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Recently it has been reported ihat solids K_Cg, and [{b, Cg (x=1—5) can be
transformed to conducwurs V2, [f =0 and 6, they are insulators and if x =3, they
have the largest conductivities, When the temperature goes down to 18K for solid
K,Cq, and to 28K for solid Rb,Cgyy, they are transformed to superconductors. These
results are very interesting to scientists. Solids K, Cg, and Rb,Cgy are very unstable
in air, so that for practical purposes it is better to synthesize the atom-containing
carbon-sixty MCq, or C4X, in which the metal atom M or non-metal atom X is al
the center of Cgy cage. It has been known experimentally for some years that the
atoms other than carbon atom C can enter into Cg, cage to form atom-containing MCg,
or CgoX (341,

The electronic structure of carbon-sixty Cgy has been calculated by some quantum-
chemical methods in recent years[5-11J | but up to now, the electronic structures for
the atom-containing carbon-sixty MCy, or CgX have not been calculated. In our
another paper !'2!, Cgo and MCg (Li, Na, K, Rb, Cs) are computed with EHMO
method, and the conductivities of the solid carbon-sixty Cgz, and the solid metal-
containing carbon-sixty MCgy, are discussed. Furthermore, the halogen-containing
carbon-sixty CgX (F, Cl, Br, I) are calculated by EHMO method in this paper,
then the conductivities of them and CgX, (¥=0—10) are discussed in terms of the

electronic structures,

1 COMPUTATIONAL METHOD AND MODEL

The EHMO method is used in computation. The orbital exponents £’s and the
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valence state ionization potentials H,,'s used are as shown in Table {.

Table 1 The orbital exponents and the valence statc ionization potentials (eV)

C F Cl Br I
s 1.6250 2.6000 2,0330 2.3000 1,9750
H;i(s) =21.4000 —-40.1000 -25.3000 -24.5000 —20.7600
» ~11.4000 ~-18.6000 -13.7000 -12.6000 -11,1500

The computational model for Cg X is that the long C-C bond length in 12 re-
gular pentagons is 1,465A and the short C-C bond length in 20 hexagons is 1,376 A ©]
and the halogen atoms X (F, Cl, Br, I) are put at the center of the carbon-sixty
Cgo- The distances between X and each C are 3,551 A . The coordinatez of X and
each carbon atoms are fixed according to the boad lengths mecationed ahbove and the
symmetry of CgX.

Using EHMO method t5 colcalate the :lactrozic energy and ASED mecthod to cal-
culate ren=ldon energy of aiom-pairs, the obtained geometrical parameters of the
carbon—sixty Cq, is in agreement with the experimental values[!® ., That is to say that

the EHMO method is basically feasible for Cy, systems.

2 RESULTS OF CALCULATION AND DISCUSSION

In Table 2, it is interesting to see that the halogen-containing carbon-sixty Cg X
(F, Cl, Br, I), in which the halogen atoms X’s are put at the center of carbon-
sixty Cqy, are more stable than Cg4y for CgF, slightly stable than Cg, for CgCl and
CgoBr, and less stable than Cg, for Cgl.

Table 2 Energies and stabilities of C,, and MC,, (eV)

Begox Ex ABcg o x*

" Cyo - 4206.98
Cc,,F - 4387.24 ~173.20 -7.06
C,,Cl -4327.58 -119,10 ~1.50
C,,Br ~4319.08 -112,00 -0.10
C,,! - 4297,06 -97.27 7.19

* ABc, x=HBcg x-(ExtBcg )

Some important energy levels of Cgy are shown in Table 3. It has been shown
that all the energy levels of Cg, are of 3-degeneracy, 4-degeneracy and 5-degeneracy

except four encrgy levels having non-degeneracy, in which three of them, HO-3I,
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HO-17 and HO-16, have symmetry character a,.

Table 3 Distribution and degeneracy of the energy levels of C,, MO (eV)

HO-31 HO-30 HO-23 HO-17 HO-1¢6 HO-15 HO-14 HO-3 HO-2 HO-1 HOMO

L -31.82 -31.25 =-20.56 -15.63 -15.24 -15,03 -14,62 -12.31 -12.11 -12,07 -11.49
D 1(ay) 3¢y 3t 1(ay) 1(ay) 3¢ 3ty 4(99) 5(hy) 5Chy) 5k

LUMO LU+1 LU+2 LU+3 LU+4 LU+g9 LU+17 LU+24 LU+29 LU+30 LU+31

L -9¢.78 -9.00 -7.84 -7,72 -6.60 2,08 15,88  38.27 61.10  70.47 71,57
3¢t 3¢ 5Chy) 3¢ty 5y 3(t) law)  3C) 4(g)  4(gu)  3(¢p)

o}

# L—Level, D—Degeneracy, HO-31—Begining level, LU +31—Ending level

Coo CeooF F CsCl cl CqoBr Br Ceol I
__38.27ts __3B.27L 38,274, _38.27¢, _ 88,27,
2,086, 2.08, 2.08t, 7088, Lz
~9.786,% = 9.78¢,% _Z9.780% 278" =9.786,*
—11.494,** - 11.494,** 11,498, ~11.49k,** ~10.17¢,%*
- 11,15¢,

-12.45¢, ~12.60¢,
- 13,5400 - 13.70¢, - 13. 884,

- 14.61¢, - 14.62¢, _—14.62¢ .T14.62¢, T14.626

- 15.03¢, _—15.02¢, -15.11¢, -15.07a;
-15.248;, - 15,240, -15.120, - 15.08¢, (18-85,
-15.638,  -15.63a, - 15.63a, - 15.630, = 15.63a,

—18.606, - 18.60¢,
_=20.51a;
- 20,564, - 20.56¢, —20.56¢, —.20.56t, .= 20.56¢,
- 20.76a,
_o24.44a = 24,500,
25,256, ~25.306,

—81.25¢,,  _-31.25¢, T 81.256, 81,25 - 31.266
- 31.82a, ~31.81a, - 31,84a, - 31,840, ~31.89a,

- 40,108, ~40.10a,

*LUMO **HOMO

Fig.1 The situation of linear combination about the abomic orbitals s and p of X with the
a; and ¢, molecular orbitals of C,,

Since the orbitals s and p of X (F, Cl, Br, I) are of symmetry ag and ¢,
respectively, according to the principle of symmetry match, the orbitals s and p of X
are only linearly combined with 3 non-degenerate(ag) and 7 3-degenerate (t,) mole-
cular orbitals of the carbon-sixty Cg, respectively, leaving the other molecular orbi-
tals of Cy, unchanged. The situation of linear combination is shown in Fig.]. From
Fig.1 it can be scen that the energy levels of Cyj )X (F, Cl; Br) arc simply the addi-

tion of those of Cgy and X, i.e. the energy levels of Cyy are mixed only slightly
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with those of X, but the energy levels of C4; are mixed with those of I some more,
where the HOMO of Cg4yl is a little different from that of Cyy,i.e.the former(-10.17
eV) is higher that the latter (—11.49e¢V).That is to say that putting iodine into the
center of Cg, can increase the HOMO energy from Cgy to Cgl by 1.32¢V. The data
of electronic structures given above would be very useful for the discussions of their
physical and chemical properties. We would like to discuss the conductivities of the
solids Cgy, CgoX and CgyX, in the next paragraph using these data.

For molecular crystal, there is a rule about band-position and band-width [}4:15]
The solids Cgy, CgX and CyX, are molecular crystals, in which at the lattice point
is molecule. The distances between the atoms in different molecules are longer than
chemical bond, so that the band-positions are around the corresponding energy levels
of molecules Cyy, CgX and Cyg X, respectively and the band-widths are much narrow.
According to the results and the principle mentioued above, the conduciivitics of the
Caos CgoX and CgX, (¥ =0—10) can be discuszed as follows.

The energy gap, i.e. the diiference between LUMC and HOMO, of C4 is 1,71
eV, which is teq large to be couquered by thermal motion, and then the energy band
corresponding to LUMO and HOMO are cmpty and full respectively, so Cgz is an
insulator. Tlis is in agreement with the experimental results.

To put halogen atoms X(F,Cl,Br,I) into the carbon-sixty Cy cage only weakly
affects its components and the distributions of the energy levels, so only weakly af-
fects the energy-band structure of the solid Cgy. Thercfore, the entering of X (F,Cl,
Br, I) into carbon-sixty Cg, only offers carriers as an electron acceptor. At this situ-
ation, the energy-bands corresponding to the HOMO of molecules CgoX are unoccupi-
ed ones with hole carrier, so that the solid halogen-containing carbon-sixty Cg X (F,
Cl, Br, I) are good conductors.

For the solids CgX, (y=0—10), although X(F, Cl, Br, I) are not at the
center but are located in the gaps between molecules Cg, because of longer distance
between C and X than a C—X chemical bond, the energy-band distribution of Cg,
will be slightly affected similar to the situation of the solid halogen-containing car-
bon-sixty C4,X. Since the HOMO of Cgy is of 5-degeneracy, so that for the solids
CeoXy; (y=0—10), if not considering the constraint of the gap space in solid, the
concentration of carriers in the energy-bands gradually increase when y=(Q—>1-»2—
3-»4—5 and so do conductivities of them; furthermore, the concentration of carriers
in the cnergy-bands gradually decreases when y =6—+7—+>8->9—>10 and so do the con-
ductivities of them. The HOMO becomes empty when y =10 and then the solids CgX,

are transformed to insulator.
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SERFHBRT CoX N F SRSB4

FHR L > FHRD
CAERUE T, dbnt 100029 bra[E R 2EBELEBITH, JbRC  100080)

XEE: AT HPM AEURESE CuX

MR R FIES EHMO HIEXEAT Coo B E K IRFEAT CeoX (F, Cl, Br, I) fy
BN T, 3Bk, 3 Ceon CooX B CooXy (¥ = 1—10)Fy S HLVENEFT T 1HE.
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