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Abstract

Clar sextet theory is well known for its role in the research of molecule stability
and resonance energy. The count of Clar structures of Cgy and the associated Clar
polynomial and sextet polynomial were already given by W.C. Shiu et al. For
boron-nitrogen fullerenes, the corresponding problems have not been solved. In
this paper we consider three BN-fullerenes (BiaNy2,Bi6Nig and BagNog) which are
anomalously stable and one type of capped boron-nitride nanotubes. By combinatorial
enumeration we obtain the Clar polynomials and the sextet polynomials of B1a2/Nyo and
BigNyg. Furthermore, the results of BagNog is also enumerated by the usage of computer.

*Corresponding author. This project is supported by NSFC grant 10371102. E-mail addresses:
fizhang@jingzian.amu.edu.cn(Fugji Zhang), renzhengyan@gmail.com(Renzheng Yan).



- 644 -

1 Introduction

Many researchers (see [1-7]) considered the possible existence of the inorganic analogues
of the fullerene cages which have the same number of boron and nitrogen atoms. As pointed
out in [7], a boron-nitrogen polyhedron (BN), forms a planar bipartite graph with four- and
six- membered rings as its faces. By a systematic density functional tight-binding study, the
magic clusters BiaNia, BigNig and BagNog were determined in [7]. Clearly BNy is the
smallest boron-nitrogen polyhedron with isolate squares and it plays a similar role as Cg in
fullerenes. Similar to the isolated-pentagon rule for fullerenes, it was found in [7] that the
stablest isomer corresponding to a boron-nitrogen polyhedron has isolated squares.

Note that Bjs Ny and Cgy can be considered as truncated octahedron and icosahedron
respectively. The Clar polynomial and the sextet polynomial of Cyy were obtained recently
in [8,9]. A natural question is to calculate these two polynomials for Bz Ny and the other
BN-fullerenes and BN-nanotubes. In this paper we deal with Bj3N1o and BygNig by using
some combinatorial techniques. As for the case of larger BN-fullerenes, we find it necessary
to use computers. So we design a program for enumeration of such cases. As an illustration,
the Clar polynomial and the sextet polynomial of BagNog are given.

A Kekulé structure of a molecule G is a chemical notion which coincides with what is
known in graph theory under the name ”per fect matching”, i.e., a set of pairwise disjoint
edges of G that cover all vertices of G. For example, the double bonds in Fig.1 show a
Kekulé structure of BisNjs.

The notion of Clar structure was first defined by Clar [10] for hexagonal systems, and
it has been extended to fullerenes [9,11-13] and nanotubes [14]. We recall it as follows: a
Clar structure of G is obtained by drawing circles in some hexagons of G and these circles
represent the so-called ”aromatic sextets”. The three rules of drawing circles are as follows:

(a) circles are not allowed to be drawn in adjacent hexagons;

(b) circles can be drawn in hexagons if the rest of G either has at least one Kekulé
structure or is empty;

(¢) a Clar structure contains the maximum number of circles which can be drawn using
(a) and (b).

Figure 1: One type of Clar strutures of Bia/Nyo

The number of aromatic sextets in a Clar structure of G is called the Clar number of G
and denoted as C'L(G). It is clear that the Clar number of a benzenoid molecule is unique
no matter which circles are drawn. The main chemical implication of the Clar number is



- 645 -

the following empirically established regularity: If G, and G, are two isomeric benzenoid
hydrocarbons and CL(G,)>CL(G,), then the compound G, is more stable both chemically
and thermodynamically.

A set of circles is said to be a sextet pattern if only the rules (a) and (b) are obeyed.
It is not necessary for two sextet patterns to own the same number of circles. Hosoya and
Yamaguchi defined sextet polynomial for a benzenoid system G [16] as follows:

Bg(z) =Y o(G,i)a’
=0

where m = CL(G) and o(G, i) denotes the number of sextet patterns of G with ¢ hexagons.

The sextet polynomial was used to define and discuss resonance energies (RE). For some
large benzenoid systems, however, the corresponding sextet polynomial may have no accept-
able physical meaning[19,20]. So Herndon and Hosoya [13] gave an alternative extension of
Clar structure by replacing rule (c) by (d) the set of circles is maximal, i.e. no new circle can
be drawn using (a) and (b). In this paper we will follow this definition for a Clar structure,
and rename the original definition by Clar as proper Clar structure. So, the circles in Fig.1
give a Clar structure, but not a proper Clar structure of BisNis.

Figure 2: BigNyg

The count polynomial of Clar structures, referred to as Clar polynomial, was defined by
El-Basil[11] for a benzenoid system G

m

§(Gie) = 3 p(G i)’

=0

where p(G, i) is the number of Clar structures of G with i circles and m is the number of
circles of a proper Clar structure of G.

In this paper, we always use | I | for the cardinality of I; N(u) for the set of vertices
adjacent to u; N(I) for the set of vertices adjacent to at least one vertex of I. In a graph
G, we say some hexagons are independent if and only if any two of them have no common
vertex. Two hexagons in GG are said to be adjacent if they have at least one common edge.
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2 Clar polynomial and sextet polynomial of BisN,

For convenience of calculation, we will employ a concept called the hexagon-dual, which
was introduced by W.C. Shiu et al. [9]. Let G be a graph containing at least one induced
subgraph as a hexagon. The hexagon — dual of G is a graph G* defined as follows: cor-
responding to each hexagon of G there is a vertex of G*; two vertices of G* are joined by
an edge if and only if the corresponding hexagons share an edge. Note that the definition
of hexagon-dual is simply the reverse of Fowler’s leapfrog transform [15] in the study of
fullerenes. It is easily seen that the hexagon-dual of BjaNis is the 3-cube Q3(see Fig.3).

Figure 3: Two diagrams of the 3-cube Q3

It should be noticed that B1sNjs has a nice property: any set S of independent hexagons
in B2 N2 is a sextet pattern. This can be easily shown as follows. Set M = {e | e is a common
edge of two hexagons in B3 Nis) }. It is easy to see from Fig. 1 that M is a perfect matching
of BisNis. Then the property follows from the fact that the restriction of M on By Njg — S
is a perfect matching of BjasNjs —S. Note that, in general, this property is not valid for
BigN1g and other BN-fullerences. By this property of BiaNis , there is a natural bijection
between the sextet patterns (the Clar structures, resp.) of BjaNjp and the independent sets
(the maximal independent sets, resp.) of Q3. Therefore, the sextet polynomial and the
Clar polynomial of Bi3/Njy are the same as the independent set polynomial and the maximal
independent set polynomial of ()3, respectively. Recall that the independent set polynomial
of G was defined [17,18] as:

I(G,z) = za:b(G, k)"
k=0

where « is the maximum of cardinalities of the independent sets of G, b(G, k) is the number
of independent sets of G each of which has exactly k vertices.
The maximal independent set polynomial of a graph G was defined in [9] as:

I,(G,z) = Z:I;‘Tl = Z[)’(G, k)a*
T &

where T is taken over all maximal independent sets of G, 3(G, k) is the number of maximal
independent sets of G each of which has exactly k vertices.
Thus, we get the following result:

Proposition 1.
(a) &(BiaNg;z) = In(Qs, @)
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(b)  Bpn,(r) = 1(Q3,2)

Now we can get £(B1aNio; x) and Bp,,n,,(2) as follows.

Note that Q3 is a bipartite graph. Let (X,Y) be the bipartition of Q3. Obviously
| X |=| Y |=4. Let T be a maximal independent set of Q3. There are two possibilities of T'
as follows:

(1) T=XorT=Y. Then |T |=4;

(2) Nome of TNX and TNY is empty. Note that Q3 is 3-regular and it has 4 vertices
in each of X and Y. It is easy to see that if 7" contains two vertices of X then 7" can not
contain any vertex of Y. So | TN X |= 1. For a vertex z in TN X, there is a unique vertex
of Y that is not adjacent to x. So, there are exactly 4 such maximal independent sets 7" of
Qs since | X |=4.

Thus we have I,,,(Qs, z) = 22* + 422, and so:

E(ByNyg; ) = 2% + 4a?

Let I be an independent set of Q3. Then it is clear that | I |< 4. So, according to the
number of vertices in I, there are four possibilities:

(1) | I|=4. Then there are two cases: [ =X or I =Y

(2) | I |=3. Then all vertices of I must belong to X (or Y'). Otherwise, at least two
of them are adjacent. Any three vertices of X (or Y') make up such an independent set. So
g ) cases;

(3) | I |=2. If one vertex of I belongs to X and the other belongs to Y, then as we
explained before, I is a maximal independent set of (3, and there are exactly 4 such cases.

If both vertices of I belong to X (or Y), there are 12 (=2 x

there are 8 (= 2 x

2
(4) | I|=1. Each vertex of @3 makes up such an independent set and so there are 8
cases.
Thus we have I(Q3,x) = 22" + 82 + 162% + 8z + 1, and so

1 )) such cases;
By, (1) = 22" + 823 + 1627 + 8z + 1

3 Clar polynomial and sextet polynomial of B3N and BygNog

The graph B;gNi¢ contains 32 vertices, and 18 faces which are 12 hexagons and 6 squares.
As a 3-regular graph without cut edges, BigNig has a Kekulé structure. In the planar
embedding of BigNig (see Fig.4), we use h; (i=1, 2,---, 12) to represent its hexagons. In the
hexagon-dual Cjy of BigNig (see Fig.5), we use v; to represent the vertex corresponding to
hi.

From the 3-dimensional figure of BigNis (Fig.2), we can easily see that BjgNig can be
positioned such that any chosen hexagonal face lies at the bottom with the whole figure
left unchanged. This means that for any two hexagons h; and h;, there is an element g in
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Figure 4: A planar embedding of BigNyg

Aut(Bi6Nyg), the automorphism group of BigNys, such that g(h;)=h;. That is, the action
of Aut(BjgNis) on the set of twelve hexagons of BigNig is transitive. It follows that the
hexagon-dual C, is vertex-transitive.

Proposition 2. Let I be a maximal independentset of Cio, then 3 <| I |< 4
Proof. Let T be a set of any two non-adjacent vertices of Cy. Since Cs is a 4-regular
graph, then
[ TUN(T)|<242x4=10<12=|V(Cy2) |-

So there is at least one vertex of Cj, that is not adjacent to any vertex in 7. It follows that
| I|>3.

On the other hand, note that the twelve vertices of (5 belong to the four pairwise disjoint
triangles: Awvyvsvg, Avgvgvrg, Avgvrvrr, Avgvgvs. Since any two vertices in a triangle are
adjacent, I has at most one vertex in each triangle. It follows that | I |< 4. This completes
the proof. O

\f

Ve
D

Figure 5: Cpy
From Proposition 2, we see that if I is an independent set of Co with | I |= 4, then I is

a maximal independent set. Let S denote the set of hexagons in BN corresponding to /.
Then S is a maximal set of independent hexagons with | S |= 4.

Proposition 3. Let S be a maximal set of independent hexagons in BigNyg with | S |= 4,
then BjgNig — S has a perfect matching.

Proof. The action of Aut(BjsNig) on the set of twelve hexagons in Bjg Ny is transitive.
So, without loss of generality, we can assume that hy; € S. Then the four hexagons which
are adjacent to hy do not belong to S. Let I denote the vertex set in Cy corresponding to
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S, and G, denote the hexagon-dual of BjgNig — hy (see Fig.6). Then the restriction of I
on (¢ is an independent set of G4 which has exactly three vertices. Obviously, it has three
possible cases: {va, v3, 4}, {2, V10, V11}, {4, v9,v12}. In the first case, BigNig — S consists
of two independent squares. In the other two cases, Big/Nig — S consists of four edges in
which no two are adjacent. So, B1gNig — S has a perfect matching in all cases. O

A\

Figure 6: G

Proposition 4. Let Jy={u,v} be an independent set of C5. Then there is a maximal
independent set I containg Iy with | I |= 4.

Proof. Without loss of generality, we may assume u = v; since Cpy is vertex-transitive
(see Fig. 5). It is easy to see that v € {vq, v3, v4, Vg, V10, V11, V12}. Then by direct verification,
we see that Iy can always be extended to a maximal independent set I with | I |=4. O

Proposition 5. Let I be a maximal independent set of C5 with | I |= 3, and let S be
the set of hexagons of BygNig corresponding to I. Then BjgNig — S has no perfect matching.

Proof. Without loss of generality, we may assume that v; € /. Then the restriction of
I on Gy is a maximal independent set of G; with two vertices, which is clearly seen from
Fig.6 to be either {vg,v11} or {vig,vi2}. So S must be either {hy, ho, hi1} or {hi, hio, hi2}.
Then it is easy to see that Byg/Nig — S consists of two connected components each of which
is a tree with seven vertices. Therefore, BN — S has no perfect matching. O

Theorem 6. Let S be a set of independent hexagons of BigNijg. Then S is a Clar
structure of BygNyg if and only if | S |= 4.

Proof. It is clear that | S |< 4. We discuss all possible cases as follows:

If | S|=1or|S|=2, by Proposition 4, there is Sy with | Sy |= 4 such that S C Sy. By
Proposition 3 BigNig — Sp has a perfect matching. So S is not a Clar structure of BigNie.

If | S |=3 and S is not a maximal set of independent hexagons, we can obtain the same
conclusion as above by analogous discussion.

If | S |= 3 and S is maximal, then by Proposition 5, BjgNjs — S has no perfect matching.

If | S |= 4, we know S is maximal by Proposition 2. Then by Proposition 3, BjgNig — S
has a perfect matching. So S is a Clar structure of BigNyg. O

Proposition 7. Let S be a set of independent hexagons of BigNjg with | S |= 3. Then
S is a sextet pattern if and only if S is not maximal.

Proof. Suppose that S is a sextet pattern. If S is maximal, then by Proposition 5,
Bi1gN16— S has no perfect matching. It follows that S is not a sextet pattern, a contradiction.

Conversely, suppose that S is not maximal, then there is a maximal set Sy of four
independent hexagons such that S C Sy. By Theorem 6, B1g/N16— Sy has a perfect matching.
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Since a hexagon itself always has a perfect matching, BN — S has a perfect matching and
S is a sextet pattern. O

Figure 7: Ci1o — T — N(T)

Proposition 8. Let [;, I be two distinct maximal independent sets of C'5. Then
‘ Il N [2 ‘S 2

Proof. By Proposition 2, | I; N I |< 3. We prove | I; N I5 |# 3 as follow:

Suppose that | Iy NI |= 3. Set {u} = I, — Iy and {v} = I — ;. Then u and v are
adjacent in Cho. Otherwise I; U {v} is an independent set of Co, contradicting the choice of
I] .

Let T'= {u,v}. Then I; N I, is an independent set of Cj5 — T — N(T) (see Fig.7). On
the other hand, it is obvious that Cj» — T — N(T) has no independent set of three vertices,
a contradiction. Then the result follows. O

Now we focus on the count of Clar structures with four hexagons in Bjg/Nig. Since
there are three independent sets with three vertices in Gy, by Proposition 3 there are three
such Clar structures containing a given hexagon h. Furthermore, the action of Aut(BNyg)
on the set of twelve hexagons in Bjg/Nig is transitive. So the number of times that each
hexagon appears in these Clar structures must be the same. Thus we get the number of Clar
structures with four hexagons in BygNig:

12
3 X ( 1 )
— =9

4
By Theorem 6 we know a Clar structure of Bjg/Njg always has four hexagons. Therefore,
the Clar polynomial of BjgNyg is

P(B16N167 4) =

f(BleNm;I) =9z* (1)

Now we compute the number of sextet patterns S consisting of three independent hexagons
in B1g/Nig. By Proposition 7, each S is not maximal and it is contained in a maximal set Sy
with | Sy |= 4. By Proposition 8, all these S are distinct from each other. So

O'(B16N16,3) = ( 3 ) X p(B16N16,4) =36 (2)

From the proof of Theorem 6, we can see that any two independent hexagons in BigNg
make up a sextet pattern. When one hexagon is fixed, the other has seven choices. Then

o(BigNig, 2) = (1122)7 =42 (3)
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Notice that every sextet pattern with four independent hexagons is a Clar structure and
the number of sextet patterns with exactly one hexagon is the number of hexagons in BigNye.
Then by (1),(2) and (3), we finally arrive at the sextet polynomial of BygNye:

Bponie () = 92 + 362° + 422 + 122 + 1

For larger BN-fullerenes, it is difficult to compute these polynomials only using pen and
paper. We design a program for enumeration of such cases. For BagNag, the program gives
the following result:

&(BogNog; ) = 32% + 4827 + 1562° + 962° + 927

Bpoenys (7) = 3% + 7227 + 5222° + 143425 + 17192" + 8942° + 21622 + 242 + 1

Acknowledgements

We are indebted to Prof. Zhibo Chen, Prof. H. Zhang and Dr. X. Jin for their helpful
discussion.

References

[1] I. V. Stankevich, A. L. Chistyakov and E. G. Galpern, Russ. Chem. Bull. 42 (1993)
1634.

2] A. C. Tang, O. S. Li, C. W. Liu and J. Li, Chem. Phys. Lett. 201 (1993) 465.

[3] F. Jensen and H. Toftlund, Chem. Phys. Lett. 201 (1993) 417.

[4] 1. Silaghi-Dumitrescu, I. Haiduc and D. B. Sowerby, Inorg. Chem. 32 (1992) 3755.
[5] H. Y. Zhu, D. J. Klein, W. A. Seitz and N. H. March, Inorg. Chem. 34 (1995) 1377.
[6] M. L. Sun, Z. Slanina and S. L. Lee, Chem. Phys. Lett. 233 (1995) 279.

[7] G. Seifert, P. W. Fowler, D. Mitchell, D. Porezag and T. Frauenheim, Chem. Phys.
Lett. 268 (1997) 352.

[8] S. El-Basil, J. Mol. Struct. (Theochem) 531 (2000) 9.

[9] W. C. Shiu, P. C. B. Lam and H. Zhang, J. Mol. Struct. (Theochem) 622 (2003) 239.
[10] E. Clar, The Aromatic Sextet, Wiley, New York, 1972.

[11] S. El-Basil, Theor. Chem. Acta. 70 (1986) 53.

[12] M. Randic, S. El-Basil, S. Nikolic and N. Trinajstic, J. Chem. Inf. Comput. Sci. 38
(1998) 563.



- 652 -

[13] W. C. Herndon and H. Hosoya, Tetrahedron 40 (1984) 3987.

[14] F. Zhang and L. Wang, J. Math. Chem. 35 (2004) 87.

[15] P. Fowler and T. Pisanski, J. Chem. Soc. Faraday Trans. 90 (1994) 2865.
[16] H. Hosoya and T. Yamaguchi, Tetrehedron Lett. (1975) 4659.

[17] 1. Gutman, Z. Naturforsch 37a (1982) 69.

[18] C. Hoede and X. Li, Discrete Math. 125 (1994) 219.

[19] W. C. Herndon, J. Am. Chem. Soc. 104 (1982) 3541.

[20] I. Gutman and W. C. Herndon, Chem. Phys. Lett. 105 (1984) 281.



