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ABSTRACT

ABSTRACT

With the rapid development of computational chemistry, theoretical
calculations exhibit unique advantages in predicting and exploring the
structures and properties of novel clusters. Because of the similarities and
differences in the structures and properties of boron and carbon, researches
on boron and boron-based nanomaterials have attracted much attention from
chemists and materials scientists in recent years. In this thesis, we present a
joint first-principles theory calculations and photoelectron spectroscopy
(PES) study on the geometric structures, bonding mode and spectral
properties of the size-selected boron clusters B,s™ and metal-doped boron
clusters NiB13+/'. The main contents of this thesis are as follows:

1. Experimental and theoretical studies on the smallest planar boron
cluster B,s with a hexagonal vacancy

The study of geometric and spectral properties of the B, monoanions is
mainly based on the combination of theoretical calculations and experiment
currently. The B, (n=3-25, 27-30) clusters have been systematically
investigated both experimentally and theoretically and have all been proved
to be planar or quasi-planar in their global minima and the B,; is the first
cluster with a hexagonal hole in the experiment. In this size range, only
Bys cluster has remained unknown due to its complicated PES spectrum and
potential energy surface. Based on the analysis of the photoelectron spectrum
of By and the rigorous theoretical calculations and the extensive global
searches, we investigated the geometric structures, bonding pattern and
spectral properties of this cluster. We calculated the relative energy of the
selected isomers at the PBEO and CCSD(T) levels, the TD-PBEO method was
used to simulate photoelectron spectra and compared with experimental data.
It is found that at least three isomers(I, II, IIT) with different geometric
characteristics in the gas phase contribute to the measured photoelectron

spectroscopy. Isomer I is the most stable structure in Gibbs free energy at

I
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finite temperatures and is found to be the major isomer in the experiment,
indicating that By¢ is the smallest 2D boron cluster with a hexagonal hole at
the geometric center. The ground state VDE of isomer III could be used to
explain the distinct spectral feature of the experimental spectrum, which has a
pentagonal hole and is found to be a minor species. Isomer II is the global

minimum in total energy at 0 K. It may also contribute to the observed
spectrum. Isomer I can be viewed as an all-boron 7-analog of the polycyclic
hydroéarbon CHy, ™

2. Theoretical investigations on half-sandwich NiB;;" and perfect planar

NiB;; complexes

Smaller boron clusters are known to be planar or quasi-planar which
may serve as inorganic ligands to form new complexes with transition metals.
Earlier theoretical studies of metal-doped boron clusters indicate that metal
atoms have important influence on the structures, bonding and other
properties of boron clusters. The global minimal structure of B3 possesses
three inner boron atoms and ten boron atoms at the outer ring (Bs-Byg
structure), similar to benzene. Unbiased global searches combined with the
high level of quantitative calculations show that NiBi;' tends to from a
half-sandwich structure, with Ni lying above the bowl-shaped B;; ligand
which consists of a quasi-planar B4 unit as inner ring and By unit as outer ring
(B#-By structure), similar to the experimentally known half-sandwich
structures of CoB;, and RhB;;". NiB;;7 monoanion, on the other hand,
possesses a perfect planar Ni€Bj; structure with an octacoordinate Ni
center, similar to the global minimum of Co EByjg reported in the literature.
It is the smallest Ni-doped heteroborophene-typed cluster.

Key words: Boron clusters; First-principle calculations; Photoelectron

spectroscopy; Structures and bonding
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Fig. 2.1 The flow chart of Basin-hopping[m].
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Fig. 2.2 The schematic view of the laser vaporization, magnetic-bottle photoelectron spectrometer[“].
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Fig. 3.2 All optimized structures for the By~ cluster within 1.0 eV of the global minimum at the
PBE0/6-311+G* level. Zero-point energy (ZPE) corrections were done at PBEO, and the relative

energies are shown in eV.
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AG/CCSD(T) [0.00] [0.01] [0.11] [0.13] [0.25]
(b) 825 aVAVAYa ?‘S
\/ \ ,;;fi
) B X \
VI(C,,*B) VII(C, 'A) VIII(C, 'A) IX(C,'A)
AE/PBEO 0.00 0.31 0.52 0.57 0.57

B 33By &AM NEHFPITEMEE FH K@), ¥HTA L#AE PBE0/6-311+G*.
CCSD(T)/6-311G*//PBE0/6-311+G*(H 455 F #4&)¥A & CCSD(T)/6-311G*//PBE0/6-311+G*¥ &
460K & A7 A ML B (F 5 T &Rt rAast e ¥+ 4. PBEO = CCSD(T) Feost ¥4 &
PBE0/6-311+G* K- F TR ESRE. THMadNTLEAT CCSDT) T4 ¥ 5 PBEO K%

TS . By PBEO K-FTF 4437 A FH K (b).

Fig. 3.3 The top low-lying isomers of Bys (a). Relative energies are shown in eV at the

PBE0/6-311+G*, CCSD(T)/6-311G*//PBE0/6-311+G* (in parenthesis), and
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CCSD(T)/6-311G*//PBE0/6-311+G* with corrections for Gibbs free energy at 460 K (in square
brackets) levels. The PBEO and CCSD(T) data are corrected for zero-point energies at the
PBE0/6-311+G* level. Gibbs free energies are calculated using the CCSD(T) energies with
corrections for entropic effects at the PBE0/6-311+G* level. The top Low-lying isomers for Bog

neutral at the PBEO level are also shown (b).
3.3.3 HHHTEREERIE

R¥E PBE0/6-311+G*. CCSD(T)/6-311G*KFETFitEBIMERTHEI, B
¥ath 0 78 E R SMRBM. BR, EXNERA TD-PBE0 Fikit EHAS,
HAl PES 1 BI3F 5280t T B I B RS, RILZE M RIRIFR = ARt
e XFERE RE T RITRKR ], 12 By —EMABRNEE. N7 RS
WHRGLRAMHFEHRE, RIS EANRAEER T REEE T MR8,
AR TAREETHEMETEHE. B34EBRTMNO0K~600K, iR FHME
FEEMPTHHEZERMANGEENL, LB EHARAE I WEEEEEAE
. MBHEBETLIESY, RMEIV. VIBEEENMRETUXBARBAE T RN
I, TORAE DM I WEEAEERARRENEANEHEEZE, SRME I
REEAHLLIERE T, FERL 440 K i, BHE 1RRETRMWE L B 3.3 b
ST ALV E 460 K THEESMYTEH AR G EE. £XEET, B
TR GEE/LFERMERBN, FHA I LREHA LR 0.11 eV, BHE IV LR
15 013 eVe BT ZHAEFRABLB FRIENEZRAR, N4 FfEm5%
BEEZEME. (tHERRY By 9/ RMENEREMS T RERE M, B
AHERERESKRIGEMLEE, MiZEESNIRUEHAE.

3.4 SR SIEIRLERRTEE

By BT HH AT, BHERSENEHOMO) EE—MBET, SRPH
TR ATREE . BFERE, BEABIETFHEASIMERES, #
HEZEA. B354, BAE L IO 0 ES SRR E 5 seie i m Rt
f: [Faf, 2t VDE 5% VDE EHAER 3.1 #HT TR, BMEIV. V KK
T P 5 S 00 i I 130T T S B (B 3.6). 5 R KW, AR BRI B AR VL
AEPRORBEAEEECAME, ARESTREREAFEN. FaE V RigRE
RERCEBANER, #ATLUASER P HH .
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B 3.4By ATAEAMKEEEFMEFTEOK-600K MBS A adsk. fe®lidh CCSD(T)TF
¥ 58FEPBEO K- FFey e B8, Mt Te b URMEA I HEEHIL A,

Fig. 3.4 Gibbs free energies of the top five low-lying isomers of By cluster as a function of
temperature (from 0 to 600 K). The energies are at the single-point CCSD(T) level with Gibbs free

energy corrections at PBE0/6-311+G*, plotted relative to the free energy of isomer IL

3 F Rk 1K, it VDE{E5 ADE E4 58 3.97 eV M 3.76 6V, X535
Bt X IEFTHIER VDE {8(3.99 eV). ADE {5(3.82 eV)EAR —BH. BEH
#it VDE H5LRiEEREEXENEMERTTUNRN. IR, HTREN
AT, BEFAESIETHEER: ARERL LRI 43506V ZAFEESNMRTH
RERERE. RAAIHEAENERELRERYVIAN, XRIEHTH ETTLEE
FHEIZENTIERGE. ZERS5ZMTERRBE TEESMAYE hik)sH
MNEERA/NMIERRMHRER, BRHME I EXEHRNERBIREN, BRERERD
26,

FH I (28 VDE 5 3.64 eV, TILREE L§5¢ X WER VDE EA
3.65eV, XA MPEEXER; XHERERWE O 7T UAREBRLHIEEK X°
W, BELW EFEMN—NMRERME. NEENABRE, RAE D HEMIXESY
EEF. AW, ERENEEFRAERERE ] —HS5ERERBFNYES, BHE
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FARERAE LEINERERME. ERESRIEMNFERBXEA, THRE
I TABCARORFE IS, BbixGMESR PSR R, SN EHNEIEE
a8, WHRAG I ERAREERIENTMR, 44 N2 MRERMGME, T
G 1 B, RARFENRGG. N TRAAEFMEAE, hFESRLE
LEHEARHUAERIRR, KO B P\ By ™I RIFHRIM By % XTF
FE-MRROGAEN: NERRNETFEIPEHEEATHAFURSHER
BEERBEREGH. KBOELT, HREOLNSHEHAVEHERS, ZHTR
MEBRTTEERT R 2RED, WERAEEFRERTRLE, BX=4
FHEE B AU TSR REENRAGHRHOATR, 2EF 0T
ki, NTHEEWMEAREMHR—ANEBEOLEISE, HIRE By PHHR
i3, H By HBAHMARIRE THSMHBE, tyKi EH&HT 2D #
EHR AL T B RIUESRE .
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B 35193nm F By #% % -F4ki#(a)5 PBEV/6-3114+G* K-FTF F-Mk 1(b). FH& 11 (c)fe R
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HAEN (AERA LTRSS L BPEEARARLHMNGLESE=F454) VDE1E, AL
# 3:1,
Fig. 3.5 Photoelectron spectrum of the By cluster at 193 nm (6.424 V) (a) and comparison with
the simulated spectra at the PBE0/6-311+G* level for isomers I (b), H (c), and III (d). Vertical
bars in (b),(c), and (d) represent the calculated VDEs, and an intensity ratio of 3 to 1 is assumed

in the fitting for triplet versus singlet final states.

(a) Experimental
183 nm

{b)

(©)

3 4 5
Binding Energy (eV}

B 3.6193nm T By #9&¢€Fhkik(a)5 PBE0/6-311+G* K-FF HMAK IV (b). FH4&K V()
HiteFaiHdit, BPRERAFLHMGL TS5 =954 VDE, BEKH 3:1,

Fig. 3.6 Experimental photoelectron spectrum of By at 193 nm () and comparison with the
simulated spectra for isomers IV (b) and V (c). Vertical bars in (b), (c), and (d) represent the
calculated VDESs, and an intensity ratio of 3 to 1 is assumed in the fitting for triplet versus singlet final

states.
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£ 3.1 FBRNF By 9£F L TR &AM VDE 5 PBE0/6-311+G*K-FTF Bys FH4k I 2t 7
M VDB #tik, B $£45h eV,
TABLE 3.1 Experimental vertical detachment energies (VDE in eV) of Bys compared with
those calculated at the PBE0/6-311+G* and time-dependent PBE0/6-311+G* (TD-PBEO) levels for

isomers I-III.

VDE
VDE | Final ] ]
Feature Electronic configuration (TD-PBEO)
(exp)* | state b
Isomer I (C;, 2A)
X© 3.995) | 'A | (320)%(33a)’(34a)X(35a)"(36a)(372)X(38a)(39a)"(40a)’ 3.97
A ~4.6 SA | (320)%(332)’(34a)*(352)"(36a)"(37a)’(382)"(39a)'(40a)’ 429

A | (322)%(332)%(34a)X(35a)’(36a)’(37a)’(38a)' (39a)*(40a)' 4.50
A | (322)%(332)%(342)’(352)*(362)*(372)*(38a)"(392)' (40a)" 454
‘A | (329)%(332)%(34a)*(354)%(36a)*(374) ' (38a)’(39a)*(40a)' 458
A | (322)%(33a)X(34a)X(35a)%(36)%(37a)(382)'(39a)*(40a)" 474
A | (322)%(332)%(34a)%(352)*(362)"(37a)°(38a)"(39a)"(40a)’ 4.86
A | (322)%(332)’(34a)’(352)%(362)"(37a)(38a)’(39a)’(40a)’ 4.89
A | (322)%(332)%(342)*(352)%(362)'(37)*(382)°(39a)*(40a)" 5.02
B 535(9) | A | (322)%(33a)%(34a)*(352)'(36a)(37a)’(38a)*(39a)*(40a)" 5.34
C ~6.1 A | (322)%(33a)%(34a)’(354)'(36a)*(37a)*(38a)*(39a) (40a)" 5.78
SA | (32a)%(332)%(34a)'(352)*(36a)"(37a)"(382)"(39a)*(40a)' 6.02
'A | (322)%(33a)’(34)'(352)’(362)*(37a)*(38a)’(392)*(40a)' 6.26
A | (32a)%(333)'(34a)*(352)*(362)*(37a)’(38a)"(39a)’(40a)’ 6.29

Isomer I (C,, 2A)
x4 | 36505 | 'A | (320)X(33a)(34a)’(35a)’(36a)(37a)’(382)*(392)*(40a)" 3.64
A | (32a)(332)*(34a)’(352)"(36a)"(37a)"(38a)"(39a)' (40a)' 437
A | (32a)%(33a)°(34a)*(352)"(362)*(372)"(38)"(39a)"(40a)’ 4.64
1A | (32a)4(33a)%(34a)’(352)*(36a)*(37a)’(38a)*(39a)' (40a)' 4.65
A | (32a)%(33a)’(34a)%(352)%(36a)*(37a)' (38)*(39a)’(40a)’ 4.75
1A | (320)X(33a)(342)’(35a)*(36a)"(37a)*(38a)'(39a) (40a)" 4.90
SA | (322)%(332)%(34a)’(352)"(362)'(37a)"(38a)*(394) (40a)’" 495
1A | (322)%(332)%(34a)’(352)(362)(372)'(38a)"(392)*(40a)’ 5.09
A | (322)%(33a)%(342)’(352)(362)'(372)°(382)°(392)’(40a)’ 5.29
A | (32a)%(33a)(342)*(35a)' (362)(372)"(38a)*(392)°(40a)" 5.59
A | (324)%(332)%(34a)%(35)"(362)"(372)’(38)"(392)°(40a)" 5.89
A | (320)%(332)2(34a) ' (352)2(362)"(372)*(38a)"(39a)"(40a)" 6.15
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Isomer XX (Cy, 2A)
'A | (322)%(332)’(342)*(35a)*(36a)"(37a)*(38a)*(392)"(40a)° 3.80
A | (32a)’(33a)’(34a)(35a)*(36a)(37a)*(38a)’(39a)'(40a)" 4.05
*A | (322)’(33a)*(34a)’(352)(36a)"(372)*(38)'(39a)*(40a)" 431
'A | (322)%(33a)’(342)*(352)*(36a)*(374)*(382)°(392)'(40a)" 4.52
'A | (32a)%(332)’(34a)4(352)*(36a)(37a)*(382)'(39a)%(40a)’ 4.57
*A | (322)%(33a)*(34a)*(35a) (36a)’(37a)' (38a)*(39a)*(40a)! 4.67
'A | (32a2)%(332)*(34a)*(35a)*(36a)(37a)(382)"(392)*(40a)" 5.06
A | (32a)’(33a)%(34a)*(352)*(36a)"(37a)*(38)"(392)"(40a)" 5.10
'A | (322)(332)*(34a)*(352)"(36a)'(37a)°(38a)2(392)2(40a)" 5.55
A | (322)°(332)"(342)(352) (36a)%(372)(38a)(392)*(40a)’ 5.73
A | (32a)’(332)%(34a)'(352)*(36a)’(37a)*(38a)"(39a)’(40a)" 5.84
1A | (322)%(33a)*(34a)%(352)'(36a)(37)*(38a)*(39a)*(40a)" 6.12
*A | (322)’(33a)'(34a)%(352)*(36a)(374)%(382)*(39a)*(40a)' 6.17
A | (322)%(332)%(34a)'(35a)"(36a)(37a)"(38a)*(39a)’(40a)" 621

®The number in the parenthesis means the uncertainty in the last digit.

®Ground-state VDEs were calculated at PBE0/6-311+G* level and higher VDEs at TD-PBE0/6-311+G*.
“The ADE for band X was measured to be 3.82 (5) eV.

“The ADE for band X' was measured to be 3.55 (5) eV.
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3.5.2 STFHUESHT

B, (n=3-25) fESLH L& B MOCE S P I E - I 45, P Eae
FERERRLH, BH2WE NI, AICHEE. By B2 A7ELR FESME
—AEEANTI AT IS, HE AR R, By ESRBLiE - E
MR EZNAAER T OFE AN THRME TP EEW, hlERE B EHE AT
IHAMRED T RRTE R % . RRER A Gaussian 72 Pt R R E 13T FHIES
o BEOARME IHRET, RAGENETEEN. LT SRR
T~ —2 HriK TR MR T R s . B T R T Bos™ & 8 ANEHEMG B
IR, ETXE-2 HrH Bae™ H0°PH ST S M LA RES IR « OB, TR0 BB
SAsYr. B JUTHACMER AR AR —E WEWR T, RIEHE 4 MRS TEIHRK
FHEEM CrHy* B 5 By RSB MAUFRN n 5038, HETUER —&H
T PERER—X M E)(E 3.7). FEik, M IFTEER Cq7lHn METRLE. 5
b, XTI EEFKRE R A EEERMSEE T, CMO 447 R
B2 B AREEISE 9 AN E 3 a HUEE 3.8 F1E 3.9).

3.53 WERESHT

& 3.10 & FHE T Bos™) SEBE LM CoHy " BIAINDP BB T R X
F By Rit, 3 40 W T, EH 16 4 B-B LRI 2c-2e o TR, X
Mo ARG E R — B R TR, B0 SHEEN 1.78-1.96 le|; 454 AT
B 10MR T B T 4tk e, 165 0B ROB R T B, X R T A 16 B A0 3e-2e
o, HAHEEN1.64-1.94 le|. FTFHBETEFTUELSASZF LM E: 14
4c2emf, 5 Sc-2emBLAR 24 6c-2en B, BN HIEEA 1.60-1.93 |ef.

AR CrHy " MRS ST ES MR BN, &5k, F 204 C-C A
2c-2e 0 SEIHER, 114 CHERHE 2c2e 6 B £ .0 a BREHNESH AR
ST By TSR —FER, BIE440 3c2e n B 44 do-2e n 42, HIEMEK
1.66-1.89 lel. 5i4h, (EAMMEFERXH AINDP BFHHFHEE TR E#HTS
o Bk, RRMBBSFFREARLE—Fr. B3 A TR B K15
—FRRIE. B, SN o BEZAINTRTHIBERE —FH. ARZAET
8ANZBHL n BT, ZHTREIE 44 4c-2e n 5B (ON=1.64-1.86 |e[), 21 Sc2en
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PR SR ERE T R E A
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Isomer | HOMO HOMO-1 HOMO-4 HOMO-6 HOMO-8 HOMO—‘IZ HOMO-16  HOMO-19
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B 3.7 MAE By (RH D 1 Silla)5 5 KK A CoHly' (0) n 9 F R 3k,

Fig. 3.7 Comparison of the canonical & molecular orbitals of the closed-shell B>~ (a) and

the polycyclic aromatic hydrocarbon C;7H;," (b).

0% A2 PN D e

Isomer H HOMO HOMO-2 HOMO-3 HOMO-S HOMO-7 HOMO-10 HOMO—18 HOMO-20 HOMO-22

B 3.8 H&E By (FHtk e n 9F ikl

Fig. 3.8 The canonical & molecular orbitals of the isomer II of closed-shell B>
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. B : a’ tg\ Ol“ no a‘e '

Isomer il HOMO HOMO-1 HOMO 2 HOMO-3 HOMO-6 HOMO-8 HOMO 13  HOMO-16  HOMO-20

B 3.9 HRE By (Fik D& 1 5Tl

Fig. 3.9 The canonical & molecular orbitals of the isomer III of closed-shell B,
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16x2c-2e o bonds  15x2c-2e o bonds 2"3‘3'29 mbonds  {x3c.2e x bond 3x4c-2e 1 bonds
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Fig. 3.10 Comparison of the AUNDP analyses for B,s> corresponding to isomer I of By~ ()
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and the polycyclic aromatic hydrocarbon C;7Hyi* (b). The occupation numbers (ONs) are shown.

16x3c-2e o bonds 16x3c-2e ¢ bonds
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B 3.11 %—# By (F414k 1) ANDP 9 #7.

Fig. 3.11 Another AUNDP analyses for B,s> corresponding to isomer I of By .
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RERMNN By LWWETEMERERRERUTETE, FEXA
PBE0/6-311+G* Ll }, CCSD(T)/6-311G*//PBE0/6-311+G* ) J5 ¥ 3L 1T FE 3t RE E RY 1T
B, EEREAMHE ZME FRBAGER LNRBESW. ETAREF XM
FfE R 5 eI SCERIRIE, 442 PBEO ikt T R~FEMEE B, (0 =
3-30) R~ A R E BT EMBERTT ERGER . MREGH L BBt
R BRRNCLE N E, R = SAE MR CCSD(T) & Rk
MeeE, HItEERRBHAEN. EEAREFT, HHA%ERAMREESE
MBS BB 6-3114+G*, XEEMH A EMH T LRk 2R RS B
WAFEH, RRBFEH Molpro f2/7F CCSD(TY6-311G*HHE, HEARAER
FAREHE, XFEREA CCSDNHFTELERNARERRNITE, RAESE
FIRERLE, X EEE, HENEA T RN KSR TR EE S NER. FHit,
TAVEA CCSD(T)/6-311G* 7T R M ERE BRI R, AFRITHREEIEZM4T
BIEX TR HER.
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#, 518/ BETATR—FHA. £H, B kR TaIELR. TERHERE
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BEMNNTET, B—Ta@Bs]” WA R FR KT BREEH .

FEFEETRIRST B ASKERE/NEH, MEBR NI BRTEHL
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R FB A NiER Bis” MEMRSBEH LB NI, XELEMHNEHERRE
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%f NiBp'” #1T 2 REMHNE R, MBI A ERWAE HEARHEE LEE 41,
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2 Rk, EXKHA GaussView FLIBRFIBEFARNEN, HETEH—&OH
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T, Rk 16 ES L REEE 25552 038 eV, 043 eV 1 0.35 ¢V (Bl 4.2(a)). 7
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FBAELST1IABIRT, ARZT 14 BRET, BWE BrEARETETFHE
. &4 2 2% Bis” HRHDERE TREE DR B EREMMEM LB Ni RTRE
20, NiRTATH=#4m+.0 0, BMEUREZIRF =R, 44
MG 5 RIBERREFEREINEGE. NUAAKRE, 5HEREEE,
Ni JRF AT EREM A0 B SR T EEM . MEE XS IER 71
fRibk, FREE TREMRENSEN 1, ZRERLREE 1 RETRRELR
RGN, HRAWMNTES TR FRMLBA f8/5 LIESE.

43.2 {LERRE T

& 4.3 & NiB;5" F 4k 1 [AINDP 82 47. ¥F NiBs* k&R, L7 48
AT, BPRTCAFERL 24 M. BME 1 M4 EH 9 MIBRT, TR 9 4~ B-B
2c-2¢ SEI o B, BN SIBMEN 1.82-1.91 |e|; LMK 4 MR T TR
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Beme e 6 M. Horh, Ni S EEH Ba R 1A Sc-2e n 8, (5HE{(E 1.99 Jels
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55 B BoFERR 2 N 10c-2e o 8, HITEMEN 1.91-2.00 je); X=BHOFERTER
BANi 8 3d,>s 3di%," F 3dy TR AE. H4h, Ni BSEAH B A BIEMR 3 45
E2EBHNEFLOLR, Z=ENBUFEERET B AR, BTN HIEMERN 2.00 .
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FE 3.0 NiByy* M5EEFH NiB,;” BBHS

i MAREEACKESRRE. At ELES eV,

Fig. 4.1 All optimized structures for the NiB;;" cluster within 2.0 eV of the global minimum at the
PBE0/6-311+G* level. Zero-point energy (ZPE) corrections were done at PBEQ, and the relative

energies are shown in eV,

Fig. 4.1 Continued
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B 4.2NiB;;* (a)5 NiBy;~ (0)# EAM& ¥ F k. 5} A7H &4 £ PBE0/6-311+G*.
TPSSh/6-311+G*(H 455 & % 38) A & CCSD(T)/6-311+G*//PBE0/6-311+G*(F ¥ 5 ¥ & 38)#t 1T
st E, At ER{EH eV,

Fig. 4.2 The top low-lying isomers of NiB,;" (a) and NiB,5~ (b). Relative energies are shown in eV at
the PBE0/6-311+G*, TPSSh/6-311+G* (in parenthesis), and CCSD(T)/6-311+G*//PBE0/6-311+G*

(in square brackets) levels. The energies are shown in eV.
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Weo
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B 4.3 C,NiBj;" (1)#9 AINDP s a4 K.
Fig. 4.3 AANDP bonding patterns of C; NiB;3"(1).
433 OhSRISEMNE

B30, S F X ERALILEBER-PD)NTEHZIOP RS FH%, WE
Wit B A EEERA DFT X g 5 RT . B 44 41 T NiBis" 74
#% 1 7£ PBE0/6-311+G* 5% T # IR 55 Raman &4 & . £ 0-1500 cm™ EE A I
B2 IR, HHEEFREN R EEEEE 1205 cm™(@@”), 1129 cm™ (2°), 888

38



%Eﬁ eiégé‘tl‘ N1B13+ %ﬂ%%ilzﬁ NiBlg_ E%B‘fﬁ

cm (a7), 803 cm™ () A1 623 em™ (27), HE M IR E GIRBIAAR R ILIRTE. FFE,
Raman PG EEMEHTEEABHI TREARNBELE, BER SN Raman
g HILTE 1129 cm™(2%), 803 em™ (2%), 758 cm™ (27), 708 cm™ (2°) 1 406 cm™ (2°).

WEPXERERRNETEZERE T B TBRIVIRS) . Raman &, 758 cm™ (2)
MR 1R “MRIRED A, Hd Ni BT ERSIERE TR ERERR

.

(@ IR

282 em’™ (@)

(a*)

352 e

240 em” (@)

33 cm’

@,
433cm (1)

479 em”\(a")
524 cm l(a')

623 cm-i(a")

888 em™ @)

803 em™ @)

1080 em™' (@)

922 em”' @)

1033 e ')

1129 em™ (")

1205 em'(a™)

1268 em’™(a')

1434 em™(a")

1348 e (")

d T T T T T T T
0 200 400 600 800 1000 1200 1400
(b) Raman o
=
=
0
E
<
i
~
o~ =
ol =
- " :
£ - E
o ’E [
= 2 S a
N =
= ~ = § =
P = Fal o
—_ = cEa ~7 g {; £ A
oo e @ E~ = -
DS el e = on o E g
T EF TR E g & 3
Ea's ¥ S v @ O = w©
s 55 3 S Wi o £ X
= ~ - & o e
o W g = -
=%y 7] =

.l

v T
0 200

T
400

T
600

T
800

T T
1000

T
1200

T
1400

B 4.4 C,NiBi;' ()840 @) B4 R AESE(b). RAFMELEH cm™.
Fig. 4.4 Simulated (a) Infrared and (b) Raman spectra of C; NiB5*(1) with typical vibrational

frequencies indicated in cm™.
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B 4.5NiB;;”- £PBE0/6-311+G*F2.0 VAR 8K B WA R EF R L SKERES éﬁﬂh‘ﬁéi,
e EREH eV,

Fig. 4.5 Low-lying isomers and their relative energies of NiB,3~ with ZPE corrections indicated in eV
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SFIIE ¥ k.0 NiByy' M5%EEFH NiB,,” BRI R

at PBE0/6-311+G*level.

Fig. 4.5 Continued
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AMHRFHFLIHEZMEM, EIRHEM CoeBy PILFRNEMNEHIEE. B
5h, ZEME EERFEPRTERBRNAE THEASE CoBy . RuBy TIHHNR
ARl

4.4.2 N THEIEET

&AE PBEV/6-311+G* K P FHE T HIlBRENRME 6 NEE R TRIEME
VDE, 3#3XA TD-PBE0 J5¥:x45#4 6 #4177 PES ##l(E 4.6), FBAUNS)E
NiBy;~ SR RERE— T HERIKIE. NiB” AHKEAR, BTEEEBIKN
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VDE {5 4.12eV, RRBESAE TEH5HPTSR 45 H 2 (8] 19 58 B F R .

Simulation

Binding Energy (eV)

B 4.6 TD-PBE0/6-311+G* X FTF Cy NiB,y (6)%9 PES 4 itik.
Fig. 4.6 Simulated photoelectron spectra of C,, NiB;3 (6) at the PBE0/6-311+G* and TD-PBEO levels.
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