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Abstract A systematic investigation on possible struc-
tures of heterofullerenes C,,_,P,, (n=2-10) has been per-
formed employing semiempirical MNDO and ab initio
methods. The stabilities decrease with increasing number
of heteroatoms. The structures whose carbon atoms are
substituted in the para pattern across the equatorial
hexagons correspond to the most stable isomers. The iso-
meric pattern of P-doped C,, systems follows our previ-
ously proposed correlation between the isomerism of the
fullerene adducts CgoX/C;oX,, and those of the hetero-
fullerenes Cg N, or Cgo.1B,, /C70.N,, Or Co.B,. The
aromaticity of the most stable structures of heterofulle-
renes is studied to investigate the heteroatom doping ef-
fect on the electron delocalization of the fullerene cage.

Keywords Heterofullerenes - P-doped fullerenes -
Isomerism - Aromaticity

Introduction

Heterofullerenes are fullerene molecules in which one or
more carbon atoms are replaced by heteroatoms such as
boron or nitrogen, whose formation is a kind of “on-ball”
doping of the fullerene cage. Apart from exohedral and
endohedral fullerene derivatives, heterofullerenes repres-
ent the third fundamental group of modified fullerenes,
and are mainly of interest for the possibility of fine-tun-
ing the electronic properties of the cage structures and
their ability to be assembled into materials with specific
physical and chemical properties.

In experiments great progress has been achieved in
the last decade in the synthesis of heterofullerenes by
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chemical modification of isocyclic fullerenes or by the
laser ablation technique or the contact-arc method.
[1, 2, 3, 4, 5] Up to now, heterofullerenes, such as
CeoxB«/CroB«(Xx=1-2), [6, 7, 8, 9, 10] C5gN/CggN, [11,
12, 13, 14, 15, 16] CsgBN, [10, 17, 18, 19] C540, [20,
21] Cgo, Sy, [22, 23, 24, 25, 26, 27, 28, 29, 30]
CsGe/C5gASCoAS, [31] CsgP/CegP, [32], and transition
metal-doped C;oM/CgM, (M=Pt, Fe, Co, Ni, Rh, Ir) [33,
34] have been generated successfully. In addition, CsgN
and CgN have been identified in dimeric form in solu-
tion by chemical modification of the parent fullerenes.
[35, 36, 37] However, except for nitrogen-doped fulle-
renes, the macroscopic syntheses and purification of the
heterofullerenes mentioned above have not been success-
ful.

Only if macroscopic amounts of materials are avail-
able will the chemistry of heterofullerenes develop
well. The contact-arc method may be the most conve-
nient way to obtain macroscopic amounts of hetero-
fullerenes. However, many experimental problems with
respect to purification and characterization of hetero-
fullerenes generated by this method exist, and the struc-
tures of multi-substituted fullerenes have not been clar-
ified so far.

On the theoretical side, although the stabilities, elec-
tronic properties, band structures and the third-order pol-
arizability of the heterohedral fullerenes have been stud-
ied, mostly these studies are based on the arbitrarily as-
signed geometries which often give ambiguous and con-
tradictory results. [38, 39, 4041, 42, 43, 44, 45, 46, 47,
48, 49, 50, 51, 52, 53] Until recently, systematic theoreti-
cal studies on isomerism of heterofullerenes Cgy X,
(n=2-6) [54, 55] and C,y X, (n=2-10) (X=N, B), [56,
57] Ceoon(BN), [58] and Cyy 5,(BN), (n=1-3), [59]
CsgP, [60] and CgeSi [61] have been reported by our
group. The isomeric pattern of BN-doped fullerenes has
been extended to Cg, ,,(BN), (n=7—-24) by Kar and co-
workers [62, 63]. The theoretical studies on the isomer-
ism of heterofullerenes may assist in the further experi-
mental synthesis and characterization since the computa-
tionally lowest energy isomers would be the experimen-
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tally observed structures when the contact-arc method is
used to generate heterofullerenes, providing that the re-
action products obtained in the contact-arc method are
thermodynamically controlled.

Our previous work showed that the 1,4-substitution
pattern is thermodynamically preferred for Cgy X,
(X=N or B, n=2-6) and C,; X, (X=N or B, n=2-10),
and that there is afair correlation between the isomerism
of heterofullerenes and the regioisomerism of fullerene
adducts with sterically demanding and segregated ad-
dends, i.e. the isomerism of heterofullerenes Cg, N, OF
Cs0nB/CroN, Or C,, B, follows the isomerism of
fullerene adducts CgpX,/C,oX, (X is the sterically de-
manding addend). [54, 55, 56, 57] This correlation also
holds true for CggP,. [60] These findings build a bridge
to connect these two groups and allow us to deduce the
most stable isomers based on the knowledge of the rela-
tively well-studied fullerene adducts.

In this paper we extend our investigation on isomer-
ism of heterofullerenes to phosphorus-substituted C,,
systems, C,y_,P, (n=2-10). First, a systematic investiga-
tion on the possible energetically favored isomers of
CesP, Will be presented using semiempirical MNDO and
ab initio methods. Then carefully chosen most likely iso-
mers of multi-substituted species will be calculated. We
will show that the relative energies of C,, P, systems
correlate with those of the regioisomeric fullerene ad-
ducts C,oX,, (X is the sterically demanding addend),
which follows the former established correlation be-
tween the isomerism of the fullerene adducts
CeoX/CroX, and those of heterofullerenes Cqy N, OF
Ce0nB/CroN,, 0r Cyo B, The degree of electron-delo-
calization is evaluated by using the computed NICS (nu-
cleus independent chemical shift) [64] at the cage centers
of the most stable isomers of C,, P, NICS has been
demonstrated to be a useful criterion for aromaticity or
anti-aromaticity. [64, 65, 66, 67] The NICS at the cage
center has essentially the same value as the 3He endo-
hedral shift, which is a valuable experimental tool for
characterizing fullerenes and their derivatives [68, 69,
70, 71, 72] and can be reproduced computationally rea-
sonably well, [73, 74, 75, 76] and is aso a promising
tool to characterize heterofullerenes. [77]

Computational details

Given the large number and the size of the isomers stud-
ied, we have mostly applied semiempirical MNDO-type
methods to assess the relative stability of heterofulle-
renes. [54, 55, 56, 57, 58, 59, 60, 61] These methods
generally provide reasonable results for pure fullerenes
and their derivatives (see [78] for a brief review). Their
good performance in predicting the relative energies of
various isomers of specific fullerenes has been tested re-
cently using B3LYP/6-31G* results for 150 fullerene
structures as reference data. [79] We believe that com-
mon trends obtained at the semiempirical level are un-
likely to change at higher levels.

Full geometry optimizations were carried out at the
MNDO semiempirical level utilizing the VAMP 7.0 pro-
gram. [80] The full optimizations were carried out with-
out any symmetry constraints in Cartesian coordinates
and initial input geometries were based on the optimized
C,, With specific carbon atoms displaced by phosphorus
atoms. For the key structures, single-point ab initio Har-
tree-Fock (HF) energy calculations were performed at
the MNDO-optimized geometries employing the 3-21G
basis set (HF/3-21G//MNDOQO) using the Gaussian-98
program. [81] NICS values [64] were computed at the
cage centers of interest at the GIAO-SCF/3-21G level
with the MNDO geometries utilizing the Gaussian-98
suite of programs. [81]

Results and discussion

There are 143 structurally distinct isomers for CggP,. Our
previous studies on CggX, (X=B, N, P) [54, 60] and
CesX, (X=N,B) [56] indicate that the isomer correspond-
ing to 1,4-substitution to the cyclohexatriene unit is the
most stable isomer and the stabilities decrease with in-
creasing distance between the heteroatoms. Thus, instead
of calculating all the 143 possible isomers, only the iso-
mers resulting from 1,2-substitution across the 6,6-fu-
sion and from 1,4-substitution across 6-rings, as well as
other selected isomers in which the heteroatoms are lo-
cated in the same pentagon or hexagon, will be calculat-
ed. These isomers are listed in Table 1 and the number-
ing system used in thiswork isgiven in Fig. 1. Similar to
previous studies, [54, 55, 56, 57, 58, 59, 60] the isomers

Fig. 1 Numbering of atomsin C,
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Table 1 Heats of formation,

relative heats of formation CesP2 AH; Ere HOMO (evV)  LUMO (eV) Gap(eV) Ea?
(kcal mol-1) and frontier orbital
energies (V) of possible stable 1(2,1) 843.54 5.61 -8.702 —2.942 5.760
isomers of CygP, 2(5,6) 849.03 11.10 -8.814 —2.923 5.891
3(7,21) 859.23 21.30 -8.809 -2.940 5.869
4(20,21) 876.32 38.39 -8.691 -3.028 5.663
5 (2/5) 837.77 -0.16 -8.795 —2.949 5.846 441
6 (7/23) 837.93 0.00 -8.749 —2.935 5.814 0.00
7 (6/20) 853.86 15.93 -8.756 —2.899 5.857
8 (1/4) 840.78 2.85 -8.486 —-2.927 5.559
9 (7/19) 856.51 18.58 —-8.425 -3.125 5.300
10 (21/24) 856.71 18.78 -8.814 —2.888 5.926
11 (2;12) 854.61 16.68 -8.854 -3.112 5.742
12 (2;6) 881.67 43.74 —7.706 —4.070 3.636
13 (2;4) 873.15 35.22 -8.318 -3.439 4.879
14 (6;19) 867.54 29.61 -8.336 -3.335 5.001
15 (6;21) 893.80 55.87 —7.672 —4.010 3.662
16 (6;7) 874.31 36.38 -8.412 -3.350 5.062
17 (7;8) 851.50 13.57 -8.830 —2.909 5.921
18 (7;24) 891.15 53.22 —7.732 -3.818 3.914
19 (7;22) 886.61 48.68 —7.674 -3.955 3.719

aHF/3-21G//MNDO level

Fig. 2 The two most stable isomers of CggP,

of the fullerene adducts C,yX,, and the isomers of the
heterofullerenes C,, P, in which the heteroatoms sub-
stitute the carbon atoms at those positions where the ad-
dends of C,;X,, are bound, are defined to have the same
isomer pattern. As a consequence, the isomers chosen for
this work have the same addition pattern as the C,oX,,
adducts calculated by Clare and Kepert. [82]

| somerism

The heats of formation and HOMO-LUMO gap energies
of CggP, arelisted in Table 1. At the MNDO level, CgX,
(7/23) and (2/5), which correspond to 1,4-substitution to
the cyclohexatriene unit as shown in Fig. 2, have the
lowest heats of formation among all the isomers consid-
ered, and are thus the most stable isomers. At the MNDO
level isomer 7/23 is nearly isoenergetic with 2/5, but is
dlightly favored by 4.41 kcal mol-1 at the HF/3-21G lev-
el, and is predicted to be the ground state. These two
structures also have large HOMO-LUMO gaps com-
pared to others. They conform to the same rule we found
for other heterofullerenes, [54, 55, 56, 57, 60] and the
lowest energy isomer has the 1,4-substitution across the
para positions of an equatorial hexagon.

If further substitution follows the same pattern of this
most stable isomer, i.e. with para substitution only
across two equatorial Cg rings, four possible isomers

Fig. 3 Calculated isomers of CggP,

20-23 for CggP, would result, as shown in Fig. 3. Fig-
ure 3 also shows seven other possible structures 24-30
with para—para—para substitutions. All these isomers
and their energies are summarized in Table 2.
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Table 2 Heats of formation,

relative heats of formation CesPa AH; B HOMO (ev) LUMO(eV) Gap(eV) Egq?
(keal mol) and frontier orbital 5y 2 oo 14 27) 732.30 000  -8860 2.964 5.896 0.00
?;er;%rfgfe\é;%p‘”*" blestable 5 (7236349 73533 308 8778 3037 5.741 8.33
22 (7,23;48,64) 737.50 5.20 —8.665 —-3.096 5.569
23(7,23;26,45) 743.85 11.55 -8.768 —-2.990 5.778
24 (1,4;15,30) 738.39 6.09 —8.459 —2.994 5.465
25 (5,2;10,24) 750.82 18.52 -8.900 —2.975 5.925
26 (2,5;21,39) 750.50 18.20 -8.877 -3.073 5.804
27 (7,19;37,53) 759.59 27.29 -8.198 -3.716 4.482
28 (2,5;21,24) 754.76 22.46 -8.896 —2.972 5.924
29 (5,21;24,10) 758.84 26.54 -8.874 —2.984 5.890
aHF/3-21G//MNDO level 30 (5,21;24,43) 802.84 70.54 7.656 —4.301 3.355
Table 3 Heats of formation,
relative heats of formation CecPa AH; Eq HOMO (eV) LUMO (V) Gap (eV)
(kcal mol-1) and frontier orbital
energies (eV) of possible stable  CgsPs 31 (7,23;44,27;48,64) 626.57 0.00 8871 -3.041 5.830
isomers of CyyP and Ce,Py CosPe 32 (7.19;37,53:33.49) 64236 1579 -8532 3509 5.023
CesPs 33 (2,5;21,39;58,43) 647.10 20.53 -8.984 -3.136 5.848
CeaPs 34 (2,5;21,24,43,58) 652.41 25.84 -8.981 -3.051 5.930
CeoPg 35 (7,23;44,27,48,64,52,34)  519.31 - -9.205 —2.859 6.346

Fig. 4 Calculated isomers of Cg,Pg and the most stable structure
of Cg,Pg

The isomer (7,23; 44,27) is computed to be the low-
est energy structure by both MNDO and ab initio calcu-
lations. This structure corresponds to the ra—para—para
substitution pattern across the equatorial area. This is
thermodynamically favorable not only because the unfa-
vorable P-P interaction is avoided but also because no
[5, 6] double bonds must be introduced in the polar re-
gion and [5, 6] double bonds in the equator are re-
moved.

Four possible para—para—para—para—para structures
31-34 exist, as shown in Fig. 4 for CgPg. The most sta-
ble structure 31 has oblique para substitution across
three connected equatorial six-membered rings. Further
substitution in the same way yields Cg,Pg 35. The energy
data of Cg,Pg and Cg,Pg are summarized in Table 3.

Fig. 5 Calculated isomers of CgyPyq

Following the same pattern for further substitution, we
cannot obtain a continuous para equatoria belt in al five
equatorial  six-membered rings, only the structures 36
shown in Fig. 5 can be obtained. On the other hand, a com-
plete belt can be obtained if one or more ortho equatorial
rings are introduced. Thus, we can obtain four such iso-
mers 37-40, as adso summarized in Fig. 5 and Table 4,
among which the isomers 37 (7,23;44,27,48,64;52,34,
18,19) correspond to the experimental structure of C,,Cly.
[83] At the MNDO level, 36 and 37 are the two most sta-
ble isomers with 36 dightly preferred by 1.10 kcal mol-1,
while ab initio calculations reverse the energy order and in-
dicate 37 to be more stable by 6.98 kcal mol-1.

As in other heterofullerenes, [54, 55, 56, 57, 58, 59,
60, 61] the cluster geometry is seriously affected by the
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energies (eV) of possible stable isomers of

CeoP1o

CeoP1o AH; = HOMO (eV) LUMO(eV)  Gap(eV) =
36 (7,23,44,27;48,64;52,34;18,38) 421.78 -1.10 -9.280 —2.709 6.571 6.98
37 (7,23,44,27,48,64;52,34:18,19) 422.88 0.00 -9.633 —2.678 6.955 0.00
38 (7,23,44,27;48,49;33,34;18,19) 450.37 28.59 -9.607 —2.956 6.651

39 (7,23;44,45,63,64;52,34;18,19) 450.68 28.90 -9.639 -2.880 6.759

40 (7,8,26,27,48,49;33,34;18,19) 47737 55.59 ~9.455 -3.181 6.274

aHF/3-21G//MNDO level

10+ -
99 ma— = ] -/'/
8_
w7
< 6
=Y
4_
3{ o— - ——@ e — o o
2_
1 T T T T T T
0 2 4 6 8 10

Number of heteroatoms

Fig. 6 lonization potentials and affinity energies of the most sta-
ble isomers of C;4 P, (n=2-10)

substitution. Significant distortion occurs at the heteroat-
om site for al the heterofullerene structures. Generally
the phosphorus atoms pop out of the mean surface of the
fullerene cage, showing its characteristic sp3 hybridiza-
tion with its lone pair electrons.

The MNDO calculated ionization potentials (IP) and
affinity energies (AE) from Koopmans' theorem for the
most stable C,, P, isomers are summarized in Fig. 6.
For the most stable species, C,, P, (n=2—6) has both
bigger IP and AE compared to C,,, Cg,Pg and CyoPyg
have much larger IPs, while Cg,Pg has nearly the same
EA as C, and Cgy P, has smaller EA relative to C,,. The
changes of 1P and EA indicate that the redox characteris-
tics of C,, can been modified by substitution of phos-
phorus atoms.

Aromaticity of heterofullerenes

Containing a conjugated m-system, fullerenes form a
unique class of spherical molecules. The question arises
naturally, how will the heteroatom substitution affect its
aromaticity or electron delocalization? To evaluate the
mobility of electrons on the cage surfaces, NICSs [64]
were calculated at the cage-centers of the heterofulle-
renes.

Figure 7 shows the most stable isomers of heterofulle-
renes and their endohedral chemical shifts. For compari-
son, the endohedral chemical shifts of N- and B-doped
C,, Species are also summarized in Fig. 7. Compared
with the endohedral chemical shift of C,, at the same
level, —20.9 ppm (exp. —28.8 ppm [68]), generally the

N-doped -17.0
B-doped -15.8
P-doped -17.9

31, 36 37,42
N-doped -14.9 -11.9
B-doped -10.1 -9.6
P-doped -15.4 -14.0 -153

Fig. 7 The most stable isomers of C,5 X, (X=N, B, P) and their
endohedral NICSs (ppm)

aromaticity decreases with increasing number of hetero-
atoms in the system. P-doped species are the most aro-
matic ones among N-, B- and P-doped fullerenes, and B-
doped fullerenes exhibit the least electron delocalization.
Since NICSs at the cage centers have essentiadly the
same values as the endohedral helium chemical shifts,
these computed values also provide a basis for the possi-
ble characterization of these heterofullerenes.

Conclusion

The most stable structures of the heterofullerenes C,,_,P,
(n=2-10) have been calculated. Our previously proposed
correlation between the isomerism of the fullerene ad-
ducts CgX,/Cy;oX,, and that of the heterofullerenes
CeonNp Or Cgo.B/Cro.nN,, Or C4 B, holds true for C,
adducts and phosphorus-doped C,, systems, thus we can
deduce the stability of the doped C,, fullerenes on the
basis of the regioselectivity of [70] fullerene adducts.
The endohedral NICSs of the most stable isomers of
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C0.P,, have been computed to assess the aromaticity
and provide a basis for further characterization of these
doped fullerenes.
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