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ABSTRACT

Quantum chemical theoretical calculations can help investigate the structures,
bonding characteristics and properties of the clusters. Combined with the experiments,
the global minima of the clusters can be determinated. Recently, boron-oxide and
carbon-oxide binary clusters have aroused wide attention and significant progresses
have been achieved in these areas, but many questions remain to be answered due to
their complicated electronic structures. Using the systematic density functional theory
(DFT) and wave functional theory (WFT) investigation on the geometrical structure,
electronic structures, bonding characteristics, thermodynamic stabilities and spectrum
characteristics of boron-oxide and carbon-oxide binary clusters has been investigated
in this thesis. The chemical bonding analyses of these novel clusters were also
performed utilizing the adaptive natural density partitioning (AdNDP) method. It
should be noted that some aspects of our research was performed using theoretical
calculation in combination with the photoelectron spectroscopy (PES) experiments.
The results of this thesis will help further understand the structural principles and
bonding characteristics of these boron-oxide and carbon-oxide binary clusters and
provide a theoretical basis for further experimental and applied researches. The main

results are summarized as follows:
1. Terminal p'-BO and Bridging p>-BO in BsO3 and BsO3~

Density functional theory investigation has been performed on the geometrical and
electronic structures, bonding characteristics and properties of BsO3™ and BsOs™ at the
B3LYP/aug-cc-pVTZ level. Anion photoelectron spectroscopy and theoretical
calculations are combined to probe the structures and chemical bonding of two
boron-rich oxide clusters, BsOs~ and BsOs~, which are shown to be appropriately
formulated as B2(BO)s~ and B3(BO)s7, respectively. The anion clusters are both found
to possess a bridging pu>-BO group, as well as two terminal pu'-BO groups, analogous
to B>H3™ and Bs3H37, respectively. Similar to Cyy BoHs™ and Cs Bs3Hs, there are
delocalized 3c-2e o bonds in BsOs~ and BsOs~, which further support the isolobal

analogy between BO and H radicals. This finding advances the boronyl chemistry and
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helps establish the isolobal analogy between boron-rich oxide clusters and boranes.
BO has been limited to p'-terminals in boron oxide clusters in previously studies, the
combined theoretical and experimental discovery of BsOs;~ and BsOs~ with both the
terminal p!-BO and bridging p>-BO will further expand the field of boronyl
complexes .

2. Face-Capping p*-BO in B¢(BO);

Boron-oxide clusters containing the u'-terminals and p?-bridging BO groups have
been determined by both theory and experiment. Polyhedral borane [BsH7]” with the
face-capping p*-H has also been investigated both theoretically and experimentally.
However, to the best of our knowledge, there have been no experimental or theoretical
investigations reported to date on clusters containing the face-capping p*-BO group.
Based on the BO/H isolobal analogy, a systematic DFT investigation has been
performed on the possibility of face-capping p3-BO in the C3y B¢(BO)7 analogue of
deltahedral closo-BsH7. The Csy conformation of Bs(BO); containing the
face-capping p>-BO group is found to be the true minimum at B3LYP/6-311+G(d)
level. AANDP analyses indicate that there are three novel delocalized 4c-2e 6-bonds
of rhomboid B-B-B-B rings in Bs(BO);, analogous to polyhedral Cs;, BeH7.
Adiabatic and vertical electron detachment energies (ADEs and VDEs) and the
symmetrical and asymmetrical stretching vibrational frequencies of Bs(BO); and
BsH7~ monoanions are calculated to facilitate their future experimental
characterizations. The presence of the Bs(BO); and BsH7 clusters extends the BO/H
isolobal analogy to the whole p"-BO/H series (n=1,2 and 3) and enriches the
chemistry of boronyl.

3. C404 and C404 Clusters

Although CO is isoelectronic with BO™ anion, there are many differences between
the carbon-oxide and boron-oxide clusters. Despite a seemingly simple appearance,
cyclobutanetetraone (C4O4) has four low-lying electronic states. Determining the
ground states of C404 and C4O4 theoretically has proved to be a considerable
challenge and has remained largely unresolved to date. The structures of two C4O04~
isomers and four C404 isomers with different electronic states have been optimized at

B3LYP/aug-cc-pVTZ level. In order to determinate the energy order of these isomers,
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the single point energies at the CCSD(T) level were also calculated. Combined with
the photoelectron spectroscopy (PES) experiments, the ground states of C4O4 and
C404 have been determined to be Az, and *Buy, respectively. The electron affinity
(EA) and the vibrational frequency of the ring breathing mode are experimentally
determined to be 3.475 + 0.005 eV and 1810 £+ 20 cm™', respectively. This work
demonstrates again that low-temperature PES combined with theoretical calculations
is a powerful approach that is capable of unraveling detailed electronic structure
information of diradical species, which often possess many extremely close-lying
electronic states.
4. Cn0,™" (n=2,3,5,6) Clusters

Comprehensive first-principles calculations on the geometrical and electronic
properties of C,On" (n=2,3,5,6) oxocarbons have been performed in this work. The
ground state of C>0 possesses the perfectly linear Don 3Y -, while C202~ appear to
favor the slightly distorted Con 2Au. The ground state of C303 has also been predicted
to be D3y C303™ (?A2"). Both CsOs- monoanion and CsOs neutral are found to possess
perfect planar pentagonal structures at their ground states Dsn CsOs(*A2") and Dsy
Cs0s('A2"), while CsOs~ and CsOs appear to favor the slightly distorted quasi-planar
Cav C606 (?A1) and Cayv CsO6('A1), respectively. The ground states of C,On neutrals
(n=2,3,5,6) have been predicted to be unstable with respect to dissociation to n CO
molecules. To evaluate the thermodynamic stabilities of C,On (n=2,3,5,6), we
calculate the energy changes from C,On to nCO at CCSD(T)//B3LYP level. Different
from C,O, neutrals, C,On™ (n=2-6) were found to be stable. In the cyclice monoanions,
Cs0Os™ appears to be the most favorable species in thermodynamics. In order to
facilitate future photoelectron spectroscopy (PES) characterizations, the adiabatic
detachment energies (ADEs) and low-lying vertical detachment energies (VDEs) of
CiOn (n=2,3,5,6) monoanions have been calculated at the coupled cluster level with
triple excitations (CCSD(T)). It should be noted that, shortly after this report, Borden
and Xue-Bin Wang et al. determined the ground states of CsOs™ and C¢Os using the
PES experiments combined with Ab initio calculations. They determined ground
states of CsOs~ and CsOs to be Dsn CsOs™ (*A2") and Dsy CsOs ('A1"), respectively,
which are consistent with our report. The ADE of CsOs- is 3.830 eV in the

vi
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experimental the photoelectron spectroscopy (PES), which is consistent with 3.785 eV
of our results at CCSD (T) //B3LYP level.  For CsOs, the experimental ADE is
3.785 eV, also in line with our calculated result 3.715 eV. However, they
theoretically determined the ground state to be D> CsOs~, which is different from our
results (Cay CsOs7). It’s should be pointed out that the D> conformation was the
transitional state at B3LYP/aug-cc-pVTZ level. It’s true that the potential energy
surface of C¢Os ™ is very flat and its isomers including D2, D34, Deh, C2v conformations
are practically isoenergetic with one another. Thus the small differences between us
and Borden/Wang are mainly due to the different of basis sets.
5. Transition-Metal Sandwich Complexes with m-Aromatic CsXeLis(X=0,S)
Ligands

Lithiumization of CsOs produces CsOsLis which is analogouse to benzene in ©
aromaticity. The geometrical and electronic structures of a new class of
transition-metal sandwich complexes M(C¢XsLis)2 (M=Cr, Mo, W; X=0, S) have
been systematically investigated in this work at DFT B3LYP and PBE1PBE levels
with the 6-311+G(d) basis set. Both the D2g M(CsOsLis)2 and Deg M(CsSsLis)2 (M=Cer,
Mo, W) complexes are found to conform to the 18-electron rule and be stable in
thermodynamics. Electrostatic interactions between the two interlaced CsXesLis (X=0
and S) ligands also contribute to the high stability of these sandwich complexes.
Molecular orbital analyses indicate that effective d-m coordination bonds are formed
between the partially filled nd atomic orbitals of transition-metals (Cr, Mo, W) and
the © molecular orbitals of the CsXsLis ligands (X=O, S). It’s possible to synthesize
these novel sandwich complexes through ligand exchange reactions in gas phases.
The calculated infrared spectra of these complexes are also presented to facilitate their
future experimental characterizations. These novel transition metal complexes with
unusual bonding characteristics and potential applications could be targeted in future

experiments, which should enrich the research field of sandwich complexes.

Key words: Boron-oxide clusters; Carbon-oxide clusters; Density functional theory;

Electronic structure; Isolobal analogy
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Fig.1.1 Carbon boronyls compounds Cn(BO)x, boron carbonyls compounds By(CO), compared

Wlth Can(n:2-7).
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Fig. 1.2 Ground-state structures of Tq B(BO)4 anion compared with those of Tq C(BO)s and Tq
BH.~ with bond lengths indicated at both B3LYP and [MP2] levels in angstroms.
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Fig.1.3 Optimized ground state structures of B2(BO)2, B2(BO), , B2(BO)2*
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Fig.1.4 Boron oxide cluster have been determined by PES.
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Fig.1.5 Preparation and X-ray molecular structure of trans-[(CysP).BrPt(BO)] (2)

and n-MOs of the model complex.
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Fig.1.6 Three optimized structures for Co(BO)(CO)s showing the relative energies
in kcal/mol (B3LYP, BP86) in parentheses.
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W% L RARER), Il 5 NICS E e 7 5 & #E11), Hassan Sabzyan!!!?
22 NT 2003 55K % B2 o B3LYP JiEAE 6-31G*/KF LA 78 T (CO)n(n=2-6)
P 7% 1 5 A6 FR RS e P, AR AT] R BRI 6 v i AR T 8 ) 25 A PR DU AR TR
(CO)3<(CO)6<(CO)s<(CO)4<(CO)2. 2009-2010 4, Borden ZEl!13114152 F 2 5 by
B3LYP A& #% CCSD(T) J7VETE 6-311+G(2df) /K ~F EWF5E C404 BS54 S o e
M, INAEESEE M N =H . 1999 4E, D.Schroder!!'s! SZIGIE T CaOy (n=3-6)
HIBE, 2006 4, R.B. Wyrwas SEAEWTFEAHEALYIITIIE T CoOs DG HL T RETS
(6], ZARIE JFPAUE LA %, SEPRA TR IR 5 CeOs 55 L[] Fe(CO)a 171,
1T Borden Z£EM I Z G 58 1 P (CO)n (n=2-6)BIFE K S5 M FilAe e Ve, FHiE I 4
THUIE SRR T CaOs LA = EERIENA .

gx b, BAAGRERIE SIS TIRZ bR, SRS VF 2 e f5 A R () 1]

1. HAT A& R AT SR IOV 8 CaOa T ES T S RS 450, 77 LA
B L e T SR ISR A E

2. C5057,CeO¢ FH 25 7 S Fe PR FR M RS 5 A itk — 200 98, B AT
B TR A RIFA — 3, FEM L - EE T

3. ChOn®, ChOn’, CoOn (n=2-6) {5 5E P S Gt — W B AR 75 4R

13 CREMLE. BHMAE

BRI A A% o 2k BO ME T e B D5 3 7 3R M SLIeifiE, 5 H Al
WA RKIEMEE 12-BO FHHEp-BO HIHIEA1#% . ik BO 1 No-H A H
N, FFAESAIINE, M3 p2-BO MITH%E w-BO 5 p*H, p*-H HEfA
FANFFAEE ? 75 B PER) CoOn® (n=3-6) S Fe 5 OBk SL I & A B2 MR, (R
CoOn B 1 S 43 1 (R 28540 B BT TEE A 7858, FEaS S50 75 BB A SL s
W FEaE— 0 (A 52 o R FH G FL T R S 00 R M Sk BB VR AH 45 & SRt e S T 2k
G MR H A B 1

BT Bk ie) f, A SO 3 H )R R IR E B A 2k p2-BO AT AR
W-BO B A%, 38 4R S AT 2 A R S b 1 R o B A e X S P R 1 A e
P FE I EEA >R FH AANDP #2570 At FL RSB AIE , i A HL EL &SR 5 iE BO/BS/H
MR AU, ATk — 20 52 38 S dt . A7 3E K TH 5E-BO T R 7t . fE 3

WA WIS b, 2586 H T REIE SKIR i E M2 02-BO AT 2 1*-BO A
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B4 T SR — e BT 9T

RN IS

XF T CaOn™® (n=2-6) R A A%, FATTHFUI E 22 B 120 E B 1 A b e
BEARGEH, BRI R EE, MES R s — I, SR — P R IR
B4 8 B A AR ANV B . FRA PEAE BB T 7T Al |, 454 6 i TR se it 45
X84 CoOnBH B T A I B8 AR S AT B 52

ARSI TR B 2 bR B VR R B e T B TR AR e R I Sl A A
FCRRHE . DT VEEAT R G IT, IO B8 1 4 P B e AT 22 BRI B Ae, A
AT Sge B ) L R

BARCINAEMT:

1. BF— B F R 5T R A, AR AR B SO, G
TR IR TR o

2. B ER AR SO ST B B A T BV

3. BB = F A EOR A MK ISR B R T S0 AR 2 A 1K 7 Ut A
-BO 1] BsOs Ml BeOs'» B %K FH GEGA F k4 o 48 R F2 7 Xt BsOs#l BeOs
AIRE AT T RAH R, B0 Bifie AL M AVKRE & 7 /&, K TDDFT
T3 B YT S A A S R R T R I A, SE e RN SR BRI A5 1 o L R i S gk
FTEERT, 55 BsOs Ml BeOs BIERIIESS . @I X BsOsFl BOs ) AANDP 4347,
#7 BsO37,Be03 1 BaHy", BsHs B BB ARFAE , HE— 2D 11 BO/H. IS HEAR A .

4. DY FZR ML EHEIR R TS T A -BO M A R . K4 BO/MH 11
AR, SR MRS TR BAR T T T A BeH7 R4 Bo(BO)7, 71 Hl AANDP
T2 7% BeHr Fll Bo(BO)7 I BB FBEAT 70 A1, PR I 8 SR 25 1) A7 A5 25 7
B-B-B-H Al B-B-B-B 4.0y —Hi 74,

5. B EEE-LEAT CaOn (n=2-6)115%. K% 1z i FE MK B 3L
JiiF5t CoOn B B 7 S HER AT R G 9T, e LSS5 . TE R TS
ZER I A R FHACCSD(T) M OVGF J7 kit S A8 A B fe Al il L R 68 . 76
AR T VEAI A R A b, G AN S L RS LU A e IR RS A LA
ZE . IBAN, FRATTRA AINDP 255 CoOn™ (n=2-6) BIFEEAT 20T, TR I R S:
— R

6. &)\ 5 E T 7T LL CoOeLis Al CoSoLis ML K R HIL % 4 8 I e &)
M(CsXeLis)2 (M=Cr,MO,W; X=0,S). K F % iz bR BEA J72:%F CeOsLis 1 CoSeLis
FCAA () G5 A6 AN 55 T MEHEAT V5, IF R Fe S % )8 32 OBt &) M(CeXeLie):
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(M=Cr,MO,W; X=0,S)f 45 . it MAs ek, 7 d-p Botxs HAR e tEmfEH o
7. BILEN AR TN EREAT B4, IFX N b TR 2
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BE BREMATERE

P22 R T GRS R A H T TR P AZ SO0 kL 1 22 18] FR AR LA
1925 F] 1926 48] A JE LR 1 8 1 72 SO 1 SORAK 7P ot P sss A R AR AR /A
BTSRRI B RO VSR AL 24 0 B, 1927 4, W. Heitler 1 F.
London HI &1 /)% 5 ik I AL A4y 11100, B IRAETE :UER K F E3EoR T4
FREAT, AEANTVGREI AT DL &1 12k fi oy T a5t inl @, TRl T 5 &
T IR R —R T 20 4D 60 SERES, BEEEL IR K 76 3E
AR AR N GERE, AT UEAEEATE R AT ILTTE 4201, i
FEAIITERR . BT AT SN o

1998 4, i DR A% T 7 2% iz B O 2 BRI R R A
JiEAEH ERTTHR I 7R, TR B4 22 (0 R R AE A T i g THEENLAR
RN R Al 1) tH B DA R & A i S (. GSMESS. HONDO K&
GAUSSIAN % R2FNFEFFE) AW, 38 T2 i EINEBo i 5
HRH AR . BEAE EAR TR IR e A RS FE AN T v, BT AT
PASE AN SIS AU SE I 45 3 o A5 AN AT DL R SR 25 51, T AL Re 8 s S e
U4 020, AT A AR T BB R 8 22 R At 50 s B B AR AR H

RN, BT A R S BB A KT B R, o S b 2 K s
TR Jkas . BT 25T B OOk B2 Hh 5 SEIG AR 25 &, 5Ty
DAFB R S FR MM A XA 2, &A=t S
AT TEAE R PR T S R AR T b R, W SOTVEAEAR W GET . BT, 2
WA FTTE C A DN BN 2 22 BT 2y 3, RIS 5807, Y3, A4
Yo, THENEE SRV HEE, AW EE IR, mOARNE TAEE A St F il
F.

2.1 FHEER

Sy FRUIEBRI20 (SRR MO V%) =2 DLRE 8 15 0% 3l 77 B R A 1) 14 2 2
W, RN BEXE T4 1 S 2 S8 143 T 25 K ) — B 20 e 7 7. 1928
-, Mulliken 55 B 5638 70 FHUEER, (R 7 T HUE B R 7 PUIE 26 1 20 A1 B
AVFHET BN THiEs), MAREREME F. 1931 4, R /RIEH
[T B o T E B G, XF FLAL B ) B AL O AR R R HEAEH . 4 T HE ]
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BE FRIEREANT ROV

AL FH R B AR I i T #LiE 20 & (LCAO, linear combination of atomic orbitals )
33, KR FHEEL LR S THIER, BEERT IR T HE IR YL
BPIE, =T R TPE RO B PUE . T R T R AR SR T RE R,
IRYEVEAN A B, B8 B A IS BT R R 3 78 1) 2% 70 T o SR 21
MIEBR I AR R TR EAX BN, B RIS, X3 7 OCH T RERE S8
BRI sCRE, P CLZ BRI 2 B P g & 2 Az,

T T B A R R HL B OU AR SR AE 2 A T IS s R i 2 75 0 R, X
TR R G . S TR F0 5 A i B R A5 o R
Schrodinger 7772, 1M & 05 AR A 0] @t A2 >R @ 70 4 R [ Schrodinger 7
o FERERFSEITE T, EWRERAMO %, VB JEEDFT %, 0 i B4l
Schrodinger /7 A2 LUK AR . ALFE > T I TA5H . DGt Mz eI o 55 ) S
T EOE 2 IO AL T LB A3 (adiabatic) RS TF . BB, 201 00
Ry U578 B AR EE, DS ARATIAR 8] 2 3 A 5% 5 I Th)
ALK RIEREETIEIFH, 7> TSN E AL, FHRE AT A E Ak
ik . HE A Schrodinger J7 A2 HA 5 BT 7 FEAH R T 2K

HY = EY 2.1

Horh, WK R BRI ERE H Rk &R S5 (Hamiltonian Operator),
ER AR R B A . AR A [ LR 4 2 b A 5 vl T2 30 0 3 e S
A AR

2 g 1 Y2 L2 z ! 77
H==) »rV,~ %V,-—ZKZJFZ?LZﬁ (2.2)

B S S AT M NI BON B ok, X — A2 R 701, IS N AL 5 A A
TARZAAE T BRE . PRI, SR8 IS S WUEAT (A3 RS B SR 22 L 144 R 2
AR, PE—RIAT AR R TR R I E ST RS, DR B OBAR R A
R E, & B RIS — SR R R AR 2, AT SR B . SR AE AT ]
AR IR GINTRZE ) REATAELRE (O fRIAL, R g Tl 7 Il R 2SR XA P v
.

Oy FHUEVEEBERAF =G ARSI L, eI IE LB
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B4 T SR — e BT 9T

A EEARIE LR AR RIT L, R DU RAT R 7 SRR AEA R i
B, A BRI PL TR W T ARG EEELRMAR, RAIEM
SV I AT 18 — R AR 27 ) JBRE AT AT Ao 6T 5 3 P R B e R R e &, M
XF IR AR AR Ay L, B AR R B IR B, Y R - B A BT
Bh: BT B FSE MR KT PR, & TFSLmiEshidEin/N T BT isshif
JE. M TIEshny, B SIREE M E, B EE Mz, BTz
BN, PN ES FISRA R b, WTHRFEAS) . XK, ATiEmFiEsls
BT Sz s JRALEE, TR — A 2R R I A — A 2 AR R )
o A BRIV FUEL AL, Y BT IEL. BT 2 TR RIMRE R,
B RARAE S A, TFEFE— Mk, 1928 4, D-R-M4FHE (Hartree) $2H T
— MBI, RURE N AN B A4 R b ()R — AN BT AR o AR IR N-1 AN B B
HESF 3837355, FROMEHR . (Hartree)-48 5o (Fock) E VAL L, HFR g
FALAL . FHF AL AT DA — AN 2 i ) R A 9 2R B L R R IXREXS TR R
R — N TFEASE] T — AR TR GRRRANBRTIE s RS E T %77
), FRONERE TR . 8 H B e s A7 AR XA TR (R 7r 7 HED,
Rl LA B R T A AR . (RIS AR AR T E 2 T
T, SBFHE EREME. 1951 4, C-C-J- B4 (Roothaan) 2 H#7r FHiE
FH R FHREFHIE (A0 I, KR FHUERRR N R T HE L A
A (fEiFR LCAO). i} LCAO-MO, JERF /4l 7 T 3K e R H A48 v 7 R
AR5 TR AERIAREOT R, OGR4 w— B R U712, TIFK HFR J7 2.
HFR J7f#:2& LCAO-MO 41 N HIG I 5r FHIETTHE, BRI EATTIE.

IR FRIER, EFPIENEE SR TIES E RSN, E T
B H RS T UE S 0 R X RREULED . RERARIT . HUE K E S AN

2.2 MKEIE®

HFR Ji 222 7K & Schrodinger 72 5| A=IEME A KIS, i
KAEST T HFR J7 8, W3R MO B BREU L Re g, IR B sk o — it 5
S FIHEER . MCRTHETE, BT 2l TR RAFFXS K& 1 70T
B, R EAUAEAEA X8I Born-Oppenheimer U1 HLIE T fLLIX =/ 3
AT FE A F R Planck %4, HT PR =AM EARY I E UL TR
W T P8, XS 70 1 B A B AR 3 HEAT T A% T H B ANME B AT AT 2 960 Bl F 22 50 2 8 ik
PR AT 12 Schrodinger J7 FE ) H [
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BE FRIEREANT ROV

fi# HFR J7AER, FRATHZ eI — 2 p Rt — O e, A
M BRI R A R R Mo ZH R R R ARy, R B 57l
Hon 1 4 D7 RRAELE, HIX SR8 H S A BB 2 o0y Rk
TSI EME I 230, AR B SRR s — PRI B, (BRI
R ER BT RS USEEL . BB A M ST SR e R — T
(Hartree-Fock) Jiik, /&P Bhifs—F, e3Ca it ie i F N ER 1
FMLE RTS8 iash, 8IEAR 5N B s AT AT K AR .

NS EE R BB T SR, KRRl i — it HOE,
FEERE A RN LTS AR R ZE LB LS iR I /N e HAT, Mk EANR 2 2
WHFeE AL, N VEE SR &), BOvE TS E R .

2.3 BEZERIER

%5 V2 B P8 (Density Functional Theory, DFT) )% 7 /& & 140 FH 8 HL
7300 EE R i 2 — 121, %07 VR A R 1 R O AT S A R I & AR5
THEE RS NP IELE (5 SCF A, wEH THER MG R. 58Tk
S R T T TE AR R T SR AR 2l i M 3 2 H AR R U eR ) U
(40 Hartree-Fock 2K777%) AN, X — 7753 T Hohenberg-Kohn 25 — F145
TOE B REZ eR BAR B () N A a2 @ i Kohn-Sham J7VESEIL . fE
Kohn-Sham DFT [{JHEZE r, S HEAL BRI 2 4K 0] @ (T Ak 7E — AN A i
Py B o A B T AR D A R — AN RCE A AR R TR
MA B H) R XA BB EHE T AR5 PL & H T 18] G A
TER sz, i, Z#AAEOCPER o b3 A2 4 Al JC A/ H & KS DFT H (1) #E
RZ—. HEMDBE AWK Z AR EXC W75, & 5 Ik
fift 75 1 JRy 48 % FE A AL (LDA) . LDA A F 35 5 WL 7 ORI SR R IR
e (WS FAM S BB T URS B SRAE B0 D, T AH 9C BE 38 20 >R A XF
H oA AT A R VAR AL .

H 1970 FE Lk, %z mE R AE SN ERSERTZMRMH . A8
o bz BRI SR AN W AR B R R TR RS T . IR 2R R, K E
JEE U2 R B AR T VR R LAAS B K T BORS A B A 45 R, HLOE R B A kit
HOESEMR. Hul, %z REWIERAENE AT St
H 455 77 72 6
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24 5ERRHEXVIEFEEFERGE

AAS A I TH S B B A 2A s h g s k. BT V2 [ Gaussian
(03)k (0221, AR 4 S48 2R ] GEGAUBIRER, & Aic M [ SR 25 %I 73 (AANDP)
BT R A AANDP F2 2024, A 144 75 A Gaussian 03 R4 15 FH

241 FHx2BEER

V7 A A 1t A B 1 5 5 FL G5 B DA G, SR tRoE R, DR IGA oE 141 7%
PSR R 7 HAH G YE B BT 3 . FH T~ S0 AR ME BB Aar il 280 [ 722 1) 45440
TREWH RS T ARG R e R E 2T W UAEE, BiER
PR BB & TR T8 H B IREOG G, #ie EARMER 2SI LA R T
PR AT ) 80 e A A o SRTTR T 20 MR LU IR ET%E, B AT 2 81
SR ERERER, W R T EIEE 5% E) GEGA (the Gradient Embedded
Genetic Algorithm procedure), T 5 F7-R DAL= A G514 1 GXYZU>T DL K
Coalescence-Kick (CK)120155 . X L6573 i F Gaussian SF 2R T 465G 11,
fif B Gaussian F2 P LA AN TSR HEAT A AR B e, AN T8 -4 R AR/ &5
Ko ARSCHTHE SR %, EBEAT S A AR 98 2R I T AT R T R T AR SR
GEGA ¥ . 1Mi it f% %1% (genetic algorithm) &5 % F SR S A AL IR R RUAE, 1
JEGIR, B e — MR, BEM SRR, R B REE
WAL T, 7EERTIIAR TP A A A HEAT 8 e PR e 1 MR B

2.4.2 WML ASIRITE

SRR R R H S, RS0 T i 7 Zy LI 2, DAL e i o S
AE R TENE T TR R 32 o FEAS 251 T s B A ml RE A Jey bk /N4 4 (1
B ICBGIAT I E , AR SRR I IE W BN R S . R — MR R B 1%
TR T LA R AR I M KA T B 0 5 75 DR/ INGS A o S5 R DL AK (opt) 3 K
Y Re s i/ MUJEEE,  H B NATHE — € BRR /K- B SRELA AR s AL ) LT 45 ) S 4
PACTS B S5 75 Bk — 2D AT IR 73 A (Freq), 4 BE P W FLAE AR . (19 34 g i B
TR/ N G R R S I A B o PR SR R SR RS RO AR (1 B S, 15 3
JIHEE SRJRRRVAE TR, SRAGIREIIIR o e MRS N IEE R W2 2451
NG, AT — D TUER OIS, A2 AN TERNE . THEARRIIRS)
WA, RN SRES B RZLANNIR SO0 CIRYEXIARIE, HIWE A L0527
PEY o BROATHRZAMRBIINSRE, AHER 2L, [EEENE, SRt HDL
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BE FRIEREANT ROV

BAERAAS T SE At 3k 4T, HLNCR S50k RIRE KT 7 v Fn S 2
243 TFHESHT

A2 B A T S s 5 %) 1 W 731 IR E 1R AR BLTE AT A B S, TR
THUE A RCE S A A AR AR O, RATTAT LUE B AT ARAL (1) 707 B ) it
FAR R ) AR E AT 98T . 7E Gaussian 03 F2/F 9, Hir A\ “pop=tull” <k id] n] A
e SO B8 T HUE I AE R SRR HLORAE D .chk ST B i
N fehk SCHF, B EEALFHFE T GaussView RIAT A %2 BTl 584K & 1 2 T HUIE
R R IE, AN SRIDURE ¢ J5 T BB A EAE I 0« 7ERH GaussView M E4A % 1)
S FHER BTN, FRATAIE Y Isovalue B 5 UG TG W, & IR1GTE
R ISR IR ER SRR (S AE] <SP

2.4.4 BARBHIENBO) ST

Gr T RIE AT B, T FA TR PRI S AR RAEAE I R AN R T BUR
JUANEFHIAHEAER, X FIE i ge S AR AN .. HRE
T8 AL —Fhont 85 B A RS A0 AL, B T EIE B 20 8 A I AR, AT BATRAR
S TRE TR MKIEXS A E AR A F], IR OB H A
JRTFHUENAO), HARIMHIENHO), HIREHIENBO)FH R YT
FIE(NLMO). Lowdin 55T 1955 fF 15 g th H AR UIE I ME S . fE Al |,
Weinhold fl Reed % Nt — DR /R e, R ARGuHIRE THRARIUE. AR
BEPTER H AR E SRS, K RO NBO BER02-1281, GO3 F2/5 R T
NBO3.0 #)%, {1/ pop=nbo Xf#id], FATAT LU BTt 7L ik RgEAT B M B IE
(NBO)r#fr, AEIEMEA., MEE. J57 i %S, H SaveNBOs K
B ia] v DA E AR B PIE LR AFAE .checkpoint SCAFEH, FTH Gview F2 7 WAL B IR o

2.4.5 &M BARAZRER 77 (AINDP) B EE 1

L E AN S K22 K Zubarev F1 Boldyrev T 2008 2 H 7 —Fh 047 £ Fh 0
HEIY)HT 7712 Adaptive natural density partitioning (AANDP, @&ECPE B 985 R4
R HIEF . 456 Guassian F2/7, AINDP AMY AT LA NBO —#£43#1 2 384
T8 (1c-2e,2¢c-2¢e), T HIREN T NBO JiEANGEALEE = r0 UL B I A 2, v BA
FI R R 12 B RS B R AT A ne-2e 8 (n<fA R JE 140, 8% AINDP
T3 EXF i e A4 2 A3 Afr BT B AR R T BB (NAO) IR — 2 i ik 27 58 6 Py Al
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o THLGE 0 RH N R R A R R R R AR O o (G s e A 2.00[e| BA N &
), R le-2e(IXT T, 2¢-2e, RERIRKIEZR n (HE RIIZ 08, M
A HLE] ne-2e . AINDP FEFH K E4, C4(E Boldyrev M A1 Tk A= ¥R
R I 22 TAE AR B D N S 277156 2 1 44 R0 2. 2811 ADNDP
TTEWAARZAL, R HOPUBERN K 532 NN R, [F—k R TR H I
ANFEF S MAEHFE S, KH AINDP R 2 H O8I R 2R — N4 14k
L, AEEA Mg RSN, ERAREIRINS 0. KR E A E X %
Pl tfr 7 SRIEAT HUEL, Bl & 2 H 0 g K ELF(HL T 8 3k pR 00, LOL(J& 38 4
T8 8 AL PR ) S 5 AT LU, s R T 4.
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=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

$=F &u-BO p2-BO B BsOs & BsOs HlF%&

3.1315

We S AT A i T A s 2 B, LA MR RS2 B2 TR O
=l LT (Be-2e) B K T B O SR S o AL S R I
(1291301 i 5 o 5 /N 2 B-H-B =0 — HL 7 (3e-2e) B 43 18 /2 BoHs F1 BsHso
H HT0T BoHs A1 BaHas S HBH B 45 R R R B A7t 9 L Ase 78 43 1311341, {EAH
R SLIR B FEHR D o BoHy AR FLAE AR P A I 2, R S50 2 — BR Ak S
IRAE. EHRK, o-BO HHHE AR Z M A B B3 iEee-es, #rp>-BO tH
CLATE el 1) — S SCHR P g 3R 303, (HIRBA # eI RAE . ATHATE UCR A
JtHL T REHE (PES) SR M SK B BB AR 256 I 75 R IE 1 & — Mru2-BO FIH
AN FEp!-BO 1] BsOs [t BeOs 1%, ‘EAITSERR bafiad BaHaw A BsHa Bl A P34
Wy BATA Z WAL TAERE— D3R 0 & O F% HH (9-BO  H I & F0A ek 1)-H
FAT S IRAH AT

32 MR A&

K Fl GEGA (the Gradient Embedded Genetic Algorithm procedure)!'231 4 J&j £
INGERJTIRFER, 454 Gaussian03 FEF X BsOs, BeOs B & 1 A b4 25 ¥ i) B
A RE) AT RAHR. BT RWERERZ, U RIE R
B3LYP/3-21G J7iEX0 AR BEAT RAL FE T E B o %145 2 F AR e 1) S A 4
BATRERHET, ik (R AR = T A A B B3LYPUS7 572 Dunning’s AH9¢—
3 (aug-ce-pVTZ)SIHHAT 5 M AR AL . AR T 5 AT [ SR (NBO)U27-1281%, 11 4y
BT o BEARERATTE B3LYP Al CCSD(T)!38KF 15T BsOs Fl BeOs S 45 [ B T4
R 25 8 (ADE) f 2 B 2] % 56 (VDE) . Xt T BsOs Fl BeOs H 1 2% [t T L 3 25 g
(VDEs) %M &35 B2 i (B3LYP-TDDF T4 )7 vk AT+ 8. UL 5%
Gaussian03 F£J71122, b4k,  AINDPCGE B H 28 % B X1 70 ) s B o B 124R% B
Zubarev Fl Boldyrev JF & [¥] ADNDP 2%, 1t B3LYP/6-31G(d)7KF- Fi#AT .

33ERSTTHL

3.3.1 KL FREIE

It LT RETE SIZI6: PR AH 5% A 2 A S IR v b [ S s 0 & e Al SR
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TR FB A WO 28 K BRI LR f 1 Re il e B o FRATE 2B AL
BRAMIAREEF, MO AR EM B [ K (99.75%)HIEIFEH, wlaT L=
A= BoOw BIBS T RPN AL« FRAT T8 QAT IS IR0 5T 1% 77 LGS 7= A P i 4 ] e
AT 5T IRIE « BsOs™ A1 BoOs B B8 H B At & A2 Ao i KAT IR ) o 1% 308 6 - ok ekt 5
S 193nm (6.424eV) F 157nm (7.866eV) KOG TidkiT Zdy, #H7H T3
Bi. e, SGHLTRROR T AN, JER BT ATE RS KT .

X
a) | By(BO)3™ c) | By(BO)g A B
193 nm 193 nm X
‘rrel "rel
T T LA N T LSRN |
X
b) 157 nm A d) 157 nm B
| | X7\
el el
T [N L (L ) L NN T T T T T
2 3 4 5 6 7 2 3 4 5 6 7
EleV —» E/leV —

B 3.1 193 nm & 157 nm #7489 BsOs™ A= BeOs 89 L= T At L,
Fig. 3.1 Photoelectron spectra of BsO3™ (left column) and B¢Os(right column).

The spectra are taken at 193 nm (6.424 eV) and 157 nm (7.866 V).

3.1 A H T BsOs 1 BeOs HISER G R TREWG . HIIE] 3.1 AT %1, BsOs
J BeOs B R i LT 25 5. 3 1 5 T SCa 45 10 BH 251 25 4 28 ik
ADE FlI¥E B H 268 VDE {H. BsOs%:4s X 7%t B f¥] VDE {H0 4.34 eV, FHEE|
S50 H1 198050 em ! Ak & 7 HEIUIR BN, BsOs 1 HL TR FIRE R A 4.34 + 0.03 eV
MIE 31 AT, 6.33 eV ALE) A 0 X i B REIT, MFAZEL 2 eV, 5L,
BoOs[HI 6 FL 7 BERE 257 [RI /N, AR LIRS . BeOs i B, DY B
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=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

(X, A, B, C)XF NI HL T 45 & REAE 4-6.5 eV Z[A]. BeOs i &I rh B2 X 5 B
[¥] VDE 4 4.45 eV, 1fi BeOs [ T-2EffE ADE A 4.22+0.03 eV, b4, 7E BeOs
W, BRAERUORH A AR B Al B AR AT . AR 5 B X T Rl B ORI A
5%, 1M 6.3 eV AL C SR FEARN AL ET . SLUG IS ) BsOs & BeOs e HL T RE i 45
A BT SRRT DUAA E AH N ) B S S

% 3.1 FBH A H 69 By(BO)s #= By(BO)s 8948 A F| H A8 A £ A 7 % f¢
Table 3.1 Experimental adiabatic (ADEs) and vertical (VDEs) detachment energies for Bo(BO);~

and B3(BO);™ clusters, compared with theoretical values. All energies are given in eV.

Feature ADE VDE Channel ADE VDE
(exptl)b] (expt) (theor) (theor)t!
B2(BO)3~ X 4.34 (3)1l 4.34 (3) By « 'A; 4.27 4.35
A 633(3)  2A <« A, 6.28
B3(BO)s- X 422(3)  445(3) 'A< 2A 4.05 432
A 5.16 (2) SA" A’ 5.23
B 550(3) A<« 2A/ 5.4
TA” ¢ 2A’ 5.69
C ~6.3 TA" «2A’ 6.44

332 EEEWME

JGHLTRE T SIS 45 HE I 45 5 AR 15 5 B T RE X B AR R A RE I B )4 /AR
S5k NREFTSEROG R T RENS, JATE Yok M GEGA F2FPAE B3LYP/3-21G /K-F
5% BsOs Al BeOs B 55 A b B ¥ 42 R il /N AT T RGHE R . R 15 2
ik, FRAEE BEEHE T IRAE 2 ik, SRE XTI e pe S A 2B/ i) S
f A& 7E B3LYP/aug-cc-pVTZ 7K-F EEF LA It EIRSAZ . N EERICRE
BRMAE AR E M, AT AE B3LYP/aug-cc-pVTZ /K L3R5 11T JLAME
e B R EEAT T CCSD(T) ¥ s g it 5

3.2 50 T BsOsBH B 1 B H bt [T 5% 1R AT DY AN R 52 e 1) 42 1) 65 4 AR
XaeE. HE 3.2 A%, Cao B2(BO)s (1)7E B3LYP A CCSD(T)/KF b AAH N # fg
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T E 4 SR/ o 4 Coy B2(BO)s~ (1) £ 44 T M R p2-BO B2 i #% {753 2 Cs XFK
PERI AR Q2) . IR QR) 5 1) LR A5 Re & Mk, T RE2 v 7 kit U i
NZERI . FE5ERE =AY BBO) H 13k BO Z (A1 —1 B J& FEI AT 53] Co
XIRRVER A AR (3), HREE M (1) AEH HeAHIL, 7E B3LYP/aug-cc-pVTZ 7K-F
EANZE 0.06 eV XPUAZERE PHE A ik BO, B4 5 —A O BABERRE
FEWE? A =M gels e uhizk p'-BO, M w>-BO, Hf O. @I, #f BO
HHTEREE LT . FER@ T LLEETE Bs =M #EM A i EE-BO F1—/MfF O
g5Ke, £ CCSD(T)/KF EHegitg()aemth 0.71eV, SRS 1) 1) i A1 7% (8)
FOBA 214 R/ NEE A R 1) R i AR (S) RE R A FRUE 0.27 eV, B, S5H4(8)
N BsOs HHH: FRR I 4 RN K o B =i e Wl-BO [ SERIPR(7) L EL & — M
B n2-BO MZE(S)FesE « B IX S AR I LLBL, FRATARIN, WA R - P A
SN AT R R S M B A%, B — W BIR T E AN AT RE . el I 5 5t
re K T ERAR T BRI F - R B SR AR 45 6 R B e 7R R I RS

@
Y () 9 ®2
9 - ? J ol 2
QI II)I0 0 I 200 .J"JJ. o ®
1. Ca ('AY) 2.Cs ('A) 3.Co ('A)) 4.Cs ('A)
B3LYP 0.00 +0.01 +0.06 +0.70
CCSD(T)//B3LYP 0.00 +0.01 +0.17 +0.71
@
@ 0 9 ®2
9 - ? J ol 2
QI DI 20 9 I IO .J"JJ. o ®
5. Cay (°B)) 6. Cs A" 7. Cav (PB)) 8. Cs A"
B3LYP 0.00 0.00 -0.20 -0.20
CCSD(T)/B3LYP  0.00 0.00 -0.11 -0.26

A 3.2 BsOs (1-4) % BsOs (5-8)491& At & 5 #14& & £ B3LYP/aug-cc-pVTZ
F CCSD(T)//B3LYP K-F L&y Aast it 2 (6,45 K m AR IE),
Fig. 3.2 Low-lying cluster structures for BsOs™ (1-4) and BsO3 (5-8). Relative energies in eV
with zero-point energies corrections are shown at the B3LYP/aug-cc-pVTZ

and CCSD(T)//B3LYP levels.

AT Ja R BIR U7 VR 45 B 06 HL T RETS SR 3G 2 Y U5 BRI € BsOs B & 35
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=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

ghf . ST BsOs PUFMIKRE S F AR I 4544, FRATTH Ja R FIB3LYP-TDDFT i1t
SR A48 31 3 55 e (ADEs) A 3 L FL 55 AE (VDEs), SR 3B RS2 06 ) B 1 g 1 6 HRE
Kt A7 LR I HE S 251 o o ADEAE SR FH 9185 7 1 25 W A P 5 K T e 2
ZEEEMRT, RS VDEHERHWNE FReE SENE 7418 T kg n
(B3LYP)fig & Z 18 . 1M 5 = i VDEs{H H1 K FH TDDFT(time-dependent DFT) J7 21t
HATS IR Z M S VDEME 2 AR E . #3.250H 7 BRSTH 5 11T PR 544 44
(1) 46 3 B i ADEs A3 B it BS A VDESs B )t L1 REVE SI256: I 45 XA S A
& 3.2 it AR 11369 BsOs H 5% v AP K AL & S A AR 69
%64 % R8 (ADEs) A= £ A & % ft(VDEs).
Table 3.2 Comparisons of experimental adiabatic and vertical detachment energies (ADEs, VDEs)

for the BsO3™ cluster with those calculated at the B3LYP/TD-DFT level based on structures 1-4.

b4 feature exptl transition ~ B3LYP/TD-DFT
ik L X (ADE) 434 (3) 2B 1A, 427
1. BsOs” X (VDE) 434 (3) Bre!A 4.35
(‘A 0.
Cov (A1) 0.00 A (VDE) 6.33 (3) 241 TA 6.28
Y feature exptl transition B3LYP/TD-DFT
o
@I bIIe X (ADE) 434 (3) AT IAY 4.7
X (VDE) 434 (3) 2A" 1A 434
2. BsOs~
A (VDE) 6.33 (3) 2AT 1A 6.31
Cs('A")  +0.01
< feature exptl transition B3LYP/TD-DFT
1 X (ADE) 434 (3) B—IA, 4.00
eo? o
X (VDE) 434 (3) 2Be—IA, 4.07
3. Bs03~
A (VDE) 6.33 (3) 2B1—'A, 6.81
Ca('A))  +0.17
L 2 feature exptl transition B3LYP/TD-DFT
-2
o’ Yo X (ADE) 434 (3) ZAT—IA 3.33
4.B:Or X (VDE) 434 (3) 2AM 1A 3.61
Cs (lAr) +071 A (VDE) 633 (3) 2A”<—1A’ 550
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B4 T SR — e BT 9T

FSZIG 6 H P RETE ST R, FRATRBER T AR (4) B D8 2 3+
YR, HEIRTFE M) ADE N 3.33 eV, TMSLish AN AE N 434 eV, ZE{HIA
3 1.01 eV, AN RESE . B Q)RR THAE K] ADE EM L5
2 0.34 eV, ZHAEXECR, WAl LHER. HRA Coam k@), hTH
gEf e R 5 RS A (D) ZERER /N, FreAit 5% VDEs B W A1) JLFAHIF .
S5 LN AR AT BEAD BILYP JjiEA S A k. B 3.0 WAL BT AR
S5 (1DF) VDEs B A1 S5 45 (16 B 1 e i HdR e E v & .

A, £E B3LYP/aug-cc-pVTZ 7KF 5 1) BsOs(5) T 1t 45 4 i #F-BO Al
F-BO FUREIRSIAIZR 43 38 1917 em! 12016 em™ . FAE T HIHF-BO RBh4T
HG T REVE S 06 TR ZE B (AR 1980 + 50 em ! WA RAF . 5SS THEM
JGHL T REE SRR AR, JRATTAT LA E 4544 (1) Cay B2(BO)s ('A1) 9 BsOs # g
A RN o

[ ]
) @ 'l @ J
@ o

-2 2 P e >3
J 2 '
) @ QoI

9.C, (A" 10.Coo (®By)  1L.Ca CA))  12.C.CA))  13.C.(A))

B3LYP 0.00 -0.10 -0.10 +0.86 +1.21
CCSD(T)//B3LYP 0.00 —0.06 -0.05 +0.76 +1.08
@
OJ @ 9 ° f
* ] 9 )-‘J F @2 I
& > o ] 9
@ J° @
o’ ‘e B . o g % 4

14.C,('A")  15.C (A1) 16.Co (‘A1) 17.C('A)  18.C.('A")
B3LYP 0.00 +0.07 +0.20 +0.05 -0.07
CCSD(T)/B3LYP 0.00 +0.09 +0.31 +0.03 ~0.11

B 3.3 BeOs (9-13) % B0 (14-18) 491K it & 7+ 149K & £ B3LYP/aug-cc-pVTZ A
CCSD(T)/B3LYP 7K-F_E 483 it = (6L45 R SAER E).
Figure 3.3 Low-lying cluster structures for (a) BsOs™ (9-13) and (b) B¢Os (14-18). Relative
energies in eV with zero-point energies corrections are shown at the B3LYP/aug-cc-pVTZ

and CCSD(T)//B3LYP levels.
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=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

Kl 3.3 Bl T BeOs A H 1% BsOs 1% 11 BT 1AM B8 & 57 14 4K (9-13) &
(14-18). BE& b JLT- i H A F AR (9-11) 3L [H] 55 5 BeOs 4 Rt/ o A4 44(10)
MAD) A UL Bs =M NZEIE =N EE-BO, RZ#M EAZEN. BO:s2JF
W/ NGERII 354, A ERRImE 1-BO S 1w2-BO WIS54. Mt T H ik
BsOs 1%, SFAIMA(18) 94 Ja bl )N, Tz b b ks LA B 5 7 e = L R A AR (9) vy
tH 1.08eV. Tai fl Nguyen 2558 T K& BeOs M It BeOs FHR M A4k, I
HARE(10-14 Al 16-18). BbAk, MATTEH T T 75 &M BsHa> K5 2 5t b A4
% Bs(BO)s> I 4h M) S e et . 2RT, AT SCE A #13 A 12 BeOs THE T4 )5
W/ NEEREN(9) o

%33 FR AR BOs A Bk,
Table 3.3 Comparisons of experimental adiabatic and vertical detachment energies (ADEs
and VDEs) for the BsOs™ cluster with those calculated at the B3LYP/TD-DFT level

based on structures 9-13.

e, a feature exptl transition B3LYP/TD-DFT
o = 3 X (ADE) 422 (3) TA"2A’ 4.05
X (VDE) 4.45 (3) TA«2A’ 4.32
9. BsO3~
A (VDE) 5.16 (2) SAT2A! 5.23
Cs(?A) 0.00
B (VDE) 5.50(3) SA'2A! 5.24
TA"2A’ 5.69
C (VDE) ~6.3 TA'2A 6.44
: feature exptl transition B3LYP/TD-DFT
ad X (ADE) 4.22 (3) 'A1<’B; 4.24
e Y |
X (VDE) 445 (3) 'A1<?B; 4.68
10. BsO3~
A (VDE 5.16 (2 3A,—’B 4.92
Cx(*By) —0.06 (VDE) @ Sl
B (VDE) 5.50(3) 3By«2B; 5.11
1AB; 5.59
C (VDE) ~6.3 'B2?B> 6.18
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: feature exptl transition B3LYP/TD-DFT
T X (ADE) 4.22 (3) TA1<2A, 4.35
% X (VDE) 4.45 (3) IA1—2A, 4.67
11. B6O37 3B1(_2A1 477
Cov CA) A (VDE) 5.16 (2) SBr2A, 5.10
005 B (VDE) 5.50 (3) IBye—2A, 5.54
C (VDE) ~6.3 IBi«2A, 6.37
feature exptl transition B3LYP/TD-DFT
: » X (ADE) 422 (3) A 2A" 3.23
J JJ X (VDE) 4.45 (3) IA"—2A 3.74
9
° ° A (VDE) 5.16 (2) SAT2A 4.63
12. B¢Os B (VDE) 5.50 (3) A" 27’ 4.92
CsCA") +0.76 C (VDE) ~6.3 TA"—2A’ 6.21
J. feature exptl transition B3LYP/TD-DFT
[ B | ' '
fa¥ X (ADE) 422 (3) TA'2A 2.74
g X (VDE) 4.45 (3) A" —2A’ 3.06
13. BOs- A (VDE) 5.16 (2) SA"2A! 4.07
CoCAY) +1.08 B (VDE) 5.50 (3) A" 27’ 4.61
C (VDE) ~6.3 TA"2A’ 5.92

X T BeOs BB 7 (AT =FIKRE & ik, T ReEARIL, Haif g i
ANRBZE TSR E 0, FRATRE LA o7 BT SR IR 45 HH R 0 AT L SR e
FEAGEM . 3R 3.3 WA, FMAR02) R (13) S VDEs f% BT AE i st
B EBAYIE, EAIARENRERSE . RE R HAR00)M(11)7E B3LYP X
CCSD(T)/KF L fe &t AR (9 A, EXT EATHAT RS TH 51 X-A Z A1
B 0.24 eV F1 0.10 eV RIS HHE(~0.7 eV) R ZE IR K. ML T E4M, &
AT SR 1A (9) ER i RSB0 B8 5E AW &, 4544(9) Cs (PAT) B3(BO)s A BsOs 1)
RN B 3.4 HIH T BsOs Al BeOs BB T MRS 458 Cov B2(BO)s (‘A1)
Cs Bs(BO);” ((A"), 5 Coy BoHs™ (19) A Cs BsHs™ (20)3H4T 1 X HE. H& 3.4 A

7/
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=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

K1, Bo A B3 A% 8 2, 3 DidE wl-BO M1 1 M w2-BO, Bl 0] 155 BsOs [ BsOs-
&R/ 1 Bo(BO)s Al B3(BO)s - SEFx |, BsOs BB L5t i LB 1E 2 th
B4Ox 2 &5 Ky 3 i — A% BO 58], BsOs~ il BeOs AL/t n] LLE 1
7& Cay BoHs™ (19) and Cs BsHs~ (20) I L B0, R BN i3 p!-H Fp!-BO
B SRR, 17 AR p2-H Fp>-BO A FE B A S MA L . 7F Cov B2(BO)s-
(DA Cs B3(BO); (9, Hi#Ep2-BO 1 B-0O # Kk 1.225A, Hink BO H1) B-O
B 1.217~1.217A08 K . B-(n2-BOY#E KN 1.777A, ELAH MY B-(u!-BO)EEK: 1.615 A
WS o X PP B LA HHILAE Coy BoHs o, B-(u-H)8E B B-(u'-H)#EmE K. EHAE—
$EM 72, £ Cov BoHs (19)H, B-B 8N 1.459A, i iiinl == 4k, e
Cav B2(BO)s HAH N 1) B-B 48Ky 1.453A, t BoHy 1) B-B 4 4, R EAMFIE
w2-BO FIAHAB FFIAE I 56 5%« BsHs & B3(BO)s 45 4 R K B A A E T . (H 15
TEE N2 By(BO); PR K B-(W-BO)# KN 2.005 A, th—%[ B-B igEE K,
KL SHEER B R T2 A /E 5.

1.225 ‘

1.777 1.182

\,1.353

11 Y ’,J
O—J‘ 1_453J' “ 1.459
1. B,(BO);~ Cy, ('A)) 19. B,H;™ Cy, ('A)

9. B4(BO),~ C, (?A) 20. B,H,~ C (PA)

A 3.4 /& B3LYP/aug-cc-pVTZ K -F L3k 1349 Bo(BO)s™ (1), Bs(BO)s (9), BoHs (19)
A BsHs (20)89 R 4L A,
Fig. 3.4 Optimized cluster structures for Bo(BO)s;™ (1), B3(BO);3™ (9), B.Hs™ (19), and B3H;™ (20) at

the B3LYP/aug-cc-pVTZ level. Bond distances are shown in A.

29



B4 B S — e B 9

3.3.3 S FEHUESHT

e — 35 T fRIX LB B p2-BO H A AR I BCBRRAE , FRATTR A T EIE AT
ToPr. B 3.5 81 3.6 735151 H T Bo(BO)s (1) B3(BO)s ()4 T L& K .
FHE 3.5 AT I, Bo(BO)s 118 = 5 B8 HLIE (HOMO) e it 7 Hty Bs = A 1 25 Selm B %
M BO B4R PR SEVE ] . Bo(BO)s A FEZ 4, nfil HOMO #UiE 1k %
AT HHE, XA B RN I AL 4nt2 BN, BA DT EE.
HOMO-1(a1) & % Jx B 5 n2-BO AN = A A 2 W AN+ 1) o SR T
HOMO-2(b>), HOMO-3 (bi), HOMO-4 (a2), HOMO-6 (b2), HOMO-7 (b)) 1% /2

I AEp!-BO MM £ p2-BO MBI A& ) 5Tk, HOMO-5 (an) EZ W =M M4
R 7R Kol iE, HOMO-8 (a;)) , HOMO-9 (b2), HOMO-10 (ai)
HOMO-11 (a)FEFE BT B-(W'-BO)WcH#EH . {E#371E M2 HOMO-13 (ar)
FEZONIR 2p HUEE R EcHiE .. 1 HOMO-14 (a;) Al HOMO-15 (by) i Bk
T ue SIS BO H B-O 2 [al IoBE/E .

& v

% ofe

HOMO (b)) HOMO-1 (a)) HOMO-2 (b,) HOMO-3 (b))
]
¥ : () ]
'@ T S3
HOMO-4 (a2) HOMO-5 (a)) HOMO-6 (b,) HOMO-7 (b1)
“dgeo @b -.2.. Wi
HOMO-8 (a)) HOMO-9 (b,) HOMO-10 (a)) HOMO-11 (ai)
P> 2
.
- ... &P
HOMO-12 (b2) HOMO-13 (a)) HOMO-14 (a)) HOMO-15 (b2)

B 3.5 B2(BO)s (1, Cay, AR5 T it I o

Fig. 3.5 Valence Molecular orbital pictures for Bo(BO)s™ (1, Cav, 'A)).
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= 4pl-BO Flp2-BO [ BsOy % BsOs [1f%

Kl 3.6 4 T Bs(BO)s (9, Cs, 2AYWMIM 7 FHLIER, H+H HOMO (a’) Al
HOMO-2 (a') i £ B Wt 7 25 B-B-B-B [ ot /E . (8 12
HOMO-1 (a"), &/ MR T 1) p BB TAC 5 8 U B i8n s 15008, [F
B2(BO);~ (1, Cay, "A)) T K 51 S B HE HOMO (b)) 281, BAI T T 445 A1 7% 71

S EEER . KRN THIES Ba(BO)s (1, Co, 'ANFHIETE AL, X B
ANHTER

S 0. R

S
&
@ o

HOMO (a") HOMO-1 (a") HOMO-2 (a') HOMO-3 (a")
®, & ".-'

*9 G , L B

HOMO-4 (a") HOMO-5 (a) HOMO-6 (a") HOMO-7 (a)

N

" ]

Y
HOMO-8 (2') HOMO-9 (a') HOMO-10 (a') HOMO-11 (a)
..
? @ @
HOMO-12 (a') HOMO-13 (a') HOMO-14 (a') HOMO-15 (a)
@, 2 - ¥ N X
P Fay
J 2
e @
HOMO-16 (a') HOMO-17 (a') HOMO-18 (")

& 3.6 B3(BO)s (9, Cs, 2A) 69 5T #itl

Fig. 3.6 Valence Molecular orbital pictures for B3(BO);™ (9, Cs, 2A”).
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3.3.4 ANDP &1

MWkt Co BaHs (19) A1 Cs BsHs (20) 4 & A # 7 ) B-H-B =+ 0y —H-F
(3c-2e) B idhott . SHFIUZ-BO [ B2(BO)s Fl B3(BO)s 1t W A5 £ Hh0s B
{3 F- 38 5 T TCvE 25 H I8 T ) 3 3 22 vh OV TR

3x1c-2e
ON=1.98|¢|
2c-2e o-B-B 2x2¢c-2e o-B-B
ON=1.90|e| ON=1.97|e|

- A -

3x2c-2e o-B-0 3x2c¢c-2e 1-B-O 3x2c¢c-2e 1-B-0O
ON=2.00|e| ON=1.94-1.98|e| ON=1.99-2.00|e|

o e

3c-2e 0-B(BO)B 3c-2e 1-B(BO)B
ON=1.97|¢| ON=1.82|e|

B 3.7 B3LYP/6-31G K -F _LB2(BO)s 49 AANDP % 4 45 4E B o
Fig. 3.7 AdNDP bonding analysis of B2(BO);™ (1) at the B3LYP/6-31G level.

Occupation numbers (ONs) are indicated.

N3t — 2 BR AR IR 8 A ) RSB RFALL U HOR BB AR AR, BRATTRATERCE B
R X 77 FEFF (AANDP) XB2(BO)s (1) 1 B3(BO)s (1)) sLBEAT 1 704 AF
N B SRBEENE (NBO) 0 W AR 1 (194 &, AANDPAE 32 % BT 7244 2 (1 B - 4584 R

32



=% Pul-BO Fp2-BO (1) BsOs & BsOs 5%

ne-2efEFATHEA, HonlEE/N N, I NI FIE RS E T4 . AINDPA
A AT BAFINBO—FE 23 1 58 I 38 (1c-2e,2¢-2¢), 1 Bk b T NBO T EAEAL B =
Wt DL_E B I B D BE RO AN A, T DA FAR 22 28 P AR B 15 B4 R H BT inc-2e i

3x1c-2e
ON=1.98-1.99¢|

R &\ e

3x2c-2e o-B-B
ON=1.93-1.98|¢|

3x2c-2e g-B-O 3x2¢c-2e 1-B-0 3x2c-2e n-B-O
ON=2.00Je| ON=1.89-1.97|e| ON=1.98-1.99|e|

) W

3c-2e 0-B(BO)B 3c-2e o-BBB

ON=1.99|¢| ON=1.93|e|
4¢-2e n-bond
ON=1.93|¢|

3.8 B3LYP/6-31G K -F _LB3(BO)s #9 AANDP sk 4% 45 AE ] o
Figure 3.8 AANDP bonding analysis of B3(BO);™ (1) at the B3LYP/6-31G level.

Occupation numbers (ONs) are indicated.

K3.751 T Coy B2(BO)s (1) FTAINDP A B 73 BT &5 5 . Bo(BO)s M L P AN
34, HA3AB=0H B 1c-2e NOJEF I ¥, 34-2c-2eB-O o, 67-2c-2¢
B-O nf#) H24MHT, 31MB-Bof 6N T . WE3.40R~, B(BO):HB=0
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= N B-BHEEZ N1.22 A, 1.62 A, FIITEZMN A % i 2 ) -BOM 1M HF
W-BOREE TAM FBOH HEMEHE. BABO); A4 M BT, HHB-B-B
3c-2e nf 2T, A AE A B-H-BAF 2501 3¢-2e p2-ofE H2NHL . TEC
Bx(BO)s 1, A WA B dkn i T F B E B Aol T o MK IRTE R 4nr2 B0,
B2(BO)s M B otnXWHE 75 & . 5BoHs W o p2-HAE, p2-BOAM AT LIME o
HE %, Wl LMERnE k. FIBsHs Z5M 250, By(BO)s (9)4 4 HHH LB =i
S R A i 2 -BOAT — M3 p2-BOJE /i B3(BO)3(14) 4 F1B3(BO)s (9) EA A
FERIS5 K. BT AANDPREFF R BEZ M A FE 2R 22, FRATTN B3(BO)s(14) ) BBy
fEREAT 7 AANDP AT HHIEI3.8 W L, 34 B=OFIB3(BO)s~ (1)(3.6) " [IBO ik B
FEARML, XEAFHERI S, OB EE-BOZ [AI13/1NB-B 2¢-2e off
6N, 5B —/NB-B 2c-2e o . FRMIBXTHTIE: HrA-BOFIBsIE BiH)
3c-2e offtt, Bs—=fiH0o3c-2e o, 78 Ba(MrHE-BO K B: = )2 XM 4c-2e nii
4c-2e IR lidE— B R W -BOAMUAE o B HZEM Bt vl 1E Jyn H 2

3.4 REINGE

75 CHRE IR IEBOVL &, -BO L E DU I RAEAE » A 2R Ak
AT RIS E T S H3E-BO 1) B2(BO)s M B3(BO)s 45 # . iX R I EE
T-BO WpkEE =, HE— PR T E WA RO e gh #2180 & 2R U, B
& DIV S P 7 S o gt A AR LB e RO B B AR o e Ab, o i e BN 4 141 7 o
i re BB 2R NEE R, AR i EE-BO. #r5E-BO by O Z [AIAFLEH
Flside, [ —1R1Z, Ba(BO) (1)F1 B3(BO)s (9IS # . i Al i3l SRR IE
(K1 EL A BRINAL A P 1 S5 ¥ 26 2 DR R 140, 4 BLAT o iU = 75 75 M 1) B2(BO)s ™
Hul B-B K 1.453 A, # B=B MK 1.46 AdEHHin. 25 b, #2E BO [k
PA 5 B AA 32— PRI 28 55 80 e 2840l B 45 K 7 8 1) e W S AT
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FNE SEE 1°-BO BNE HF#% B«(BO)-

4158|5

T BB AR R, R HL A 2R e 1) 5 A AN SR 52 BIAE BRAS RN S 06 57 Bk 2E AT 5
HIHT 2 5evE, L=t T T (Be-2e) AR T B oL G O BIAR
TR PR 1) B Ay 0290, SR AT TR T 2 TR B A 3R Ah 25T D0 A — LT
(4c-2e) BB FEEN B B A R U4, 4R, & A s -H M1 B-B-B-H Y0 =
F(4e-2e) BTN EE Csy BeHy BB T I SS HIGES 1 AATTRIBI L DG ERI43-145T, Ho b
B3 —4212, K.Hoffmann & \RH MUk 7 illk 25 % B-B-B-H 4
O H T (de-2e) B IARAENO T BT, FRATAER FH AANDP J73% 77 Hr a2 47
A SR O4S), R Iz AR & AR SR P TH 25 B-B-B-B Y .0 — HL T (4c-2e)
. BO M1 H AN O A E B FISLES ERIESL, 2B AAIER BeHy 251
B4 T W 2

HLTE 2005 4F, 22 LSS AR %55 B2 12 bR BRAR A T Co(BO)n (n = 3-7)F1 CoHa (n
=3-7) RREEARH T DI MR, JACH-BO FI-H BUEEERL, FEFFURER
DI 4 A A S T e 2 T () 85 KA TG o B 36 -BO MRS IR TR ¥ 213 % &2
J AL AP M[(CBO)]2 (n=4-6)3, BO BRI 2 M ZpesrT100, 52 DY TH
& Ta B(BO)s 162 K 4R Bo(BO)2 (n=5-12) SIF#HE5EK R . 2007 £, BELZEN
FESAFRIINE] T BO BIAETESY, R G T REIE SR a0 25 & % BE iz s B THE
FRE T BO ML o it i » A ATT SR S 3 AN 5 45 1) 7 =W e 17 267 B(BO)2
(Dxn), B2(BO)2™ (Dxn), = 1 /& B(BO)s~ (Dan) & - [fi ] B4(BO)w (n = 1-3),
B1o(BO) HI#ES-681, X b2 LIS M i 45 7~ T W b2 BuHm 15 5 BB 420 A 725 11 485 1 16
R, & A E R Ba(BO)m SEFr bk 2 bt BoHm A BRI IR . Aun(BO)
(n=1-3) & Cu(BO) (n=2,4) B #% "+ {5 Fo-BO L& AE M SLIAE R4, 2010 4,
Holger Braunschweig @4 5 & BIFERAE T & B=0 =H# K& E M 5K
H-[(CysP)BrPy(B=0)]1"2, NHHIEA K EIEN 7RG 1. i, & p2-BO
[¥] Cav BsOs B Cs BeOs ¥ 45 44 CL Bl B8 A S IE, B8 A 3 210 2 A TR -1
i) BoaHs™ M BsHs 23 28400, 3 — 5 R W] & B0 460 141 % Sl e 7E 54 b A7 72 SR %
B

SR EA, 78 OB B AR A % SO T i A p!-BO AItfr £ p>-BO, K I
F I PP-BO IR A B xS T 523 BO 5 H AU FE 2o E 2. IR
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BsHe* 12814 Bo(BO)6> 8 BRI TN ~UHH Hh AT AR g A7 AE 040, 2R BeHe™ H 2]
—NHY BREIREER BHr 5234, F8E R Bo(BO)s> 3k1% BO G & 75 A] LA
335252 1 Csv Bo(BO)7 WR2TM 5 [ 3£ 13-BO 1 Bo(BO)7 BH B T H 45 1 e s 1k &
A AR LSRR IE . AR FH, AR BO/H MMM, SRAMKE LR
iRt T Epd-X 1K) BeXs (X=BO,H) I & 1 BRI 45 1 S s e v . (A — 1R,
AIM #4073t S AANDP 48 53 Hr R WI7E Bo(BO)y B & 1 BIE i A7 78 22 T D
DT (de-20) o, 5 BeHyH 1) B-B-B-H 25T B2l Xt —D%
FRW L Z R RS T AE B R 2 AR R . A, ST Cav BeXy
(X=BO,H) 4 #4F|  BE(ADE) ¢ B R B ¢ (VDEs), FATTHITHE S5 K 94 5 1Y
JGHLT RETS S IO AR (LB AR .

42 IBig Ik

& b BT A B I S5 M AL SR F B3LYP A PBE1PBEUSOIR Fft 44 4k, 25 [ 12 1R
Mg, AR HARMER 6-311+G(d) FE4LH JE T8UMEIn—4 p I,
SERRAL A EAT 1 U R RS R TR A T R AR B A A AR, SR BT YT A B AR
SR EE R 2 5 A F eI B ELIEMIR /)« K H Gaussian03 [H 47 ) NBO3.0 X 4R [4]
1% BeH7 [ Bo(BO)7 I BUBRFIEEAT T H ARSEANTE 734 o A A A% 1 5 2 1k
fiE, FRAAE B3LYP /KF B HFRZE it AT T ST AL 2E A B (NICS) 525
KB ING 6-31G(d)FE 4%t BeH7 K Bo(BO)7 25 BH 5 7% 11 g 3E 1T 7 AANDP
43HT. BeH7 S Bo(BO)7 M2 #4K B3 6 ADEs K B &8 72L& A s A b M L A5 B
W ZEAE, 1 E R 2 AE(VDEs) UK A TDDFTU40F] OVGFEU S i 75 06 B -
B/ KEPEITEIHHEYRH Gaussian03 F27, 43 F S50 F 5 1508 B 221 43 )
KM CYLview!' F1 Molekel 5.4155145 4,

43 ERETR
4.3.1 LEHIFHE

Kl 4.1 I 7 B3LYP/6-311+G(d,p) K1 & i & p3-H [ Csy BeH7 (Fig.4.1A)
M 3-BO ) C3v Bo(BO)7 (Fig.4.1B)HILAL A by, JFhRiE T BRI S KE s . N
TETHE, B 4.1 E5H T Bo(BO) I 55 Wi Mp B 2 R 4 4& Cay (Fig4.1C) J Cs
(Fig.4.1D), Ef15 5 & HHru>-BO fliiu!-BO. X H PBEIPBE JiiLHfliib15 2]
MGt 5 2 ML, DAV 22 7, AT 32 B[ 58 B3LYP 145 SRR £ (4]
FEEIRT JUART A L - 25 AL 34T BT
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FEBs(BO)7 [ =Fh A ik, B Coat BRI 13-BO I B&(BO), 5 % THi {4
Wkt BeH, 28035 o R BT B IEMR /N EEH, HLRRE R AR WRRIERCa
C, 11 45 ¥ 7E CCSD(T)//B3LYP /K ¥ L fE & bk Cav Bo(BO)7 45 ¥4 43 1] /&1 Hi 0.42 il
0.44eV. K & HHFu-BO [#)Cay Bo(BO)7 7EB3LYP/KF A —4>561 cm {1 R 4,
R F Hrem LIRS, R AR PR 2 75 T B A S A 20
w-BOMICsy Bo(BO)7» AMBIIAZ, TECs Bo(BO) &5 HB=0=Hf(lo+2n) {REF
e . ELAnCse Bo(BO) s Fu!-B=0, 515 2 1 s KA1 1.206 A%
1.208 A, F1IBOH H13k X B(BO)H B=0%#K:1.203 A £ 1.209 AJEH KM, & E
2, THEL-B=OH A = fs Ko 1.216 A, HhufidEp!-B=OHig &K . 4R1M,
PRI SCHRARE 1) 2 A BT & B=O = #2 I IC & ) ) 2X-[(CysP)BrPt(B=0)], K FA']
2RI KRG SIS A A%, 7T R1Csy Bo(BO), 7% H IBOJE [4] 35 il 45, — 48

(A)C,, BH, (B) C,,B,(BO),  (C)C,, B,(BO), (D) C, B,(BO),

4.1 BILYPAK-F _ECsy BeH7 #2Csy Bo(BO); 89 AL LM (ARiE T £ 20948 K348, AAd
F & FMARCoArCstY RAL LA LB B 5 ) 6
Fig.4.1 Geometric structures of C3y BsH7~ and Csy B6(BO);~ with the selected bond lengths (A)

indicated at B3LYP. Equivalent p”-B/H atoms are labeled with the same number of n in (A) and
(B).Two important isomers (C) and (D) containing u>-BO and p!-BO are also listed for

comparison with (B).

FRul-BOSL, 7ECsy Bo(BO)s 4 4 A7 AE = FAS [RIFL A A 7 (4.1 Epw
H)o CsvBe(BO)7 KB T 1T LL43 AB! (i 2 B=0OH [fJpu!-B). B (MHiZEB=0 1)
w-B). B (FI [ B=OAH B2 1 p’-B) LA & BH(FI TH £ B B B [ AH X (i put-B) . 7EIX
Sei A4 R, B-B4 e B-BYE K A 1.643-1.647 A, B4 1 #L 7R f) B g ; B4-B4 )¢ B*-BS
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K ON1.722-1.724 A, BTN RRIIGE 2 T JEepN 5 1 BS-B° & B3-Bf
Ko 91.867 AFN1.871 A, BIAIT A ELA 55 BB 8 2 Th A ZE I A

R IS, B3-B-BY =M1 S5 AH4R ) BS-BS-B* = My 10 JE i) T M N
178.98°, T TE R 5EFEM B>-B-B-B* ¥, HIULATIAA Cay Bo(BO) 45 #4 I AF1E
=AEM ) B-B3-BS-B .

4.3.2 pREEYFAE

CavBo(BO)7 H I 2 3-BO #5715 1) [ 98 FLfif J9+0.16]e|, 5 BeHy HHTHI HEp-H 4%
A7 IR HL AT +0. 18 e IR 4523, #E— P UEBH BO 25 H B8k 5105 9
WBlLui8-0=1.89~1.90 1 WBls.5-0=1.77, FHufizEp'-B=0 F -5 % 11EH Z L
[ 3 p3-B=0 Hlg 3R PRBNANEE 7347 o] AFE BIFRATTIX 43 Cay Bo(BO)7 4 1) H (14 i &
M % B=0, itk B=O B SRR AEREN AN 1989~1992 em!, X R A 4 4l
BN TY 2004 e, ML B=O K4 IRENIE 0y 1857 em!, IRATHIEEAE AR K
(2T Ah Bl 2 i Hh AT DAL SR B SERFAE 4R B AT

N7 Cav Bo(BO)7~ HISEHIRHIE, FRATHBEATH 7 FHUEMO)IEAT 14T,
42 5IH T Csy Bo(BO)7 FI 2 FHLIE .

HOMO 2(e) HOMO-3(e) HOMO-4(ay)

% : 5
:

HOMO-5(¢)  HOMO-6(ai) HOMO-7(e) HOMO-8(a2) HOMO-9(a))

=t ot A

HOMO-10(e)  HOMO-11(e) HOMO-12(a))  HOMO-13(a;)  HOMO-14(e)




HIE S iHES-BO FIMIE % B(BO)

HOMO-15(¢)  HOMO-16(a))  HOMO-17(a))  HOMO-18(e) HOMO-19(a;)

* ¥

HOMO-20(¢) ~ HOMO-21(a;)) HOMO-22(a))  HOMO-23(a))

HOMO-25(e) HOMO-26 HOMO-27 HOMO-28 HOMO-29

B 4.2 Csy Bo(BO)7 9t FT 4t B, T # 4 R3] T H P —4
Figure 4.2 Valence Molecular orbital pictures for Cs, Bs(BO)7~. For doubly degenerate orbitals,
only one of them is depicted.

AP 4.2 AT 0L, T 0 e o5 PR UIE (HOMO) 232 22 0 78 2 T R LA™ Bs
AR = RO B B I HUE M TTER, HOMO-1(a)) R WL T TH 2 p3-BO 1IEX 4
I 78 2 1H A = M T AFAE B ot E R, 187 1 HOMO-2(e) A7 & Il HILiE 1) T
fik. HOMO-3(e)~ HOMO-17(a)) F 247 17 BO ZHH Hintd & O LA B+
HIER 5Tk . HOMO-18(e), HOMO-19(ar) ) Bt T 1% £ 14 5 BO F& A0
YEH, HOMO-19(a1), HOMO-22(a:)¥Li8 3% BB AN R G5 0 B AT =4k 55 B 1% .
HOMO-20(e), HOMO-21(a1)F 22 s Bt 7 78K 2 AR S5 B Ile B EH « R
PUEFEAE O I B FIEA, XEAHER

ERBHENIEL BT EERININT, RIUE Cav BeHy H = AN S0 1 HEFTH
H3-B-B3-B* 35 JE HAEE(3,+1) I S i AEAE B3-B3(3,-1) Bl 5 5, A2
t H3-B3-B3-B* 25 T8 AR LE R AU DY P — P8 . AT Jacobsen 55 A\ Z1IA 1%
B 5 AR A e LAY Aol T A G IBE . B BRI 8 O X R R
B4-B3-B5-H3/B3 ZZ J IY A0 — W 1 & L B o

H AR TE (NBO) 73 o] AT BIFRATT T % Cay Bo(BO)7 [ UBERFAE, 3% 4.1 711
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T RS

% 4.1 B3LYP K-F L BeX7 (X=BO,H) ¥ 1>-BO/H (q/le)#9 B A .77, H/Bn-B. #9 F 144k
B (WBlmn). H/B 89545, ALK INFERAETR .

Table 4.1 Natural atomic charges of p*-BO/H (qg/|e[), Wiberg bond indices of H/Bm-Ba
(WBIms), total valences of H/B? (Val.), the lowest vibrational frequencies (Vmin/cm!),

HOMO-LUMO gaps (AEgap/eV) of BsX7 (X=BO,H) at the B3LYP level.

q WBILL4  WBIL.s WBLs WBLs WBIss WBLs  Val v AEgp
B&(BO)7 +0.16 0.90 0.90 0.63 0.65 0.49 039  3.13  +59 5.58
BsHr +0.18 0.96 0.96 0.65 0.70 0.47 030 097 +368 5.36

Bond paths of rhombic ring

o _

e (3,-1) | o (3,-1)
2 (3,#1) I 2 (3,+1)
(A) (B) (C) (D)

B 4.3 BeH7 4= Bo(BO)7 49 AIM 454F 47l - 50 77 57 B & 3% 442 o
Fig.4.3 Topological AIM analysis of BsH7 (A, Ref. 9.) and B¢(BO)7; (C, at MP2/6-311+G(d) level)
and their bond paths of rhombic H3-B3-B’-B* (B) and B3-B3-B3-B* (D) rings. The orange and

yellow points stand for (3,-1) BCPs and (3,+1) RCPs, respectively.

5, mEB B s 7T 40, BI-B4, BI-BS i o B4 (WBI=0.90), B*-B*,
BB’k 2 (WBI=0.63 and 0.65), B*-B’, B*-B3#3(WBI=0.49 and 0.39). &R, 7
Bs(BO)e* I = A IH_EIN—BOYK Z. 3 H §5B-B> 8, SRMB-B° F1 B-BgZ 2
F1750.88, 5BI-B¥#Z0.901R 4. b b, I1—ABO'H] LAfEB3-B-B3-B [ [
R ETRR3A B3-BS-BS =Hul LT

Rk PEBader IAIM B 18, FRATTAT LAIE 70 B i T Aot ) FELAT 285 P52 SR 7 S B 1)
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FRIE(ILIE4.3) . FIBsH7 2L, Bo(BO)7 IAIM A T 45 4B /R BS-BY[H ANFAE,-1)
BRI T 05, MAFAE =AM (3,+1) BR-BS-BS-BH I A s Csv Bo(BO)r HHHAII S
R LR 25 N0.619 [e, 5 BeH7 HH190.630 |e|fHIE, Cayv Bo(BO)7 H =>3c-2e
B3-B*-B Mt — e A = B3-B>-B°-B* 4c-2¢ .

o

6x2c-2e 1x3c-2e 3x3c-2e
ON=1.99|e| ON=1.96|e| ON=1.91|e|

6x2c-2e 1x3c-2e 3x3c-2e
ON=1.93-1.99]e| ON=1.94|e| ON=1.88|e|

7x2c-2e Tx2c-2e 7x2c-2e
ON=1.99-2.00|¢| ON=1.95-1.99|¢e| ON=1.95-1.99|¢|

B 44 AdNDP 7 #713 2|49 Csy BHy (1) #= Be(BO)7 (11)89 2¢c-2ef= 3c-2¢ 4,
ON A& F & E3
Fig.4.4 The 2c-2e and 3¢-2¢ localized molecular orbitals of C3y BsH7 (I ) and Bs(BO)7 (1I)

obtained by AANDP analyses. The ON denotes the occupation numbers on the localized orbitals.

%t Bo(BO)7 HAEAE HIZ2 T B3-B5-B5-B* Y .0 —Hi T8, AJNDP 27 7] PLZS
H B % B H & . Olson and Boldyrev 25 A E44# ] AANDP 27 st 734 1
VU THAARB ke BaHa A1\ AR b BeHa o H1F 4.4 7150, BeH7 & 6 > 2c-2e B-H i,
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1/"B*-B*-B* 3c-2efi, 3/"B*B*B°3c-2ef#; 1MBs(BO)7 &3 B!-B*XB'-B°2¢-2e
B, 1/7B*B*B*3c-2¢f#, 3/"B*B*B’3c-2e i, 7/B-0 2c-2e M 141MOKIIN
o AR, IXFEMAINDP BRI U2 BsH7~ F1 Bo(BO)7 47 7l 426.38 ,7.06¢.

2 B b o

U]

b ]

3x2c-2e 3x2c-2e 3x3c-2e 3x3c-2e 3x4c-2e
ON=1.38|e| ON=1.23|e| ON=1.70|e| ON=1.74|e| ON=1.86|e|
(b) (c) (d)

()

3x2c-2e 3x2c-2e 3x3c-2e 3x3c-2e 3x4c-2e
ON=1.39]e| ON=1.16]e| ON=1.68|e| ON=1.71|e| ON=1.85e|
(a) (b) (c) (d) (e)

A 4.5 Csy BeH7 (1) and Bo(BO); (I 4 & F 89 49 B A7 AANDP x4 4% Ko
Fig.4.5 Five possible symmetry-adapted AANDP bonding patterns of Csy BsH7~ (I) and

Bs(BO)7 (II). The ON denotes the occupation numbers on the localized orbitals.

ST RARIIET, B 45 FIH T MR %, AT DU BT o R
SR FN WX L7 GBI « X T Bo(BO)7 AR T AT 2c-2e 1 )7 %, BS-B
A1 B3-BS (LT 5 JEEICN 1.16]e] A1 1.39Je|, /N TZUAE 1.60fe|, Al LLIXF 7
FARTTRE, BOZHERR. WFh 3c-2e 7R, B-BS-BS Ml B-B3-B* [ fL ¥ i B 44y
N 1.68le[F1 1. 71|, UiBHEAT IR P REPE L AT, 1T 4c-2¢ B3-B-B-B* 0] DL45
Hf = (R L 5 R 1.85le|, BRI BRATVCAIXFP T RN & 8. 52 24, BeHr
R R SE— R RN A

1 4 25 I R AL R S5 AR R B, R AT HE— P B T T BeHe(w-BO),
BeHe(13-BS)" Al Csv BsHo(1*-CO), BsHo(1*-CS) 5 F1| ] % 1 &5 #4 F Rl 8 . 1E
B3LYP/6-311+G(d) #1827k F L, iX 6 & TH £ p3-X (X=BO,BS,CO,CS) [f1#7 #4514
PIon#sgem EEIEM . B 4.6 5 H T B3LYP/6-311+G(d) /K *F £ Csy
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BsHe(13-BO)-, Csy BsHs(13-BS)", C3v BsHs(113-CO), Cay BHo(13-CS) LA G54 . 1E
N BeH7 B, "E A 135 ke e 4544 HL & B @i B4-B-B°-B? (or C?) 4c-2¢ fi.
X e [ HE pP-CO AN-C BB i o — 0 & & P22 T DU oo — 4
(1) 2 THARAR 2R

8) ¢ O
3x4c-2e 3x4c-2e 3x4c-2e 3x4c-2e

ON=1.72le] ON=1.80le] ON=1.65|e] ON=1.68|e|
(A) (B) (©) (D)

B 4.6 AANDP 5 #71F i 9 BeHe(1>-BO) (A), BeHs(13-BS)™ (B), Cay BsHe(113-CO) (C)A=
BeHe(13-CS) 89 9 ¥ & — W, F(4e-2e) % 4t o
Fig.4.6 4c-2¢ localized molecular orbitals in BeHs(u3-BO) (A), BsHo(u3-BS) ~ (B), Csv
BsHg(1*-CO) (C), and BeHe(u3-CS) (D). The ON values denote the occupation numbers of the

localized orbitals.

4.3.3 TWHEHI A RIRTE R AP T RIBBE(ADE), EER|BRE(VDEs)

HARDE Cay Bo(BO)7~ II# I 2AasE v, FRATBETT T 40 F A S B

(1) Bs(BO)e* + BO* = B¢(BO);~

(2) BH7 +7BO= B6(BO)7 +3/2H,

£ B3LYP K b, B FIQR)PBINBEN L, ST G K648 43 5l 9-328.7,
-993.7 keal/mol(BFEE AR IE) , RHEIR | C3yBo(BO) AL WA M. 1AL,
H1Z% 4.1 A%, Bo(BO) [1#% 4 K ) HOMO-LUMO fEMR AEgy=5.58 eV i —3&
SR AR E M.

MK SR AE T % LT g B SE G R EE Cay BeHy Al Bo(BO)7» #1143 31 5%
TD-DFT 1 OVGF(full) #7775 EA16H ADE fl VDEs {H8H7T 17 iH 5.

X T I% B 155, 45— T B3 B RS VDE(X) R T M 7 i) HOMO(e) i 3
HREE AT, ZEN2A"; M EEHFERE VDE(A)X MT M HOMO-1(ar)
Bl bR E RS AT, LS8 2A W Bo(BO)7, FHER 4.2 AT %, £ TD-B3LYP
/K, ADE, VDE(X), VDE(A)47 74 7.58 €V, 7.75 eV, 8.25 eV it4l, PBEIPBE

5 B3LYP 45 A R & RiF. [ES—4R1Z, OVGF Jiikil H15 2] VDEs
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{EA1 TD-DFT &5 R WAR — 2. = MR AL 38 (>0.88) K B B6X7 (X=BO,H) # T FI| &
PR N ROk IERE, 22 SER T L2 .

#4.2 TD-DFTA#OVGF# # 7 i F it H 49Csy Bo(BO); #2BeH; 8928 # & &t fo 2 A 3| 5
o OF BB £ RBHE, KM ECs By(BO) AeBeHy A& 9 % —Fo h i K AKX AC,
SR Y HET P ARE T R FIOVGE 7 ik B 69 MAL 3% Z AR
Table 4.2 Calculated low-lying ADE and VDE values (eV) of C3y Bs(BO)7 and BsH7~
at various levels.
3 The first and second excited states of these anions use Cs descriptions because their real

electronic structures possess Cs symmetry due to Jahn-Teller distortions. ® Values in parentheses

represent the pole strength values from OVGF approach.

Final B3LYP PBEO
statet TDDFT  OVGF®  TDDFT  OVGF®
ADE 7.58 7.75
Csv Bo(BO)7 (‘A1) VDE(X) 2A" 775  7.49(0.90)  7.89 7.51(0.90)
VDE(A)  2A/ 825  822(0.90)  8.42 8.27(0.90)
ADE 3.87 3.95
Csv BsHy ('A)) VDE(X) 2A" 423  4.16(0.90)  4.30 4.17(0.90)

VDE(A) ZA’ 4.85 4.89(0.90) 4.96 4.95(0.90)

4.4 KEBINGE

AT RATAR F B BEVZ oK T VERIE AT 1 & T p°-X ) BeX7 (X=BO,H) A1 1% 1 25
T4 5 F85E 11 - AANDP 73 B i W7t 38 78 £ Be X7 (X=BO,H) BH B 1 A i h A7 71 35
Tt — T (d4e-2e) B doft . TDDFTMIOVGF J5 i 1 i 5 (1 4 #4055 fie
(ADE) & 3 H | 5 e (VDEs) it — 2 1 L1 RE 1 S IR 4R (it 1 BRI AR . A F %y
Be(BO)7 MIBsH7 I H LB 74 BO 5 HEYSE AR LA #1 i 225> pn-BO/H(n=1-3) &
B, T — 25 R EAL & it T ek
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FEHE Ci0y(n=2-3)FFE i LA AL R AT 5

BRE 0. (n=2-3) HIR MG BT

51315

Bk CO J CO2 41, fe/ MU F Rt & £ = C2,02. CO. CO, st FItk
R OB e, T4l 0 TER 1% EHIATRE, WG MEE AW CO 70T
FLIE 1913 4F, Staudiger 1 Anthes HtiEHi] & C20, HBEA I, 1968 4,
Birney H1 Berson it 1 & Mk 2k I 221K G i C202,  SEERATS USRI 7 460570,
Ha, —RFBIAH I T TAEA R BT BIAE 19 CL0,158-1901, Dawson Z51OUE i
M I 5T T SR N 8 PT LAIE B C202 977 A4 Cr02 i % 1 Hh []44%, {H Schroder 5%
O AT 13, AATTIA A A XA 1 S5 AN AT BER 1S C202 FH IR AT 1A 1
B . A C0:7, Cr027 SAETUEHEAE A E (CO) 28 O SCIkIIE, H. CL0>
RIS PE S L0 AN G BT 160 EAR 7R ik Co0, IISS H AR E PEAT SR 2 — K
MR BEAN, BRRTRTEE K 5 02Kl LB =M C0, 2B ReM FEIE
IR NG . RS A ARG MII T BT, (HELR TR P M Co0, 2 R A
Zify, HHETEANIZ A0, ZEEMR CO BAREEFIA B ) CO HSMfLEE
B, AHETF Co0x fEENPIAS CO Ik FE 2 H BEAERR M, AT LLRZ AT LATS B Fa e
P28 = HE A C0.1'%1, Schroder &5 AXT Co0, R E A = H A HRES XA
BT T RG4S & SRR T C02 N A4 11192,

5 C02 8M8L, FEEM =T Dan C305 F LSRR B AR elos), e
HAS Dan G5 AR M g . BOR SR, HET X CoOn (n=2-6) R 51
rh itk B 4% 4 7 BE I E R 20 M7, Borden 25 AN A C305 FJE 25 5 #) B Ay B # 25
(18]

REBERATR M E ARG T CaOn™® (n=2,3) 510 45 44 S i RS 55, I
TR T EATTR B 1 I 45 8K B BE(ADE) M L HL B E(VDESs).

52 BT

K A B3LYPUSTRT MP2USSI ) il 7 ¥ 7 aug-ce-pVTZI3S 41 X C,0,7 Al
C30570 BIFERI S5 HI3E4T T A4k, 7€ B3LYP ARALIERY_EBEAT 70 Hr, WRiEAH
L ZE R R R AR T B IR AR/ K F Gaussian03122 H 47 (1] NBO3.0 % C20,7°
F C3057° AR BCEFFE AT T B ARBEEIE 73 Mo AL, BT AANDP J7iE4 H
(2 SRR IR AU, P ARATR BN ) 6-31G(d) R ZH X C305 HA% 185 1 1k
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AT T AANDPU2HVopHT . 48P ES BE(ADE) H ALK J5 1 [ 2 ¥ Re & A0 R 1t 45 44
RERC ZE19 3, 12 B W F BE(VDE) U AR AL J5 RS B T RE S AN AE R 25 1%
ST RSP RE L ZS R . /£ BILYP LA i B pg S il B kAT T
CCSD(T)U¥1H i ge i+ 5 . K H OVGF(Outer Valence Green Function)!'>3177 1211 5
T NIE TS AR BUTE UK 5 i 7 B il O 3E LR B #8 (VDEs) o A& A it
3K FH Gaussian03 F2 7, 731 45 K A1 731 0E B 23 1) 3 0l R I CY Lview! F
Molekel 5.4 B A5,

53 RS2
5.3.1 I RiREM

5.1 %1 H 7 B3LYP /KF_I C027(1), C202(2), C3057(3) £l C30:(4) KR AL 45
Flo MP2 J5iEARAG IR BUFN B3LYP J kAR, Rogikus a2k, Tt
FHIET BILYP iR IR . C0r (DS MO MIEAR ) Con F Y,
=AM C202 h YR B S NIA TE R ALK . C:Os RS A TR
KIE =M. SRS LN, C0(1), C202(2), C:05(3)HI NHBETH 1) EL IE AR/
45K

1.282 123 1.2811.186
L\O:%' &= =0

1.C, GO, CA) 2.D,C0,(%) 3.0, C0; CAT) 4.D, C0,(A,)

B 5.1 C205(1), C202(2), C3057(3) #= C305(4)4& B3LYP K-F L hALay AL,
Fig.5.1 Optimized structures of C20,7(1), C202(2), C3057(3) and C303(4)
with bond lengths indicated in A at B3LYP level.

TEAR RIS, BAE=MEAEEI R ED CaOs(4) PS5 1 45 IE B 2 5
BT b1 =2 nd, YRR SIS U B R B =AY CO 43 o AE Can C2027 (1)
Do C202(2)H, C-C #EK 35y 1.282 F11.281 A, JyTIfK) C=C XUk, TiivEIE
ZHIEH COs3) T, C-CHEK N 1.474 A, I C-C Sk, FHEIE R,
C;0s HiEgitarh, C-CHEK N 1.619 A, FM Sk MIMIERRES, FTUAS
fRES N CO 4> 1. MIEXELER, C-O #KAE 1.177~1.239 A 8], ANIAIK)
C=0 Wi, EHAFTEEN A C20 M C:O05 BHE T T 11 C-O H-K ELAH R[] C202 #
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BHE CaOy(n=2-3)BF% 1) 45 ¥ FnHE AT 7T

C30s LSS EA 0.05 AZets, FE b THE 7P ASNI B TE45 O JR 12 18]
W 718K, A fE C-O A2 K .

1.186  1.286

&= =0

D,,C0,(%) C,C0, (A"
v, =457 v, = +114

B 528 FEKA C0 A2 =F & CC305 £ BILYP K -F ERALAH A,
Fig.5.2 Optimized singlet liner structures of C20», and triplet Cs C30swith bond lengths

indicated in A at B3LYP level.

% 5.1 & B3LYP/aug-cc-pVTZ K -F L33t H C,0,0 and C;05° 49 & RTF A AR B 57, K4E
%, C-C % C-O 4%, HOMO-LUMO #% % AEgp(eV) &3R5 30 F(cm™),
Table 5.1 Calculated natural atomic charges (g/|e|) and total Wiberg bond indices (WBI) of
oxygen and carbon atoms, Wiberg bond indices of the C-C bonds (WBIc.c) and the C-O bonds
(WBIc.0), the lowest vibrational frequencies (Vmin/cm™') and [HOMO-LOMO] gap (AEgp/eV) of

CyOn? and C,O, " (n=2,3) at B3LYP/aug-cc-pVTZ.

Symm State qc qo WBIc WBIo WBIlce WBIco Vmin AEgap
C0r  Cm Ae +0.17 -0.67 3.66 1.74 1.96 1.51 +239 3.35
&10)) Do - 4037 -037 345 1.86 1.60 1.78 +264 6.84
C:0  Dan A" +0.28 -0.61 3.85 1.79 1.04 1.57 +200  5.06
G503 Dsp 'A)' 4040 -040 3.86 225 0.85 1.96 -431(2)  3.00

XBERMTFESR O, WE 52 Fin, ik C0, L 8L H A 1451 3
Bl bRt ZS, 78 B3LYP/aug-cc-pVTZ 7K B — 457() em {240, H.AE
AR = EARNEWEEERZ 0.85 T REE, WHE TH BRI 77 M7 Ak,
T 25 AL A 8 BB A RIS CO 43T 11T Cs MBI = FL 2 G305 HhPEFI I 34 R
T FH AN, H AR S TG EAT B S IE = A TR 45 G305 1K 0.45 HLFAR
o

5.1 AT, HARAEMIENBO) IR, 1£ ChiOn™® (n=2,3) C #1 O J& ¥
AR, HodmE 7 ey N WBIc=3.45~3.86, 1A R T a8 %A

47



B4 B S — e B 9

WBIc=1.74~2.25. C:0, it C-C AN 1.96 M 1.60, KB C-C Z[a]Jy it A
(XU, T C30570 Hh C-C FAAHELE N 1.04 A1 0.85, MR fgE, X C,0,7
(n=2,3)F C=0 FAABEH N 1.51~1.96, K C=0 F 9y H A F00EE,  F0M R H
KRR B AR — 8 TR T I H A LR R TR, A HERR AR LE X
SeAfg b O JR T 2 B LT qo=-0.37|e|~-0.67le|, 1M C Ji 55 &B 4 IE
fif qc=+0.17|e|~+0.40[e|. C2O2 H 14 A1 1% I X FR S S A BRI IR B A9 22 53 30l o 1783
2374 et TATHIRE C=0 AHIC HIHRFAE MR B A 2 A0 K SR I L0 i (IR) B
HL T~ AE 1 S2 06 (PES) H il WL 22 3],

PESCERTT RN, C.02 F1 C20s HEAFRE, BOMENE BT CO 1. AR
CoOn BB T BB AT A2 1, FRATIAE CCSD(T)//B3LYP /KF Eit& 7 F
RS RE R AR -

nCO— CiOn (n=2,3)+AE

C205F1 C305fIAE 53 5°4-59.7 Fi1-19.7kcal/mol, FHIH CO BATEMK C02

G305 TERER L2 AR

5.3.2 AANDP 5 #f

0.9 3¢ 09 @9

2x1c-2e 2x1c-2e 2x1c-2e 2x2¢c-2e C-O
LP LP LP c-bonds
C20x* ON=1.98|¢| ON=1.83|e| ON=1.81]e] ON=2.00]e|
C20; ON=1.98|e| ON=1.82e| ON=1.80Je] ON=2.00|e]
C202 ON=1.98|e| ON=1.82e| ON=1.81]e] ON=2.00/e]
2c-2e C-C 2c-2e C-C 2c-2e C-C
o-bond n-bond n-bond
C202* ON=1.99e| ON=1.99J¢| ON=1.99e|
C02 ON=1.99|¢| ON=1.00]e| ON=1.00/e|
C202 ON=1.98~1.99¢| ON=1.83|e| ON=1.00e|

B5.3 1% T M TFC0>0 49 AINDP AL X, ONK & F 4 &4 o
Fig.5.3 AANDP c- and n-bonding patterns of C,0,?/% at the ground state structures

of the monoanions, with occupation numbers (ON) indicated.
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BHE CaOy(n=2-3)BF% 1) 45 ¥ FnHE AT 7T

B 5.3 FIH T BIES 45 44(Can) T C20.270- ) AANDP Jligg A5 2. 76 C205 T
T, A 20 M ET, Kb O JRF ) 2s R FEAL 2 S —HD ZH T (1e-2e)
ORI ), 5 4 AN O 2p HUBEH I PR T 4 A~—r0
T(le-2e)8t, 58T 24t ZH F(2c-2¢) C-O o, H4NHET: 1
AL ZH T (2e-2e) C-C o, 5 24N 7 2 M ELHE B 0 T (2¢-2e)
C-Cnigt o 1 a2 AT, 5 1 el 1 AT SHESMEN
HE R L, COr B 7l T & 2 a1 iR LR E . Con C202~ 459
C-0 8K N 1.239 A, T ¥8E, i AANDP 0 #r il C-O 2 Ja) KUK ilio #usgt,
M C-C KN 1.282 A, /T C=C XM C=C =52 [a], FI AINDP 4 #ri¥4h
P

vo ve B oo

3xlc-2e 3xlc-2e 3x2c¢-2e C-C 3x2c-2e C-O
LP LP LP o-bonds
C3;05* ON=1.97|¢| ON=1.86|e| ON=1.95|e| ON=2.00]e|
(G108 ON=1.97|¢| ON=1.86|e| ON=1.95|e| ON=2.00]e|
C3057  ON=1.97~1.98J¢| ON=1.86|e| ON=1.95|e| ON=2.00[e|
3x2C-2e C-O 1x3C-2¢
n-bonds n-bond
C;05* ON=2.00]e| ON=2.00]e|
C50; ON=1.92¢| ON=0.00|e|
G305 ON=1.92~2.00]e| ON=1.00|e|

B5.4 3T LM T C0:2 P89 AANDP s s 4E X, ONA & F A &4,
Fig.5.4 AANDP o- and n-bonding patterns of C3032/? at the ground state structures
of the monoanions, with occupation numbers (ON) indicated.

K 5.4 BIH T B T4 H(Dsn) B C:052° [f) AANDP B . 7 C505 T B
Trb 35 31 M, Hob O JETFIR 28 BFERL T 3 AN — b ZHL(1e-2e)
B, 6N T: O2p FUETHII TR L —H O ZH T (le-2e)8, 46
ANHF; 3L T H P (2e-2e) C-O i, 5 6 ANHLF 3 3 N T (2¢-2e)
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C-Ocft, &6 MNHET: 3O HTQc-2e) C-OniE, &6 MNHET: FA
A LTI A BT = SO K = L T (2e-2e) i o A1 9 iR 5 1K) 305 ik
AL, C305TH & 1 1E & T B4 i 0 v 11 45 LA R 58

5.3.3 ADE %1 VDEs

P 5.5 AT, Con C2027(Aw) HIE = PR #11E HOMO(bu) il HOMO-1(au)3
T B IS UTE o D\ CoOp E BRI B — AN HL 447 A =N AN R L 125 otk 25
F4y o 58— 3 BRI A VDE(X) B 9 M i o5 5 B8 HOMO (by) L2 FE 71521 1A,
PSS TE B R . 55 M EE = 3 BRI 25 A8 VDE(A) 1 VDE(B) XJ B M
HOMO-1(a,)#li RIS —/ NP HREMBEE, WRMEIMEBHET, WASH=
A By, AR E R R a7, WA ARES 'Be. B 5.6 F15.7 51 T (U)YOVGF
IR EREAL) Con C2027F1 Dan G305 HIBH & 3Ot L T REIG . i3k 5.2 F1E] 5.6 7]
&1, 7F CCSD(T)/B3LYP /K L, COr 5 —4i#FE 6 ADE N 1.594 eV, H—
FE #2686 VDE A4 1.864 eV, T1fifE CCSD(T)/MP2 7/K*F- ., ADE N 1.620 eV,
VDE 9 2.012 ¢V.ADE 1 VDE Z [AJCR T B (>0.27 e V), E B LT A Can C202°
FIBSJG 512 T A BB, AR LA C0, LM . (U)OVGF 45
[ 55— VDE {8 MIACCSD(T) )45 RAR B2k

e+
(a)
om+ I
[Aa 3Bg IBg
CBh CZOZ Clh CEOE
b + [ + A
(b) _-e
B S ST R ETRTIRRTIT
e, 24, A/ A, A,
- Dih CSO.\l DSh CSOS

B 5.5 Con C20y” 42 D3n G052 & — AN T B FE M AR E P BT 5
Fig.5.5 Three low-lying electronic states of C20; and C30; formed upon detachment of one

electron from C,O; and C;0s5.
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FEHE Ci0y(n=2-3)FFE i LA AL R AT 5

k52 TR 7 kit H 69 Con C202 (A A= Dan G305 (CAL )R ] B fe An 2 A R B A8 .
Table 5.2 Calculated ADEs/eV and VDEs/eV of Can C2027(?Ay) and D3 C3035°(CA”)

at various theoretical levels.

Final at B3LYP geometry at MP2 geometry
state  CCSD(T) (U)OVGF(full) CCSD(T) (U)UOVGF(full)
Con ADE 1.594 1.620
C:0r(*Ay)  VDE °Bg 1.864 1.736(0.90) 2.012 1.826(0.90)
A 1A, 2.008(0.90) 1.989(0.90)
B B, 2.217(0.90) 2.102(0.90)
C Ay 6.070(0.89) 6.186(0.88)
D 'Au 7.283(0.84) 7.282(0.85)
Dsn ADE
C:05(CA2”) VDE AY 3.481 3.576(0.89) 3.343 3.391(0.90)
A A 4.303(0.89) 4.246(0.90)
B B, 4.563(0.89) 4.501(0.89)
C ’Bi 7.077(0.88) 7.184(0.88)
2 S
> o
: :
=2
< =
SN
o 1 2 3 4 5 6 7
Binding Energy (eV)

B 5.6 OVGF(full) K -F LA 318 Con C202 T & F X & F At ik,
Fig.5.6 The simulated photoelectron spectrum of Con C20,~ at OVGF(full) level

using the B3LYP structure.
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4303 CA)

3.576 ('A,)
4.563('B,)

o 1 2 3 4 5 & 1
Binding Energy (eV)
B 5.7 OVGF(full) K -F LA 18 Day C305 [ & F X & -F ik,
Fig.5.7 The simulated photoelectron spectrum of Dy, C303~ at OVGF(full) level
using the B3LYP structure.

Din C305 CA") 5 i 15 FEHLIE HOMO (a2") v i 78 (1) B el T B Sk n L, 1T
HOMO-1(e2) WA —E & I ol . 5 — ERIBIHe VDE XM A s b i i
HOMO (a,") bR B i A5 3] TA I S5 0 FR ZE I R B . 308 NS = B R B A
VDE(A)A! VDE(B)* M M i 3 /) HOMO-1(e2){LiE 35 1 N R fE &,
WRF B HEBHE T, MAENZEE A, WRFEN Zal T, WASHNHE
A TAze G305 55— H R B A€ VDE #£ CCSD(T)//B3LYP K CCSD(T)//MP /KF I
43N 3.481 i 3.343 eV, FI(U)OVGF 45 Hiff) 3.576 % 3.391eV 584 — 3. C202
A C305 55 — % W i () 3 LR S BE 1 OVGF J5 kit /58], %FF B3LYP Al MP2
4, OVGF 45 I3 — M s i R B Re 48 WAk 5.2 iR AL 5 B2 (>0.87)
KU C0: (A1 GO TR B BN R FI R, 2SEBIEMAKR,
A LAY 2

5.4 KRE N

gk, RERMNEERANKETEZRGENIT T CO™° (0=2,3)HE T Lt
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FEHE Ci0y(n=2-3)FFE i LA AL R AT 5

P A F5 R 2548 B BEARFAE o CoO0 B B T B2 NI AL 1) Con 4544, 177 C305 &
BNPATEFEMIE = MM D 5. C02 IR C-C XK B O R VAR Bl 43
Ay Je 1783 F12374 el IR Ee48 ROk — 5 (ROG L1 REIG S e SR it 1 B L)
R
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FRE C,0,7° FFEEFIRVIEIL FISEIG IR

6.1 315

UTEEEESR, CO FRIRB AW CaOn (n=3-6) 1 25 A4 A 5 1 1] FRUBGES 7 3B AN
SEIGHIF L IR R SR, FLH CaO4 BT AN T 1 LT S5 A T £ 52 SR 06-1101, 5
FYER) C4O2 MBI T AT LT 4E R S A, 10 FLAE AR 2 s 2
HMESBR AT . GZAHE, SR CaO4 BB T S o rp It 5 4 e s P AT
FHAST B . 2001 4, ERFEEIOCRA HF. MP2. MP3. MP4. QCISD(T).
CCSD(T) 55 Z M BB T VAW 5T 1 CaOa W4y T IR E 1, A ATT K I MP2 I
B3LYP /75 HHIEE RN« XA TVER T T 85 E 4R Ca04 #EAR
UEREI, TR REFE 475 B8 A SR F R P T R AT 9T . 2009-2010 4F,
Borden % AR % %72 iF B3LYP. #A % CCSD(T) « CASPT2 J7 k% J5 k%t
CoO4 P& 1 e ME ) G5 My AT 1 BF e 314 X T C4O4m, AtATIR A DET Al
CASPT2 J7iE T 2Bog b 2A0y 43 AR SE 2.7 F1 4.3keal/mol, fBA-F- 45N 2Bog. {H
AT AR T CASPT2 J5ik tH T PN HL 13 I BB AN P i o] RE S5 SRAN AT &E
1M CCSD(T) %5t B 45 R B A] T 2Asu, 2Aoy b 2Bog £25E 1.0kcal/mol. T Borden
LERAWA T HHE(CON(n=2-6)AFERI G5t FFeE M, ol o Tl o i ke
T CaOs —EHZNEESEEMINR N . HT CiOs FHES TR F EARE, BRI
BN CO, [A I H Ak = AH SR 9236 B0 o Dan C4O4> HL TS5 M LLEL T 51, B C=0
% M E AT R Y B I8 ax BB v G PEHLIE HOMO(a2s), HOMO-1(big)
WAL E Y63 C-C o Jz O AKX o, HOMO LA~ Ei it
THAEKRBEAFEEMA IR E. A1, HOMO(a) 1 HOMO-1(bi,) 7E
B3LYP/aug-cc-pVTZ 7/KF L RER AN 0.11eV, WItLAHLT 1 REZH#F HOMO(az)
H1HOMO-1(b1g) LT AT FFPE o XFERRR I T 25 5 FA 19E H T — RIVA =
SBHIARR:  CaOs> R — N HT AN CaOq FEIE A0 12 2B1g? M C404>
FIBSPHANETFAFE] CaOg HE T, HESLSMWERERIERE=HELE? M Ci0&
FIBTPIAN L TAF BN A PV CaOa HL T EEHKIAREIR, Bt 5 #E 4L1E HOMO(b1g)
TH BBy, R HUTE LUMO(a0) BE ARG, /M¥) HOMO-LUMO Re FR s
FCRES IR MR T o BRI A A — B3 Pl kG o 1) 2 Ak v R e
C4O4 Fll C4O4 MIEERSLEM o SRTAT, B8 IX L8 FE T3S I RE R 70 T H R i At
SRR B AROR Bk, RIS SR P e Sk (R R U7 VA1 B A 45 SR A ek i G 3

(m

an
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SEoNE CyO4"0 BIFRES A B AN SEIR BT FE

fif R . £ Borden S5 H I () SCE Y, FUOEH T REIE LI BEMA ] C404 1 C404
FEAEE MBI TAE rp 4,

A% B AT IO BIE 7T AR A2 R P A S BB R D7 VR A L R SE SR AR 45 A
(175 3R 8 CaO4 B B TR PE Ca04 I BEAS S5 1

6.2 AR AE
6.2.1 L%

T SE98 H R CaOaHa 1A CaOq 7= A2 I BS TR, ATV B B 7 A Hp i 2
BEE AR Dan Z544 o SR A E Dan CaO47° 7 B2 34 RETHT b (AR X A2 12k
AR GEGAUBIFE FEAE B3LYP/3-21G /KT Xt CaOa BB 1 Je rh P G5y ik AT
TaREER, @i e E Rk KR B R, SRA B3LYPUY T A 1R
aug-cc-pVTZIBSIEA X Co04 [ 5 + Feb M RE I B & 5 /b AT 1 B LAk,
FERALEEAL EEAT T E AT, W A LA M AE AR R EARe I R )@, AR EEA
R T CaOs BH B A 1 A 7% 1) 42 R /NS5 44 - Gaussian031122) [ 717 (1)
NBO3.0 %} DanCsO47® [ % B BCBE R E HEAT T B AR SE 0 o B4h, BT
AJNDPUITVEZ H 1) 25 SR FE AU, T AFRATTR UMK 6-31G(d) 20T
Dan C4O4 BH B8 7 IS 450 (1) B 1T 7 AINDP 2047 4834 H B3 8 (ADE) 1115
KA G I BB RE A0 b M 25 i e B A2, T 26 B H B AR (VDE) W TH R A
AL 5 S T S T Re EAITE I B T RS 45 P R4 M BE E 2% . 76 B3LYP
A B e A 34T T CCSD(T)!PE S g vk 8. KR H OVGF(Outer Valence
Green Function) 'S5 VA THE T B - FE 254N [R) h08 PO 5 FL 1 P 75 1) 2 B )
B AE(VDEs). A% FTA iR Gaussian03 F2, 4 T 45 M A1 4 T L1 K
2241143 BIR A CYLview!'™ fil Molekel 5.4 #4155,

6.2.2 LU 5L

S 4K R IR (106 FL 7 BE 1% (PES) A AN FELISE 5 85 ALY (EST), B4R
B B LSRN, SAH C4O4 FEZE I PL 0.1mMol/L J7 R CaOsHa ZKIFRAE N B
TR, XRERERE SRR COM-, ARIMIRATAT LUE AR WlE C404,
o G 3 VA 428 11 5 - BV Bk AR BT A T e At s 544 o 0 T RS 0 D ol R
TR 2 3] CaOHTT R IIRTIR T, FATA XS CaOs AT HL T REIG 525G « C4O04™
DK 52 B7E e L 143 AT 8 R Y6 B0 28 X ) o R BRSP4
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HIG TR, R 52 KK BT ATE T, Bi1EdC
IR TA ClO Y6 1S AT T A AR IE

6.3 ERS5TL
6.3.1 FFHEE

3, %, 2
; © _ 9 ,
. f . ,pwi
9 %o 9 .
1.Dan(®B2) 2.Cs(A) 3.Cav (Ba) 4.D2(*Bau)
Ve +103 +59(0) -601(1) +47(0)
AE/eV  0.00 +0.51 +0.69 +1.43
]
) “.
5.Cov (’B2) 6.Cs(?A”) 7.Cn(’By) 8.Cov(?A)
Vmin/em -35(1) +93(0) +46(0) -300(3)
AFE/eV +2.03 +2.08 +2.32 +2.46
Q.
. ) )
" § [ ) 3
o2 % N3P 238 el
9.CsA”) 10.C4(A™) 11.C2(?B) 12.Can(*Bg)
Vmin/em -262(1) +38(0) +111(0) +37(0)
AFE/eV +3.44 +3.53 +3.77 +3.78
‘;
0d 2o o3 0  essove
0 ®
13.Cav (°B2) 14.Coy (CA2) 15.Cov ((A2)
Vmin/cm’! -68(1) -390(1) +71(0)
AE/eV +4.75 +5.08 +9.77

B 6.1 B3LYP/aug-cc-pVTZ K-F_E CsO4 1A B F 694K ik = S P A 2540 89 Fr ik,
Fig.6.1 Low-lying and typical isomers of C4O4™ at B3LYP/aug-cc-pVTZ level.
99 UE DanCaO40 8 FAH N #5810 _E B A X A20E P, AR A GEGA 1E
B3LYP/3-21G /K~¥ b5 CaO4 BH B 1 S P BIRE I i AR #EAT 1T 2 R, il

56



SEoNE CyO4"0 BIFRES A B AN SEIR BT FE

s x‘{..

1.Dan(*Biu)

‘:%*‘(:. &{ :\‘#0

Vimin +90(0)
AE/eV 0.00
® ‘?
9 9
5.D20(B1y)
Vmin —25(1)
AE/eV +2.91
e 9
o
@ Q@
9 o
9.Coy (°B2)
Vmin -76(1)
AE/eV +1.48
13.Cn('Ay)
Vmin +96(0)
AE/eV +1.78
17.Ta(*A1)
Vinin -128(2)
AE/eV +13.99

9

9

o'

2.Dun ('Aty)
+78(0)
0.60

x

6.Coy (°B2)
-203(1)
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Fig.6.2 Low-lying and typical isomers of C404at B3LYP/aug-cc-pVTZ level.
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TSR AT SR SR (R SRR . BT IRIR Dan Z5 I C404 (PBog) it
X, HIRSIRNIEME, POAERWBNGR . &7 C=C =4I Rk 4 NHhe
I FIEIERN R, BEETLIEASE M 1 E i 1.43eV. M1k 6 nLAGER 4,
1 —A C=0 DA AR SRR B B, X AR AR B 1A, A1
ARasE, REELIESEMEH 2.08eV. K 6.2 4l T B3LYP/aug-cc-pVTZ KV L
C4Oq 1 AR R — LI B B BLE AT MY 25 ) AR . CaOu R PRI IR RS 3R
R DanCBro)4i4, [FIFE Dan SRR BB AS (AL S5 GG 2) 38 Re T B ELIE
/N, (A RE B LA Rt 0.6eV o B Ta M B R A0 4 17 e & LU IR AR & HH 13.99¢V,
F U = 4 AR I RS B B 4T T 45 A T R FAE

W BRI R G E LI, £ B3LYP/aug-cc-pVTZ i 7K ~F _F 7] %1 Dan
Z5FII) CaOq (PBag) M1 CaOs CBiu) 73 Al A B 1 A Fh PR S5 1) 1) 42 SR Bl NS5 4 - C4O4
B TUT R BRI FRAT T 52 56K ] CaO4Ha P2 AR CoO4 MR, (H L LT 45 0 B T4 1)
XTI E 2, W FRE s — P .

6.3.2 I RIREM

Kl 6.3 J9H1 Dan C4O4>3Z A FIBE — > BT T AN [F] HL T 25 K4 ) DanCaOx7, Dan
CsOs7niZ Bl HE 6.3 AIE1, BT s 5 #5511 HOMO(a20) M1 HOMO-1(bag) $LiE
RER ZAR /N, 1E B3LYP A1 CCSD(T)/K-F¥_E#EZE 735l 9 0.51 A1 0.75eV. XAFE/
¥ RE 22 145 A 8 1 07 75 P CaOu> B — /> B 7 AT I B Ff A (5] F 7 45 14 11
C4Os BB T Ml B I anu BUTE LRI — AN LT, A3 31 H 72579 2A0u 1) C4Oxr,
MM ZL ) bag BB ERIEE— A, MG B AT 2Bag ) C404s

1 6.4 %1t 7 B3LYP/aug-cc-pVTZ 7K F CaO4 (PA20) FH CaO4 (*Bog) LA S5
K, RBIE K CCSD(T)AXS e . HIARBNANZR A &N Dan C4O4™ 2Azu Fl 2Bag P F
TSR S G BRI EIEN/N . 5 Dap Ca04 (CA20) 1 Dan C404- (*Bag)
FIE AL 25 4a, FATR I C-C B v LR o Fdg, 8K 1.515 A1 1.508 A, 1fif C=0
BEKA 1215AH1 1.222 A, JBHAIEIRUEE . CaO4™ Az C-C B LL CaO4™ (*Bag)
HE K, 1T C=0 BEEIMS G, IX e fll /) (R B 72 57 2 R FL 7498 3 8 1 B0 R iE
Ko KT CaOs (CAz), HITIERMLEIRA] a0 PIE £ A —AD T, A C-C
SEART ELEES, BTl C-C BEKRE K, 1 CaOs CBio) WAERTY BRI an LI - F
PIANELT, C-C BEf5RIN58, bl C-C B4 . C=0 B2 R H K 52 4,
KEAHES, fERE SN CCSD(T)/KF L, 2An &5 E L 2By ik 0.045 eV,
W/ RE ZEHE— DR CaO4 LT 4511705 4%,  B3LYP Hl CCSD(T)%5 Hi
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25 SR B R e 7 B b SLIR i E o

1 -4+ — 4 F
... az, bzg a;, bzg a;, b2g ay, bzg
2 1

"By | By "Ay(10 ) By,

B 6.3 A CsO042 & F| B —NEFHATRE LT LM Ci047, CLOs T EE
Fig. 6.3 Two or four electronic configurations can be formed by detaching one or two electrons
from the doubly occupied 6 bag and m* az, MOs in C404>~ for the singly-charged anion

and the neutral, respectively.

"
1.515 \r),
D, C,0,CA,) D, C,0,; (B,)
v, =t98 v, =H03

AE o 0.00 +0.045 eV

B 6.4 B3LYP/aug-cc-pVTZ K -F_E Dan C4O4 B A 7 ] & F 2544 69 R AL A A
A CCSD(T) K-F_Légtastit 2.
Fig.6.4 Two possible ground states for Dan C4O04: 2B2g and 2Az,

with the relative energies at CCSD(T)//B3LYP level .

M 6.3 AIAL, M CaOs B — A L7 R 15 2 = Fh AR H 1 545 CaOuo
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M CaO04~ CA2) B Fr L 1) HOMO(a2) 118 FRIE—/NHT, nTUBRRETERN
A1 ) CaOs 5. T C4O4 A 4 A C-O ni BN 8 Mrrfl T, SCHRIE H %L HIFR
9 81 C4040 WIERSE M\ C4O04™ (PBog) 1 0L 1) HOMO(bog) H7E b3 B — AT,
AR R TA1 11 C404 5148, ABFIRIA ) 81t CaO0a(* Arg) AN Al — PR Z A 101 C4O45
T8 A& CaOs7(PAzy) I/ CaO4™ (Bag) i) HOMO-1 Uil ERIB — BT, &4
FIRAL ERR A4S B 25 PBuu K AE R C4O040 1T C4O4™ (PA2u)F1 CsO4™ (PBop) #E
A RE IR EER, I RATIE A T DRI AR & HL T4 1K) CaOso

\f\:’i
3
%, 1.546

D4h C4O4 (jBlu) D4h C404 (]A[g) 81 D-Ih C404 (]Bh-} D4h C4O4 {]Aig) 10m
v_fem! 490 +78 +90 +88
AE /eV  0.00 +0.09 +0.10 +0.26

CCSD(T)
B 6.5 B3LYP/aug-cc-pVTZ 7K-F_E Dap CaOs WA R 2 F £ 4 89 £ AL A A
% CCSD(T)//B3LYP K-F LégAastse £,
Fig.6.5 Optimized the structures of four low lying possible states of C4O4

at B3LYP/aug-cc-pVTZ level, with the relative energies at CCSD(T)//B3LYP level .

6.5 ¥t T 7£ B3LYP/aug-cc-pVTZ 7K-F EVYMKHEE FL T4 CaO4 AL
ZE . PRI K CCSD(T)AHMTRER . PRBNMIZ 73 iR B IX UM R R & T35
(25 A RETE D BRI/ . IXEegE Ry C-C K AE 1.546-1.569 AZ ],
NI o B, T C=0 BEKAE 1.179-1.190A 2 1], Jy HiL 7Y (B S Ok o

6.3.3 ADE %1 VDEs

C4Os FHEFHI C40a HPEHF A I8, FR—HIRINETIES B2 N
MEER, WAZUE BOG LT REG S A REAR B AT SERI 458 . B 6.6 2 20K T 266 A
193 nm 1G] CsO4 FHES T HL T RENE . Bl 6.6 W40, 7E 193nm WA (1151 -,
A=A TEERR A, TR E N 266nm 5% K _EIX =ANRCE SN RN
X, A, Bl X-A, B-A WA 65meV Fl 75meV. T SLEZTE 20K NEEATIH,
AT LA 2 H i A7 7E o SEIG 45 1 CaO4 B B8 1 26 74 3 55 fE (ADE)
3.475+0.005eV . FATLE B3LYP Al CCSD(T)J7i2:/KF- 155/ ADE 735N 3.485
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A1 3.490e V(L &% FRER IE), MSEIHEY) & R I4F. A4 B3LYP. CCSD(T) /5%
K R 1) CaOa HH TS YR 3B e BRATUH SRR IR B AT N 1824 cm(x
KIER TN 0.97), F152856 EWEZLF K] 1810420 cm™ B IFW) & . CCSD(T) i+ ) X-A,
X-B R 73 7 10.2 F1 11.1kJ/mol, 5 SE5 AT ) 6.27,7.27 ELAUAHIT, T B3LYP
2 R A A 13.0 1 33.8kJ/mol FISEIREAHZHK, R W] BALYP J7ik4s i)
BE AN LR TS5 2R K CaOg LR % 45 b, EELR AL T
PAB S CaOq TRIFEZS N 2Adus

a) 266 nm
20K
T T T T
b) 193 nm 1810 £ 20 cm-!
20K
TIrII1]TT]T1[T[TTI]I]IIIIT][T]TITT]TTITIT'I]
2 3 4 5 6

Binding Energy (eV)

B 6.6 1%i% 20K BF, 266 A= 193 nm M #3489 C404 A & T A & F A%,
Figure 6.6 The 20 K photoelectron spectra of C404 at (a) 266 (4.661 eV) and (b) 193 nm
(6.424¢V), showing an evenly spaced vibrational progression at 193 nm, and fine spectral

manifolds arisen from splitting each 193 nm feature at 266 nm.

#6.15H 7 LAC4Os CAn)B B TN EEL, SRHCCSD(T)FOVGF(full) 77 i 1E
aug-cc-pVTZIEH /K ¥ b rH 51 B B E(VDEs) . CCSD(T) A1 H I aT =4
e EF B AL HIN3.721, 3.755813.823 eV, HLSZIGEHL T BETE AR (193nm)iE &
il im . U4, OVGF(full) 77 215 Hi (1) & B % 55 583.680, 3.777 /¢3.878 eV Al
CCSD(T) {5 RiAE He AR — 2
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#6.1 ACCSD(T)#2OVGF (full) & -F L+t 5 &9 & # 3| % f£ VDEs/e V.,
Table.6.1 Calculated One-Electron detachment energies VDEs/eV of C404 (?Azy)

at ACCSD(T) and OVGF(full) levels.

C404(CA2) ACCSD(T) OVGF(full)
VDE (X) CBp,) 3.721 3.680
Atg 3.755 3.777
B 3.823 3.878

6.3.4 ANDP 447

4x1c-2e 4x1c-2e 4x2c-2e C-C 4x2c-2e C-O
LP LP o-bonds o-bonds
C404> ON=1.99[¢| ON=1.92|¢| ON=1.98e| ON=2.00¢|
Cs04  ON=1.99]e| ON=1.91-1.92J¢| ON=1.98|e| ON=2.00[e|

4x2c¢-2e C-O 4c-2e

n-bonds n-bond
C404  ON=1.98¢| ON=2.00[e|
C404  ON=1.94-1.98|¢]| ON=1.00/e|

B6.7 1% T £ M TFCi02 89 AINDP AL X, ONA T A E 4,
Fig.6.7 AANDP o- and n-bonding patterns of C404>”" at the ground state structures

of the monoanions, with occupation numbers (ON) indicated.
RIE— P ERTT CaO4 T B+ B UL , FRAT1R FH AADNP 7250 e e idE 47 1
ST (CaOa P PERS N =, AIDNPIEF ARt H & TTR). K675 T
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FHES T 4514 N C404> I AINDP S . fEC.O4 BB T, EF 41/ M BT,
HAO FEFHI2s TR T —F 0 HF(le-2e)8, H8MHF; O 2pFiEH
PR EBF IR T —H0 - (1e-2e) 8, H8ANHT; 4 =l ZHF(2¢-2e)
C-C o, H8MHT; 40 ZH T (2c-2¢) C-O oft, H8MHT; 4P HD
THF(2c-2e) C-O nhl, AT AR — AL RGBS T DU TTER 1 DY
O HTFQe-2e)n# . RESHFFHEN ZMIHE T COX LML, CiOrBE
TrREMRZE, (AS5HAE D EERTPERBEAL, CiOs BB T H T & B inh
TS LAREE o

6.4 ARE

AR B BATR LT T R G FL T CaO470 B 85 S v 1 [ 72 1 485 40 S ke
PRHIE, JFESEOGH T RENE S, B e BB T RS N S R I IE T TR 454 Dan C4Ox°
CAz), FHEFEZE NDm C104CB1). CCSD(T)/K T Lt Dy CaOsm (RAse) 46 H4H
BIREN3.490eV, FIJEHL T REG L0245 H I 45 R3.475e VI & o CaOsh PEREZS 4514
CBi1o) X BRI PR IR A2 91824 em! s 2K 55 5% MK HH BRI o T A i s
MRS EHIE T CaO MBS M, el 7 HR B4R E, e e
B WS MR S B — E IO 3 3
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LB 0.0 m=56)FENERFERTR

7.18|8

ISR, CO FRARB A CaOn(n=3-6) 11 45 e I e i 1t 52 B 22 L Sy [105-1181,
FiAFVER) CoOn? (n=3-6) M BB TR M B a2 s 8 H B B i &4
o 52, CaOn B 7 K I PEGE M FIRa e AN /DB O . H AT X
T TAE FE A T CoOs PTES T S H P4 T I ER A 45 L0181, C4047
RER I FEL T G5 A A S B0 b e RS AR TR M, AR B2 7 1R 45 tH I 45 AT
FEOY I, BB SEI N VEAT I E . Xue-Bin Wang 2557 1 't HL T RE 1 26 A
MELTHHAR S A 17 N8 T CaOq BB T S I S 254 . 5 C404 0 A L,
AT CsOs5 Fl CoOp S He v 1 [ A5 (I S AH AT 42D . 1999 4F, D.Schroder 55
TESAR R L6 PRI 2] T CsOs Fl CeOs IAETENS, 2006 4, C. C. Jarrold 4%
FRAEFH A S50 AT B T CoO6 110, BRI 1) 2 1R TE 245 A 1%, SEBR AT
1912 5 H A HL -1 Fe(CO) 7o S HL 7 BE 1 S0 /Ry — P KA 201 BL T
DIASIU A B B8 7 A PR AR . SR, b T REIS SR I8 H AN RE B R 4A th Bl (4]
TRMIEER, RASER I B T 5 45 R Reff @ BRI ER S 450 . SOk 8
CsOs Fll CeOe HIFEASAER N B0 S , AH LI 58 45 1) S HoOb fa 1 RS H A i R WL
SCHRRGE . i, Borden 85 NI 40 FHUEIIL 8T T (CO)(n=2-6) H 14 % 45
SR E 2 IRk, SETXF CoOs B BT A0 rp itk [ RS S S5 M Mt 7, kAl
N CsOs Al CoOs 1] LLHT CsOsH, Al CeO6Ho 1E N B TR/ =42, FrAA 2 E 3
FIEFAR FLICIA RIS TCIREERI ) CsOs Fl CeO6 > X T B M RMA AT 8
A FE PR IRA TR MBI EAS RIS T CaOn™0(n=>5,6) 121 7% 11 45 H4) 2 B4 55, FE-T0
W7 EATTRA BT 1 2 K S RE(ADE) ¢ 2 B 3 25 RE(VDES)

72 BigHE

F AT K A B3LYPUT A1 MP2U'81 5 3 7F aug-cc-pVTZI® JE 41 7K ~F & X
ChOn(n=5,6) FIFERI S5 KIHEAT T A4k, 5+ B3LYP /K°F EARAL A 45 SRt 4T T 4R
M, WRUEAH RIS R N AR R BRI B IE MR/ . R Gaussian031221 [ 45 [
NBO3.0 % CoOn(n=5,6) A1 1% I S BERFAE EAT T H AR BEBNIE 73 Ao bk, BT
AdNDP Jj k45 H S5 SR F A A BUR, B DARATR UM 6-31G(d) 24 R
CoOn (n=5,6) 1 #% I B 7 s #E1T 7 AINDPU2415p 4. 46 4R B9 fE (ADE) ()31 5
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HE-EE C.070 (0=5,6)BIFE i) 45 ¥ K01 B A 5T

KA B B 1 Re A R PEE i RE AR 22, 128 EL X B RE(VDE) IR 1 SR
ARG RS B T REEANAE R B8 1 B A 454 T v Mk 25 M i e B2 22 - 7 B3LYP
A MP2 DG AL Ky B B Al b, FRATEEAT T CCSD(T)M B gl gE it B . K
OVGF(Outer Valence Green Function)!'331J7 A THE T M BH & T3 S A F HUE B K
T 3 B R B RE(VDEs) . A& TE 15K B Gaussian03 257, 40
TEE AN 3T RE B2 43 R A CYLviewl!™ F1 Molekel 5.4 £ fF15,

73 R 518
7.3.1 R KRFEEMN

1.60:(D

5h?

W 5.60.D

5h?

IAIF) 3' Cﬁoﬁ- (CZV ’2A1) 4' C606 (C2V’IAI)
B 7.1 Cs05(1), Cs05(2), Cs0e'(3) and CsOe(4) 72 BILYP B MP2 A -F L 4LAL &g # % ,

Fig.7.1 Optimized ground-state structures of monocyclic CsO57(1), C505(2), CsOs(3) and CsOs(4)

with bond lengths indicated in A at both B3LYP (in normal mode) and MP2 (in italic mode).

# 7.1 # B3LYP/aug-cc-pVTZ K-F L2kt H CsO57 and CoO6™® 89 & JR T B AR 47 AR
C-C & C-O BB AR IJANME,
Table 7.1 Calculated natural atomic charges (g/|e|) and total Wiberg bond indices (WBI) of
oxygen and carbon atoms, Wiberg bond indices of the C-C bonds (WBIc.c) and the C-O bonds
(WBIc.0), and the lowest vibrational frequencies (Vmin/cm™) of CsO57° and Cs06™ at

B3LYP/aug-cc-pVTZ.

Symm  State qc qo WBIc WBIo WBIlcc WBIco Vmin
Cs0s~ Dsn 2A0" +0.33 -0.53 387 193 0.97 1.71  +68
Cs0s Dsh A} +0.37 -0.37 389 217 0.90 1.92 +33
CsO¢~ Cay A1 +0.33,4035 -0.50 387 197 0.97 1.74 +2
CsOs Cay 1Ay +0.38 -0.38 3.89 217 0.89,090 192 +4
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Kl 7.1 HIH T Cs0s7(1), Cs05(2), CO6'(3) F1 CsOs(4)7E B3LYP f MP2 /KT
ARATI S5 88 B A BB « CsOs ()BT BS T 2 CsOs(2) B A 56 K1 Dsn 45
¥, 1M CeOs'(3) BAES T S CoOs(4) HHIEFEAS WAL TR [ HEF T Cov 4544 HAFR
1 X Bl 7.2 Bl A1, Cay CoOs G514 934 RETH B IE IR/, T AH L) Dens D3as D2,Co,
A Cs Gkt N F e b s Bl R N . X e S R B S5 M g B AH Z 1R /)
(<<0.16kcal/mol), FKHAMIR CoOs HE T R RIF BEAE T 5. £ CaO4 1,
BE & LT ] 3 Y a-HOMO(a2u) F1o-HOMO- 1 (b ) fifi 15 H B 5 L FE5 My fE HL S EAR
HMERHAE - 1 CsOs M CoOs HITE LN 5 Z A A, a-HOMO Fla-HOMO-1 Z [A]
B ¢ K (CCSD(T) 7K “F £ 43 51 60.2 and 69.3 kcal/mol) 1 75 CsOs (2A2") Al
CeOs CAVHBE TREBZE WM E . B 7.1 F5H T Ds CsOs ('Ar") (2) F1 Ca
CsO6('Arg) (DAL B 4514, 5 Schleyer 55 N B0 45 - — 2.

D> CsOs™ (*B3) C2COs (PA) D34 C6Os™ (PA2u) Deh C6Os™ (PA2u)
3(1) 9(2) 26(3) -8(1)
AE+ZPE -0.004kcal/mol +0.0025 kcal/mol +0.048kcal/mo +0.156 kcal/mol

B 7.2 & B3LYP R-F _EHALE CeOswI A 1K AL & F MR LM Aot 2t L&
Fig. 7.2 Optimized four conforms of oxocarbons CsOs” with bond lengths indicated in A at
B3LYP level. The energy of Cay CsOs is as the ground state energy.

& 7.1 770, B3LYP ARAGZS 4 R MP2 2280, R 1R/
ZE5 o MEAHER M, CsOs Hl CeOs HIESF 1 1) C-C S LUAHL ) C5Os F1 CoOs
HpE g R RSB 0.037 A X EE R BT E T r-HOMO(WL K 7.3) L4775
BT, WM ERRIE — & 005 B MERHME, WIS C-C g A
o U IPE I o 1E 2 58 & B IR S LT 45 CsOs il CoOs T 5 &A1
PEEE MM B AE )22 AR R R E » 1F CsOs Al CoO6 B B T 58 45 B 38k i-HOMO
B 1A R E AR B HEE T 1 07 B CiOn (n=5,6).  BLAL, FRATAFFLE
CoOn R B — AN HL T8 Sy M 45 #1238 HR 8 2] Ca(n=5,6) A 1 X FR 14 PR I IR 41
FEE. 7 B3LYP/aug-cc-pVTZ 7KF LTS A 21 CsOs Al CoOp XTFRPEIA TR
WBAZ S R 1754 F1 1742em, b C4O4 HIXEFRME IR IR AR SN AT K 1824 cm!
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FEE CiOy (n=5,6) 1% A S5 # AE BT 9T

K 70~80 e, SR EIREE ARG K B A P BRI

X + [(— + +°
32" -e
(@) ﬁ ‘H“H‘ 1Ll b 1L L 11
T T T T T
e A" LA A, A,
DSI-. CSOS- D5|'l c505
1 | \
(b) a2 __e.
l:)I E 1 b ]Al SB! ]Bl g
C2v C(‘OG- C2v C()Ob

B 7.3 Dsh CsOs5~ A7 Cay CeOs B — AT B TR0 =M E P LT 5,

Fig.7.3 (a) Three low-lying electronic states of CsOs formed upon detachment of one electron
from Dsy CsOs™. The ground state uses the description of Dsy, symmetry, while the first and
second excited states use the descriptions of C,y symmetry (the real electronic structures of these
excited states possess Coy symmetry). (b) Three low-lying electronic states of CsO¢ formed up

detachment of one electron from Cjy, CsO¢ .

AR SEELE (NBOY LK 7.) T &1, 78 CoOn”°(n=5,6)1 C Fl O [ T 754
JUBE A, oA B R T B g N WBIc=3.87~3.89 , i AR ALK N
WBIc=1.93~2.17. CoOn(n=5,6)F C-C LN 0.89~0.97, K C-C [N
W o rgg ., FE I, COnH C-C FHEREL N 0.97 & T H btk Ri%
H1) 0.89, FIMHTTH S KEHRE TR RIS 18—, CO'(n=5,6)F C=0 F3fH
BN 1.71~1.92, B C=0 Hy S A ¥ 00 . 40 1 1 F v B S5 7oK
AHESRFRAE X LE R P O J5 5T B 2 (1 47 B AR qo=-0.37|e|~-0.53e|, T C J5i¥*
#5155 70 IE FL AT qo= +0.33]e|~+0.38e| . # SCHkIRE, HEESM F M CiOn(n=5,6)
AR EIFATRE, B KMBEA A CO 4. Schleyer 55 A 1E
B3LYP/6-311+G*/KF- L8 T CiOn— n COm=5,6) S5 {i J& 1 A EARLAE, 43
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il N-25.Tkeal/mol #1-31.2kcal/mol, T2 AAT 1A Wi CouOn(n=5,6) H 14 FIEAGEAR
SEATE, BORENEHE CO 731 NIRRT CiOn BB TR H ) A et
FAHE CCSD(T)//B3LYP /KF FiH5 T 40k e SR s AR

nCO — CyOnh — ChOn~  (n=4, 5, 6)
AT LRKRIE, M CO BEN COwn=4, 5, 6) AL FE () it B2 LAE, N
+53.88, +46.49, and +54.42 kcal/mol,Ifii i CvOn 2% 4 Dan C404(*Azu), Dsn CsOs (CA2")
(1)F1 Cav CeO6(PA1) (3)BH B T 1 % i 72 v 1) g 78 4k AE: 43 1) 24-80.49, -86.87,
and -85.59 kcal/mol, 1] EL#% 1 CO & i Dan Cs04 (PAzy), Dsn CsOs (CA2") (1), F1 Cay
CsO6 (A1) (3)B1 3 1 B11% IS A% 1 1 e B AR AL AE=AEI+AE, 71 711 9-26.61, -40.38 Al
-31.17 kcal/mol. 4R, H CO EEN CiOn(n=4, 5, 6)AFHENB RN G, #*
B CaOn(n=4, 5, 6) 1E#MI)% FIHAFRE, X5 Schleyer 55 N3 BI45 18— 5. 28
I IX LA F2 T 1) CaOn(n=4, 5, 6)H1 14 H %A & K ¥ HL 755 FRE (AEL), I 8145
i CO T Dan C404 (2A2y), Dsn Cs0s(2A2") (1) }2 Cay CsOs (2A1) (3)BH BT 1 #5110
MRS 7 ERAMM . SRR, FATAMERIAE XL CiOn (n=4.5,6)
FHES 1 Rf%Ed, CsOs 1% BB G . Dan C4Os Blf%AE 177 HR C404Ha
VERNERMS BT R T REREMISE , CsOs M1 CO6 BH B8 T &t AT Hi CsOsH>
o CeOeHa BUEATTIIAN Eh 2 SRR il 2% R A I o

7.3.2 AANDP 5 #7

N AT TR ek S B 7% B AL , FRATTRE Dsn Cs05 (PA2") (1) A Cay
CeOs (PA1) B)FHE T R#EHEAT T AINDP 23 #7. 1E N H AR EEHIE (NBO) M FE
RIdh e, 55T R A0S 75008 AINDP J7 vk AT R AE 2. BT B ATRA
AdINDP 27 R et i 7 )21k &, N IF 7% )Z Dsn C505(A2") (1) A1 Cay
CeOs~(CA1) 3) 1 & ¥ W FE I B B 7 4E , R ATTAE Dsn G505 (CA2") (1) F1 Cay
Cs06 (PA1) (3)BH B F 5 M LAt _E 5% e COw2 K CoOn(n=5, 6)HI 8 3E1T T AINDP
ST, IXFERT CARIEE 3BT CoOn IR RREERFAE . F1F AANDP 2347 45 54 BTk H
fR 3 2 AN B, BT BLFRATT E B3LYP/6-31G(d) 7K *F F % A AINDP 2 £ %
CoOn>°(n=5, 6) ] B 58 FEAE HEAT 70 Hr o & 7.4 Bl T AANDP 73 BT 45 H 1
CaO0:2(n=5, 6) oFImEE L=, o

TATE R ITR Dsw Cs05(CAL"), A 51 M+, O R+ R0y 1T
B 10 A 1e-2e 88 5 20 DNHET, 54 2c-2e C-C o B 5 10 T, 54 2¢-2e C-O
ot 10 NHLT, 5 A 2¢-2e C-O w5 10 ANFLT-, RIAH 1 AN H 7 T B8 1
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FEE CiOy (n=5,6) 1% A S5 # AE BT 9T

5c-2e it . Ca CsO6(3)f) AINDP R %2 £ 2 Al Dsn CsOs (CA2M KAk, 1c-2e LP,
2¢c-2eC-C o Hif#, 2c-2e C-O offt, 2c-2e C-O mi# (5T CsOs %0 H A =
Hoh e eAE . 5 CsOs Sc-2e nE AN 2 CoOs & A A JEECN el 7SO
I(6¢c-2e)nti . AANDP 3t — R0, 2 vht B IR I TE BOK S LA A1 fY) B ek
REATTEAF CsOsF1 CoOs BB 1 HAT — € I 5 A T 153 LLAR A€

R koh gk

5><lc 2e 5><1c 2e 5%2¢-2e C-C = 5x%2¢-2e C-0  5%2¢-2e¢ C-O 5¢-2e
o-bonds o-bonds n-bonds n-bond
CO> ON= l 98|e| 1 89|L| 1.98¢| 2.00/e| 1.98|e| 2.00e|
C,O0, ON=1.98e| 1.88|e| 1.98]e 2.00/e| 1.93e| 0.00e|
C,0; ON=1.98¢| 1.88-1.89e| 1.98/e| 2.00le| 1.93-1.98|e| 1.00¢|
(b) : c 3 : g
6x1c-2e 6x1c-2e 6x2¢c-2e C-C 6%2¢-2e C-O  6%2¢-2¢ C-O0 6¢c-2e
LP LP o-bonds o-bonds n-bonds n-bond
CO ON=1.98¢| 1.88|e| 1.98-1.99e| 2.00/e| 1.97|e| 2.00e|
CO, ON=1.98¢e| 1.88|e| 1.98-1.99e| 2.00/e| 1.94/e| 0.00e|
CO, ON=1.98¢| 1.88|e| 1.98-1.99e| 2.00/e| 1.94-1.97¢| 1.00]e|

B 7.4 M &T 54T CO20 (a) F= CeOs(b)4 AINDP siitit X, ON %257 E.
Fig.7.4 AANDP o- and n-bonding patterns of CsOs>"" (a) and CsOs>'"° (b) at the ground state

structures of the monoanions, with occupation numbers (ON) indicated.
7.3.3 ADE #1 VDEs

R4 Koopmans &, JHFRERE SR I LT IUK BE VDEs 1] LA Ul B AF
MBS F 17 FH0E ERE— A FFZ MR & . JAT7E B3LYP & MP2 H4645
FIE R X CaOn0(n=5,6) 28 5 3 — B8 NS R #E A % CCSD(T) 7
T T UREL, BTN TS AT A48 RIS BE (ADESs) FH2E BRI S AE(VDESs) . )
Ah, AR UOVGF Jikit5E Cs0s~ Fl CoOs I HT =N 3 BL# B £ (VDEs)

HH &l 7.3 AT AT, Dsn CsOs~(CA2") (1)) = H #E%1E HOMO (ax") g ML AL I L HY,
T EaiE, HOMO-l(ez‘)ﬂU?ﬂiEﬁﬁE"Jcﬁﬁo M CsOs T B R — A H
TRE[R=AAE B FEO P LN, B —REHE VDE(X)WMJ\E%% s
FHE HOMO (a2") ERIB P15 'A P S R E M ReE . B M =R E
I it VDE(A) M1 VDE(B) X} B M & 1) HOMO-1(e2' )éﬁt‘faihiﬂ% 1AM
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feiE, WRFBEMEBHET, WASNZES Ay WRMBM Lol T, WASE
NEEA Are HIFE 7.2 9K, FEACCSD(T)/B3LYP /KF L, CsOs 55— 43 i
BIft ADE 4 3.780 ¢V, VDE X 3.874 ¢V, T[MifEACCSD(T)/MP2 /K*F ., ADE
N3.723 eV, VDE N 3.776 eV . £ CCSD(T)/KF I, CsOs ) FL T35 Ml fE N 3.72~3.78
eV. ADE 1 VDE 2 [8]/NH 5 B (<0.10 eV) 3R B BT M Dsn CsOs~ (1) H, B Ji5 75 5]
Dsi CsOs ()it 254 EAUE /NG . Tt 28 —CA) RIS Z IR &S (1A)
fEReE FIRBEL, EACCSD(T)/B3LYP /KF EXTR K5 — . 5 =3 EH R B 6
WIN 4.951 F1 5.181 eV, TiEACCSD(T)/MP2 /KF |73 51N 4.859 1 5.069 eV,
H13— M2, KA B3LYP AL &5 HiE & MP2 fRAk 54, (U)OVGF
2t () VDEs {H MACCSD(T) ) 45 SR AR — 3. = AR AL 52 (>0.87) & W] Cs05
(F1 CeO )L FIRIBE I RN BT IR, 2B AT AR 20

% 7.2 B K-F L3t H 89 Dsy Cs057(2A2") #= Cay CoOs (PA1) 89 2634 . 3 A (ADEs)fn 2 H ) %
AE(VDEs)e CsOs 89 % —Fo 5 Z i KSR Coy AR T 894 IEAF L R,
AL AEFHETLEMA Coo
Table 7.2 Calculated ADEs/eV and VDEs/eV of Dsy CsO5"(2A2") and Cay CsOs(®A1) at various

theoretical levels. The first and second excited states of CsOs use Cay descriptions because their

real electronic structures possess Coy symmetry.

Final at B3LYP geometry at MP2 geometry

state  ACCSD(T) (U)OVGF  ACCSD(T) (U)UOVGF

CsOs~ ADE 3.780 3.723
(Dsn,?A2")  VDE  'AY 3.874 3.818 (0.90) 3.776 3.938 (0.90)
A A, 4.951 5.050 (0.88) 4.859 4.936 (0.88)
B 1A, 5.181 5.226 (0.87) 5.069 5.108 (0.88)

CeO6~ ADE 3.715 3.629
(Cv,’A1)  VDE A, 3.771 3.879 (0.90) 3.679 3.735 (0.90)
A ’Bi 4.999 4.959 (0.87) 4.896 4.841 (0.90)
B 'Bi 5.073 5.113 (0.87) 4.969 4.984 (0.87)

TERATH S B R FAA, Borden Fl1 Xue-Bin Wang Z5'91R Yt HE 7 g i 5206
GG NERIT XS CsOs~ Fll CeOs 1HEAT T HFFT - AL 45 HY T CsOs Al CoO6 B S
T I 4 B B RE(ADE) 23 il 4 3.830 A1 3.785eV, AFAT CCSD(T)/B3LYP /K-F
TR 3.780 1 3.715eV — 3. R BIFRAT I T B RAh AT SR 45 R R 1Y)
A BB AEEIRUE LS, AL TN SEE, 3 — 53R W EIS AT 7T 1 ] S5 1 A B 2
Yoo ARATEARH A4 1) CsOs B BS R i VEFLZS S5 RN FRATT I 45 2R 58 42— B
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FEE CiOy (n=5,6) 1% A S5 # AE BT 9T

M AR ATT 25 1) CeOs Z= A 9 Do, 5 AT H 1 Co SEBR N 5 e & K
(-0.0004kcal/mol), {HIRATFE B3LYP/aug-cc-pVTZ /KF 455 Do NI I A 45
Ko 3G AR Lei 55 2 5 R K EEA A — & COs A REIIIR Y22, — R
FATFN Borden S50 K 2R H AN

7.4 REING

i b, REBEBRATRHAMKEERGH R T CiOx™° (n=5,6) & F K 1 [
TR LK) B BB E . CsOs BB T 458 Dsn 8544, T CoOs F2 725 N S8 i g A5
(1) Coy 4518 o CsOs Sz CeOs HIHLFSEFNHELL C404 1 3.475 eV 15 0.2~0.3 eV, T 2H
—. BBURBEHIL CiOs AHNAAZ F . CsOs Bz CoOe H M A AR X FR L IR IR
WRARBNAAR Y 1750 cm™,  BLJ LA RS S /N CaOa HAH BIEIEAIR . X LB 45 3y 3t
— BRI R TR A T R BRI
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A S 1A — o B AR AT 5

FJ\E CsOsLis K CsSsLis AHLIARY
i 4 8 e O id A i

S L i
TV 4 JE 2 UV T A AR (1) 5 ) R0 0 ) S e A =X S AR A AL A 43 TR
4 JE IO

8.15|8
] 20 40 50 AEAR R R B AN — 24K LRI
RN F 2 I AR PR R R, C2RNE NG B AL ARt 7 e BB
B3 o 2
SOV AU ) 132 B P A A5 S AT S AR 1y i
A BRGNS B IR 2 A AR O — AN 4 B T R B i A 47517
S 4 e L LA R T A AR

(. —2K%%) |, d-nficgst T3

HOMO-1(a,,)

HOMO(e, )
HOMO(e, ) HOMO-1(a, )
D, CH, HOMO(e, ) HOMO-2(a, )

B 8.1 Dgn CeOsLis, CsSeLis 23R 5~ F Den CsHo ££ B3LYP/6-311+G(d) K-F_ L&y

PAL 25 H) B = A 3B 3 A Buad

Fig.8.1 Optimized geometry of Dsn CsOsLis, CsSsLis and their three n-type MOs
at B3LYP/6-311+G(d) level compared with Dgn CsHs.
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FI\E CeOoLis B CsSLis AELIRHITE S B ROE A

MR IE A, NATT— BB a1 T AR B8 T R e o 1o U 4
JEEL APV o HTAU 95 7 M 2 T A LA BeC?, P57, Coo S AL Ik I 42 J8 J2 0
PC A YA B T B IO781830, e BN 9 25 R FIVE R IRORUZ . 2 E 0
SR =INAT G B E, #—PEE T IO GV, [FR AR A
A% d-mic R Frg A R 841900,

RN, NBRRIRZERN, HET CO 41 R FR A S FLZ BT T
12 0S8, ZE NI (CoO6Ho) N S LR (CoSeHo) 2 NS T H AR Ny
CsO6®HH CeSe®, T CsOs®FH CoSe® BB 5 JB TR A |12 FHIR193194, CeSeNas L2
WS I I XS R AT E T F AR S5 093 5 /XA Li JR - 58 B 40k
73F CsOsLis F1 CeSeLis U5 BRIRAIE B /2 FAE I K IE M /INEE K . 2009 4F, H.Y
Chen BN CoOsLis B FH T 37 B4 et 1T FE AR A RH000 . ply ] 8.1 AT 01 Al
B FHAL, Den CeOsLis 1 CeSeLis FA AN tm 7, HHARTE/RIIN (4n+2)
FIENEA#EA 75 A, T AT e AN I £ R T B = IR L A4 . 1R, Eiji Asato
LN TE T WA B p-Ce0s L M AL R LAY
[Pd7(THBQ)2(tben)s](PFe)s, Wu 5 N BT T UL CeOsHes AHCAAR I3 I 4 J8 — BH
TRAUR LR B LRGP RL SE R R PE R UO8T . SRTT, T DLDT & 1% CeOeLis A
CiSeLis 9 A (1732 I 45 e 0o P45 P 45 R RV TR FRD AR AT 9 28 4 o LA SCiRAR
=8
8.2 IR /A

AFE T AR SR OB S S5 R LA R A B3LYPUSURT PBE1PBEN!O1p fif
FeAb s By pR BRSBTS C, 0, S, Li, Cr Z R 7R 6-311+G(d)!S1, Mo
AW EF R 2 A £F0 14 g R EE Stuttgart! B4 . 7ESSMRALIY
Befili BREAT U R BORR e I o BT RR BN ARER THERL, ARG UE A 5 A 28 AH L IR 45 44
R NAeHE EEIERI/N . A Gaussian0301221 5 77 /) NBO3.0 S 4 E IE %/
FRITC A 22 A P BCBRRFAE EAT 7 B SRBEE NI 20 BT« I BRI 2R EE 0L, AR
HT IR IR IO I A 40 2 18 FLF R, FRATHERT B E AL ML R 2 &
BEEMERE, RUCIRAT R XA &) 5 A G5 M AT S8 . ke e 4
Fe Je BB I 75 B R, FRATIAE B3LYP/6-311+G(d) 7K F_EXF CeXoLis AL K
MCA Y BRSNS TCER LG BT 1.0 ARbEEAT TSI AL RS (NICS) US2HEL
AREH AR KA Gaussian03 27, 40145 H 153 1 B 2 43 5l 2R H

CYLview! FlI Molekel 5.4 % f4-11551,
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83 HR51Tie
8.3.1 JLIJ45#

8.2 ¥ Hi T L CeOsLis Ml CeSeLis N i 18 1) 1t % & & £ 0 Bt & W
[M(CeXsLi6)2] (M=Cr, Mo, W; X=0, S) 7 B3LYP /K-V- LA R b4t . B+%
F PBE1PBE J5 M1 B3LYP J5iE7E 6-311+G(d) 20 /K F Ak i 45 A A 1R /)
Mz, WATEARZ A R4 R E BT B3LYP k.

D,, [Cr(C,0,Li),] D,, [Mo(C,0,Li,),] D,, [W(C,0.Li,),]

676
v =+115

D, [eHCS i) D,, [Mo(C,S,Li),] D,, [W(C,SLi),]

N = +122 V= +59 Voo =455

m m

B 8.2 7£ B3LYP K-F L&gEAL ey & S BLEH Daa [M(CeOsLis)2]
and Ded [M(CsSsLig)z] (MZCI',MO,W)QEE 7""3 °
Fig.8.2 Optimized structures of the sandwich-type complexes D2q [M(CsOsLis)2]

and Deq [M(CsSsLis)2] (M=Cr,Mo,W) at the B3LYP level.

H& M P) OB G R ER AL, 1E M(CsXeLis)2 (M=Cr, Mo, W; X=0, S) %
S, dEETE M R FATECAR F 1) Co AECAZ . Daa Cr(CsOsLis)2
H1 Dea Cr(CeSeLie)2 4514 H1 (1) C-Cr #3008 2.105-2.195 A K 2.182 A, &A1
TOREE I C-Crit K 2.171 A3 821k, R B M(CeXsLie)2 (M=Cr, Mo, W; X=0, S)
NI O G . SRTT, BT & BRI A [R5 R A BC & A B B = 0%
AR B E BN . a0k 8.2 B, ik G e A4 7] 5i (1) i e HE /R VR
M(CeSeLis)2 FFIHC G P T i 76 45 28 45 ) Dea £5 44 - H17% 8.1 A%, M(CeSeLis)a
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FI\E CeOoLis B CsSLis AELIRHITE S B ROE A

AN AW S 5T #E7 H AR L7 4-0.58~-0.59le|, 1fi Li JiE-F N+0.77le|. HT
PC A B Bt R R (R B L e 70, 58 4 L 8 U5 H4 1Y) Den M(CeSeLie)2 B 2 ANERE
Den Cr(CeSeLis) NFHRET ¥ 8 2T, e aC i3 Dea 4514115 3.31
ML R%Rr. BT ECAARIA] S A Li 4 W 51, Dea M(CeSeLis)2 TPl 1 ZEAREEHA o
BT FefA CoOeLis i CeSeLis 71N, 1815 Dea M(CoOcLis)> 7% &5 1125 A1 2544 12
ANMFEFIMARERRE . B Cr(CeOeLis) N, 5642 H B 1) Den 45 M NI IER,
FERL R Dea S5H N ILR L i, RERELL Doa S5 M1 53 1l i Hh 2.64eV, 1.31e V.
B AR ) Ds S50 N /NGE R, R b Do S5 MII0T 0.27eV. N8 FaR i B
J¥ 71, Daa Cr(CsOeLie)2 H1 YA Li Ji-1 58 4 NEC A A A% 22~ 1H 177 0.54A, Dag
Mo(CsOsLis)2 A1 W(CsOsLis)2 15 HAB AL

% 8.1 /ﬁ: B3LYP 7&%_[17‘]'}17:% CGH(,, CGX(,Li(,, [CI‘(C(,H(,)z], and [M(C6X6Li6)2]
(M=Cr, Mo, W; X=0, S)# 4 K(r/A), A REFH,
Table 8.1 Calculated bond lengths (/A), natural atomic charges (q/|e|) of CeHs, CsXeLis,

[CI‘(C(,H(,)Q], and [M(CGXGLi())Z] (MZCI', MO, W; X:O, S) at B3LYP.

rc-m re-c re-x ¥ X-Li ¥ Li-Li gm qc qx qLi
CoHs 1.395 1.084 -0.21 +0.21
C6OcLis 1.409 1.388 1.781 +0.17 -1.11 +0.94
CeSeLis 1.418 1.808 2.193 -0.17 -0.71 +0.88
Cr(CsHe)2 2.171 1.416 1.084 -0.02  -0.22 +0.22
Cr(CsOsLis)> 2.195 1.443 1.357 1.800 2.342 -0.65 +0.28 -0.93 +0.76
2.105 1.445 1.407 1.832 +0.21 -0.99 +0.86
1.950
Mo(CsOsLis) 2.298 1.457 1.357 1.817 2328 -0.78 +0.28 -0.92 +0.76
2.213 1.458 1.406 1.836 +0.21 -0.98 +0.86
1.972
W(CsOsLis)» 2.305 1.459 1357 1.819 2336 -0.61 +029 -092 +0.73
2.220 1.459 1.408 1.839 +0.22 -0.97 +0.84
1.977

Cr(CeSeLig) 2.182 1.443 1.841 2239 2542 -0.03 -0.18 -0.59 +0.77
Mo(CsSeLis)2 2.269 1.452 1.844 2.243 2560 -0.12 -0.18 -0.58 +0.77
W(CeSeLis)2 2.276 1456 1.846 2.244 2568 +0.12 -020 -0.58 +0.77
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8.3.2 R R

M(LisCsXs)2 (M=Cr, Mo, W; X=0, S) Z 51| izt I & J& J& Oo it & W8T #0045 F4
SRR H B R R I B AE . H 8. 17T &1, Den CoOsLis TR IR -5 /b B 1 I
FLT(+0.17), T CeHeFHCeSeLisH fik S5+ Wy /b B ) £7 Ffer - (-0.21 and -0.17). T
FEBATAT LAHE T CoOsLis F1CeHe K2 CoSeLioTEAH M. 11k 4 & I oL A4 FR B L SR
AN SRS w, 7R 48 IO R A YD M(CeO6Lie) H ik I 4 I 1
5 77 B0 FEL A 10 B S -4 7 AE FELART S 17T 7E Cr(CeHe )2 FIM(CieSeLie)2 HH M NI AH 2 5 33k
U< SR AR AT oy TR AT, T i DU i 4 £ L

%82 ZEB3LYPK-F_Eit ¥ 45 2] 49CsHs, CoXeLis, [Cr(CsHe)2]A7[M(CsXeLis)2] (M=Cr, Mo, W;
X=0, S)&9 F M8 R, ik F {2 A5NICS)ZHOMO-LUMORE [
Table 8.2 Wiberg bond indices (WBI), NICS(1) and NICS.,(1) and HOMO-LUMO
energy gaps (AEgp/eV) of C¢Hs, CsXesLis, Cr(CsHs)2, and

M(C¢XeLis)2 (M=Cr, Mo, W; X=0, S) at B3LYP level.

WBI

NICS (1) NICS-o(1) AEgq
M-C;» M-X;, C-C CX X-Li @ @ “

CeHe 144 093 -10.0 -29.4 6.60

CsOgLis 1.31 1.03 0.05 -10.4 -21.2 2.16

CeSeLis 1.34 1.06 0.11 -8.4 -20.2 2.99

Cr(CeHe)2 3.91 0.16 128 091 -20.1 -34.7 4.00

Cr(CsOsLis)2  4.79 049 1.12 1.08 0.10 -19.3 -22.8 1.83
.12 099 0.13

Mo(CeOsLis)  4.43 063 1.12 1.09 0.13 -15.5 -23.4 2.19
.12 1.00 0.09

W(CeOgLie)2 4.74 056 1.1l 1.07 0.15 -15.8 -25.0 2.20
.12 098 0.12

Cr(CeSeLic)2 3.80 062 121 1.02 0.12 -17.3 -23.0 2.56

Mo(CsSeLis)2  4.13 062 1.19 1.02 0.12 -14.2 -254 2.46

W(CeSeLis)2 4.33 0.60 1.18 1.02 0.12 -14.1 -22.9 2.39

Dt — B IR L 4 e O S S BB A FRATTE— 2D A T R A
B . WK 8.2 P, Cr(CeOsLis)2 A b B ik S5+ AL 42 )& Cr (AL BE
N 4.79, B B 75T Cr(CeHe)2 (3.91) A1 Cr(CsSeLis)2 (3.80). [ £, M(CsOsLis)2 (M=Mo,
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FEI\E CsO6Lis & CeScLic NELIRATE B TOELE

W) M-Cip S 88 2t B 2 75 T M(CeSeLis)2(M=Mo,W). XSz 757> F 0. Al
CeHs 2 CoSeLis HHEL, ELAMIT CoOsLis AL 48 A %5 R B AL 1E ] .

7E GIAO-B3LYP/6-311+G(d)7KF L, AT H T CeXoLis S Hoidh I &)@ Je 0
Bt & %) M(CeXoLis)2 (M=Cr, Mo, W; X=0, S)# ¥ .0 £ 77 1.0 A4 i) NICS &
NICS,, {H . 413K 8.2 Tz, Den CoOsLis Hll CeSsLis ] NICS(1){H N-10.4, -8.4 ppm,
NICS (1)1 }9-21.2, -20.2ppm, Il CsHs HJ NICS(1) & NICS(1)1H 43 7] 4-10.0 1
-29.4ppm, FH Den CsOsLis 1 CsSeLis 5K T EARM N FIE. HAE 1N
#&, M(CeXeLis)2 (M=Cr, Mo, W; X=0, S) R FI L A1 NICS(1) A1 NICS (1) {8 5
Si°N-14.1~-19.3ppm [%-22.8~-25.4 ppm, b H AT M BAEE K, £ S
Py i 3 42 8 1Y) ndzo B BCAA (1 05 B Mt — E DR

HOMO-2(e,) HOMO-16(e,)

A 8.3 B3LYP/6-311+G(d)K-F L, Dea Cr(CeSeLie)2 ¥ it % £ & Cr
3d il A Bephn il A A1k A 69 9 F 4k
Fig.8.3 MO pictures of Deq Cr(CsSeLie)» at the B3LYP/6-311+G(d) level
involving the Cr 3d orbitals and the @ orbitals of the ligands.

M(CsXsLis)2 (M=Cr, Mo, W; X=0, S) R I lC & P fe e PEFN )% & J8 3 7
Y1 d PUIE SR B B Sl 2 (AR d-nfE 2 UIAE G . B 8.3 Bl T AR
Bt &4 Ded Cr(CeSeLis)2 H1 L4 B IMn il 5 Cr 3d e A B BAFH 1) 1 HiE
Ded Cr(CeSeLic)2 — 5 & 3 ] HOMO(i /=1 o5 #E5LIE ) 3 Z2 B Cr 3dxy A 3dso-y2 HIFILIE
5 iR CeSeLie fil I 1) S BB E n* FUIE A E FHTE o ZBEXS T 1 68 Cr Mfcik
SR LT Cr—>(CeSeLie)z I TTHR A K . HOMO-1(an)Hlil FE 2 Cr JiT 3 dze HLiE
B 5Tk . HOMO-2(es) N HHEC /& CoOsLis n#4 1) HOMOs (e1) 1 Cr HJ 3dx, and 3dy,
OBV TR, oAk 32 S8 X A e I FAUIE () V<R Cr i1 A7)
#& HOMO-16(es) LU & T HLAK S JE T A T 1 DTk . 1% 551 M(CeXoLis)2 FE
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EECE Y PR R BRI, IESR X LM, M—L A3 73238 %
FE 1S M(CsXoLis)2 (M=Cr, Mo, W; X=0, S) & 5| il & 15 LLFA5E

8.3.3 HAhFEM

XF 1% R B L A9 M(CsXeLis), (M=Cr, Mo, W; X=0, S){J# /124 E v, K
AITm] 38 i S A BC AR CoXeLis/CoHe 28 # e NisKIN IR . Wi 8.4 Firow, I R4S
M(CsHe)2 (M=Cr,Mo,W) N5 k}iE it Bt A& CoXoLis/CeHe 22 2 3K fill %% 1% R FI L &
PITIEEAS IS A] AR (DA 5

676 676

/ -J“J =, -' { ‘::Z"""T' ;

CO e T

. b

= 5

&i [M(C,0,Li,)(CH,)] D,, [M(C,0,Li,),]
sL; .

&
: CS.L :
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Fig.8.4 Two-step ligand-exchange reactions of M(CsHs)2 to produce
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H# 8.3 A A1, ££ B3LYP 7K1 b, A [ Mt 75 b sl e 5 i AR AE=AE 1+ AE>
H(-11.61~-44.83 kecal/mol, A& F FAERIE), RUIEIT CeXeoLis AR CoHe Kol
FHERIMEDTEREE LRARIM . A&, 50 RM(R. )X CeSeLis At A
ki BE B A8 fb y AEi=+1.14~+3.89 kcal/mol , 1fj ¥} CsOeLis At & 25 1L AN
AE1=-2.72~-9.16 kcal/mol, FHHILFRATAT LLFIWT 5 — B I RPN o B — 3
N A5 B VR A FCAR IO BE A9 M(CeXeLis)(CeHe), BEZE CoXoLis 1 AW HE 11T
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Table 8.3 Calculated energy changes AE(kcal/mol) for Reaction 1 and Reaction 2

at B3LYP with zero-point corrections included.

AE, AE> AE\+AE>
Cr(CsOsLis): 2.72 33.15 -35.87
Mo(CsOsLis)2 -8.21 -4.54 -12.75
W(C6OsLie)2 -9.16 245 “11.61
Cr(CeSsLis)2 +3.89 -43.81 -39.92
Mo(CsSeLis)2 +1.52 -45.36 -43.84
W(CsSeLis)2 +1.14 -45.97 -44.83
8.3.4 LM FEIETILM
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B 8.5 #£B3LYP/6-311+G(d)K-F L3 42 #1869 Den CsOsLis (a), CeSsLis (b),
D24 Cr(CsO¢Lis)2 (c), and Cr(CeSeLis)2 (d)#9 £ 91 A 3
Fig.8.5 Simulated IR spectra of Den CsOsLis (a), CsSeLis (b), D2d Cr(CeOsLis)2 (c),
and Cr(CsSeLis)2 (d) at the B3LYP/6-311+G(d) level.
P 8.5 Al W, STHFRME R Den CoOsLis (a), CeSeLis (b) L AN Yt AH X EL ¢
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a8, (a)H 562cm AI(b)H 480cm™ &y CeOgLis 1 CeSeLis ¥4 L O-Li K S-Li [
R4E IR BN IE . (a)F 137, 319,744 cm™ Fll(b)H+ 71,187,566¢cm-1 &y C-X-Li [H 4
FITH P9 25 i HR B0 51 RS RIS . CoOsLis H 986cm™ AbWR IS IS B2 C-O 1 X R
AEIRZ), T CeSeLis 1 630 et ALY IEERT N C-S ¥ SO FRARZAEHR N . CoOeLis
and CeSeLis " R 1) C-C SO FRABAEIR B 7379 % N 1431em A 1269em! AbIKL
Wl o B2 A () Daa Cr(CeOsLis)a (€)M 5855 1 Dea Cr(CeSeLis)2 (d)£L A1 EI 1 L L

Z%, 512 A1 502 cm! AW TG X B C-Cr B8 1 R T FRIFIRAR S, R B4
J& vh oty AT D A4 22 18] 8 B BE A7 A B o Daa Cr(CeOsLis)a(c) HY 1269 em! Ak, Dea
Cr(CeSeLis)2(d) 1 1040 cm! AEMR IRy C-C B S BRI g 4R 5 51 2 1, A E H
P A4 H 5% L 1Y) Co-PRRFIRAR B AR KT . o F1E B FC A4 CoXoLis (X=0,S) "+ C-C XK
AR RSN 51 W% 1431 and 1269 cm! #HEHL,  Cr(CsOsLis)2 and Cr(CeSeLis)2
HORH N PRI 1362 and 1181em B BT #%, 36 B FC & 40 I A7 B8 (1) T2 1 [ 1) 1)
55 7 Fe AR N B EIAE .
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R AT T 20 M7 o 3B 72 R B BsOs~« BeOs IS L5 #7351 N Cay Bo(BO)s™
('ADFI CsB3(BO)s™ CAY), EAIXIEH —MHAHIN £ p2-BO M P4 i Hp!-BO,
5%t BoHy & BsHy IS5+ 702400, BsOsy BeOs &5 454 1] LLB 1F /& BoHy
K BsHy HIB 3 3£ BO)EAR Y, Fl BA(BO)s fil B3(BO)s 7 H RE S M AT, M
M —2RE 7 BOM AR . R A B3LYP-TDDFT J7 it 5 () B 146
A B HE(ADEs) A1 3 LRI 2 G (VDEs) 5 't HiL 1 BE T S 4y HE (1 45 RARH W) & (I
BsOs # i it 57 ) ADE A 427eV, LI 45 H 4 RN 434eV) . 1E
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1917 em!, 5 GHTHEIG SEAG USRI [1) 4513 1980 + 50 e W) & R . AINDP
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). 1 B3LYP/6-311+G(d) /K _E%Fi% Bs(BO)7 5 Csv BeHy 54T (ISR 43 #r
FRAEE AT 138 Ak R A BT L 1 S IE /NG R o SE R AR % B K1) 73 (AINDP) i i
M &7~ 1E Cay Bo(BO)7 Ml BsH7 H1 43 3l & =/~ 32J& B-B-B-B(p) Al B-B-B-H(p?)
Yy —HL T (4c-2e) 88, 5 K.Hoffmann %%} Csy BeH7 3847 AIM $H$MHr15 H
L5108 —8 seAh, FRATEEIR T T 1% L8 [ 855~ ] 7% 11 4 #A 3 25 GE(ADEs) Al
H B RE(VDEs), At —2ot i 7 Re il scin st 7 HEe K .

3. KA B3LYP 1 MP2 M J7 I57E aug-ce-pVTZ & 4L/KF Lt C20,7 F
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G305 RE S5 M AT T IRAL AR A 43 4, I AE BILYP S5 4 (¥ B6 Al B kAT T
CCSD(T) ™. S RETT 5 . WEA R, CoOn BH B 7 S 14 1 25 25 S5 44 43 ol D 32 ol e
A Con C202CAYFIZE M = B2 Daon C202CY0); 1M C305 TS S5 M A 58 5 K
IE=MAEEH Dan C305 (A7) £E CCSD(T)/KF_E, C02Fil C05 B N H i CO
ST HIRERARALAE 4 B 59.7 A1 19.7kcal/mol, FHIH CO R &KL C0.
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