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Fig. S1. ABF-calculated Gibbs free energies for exfoliation and dispersion of an h-BN
monolayer from bilayered h-BN in water, NMP, and various ILs containing the [NTf2]– anion.
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Fig. S2. IL cation interactions with h-BN (Model 1) for (a) [bmim][NTf2] (b) [Pyrr14][NTf2], and
(c) [C4Py][NTf2]. Solid curves show the RDFs of the methyl carbons (red curves), butyl chain
(green curves), and ring (blue curves) with nitrogen (N) atoms of the h-BN surface. Dotted
profiles give the corresponding RDFs for the methyl, butyl, and ring interactions with boron (B)
of the h-BN surface.
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Fig. S3. [NTf2]– anion interactions with h-BN (model 1) for the case of [bmim][NTf2]. RDFs of
the O (red curve), S (yellow curve), and N (blue) atoms of [NTf2]– with the N atoms of h-BN are
shown. The presence of weak peaks around 4.3 Å in all cases, with a more significant secondary
solvation peak around 5.5 Å, suggests the presence of long-range electrostatics and conceivably
anion–π interactions as well.
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Fig. S4.+ Definition of the
angle θ used to determine the orientation of the (a) [bmim]+, (b)
+
[Pyrr14] , and (c) [C4Py] cations with respect to the z axis normal to the h-BN surface. The left
panel gives the cation ring orientation with respect to the z axis normal to the h-BN surface while
the panel on the right shows the definition for the orientation of the pendant butyl chains relative
to the h-BN surface. The ordering parameter corresponding to θ is given by <S> =– 1.5 cos2θ –
0.5. (d) Definition of the angle θ used to determine the orientation of the [NTf2] anion with
respect to the z axis normal to the h-BN surface. (Left) The S2.S9 vector. (Right)
The S2.C5
vector. This nomenclature conforms to the vector definition proposed by Lisal et al.S1
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Fig. S5. (Left) The order parameter <S> defined by the S2.S9 vector of [NTf2]– anions within 6 Å
of the h-BN sheet (Model 1) for (a) [bmim][NTf2], (b) [Pyrr14][NTf2], and (c) [C4Py][NTf2].
(Right) The corresponding <S> described along the S2.C5 vector of [NTf2]–. Remarkably,
irrespective of the cation identity, more than 50% of the [NTf2]– anions displayed an S2.S9 vector
parallel to h-BN, analogous to the anion orientation at the air–liquid interface reported by Lisal et
al.S1 In comparison, the S2.C5 vector was distributed much more randomly relative to the h-BN
plane. The [NTf2]– are free to assume cis or trans configuration.
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Fig. S6. Interaction of the H atom at the C(2) position of the [bmim]+ cation (identified in the
inset) with N of the h-BN sheet (Model 1). A sharp peak is observed at 2.24 Å, consistent with
weak hydrogen bonding and in line with the notion that [bmim]+ cations in [bmim][NTf2] orient
themselves in a manner non-parallel with the BN surface. Despite the relatively weak hydrogen
bond interactions between the cation and the h-BN sheets, these forces likely contribute partway
to the putative exfoliation and dispersion of h-BN in this IL.
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Fig. S7. The dihedral angle describing rotation about the C7–C8 bond in the butyl chain of
[bmim]+ interacting with the h-BN surface as the simulation proceeds. The butyl chain generally
assumes a trans configuration but there exists a small energy barrier to rotation around this
center bond, resulting in speedy interconversion between the <g+> and <g–> gauche
configurations. The C7–C8 bond of [bmim]+ is defined in accordance with Fig. S4.
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Fig. S8. Interaction of the H atoms in water with N of the h-BN sheet (Model 1). A weak peak
around 1.85 Å suggests that H in water interacts weakly with N and may originate in the weak,
experimentally-observed stabilization afforded to h-BN sheets in water. A full analysis of
hydrogen bond dynamics throughout the entire 30-ns trajectory suggests that within the first
solvation shell (4 Å) about 28% of the 339 water molecules form hydrogen bonds of various time
fractions with nitrogen on the h-BN surface, of which less than 35% of this subset of water
molecules engage in hydrogen bonds with greater than 50% occupancy over the entire
simulation. This suggests that although not the dominant interaction, hydrogen bonding may
nonetheless play a non-trivial role in water being a feasible medium for h-BN exfoliation.
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Fig. S9. NMP interactions with h-BN (Model 1). The left panel shows the RDFs of the methyl
carbon (red curve) and ring (blue curve) of NMP with the h-BN surface. It can be seen that
methyl interactions tend to dominate over ring interactions in a manner that parallels the
interactions of [Pyrr14][NTf2] with h-BN.
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Fig. S10 IL cation interactions with h-BN according to Model 2: (a) [bmim]+, (b) [Pyrr14]+, and
(c) [C4Py]+. RDFs describing methyl carbon (red curve), butyl group (green), and ring center of
mass (blue) interactions between the IL cation and the h-BN surface.
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Fig. S11 Left panel: Order parameters of a) [bmim]+, b) [Pyrr14]+, and c) [C4Py]+ cations within 6
Å of the h-BN sheets calculated via Model 2. Right panel: order parameters for the butyl chain
vector for the corresponding cations according to Model 2. See Fig. S4 for the definition of the
ordering parameters <S> for the cation and the butyl chain. The dashed red line indicates <S> =
–0.5, indicating that the cation ring or the butyl chain is co-planar with the h-BN surface.

S11

Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2013

Fig. S12. Distribution of samples along the reaction coordinate for a 30 ns ABF–MD simulation
describing an exfoliation process involving the transfer of an individual h-BN sheet initially
paired to another h-BN sheet in a bilayered configuration solvated in [bmim][NTf2] to isolation
in vacuum.
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Fig. S13. Evolution in the sampling histograms generated from ABF–MD simulations conducted
for 0.5, 2, 4, 6, 8, and 10 ns. These data confirm that, after 10 ns of simulation, the
conformational phase space has been uniformly visited, verifying that the simulation has
converged. Constraints are removed after the force is applied, so that the h-BN sheet can sample
the conformational space and the high uniformity of sampling yields better statistics in the
determination of the free energy.
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Fig. S14. Evolution of the MaxMin ratio for single h-BN sheet exfoliation from an original
bilayer in [bmim][NTf2] to vacuum during a representative 30 ns ABF–MD simulation run.
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Methods
Adaptive biasing force (ABF) method is a technique developed by Darve et al. S2 to calculate
the free energy difference of certain chemical or biological processes along generalized reaction
coordinates in the system of interest. This method is a combination of probability density and
constraint force methods, and is based on the thermodynamic integration of average force acting
on coordinates, which is unconstrained.S2a As a part of ABF algorithm, an external biasing force,
estimated locally from the sampled conformations of the system and updated continuously, is
applied at each step to facilitate the system in overcoming significant energy barriers along the
reaction coordinate. This allows the system to evolve freely without constraints, enabling the
simulation to visit multiple states separated by high free energy barriers and improving sampling
long the reaction coordinate. A unique feature of the ABF method is the use of unconstrained
reaction coordinates, thereby enabling unbiased and uniform sampling of the defined region.The
theoretical foundation of this method is based on Eqn. 1, which is a modified version of the
expression proposed by Darve and PohorilleS2a, b for the effective force (Fu) acting on the
reaction coordinate (ξ),
( 1)
∑

where mk are generalized masses associated with generalized coordinates represented by xk.

The average of this applied force is equal and opposite to the mean force acting on and cancels
the free energy derivative computed for small intervals of reaction coordinate
so that the
system can evolve and overcome free energy barriers.
〈

〉

〈

( 2)

〉

The Helmholtz free energy A at constant temperature T, constant volume V and number of
particles N is given by:
(
)
where Z is the canonical partition function and

(
)
is the Boltzmann’s constant.

( 3)

The free energy as a function of the reaction coordinate can be written as:
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where

is the thermal wavelength and p is the conjugate momenta of position coordinate x.

It is more convenient to compute the free energy difference
between state A and B for a
system. The states A and B are based on the reaction coordinate which is a function of the
particle position.
∫

( )

( 5)

The first derivative of the free energy is related to the partial derivative of the Hamiltonian of the
system with the reaction coordinateS3 and therefore based on Eqn. 5 can be related to the
constraint force acting along the reaction coordinate
∫

( )

∫ 〈

( )
〉

∫

〈

〉

(6)

Further details of the ABF method and formulation including the implementation in NAMD4
molecular dynamics package can be found in these publications.S2-3, 5 The Helmholtz free energy
A obtained from NVT ensemble simulations is in close approximation to the Gibbs free energy G
in condensed phase.S6 The Gibbs free energy difference is used to compute the free energy of
hydration and partition function.
Intermolecular Potential
The force field developed by Lopes and co-workers based on the OPLS/AMBER framework
was used to model the dialkylimidazolium,S7 N-butylpyridinium, S8 cation and anion [NTf2]. S9
This force field for ionic liquids is based on the 12-6 Lennard Jones model and unity point
charges and predicts the pure component thermodynamic properties in good agreement with
experiment. The force field for h-BN sheet was based on the parameters from Won and Aluru.
S10
The force field is also based on the 12-6 potential, therefore making it easy to use the
combining rules for non–bonded interactions of h-BN with IL, NMP or water. The Rmin of the
boron is set at 1.93 Å and the well depth of the boron is 0.0949 kcal mol–1 with q charge of 1.05,
while the Rmin of the nitrogen is 1.88 Å and the well depth of the nitrogen is 0.145 kcal mol –1
with charge of –1.05. The boron–nitrogen equilibrium bond length was 1.446 Å with the
stretching force constant set at 322.55 kcal mol–1, angle bending force constant at 53.35 kcal
mol–1 and torsional force constant at 3.15 kcal mol–1.
Simulation Details
In this work the adaptive force bias method2a adopted in NAMD version 2.7b35c is used to
determine the free energies of exfoliation of h-BN from a “bilayer” using three cations based
bis(trifluoromethanesulfonyl)imide (NTf2) anion ILs. As a part of ABF algorithm, an external
biasing force, estimated locally from the sampled conformations of the system and updated
continuously, is applied at each step to facilitate the system in overcoming significant energy
barriers if present along the reaction coordinate. This force is applied to one layer of the h-BN
sheet in tangential z direction with respect to the other layer. This mimics the shearing force
provided by the solvent media for exfoliation of h-BN monolayers from the bilayer. The h-BN
S16
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sheets were separated by 10 Å. This separation was chosen so that the IL could fill in the space
during MD equilibration. The h-BN layers are allowed to evolve freely without any constraints
enabling the simulation to visit multiple states separated by high energy barriers resulting in an
improved sampling of the reaction coordinate. For all systems, a rectangular simulation cell was
used, with dimensions 80 Å × 80 Å × 200 Å, with the condensed phase occupying a region 80 Å
× 80 Å × 80 Å. The number of molecules in each box was selected to reproduce the densities of
the different ILs predicted by isothermal–isobaric (NPT) simulations at 1 atm and 300 K for a
specific potential truncation (14 Å). For systems utilizing a 14 Å cut–off, 1200 IL molecules
were used, respectively. Initial configurations for each system were generated with Packmol
followed by minimization and MD using NAMD. Energy minimization was performed on all
systems for 500 steps using the steepest descent technique. Systems were equilibrated over a
time period of 10 ns in isobaric–isothermal ensemble at 1.0 atm and 300 K, with another
production of 20 ns, followed by the ABF calculation in the isothermal NVT ensemble for 30 ns
for each window.
A rectangular simulation cell was used, with dimensions 80 Å × 80 Å × 200 Å, with the
condensed phase occupying a region approximately 80 Å × 80 Å × 80 Å. This cell was extended
to 200 Å in the z–direction with a 120 Å vacuum region. The vacuum region is necessary to
prevent interactions of the solute with the condensed phases through periodic boundary
conditions. The number of molecules in each box was selected to reproduce the density of the
ionic liquid as predicted by NPT simulations at 1 atm and 300 K for a specific potential
truncation (14 Å). The reaction coordinate for the determination of free energy changes was
defined as the distance between the center of mass of the h-BN sheet (COMS) under study and
center of mass of the condensed phase (COMCP). In the initial system setup, the COMS was
placed at approximately the COMCP. Over the course of simulation, the reaction coordinate
spanned a distance of 120.0 Å from the center of mass of the condensed phase to the center of
the vacuum region. To reduce the statistical error of the calculations, the reaction pathway was
divided into nine equally sized non–overlapping windows of 10.0 Å. To generate the initial
configurations for each window, a single 30 ns ABF run was performed spanning the complete
reaction pathway from 0.0 Å to 90.0 Å after heating and equilibration of the system. Coordinates
from the trajectory of this simulation were saved periodically to generate nine initial coordinate
files for the nine windows. Force statistics were stored in bins of width 0.05 Å. The biasing
force was applied after 500 samples were collected in each bin. To keep the solute within the
specified window, a harmonic force with a magnitude of 10.0 kcal mol–1 Å–1 was applied on the
upper and lower boundary of the window along the z-axis of the simulation cell. A final
production run of 30 ns for each window was performed.
Molecular dynamics simulations were performed with NAMD version 2.7b3.S4 Initial
configurations for each system were generated with Packmol.S11 Energy minimization was
performed on all systems for 500 steps using the steepest decent technique. Systems were
equilibrated over a time period of 10.0 ns in isobaric–isothermal ensemble at 1.0 atm and 300 K,
followed by production time of 30.0 ns, subsequently followed by ABF–MD calculation in NVT
ensemble. For all calculations, the temperature was maintained at 300 K using Langevin
dynamics. For initial NPT simulations, used to determine the density of each system, constant
pressure was maintained at 1.0 atm using the Nose–Hoover algorithm.S12, S13 A timestep of 1.0 fs
was used for the integration of Newton's equation of motion. Periodic boundary conditions were
used in all the three spatial coordinates. Long range electrostatic interactions were calculated
with particle–mesh Ewald algorithm.S14 A switching function was applied for all Lennard–Jones
S17
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interactions at 12.5 Å for 14.0 Å cut-off. Data were analysed using VMD.S15
Convergence of the ABF–MD
To validate the sampling behaviour of our ABF–MD simulations for the systems used in this
study, a test case of h-BN monolayer transfer from an initial bilayer construct in [bmim][NTf2] to
vacuum was chosen for which the number of samples accumulated at the end of the simulation
were plotted as a function of reaction coordinate. Plots generated in this manner (Fig. S12)
suggest uniform sampling for the complete reaction pathway. Evolution of sampling was also
studied for the above test case. Sampling histograms were generated at various intervals during
the course of simulation as a function of the reaction coordinate. By 0.5 ns, only a few locations
were sampled while the others remain unvisited. As time proceeded, the sampling became
uniform and attained uniformity around 10 ns, indicating the convergence of ABF run (Fig. S13).
The MaxMin ratio, the ratio of maximum to minimum number of samples collected in a specific
region along the reaction coordinate is essentially infinite at 0.5 ns but drops to 1.16 after 16 ns
of run time. This confirms that all locations have been visited for an equivalent number of times,
marking the convergence of the ABF run (Fig. S14) and free energy predictions.
Surface Tension of the Liquid-Vacuum Interface
Interfacial properties were calculated from simulations using orthorhombic cells with lengths
such that X ~ Y < Z, according to the fact that the interface is oriented perpendicularly to the z
direction. For the determination of surface tension, a slab of ionic liquid, consisting of 1280 ion
pairs, is sandwiched between two vacuum regions. The entire simulation cell has dimensions of
720 Å × 770 Å × 500 Å. These values and protocol were based on work from Merlet and coworkers S16 for estimation of the surface tension of their coarse grained models for [emim][BF4].
Three sets of independent simulations were performed for the three ILs studied in this work at
300 K, and allowed to relax for 10 ns in the NVT ensemble. The statistics are then gathered for
the next 10 ns using the same conditions. The surface tension was estimated from the pressure
tensor values obtained from the simulations.
(⟨

⟩

⟨

⟩)

( )

The computed surface tension for [bmim][NTf2] was 42.3±0.8 mN/m at 300 K in comparison to
the experimental value of 33.23 mN/m at 298 K. S17 Similarly, the surface tension computed for
[C4Py][ NTf2] was overpredicted. In this case, the model estimation was 43.4±0.6 mN/m at 300
K in comparison to an experimental value of ~33.3 mN/m (33.4 mN/m at 298.15 K and 33.2
mN/m at 303.15 K).S18 Finally, for [Pyrr][NTf2], the model predicts a surface tension of 41.7±0.9
mN/m at 300 K. While these computed surface tensions are overpredicted in comparison to
experiment, they fall in agreement with previous simulation results for ILs using the Lopez and
Padua force field, which revealed that the surface tension values were overpredicted for other
ILs. S19 S20 Nevertheless, these results remain in solidarity with the hypothesis that solvents with
a surface tension in the vicinity of 40 mJ m–2, roughly matched to the surface energy of BN
powder (47–63 mJ m–2), should offer effective media for producing 2-D h-BN nanosheets from
the layered material. It follows that, with surface tensions for typical ILs ranging from about 33
S18
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to 45 mJ m–2, it might reasonably be anticipated that ILs represent beneficial and fascinating
media for creating nanosheets from bulk h-BN in a liquid exfoliation process. Our computational
results are certainly in line with this scenario.

Fig. S15 IL cation interactions with h-BN: (a) [bmim]+, (b) [Pyrr14]+, and (c) [C4Py]+. (Left)
Radial distribution functions describing methyl carbon (red curve), butyl group (green), and ring
center of mass (blue) interactions between the IL cation and the h-BN surface. Note: These
profiles are identical to those presented in Fig. 2 except that the long-range interactions up to 50
Å are also shown. (Right) Simulation snapshots showing representative interactions occurring
between the methyl carbon (orange), butyl chain (green), and ring (red) of the corresponding
cations and the h-BN surface. The hydrogens have been omitted for visual clarity, the carbon
atoms of the IL cations are shown in grey, and nitrogens are blue.
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