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Plane wave based ab initio DTF all valence electron spin polarized calculations are reported for the electronic structure and geometry of
differently shaped graphene molecules. These polycyclic hydrocarbon molecules comprise four series: Dy, symmetric linear polyacenes
Cymp2Homya (m=2,...,25); Deyn hexagulenes with zigzag edges Cgu~2Hen (m =2,...,10); Dg, hexagulenes with crenelated edges
Coam=2-3m+1)Hsm—1y (m =2,...,6); D3y, zigzag edged triangulenes C,244m11Hen (m =2,...15). The systems variously display ground
states that are spin paired singlet (S = 0), singlet anti-ferromagnetically ordered diradical and spin polarized S = 1/2(m — 1). Molecules with
zigzag edges show evidence of electron delocalization along the perimeters with some bond alternation at the corners. In the acenes the spin
paired singlet state of the short members switches to a singlet diradical at m ~ 7-8 and this remains as the ground state for larger m. In contrast
the triangulenes are magnetic and the atomic charge and spin density changes monotonically with distance from center to perimeter. In
the hexagonal systems the development of a graphene core region, where the C-C bonds are 142 pm, extends to within a few C-C bonds of
the perimeter atoms. Zigzag hexagulenes have a spin paired singlet ground state for m < 8 and a singlet diradical ground state for larger m.
When hexagulenes are substitutionally doped with boron or nitrogen, acceptor or donor levels appear that track the valence or conduction band
edges with increase in zigzag number. This result suggests the possibility of building several semiconductor device structures into the
same graphene molecule. [doi:10.2320/matertrans.MB200822]
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1. Introduction

First principles plane wave based DFT calculations are
described that explore the electronic and geometric proper-
ties of a variety of differently shaped planar polycyclic
hydrocarbon molecules with sizes up to 6 nm. We refer to
these entities as graphene molecules since they are composed
of condensed “aromatic” hexagonal shaped Cg rings with
one p,-orbital electron for every carbon atom. They may be
thought of as nano-sized fragments of graphene in which any
edge carbon atom with an unsaturated valence is terminated
with a hydrogen atom. Figure 1 displays all the systems
examined in the present study. The aromatic rings of the
crenelated (so called arm chair) edge graphenes are shown
using the circle notation which is widely used to designate the
location of the aromatic sextet rings of a fully benzenoidal
hydrocarbon.!?

Scientific and technological interest in graphene as a
material for electronics was sparked by the discovery that
large micron sized sheets of graphite a few carbon atoms
thick could be sloughed from a bulk crystal.*® This
remarkable finding was followed by another discovery, that
some sheets were one atom thick and so resembled an un-
rolled single walled carbon nanotube. Previous to this
discovery, fullerene nanotubes were being widely studied
as sub micron sized components for molecular-electronic
devices.” However a nano-electronics technology based on

*Corresponding author, E-mail: philpott@imr.edu

large planar graphene sheets has obvious practical advan-
tages over tubes, the chief being that devices based on sheets
could be developed with an evolution of existing planar
silicon technology and instrumentation. Tube-technology
on the other hand has significant issues of both conceptual
and technological nature and would very likely require
some revolutionary advances® before any robust operational
devices could be manufactured.

This recent stunning progress in graphene science and
technology aside, our work is also motivated by other science
old and new, including for example:

(1) The tour-de-force synthesis of the Dg, symmetric
crenelated polyaromatic hydrocarbon CjyHsy and
related materials by K. Miillen and coworkers;”®

(2) the proposed singlet diradical ground state for linear
polyacenes longer than heptacene;*'?

(3) the historical record which documents, in the develop-
ment of quantum chemistry starting from the
1930s,''"13 the important overlapping concepts of
conjugated C-C double bonds and aromaticity in novel
forms and guises'¥ in the polyenes, polycyclic hydro-
carbons'>!'” and annulenes.?”

This paper is organized as follows. Following this introduc-
tion we provide a sparse account of the computational
method. Next in separate sections we describe the four
categories of graphene hydrocarbon considered in this study:
linear acenes with a discussion of the S = 0 diradical and spin
states S = 1 and 2 states for m > 7; zigzag edged hexagu-
lenes, with a discussion of edge state electron delocalization,
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Planar Graphene Molecules

Magnetic zigzag triangulenes n = 2,3,..15
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Zigzag hexagulenes;
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larger band gap

Schematic diagram of four series of graphene molecules: linear Dy, acenes (left), zigzag Dsy triangulenes (top), zigzag Dep

symmetric graphenes (bottom center) and crenelated or arm chair Dgj, graphenes (bottom right). The labels describe important properties
of the series. For example, the linear acenes and both hexagulenes are not magnetic for small zigzag ring number n.

growth of the central graphene zone and appearance of a
diradical singlet ground states for m > 8; crenelated (arm
chair) edged graphenes with a discussion of the assumptions
underlying their description in terms of the aromatic sextet
applied to large fully benzenoid hydrocarbons; zigzag
edged triangularenes with a discussion of the distribution of
ferromagnetically aligned spin density in the ground state.
This paper is concluded with a discussion of the energy levels
of hexagulenes substitutionally doped with boron and nitro-
gen to produce molecules with thermally accessible hole and
electron conducting states.

2. Computational Method and Diradical Reference
Calculations

2.1 Methodology

In the calculations reported here we used ab initio plane
wave based DFT calculations,?!~>> PAW frozen core pseudo-
potentials?®?” and the spin polarized generalized gradient
approximation for the exchange-correlation energy func-
tional parameterized by Perdew and coworkers.”®>® There
are no basis set superposition errors (the basis set is huge) and
the basis can be improved by increasing size of the simulation
cell and the cut-off energy E . (acenes and hexagulenes
400 eV; triangulenes 500eV) for the plane waves. Valence
electrons were assigned: C (4) and H (1). All calculations
were performed using periodic boundaries with tetragonal or
orthorhombic periodic cell for which the a and b cell lengths

were a minimum of 1.5 nm longer than either the long (L) and
medium (M) in plane molecular geometry axes including the
hydrogen atoms and a c unit cell length equal to 1.5 nm. This
is much greater than the graphite interlayer spacing 0.167 nm.
In this geometry there were no inter molecular atom-atom
distances less than or equal to 1.5nm. The Brillouin zone
integration was restricted to the gamma point. The geometry
optimizations were carried out using the conjugate gradient
method until the forces acting on each atom were close to or
less than 0.05 meV /pm. In this work we calculated geometry,
total energy and isometric surfaces of total charge and spin
density (where appropriate) for spin states S = 0, 1,2 (occa-
sionally). The calculations for the triangulenes were always
performed with unrestricted spin and it was found that the
total spin of the ground state invariably converged to 25 =
(m — 1) unpaired spins. In most cases the starting geometries
were constructed using standard CC and CH bond distances
for aromatic hydrocarbons. The charge densities were
analyzed using the vaspview program and the geometry
was visualized using the free software Rasmol.??)

2.2 Diradical benzene reference calculations

We have calculated the electronic structure, geometry and
bonding in ground and first triplet state of the benzene
molecule C¢Hg. This provides a measure of reassurance
that the plane wave based single determinant wavefunction
methodology used here can get close to results of other
ab initio methods. For example, in the case of benzene
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we obtained : Ground (S =0) state: total energy E =
—76.234 eV, homo-lumo energy gap = 5.100eV; geometry
C-C = 139.65 pm. In the first excited triplet (S = 1) diradical
state of benzene (AEgt ~ 4 V) there are two D, symmetric
geometries with almost the same energy. Conformation
Sla: total energy Ej, = —72.262eV: geometry CC = 151.6
(2 long bonds), CC = 138.9 pm (4 short bonds). Conforma-
tion S1b: total energy Ejp = —72.253eV; geometry CC =
135.1 (2 short), CC = 147.4pm (4 long). These confor-
mations appear to be the same as two symmetric states
calculated by the Israeli group®? by a different method. The
Sla triplet has two short parallel CC bonds with the spin
localized on the para-located carbon atoms C1 (as in CH®)
and C4 (again like CH®). The other S1b triplet state has a two
long parallel CC bonds which separate the atoms C6-C1-C2
from C3-C4-C5. There is one spin delocalized over each
of these groups which resemble a conjugated CsH3z®. The
calculations are consistent with the idea that the lowest
triplet state of benzene molecule is “anti-aromatic”, since
the count of spin paired m-electrons is smaller by two, and
as in the much studied molecule cyclobutadiene C4H, the
lowest excited triplet state of benzene can distort into two
geometrically separate configurations.??

3. Linear Acenes-Zigzag Edges with No Graphene
Interior

In the development of quantum theory of chemical
bonds the properties of polyacene molecules CgyoHopra
(m=1,2,3,...) were of interest because experiments and
theoretical studies showed that the resonance stabilization
energy, which is very high in benzene (m = 1), decreased
rapidly with increase in the number of rings m.'>2” The
earliest semi-empirical calculations indicated that the band
gap would decrease to zero near m = 10. In more modern
times studies based on physically appealing model Hamil-
tonians, predicted that long or infinite acenes could exhibit
phenomena such as conductivity, magnetism and even
superconductivity.>® Several calculations predicted that
around m = 7-8 (heptacene-octacene) the homo-lumo single
particle gap and the lowest singlet-lowest triplet state energy
difference, approach zero. At this point a Peierls-like
distortion®¥ of the geometry could open a gap in the energy
spectrum and new physical regime entered. Houk, Bendikov
and coworkers,'? on the basis of extensive ab initio
calculations, were the first to predict that in the linear acenes
a magnetic phenomenon occurred and the ground electronic
state would become a disjoint singlet diradical.>> In this state
the spin “up” and spin “down” electrons occupy different
sites with an anti-ferromagnetic pattern. There have been
other recent studies of this effect,>**? some overlapping the
time frame of this present study. The existence of a singlet
or a higher spin ground state (radical) phase in the long
acenes is connected to the influence of geometry of the
perimeter on bipartite lattices. One important issue is how
perimeter shape dependence can affect the transport of spin
polarized charge in graphene devices.

In this section we report on several aspects concerning the
lowest energy levels of the linear acenes, CgyioHopra
m=2,...,12,13,15,17,19,21,25). The focus is on S =0
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Fig. 2 Energy level differences and spin state energy gaps (eV) of the
linear acenes plotted versus ring number m = 3,...25. All curves end or
begin at m = 8 (arrow on the coordinate axis), the point where the ground
state switches from singlet spin paired to singlet diradical. Curve labels:
Kohn-Sham homo-lumo energy difference (BGSO, —~#-) for m < 8 and
(BGS00, —M-) for m > 8; singlet-triplet energy gap (ES1-ESO, —A-) for
m <8 and (ES1-ES00, —x—) for m > 8; singlet spin paired—singlet
diradical energy gap (ESO-ES00, —«—) for m > 8; singlet-quintruplet
energy gap (ES2-ES00, -@-) for m > 8.

spin paired, S = 0 diradical and S = 1 triplet states. Figure 2
shows the variation along the series m = 3,...,25 of the
singlet band gap (BGSO and BGS00), singlet-first triplet
(S = 1) splitting (ES1-ESO and ES1-ES00), singlet-quadru-
plet (S = 2) splitting (ES2-ES00), singlet spin paired and
singlet diradical state (ESO-ES00). All energies (ordinate) are
in eV. The labels beginning with “B” denote the difference
between Kohn-Sham levels, so that BGSO0 signifies the homo-
lumo gap (D, symmetry) in the spin paired singlet range
m < 8, and BGS00 is the homo-lumo gap (C,, symmetry) for
m > 8. The labels beginning with “E” denote an energy
difference between states, so that ESO-ESOO is the energy
difference between singlet spin paired (D, geometry) and
singlet diradical (C,, geometry, discussed below). Note that
all the curves begin or end at zigzag (ring) number m = 8§, the
point where the ground state is a singlet diradical; data points
for benzene (m = 1) and naphthalene (rm = 2) are omitted
from Fig. 2.

The S =0 spin paired and S =0 diradical state have
essentially the same energy near m = 7 (heptacene), for m >
7 the diradical configuration becomes the ground state with
Cyy(M) symmetry and is described more fully below. The
S = 2 quadruplet was calculated for the long acenes because
it does not correspond a real state of short acenes. Note that
the curve BGSO and its continuation BGS00 beyond m = 8
(marked by arrow on the coordinate axis) is the homo-lumo
energy level difference from the system ground state,
whereas the other curves are the difference between
calculated system states. For large m (>15) the S=2
configuration has approximately twice the energy of the S =
1 configuration which is consistent with the notion that both
are delocalized over the molecule and to create an S = 2 state
from S =1 in a large system requires the addition of an
energy quantum equal to that for the S = 1 transition. The
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Fig. 3 Spin density in the linear acene (m = 12) dodecacene CsoHys. Top
panel, singlet (S = 0) diradical spin density isometric surfaces for spin
values dis, = —25 (LHS) and +25 (RHS). The complete densities are
obtained by reflection left-to-right etc. Note the disjoint character of this
state, spin up (4) and spin down (—) are confined to separate sub-lattices
of the bipartite (alternate C atoms) carbon skeleton. Lower panel, diradical
triplet (S = 1) state spin densities for spin values d;s, = —50 (LHS) and
+50. Spin density is concentrated in spin up (4) configuration and there is
the same signed spin on all last ring carbon atoms in the RHS sub-panel.

energy of the Dy, triplet S = 1 state becomes very close to
the Dy, singlet S =0 energy at m =7 and in symmetry
constrained geometry optimizations can even drop below it
for m > 8.

Our new work extends previous work to very long acenes.
For dodecacene we have explored numerous symmetries to
find which geometric distortion promotes the formation of
the diradical state. To this end we constrained the dynamics
used in the geometry optimization to have the symmetry Dy,
Con(N), Coy(L), Coy(M), Cyy(N) and D,. We found that the
lower energy diradical state occurred using C,,(M) geometry
optimization, while most others reverted to the energy of the
Djy, state. In the longest systems (rn > 12) we found: diradical
singlet S =0 to be approximately 0.06eV below the Djy,
singlet S = 0; Dy, triplet (S = 1) and D,y quintuplet (S = 2)
state higher than the diradical ground state by approximately
0.09 eV and 0.67 eV respectively.

Figure 3 shows selected isometric surfaces of the spin
density of the molecule dodecacene for spin 1 (4, up) and
spin 2 (—, down) in the singlet diradical ground state and the
lowest triplet state. Top panel Fig. 3 shows the diradical
ground state. The left side shows the isometric surface for
spin dijs, = —25 and the right side the spin distribution at
diso = 25. The range of spin values in arbitrary units is
(—2157,2144) and corresponds to maximum spin density of
about 0.2 spins//ok3. The spin distribution is characteristic of
a disjoint radical,® the sign is unique to the bipartite sub-
lattice. The spin density from LHS to RHS switches from one
alternant lattice to the other. The highest spin density
regardless of spin axis direction is on C atoms with an H
atom attached. The two highest homos carry the spins of
opposite sign in disjoint diradicals.?® The lower panel of
Fig. 3 shows the isometric surfaces of spin distribution in the
lowest triplet state.

The spin pattern is different, the highest (4-)-spin is on C
atoms with attached H regardless of sub lattice and there
is much less spin on the negative spin isometric surface.
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Another difference is an end effect in the end rings which
have the same signed spin on all six atoms. The range of spin
values in arbitrary units is (—360, 2155) and corresponds to a
maximum spin density of about 0.2 spins/A3.

In linear acenes m > 8 the cross bonds in the middle of the
molecule joining opposing edges have CC = 145 pm. This
suggests that stretching the cross C-C bonds in short linear
acenes could force the molecule into a diradical state. We
have checked this idea with calculations on benzene,
naphthalene and anthracene in which we biased the starting
spin-geometry configuration with an anti-ferromagnetic spin
distribution. For acenes with m = 1,2,3 parallel pair(s) of
cross C-C bonds were stretched to approximately 240 pm.
In this geometry the calculations showed diradicals (S =0
and S = 1) with spin patterns similar to the long acenes.

In the diradical electronic ground state the pattern of CC
bond lengths along the edge provides information on electron
delocalization along the chain. At each end of the molecule
there is a cis-butadiene bond pattern (short-long-short) that
joins the two opposing parallel chains. The butadiene
“double” bond, length CC ~ 136 pm, pins one end of a
sequence of alternating bonds. Going towards the centre of
the chain, the alternation weakens and the C-C bonds become
more uniform. Simultaneously the cross CC bonds increase
from CC = 142-143pm at the butadiene end to CC =~
145-146 pm near in the center of a chain in a molecule like
dodecacene. All the long acene molecules are wider in the
middle than at the ends. This geometry is consistent with the
notion of increased electron delocalization along the chain in
the middle with reduced cross CC bonding. Imprinted on this
pattern there are others in DFT modelling. For example, we
have noted small non monotonic structural variations that
could arise from incommensurability of the delocalized
electron and/or the constraints imposed on the chain by the
cross bonding.

4. Hexagulenes with Zigzag Edges and D¢, Symmetry

Pioneering early work on large hexagulene molecules was
described by Stein and Brown.*" Using Hiickel, extended
Hiickel theory and structure resonance theory they examined
systems with several thousand atoms. This was an important
contribution. Since then many papers have appeared describ-
ing the band structure and possible magnetism of graphene
strips at various levels of approximation. To our knowledge
only two groups have considered aspects of hexagonal
systems*>*) in a general way. None have studied the
geometry or the electronic structure at the level of detail
provided here. Hexagulene with eight rings on edge was
predicted to be an anti-ferromagnet.*” The calculations
described here predict n = 9 as the first candidate.

Next we consider the electronic properties and geometric
structure of planar Dg, symmetric graphene molecules with
zigzag edges. The largest molecule is 5nm in diameter (10
rings along each edge) and contains 660 atoms approximated
by a total of 2460 valence electrons. Figure 4 shows the
homo-lumo level gap (upper curve B data points) and the
energy difference AEgt (lower curve ¢ data points) between
the spin paired singlet S =0 ground state and the lowest
S =1 triplet state state for the zigzag and crenellated
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Zigzag & Crenelated Graphenes

Al -¢-ES1-ESO
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Number of C atoms/6

Fig. 4 Hexangulene electronic energy gaps (eV) vs. size (number of

carbon atoms)/6 for the zigzag and crenelated series. Singlet homo-lumo
energy level differences (BGO, —l-) eV and singlet-triplet (ES1-ESO,
—&-) energy gaps (eV). Zigzag series lower pair of curves and crenelated
series upper pair of curves.

Variation of C-C bond lengths with distance from the center

Circumferential
bonds 142pm

tral zone all CC
bonds 142pm

Fig. 5 Schematic diagram showing approximately the zones inside a
Deh symmetric 8-zigzag edge hexangulene molecule where the CC bonds
have different lengths.

hexagulenes. The index “m” in the stoichiometric formula is
not such a useful parameter for the coordinate axis, so instead
we have used the number of C atoms in a molecule divided by
six. This is equivalent to the number of benzenoid rings in the
crenelated molecules.

Figure 4 shows that for both series the triplet-singlet
energy difference AEgy is smaller than the homo-lumo gap
BGO. For benzene there is about one eV energy difference
between BGO and AEgr. This difference erodes quickly with
increasing size. Figure 4 also shows in the zigzag series the
humo-lumo gap decreased faster with size compared to the
crenellated series. We return to this topic again in the section
describing the crenelated hexagulenes.

Figure 5, based on data from 8 zigzag hexagulene, shows a
feature of all compact graphenes, namely the presence of an
interior zone in which all bonds and angles approximate
graphite plane values. The uniformity of central properties
was assessed using isometric surfaces of the total and partial

M. R. Philpott, F. Cimpoesu and Y. Kawazoe

Diradical singlet ground state of the 10-zigzag hexagulenes
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Fig. 6 Spin 1 (up, +) and spin 2 (down, —) density isometric surfaces
for a quadrant of the diradical ground state of 10-zigzag hexagulene.
Reflection in the (vertical) dividing line gives second quadrant. Note that
in this disjoint diradical the carbon atoms carrying spin 1 (+) and spin 2
(—) are on different sub lattices of the bipartite lattice.

charge density, atomic electron density and bond lengths.
There are several zones:

e An interior zone 1 where all the carbon-carbon bonds
satisfy CC = 142 pm;

e A region two rings wide (zone 2) where the circum-
ferential bonds are CC = 142 pm and the radial bonds
are CC = 143 pm;

e Zone 3, the outer hexagonal ring of forty-two C¢ rings
where the outer perimeter has CC bond alternation
starting at the apex and fading to an almost uniform CC
bond distance in the middle of the edge; and on the
inside circumference the tangential CC = 142 and the
radial CC = 144 pm.

The outer perimeter has features similar to the edges of the
linear acenes. In the case of this 8-hexagulene the bond
alternation pattern along an edge starting and ending at the
apex was CC = 136-144-138-142-140-142-140-141-141-
140-142-140-142-138-144-136 pm. The two apex atoms with
attached H have the shortest bonds in the entire molecule
C(H)-C(H) = 136 pm. This is expected to be the most
reactive bond for substitution and addition reactions. The
alternation of bond distances can be related to properties of
the total electron charge density. The pattern of isometric
surfaces of total charge density (combined densities of o- and
m-electrons) developed distinctive patterns with approximate
double bonds at the apexes and CC bonds with alternating
length extending from apex to the middle of the edge. This
pattern resembles the acene pattern. The degree of bond
alternation diminishes going towards the center of each
edge corresponding to increased electron delocalization in
the middle of the chain.

In this study a new phenomena appears at m = 9 for the
zigzag hexangulenes. The ground state becomes a singlet
diradical. This phenomenon has similarities to the linear
acenes in the range m = 7-8. The DST calculations for
m =9, 10 showed the ground state to be a singlet diradical
with D3, symmetry. Figure 6 shows two isometric surfaces
of spin density on quadrants of the largest molecule studied
10-hexagulene CgooHgo. There are similarities to the singlet
(§ = 0) diradical ground state of the long acenes. The spin
density from LHS to RHS switches from one lattice to the
other. The left side shows the isometric surface for spin
diso = —100 and the right side the spin distribution at
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Fig. 7 Density of spin polarized Kohn-Sham levels in 13 zigzag triangulene plotted as a histogram with ordinate frequency in a 0.2eV
wide bin and coordinate bin energy (eV). Top panel, spin 1 (+) shows twelve occupied non bonding 7-levels, the bottom panel spin 2 (—)
shows the twelve unoccupied lumo levels just above the Fermi energy.

diso = 100. The range of spin values in arbitrary units is
(—14469, 14469) which is equivalent to maximum spin
density of 0.25 spins /1&3. The spin distribution is character-
istic of a disjoint radical® and the sign is unique to the
bipartite sub-lattice. The highest spin density is associated
with the edge and penultimate row C atoms. The spin density
alternates in sign going around the edges in a sequential
fashion. This pattern does not resemble that seen for the
triplet S =1 state which generally lies higher by 0.01-
0.02 eV over the diradical ground state.

5. Comments on Hexagulenes with Crenelated Edges

Space does not permit an extended description of the
crenellated series. The density of states of the largest zigzag
and crenellated hexagulenes systems was found to be very
similar except at the homo-lumo gap, implying that the
central zone of both series is graphene-like. We consider the
electronic charge density on the crenellated edge. The apexes
of the crenellated series have five protruding carbon atoms
(three with attached H atoms) that resemble the apexes lying
on the L-axis of the PAH pyrene Ci¢H;o. The four carbon
atoms comprising the crenelation on the edges resemble the
total charge structure observed for the M-axis apexes of
pyrene. In neither case do the carbon atoms of these C¢ rings
have the uniformity of benzene. This distinction could be
made more quantitative using the electron localization
function*** and the atoms in molecules theory.*® For
this discussion another observation is important, when we
examine isosurfaces of the total charge distribution we find
that the apex charge of the non-benzenoidal hydrocarbon
pyrene resembles the perimeter charge of the crenelated

fully benzenoidal hydrocarbon. The Clar hypothesis is
based in part on the assumption that the two Kekulé valence
bond resonance structures are responsible for the aromatic
stabilization of the ring. From many perspectives this is
known to be false. The early discussions of valence bond
calculations concerning the stability of the benzene ring by
Craig and others*”*®) noted that it was important to include
not just neutral Kekulé, Dewar and prismane resonance
structures but also a very large number of ionic structures.
Modern work**>? has shown explicitly that in short acenes
the Kekule structures contribute only 40%. As molecules get
larger the number of ionic terms rises faster that the Kekulé
ones so that in fully benezenoidal hydrocarbons the sextet
stability contribution is swamped by the “ocean” of ionic
ones. The edge in 2D presents an example of the classic
problem in the coexistence of surface and bulk levels.

6. Triangulenes with Zigzag Edges and D3, Symmetry

Next we report on calculations for the triangulenes with
m=2,...,15 zigzag edges. The two sub-lattices must now
be distinguished (A sub-lattice has carbon atoms with
attached H atoms at the edges; B sub-lattice has hydrogen
atoms on apex carbon atoms). They have different numbers
of carbon atoms, which permits a ferromagnetic arrangement
of spins across the entire molecule*'*? and a resulting net
spin S = 1/2(m — 1). Figure 7 shows the calculated density
of states (DOS) for separate spin polarized levels for the
13-zigzag triangulene. This DOS is a histogram of frequency
of occurrence of Kohn-Sham energy levels (ordinate) against
their energy (coordinate). The bin widths are 0.2eV. The
magnetism arises from twelve occupied non-bonding homo
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Fig. 8 An isometric surface for the total charge density of the molecule 10-zigzag triangulene. On this isometric surface the CC bonds
around the perimeter all have a larger charge surface than in the interior. The apex carbon atom with attached H atom belongs to the B-sub

lattice. The edge atoms are linked to the interior by “weaker”
of triangular rows 1(centre), ...

CC bonds with smaller sized isometric surfaces. Right inset, pattern
4(edge). Inset left panel shows the variation of atomic charge by row for the A- and B-sub lattices.

The spread in values arises because there are atoms in different local environments on the same row.

levels (NBL) bunched below the Fermi level and separated
by approximately 1eV from the m-bonding valence levels.
Above the Fermi level there is a set of non-bonding lumo
levels which are the counter parts of the occupied NBLs.
The gap between these to two manifolds decreases smoothly
with edge length.

The intra-spin band gap, approximately 1 eV, is the same
for each separate spin manifold while the inter-spin band gap
(for m = 15 triangulene) is approximately ~0.3 eV. There is
no evidence where in the series examined so far that a
reduced band gap and or geometry change would depolarize
the total spin for larger m values, leading to a reduced
magnetic moment. Around the perimeter all the CC bonds
~141 pm, while bonds pointing inwards from the perimeter
have C-C bonds &~ 144 pm. None of these latter C atoms have
attached H atoms, the distinguishing difference between the
spin up lattice (majority spin have attached H atoms on the
edge) and spin down (minority spin).

Figure 8 shows a detail of an isometric surface of the total
electronic charge for the 10-zigzag triangulene. Inset (RHS)
is a schematic showing how carbon atoms can be assigned to
triangular rings inside the molecule. Inset (LHS) is a plot of
atomic charge as a function of the triangular row label 1, 2, 3,
4. The charge on the atoms decreases monotonically with
distance from the center. There are two main groupings
corresponding to major A (bottom group) and minor B
lattices (top grouping). Within a group, the different lines
arise from different environments on a given row. The
greatest differentiation occurs for the A-sub lattice perimeter
atoms because of the wide range of CC bond lengths. This
figure shows the main physics is the change in environment

of the two lattices with distance from the center and not
between atoms belong to the same row. The geometry at the
edges is quite different to the interior region. The apex carbon
atoms have an electronic structure (revealed by isometric
surface plots of the total charge density) that is distinctly
different from the acenes and hexacenes. This is a result of
overall D3, symmetry and local site symmetry C,, with an
axis through the middle apical C atom. The topology of
isometric surfaces of the total charge density of the three
corner carbon atoms was found to resemble that around the
apical C atom in pyrene.

Figure 9 shows the distribution of spin density for two
oppositely signed isomeric spin density surfaces. Spin 1 (up)
is only on the A-lattice and spin 2 (down) on the B-lattice.
There is spin density on all the C atoms regardless of location
in the interior or on the edges. In the interior the spin density
is small, growing in magnitude by triangular row. The inset in
Fig. 9 shows the variation of spin on atoms for the two
lattices. The A-sub lattice, which has positive spin, shows the
largest change with row number. The spins for different
atoms belonging to the same row are bunched together. The
environmental effects on spin show much more strongly than
for the charge shown in Fig. 8.

7. Discussion/Summary

This report has touched on similarities amongst major
categories of graphene molecule. Shape has a deciding effect
on net magnetism and size on whether the ground state
electric charge under goes spin polarization. Detailed work
remains to be recorded to complete the account of the
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Fig. 10 Spin polarized Kohn-Sham homo and lumo energy levels of the zigzag hexagulenes m = 2,. ..,

6 doped with a single atom of

boron or nitrogen. The LHS panel shows the results of boron doping; only the spin 1 polarized Kohn-Sham levels are plotted. The lowest
single electron lumo (spin 1 lumo-1, —x—) due to boron tracks the top of the valence band. The RHS panel shows the results for doping
with nitrogen. In this RHS panel we have plotted the spin 1 and spin 2 Kohn-Sham levels. The single electron occupied homo (spinl
homo-1, —A-) donor nitrogen level tracks the bottom of the conduction band.

calculations reviewed here. There is new work to report on
the properties of excited electronic states, phonon-electron
coupling and the splitting among NBLs in the triangulenes.
We are also reminded that the graphene-like boride lattice in
solid MgB, exhibits a superconducting phase transition at
60 K>V so understanding the intricacies of phonon coupling
in various geometries appears to be an interesting avenue for
research. Graphite is well known for its ability to accept a
variety of chemically different intercalants and some aspects
of transition metal sandwiches with graphene molecules
have studied.>

Finally as an application of the above ideas we describe the
effect of single atom doping on the zigzag hexagulene
systems. Substitutionally replacement (doping) of just one
centrally located C atom in the zigzag series of the
hexagulenes with B or N atoms produces molecules which
when linked to electrodes could respond with hole and
electron semiconductor properties. Figure 10 shows results
from spin polarized DFT calculations for these odd electron
systems. The ordinate is the energy (eV) of four Kohn-Sham
homo-lumo levels as a function of increasing molecular size
measured by the zigzag number m. In the N doped system for
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spin 1 (4 spin) there are three homos and one lumo, and for
spin 2 (— spin) there are two homos and lumos in the band
gap region. The highest homo tracks and approaches the
lumo level so that at m = 6 they are close together even
though the band gap of the undoped molecule is still large.
In the B doped system we show for spin 1 the two homos
and two lumos. Now the lowest lumo tracks the valence
band edge so that at finite temperatures promotion from the
valence edge states would induce a hole in the valence
manifold. In these systems the conductivity would depend on
the relative positions of dopants and the distance to the
perimeter. This, as yet undeveloped technology of “pico-
engineering”, where properties of devices require precise
selection and placement of atoms, is a future chapter in
Feynman’s epic prediction “there’s plenty of room at the

bottom” .5
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