 3)
C (1) ) 3)
220000 R ARRRY
D (1) ) 3)

B 3.5 — ek s K BoyCoHo: BaCoHz (A), BsCoHa (B), Bi2CoHz (C), #= BisCoHaz (D)49 AINDP
S P oke nI A9 X,
Fig. 3.5 AANDP ¢ (2) and = (3) alternations of some double-chain nanoribbons B2,C2Hz: B4CoHz (A),

BsC>H> (B), B12C2H» (C), and B1sC2Hz (D).
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AdNDP 73 H772& F B3 n A0 PR B (ne-2e) 8 (n AL TERDE 1 B TR RTE
FHE T EE B RA T TR BB ES, BRI AN ELS T RS Lewis (A0
FH1 2¢-2¢ B, WHEA T IFAELER ne-2e BikEE. 3.5 F 2T BsCoHy, BsCoHo,
B12CoHo A1 B16CoHa ] AANDP 737 (8 B A 3o SRALLT BaoHo>, 92K 41 1) B-B
SR AIR B 2¢-2e 1) o B, TR 2 OB A AE P S AT OB BE (], OF HIE
KA RIS & MR a1 3.5 Fros, BSiinde & DY b oo el =
O, S AGTE BaCaHa, BsCaHa, BiaCoHa # BieCoHa 431 HIZE T B HTEUHE = £
¥ CBy #.70 b o nE 2 hORHER XA — 2 s 05 & 1k, IEana S)a T
H SRy 857 A BT,

% 3.1 sE-F@ AR M Con BuCoHa (n=2, 4, 6, #= 8) % M H 5269 ELF s AT X, &
7| T ARG 5 AL ELFs, ELFx, #2%169-F 314 ELFave
Table 3.1 The ELF bonding pattern of DC planar nanoribbon Cay B2nC2Ho (n = 2, 4, 6, and 8) neutral

clusters. Approximated bifurcation values of ELF,, ELF,, and Their Averages ELF,, are also

tabulated.
structure ELF, ELF, ELF,,
T
C,B 4CQI‘L_(’A!) 0.88 0.94
2099 57 0.81
90009
C, BSCII-Iz(‘A!)
29D 59 0.81
V9900909
Czh BuC:Hz(lA;)
P02V 0 209 4 0.79

P 20000000

CaB,CHCA)

Santos7445 N MK & A HLAIEHLAAR R 32 H T B ELF A Wik 5 05 7 1 1) )
Wi, BIOF M5 T HA 345> XAH ELFay [ELF.y = (ELFs + ELF,)/2]7E(0,1)J5 N,
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HH KT 0.70.% 3.1 FIH T Con BaCaHa, Coy BsCoHa, Ca B12CoHa, #1 Cay BigCaHa ]
ELFo.ELF.#1 ELF.,, 7> %4 ELF, = 0.88, 0.78, 0.78, 0.74, ELF, = 0.94, 0.84, 0.84, 0.84,
P339y XAl ELFay = 0.91, 0.81,0.81, 1 0.79. BUtAl WL, P95 XAHASZ KT 0.70
(¥1, H9 ELF HI¥E3 Hix S XU V- 0 400K A1 25 K #5205 B 150 1o

N T RS T BonCoHa BRI 55 A1, FRATISGESE T NICS i, BINE
BAT W E A S, Ho2— R e . A T IRREEKERRm, RALERE
TPk K A BE Bi6CoHa A1 BisCoHa #EATHE G . A0 At 5 7 ¥ BisCaHa A
BisC:Ho (WL 3.6)70 TR 2R B 20 7 F 1 0, 0.5, 0.8, 1.0 LA K 1.2 A% & [ NICS
{5 A1 B16CaHa Al B1sCoHa 73 T F 1 LL_F 1.0 AL f)SF T ) NICS B (4 3.7A F1 B).

y | B
10 | A

0

O 20

pd
=
wl 990009999 ] o90000090

Ve 009 e e-e e eTa-e
B 3.6 &% BisCoHa (A)F2 BisCoHa (B)2F P &AL 0,0.5,0.8, 1.0, A= 1.2 A&t #9 NICS 1A+ &
.
Fig. 3.6 NICS values along the middle lines above 0, 0.5, 0.8, 1.0, and 1.2 A of Bi¢C2Ha (A) and
Bi1sCoHa (B).

H&l 3.6 AT%0, B A NICS fHESZ ), I HAEWE BisCaHa A1 B1sCoHa 731
L E 0.5, 0.8, 1.0 1 1.2 ALbAAH R RS AR B G o Bl R~ R B8 B 35 n, NICS
(B kN T HLAER R AR AR ST . XS B NICS A URRARXS 5 & 1tk B TR
WG, FATERE 7P B E 1.0 AdMEATHE NICS {H bR AEFE BS(NICS(1)).

AR, WKl 3.6 71 3.7 B, ) BisCaHa A1 BisCoHa ) NICS(1){E 7>
A 5 A6 MR ME, 1T T AANDP 2 H sk N > T BUERISH . X
AN R I 3E— 5 R BITE I Se g Ky A 2 i Jo 05 0 1 (B3 0 4 ) IR A E

TR R W A7) NICS B AR X 870 A P B1sCaHa H1 BisCoHao XU 5
A8 4 B-B . BT NICS 1B 1) 5 RAB/fe/ME 53 ) 9-13.4/-8.4, F1-13.6/-5.2 ppm.
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XUEAEARA Sy HAE ] 1 XUk BoyCoHo B HHIR TS A

AN T\

B 3.7 BisCoHa (A) #= BisCoHo (B)2F-F @ L7 1.0 A% é9 NICS() ¥ 5 & B, 51149 AINDP
LG (C A= D)AF L A,
Fig. 3.7 NICS(1) contour pictures 1.0 A above B1sC2Hz (A) and B1sCaHa (B) compared with their
AdNDP orbitals (C and D).

N TR SR AR BT B, AR T 9k R L7 1 AET A
NICS {8 i KAE A /ME 3 NICS {H . AUE B2,CoHa(n = 5-9))~F-#5 NICS 1H
IRIN-114, -11.1, -10.4, -11.1 F1-8.9 ppm. HILAT %, BRIV R S5 #) B A
LR 0% B 1k

R4 B16CaHa A1 B1sCoHo H NICS AH —ZEF$ BT LUKEL, XA 70 5
XUEE S HIAFAE 5 A6 N/ MEE 3.7A A1 B). iXEeHz/ME IEIFAL T AINDP 4347
(W& 3.7C F1 D) H R JE 8 2t P I X35, - R AT 0 55 B R IR T 2
O mUiE . SRR 2 B T U 1Y) BanCaHa R IR 75 B PR A 2 A B L1

H .
3.3.3 PES iZE{EH#L

255 6 LT RS AT MK T SRR B R R AE UM BT AR AT I —Fhig At . AEIX A
TAEFBRATRA TD-DFT J7E5 W BoyCoHy (n=2, 4,6, F18) BB FHIIEE L5
TN T 1 BRI BE(VDE) IR, IR0 A0, 1 Al AT 8006 1 (4 18l 3.8). Can BaCoHy's
Con BsCoHy's  Con B12CoHa™ Al Con BisCoHy ‘BN EE — A VDE {H 73708 1.22, 2.24,
2.65 F12.81eV , ZH—UEE(X)FIEE —ANIEE(A)Z ] 1] X-A gap 7370 1.42, 1.54, 1.26,
A 1.13 eV, PES i EIRREHN, DUMIRIE R SELG R AE .
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Fig. 3.8 Simulated PES spectra of the ground state B2,C2H>™ anions (n =2, 4, 6, and 8) at TD-B3LYP.

3.4 B4
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B R AB A S5 /IME I F 58 v] 8 B X AN G518 . B AINDP 2347 R NICS {514
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4.2 {85 %E

4 R G A48 2R ()52 Minima Hopping 81735, JF454 7 KEMT T8, 45
PR AL R 2R 73 47 2 45 244072 B8 PBE0/6-3 1 14+G*H41/K 7 N #k47 . 444ki2 5 PBEO Hi
T HRE IR F 5 A NS TR SR CCSD(T)3 M (1 AE B S AR — B 14471, L3R 4E Kk
BIE XS T8 A% LU AT SR T SO, Rl R e RE RE b B 0 T IEELE CMO
VPEARII AT T Bao LS L5 M0 R . B2 RS 45 H] AANDP 2347 1 3 i s
2. PES 3 B A 40K 0 /2 DFT(TD-DFT) /532 o A 2 P BT A 155045 4 ] Gaussian09
70.7UFEFF . ELF A1 AINDP 4 73 #7 B i Molekel5.47012: 1145 21 .

4.3 ZRiHe
4.3.1 SEHREEN

Ba HJFES S K& — A Dra MR = ERE ), B — D EFH 14 4 B T,
WP 4.1)FT7R. RFRE GRS Co 0 RN I D $0IR P T 254, Wil 4.1(b) T
HET T 45 K T BE 2 T U BRI BT 3R A 1 4544 B

(a) D7 Ba('Alp) (b) Cs Ba('A)

B 4.1 PBE0/6-311+G*K-F T Bay 69 %A% & L2 M) Ak A8 F 404K,

Fig. 4.1 The global minimum and low-lying isomers of By, at the PBE0/6-311+G* level.

XF Bax 2SR RAF B M8 SR PRTE I 4.2 HhaH,  MRE SR A FE AT AT BT R
t, MXTRERE T 1 eV A A0 LSS, KT 1 eV IS5 23 A0 JUAH XS 3 8 H.
sERAI e R LK. 7E PBE0/6-311+G*/KF T, 4Rt/ =R EIREE # Lk
FaE FHARAK 0.36 eV, IX—fe R 2 f = E 45 M7 B AT 2K FIRE @ HUSA Ba
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Fig. 4.2 Some low-lying isomers of B4, at the PBE0/6-311+G* level , and the relative energies are

shown in eV.
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Fig. 4.3 Frontier molecular orbital energy levels of D7q B42.The HOMO and LUMO pictures and the

HOMO-LUMO energy gap are indicated.
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Fig. 4.4 Optimized structure of the ground state of chiral B4,*".
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Figure 4.5 The shape of the delocalized MOs of B4, computed using PBE0/6-311+G* method
classified according to (a) the tangential (o) shape of the MOs, (b) the radial () shape of the MOs,
and the corresponding wave functions obtained by solving the Schrodinger equation for a particle in a
hollow cylinder model. Lower panel: the model solution with quantum numbers £, /, and #,

respectively. The + values stand for a doubly degenerate state.
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Fig. 4.7 The adaptive natural density partitioning (AdNDP) analyses of the ground state Ba)>".
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