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Quantum chemical investigation of epoxide and ether
groups in graphene oxide and their vibrational
spectrat
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We present a detailed analysis of the factors influencing the formation of epoxide and ether groups in
graphene nanoflakes using conventional density functional theory (DFT), the density-functional tight-
binding (DFTB) method, n-Huckel theory, and graph theoretical invariants. The relative thermodynamic
stability associated with the chemisorption of oxygen atoms at various positions on hexagonal
graphene flakes (HGFs) of Dgn-symmetry is determined by two factors — viz. the disruption of the
n-conjugation of the HGF and the geometrical deformation of the HGF structure. The
thermodynamically most stable structure is achieved when the former factor is minimized, and the
latter factor is simultaneously maximized. Infrared (IR) spectra computed using DFT and DFTB reveal a
close correlation between the relative thermodynamic stabilities of the oxidized HGF structures and
their IR spectral activities. The most stable oxidized structures exhibit significant IR activity between 600
and 1800 cm~', whereas less stable oxidized structures exhibit little to no activity in this region. In
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Introduction

Graphene and graphene oxide (GO) are currently at the fore-
front of modern materials science and technology. Yet it was
over a century ago, in 1859, that Benjamin Brodie isolated GO
for the first time via the exfoliation of graphite oxide.
The popularity of graphene and GO today stems from their
outstanding physicochemical properties,"”> which make their
application in nanoscale electronic and optical devices a
potential reality. Structural models of GO have been reviewed
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on several recent occasions (see ref. 2-4 and references
therein). Proposed GO structures and their dynamic and
chemical behavior remain controversial. Perhaps the most
popular structural proposal is that reported by Lerf and
Klinowski et al,>® which assumes epoxides and alcohols to
be the main features in the graphene basal plane, leaving the
carbon o-bond network intact. Conversely, the GO structure
proposed by Dékany et al.” is dominated by ether and keto
functional groups in the GO basal plane, assuming partial
damage to the carbon c-bond network. Recent experiments®®
suggest that oxidation results in both ether and epoxy groups in
the GO basal plane, with the ratio of epoxy and ether groups
being dependent on the extent of functionalization. Molecular
dynamics simulations suggest that epoxide groups are able to
migrate on the surface even at 300 K,'° while other investiga-
tions point to a ‘kinetically constrained’ GO structure.'™?
Oxidative linear unzipping of graphenes has been deemed
possible,"®™ but could not directly be confirmed in quantum
chemical molecular dynamics simulations.®

One of the original questions regarding the distribution of
GO functional groups following the initial non-stoichiometric,
amorphous structures proposed by Lerf and Klinowski et al.>®
pertains to the distribution of functional groups. Do functional
groups distribute themselves so that the area of uninterrupted
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Fig. 1 Definition of nomenclature and stoichiometries for phenanthrene (1) and coronene (6) model systems and Dg,, HGF structures 2-5 and 7-11. Isolated and
resonant n-electron Clar-sextet patterns are also depicted for each structure. For clarity, the isolated and resonant Clar-sextet pattern of only the largest member of

each series is shown; edge hydrogen atoms are not depicted.

n-conjugated regions is maximized? As Dreyer et al.’ note, the
answer to this question underpins the chemical reactivity and
electronic structure of GO. Several recent experiments (see ref. 4
and references therein) point to the existence of sp” ‘islands’ of
diameters between 2 and 3 nm in GO. Liu et al.'® have also

3726 | Phys. Chem. Chem. Phys., 2013, 15,3725-3735

shown that amorphous GO models prefer a degree of short-
range order. This question is important, since the applicability
of graphenes - at least in the context of nanoelectronics - is
determined primarily by their band gap, which is controlled
in turn by the ‘tunability’ of their sp”: sp® carbon ratios.*

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp00094j

Published on 16 January 2013. Downloaded by National Chiao Tung University on 28/04/2014 02:08:18.

A detailed understanding of the factors governing competing
oxidations in different regions of the graphene basal plane is
therefore warranted, but has not yet been reported in the
literature (despite an already rich theoretical literature concerning
GO structure, see ref. 11 and references therein).

In this work we present a detailed study of the bonding of
epoxide functional groups in the basal plane of Dg}, hexagonal
graphene flakes (HGFs) with both armchair and zigzag edges of
increasing size (see Fig. 1). The bearing of the n-structure of the
HGF on the epoxidation energetics will also be addressed, both
from quantum chemical and graph theoretical points of view.
This analysis will be presented in terms of phenanthrene and
coronene archetypal HGFs (structures 1 and 6, Fig. 1). Finally,
we will show that the relative energetics of these GO flakes is
commensurate with trends in their infrared (IR) spectra - ie.,
that IR spectral signatures are convenient indicators of these
bonding trends. This in itself reflects experimental trends in the
structural evolution during the thermal reduction of GO."”*® We
will show, however, that Raman spectroscopy is less informative
for discriminating these bonding trends in GO.

Computational details
Quantum chemical calculations

Density functional theory (DFT) and density functional tight-
binding (DFTB) methods were employed to investigate the
epoxidation of HGFs 1-11 (Fig. 1). The structure and IR spectra
of the HGFs 2-5 and 7-11 and their oxides were considered only
at the DFTB level. For DFT, the B3LYP functional,’®*° as
implemented in the G09 program,** was employed in conjunc-
tion with the 6-31G(d) split-valence basis set. The performance
of this method has previously been validated in the context
of GO." Both the self-consistent charge DFTB (denoted
simply DFTB for brevity) method®* and the spin-polarized
variant thereof (SDFTB)*® were also employed. Self-consistency
with respect to atomic charge fluctuations is essential for an
accurate description of systems involving partial charge-
transfer between atomic centers. Similarly, the inclusion of
spin-polarization was required to investigate the energetics of
oxidation resulting in both singlet and triplet HGF oxides. To
assist in the convergence in the iterative solution of the DFTB/
SDFTB equations, a low electronic temperature (7.) of 100 K
was imposed in both cases. The effect of such an inclusion is
anticipated to be negligible on structural and spectral features
of these species. For DFTB/SDFTB calculations of geometries
and energies, the C/O/H parameters included in the mio-0-1
parameter set*> were employed. For the computation of IR/Raman
spectra using DFTB, C/O/H parameters> developed specifically
for this purpose were employed in structure re-optimizations
and second-order analytical geometrical derivative calculations,
as well as for the calculation of IR and Raman intensities. The
performance of DFTB in the context of IR/Raman spectroscopy
has been demonstrated on a number of previous occasions;*>
in particular, spectroscopic trends obtained using DFTB have
been shown to be the same as those using DFT. The same may
be said regarding energetic trends for systems both physically
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related”® and unrelated®® to GO. All DFTB and SDFTB optimiza-
tions were performed using the G09 program,>' with DFTB/
SDFTB energies and gradients being computed externally.

We consider here GO structures (denoted by the suffix o)
consisting of HGFs 1-11 with a single oxygen atom added above
the midpoint of each symmetrically distinct C-C bond (these
bonds are numbered in Fig. 1 for each HGF). The geometry of
each isomer was then optimized, and the IR and Raman spectra
were subsequently calculated.

Analysis of benzenoid Clar covers

In order to analyze local reactivity in a graphene nanoflake, we
need to understand its m-electronic structure, in the sense first
formulated by Schleyer and co-workers in 2003.%! In this work,
instead of performing nuclear independent chemical shift
calculations, we resort to graph theoretical invariants in order
to be able to deal with the largest HGF systems.

An arbitrary polyaromatic hydrocarbon (PAH) structure, such
as an HGF, exhibits two topologically invariant properties -
the number of Kekulé structures and Clar covers. The number
of Kekulé structures K for a C,H,, PAH is the number of
conceivable arrangements of n/2 localized m bonds in a given
structure. The second invariant - the number of Clar covers - is
less frequently used and requires some explanation. A Clar cover
of order k is a feasible resonance structure obtained by arranging
k aromatic Clar sextets and (n/2 — 3k) localized © bonds in a
given structure. The maximal number of aromatic Clar sextets
that can be accommodated in a given benzenoid structure is
usually referred to as the Clar number Cl. The number of Clar
covers C is defined as the total number of Clar covers of order k
with k between 0 and Cl. The connection between the number
of Kekulé structures and the m-conjugation strength is well-
understood, as K defines the number of many-electron basis
function in the configuration interaction (CI) expansion of the ©
energy. It is noted here that the present CI expansion consists
only of covalent, non-ionic electronic states. It is clear that
enlarging the CI space leads to lower energy. Analogously,
producing a single epoxide-type site in a graphene flake
reduces the number of Kekulé structures for a given flake and
consequently will lead to an increase in the m energy. Using
the number of Kekulé structures for quantifying the degree of n-
conjugation has a single disadvantage: it implicitly assumes that
all basis functions contribute to the lowest-energy CI wave
function to a similar degree. It is possible to correct for this
oversimplified picture by introducing multiple-counting for
structures, in which favorable local arrangement of localized n
bonds can be described as an aromatic Clar sextet. Obviously,
these basis functions will have larger contribution to the CI
energy than other basis functions with unfavorable local
arrangements of the localized © bonds. Such a correction can
be achieved if one counts C instead of K. Both topological
invariants K and C are computed with the use of an automatic
computer code developed for calculation of the Zhang-Zhang
(ZZ) combinatorial polynomial;**™* K is given as the free-term
coefficient of the ZZ polynomial and C is computed as a sum of
all coefficients of the ZZ polynomial. The number of Kekulé
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structures K and the number of Clar covers C can grow very fast
with the number of atoms. For the largest HGF considered here,
C312Hyg, K is larger than 10*! and C is larger than 10?5, which
prevented the computation of C for the epoxidized isomers of
this structure. Consequently, Table S1 in ESIf and Fig. 3 list only
the results obtained with the number of Kekulé structures for
this graphene flake.

Results and discussion
Quantum chemical descriptions of graphene oxidation

We begin with an analysis of structure 1 (phenanthrene). The
DFT and DFTB energies associated with oxygen addition at
bonds o-n are shown in Fig. 2(a). We briefly note here that
DFTB and DFT are generally in good agreement with respect
to optimized geometries of these HGFs (Fig. S1, ESIt). This
agreement is consistent with previous investigations of func-
tionalized carbon nanosystems.?>** The oxidation of phenan-
threne to yield phenanthrene monoxide (denoted 10) can be
understood in terms of two competing factors - the disruption
of the m-conjugation and the geometrical deformation of the
structure itself. The latter can even cause the cleavage of the
C-C o-bond such that an ether product becomes the optimized
structure rather than an epoxy product.® This fact gives rise to a
large discrepancy between optimized energies on the one hand,
and the energy associated with disrupting n-conjugation alone
on the other (the latter being determined using n-Hiickel mole-
cular orbital theory and Kekulé-Clar topological invariants, to be
discussed in detail later). The most noticeable discrepancy in
this regard corresponds to oxygen addition at the 1 C-C bond
(the bond fusing two hexagons). While its oxidation is the least
energetically favorable according to DFT and DFTB, it is the third
most optimal position at which n-conjugation may be disrupted.
The opposite is the case for oxidation at the n C-C bond that
corresponds to the most localized n-bond in the system, which
is consequently attacked first in halogen addition reactions.
Epoxidation of this bond leads to the largest disruption of
n-conjugation, yet DFT/DFTB AE are the third largest. It is clear
therefore that it is not only the disruption of n-conjugation that
results in the largest AE for the oxidation of this model HGF.
This issue has been elucidated further by a simplified energy
decomposition analysis (EDA)*® using DFTB. Fig. 2(b) and (c)
detail this analysis for oxidation of 1 at the o and n C-C bonds,
respectively. For this analysis, we define (relative to the
combined energy of O(*P) and the pristine HGF) AE to be the
optimized energy of the oxidized HGF; Eger (deformation
energy) to be the energy of O(*P) and the HGF at the optimized
geometry of the oxidized HGF separated by an infinite distance;
and Ej, (interaction energy, AE — Eq.f) to be the net interaction
energy between the deformed HGF and O(’P). The latter arises
from the C-O-C bond formation (stabilization) as well as the
disruption of m-conjugation (destabilization). In the case of
oxidation at the o C-C bond of 1o, Fig. 2(b) shows that the
interaction energy overwhelms the deformation energy, which
results in the breaking of the o C-C 6-bond and the bending of
the conjugated structure. For oxidation at the n C-C bond
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(Fig. 2(c)), we see the opposite trend to that of the oo C-C bond.
In this case, the most energetically favorable structure is an
approximately planar one, with the 1 C-C o-bond remaining
intact. Symmetrical ‘buckling’ of this structure about its C, axis
(forming a C-O-C moiety, but breaking the 1 C-C o-bond) results
in a structure ca. 150 kJ mol " higher in energy. Comparison of
Fig. 2(b) and (c) shows that Eq4er for both o and n positions is
approximately the same. On the other hand, Ej,, for the o isomer
is greater compared to that of the n isomer. This is because the
cleavage of the o C-C o-bond and the formation of the ether
group allows the two affected aromatic rings to retain their
n-conjugation. Thus, disruption of n-conjugation in the 1 isomer
is the dominant factor determining its planar equilibrium geo-
metry, since in this case no additional stabilization can be gained
by the cleavage of the n C-C o-bond. These observations are
related to those made previously regarding the exo-functionaliza-
tion of single-walled carbon nanotubes (SWCNTs).*>*” In the
latter case, the balance between the breaking of the C-C c-bond
and the perturbation of the m-conjugation or the CNT (by the
adduct) largely governed whether the oxidized-SWCNT minimum
energy structure exhibited an ether (disrupted C-C o-bond) or
epoxide (intact C-C o-bond) functional group.

We now turn to the oxidation of the larger 2-5 and 7-11 HGF
species. Quantum chemical and topological descriptions of the
oxidation of these species are compared in Fig. 3. AE for singlet
and triplet state structures 20-50 and 7o0-110 are given in
Fig. S3 and S4 (ESIY), respectively. Due to the differing physical
(edge) and electronic (n-conjugation) structures of HGFs 1-11,
this analysis should furnish a comprehensive understanding of
the factors influencing epoxidation. In general terms, Fig. 3
shows that the reactivity of the closed-shell singlet state HGF
towards oxidation increases near the HGF edge, as one may
expect. It is typically the edge region that sees ether formation
as a result of oxidation, as opposed to epoxidation (which
dominates near the center of the HGF). Fig. 3 also shows
however that less aromatic C-C bonds (such as position 16 in
structure 4) are also amenable to ether formation, despite not
being at the HGF edge. However, this applies only to the closed-
shell singlet state HGF oxides; triplet state species 10-110
always led to the formation of epoxide functional groups.
Comparison of Fig. 3 and Fig. S2 (ESIf) shows that AE near
the edge of the HGF structure is defined by the interplay of the
physical and electronic structures of the HGFs. For both the
zigzag-edged 20-40 and the armchair-edged 50, 70 and 8o, this
leads to AE being extremely fluxional between ca. —200 and
—350 k] mol ! in this region. We discuss the case of structure 4
to illustrate this point: Fig. S2 (ESIT) shows that oxidation at
positions 29, 26 and 27 yields AE values of —254, —303 and
—237 kJ mol™'. Each of these adjacent positions resides
on the HGF edge (Fig. 1 and 3). The extreme deviation in AE,
some 60-70 k] mol, correlates with the aromaticity of each
respective C-C bond. In this case, positions 27 and 29 both
belong to aromatic sextets, this stronger n-bonding leads to a
weaker interaction with the functionalizing oxygen atom. This
point is further illustrated by comparing these positions with
their analogues (40, 36 and 37) in structure 9. Fig. S2 (ESIT)
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show the effects of conjugation disruption and structural deformation on the total DFTB energy. Energy contours are spaced at intervals of 10 kJ mol~".

shows that AE are —218, —188 and —223 kJ mol ', respectively.
Each of these positions belongs to an aromatic sextet, oxidation
therefore yields more consistent reactivities relative to each other.

Near the center of these HGFs, the case is somewhat different;
AE is determined essentially by the m-conjugation patterns of each
individual HGF, as is also the case for the archetypal species 6. For
example, AE at o, B, x and & positions of 60 (Fig. 3) are —168,
—190, —280 and —296 k] mol '. The saw-toothed pattern
observed in Fig. S2 (ESIT) for structures 20-40 is also evident

This journal is © the Owner Societies 2013

for structure 50; the m-conjugation of each of these structures
features isolated Clar-sextets as shown in Fig. 1. Structure 5 is
in this respect an interesting case, in that it features a zigzag
edge structure, yet also exhibits isolated Clar-sextet n-structure.
For the zigzag-edged 5, 7 and 8, the n-conjugation structure is
such that the most extremal oxidation positions (21, 14 and 30,
respectively) are C—C double bonds. Consequently, oxidation
at these positions leads to significantly increased AE. We note
finally that these sawtooth patterns in AE discussed here

Phys. Chem. Chem. Phys, 2013, 15,3725-3735 | 3729


http://dx.doi.org/10.1039/c3cp00094j

Published on 16 January 2013. Downloaded by National Chiao Tung University on 28/04/2014 02:08:18.

Paper
1
n‘y_-‘l‘“’_‘ o
£ P8
2 -
salioalie
3 a7

View Article Online

PCCP

100 -350

50 -255

0. -160.

Clar/Kekule (%)

DFTB (kJ/mol)

Fig. 3 Comparison of Clar (left), Kekulé (middle) and DFTB (right) descriptions of oxidation of HGFs 1-11. Bonds are color-coded according to the % of conjugation
remaining in the structure (Clar-Kekulé) or AE (DFTB); DFTB data correspond to singlet-state HGF oxides. Asterisks on DFTB structures denote those positions at which
oxidation leads to ether formation. No triplet-state HGF oxide 10-110 featured ether formation, for any oxygen position (i.e. oxidation at all positions resulted in
epoxide formation). AE values for all structures are provided in Fig. S3 and S4 (ESIt).

appear to manifest themselves more strongly in the smaller
HGFs for each series. Thus, a size-effect regarding the impact of
aromaticity on oxidation of these HGFs is evident, as is the
increasing graphitic nature of the larger HGFs. A size effect is
also evident in AE for the triplet state HGF oxides (Fig. S3, ESIT).
Regarding the relative energetics of these closed-shell singlet
and triplet HGF oxides, the singlet state is the lowest in energy
according to SDFTB. This comparison also shows that oxida-
tion of the closed-shell singlet ground state HGFs is more
favourable in comparison to that of the triplet state HGFs.

3730 | Phys. Chem. Chem. Phys., 2013, 15,3725-3735

A size-effect on the singlet-triplet energy gap of HGFs is also
evident in this comparison, since AE for the triplet HGF
epoxides increase monotonically with increasing HGF size
(Fig. 4). These trends are unsurprising, since it has been
established that the relative energetics of singlet and triplet
graphene nanoflakes, using density functional approaches,
correlate directly with the amount of Hartree-Fock exchange
correlation included in the description of electronic structure
(DFTB being based upon PBE**°). In essence, a higher degree of
HF exchange leads to a decrease in the singlet-triplet energy gap.
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We note finally that no instances of sudden spin polarization in
either pristine or oxidized species 1-11 were observed here using
SDFTB, even after starting self-consistency cycles from broken
symmetry spin densities as initial guess. This may not be the
case for larger flakes, in which higher spin states (as well as
broken spin-symmetry states in the case of zigzag edge HGFs)
become energetically competitive.

As was the case for species 1, large discrepancies between AE
and the predictions of Hiickel theory are also observed for the
larger HGFs 2-5 and 7-11. The same interplay between the
disruption of m-conjugation and the structural deformation
that was observed for 1o, discussed above, is also observed
for 20-50 and 7o0-110. This analogy between the latter model

This journal is © the Owner Societies 2013
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system and the larger HGFs may also be extended to the EDA
presented above for the case of 90 (see Fig. S4, ESIT). It is noted
here that these bonding trends are effectively the same as those
observed by Zheng et al.,*>*” who investigated the endo- and
exohedral oxidation of SWCNTs, and Addicoat et al.,>® who
investigated hydrogenated and hydroxylated fullerenes. Thus,
the factors governing the functionalization of graphene,
SWCNTs and fullerenes may seemingly be understood in a
common language.

Topological descriptions of graphene oxidation

We turn now to consider descriptions of graphene oxidation
obtained using topological models of n-conjugation, viz. the
Kekulé-Clar invariants. The calculated degrees of m-conjuga-
tion in epoxidized HGFs 10-110, computed with the use of both
Kekulé and Clar invariants, are given in Fig. 3 and Table S1
(ESIT). The extent to which the number of resonant structures
in an epoxidated HGF is reduced depends on the position of
the epoxide group. Interestingly, the largest and smallest
disruptions are observed near the HGF edge. Epoxidation near
the interior of the HGF, on the other hand, results in more
homogeneous disruption of n-conjugation. This is particularly
the case for the largest HGF structures here, as one may expect.
At the HGF edge, epoxidation is most favourable at those
positions exhibiting localized C=C double bonds; we note here
that epoxidation at such sites causes little disruption of the
n-conjugation of the HGF as a whole. This is illustrated
by structure 8o, for which epoxidation at position 30
(a C=C double bond) results in the disruption of 3% of the
n-conjugation of the entire structure. Conversely, epoxidation
at the adjacent position 29 results in the catastrophic destruc-
tion of 98% of the HGF’s m-conjugation. These results suggest
that epoxidation of finite graphenes will occur most probably in
the vicinities of graphene edges, dislocations and defects. That
is, those sites at which the disruption of localized C—C double
bonds does not disrupt the large-scale electronic structure of
the graphene.

At this point it is interesting to consider the correlation
between quantum chemical and topological descriptions of
HGF epoxidation. This comparison is made in Fig. S5 (ESIT),
from which several observations can be readily made:

(1) For small structures (e.g. 1, 2, and 6), there is no clear
correlation between quantum chemical and topological data,
suggesting that graph-theoretical approaches are applicable
only in the case of large sp” structures. That is, the topological
models of m-conjugation employed here are most useful
in cases where quantum chemical investigation becomes
prohibitively expensive.

(2) This correlation is best for un-optimized HGF epoxidated
structures (i.e. those resembling pristine HGFs). Optimization
of the geometry of the oxidized HGF invariably results in a
lower energy structure, which cannot be reflected in the corre-
sponding topological invariants. Thus, while the disruption of
the m-conjugation is an important factor in predicting the
preferred oxidation site for a particular finite graphene, it is
by no means the sole factor.

Phys. Chem. Chem. Phys, 2013, 15,3725-3735 | 3731
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(3) Aromaticities computed using the number of Kekulé
structures are more accurate by ca. 20-30% compared to those
computed using the number of Clar covers (with respect to
DFTB energies of un-optimized epoxidized HGF structures).

Simulated IR spectra and correlation with experiment

Trends in AE for HGFs 1-11 discussed above are also reflected in
their respective IR spectra. This is evident from Fig. 4, where the IR
spectra of pristine HGFs 1-5 and their oxidized analogues 10-50
are compared. For each oxidized HGF we have considered
epoxidation at electronically equivalent C-C bonds near the center
(position 2) and near the edge (positions 4, 12, 26 and 16 for 2, 3, 4
and 5, respectively) of each HGF structure. An extended comparison
of DFTB and DFT IR spectra for species 1 is presented in ESL{
For each HGF, the most intense IR peak in the region shown
(Fig. 4 and 5) occurs between 700 and 800 cm ™', which arises
from the vibration of the HGF structure itself (not the C-O-C
functional group). The effect of increasing HGF size on the
intensity of this peak is clearly evident in Fig. 4a-e. The
same may be said for the zigzag-edged series 6-8 (Fig. 5a-c),
reflecting once again the increasing graphitic nature of the
HGF with HGF size. Interestingly, this size effect is less obvious
for species 9-11, due to the decreased intensities exhibited by
these species (Fig. 5d-f). While the spectra of species 1-5
between 1000 and 1600 cm ™" (Fig. 4) consist generally of distinct
peaks - particularly for the smaller species - IR spectra of species
6-11 are more continuous in this region. This difference is
ascribed to the differing aromaticities of, for example, positions

View Article Online

2 and 4 in species 2 (Fig. 4b) and positions 1 and 8 in species 7
(the latter being aromatic, while the former are not). Such an
argument also explains the increasing difference between IR
spectra of 1-5 and 6-11 with decreasing HGF size (where the C-C
bond aromaticity becomes more dominant).

The IR spectra presented in Fig. 4 and 5 bear close resemblance
to previously reported theoretical*® and experimental'”'**"** GO
IR spectra. Epoxidation of 1-11 near the edge of the HGF structure
yields two intense bands at ca. 1000-1200 (C-O-C bending/
asymmetric stretch) and 1500-1600 cm™ ' (C-C/C-O-C stretch).
The prominent peak near 1200 cm ' is consistent with the
experimental results of Acik et al,"”” who attributed this peak
to the asymmetric vibration of C-O-C groups near defect sites at
the graphene edge (as do Fuente et al®). Acik et al note,
however, that upon aggregation of so-called ‘edge-ethers’ this
peak is red-shifted to ca. 800 cm™. Nevertheless, this peak is
observed here both in the presence of only a single C-O-C group
(admittedly without the enhanced intensity found for aggregated
epoxidized structures), and in the absence of edge defects (i.e. the
graphene edge here is pristine). Furthermore, this spectral
feature is in fact an intrinsic property of the GO edge; Fig. 4
and 5 show that the formation of epoxides near the center of the
HGF decreases the intensity of this peak significantly.

The intensity of these peaks between 1000 and 1200 cm ™" is
essentially the result of the C-C o-bond being cleaved following
oxygen addition (forming an ether), and corresponds to an
increased AF at these positions (see Fig. 2). These peaks are much
less intense, if not entirely absent, in the case of epoxidation at
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Fig. 5 (a)-(f) IR spectra of resonant Clar-sextet species 6-11 and 60~110 between 600 and 1800 cm~". The IR spectra of species with oxygen near the edge and
center of the HGF are depicted in red and blue, respectively. Spectra in black are those of the respective pristine HGFs. Position numbers are defined in Fig. 1. Peak
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position 2 of species 10-110. It is these positions at which the
C-C o-bond remains intact following epoxidation, resulting in
a lower AE. These IR spectral signatures therefore serve as a
convenient indicator of GO structure; the existence of ethers
versus epoxides can be deduced from IR spectra alone. This
is consistent with recent experimental work concerning the
thermal reduction of GO. Bagri et al.'® reported that thermal
annealing of GO at 448 K results in the removal of peaks
assigned to epoxides, thus indicating epoxide loss at this
temperature. Such epoxide loss due to high-temperature
thermal annealing has indeed been reported on a number of
occasions.>™”'**" However, upon annealing at even higher
temperatures (1023 K), Bagri et al. observed that peaks assigned
to ethers in the GO basal plane persisted in the IR spectrum.
Such persistence of ether peaks in experimental GO IR spectra at
high temperature points directly to the relative thermodynamic
stabilities of ethers versus those of epoxides, and thus correlates
exactly with the trends in AE and IR spectral intensities reported
here. Presumably C-C o-bond cleavage at high temperatures is
driven by the increased thermal energy available. Nevertheless,
Larciprete et al® contend that ethers may also form via the
oxidation of graphene defect sites; X-ray photoelectron spectro-
scopy measurements also show that such ‘defect’ GO ether
groups exhibit higher stability at lower oxygen coverage.

Simulated Raman spectra and correlation with experiment

Raman spectra of 1-11 and 10-110 computed using DFTB are
shown in Fig. 6 and 7. The Raman spectra for these pristine
HGFs between 1000 and 2000 cm ™" are dominated by the D and
G bands near 1300 and 1600 cm™?, respectively, as one would
expect. In the case of 3, 6 and 7, the relative intensities of these
two bands are consistent with previous experimental®*** and
theoretical data;*>*® the greater intensity of the D band here
has both structural and electronic origins.*> We also note that
Raman spectra of pristine/epoxidized graphene and CNTs share
a general commonality, viz. a notable decrease in Raman peak
intensities following oxidation for both ether and epoxide.”’
This is perhaps not unexpected, since the reduction in
Raman peak intensities in the latter case is driven by the
CNT structural deformation (and hence loss of symmetry) due
to oxidation, as is observed in this work for GO. However, in the
case of GO Fig. 6 and 7 show that the largest reduction in
Raman activity occurs in or near the D band, with the G band
remaining largely unchanged. On the other hand, Irle et al.*’
reported that the intensities of both the D and G bands were
reduced following oxidation in the case of CNTSs.

This reduction in D band intensity is coupled with a general
broadening of the band itself. Previous experiments***® have
attributed this broadening near 1300 cm ™' to the formation of
defects in the graphene structure as a result of oxidation.
However, we can assign this broadening to the introduction
of new peaks corresponding to symmetric C-O stretch modes,
since our GO models are structurally pristine. Such broadening
in this region can therefore be considered to be a signature of
graphene oxidation itself, and not merely a signature of the
introduction of defects into the graphene structure.

This journal is © the Owner Societies 2013
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Fig. 6 and 7 show that Raman spectroscopy is a useful tool to
delineate pristine graphene structures from their oxidized counter-
parts. Keeping in mind that the GO models employed here include
only a single oxygen atom, one may realistically expect these two
hallmarks of graphene oxidation (ie. reduction in peak intensity
and broadening near 1300 cm™ ') to be more extensive in an
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experimental situation. However, the relationship between thermo-
dynamic stability and Raman spectroscopy is less noticeable
compared to that for IR spectroscopy, if at all. That is, Fig. 6 and
7 do not assist in identifying the nature of the oxidation (ie. ether
versus epoxide in this case) as do Fig. 4 and 5. In this sense,
therefore, IR spectroscopy is a more useful indicator of GO structure.

Conclusions

We have presented a detailed analysis of the nature of the
epoxide and ether functional groups in model graphene oxide
systems and their relationship with IR/Raman spectra. In each
system, the relative thermodynamic stabilities of the oxide
isomers were governed by two competing factors - viz. the
disruption of the graphene structure’s mn-conjugation and the
geometrical deformation of the structure itself. The most
thermodynamically favorable oxidation positions resulted from
the simultaneous minimization of the former, and the max-
imization of the latter, and were affected by the ability of the
oxidized structure to maintain aromaticity via the cleavage of
C-C o-bonds. Computed IR spectra for each system also show
that the IR spectral activity between ca. 600 and 1800 cm "
correlated closely with these relative thermodynamic stabilities.
In particular, the most thermodynamically stable GO isomers
exhibited the most IR activity in this region, while the most
thermodynamically unstable GO isomers exhibited relatively
little IR activity by comparison. On the other hand, although
GO can be told apart from an equivalent graphene via Raman
spectroscopy, the correlation between Raman activity and ther-
modynamic stability of different GO structures was not

3734 | Phys. Chem. Chem. Phys., 2013, 15,3725-3735
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observable. Finally, we note that when geometrical deformation
was minimal, the Hiickel method and graph-theory based
topological invariants effectively predicted the results gained
from density functional based methods, which are more
computationally expensive by two or three orders of magnitude.
We believe that this fact should remind the community of the
physical insight that is made possible by the use of such
conceptually simple techniques in the context of graphene/
SWCNT functionalization.
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