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Boron—Nitrogen (BN) Substitution of Fullerenes: Gso to C12B24N24 CBN Ball
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Semiempirical MNDO and density functional theory (B3LYP/3-21G) were used to examine the relative stability
of the isomers of successive BN-substituted fullerengs,BN), wherex = 1—24. Doing so established
certain rules of successive BN substitution in cagelike carbon materials. HANM®O gaps were also
estimated for the entire series. It was found that heterofullerenes with less than 40% BN substitution have
smaller band gaps than does semiconductigg C

Introduction having the BN in a fusion position on a hexaggrentagon
border or those in which the B and N atoms are disconnected.

The discovery of fullerenés as 5“?"_0'8 structures of Cb_“bon_ They also found that the most stable structures contain the
has opened new research opportunities in science, engineeringg . ~iiest numbers of BC and N-C bonds

and technology.® Because boron and nitrogen bracket carbon
in the periodic table, in their numbers of valence electrons, in
their electronegativities, and in various other properties, attention
has also been paid to alternate bormitrogen (BN) com-
pounds’~1 Pure BN is primarily found in a hexagonal h-BN
(a-BN) form that resembles graphite, a sphalerite c-BNB()

form related to cubic diamond, and a wurtzite-typBN related

Investigations of BN-substituted fullerenes have been further
extended to substitution by as many as seven BN pairs in this
laboratory® using semiempirical and DFT methods. The main
objective of these investigations was to establish optimal BN
substitution patterns in fullerene-like cage structures. The main
findings of previous investigations are as follows: (i) isomers

to hexagonal diamond. Although the structural similarities prefer to maximize the numt?er of-B\ b?”ds? (!.'.) stab|I|ty S
between BN and analogous carbon compounds are strong, theifenhanced by keeping BN units together; and (iii) BN units first

physical, chemical, and electrical properties differ significantly. fill one hexagon then go on to ad;acent hexagons, one.by one,
For example, graphite is an excellent host material and is 20und @ pentagon. Another ruling factor of successive BN
semimetallic whereas. h-BN is an insulator with limiteq Substitution is the N-site attachment of the next BN unit to an

| existing group. Any other structural arrangements in which BN
units are not consecutive, or some of the heteroatom pairs are
placed in hexagonpentagon joints, or a pentagon is filled cause
instability. The same is true for an increase in the number of
intervening rings between fully BN-substituted hexagons.

intercalation properties. Diamond is the hardest of all natura
materials but is exceptionally unsuitable for the abrasion of iron
materials and is oxidized at 76®00°C in air, whereas c-BN
is much more inert to iron and is stable up to 16@in air,
even though it has only half the hardness of diamond. i
Properties intermediate between these two extremes, such as 't has also been fouriéithat the geometric parameters afC
chemical inertness superior to that of diamond and hardness&r® not much perturbed by BN substitutions, except in the
greater than that of c-BN, are expected in BCN materials where immediate—BN—BN— region. Nitrogen atoms are bent slightly
CC moieties of carbon compounds are partially substituted by outward as a result of the presence of.the|r lone pairs “inside”
BN units. It has also been predictéd® that the doping of h-BN  the cage structure. A wavelike or rippled surface of BN
into graphite structure would alter its electronic properties. nanotubes in which B atoms are displaced inward and N atoms
Heterofullerenes where one or more carbon atoms or pairs are2’® moved outward has also been noted by Menon and
substituted by boron, nitrogen, and BN pairs are gaining Srivastave! Becau;e of th_e electr_onegatlvny_dlﬁerences, the
interest’=36 as new hybrid materials. Several kinds of semi- BN fullerenes acquire partial atomic charges in the heteroatom

conductors can be expected from BCN materials. One is an regions, the rest of t_he system remaining electrically n_eutral.
intrinsic type of semiconductor that can be converted to a p-type The band gap of semiconducting4@s reduced by substitution,

or n-type extrinsic semiconductor by replacing C by B and N, @nd the effect is more pronounced in partially filled or
respectively. unsaturatet? BN fullerenes. The redox characteristics afoC

The single-BN-substituted & molecule GeBN has been also strongly depend on the number of BN units §3-G(BN)x.

examined by several grou3$537 using semiempirical ap- In the present investigation, we continue to replacet&—
proaches. Zhao and co-work&& extended the study of BN-  units of Gs(BN)7 (7-BN fullerene) all the way up to CBN ball
substituted fullerenes to trisubstitution by considerirg-&(BN)x (see Figure 1), GB24N24,%31-3%where 24 pairs of carbon atoms

and Go-2(BN)x (x = 1—3), using semiempirical AM1 and are replaced by the isoelectronic BN moiety. It is worth
MNDO theories to predict their structures, stabilities, and mentioning that the positions of the 12 carbon atoms of
electronic properties. The structure with &R bond between ~ Ci2B24N24 are kept fixed during the substitution process. The

two hexagons is predicted to be most stable, compared to thosesubstitution of any of these six carbon pairs will lead to a
heterofullerene other than CBN ball. Although no evidence has

* Corresponding author. E-mail: tapaskar@cc.usu.edu. Tel.: 1-435-797- Yt been reported to demonstrate the stability of CBN ball,
7230. experimental works on BN-substituted cagelike structural forms
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range of BN concentrations (from 3.3 to 80%, including the
most widely studied 50:50 combination of BN and C). Our main
goal is to establish the successive substitution patterns in
heterofullerenes. It will be interesting to explore whether the
substitution patterns observed earlier are true also for higher
BN concentrations and to identify any additional factor(s) that
influence the higher degrees of BN replacement. Hybrid BCN
systems have been synthesized by substituting carbon nano-
materials’>~47 This synthetic method is a general substitution
chemical reaction of carbon nanotubes during which C atoms
are partially or completely substituted by B and N atoms without
topological changes in the starting materials. Thus, the pattern
of substitution might provide information on the growth of BN
fullerenes from pure carbon systems. In addition to the structural
arrangements, we also provide information on the electronic
and chemical properties of BN-substituted fullerenes, as well
as on the effect of successive substitution on those properties.

Method of Calculations

In the previous investigatidh of 1—7-BN fullerenes, we
Figure 1. Schlegel diagrams of CBN ball {&B24N24). found that, whereas quantitative aspects of relative energies are

sensitive to different methods (namely, AM1, MNDO, B3LYP/
of carbon materials are in progreSs* However, the arrange-  3-21G//MNDO, B3LYP/3-21G//B3LYP/3-21G, PW91PW91/3-

ments of C, B, and N atoms in the BCN cage structures are not21G//PW91PW91/3-21G, and PW91PW91//MNDO), the trend
yet known. The heterofullerenes considered here cover a wideis the same for all methods. On the basis of these findings, the

24 3 k" 18
.'Ir \ 5 / |’|’ \\ . / \I
/ __;37— r U S / “' T 4u\' E
f ! \ \ \ | \
[ / . Y Vo
/ S 4 \ 30 -t 43 VN
J s 3 i “( / o 4; - . \
/ 25 ! | & I"\ I \ \
/ ‘ 32 - | \ ! i JZ'H. 4]
.'III |III J F 2‘}/ ? -\-\H-\-V/ ! \4:‘,/ III‘\' \I\' \\- /I "’lll |’I zq/ / & " ’ s “\ \I\- \
[ / \ \ \ [/ / \ \
/ / | | \ \ \ TR, / | | \ \ \
/ " \ [/ \ O\
T N/\ ~oNas L\ /] \/\ N\
[ oam ./ 1B 0N s o\ /o 7L AR 4 N \
./I N Nig % | ¢ v i i \N § Nig % ) . ida
\ —Ns, 7/ PO \ /[ N | Nsi / #0008 N
/ \ v A 3\ / / f \ \ / o\
/ / ) r TNy L ~Nyo ! \\ Y J'III . / ) ; -—|\{2| * —Nyg / XA
T T e 1 >} oE R e & " TR
— M5 i1 15 5
3 \\1 ¢ AT / \\ . NG o P
Y 6 5 v \ \ Hule e
Nt P N R |

E¥ 3 M 3
! N
/ \w — ———-—'39/ \ [ 36— —39
4 3 w0 i\ /] 2 a0 to\
J"f ."'ll 30 o -l.)x ll'. \" fr'l / A~ _ A3 ~_ | 4
f o = 3 4 AT T 31 43 e ™>—__| \
& 58 | g i | 38 \
f/ P 32~ Nu \ | P sz~ —Na yo
P | / s A \ \ / ; e, 0/ 2 Sa\ \ \
I foy | 'Il | \ \ \ lll.-'fm'r / | | \ '\\
/ / /o AN N % X il AN BV
"f 7., / \21 / N ﬁ\ﬁ 59 ‘\ / zi.' / \\\23 ! N\ ';6 ;q \
/8§ N \ [, % CECINGAN [ I8N U s s T
/ Nw \w B, N / 8\ '\\ [/ N {8 F —Ng / - A
\ / ! ! |
/ \

10 0.00
\ 9 0.00 (0.12) N / 10a 0.40
7 94092 (0.00) (d) 10BN “ 9.
(c) 9BN 9b 2,05 (0.77) 106 1.09

Figure 2. 7—10-BN fullerenes. The italic numbers indicate the order of BN substitution in sequence, and fully filled or saturated hexagons are
marked with an asterisk (*). No number is assigned to those 12 C atoms that resist replacement. MNDO relative Epengi&sal/mol) of

different isomers are also listed. Values in parentheses correspond to B3LYP/3-21G//MNDO energies. Relative energies of 8-BN fullerenes are
summarized in Table 1.
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Figure 3. 11-14-BN fullerenes. The italic numbers indicate the order of BN substitution in sequence, and fully filled or saturated hexagons are
marked with an asterisk (*). No number is assigned to those 12 C atoms that resist replacement. MNDO relative Enengiksal/mol) of
different isomers are also listed.

geometries of all systems were fully optimized without any the energy difference between the highest occupied molecular
symmetry constraints at the MNDO level. Vibrational analyses orbital (HOMO) and the lowest unoccupied molecular orbital
at the same level indicate that all isomers of 2l-BN- (LUMO). It is worth noting that, in DFT methods, these orbitals
substituted G considered in the present investigation have no are best termed as Kohisham (KS) orbitals. Recently,
imaginary frequencies, indicating true minima. Some of the Stowasser and Hoffmakhshowed that the shapes and sym-
isomers were also treated at the B3LYP/3-21G level. Finally, metries of the KS orbitals are quite similar to those of the
the properties of the most stable isomers of each group wereHartree-Fock (HF) orbitals with which chemists are so familiar.
calculated using the B3LYP/3-21G method. It is worth mention- The similarity between KS and HF orbitals has also been
ing that, in this study, we are less interested in the absolute reported in several articlé§-58 These studies indicate that
magnitudes of the energies or other properties than in their Koopmann's theorem, originally based on Hartré®ck (HF)
trends. Use of the B3LYP/3-21G method and MNDO geom- orbitals, can be extended to KS orbitals to estimate ionization
etries seems quite reliable for determining trends in electronic potentials (IPs) and electron affinities (EAs). MNDO and DFT
properties. For example, in the case ef7EBN fullerenes, the calculations were performed using the Gaussian 98 progtam.
B3LYP/3-21G band gaps are only 4% larger than the B3LYP/ . .

6-31G* values, and this ratio is independent of the number of Results and Discussion

BN units in the heterofullerenes. For the shake of clarity, substitution patterns are illustrated
The bonding characteristics of the most stable isomers of via a Schlegel diagram, which essentially “flattens” the fullerenes
C/BN fullerenes were examined using bond index anai§sis into a two-dimensional plane. The order of BN substitution in

and Boys’ localized molecular orbitals (LMO3)pt the B3LYP/ 1-7-BN fullerenes is illustrated by the italic numbers in Figure
3-21G level. The positions of the charge centroids in the 2a, each of which indicates a specific BN pair. For example,
molecule were used to identf§?* the bonds (two and three the first three CC pairs to be replaced are the-22, 21—24,

center) and lone pairs (LPs). Band gaps were estimated fromand 18-20 pairs, filling a hexagon, as indicated by the asterisk.
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Figure 4. 15—-18-BN fullerenes. Same notation as in Figure 3.

1§ 0.00
18a 17.52
18h 20.28

(d) 18BN

It can be seen that the first BN substitution takes place at a of the 12 carbons of CBN ball (Figure 1) that are unlikely to
hexagonr-hexagon junction and then spreads over to the same be replaced because unfavorabf&B—B or N—N bonds would
hexagon and adjacent two hexagons. Keeping not only B andbe the result. For example, replacement of the carbon pair in
N atoms but also BN units together enhances stability. The other46—47 by either B-N or N—B leads to a Bs—Bag Or N23—Nyg

crucial factor in BN substitution derived from our previous
investigation is the preference for N-site attachment-BW)

by the incoming BN group to the existing BN units. Keeping
these substitution patterns in mind, we proceed to repla@48
carbon pairs of 7-BN fullerene to form6B,4N24. The six
carbon pairs of CBN ball (see Figure 1) are located on
hexagor-hexagon (H-H) junctions, and thus, they connect 12
hexagons. The remaining eight hexagons of CBN ball are

bond, respectivel\Replacement of any of the other five carbon
pairs (55-54, 2-4, 9-11, 5760, 26-28) of CBN ball at this
stage will not result in a BB or N—N bond, but eventually,
such bonds will form as more and more substitution takes place.
(Substitution of any one of these carbon pairs will lead to a
completely different hybrid fullerene than CBN ball, and this
is not the target of the present investigation.)

Thus, only three N atoms, namely;NN1g, and Nyg, of 7-BN

completely occupied by BN units. Thus, the presence of those fullerene are the active sites for next BN attachment. Relative

12 carbon atoms not only blocks some of the highly preferred
H—H junctions for substitutions but also hinders the most
favorable process of filling hexagons. These two restrictions,

energiesfE.) of the three possible isomeBs8a, and8b, where
the 8th BN unit is attached toily Nis, and Ny, respectively,
of 8-BN fullerene are reported in Table 1, and the isomers are

automatically generated by choosing CBN ball as the final target shown in Figure 2b. (It should be noted that the B and N atoms

of successive BN substitutions fromsg-might lead to other
minor or major patterns of substitution.

A. Substitution Sequences of BN Groups.8—10-BN
Fullerenes.Of the seven nitrogen atoms in 7-BN fullerene
(Figure 2a), N; and N;; are saturated (surrounded by three B
atoms). Two other N atoms ghland Nig) are attached to one

are shown only for the most stable isongand that, for the
less stable isomers, only the locations of the BN units are shown
in Figure 2. This nomenclature is continued below.)

It can be seen from Table 1 that the trendsEin are the
same for all methods. In gener8ljs the most stable followed
by 8aand8b. (Thus, the use of MNDO geometries seems quite
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17 (0.0) 17a (0.0)

Figure 5. Three-dimensional diagram of the isomers of 17-BN fullerene. The position of the 17th BN unit is circled. Relative energies are given
in parentheses.

TABLE 1: Relative Energies (Erel, kcal/mol) and geometrical parameters of 7-BN fullerene indicates that th€ C
HOMO —LUMO Gaps (gap, eV) of 8-BN Fullerenes bond in the 1719 position (1.373 A) is shorter (perhaps
Erel gap because of its different location in the cage structure) than the
method s 8a 8b 8 8a b C—C bonds at 4441 (1.387 A) and 1316 (1.387 A). The

preference of BN substitution for shorter—C bonds at
MNDO//MNDO 0.00 2.85 2.64 6.51 6.61 6.40

B3LYP/3-21G//MNDO 0.00 1.80 3.28 2.87 2.08 2.61 e€xagomhexagon junctions over any other possible-C
B3LYP/3-21G//B3LYP/3-21G  0.00 1.70 3.28 2.90 3.00 2.66 Junctions has already been observed in a previous investidation.
B3LYP/6-31G*//B3LYP/3-21G 0.00 2.49 3.87 2.81 2.90 256 Thus, this confirms that the ©C distance is also a decisive
B3LYP/6-31G*//B3LYP/6-31G* 0.00 2.47 3.66 2.76 2.85 2.48 factor for BN substitution. It should be noted that the isomers
are all within 2-3 kcal/mol of each other.
reasonable for these systems). Although it might initially appear A new substitution site (i) opens for 9-BN fullerene (Figure
that the hexagons involved in these three isomers are similar2b), in addition to the left-over sites (Nand Nig) of 8-BN
(each contains two BN and one CC units, and all three have fullerene. (If the restrictions of fixing the positions of some
the same number of BN bonds), their environments are carbon pairs were not imposed,;;€Cy would have been
different. For example, the numbers of C, B, and N atoms in replaced to form the most stable 9-BN fullerene.) Isonfers

the surrounding hexagons and pentagons of thel’8-19— and9a (Figure 2c) lie within 1.0 kcal/mol of one another and
11—-9-20 hexagon (isomeB) are different from the numbers  can be considered as essentially isoenergetic. At the DFT level,
in the hexagons and pentagons surrounding the485-44— the relative energies are even closer to each other. Even less

41—-47-46 hexagon (isomedb). The main difference is related  energy difference is found in isomers of 10-BN fullerene (Figure
to the attached three pentagons, namely; 20-14—10-9 and 2d). As in 8-BN fullerene, in both 9- and 10-BN fullerenes,
45—-46—23—24-51. The former contains two carbons, one BN hexagons involved in substitution contain one CC and two BN
unit, and one B atom, whereas two BN units and one carbon pairs and have the same number ofI8 bonds. However, the
atom constitute the latter pentagon. Similarly, one of the three replaced C-C bonds are of almost equal lengths (1.397400
surrounding hexagons & and 8b (i.e., 1-3—11-9-10-12 A), so the preference of one site over the other is not obvious.
and 46-47—32—29—-22-23, respectively) contains different  Considering such small energy differences among these isomers
numbers of constituent atoms. A close examination of the (at higher levels of calculation, these difference might be further
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18b (20.3)

Figure 6. Three-dimensional diagram of the isomers of 18-BN fullerene. The position of the 18th BN unit is circled. Relative energies are given
in parentheses.

lowered or reversed), it seems that the isomers of 9- and 10-fullerenes. This alternate substitution route eventually led to the
BN fullerenes are equally preferred. same structural arrangement of 16-BN fullerenes.

It is worth mentioning that the three open siteg,NN4g, and 17- and 18-BN FullerenesA completely new successive
Nis5 of 7-BN fullerene are filled first to form 8-, 9-, and 10-BN  substitution pattern emerged from these two BN fullerenes. We
fullerenes, respectively, and each replacement of CC units by saw earlier that filling of a hexagon enhances the stability of
BN generates a new active N site, totaling three open sites forthe isomer. This existing rule is overshadowed by the new
incoming BN groups. In general, this pattern of creating active pattern of substitution, which we term the “continuity rule”.
sites after each BN substitution is common for the rest of the  According to the hexagon filling ruld,7b (B3sNzs—Ba7Nos—
hybrid fullerenes. B3eN34 hexagon) ought to be the most stable isomer of 17-BN

11-16-BN Fullerenes.Four possible isomers of 11-BN fullerene. Howeverl7bis about 7.0 kcal/mol (6.4 kcal/mol at
fullerene are shown in Figure 3a. The nitrogen atom in position DFT/3-21G) more unstable thdrY and17a To obtain a better
13 generates the two isomet4 and11c It is quite obvious view of the atomic arrangement, three-dimensional diagrams
that isomerllis most stable because it contains a hexagon that of these isomers, along with relative energies, are shown in
is completely filled by three BN groups. The energy difference Figure 5. The 17th BN unit in these isomers is also encircled
in this case is quite significant compared to previous BN for clear identification. It is clear from these figures that, in
fullerenes. It should be noted that, after 7-BN fullerene, the next both17 and17a the 17th BN unit connects existing BN chains.
completely filled hexagon is found in 11-BN fullerene. Although these isomers contain the same number NB

The next substitution can take place atN\jo, and Ny to bonds, expanding the BN links causes extra stability. This extra
form isomersl2, 123, and12b, respectively. All of these isomers  stability is more clearly seen in 18-BN fullerene, as shown in
(Figure 3b) can be considered equally favorable because theFigure 6. In isomed8, the BN group not only completes the
energy difference is close to 1.0 kcal/mol. The energy difference hexagon but also connects existing BN chains. These two ruling
diminishes for rest of the BN fullerenes considered in this factors of BN substitution are the reason for the appreciable
subsection (see Figure 4 for 15- and 16-BN fullerenes). energy difference betweetB and 18aor 18b. The latter two
Considering thes&, values, we conclude that multiple BN isomers, in which hexagons are filled by BN groups, are close
substitution might take place at the same time in these fullerenes.in energy.

We have also attempted a different filling route by considering  19—24-BN FullerenesAfter 18-BN fullerene, six positions
13ainstead of13 (not shown here) and filled up to 16-BN  are left to complete the series. Of the six hexagons where the
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Figure 7. 19—-24-BN fullerenes. Same notation as in Figure 3.

\/
d) 22-24 BN \/

substitution positions are open, three contain one CC and twoelectron pairs are perfectly localized on bonds and lone pairs
BN pairs, whereas the rest of the hexagons have one BN and(LPs) (not shown here; for more details, see ref 40). As expected,
two CC groups (see Figure 7). Because the stability of the each pentagonhexagon (P-H) connecting bond contains one
isomers is enhanced by the filling of a hexagon, the former electron pair, and two electron pairs are located between
group is filled one by one, and then the second group is filled hexagor-hexagon (H-H) joints, causing different €C bond

to finally form CBN ball. Isomers of these two groups are also lengths in Go. Two different kinds of C-C bonds are found in

isoenergetic. heterofullerenes. These lengths are about 1.400 and 1.470 A in
In summary, the first three hexagons around a pentagon areH—H and P-H joints, respectively. Because of the presence of
filled one by one by BN groups to form-17-BN fullerene. atoms with electronegativities different from that of C, these

The next three BN units attach to the existing units in such a bonds deviate slightly from the above values. However, the
way as to spread over the cage structure. One more hexagon iffect of the number of BN groups in BN fullerenes on these
filled after this step, and once again, the next seven BN units bonds is not significant. All 12 €C bonds in CBN ball contain
occupy part of the seven hexagons. After substitution, each oftwo electron pairs and have bond lengths equal to 1.376 A.
these hexagons contains one CC and two BN units. Three BN  Unlike C—C bonds in hybrid fullerenes, BN, B—C, and
units in a hexagon are found in #21-BN fullerenes. Thus,to  N—C bonds contain one bond pair, and nitrogen’s lone pair is
this point, eight hexagons of ¢ are completely filled by located inside the cage structure. As for-C bonds, two
isoelectronic BN groups. It should be noted that exactly the different bond lengths are found for-B\N bonds. The B-N
same numbers of BN-filled hexagons are present in CBN ball. bonds in H-H positions (1.450+ 0.004 A) are shorter than
The remaining three hexagons with one BN and two CC units those located in HP positions (1.485 0.006 A). The B-C

fill to form C12B24N24. In most cases, the relative energies of and N-C bond lengths lie in the ranges 1486.55 and 1.44

the isomers are very close to each other, so the isomers can bd.45 A, respectively. In fact, successive BN substitution has

considered isoenergetic. little effect on the geometric parameters (except some angles).
B. Structure and Nature of Bonding. As in the case of £7- As in the case of small Bl molecule§®! and 1-7-BN
BN fullerenes, no multicenter bonds were found in28l-BN fullerenes'® sharper B-N—B and wider N-B—N bond angles

fullerenes. Localized molecular orbital (LMO) studies show that are also associated with higher BN fullerenes. In general,
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filled hexagons, is less than that of partially BN-filled 12-BN
fullerene. On the other hand, 18-BN fullerene (five BN-filled

| hexagons) has a larger gap than its nearest saturated and
: unsaturated neighbors.

1 A significant discrepancy between the DFT and MNDO
| results was only encountered in the partially filled 8-BN
4 fullerene. According to discussed trends in gaps, the MNDO
1 value seems to obey the hexagon-filling rule. This erratic
behavior of the band gap after 7-BN fullerene is due to the
presence of carbon pairs on 12 hexagbexagon junctions.
Nevertheless, it is clear from Figure 8 that11-BN fullerenes
(i.e., about 36% BN-substituted fullerenes) have smaller band
gaps than semiconductings¢C The rest of the BN fullerenes
have larger gaps that increase with the number of BN units. It
should be noted that the band gap of 15-BN fullerene, which is
a 50:50 combination of carbon and BN, is significantly larger
than that of G. This value is quite expected because the band
gap of CBN ball (where 24-CC— units are replaced byBN—
groups) is much larger than that of the paregt®€and BN
systems are well-known insulators.
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Figure 8. Variation in the HOMG-LUMO gap with number of BN - . g - : .
have been considered using density functional and semiempirical

roups.
9rotp theories. Although numerical values differ, trends in structure,
B—N—B angles are significantly (more than)Slifferent from stability, and electronic properties obtained using MNDO are
120 of 6(C—C—C) in Ceo, whereas the changes in other angles in good agreement with more accurate DFT (B3LYP/3-21G)
are within 3-5°. results.

C. HOMO —LUMO Gaps. For the sake of comparison and A successive substitution pattern in the cagelike fullerene
to show the complete series of BN fullerenes, the band gaps ofStructures emerged from our present and previous investigations
Ceo-2¢BN)y (x = 0—7) obtained earliéf are also included in  that includes the following general features:
the figures in this section. Both DFT and MNDO gaps are (i) Carbon-Carbon Distance. BN substitution always prefers
plotted against the number of BN units in Figure 8. Although double-bonded sites rather than single-bonded carbon pairs.
the HOMO-LUMO gap strongly depends on the method used, Thus, the carbon pair of any hexageimexagon (double-bond-
the trends are the same. In general, semiempirical gaps in thelype) junction of G is the first victim of BN substitution.
figure inset are about 2.2 times larger than the B3LYP/3-21G (i) Hexagon-Filling Rule. BN units prefer to fill available
values. We also compared the HOMOUMO gaps of the three ~ consecutive hexagons. This pattern increases the number of
isomers of 8-BN fullerene using different methods, as shown B—N bonds. Thus, once the first substitution takes place, the
in Table 1. Compared to B3LYP/6-31G*//B3LYP/6-31G*, the next two BN units replace the carbons of the same hexagon.
MNDO//MNDO values are 2.32.6 times higher, whereas other ~ Further substitution spreads to adjacent hexagons one by one.
methods such as B3LYP/3-21G//MNDO or B3LYP/6-31G*// (iii) N-Site Attachment Rule. The incoming BN group always
B3LYP/3-21G reproduce almost the same gap. prefers to attach to an existing BN unit via BIBN link. The

It is clear from Figure 8 that the band gap strongly depends other possible NB-NB is less favorable.
on the number of BN units and that it follows a zigzag pattern  (iv) Continuity Rule. Joining existing BN chains spread over
through the series. Single BN substitution lowers the band gap different hexagons significantly enhances the stability. This
of Cso by 0.24 eV at the DFT/3-21G level, and a slight increase substitution pattern found in higher BN fullerenes, overrides
(0.02 eV) is noticed upon addition of a second BN pair. In both the hexagon-filling rule.
cases, hexagons are partially filled by BN units. A sharp rise  In addition to the structural arrangements, we also estimated
of 0.11 eV occurs when all three CC pairs of a hexagon are band gaps for the whole series. Depending on their band gaps,
replaced by heteroatom pairs. This trend in the HOMQMO BN fullerenes are classified in two groups. The first group
gap also continues to higher BN fullerenes, reaching peaks for contains less than 40% BN units (i.e;-11-BN fullerenes),
filled or saturated 5- and 7-BN fullerenes from their partially and their band gaps are smaller than that of semiconducting
filled or unsaturated predecessor’s gaps. The gap also depend€so. The rest of the cases, including the one with ;RC
on the number of BN-filled hexagons: it drops from 3- to 5-BN stoichiometry, have larger gaps thag,dn the former group,
fullerene and then increases for 7-BN fullerene. In the case of systems with completely filled hexagons have larger gaps than
unsaturated fullerenes, the gap goes down from 1- to 4- andtheir partially filled neighbors. No such definite trend in band
then to 6-BN fullerene. Both methods predict the lowest gap gaps is found for the second group of BN fullerenes.
for 6-BN fullerene. BN units from 1- to 12-BN fullerene are spread in one

Although a similar zigzag pattern is found for the band gaps hemisphere of the &, leaving the rest containing all carbon.
of higher BN fullerenes, the dependence of this gap on the filling The charge distributions in these two regions are different.
of BN units in hexagons is not strictly followed. For example, Because of electronegativity differences, the BN-containing part
the gap of 11-BN fullerene, which contains four completely BN- of heterofullerenes acquires alternating charges, keeping the rest
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of the C-containing region electrically neutral. The other
important factor that we observed relates the locations of the
nitrogen lone pairs. They are always inside the cage structure,
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