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Given the technological significance of graphene, various aspects of graphene have been recently explored. Here,
we demonstrate the self-assembly of graphene fragments in water using molecular dynamics simulation. We
observe that graphene fragments dispersed inwater are assembled into a single aggregate. The assembly process
is investigated by using the potential of mean force analysis and the significance of the enthalpic and entropic
contributions isdescribed.Other fundamental quantities such ashydrogenbonding andexcludedvolumeare also
examined. We anticipate that the fundamental finding in this paper can be extended to design the assembly
process of complex carbon-based structures.
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1. Introduction

Graphene, which is defined as a single layer of graphite [1,2], has
received significant attention recently because of its potential applica-
tions as chemical filters, electrical batteries, nanoelectronic and
nanoelectromechanical devices, molecular storage devices, etc. [3,4].
Even though a significant amount of experimental, computational and
theoretical results have been reported on graphene, many aspects of
graphene are still notwell understood. For example, one areawhere the
properties of graphene haven't been understood in great detail is self-
assembly.Molecular self-assembly, which is defined as the spontaneous
organization of molecular units forming stable and structurally well-
defined aggregates in equilibrium condition [5], has received significant
attention in nanotechnology because of its potential to enable design of
complex nano and biological structures [6–8]. In the present study, by
performing extensive molecular dynamics simulations, we investigate
the behavior of graphene fragments inwater, focusing on the possibility
of formation of graphite-like structure from graphene fragments
through self-assembly.
2. Methods

The self-assembly of graphene fragments in water is investigated by
performing molecular dynamics (MD) simulations. As shown in Fig. 1,
initially eight small graphene fragments were uniformly distributed in
water. Each fragment consists of 68 carbon atoms and its size is
1.552×0.978 nm2. No hydrogen atoms are present on the terminal
carbon atoms. Graphene fragments are modeled by considering all
possible potentials such as stretching, bending, and torsion for bonding
interactions and (6–12) Lennard–Jones (LJ) potential for non-bonding
interactions [9,10]. Simulations were performed using GROMACS 4.0.4
[11] in an NVT ensemble. The size of the simulation box is 5×5×5 nm3

and periodic boundary conditions were imposed along all the three
directions. The box had 3808 water molecules and the graphene
fragments. The water molecules were modeled using the TIP3P model
[12] and the nonbonding LJ interactions between the oxygen (OW) in
water and the carbon (C) in graphene were computed using the
Lorentz–Berthelot mixing rule. Electrostatic interactions were comput-
ed by using the Particle Mesh Ewald (PME) method [13]. The Nosé–
Hoover thermostat [14,15] was used to maintain the system temper-
ature at 300 K. The equation of motion was integrated by using the
leapfrog algorithmwith a time step of 2.0 fs. Total simulation time was
12.0 ns.

3. Results and discussion

The self-assembly process of graphene fragments in water is shown
in Fig. 2. At t=500 ps, the fragments formed pairs with parallel
orientation — double stacking pattern (see Fig. 2(a)). The separation
distance between the fragments in the pair was observed to be
0.354 nm, which is similar to the inter-layer distance of graphite
(0.3354 nm) [16]. At t=1800 ps, a quadruple stackingpatternappeared
through the combination of two double stacking aggregates (see the
upper aggregate in Fig. 2(b)). The inter-layer distancewas still observed
to be 0.354 nm. At t=2400 ps, the complete assembly of all the eight
fragments into a large aggregatewas observed (see Fig. 2(c)) and it was
stablymaintained until the end of the simulation (t=12.0 ns). The final
assembled structure consists of six layered stacking and double stacking
sub-structures.

The formation of double stacking pattern between two graphene
fragments was further quantified in Fig. 3. The plot shows the temporal
variation of the center-to-center distance and the angle between two
graphenes. Initially, two graphenes are sufficiently separated
(t=120 ps). Then, they start approaching each other slowly by
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Fig. 1. Molecular visualization of the initial configuration of graphene fragments in water: (a) top view; (b) side view. The snapshots were rendered using VMD [28].
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changing their configuration randomly (t=140 ps).When the distance
between the fragments is reduced to a certain distance (for example, at
t=174 ps, denoted as configuration A), the fragments cannot approach
any further because of the geometric hindrance causing a significant
energy barrier. Instead, the fragments then try to change the pairing
configuration to minimize the energy of the system (tN174 ps). As a
result of continuous change in the pairing configuration (e.g. perpen-
dicular orientation at t=190 ps, denoted as configuration B), they
eventually find the most favorable configuration — the parallel
orientation where the angle between the fragments is almost zero
(t=200 ps and 220 ps, configuration C). Once the double stacking is
formed, it is quite stable (tN210 ps).

The favorable parallel pairing of graphene fragments can be
explained using the PMF (potential of mean force). We considered
two representative orientations (parallel versus perpendicular) for a
graphene-pair (see Fig. 4). For each orientation, we performed 28
simulations by varying the distance of separation between the
fragments, r, to compute the mean force on the fragment [17,18]. For
parallel orientation, the distance of separation between the fragments
was defined as the distance between the center ofmass of one fragment
and the center of the other fragment, while for the perpendicular
orientation, it was defined as the closest distance between two
fragments. In each simulation, the fragments were fixed at the distance,
r, whilewatermoleculeswere allowed tomove freely. For eachdistance,
Fig. 2. Self-assembly of graphene fragments: (a)
the systemwas equilibrated for 4.0 ns, and the data was collected for an
additional 4.0 ns of simulation time. Then, PMF, w(r) as a function of
separation distance, r, was obtained by integrating the mean force
profiles, f(r):

w rð Þ = −
Z r

rref

f r′
� �

dr′; ð1Þ

where rref is the reference position (w(rref)=0), and is taken as the
position where the mean force is zero (rref=1.6 nm).

For the parallel orientation, two additional PMF profiles at T=285 K
and315 Kwere computed to obtain the entropic contribution,−TΔS(r),
to the PMF. For a small temperature difference of ΔT=15 K, as
employed in thepresent study,−TΔS(r) canbeapproximatedas [19,20]

−TΔS rð Þ = T
w r; T + ΔTð Þ−w r; T−ΔTð Þ

2ΔT
; ð2Þ

which is the discretized form of the classical thermodynamic relation,
TS=−T(∂w/∂T)N,V. Fig. 5(a) compares the three PMFprofiles at different
temperatures of T=285, 300, and 315 K for the graphene fragmentswith
parallel orientation.Wenote that thePMFprofilewithhigher temperature
is lower compared to the profile with lower temperature. This is
confirmed by computing the PMF difference, defined as PMF(T)−PMF
t=500 ps; (b) t=1800 ps; (c) t=2400 ps.
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Fig. 3. Formation of double stacking pattern between a graphene pair.

Fig. 4. (a) PMF, entropic contribution (−TΔS), and enthalpy (ΔH) profiles for the graphene fragments with parallel orientation; (b) PMF profile for perpendicular orientation.
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(T=300 K), in Fig. 5(b). PMF(T=285 K)−PMF(T=300 K) is always
positive while PMF(T=315 K)−PMF(T=300 K) is always negative.

For the parallel orientation, shown in Fig. 4(a), as we reduce the
distance between the fragments, the number of waters between the
graphene fragments gradually decreases and finally the capillary
evaporation [21,22] is observed at r=rc=0.65 nm (see the inset in
Fig. 4(a)). For rN rc, the variation of PMF is not remarkable, while, for rbrc,
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Fig. 6. (a) Variation of the number of hydrogen bonds (nHB) for the graphene fragments with parallel orientation. The red line denotes nHB averaged over all the water molecules
while the green line denotes nHB between the two graphene fragments. rc is the position where the capillary evaporation happens; (b) variation of the excluded volume and solvent
volume.
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assembly of two graphene fragments is initiated by the entropic
contribution. After the capillary evaporation (rbrc), −TΔS(r) becomes a
much stronger driving force for the assembly (rapid decrease of −TΔS)
[23,24]. When a graphene fragment pair is solvated in water, the water
structurebetween the twographene fragments ishighlyordered. For rNrc,
withdecrease in the separationdistance (r), theamountof orderedwaters
in between the fragments is reduced and entropy increases. Then, when
thedistance reaches a critical distance (rc), thegapbetween the fragments
is so small that no water molecule can stay in. Subsequently, for rbrc,
entropy increases rapidly.

The above observation can be explained by considering the number
of hydrogen bonds (nHB) and the excluded volume of the graphenepair
[25]. In this study, the hydrogen bonds are counted by using the
geometrical criterion: two water molecules are considered to be
hydrogen bonded only if their oxygen–oxygen distance is less than
3.5 Å and the angle between the oxygen–oxygen axis and one of the
oxygen–hydrogen bonds is less than 30° [26]. Fig. 6(a) shows the
variation of nHB for graphene fragments with parallel orientation. For
rb rc, after capillary evaporation, the overall nHB (averaged over all the
watermolecules in the system)were slightly increased (see the red line
in the figure), because the orderedwatermolecules between fragments
were expelled and the amount of water molecules in the disordered
state increased. The nHB between fragment clarifies such a transition
(see the green line in Fig. 6(a)). Furthermore, as shown in Fig. 6(b),with
decrease in the separation distance, the excluded volume of the
graphene pair (the volume enclosed by the solvent accessible surface)
significantly decreased along with the rapid increase in the solvent
volume (defined as the excluded volume subtracted from the total
volume). The increase in solvent volume leads to the increase in entropy
of the solvent [27]. The enthalpic contribution, ΔH(r) also becomes
attractive for rb rc due to the strong attraction between graphenes. The
magnitude is, however, smaller compared to the entropic contribution.
With further decrease in r (rb req), the enthalpic contribution becomes
significantly repulsive due to the van derWaals repulsion,whichmakes
the PMF, w(r), repulsive (positive).

For the perpendicular orientation, as shown in Fig. 4(b), the capillary
evaporation is not observed and the PMF at equilibrium position
(req=0.351 nm) is −26 kJ/mol. At req=0.351 nm, the closest distance
becomes quite similar to the size of the carbon atom in LJ (6–12) potential
(σC=0.339 nm) and the PMF starts to abruptly increase (repulsive). For
the perpendicular orientation, a significant change inwater network such
as capillary evaporationwasnot observed and the PMFcannot be lowered
as in the parallel orientation. Hence, the parallel orientation is preferred
for the self-assembly of graphene fragments. If the thickness of a layered
graphene stacking is sufficiently large, then it can act like a graphene
surface and permit the attachment of another graphene fragment. In this
assembly, the new fragment has the perpendicular orientation to the
graphene sheet in the multilayer sub-structure.

4. Conclusions

To summarize, we observe self-assembly of graphene fragments in
water. The preference for parallel orientation during assembly over
other orientations is explained by computing the spatial variation of
the PMF for two representative orientations (parallel vs. perpendic-
ular). For parallel orientation, the PMF significantly decreased after
the capillary evaporation while for the perpendicular orientation, the
capillary evaporation was not observed and the PMF between
fragments is weaker compared with the parallel orientation. The
main driving force in the graphene fragment assembly is the entropic
contribution. The enthalpic contribution acts as an adverse factor for
assembly for rNrc and for rb rc, the contribution becomes favorable for
assembly, however the magnitude is smaller compared to the
entropic contribution. The results shown here can be used to build
carbon-based complex anisotropic nanostructures [7].
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