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High Correlation between Oxidation Loci on Graphene Oxide**

Jinrong Yang, Guosheng Shi,* Yusong Tu,* and

Abstract: Recent experiments have shown the coexistence of
both large unoxidized and oxidized regions on graphene oxide
(GO), but the underlying mechanism for the formation of the
GO atomic structure remains unknown. Now, using density
functional calculations, 52 oxidation pathways for local pyrene
structures on GO were identified, and a kinetic profile for
graphene oxidation with a high correlation between oxidation
loci was proposed, which is different from the conventional
view, which entails a random distribution of oxidation loci. The
high correlation is an essential nature of graphene oxidation
processes and can be attributed to three crucial effects:
1) breaking of delocalized 7 bonds, 2) steric hindrance, and
3) hydrogen-bond formation. This high correlation leads to the
coexistence of both large unoxidized and oxidized regions on
GO. Interestingly, even in oxidized regions on GO, some small
areas of sp>-hybridized domains, similar to “islands”, can
persist because of steric effects.

Through oxidation, pristine graphene becomes graphene
oxide (GO), which bears oxidized functional groups.!'! This
oxidation process significantly changes relevant electrical,
mechanical, and thermal properties of GO.!"? For instance, in
contrast to the hydrophobicity of graphene, GO has the vital
advantage of water solubility; however, its surface does not
become completely hydrophilic.™™ GO may keep some
properties that are characteristic of graphene, such as hydro-
phobicity, if the oxidized groups are not spread uniformly on
the GO surface so that some unoxidized regions still exist.
Therefore, it is of great importance for various potential
applications of GO, such as in biosensors, > next-generation
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optoelectronic nanodevices, catalysis,”) composites,'™°! and
drug delivery, whether the oxidized parts are almost uni-
formly distributed or localized.">”! Our own recent results
have shown the existence of sufficiently large unoxidized
regions on GO, how these regions are crucial to the
antibacterial activity of the material,® and how they inhibit
the growth of bacteria on the surface.”) Furthermore,
localized oxidized groups can have a great impact on the
photoluminescence emission of GOM*%l and GO cutting
processes.!!!!

However, the precise chemical structure of GO remains to
be elucidated, even though the GO structure has been studied
for decades.'™'? To date, several models, the Hofmann—
Holst,”™  Ruess™  Scholz-Boehm,!  Nakajima-Mat-
suoand,™ Lerf-Klinowski,'*! and Dékany!"?! models, have
been successively proposed to depict the distribution of
oxidized groups on GO. The most popular one, the Lerf-
Klinowski model,'**! depicts a GO layer as a random
distribution of flat aromatic regions with unoxidized benzene
rings and hydroxy and epoxy groups on the basal plane of the
GO sheet.'! However, many recent experimental studies,
which employed various observation methods, such as solid-
state 3C NMR spectroscopy,'! transmission electron micros-
copy (TEM),['*12817 pneytron diffraction,™ X-ray absorption
spectroscopy (XAS),! and scanning tunneling microscopy
(STM),”™ have shown that large unoxidized graphene-like
regions, which are separated by oxidized and functionalized
regions, can exist in GO;[?¢11820] thege oxidized regions may
contain some small patches of residual intact sp>-hybridized
domains, similar to “islands”.l"?¢17°<1] Caj et al. applied solid-
state *C NMR spectroscopy to reveal in detail that a large
fraction of the hydroxy and epoxy groups are found directly
next to each other, and that sp>-hybridized species are located
in close proximity to each other.!"! Moreover, simulations for
different GO phases have shown that the agglomeration of
oxygen functional groups in dense islands is energetically
favorable.'"™2!l For example, Yan et al. described the ener-
getically favorable aggregation of hydroxy and epoxy groups
for the formation of specific types of strips.”'l In these
studies, the starting point for studying the distribution of
functional groups on GO was still based on the conventional
view of randomly distributed oxidation loci. In fact, the
underlying mechanism for the formation of the atomic
structure and the coexistence of both unoxidized and oxidized
regions remained unclear.

Herein, we identify 52 oxidation reaction pathways for
local pyrene structures (including four hexagonal carbon
rings) around oxidation loci and show a kinetic profile for
graphene oxidation with high correlation between oxidation
loci. This high correlation is a vital feature of graphene
oxidation processes, and it can be attributed to three crucial
factors: 1) breaking of delocalized m bonds, 2) steric hin-
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drance, and 3) hydrogen-bond formation.
The physical picture of graphene oxidation
that we present is in accordance with recent
experimental observations, which indicated
the coexistence of both large unoxidized and
oxidized regions and the occurrence of some
small patches of sp>-hybridized domains that
may be viewed as islands in oxidized regions.

We combined density functional theory
with conventional transition-state theory.”
The B3LYP™ functional was used to analyze
the reaction mechanism of graphene oxida-
tion by permanganate (MnO,~), and conven-
tional transition-state theory was employed
to analyze the rate constant of the oxidation
reaction (for details, see the Supporting
Information, PS1). For geometry optimiza-
tion, the 6-31G(d) basis set was employed for
O, C, and H atoms, and the LANL2DZ basis
set was employed for Mn atoms. All calcu-
lations were performed using the Gaussian-
09 package.!

Experimental and theoretical studies
have shown that for oxidation processes of
C=C bonds, the main oxidizing agent is
MnO,~ "1 and that the first step of the
reaction of MnO,~ with the C=C bond is the
key and rate-limiting step.[>**?%! Considering
that the oxidation reactions of MnO,~ with
both alkenes or graphene involve the break-
ing of C=C bonds, we here design processes
of graphene oxidation by MnO,” to mimic
the production of an intact GO sheet with
two types of oxidized groups (—OH and
—O—-) on the surface by Hummers meth-
ods®” (for more detailed discussions of the
oxidant and graphene models, see PS2 and
PS3). In fact, similar to the reaction of
MnO, to oxidize alkenes and their deriva-
tives, we found that the first step of the
oxidation of graphene with MnO," is still the
key and rate-limiting step, because gra-
phene-MnO,~ compounds can spontane-
ously decompose into MnO; and GO under
the acidic reaction conditions (for a more
detailed discussion, see the Supporting Infor-
mation, PS2). Therefore, we herein consid-
ered only the formation of graphene-MnO,~
compounds to be relevant for graphene
oxidation. Figure 1a presents the relevant
geometric structures of the reactants, the
transition states, and the products of the
oxidation of pure graphene with MnO,"
(Path I), as an example, to show the oxida-
tion reaction process. Considering the first-
and second-neighbor sites around the oxida-
tion loci, we designed 52 reaction pathways
with different local pyrene structures on GO.
The local pyrene structures are constituted
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Figure 1. Oxidation processes of graphene by MnO,~. a) Relevant geometric structures of
the reactants [R(G+MnQO,")], transition states [TS(G+MnQO,")], and products [P-
(G+Mn0O,7)] for Path I. The graphene is shown by light grey lines, and the atoms in
pyrene that are relevant to the reaction are shown as grey spheres (for MnO,™: oxygen
black, manganese dark grey). A pair of neighboring carbon atoms at the oxidation loci are
shown as large light grey spheres. b) Seven representative reaction pathways for the
MnO,~ oxidation process; @: oxidation sites. c) Comparison of the highest occupied
molecular orbitals (HOMO) of reactants R (Paths | and 1V/V), the steric effect in Path I1,
and the hydrogen-bonding effect in Path V. The electron density was plotted for iso values
of £0.01 a.u. with black and grey denoting opposite signs. d) The rate-constant ratio keo/
ke of these representative GO oxidation reaction paths. ks and kg are the rate constants
for the oxidation of GO and graphene, respectively.
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by a pair of intact neighboring carbon atoms, the oxidation
loci, and the four six-membered aromatic rings that are
attached to the two carbon atoms. Based on symmetry,
approximately 181 types of neighbor sites exist around the
oxidation loci (Figure 2; see also the Supporting Information,
Figure S5).

Figure 1b presents seven representative reaction path-
ways for the MnO,~ oxidation process, including the oxida-
tion of the intact local arrangement (PathI), the graphene
surface with pre-oxidized groups (epoxy or hydroxy) at the
first-neighbor site of oxidation loci (Paths II-V), the gra-
phene surface with pre-oxidized groups only at the second-
neighbor sites of oxidation loci (Path VI), and the graphene
surface both at the first- and second-neighbor sites of
oxidation loci (Path VII). Whereas the reaction pathway in
the presence of pre-oxidized groups at the first-neighbor site
of oxidation loci (Path IV) entails an energy barrier of
7.0 kcalmol ', the energy barrier increases to 37.3 kcalmol !
with pre-oxidized groups at the second-neighbor site
(Path VI). This demonstrates that the impact of first-neighbor
sites on the graphene oxidation process is significantly larger
than that of second-neighbor sites, which highlights the most
critical influence on the distribution of the oxidized groups on
GO. The sites beyond the second-neighbor sites are nearly
outside the hexagonal rings attached to the oxidation loci, and
the impact on them can be ignored because in our calcu-
lations, the reaction energy barrier for pre-oxidized hydroxy
groups at third-neighbor sites is much higher than that for
first-neighbor sites (for more discussions, see Figure 2 and
PS5).

Considering the impact from the local pyrene structure,
which was described above in terms of neighboring sites, three
significant factors influence the oxidation process: 1) break-
ing of delocalized m bonds, 2) steric hindrance, and 3) hydro-
gen-bond formation. For example, along Path IV, one carbon
atom at the first neighboring site around the oxidation loci has
been pre-oxidized to a C—OH structure. The delocalization of
the m electrons on GO is broken in the pre-oxidized structure,
and localized 7 bonds are obtained (Figure 1c¢). This breaking
of the delocalized i bond substantially reduces the oxidation
barrier.

Aside from the effect that is induced by «t bond breaking,
we also observed a steric-repulsion effect during the oxidation
processes. The structure of Path II with one broken m bond is
similar to that of Path III, but the reaction energy barrier of
Path II is 6.4 kcalmol ' larger than the barrier for Path III.
This mainly lies in a steric-repulsion effect. When the oxidant
(MnO,") is located on the same side of the pre-oxidized epoxy
species along Path II (see Figure 1c¢), the distance between
the oxygen atom of the epoxy group and the oxygen atom of
the oxidant (MnO,") on the product [P(Path II)] is 2.7 A
shorter than the sum of two oxygen van der Waals radii
(3.1 A). Along Path III, however, the oxidant MnO, is
located on the opposite side of the pre-oxidized epoxy group.
Therefore, the steric repulsion between the pre-oxidized
group and the oxidant is much greater along Path II and
increases its reaction energy barrier.

Interestingly, we observed an additional effect, the hydro-
gen-bonding effect (Figure 1c, the distance between the
hydrogen atom of the hydroxy group and the oxygen atom

of MnO,~ on products [P(Path V)]
is 1.8A). The hydrogen bond
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Figure 2. Rate-constant ratios for the local pyrene structures of 52 reaction paths. These paths are
divided into four classes (A-D). The dotted lines separate the structures that contain only C-OH
moieties, only C—O—C moieties, and C—OH moieties together with C—O—C moieties (from top to
bottom). The values in brackets denote the reaction energy barrier (kcal mol™') of the 52 reaction
paths for a local pyrene structure.
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group and the oxidant can reduce
the energy barrier of the reaction.
For example, the barrier difference
between PathV and PathIV is
2.8 kcalmol ! smaller than the dif-
ference between PathIl and
Path III. Finally, the reaction
along Path VII is influenced by
a complicated combination of all
three effects, and the barrier is only
4.9 kcalmol .

From the above analysis, it
becomes clear that the reaction
barriers are dramatically lowered
once the neighboring carbon atoms
have been pre-oxidized and the
relevant mbonds broken. The
lower barriers lead to a larger prob-
ability that an oxidation reaction
will occur. Thus, oxidation loci are
highly correlated because of their
neighboring positions. This high
correlation between the oxidation
loci agrees with recent experimen-
tal observations of isolated highly
oxidized regions and large residual
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graphene-like sp’ domains on GO.["™12¢1%20] From solid-state
3C NMR spectroscopy, the strong intensity of one cross peak
suggested that a large fraction of the sp>hybridized *C atoms
are directly bonded to *C—OH and/or epoxide "*C atoms, and
another strong cross peak suggests that a large fraction of the
C—OH and epoxide carbon atoms are bonded to each
other." These two cross peaks may indicate that the
distribution of functional/oxidized groups should be highly
correlated, which is consistent with our quantum computa-
tions.

Furthermore, we applied conventional transition-state
theory™ to analyze the rate constants of the oxidation
reaction based on the reaction energy barriers (for details, see
PS1). First, the rate constant kg of the oxidation reaction of
pristine graphene was taken as a basis for comparison; then
the kgolkg ratios of the oxidation reaction pathways for all
local arrangements were calculated. We divided these rate-
constant ratios into four categories (see Figure 1d): class A:
kgolkg > 1.0 x 10*! (including Paths IV and VII); class B: 1.0 x
10" < kgolkg < 1.0x10?" (Paths III and V); class C: 1.0x
10" < kgolkg < 1.0x10' (Path II); and class D: kgolkg <
1.0x 10" (Paths I and IV). The kgo/kg ratios for all local
configurations that correspond to the reaction paths identi-
fied here are listed in Figure 2. Obviously, the structures in
class A feature pre-oxidized groups at first-neighbor sites;
class A is the most crucial type and plays a decisive role in the
formation of the oxidized-group distribution on GO during
GO oxidation. The impacts of pre-oxidized groups at the
second-neighbor sites belong to the structures in class D.
Class B and C include synthetic configurations with pre-
oxidized groups at first- and second-neighbor sites.

It should be interesting to explore the possible distribu-
tion of functional/oxidized groups on GO, as real oxidation
processes in experiments are particularly complicated. We
generated a possible evolution of graphene oxidation by
permanganate (MnO,"), according to the rate-constant ratios
for all local pyrene structures around the oxidation loci as
listed in Figure 2 (see Figure S7 and PS6 for a Movie). During
this evolution process, the high correlation between oxidation
loci always led to the formation of localized regions with
oxidized carbon rings; meanwhile, large areas of graphene
remain unoxidized and intact. The coexistence of both
unoxidized and oxidized regions is consistent with numerous
similar observations in recent experiments. Ultrahigh-reso-
Iution TEM images of GO showed that interfaces exist
between a large amount of pristine graphene regions and
oxidized regions."’ It was also observed that upon oxidation,
isolated highly oxidized areas (a few nanometers in size) are
formed, while at least 60% of the surface remains undis-
turbed on oxidation.!"’ Interestingly, our evolution processes
led to small patches of residual intact sp>-hybridized domains,
which may be viewed as islands in oxidized regions (Fig-
ure S7), which is also consistent with recently recorded TEM
images.?#17<I The occurrence of these small patches can be
attributed to the steric-repulsion effect on the oxidation
process as described above. Meanwhile, hydrogen bonds can
always be formed between neighboring oxide groups within
the oxidized regions, and they partially reduce the energy
barrier of the oxidation process and help stabilize the
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graphene oxide. Therefore, the distribution of oxide groups
on GO should results from three effects: 1) breaking of
delocalized 7 bonds, 2) steric hindrance, and 3) hydrogen-
bond formation. Furthermore, we made numerical estimates
of the correlation between oxidation loci to illustrate the
contribution of the three crucial effects during graphene
oxidation, and determined this correlation length to be 4.2 +
0.5 nm. Interestingly, based on these correlations, the size of
the patch islands can be estimated to be up to 0.65 £+ 0.03 nm
(for details, see PS5).

In summary, numerous calculations based on density
functional theory and conventional transition-state theory on
a series of local pyrene structures on GO show a kinetic
profile with high correlation between oxidation loci on
graphene oxide. We attribute this high correlation to three
key factors: 1) breaking of delocalized m bonds, 2) steric
hindrance, and 3) hydrogen-bond formation. This leads to the
coexistence of both large unoxidized and oxidized regions.
The correlation length is 4.2+0.5 nm. Interestingly, the
existence of the steric effect in oxidation reactions creates
some small island-like patches of sp>hybridized domains,
even within large oxidized regions. Based on these correla-
tions, the size of the patch islands was estimated to be up to
0.65 £ 0.03 nm. Our study of the detailed atomic structure of
GO not only provides new explanations for experimental
observations and an extension of relevant molecular-dynam-
ics studies, but also provides a more detailed description and
understanding of the physical nature of the oxidized and
unoxidized regions on GO.

Knowledge of the structure of these regions is of essential
importance for understanding and using GO, as unoxidized
regions retain characteristic features of graphene, such as
hydrophobicity, and its electric and photonic properties. Such
knowledge would also facilitate specific graphene function-
alization processes with control over the atomic structure for
various applications, including energy storage, optoelectronic
devices, and biomedicine. Herein, we have reported the
distribution characteristics of oxidized groups (epoxy and
hydroxy groups) on an intact GO surface. The distribution of
defects and carboxyl moieties (—COOH) around the GO
edges as well as configuration adjustments of graphene-
MnO,” compounds decomposing into different graphene
oxides (with epoxy or hydroxy groups) after the oxidation
reaction will be described in future work.
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