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Atomic arrangements, substitution patterns, and properties of BN-dopddll€rene have been investigated
using semiempirical MNDO and density functional theory (B3LYP/3-21G). The BN units prefer to stay together
following “hexagon-hexagon junction”, “N-site attachment”, “hexagon filling” and “continuity” rules; this
characteristic of atomic arrangement is independent of the compositions of BCN fullerenes. Charge
redistributions after each BN substitution seem to play a guiding role for selecting the next carbon pair to be
replaced by BN. The incoming BN group seeks the most highly charged carbon pairs. Up to twenty carbon
pairs of Go may be replaced by heteroatoms. The band gap (HOMA@MO gap) strongly depends on the
number of BN units and their filling patterns. BN-substitution increases the electron donation capacity of
fullerene.

Introduction (BC)N, y = 0.6-7) have been observed, the most common

. . overall composition in all forms of BCN materials is in
Hybrid BCN systems have been the subject of numerous both planarpand nanotubular forms ac

experimentdi and theoreticat!® studies because of their . . o
The relation between composition and properties is clearly

properties. They are expected to be hybrids of parent carbon. L .
and boron nitride (BN) materials. Properties intermediate !Ilustrated by STM and XPS data which indicate thatBIGim

between these two extremes, such as chemical inertness superid? a p-type semiconductor with a banq gapdt eV, whereas
to that of diamond and a hardness greater than that of c-BN, a gap of half that amount has been estimated for BCN nanotubes.

are expected in BCN materials where CC moieties of carbon Wataf‘abe ar_1d_ co-worké’P§3 suggest that BCN can .be used
compounds have been partially substituted by BN units. It has asa I|ght-em|tt|ng_m_aterlal._By varying the composition of the
also been predictée2° that doping of h-BN into graphite BC_N cor_npound, It is pc_)ssmle to tune th? wavelength of the
structure would alter its electronic properties. emitted Illght over aII. visible zones. Expenmental ewdencg of
Heterofullerenes where one or more carbon atoms or pairsSUCh Optlfgﬁl propemes Of. BCN maten.alls has been prOV'ded
are substituted by boron, nitrogen, and BN pairs are gaining recentlyt* % via blue an_d V'OIe.t Ilght-emltt[ng BCN nanoflber_s
interes$21-33 as new hybrid materials. Several kinds of semi- at6r7oom temperature with adjustable optical properties. Lei et
conductors can be expected from BCN materials. One is an al.>" showed that the optical band gap Of. BCN film deposne_d.
intrinsic type of semiconductor, which can be converted to a on glass substrates decreases monotonically as the deposition

p-type o an n-type extrinsic semiconductor by replacing C by temperature increases. The dielectric constant was found to
B and N, respectively. decrease with lowering growth temperature, achieving a value

: . . . ., of 2.46889for BCN films. In summary, the properties of BCN
. Met_hods exist by which to synth_e_S|ze these E‘%’ brid materials, materials strongly depend on the concentration of the constituent
including chemical vapor deposition (CVBY,4! precursor

pyrolysis#2~46 metal-catalyzed laser ablatiéh?® and arc dis- atoms anq their arrangeme.nt.
charge method®¥:5°as well as mechanically milling mixtures Regarding structural details, Polo ef&proposed that BN

of h-BN and graphite in an inert atmosphé&té2 A general films are basically a chemically mixed—ECZg?N1 ternary phase,
substitution chemical reaction of carbon nanotubesNCs) and not a mixture of C and BN phasész® HOV‘é‘g\;‘;g’ this
has been devised by which C atoms can be partially or SUggestion is contradicted by other experimés>®727hat
completely substituted by B/N atoms without topological POINt toward separate BN and C domains-BN—C layer
changes of the starting materi&#s®® For example, the diam- arrangement) in BCNNTs and layered materials. Random
eters of BCN-NTSs are almost the same as those of the starting spatial distribution of B and N in C sheets, via the formation of
C—NTs5 Synthetic methods, structures, and physical and B~C—N.B—C, and C-N bonds, has recently been reportéd:

chemical properties of BCN materials have been reviewed by A completely diﬁ;erent atomic arrangement was proposed by
ltoh,! Kawaguch? and Terrones et &l* Kawaguchi et af” wherein the building block consists of the

Depending on synthetic methods, starting materials, temper-un't structures BCCN and BN, while B is composed of
ature and pressure, different structural forms of BCN (e.g., cage BCCCN + BNCCC.
structures, c-BCN, h-BCN, BCN nanotubes, thin film, nanofi- ~_In the present investigation, the atomic arrangements of
bers, graphitelike onion, solid solution, etc.) can be obtained. different compositions of BCN materials are considered by
As one might expect, the ratio of B to N in these compounds is Successive BN §ubstitutions. We are interested to _find out “rules
close to unity_ A|though different carbon Concentratﬁngz of BN substitution” and monitor different propertles with the

number of BN units in BCN systems. To avoid dangling bonds

* Corresponding author. E-mail: tapaskar@cc.usu.edu. Fax: 1-435-797- Of pure carbon open nanotubes or sheet structurgsullerene

3390. Telephone: 1-435-797-7230. has been considered as the first case of the series. In general
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carbon networks of different forms contain structural defects:
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fullerenes obtained by MND® are consistent with more

for example, pentagons and/or heptagons embedded in hexagonsiccurate methods (such as B3LYP/3-21G//MNDO, B3LYP/

In that respect, g contains both pentagons and hexagons;

3-21G//B3LYP/3-21G, PW91PW91/MNDO, PW91PW91/

hence, rules of substitution in the present case may provide3-21G// PW91PW91/3-21G, B3LYP/6-31G*//B3LYP/3-21G,

useful information for other cagelike BCN systems.

The single BN-substitutedggmolecule GgBN was examined
by several group§3233.7576ysing semiempirical approaches.
The structure with a BN bond between two hexagons is

and B3LYP/6-31G*//B3LYP/6-31G*). On the basis of these
findings, geometries of all systems were fully optimized without
any symmetry constraints at the MNDO level. Vibrational
analyses at the same level indicate that all isomers of BN-

predicted to be the most stable, compared to those having BNsubstituted & fullerenes considered in the present investigation

in a fusion position on a hexagepentagon border, or structures

have no imaginary frequencies, indicating a true minimum.

where B and N atoms are disconnected. The simplest explana-Some of the isomers have also been treated at the B3LYP/
tion of the preference of B and N atoms to be bonded together 3-21G level where the relative energies remain withir8Xcal/

is the formation of a dative bond between them. MNDO has
also been appli€d to diazadiborine, where two CC units are
replaced by two BN pairs. This study indicated that BN-

mol of those estimated by MNDO. Finally, the properties of
the most stable isomers of each group were calculated using
B3LYP/3-21G method. It may be worth mentioning that in this

substituted benzene molecules are most stable when the BNstudy we are less interested in the absolute magnitudes of the
replacements are consecutive, with alternating B and N atoms.energies or other properties but are concentrated on their trends.

Zhao and co-worker&79extended the study of BN-substituted
fullerenes by considering ¢g-2«(BN)x and Go-2«(BN)x (x =
1-3), using semiempirical AM1 and MNDO theories to predict
their structure, stability, and electronic properties. As in small
ring systems$981 BN units preferred adjacent positions. Suc-
cessive substitution takes place in the hexagon ringsoad
C7o. Both AM1 and MNDO predict that substituted fullerenes

Band gaps are estimated from the energy difference between
the highest occupied (HOMO) and the lowest unoccupied
(LUMO) molecular orbitals. Use of the B3LYP/3-21G method
and MNDO geometries seems quite reliable for determining
trends in electronic properties. For example, in the case-@G#1
BN—fullerenes (CBN ball), the B3LYP/3-21G HOM&.UMO
gaps are only 4% larger than B3LYP/6-31G* values, and this

have considerable stability though less so than their all-carbonratio is independent of the number of BN units in the
analogues. Although no consistent trend in band gap was found,heterofullerene& It is worth noting that in DFT methods those
substituted fullerenes in general have slightly smaller gaps thanorbitals are best termed as Keh8ham (KS) orbitals. Recently,

pure fullerenes. It has been predictethat BN—fullerenes are
slightly more aromatic than g5, whereas their hexaanions are
significantly less aromatic thangg®~.

We extende® the study on BN-fullerene by considering
4—7-BN-substituted & fullerenes, viz. Go-ox(BN)y, x = 4—7.

it has been shown by Stowasser and Hoffn¥atimat the shape
and symmetry of the KS orbitals are quite similar to those of
the Hartree-Fock (HF) orbitals which chemists are so familiar
with. The similarity between KS and HF orbitals has also been
reported in several articl®8.88 These studies indicate that

The pattern of successive substitution was evaluated usingKoopmann’s theorem, originally based on Hartré®ck (HF)

density functional (B3LYP/3-21G and B3LYP/6-31G*) as well
as semiempirical AM1 and MNDO. Confirming earlier findings,
the first carbon pair replacement takes place at a hexagon
hexagon junction of g to form GgBN or 1-BN—fullerene.

orbitals, can be extended to KS orbitals to estimate ionization
potential (IP) and electron affinity (EA). MNDO and DFT
calculations are performed using the Gaussian98 pro§tam.

The next two BN units replace carbons of the same hexagonResults and Discussion

following the “hexagon-filling” rule. In the mono- and disub-
stituted fullerenes, one of the hexagons gf €an be considered
as partially BN-filled or unsaturated BiNullerenes, while the
trisubstituted fullerene is saturated or fully BN-filled. As we
continue replacing CC pairs up to seven pairs, the BN units

For the sake of clarity, substitution patterns are illustrated
via Schlegel diagrams which essentially “flatten” the fullerenes
into a two-dimensional plane. The order of BN substitutfon
in 1—7-BN—fullerenes is illustrated by the italic red numbers

spread to the adjacent hexagons, eventually covering a pentagor”? Figure 1, each of which indicates a specific BN pair. For

Another ruling factor of successive BN substitution is the
attachment of the next BN unit to the N atom of an existing
BN group. Any other structural arrangements, where BN units

are not consecutive, or some of the heteroatom pairs are place

in hexagor-pentagon joints, or filling of a pentagon takes place,
cause instability. The same is true with the increase of the
number of intervening rings between fully BN-substituted
hexagons.

Thus, up to 7-BN-fullerene, BN units of BCN fullerenes
remain together, which indicates a proclivity for separate BN

and C zones. In the present investigation we continue to replace,

—CC~— units of Gg(BN)7 (7-BN—fullerene) without any restric-
tion 2 Substitutions are continued until the inevitable formation
of destabilizing B-B and/or N-N bonds. We hope to thus
identify a maximum number for BN-substitution and to deter-
mine the limits of applicability of the aforementioned rules.

Method of Calculations

In our previous investigatiof323 we found that trends in
relative energiesH|) of different isomers of different BCN

example, the first three CC pairs to be replaced are the232
21-24, and 18-20 pairs, filling a hexagon, as indicated by the
underlined black numbet. It can be seen that the first BN

Fubstitution takes place at a hexagdrexagon junction, and

progressive substitutions spread over to the same hexagon and
adjacent two hexagong @nd 3). Keeping not only B and N
atoms but also BN units together enhances the stability. The
other crucial factor on BN substitution derived from our previous
investigation is the preference of N-site attachmentBW)

by the incoming BN group to the existing BN units. Keeping
these substitution patterns in mind we proceed to replace, one
by one, carbon pairs of 7-BNfullerene by BN.

A. Substitution Sequences of BN GroupsOut of seven
nitrogen atoms (B, Ns1, Na3, N5, Nig, Nag, and Nig) of 7-BN—
fullerene (Figure 1), By and N;; are saturated (surrounded by
three B atoms). Substitution atxNis not favorable because
replacement of ¢z—Cys by BN would result in unfavorable BB
(B4s—Bas) or NN (N23—Nge) bond formation. Thus, only four
N atoms, namely, N, Nis, Nag, and Nig of 7-BN—fullerene,
are active sites for next BN attachment. Relative enerdigs (
of these four possible isomeBs8a, 8b and8c, where the eighth
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34 /38 TABLE 1: MNDO (DFT/3-21G) Relative Energies (Eye) of
s 5 40___'___39 Different Isomers of BCN—Fullerenes _
3[{ }3 attachment —posmonS‘ Erel
g / . . )
e 6/ 31 isomers  isomers site$ B N (kcal/mol)
25 8BN 8 Nig 17 19 0.00 (0.00)
[ e o ‘"\ /so 8a N 44 41 2.64(3.28)
| 8b Nis 16 13 2.85 (1.80)
l 46\ N 8c Nag 55 54 3.31(2.27)
B22-N33 3756 48 9BN 9 Nio 11 9  0.00
1~/ 9%a N 44 41 850
9b Nag 55 54 9.39
9c Nig 16 13 9.42
9d Nig 27 25 10.55
10BN 10 Nio 27 25 0.00 (0.00)
10a Nag 44 41 2.45 (1.75)
10b Nag 55 54 3.02 (1.89)
10c Nis 16 13 5.78 (3.90)
11BN 11 Nas 26 28 0.00
1la Nasg 44 41 8.92
11b Nag 55 54 9.43
11c Nas 36 34 11.01
11d Nis 16 13 11.95
12BN 12 Nas 36 34 0.00 (0.00)
12a Nag 44 41 2.35(2.92)
Figure 1. 1-7-BN—fullerenes. The red italic numbers indicate the 12b Nag 55 54 2.84 (2.48)
order of BN substitution in sequence. The fully substituted or saturated 12¢ Nis 16 13 5.44 (4.40)
hexagons are marked with underlined black numbers, also in sequence. 13BN 13 Naa 33 35 0.00
13a Nag 44 41 8.37
13b Nag 55 54 9.53
13c Nazg 38 39 10.52
13d Nis 16 13 12.16
14BN 14 Nazg 38 39 0.00 (0.00)
14a Nag 44 41 2.35(3.27)
14b Nag 55 54 2.63(1.35)
14c B33 2 4 4.06 (604)
14d Nis 16 13 5.96 (4.71)
15BN 15 N3g 40 37 0.00
15a Nasg 44 41 8.43
15b Nag 55 54 8.68
15c N3sg 58 59 10.96
15d Nis 16 13 11.69
15e Bss 8 5 13.05
16BN 16 Nao 58 59 0.00 (0.00)
16a Nag 44 41 1.88 (2.55)
16b Nag 55 54 2.32(1.18)
16¢ Nis 16 13 5.28 (4.75)
17BN 17 Nsg 53 56 0.00
17a Nsg 8 5 5.07
17b Nag 55 54 14.96
17¢ Nas 44 41 16.07
17d Nis 16 13 17.41
17e Nsg 53 54 37.02
; — 90.RN— ; - 18BN 18 Nag 55 54 0.00
Figure 2. 8—20-BN—fullerenes. Same notations as in Figure 1. 18a Nog s 5 0.00
BN unit is attached to M, N4s, N15, and Ny, respectively, are 18b Nsg 60 57 4.12
reported in Table 1. It may be noted that in all these isomers, 188 Nis 6 13 1731
the eighth BN group is attached to the existing nitrogen atoms 19BN ig “43 43 4&‘.} 13'058
of 7-BN—fullerene via a N-BN link, i.e., N-site attachments. 19a sz 60 57 0.00
Isomer8 is the most stable according to both MNDO and DFT 19b Nag 44 41 14.02
methods. In fact the trend in MNDO relative energies is 19c Nsa 7 6 14.66
consisterf283 with more accurate methods, such as B3LYP/ 19d Nis 16 13 2755
6-31G* using 3-21G and 6-31G* optimized geometries. In 20BN 20 Nso 60 57 0.00
. i, . 20a Nag 44 41 15.24
Figure 2, the position of the eighth BN group of the most stable 20b Nie 16 13 27.85
isomer of 8-BN-fullerene is shown by the red italic numkgr 20c Nss 7 6 28.51
Only the positions of the BN group of the most stable isomers 20d Ns 4 2 2868

are shown in Figure 2, while the energetic information of various
isomers of eacim-BN—fullerenes are listed in Table 1.

We have also tested B-site attachment, i.e., where thethe eighth BN substitution viaBNB link. The relative energies
incoming BN group replaces carbon pairs of hexagoexagon of four such possible isomer8d—8g) are reported in Table 2
junctions directly bonded to existing boron atoms of 7-BN  along with the four N-site isomer8{8c). It can be seen that
fullerene. Similar to four active nitrogen sites, only four boron B-site isomers are less stable by @& kcal/mol, confirming the
sites (B2, B2z, B14, and Byg) of 7-BN—fullerene are open for preference of “N-site” over “B-site” attachment.

aFigure 2 shows the atomic positions.
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TABLE 2: Relative Energies (Er) and Mulliken Atomic
Charges of 8-BN-Fullerene?

MNDO E, carbon charge carbon charge
isomers  (kcal/mol)  positon onC  positon onC

N-Site Attachment

8 0.0 17 +0.16 19 —-0.07
8a 2.64 44 +0.14 41 —0.05
8b 2.85 16 +0.11 13 —-0.03
8c 3.31 55 +0.11 54 —0.04
B-Site Attachment
8d 3.29 56 -0.10 53 +0.05
8e 4.48 29 —0.09 32 +0.04
8f 6.31 10 —0.07 12 +0.02
89 6.58 9 —0.08 11 +0.03

aFigure 2 shows the atomic positions.

The Mulliken charge®$-°1of selected carbon atoms of 7-BN
fullerene, involved in the eighth substitution are also summarized
in Table 2. For example, in isom8tthe G7—Cig pair of 7-BN—
fullerene is substituted by the eighth BN unit. Similarly,€
Cy1 pair is replaced by the heteroatoms in isor@aand so on.
Because of electronegativity difference among carbon, nitrogen :
and boron, carbon atoms attached to nitrogen (boron) atoms 17

are positively (negatively) charged. It can be seen that the 0.0 keal/mol
incoming B and N atoms prefer the most positively0O(16) 17-BN-fullerenes
and negatively £0.07) charged carbon pairs, respectively. If

. : L N Figure 3. 3D-diagram of the isomers of 17-BNullerene along with

we consider only the isomer8d—8g) originated from the “B- relative energies. The position of the 17th BN unit is circled.

site” attachments, then B and N atoms of the most stable isomer

8d in the group also prefer most positively and negatively active nitrogen site, continues up to 16-BN fullerenes. In this
charged carbons, respectively. In fact, the value increases  process, BN units fill three more hexagotis- in Figure 2).

as the charges decrease. Thus, it appears charge distributioly may pe noted that 15-BNfullerene corresponds to BE
may play an important role in the pattern of BN substitution. gigichiometry, and seven hexagons are completely filled with

A new substitution site (N) opens for 9-BN-fullerene in BN groups.
addition to the left over sites @ Nag, and Nig) of 8-BN— In our previous investigatiof? we found that the “continuity
fullerene. Two possible isomer$ @nd 9d) emerge from N rule” overshadowed the “hexagon-filling” rule for higher
site. Isome® is the most stable in the group because it follows fyllerenes where some restrictions (positions of six carbon pairs
the “hexagon filling” rule. So the fourth hexago4 i Figure are kept fixed during the substitution process) have been

2) is filled with BN in 9-BN—fullerene. Other isomers are less  jmposed to reach CBN ball (gB,4N24) from 7-BN—fullerene.
stable by more than 8.5 kcal/mol. The energy difference betweenThis “continuity rule” of substitution indicates that joining
the most stable isomé&and the second most stable isorar  existing BN chains spread over different hexagons significantly
is more than three times the difference betw8emd8a. This enhances the stability. In the present investigation, the 17-BN
large difference is attributed to the presetfi@ compltely filled fullerene is an example where the 17th BN unit£BNse)
hexagonﬁ) inisomer 9. Charge distribution of 8-BNullerene connects the existing BN chains of 16-Blfullerene. Three-
indicates that ¢ and G are the most positively40.14) and dimensional figures 0f7, 17a and17bare shown in Figure 3.
negatively charged—0.11) carbons, respectively, further af-  |somer17ais about 10.0 kcal/mol more stable th&Fbbecause
firming to preference for large charge separation. of a filled hexagon, whilel7 is 5.0 kcal/mol more stable than

In the most stable isomel0 of 10-BN—fullerene, the 10th  17a The extra stability of isomer 17 may be due to conjugation.
BN unit replaces the carbon pair {£ Cys) attached to h of The positive and negative charges o0f;G+0.19) and Gs
9-BN—fullerene. It may be noted that;blis the same active N (—0.16) of 16-BN-fullerene are found to be maxima followed
site where the ninth BN unit was attached. The next stable by Cg (+0.13) and G (—0.11). The CC distance (1.385 A) of
isomer10ais within 2.5 kcal/mol according to MNDO. This  16-BN—fullerene in the 53-56 position is found to be shortest
smaller difference occurs because hexagaemains unfilled of the five concerned CC pairs. The other distances are close
in 10. Although DFT energies are slightly different, the trends to 1.400 A. The preference of BN substitution for shorter@
in Ere are identical for both methods. The atomic charges of bond has already observed in previous investigafféns.
Ca7 (+0.16) and Gs (—0.07) are most positive and negative,  After 17-BN—fullerene, five nitrogens (N, Nso, Nss, Nis,
respectively, compared to other pairs of 9-Bhillerene and Nyg) are active for the next BN substitution. Of the five
involved in 10th BN substitutions. The next two substitutions hexagons where the substitution positions are open, three contain
take place at the new activekite: the first BN unitreplaces  one CC and two BN pairs, whereas the rest of the hexagons
the Ge—Cog pair to complete hexagds(in Figure 2) and forms ~ have one BN pair and two CC pairs. Because the stability of
11-BN—fullerene (L1). Again, we note the large differential that  the isomers is enhanced by the filling of a hexagon, the former
accompanies hexagon completion. The next incoming BN group group filled one by one. Isomefk8 and 18a are isoenergetic,
spreads to the adjacent hexagon to form 12-Bilerene (2). whereasl8cis less stable by 4.12 kcal/mol although all three

In fact this trend of opening active N site after each isomers follows the same “hexagon filling” rule. The charge
substitution and then filling the next hexagon, followed by distributions of those carbon pairs involved 18 (Css—Csy),
spreading over to the next adjacent hexagon from the samel8a(Cs—Cs), and18b(Ceo—Cs-) indicate that Gy (+0.09) and
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groups.
B. Geometries and Bond IndicesMNDO geometries of

pure Gyo fullerene are, in general, in good agreenieémtith

more accurate theoretical methods and experimental values. The

20-BN-Fullerene (C29B2)N50) CC bond length in hexagerhexagon (H-H) and hexagor

Figure 4. Progressive replacement of carbon pairs by BN units shown pentagc_)n (HP) J.unCtlonS of fullerene are 1.40 and .1'47 A

in 3D-diagrams of 3-, 8-, 15-, and 20-BNullerenes. For 20-BN respectively, a difference of 0.07 A. Similar to CC distances,

fullerene, two views from different angles are shown. different BN bond lengths at HH and H-P junctions are

predicted by MNDO theory. BN bonds in former positions

Cs7 (—0.09) are the least positively and negatively charged, (~1.45 A) are shorter than those located ir-Pljunctions by
respectively. The corresponding charges e§/Css and G/Cs 0.04'1.)1\. The BN bond lengths are hence less sensitive to
are+0.13/-0.12 andt0.15/-0.12, respectively. Thus, the extra POSitions than are CC bonds. _ _
stability of 18 and 18a may be due to higher charges of the _According to MNDO theory, the BN bond length in borazine
carbon atoms compared to thoseldh (BaN3Hg) is 1.43 A, while BN single (H-B—NHs) and double
Three more hexagon$, 9, and 10, are filled successively (HB=NH,) bonds are 1.59 and 1.37 A. Thus, the BN distances

after 17-BN-fullerene by 18th, 19th, and 20th BN units as in BN—fullerenes are intermediate between single and double

shown in Figure 2. Further substitution seems energetically not bonds, and slightly longer than in borazine. Because of
9 : . 9 v electronegativity difference between nitrogen and boron atoms,
favorable because replacement of any CC pair of the remaining

10 pairs located at h h Nt i ¢ these bonds are partially ionic. The bond indfée¥® are close
parrs located at hexagohexagon Junclions creates untavor- -, 4 13 ang 0.95 for BN bonds in+H and H-P positions,

able BB or NN bonds. The other possibility is to consider s 0 ively (For perfectly covalent single and double bonds,
hexagon-pentagon junctions for substitution. We have already these indices would be 1.0 and 2.0, respectively.) The corre-
seeff? that such locations are disfavored. Furthermore, replace-Sponding bond indices are 1.54 and 1.01. for CC bondsitrH

ment of carbon pairs at the hexaggentagon junctions causes and H-P linkages. It may be noted that the bond index is 1.5
separation of BN units, which is not preferred by the hetero- for CC bonds of benzene.

atoms. Because of these facts, further replacement of carbon  ~ MmO —LUMO (Band) Gap and lonization Energies.

pairs bg_yond 20-BNfullerene (about 66.6% substitution) may  g,ih MNDO and DET HOMG-LUMO gaps are plotted against
destabilizes BCNfullerene. the number of BN units in Figure 5. It can be seen the gap
Three-dimensional diagrams of 3-, 8-, 15-, and 20-BN  strongly depends on the methods. However, their trend is the
fullerenes are shown in Figure 4 to illustrate progressive same for both semiempirical and more accurate DFT method.
replacement of carbon pairs by BN units. For 20-Billerene, In general, the MNDO band gaps in the figure inset are about
two views from different angles are shown. It can be seen that 2.25 times larger than those of B3LYP/3-21G values. In a
the BN units start replacing carbon pairs at one hexagon previous investigatid® on 1—7-BN—fullerene we found that
hexagon junction of the cage structure, then progressively spreacthe semiempirical gap is about 2.5 times those of B3LYP/
in one direction covering other hexagons one by one, and finally 6-31G*. These ratios are almost independent of the number of
connecting the BN units at the starting point, producing a belt BN groups.
of BN hexagons around the molecule. This belt leaves five The HOMO-LUMO (band) gap of BN-fullerene strongly
carbons pairs intact on each side of the BN-band. Thus all the depends on the number of BN units. It can be seen from Figure
way from 2- to 20-BN-fullerenes, BN groups remain contigu- 5 that the gap follows a zigzag pattern up to 17-Billerene
ous. It can be seen from Figure 4 that BN and C regions of and then rises sharply. A small number (up to 8) of BN doping
BCN fullerenes, irrespective of the number of BN groups, are causes lowering of the gap than the semiconductigg F2om
well separated. This observation is consistent with experimental9 to 16-BN-fullerene, the band gap is close to that of pure
investigation$*4:50.72.74n BCN systems, i.e., separate BN and fullerene. After that the gap increases sharply with the increasing
C zones. Thus, our finding is in good agreement with experi- number of BN units, which is not surprising because pure BN
mental results on hybrid BCN systems. systems are in general insulators.
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As reported earlie¥? the gap of BN-fullerenes with com-
pletely BN filled hexagons (3-, 5-, 7-, 9-, 11-, 13-, and 15-
BN—fullerenes) are larger than their partially filled or unsat-
urated (1-, 2-, 4-, 6-, 8-, 10-, 12-, 14-, and 16-Bfllllerenes)
predecessor’s gaps. Such a trend in the HGMOMO gap is
nicely followed all the way up to 17-BNfullerene by both
methods (except for the DFT gap of unsaturated 8-BN
fullerene). According to the discussed trends in gap, the MNDO
value seems to correctly predict a lower gap for 8-Bllerene
than that of 7-BN-fullerene. After 17-BN-fullerene, three

hexagons are filled one by one, and thus following the saturation

rule, the gap rises by each substitution.

The gap decreases in each series of filled and partially filled
BN fullerenes, and the smallest value of 2.64 eV is found in
6-BN fullerene. Thus about 20% BN substitution may lower
the band gap of semiconductingsgcCby 0.28 eV (0.21 at
MNDO). (It may be noted that a value of 1.8 eV has been
estimate® experimentally for pure fullerene.) At 9-BN
fullerene the gap exceeds that afo®y 0.10 eV (0.06 eV with
MNDO). The gaps of the next two saturated Bflillerenes
are slightly higher than that ofdg; while unsaturated 12- and
14-BN—fullerenes show slightly lower gap compared to pure
fullerene. The B@N composition (15-BN-fullerene) has a gap
higher than G by 0.15 eV. The maximum change of 0.39 eV
(DFT/3-21G) in HOMG-LUMO gap is found while going from
16- to 17-BN-fullerene.

Thus the gap of the entire series may be divided into three
zones: 18-BN—fullerenes, i.e., about 27% substitution, are
in “lower gap zone”; 2753% BN-fullerene (9-16 substitu-
tions) falls in the “parallel zone”; the rest, 587%, fall in the
“higher gap zones”. Again within the first two zones further
tuning of the band gap might be possible by saturating the
hexagons.

DFT/3-21G ionization potentials (IP) of the entire series of
BN-substituted fullerenes are shown in Figure 6. The IP curve
indicates that substituted fullerenes have smaller ionization

potential relative to pure fullerene. The curve decreases in zigzagR

fashion all the way down to 16-BNfullerene. This decay of
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the IP curve starts moving upward, making higher BN-
substituted fullerenes harder to oxidize. This reversal in not
unexpected since BN systems are stable environmentally (high
oxidation resistance). It is interesting to note strong similarities
between the behaviors of the HOMQUMO gap in Figure 5

and the IP in Figure 6.

Conclusions

The possibility of tuning the properties (electronic and
chemical) of fullerene has been investigated by successive BN
substitutions using semiempirical and density functional meth-
ods. It has been found that BN units prefer to keep themselves
connected to each other following two major rules of substitu-
tions: “hexagon filling” and “continuity” rules. According to
the former rule BN units tend to replace all three-carbon pairs
of a hexagon one by one and then spread to adjacent hexagons.
The “continuity” rule overshadows this rule where the incoming
BN unit connects existing BN units to maintain the continuity
of BN units. These two rules lead to an atomic arrangement
where BN and C form separate regions in the network, consistent
with several experimental investigations. This pattern of group-
ing heteroatoms and carbons is independent of the number of
BN units.

We have also found a maximum BN substitution in carbon
fullerene. Beyond that, formation of unfavorable-B and/or
N—N bonds, BN at less preferred hexaggentagon junctions,
or separation of BN units might destabilize the hybrid fullerene.

The other factor of BN substitution is related to attachment
of incoming BN units with existing BN groups. Out of two
possibilities, “N-site” attachment is more favored over “B-site”.
The shortest CC bond in hexagehexagon junctions is the first
target by BN unit for replacement. Charge redistribution after
each substitution might play a guiding role for the incoming
BN moiety: the most positively and negatively charged carbon
pairs are the object for incoming heteratom pair.

The band gap (estimated from the difference of HOMO and
LUMO) strongly depends on the number of BN groups and their
filling pattern. For completely filled hexagons the gap is slightly
higher than its unsaturated correlates. The gap decreases in
zigzag fashion, reaches a minimum at 20% of carbons substi-
tuted. Roughly three zones of band gap are identified with the
number of BN units: 1 to~25% in lower zones (lower gap
than that of semiconductingeg}, the parallel zone~25 to
~55%), and the rest in the wide gap zone.

Similar to the band gap, the ionization potential (IP) also
depends on the number of BN moieties. All heterofullerenes
studied in this investigation have lower IP than that of pure
carbon fullerene. The IP value also decreases in a zigzag fashion
with the number of BN unit. Thus, BN substitutions make
fullerene a good electron donor.
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