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X @CyF2(X = He, Ne, Ar, Kr) JL{a[Z549F0
B FEB IR ISR
TEMVIT AFFEHY

1) (P AU BE TR 2 M BB ARE, 28 225300)

2) (P T B TR N HMIEL R, Mat 210094)

(20154 10 A 15 HYKH; 2015 4F 12 A 17 HILEIE SR )

K% FEZ R TR 1)) SURREE IR BL, % X @Ca0F20 (X = He, Ne, Ar, Kr) JLfAI 45 A BT &5 3047 T
THEBFTE. TUA SRR SRR X WBE| CaoFao %), ¥k TR L, MENS X R
3G R, X TR CooFao ZEMIFE MK LK. REBR. N IBRE IR TR R W X JE 713 C20F20
R EE ) 7 BERTE, XQCe0Fa (X = He, Ne, Ar, Kr) & B4 RIFM R e, I HBEE X 5T P800
WK, KAt th A 2HUR MR s, Pt kBl X JRTF5 XQCa0Fao K AE BT A 48
BB FEA B A TTER, 106 R S EUE TTRRE K. TR R I 7E X @QC20F20 H, He F1 Kr 737l A C20F20 (1)
C %3R8 T 0.126 f10.271 N HT, 10 Ne £ Ar Z14-5 17 C ¥ T 0.060 F10.012 MM HEF. fbel I X
TH CIRTFZI#ERA T B s, C% LM CIETFSHEHSARR T X MR T — e 0 1.

KB B, LTSS, T, S R R

PACS: 61.48.—c, 73.22.f, 71.15.Mb DOTI: 10.7498/aps.65.056102

O R & R R T sesh s R LR, |

1 8 = IR CaoHao JE LE Coo 8 Z/INF 2, (H 1 1A 5

H & #9% Coo U R IN R ILLLK, & #hid K 3L
MEM—EHERERMANR G — P 5
§is Bo FLAT R W 45 0 B B 3 T R AR T LR —Fid
B HVFEIR AT T L5 R, AN AL 75 7T LLRE & AN [5] ) Ji
T\ T A EREA BB E B 5 N BCE A
A AW, Xt B BA Tz M % 710
RWNE, & ¥ AN BE SR T m—
Fi. 1993 4F, Saunders 2% PV 7E 5286 ElTh & i 7
He@Cgo Fl Ne@Cgo; 1998 4E, Khong %5 (9] iz FI i #
HPRFERF 5T T Heo@QCrg. WFFLFR I, 24 He F1 Ne JiH
THBEC, (n > 60)EN)E, HefiNe 51 H C
JR T2 1) (4 ) 13 e FL - /7.

CooHao 1E N B/ NI A E #is, F7E 1983 4F

w [ERERBIAIES (HES: 21403111) BEIRRE.
T #EVE#E. E-mail: gscao@163.com
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TSR AT LA B N CooHao ZEN. 4 Het & K
T-100 eV I, He™ i 7] LL2E N FE N, T RS 8
) He@QCooHao 45 14 81, 55 4b, 18 H & 3% o 14 He
Ji - 2% 5 CaoHao th 1T LA 3K 43 2 5 1) He@CagHag
g B BhE, AT SCEE X CooHag % N
BEME T T U RS FEET TR W
2001 4F, Jiménez-Vézquez 2 V35 F %5 5 72 R 3
WAE B3 LYP Fl MP2 7K-F R 5L T He@CooHag £
Ne@CqgHag IG5 RE W F £TRE IRBIITZE AL 20K
2% 2002 4F, Moran 2 101 5% I %5 £ 32 bR 28 5 ¥
X X@CyHyo (X = H, He, Ne, Ar, Li, Lit, Bet,
Be?*, Na, Nat, Mg, Mg™ Fl Mg?™) [ JL{ar &5 44 #1
WA IEAT 7T, 2003 4F, Chen 2% MR
% i MBS T B3 LYP/6-31 G* kw7t 7

http://wulizb.iphy.ac.cn
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X@CyHgo(X = HT, H, Ne, N, P, C—, Si—, O,
SH) WL R Hfa e k. 2009 45, An %k 12 g
F 28— MR EENT CogHao Al LiQCooHy [ HLFHiiE
PEREAT T HRA .

SEIG B OSSR T — A5 CogHao 45 #4 ALY
BEIRAT Y CogFag 1), Zhang 25K FH %5 FE 12 B9
FEH B3 LYP HiE0 A XQCy0Fy (X = H™,
F~, Cl=, Br—, H, He) " fll XQ@QCyFy (X = 0?7,
S2=, Se?™) Ly JLAa 45 M AT el T S5 A AT T 1H B
WL, WEFRR, YA E N 5 1At
M EE AR Tang 25 'O 1 1% 4 8 IR T N B 5
CooFao B, TERIEIR MQCy0Fey (M = Sc, Ti,
V, Cr, Mn, Fe, Co FINi) Z5#4), 45 HFT A L% & )8
JR T # R E TR IE ARt BT E B A E
i, A AR B GRARL

F 83 CooHoo NBEM AR F L EE3 T
AL 20 R G HIBEFE, CogFao FH CooHag 45 H42E
B, HFHFEFHHEFZEZ 64T, 1Lz
BT 2 T M T, CooFao MBI GG B AE
Gy F AR S 5 T B A A S AN A, 1T CaoFao
W8 VSRR T RIS EE D 55 4, AR I SR R T
558 2 181 TG W g i 7%, 02 FRATT BT SGTE Y 1]
TR LA SCR 5 2 bR B 7 VR 6 X@QCo0F a0
(X = He, Ne, Ar, Kr) [t JL{T &5 84 F1 f 7 S5 fg 134T
HEET.

2 WEF*E

AR FH % i R (DFT) i SUBR
Il (GGA) 75 . i Fl DMol® & b 2% i1 5 3K
PEEAT IS, tH R H 7 BLYP (Becke-Lee-
Yang-Parr) 22 # B FAF DNP (double-numerical
basis functions together with polarization func-
tions) S 2. BLYP 3¢ # ¢ B #5 /& th Becke 17 JF
R A b B 15 1EZ R R Perdew-Wang %) 45 Hi 1
RIKBRZ B IEZ IR A T . DNP J 4 2 F AL
PR ELCYT R ) KA R T BE, B R B AR A T
Bl e SR EASE - R MAshE —
fic A DNP 4 A & 7 6-31G* ZE AR 2. oLy
g K e AE e lE BRI AL %4 T % Kohn-Sham [
E 7 RE BB, AT T RS M4 T
B, S AL R A X S B R AT AT R 1, K
H T Broyden-Fletcher-Goldfarb-Shanno % 1|, DA

BREEARAL /N T 1073 a., B/ T 1072 au,
RE BN T 1075 a. MEAUSIUARHE, i Mul-
liken A7 fi& 2070 #7432 B 7 1043 28 A A0 B T
A JEE. B A IR P RE BT A SR HE D

1076 a.u..

3 &R
3.1 JLiA%#

CooFao HA I, XA, N T € 18 1 SR R
TAE CooFoo BN AL E, FATH 5 X (X = He,
Ne, AI‘, KI‘) E%E? CZOFQO % EP Ly f?;ﬁ{fg
C—CHrhL . i afE— C J5 LA K AR AT — Fil
T H O AT LT AR AL, & LT AR A G KB, Toik
X R TR T AL E, 2R E TR IEH O
RLBAL, 35709 I, REPRPE. P8t mT DLHENRT, PTG X A
FHINFRE FIRIEH O AL, CooFao 5 XQCoyFag 1
S B U S5 R an B 1 fraR. 125 He A1 Ne J& 748
5E T Ceo A CogHag J6 H1 0 A7 B 2 A A 1) 100 4
5 Zhang %5 U 1 78 He@QClog Fog H 4516 72— Y.

CooFa X@QCyF20

1 (MTER) CooFao Ml XQCo0Fao ik JLITEH
Fig. 1. (color online) Optimized geometric structures
for CgoFgo and X@CQ()FQ().

R14G H T CooFo Ml XQCooFoo &5 ¥ HI
C—CH# K (Rc ¢), C—F #K (Rc r)s LK
BRI EAR (D). HE 1 AJH: CyoFgo 1 C—CHEK
40.158 nm, He, Ne, Ar fl Kr Jii T W A\ CyoFa
Bla, EAB X EF P HEKR, C BRHC-C
KOOk K, 4 048 4 0.159, 0.160, 0.164 Al
0.167 nm, FHXf T35 CooFag HJ C—C K7 il fif
K T7410.63%, 1.27%, 3.80% F5.70%. %IFT C—F
K, CyoFa0 MIC—F 8K H0.137 nm, 5 Y5
F e 1 (19 C—F 8 K (0.138 nm) AHIZ ). A X
R JE, C-FR#KILTFEAZN, HHBERX IR
TX C—FRELEM. X5 XQCyHy (X = He,
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Ne) H ) C—C 8 K Al C—H 8 K i 28 16 30 1t 2
—H P W FCEERM S, CoFa MCEH
% °40.442 nm, W# He, Ne, Ar flKr Jii ¥ )5, C
58 B4 57 0N 0.444, 0.450, 0.461 F10.469 nm, 7
CooFao 2l B3 K T £90.45%, 1.81%, 4.30%
M16.11%, BT W, BEE N X 5T R8I R,
CREEEIEK.

#1  CooF20 M X@CoF20 ) C—C K (Rc—c),

C—F#K (Rc_r), CEER (D)

Table 1. The C—C bond distances (Rc_¢), C—F

bond distances (Rc__r) and the cage diameter (D)
for the CooF2¢ and X@QCooF2p.

sk Ro—c/nm Ro—p/nm D/nm
Ca0F20 0.158 0.137 0.442
He@C2oF20 0.159 0.137 0.444
Ne@QCooFoq 0.160 0.137 0.450
ArQCyoF2o 0.164 0.136 0.461
Kr@QCqoF2o 0.167 0.136 0.469

K25 H T CyFa 1 XQCyFay (X = He,
Ne, Ar, Kr) s G HUEE (Enomo)~ &AKK
R BUE BE (FLumo) B G HLIE (the highest
occupied molecular orbital, HOMO) Fl iz {i& & 5
P5 #1718 (the lowest unoccupied molecular orbital,
LUMO) Z [l BEBR (Eg) AKX W B RE (AEinc). F
H1 A Ejpe 1 SR 1]

A-E’inc == (ECQOFQO + EX) - EX@C20F207

Y ABEn. N IEE R, HAE®K RR4EHm
Wl e Pl Rk, A
XQCo0Foo &5 # 1) Ay Y N IEME, HFEX R T
JF 500G RT3 AR R, H He@C oo Fag [ A By
/DN, N1.359 eV, Kr@QCyFao H AEme | K, N
15.783 eV. Jiménez-Vizquez 2 ) 5% F % 2 R
8 7 B3 LYP /K F F i 5 18 2| ) HeQCy0Hao
M Ne@CaoHzo AFEime 73 ) 4 34.330 keal/mol (4
1.489 V) F189.760 kcal /mol (£]3.892 eV), 437 Lt
He@CyFy M1 Ne@CaoFag ] AEi. K T £10.130
F10.039 eV, it B HeQCo0F2o Ht Ne@CooHag Y #5
77 % 2 MBS AR, T Ne@QCooFag 5 Ne@Co0Hayg
(3 1 Fa e A 2. R, BT XQCy0Faq
(X = He, Ne, Ar, Kr) 1] AE;,. 3t XQCyF2
(X =H-, F~, H, 02—, $?7, Se?) 1l ] AEy,.
TR, R AT PLAIWT, XQCo0Fag (X = He, Ne, Ar,

Kr) #R A B 2R e, JF HEEE X 1
PR3 R, FLIA Ty AR e 1 thaZ i 4 5.

*2 CaoFa0 Ml XQCo0F2o 1 i w1 o5 #8 #1 i A
(Eromo), BmIEK GIEHER (ELumo), BEMR (Eg), W
BhE (AEinc)

Table 2. Energies of HOMO (Fyomo) and LUMO
(ELumo), energy gaps (Eg), and inclusion energies
(AEinc) for the Co9F2¢ and X@QCogF20.

i Eyomo/eV Epumo/eV Eg/eV AEinc/eV

Ca0F20 —8.956 —5.286 3.670 —
He@CypF2q —8.917 —3.738 5.179 1.359
Ne@CypF2q —8.836 —3.954 4.882 3.853
Ar@QCazoF2o —8.688 —2.814 5.874 11.276
Kr@CszoF29 —8.619 —2.414 6.205 15.783

REFR R T XQCy0Foo 45 13N 1) 2 R e
(kinetic stability). H 327 &1, CyoFoo I Eg N
3.670 eV, Lt CogHog AEFR (5.913 eV) /N T 2.243 eV.
CooFo0 W X (X = He, Ne, Ar, Kr) J5i¥)5, Fi
XQCy0Fag [ Eg A3 T CooFag #BA BRI BE 38
K, HAP AR/ E Ne@QCyFog, N 4.882 eV, {HE]
EL ' $104 Coo I BERR (1.683 eV) B K T 3.199 eV,
AL, BT XQCo0Foo S5 HHS A RIFHIB) 1 %48
EPE.

PRBN I R HI W S i fe e PE G B R )R
X XQCo0Foo HIEIEIRBNEAT 17087, FATTRHRAL
Ja ) XQCo0Foo 4T T (BN — 6) (JEFHN = 41)
ILNTAMERSFEE, 735l RGN IRS S
ARSI, AR, XQCyFy(X = He, Ne,
Ar, Kr) U4 7F4q 55 4 1) 5 /N R 3 8503 43 50l 24 185.30,
183.60, 177.90 F1173.40 cm ™, #iBH X@QCo0Fo
B 3R sh A% 38 R 1E, 3% B DU i 5 4 3250y 94 g
RN A T AR I A B R e, UL
XQCq0Fog #ERA REF AR E 1.

ZR PR, XQCyFgy (X = He, Ne, Ar, Kr)
HHEA RIFRHRIE=NB) Sttt N X R
TJa, 143 CooFoo WA E IS B T BE T, HR1L,
SR B, TLOE N BB TR ARE 2R
s N, DUHERIS A A e RS € 272 1 & B AL
a0

3.2 HFHEH

NTHARANB XTI CyoFao T 45 1 1Y
SN, FATIHE T CopFao M XQCoFoo (X = He,
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Ne, Ar, Kr) KR4t 704, 02 o, fEUL, fiE
B (£ 0.05 eV LLIN [ RE 2 3 B AR 2 1 I 1, i
FEE RN KK Bk R oR, B iR 2R
AR R EUE, LR G PE. B2
DLE H: T H#EHE NS, B XQCyFa
F CaoFao I HOMO, HOMO-1 sz HOMO-2 fig 2 1]
i B A AE % BT, FF H XQCoFag Fll CogFag B
HOMO, HOMO-1 }2 HOMO-2 fi¢ 2 fiij I /& 56 4= —
., 4y 9810, 1018, XFFHOMO-2 LA T
g%, He@QCooFao Ml NeQCo0Fog 15 CogFao 3 A f# £
— 3, Ar@QCyFao M Kr@QCooFog 5 CogFag KA A

ml E A, Ar J7 F AT Kr 5T X CooFao B HOMO,
HOMO-1 X HOMO-2 fit 4% 5 A % A 5 Wi, A%
HOMO-2 LA FBEZ =4 — @ s, -+ &5
PEEE T, FXT T CooFag, XQCyFo [ LUMO
RE 2 A A 35 KR B2 1) T i1, —5.286 eV 43l BT+
& —3.738, —3.954, —2.814 Fl1 —2.414 eV, 1fj CoFaq
Al XQCo0Fao 451 HOMO 7 B FE A K 24, Wi &
;X QCooFao B B B AH X F CooFa0 77 MR E T
41.12%, 33.02%, 60.00% F169.10%. F N B X
JRF X} CooFag IR 4B FLE F EORF M. 2% EAr
R, BB X R T4 XQCq0Fag 2K AELE FT Y

MRS A AE. U, X RT3 3 CygFao JE o LT B A R, TR H R o 4 U T R
Hi, He J& 7 Fl Ne Ji 5 X CooFao [ (5 # 1 18 52 BOK.
9 CaoFa He@QCyF2 Ne@CqoFao Ar@CyoFo Kr@CsoFao
0 - R
72— SIZIITTT TIIIZZI.o--
_____ LUMO LUMO

A LUMO

~

e}

%” L LUMO

A& 64 NLumo 5.874 oV 6.205 eV

4.882 eV
5.179 eV
3.67 eV
=1 |
HOMO HOMO HOMO HOMO HOMO
OMO-1
HOMO-1 HOMO-1 HOMO-1 HOMO-1 H
—10 HOMO-2 HOMO-2——— HOMO-2— ~ HOMO-2 HOMO-2
—12 ——— ————— e —————
0 5 1015 0 5 1015 0 5 10 15 0 5 10 15 0 5 10 15

Orbital degeneracy

B2 CooFao fl X@QCo0Fag 1 Fermi &4 fix IR 75 A7

Fig. 2. The level distribution near the Fermi level for the CopF2p and X@CogF2q.

K345 H T CygFao Ml XQCyFay (X = He,
Ne, Ar, Kr)fJHOMO fILUMO %L i& 4> 4i. ™
B 3 AT %1, CooFao FTHOMO T EHAE N TE CJE T K
# o> F R b, 1 LUMO WAEAE T C, FJE 71 C
Frl, HAE CENTE — B R MEIRTEI. o
TR LR BB LR P2 A A, C 98 R Lo BN
HIE MR 7, 4 X R T WB B CyoFa0 ZEH
Ja, Mg taE T CREFOAE, X5 LA
e g A2 —E . X T XQCqo0Faq, HE 37 LA
BEREMEH, BT XQCyFa 4514 11 HOMO 3 %L
LT CHEFMEEY E, MrA X E¥ B

HOMO #UE T H L. Firf XQCyoFao B LUMO
FUE L SARL, #REE T C RPN ER K C T F 5
) _E, $E X R T X QCo0Fao B HOMO TC 5T R,
1M 4 XQCooFa I LUMO 53 Wk 8K, iX 5 A1 i g
P4y A TR 4518 2 — 5.

I JG X X QCy0Fag F) Mulliken F faf A7 J& 0t
T8 IWERI, W X 73| CyFa 5, He
A Kr 435 M CooFag B9 C %8 _L3R1F T 0.126 F110.271
AN 1T Ne A1 Ar #1435 1) C B % 7 0.060 fl
0.012 M HL. HILAT L, 7£ XQCo0Fa 11, X R+
H5CRTFZM#MRAET Bmikt, RERmEs
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BHARE HHEEKRMN, XIETHRBA, &35
T CMFJETFZRAET B, 2 He, Ne,
Ar A Kr JZ T 20 3 W48 B CogFoo Ja, FXT T 2%
CooFa0, BANFJEF 205l H C R 7290, 0.001,
0.004 F10.007 4~ 7, BEHABE X 51 Fr B0 3 oK,

X JR 75 CogFag ZE [ 5 Mk KR . S 1 58 B
HIRIIE R X QCooFoo B HIH M 55 85, B A5 T
X@QCooFoo M Z/rHifar B . 4 v LA H: X
JRF ¥ RA T e R, WU C O LI CIR 51
PSR T X AR T — € B 1.

HOMO(CQ()FQ()) HOMO(HE@CZOFQ())

HOMO (Ne@CQOFz(})

HOMO(AI‘@C20F20) HOMO(KY@CQQFQQ)

LUMO (CaoFa0) LUMO (He@Ca0F 1)

LUMO (Ne@Ca0F20)

LUMO (Ar@C20F40) LUMO (Kr@CaFyp)

K3 (WH:]J;#Z@) CooF20 Ml X@QCo0F20 F HOMO 1 LUMO H#hiE

Fig. 3. (color online) HOMO and LUMO Orbitals for the CooF20 and X@CgoF2g.

He@QCyF2

Ne@QCyF3

Ar@QCyFy

Kr@QCyF29

B4 (MTRE) XQCo0Fag MZES5 Hifif 4% B

Fig. 4. (color online) Charge density difference for the X@QCsgF2q.

4 % B

K H DFT ' B GGA J5 iE 1 58 7 XQCqy0F g
(X = He, Ne, Ar, Kr) ] J L] 25 #4 R ¥~ 25 14).
B FT, FESB LIRS0 1) EHEAUE
J&F X W 3| CooFao 5, ¥IFaE T8I 0o fir
B, WENS X EF PR R, X R 5 CaoFao
8 R 5 e SRR R 2) 4B X R 115 CooFao B
a2 B E ST, XQCyFy (X = He, Ne,
Ar, Kr) B RIFMFeE M, H HE X 175

R R, RS E P A R BLIZ AT SR i %, 3)
X R 53 XQCooFao #K AE BT I (1 ok 8 36 2
ASEAT TR, T R R PUE sTRR K 4) R
XQCooFgo 1, X R 15 CIRT Z A AL T W
¥etx, CZ LI CIR T SiEtE AR T X K T
—ERIE TR
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Abstract

Several years ago, scientists could already introduced noble gas atoms (He, Ne, Ar, Kr, and Xe) into Cgo and
higher fullerenes. For the specific cases of He and Ne, the calculations suggested that both atoms are slightly bound
inside Cgp through simultaneous van der Waals interactions with all 60 carbons. The cavity in dodecahedrane is much
smaller than that in Cgo, but the experimental study found that by bombarding dodecahedrane with fast, neutral helium
atoms, He@CzoHgp is formed. The structures of CaoF29 and CgoHgzo are similar. Are noble gas atoms also stable in
the Ca0F20? and, are there charges transferring between noble gas atoms and the carbon cage? In this paper, the
generalized gradient approximation based on density functional theory is used to analyze the geometric and electronic
structures of the endohedral fullerene X@QCooF20 (X = He, Ne, Ar, Kr). The geometric optimization shows that the
noble gas atoms X are all stable in the center of C20F2g cage. The C—C bond lengths of the X@QCy¢F20 increase with the
atomic number X increasing, while the C—F bond length is hardly changed. The inclusion energies of the X@QCgF2q
(X = He, Ne, Ar, Kr) are 1.359, 3.853, 11.276 and 15.783 eV respectively. These are all positive, which shows that
the X@QC20F20 have good thermodynamic stabilities, and the thermodynamic stabilities of the X@QCyoF20 are enhanced
with the increase of X atomic number. The energy gaps of the X@C30F20 (X = He, Ne, Ar, Kr) are 5.179, 4.882, 5.874
and 6.205 eV respectively, which are greater than that of CaoF29. It indicates that the X@CyoF20 have better dynamic
stabilities than C2oF20. In addition, the vibration frequencies of the X@QCy0F2¢ (X = He, Ne, Ar, Kr) are all positive.
These indicate that the stability of CooF2o is significantly improved when the X atom is introduced into the cage, and
is gradually increasing with the increase of X atomic number. The electronic structures demonstrate that the X atom
has no contribution to the occupied molecular orbitals near the Fermi level of X@QC20F20, and the contribution of the X
atom to the unoccupied molecular orbitals is relatively large. The calculation also shows that the atoms of He and Kr
obtain 0.126 and 0.271 electrons from the carbons of the C20F20 cage, while Ar and Ne transfer 0.060 and 0.012 electrons
to the carbons of the cage repectively. Thus there are electrons transferring between the X atoms and the carbons of

the cage, indicating that the formed C—X bonds of the X@QCqoF2¢ are ionic bonds.
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