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Abstract

The altan graph of G, a(G, H), is constructed from graph G by choosing an attachment set H from the vertices of G and
attaching vertices of H to alternate vertices of a new perimeter cycle of length 2|H|. When G is a polycyclic plane graph
with maximum degree 3, the natural choice for the attachment set is to take all perimeter degree-2 vertices in the order
encountered in a walk around the perimeter. The construction has implications for the electronic structure and chemistry
of carbon nanostructures with molecular graph a(G, H), as kernel eigenvectors of the altan correspond to non-bonding
7 molecular orbitals of the corresponding unsaturated hydrocarbon. Benzenoids form an important subclass of carbon
nanostructures. A convex benzenoid has a boundary on which all vertices of degree 3 have exactly two neighbours of degree
2. The nullity of a graph is the dimension of the kernel of its adjacency matrix. The possible values for the excess nullity of
a(G, H) over that of G are 2, 1, or 0. Moreover, altans of benzenoids have nullity at least 1. Examples of benzenoids where
the excess nullity is 2 were found recently. It has been conjectured that the excess nullity when G is a convex benzenoid is
at most 1. Here, we exhibit an infinite family of convex benzenoids with 3-fold dihedral symmetry (point group D3s1,) where
nullity increases from 2 to 3 under altanisation. This family accounts for all known examples with the excess nullity of 1
where the parent graph is a singular convex benzenoid.

Keywords: altan; nullity; chemical graph; benzenoid; convex benzenoid; point-group symmetry.

2020 Mathematics Subject Classification: 05C92, 05C50, 15A18.

1. Introduction

This short paper is dedicated to the memory of Nenad Trinajsti¢, a pioneer of Chemical Graph Theory, the interdiscipline
that he named [31-33], which builds on the legacy of theoretical chemists such as Hiickel, Coulson, McWeeny, and Longuet-
Higgins [7-11, 24, 27] who constructed fruitful qualitative mathematical explanations for chemical trends. The focus of
the present paper is an aspect of the theory of non-bonding = orbitals. In Hiickel Theory of 7 systems [7-11], a non-
bonding 7 orbital corresponds to an eigenvector of the adjacency matrix of the graph of a conjugated carbon framework
(which may be part of a fragment of graphene, a polycyclic aromatic hydrocarbon, or an extended nanostructure) that
has eigenvalue zero (i.e. belongs to the kernel of the adjacency matrix). Non-bonding orbitals are important in chemistry,
as they signal the ability of a = system to undergo facile loss or gain of electrons, and they are implicated in theories of
molecular conduction [17]. Pencil-and-paper methods for establishing the count of non-bonding = molecular orbitals (the
size of the kernel, i.e. the nullity of the molecular graph) have a long history [14,26,33,36]. Mathematical theory of nullity
in graph spectra has been reviewed in [21].

One recent development in Chemical Graph Theory in which nullity plays a significant part is in the theory of altans
[1,2,4,15,19,20,28,35]. These are conjugated 7w systems formally derived from the molecular graph of a conjugated parent
system by circumscribing it with a large cycle. In chemical terms, we take an annulene and attach it via alternate degree-2
vertices to the parent. The resulting structure is known as an altan. Figure 1 shows an example of this construction, which
can also be seen as replacement of perimeter CH bonds of a planar patch with vinyl groups that then cyclise [19]. In this
context, a patch is a sub-cubic 2-connected plane graph that has each degree-2 vertex incident with the distinguished outer
face. The structure of the altan depends on both the parent graph G and the set of attachment vertices H, and hence the
altan is denoted a(G, H); see [1] for further details. When H is the natural attachment set, we can abbreviate the notation
to a(@). In the standard procedure from the chemical literature, the natural attachment set for a patch is an h-tuple that
contains all degree-2 vertices of the patch in the order induced by clockwise traversal of the perimeter (i.e. the outer face).
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Figure 1: The altan a(G, H). Attachment of the annulene to the graph G is via the set H = {uq,...,up} of vertices in G to
alternate vertices of the annulene {vy,vs, ..., v}, and the perimeter of the altan a(G, H) is the cycle {vy, w1, ..., vp, wp}.

The ‘altanisation’ process gives a formal device for understanding tubular nanostructures with hydrocarbon patches as
caps. Observations published in the chemical literature, where the construction originated, have been formalised in the
mathematical chemistry literature [1, 19, 20]: it is known that nullity of an altan can exceed that of the parent graph by
0,1 or 2 (only), and all three cases occur for benzenoids [1]. (A fusene is a simple planar 2-connected graph embedded in
the plane such that all internal faces are hexagons, all vertices not on the external face have degree 3 and vertices on the
external face have degree 2 or 3 [6]. A benzenoid is a fusene that can be embedded in the infinite hexagonal lattice.) An
early enumeration and visualisation of small benzenoids is given in books co-authored by Nenad Trinajstié [25, 34].

An intriguing observation made recently in [1] is that, for convex benzenoids [3,13], it appears that the excess nullity
of the altan over the parent is at most 1. In particular, extensive computations suggest that the excess for Kekulean
(equivalently, non-singular) convex benzenoids is always 1, and that for non-Kekulean (equivalently, singular) benzenoids
the excess is always either 0 or 1. The present note deals with this second case, and provides a mathematical framework
for understanding an infinite family of singular benzenoids for which the excess nullity is 1.

In the classification described in [3], the members of this family have a truncated triangular shape with a fixed difference
of 2 in the two distinct side lengths, i.e. they belong to the class of hexagonal benzenoids H(n,m, k,t), having n hexagons
on the base, m hexagons on the left side, £ hexagons on the right side and ¢ hexagons on the top side. More precisely, they
belong to the subclass H(k + 2, k, k, k), where k > 1 (k = 1 is the degenerate case of the equilateral triangle 75(3) in the
notation used in [3]). The corresponding boundary-edges code [23] is 32+32F~232k32k—232F32k~2,

It turns out that this family accounts for all those cases of convex benzenoids with nullity 2 and altan nullity 3 found
in the computer search of the 760511 convex benzenoids on up to 3000 faces reported in [1]. We conjecture that this
family gives all cases where a singular convex benzenoid has excess nullity 1 on altanisation. Whether or not this is
true, the computer search already assures us that no counterexamples to the conjecture are accessible by conventional
small-molecule synthetic methods. Nullity properties of this special family of convex benzenoids and altans are proved
here.

2. The family of truncated triangular convex benzenoids

The general member of the family is shown in Figure 2, along with the three smallest examples. We start from the
experimentally accessible [30] second member of the triangulene family, which is the case with £ = 1, and increase both
long and short sides by one hexagon at each step. Note that the benzenoid H(k + 2, k, k, k) has 3k(k + 1) hexagonal faces
and 6k2 + 12k + 4 vertices, which are partitioned into 3k + 6k + 3 black (starred) and 3k2 4+ 6k + 1 white (unstarred) vertices.
The natural attachment set has size 6k + 6. It is easy to show the following proposition about nullity of members of this
family:

Proposition 2.1. n(H(k + 2,k,k,k)) =2 forall k > 1.

Proof. Letw(B),v(B)andn(B) denote the numbers of positive, negative and zero eigenvalues of B, respectively, and let 5(B)
denote the matching number (also known as edge independence number) of B. By [16, Theorem 1], n(B) = v(B) = §(B).
Hence, n(B) = n(B) — 28(B), where n(B) denotes the number of vertices of B. The colour excess of 2 gives a bound on £,
namely 8(B) < n(B) — 2/2. Explicit construction shows that equality applies for the benzenoids in this family. Connect
the k peaks to k arbitrarily chosen valleys (one to peak to one valley) using disjoint monotonic paths [22], leaving out two
valleys. Now construct the matching using all non-vertical edges on the paths and all vertical edges in the remainder of
the graph. This yields a maximum matching covering all vertices apart from the two leftover valleys, hence n(B) = 2. O
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Figure 2: A family of convex benzenoids. (a) Schematic construction of the benzenoid H(k + 2,k,k, k). (b) The three
smallest members of the family: H(3,1,1,1) = T5(3), H(4,2,2,2), and H (5, 3,3, 3). Coordinates (z,y) are defined relative to
the central atom in an embedding that has regular hexagonal faces with two vertical edges and unit edge-length.

We can extend Proposition 2.1 using arguments from point-group theory. For our purpose, it is sufficient to describe
the family H (k + 2, k, k, k) using the D3 point group. In a chemical context, Dg3;, is the maximum point group of the planar
benzenoid in 3D space equipped with p, orbitals (antisymmetric with respect to the molecular plane); D3 would be the
group in a ‘pseudo-7’ model [18], where we ignore the third dimension and model 7 systems with o orbitals. We can always
reconstitute the full 7 symmetry: simply multiply the o representation (permutation representation of the vertices of B),
I'(V(B), k) by the representation of an out-of-plane vector (see [18] for details). Calculation of characters for the general
member of the H(k + 2, k, k, k) family gives

D, | E 20, 3¢
T(V(B).k) | 6K +12k+4 1 2% + 2

where the entry for each class of operations (E = identity; C3 = rotation by %’T about a normal to the plane; C), = rotation
by m about an in-plane 2-fold axis or equivalently reflection in an in-plane mirror line) is the number of vertices unshifted
by each operation in that class. The standard reduction technique [5] gives the reducible representation:

D(V(B), k) = (k* + 3k + 2) Ay + (k* + k) Ay + (2k* + 4k + 1)E, (1)

where A; and A, are non-degenerate, and F is the 2-fold degenerate irreducible representation of D3. Now we use the
Coulson-Rushbrooke Pairing Theorem [12], which asserts that if )\ is a non-zero eigenvalue of the adjacency matrix of a
bipartite graph, then —)\ is also an eigenvalue, and furthermore that from an eigenvector for ) it is possible to construct an
eigenvector for —\ by reversing the entries on one partite set. In symmetry terms, this leads to the relationship between
the reducible representations of bonding and anti-bonding (A > 0 vs A < 0) eigenspaces (shells of molecular orbitals)

I(A>0)=T.xT(A<0), (2)
and a nonbonding (A = 0) space that is self-paired
I'(A=0)=T.,xT(A=0), 3

where T, is the irreducible representation of a vector with entries +1 on black, and —1 on white vertices of B. In the
case of the family H(k + 2, k, k, k), T, is the totally symmetric representation, i.e. A; in D3. As k% + 3k + 2 and k? + k are
even and 2k2 + 4k + 1 is odd, it follows that the representation for the kernel eigenspace must be the doubly degenerate
representation E for all members of this family.

Furthermore, we can span the kernel, ker B, with two independent vectors, one of which, denoted by x, is antisymmetric
with respect to reflection in the y axis (see Figure 2), and the other of which is obtained by rotation of x by 2{ Independence
is clear, as the antisymmetric vector x is also part of an orthogonal pair (x,y) spanning F (see Figure 3), which transform

1 V3

under the operation C3 into the pair (—5x — %57y, 73x - %y), and hence the rotated vector C3x is not collinear to x.
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Figure 3: The orthogonal pair (x,y) transforming as the E irreducible representation of D3 for the two smallest members
of the family H(k + 2, k, k, k). Unnormalised forms are shown, to give integer entries.

The significance of this particular choice of vectors will be made clear by considering the concept of extendable kernel
eigenvectors, as defined in [1]. The essential results is as follows: Let (G’, H') = a(G, H) and let the vertices of G’ be
labelled as in Figure 1. For a kernel eigenvector q of A(G) define the weighted sum of entries

h
Cla) =Y (~1)'a(u). @
i=1
If C(q) = 0 then the vector q € ker A(G) can be extended to a vector on the altan q € ker A(G’).
In our case, one kernel eigenvector is x, built by attaching entry 0 to the central vertex of H(k + 2, k, k, k) and entries
0,41, and —1 to its neighbours in clockwise order, then systematically applying the local condition for a kernel vector:

> x(s)=0 forallr € V(B). (5)
The second kernel eigenvector is the rotation C3x, which is antisymmetric with respect to a rotated mirror plane, and
hence C(x) = C(Csx) = 0, and both vectors are extendable, as is any linear combination of them (see Figure 4(a)). A
further kernel eigenvector is immediately available. This is s, known as the special one [1], which has alternating +1 and
—1 entries on vertices wy, wo, ..., w, and 0 on all other vertices of a(B). This is formally an extension of the all-zero vector
on the vertices of B. The vector s has representation A; (resp. A,) in members of the family with even (resp. odd) k. By
symmetry, therefore, in both cases s is orthogonal to the F pair, and as x and Csx are independent, ker a(B) has dimension
> 3. Taken together with [1, Theorem 5] on excess nullity of altans, we have the bounds

3 <n(a(B)) <4, (6)

for benzenoids in the {H(k + 2,k,k,k) | k > 1} family (with the natural choice of attachment set). To close the gap, it
is useful to exploit the concept of contractibility [1] of kernel eigenvectors of the altan. Let (G’, H') = a(G, H) and let the
vertices of G’ be labelled as in Figure 1. A kernel eigenvector q € ker A(G’) is called contractible if q(v;) = 0forall 1 <i < h.
The contraction of q is the vector q of G defined by q(u) = q(u) for v € V(G). An immediate consequence is that q € ker(G).
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(a) (b)

Figure 4: Demonstration of extendability of an antisymmetric and a symmetric kernel eigenvector for H(3,1,1,1). Arbi-
trary antisymmetric and symmetric extensions do not necessarily form a pure FE pair.

Note that the extension of a kernel eigenvector always contracts back to itself. From [1, Proof of Theorem 5] it follows that
if all vectors of ker a(B) are contractible then n(a(B)) < n(B) + 1. Hence, in cases where n(a(B)) = n(B) + 2, at least one
vector from ker a(B) must be non-contractible.

We can use the reasoning that led to Equation (1) to determine the reducible representation of the full set of eigenvectors
of the altan:

D, | E 204 3¢,
L(V(a(B),k) | Ok + 24k + 16 1 2% + 4
and hence
[(V(a(B)),k) = (k* + 5k +5) Ay + (k* + 3k + 1) A + (2k* + 8k + 5)E. (7)

The altan is non-bipartite, and so is not governed by the Coulson-Rushbrooke Pairing Theorem.

Recall that ker a(B) contains three independent vectors: x, Csx, and s. Suppose that it contained a fourth independent
vector m (the ‘magic’ vector). Note that m would have to be non-contractible, as n(B) = 2. We can place a symmetry
limitation on this putative fourth vector. As the kernel already contains a vector of either A; or A; symmetry (namely, s)
and a pair of £ symmetry, the extra vector m must belong to a non-degenerate irreducible representation of D3 (call it
I'(m)). Hence, we have four cases to test for contractibility, defined by whether I'(m) is 4; or As and by the parity of k.

Two cases are easily decided. First, if I'(m) = A and k is odd, all perimeter degree-3 vertices of the altan carry
a zero entry, propagated from a single zero on the C) axis on the perimeter, and hence the vector m is contractible, a
contradiction. Secondly, if I'(m) = A; and k is even, there is a degree-2 vertex w on a C} axis, and the entries in m on its
neighbours are equal (from A; symmetry) and opposite (from the local condition), so these entries vanish. As before, the
zeros propagate and m is contractible, a contradiction. Our proofs for the remaining two cases are more technical, but both
lead to the same conclusion: assumption of a non-contractible vector m leads to a contradiction. We show only the case for
I'(m) = A, and even k in detail; the case for I'(m) = A; and odd % odd proceeds in a closely similar way, with allowance for
the different boundary conditions. Two cases are easily decided. First, if I'(m) = A, and k is odd, all perimeter degree-3
vertices of the altan carry a zero entry, propagated from a single zero on the C), axis on the perimeter, and hence the vector
m is contractible, a contradiction. Secondly, if I'(m) = A; and k is even, there is a degree-2 vertex w on a C} axis, and
the entries in m on its neighbours are equal (from A; symmetry) and opposite (from the local condition), so these entries
vanish. As before, the zeros propagate and m is contractible, a contradiction.

Our proofs for the remaining two cases are more technical, but both lead to the same conclusion: assumption of a non-
contractible vector m leads to a contradiction. We sketch the proof only for the case I'(m) = A, and even k; the case for
I'(m) = A; and odd % proceeds in a closely similar manner.

The proof for I'(m) = A, and even k proceeds by defining the vector m on vertices of the triangular region of
a(H(k+2,k,k,k)) that is bounded by two mirror lines. For an A, vector, all entries on these lines are zero. Free variables
«; and 3; are assigned along the main sub-diagonal, as shown in Figure 5 (continued over the boundary with notional «
and (3, which are ag = a7 and 5y = 0), and entries for successive sub-diagonals are assigned using the local condition
to sweep to the right and down. As B is bipartite, these assignments lead to linear expressions that do not mix « and 3
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variables for vertices in the main body of the altan. Mixing will occur only on the perimeter. Successive sub-diagonals
have patterns (working away from the centre of B):

(7)) (05} (65) Qa3
— Q) — Q7 —Q2 —Qs3
ap — QA a1 — Qg Qg — Q3
2&1 — Qp 2&2 — 20[3 — Q9
g — 3aq + g

a1
U W DO = O

Q QL QL Q&

—ag + 4o — 3as

leading to general term for sub-diagonal d

7

14/2) i
Aag= 3 0 (17 s ®

Similar expressions apply for the entries on the 3 lattice. For a given k, the pattern is continued until the degree-3 vertices
on the altan perimeter are assigned. The boundary condition that all entries on vertices in the vertical mirror line are zero
leads to k/2 independent equations in 3 variables. The local condition at the degree-2 vertices of the perimeter leads to a
further k£/2 independent conditions on the « set. Finally, the perimeter pentagonal face at the ‘corner’ of a(H (k+2, k, k, k))
disrupts the bipartite pattern; pivoting at vertex p and its neighbours (see Figure 5) leads to two equations linking o and
B sets. The conclusion is that all «; and ; vanish and m is the null vector. Similar reasoning is applied for I'(m) = 4; and
odd k.

Hence we have a full symmetry characterisation: H(k + 2, k, k, k) has n = 2, with kernel spanned by a pair of vectors of
symmetry E in D3, and a(H(k + 2, k, k, k)) has n = 3 with kernel spanned by a triple of vectors with symmetry A, + F in
D3, where ¢ is 2 for even k and 1 for odd &.

p

Figure 5: Fundamental region appropriate to an A, eigenvector of a(H(k + 2,k, k, k)) with even k, shown explicitly for
k = 6. Blue filled circles indicate zero entries in the vector that are forced by symmetry. Green edges are present in both
parent and altan; red edges are added in the altan. Mirror lines are shown in brown. Notation for variables {a;} and
{B;} is discussed in the text. Vertex p in the altan breaks the bipartite nature of this region, and allows determination of
relationships between {«;} and {5;} in the A, kernel eigenvector.

3. Concluding remarks

The family of benzenoids characterised here has nullity 2 for the parent and 3 for the first altan, and hence will retain
nullity 3 in all subsequent generations of iterated altan [1, Theorem 6]. At each subsequent altanisation, a belt of hexagons
will be added, to build up a nanotube structure in which a(H(k + 2, k, k, k)) forms the cap, and steric forces will produce a
capped-cylinder morphology. The results discussed in the present paper are pertinent to the theory of magnetic properties
of such nanotubes in various charge states, which can also be studied with essentially graph-theoretical methods [29].
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