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ABSTRACT The liquid-phase exfoliation of phosphorene, the two-dimensional
derivative of black phosphorus, in the solvents dimethyl sulfoxide (DMS0), dimeth-
ylformamide (DMF), isopropyl alcohol, N-methyl-2-pyrrolidone, and N-cyclohexyl-
2-pyrrolidone is investigated using three molecular-scale “computer experiments”.
We modeled solvent—phosphorene interactions using an atomistic force field,
based on ab initio calculations and lattice dynamics, that accurately reproduces
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experimental mechanical properties. We probed solvent molecule ordering at

phosphorene/solvent interfaces and discovered that planar molecules such as N-methyl-2-pyrrolidone preferentially orient parallel to the interface. We

subsequently measured the energy required to peel a single phosphorene monolayer from a stack of black phosphorus and analyzed the role of “wedges” of

solvent molecules intercalating between phosphorene sheets in initiating exfoliation. The exfoliation efficacy of a solvent is enhanced when either

molecular planarity “sharpens” this molecular wedge or strong phosphorene—solvent adhesion stabilizes the newly exposed phosphorene surfaces. Finally,

we examined the colloidal stability of exfoliated flakes by simulating their aggregation and showed that dispersion is favored when the cohesive energy

between the molecules in the solvent monolayer confined between the phosphorene sheets is high (as with DMSO) and is hindered when the adhesion

between these molecules and phosphorene is strong; the molecular planarity in solvents like DMF enhances the cohesive energy. Our results are consistent

with, and provide a molecular context for, experimental exfoliation studies of phosphorene and other layered solids, and our molecular insights into the

significant role of solvent molecular geometry and ordering should complement prevalent solubility-parameter-based approaches in establishing design

rules for effective nanomaterial exfoliation media.
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hosphorene is a recently discovered

monolayer material obtained from

black phosphorus (BP). In the past 2
years, phosphorene has rapidly become the
focus of a large number of research efforts
motivated by the desire to develop atom-
ically thin, two-dimensional semiconduc-
tors." Unlike graphene, even unfunctiona-
lized phosphorene possesses an intrinsic,
direct band gap in mono- and multilayered
forms,? in addition to a very high carrier
mobility.® The resulting optoelectronic and
transport properties suggest a variety of
applications, including thin-film solar cells,*
optical polarizers,® tunable infrared photode-
tectors,®” nanoelectromechanical oscillators,®
thermal management,® and gas sensors.®
However, the translation of these applica-
tions of few-layer phosphorene from bench-
scale prototypes to industrial and consumer
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device components requires the develop-
ment and optimization of highly scalable
preparation routes.

Fortunately, as with other van der Waals
solids, phosphorene exhibits the high intra-
layer strength and the significantly weaker
interlayer cohesion that enables top-down
synthesis by cleaving layers from bulk BP.
While this anisotropy is currently exploited
on a bench scale by micromechanical cleav-
age,"! the technique of liquid-phase exfolia-
tion (LPE), wherein sonication-induced cavi-
tation and shear are used to separate layers
from a solvated bulk material, provides a
facile and scalable method of manufac-
ture.? LPE has been used to produce gra-
phene,” hexagonal boron nitride (h-BN),'
transition metal dichalcogenides,'® and lay-
ered metal oxides,'® and recently, several
groups have employed this method to
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synthesize concentrated suspensions of electronics-
grade phosphorene.'’~%°

In spite of the plethora of exfoliation media em-
ployed by various groups to date, there is still a
considerable lack of knowledge on how to design the
best solvent environments for exfoliation and stabiliza-
tion. Thus far, LPE of nanomaterials has been studied in
pure?’ and mixed®? organic solvents, ionic liquids,?
polymer solutions,* and even pure water.?> In aque-
ous media, dispersants such as surfactants,® organic
amphiphiles,?” or other nanoparticles®® have been
tried with varying degrees of success. It is clear that
the ideal exfoliation or stabilization environment de-
pends strongly on the nature of the nanomaterial itself:
cyclohexylpyrrolidinone (CHP) is excellent for exfoliat-
ing h-BN'> but ineffective for phosphorene;'®isopropyl
alcohol (IPA) is poor at dispersing MoS, monolayers29
and yet is selected to disperse phosphorene.'® There is,
therefore, a undeniable need for molecular design
guidelines to enable nanotechnologists to screen
through the large number of potentially useful liquid-
phase environments and select the optimal solvent
systems for the production and stabilization of layered
nanomaterials like phosphorene.

Coleman and co-workers have suggested that the
ability of a solvent to both efficiently exfoliate and dis-
perse a given nanomaterial is linked to a close match
between the cohesive energies of the nanomaterial
and the solvent.® These cohesive energies can be
quantified via the Hildebrand solubility parameter, a
measure of a solvent's total cohesive energy per unit
volume, and via the Hansen solubility parameters,
which measure the dispersive, polar, and hydrogen-
bonding components of the solvent's cohesive energy
per unit volume"3? According to Coleman and co-
workers, the best solvents for a given nanomaterial
have Hansen solubility parameters similar to those of
the nanomaterial; in essence, this “like dissolves like”
hypothesis attempts to correlate both exfoliation effi-
ciency and dispersion stability with the extent to which
a solvent can “dissolve” a given nanomaterial. Yet,
there is evidence that both the exfoliation and the
colloidal aggregation of nanomaterial flakes are linked
to multiple energetic and structural details resulting
from interactions between closely separated flakes and
with intercalating, confined solvent molecules. Recent
attempts to exfoliate graphene in organic solvents
with naphthalene®® and organic amphiphiles®” sug-
gest that certain moieties can act as “molecular
wedges” prying open interlayer gaps during exfolia-
tion. Additionally, efforts to stabilize nanomaterial
dispersions using simple alkanes* and organic dyes,*”
as well as studies on solvents confined between
monolayers,*® suggest that solvent restructuring
at nanomaterial surfaces and in interlayer gaps modi-
fies, and is modified by, nanomaterial—solvent inter-
actions.
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It is not evident how to link energetic, ordering, and
dynamic effects in these particular situations with
macroscopic solution thermodynamics. As a result,
progress in the design of solvent systems for LPE
requires investigations at the microscopic scale. The
search for optimal exfoliation media must be driven by
an understanding of which are the key molecular
descriptors—including molecular shape, bulkiness,
the presence of certain chemical functional groups,
or hydrogen-bonding—relevant for exfoliation and
stabilization. The search for exfoliating media should
be constrained to avoid toxic, impractical solvents—a
real concern with graphene,® and the likelihood of
finding a more environmentally friendly solvent sys-
tem is enhanced by the consideration of a wider set of
descriptors than just solubility parameters.

Molecular dynamics (MD) simulations are the best
tool presently available to model the weak dispersive,
polar, and hydrogen-bonding interactions that domi-
nate solvent—nanomaterial interfaces at length and
time scales relevant to LPE, with a combination of
accuracy and speed unmatched by electronic structure
calculations or continuum methods. Quantum density
functional theory (DFT) methods do not represent
electron correlation sufficiently well to represent the
weak van der Waals forces accurately to the level of a
few kJ/mol. Dispersion corrections can be included
(DFT+D) to improve this deficiency,>”® but then the
level of empiricism associated with the van der Waals
forces becomes comparable to that of classical force
fields. Besides, with DFT, the size and time scales that
can be represented are still too small for the present
problem. Shih et al. employed MD simulations in
conjunction with a theory of colloidal aggregation to
deduce the effects of molecular structure on the
colloidal stability of graphene.3 Kamath and Baker
applied a different type of in silico experiment to
examine the efficacies of ionic liquids for the LPE
of graphene and h-BN,***" and more recently, their
simulation methodology has been extended to study
the sliding of Bi,Te; layers against each other during
LPE in ionic liquids.** These studies have all empha-
sized the effects of molecular confinement on the
energetics and kinetics of exfoliation and aggregation
and support the need to consider the effect of the
microscopic structure of the solvent phases in addition
to the energetics of solubility.

RESULTS AND DISCUSSION

Here, we employ ab initio calculations and lattice
dynamics to derive an atomistic force field capable of
reproducing the interactions between widely used
solvent molecules and phosphorene. We use this force
field in a novel in silico experiment to reproduce the
peeling apart of phosphorene layers during the LPE of
BP in dimethyl sulfoxide (DMSO), dimethylformamide
(DMF), IPA, and N-methyl-2-pyrrolidone (NMP). All of
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these solvents have been used for LPE of several 2D
nanomaterials.'”> NMP and CHP were chosen for their
amide moiety and to test the effect of a bulky nonpolar
substituent (cyclohexyl). IPA was chosen to test the
effect of hydrogen bonding, and DMSO and DMF were
chosen because they are polar aprotic solvents with
high cohesive density. We subsequently study the
colloidal stability of phosphorene monolayers in these
solvents and describe the role of enhanced intermole-
cular interactions arising from the solvent molecules
confined between adjacent layers in preventing aggre-
gation.

Force Field Development. Black phosphorus has a
base-centered orthorhombic structure (space group
Cmca)*® with a unit cell of dimensions (a, b, ¢) = (3.3164,
10.484,4.3793) A. Each unit cell contains two covalently
bonded layers perpendicular to the b lattice vector and
oriented in mutually opposite directions. In this article,
we will denote this direction as the y coordinate, so that
the phosphorene layers will be aligned with the xz plane.

Ballone and Jones constructed an atomistic force
field to reproduce the equation of state of amorphous
phosphorus at high pressure and temperature.**
Unfortunately, their use of coordination-number-
dependent terms and the inability to reproduce the
interatomic angles (96.4 and 102.1°) found in BP*3
indicates that this force field is not specifically tuned
to represent phosphorene. Nevertheless, this force
field does describe the van der Waals interactions in
amorphous phases of phosphorus using Lennard-
Jones potentials, and these potentials should be trans-
ferable to the interactions of phosphorene with other
materials or solvents.

The intralayer potential terms in black phosphorus
and phosphorene can be derived from mechanical
properties. A Stillinger-Weber potential for single-layer
black phosphorus has been recently parametrized
based on the phonon dispersion curves obtained by
quantum mechanical DFT.** However, this Stillinger-
Weber model lacks the interlayer potentials necessary
to simulate multilayer/bulk black phosphorus or the
interactions with other materials or fluids.

We chose a functional form compatible with at-
omistic force fields of molecular solvents,*® built on
intralayer terms for covalent bonds and valence angles
and van der Waals interactions between nonbonded
atoms. Since the focus of this work is not on mechani-
cal properties but rather on intermolecular forces, we
opted for a simple form of the bonded potential, which
consists of harmonic bonds (between pairs of cova-
lently bonded atoms) and harmonic valence angles
(involving three atoms, two of which are bonded to a
central one):*’

bonds k, i , angles ko ik ,
Ve = Y 2’ (rj —ro, )+ > é (O — B0, jjx)
i ijk

m
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Figure 1. Crystal structure of phosphorene. (a) Lattice con-
stants in the xz plane are a = 3.3165 A and ¢ = 4.3793 A.
(b) Phosphorus atoms in the upper (lighter colored) and
lower (darker colored) planes in each phosphorene layer are
labeled P1 and P2, respectively. Intraplane bonds (2.225 A)
and angles (96.4°) are smaller than their interplane counter-
parts (2.245 A and 102.1°).

The nonbonded terms are represented by Lennard-
Jones potentials:

nonbond Oii 12 Oii 6
VNB = Z 46,'j = S (2)
i rU I’,‘j

where the list of nonbonded atoms includes all atoms
of different layers plus atoms of the same layer sepa-
rated by three or more bonds. For the particular case of
atoms of the same layer separated by exactly three
bonds (referred to as 1—4 interactions), the non-
bonded interactions are reduced by a factor of 1/2.
Due to the many possible bond paths in an extended
covalent material giving rise to many values of dihedral
angles, we decided not to include torsional terms in
our model. Although the flexibililty of our model of
phosphorene is a result of bond-stretching, angle-
bending, and nonbonded potentials only, as illustrated
below, our model has been parametrized to accurately
reproduce the flexibility of BP reported in the literature.

In the present force field, two atom types are
defined in each layer, for example, P1 in one of the
planes of the puckered structure and P2 in the other,
as shown in Figure 1. According to the experimental
crystal structure,*® bonds P1—P1 and P2—P2 form
zigzag patterns with bond lengths of 2.225 A and
P1—P1—P1 and P2—P2—P2 angles of 96.4°. Atoms of
the two planes are joined by slightly longer P1—P2
bonds of 2.245 A, and the angles involving atoms of
the two planes of the puckered structure (P1—P1—P2
and P1—P2—P2) have equilibrium values at 102.1°.
The equilibrium bond lengths and angles in our model
were taken from the crystal structure of BP. To reduce
the computational expense of simulating phosphor-
ene, a simpler model can be built by considering only
one atom type, P, with one unique P—P bond length
of 2.24 A and one single equilibrium angle of 99.8°,
sacrificing some accuracy in reproducing the experi-
mental crystal structure.

Given its simplicity and the fact that only two force
constants were fitted, the present model agrees very
closely with the experimental lattice dimensions (Table 1)
and agrees well with the experimental elastic con-
stants (Table 2).>*
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TABLE 1. Force Field Parameters for Phosphorene (A and
kJ mol™)®

parameter atom types value
o P—p 333
€ P—p 20920
P (8) 16736
o P1—P1, P2—P2 2225
P1—P2 2245
k P—p 17200
0, P1—P1—P1, P2—P2—P2 9.4
P1—P1—P2, P1—P2—P2 1021
ko P—P—P 4708

P is either P1 or P2 atom types. B) indicates the original € value of the Ballone-
Jones model.

TABLE 2. Comparison of Unit Cell Dimensions and Elastic
Constants for BP between Calculations Using the Present
Force Field and Experimental Values

A exptl FF GPa exptl FF
a 33164 3.309 et 178.6 173.1
b 10.484 10.212 G, 536 65.9
¢ 43793 4.409 Gs 55.1 67.5
Cu 55 109
Gss 145 489
Ces 213 16.2

The distinction between bonded and nonbonded
potentials deserves some comments because it may be
simplistic to consider the interlayer terms in BP to be of
purely van der Waals nature. Successive layers in BP are
arranged in opposite directions, which may indicate
a degree of directionality in the interactions between
P atoms from adjacent layers. Examining the crystal
structure of BP, it is found that the shortest interatomic
interlayer distances are 3.60 A long, significantly longer
than the intralayer bond distances but likely not
enough to exclude some degree of orbital overlap, which
can contribute to the cohesive energy of the lattice.

To clarify the nature of the interactions between
layers, we performed electronic structure calculations
on a periodic bilayer of BP at a series of separations. The
interlayer energies obtained by (DFT+D) as well as
using the atomistic force field are plotted as a function
of separation in Figure 2a.

Itis apparent that the Ballone-Jones model matches
the dispersion term in the Grimme contribution to the
DFT energies, suggesting that the Ballone-Jones force
field represents the van der Waals interactions well.
However, the full (DFT+D) energy is 25% higher than
the dispersion term, resulting in additional cohesive
energy due to the presence of significant electron
density between two phosphorene layers, as can be
seen in Figure 2b,c.

Therefore, the interlayer forces in BP can be more
faithfully represented by a Lennard-Jones potential
with an attractive well depth augmented by 25% with
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Figure 2. Interaction energy between phosphorene layers.
(a) Potential energy per unit area U(d) as a function of the
separation distance d between two parallel phosphorene
layers. The dispersive component (D) of interlayer interac-
tions obtained from (PBE+D) DFT calculations closely
matches the interlayer interaction energies predicted by
the van der Waals component of the Ballone-Jones force
field (FF BJ). The force field proposed in this work (FF) has
been parametrized to match the full (PBE+D) energies.
(b) yz and (c) xy sectional views of the interplanar orbital
overlap that contributes to the interlayer interaction energy
over and above dispersion. Purple and cyan represent
regions where the wave function is positive and negative,
respectively, with an isovalue of 0.01.

respect to the Ballone-Jones model. We adopted this
augmented version in our force field for nonbonded
P—P interactions in crystalline forms of BP, where
stronger directional interactions are present, but re-
tained the Ballone-Jones parameters for interactions
between P materials and liquid solvents, where the
interactions will be essentially of the van der Waals
type. The values of the Lennard-Jones parameters are
listed in Table 1.

Solvent Ordering at Phosphorene Interfaces. We studied
the interactions between phosphorene and the solvents
IPA, NMP, and CHP by simulating a 7 nm x 7 nm
monolayer of phosphorene in simulation boxes con-
taining each of these solvents in a NpT ensemble. The
arrangement of solvent molecules near the interface
is determined by the geometrical confinement and
by the interactions between the solvents and the
material: the Lennard-Jones ¢ of P atoms*® implies that
the interaction between phosphorene and carbon
atoms is 2.5 times stronger than that between carbon
atoms on neighboring solvent molecules. The ordering
induced by the phosphorene surface on the solvent is
illustrated by the normalized number density profiles
of solvent atoms as a function of the distance normal
to the monolayer (Figure 3a). In Figure 3a, the height
of a curve at a given position y represents the ratio of
the number density of solvent atoms at that position
to their density in the unperturbed bulk solvent.
The curves in Figure 3a are characteristic indicators of
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Figure 3. Solvent structure near a phosphorene monolayer. (a) Normalized number density of solvent atoms as a function of
position y above the center of the monolayer. (b) Snapshot of a simulation box containing the phosphorene monolayer
immersed in NMP. Carbon atoms are shown in cyan, nitrogen in blue, oxygen in red, and hydrogen in white. (c) Average over
the xz plane of the cosine of the angle 6 between C—O bonds and the y axis as a function of position y above the center of the
monolayer. For positive y, a negative value of (cos 8) implies that the C—O bond points toward the monolayer while a positive
value implies that the C—O bonds point away from the monolayer. Curves for IPA are in red, NMP in blue, and CHP in green.
The dashed gray line indicates the first interfacial layer above the monolayer. The bulk densities of IPA, NMP, and CHP, as
calculated from our simulations, are 0.807, 1.020, and 1.004 g/cm3, respectively.

ordered interfacial layers (that can be observed im-
mediately above and below the sheet in Figure 3b),
with the first peaks on either side of the monolayer for
all three solvents located at 0.38 nm and subsequent
shells located at varying distances for each solvent
until the bulk density is reached 2.0 nm away from the
surface. The amplitude of the density oscillations cor-
responding to the subsequent solvation layers repre-
sents the degree of perturbation induced by the
phosphorene surface, while their width is determined
by a combination of the increased rotational freedom
of solvent molecules far from the monolayer as well as
by the molecular volume of the solvent. IPA appears as
a more ordered liquid due to the hydrogen bonds
between solvent molecules, and this results in ampli-
tude oscillations that are more pronounced and sus-
tained than those observed for NMP or CHP. The larger
size of the CHP molecule results in oscillations with a
longer wavelength, corresponding to wider solvation
layers. The first peak is narrower for NMP than for CHP
or IPA, indicating that the solvent atoms in the first two
solvents occupy a smaller range of y values. This first
peak is higher for NMP, implying that NMP atoms are
more tightly packed into this first interfacial layer.
Together, these observations suggest that the y-lactam
ring in NMP prefers to stack parallel to the phosphorene
surface. The presence of two sets of rings, both of
which cannot easily be coplanar alongside the phos-
phorene monolayer without significant torsional stress,
explains the lower, wider peak in CHP. This suggests
that, in the absence of conformational stress or electro-
static repulsions, ringed moieties prefer to maximize
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contact with the phosphorene monolayer. The presence
of rings in the molecular structure can be a relevant
descriptor to characterize exfoliation media.

The orientation of the solvent molecules can be
ascertained by examining the angle 6 between the
C—0 bonds in each of the three solvents and the y axis.
The cosine of this angle averaged over the xz plane,
{cos 0), as a function of the height y above the
monolayer is shown in Figure 3c. The magnitude of
the first peak is a measure of orientational ordering. In
the first interfacial layer, the C—O bonds are, in general,
oriented with the oxygen atoms toward the phosphor-
ene surface, resulting in a negative peak in {(cos 6)
above the monolayer and a positive peak below the
monolayer. Our results indicate that IPA molecules
in the first monolayer have only slightly anisotropic
orientations. IPA molecules are small and do not
experience electrostatic forces from the nonpolar
phosphorene monolayer. The van der Waals interac-
tion between the hydroxyl group and phosphorene is
not significantly stronger than the interactions be-
tween two methyl groups and the material. NMP
molecules, on the other hand, can stack parallel to
the phosphorene monolayer with the carboxy bond at
orientations almost parallel to the surface, resulting in
the peak observed in Figure 3c. The bulky cyclohexyl
group of CHP prevents such stacking and allows the
carboxyl bond more freedom to orient toward the
phosphorene monolayer; this gives CHP molecules
the largest (cos 6).

Strong secondary oscillations, with a wavelength
smaller than that corresponding to the layering density,
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are observed for IPA in Figure 3c—a result of alternat-
ing orientations being induced by hydrogen bonding.
Similar results have been observed in simulations of the
layering of water near graphite*® and silica®® surfaces.
The corresponding oscillations for NMP and CHP have
longer wavelengths, more consistent with the inter-
facial layering, and suggest the presence of orienta-
tional correlations that arise from longer-range dipole—
dipole forces. In NMP, some authors have suggested
that such forces could be supported by weak van der
Waals networks.”'

The differences observed in the orientational order-
ing of the solvent molecules near the phosphorene
monolayer have a significant effect on the relative
abilities of these solvents to exfoliate BP into phos-
phorene. As with other intercalation methods, LPE is
initiated by the penetration of solvent molecules into
the lattice structure of the bulk solid,'? and the orien-
tations of solvent molecules play a key role in deter-
mining the ease with which this intercalation can be
achieved. Gentle exfoliation conditions are optimal in
terms of both overall process energy costs and the
production of larger, higher-quality monolayers.?’ Reduc-
ing the free-energy costs associated with initiating inter-
calation should enhance the rate of overall exfoliation.
Moreover, a highly ordered interfacial layer can lead
to higher barriers to aggregation, thereby promoting
enhanced stability of the resulting suspensions.

Intercalation of Solvent Molecules during Liquid-Phase Ex-
foliation. We simulated the exfoliation of black phos-
phorus in the solvents DMF, DMSO, IPA, and NMP with
a simulation box containing four 4 nm x 5 nm AB-
stacked phosphorene monolayers immersed in solvent
molecules, as shown in Figure 4a. The puckered aniso-
tropic structure of BP affects the direction along which
the peeling takes place: the stiffness of the material is
anisotropic, and bending is easier along the direction
of the puckers. Additionally, peeling along the ¢ direc-
tion of the BP lattice exposes a gap with rectilinear
upper and lower edges to solvent molecules, whereas
peeling along the a direction exposes a gap with
uneven, undulating edges that appears harder to
infiltrate. Consequently, in our simulations, we peeled
BP in the bc plane (as illustrated in Figure 4a). During
these simulations, a biasing force was applied at a
series of separations d between the edges of the
uppermost phosphorene monolayer and of the mono-
layer immediately below it, leading to the potential of
mean force (PMF). This PMF (shown in Figure 4b)
represents the cumulative reversible work (the Gibbs
free energy) required to peel a phosphorene mono-
layer from a stack of BP by pulling vertically at the
leading edge.

The PMF for exfoliation in vacuum (referred to
hereafter as the “vacuum PMF curve”) is a smooth,
monotonically increasing function of d, almost reach-
ing a linear dependence with separation (indicative of

SRESHT ET AL.

£

¢
0o PO 00 00 66 00 $4

PMF (kJ/mol)
N
S

1501
--- Vacuum
100} — DMSO H
DMF
50 | — NMP H
— IPA
0 \ 1 1 1

0.6 0.8 1.0 1.2 1.4
d/nm

Figure 4. MD simulations of phosphorene monolayers
peeled apart in vacuum, DMSO, DMF, NMP, and IPA. (a)
Snapshot of the simulation box when phosphorene is
exfoliated while immersed in NMP. The rows of atoms
indicated in purple are restrained to their initial positions
using a harmonic potential, while another harmonic is used
to pull the rows of atoms indidcated in yellow in the +y
direction. The distance between the rows indicated in
yellow and the plane of the phosphorene layer immediately
below them defines the reaction coordinate d for the
peeling process. The infiltration of NMP molecules into
the interlayer gap is immediately discernible. (b) PMF
exerted on the phosphorene monolayer being peeled away
from bulk BP as a function of d for the different exfoliation
environments considered. These PMF curves represent the
energy needed to peel the upper phosphorene layer away
to a given distance d.

steady state). If we continued the peeling trajectory up
to very large separations, this PMF would approach a
value of twice the surface energy of the stack of BP.
The curves that correspond to carrying out this
process while immersed in solvents (referred to here-
after as the “solvent PMF curves”) initially coincide with
the vacuum PMF curve but quickly drop significantly
lower than the vacuum PMF curve, indicating a de-
crease in the Gibbs free energy associated with pulling
apart the edges of the layers to any given separation in
a solvent relative to doing that in vacuum. The solvents
considered here have a stabilizing effect on the process
of creating new phosphorene surfaces; at the newly
exposed surfaces, phosphorene—phosphorene inter-
actions are replaced with new, albeit weaker, attractive
phosphorene—solvent interactions. A notable prop-
erty of the solvent PMF curves in Figure 4b is the series
of inflection points first occurring at d ~ 0.8 nm
and, then, more discernibly, at d ~ 1.0 nm and
d ~ 1.2 nm. These modulations are characterized by
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PMF — PMF

Figure 5. Intercalation of solvent molecules into the gap between phosphorene monolayers. (a) Advantage gained, in terms
of the decrease in Gibbs free energy needed (kJ/mol), by peeling apart phosphorene monolayers in the different solvents we
considered, as a function of the reaction coordinate d. (b—d) Snapshots of the infiltration of NMP molecules into the interlayer
gap during the peeling apart of phosphorene as seen for d = 0.36, 0.95, and 1.26 nm, respectively. (e—h) Snapshots of the
xy plane, indicating the orientation of representative solvent molecules at the leading edge of the wedge of solvent molecules
occupying the gap between the phosphorene layers during exfoliation in DMSO, DMF, NMP, and IPA, respectively.

abrupt decreases in the amount of force necessary to
hold the peeled monolayer in place, away from the BP
stack, suggesting commensurate, sudden increases in
the degree of stabilization provided by the solvent to
the phosphorene layers. The inflections are related to
the intrusion of solvent molecules when the successive
puckers are detached.

The variations in the degree of solvent stabilization
with d can be scrutinized by examining the difference
between the solvent PMF curves and the vacuum PMF
curve (Figure 5a). The corresponding evolution in the
interlayer gap available for solvent intercalation and
the infiltration of NMP molecules into this gap are
illustrated in Figure 5b—d. Here, the inflection points
seen in Figure 4b are magnified into a series of steps;
the first more gradual step occurs at d ~ 0.8 nm, and
the second and third more prominent steps occur at
d~ 1.0 nm and d &~ 1.2 nm, respectively. Each of these
steps corresponds to successive steps in the process of
solvent infiltration into the gap between the phosphor-
ene layers.

For small values of d (ie., for d < 0.8 nm), the
interlayer gap is not sufficiently large to allow the
penetration of solvent molecules, and the difference
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in the solvent PMF curves remains small. For d ~ 0.8 nm,
this interlayer gap becomes sufficiently large to en-
able the infiltration of the first few solvent molecules;
this results in the first of the inflection points observed
in the solvent PMF curves. As the interlayer gap
increases from d ~ 0.8 nm to d ~ 1.0 nm, this incipient
solvent infiltration results in significant decreases (to
different extents) in the exfoliation PMF in the different
solvents: in terms of exfoliation ease: DMF > NMP >
DMSO > IPA—the intercalation of DMF molecules
and IPA molecules results in the largest and smallest
stabilizations with respect to the vacuum PMF, respec-
tively. As d exceeds 1.0 nm, we observe the complete
penetration of one layer of molecules into the inter-
layer gap (as seen in Figure 5c¢), causing the stabilizing
effect to level off. Then, once again, as d increases to
1.2 nm (Figure 5d), the interlayer gap becomes suffi-
ciently wide to enable the penetration of additional
solvent molecules resulting in the second steep de-
crease in each of the solvent PMF curves. There-
fore, each of these steps in the solvent PMF curve
corresponds to the infiltration of successive solvation
layers of molecules, providing increasing extents of
van der Waals based stabilization to the newly exposed
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phosphorene surfaces. This, in turn, suggests that the
structural features observed in the solvation layers
around an isolated phosphorene layer (Figure 3)
should play a role in solvent intercalation, as well.

Representative orientations of the first group of
molecules to infiltrate the interlayer gap (at 0.8 nm <
d < 1.2 nm) in the case of DMSO, DMF, NMP, and IPA are
illustrated in Figure 5e—h, respectively. These mole-
cules constitute the leading edge of the wedge of
solvent molecules, keeping the peeled phosphorene
monolayer away from the BP stack. The atoms of
representative molecules of DMF (Figure 5f) and NMP
(Figure 5g) are observed to be essentially coplanar
to the BP stack, with only a few hydrogen—heavy atom
bonds oriented perpendicular to the layers. These
orientations are consistent with the planarity of NMP
molecules observed in the solvation layers around
phosphorene. On the other hand, representative mol-
ecules of DMSO (Figure 5e) and IPA (Figure 5h) exhibit
no such planarity—again, consistent with observations
of the orientations of IPA molecules in the vicinity of
a phosphorene monolayer. The planarity of molecules
on the leading edge of the solvent wedge increases the
sharpness of the wedge, allowing for enhanced pene-
tration of solvent molecules into the interlayer gaps in
BP and increasing the stabilization of freshly exposed
phosphorene surfaces. This is, in fact, why the drop in
the solvent PMF curve with respect to the vacuum PMF
curve occurs always first for DMF and NMP and only
at wider interlayer distances for DMSO and IPA. This
increased intercalation reduces the Gibbs free energy
required to initiate the exfoliation of BP and should,
consequently, enhance the overall rate of exfoliation.

The trend in relative exfoliation efficacy observed in
our simulations is highly consistent with experiments
on the LPE of phosphorene. Yasaei et al. studied the
performance of several solvents, including DMF,
DMSO, and IPA, and concluded that DMF and DMSO
were superior to IPA.'® More recent work by Kang et al.
confirmed prior work by Brent et al. that NMP was a
suitable solvent for exfoliation and suggested that,
prior to centrifugation (i.e., in the absence of vigorous
agitation), the concentration of phosphorene mono-
layers was higher in DMF than in NMP.'72°

Colloidal Stability of the Dispersed Phosphorene Sheets.
Finally, the energetics and the kinetics of the aggrega-
tion of solvated phosphorene flakes are also influenced
by the organization of solvent molecules in the inter-
facial layers, particularly of those solvent molecules
confined between the aggregating flakes. The energy
barriers to the solvation process are characterized by
the quantity of energy needed to remove successive
solvation shells from between the flakes, and these
energy barriers, in turn, control the rate of the reaggre-
gation of dispersed flakes and determine the lifetime of
these colloidal suspensions. To study the stability of
colloidal suspensions of phosphorene, we performed
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MD simulations of the aggregation of two rigid 7 nm x
7 nm phosphorene monolayers oriented along the xz
plane in the solvents DMF, DMSO, IPA, NMP, and CHP.
Simulation snapshots and histograms of the solvent
density as a function of the y coordinate for different
interlayer spacings clearly illustrate the sequential
removal of successive solvation shells between the
monolayers (Figure 6). At separations greater than
1.3 nm, two layers of NMP molecules are found inter-
calated between the flakes. However, as the separation
is reduced, these two layers are forced together, form-
ing one highly confined layer of NMP molecules, with
excess solvent molecules ejected from between the
flakes. As the separation between the flakes becomes
smaller still, solvent molecules experience large repul-
sive forces until, at d & 0.6 nm, no solvent molecules
remain.

The van der Waals forces exerted by the phosphor-
ene monolayers at sub-nanometer separations induce
phase changes in the solvent molecules confined
between them. Cross-sectional views (xz plane) of the
confined molecules reveal an almost lattice-like struc-
ture comprising molecules that, barring in-place vibra-
tions, show no lateral movement during the entire
duration of the simulation (Figure 7a—e). Recently,
observations made by Algara-Siller et al. suggest that
water molecules confined between graphene mono-
layers also induce the formation of anomalous “ice-
like” phases3® The density profile of the confined
molecules perpendicular to the y axis indicates that
the degree of planarity varies significantly across sol-
vents (Figure 7); the density histograms for DMF and
NMP are unimodal and much narrower than the
corresponding histograms for IPA, DMSO, or CHP,
indicating that the molecules of these two solvents
adopt a much more planar configuration consistent
with the planar nature of their molecular geometry.
The importance of these confined, almost “frozen”,
solvent molecules to the energetics of the aggregation
process is highlighted by the ratio of the interaction
energy between these confined molecules and a phos-
phorene monolayer, to the interaction energy between
an isolated phosphorene monolayer and all the solvent
molecules around it (the configuration depicted in
Figure 3b). This ratio, illustrated in Figure 7g, is quite
substantial, indicating that the first solvation shell plays
avital role in determining the amount of work required
to induce the reaggregation of two phosphorene
flakes. The energies in Figure 7g are negative, indicat-
ing that the presence of this single confined layer is
quasi-stable, with the molecules resisting displace-
ment until the phosphorene monolayers get suffi-
ciently close that excluded-volume interactions do-
minate. Furthermore, the strength of the interactions
between the confined molecules and the phosphor-
ene monolayers varies as DMF > NMP > DMSO > IPA,
fully consistent with the stabilization imparted by
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monolayers. The molecules in the cross-sectional (xz plane) views of the confined molecules of (a) NMP, (b) CHP, (c) IPA, (d)
DMSO, and (e) DMF are forced to create a two-dimensional liquid crystal. (f) Density profiles of the confined molecules along
the y axis as a function of the distance d from the nearest phosphorene monolayer indicates that DMF and NMP are much
more planar than IPA, DMSO, or CHP. (g) Lennard-Jones interaction energy between one phosphorene monolayer and the
confined molecules (colored bars) is a significant fraction of the Lennard-Jones interaction energy between one phosphorene
monolayer and an unconfined slab of solvent molecules adjoining it (uncolored bars).

these solvents after the penetration of the first wedge
of solvent molecules during our exfoliation simulations
(Figure 5b).

We can express the amount of work required to
induce two monolayers to aggregate in a given sol-
vent, from infinite separation to a given separation d,
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as a PMF of the interactions between the monolayers
(Figure 8a); the corresponding attractive forces be-
tween the monolayers are presented in Figure 8b,
and the number of solvent atoms confined between
the two monolayers is depicted in at smaller separa-
tions and a gradual asymptotic approach to zero as the
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separation between them becomes large. Accordingly,
the force driving the aggregation of these monolayers
is zero at the equilibrium separation found in BP; it is
negative, and large, for smaller separations, and it is
positive for larger separations until it too asymptoti-
cally approaches zero as the separation becomes large.

In the presence of a solvent, the PMF curves take on
additional energy minima and maxima that can be best
explained by following the evolution of the numbers of
atoms between the monolayers and the forces driving
the aggregation as the two phosphorene monolayers
approach each other. At large separations, there are
multiple solvation layers characteristic of bulk solvent
between the two monolayers. Consequently, the layers
of solvent atoms removed at these separations, when
the phosphorene monolayers begin to approach each
other, are at bulk density, resulting in the linear de-
crease in the number of solvent atoms confined be-
tween the monolayers with decreasing separation. As
the right-hand extreme of Figure 8b shows, the force
required to remove these solvation layers is minimal.
For separations between 1.2 and 1.0 nm, the aggregat-
ing monolayers begin to displace the final few solva-
tion shells. The spatial discreteness of these solvation
shells results in nonlinear decreases in the numbers of
solvent atoms present between the phosphorene
monolayers (Figure 8c). Furthermore, the creation of
regions of compression and rarefaction as the solvation
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shells of the monolayers pass through each other
induces oscillations in the force driving the aggrega-
tion (Figure 8b). These forces manifest themselves as
minor oscillations in the PMF curve, with a minor
maximum (i.e., an energy barrier) in the curves of IPA
and DMSO—solvents where comparatively stronger
cohesive forces make it harder to displace the solvation
shells. At separations between 1.0 and 0.8 nm, the
phosphorene monolayers encounter the ultimate sol-
vation shell in the case of the bulky CHP and the
penultimate solvation shells in the case of the solvents
with smaller molecules. As stressed in the context of
Figure 7g, there exists a given separation at which the
energy between the confined final solvation shell and
the two phosphorene monolayers is negative, indica-
tive of a quasi-stable state. The atoms of CHP confined
between phosphorene monolayers at a separation of
0.85 nm represent such a state, and the energetic
favorability of this state manifests itself as a significant
secondary minimum in the CHP PMF curve at 0.85 nm.
This last solvation shell also reveals itself in the plateau
reached in the variation of atoms of CHP confined
between the monolayers at d = 0.85 nm. A similar
behavior is observed for the other solvents at smaller
interlayer separations, as a result of the combination of
their smaller molecular sizes (DMF, IPA, and DMSO) and
planarity (NMP). For these solvents, the last solvation
shells are at distances of ~0.65 nm, with DMF begin-
ning to intercalate at ~0.6 nm. Finally, as the separa-
tions between the monolayers becomes even smaller,
the final solvation shell of atoms confined between the
monolayers is expelled, with the cost of expelling this
shell reflected in the large negative forces shown in
Figure 8b and the sizable secondary energy minimum
in Figure 8a. The negative sign of the forces indicates
repulsions between the phosphorene monolayers and
the solvent molecules, which opposes aggregation,
and the energy barrier between the secondary mini-
mum and the deeper primary minimum represents
the additional work that must be performed to force
out the last solvation shell. Shih et al. state that the rate-
determining step to the colloidal aggregation of dis-
persed monolayers involves overcoming this energy
barrier.3° When the last solvation shell has been ex-
pelled, the forces driving aggregation in any solvent
are the same forces that drive aggregation in vacuum.
Therefore, in Figure 8b, the solvent force curves coin-
cide with the vacuum force curve at small separations.

The total work performed during the reaggregation
of the phosphorene monolayers in a given solvent
is the value of the corresponding PMF curve at the
equilibrium separation of phosphorene layers in BP.
The magnitude of this work is determined primarily by
the depth of the secondary minimum and the height of
the energy barrier between the secondary and the
primary minima. The deeper the secondary minima,
the deeper the primary minima. On the other hand, the

VOL.9 = NO.8 = 8255-8268 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

8264



higher the energy barrier, the shallower the primary
minima. In terms of solvent organization, the previous
sentence indicates that (i) the more stable the inter-
mediate quasi-static state, the more likely it is that
phosphorene monolayers will aggregate, and (ii) the
greater the force needed to disrupt this quasi-static
state, the slower the aggregation. The depth of the
secondary minimum is directly related to the strength of
the sorptive forces between the solvent and the phos-
phorene monolayers. On the other hand, the height of
the energy barrier is directly related to the strength of
the cohesive forces operating between the solvent
molecules. Consequently, the molecules of a solvent
that is suitable for dispersing phosphorene should
have a cohesive energy which is high enough to over-
come their sorption to the phosphorene. It must be
noted that the cohesive energy for a good exfoliating
solvent can not be too high. Our PMF curves take as
their “initial state” a system of phosphorene mono-
layers that have been successfully cleaved apart by the
solvent. However, as shown in Figure 5a, this is only
feasible if the solvent molecules overcome their mu-
tual cohesive interactions and stabilize the newly
created phosphorene surfaces.

Our simulation results indicate that NMP and
CHP have deep secondary minima and low energy
barriers. Indeed, the primary minimum in CHP is lower
than the corresponding minimum for vacuum, sug-
gesting that the aggregation of phosphorene mono-
layers in phosphorene is easier in CHP than in vacuum.
This unsuitability for dispersion, combined with the
lack of planarity crucial for intercalation, indicates
that CHP is a poor choice for LPE. Indeed, experi-
mental results on the LPE of phosphorene monolayers
in CHP by Yasaei et al. are consistent with this
conclusion.'®

The PMF curves of IPA and DMSO exhibit vanishingly
small secondary minima, implying weaker solvent—
phosphorene interactions—an observation which is
consistent with the calculated energies associated with
these interactions (Figure 7g), as well as with the
stabilization imparted by the wedge formed by the
first solvation shell during our exfoliation simulations
(Figure 5b). However, the PMF curves of these solvents
exhibit larger energy barriers, indicative of the stronger
intermolecular forces acting between the solvent mol-
ecules. This observation is supported by calculating
the numbers of solvent molecules confined between
the monolayers—both DMSO and IPA have more
molecules in the last confined solvent shell than any
of the other solvents considered. The enhanced pack-
ing of DMSO is consistent with the high cohesive
energy reflected in its high boiling point, density, and
viscosity. In the case of IPA, hydrogen bonding net-
works (seen in Figure 7c) operate between the con-
fined molecules, contributing to its cohesive strength.
Our simulation results for these two solvents are
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consistent with their experimental use—both solvents
have been used to disperse exfoliated BP.'

The PMF curve of DMF exhibits not only a relatively
deep secondary minimum, consistent with the large
DMF—phosphorene interaction energy (see Figure 5a
and Figure 7g), but also a large energy barrier between
this secondary minimum and the primary minimum.
This large energy barrier can be accounted for by a
combination of two factors: (i) The small size and
planarity of a DMF molecule enables it to remain
between phosphorene monolayers even when the
separation between the monolayers decreases to
0.6 nm. This resilience manifests itself as an enhanced
intercalation ability (see Figure 5a). (ii) The substantial
cohesive energy is also responsible for its high density,
viscosity, and boiling point. The net result of these two
effects is to significantly destabilize the primary energy
minimum, suggesting that, of the solvents considered
here, DMSO provides the optimal dispersion environ-
ment, a conclusion which is supported by several
authors.'82°

CONCLUSIONS

In this paper, we developed and validated an inter-
action model for black phosphorus and phosphorene
and performed three different kinds of “computer
experiments” to obtain a microscopic view of phos-
phorene exfoliation in dimethyl sulfoxide, dimethylfor-
mamide, isopropyl alcohol, N-methyl-2-pyrrolidone, and
N-cyclohexyl-2-pyrrolidone. We then studied the order-
ing of solvent molecules at phosphorene—solvent inter-
faces and calculated the free energy required to peel
one phosphorene sheet from a black phosphorus stack
in the presence of the solvents. Finally, we analyzed the
free-energy profiles associated with the aggregation of
the dispersed phosphorene flakes.

The most striking result obtained from our
simulations sheds light on how the performance of
a solvent depends on the shape of the molecules in
the interfacial layers with phosphorene. Liquid-phase
exfoliation is initiated by the penetration of a wedge
of solvent molecules into the interlayer gaps, and
solvents whose molecules are planar, particularly
near phosphorene surfaces (such as NMP and DMSO),
behave as molecular wedges that can intercalate
more efficiently. Furthermore, this intercalation is suc-
cessful only if the new phosphorene surfaces created
by the solvent wedge are stabilized by the sorp-
tion forces between the solvent molecules and the
material.

The stability of a dispersion of phosphorene sheets is
favored when the cohesive energy density of solvent
molecules in the last interfacial layer of solvent con-
fined between the sheets is high and diminishes
when the sorptive interactions between these confined
molecules and the sheets are strong. The presence of
strongly cohesive dipolar forces in solvents like DMSO
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(as evidenced by its high boiling point and dipole
moment®?) and of hydrogen bonds in solvents like
IPA (as evidenced by the hydrogen bonded network
seen in Figure 7¢) increases their suitability as stable
dispersion media. Solvent planarity can further en-
hance dispersion stability by allowing solvent mol-
ecules to withstand a greater degree of confinement
between 2D nanomaterial sheets.

Our simulations-based conclusions on the suitability
of DMF, DMSO, IPA, NMP, and CHP for exfoliation and
dispersion are supported by recent experimental
studies.'”” "2 Our conclusions are also consistent
with the “like dissolves like” hypothesis proposed by
Coleman et al.'® Neglecting the effects of molecular
planarity, our simulations show that if the adhesion
between phosphorene and the solvent is stronger than
the cohesion between the solvent molecules, the
exfoliation of phosphorene sheets is easier but their
dispersion in the solvent is more difficult. Conversely, if

METHODS

In building the force field for phosphorene, we fitted the
bond-stretching and angle-bending force constants to the
experimental elastic constants, using the GULP lattice dynamics
code.>® This resulted in the parameters listed in Table 1. To
reduce the number of parameters that needed to be fitted, we
assumed that the force constants for all bond and angle types
are identical. In Table 2, we compare the unit cell dimensions
and elastic constants predicted by our newly developed force
field with the experimental unit cell dimensions** and elastic con-
stants>* for BP. Simulations that included torsional terms (based
on dihedral angles) produced unit cell dimensions and elastic
constants equivalent to those obtained using only bonds and
angles. In addition, it was not feasible to resolve the contributions
of angle and dihedral terms to the elastic constants. Therefore,
we retained the model with the fewer fitted parameters.

Calculations of the interlayer potential energy were per-
formed both using DFT and the classical force field. Interlayer
(DFT+D) calculations were performed with the mixed Gaussian
and plane-wave method® implemented in the CP2K code,
using the PBE density functional®® and Grimme's D3 dispersion
terms.3” The GTH pseudopotential®’ and the MOLOPT DZVP
basis set®® were used for the P atoms, arranged in a periodic
supercell of 4 x 1 x 3 unit cells with additional 8 A of empty space
above and below the layers (along y). The plane-wave grid and
relative cutoffs were set at 350 Ry and 60, respectlvely, accordlng
to our convergence tests for an error below 5 x 10~* kJ mol ™.
Calculations of the interlayer potential using the force field were
performed with the LAMMPS molecular dynamics code, ver-
sion 10 Feb 2015, with two periodic layers of 3.97968 x
3.94137 nm? area and 4 nm of empty space above and below.

The solvents CHP, NMP, DMF, DMSO, and IPA were repre-
sented by the OPLS-AA force field.*® The densities of these
solvents, as calculated from our simulations, are 1.004, 1.020,
0.914,1.100, and 0.807 g/cm?, respectively, and differ from their
experimentally determined counterparts by <4%. Parameters
for the Lennard-Jones interactions between phosphorene and
the solvents were obtained using geometric combining rules
between the Ballone-Jones** parameters for P and the OPLS-AA
parameters for the solvent atoms. Lennard-Jones interactions
between P atoms within phosphorene had an attractive well
depth € scaled by 1.25 with respect to the Ballone-Jones value,
according to our calculations of the binding energy between
phosphorene layers, as explained in the main text.

Potential of mean force calculations with the parallel plates were
carried out using GROMACS® version 5.0.2, with 7 nm x 7 nm
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the cohesion between the solvent molecules is stron-
ger than the adhesion between the solvent and phos-
phorene, the exfoliation of phosphorene is more
difficult but the dispersion of the exfoliated sheets is
easier. Therefore, if one ignores the solvent's molecular
shape, the optimal liquid-phase exfoliation medium is
one where the cohesion between solvent molecules is
as strong as the adhesion between the solvent mol-
ecules and phosphorene.

However, our simulations also reveal the important
role of planarity in explaining the superior perfor-
mance of NMP and DMF, and it is hoped that these
insights will contribute to a more comprehensive set of
design rules, which are based not only on the ener-
getics but also on the geometry and the ordering of
solvent molecules at the interface. This more micro-
scopic view should guide the discovery and optimiza-
tion of solution environments for low agitation
nanomaterial exfoliation.

phosphorene monolayers aligned in the xy plane ina 10 nm x
10 nm x ~5 nm orthorhombic periodic box filled with 3301 IPA,
3170 NMP, or 1512 CHP solvent molecules, respectively. Two
nanosecond long trajectories were obtained at 29 different
monolayer separations using a time step of 2 fs facilitated by
LINCS-constrained®'®? hydrogen bonds. The simulations were
carried out in the NpT ensemble, at 300 K and 1 bar, with a
Nosé—Hoover thermostat with a 2.5 ps time constant and a
Parinello-Rahman barostat with a 5.0 ps time constant.

Potential of mean force calculations associated with peeling
one phosphorene layer from a stack were performed using
LAMMPS. A stack of four phosphorene layers with dimensions of
4nm x 5 nm aligned in the xy plane, in the structure of BP, was
simulated in boxes filled with 2000 NMP, 2400 DMF, 2400
DMSO, or 2000 IPA molecules, respectively. Initial configura-
tions were prepared using the FFTool®® and Packmol®* utilities.
Molecular dynamics simulations were performed with a time
step of 2 fs. Bonds terminating in H atoms were constrained
using the SHAKE method.®® A direct-space cutoff of 1.2 nm was
used for both the Lennard-Jones and Coulomb potentials.
Long-range electrostatic interactions were handled with the
PPPM method®® with a error below 107 in the energy. Tem-
perature was maintained using a Nosé—Hoover thermostat®’
with time constant of 0.2 ps, and pressure was maintained by a
Nosé-Hoover barostat®®®® along z with a time constant of 1 ps.
After equilibration, the boxes had sizes of 7 nm x 8 nm x
(approximately) 6 nm along the xyz coordinates. This resulted in
3 nm of solvent space between periodic images of the P layers in
x and y and about 4 nm of solvent along z. The PMF calculations
proceeded by holding one edge of the top layer at a series of
fixed distances from the underlying edge of the adjacent layer
by a harmonic biasing force along z, applied to the center of
mass of the edge atoms but distributed among all the edge
atoms. After equilibration at each biasing point, histograms of
the actual distances between the edges were accumulated
during 100 ps. One histogram was obtained at every 0.05 nm
at distances ranging from 0.4 to 1.6 nm between the edges
(the equilibrium distance is 0.524 nm). The PMF was then
calculated using the weighed histogram analysis method”®
implemented in the WHAM" code, converging to a tolerance
of 107°. If necessary, histograms at additional points were
calculated to ensure good overlap for the WHAM method to
produce a very smooth PMF curve.
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