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ABSTRACT: Strategic perturbations on the graphene framework
to inflict a tunable energy band gap promises intelligent electronics
that are smaller, faster, flexible, and much more efficient than
silicon. Despite different chemical schemes, a clear scalable strategy
for micromanaging the band gap is lagging. Since conductivity
arises from the delocalized π-electrons, chemical intuition suggests
that selective saturation of some sp2 carbons will allow strategic
control over the band gap. However, the logical cognition of
different 2D π-delocalization topologies is complex. Their impact
on the thermodynamic stability and band gap remains unknown.
Using partially oxidized graphene with its facile and reversible
epoxides, we show that delocalization overwhelmingly influences
the nature of the frontier bands. Organic electronic effects like hyperconjugation, conjugation, aromaticity, etc. can be used
effectively to understand the impact of delocalization. By keeping a constant C4O stoichiometry, the relative stability of various π-
delocalization topologies is directly assessed without resorting to resonance energy concepts. Our results demonstrate that >C�C<
and aromatic sextets are the two fundamental blocks resulting in a large band gap in isolation. Extending the delocalization across
these units will increase the stability at the expense of the band gap. The band gap is directly related to the extent of bond alternation
within the π-framework, with forced single/double bonds causing the large gap. Furthermore, it also establishes the ground rules for
the thermodynamic stability associated with the π-delocalization in 2D systems. We anticipate that our findings will provide the
heuristic guidance for designing partially saturated graphene with the desired band gap and stability using chemical intuition.

1. INTRODUCTION
Delocalization is a prequantum construct that is a cornerstone
of chemical bonding theory.1 It was postulated based on the
axiomatic existence of atoms and bonds in the chemical
description of matter and expectedly evaded universally
acceptable definitions.2 After the advent of modern atomic
theory, delocalization became a chemical precept linked to the
fictitious movement of electrons.3 Typically drawn with dotted
lines, it is also often shown with curved arrows indicating the
direction of movement between representative Lewis struc-
tures. However, it is not related to the actual movement of
electrons or observable in the strict quantum mechanical sense.
Electrons being indistinguishable fermions move in mysterious
ways, and the uncertainty principle forbids its tracking. Despite
its contrived basis, delocalization remains a powerful paradigm
in the ontology of covalent bonding, particularly in organic
chemistry.

Among the quantum mechanical models of chemical
bonding, valence band (VB) theory allows its exposition
through resonating Lewis structures. The resonance theory of
electrons has evolved successfully in the classical description of
various electronic effects, ring currents, and reaction
trajectories from the representative chemical structure by the
arrow-pushing mechanism. As a stabilizing phenomenon, the

extent of delocalization depends qualitatively on the energetic
proximity of the resonance structures in VB theory.4

Intriguingly, in molecular orbital (MO) theory, where all
electrons occupy MOs that are inherently delocalized over
several atoms, delocalization is understood qualitatively from
the mixing and the avoided crossings of wavefunctions from
the virtual to occupied space5 and is typically studied from the
interaction of the fragment orbitals. Here, delocalization
depends on the energetic proximity and overlap between the
frontier MOs involved in second-order mixing and thus offers a
handle for tuning the highest occupied MO (HOMO)−lowest
unoccupied MO (LUMO) gap. The π-type interactions
facilitate delocalization since their poor lateral overlap leads
to narrow splitting of levels that effectuate mixing.

The intrinsic attributes of valence AOs of carbon, that is,
their relative energies and size, are optimal for the persistent
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domination of π-type interactions in the frontier6 and increase
the importance of delocalization in organic systems. Hence,
engineering the band gap for two-dimensional (2D) nano-
sheets by chemical intuition is easier for planar networks based
on delocalized sp2 carbon due to the total domination of π-
electrons in their Fermi surface. Despite the σ−π inseparability
of the Hamiltonian, the symmetric contradistinction of π-
bands from the σ-framework due to network planarity offers
easier cognition of the avoided crossings in the frontier bands.
Though π-bonds are weak, delocalization stabilizes the sp2

carbon network, which is evidenced in its allotropes7 and
argues for the high thermodynamic stability of these
nanosheets. Electronic effects from the delocalization of π-
electrons are described as conjugation, aromaticity, etc. in
organic chemistry and hold the key to band gap engineering.
However, there are inherent complexities in quantifying these
effects.8

Among the possible network topologies based on sp2 carbon,
the π-delocalization in the linear chains is well-described by
conjugation through the arrow-pushing mechanism in its Lewis
structure with alternating single and double bonds. Linear
conjugation of these double bonds is stabilizing, making them
less reactive, albeit at the expense of the HOMO−LUMO gap.
However, cyclic conjugation is not always stabilizing as implied
by the resonance theory and necessitates the MO approach,
like Hückel, to explain the nature of the ground state. Hückel’s
method helped deduce the empirical 4n+2 rule for aromatic
stability in monocyclic systems. Aromatic π-delocalization in
cyclic conjugated hexagonal rings, represented with an
inscribed circle, exhibits exceptional stability without com-
promising the HOMO−LUMO gap at the Hückel level, unlike
linear conjugation. Unfortunately, the 4n+2 rule is not
applicable in extended delocalization involving polycyclic
systems. They exhibit many Kekule ́ resonance structures,
making it impossible to represent the chemical structure
uniquely.

The aromatic sextet is the preferred motif for extended
hexagonal networks when these localized aromatic sextets are
in conjugation.9 Since hexagonal geometry is ideally suited for
sp2-hybridized carbon, atomistically thin graphene, with its
semimetallic hexagonal network and high thermodynamic
stability, conceptually provides an ideal canvas for design
strategies to engineer the band gap.10,11 Synthesizing a tunable
band gap in semimetallic graphene requires prudent control of
π-electron delocalization. Approaches based on quantum
interference12 and confinement13 lead to the development of
nanoribbons, nanodots, nanoflakes, nanomesh, etc. Though
these open the band gap, they suffer from the excessive
sensitivity of frontier bands by the nature of truncated edges.
Functionalization using the chemical rationale may help fine-
tune the nature and magnitude of the gap required for various
electronic, optical, and catalytic applications. With the advent
of atomic layer deposition (ALD) processes14,15 that help
engineer nanoscale chemisorption and desorption, tactful
disruption of π-electron delocalization by saturating a few sp2

carbon atoms appears to be more promising.
Among the various strategies, selective conversion of carbon

hybridization from sp2 to sp3 is explored mainly through
oxygen due to the facile and reversible epoxidation process.
Several theoretical and experimental studies have been
conducted on band gap openings in partially oxidized
graphene.16−18 Most of them attribute the magnitude of the
band gap to the degree of oxidation, overlooking the π-

topology despite the domination of π-type interactions in the
frontier.19 The possibility of a slew of variations in topological
pathways entails combinatorial growth of isomeric possibilities
for epoxide distribution. Though it poses dire modeling
problems, it also offers many ways to fine-tune the band gap.
However, there is a lack of fundamental understanding of the
relative kinetic and thermodynamic stabilities of various
delocalization topologies and their impact on the band gap.
The steric repulsion between the lone pairs of proximate
oxygen atoms is the dominant factor affecting the stability in
completely oxidized graphene.20 Some experimental studies
and density functional theory (DFT) calculations point to the
tendency for segregation of epoxide groups from the
delocalized π-bonding in partial oxidation processes.16−19

The semimetallic nature of the graphene arises from the
delocalization of π-electrons evenly across all the three
symmetrically equivalent bonds of sp2 carbon. Hence, we
attempt to create an imbalance by partial saturation of sp2

carbon atoms through epoxidation. Beginning with the
completely isolated >C�C< double bonds by epoxides, we
incrementally increase the extent of π-delocalization to the
conjugated and aromatic lattices in various topologies to study
their impact on the band gap. To assess the relative
thermodynamic stability across different systems, we fixed
the stoichiometry to C4O, which balances the sp2 and sp3

carbon atoms. Epoxides can be prudently distributed to
minimize the steric repulsion from the oxygen lone pairs as it is
the prime factor that dominates the energetics of the
interaction between epoxides. Epoxidation is also ideal for
minimizing the impact on π-delocalization due to the
conformational rigidity and perseverance of planarity of the
underlying carbon framework to a large extent, despite having
sp3 carbon atoms. The energetics of epoxide distribution in
partially oxidized graphene may also shed light on the
mechanistic information related to memristors based on
partially oxidized graphene.21−24 This missing fourth funda-
mental nonlinear circuit element25 has the promise to
revolutionize nanoelectronic memory devices, computer
logic, and neuromimetic architectures.

2. RESEARCH METHODOLOGY
We employed molecular models with and without hexagonal
constraints to study the nature of the interaction among
epoxides, >C�C< groups, and their combinations. Geometry
optimization and characterization of stationary points for
molecules are performed at the standard CCSD/aug-cc-
pVTZ//B3LYP/6-311G(d,p) levels using the Gaussian 09
package.25 Periodic DFT calculations on the C4O sheets are
performed via plane-wave pseudopotential methods using the
Cambridge Ab Initio Serial Total Energy Package (CA-
STEP)26 program. Due to a vast number of isomers with
large unit cells, we primarily used the Perdew−Burke−
Ernzerhof (PBE)27 functional in nonlocal corrected general-
ized gradient approximation (GGA),28 including Grimme’s
dispersion correction to account for weak interactions between
oxygen lone pairs. These are primarily used to compare the
optimized geometries, energies, and band structures. The
trends in energetics remain largely unaltered even if simple
local density approximation (LDA)29 with CA-PZ (Ceperley
and Alder data as parametrized by Perdew and Zunger)30 is
used. However, all the bond lengths are uniformly elongated in
GGA. We employed the ultrasoft pseudopotential with a plane-
wave basis with a kinetic energy cutoff of 600 eV in a
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Monkhorst−Pack31 mesh with 0.04 1/Å separation in the two
lattice directions for all the calculations. The adjacent sheets
are kept 20 Å away to avoid all possible interactions. Individual
atom positions and lattice parameters were simultaneously
optimized for self consistent field (SCF) tolerance (5.0 × 10−6

eV/atom) and forces (0.01 eV/Å) to arrive at the well-
converged geometries. For phonon dispersion, the same
dispersion-corrected GGA formulation is employed but with
norm-conserving pseudopotentials using the linear response
method and Koelling−Harmon relativistic treatment. All the
nanosheets are kinetically stable except for some aberrations
near the gamma for acoustic phonons, which are presumably
interpolation artifacts. The bond lengths are uniformly
elongated with norm-conserving pseudopotentials. Atom and
orbital projected density of states (DOS) values from DFT and
extended Hückel calculations are employed for mapping the
frontier bands to fragment orbitals that help in understanding
the nature and magnitude of band gaps. The extended
Hückel32 (eH) calculations were performed using CACAO33

and YAeHMOP packages.
Mapping fragment MOs to bands is needed to deduce

design rules for band gap engineering as it is proven effective in
understanding electronic effects in 2D nanosheets.34,35 Besides,
we correlate the DFT band structure and energies with tools in
chemical graph theory that estimates resonance energy or
aromaticity of polycyclic benzenoid hydrocarbons. The extent
of delocalization is measured popularly with the number and
nature of VB-type Kekule ́ resonance structures36 as they
contribute significantly to the ground state and correlate with
resonance energy. With few exceptions,5 graph theoretic
reports do not appraise the nature of the frontier or extend
readily to periodic systems. Delocalization and its relationship
with physical observables are the challenges in two
dimensions.37 We anticipated that their qualitative stability
description may correlate with the band gap and help the
system design.

3. RESULTS AND DISCUSSION
We restricted ourselves to partially oxidized graphene nano-
sheets that exclusively have epoxides and >C�C< double
bonds, leaving the reactive radical centers out of the current
inquiry. The constant stoichiometry C4O has equal amounts of
epoxides and double bonds on the graphene lattice with
varying topologies and allows direct comparison across distinct
networks. Beforehand, we probed the nature of interactions
between epoxides and >C�C< groups using molecular
models to understand their stability and the HOMO−
LUMO gap comprehensively.

3.1. Conjugation versus Hyperconjugation in Molec-
ular Models. We probed the three distinct junctions involving
epoxides and double bonds possible, inspecting the nature of
electronic effects. The change in the optimized geometry in the
most stable s-trans isomers (Figure 1) reflects the impact of
delocalization.

Though the central C−C bond in the epoxy dimer (Figure
1a) is shortened (<1.5 Å), the C−O bond hardly shows any
elongation (0.004 Å) compared to oxirane (1.429 Å),
indicating negligible hyperconjugation. This rules out the
suspected partial π-bonding of the central C−C bond
(donation of C−O σ to C−O σ*), and its shortening is
largely due to the bent nature of the exo-2c-2e bonds of the
strained triangular ring.20 In the epoxide−double bond
junction (Figure 1b), the proximate C−O bond elongates by

0.013 Å, implying a tangible increase in the π-delocalization,
shortening the central C−C bond further. The delocalization is
significantly more in butadiene (Figure 1c) where the central
C−C bond is substantially shortened by π-conjugation.

The observed HOMO−LUMO gap of these molecular
models correlates well with the geometrical variations. The
HOMO of epoxide is a p-type oxygen lone pair with little
mixing from carbon atoms. However, the low symmetry of
these systems allows the mixing of the sp- and p-type lone pairs
with C−O σ-bonding MOs in these molecules (Figure 2) and
the nanosheets.

The epoxide dimer has the highest gap, which is only slightly
lower than that of the monomer due to insignificant
hyperconjugative delocalization since the donation of C−O σ
to C−O σ* orbitals is very weak. The energy mismatch
between them is a direct consequence of the large HOMO−
LUMO gap of the epoxide. On the other hand, >C�C<
groups exert appreciable delocalization due to the low-lying
C−C π-antibonding leading to the significant reduction in the
HOMO−LUMO gap of the composite molecules. The
HOMO−LUMO gap reduces further in butadiene due to
conjugation. Overall, all the composite systems have reduced
HOMO−LUMO gaps compared to their monomers due to
delocalization to varying degrees.

Interactions of epoxides and >C�C< groups within the
hexagonal constraint effectuate large variations in the
HOMO−LUMO gaps. We probe two isomeric models with
two double bonds within a hexagonal ring and two
exoepoxides, which are isoenergetic (<1 kcal/mol) and
optimized geometries (Figure 3) that show subtle variations
in the bond lengths and HOMO−LUMO gap. Though there
are other isomeric possibilities, they are higher in energy.

Hyperconjugation leads to the elongation of the proximate
C−O bonds (lateral splaying). It is enhanced with the two
>C�C< groups in 3a and becomes comparable to the impact
of conjugative stabilization in 3b. The increased hyper-
conjugative stabilization in 3a is due to the planarity of the
carbon network, where each sp3 carbon is incident to two
>C�C< groups enabling “through bond” interaction between
double bonds. This topology allows definite cyclic π-
delocalization in the hexagonal ring, resulting in pseudoar-
omaticity. The out-of-plane distortion forced in 3b by the
gauche effect between epoxides reduces the π-overlap between
conjugated double bonds, making it comparable to the
hyperconjugative impact on 3a. However, the enhanced
delocalization from conjugated double bonds reduces its
HOMO−LUMO gap substantially compared to that of 3a, in

Figure 1. DFT optimized geometries of (a) epoxide dimer, (b)
epoxide and >C�C< double bond, and (c) s-trans-butadiene. The
computed HOMO−LUMO gap is given within braces.
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which pseudoaromatic interactions arise from hyperconjuga-
tion.

A similar effect is reported with cyclohexadiene isomers,38

where 1,4-diene exhibits swapping of its frontier π-MOs in
both occupied and virtual space39 (see Section S5, Supporting
Information). The impact of conjugation and hyperconjuga-
tion in different topologies has a subtle effect on delocalization.
Though both are stabilizing, the band gap is substantially
reduced by π-conjugation.

3.2. Topological Variations in C4O Nanosheets. The
bonding variations in molecular models provide pivotal
guidance for designing isomers of C4O nanosheets with
varying band gaps since delocalization effects like aromaticity,
conjugation, hyperconjugation, etc. play a vital role. The steric
repulsion between oxygen lone pairs that is detrimental to the
stability can be partially offset by lateral splaying that leads to
nonequivalent C−O bonds within the epoxide ring or
orthogonal axial splaying.20 Assuming that π-delocalization
reduces the band gap, epoxides are distributed prudently on
the graphene lattice to vary the topology of π-delocalization.
Epoxides are distributed on either side of the graphene surface
to minimize the steric repulsion between oxygen lone pairs.
Lattices with symmetrically equivalent epoxides are selected to
keep the size of the unit cell manageable, except when it is
impossible to have a desired delocalization topology. We start
with the isolated π-bonds and progressively extend the
delocalization to probe its impact on the stability and nature

of the band gap. The 2D lattice symmetry is assigned by
treating the epoxides on different sides as distinct.

3.2.1. Isolated π-Bonds. The isomer having periodic
alternation of >C�C< bonds and epoxides along both
armchair and zig-zag directions (Figure 4a) has a rectangular
lattice having two formula units (Z = 2) of C4O, with two
distinct Csp3−Csp2 interactions, intra (within the same ring)
and inter (across adjacent rings). On optimization, intra is
marginally longer than inter due to the slight variation in the
hyperconjugative delocalization involving the donation of C−
O σ to C−C π* orbitals (Figure 4b). The >C�C< π-bonds

Figure 2. eH-based interaction−correlation diagram of the epoxide dimer (right), epoxide with >C�C< (middle), and butadiene (right) showing
the variation in the HOMO−LUMO gap. The dotted lines indicate higher-order mixing.

Figure 3. DFT optimized geometries of diepoxy derivatives of (a) 1,4-
cyclohexadiene and (b) 1,3-cyclohexadiene. The computed HOMO−
LUMO gap is given within braces.

Figure 4. C4O sheet having isolated double bonds distributed one per
hexagon: (a) 2D lattice symmetry, (b) optimized geometry, (c) band
structure, and (d) atom-projected DOS.
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and oxygen lone pairs dominate the top two valence bands.
They split at the gamma but remain degenerate at other
symmetry points of the Brillouin zone, indicating negligible
communication across π-electrons (Figure 4c).

The C−O σ-orbitals lie low, stabilized by hyperconjugative
mixing from >C�C< π*-orbitals as indicated by the oxygen-
projected DOS. There is hardly any interaction between them,
leading to minor splitting. The conduction band is dominated
by the two >C−C< π* orbitals, pushed up by hyper-
conjugation, and split only at the gamma, leading to the direct
band gap. We use this nanosheet as the reference to compare
the stability (in kcal/mol per C4O unit) of other isomers. Its
Janus isomer having all the epoxides on the same side of the
graphene surface has a similar electronic structure with a
marginal reduction in the band gap (2.116 eV). They are
comparable in energy (<1 kcal/mol) as oxygen atoms are far
separated to exert any steric problems.

An alternate distribution of isolated >C�C< bonds is to
align them along the armchair direction, resulting in a 1,4-
cyclohexadiene motif (Figure 5a). This lattice (Z = 2) forces all

the Csp3−Csp2 interactions to be symmetrically equivalent.
Hyperconjugation shortens these bonds (Figure 5b), but the
increase in C−O distances is moderate. Unlike pgg2-I (Figure
4), hyperconjugation also mediates “through bond” interactions,
leading to pseudoaromaticity within the ring. The topology
extends delocalization across these pseudoaromatic rings by
edge sharing, which increases its stability unlike the molecule
(Figure 3a). The split-off between the π-dominant valence
bands from the σ-framework vanishes since the enhanced
delocalization from hyperconjugation increases the width.

Besides, lattice symmetry forces additional degeneracy at S.
This increased width of the valence π-bands shares the same
energy window with the oxygen lone pair (Figure 5c) as seen
from the oxygen-projected DOS (Figure 5d).

As seen in the molecular model (Figure 3a), the mixing of
C−O σ-MOs happens only with one of the π* Mos, the one
with the in-phase combination of the two π-antibonding
fragments MOs of the 1,4-cyclohexadiene unit (see S5,
Supporting Information). Similar mixing pushes the con-
duction bands further up, resulting in a larger band gap despite
the pronounced delocalization. The conduction band mini-
mum is at the gamma, but the valence band maximum is
shifted slightly, leading to an indirect band gap presumably due
to the “through bond” interactions between intra π-bonds.

Its Janus isomer19,40 is less stable than pgg2-I by 2.45 kcal/
mol and shows a reduced gap of 1.702 eV, which is presumably
due to steric repulsion from p-type oxygen lone pairs.
Compared to pgg2-I, the 1,4 cyclohexadiene motif has an
increased band gap due to the pseudoaromaticity arising from
through−bond interactions.

3.2.2. Conjugated Systems. We start with the lattice having
restricted conjugation along the armchair direction. It is
constructed from one-dimensional (1D) carbon chains with a
periodic alternation of two conjugated double bonds (s-cis
butadiene motif) and two epoxide groups (intra-trans).
Juxtaposing these chains in the second dimension leads to a
rectangular lattice (Z = 4) with alternating epoxides and
double bonds in the zig-zag direction (Figure 6). Here, for
every Csp2−Csp2 single bond stabilized by conjugation, there
are three hyperconjugative interactions stabilizing the three
discrete Csp3−Csp2 single bonds.

The bond length variations in the formal C−C single bonds
of the representative resonance structure perfectly reflect the
extent of delocalization. Bonds connecting epoxide groups to

Figure 5. C4O nanosheet having isolated double bonds with the 1,4-
cyclohexadiene motif: (a) 2D lattice symmetry, (b) optimized
geometry, (c) band structure, and (d) atom-projected DOS.

Figure 6. C4O sheet having conjugated double bonds with s-cis
butadiene motif: (a) 2D lattice symmetry, (b) optimized geometry,
(c) band structure, and (d) atom-projected DOS.
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the central carbons of the butadiene fragment are the longest
due to the reduced hyperconjugation arising from the smaller
size of its coefficients in the LUMO of the butadiene fragment.
The next longest is the interepoxide junction with negligible
hyperconjugation but bond bending. The epoxide junctions
having intra- and inter-type hyperconjugation with the terminal
carbon atoms of the butadiene fragment appear next in that
order. The shortest is the central bond of the butadiene unit
due to π-conjugation. The reduced symmetry of the lattice
allows lateral oxygen splaying. The presence of π-conjugation
effectively reduces the gap, making it more stable than the
reference pgg2-I.

Despite π-conjugation, this isomer is less stable than pmm2
(Figure 5a) with isolated double bonds. This indicates that the
conjugative stabilization is less pronounced than the
pseudoaromatic hyperconjugation arising from the planarity
of the 1,4 cyclohexadiene fragment. The frontier bands map
perfectly with the butadiene frontier MOs and appear in pairs
due to the duo of butadiene fragments in the cell. They have a
minor splitting at the gamma, leading to a direct gap. The
projected DOS shows significant oxygen mixing, indicative of
definite hyperconjugation. Its reduced strength results in flat
valence bands splitting off from the rest. The Janus isomer19 of
this sheet has a direct gap (1.38 eV) and is less stable by 8.67
kcal/mol.

The lattice hosting the trans-butadiene motif (Figure 7) is
constructed by starting with a linear chain of alternating

epoxide and >C�C< units in the zig-zag direction as in pgg2-I
but linking these parallel chains with an alternate stacking that
curtails conjugation to two double bonds (Z = 2).

The length of conjugation can be controlled by manipulating
the stacking of these 1D chains. Increased conjugative

delocalization in this isomer is reflected in the reduced bond
alternation (0.092 Å) in the butadiene unit. In addition, the
pronounced hyperconjugative stabilization arising from the
pseudoaromaticity of the planar 1,4-hexadiene fragment and
the lack of steric repulsion between the epoxides aided by the
network topology makes this isomer substantially more stable
than its cis counterpart (Cm) by 2.5 kcal/mol.

The optimized bond lengths precisely show the cause of the
underlying electronic effects. The band structure has a split-off
valence band with a larger width, reflecting the increased
delocalization and the subsequent reduction in the band gap.
The minimal oxygen projected DOS in the frontier reflects the
domination of >C�C< units in conjugation.

Increasing the conjugation length is expected to pro-
gressively increase the stability while reducing the band gap.
However, extending the conjugation to infinity may also lead
to Peierls distortion41 as in conjugated polymers.42 To probe
this impact, we constructed two C4O nanosheets with infinite
conjugation in the orthogonal (zig-zag and armchair)
directions. The sheet having infinitely extended conjugation
in the zig-zag direction when interspersed with alternating
epoxide chains has an oblique unit cell (Z = 2). The reduction
in symmetry due to the inter-trans orientation of epoxides
naturally allows >C�C< bonds to localize if energetically
favored (Figure 8). The optimized unit cell has a finite bond

alternation (0.032 Å) between the C−C distances of the sp2

carbon, much less than that of polyacetylene (0.08 Å). In
addition to conjugation, hyperconjugation contributes signifi-
cantly, increasing its stability as reflected in the bond lengths.

The reduction in bond alternation leads to a negligible band
gap. The projected DOS shows substantial mixing of oxygen in
the lower occupied π-band. Its Janus isomer is less stable by 12

Figure 7. C4O sheet having conjugated double bonds with the trans-
butadiene motif: (a) 2D lattice symmetry, (b) optimized geometry,
(c) band structure, and (d) atom-projected DOS.

Figure 8. C4O sheet having extended conjugation in one dimension
with the trans-polyacetylene motif: (a) 2D lattice symmetry, (b)
optimized geometry, (c) band structure, and (d) atom-projected
DOS.
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kcal/mol due to the steric repulsion from oxygen atoms as they
lie too close (<2.5 Å) and are forbidden from splaying due to
symmetric constraints. However, it shows a significant band
gap (0.348 eV).

The isomer with extended conjugation in the armchair
direction forms a rectangular lattice (Z = 2) similar to cis-
polyacetylene and allows localization of π-bonding (Figure 9).

However, the optimized geometry shows only a minor bond
alternation (0.006 Å) and increased conjugative delocalization.
Surprisingly, this is substantially more stable (∼2.74 kcal/mol)
than the p2-I isomer despite having similar interepoxide
interactions. This trend is quite the opposite of the
observations in polyacetylene isomers or even in the cis−
trans isomers of butadiene-based C4O sheets discussed earlier.
The exceptional stability of this cisoid isomer and the
negligible bond alternation along the sp2 chain arise not just
from the increased hyperconjugative interactions as seen in the
reduced Csp3−Csp2 distances. Through hyperconjugation, the
cis-butadiene units acquire additional stability through cyclic
delocalization across the epoxide C−C bond. As part of the
hexagonal ring, epoxide forces planarity, thereby effectuating
pseudoaromatic stability, which is absent in the cis-butadiene-
based isomer (Cm) or cis-polyacetylene. It has a metallic band
structure expected from the lack of bond alternation. The
frontier π-bands span a width of more than 5 eV. The lower
occupied π-band shows mixing with oxygen and remains flat
except at the gamma.

The final variation in acyclic π-delocalization is cross
conjugation, which is the focus of active research in organic
electronics.43,44 The lattice with extended cross conjugation is
constructed by stacking two layers of isolated double bonds
that run perpendicular to the zig-zag direction (Figure 10).

These are interspersed with two layers of epoxide that are
placed similarly on the graphene lattice, forming a rectangular
unit cell (Z = 4). Increasing the number of these layers will
increase the length of cross conjugation, providing additional
flexibility for band gap engineering.

The conjugative delocalization in the infinite chains studied
earlier (p2-I and pmg2-I) allows two possible Kekule ́ resonance
structures that are energetically close. In contrast, cross-
conjugation allows only one representative Kekule ́ resonance
structure even though it is extended infinitely in one direction.
Since this implies forced double bonds and single bonds,
chemical intuition suggests that this will lead to reduced
delocalization. The optimized geometry indeed shows large
variations (∼0.1 Å) in the C−C bond lengths between sp2

carbon atoms. The reduction in the delocalization results in a
substantial band gap and reduced stability compared to that in
the other two sheets with infinite conjugation. In the band
structure, the top two valence bands are flat and split off from
the rest, presumably due to dominant nonbonding π-
interactions within the sp2 layers. Their flatness and reduction
in oxygen DOS indicate reduced delocalization across the
layers.

3.2.3. Aromatic Systems. Cyclic delocalization involving
hexagonal rings is well-known for its pronounced aromatic
stability without compromising the HOMO−LUMO gap.
These cyclic networks can be isolated or connected or share
one or more edges to extend the delocalization. The
topological impact of aromatic delocalization on the stability
and band gap of the C4O is systematically explored by
increasing the complexity progressively.

The C4O network with isolated benzenoid rings, separated
by interspersing of epoxides, forms a hexagonal lattice (Figure
11). The unit cell (Z = 6) has benzenoid rings with a reduced
local (D3d) symmetry that allows bond alternation. The
optimized geometry shows minor bond alternation (0.025 Å)
within the benzenoid ring. The C−O bonds show lateral

Figure 9. C4O sheet having extended conjugation in one dimension
with the cis polyacetylene motif: (a) 2D lattice symmetry, (b)
optimized geometry, (c) band structure, and (d) atom-projected
DOS.

Figure 10. C4O nanosheet having extended cross conjugation in one
dimension: (a) 2D lattice symmetry, (b) optimized geometry, (c)
band structure, and (d) atom-projected DOS.
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splaying, and one of the two epoxide C−O bonds elongates
due to hyperconjugation. The aromatic delocalization within
the benzenoid ring makes it more stable than all the acyclic
conjugated systems discussed above. It also provides the largest
band gap among all the C4O isomers considered here.
Compared to other acyclic π-delocalization systems, isolated
aromatic rings provide more stability without compromising
the HOMO−LUMO gap, as in the case of molecules.

The valence bands of π-electrons coalesce with the σ-bands
and remain flat throughout the Brillouin zone, indicating
reduced delocalization across unit cells. The atom-projected
DOS of sp2 carbon atoms lies below the oxygen, indicating
excessive stabilization of the aromatic π-electrons, allowing the
oxygen lone pairs to dominate the frontier. Nevertheless, the
conduction bands are predominantly π-antibonding with some
oxygen mixing. These observations also imply that an isolated
benzenoid motif that forms localized Clar’s sextets gives the
largest gap between π-bands for a partially oxidized graphene
oxide irrespective of the degree of oxidation. The band gap can
be reduced by replacing the isolated benzene fragment with
other benzenoid fragments of appropriate HOMO−LUMO
gaps.

Next, the aromatic sextets are linked directly, promoting π-
communication as in biphenyl. Extending them infinitely in
one dimension gives two isomeric possibilities. The para
network has the 1,4-connected benzenoid rings with
interspersed epoxide chains forming a rectangular cell (Z =
3). This topology does not allow the ideal “all-trans”
orientation across proximate epoxides. Hence, the next most
favored inter-cis interaction is used to minimize the steric
repulsion between the oxygen lone pairs (Figure 12).

The optimized geometry shows a shortening of the C−C
bond linking the benzenoid rings, indicating a significant π-
delocalization. Compared to the standard aromatic C−C bond
length, the ring C−C bonds are slightly elongated (<0.02 Å)
and also show mild bond alternation (∼0.01 Å). The different

epoxide bridges exhibit mild axial splaying, allowed by the
lowered symmetry. Compared to the p31m isomer having
isolated sextets, the extended delocalization across the sextets
here provides additional stabilization of 2.25 kcal/mol for this
network and also reduces the band gap by ∼1 eV. Extended
delocalization allows the valence bands to span more than 1 eV
width and lift the sp2 carbon framework to the frontier,
yielding a direct band gap at the gamma.

An alternate topology with the 1,3 linking of benzenoid rings
leads to a metaconnected network.45 The resulting nonlinearity
forces the interspersing epoxides to accumulate within a
hexagonal ring (Figure 13). Its rectangular unit cell (z = 6) has
destabilizing 1,3 intra-cis interactions between epoxides that
make the C−C bonds between the benzenoid rings into two
distinct types. In the optimized geometry, these distances were
comparable to that of the para-connected network. Hence, the
reduced stability of this network compared to that of its para
isomer (pm) appears to arise from the steric repulsion between
the proximate oxygen lone pairs.

However, the computed band gap is found to be
substantially larger (>0.7 eV) than that of the para isomer,
indicating reduced delocalization between aromatic sextets,
thus leading to flat bands. The projected DOS shows finite
domination of π-bands in the frontier, subduing the oxygen
lone pairs. Clearly, π-delocalization between aromatic sextets is
reduced in the meta-network, partially contributing to the
instability. It correlates with the reduced number of Kekule ́
resonance structures in the metaconnected network since the
bonds connecting benzenoid rings are forced single bonds in
all these structures. These bonds lack definite elongation,
presumably due to the network constraints arising from the
epoxide sublattice.

The substantial variation in topology with the benzenoid
motif involves sharing of edges. The linear polyacene46-type
network with an interspersed layer of epoxides forms a
rectangular network (Z = 4). This lattice can also be viewed as

Figure 11. C4O sheet having an isolated benzene motif: (a) 2D lattice
symmetry, (b) optimized geometry, (c) band structure, and (d) atom-
projected DOS.

Figure 12. C4O nanosheet having extended conjugation across
benzene rings with the planar poly(p-phenylene) motif: (a) 2D lattice,
(b) optimized geometry, (c) band structure, and (d) atom-projected
DOS.
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a network that interlinks two infinite polyacetylene chains. The
epoxides are effectively distributed on either side of the lattice
to avoid steric repulsion, allowing bond alternation along the
polyacetylene chains (Figure 14). The optimized geometry

shows slight bond alternation of polyacetylene chains (0.003
Å) along the zig-zag direction, opening a smaller gap. However,
the shared edges of the benzenoid rings are significantly longer,
more in the range of Csp3−Csp2 distances. This disparity
reduces the π-delocalization across the polyacetylene chains,
which is detrimental to the stability.47 Despite this short-
coming, the polyacene motif is more stable than the
metaconnected p2-II benzenoid network but falls short of
the para-connected pm isomer.

The π-electrons dominate the frontier bands, and there is a
small but definite direct band gap at the gamma, typical of
polyacetylene rather than the benzenoid. The perceived loss of
aromaticity is also observed in polyacenes.48 The lack of
aromatic stability originates from the impossibility of forming
Clar’s sextet, with the interchain bonds remaining single in all
the possible Kekule ́ resonance structures. The sp2 carbon
linked to the epoxides dominated the DOS near the Fermi
level and is presumably π-non-bonding.

The C4O sheet with edge-sharing benzenoids can also have a
phenacene49 motif with interspersed epoxide layers running
along the armchair direction. The topology of the resulting
rectangular unit cell (z = 4) allows the distribution of epoxides
with the favored inter-cis interactions (Figure 15). Compared

to the acene isomer, the edges shared between the benzenoid
units are shorter by 0.029 Å. In contrast, the bond connecting
sp2 carbon atoms incident to the epoxide units is shortened
further, indicative of large π-character as in phenanthrene.
These sp2 carbon atoms dominate the frontier bands. Valence
bands are π-bonding, and conduction bands are π-antibonding
between them. There is a direct band gap at X along the
phenacene chain.

The entire chain of benzenoids can also be visualized as an
edge-sharing superposition of two pm-type chains of 1,4-
connected Clar’s sextets. The moderate bond alternation

Figure 13. C4O sheet with the planar poly(m-phenylene) motif: (a)
2D lattice, (b) optimized geometry, (c) band structure, and (d) atom-
projected DOS.

Figure 14. C4O nanosheet having extended conjugation in one
dimension with the polyacene motif with (a) 2D lattice symmetry, (b)
optimized geometry, (c) band structure, and (d) atom-projected
DOS.

Figure 15. C4O nanosheet having extended conjugation in one
dimension with the polyphenacene motif: (a) 2D lattice symmetry,
(b) optimized geometry, (c) band structure, and (d) atom-projected
DOS.
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within the sp2 carbon sublattice without any forced double or
single bonds results in increased π-delocalization with the
attended reduction in the band gap and substantially increased
stability. The increased stability also correlates with the
increase in the number of Kekule ́ resonance structures,
which increases the Shannon entropy of the information
related to the distribution of double bonds.

3.2.4. sp2 Networks Extended in the Second Dimension.
Theoretically, one can extend the infinite 1D sp2 network of
acyclic and benzenoid motifs by stacking one or more layers
laterally to increase the π-delocalization. All the networks
having infinite 1D chains can be, in principle, extended. We
extended the most stable network with the phenacene motif to
assess its impact on its thermodynamic stability and band gap.

Stacking two layers of phenacene together by edge sharing
leads to a rectangular unit cell (Z = 6). The symmetry remains
the same (Figure 16), and the range of C−C distances between

the sp2 carbon atoms is narrowed, indicating larger
delocalization. The additional layer increases its stability by
1.34 kcal/mol per C4O unit. The inner sp2 chain shows
moderate bond alternation while more significant variations
occur at the periphery of the aromatic framework. As expected,
the frontier bands are dominated by sp2 carbon atoms,
presumably from π-type MOs that span a larger width than the
single-layer phenacene nanosheets. As a result, there is a direct
band gap at the gamma, with its magnitude reduced by ∼0.4
eV.

Further moderation of bond alternation within the sp2

sublattice is observed in stacking one more layer of phenacene
(see Section S3, Supporting Information, isomers 50 and 52).
The stability increases by a meager ∼0.4 kcal/mol, but the
band gap reduces drastically (<0.1 eV). Clearly, increasing the
number of layers of phenacene will lead to metallicity with a

slight gain in stability. Similar effects were observed in stacking
other extended sp2 networks (see Section S3, Supporting
Information).

From these observations, we can deduce that the band gaps,
if they exist, will reduce progressively and turn metallic with
increased stacking. At the same time, energies improve
modestly and converge to a constant value. Instead of stacking
infinite 1D chains of sp2 networks in the nanosheets, it is
possible to have infinitely extended conjugation in two
dimensions simultaneously. However, the size of such a
network having C4O stoichiometry is prohibitively large to be
considered here.

4. CONCLUSIONS
The topological factors are proved effective for micro-
engineering the band gaps and thermodynamic stabilities of
partially oxidized graphene and can be rationalized using the
electronic delocalization effects of organic chemistry. The
primary stabilizing effects arise from the mixed blend of
hyperconjugation, π-conjugation, and pseudoaromatic/aro-
matic delocalization within the benzenoid ring in increasing
order barring a few exceptions. In their isolated existence, two
distinct substructures, the >C�C< unit and the aromatic
sextet, open the largest possible band gap in the partially
oxidized graphene. Progressive extension of conjugation from
these fundamental units will result in a proportional reduction
in the band gap and a subsequent increase in their
thermodynamic stability. Isolated molecular fragments of sp2

carbons separated by sp3 carbons of the epoxide groups will
have the band gap mostly direct with its magnitude
proportional to the HOMO−LUMO gap of corresponding
conjugated hydrocarbon with a minor increase in the
hyperconjugative effects. The band gaps of one-dimensionally
extended conjugated systems mostly have indirect band gaps,
whose magnitude is proportional to the degree of asymmetry
in their π-bond order. Network topologies that allow fixed
single or double bonds (π-bond orders 0 and 1) help open the
band gap in that direction but are detrimental to their stability.
Higher thermodynamic stability requires aggregating sp2

regions together as it enhances delocalization. However,
doing so with epoxides requires careful distribution so that
the destabilizing steric repulsion from oxygen lone pairs is
averted. The systematic inquiry into the isomeric C4O
nanosheets modeled here can be generalized to comprehen-
sively understand the nature of π-delocalization and other
electronic effects on the stabilities and band gaps of partially
oxidized graphene, irrespective of the degree of saturation. The
chemical insights drawn here for the assessment of
thermodynamic stability and band gap engineering will help
select a synthetic target that is appropriate for the particular
requirement either through top-down50 or bottom-up
approaches51 of atomistic controlled oxidation of graphene.
It also provides a comprehensive understanding of the 2D π-
delocalization in polycyclic benzenoid systems in terms of
observable quantities instead of abstract resonance energy
estimates.
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Figure 16. C4O nanosheet having extended conjugation with a
double-layered polyphenacene motif: (a) optimized geometry of the
2D lattice, (b) band structure, and (c) atom-projected DOS.
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