8376 J. Phys. Chem. R001,105,8376-8384

Boron—Nitrogen (BN) Substitution Patterns in C/BN Hybrid Fullerenes:
CGO_ZX(BN)X (X = 1—7)
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Semiempirical AM1 and MNDO and density functional theory (B3LYP/3-21G and 6-31G*) are used to examine
the relative stability of various isomers of successive BN substituted fullereaes(BN)y, wherex=1—7.

It is found that stability is enhanced by keeping BN units and BN filled hexagons adjacent to one another.
Successive BN substitution prefers N site attachment to the existing BN chain. The localization of MOs
shows that lone-pairs of nitrogen atoms reside “inside” the cage, which may be the reason for outward
displacement of N atoms. Geometric parameters and charge distribution of the carbon region of hybrid fullerenes
are not much perturbed by BN substitution. Band gap (HGMLOMO gap), ionization potential, and electron
affinities strongly depend on the number of BN units and filling of the hexagons. Partially BN filled hexagons
or unsaturated BN fullerenes have a stronger effect than completely filled hexagons on perturbing these
properties.

Introduction Several other theoretical investigatidhk 2627 on cagelike
) structures with general formulas& (n+mBrnNm predict that these
The d f full table carbon clutérisa : o i
€ discovery ot Iullerenes as stable carbon clu S species should be stable. The stepwise replacement of CC units
attracted increasing attention toward similar types of cage- 4 CsoWith BN can produce GBN, Cso(BN),, etc, and finally
structured compounds with different doping species, containing g, ., However, in that case the truncated icosahedral structure
foreign atoms inside the cage. The other modification of i5 expected to have limited stability because of formation of
fullerenes involved substitution of carbon atoms by other weak B-B and N-N bonds. It has been shoi6-22.28hat to
elements, such as boron and nitrogen. Synthesis and theoretical oid such bonds in BN fullerenes, square rings and hexagons
investigations of the B, N, and BN substituted fu_IIeré}Téé are essential to get a closed structure instead of pentagon
have opened a new window into the field of multicomponent hexagon combination of fullerenes.
fullerenes with more fundamental questions about their stability, The single BN substituted ¢ molecule GeBN has been
morphology, electronic behavior, and basic features of chemical examined by several groui§g3242°using semiempirical ap-
bonding. Several kinds of semiconductors can be expected fromproaches The structure with a BN bond between two hexagons
BCN materials. One is an intrinsic type of semllco.nducto.r which is predicted to be most stable, compared to those having the
can be converted to a p-type or an n-type extrinsic semiconduc-gn iy 4 fusion position on a hexagementagon border, or

tor by replacing C by B and N, respectively. structures where B and N atoms are disconnected. The simplest

Because of the isoelectronic relationship between beron explanation of the preference of B and N atoms to be bonded
nitrogen and carboncarbon, the BN clusters and BN substituted  together is the formation of a dative bond between them. Zhao
fullerenes have been the subject of numerous experimental anthng co-workers3®3! extended the study of BN substituted
theoretical studie¥24 The structural chemistry of boron nitride  fjlerenes by considering & 2(BN)x and Go 2(BN)y (x =
closely parallels that of carbon. For example, pure BN is 1-2) using semiempirical AM1 and MNDO theories to predict
primarily found in hexagonal h-BNo¢BN) form that resembles e structure, stability, and electronic properties. On the basis
graphite, :;phalerite c-BNB(BN) is related to cubi.c diamond,  of the results of BN and Ge(BN),, they proposed the
and wurtzite typey-BN is related to hexagonal diamond. structure of G4(BN)s where all three BN groups are located in

It was predictefithat BN analogues of fullerene would not the same six-membered ring. Both AM1 and MNDO predict
be stable because-NN and B-B bonds would be required in  that substituted fullerenes have considerable stability though less
the molecule, and such bonds are believed to be destab#iZing.  so than their all-carbon analogues. They also found that the most
Theoretical investigatiodd using MNDO predict that isomers  stable structures contain the smallest number of BC and NC
with small numbers of BB and N—N bonds are stable by more  bonds.

than 200 kcal/mol compared to those having more such bonds.  Although no trend in band gap (HOMELUMO gap) was

The same investigation and simple del calculatior?® indi- found, substituted fullerenes in general have slightly smaller
cated that GB24N24 (best known as CBN ball) is more stable  gaps than pure fullerenes. The band gap of CBN ball (where
than Go. However, the opposite result is predicteoly nonlocal 24 —CC~ units are replaced by BN— groups) is much larger

density functional calculations. The structure of CBN ball, than that of its parent &5 and BN systems are well-known
optimized by a non-SCF-MO method using a Harris functional insulators. Such trends in HOME.UMO gap are also found
approximation, is distorted by at most 5% from that ¢b.C  in BN substituted small hydrocarbon systems, such as borazine
and BN naphthalen®. However, partial substitution of ¢Elg
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contrast, the band gap increases slowly as more and more CCand Boys’ localized molecular orbitals (LMJ8pat the B3LYP/
pairs of naphthalene are replaced by BN. A sharpg?iseband 3-21G method. The positions of the charge centroids in the
gap is noticed beyond third replacement, and it is highest for molecule are used to identf*° the bonds (two and three
BsNsHg, where BN groups replace all CC units. These results center) and lone pairs (LPs). Besides bond indices, Mulliken
indicate that substitution of pure carbon systems by isoelectronicatomic charged-52have also been calculated at both B3LYP/
BN units substantially alter the band gap, and this change 3-21G and B3LYP/6-31G* levels.
strongly depends on the number of BN groups. Band gaps have been estimated from the energy difference
Since the previous investigations on BN substituted fullerenes between the highest occupied (HOMO) and the lowest unoc-
are limited to a small number of BN pairs, no definite conclusion cupied (LUMO) molecular orbitals. It is worth mentioning that
on the general pattern of substitution and properties of such DFT orbitals are best termed KokiSham (KS) orbitals. Very
cage systems can be drawn from such studies. It is necessaryecently, it has been shown by Stowasser and Hoffrréhat
to extend the number of BN groups in C/BN fullerenes to get the shape and symmetry of the KS orbitals are quite similar to
a clear picture of substitution effects on purg,.dt will also those of the HartreeFock (HF) orbitals which chemists are
be interesting to explore whether the substitution patterns most familiar with. The similarity between KS and HF orbitals
observed earlier are true also for the higher(2) cases and  has also been reported in several artiéfe8® These studies
to identify the additional factors that influence the higher degrees indicate that Koopmann's theorem, originally based on Hartree
of BN replacement. With these objectives in mind, we extended Fock (HF) orbitals, can be used for KS orbitals to estimate
the study of hybrid C/BN fullerene by considering four to seven ionization potential (IP) and electron affinity (EA). MNDO and
BN substituted & fullerenes, namely, §5-2«(BN)x wherex = DFT calculations were performed using Gaussian98 pro§fam,
4—7. In previous investigation®, multiple BN substitutions and MOPAC97 (implemented in CambridgeSoft Chem 3D
were restricted only to the sixsix ring junctions of fullerenes.  package) is used for AM1.
However, the most stable structure abB»4N,4 consists of BN
groups also in sixfive ring junctures. To explore such Results and Discussion
possibilities, Gs(BN). and G4(BN)s are also included in the

present list of C/BN fullerenes with BN groups in such-six ~__For the sake of simplicity and to avoid three-dimensional
five junctions. figures, Schlegel's diagram of¢ghas been used in the present
investigation. In this diagram (Figure 1), not only the position
Method of Calculations of 60 carbon atoms are shown, but also 12 pentagons and 20
Preliminary investigations were carried out using A¥and hexagons are numbered as Rr{(1—12) and Hm (h= 1-20),

MNDO 34 methods. Geometries of all systems were fully respectively. For the description of different isomers, hexagons
optimized without any symmetry constraints at these levels. and pentagons of the Schlegel diagram, where CC units are
Vibrational analyses at the MNDO level indicate that all isomers replaced by BN moieties and their neighboring rings, are shown
of 2—7 BN substituted & considered in the present investiga- in Figures 2 to 7. It should be kept in mind that each pentagon
tion have no imaginary frequencies, indicating a true minimum. is surrounded by five hexagons, and alternate pentagons and
Energetically favored species thus obtained were subsequentiyhexagons border on each hexagon of fullerenes. SineB B
treated at higher levels using density functional theory (DFT). and N-N bonds are disfavored, such arrangements were avoided
Previous investigatiod% 37 on small C/BCN/BN systems While devising different isomers. Moreover, only those isomeric
indicate the importance of electron correlation for the structure forms where B and N atoms are adjacent were considered
and stability. The density functional theory (DEF)*° method because this arrangement is more stable than those where those
is generally superior to HF, comparable in accuracy to the MP2 atoms are disconnecté42°To verify previous MNDO results,
method, but less accurate than more extensive correlatedwe optimized the geometries of the three isomérs](to 13
methods such as CCSD. However, for systems with large of Figure 2) of 1-BN at B3LYP/3-21G and pw91pw91/3-21G
numbers of atoms and moderate basis functions, DFT is moremethods. In addition to that, B3LYP/3-21G and pw91pw91/3-
efficient than any other methods that include electron correlation. 21G relative energies using MNDO optimized geometries are
In the present investigation, DFT calculations were performed also provided in parentheses. Although relative energies are
using hybrid functionals containing HF exchange and electron sensitive to different methods, their trend is same for all
correlation terms. Specifically, we used the three-parameter methods. These results (also see 2-BN energies in Figure 2)
empirical formulation devised by Beck&B3LYP. Although indicate that MNDO geometries as a prelude to the B3LYP
several approximate expressions are available for exchange method will provide reliable estimatation of relative energies
correlation functional, B3LYP method is most widely uéed  for BN/C systems.
in the calculation of molecular electronic structure and energet-  Relative energiesHe)) of several isomers of three to six BN
ics. For the sake of comparison, additional calculations are fullerenes computed at AM1, MNDO, and B3LYP/3-21G//
performed using the PerdewVang functionals for exchange MNDO levels are summarized in Figures 8 along with their
and correlation (pw91pw9Z%§.The first three to five most stable  structural arrangements. Two integers have been used to identify
isomers obtained at AM1 and MNDO levels were then selected those isomers. The first integer indicates the number of CC units
for study by the B3LYP/3-21G method, using MNDO optimized replaced, and the second corresponds to a number assigned to
geometries. Finally, the properties of the most stable isomerseach isomer. In all cases, the relative energy of the most stable
of each group were calculated using B3LYP/6-31G* method. isomer of each group is defined as zero, and less stable isomers
Such a basis set has been found quite adefift€for present ~ are arranged in increasing order B,
systems. Geometries of 1- and 2-BN fullerenes are also It can be seen from Figures-8 thatE values are sensitive
optimized at B3LYP/3-21G and pw91pw91/3-21G levels to to the level of calculations. However, the trends are in general
verify the reliability of B3LYP/3-21G results using MNDO  similar in all three methods. It is stressed that we are not focused
optimized geometries. so much on the accuracy of the energy values or other properties
The bonding characteristics of the most stable isomers of but rather on trends. We will mainly focus on DFT/6-31G*
C/BN fullerenes were examined using bond-index anal§sis results wherever calculated, otherwise MNDO.
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Figure 1. Schlegel diagram of & H andP represent hexagons and pentagons, respectively.
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Figure 2. Isomers of 1-BN and 2-BN fullerenes with relative energiBg, (n kcal/mol). E. values are listed in the order of AM1, MNDO,
B3LYP/3-21G, and pw91pw91/3-21G. Geometries are optimized at the same level of theory. Values in parentheses correspond to DFT energies
using MNDO optimized geometries. Only the relevant sections of the entire fullerenes are shown. B and N atoms are drawn in bold. Same numbering

scheme of the atoms and rings are maintained in this and figurés 3

A. Energetics. In the case of single BN substitution, the
preferred sité! for BN is 6—6 (i.e., junction of six-six rings)
position as illustrated by—1 in Figure 2. Since replacement
of second carbon pairs in all possible sbix ring joints have
already been reported,we only consider some hexagen
pentagon joints (65 positions) by keeping the first BN unit in

its preferred 6-6 site (L—1 in Figure 2). All of such arrange-
ments are unstable compared to the global minin@id in
Figure 2 (only three isomers are shown here) where BN groups
are adjacent, head-to-tail. Note that the BN bonds2iril
represent HH, H—P, and H-H junctions. Other isomers where
the second BN group is attached to the first one and located in
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Figure 3. Isomers of 3-BN fullerenes with relative energi€se(in B3LYP/3-21G//MNDO.

kcal/mol). Ee values are listed in the order of AM1, MNDO, and

B3LYP/3-21G//MNDO. . . .
ous (as irB—6) or branch 8—5) —BN— chains, energy is further

any of the pentagorhexagon (5-6) junctions are less stable 'aised by 20 kcal/moB—5 and3—6 both contain 2 H-H and

by more than 9 kcal/mol. Even higher in energy by more than 3 H—PJunc'Flons yielding higher energ!es..We havg also nptlced
10 kcal/mol are isomers where BN units are separated by onethat much highekr values (not shown in Figure 3) is associated
(2—3) or more C atoms. These results indicate that56 with increasing number of the mtervenlﬁg_:C— bonds or rings
positions are not favorable as long as@ counterparts are ~ Petween BN pairs even though they are in preferreé ints.
available for replacement. The other crucial factor for the ~ Upon determining the most stable structure of 3-BN fullerenes,
stability of BN/C systems is the consecutiveness of BN units, We proceed to the next higher BN fullerenes by maintaining
which results in additional BN bonds connecting them. (It may those simple rules of substitution found in smaller BN fullerenes.
be noted that those bonds are in general located at pentagon The most preferred structuré—1 (see Figure 4) of 4-BN
hexagon junctions because of geometric arrangements offullerene is obtained as a derivative 1 by adding a BN
fullerenes). Formation of extra BN bonds enhances the stability Pair to an N atom of the Hing. As observed previously, adding
of the system because such bonds are most stable of all bond BN to a B atom of the ring4-2) is less stable by some 3
types involved in B/C/N molecules. For example, the experi- kcal/mol than addition to the N-site. A similar energy difference
mental cohesive energy of a-B bond is highest (4.00 eV)  (~ 2 kcal/mol) is found betwee#—4 and4—>5. The latter two
when compared to €C (3.71), B-C (2.59), N-C (2.83), B-B structures differ fromd—1 and4—2 in that both of the extra-
(2.32), and N-N (2.11)58 ring BN bonds occur on PH junctions. These two isomers

Six possible isomers of 3-BN fullerene obtained by replacing are comparable in energy #%-3 where the added B and N
a third CC pair, starting fron2—1, are summarized in Figure ~ atoms are separated. Even less stable is the isdm@mwhen
3. In general, isomers where the third BN unit is not connected the last BN unit removed from the full BN ring, placed in a
to the first two pairs or spread over pentagdrexagon junctions  different hexagon faced toward the first ring in three dimension.
are quite unstable and hence omitted from the figure. As Figures 5 and 6 summarize the structures and energy results
predicted by Chen et al,the most stable isome8+{1) places of 5- and 6-BN fullerenes, respectively. In the former case, the
all six heteroatoms in the same ring. In this isomer, the number most stable structure consists of two completely filled hexagons
of BN bonds is maximum (six), compared to only five in the H1 and H2. The next BN pair goes preferentially to substitution
others. The remaining 3-BN isomers shown in Figure 3, with of an N atom to form6—1. Any other isomers in 5-BN fullerene
the same number (five) of BN bonds, show a wide difference are much higher in energy because they differ from the filled
in relative energies. They can be categorized into groups ring motif. 6—2 is not much higher in energy th#m-1 as both
depending on the BN positions, and the stability of each group contain two filled rings. It is interesting to note that when two
member is within a close range. For example, ison3ef& to hexagons are completely occupied as6in4 and 6—5, the
3—4 are within 5 kcal/mol of one another, and all contain BN ensuing structure is higher by more than 25 kcal/mol because
in three H-H junctions and two HP junctions. All three of the separation of these two hexagons. The findings of 2- to
methods predict lowest energy &f 2 where Ngis surrounded 6-BN fullerenes clearly predict that the next substitution will
by three B atoms. Thus, it seems the N-site substitution is more continue to fill a third hexagon to form 7-BN fullerene as shown
favorable compared to B-site as3r-4. In the next few sections,  in 7—1in Figure 7. From figures 3 to 6, it can be seen that the
it will be shown that this feature is retained for higher substituted energy difference between the global minimum and the next
BN fullerenes. This important substitution pattern has not been stable isomer is substantially higher in fully occupied 3- and
reported previously. 5-BN fullerenes than in their partially filled 4 and 6 counterparts.

In both3—2 and3—3, the third BN is attached to the N-site, The extra stability of the former arrangements may be due in
but in the former it forms a branch chain of BN, while a part to minimal distortion of the carbon networks by BN
continuous—BNBNBN— chain is formed in the latter structure.  replacement.
These two isomers are almost isoenergetic (see DFT/3-21G B. Structure and Nature of Bonding. Several theoretical
values). However, if 56 positions are involved in the continu-  and experimental structures ofdhave been reportedand the
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Figure 8. Localized Molecular orbitals (LMOs) of 5-BN fullerene.

Black dots indicate the positions of the charge centroids. Each LMO
charge centroid represents a pair of electrons. LMOs of 5-BN fullerene
at different angles are shown in (a) and (b) from different perspectives.

with B atoms displaced inward and N atoms moved outward,
has been noted by Menon and Srivast&/e also found such
geometric distortion in the partially substituted BN fullerenes
(for example, see Figure 8a where three N atoms of 5-BN
fullerene bulge slightly outward). The BNB and NBN bond
angles also deviate by-2° from the ideal 120 of §(CCC) in
Cso. Sharper BNB and wider NBN bond angles are also
associated with small BBl molecules¢:37

Because of electronegativity differences between boron,

MNDO geometries are in good agreement with more accurate nitrogen, and carbon atoms, atomic charges are nonzero in the
theoretical methods and experimental values. The CC bondBN fullerenes. Atomic charges calculated by density functional

lengths in 6-6 and 6-5 linkages of Gy are 1.400 and 1.474
A, respectively. BN substitution distorted the geometric param-
eters of G only in their immediate vicinity leaving the rest of
the fullerene’s geometry almost unchanged. Similar to CC
distances, different BN lengths at-6 and 6-5 positions are
predicted by MNDO theory. BN bonds in the former positions
(1.450 + 0.004 A) are shorter than those located 55
positions (1.485+ 0.006 A). The BN bond lengths are less
sensitive to position than are CC bonds .0 he BC and NC
bond lengths lie between 1.46 to 1.55 A and 1.44 to 1.45 A,
respectively. A wavelike or rippled surface of BN nanotubes,

theory using 3-21G and 6-31G* basis set are reported in Table
1. (Carbon atoms with atomic charge less thHe?h02 are not
tabulated.) DFT/3-21G charges are in general larger in magni-
tude than 6-31G*. It can be seen that only those carbons attached
to the heteroatoms possess appreciable charge, that is, C atoms
are positively or negatively charged depending on their attach-
ments with N or B atoms, respectively. These C charges,
especially when negative, are significantly smaller than those
of the B and N atoms to which they are attached. The charge
distributions of BN fullerenes are almost independent of the
number of BN groups. For example, the 6-31G* charge of N
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TABLE 1: Total Atomic Charges? (B3LYP/3-21G (A) and B3LYP/6-31G* (B)) of the Most Stable Isomers of 1BN-7BN

1BN 2BN 3BN 4BN 5BN 6BN 7BN
atom's positi off ioms A B A B A B A B A B A B A B
1 PL c ~0.33 —0.07 —0.32 —0.07 —0.32 —0.07 —0.32 —0.07 —0.10 0.10
2 CIN ~0.32 —0.07 —0.32 —0.07 —0.32 —0.07 —0.75 —0.48
3 C/B 025 020 020 017 020 017093 042 091 039 08 037 088 053
6 CIN —0.31 —0.06 —0.76 —0.48 —0.82 —0.46 —0.83 —0.48 —0.83 —0.48 —0.83 —0.48
18 B 102 029 099 028 097 041 091 039 091 039 091 039 088 037
4 H1 N -072 —050 —0.75 —0.46 —0.76 —0.48 —0.76 —0.48 —0.76 —0.48 —0.77 —0.48 —0.76 —0.48
20 c/B 099 044 097 041 097 041 096 041 096 041 096 041
19 C/N -031 —006 —0.72 —0.52 —0.76 —0.48 —0.76 —0.48 —0.77 —0.49 —0.77 —0.49 —0.77 —0.49
5 C/B 025 020 021 017 097 041 093 040 091 054 091 054 091 054
17 H2 C/N -031 -0.06 —0.32 —0.06 —0.33 —0.07 —0.33 —0.07 —0.77 —0.49 —0.77 —0.49 —0.77 —0.49
16 C/B 021 017 096 041 091 038 090 038
15 N —0.72 —0.52 —0.76 —0.78 —0.82 —0.46 —0.84 —0.48
14 H3 C/B 024 020 019 017 093 041 091 0.39
13 N —0.72 —0.52 —0.76 —0.48
12 Cc/B 021 017 095 0.40
11 H4 c ~0.32 —0.07
9 c ~0.05 —0.02
7 H5 c 020 017 020 017 019 017 019 017 019 0.16
21 P6 c ~032 —0.07 —033 —007 —033 —0.07 —033 —007 0.33 —0.07 —0.33 —0.07
38 PS5 c 024 020 020 017 020 017 020 017 020 017 020 017
37 c 020 017 020 017 020 017
34 HI12 c —0.33 —0.07 —0.32 —0.07 —0.32 —0.07
30 HI10 c 024 020 019 017
33 P4 c —0.32 —0.07 —0.32 —0.07

aCharges in bold are for B and N atoms, otherwise for C atérRasition of C, B, and N atoms as described in Figure 1.

is very close t0-0.48 forx = 1—7. These results indicate that
the part of the BN fullerene surface near the heteroatoms
contains more highly charged atoms than the rest of the system.

Because of its electron deficient nature, boron is typically
involved in three-center bonds. BNB, BCC, and CCC three-
center two-electron bonds and NBN, NCC, and CCC three-
center four-electron bonds have been identified’ in small
BC:N systems. No such three-center bonds have been found in
the present fullerene molecules. The localized molecular orbital
(LMO) studies show that electron pairs are perfectly localized
on bonds and lone pairs (LPs). LMOs of 5-BN fullerene, as a
representative case, are illustrated in Figure 8. For the sake of
clarity, lone pairs of nitrogen atoms and bond pairs located in
a few 6-6 and 6-5 junctions are illustrated in those figures by
filled black circles. As expected, each pentagbexagon
connecting bond contains one electron pair, while two electron
pairs are located between hexagdmexagon joints causing
different CC and BN bond lengths inggCand BN fullerenes,
respectively.

The most striking outcome of the present LMO studies is
the position of nitrogen lone pairs. It can be seen from Figures
8a and 8b that nitrogen LPs are located “inside” the cage
structure, which may be responsible for the outward motion of
N atoms in BN fullerenes. Thus, BN fullerenes contain more
electron density inside the cage than all carbon counterparts
and this feature is enhanced as more BN units are added to
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Figure 9. Variation of HOMO-LUMO gaps with the number of BN
'groups.

fullerenes. Because of the greater electronegativity of N, the are the same. In general, semiempirical gaps in the figure inset

center of charge in BN and CN bond pairs is closer to N atom.
Similarly, electron pairs are closer to carbon atoms in BC bonds.
Thus, the ionic character of different kinds of bonds involved
in BN fullerenes is consistent with the positions of the LMOs.
C. HOMO —LUMO Gap, lonization Potentials, and Elec-

tron Affinities. HOMO—LUMO gaps of 1- to 7-BN fullerenes
obtained from both semiempirical and density functional theories
are plotted against the number of BN units in Figure 9. For the
sake of comparison, the HOM@.UMO gap of G has also
been included on the far left in this figure. Although HOMO
LUMO gaps strongly depend on various methods, their trends

are about 2.5 times larger than those of B3LYP/6-31G* values,
and this ratio is almost independent of the number of BN units.
It can be seen from Figure 9 that all BN fullerenes have a smaller
HOMO-LUMO gap than does semiconductingsCHowever,

the HOMO-LUMO energy difference of heterofullerenes
strongly depends on the number of BN pairs. Single BN
substitution lowers the band gap o§d®y 0.23 eV at DFT/6-
31G* level, and a slight increase (0.02 eV) is noticed upon
adding a second BN pair. In both cases, hexagons are partially
filled by BN units. A sharp rise of 0.10 eV occurs when all
three CC pairs of a hexagon are replaced by heteroatom pairs.
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o T T T T T T 1 below their unsubstituted fullerene counterparts. However, the
- BILYPE-31G ] unoccupied MOs of BN fullerenes exhibit more antibonding
nature than in .

A closer look at MOs reveals that LUMO remains almost
] constant over the range (exceptl), whereas the HOMO
] becomes slightly more antibonding as the number of BN groups
] increases. Hence, the fluctuations in HOMO energies are mainly
responsible for fluctuations in the HOM&@.UMO gaps of 1-

] to 6-BN fullerenes. It can be seen that HOMOs of completely
] filled BN hexagons §—1, 5—1 and7—1) are lower in energy

[ ] than those of partially filled hexagons. Traditionally, the
4 1 HOMO—-LUMO gaps are associated with chemical stability

I ] against electronic excitations. Larger gaps correspond to greater
stability, so one might expect the “filled” hexagons to be most
resistant to oxidation. The first singlet vertical excitation energies
(Coo: 3.34,1-1: 3.22,2—1: 3.26,3—1: 3.36;4—1; 3.22,
5—1: 3.31;6—1: 3.15 and7—1: 3.29 eV) calculated at CIS/
3-21G//MNDO level are in accordance with the trends observed
in HOMO—-LUMO gaps.

DFT/6-31G*//MNDO ionization potentials (IP) and electron
affinities (EA) of the most stable isomers of BN fullerenes are
shown in Figure 11. The IP curve indicates that substituted
8 S RO RS SR fullerenes have somewhat smaller ionization potentials relative

6t 2 3 4 5 6 7 to Geso, and the trend in IP values is similar to band gap discussed
Number of BN units earlier. The continuous decay of ionization potentials confirms
Figure 10. B3LYP/6-31G* MO energies of & and 1- to 7-BN the tendency of heterofullerenes to more easily lose an electron
fullerenes. The numbers beside the MOs represent orbital degeneracy(oxidation) with higher substitution. The electron affinity

. . . , potential also shows stepwise decay (except 1- and 2-BN
This trend in HOMG-LUMO gap also continues to higher BN fullerenes). However, this change in EA is not as pronounced

fullerenes, reaching peaks for 5 and 7 BN pairs. As a general o4 it is in |P, except for thé—1 structure where three hexagons

trend, the gap decreases in each series of filled and partially 36 completely filled by heteroatoms. In short, the behavior of

filled BN fullerenes, and the smallest value (2.54 eV) is found |p 504 EA siggests that redox characteristics of fullerenes,
in 6—1. On the other hand, 7-BN fullerene has a larger band Coo_(BN)y, are enhanced by doping BN groups only upxto

gap than previous filleé—1, a turning point observed in this  _'5 "iigher BN fullerenes are easier to oxidize but harder to
pattern. This reversal is not unexpected singeBeN4 (24- reduce relative to G,

BN fullerene) has a much larger gap than does fulleféne.

To analyze the changes in HOMQUMO gap and the effect
of BN substitution on the orbital energies near the Fermi level,
10 occupied and 10 unoccupied orbital energies obtained from The pattern of successive substitution of carbon pairsgef C
B3LYP/6-31G* calculations are presented in Figure 10. The fullerene by isoelectronic BN moieties has been evaluated using
number beside each MO represents the orbital degeneracy. Thelensity functional and semiempirical theories. Although nu-
5-fold degeneracy of the HOMO and SHOMO and the 3-fold merical values differ, trends in structure, stability, and electronic
degeneracy of LUMO, LUM@ 1, and LUMO+2 of Gy are properties obtained from AM1 and MNDO are in good
lifted as BN pairs are added because of the lower symmetry of agreement with more accurate DFT (B3LYP/3-21G and B3LYP/
BN fullerenes. This splitting continues as more BN units are 6-31G*) methods.
added. In general, both increase and decrease of bonding The first carbon pair substitution takes place in a hexagon
character is found for occupied MOs, which are both above and hexagon junction (HXH2 in Figure 1) of Gp to form GgBN
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