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Semiempirical MNDO and Density Functional Theory (DFT) are applied to investigate the structure and
properties of G-,BN fullerenes, where = 20, 24, 28, 32, 36, and 40. Low-mass fullerenes are of particular
interest because of their high curvature and increased strain energy owing to adjacent pentagonal rings. The
most important factor for stability is the connectedness of the heteroatoms. The BN group prefers to replace
a short CC bond. N atoms tend toward smaller angles, leading them toward participation in pentagons over
hexagons. The BN pair prefers hexaggentagon over pentageientagon junctions. No systematic trends

are observed in the effects of doping upon the HOMO-LUMO gap, ionization potential, and electron affinity.
Whereas MNDO is unable to reliably predict the most stable isomers, single-point DFT calculations at MNDO-
optimized geometries correctly reproduce the full DFT relative energy trends.

Introduction confirm theDegp triplet ground state as the most stable isomer
of C36.2728Cgg is highly reactive and possesses a strong tendency
to form intermolecular covalent bonds, and it has large strain
in the carbon skeletot¥3° Hydrogenated derivatives ofs6
were first reported by Rohlfing et 8k Cyo occurs in several

The synthesis of low-mass fullerenes, ¢ < 60) on a
macroscopic scale is an active field of current investigatfon
number of smaller fullerenes,gn < 60) have been detected
by Mass spectroscopic methédtsthe gas phase and numerous symmetries, wittDsq thermodynamically most stabté.
theoretical calculations have been performed to characterize i ) . i .
them2-13 Kroto suggested that fullerenes, Qvith magic The introduction of heteroatoms intgd3ullerenes is gaining
numbersn = 24. 28. 32. 36. 50. 60. and 70 should have nterest due to significant changes in the structure and nature

. . . .. 3—36 H
enhanced stability relative to those with similar numbers of ©f the compound?® Doped fullerenes are believed to have
atomsl4 wide applications due to their remarkable structural, electronic,

In this family, Gy is the smallest possible fullereftewith Epticallé l?nd magneti<c GFE)roggtiéé.ﬁimilard_;Q dQO’ _Iower
no hexagonal rings. It contains just 12 pentagons, in a highly eterofullerenes £(n y**% can be modified to increase

strained structure. The stable isomers gf €usters consist of the stab_il_ity of these cage structures by_altering their chemical
bowl, ring, and fullerene (cage) structures, wherein fullerene composition. A nu_mber of recent studies have explored the
(I1) is the most stabl& Experimentally, each of these isomers possibility of formation of a stable structure of smaller fullerenes
can be produced under suitable reaction condifiéhFheoreti- Y substitutional doping. An investigation of the hydrogenation

cal attempts to characterizedZlusters have been reported by products and selected B-, N-, and P-dopeq analogues of smaller
several group$5:17.18 fullerenes G (n = 20—50) has been carried out by Chen et

40 : L

Similar structural alternatives arise fon4and the latest alPat Ehg BSLTP/ 6 .3(116* Ie\ael Otf tt;]eory. 'I;hehaf:om?tltcli:ty gn/?\l

calculations indicate thaDs symmetry is the most stable for ~CCMPUled nucieus independent chemical Shilts of the B-/iN-
C24.19722 Cyg was originally reported by Kroto in 1987and doped G have been evaluated at the DFT level of theBry.

the tetrahedral symmetry ohb@was shown to be the most stable Theoreti_c_al work on B- and _l\l-s_ub_stituteduﬂndicated th‘?‘t
at the SCF level Theoretical examinations of the growth the stability order of hetero4gis similar to that of hetero-£:

42 i i
mechanism, structural stability, and electronic structure gf C E“? ~ fCI3I882 > CaaBN > gatBNtzh tT?f rlsg OI the strawz ?;
were reported recentfy’24Kent et al?® used diffusion quantum eterofullerenes compared to that of the Auster was noted.

Monte Carlo methods to study the energetic stability of a series _Theoretical prediction of B- and N-dopeddlullerene has also

of lower fullerenesif < 28) and predicted Gto be the smallest  ndicated thagzdoplng can enhance the retilé)x activity gf C
stable graphitic fragment and:§the smallest stable fullerene. similar to CGOI but dlﬁgrent from that c')f G

The next higher fullerene £ was found to be very stable However, little attention has been paid thus far to the smaller
with a huge mass signal. A large band Jammparable to the ~ Skeleton heterofullerenes as comparedite 60 and 70 that
gap of Gy, indicates that & is the most stable fullerene for are prepared in macroscopic quantities. B and N doping in these
< 60. Among the nine structural isomers of,Cthe cage larger fullerenes follows certain rglé@i“_ﬁsuch as heteroatoms
structure withDs symmetry was found to be the most stable. Prefer hexagorhexagon (kh) junctions over hexagon
Cs is the smallest fullerene isolated up to now, and Piskoti et Peéntagon (k-p) and the stability is enhanced by direct linking
al 26 first reported the synthesis of macroscopic quantities of of B and N atoms. Since some of the lower fullerenes do not
Css. A series of studies on the structure and bonding of charged contain such hexagerhexagon junctions, the question arises

and neutral species of:ghave been reported, where researchers @s to how BN units network in lower fullerenes as there are
more variations of junctions with different bond lengffs.

* Address correspondence to this author. E-mail: tapaskar@cc.usu.edu.AlthOUgh a few theoretical investigatigti$® have been pub- _
Fax: 1-435-797-3390. Phone: 1-435-797-7230. lished on B- and N-doped smaller fullerenes, no systematic
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TABLE 1: Relative Energies (Er), and CC and BN Bond Lengths of Doped Fullerenes

doped positions Erel (kcal/mol) R(CC) (A) R(BN) (A)
fullerenes B N juncioh ~ MNDO  DFT®  DFT/MNDO° MNDO  DFT®  MNDO  DFT®
C1sBN-1 1 (p) 3 (p) p-p 0.00 0.00 0.00 1.408 1.422 1.542 1.518
C1sBN-2 1 17 Nc 453 14.98 15.38
C1sBN-3 1 8 Nc 5.32 19.23 19.01
CisBN-4 1 19 Nc 5.67
C1sBN-5 1 4 1-3 12.86
C2:BN-1 15(p) 21 (p) pp 0.00 2.37 0.00 1.388 1.365 1.502 1.464
Co:BN-2 15 19 Nc 6.74 18.55 19.19
C2:BN-3 12 (p) 9 (p) h-p 16.60 12.04 10.88 1.442 1.423 1.519 1.493
Co:BN-4 12(h)  15(p) pp 16.70 0.00 5.41 1.531 1.532 1.575 1.542
C2:BN-5 12 11 -4 25.95 30.41 28.80
Co:BN-6 15(p) 12 (h) pp 35.60 25.86 26.00 1.531 1.532 1.587 1.514
CasBN-1 2 8 1-3 0.00 6.58 6.47
C26BN-2 3 (h) 8 (p) pp 3.35 0.00 0.00 1.496 1.437 1.527 1.490
CasBN-3 27(p)  28(p) hp 10.68 2.03 4.51 1.486 1.439 1.505 1.481
CaBN-4 27 19 13 13.39
CasBN-5 20 8 Nc 16.24
C26BN-6 8 (p) 3 (h) p-p 16.89 8.55 11.16 1.496 1.437 1.512 1.490
CaoBN-1 2 (h) 1 (p) p-p 0.00 10.79 11.81 1.463 1.439 1.513 1.478
CaoBN-2 1 (p) 2 (h) p-p 4.37 8.47 8.25 1.463 1.439 1.518 1.492
CaoBN-3 3(p) 9 (p) p-h 5.81 0.00 0.00 1.390 1.378 1.464 1.434
CaoBN-4 9 (p) 3 (p) p-h 7.25 2.66 2.35 1.390 1.378 1.469 1.441
CaoBN-5 1 20 Nc 12.60
Cs0BN-6 17()  18(p) h-h 21.57 13.20 13.06 1.449 1.454 1.500 1.511
CaBN-1 32()  29(h) pp 0.00 0.71 1.01 1.509 1.491 1.534 1.530
CaBN-2 17(h)  32(p) p-h 7.20 0.00 0.00 1.448 1.431 1.505 1.488
CaBN-3 17 18 1-3 11.24 5.79
CaBN-4 32(p) 17(h) p-h 12.27 4.97 3.04 1.448 1.431 1.504 1.486
CaBN-5 26(p) 29 (p) p-h 13.54 2.32 0.26 1.427 1.411 1.490 1.468
CaBN-6 17(p)  15(p) fr-h 20.11 13.15 7.52 1.448 1.443 1.477 1.485
CasBN-1 34(p)  33(p) p-h 0.00 0.00 0.00 1.382 1.371 1.459 1.429
CagBN-2 15(p) 17 (p) k-h 10.62 0.70 1.56 1.417 1.409 1.486 1.481
CssBN-3 24(h)y  23(p) hp 11.06 6.54 7.91 1.470 1.454 1.504 1.498
CssBN-4 17(p)  15(p) f-h 11.48 6.45 6.51 1.417 1.409 1.477 1.465
CasBN-5 23(p)  24(h) hp 22.65 21.97 22.41 1.470 1.454 1.499 1.499
CsBN-6 15() 26 (h) hp 22.09 14.09 15.58 1.485 1.473 1.509 1.523
CssBN-7 34(h)  23(h) pp 23.69 15.38 17.10 1.519 1.489 1.590 1.545

a See Figures 1 and 2 for the numbering schemes. p and h represent pentagon and hexagon, respectively. Participation in a hexagon or pentagon
(besides the polygons involved in the-Bl junction) is shown in parenthesédNc indicates the heteroatom pair are not connected to one another.
1-3 and -4 represent positions of unconnected heteroatoms in the same pentagon or heRayoPR/6-31G*//B3LYP/6-31G*.9 B3LYP/6-
31G* energies at MNDO optimized geometry.

computational studies exploring BN isomers of small fullerenes BN isomers, thus obtained, were subsequently optimized by

have been reported. using density functional theory (DFT), using B3LYP hybrid
The present investigation focuses on a MNDO and DFT study functionald”“and the 6-31G* basis set. All calculations were
of mono-BN-substituted lower fullerenes,,Gvheren = 20, performed with the Gaussian 98 progréin(Convergence

24, 28, 32, 36, and 40. In this series of fullerenes, the number problems were encountered with the 3-21G basis set for most
of pentagons is constant at 12 with varying number of hexagons.of the doped fullerenes.)

It is expected that insertion of heteroatoms (B and N) in such

structures may provide variations in the chemical stability and Results and Discussion

other properties as the size or the geometry of the cluster

change$. These properties might lead to nanoparticles with  In each group of BN-substituted,@n = 20, 24, 28, 32, 36,
unusual intermolecular bonding and electronic properties. Hybrid and 40), the relative energyeg) of the most stable isomer
BCN systems have already been an active field of research for(ground state) is set to zero; less stable isomers are arranged in

several years as promising candidates for electronic devices. increasing order din Table 1 (according to MNDO). Several
possible substitutions were examined in each fullerene, and the

Method of Calculation most favorable of these are listed in Table 1. To assess the
reliability of MNDO results, the more reliable B3LYP/6-31G*
Of the various semiempirical methods tested in our previous method was used. As geometry optimization of fullerenes at
investigationg’>46 MNDO predictions for the stability of &- the B3LYP/6-31G* level can be heavily time-intensivge
BN fullerenes were found to be most consistent with more values were also computed by B3LYP/6-31G*, using MNDO-
accurate methods such as B3LYP/3-21G//MNDO, B3LYP/3- optimized geometry to check the usefulness of such a protocol
21G/IB3LYP/3-21G, B3LYP/6-31G*//B3LYP/3-21G, B3LYP/ for stability estimation. Different isomers of doped fullerenes
6-31G*//B3LYP/6-31G*, etc. On the basis of these findings, are depicted in Figures 1 and 2. Positions of carbon pairs
geometries of all systems were fully optimized by MNDO undergoing BN substitution in each isomer are marked with an
without any symmetry constraints. The energetically favored arrow for easy identification; bold numbers correspond to the
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c) CZGBN
Figure 1. 3D diagrams of @.BN (n = 20, 24, and 28) fullerene

isomers. Blue and yellow circles represent N and B atoms, respectively;
all others are C atoms. Only the positions of the heteroatoms of the

most stable isomed} are shown. Other isomers are marked by arrows
with the same numbering scheme as in Table 1.

C) C 33BN

Figure 2. 3D diagrams of @ .BN (n = 32, 36, and 40) fullerene
isomers.

particular isomer in the first column of Table 1. Those marked
with a 1 refer to the most stable geometry in each class.

A. Energetics and Substitution Patterns Cy fullerene Cyo
is the smallest fullerene possible with no hexagonal ring. It
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the lowest three MNDO-optimized isomers (DFT//MNDO)
reveals the trend is retained, but that the energy differences
between the isomers are greatly enhanced. Note that reoptimi-
zation of the geometries by DFT leads to little further change.
Cy4 fullerene The G4 (Dg) structurd® 2?2 introduces 2
hexagons along with 12 pentagons as shown in Figure 1b. Each
hexagon is surrounded by six pentagons, and a new type of
substitution site opens at the hexaggentagon (kp) ring
junctions. The DFT and MNDO €C bond lengths of & lie
in the ranges 1.3651.532 and 1.3881.531 A, respectively.
According to MNDO and DFT//MNDO, substitution at the
shortest p-p junction (Gs—Cy) yields the preferred BN isomer
(C22BN-1 in Table 1). On the other hand, DFT optimization
forgoes the “shortest bond length” rule for BN substitution:
Isomerl is less stable by 2.4 kcal/mol than the-115 p—p
junction substitution product. Indeed, the 1215 CC bond
length in the unsubstituted,&is the longest of all €C bonds
in that fullerene. It might be taken as a warning that this same
isomer4 would not be correctly treated by MNDO, which places
it fully 16.7 kcal/mol higher in energy thah

Both the 15-21 pair in isomerl and the 12-15 pair in4
occupy adjacent positions in a single pentagon. Where they
differ is in the other rings in which each atom participates.
Atoms 15 and 21 participate in pentagons only (three pentagons
each to be exact, designated),whereas atom 12 participates
in two pentagons and one hexagorh(p The ideal angles for
a pentagon and hexagon are of course®1&l 120, respec-
tively. Hence, stability might be expected to be enhanced by
placing an atom that prefers larger angles in position 12. In
general, the XB—X angle in XBNY, is wider than
O(Y—N—-Y) as B and N atoms tend toward spnd spg
hybridization, respectively. For example, the HNH angles are
5—6° smaller than(HBH) in H3sNBH3; the corresponding
difference in HNBH; is 8—9°. One may thus suppose that B
would prefer to occupy a hexagon vertex, as compared to N.
This guess is confirmed in that isom&rwhere B is located at
p?h position 12, is in fact the most stable according to DFT.
Reversing the positions of the B and N atomsdofeads to
isomer6. DFT reveals that this simple reversal, which places
N instead of B at a position where it must occupy a vertex of
a hexagon, raises the energy by as much as 26 kcal/mol.

Comparison with isomet uncovers useful information about
MNDO as compared to DFT. As mentioned above, both
substituted atoms id lie at vertexes of pentagons only. The
fact that MNDO predictd to be nearly 17 kcal/mol more stable
than4 indicates that this semiempirical method places too much
importance upon retaining not only N, but also B atoms, at
pentagon positions. In summary, the most stable geometry, as
calculated by DFT, placea N atom at a position, and B
adjacent to it, at adh site.

Cyg fullerene The tetrahedral structure of,£is composed

contains just 12 pentagons and is expected to be stabilized byof 4 hexagons and 12 pentagdd§* Each hexagon in the

electron correlatio”® Several carbon pairs of the most stable structure is connected to six pentagons; there are no direct
C, symmetry© of the pure fullerene were replaced by B/N pairs hexagor-hexagon connections (Figure 1c). As shown in Table
and the five lowest energy isomers are listed in Table 1. CC 1, MNDO predicts GsBN-1 to be the most stable isomer,
replacement is preferred for any pair where B and N atoms arewherein the B and N atoms both occur in the same pentagon,
adjacent, e.g., the-13 pair where the CC bond length is the and are separated by one C atom-&positions). Such an
shortest (1.408 A). In the other four listed isomers, B and N arrangement contradicts previous findings of mono-BN-
atoms are unconnected and spread over more than one pentasubstituted fullerené$*> where B and N atoms prefer to be

gon: 1-17, 1-8, 1-19, and 4. Those isomers lie at least

directly connected. The second most stable isomer in the group

4.5 kcal/mol higher in energy than the most stable one. The is C,sBN-2, where the B and N atoms are in fact connected.

most stable structure of.gis in good agreement with the rules
established earlier for the largersgBN,3>5053 je., BN-

DFT reverses this trend, conforming to the preference of
contiguous B and N atoms, whether the MNDO geometry is

fullerenes prefer adjacent B and N atoms. DFT calculation of DFT-reoptimized or not.
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Isomer6 is obtained by swapping the B and N atoms of
C,6BN-2. The higher energy @ can be explained on the basis
of strain. Atom 8 occupies a vertex of three different pentagons,
whereas site 3 is involved with two pentagons and one hexagon.
The larger angles required by the hexagon lead to the preference3
for B in site 3, and hence to the lower energy2ofin isomer
3, both B and N occupy hexagonal positions (along with
participation in two pentagons), but this structure is nonetheless
only a few kilocalories per mole higher. As in the,Case, the
N atom prefers a site where it participates in pentagons only.
The B atom prefers direct connection to this N, which places it
at a site that participates in two pentagons and one hexagon.
Csz fullerene The D3 symmetry of the G specie&contains
6 hexagons and 12 pentagons, providing for the first time a
h—h junction (Figure 2a) where two hexagons meet. Mono-
BN substitution is highly unfavorable at such a junction, as
witness the high energy of structuée which would involve
sites 17 and 18, both of which are categorized &s Phe most
stable DFT geometry of §BN places B and N atoms at sites
3 and 9 (a p-h junction), respectively, which are both oftp

HOMO-LUMO gap

3.00
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Figure 3. Variation of HOMO-LUMO gaps of pure and mono-BN-
doped fullerenes with the total number of atoms.

6.50 . .

type. In contrast, MNDO prefers sites 2 and 1,-gpgunction; ?
these two sites are?lp and g, respectively. The higher energy 6.00
of this conformationl as compared t®& via DFT represents r
the first occasion where the N atom forgoes occupation 6f a p 5.50 R
site in favor of gh. N ]

The switching of B and N atoms between sites 3 and 9, which % 5.00 = Doped Cn-zBN 1
would yield structured, is disfavored by some 2.5 kcal/mol. :{ i B3LYP/6-31G* ]
Both of these sites are of thépvariety, so the difference in & 450 = 1
energy might be attributed to the angles. The three angles aroundf= " Pure C ]
site 9 are 10§ 106, and 120, as compared to 108109, 4.00 n =
and 120 for site 3, explaining the preference of the B atom for L S N )
the latter site, with its slightly larger angles. Comparison of 3.50 = YDo\pedC BN = |
structuresl and2 involves a similar switching of B and N atoms n-2
between a pair of sites. Whereas DFT favors the latter geometry, 3.00—- ! ! !
MNDO incorrectly favors the former. Although MNDO fails 20 25 30 35 40

to comply with DFT trends, use of MNDO geometries does

n

appear to provide a valid basis for applying DFT, thereby Figure 4. Variations of ionization potential (IP) and electron affinities
avoiding costly reoptimization of geometry. (EA) of pure and mono-BN-doped fullerenes with the total number of

Css fullerere: The Dg, symmetry”:28 of Cgs contains 8 &0MS:

hexagons and 12 pentagons (Figure 2b) with three possible types |y summary, MNDO by itself exhibits a number of weak-
of ring junctions (h-h, h—p, and p-p). BN occupation of a  nesses in prediction of trends in relative energies. On the other
p—hjunction in structur is the most stable of those examined. hang, geometries optimized by MNDO are useful for single-
The CC and BN bonds in this—h junction (17-32) are  point DFT calculations of energetics. The principle established
significantly shorter than those of isoméwhere the Nand B earlier that B and N atoms tend to bond together in fullerenes
atoms reverse places. This higher energy may be attributed injs applicable to these smaller molecules as well. One factor
part to moving the N atom from &lpto a pf position. MNDO contributing to the preferred positions of these BN pairs is the
calculations suggedtas the most stable structure, where B and glevant bond lengths as the BN pair prefers shorter bonds,
N occupy a p-p junction. This situation represents a repetition perhaps due to the B- N dative bond. Another factor relates
of the G, case where MNDO and DFT preferre¢tp and h-p to the bond angles. Stability is enhanced by placing the N atom
junctions, respectively. at a site with smaller bond angles, with B taking the alternate
Cyo fullerene There are 10 hexagons and 12 pentagons location with wider angles. This trend results in a preference
contained within theDsqy symmetry? of C4. Both DFT and of N for participation in pentagons and B in hexagons. A final
MNDO agree on the stability of geometlly which places the principle noted (at the DFT level) is a preference of the BN
B and N atoms at a-ph junction. Both Gs—Csz and Bss—Ns3 pair for occupation of a ph junction, when available, as
bonds are shortest in this isomer. The second most stable isomeopposed to a pp junction.
2 places the heteroatoms at &l junction; the CC and BN B. HOMO-LUMO Gap, lonization Potentials (IP),
bonds are slightly longer than thoselinlt might be noted that ~ and Electron Affinities (EA). HOMO-LUMO gaps (closely
MNDO estimates a far greater energy difference betwlesamd related to band gaps) are traditionally associated with chem-
2 than does DFT. Moving up further in energy, structuBes ical stability against electronic excitations, with larger gaps
and5 situate B and N at a longertp junction. The preference  corresponding to greater stability. Gaps of the most stable
for 3 over5is rooted in the placement of N at &yprather than isomers of doped and undoped-€BN (n < 40) obtained from
a pi? site in the former structure. Isomers where B and N atoms B3LYP/6-31G*//B3LYP/6-31G* are depicted in Figure 3. It is
are not directly connected are much higher in energy; those apparent that substitutional doping has a mixed influence on
results are not tabulated. the HOMO-LUMO gap of lower fullerenes. It had been learned
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