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ABSTRACT. Since Karfunkel predicted the stability of azafullerenes by semiempirical calculation, a 
sustaining effort was paid to quantum-chemical calculation of substitutionally dopped fullerenes. 
While the N and B hetero-fullerenes are the most known, in the last years Si, Co, Ni, Fe, Rh, Ir 
dopped C60 have been modeled.4-6 

This paper reports semiempirical PM3 calculations of phosphorus substituted fullerenes C60-

nPn, n = 1-6. The C by P replacement appears to not dramatically influence the thermal stability of 
substituted C60 but electronic structure is changed. The degeneracy of HOMO and LUMO levels is 
reduced or destroyed while the HOMO-LUMO gap is, in some cases, as high as in the parent C60 
and consistent with a good kinetic stability. The difference between C and P electronegativity 
determines the partial positive charge at phosphorus and a negative charge at the neighboring C 
atoms. The displacement of a number of phosphorus atoms on the same polygon diminishes the 
positive charge at phosphorus. Angles at phosphorus are larger when phosphorus is on a hexagon. 
The reverse situation is found for bond length that increases for P-C [5,6] with respect to [6,6] 
bonds. The bonding energy of P-dopped fullerenes decrease with increasing the number of 
phosphorus atoms, as the strength of P-C bonds decreases with respect to C-C bonds. From 
energetic considerations, we can draw the conclusion that phosphorus dopped fullerenes may be 
stable molecules. 
 

1. INTRODUCTION 

In the last years much attention was focused on developing fullerenes macroscopic 
synthesis methods due to their very interesting electronic, optic, magnetic, self-assembly 
and chemical properties, very promising for new materials.1-7 The synthesis of a variety of 
endhohedral, substitutional and exohedral dopped fullerenes was a challenge for chemists 
that would expect to obtain compounds with enhanced chemical reactivity or special 
electro-optic properties.2,3,8 Buckminster fullerene C60, with icosahedral symmetry, is the 
most studied with respect to the substitution pattern and chemical reactivity. Fullerenes 
show, in general, electron deficient properties similar to polyalkenes, with a weak 
conjugation. The main reactions are complexation, addition and cycloaddition (mainly at 
the 6-6 double bond), hydrogenation, hydroboration, hydrometalation and halogenation.9-

13 Upon the addition reaction, a series of changes are induced such as the cage 
deformation, the appearance of nonequivalent C atoms, the lowering of symmetry, etc.14  

Since the stability of azafullerenes were predicted by semiempirical calculation, an 
intensive effort was undertaken to theoretical and quantum-chemical calculation of hetero 
fullerenes.15-28 Among the most known heterofullerenes, there are aza and bora fullerenes 
C60-nNn(n=1 to 12), C60-nBn(n=1 to 6), C58BN but also the heterofullerene C58Si2 was 
obtained and characterized by photoionization mass spectra.2,3,5,8,23 Up to now, a number 
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of theoretical calculations have been done on N, B, BN, Si, Ge, Sn, Al, P substituted 
fullerenes. The substitution modifies the chemical reactivity of the parent fullerene while 
the three-dimensional structure of the framework is preserved. The frontier orbitals belong 
to the  system, which is weak and perpendicular to the surface but, due to the curvature, 
there is a mixing with the  system, that is very stable and confers the stability to the 
whole molecule. The pyramidalization of the sp2 hybridized carbon atoms is a result of the 
strain occurring in fullerene cages. Reuther3 appreciates that 80% of the fullerene Hf is 
strain energy. In C60, HOMO is of hu symmetry, five fold degenerated and angular 
momentum l =5, LUMO is tu symmetry, three fold degenerated and has the same angular 
momentum. Due to the molecular dimensions of C60, the LUMO is stabilized and fullerene 
is easily reduced but hardly oxidized.11,19 Theoretical calculations on monomeric C59N 
demonstrated that the additional electron is localized at N atom while in (C59N)2  charge 
density is distributed near the N atom and on the intermolecular bond. The skeletal 
substitution by N and B does not change significantly the shape of the fullerene surface 
but the heavier silicon atom deforms the fullerene geometry and localize it at the 
heteroatom.8 This paper is focused on the study of geometry, electronic structure and 
thermodynamic stability of a series of phospha-fullerenes, by using semiempirical PM3 
calculations. In the literature, there is only one example of theoretical investigation of 
phosphorus substituted fullerenes, namely the MNDO calculation on C55P5, by A. 
Chistyakov et al.27 

 

2. METHOD 

Full optimization of the molecular geometries was performed with the Hyper-Chem 
5.11 software program.29 A pre-optimization by molecular mechanics MM+ force field, 
was done while the final optimization of all molecules was carried out by the 
semiempirical procedure PM3-RHF, for the F operator.30 The method of accelerate 
convergence with a convergence limit of 10-5 SCF was chosen. The molecules were 
considered in vacuum and the optimization algorithm was the Polack-Ribiere conjugated 
gradient, with 0,01Kcal/Åmol. 
 

3. RESULTS AND DISCUSSIONS 

The parameters derived from PM3 calculations are shown in table 1. 

 
Table 1. Semiempirical PM3 data for phosphorus substitutionally doped fullerenes. 

 

No Structure 

HOMO 
LUMO 

Gap 
(eV) 

HOMO 
(eV) 

HF/ato
m 

(kcal/mo
l) 

Binding E 
(kcal/mol) 

Charge on P 

1 C60 6.595 -9.481 13.511 -9442.683 - 
2 C59P1� 6.605 -9.230 13.274 -9361.627 P1 0.846 
3 C58P2 3.644 -7.684 14.148 -9213.840 P34 0.826, P35 0.826 
4 C58P2 m 5.102 -8.368 13.827 -9233.093 P23 0.845, P49 0.847 
5 C58P2 p 2.449 -7.086 14.335 -9202.632 P16 0.855, P37 0.855 

6 
C58P2 12 

[6,6] 
6.352 -9,184 13.165 -9272.832 P18 0.490, P30 0.490 

7 
C58P2 12 

[5,6] 
5.829 -8.941 13.514 -9251.862 P35 0.529, P37 0.529 
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Table 1. (continued). 

8 C58P2 13 4.541 -8.099 13.935 -9226.609 P23 0.830, P30 0.832 
9 C58P2 14 6.332 -9.047 13.193 -9271.131 P9 0.818, P41 0.818 

10 C56P4 [5,6] 4.920 -7.899 13.985 -9032.996 
P43 0.568, P44 0.575, 
P51 0.564, P53 0.567 

11 C56P4 [6,6] 6.320 -9.042 12.814 -9103.245 
P5  0.486, P7 0.489, 
P53 0.486, P60  0.489 

12 C56P4 p1 4.833 -8.161 14.385 -9008.973 
P14 0.814, P20 0.814 
P34 0.814, P35 0.814 

13 C56P4 p 2 5.862 -8.868 13.169 -9081.945 
P2 0.486, P2 0.487, 
P41 0.526, P43 0.526 

14 C55P5� 6.428 -8.830 12.50 -9026.402 
P7 0.785, P25 0.791, 
P28 0.787, P32 0.789, 

P35 0.788 

15 C54P6 h 5.522 -8.893 11.994 -8961.799 
P20.193, P210.197, 
P24 0.197, P250.194, 
P320.195, P5  0.194 

16 C54P6 m 4.697 -7.878 13.655 -8862.174 
P6 0.800, P24 0.830, 
P30 0.831, P340.803, 
P45 0.805, P46  0.803 

17 C54P6 c 3.651 -7.206 15.614 -8744.595 
P20.847, P120.815 

P270.813, P390.848, 
P50 0.835, P55 0.834 

18 C54P6 p 135 4.295 -7.752 14.675 -8800.958 
P20.793, P23 0.791, 

P28 0.793, P38 0.791, 
P41 0.787, P57  0.789 

19. C54P6[6,6] 6.333 -8.950 12.459 -8933.906 
P1 0,482, P13 0,487, 
P20 0,482, P26 0,482, 
P35 0,487, P52 0,487 

20. C54P6 [5,6] 5.640 -8.680 13.515 -8870.526 
P8 0,527, P10 0,528, 
P16 0,530, P20 0,523, 
P58 0,522, P59 0,525 

21. P60 4.069 -8.947 -10.625 -5171.754 - 
 

Distance between P atoms in polysubstituted fullerenes: m-medium, p-pole, c-
central, h-hexagon. In the same polygon, 1,2-ortho, 1,3-meta, 1,4-para, 1,3,5-simetrical 
substitution 
 

3.1. GEOMETRY 

 
The introduction of the phosphorus atom in the fullerene network results in the 

prominence of the site of the heteroatom due to the changes in the bond length and bond 
angles (Figure 1). In phosphorus substituted fullerenes, the longer P-C bonds due to the 
larger covalent radius of phosphorus require small valence angles at phosphorus. The 3p-
2p overlap between phosphorus and carbon, lower than the carbon-carbon 2p-2p 
overlap, leads to larger bonds and lower bond energies.31 As the number of heteroatoms 
increases, the surface shape is drastically changed, as it can be seen in the Figure 1. P-C 
bonding status in the all the investigated 21 phosphorus doped fullerenes is: P-C [6,6] 
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bond length is in the range 1.813 ÷ 1.871 Å, while P-C [5,6] bonds are 1.831 ÷ 1.959 Å. 
P-P [6,6] bond length is between 2.153 and 2.156 Å, while P-P [5,6] is somewhat larger, 
2.159 to 2.160 Å. The above data were compared with those supplied by the gas phase 
phosphabenzene geometry, P-C 1,73 Å and hexaphosphabenzene P-P bond length of 2.17 
Å, crystallogaphically measured in the [CpMo(P)6MoCp] complex.32,33 Based on a bond 
length criterion, an important aromatic character is assigned to phosphafullerenes. The 
valence angles at phosphorus are 90,11 ÷ 99.50 degrees in the hexagon, smaller than in 
aromatic phosphorus compounds, e.g., 101o in phosphabenzene and 84.05 o÷89.67 o in the 
pentagon. P-P-C angles in a hexagon are 103.38 ÷104.56 o, while in the pentagon are in 
the range 93.97 ÷ 94.59 o.  P-C-C angles are 106.84÷116.80 o in pentagon, smaller than 
those in hexagon 122.82÷131.12 o. 

 
(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 1. The geometries of  phosphorus poly-substituted fullerenes: (a)C58P2p; (b) 
C56P4p2; (c) C54P6c; (d) C54P6 
 

3.2. THERMODYNAMIC STABILITY 

Thermodynamic stability was appreciated on the ground of the heat of formation 
HF/atom and binding energy (Figure 2 and 3). The introduction of phosphorus atoms in 
fullerene framework does not change dramatically the thermodynamic stability. Regitz et 
al.35 affirmed that �after carbon, phosphorus is the second element with the most 
pronounced ability to form element-element bonds�. 

In the case of a hexagon substituted with phosphorus the stability of that isomer 
is greater than of all the studied isomers (Table 1, entry 15, in italics). When the 
substitution occurs at 6,6 positions, the isomers are more stable than those in the position 
5,6. In the case of di-substitution on the same hexagon, the 1,4 isomer is the most stable, 
in agreement with previous calculations for the silicon substituted fullerene, but in 
contrast with theoretical and practical observation of 1,4-diphosphabenzene that is the 
most unstable isomer.8,34 However, the rest of the cage seems to confer stability to the 
heterofullerene. The distance between heteroatoms has no constant influence on isomer 
stability, just in case of the pole substitution. For example, the isomers of the 
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heterofullerenes C58P2 C56P4, C54P6 substituted at pole are the least stable. Another less 
favorable situation is when the substitution takes place at isolated central positions in the 
fullerene C54P6c. The lower stability may be explained because of the multiple highly 
charged centers. Note the stability of the radicals C59P1

.
 and C55P5

.
 from thermodynamic 

point of view. In literature is noticed that aromatic stabilization of 
phosphacyclopentadienide anions CnRnP5-n n=1-5 are similar to cyclopentadienide anion.36 
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Figure 2. Variations of HF/atom function of the number of P atoms and relative position. 
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Figure 3. The influence of C by P substitution on binding energy of C60-n Pn. 
 

The decrease of binding energy along with the increase of the number of 
phosphorus atoms is consistent with respect to the decrease of the P-C bond strength.37,38 
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Atomic charges 

The introduction of the more electropositive phosphorus atom, with respect to the 
carbon atom, leads to a partial positive charge on phosphorus atoms and a negative charge 
at vicinal carbon atoms. In the rest of the cage, the charges of carbon atoms are very small 
positive or negative. In the case of polysubstitution, if the phosphorus atoms are situated 
on the same hexagon the positive charge at phosphorus decreases and conversely, the 
charge increases when phosphorus atoms are situated on a pentagon, but the charge of 
vicinal carbon does not changes significantly. If the phosphorus atoms are separated by 
carbon atoms the charge at phosphorus increases and the charge at carbon remains 
practically unchanged. The displacement of a number of phosphorus atoms on the same 
polygon diminish the positive charge at phosphorus and increase the stability. When the 
substitutional sites are separated by at least three C-C between phosphorus atoms, the 
charge on phosphorus increases and stability is diminished. 

 

3.3. HOMO-LUMO GAP 

The electronic properties of phosphorus atom influence the energy of molecular 
orbitals. The perturbation induced by the substitution determines the increase of HOMO 
energy and decrease of LUMO energy (Figure 4). In consequence, the HOMO-LUMO 
gap reduces and the chemical reactivity is expected to increase, with respect to the parent 
fullerene (Figure 5).  
 

0
1
2
3
4
5
6
7
8
9

10

C60

C59
P1�

C58
P2

C58
P2 

C58
P2 

p

C58
P2 

[6
,6

]

C58
P2 

  [
5,

6]

C58
P2 

13

C58
P2 

 1
4

C56
P4

C56
P4 

m

C56
P4 

p1

C56
P4 

p 
2

C55
P5�

C54
P6 

h

C54
P6 

m

C54
P6 

c

C54
P6 

p 
P60

Structure

-H
O

M
O

 E
ne

rg
y 

(e
V

)

 

Figure 4. The effect of introduction of P atom on HOMO energy (eV) in phosphorus 
substituted C60. 
 

This implies an easier oxidation and a more difficult reduction, in contrast with C60. 
It is well known that the phosphorus atom, in a sp2 hybridization state, displays very 
interesting coordination chemistry, namely the very low LUMO enhances the retro-
donating ability. Thus, it is possible that phosphorus skeletally doped fullerenes to 
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undergo complexation reaction with different metallic centers. The lowered HOMO-
LUMO gap may favor the electron excitation from the HOMO to the LUMO level. 
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Figure 5. HOMO-LUMO gap of C60-nPn. 
 

The degeneracy of HOMO and LUMO levels is reduced or destroyed but the 
HOMO-LUMO gap is, in some cases, namely C59P1, C58P2 [6,6], C56P4 [6,6], C55P5, C54P6 

[6,6], as high as for the parent C60 and consistent with a good kinetic stability. It seems 
like the substitutional pattern influences the orbital energies. The thermodynamic stability 
it is known to correlate with the HOMO-LUMO gap: isomers with a larger gap are 
supposed to have smaller values of the HF/atom.  

Our results showed that the most stable isomers have the largest HOMO-LUMO 
gap. In the case of C58P2 isomers, the [5,6] substitution is associated with a reduced 
HOMO-LUMO gap, while [6,6] substitution provides a larger gap. 

 

CONCLUSIONS 

The semiempirical PM3 calculations of the equilibrium geometries, heat of 
formation, and HOMO-LUMO gap, for a number of phosphorus substitutionally doped 
fullerenes was carried out. The substitution with the more bulky phosphorus atom deforms 
the cage more dramatically than nitrogen does. The thermodynamic data showed that 
skeletally substituted fullerenes are in some cases as stable as the parent C60 . The site of 
substitution influences all the calculated parameters, HF/atom, binding energy, HOMO-
LUMO gap, and charge on phosphorus. Always, the [5,6] substitution is less favorable 
than the [6,6] substitution and the larger the distance between heteroatoms, the more 
unstable isomer is expected. The phosphorus substituted fullerenes have a higher HOMO 
and smaller LUMO energies, thus being more easily oxidable than the parent C60. Based 
on the above considerations, we could appreciate that substitutionally doped fullerenes are 
stable, possible molecules. 
 

 

 



Theoretical Study on Phosphorus Substitutionally Doped Fullerenes 248

REFERENCES 

[1] Xie, R.-H., Jensen, L., Bryant, G. W., Zhao, J. and Smith jr., V. H., Chem. Phys. 
Lett. 375 (2003), 445-451. 

[2] Nakamura, T., Ishikawa, K., Goto, A., Ishihara, M., Ohana, T. and Koga, Y., 
Diamond and Related Materials, 12 (2003), 1908-1911. 

[3] Reuther, U. and Kirsch, A., Carbon, 38 (2000), 1539-1549. 
[4] Zhu, D., Li, Y., Wang, S., Shi, Z., Du, C., Xiao, S., Fang, H. and Zhou, Y., 

Synthetic Metals, 133-134 (2003), 679-683. 
[5] Prasides, K., Curr. Opin. Solid St. M., 2 (1997), 433-439. 
[6] Becker, L., Poreda, R. J. and Bunch, T. E., Proc. Natl. Acad. Soc., 97 (2000), 2979-

2983. 
[7] Georgakilas, V., Pellarini, F., Prato, M., Guldi, D. M., Melle-Franco, M. and 

Zerbetto, F., Proc. Natl. Acad. Sci., 99 (2002), 5075-5080. 
[8] Billas, I. M. L., Branz, W., Malinowski, N., Tast, F., Heinebrodt, M., Martin, T. P., 

C. Massobrio, M. Boero and M. Parrinelo, Nanostruct. Mat., 1999, 12, 1071-1076.     
[9] J. Mattay, G. Torres-Garcia, J. Averdung, C. Wolff, I. Schlachter, H. Luftmann, C. 

Siedschlag, P. Luger and M. Ramm, J. Phys. Chem. Solids, 1997, 58, 1929-1937.     
[10] K. Tsubaki, K. Tanaka, T. Kinoshita and K. Fuji, Chem. Commun., 1998, 895-896. 
[11] M. Manoharan, Chem. Phys. Lett., 1998, 296, 429-434. 
[12] F. Hauke and A. Hirsch, Tetrahedron, 2001, 57, 3697-3708. 
[13] A. Hirsch, J. Phys. Chem. Solids, 1997, 58, 1729-1740. 
[14] A. L. Balch, L. Hao, M. M. Olmstead, Angew. Chem. Int. Ed. Engl., 1996, 35, 188-

190. 
[15] C. E. Moore, B. H. Cardelino, D. O. Frazier, J. Niles, X.-Q. Wang, J. Mol. 

Struct.(Theochem), 1998, 454, 135-148. 
[16] J. D. Crane, Computers Chem., 1995, 19, 1-9. 
[17] J. Averdung, H. Luftmann, I. Schlachter and J. Mattay, Tetrahedron, 1995, 51, 

6977-6982. 
[18] Y. Zhou, Z. Wang and W. Li, J. Phys. Chem. Solids, 1997, 58, 1657-1660. 
[19] J. Fink, T. Pitchler, M. Knupfer, M.S. Golden, S. Haffner, R. Friedlein, U. Kirbach, 

P. Kuran and L. Dunsch, Carbon, 1998, 36(5-6), 625-631. 
[20] F. Zhang, R. Li, G. Lin, J. Mol. Struct.(Theochem), 1998, 453, 1-6. 
[21] J. Lu, S. Zhang, X. Zhang, X. Zhao, Solid State Commun., 2001, 118, 247-250. 
[22] Yu. N. Makurin, A.A. Sofonov, A. I. Gusev, A. L. Ivanovsky, Chem. Phys., 2001, 

270, 293-308. 
[23] R.-H. Xie, L. Jensen, G. W. Bryant, J. Zhao, V. H. Smith jr., Chem. Phys. Lett., 

2003, 375, 445-451. 
[24] Yang, Z., Xu, X., Wang, G., Shang, Z., Cai, Z., Pan, Y. and Zhao, X., J. Mol. 

Struct. (Theochem), 618 (2002), 191-200. 
[25] Chen, Z., Jiao, H., Hirsch, A. and Thiel, W., Chem. Phys. Lett., 329 (2000), 47-51. 
[26] Kalina, O. G., Tumanskii, B. L., Chistyakov, A. L., Stankevich, I. V., Birkett, P. R. 

and Taylor, R., Chem. Phys. Lett., 380 (2003), 491-495. 
[27] Chistyakov, A. L. and Stankevich, I. V., Inorg. Chim. Acta, 280 (1998), 219-225. 
[28] Xu, X., Xing, Y., Shang, Z., Wang, G., Cai, Z., Pan, Y. and Zhao, X., Chem. Phys. 

Lett., 287 (2003), 317-333. 
[29] Hyper Chem Release 5.11, Professional for Windows, Hypercube, Inc. 1997, 

Gainesville, Fl. 32601, USA. 
[30] Dewar, M. J. S., Zoldbush, E. G., Haley, E. F. and Steward, J. J. P., J. Am. Chem. 

Soc., 107 (1985), 3902-3909. 
[31] Berger, D. J., Gaspar, P. P. and Liebman, J. F., J. Mol. Struct. 338 (1995), 51-70. 



Liliana Pacureanu, Mircea V. Diudea and Mircea Mracec 249

[32] Wong, T. C. and Bartell, L. S., J. Chem. Phys., 61 (1974), 2840-2849. 
[33] Scherer, O., Angew. Chem. Int. Ed. Engl., 29 (1990), 1104-1122. 
[34] Regitz, M., Hoffmann, A. and Bergsträsser, U., Organophosphorus Compounds, 

Part 98, pp.173-201. 
[35] Hoffman, M., Ragué Schleyer, P. and Regitz, M., Eur. J.Org. Chem. (1999), 3291-

3303. 
[36] Geoffrey, F. G., Cloke, N., Hitchock, P. B., Nixon, J. F. and Wilson, J., 

Organometallics 19 (2000), 219-220. 
[37] Deva Priyakumar, U., Dinadayalane, T. C. and Narahari Sastri, G., Chem. Phys. 

Lett. 337 (2001), 361-367. 
[38] Schmidt, M.W., Truong, P. and Gordon, M. S., J. Am. Chem. Soc. 109 (1987), 

5217-5227. 
 

ROMANIAN ACADEMY INSTITUTE OF CHEMISTRY, 
24 M. VITEAZUL AVE.300223, TIMISOARA, 
ROMANIA 
 
BABEª - BOLYAI UNIVERSITY 
FACULTY OF CHEMISTRY AND CHEMICAL ENGINEERING 
ARANY JÁNOS 11, 40028, CLUJ, 
ROMANIA 
E-mail address: diudea@chem.ubbcluj.ro 

 

mailto:diudea@chem.ubbcluj.ro

