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Flavin mononucleotide sodium (FMNS) was recently reported as a highly efficient dispersant for the
exfoliation of defect-free, few-layer, stabilized aqueous graphene dispersions. Most importantly, FMNS is
innocuous and eco-friendly and can facilitate biomedical applications of graphene. Complementing
those experimental studies, the influence of FMNS molecules on the aggregation behavior of graphene flakes
in solution is investigated via all-atom molecular dynamics simulations. The stabilizing role of FMNS is
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Accepted 16th October 2019 molecules. These results indicate that the optimal amount ratio between FMNS molecules and carbon atoms
in monolayer graphene is about 0.026 leading to a surface coverage of 0.34 FMNS molecules per nm?

on the graphene flakes. Overall the simulations support the high efficiency of FMNS as a surfactant
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1. Introduction

Graphene, a two-dimensional carbon-based nanomaterial with only
one atom-layer thickness, has attracted extensive attention due to
its extraordinary physical and chemical properties."> Moreover, it
has shown great potential for biomedical applications, especially
for drug delivery, biosensing and tissue engineering.*®

One of the big challenges remains producing high-quality
pristine graphene. Numerous bottom-up and top-down approaches
have been developed, including micromechanical cleavage,’
chemical vapor deposition (CVD),® epitaxial growth on SiC
substrates,’ electrochemical approaches,'® and the chemical
reduction of graphene oxide."' Among those approaches, the
liquid-phase exfoliation of graphene from graphite, assisted by
dispersants, has gained prominence recently.">"* This method
can provide stabilized graphene in aqueous solution with
high yield and good quality, which can advance the bio-
medical applications of graphene.'*'® In this context, various
dispersants have been investigated, including ionic dispersants
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(such as sodium cholate (SC),' sodium deoxycholate (SDC),"”
sodium dodecylsulfate (SDS),'® cetyltrimethylammonium bromide
(CTAB),” sodium dodecylbenzene sulfonate (SDBS)*), non-ionic/
polymeric dispersants (such as Tween 80, Triton X-100 and
polyvinylpyrrolidone®"*%), as well as larger biomolecules (including
proteins/peptides,> nucleotides/DNA**).

Due to the important role of the dispersants for liquid-phase
exfoliation, numerous theoretical studies have focused on the
aggregation behavior and the energetic barrier between graphene
flakes in the presence of dispersants.”>" Typically, classical
molecular dynamics (MD) simulations were performed to gain
detailed information on the influence of the dispersants. For
example, the aggregational tendencies of graphene nanoribbons
with hydrogen terminated edges were compared with poly-
ethylene glycol and n-alkoxy chains substituted along the edge
of graphene.”® The self-assembly of SDBS on graphene flakes and
the effect of surface coverage on the aggregated structures was
studied.?® In particular with respect to the interaction between
covered graphene flakes, it was observed that an enhanced repul-
sive potential of mean force (PMF) can be obtained by increasing
the SDS surface coverage or by introducing the electrolyte CaCl,.>®
More generally, the interfacial interaction for graphene exfoliation
in different organic solvent media*” and the electrostatic inter-
actions of graphene stabilized in SC dispersant aqueous
solution®**! were studied.

For biological applications, however, most of the above-
mentioned dispersants are not biodegradable or biocompatible.*>*
Very recently, S. Villar-Rodil et al. reported an innocuous and
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Fig.1 (a) Chemical structure of FMNS. (b) Ball-and-stick model repre-
sentation of FMNS. The isoalloxazine ring group is defined as the FMNS tail,
while both the ribitol group and phosphate group are defined as the FMNS
head. Color code: nitrogen (blue), oxygen (red), carbon (cyan), hydrogen
(white) and phosphorous (tan).

readily available derivative of vitamin B,,*” flavin mononucleotide
sodium (FMNS, C;;H,oN,;NaOoP), shown in Fig. 1, as a highly
efficient biocompatible dispersant for the exfoliation and produc-
tion of stable aqueous dispersions of defect-free, few-layer graphene
flakes. The attained graphene concentration in aqueous solution
was up to 50 mg mL " using a relatively low amount of FMNS
compared with abovementioned dispersants, and the processed
graphene films presented excellent electrical conductivity.*> This
benign and readily available biocompatible dispersant outper-
formed the other biomolecules in the preparation of stabilized
graphene in aqueous solution, and showed great potential for bio-
medical applications.>**™*° To the best of our knowledge, the role of
the FMNS dispersant for the stabilization of graphene flakes
have not been fully understood until now.

In this work, we theoretically study the role of the FMNS
molecules for the stabilization of graphene flakes in dispersions.
Using classical all-atom MD simulations, the aggregation mor-
phology of FMNS on monolayer graphene flakes is investigated.
Moreover, the interaction between graphene flakes covered by
FMNS is quantified by the PMF, which is also utilized to explain
the graphene stabilization mechanism assisted by the FMNS
molecules. Finally, the relationship between the surface coverage
of monolayer graphene by FMNS molecules and the amount of
FMNS in solution is studied to find the optimal FMNS concen-
tration which stabilizes the monolayer graphene flakes.

The structure of this article is as follows: Firstly, the
morphology of FMNS on a monolayer graphene flake is calcu-
lated via all-atom molecular dynamics simulations. The radial
distribution function (RDF) and the density distribution of
FMNS molecules, as well as their orientations are discussed.
Then the PMF of pairs of parallel graphene flakes is calculated.
Finally, according to the PMF results, the relationship between
FMNS surface coverage on monolayer graphene flake and FMNS
concentration is discussed.

2. Simulation methods

The simulation work was divided into two parts: the simulation
of FMNS morphology on monolayer graphene flakes, and the
calculation of the PMF of pairs of graphene flakes coated with
FMNS. All calculations were performed with GROMACS 5.1.2.*"~**
Water molecules and FMNS molecules were modelled adopting
the SPC/E model*® and the OPLS-AA force field,*® respectively.
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The OPLS-AA force field has been used for systems involving
graphene and other surfactants before.>*' The molecular
topology of FMNS was obtained from the LigParGen server by
submitting the PDB file of the FMNS (Na* excluded).*”"*® Force
field calculations were performed using 1.14 x CM1A method
for charged molecules.”” Bond lengths in the FMNS were
constrained applying the parallel version of the LINCS algo-
rithm while the bond lengths and angles in water molecule
were constrained applying the SETTLE algorithm.>® A mono-
layer graphene flake (size 4 nm x 4 nm, containing 680 carbon
atoms) was selected as a representative monolayer graphene
system. The position and orientation of the flakes were con-
strained during the simulation, wherein all carbon atoms
were treated as uncharged Lennard-Jones (LJ) spheres using
1] parameters from the literature.”® van der Waals attraction and
hard-core steric repulsion were treated with a cut-off distance of
1.0 nm.>>*® Longrange electrostatic interactions were treated
utilizing the particle mesh Ewald (PME) approach.’*>
The simulation was conducted under the NPT ensemble (the
number of atoms, pressure of 1 bar, temperature of 300 K, are
constant) to mimic the experimental conditions. The velocity-
rescaled Berendsen thermostat was applied to maintain a
constant temperature®® and the Berendsen barostat was
applied to maintain a constant pressure in the system,*’
respectively. Periodic boundary conditions were applied in all
three directions. The timestep during the whole simulation was
2 fs and the trajectory was saved every 2000 steps.

For the FMNS morphology on the single layer graphene flake,
three cases with different amount of the FMNS molecules were
studied, wherein the graphene flake size was the same. The
simulation box size of the cases containing 8 FMNS and 18 FMNS
was 9 nm x 9 nm x 9 nm while the box size of the case containing
36 FMNS was 12 nm X 12 nm x 12 nm. For detailed information
on the simulation parameters refer to Table S1 in the ESL} The
FMNS molecules were aligned parallel to the graphene flake in
each box to obtain the initial configuration for each case.”” >’

For the calculation of the PMF of pairs of graphene flakes
coated by FMNS, the final configurations of the morphology
simulations which had the largest FMNS surface coverage were
employed as the starting configuration. A larger simulation box
of size 12 nm x 12 nm X 12 nm was created, and the same
configuration of the graphene flake with adsorbed molecules at
the distance of 3 nm away from the original one was replicated.
Subsequently, the water molecules and sodium counter ions
were introduced into this box.

In order to obtain a series of configurations with different
distances d between the centers of mass (COM) of the graphene
flakes, steered MD was used.®”®! In detail, we fixed one
graphene flake, in x/y/z direction and the other graphene flake,
only in y/z direction. A harmonic potential with a force constant
k = 600000 k] mol™* nm > was applied to the COM of the
second flake, which pulled it close to the first flake by setting a
velocity of 0.005 nm ps~'. The pulling time was based on the
distance d between the graphene flake at the beginning. Due to
the very slow pulling rate, the FMNS molecules adsorbed on the
surface of the graphene flakes could freely reorganize on the
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graphene flake surface.®” In this case, we obtain a series of
configurations with different COM distances in an “evolutionary
manner”.”” The constraint pulling was employed to calculate the
interaction force between graphene flakes along the x axis.*®
The PMF was then calculated by numerically integrating the
constraint pulling force using the trapezoidal rule at different
distances, as descripted in a previous publication.*®

3. Results and discussions
3.1. Morphology

To investigate the morphology of FMNS on the surface of the
graphene flakes, three different cases are studied with 8, 18 and
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36 FMNS molecules, respectively. The solvent accessible surface
areas (SASAs) of the flavin mononucleotide ions and graphene
as a function of time was calculated to verify that all the
simulations have reached equilibrium.®*®* From the SASA
results (see Fig. S1 in the ESIt), it can be seen that the systems
have reached equilibrium after about 80 ns simulation time.
Correspondingly, the morphology analysis is extracted from the
last 20 ns of each trajectory.

The representative morphology results are shown in Fig. 2.
For the case with 8 FMNS molecules, as shown in Fig. 2(a), it is
found that all FMNS molecules aggregate on the surface of
the graphene flake. The tail groups of FMNS are adsorbed to
the graphene surface parallelly while the head groups extend
toward the water. This feature is similar to the behavior of

Fig. 2 Post-equilibrated representative morphology snapshots of FMNS molecules and the graphene flake (yellow) in three different cases: side views of
cases containing (a) 8, (b) 18 and (c) 36 FMNS molecules. Sodium counterions are shown in green and water molecules are not shown for clarity.

This journal is © the Owner Societies 2019

Phys. Chem. Chem. Phys., 2019, 21, 24007-24016 | 24009


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp04742e

Open Access Article. Published on 16 October 2019. Downloaded on 12/5/2025 12:57:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Fig. 3 FMNS cluster formation in different cases: (a) representative FMNS cluster in case of 18 FMNS, (b) representative FMNS clusters in case of 36 FMNS

in the simulation box.

FMNS on a single wall carbon nanotube (SWCNT) surface.®® For
the case with 18 FMNS molecules, as shown in Fig. 2(b), most
of the FMNS molecules aggregate on the graphene surface.
The orientation behavior of the tail and the head groups are the
same as in the case with 8 FMNS. However, we observe the
formation of several clusters of FMNS molecules. For the case
with 36 FMNS molecules, as shown in Fig. 2(c), only a small
portion of the FMNS molecules are observed to stick to the
surface of the graphene flake parallelly while most of the FMNS
molecules favor to stay in the solvent in the form of clusters.
This finding provides further evidence that FMNS molecules
possess a tendency to form dimer structures at high concentra-
tions, which agrees well with the experimental results.®>®°

As shown in Fig. 3, the unabsorbed FMNS molecules tend to
form sandwich-like clusters which is favored by n-r interactions.
This behavior is different from other dispersants which tend to
form a mono-dispersant layer at low concentrations and hemi-
cylindrical micelles or micelles at high concentrations.®” ®
Meanwhile, we note that the negatively charged FMNS head
groups favor to keep away from each other due to the electro-
static repulsion.

In order to characterize the space distribution of the head
and tail groups around the flakes, their radial distribution
functions relative to the COM of the graphene flake are shown
in Fig. 4. From the peak positions shown in Fig. 4(a)—(c), it can
be seen that the tail groups prefer to approach to the graphene
surface while the head groups prefer to keep away from
graphene, corroborating the morphology observation in Fig. 2.
Among these cases, the tail group in case of 8 FMNS molecules
shows the strongest peak at around 0.41 nm while the tail group
in case of 36 FMNS molecules shows the weakest peak at around
0.44 nm. The first peak position for the tail group has a shift
away from graphene with increasing amount of FMNS mole-
cules. Besides, the second peaks for the tail group appear due to
the FMNS cluster formation except in the case of 8 FMNS. In case
of 18 FMNS, the first peak and the second peak for the tail group
are found at 0.42 nm and 0.72 nm, respectively. In case of 36
FMNS, the second peak is found at around 5.80 nm. The head
groups in these cases show similar behavior as the tail groups.
The sodium counterions were mostly close to the head groups
because of the electrostatic attraction.

Further, the density distributions of different groups in
the three cases are investigated to characterize the different

24010 | Phys. Chem. Chem. Phys., 2019, 21, 24007-24016

distributions along x axis, as shown in Fig. 5(a)-(c). For the case
of 8 FMNS molecules, shown in Fig. 5(a), there are two strong
peaks in the density distribution profile of both the tail groups
and the head groups, which are very close to the COM position
of the graphene flake (x = 0). The right peaks of both groups
are higher than the left peaks, which is consistent with the
morphology observation in Fig. 2(a): three molecules on the left
side and five molecules on the right side. Furthermore, the
peak position of the tail groups is closer than the peak position
of the head groups to the graphene flake, which can be
explained by the hydrophilic behavior of the phosphate group
in the head of FMNS which prefer to stay in the solvent while
the hydrophobic nature of the isoalloxazine group in the tail of
FMNS which tends to stick to the graphene surface. For the
density distribution profile of the sodium counterions, there
are two main peaks observed close to the positions of the head
groups due to the electrostatic interaction.

In the case of 18 FMNS, shown in Fig. 5(b), additionally to
the two main peaks close to the COM of the graphene flake
(x=0nm), one more peak is found near x = 3.2 nm, which is the
result of the small FMNS cluster formation. This corroborates
the morphology shown in Fig. 2(b). From Fig. 5(c), in addition
to the peaks located near the COM of the graphene flake (x = 0)
in the profiles of both groups, several peaks can be identified
away from the COM of the graphene flake (x = —2 nm and
x = 4 nm). These originate from the FMNS-cluster formation as
seen in Fig. 2(c). To quantify the precise orientation of the tail
groups relative to the graphene flake, we use the angle 6 as
illustrated in Fig. 5(d). We define a tail vector connecting two
nitrogen atoms in the tail group and the angle 0 is the angle
between the tail vector and the positive direction of the x axis, as
schemed in the inset in Fig. 5(d). For the cases of 8 FMNS and 18
FMNS molecules, the orientation angle 0 is mainly concentrated
around 90°, which means that the tail groups of the FMNS
molecules aggregated on the graphene flake favor to stay parallel
to the surface. However, for the case of 36 FMNS molecules, most
of them form small clusters and are distributed uniformly in the
box. Only for the molecules aggregated on the surface of
graphene flake, the orientation angle is 6 = 90°.

3.2. Potential of mean force

The PMF is used to characterize the interaction between two
graphene flakes in the presence of an aqueous medium and

This journal is © the Owner Societies 2019
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Fig. 4 RDF of tail and head groups as function of the relative distance
to the COM of the graphene flake in different cases: (a) 8 FMNS molecules
(b) 18 FMNS molecules and (c) 36 FMNS molecules.

FMNS molecules. A positive PMF implies an effective repulsion
while a negative PMF indicates an effective attraction of the
flakes.®® The PMF results for the cases considered in this study
are presented in Fig. 6. The three profiles in Fig. 6(a) are
obtained for high FMNS surface coverage, low surface coverage,
and no surface coverage, respectively. Here, we used the final
configuration of the case of 18 FMNS as the starting configu-
ration for high surface coverage, for which there are 11 FMNS
molecules adsorbed on the surface of each flake. All the FMNS
molecules whose tail groups are located within 7 nm from the

This journal is © the Owner Societies 2019
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graphene flake are defined as adsorbed molecules. For low
surface coverage we decreased the number of adsorbed FMNS
molecules to 6 molecules on each flake as the starting configu-
ration. This corresponds to surface coverages of 0.34 molecules
per nm” and 0.19 molecules per nm?, respectively. The PMF of
the pairs of bare graphene flakes without FMNS was done for
comparison. The PMF has been set to zero at the large COM
distance between pairs of graphene flakes (d = 3.0 nm).

As one can see from Fig. 6(a), the PMF of bare graphene
flakes displays a pronounced minimum at the distance of
d =0.35 nm which corresponds to the typical interlayer distance
in graphite. From 0.35 nm to 3.0 nm, the PMF is negative,
which indicates an attractive interaction between two bare
graphene flakes in solution. The well depth of the PMF at the
minimum is —2268 k] mol . Considering the area of graphene
flake, the PMF per unit area is —142 k] mol ' nm ™2, which is in
good agreement with the previously reported PMF per unit area
of —153 k] mol™* nm2.7°

For the case of low surface coverage, the PMF shows attrac-
tive behavior from d = 0.45 nm to d = 1.10 nm, and it shows
repulsive behavior from d = 1.10 nm to d = 3.0 nm. It reaches its
highest energy barrier of +33 k] mol™" at d = 1.25 nm. For high
surface coverage, one sees that the adsorbed FMNS molecules
cause relatively strong repulsion already at d = 0.7 nm, which
can hinder the aggregation of graphene flakes efficiently. The
highest repulsive energy of +705 k] mol " appears at d = 0.68 nm
(the shortest distance with reliably calculated PMF).>' The first
local maximum energy barrier appears at d = 1.18 nm and the
PMF energy barrier reaches up to 164 kJ mol~". The PMF energy
barrier per area is 10.25 k] mol ' nm >,

To evaluate the influence of FMNS on the dispersion and
stabilization of the exfoliated graphene flakes, we compare the
calculated surface coverage of graphene flakes by different
conventional dispersants at roughly the same PMF energy
barrier, as shown in Table S3 (ESIt). To achieve the PMF energy
barrier of around 10 k] mol ' nm ™2, the surface coverage of
graphene flake by FMNS is 0.34 molecules per nm” as shown
above, while the surface coverage of graphene flake by SDBS is
0.58 molecules per nm?,*® and the surface coverage of graphene
flake by SC is 0.49 molecules per nm?>" respectively. Those
theoretical results provide evidence that FMNS is performing
better than the other commonly used dispersants with respect
to the dispersion and stabilization of exfoliated graphene
flakes. This result is consistent well with the reported experi-
mental work which showed that FMNS is an extremely efficient
dispersant for the preparation of dispersions of few-layer
aqueous graphene flakes.**3%7*

Fig. 6(b) is a zoom into the dashed frame in Fig. 6(a) with
seven critical points marked on the profile. On the PMF profile
of graphene flakes with high surface coverage (red line),
positions II, IV, VI denote local energy wells while positions IIT
and V correspond to local energy barriers. On the PMF profile of
graphene flakes with low surface coverage, positions III and V
indicate energy barrier positions while position VI is a local
energy well. The density distribution of the FMNS molecules in
the case of high surface coverage corresponding to the 6 critical

Phys. Chem. Chem. Phys., 2019, 21, 24007-24016 | 24011
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(a) The profiles of PMFs of pairs of graphene flakes coated by or without FMNS molecules. Inset shows the distance d between a pair of parallel

graphene flakes. (b) The zoom of the dashed box in the (a), seven critical positions are labelled on the profile.

positions are plotted in Fig. 7, and the inset images are the
representative snapshots. With decreasing distance d between
flakes from position VI to position I, the density distribution
peak of the FMNS molecules between the two graphene flakes
decrease from two broad peaks to one sharp peak. For the
distance with a local high energy barrier, including positions III
and V, we find that the head groups of the FMNS between the
two flakes try to aggregate tightly and form one strong density

24012 | Phys. Chem. Chem. Phys., 2019, 21, 24007-24016

peak, just like a fastened zipper with two head group chains.
However, for the distances of local energy wells, including
positions II, IV and VI, we find the head groups of the FMNS
between the two flakes kept well and so two separate peaks
show on the density profile, just like an unfastened zipper with
two head groups chains. This agrees well with previously
reported results.”>>® This can also be seen on the corresponding
morphology image. In order to further verify this behavior,

This journal is © the Owner Societies 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9cp04742e

Open Access Article. Published on 16 October 2019. Downloaded on 12/5/2025 12:57:36 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP
75+
’ JW
0.0 — L
0 2 4
759 an M
0.0 — 1 1
© 0 2 4
=) |
2 00 — eV
@ 0 5) 4
C
o 7.5
a ] (V) w
@
S 00 — s
g , 0 2 4 6
- R f/wk
0.0 T T J T 4 T
150 2 4 6
2 V) M .
0.0 T T L E— 2 3
0 2 4 6 !"{é K
Distance (nm) !
Fig. 7

View Article Online

Paper

Y (nm)

(left panel) Density distribution of FMNS molecules along x coordinate in case of 11 FMNS molecules on each graphene flake. The red

lines marked the position of the graphene flakes. The inset images show corresponding morphologies. The color code is the same as in Fig. 1, water
molecules are not shown for clarity. (right panel) The 2D density map of the FMNS molecules existed in the confined volume between a pair of parallel
graphene flakes with 11 FMNS molecules on each flake for the critical positions | to VI. The maximum value of density for each image can be found

in Table S2 in the ESI.¥

we plot the density map for the FMNS molecules between the
two graphene flakes to see the overlap of the molecules, as
shown in Fig. 7. We find the maximum density values for the
positions of the energy barriers are higher than those at the
positions with the next energy wells. The maximum values of
the density are given in Table S2 in the ESL{% At the same
time, we also plot the density distribution of the FMNS in the
cases of low surface coverage as well as the density map of the
FMNS, as shown in Fig. 8. Although position I shows a low
negative PMF, there is one density peak found in Fig. 8(i),
because FMNS molecules between two graphene flakes are
much more mobile and some can even can escape the volume
between two graphene flakes.

3.3. Surface coverage and optimal dispersant concentration

From the morphology results shown in Fig. 3, we already
concluded that when we increase the amount of FMNS mole-
cules, some of them aggregate to form clusters. Thus, not all
molecules in the solution will be adsorbed on the flake. The
final surface coverage of a single flake with FMNS molecules is
shown in Fig. 9. Here, the surface coverage is defined as the
total number of adsorbed FMNS molecule per area of the
graphene flake. In the three cases considered before, the total
available surface area for FMNS adsorption is the area of both
sides of the graphene flake, i.e. 32 nm®. Adsorbed molecules on
the graphene flake are supposed to keep graphene flakes away
from each other in an aqueous medium via electrostatic

This journal is © the Owner Societies 2019

repulsion and stabilize graphene dispersions. From the results
shown in Fig. 9, we can see an unusual trend different from the
expected results: with the number of FMNS molecules in the
solution increasing, the surface coverage of graphene increases
first and then decrease again, this can be attributed to the
cluster formation in case of a sufficiently high concentration of
FMNS molecules, as already shown in Fig. 2(c). Experimentally,
D. Frackowiak and collaborators have previously reported that
the FMNS molecules tend to form dimers in an aqueous media,
and a large fraction of FMNS molecules participate in forming
dimeric structures as the FMNS concentrations increase.®”
Our simulation results are consistent with this experimentally
observed behavior.

The formation of FMNS dimers and larger clusters prohibits
adsorption of FMNS molecules on the graphene flake surface.”
Consequently, a lower surface coverage of FMNS molecules on the
graphene flake is obtained. As shown in Fig. 6, a higher surface
coverage implies a stronger repulsion of flakes to avoid aggregation.
In case of lower surface coverage, the repulsion is lower and the
graphene flakes tend to aggregate more easily. This observation
might explain the origin of the observed relationship between
the concentration of FMNS and the stabilization of graphene
dispersions in a recent experimental work.>® Our simulation results
indicate that the optimal amount ratio between FMNS molecules
and carbon atoms in monolayer graphene is 0.026 shown in the
case of N_FMNS = 18 and achieve the highest surface coverage of
graphene flake by FMNS (0.34 molecules per nm?).
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(left panel) Density distribution of FMNS molecules along x coordinate in case of 6 FMNS molecules on each graphene flake. (right panel) The

density map of the FMNS molecules located in the confined volume between a pair of parallel graphene flakes with 6 FMNS molecules on each flake for
the critical positions |, Ill, IV and VI. The maximum value of density for each image can be found in Table S2 in the ESL+
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Fig. 9 Surface coverage of graphene flakes by FMNS molecules in three
different cases with N = 8, 18 and 36 molecules in the simulation box.

4. Conclusions

In this work, the morphology of FMNS molecules on graphene
flakes has been investigated using all-atom MD simulations. It
was found that the tail group of the FMNS molecules prefers to
stick to the graphene flake while the head group prefers to
extend toward the solvent, consistent with their hydrophobic
and hydrophilic nature, respectively.

The calculation of the PMF of a pair of graphene flakes
covered with adsorbed FMNS molecules has been carried out to
evaluate influence of FMNS on the dispersion and stabilization
of graphene flakes. To achieve approximately the same PMF

24014 | Phys. Chem. Chem. Phys., 2019, 21, 24007-24016

energy barrier of 10 k] mol ' nm 2, the surface coverage of
graphene flakes by FMNS molecules is 44% lower than by SC
molecules, and 71% lower than by SDBS molecules, respec-
tively, which illustrates the superior dispersion and stabilizing
performance for exfoliated graphene flake dispersion. At a high
surface coverage, graphene flakes repel each other which leads
to the stabilization of graphene dispersions, and at lower
coverage graphene flakes can agglomerate easily.

The formation of FMNS clusters can suppress the adsorption of
FMNS molecules on the graphene surface in the case of high
concentration of FMNS and reduce the surface coverage of graphene
flake. From our simulations we determine the optimal amount ratio
between FMNS molecules and carbon atoms in monolayer graphene
to be 0.026 which yields the highest surface coverage of the graphene
flakes by FMNS (0.34 molecules per nm?). These simulation results
provide a basis for the understanding of graphene exfoliation
assisted by FMNS-like dispersant and paves a path to design highly
efficient and biocompatible dispersants for liquid phase exfoliation
of defect-free, few layers graphene.
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