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Dispersion of non-covalently modified graphene in
aqueous medium: a molecular dynamics simulation
approachti

Aditya Kulkarni, Nabaneeta Mukhopadhyay, Arup R. Bhattacharyya
and Ajay Singh Panwar*

Molecular dynamics were used to simulate the dispersion of graphene in agueous medium in the presence
of a novel organic modifier, sodium salt of 6-amino hexanoic acid (Na-AHA), which non-covalently
modifies the graphene surfaces. The modifier molecule contains an ionizable carboxylate head group
and an aliphatic tail. The extent of dispersion was estimated by calculating the potential of mean force
(PMF) as a function of increasing concentration of the modifier using the thermodynamic perturbation
method in conjunction with molecular dynamics simulations. With increasing concentration of the
modifier, the PMF changed from a short-range strong attraction to a long-range repulsion at higher
modifier concentrations. The simulation results clearly show the adsorption of modifier molecules at the
graphene—water interface, which in turn causes the graphene surfaces to acquire a negative charge.
Further, the development of a negative electric potential at the graphene surfaces induces a long-range
electrostatic repulsion between the graphene sheets, clearly pointing to an electrostatic stabilization of
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Introduction

Graphene has been widely used in suspensions, polymer based
solutions, melts and composites’™ because of its excellent
mechanical, thermal, and electronic properties, low electrical
percolation thresholds and high aspect ratio. The incorporation
of graphene as the dispersed phase in various host matrices is
complicated by high aspect ratios and extremely high surface
areas, resulting in extremely high attraction energies (as high as
500 eV um™').° Thus, the processing of a graphene-based poly-
mer composite system is complicated by agglomeration®® and
poor polymer/graphene interfacial interactions.'™' Non-
covalent modification of the graphene surfaces is a versatile
strategy for improving dispersion of graphene in host matrices
(as opposed to covalent modification that can alter intrinsic
properties).*>** Surface modification is usually achieved
through adsorption of either polymers or surfactants onto the
graphene surfaces, which enable dispersion via long-range
electrostatic or short-range steric interactions. In a polar
medium (such as water), ionic surfactants and polyelectrolytes
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can be used as dispersants for electrostatically stabilizing gra-
phene particles. Common surfactants, such as sodium dodecyl
sulphate (SDS),**** are widely used for stabilizing dispersions in
aqueous media. Often, preliminary dispersion of graphene in
aqueous media is followed by their subsequent incorporation
into polymer melts for processing of polymer nano-composites.
In such applications, the surfactant/modifier can serve dual
purposes of not only initially dispersing graphene, but may also
contribute to improved interfacial compatibility at the
graphene/polymer interface.

The sodium salt of 6-amino hexanoic acid (Na-AHA), first
developed by Kodgire et al.’” as a reactive modifier for carbon
nanotubes (CNTs), leads to both improved CNT dispersion in
water and exfoliated nanotube networks in polyamide 6 based
blend systems during subsequent melt-mixing. The improved
interaction of the CNTs with the polymer matrix is thought to
arise from the melt-interfacial interactions involving amine
groups present in the modifier. There are several reports of
achieving lower electrical percolation threshold, improvement
in blend microstructure and blend properties as a result of
incorporation of Na-AHA modified multi-walled carbon nano-
tubes (MWCNTSs) in various blend systems.'®?® The use of Na-
AHA-like dispersant as a reactive modifier was extended to
graphene-based polymer nanocomposite system where similar
improvements in both graphene dispersion and the final
nanocomposite properties were reported.** Since the addition of
Na-AHA as a modifier contributes positively to the final prop-
erties of the nanocomposite (unlike conventional surfactants,
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such as SDS, which can adversely affect the properties), it is
important to examine the mechanism of dispersion of graphene
in the presence of Na-AHA.

Such an investigation is ideally suited for treatment with
molecular dynamics, which can answer several questions at the
atomistic level relating to mechanistic aspects of dispersion of
Na-AHA modified graphene sheets. The first issue is related to
the partitioning of the Na-AHA molecules onto the graphene
surface from the aqueous phase. Another unknown aspect is
whether the graphene particles are stabilized primarily via
electrostatic or steric interactions. Also, unlike SDS, which
contains only one ionizable group, Na-AHA has two groups
(carboxyl and amine groups at either ends), both or either of
them could be ionized depending on solution pH.

There exist several simulation studies, where various aspects
of dispersion of hydrophobic solutes (specifically, graphene,
graphene oxide, or CNTs) have been investigated.””** When
used in conjunction with free energy calculation methods,
molecular dynamics simulations can be used to estimate free
energy differences between states corresponding to different
extents of dispersion. Specifically, aspects of dispersion related
to solute wetting behaviour, surfactant adsorption and surfac-
tant concentration have been explored using molecular
dynamics simulations. Simulations of two CNTs in water
revealed a continuous “wetting” or a “drying” of the interstice
between the tubes depending on their initial spacing.’” Other
molecular dynamics simulations have investigated the ener-
getics of the transfer of surfactant molecules from the bulk
solution phase to a solid solute surface,® dependence of
morphology of SDS surfactant aggregates on nanotube diam-
eter,” and CNT-CNT interactions in the presence of either
surfactant*>** or polymer molecules.*

Thermodynamic perturbation has been widely used to
calculate the PMF as a function of distance between two
hydrophobic solutes in a solvent for a variety of systems. Aver-
ages are performed over specific degrees of freedom corre-
sponding to a particular state and the statistical data can be
obtained from a MD simulation. In one of the earliest simula-
tions, Linse** has calculated the PMF between two benzene
molecules in an aqueous solvent as a function of their relative
orientations. Choudhury and Pettitt**** have extensively
studied the hydration behaviour of two planar hydrophobic
solutes in liquid water by calculating the PMF between them. In
a series of papers, Eun and Berkowitz**** have employed ther-
modynamic perturbation to investigate the interaction between
model lipid bilayers (phosphatidylcholine headgroups grafted
to graphene plates).

In this report, we explore the effect of increasing concen-
tration of Na-AHA on the dispersion of two graphene sheets
(planar hydrophobic solutes) using molecular dynamics simu-
lations and employ thermodynamic perturbation to calculate
the PMF as a function of the separation distance between the
two graphene sheets. Moreover, it was observed that the PMF
changed from a short-range strong attraction for bare graphene
surfaces, to an increasingly long-range repulsion upon addition
of Na-AHA, which adsorbed onto the graphene surfaces.
Further, we could find that the long-range repulsion was
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electrostatic in origin, which clearly suggested an electrostatic
stabilization of Na-AHA-modified graphene dispersions. To the
best of our knowledge, evidence of electrostatic stabilization of
non-covalently modified hydrophobic nanoparticles has not
been previously reported in the simulation literature. The
remainder of the article is organized as follows. We provide the
details of the simulation method in the following section. Our
main results are presented and discussed in the Results and
discussion section. Finally, we summarize and conclude the
discussion in the Summary section.

Simulation method

Fig. 1 is a schematic of the simulation set-up with two graphene
sheets of size 30 x 30 A? separated by a distance d along the X-
axis. The two graphene sheets are modeled as rigid objects and
are always oriented parallel to each other during the course of
the simulations. These were solvated in a 50 x 50 x 60 A* box of
TIP3P water molecules (at a density of 1 g em™?) with periodic
boundary conditions in all three directions. In addition, n
molecules of the organic dispersant, Na-AHA, were also intro-
duced in the space between the two graphene sheets. Since the
dispersant molecule is a sodium salt of 6-amino hexanoic acid
(the anionic component of the salt is abbreviated to AHA in the
rest of the article), n number of Na' counter-ions were also
added to the simulation box. Thus, by varying n, we model the
effect of varying relative concentrations of the dispersant, Na-
AHA, with respect to graphene. Three values of n = 0, 6, 21
corresponding to Na-AHA concentrations of 0 M, 0.05 M and
0.16 M, respectively, were considered in the simulations. In all,
the simulation box contains close to 14 000 atoms. The
CHARMM force-field was used to model all inter-atomic inter-
actions in the simulation. Electrostatic interactions were eval-
uated using the particle-particle particle mesh Ewald

Na Na* Na
0 Q Q
o Y 0
NH, NH, NH, 60 A
Na Na* Na
0 (o 0~
0 0 0
NH, NH, NH
d
I X
50 A

Fig.1 Schematic representation of the simulation box containing two
graphene sheets solvated in water and arranged parallel to each other
at a separation d. To this, nNa-AHA modifier molecules are added.
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summation with an accuracy of 10™*. Lennard-Jones interac-
tions were used to model the other non-bonded interactions
(including van der Waals) between atoms. Inner and outer cut-
offs of 8 and 10 A respectively, were used for both electrostatic
and Lennard-Jones interactions. A switching function was used
to smoothly bring the energies and forces to zero between the
inner and outer cut-offs. Simulations were carried out in an NPT
ensemble at a temperature of 300 K and a pressure of 1 atmo-
sphere. A Langevin thermostat was used with a characteristic
damping time constant of 100 fs to maintain the system
temperature. A Berendsen barostat with a time constant of 1000
fs was used for maintaining the pressure. All simulations were
implemented in the open-source package LAMMPS* (http://
lammps.sandia.gov). A timestep of 1 fs and an equilibration
time of 1 ns were used for simulations at any given separation of
d. The duration of the equilibration time is similar to previously
reported studies employing molecular dynamics and thermo-
dynamic perturbation, which have typically used equilibration
times in the range of 100-500 ps.***** The separation d was
varied between 4-30 A for all simulations.

Thermodynamic perturbation was used to calculate the
potential of mean force between the two graphene sheets.
According to the perturbation theory developed initially by
Zwanzig,*® the free energy difference between an initial state “0”
and a slightly perturbed state “1” is given by,

AG = G(r) — G(ro) = kT ln<exp< - w> >0;
(1)

where, T is the temperature of the system, kg is the Boltzmann
constant and U denotes the potential energy of the system in the
given state. The brackets denote an ensemble average of the
enclosed quantities with “0” taken as the reference state. The
separation d was varied along the X-axis, increasing in integral
multiples of 0.2 A. The average term in brackets in eqn (1) for
each position was obtained by perturbing the graphene sheets
by a distance of +0.1 A and —0.1 A from the initial position,
hence ensuring double wide sampling.

do(h) = d§™ + A5 — di™) (2)

here, A; was used as a discrete variable, whose value lies between
0 and 1, thus adequately representing the varying separation
between the two plates. Thus, each state had two free energy
differences associated with it, one due to the +0.1 A perturba-
tion and the other due to the —0.1 A perturbation. Consequently
for N simulations, 2N free energy differences were obtained,
which were connected successively to construct the potential of
mean force of the system as a function of interplate separation.

W0 =3 AG ®

However, it should be noted that the potential of mean force
so obtained is only a relative measure since only free energy
differences can be obtained using this method. The potential of
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mean force was chosen to be zero at the largest separation
considered.

Results and discussion

Fig. 2 shows the total calculated potential of mean force (PMF)
for the system for varying dispersant concentrations of n = 0, 6,
and 21. The case of n = 0 models the interactions between two
“bare” or “unmodified” graphene sheets in water. The PMF plot
for this case shows a deep potential well of nearly —400 kcal
mol ! at 3.9 A separation (see inset) indicating a strong
attraction between the graphene sheets. Further, the interaction
quickly goes to zero at a separation of around 12 A indicating
a short-range interaction between the graphene sheets. These
observations are consistent with the expected behaviour of an
hydrophobic solute in an aqueous environment. Hydrophobic
solutes are expected to aggregate in water due to strong attrac-
tive interactions between them. In addition, a small positive
peak of nearly 20 kcal mol " is observed at approximately 9 A
separation. This peak occurs for all three values of n and can be
ascribed to oscillatory solvation forces arising due to the
ordering of water molecules between the graphene sheets.”” As
the concentration of dispersant is increased, it is seen that the
interaction changes completely from a short-range attractive
interaction to a longer-range repulsive interaction. The PMF
curves for both n = 6 and n = 21 show an entirely repulsive
behaviour for all separation distances between the two gra-
phene sheets. The peak value of the repulsive interaction
increases from =40 kcal mol ™" for n = 6 to =55 kcal mol ™" for
n = 21. Also, the interaction is more repulsive for n = 21 than n
= 6 for all separations. In both cases, and in contrast with the n
= 0 case, the interaction stays significant for larger separations,
and approaches zero close to 22 A. Thus, the range of interac-
tion increases by nearly 10 A for both n = 6 and n = 21 when
compared to the n = 0 case.
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Fig. 2 The total calculated PMF as a function of inter-sheet distance,
d, between the two graphene sheets for the three cases of n =
0 (black) representing bare graphene sheets, n = 6 (red), and n = 21
(blue). The inset extends the distance axis to less than 5 A showing that
the PMF for the bare graphene surfaces has a minima of approximately
—400 kecal mol ™,
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Thus, the PMF plots for finite dispersant concentrations in
Fig. 2 clearly suggest two important effects. First, an increase in
the strength of repulsion with an increase in dispersant
concentration indicates that graphene surfaces are modified by
possible adsorption of Na-AHA onto graphene surfaces. Second,
the long-range character of the PMF for n = 6 and 21 is a strong
indication of an electrostatic repulsion between the two gra-
phene sheets. The following set of results explore this
hypothesis.

In Fig. 3(a)-(c), we plot the important contributions to the
total PMF of the system for different values of n. The “compo-
nents” of the PMF were calculated on the basis of the pair
interaction energies for different groups of atoms, corre-
sponding to graphene and water (Fig. 3(a)), the two graphene
sheets (Fig. 3(b)), graphene and dispersant molecules (Fig. 3(c)).
One should note that the graphene refers to the unmodified
graphene sheet consisting of only carbon atoms. The interac-
tion between graphene and water becomes increasingly repul-
sive as n increases. For n = 0, the PMF fluctuates around zero
and has two minima at d = 7 and 10 A respectively. This could
be due to packing of layers of water molecules between the
graphene sheets. An increase in the strength of the PMF with n
would be a direct result of an increase in the number of gra-
phene-water pairs that are used to compute the PMF, suggest-
ing that more water molecules entered the region between the
graphene sheets as more dispersant molecules were added. This
behaviour indicates that the graphene surfaces are being
modified by dispersant molecules, and consequently becoming
hydrophilic. Since graphene is a hydrophobic solute, the PMF
would become increasingly repulsive for increasing numbers of
graphene-water contacts. Hence, there is a strong indication of

150~ (@ Graphene-Water ™|

—— Bare graphene
—— n=6Na-AHA
—— n=21Na-AHA | |
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Fig. 3 Plot showing important contributions to the total PMF corre-
sponding to (a) graphene-water, (b) graphene-graphene, (c) gra-
phene—Na-AHA, respectively. The plot in (d) represents the sum of
contributions from (a), (b) and (c) (open circles) with the total PMF from
Fig. 2 (solid lines). For the case of n = O (bare graphene), the sum
includes only contributions from (a) and (b). The different concentra-
tions are represented by the colors, black (n = 0), red (n = 6), and blue
(n = 21) for all plots (a)—(d). For all concentrations in (d), the two curves
lie on top of each other, indicating that the total PMF is represented by
the sum of the three components.
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adsorption of AHA chains onto the graphene surfaces, the latter
being rendered hydrophilic due to the presence of the carbox-
ylate groups.

In Fig. 3(b), the PMF for graphene-graphene pairs is calcu-
lated. It is invariant with changes in n, and decreases mono-
tonically with decrease in d. This is expected because the
graphene-graphene interaction should not change with
increasing n, and should be strongly attractive over short
ranges. The PMF shows a deep minimum of —400 kcal mol " at
3.9 A and rapidly goes to zero at around 8 A separation. The
graphene-graphene interaction seems to be the major contri-
bution to the total calculated PMF for the n = 0 case in Fig. 2.

The first evidence for adsorption of the AHA molecules onto
the graphene surfaces comes from the corresponding PMF plot
of graphene-Na-AHA (Fig. 3(c)). For n = 6, the PMF is close to
zero for larger separations, but starts becoming negative at
around 12 A separation and drops down further to —20 kcal
mol ™" at 7 A. This corresponds to an attractive interaction
between the dispersant molecules and the graphene surfaces.
The AHA backbone is comprised of 5CH, groups which have an
attractive interaction with the graphene surface, leading to their
adsorption onto the graphene surfaces. When the concentra-
tion of dispersant molecules increases to n = 21, PMF values are
found to be negative over the entire range of d. The PMF
decreases monotonically from zero at 30 A to —120 kecal mol " at
7 A. The value at 7 A separation is nearly six times larger than
the PMF value for the n = 6 case. The larger negative PMF for n
= 21 is a result of a greater number of Na-AHA molecules being
adsorbed onto the graphene surfaces, because more are present
at higher concentrations. Hence, an increased adsorption of
AHA molecules onto graphene makes the graphene surface
more hydrophilic, which increases the local concentration of
water molecules in the vicinity of the graphene surfaces. This

—— Bare graphene
— n=6Na-AHA

00151~ @ | nt N
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0.02 : : . T :

00151 © m
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Fig. 4 Plots of fractional number density of water molecules in the
simulation box along the X-axis (separation axis) for (a) d = 10 A, (b) d =
20 A, and (c) d = 30 A, respectively. The vertical dashed lines indicate
the location of the two graphene sheets in the simulation box for the
corresponding separation distances in (a)—(c). The different concen-
trations are represented by the colors, black (n = 0), red (n = 6), and
blue (n = 21) for all plots (a)-(c). For reference, the simulation box
extends from —25 A to 25 A along the X-axis.
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should lead to a corresponding increase in the graphene-water
PMF plot, which is exactly what we observe in Fig. 3(a).

In order to reiterate that the “components” in Fig. 3(a)—(c)
are the most important contributors to the PMF, we plot in
Fig. 3(d), the sum of these three contributions (represented by
open circles) and the total PMF (from Fig. 2 and represented by
solid lines) for all three values of n. For each case, we find that
the total PMF is described exactly by the sum of the three
components in Fig. 3(a)-(c) (the two curves lie on top of each
other). Of course, for the case of n = 0, the sum includes only
the graphene-water and graphene-graphene contributions. The
fact that the total PMF can be expressed as an exact sum of the
three PMF “components” is an important result, which strongly
suggests that the dispersion of graphene in water is controlled
by the interfacial interaction between the graphene and Na-AHA
molecules. In their simulations of interactions between model
lipid bilayers comprised of zwitterionic and charged functional
groups, Eun and Berkowitz>* showed that the PMF was
composed of direct interactions and water-mediated interac-
tions between the plates. Whereas, entropic contributions to
the solvent-mediated interactions led to attraction, enthalpic
contributions to solvent-mediated interactions led to repulsion
between the model bilayers.

In Fig. 4(a)—(c), we plot the distribution of water molecules in
the box along the X-axis at separations of 10 A, 20 A, and 30 A,
respectively. The number density values for water were calcu-
lated for volumes that were slices in the Y-Z plane with thick-
nesses of Ax = 0.1 A. For the three values of d considered here,
the graphene sheets were located at x = +5 A, x = +10 A, and x
= +15 A in Fig. 4(a)(c), respectively. In the space between the

d=10A d=20A
04— 717 T 02— T T i
- () 1 c E F () Carboxylate -
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Fig. 5 Plots of respective fractional number densities, in the simula-
tion box, of carboxylate headgroups along the X-axis (separation axis)
for (a)d =10A, (b) d = 20 A, and amine headgroups along the X-axis (c)
d =10 A and (d) d = 20 A. The vertical dashed lines indicate the
location of the two graphene sheets in the simulation box for the
corresponding separation distances in (a)—(d). The different concen-
trations are represented by the colors, red (n = 6), and blue (n = 21) for
all plots (a)-(d). For reference, the simulation box extends from —25 A
to 25 A along the X-axis.
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graphene sheets, the water density seems to decrease with
increasing n, which happens because water molecules are dis-
placed by Na-AHA molecules with increase in n. At first glance,
this result seems to counter our claim of increased graphene-
water repulsion with increasing n from Fig. 3(a). However,
a more careful observation of water-graphene interactions
presented in Fig. S1 (see ESIt) for the test case of d = 10 A
supports our claim of increased water-graphene repulsion with
increasing n. Fig. S1(a)f replots the water density distributions
from Fig. 4(a) showing that water density between the graphene
sheets decreases with increasing n. A direct calculation of the
van der Waals energy between the water molecules and the
graphene sheets is presented in Fig. S1(b)} for —8.5 < x < 8.5.
Since the van der Waals diameter of an oxygen—-carbon pair is
approximately 3.5 A, interactions beyond 3.5 A on the outside of
the graphene sheets are ignored. In the space between the
graphene sheets, the van der Waals interaction energy becomes
less attractive (or more repulsive) with increase in n. This is also
confirmed in Fig. S1(c)t which plots the time dependence of the
graphene-water interaction energy over the course of the
simulation for the three values of n. The results of another
simulation presented in Fig. S2 (see ESIt) for the case of a single
50 x 50 A% graphene sheet, with 21 Na-AHA molecules adsorbed
on both sides of the sheet, also show that the water-graphene
interaction indeed becomes more repulsive with increasing .
This is the primary cause for the stabilization of graphene
sheets in the presence of the dispersant Na-AHA, and is indi-
cated by an overall repulsive PMF (Fig. 2).

The density profiles of carboxylate and amine headgroups at
10 A and 20 A separations for both n = 6 and 21 are shown in
Fig. 5. The density profiles indicate that the dispersant mole-
cules are mostly confined to the space present between the
graphene sheets. Also, the density profiles of the carboxylate

T T T T T ]
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Fig. 6 Plots of respective fractional number densities of Na* counter-
jons in the simulation box along the X-axis (separation axis) for (a) d =
10 A (b) d = 20 A and (c) d = 30 A. The vertical dashed lines indicate
the location of the two graphene sheets in the simulation box for the
corresponding separation distances in (a)—(c). The different concen-
trations are represented by the colors, red (n = 6), and blue (n = 21) for
all plots (a)-(c). For reference, the simulation box extends from —25 A
to 25 A along the X-axis.
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Fig. 7 Figure showing the average orientation as a function of the
inter-plate separation, d, for (a) the main chain of the Na-AHA mole-
cule, and (b) the carboxylate headgroup, respectively, for the Na-AHA
concentration of n = 21.

and amine headgroups consistently show increased presence
around the graphene sheets. This explains the increased
amount of water in the immediate vicinity of the graphene
sheets. In combination with an attractive PMF for graphene-
dispersant molecules (Fig. 3(c)), these profiles provide strong
evidence of the adsorption of dispersant molecules onto the
surface of the graphene sheets. The distribution of the counter
ions has been described in Fig. 6. The Na' ions lie completely
between the two sheets for all values of n. The extremely high
hydration of the hard sodium ions, coupled with their affinity
for the carboxylate group, constrains them to remain localized
between the sheets and in the vicinity of the dispersant mole-
cule. The presence of the counter-ions between the sheets draws
more water molecules towards the graphene sheets, thus
contributing to further stabilization.

Fig. 7 shows the average orientation of the hydrophobic AHA
backbone (comprised of 5CH, groups) and the negatively
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charged carboxylate head group of the dispersant molecules
with respect to the graphene sheets. In order to evaluate this,
the angles between the normal to the sheets and vectors parallel
to the hydrophobic and hydrophilic parts of the surfactant
molecules were evaluated. It can be seen that the hydrophobic
AHA backbone is almost parallel to the graphene sheets
(Fig. 7(a)) suggesting that the adsorption of the AHA molecule
onto the graphene sheet is effected via the CH, groups. More-
over, the hydrophilic part of the dispersant makes an angle of
around 110 degrees with the normal (Fig. 7(b)), which is close to
the bond angle value. This shows that the carboxylate group
points away from the graphene, as would be expected for
a hydrophilic functional group. Thus, the graphene surface is
functionalized via adsorption of the (CH,)s backbone and
consequently rendered hydrophilic by the ionization of the
carboxylate groups.

The final piece of the puzzle is the long-range repulsive
behaviour of the PMF in Fig. 2 for finite dispersant concentra-
tions (n = 6, 21). For the case of n = 21 and d = 30 A, we show
the electric potential map in the X-Z plane at Y = 22.5 A in
Fig. 8(a). The electric potential map has been obtained using the
PME Electrostaticc module within the Visual Molecular
Dynamics (VMD) package.*® Visually, one can distinguish
regions with negative values of the electric potential in the
proximity of the graphene sheets (red coloured regions). In
contrast, regions with positive values of the electric potential are
found away from the graphene surfaces in the bulk. A plot of the
electric potential along the X-direction (Fig. 8(b)) in the middle
of the plane proves this. In the region between the graphene
sheets located at x = +15 A, the electric potential rises from
—0.025Vatx = —10 A, to 0.225 Vatx = 0 A, and drops back to
approximately zero at x = 10 A. This shows conclusively that the
regions immediately next to the graphene sheets are negatively
biased with respect to the potential at the mid-point. Though
the graphene sheets are located at x = +15 A, we need to
account for the van der Waals diameter of the graphene carbon
atoms and the thickness of the adsorbed (CH,)s backbone of the

0.225V

Electric potential (V)
o
T
AV

Graphene sheets at 30 A separation

|
|
|
|
o
|
|
|
1

i I L I I
01 -20 -10 0 10 20

Location between graphene sheets (A)

Fig. 8 (a) The electric potential map in the X—Z plane at Y = 22.5 A, where the red and blue regions indicate negative and positive values of the
electric potential, respectively, corresponding to the Na-AHA concentration of n = 21 and a separation of d = 30 A. The scale bar shows the
electric potential in units of kgT/e, hence the numbers need to be multiplied by approximately 0.025 to obtain values in volts. (b) A plot of the
electric potential along the X-direction in the middle of the plane in (a) indicates that the surface potential of graphene sheets is nearly —0.225 V

with respect to the potential at the mid-point between the sheets.

This journal is © The Royal Society of Chemistry 2017
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AHA molecule to estimate the locations of the negatively
charged carboxyl groups from x = £15 A. This distance is esti-
mated to be between 5-7 A, which is consistent with the loca-
tion of the two minima close to x & 10 A. Thus, Fig. 8(b) shows
conclusively that the adsorption of AHA molecules leads to
a negative surface potential on the graphene surfaces with
respect to the aqueous environment. This leads to the emer-
gence of a long-range electrostatic interaction between the
graphene surfaces, and further contributes to their stabilization
in aqueous media.

Summary

We have utilized MD simulations and thermodynamic pertur-
bation theory to calculate the potential of mean force as
a function of inter-plate distance between two graphene sheets
in water, and in the presence of a novel modifier, Na-AHA.
Simulations have been carried out for varying concentrations
of Na-AHA molecules. Our simulations clearly indicate that Na-
AHA molecules lead to repulsive interactions between the two
hydrophobic graphene sheets in aqueous medium. Specifically,
our results show the following:

e Addition of Na-AHA molecules to the simulation box led to
a qualitative change in the nature of interactions between the two
graphene sheets. The interaction changed from a strong short-
range attraction for the case of bare graphene sheets in water,
to a long-range repulsion upon addition of Na-AHA molecules to
the system. The addition of the Na-AHA molecules also increased
the range of the potential by nearly 10 A when compared to the
case when no dispersant molecules are present. In earlier simu-
lations of CNT-CNT interactions in water in the presence of SDS
molecules, Uddin et al. found an increase in the range of the
potential of mean force (PMF) with increase in the concentration
of SDS molecules (from zero to four to ten).***' In addition,
a decrease in the well-depth of the PMF with respect to that of the
unmodified CNTs was observed, which was attributed to an
increase in the steric size of the CNTs upon adsorption of the SDS
molecules. However, no signature of long-range electrostatic
stabilization, expected due to the presence of the ionic carbox-
ylate group on SDS, was observed in the PMF.

e Our simulation studies showed that graphene surfaces are
non-covalently modified by the adsorption of the Na-AHA
molecules onto graphene surfaces, and that the adsorption
took place via the aliphatic backbone comprising of 5CH,
groups. The energetics of the process of transfer of a single
surfactant molecule from the bulk solution phase to a solid
solute surface has been simulated earlier by Xu et al.*® It was
found that the free energy profile for surfactant approaching the
surface is determined by a remarkably fine balance between the
opposing entropy and enthalpy terms, and that the stabilization
of surfactant adsorption behaviour is enthalpically dominated.
Further, we find that the adsorption of the AHA molecules onto
the graphene sheets could draw in more water molecules in the
vicinity of the graphene sheets, rendering the initially hydro-
phobic graphene surfaces hydrophilic. This could happen
because of the hydration of the polar carboxylate groups present
in the Na-AHA molecules.
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e Finally, a calculation of the electric potential map in the
simulation box clearly showed that the Na-AHA-modified gra-
phene sheets were negatively charged with respect to the mid-
plane in the inter-plate region. The surface potential was
approximately —0.225 V with respect to the “bulk”, arising from
the presence of the negatively charged carboxyl groups of Na-
AHA. Thus, we could show that the long-range repulsion
between the two Na-AHA-modified graphene sheets is due to an
electrostatic interaction.

Detailed experiments in the past have shown that Na-AHA
was very effective in stabilizing aqueous dispersions of both
multi-walled carbon nanotubes® and graphene.** However, the
mechanisms of both non-covalent modification by Na-AHA and
the subsequent dispersion of graphene particles (or CNTs) were
not understood clearly. Our simulations could provide useful
insight into the dispersion mechanism, clearly indicating that
the dispersions were electrostatically stabilized upon adsorp-
tion of the AHA molecules. In addition, our results are also
relevant for other amphiphilic dispersants, such as SDS, which
contain an ionizable functional group. We should expect
a qualitatively similar behaviour for this category of dispersants.
Further, recent experiments on the dispersion of Na-AHA
modified MWCNTs (not reported yet) have shown that the
dispersion quality depends strongly on the solvent pH. This
could occur because of the ionization of the amine group in Na-
AHA under low pH conditions, leading to a more complex
dispersion mechanism. Molecular dynamics can be used to
simulate the effect of pH, and the comparison between experi-
mental findings and simulations is the subject of another
manuscript, which is currently under preparation. Thus, our
MD simulations can, in principal, provide a qualitative stability
map for different concentrations and pH conditions for a Na-
AHA-type dispersant for graphene dispersions.
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