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Oxygen-Driven Unzipping of Graphitic Materials
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Optical microscope images of graphite oxide (GO) reveal the occurrence of fault lines resulting from
the oxidative processes. The fault lines and cracks of GO are also responsible for their much smaller size
compared with the starting graphite materials. We propose an unzipping mechanism to explain the
formation of cracks on GO and cutting of carbon nanotubes in an oxidizing acid. GO unzipping is initiated
by the strain generated by the cooperative alignment of epoxy groups on a carbon lattice. We employ two
small GO platelets to show that through the binding of a new epoxy group or the hopping of a nearby
existing epoxy group, the unzipping process can be continued during the oxidative process of graphite.
The same epoxy group binding pattern is also likely to be present in an oxidized carbon nanotube and
cause its breakup.
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FIG. 1 (color online). During oxidization of graphite, a marked
decrease in size is observed. An optical microscope image of
partially oxidized highly oriented pyrolytic graphite (HOPG)
shows line defects (fault lines). The same defects are not
observed on freshly cleaved HOPG.
Carbon based materials play a significant role in nano-
science and nanotechnology applications. Fullerenes,
nanotubes, and 2D graphite platelets are the building
blocks for nanoelectronic devices [1], chemical and bio-
sensors [2,3], drug delivery applications [4], hydrogen-
storage systems [5], quantum wires [6], and nanocompo-
sites [7,8]. Fabrication and manipulation of these building
blocks involves both new physics and new technology.
Oxidation is one of the basic processes used to manipulate
carbon materials as in the case of carbon nanotube cutting
[9]. Similarly, graphite oxide (GO) is an important inter-
mediate in the process of graphite exfoliation to produce
very thin graphitic flakes that in some cases consist of a
single atomic layer [10]. It is relatively well known how
oxygen can be incorporated into a graphene layer: oxida-
tion results in functionalization by epoxy and hydroxyl
groups. The extensive literature on the chemistry of graph-
ite oxidation has provided information on average substi-
tution levels, the varieties of oxygen species, and reaction
conditions [11–13]. Yet, surprisingly little has been done to
connect oxidation chemistry to the morphology of the
graphene sheets, except for the layer spacing during inter-
calation and curved graphitic structure caused by topologi-
cal or vacancy defects in the carbon lattice. Intriguingly,
we have observed cracks in GO that are directly related to
the oxidation process. However, the processes that lead to
crack formation in GO and carbon nanotube cutting are
not known at the atomistic level. Here we find that cracks
are the result of a cooperative effect that leads to unzip-
ping. Using first-principles quantum mechanical calcula-
tions we elucidate the origin of the reaction mechanism
that causes ordered oxidation and subsequent unzipping
and cracking. This result was unanticipated by the previous
purely ‘‘mean field’’ chemical understanding of graphite
oxidation.

Under a well-controlled oxidization process, we exam-
ined the dark field optical microscope images of GO pro-
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duced by the Staudenmaier method [14] which reveals the
occurrence of fault lines not observed in the starting graph-
ite material (Fig. 1). It is also known that oxidation of
single-wall carbon nanotubes is an effective method to
chemically cut and shorten their lengths [9]. A basic ques-
tion thus arises: how can such a fracture occur upon
oxidation? By utilizing a density-functional theory (DFT)
approach, we aim to investigate the low level oxidation
processes occurring on a graphene sheet and identify those
reactions that could lead to cracks. This is of importance to
the molecular control of distribution and location of the
oxygenated functional groups [15]. In addition, under-
standing the energetics that drives the unzipping process
is indispensable for finely tuned fabrication and engineer-
ing of the graphite composites at the nanolength scale.

In this Letter we propose a model of GO unzipping
initiated by the formation of epoxy groups on the graphite
surface. During the oxidative process on a graphene sheet,
1-1 © 2006 The American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.96.176101


PRL 96, 176101 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
5 MAY 2006
we assert that once two epoxides are formed on the oppo-
site ends of a hexagon, there is a strong tendency for GO to
form more ‘‘open epoxide rings’’ along a straight line. On
the basis of the strain generated by the cooperative align-
ment of epoxy groups, we introduce a mechanism which
accounts for the initiation of crack formation on GO [16].
In contrast, hydroxyl groups do not bind cooperatively on
graphite and therefore probably do not participate in the
unzipping process of GO.

In a first-order approximation, GO can be viewed as a
hexagonal carbon lattice to which various oxygen-
containing functional groups are randomly attached. In
the following, we employ two small planar fused benzene
ring compounds, C12H24 (coronene) and C54H12, as our
theoretical models to study oxidative processes. Upon
oxidation, both compounds possess aromatic regions and
aliphatic six-membered rings, similar to a bulk GO. The
stoichiometry varies with the preparation methods and the
distribution of functional groups is presumably irregular.
Unlike a previous theoretical study of GO [17] where
oxygen sites were placed as far as possible from each other
on a graphitic sheet, we attached one to four epoxy groups
to C12H24 and C54H12 in various configurations where
epoxy groups are next to each other, and then relaxed the
structure until the force on any individual atom was less
than 0:01 eV= �A within DFT.

When a single oxygen atom binds to a graphitic area of
the GO surface, an epoxy group is formed by joining two
adjacent carbon atoms with a single bond. Such a three-
membered epoxide ring, shown on the left of Fig. 2, is
severely strained. This is because the two carbon atoms
need to undergo configuration changes from a planar
sp2-hybridized to a distorted sp3-hybridized geometry.
During the formation of a single isolated epoxy group,
Fig. 4(a), the total energy of the system is lowered by
�2:4 eV. At the same time, the C-C bond is stretched
from 1.42 Å (pristine carbon lattice) to 1.58 Å (a single
epoxy group). As illustrated on the right of Fig. 2, if the C-
C bond was not constrained by the rigid carbon network
around it, a further relaxation of the three-membered ep-
oxide ring would open up and break the C-C bond with the
energetic gain from the released strain.

To investigate the interaction between nearby epoxy
groups, we have carried out calculations with several ran-
domly oxidized graphite oxide platelets. Because the ex-
FIG. 2 (color online). An epoxy group stretches the underlying
C-C bond. On the left, with a single epoxy group, the C-C bond
length is 1.58 Å. On the right, when 2 or more epoxy groups are
aligned in a line and induce unzipping, the C-C bond breaks and
their distance increases to �2:3 �A.
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perimental conditions are usually such that only one side of
the graphene sheet is accessible to the chemical reactions,
we focus here on the oxygens attached to the same side of
the sheet. Upon examination of the energetics of these
differently oxidized carbon sheets, it becomes clear that a
special clustering can result from formation of two or more
epoxy rings. We first consider nearest neighbor epoxide-
epoxide interactions. Two epoxy groups cannot bind to the
same carbon atom since the bonding geometry would
exceed the maximum valence bonds a carbon can form.
Within the same hexagonal ring, two possible binding
patterns are juxtaposed in Fig. 3. When two epoxy groups
bind to the opposite ends, the binding of one epoxy group
increases the binding of the other. This is due to the
conformational change induced by the cooperative unzip-
ping by the two oppositely placed epoxy groups. Overall,
among a few dozens of configurations we studied, only
those with linearly aligned epoxy groups yield unzipped
structures, as shown in Fig. 4(b)–4(d).

In an oxidized coronene molecule with two epoxy
groups, the total energy of the unzipped configuration
[Fig. 4(b)] is lower than any other configurations by about
�1:2 eV. In a larger model system, C54H12, we also found
that the oxidized C-C bonds can not remain intact under the
concerted strain caused by linearly aligned epoxy rings
which form a fault line [Figs. 4(c) and 4(d)]. Comparing
to the strained epoxy ring (Fig. 2, left), each unzipped
epoxy ring (Fig. 2, right) gains an additional energy
�1 eV in oxidized coronenes and C54H12.

Having considered the behavior of a single hexagonal
ring upon oxidation, we know that if epoxy groups are
aligned in a straight line, the underlying C-C bonds will
break and give rise to a fault line or cracks. The question
that remains to be answered is how the epoxy groups could
arrange themselves in a linear clustering pattern. During
the oxidative process of GO, a further unzipping process
can happen via two routes, (1) the binding of a new epoxy
group (with the oxygen provided by the environment), or
(2) migration of other existing epoxy group on GO to the
designated location. The oxidative process of GO is often
realized by treating graphite with strong oxidizing agents,
for example, in a solution of KMnO4 in H2SO4 [11]. While
under such conditions oxygen can (and will) bind to most
accessible sites, the attack of the carbons with an oxygen
nearby is most favorable. Figure 5 shows the energetic
change when an oxygen binds to a location which results
OO
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FIG. 3. Two epoxy groups can attach to the same side (left) or
the opposite ends (right) of a hexagonal ring.
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FIG. 6. The energy barrier for an epoxy group moves on a
graphene platelet (C54H18). The hopping barrier is �0:9 eV.
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FIG. 4 (color online). (a) One epoxy group is attached to a
coronene molecule. (b) Two epoxy groups are aligned on a
coronene molecule which initiate an unzipping process.
(c) Three epoxy groups are aligned on a piece of graphene.
(d) Four epoxy groups aligned on a piece of graphene. The
graphene platelet shows a crack.

PRL 96, 176101 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
5 MAY 2006
in two broken epoxy groups. The energy gain (5.5 eV) is
much larger than the formation of an isolated epoxy group
(2.4 eV). Next, once an epoxy group binds to a carbon
lattice, is it stationary or does it have limited mobility to
move to a new site? To answer this question, we performed
a first-principles string based reaction path optimization
[18] to compute the energy barrier of an epoxy group
hopping between adjacent sites. The calculation finds the
minimum energy pathway connecting two metastable
states of a system, which in our case was a graphene
platelet with an epoxy group, C54H18O, as shown in
Fig. 6. The hopping barrier for an isolated epoxy group is
found to be�0:9 eV at the DFT level. Although the energy
barrier is substantial [19], it may be significantly reduced
in aqueous solutions in which GO was prepared. If an
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FIG. 5 (color online). Energetic change during the binding of a
free oxygen to an oxidized coronene molecule. Three configu-
rations are shown: the initial configuration (left), an intermediate
configuration (middle), and the final configuration (right). Note
that both C-C bonds of the epoxy groups are broken in the final
product.
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isolated epoxy group on GO have limited mobility (espe-
cially in the locally hot region due to the oxidative process
in acidic solutions), when it hops to the unzipping prone
site (Ob in Fig. 3), the released strain energy will then
‘‘lock’’ the epoxy group into this site and extend the
existing unzipping.

To illustrate the locking of an epoxy group at an unzip-
ping prone site, we compute two different minimum en-
ergy pathways for the hopping process. Figure 7 shows that
the energy barrier is smaller for the unzipping process
(path 2), and due to the locking (most energetically favor-
able), the hopping of an epoxy group to the unzipped prone
position is highly irreversible.

Among advances in the chemical manipulation of car-
bon nanotubes, fluorization [20] and oxidation [9] have
been shown to be effective methods to chemically cut (or
shortening) single-wall carbon nanotubes (SWCNT).
Similarly, direct sidewall functionalization of multiwall
carbon nanotubes can be carried out in dilute acidic solu-
tions, where oxidation proceeds invasively from the outer
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FIG. 7. Minimum energy pathways of an epoxy group moving
on an oxidized coronene molecule. The most stable configura-
tion is when the two epoxy groups bind to the opposite ends of a
hexagonal ring, which is used as a reference to compare energies
between path 1 and path 2. Path 1 has an energy barrier of 1.1 eV
while path 2 has a lower energy barrier of 0.83 eV.
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FIG. 8 (color online). Two epoxy groups create a small crack
on a SWCNT. Inset: a single epoxy group does not break the
attached C-C bond.
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to the inner graphitic layers [21]. The unzipping process
described above results in linearly serial breaking of C-C
bonds, so the mechanism can be easily realized for the
circumferential direction of a carbon nanotube and account
for its breaking.

Figure 8 shows a �10; 0� SWCNT with one or two epoxy
groups attached to it. When an epoxy group binds to the
SWCNT, the underlying C-C bond is stretched from 1.4 to
1.5 Å, similar to the case of graphene sheets. When two
epoxy groups bind to the opposite ends of a hexagonal
carbon ring, the underlying C-C bonds can not sustain the
concerted stretch and break. Note that this is in striking
contrast with fluorinated nanotubes where even a high
density of attached fluorines leaves the carbon network
mostly intact [22,23]. The binding energy profile of epoxy
groups on a SWCNT is similar to that on graphite: when
two epoxy groups are well separated, their binding energies
are additive; on the other hand, if two epoxy groups bind
cooperatively, the system gains an additional energy
�1 eV from the released strain energy in C-C bonds.
This suggests that the unzipping mechanism may also be
responsible for breaking of oxidized CNTs [9].

In this work we have proposed a mechanism to explain
the observed fault lines and cracks on GO. It is shown that
strain generated by the cooperative alignment of epoxy
groups can initiate cracks on GO. The continuation of
unzipping processes can be achieved by binding of a new
epoxy group during the oxidation or hopping of an existing
epoxy group and subsequent locking. Given that an open
epoxy ring is substantially weaker than a closed ring, our
work gives insight into chemical shortening of carbon
nanotubes via oxidative processes.
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