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Curvature dependence of the effect of ionic functionalization
on the attraction among nanoparticles in dispersion
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Department of Chemistry, Virginia Commonwealth University, Richmond, Virginia 23284, USA
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Solubilization of nanoparticles facilitates nanomaterial processing and enables new applications. An
effective method to improve dispersibility in water is provided by ionic functionalization. We explore
how the necessary extent of functionalization depends on the particle geometry. Using molecular
dynamics/umbrella sampling simulations, we determine the effect of the solute curvature on solvent-
averaged interactions among ionizing graphitic nanoparticles in aqueous dispersion. We tune the
hydrophilicity of molecular-brush coated fullerenes, carbon nanotubes, and graphane platelets by
gradually replacing a fraction of the methyl end groups of the alkyl coating by the ionizing -COOK
or —NH;3Cl groups. To assess the change in nanoparticles’ dispersibility in water, we determine
the potential-of-mean-force profiles at varied degrees of ionization. When the coating comprises
only propyl groups, the attraction between the hydrophobic particles intensifies from spherical to
cylindrical to planar geometry. This is explained by the increasing fraction of surface groups that
can be brought into contact and the reduced access to water molecules, both following the above
sequence. When ionic groups are added, however, the dispersibility increases in the opposite order,
with the biggest effect in the planar geometry and the smallest in the spherical geometry. These
results highlight the important role of geometry in nanoparticle solubilization by ionic functionalities,
with about twice higher threshold surface charge necessary to stabilize a dispersion of spherical than
planar particles. At 25%—-50% ionization, the potential of mean force reaches a plateau because of the
counterion condensation and saturated brush hydration. Moreover, the increase in the fraction of ionic
groups can weaken the repulsion through counterion correlations between adjacent nanoparticles. High
degrees of ionization and concomitant ionic screening gradually reduce the differences among surface
interactions in distinct geometries until an essentially curvature-independent dispersion environment
is created. Insights into tuning nanoparticle interactions can guide the synthesis of a broad class of
nonpolar nanoparticles, where solubility is achieved by ionic functionalization. Published by AIP
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. INTRODUCTION

Graphitic nanoparticles such as fullerenes, carbon nano-
tubes (CNTs), and graphene and its derivatives! like
graphane®> represent an interesting new class of synthetic
carbon-based nanomaterials (CBNs). The richness of struc-
tural features of CBNs derives from the presence of pentagon
and heptagon units within the network of hexagonal lattice
that give rise to the positive and negative curvatures and
varied dimensionalities.*> The physicochemical features of
CBNs include strong van der Waals attractions among the
particles® that hamper their dispersing ability and solubil-
ity in both aqueous’~'% and organic’-'""'? solvents. From the
material science perspective, this poses limitations in fabri-
cating nanocomposites, combining the unique properties of
multiple nanomaterials homogeneously, and in the process-
ing of engineered CBNss in applications including electronics,
optoelectronics, photovoltaic devices, and chemical and bio-
logical sensors. 13 On the other hand, CBN’s can be internalized
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within the cellular environment.!#1¢ Their unique electrical,
thermal, and spectroscopic properties facilitate CBNs’ detec-
tion and monitoring of their function in therapeutic appli-
cations. However, the lack of biodegradability and solubil-
ity in aqueous media reduce their biocompatibility, impos-
ing limitations in bio-medical applications like bioimaging'’
and targeted delivery of biomacromolecules into the cel-
lular environment.'®>" Understanding and controlling the
solubility properties of graphitic nanoparticles, such as the
fragments of graphene, carbon nanotubes (CNTs), and their
derivatives, holds promise for exciting new applications. Sur-
face modifications proposed to disperse CBNs in aqueous
media include chemical functionalization by polar and ionic
groups.>!=%’

We are interested in chemical modifications toward
increasing the hydrophilicity of carbon-based nanoparticles
by planting ionic functional groups such as ethyl-COO~ or
ethyl-NHJ which not only bring up new biological proper-
ties but can also assist energy technologies.”® For example,
experimental studies suggest that carboxylic derivatives of
Ceo functionalized with malonic acid fragments possess excel-
lent biological properties (antibacterial activity)>® and have

Published by AIP Publishing.
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been observed to prevent bacteria induced meningitis.*® On
the other hand, carboxylate and amine functionalized multi-
wall CNTs dispersed in aqueous solution can be assembled
into thin porous films by using a layer-by-layer technique.
Such films can be used to design electrode materials for fuel
cells, where chemical energy from fuel can be converted into
electricity.?83!

Experimental insights have been complemented by
molecular dynamics simulations of hydration, mechanical
properties, and solution interactions between chemically mod-
ified CBN particles including charge-bearing Cgo>” or CNTs,
graphene fragments®*>7 as well as CNTs, and extended planar
surfaces with polar38‘40 or ionic*!' functionalities. However,
the general guidelines toward the design of functionalized
CBN particles with targeted wetting or solubility character-
istics are still lacking. In recent simulation studies, we have
shown’®*! that a variety of chemical modifications are pos-
sible to tune the hydrophilicity without altering the thickness
or density of the surface coating, just by replacing a fraction
of alkyl surface groups by polar® or ionic*' ones. We also
showed how the hydrophobicity of homogeneous nanoparti-
cles depends on their geometry.*> For alkyl-covered surfaces,
the apparent hydrophobicity, quantified in terms of interfa-
cial compressibility*>** of water, increased upon the transition
from spherical to cylindrical to planar particle geometry.*> The
change was consistent with simultaneous strengthening of the
hydrophobic attraction between the particles.

In the present work, we examine the role of particle
geometry on the effectiveness of ionic functionalization in
reducing the dispersed particles’ propensity for association.
To this end, we densely coat the solutes with propyl chains
(-CH,—CH;—CH3) and then tune the surface hydrophilicity
by substituting a fraction of terminal methyl groups with ion-
izing (-NH3CI™ or -COO™K ™) ones. In a system with planar
geometry such as the functionalized graphane, the relation
between the surface free energy, the density of functional
groups that control the hydrophobic nature of the solute, and
their distribution are well established.*'*> The average density
of charges required to turn the solvent-induced force between
alkyl-covered plates repulsive was found to be close to 0.08
elementary charges per nm”. This density corresponded to
about 2% of alkyl groups replaced by the ionic ones.*! But
what percentage of ionic substitutions would suffice to stabi-
lize the dispersion of carbon nanoparticles or solubilize carbon
nanoparticles with different curvatures in water? The poor
solubility of carbon structures is attributed to strong attrac-
tive dispersion forces among the particles rather than to the
lack of affinity to water.*>*3 This attraction can be overcome
by introducing surface charges’? through adsorption, or by
experimentally feasible ionic functionalization, but the den-
sity of charges must be increased substantially. The question
we wish to answer is, how does the threshold charge density
of the attraction-to-repulsion transition depend on the particle
geometry? In the absence of screening ions, the electric field
strength around a planar, cylindrical, or spherical charged par-

ticle varies with the distance r approximately as r°, r~!, or

r~2, respectively. It is therefore clear that charge functional-
ization will be most effective in the planar geometry and least

in the spherical geometry. We compare the three geometries
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of carbon-based nanomaterials by focusing on the potential of
mean force W(r) among adjacent particles and its crossover
from attraction to repulsion upon increasing the surface charge.
While the thermodynamic solubility also depends on the ener-
getics of the precipitated phase, the repulsive potential of mean
force in solution indicates a stable or, at the very least, a
metastable dispersion state incapable of particle association
and nucleation of the solid phase. We find that the charge-
induced repulsion reaches the maximal strength at optimal
shape-specific surface densities of ionic groups. To explain the
nonmonotonic effects of the surface charge and the observed
differences between the interparticle forces in the three geome-
tries, we also monitor the distribution of counterions and water
molecules around the solute. We pay particular attention to the
coordination number of the counterions as a measure of ion
condensation, which determines the optimal extents of ionic
functionalization in each of the distinct particle geometries we
consider.

Il. MODELS

In this section, we briefly describe the models we used
in simulating the solvent-averaged interaction among ionizing
nanoparticles in water. To span the broad range from strongly
hydrophobic to strongly hydrophilic particles of invariable
shapes, we use propyl-coated carbon nanoparticles*’ with
additional ionic substitutions. We consider three principal par-
ticle geometries: planar (finite size fragments of graphane,”>
a hydrogen-saturated form of graphene), cylindrical (carbon
nanotubes), and spherical (fullerene Cgo) (see Fig. 1 left).
We choose the fully saturated (C,H,) graphane structure to
allow functionalization without inducing structural defor-
mations upon the changes of carbon hybridization. In all
three geometries, the areal density of grafted propyl chains
corresponds to ~4 terminal methyl groups per nm? of the
solvent-exposed particle surface, similar to the densities of
self-assembled monolayers.*>>° Graphane plates are function-
alized only on one side. For fullerene (Cg(), we obtain the target
density by a uniform grafting of 24 propyl groups, yielding
an approximately spherical particle with the excluded vol-
ume diameter o= ~ 17.3 A. For the definition of o, see the
caption of Fig. 1. We choose the CNTs with a diameter iden-
tical to that of the fullerene, and the platelets are assigned
the width of ~16.5 A. The length of the platelets and CNTs
is ~2.5 times the diameter of the functionalized fullerene or
CNT, leading to the sizes of 366 or 255 backbone carbon
atoms and 60 or 19 grafted propyl groups on the CNT or
the graphane platelet backbones, respectively. The numbers of
propyl chains are not proportional to the number of backbone
carbon atoms because, with curved particles (fullerenes and
CNTs), the density of planted groups at the backbone exceeds
the predetermined areal density at the plane of contact with the
solvent.

In order to achieve the desired percentage of ionic func-
tionalization, the end groups of alkyl chains were gradually
replaced by the -NHCI™ or -COO™K ™ groups. Approx-
imately uniform distribution of these groups is preferred
as patchiness, or (areal) density fluctuations, can enhance
attractive correlation effects.*!>1->* The precise numbers of



222815-3

Jabes, Bratko, and Luzar

hydrophobic (alkyl) and ionic end groups are listed in Table V
of the supplementary material. The inter- and intra-molecular
potentials of the solute particles are described using the All
Atom Optimized Potentials for Liquid Simulations (OPLS-
AA) force field,> and we use the extended simple point charge
model (SPC/E’%)for water. The Lorentz-Berthelot rule is used
for mixed Lennard-Jones interactions. Further details of the
models with complete sets of force field parameters are pro-
vided in Tables I-IV of the supplementary material. In princi-
ple, the different curvatures of nanoparticles can affect the par-
tial charges on the particle atoms. These second-order effects
are neglected in our simplified approach® as the backbone
atoms are buried under the propyl coating and are relatively
insignificant compared to the strong influence of ion-bearing
functional groups. Our earlier study also revealed a very minor
role of (small’>”) partial charges on carbon and hydrogen atoms
in pristine graphane on its wetting behavior in water.*>

lll. METHODS
A. Molecular dynamics/umbrella sampling simulations

Constant number of molecules (N), pressure (P), and
temperature (7') simulations (NPT) of ionic functionalized
graphitic nanoparticle systems were performed using the
LAMMPS package.’® The velocity Verlet algorithm was used
to integrate the equations of motion. The SHAKE algorithm
was applied to constrain the bonds in water molecules. The
simulation time step was 1 fs. The cutoff distance of non-
bonded interactions was 12 A. Coulombic forces were handled
by the Ewald summation.> The potential of mean force W (D),
defined as the free energy at the specified separation D=r — o
between the nanoparticles, was calculated using the umbrella
sampling (US) method.>® A pair of solutes placed in the sim-
ulation box with up to 6 x 10> water molecules were initially
placed at the separation of ~30-32 A, equilibrated for 9-10
ns and then gradually pulled toward each other using distance
decrements of 0.1 A/100-200 ps. Selected configurations from
this trajectory were used to initiate 2—4 ns equilibration and up
to 6 ns production runs in a set of predetermined separations to
extract the average interparticle force as a function of D. While
several alternative methods for the calculation of the potential
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FIG. 1. Left: A sketch of functionalized carbon nanopar-
ticles. The particle backbones and the propyl chains func-
tionalities are shown in grey and blue colors, respectively.
CNTs and platelets are held in the parallel orientation.
o = 2R is the excluded volume diameter of the function-
alized fullerenes, and CNTs defined as the biggest center-
of-mass separation at which the propyl end groups on the
adjacent particles can be brought into contact. The lengths
of the CNT and graphane are 2.5 times the diameter, o,
of the functionalized fullerene or CNT. D = r — 0~ mea-
sures the solvent-accessible space between the function-
alized surfaces, where r is the center-of-mass distance.
o = 17.3 A for the functionalized fullerenes and CNTs
and 10.5 A for the platelets. Right: Snapshots from sim-
ulated systems with ~25% of propyl surface groups
replaced by ethylfNHgCl’ ones. CI~ counterions are
shown in green color.

of mean force exist and are equally valid,!?323>48.60-62 e

obtained W(D) by integration of the US mean force (see
Ref. 63) from separations at which the simulated forces
became statistically indistinguishable from zero. The proce-
dure we described in detail in the previous work*? has also
been validated by reproducing the W(D) profiles between
fullerene particles from Ref. 32. The simulation setups are
shown in Fig. 1 right. The details about the simulation runs for
all the systems are provided in Table VI of the supplementary
material.

IV. RESULTS AND DISCUSSION
A. Purely hydrophobic particles

Figure 2 compares the potential of mean force pro-
files W(D) between a pair of propylated graphane, CNT,
or fullerene (Cgp) particles. For easier comparison between
the solutes with different sizes, we normalize W(D) by the
number of exposed propyl chains facing the opposite parti-
cle, which entails division by 19 in the case of graphane,
30 for CNTs, and 12 for fullerenes. Because of their curva-
tures, however, only a fraction of chains on CNTs, and even
fewer in the case of fullerenes, can actually be brought into
contact upon approach between the particles. The normal-
ized potential of mean force, W(D)*, comprising the direct
van der Waals and solvent-induced attractive terms, is there-
fore the strongest in the planar geometry and the weakest in
the spherical geometry. In addition to the well-depth depen-
dence on the curvature, we also observe a shift in the position
of the attractive minimum between the fullerenes, compared
to the other two structures. With the plates and CNTs, the
surface-surface separation®* D = r — o at the attractive well
is just slightly above 0, meaning that r barely exceeds the
contact distance, o, of the given species. The small area of
contact between the fullerenes, on the other hand, allows for
partial compression or interpenetration of the chains under
the effect of van der Waals attraction, shifting the position
of the minimum to negative D of ~—1.8 A or about ¥ the
diameter of the terminal methyl groups on propyl chains.
As we have shown elsewhere,*? the increase in the curva-
ture generally leads to the weakening of both, the direct
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FIG. 2. Normalized potentials of mean force as functions of separation D
between a pair of propyl-coated platelets of graphane, CNTs, or fullerenes. D
= r — o measures the solvent-accessible spacing between the functionalized
surfaces, where r is the center-of-mass distance between the particles. W(D)*
between the particles is normalized by the number of chains on the opposing
surfaces of the particles: 19 for graphane, 30 for CNT, and 12 for fullerene.

and the solvent mediated attraction, between hydrophobic
particles.

B. Particles covered by a mixture of hydrophobic
and ionic functionalities

As shown in Figs. 3 and 4, when the particles acquire a
sufficient number of ionic groups, the overall attraction pro-
gressively turns to repulsion due to the combined effect of
repelling particle charges and increasingly repulsive hydra-
tion force. To identify the crossover conditions for different
particle curvatures, we gradually modify the surface hydropho-
bicity of the solutes by replacing the terminal methyl group
on the propyl chains with the ammonium chloride or potas-
sium carboxylate groups. We choose target fractions of ionic
substitution on the propyl chains f ~ 0%, 12%, 25%, 50%,
75%, and 100%, rounded to the nearest percentage realizable

J. Chem. Phys. 148, 222815 (2018)

with an integer number of substituted groups. The actual num-
bers of ion-substituted groups per particle are listed in Table V
of the supplementary material. We present the W(D)* profiles
for all three particle geometries and different extents of ionic
substitution in two different ways. In Fig. 3, we compare the
results for distinct particle geometries at each of the three pre-
selected degrees of substitution f ~ 12%, 25%, and 100%.
Conversely, Fig. 4 compares the W(D)* profiles separately
for each geometry at varied extents of ionic functionalization.
In both cases, we show the results for cationic (-NH}CI™)
and anionic (-COO™K *) substitutions. The normalization of
W(D)* is identical as described in Fig. 2.

While the planar shape of the platelets in the purely
hydrophobic form supports stronger attraction than between
cylinders or spheres, Figs. 3 and 4 show that the interparti-
cle potential in this geometry is also the most sensitive to the
introduction of ionic groups. As the charge density is grad-
ually built up, the repulsion increases most rapidly in the
planar geometry. Interpolation between the calculated curves
suggests that the repulsion overcomes the attractive terms at
12%—-16% ionic substitution f or the average charge density
s = fqmax between 0.4 and 0.65 e, nm ™2 (gmax ~ 4 €, nm~2 is
the hypothetical charge density at 100% ionic functionaliza-
tion and no counterion binding). For comparison, we observe
the crossover to net repulsion between cylindrical particles at
gs between 0.5 and 0.8 ¢, nm~2 (14% <f <£20%) and between
1.2 and 1.6 ¢, nm™2 (30% < f < 40%) with the fullerenes.
In all the cases, the lower density corresponds to -COO"K*
and the higher to -NHICI™ substitutions. The smallest inter-
vention is therefore needed to solubilize the platelet par-
ticles that are most prone to association in the nonionic
state.

The percentage of ionic substitutions needed to prevent
the attraction among the particles increases with the curvature.

Graphane —&—
CNT —s—

CBO 8

W(D)" / kJmol™
W(D)" / kJmol™

-

{) 100% Ethyl-COO™—K*
Graphane —=—

CNT —=—

-

(b)25% Ethyl-NHz*-CI”

Graphane —&—
CNT —&—

Ceop —=—

W(D) / kJmol™

-

(b)25% Ethyl-COO™-K*
Graphane —&—

FIG. 3. Variation of the potential of mean force, W(D)*
as a function of the interparticle separation D for propyl-
coated graphitic nanoparticles with varied fractions of
propyl groups f = 12% (a), 25% (b), or 100% (c) replaced
by ethyl-NH}CI~ (left) or ethyl-COO™K* (right panel)
groups. W(D)* is normalized by the number of chains on
the opposing particle surfaces (19 for graphane, 30 for

CNT —&—

CBU &

(D) / kdmol™
o N £ [e)] o] 8 o N £ D [o¢) o o N H (o)} o o

(a) 12% Ethyl-NHz*-CI~

Graphane —&—
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Ceop —=—
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|
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|
N

(a) 12% Ethyl-COO™-K*
Graphane —&—

CNT, and 12 for fullerene; see Fig. 2).

CNT —&—

CBO 8
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FIG. 4. Variation of the normalized potential of mean

force, W(D)* as a function of the interparticle separa-
tion D for propyl-coated graphitic nanoparticles with
varied fractions of propyl groups (0%—100%) replaced
by ethyl-NH} CI™ (left) or ethyl-COO™K* (right panel)
functionalities: functionalized fullerenes (a), carbon nan-
otubes (b), or graphane (c). W(D)* is normalized by the
number of chains on the opposing surfaces of the particles
(see the Caption of Fig. 2). The curves corresponding to
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50% substitutions are shown only for the spherical (Cgg)
geometry; they are almost identical to the 100% ones in
the cylindrical (CNT) and planar (graphane) geometries.

From our previous work,*! we know that a similar dependence
does not apply to the charge density needed to bring the con-
tact angle of a hydrocarbon surface below 90° and to render
the water-induced interparticle force repulsive.*! The thresh-
old value of the above transition is close to 0.08 e, nm™2*!
and does not depend significantly on the curvature of the
surface.%* Changing the sign of the total (as opposed to the
solvent-induced part) interaction between adjacent particles
from attraction in the absence of charges to overall repulsion
in their presence requires an order of magnitude bigger charge
densities. The higher charge is needed to offset not only the
(weak) solvent-induced term*” but also the stronger direct (pre-
dominantly van der Waals) attraction between the particles.
The main reason for the high effectiveness of functionaliza-
tion on planar surfaces is that all ionic functionalities on one
surface can simultaneously approach the opposite one, pro-
ducing strong electrostatic repulsion. On the curved particles,
a smaller fraction of surface groups can be brought to a compa-
rable proximity of another particle. In addition, the hydration
of exposed ionic groups is easier to preserve when these groups
are located on curved surfaces of approaching particles than
between the planar ones.

C. Nonspecific saturation effects

The comparisons between the potential-of-mean-force
profiles W(D) at different degrees of ionic functionalization
reveal a saturation of the effective particle charge. The satura-
tion is reached at a critical value of f; for the planar particles
Serit 18 below 25% functionalization. Increasing the fraction
of ionic functionalities f beyond f i produces no significant
change in the effective charge and the solvent-averaged inter-
particle potentials. With cylindrical and spherical solutes, a
similar saturation occurs around f ~ 30% or 50%, respectively.
The trend toward effective-charge® saturation conforms to the
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concept of ion condensation,®®73 which implies electrostatic

binding of counterions to offset any excess particle charge
above a certain critical value. According to the approximate
theory of Manning,®’ the critical charge density depends on
the particle shape and the concentration of shielding ions, c;;.
For sizeable solutes (o exceeding the Debye screening length
k1), the approximate threshold charge densities g in the
three principal geometries are®’

qplane - eoKln(KlB) cylinder __ qplane Ki(xR)
crit - ~ 2l crit ~ Herit Ko(kR)’

sphere __plane L
et =berir (1+KR ’

where R = 0/2, Iz = e2/4nekpT is the Bjerrum length,
k = (4rlgN acgi)'?, N 5 is the Avogadro number, ¢ is the per-
mittivity of the medium, kg is the Boltzmann constant, and K,
and K| are the Bessel functions of the 2nd kind. The possibil-
ity of ion condensation exists in all three geometries; however,
with spherical particles, it is restricted to finite ion concentra-
tions.®” In the strong screening limit, x — oo, the interfacial
electrostatics becomes insensitive to shape.” The three critical
densities converge as the radius of curvature greatly exceeds
the screening length «~!.

Figure 5 illustrates the predictions from the approximate
theory of Manning®’ for the fractions of nonbonded counte-
rions, @ = min{1, qcrit/f Gmax}, as functions of the degree of
ionic functionalization f for the three principal geometries of
the particles. The concentration of free counterions cy; varies
in parallel with the product fa, spanning the range from 0 to
0.08 mol dm™=3. In a qualitative agreement with the simulation
results for ion distributions shown in Fig. 6, the ion binding
intensifies in the order from spherical to cylindrical to pla-
nar geometry. Theoretical threshold values that determine the
effective particle charge in the saturated regime are, however,
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FIG. 5. The fraction of free counterions o as a function of the extent of ionic
functionalization f on propylated fullerenes (blue), infinitely long carbon nan-
otubes (green), or laterally extended graphane platelets (red line) estimated
from Manning’s theory of ion condensation’® for the conditions considered in
Figs. 2 and 3. For every particle geometry, there exists a critical surface charge
density g.rir, beyond which the effective charge shows saturation with respect
to further functionalization. The threshold charge density g.,;; increases from
planar to cylindrical to spherical particles. a relates to gy as @ =min{ 1, g¢rilf
Gmax }» Where quax ~ 4eo/nm? is the surface charge density in a hypothetical
state with f = = 1.

80 100

lower than those observed in the simulations. In addition to the
simplifications of the theory,®’ the difference can be attributed
to finite sizes of the simulated particles as opposed to the infi-
nite cylinder length and lateral plate dimensions presumed in
the theoretical model.

The restriction on the particle charge density also imposes
a limit for the maximal strength of electrostatic repulsion.
Once the maximal charge is reached, the repulsion between
the particles cannot be strengthened further by additional ionic
substitutions. Our simulation results conform to this predic-
tion. Moreover, in several cases, we observe a slight weakening
of the repulsion upon increasing the particle charge densities
beyond the saturation limit. When this is the case, a shal-
low attractive minimum can be restored at the interparticle

J. Chem. Phys. 148, 222815 (2018)

separation corresponding to the increased diameter of the parti-
cles that includes the first coordination shell of the counterions.
The attractive contribution reflects the correlations between
localized but laterally mobile counterions’>~% accumulated at
the opposing surfaces of a pair of interacting nanoparticles.
The change of the counterion-counterion interaction in the
locally perturbed solvent environment between the nanoparti-
cles can also play a role.®® The correlation effects are stronger
with K* counterions than with the CI~ ones because the CI~
ions tend to penetrate deeper into the nanoparticle coating. For
practical purposes, the charge saturation and ion correlation
effects establish an optimal degree of ionic functionalization
near the condensation limit. A further addition of ionic groups
beyond this limit will have no significant effect and can even
weaken the interparticle repulsion. In analogy with the (lower)
attraction-to-repulsion crossover density, the charge density
of maximal repulsion increases with the curvature of the
particles.

D. lon distribution and specificity

Figure 6 illustrates the spatial distributions and running
coordination numbers of counterions in the ionic atmosphere
of charged nanoparticles. The two types of ionic functionaliza-
tion considered in the present study show distinctly different
structural behaviors. The distribution functions of the counteri-
ons, g(D), show that the K* ions mostly accumulate next to the
nanoparticle (the peak distance Dyg close to 0), with increased
tendency to penetrate into the particle coating only at very high
degrees of ionization. The Cl-ions, on the other hand, readily
penetrate between the coating end groups, with the counterion
concentration peaking at the position of ionic NHJ groups
at all conditions. The difference reflects contrasting strengths
of nonelectrostatic attractive forces between the two types of
counterions and the heavy atoms of the functional groups on

50 15
Ethyl-COO™K* 80 _cook* 24
25 I 100% 9 60 | n(D) ﬁ‘gg’i/ccoo KiglL noO
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FIG. 6. Radial distribution function between functionalized graphane platelets (left), carbon nanotubes (middle), or fullerenes (right) and C1~ (bottom) or K*
(top) counterions at different percentages of ionic functionalization. D = Dyg = rop — 07 g, Where rqg is the center-to-center distance between the two species

and oo = 0.5(0q + 0p) is the contact distance between species o and B with diameters o, and op. Diameter o, of graphane platelets is ~10.5 Aand 173 A

with propylated CNTs and fullerenes, respectively. The diameter of C1~ and K* counterions, op, is 4.42 A and 4.93 A, respectively. The insets show running
coordination numbers of counterions n(Dyg) as functions of the distance Dyg from the nanoparticle.
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the particles. The difference is captured through the param-
eterization of the Lennard-Jones potential parameters of the
two ionic species (Table I of the supplementary material) cor-
responding to different strengths of dispersion interaction due
to the very different polarizabilities of the two ionic species.®’
The nonelectrostatic attraction of the chloride ions to the par-
ticle surface translates into stronger shielding of the particle
charge, reducing the Coulombic repulsion between the charged
nanoparticles. Consistent with this picture, Figs. 3 and 4 show
the introduction of a small fraction f of -COOK moieties to be
conducive to stronger repulsive effects than with the -NH3Cl
ones.

The ion-specific binding discussed above also augments
the effects of the nonspecific®’ ion condensation. In all three
geometries, the running counterion coordination numbers
nap (D),

V(D)
nap(D) = pp / 8ap(Dap)dV, (2)

of the CI” ions (8 = CI7) reach the plateau value at a few A
smaller separations than with K* counterions at the identical
number density pg and manifest a smaller slope thereafter.
The slope of nyg(D) reflects the concentration of free counte-
rions, which also depends on the particle geometry. The slopes
of ngp(D) at large D stop changing with f* above the critical
value f cit. The bigger limiting slope n45(D) observed with the
fullerenes conforms to the higher fraction of the free coun-
terions in this geometry, in a qualitative agreement with the
theoretical predictions.®’

E. Hydration of charge-bearing nanoparticles

Pure propyl-coated particles feature strongly hydropho-
bic hydration that is quite similar in all the three geome-
tries. Figure 7 illustrates water distribution around individual
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well-separated particles, with the 1st hydration layer com-
prising water molecules at distances smaller or equal to the
distance between the particle and the first minimum of the dis-
tribution function g,.o(D). The subscripts p and O denote the
nanoparticle and the oxygen atoms of water. When the parti-
cles bear no charge, the 1st hydration shell contains between
2 and 2.5 water molecules (depending on the particle shape)
per grafted propyl group. In contrast to the hydration of less
hydrophobic#?>#346:48.63.90.91 pristine CBN particles, here, the
Ist density peak (D,;qy) is withdrawn ~1 A away from the
direct contact (D = 0) with the stretched propyl-coating groups.
The tendency toward partial dewetting is characteristic of
aqueous interfaces at strongly hydrophobic surfaces, where
water attraction to the substrate is much weaker than that
among water molecules.’>”? Sporadically, a small number of
water molecules penetrate between the end groups of the alkyl
brush.*> With the introduction of even a small fraction of ionic
groups, this penetration is greatly enhanced, but the structure
changes in a surprising geometry-dependent way. At the inter-
face of functionalized graphane, the original first peak is now
attracted into a direct contact with the surface and an even
higher one builds up an entire diameter of water inside the
platelet’s coating. The modified structure is fully developed at
only 25% substitution of methyl end groups by the ionic ones.
It is essentially identical with either type of ionic substitution.
The surprising independence of water structure on particle ion-
ization and ion type after the rapid initial rearrangement is
indicative of a collective penetration process, started by the
hydration of charges; however, only a minority of absorbed
water molecules can be classified as the hydration water of the
ions.

The above changes are not mirrored on the curved sur-
faces, at which the density of the brush and concomitant
steric exclusion increase with the depth. By design, the areal
surface densities are equal for all three particle types at the
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FIG. 7. Radial distribution functions between functionalized graphane platelets (left), carbon nanotubes (middle), or fullerenes (right) and oxygen atoms of
water molecules in systems with ethyl—NHgCl" (bottom) or ~COOK moieties (top) at different percentages of ionic functionalization. D = Dyg = rog — 0 ap,
where ryg is the center to center distance between the two species and oo = 0.5(0¢ + 0p) is the contact distance between species o and § with diameters oq

and op. The diameters 0, of the particles are equal as in Fig. 5, and the diameter of water, o, is 3.166 A
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particle-solvent contact plane; however, in contrast to the flat
surface, the steric hindrance to the uptake of water intensifies
with the depth at convex interfaces. The hydration inside the
brush on CNTs and fullerenes is therefore less pronounced and
peaks at smaller depth, compared to that on a planar solute. The
original structural peak slightly away from the particle surface
remains dominant, with only a minor shift in position. Because
of the steric resistance, the above changes at curved interfaces
occur gradually upon increasing particle ionization. This is
in contrast to the rapid uptake of water inside the functional-
ity brush of planar particles at a very low density of charged
groups, followed by essentially complete saturation beyond
f~25%.

Our results do not indicate any measurable extension of
the functionalities in the presence of charges as the propyl
chains are essentially stretched even in the neutral state.
Nonetheless, the brush hydration also enhances the steric inter-
particle repulsion at small distances as it hinders the interpene-
tration of the functionalities belonging to the two approaching
surfaces, an effect significant in the fullerene geometry.

Eventual association of the particles results in the
expulsion of hydration water from affected particle sur-
faces.*?> Because the contact area between associating particles
increases from spheres to cylinders to plates and because of
the bigger population of water in the brush of planar particles,
the hydrophilic hydration of ionized nanoparticles plays a key
role in determining the sensitivity of the short-range particle
interaction to ionic functionalization (Figs. 3 and 4) in different
geometries. Specifically, it supports the easiest charge-induced
transition to overall repulsion among the planar particles and
the hardest for the spherical ones and envisages reaching sat-
uration with respect to the extent of functionalization in the
same order.

While we observe subtle ion-specific effects on the interfa-
cial structure of water, these effects appear to be of secondary
importance for the interparticle potentials of mean force in
systems with two distinct types of ionic functionalization
(Figs. 3 and 4). The nonelectrostatic binding of C1™ ions inside
the particle brush, and concomitant increase in ionic shielding
compared to the K* system, appears to be the main reason for
the stronger effect of the -COO™K * functionalization on the
interparticle repulsion in solution.

V. CONCLUSIONS

Ionic functionalization presents an effective means to
manipulate the interactions among dispersed nanoparticles in
water. Molecular simulations of nanoparticles covered by a
mixture of alkyl and ionizing functionalities reveal a strong
curvature dependence of the effect of planted charges on the
interparticle forces. The sensitivity to the hydrophilic groups,
added to solubilize the particles, increases from the spheri-
cal particles to the cylindrical and planar ones. While purely
hydrophobic platelets are the most prone and the fullerenes
the least prone to associate in water, the order is reversed upon
introduction of even a small fraction of ionic groups. This
comparison is summarized in Fig. 8. The solvent averaged
potential between the platelets and nanotubes turns repul-
sive with around 15% of alkyl surface groups replaced by
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FIG. 8. Bottom: The potential of mean force among propyl-coated graphitic
particles shows the weakest attraction in the spherical geometry and the
strongest in the planar one. Top: The sensitivity to ionic substitutions increases
in the same order. The sequence of profiles W(D)* is already reversed when
as few as 12% of alkyl groups are replaced by ionizing ethyl-COO™K*
functionalities.

ionic ones. This number is about 1/3 higher for the nanotubes
and more than doubled with the fullerenes. The sensitiv-
ity to particle shape is attributed to both, the weakening of
the Coulombic repulsion with the particle curvature and the
increased packing effects that interfere with the hydration of
ionic groups inside the coating of convex particles. The effect
of functionalization is strongly nonmonotonic, with a satura-
tion limit imposed by counterion condensation. The limiting
charge density increases from planar to cylindrical to spherical
geometry.

An attractive term due to the correlations among con-
densed ions can weaken the interparticle repulsion upon the
addition of ionic groups in excess of the condensation limit.
The optimal areal density of ionic functionalities is the high-
est for the spherical and the lowest for the platelet particle
geometry. These densities can be modulated by ion specific
effects due to different strengths of dispersion forces between
the counterions and the nanoparticle coating, with the platelets
showing the strongest and fullerenes the weakest dependence
on the type of the counterion.

SUPPLEMENTARY MATERIAL

See supplementary material for additional force field
information, description of model systems, and details about
the simulation runs performed in the potential of mean force
calculations.

ACKNOWLEDGMENTS

We gratefully acknowledge the support of the Office
of Basic Energy Sciences, Chemical Sciences, Geosciences,
and Biosciences Division of the U.S. Department of Energy
(Grant No. DE-SC 0004406). This research used resources
of the National Energy Research Scientific Computing


ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-148-015897

222815-9 Jabes, Bratko, and Luzar

Center (NERSC), which is supported by the Office of Sci-
ence of the U.S. Department of Energy under Contract No.
DEACO02-05CH11231, and the Extreme Science and Engi-
neering Discovery Environment (XSEDE), which is supported
by the National Science Foundation Grant No. OCI-1053575.

1 Q. Tang, Z. Zhou, and Z. F. Chen, “Graphene-related nanomaterials: Tuning
properties by functionalization,” Nanoscale 5, 4541 (2013).

21. 0. Sofo, A. S. Chaudhari, and G. D. Barber, “Graphane: A two-
dimensional hydrocarbon,” Phys. Rev. B 75, 153401 (2007).

3D. C. Elias, R. R. Nair, T. M. G. Mohiuddin, S. V. Morozov, P. Blake,
M. P.Halsall, A. C. Ferrari, D. W. Boukhvalov, M. I. Katsnelson, A. K. Geim,
and K. S. Novoselov, “Control of graphene’s properties by reversible
hydrogenation: Evidence for graphane,” Science 323, 610 (2009).

M. Terrones, W. K. Hsu, J. P. Hare, H. W. Kroto, H. Terrones, and
D. R. M. Walton, “Graphitic structures: From planar to spheres, toroids
and helices,” Philos. Trans. R. Soc., A 354, 2025 (1996).

5QA Wang, S. H. Zhang, and P. Jena, “Many faces of carbon,” Proc. SPIE
10174, 1017405 (2017).

6A. K. Geimand L. V. Grigorieva, “Van der Waals heterostructures,” Nature
499, 419 (2013).

7P. Kumar, S. Karmakar, and H. B. Bohidar, “Anomalous self-aggregation
of carbon nanoparticles in polar, nonpolar, and binary solvents,” J. Phys.
Chem. C 112, 15113 (2008).

8K. Scida, P. W. Stege, G. Haby, G. A. Messina, and C. D. Garcia,
“Recent applications of carbon-based nanomaterials in analytical chemistry:
Critical review,” Anal. Chim. Acta 691, 6 (2011).

9H. Kim, D. Bedrov, and G. D. Smith, “Molecular dynamics simulation study
of the influence of cluster geometry on formation of Cgq fullerene clusters
in aqueous solution,” J. Chem. Theory Comput. 4, 335 (2008).

10, Brant, H. Lecoanet, and M. R. Wiesner, “Aggregation and deposition
characteristics of fullerene nanoparticles in aqueous systems,” J. Nanopart.
Res. 7, 545 (2005).

. Alfe, R. Barbella, A. Bruno, P. Minutolo, and A. Ciajolo, “Solution
behaviour of Cgq fullerene in N-methylpyrrolidinone/toluene mixtures,”
Carbon 43, 665 (2005).

12§, M. Mortuza and S. Banerjee, “Molecular modeling study of agglomer-
ation of [6,6]-phenyl-C61-butyric acid methyl ester in solvents,” J. Chem.
Phys. 137, 244308 (2012).

13D, Jariwala, V. K. Sangwan, L. J. Lauhon, T. J. Marks, and M. C. Hersam,
“Carbon nanomaterials for electronics, optoelectronics, photovoltaics, and
sensing,” Chem. Soc. Rev. 42, 2824 (2013).

l4ML V. Khodakovskaya, K. de Silva, D. A. Nedosekin, E. Dervishi, A. S. Biris,
E. V. Shashkov, E. I. Galanzha, and V. P. Zharov, “Complex genetic, pho-
tothermal, and photoacoustic analysis of nanoparticle-plant interactions,”
Proc. Natl. Acad. Sci. U. S. A. 108, 1028 (2011).

I5M. Mahmood, D. A. Casciano, T. Mocan, C. Iancu, Y. Xu, L. Mocan,
D. T. Iancu, E. Dervishi, Z. R. Li, M. Abdalmuhsen, A. R. Biris, N. Ali,
P. Howard, and A. S. Biris, “Cytotoxicity and biological effects of func-
tional nanomaterials delivered to various cell lines,” J. Appl. Toxicol. 30,
74 (2010).

16y B. Zhang, S. F. Ali, E. Dervishi, Y. Xu, Z. R. Li, D. Casciano, and
A. S. Biris, “Cytotoxicity effects of graphene and single-wall carbon nan-
otubes in neural phaecochromocytoma-derived pc12 cells,” ACS Nano 4,
3181 (2010).

177. Liu, S. Tabakman, S. Sherlock, X. L. Li, Z. Chen, K. L. Jiang, S. S. Fan,
and H. J. Dai, “Multiplexed five-color molecular imaging of cancer cells
and tumor tissues with carbon nanotube Raman tags in the near-infrared,”
Nano Res. 3, 222 (2010).

185, Foley, C. Crowley, M. Smaihi, C. Bonfils, B. F. Erlanger, P. Seta, and
C. Larroque, “Cellular localisation of a water-soluble fullerene derivative,”
Biochem. Biophys. Res. Commun. 294, 116 (2002).

197 Liu, M. Winters, M. Holodniy, and H. J. Dai, “siRNA delivery into human
T cells and primary cells with carbon-nanotube transporters,” Angew.
Chem., Int. Ed. 46, 2023 (2007).

205, Prylutska, R. Bilyy, M. Overchuk, A. Bychko, K. Andreichenko,
R. Stoika, V. Rybalchenko, Y. Prylutskyy, N. G. Tsierkezos, and U. Ritter,
“Water-soluble pristine fullerenes Cg increase the specific conductivity and
capacity of lipid model membrane and form the channels in cellular plasma
membrane,” J. Biomed. Nanotechnol. 8, 522 (2012).

2y, K. Periya, 1. Koike, Y. Kitamura, S. 1. Iwamatsu, and S. Murata,
“Hydrophilic [60]fullerene carboxylic acid derivatives retaining the original
60 pi electronic system,” Tetrahedron Lett. 45, 8311 (2004).

J. Chem. Phys. 148, 222815 (2018)

22]. Cerar and J. Skerjanc, “Water-soluble fullerenes. 2. Sodium fullerenehexa-
malonate 7,-Cg6(COONa);3, a highly asymmetric electrolyte,” J. Phys.
Chem. B 104, 727 (2000).

27, Wang, Z. Lu, Y. Zhao, and X. Gao, “Oxidation-induced water-
solubilization and chemical functionalization of fullerenes Cgp, gd@Cgg
and gd@Cg,: Atomistic insights into the formation mechanisms and struc-
tures of fullerenols synthesized by different methods,” Nanoscale 7, 2914
(2015).

24K, S. Subrahmanyam, S. R. C. Vivekchand, A. Govindaraj, and C. N. R.
Rao, “A study of graphenes prepared by different methods: Charac-
terization, properties and solubilization,” J. Mater. Chem. 18, 1517
(2008).

25p, Tasis, K. Papagelis, M. Prato, I. Kallitsis, and C. Galiotis, “Water-
soluble carbon nanotubes by redox radical polymerization,” Macromol.
Rapid Commun. 28, 1553 (2007).

26y, Si and E. T. Samulski, “Synthesis of water soluble graphene,” Nano Lett.
8, 1679 (2008).

27K, A. Worsley, P. Ramesh, S. K. Mandal, S. Niyogi, M. E. Itkis, and R.
C. Haddon, “Soluble graphene derived from graphite fluoride,” Chem. Phys.
Lett. 445, 51 (2007).

285 W. Lee, B. S. Kim, S. Chen, Y. Shao-Horn, and P. T. Hammond, “Layer-
by-layer assembly of all carbon nanotube ultrathin films for electrochemical
applications,” J. Am. Chem. Soc. 131, 671 (2009).

2D. G. Deryabin, O. K. Davydova, Z. Z. H. Yankina, A. S. Vasilchenko,
S. A. Miroshnikov, A. B. Kornev, A. V. Ivanchikhina, and P. A. Troshin, “The
activity of [60]fullerene derivatives bearing amine and carboxylic solubiliz-
ing groups against Escherichia coli: A comparative study,” J. Nanomater.
2014, 907435.

30N. Tsao, P. P. Kanakamma, T. Y. Luh, C. K. Chou, and H. Y. Lei, “Inhibition
of Escherichia coli-induced meningitis by carboxyfullerence,” Antimicrob.
Agents Chemother. 43, 2273 (1999).

3IN. Jha, P. Ramesh, E. Bekyarova, X. J. Tian, F. H. Wang, M. E. Itkis, and R.
C. Haddon, “Functionalized single-walled carbon nanotube-based fuel cell
benchmarked against US DOE 2017 technical targets,” Sci. Rep. 3, 2257
(2013).

323, Banerjee, “Molecular dynamics study of self-agglomeration of charged
fullerenes in solvents,” J. Chem. Phys. 138, 044318 (2013).

3BAR.A. Dezfoli, M. A. Mehrabian, and H. H. Rafsanjani, “Structural prop-
erties of water around uncharged and charged carbon nanotubes,” Korean
J. Chem. Eng. 30, 693 (2013).

34C. Eun and M. L. Berkowitz, “Origin of the hydration force: Water-mediated
interaction between two hydrophilic plates,” J. Phys. Chem. B 113, 13222
(2009).

35L. Lu and M. L. Berkowitz, “Hydration force between model hydrophilic
surfaces: Computer simulations,” J. Chem. Phys. 124, 101101 (2006).

36, Lu and M. L. Berkowitz, “The effect of water structure and surface
charge correlations on the hydration force acting between model hydrophilic
surfaces,” Mol. Phys. 104, 3607 (2006).

37C. Eun and M. L. Berkowitz, “Molecular dynamics simulation study of
the water-mediated interaction between zwitterionic and charged surfaces,”
J. Chem. Phys. 136, 024501 (2012).

38J.Y.Li, T. Liu, X. Li, L. Ye, H.J. Chen, H. P. Fang, Z. H. Wu, and R. H. Zhou,
“Hydration and dewetting near graphite-CH3 and graphite-COOH plates,”
J. Phys. Chem. B 109, 13639 (2005).

397, Wang, D. Bratko, and A. Luzar, “Probing surface tension additivity on
chemically heterogeneous surfaces: A molecular approach,” Proc. Natl.
Acad. Sci. U. S. A. 108, 6374 (2011).

40p. H. Shah and R. C. Batra, “Effect of covalent functionalization on Young’s
modulus of a single-wall carbon nanotube,” in Modeling of Carbon Nan-
otubes, Graphene and Their Composites, edited by K. I. Tserpes and
N. Silvestre (Springer, 2014), Vol. 188, p. 111.

41p, Vanzo, D. Bratko, and A. Luzar, “Tunable wetting of surfaces with ionic
functionalities,” J. Phys. Chem. C 116, 15467 (2012).

42B.S. Jabes, D. Bratko, and A. Luzar, “Universal repulsive contribution to the
solvent-induced interaction between sizable, curved hydrophobes,” J. Phys.
Chem. Lett. 7, 3158 (2016).

43H. Acharya, S. Ranganathan, S. N. Jamadagni, and S. Garde, “Mapping
hydrophobicity at the nanoscale: Applications to heterogeneous surfaces
and proteins,” Faraday Discuss. 146, 353 (2010).

44R. Evans and M. C. Stewart, “The local compressibility of liquids near non-
adsorbing substrates: A useful measure of solvophobicity and hydrophobic-
ity?,” J. Phys.: Condens. Matter 27, 194111 (2015).

4D. Vanzo, D. Bratko, and A. Luzar, “Wettability of pristine and alkyl-
functionalized graphane,” J. Chem. Phys. 137, 034707 (2012).


https://doi.org/10.1039/c3nr33218g
https://doi.org/10.1103/physrevb.75.153401
https://doi.org/10.1126/science.1167130
https://doi.org/10.1098/rsta.1996.0090
https://doi.org/10.1117/12.2256186
https://doi.org/10.1038/nature12385
https://doi.org/10.1021/jp803693u
https://doi.org/10.1021/jp803693u
https://doi.org/10.1016/j.aca.2011.02.025
https://doi.org/10.1021/ct700211y
https://doi.org/10.1007/s11051-005-4884-8
https://doi.org/10.1007/s11051-005-4884-8
https://doi.org/10.1016/j.carbon.2004.10.017
https://doi.org/10.1063/1.4772759
https://doi.org/10.1063/1.4772759
https://doi.org/10.1039/c2cs35335k
https://doi.org/10.1073/pnas.1008856108
https://doi.org/10.1002/jat.1475
https://doi.org/10.1021/nn1007176
https://doi.org/10.1007/s12274-010-1025-1
https://doi.org/10.1016/s0006-291x(02)00445-x
https://doi.org/10.1002/anie.200604295
https://doi.org/10.1002/anie.200604295
https://doi.org/10.1166/jbn.2012.1404
https://doi.org/10.1016/j.tetlet.2004.09.072
https://doi.org/10.1021/jp9936087
https://doi.org/10.1021/jp9936087
https://doi.org/10.1039/c4nr06633b
https://doi.org/10.1039/b716536f
https://doi.org/10.1002/marc.200700235
https://doi.org/10.1002/marc.200700235
https://doi.org/10.1021/nl080604h
https://doi.org/10.1016/j.cplett.2007.07.059
https://doi.org/10.1016/j.cplett.2007.07.059
https://doi.org/10.1021/ja807059k
https://doi.org/10.1155/2014/907435
https://doi.org/10.1038/srep02257
https://doi.org/10.1063/1.4789304
https://doi.org/10.1007/s11814-012-0198-6
https://doi.org/10.1007/s11814-012-0198-6
https://doi.org/10.1021/jp901747s
https://doi.org/10.1063/1.2179789
https://doi.org/10.1080/00268970601017347
https://doi.org/10.1063/1.3673960
https://doi.org/10.1021/jp044090w
https://doi.org/10.1073/pnas.1014970108
https://doi.org/10.1073/pnas.1014970108
https://doi.org/10.1021/jp3044384
https://doi.org/10.1021/acs.jpclett.6b01442
https://doi.org/10.1021/acs.jpclett.6b01442
https://doi.org/10.1039/b927019a
https://doi.org/10.1088/0953-8984/27/19/194111
https://doi.org/10.1063/1.4732520

222815-10 Jabes, Bratko, and Luzar

400, W. Li, D. Bedrov, and G. D. Smith, “Water-induced interactions between
carbon nanoparticles,” J. Phys. Chem. B 110, 10509 (2006).

41¢c, Gu, C. Ray, S. Guo, and B. B. Akhremitchev, “Single-molecule
force spectroscopy measurements of interactions between Cgo fullerene
molecules,” J. Phys. Chem. C 111, 12898 (2007).

481, W. Li, D. Bedrov, and G. D. Smith, “A molecular-dynamics simula-
tion study of solvent-induced repulsion between Cgq fullerenes in water,”
J. Chem. Phys. 123, 204504 (2005).

“C.p. Bain, J. Evall, and G. M. Whitesides, “Formation of monolayers by
the coadsorption of thiols on gold: Variation in the head group, tail group,
and solvent,” J. Am. Chem. Soc. 111, 7155 (1989).

50y, Arima and H. Iwata, “Effect of wettability and surface functional
groups on protein adsorption and cell adhesion using well-defined mixed
self-assembled monolayers,” Biomaterials 28, 3074 (2007).

SID. Bratko and A. K. Chakraborty, “Ton-ion correlations in quenched
disordered media,” J. Chem. Phys. 104, 7700 (1996).

2A. K Chakraborty, D. Bratko, and D. Chandler, “Diffusion of ionic
penetrants in charged disordered media,” J. Chem. Phys. 100, 1528 (1994).

53p. Bratko, A. K. Chakraborty, and E. I. Shakhnovich, ‘“Recognition
between random heteropolymers and multifunctional disordered surfaces,”
Chem. Phys. Lett. 280, 46 (1997).

348.D. Overduin and G. N. Patey, “Solvent phase behavior and the interaction
of uniform and patterned solutes,” J. Chem. Phys. 123, 194505 (2005).

SW. L. Jorgensen, D. S. Maxwell, and J. Tirado-Rives, “Development and
testing of the OPLS all-atom force field on conformational energetics and
properties of organic liquids,” J. Am. Chem. Soc. 118, 11225 (1996).

S6H. 7. C. Berendsen, J. R. Grigera, and T. P. Straatsma, “The missing term in
effective pair potentials,” J. Phys. Chem. 91, 6269 (1987).

57s. Lebegue, M. Klintenberg, O. Eriksson, and M. I. Katsnelson, “Accu-
rate electronic band gap of pure and functionalized graphane from GW
calculations,” Phys. Rev. B 79, 245117 (2009).

383, Plimpton, “Fast parallel algorithms for short-range molecular-dynamics,”
J. Comput. Phys. 117, 1 (1995).

D, Frenkel and B. Smit, Understanding Molecular Simulation, from
Algorithms to Applications (Academic Press, San Diego, 2002).

0E, Darve and A. Pohorille, “Calculating free energies using average force,”
J. Chem. Phys. 115, 9169 (2001).

S1E. Darve, M. A. Wilson, and A. Pohorille, “Calculating free energies using
a scaled-force molecular dynamics algorithm,” Mol. Simul. 28, 113 (2002).

©2N. Choudhury and B. M. Pettitt, “On the mechanism of hydrophobic
association of nanoscopic solutes,” J. Am. Chem. Soc. 127, 3556 (2005).

03R. Zangi, “Are buckyballs hydrophobic?,” J. Phys. Chem. B 118, 12263
(2014).

4], Wang, D. Bratko, and A. Luzar, “Length-scale dependence of hydration
free energy: Effect of solute charge,” J. Stat. Phys. 145, 253 (2011).

5R. Kjellander, “Fundamental aspects of electrostatic interactions and charge
renormalization in electrolyte systems,” Colloid J. 69, 20 (2007).

6G. S. Manning, “Molecular theory of polyelectrolyte solutions with impli-
cations to electrostatic properties of polynucleotides,” Q. Rev. Biophys. 11,
179 (1978).

67G. S. Manning, “Counterion condensation on charged spheres, cylinders,
and planes,” J. Phys. Chem. B 111, 8554 (2007).

8G. S. Manning, “The interaction between a charged wall and its counterions:
A condensation theory,” J. Phys. Chem. B 114, 5435 (2010).

9S. Engstrom and H. Wennerstrom, “Ion condensation on planar surfaces
Solution of Poisson-Boltzmann equation for two parallel charged plates,”
J. Phys. Chem. 82, 2711 (1978).

70G. V. Ramanathan, “Statistical-mechanics of electrolytes and poly-
electrolytes. III. The cylindrical Poisson-Boltzmann equation,” J. Chem.
Phys. 78, 3223 (1983).

J. Chem. Phys. 148, 222815 (2018)

711, Rouzina and V. A. Bloomfield, “Macroion attraction due to electrostatic
correlation between screening counterions. 1. Mobile surface-adsorbed ions
and diffuse ion cloud,” J. Phys. Chem. 100, 9977 (1996).

72P. Linse, “Structure, phase stability, and thermodynamics in charged
colloidal solutions,” J. Chem. Phys. 113, 4359 (2000).

73R. R. Netz and H. Orland, “Variational charge renormalization in charged
systems,” Eur. Phys. J. E 11, 301 (2003).

74R. A. Curtis and L. Lue, “Electrolytes at spherical dielectric interfaces,”
J. Chem. Phys. 123, 174702 (2005).

T5R. Kjellander and S. Marcelja, “Inhomogeneous Coulomb fluids with image
interactions between planar surfaces. I,” J. Chem. Phys. 82, 2122 (1985).
6L, Guldbrand, B. Jonsson, H. Wennerstrom, and P. Linse, “Electrical double-

layer forces—A Monte-Carlo study,” J. Chem. Phys. 80, 2221 (1984).
7TD. Bratko, B. Jonsson, and H. Wennerstrom, “Electrical double-layer
interactions with image charges,” Chem. Phys. Lett. 128, 449 (1986).

8L, Guldbrand, L. G. Nilsson, and L. Nordenskiold, “A Monte-Carlo simula-
tion study of electrostatic forces between hexagonally packed DNA double
helices,” J. Chem. Phys. 85, 6686 (1986).

C. E. Woodward, B. Jonsson, and T. Akesson, “The ionic correlation con-
tribution to the free-energy of spherical double-layers,” J. Chem. Phys. 89,
5145 (1988).

80 A Luzar and D. Bratko, “Electric double-layer interactions in reverse micel-
lar systems—A Monte-Carlo simulation study,” J. Chem. Phys. 92, 642
(1990).

8ip, Bratko, C. E. Woodward, and A. Luzar, “Charge fluctuation in reverse
micelles,” J. Chem. Phys. 95, 5318 (1991).

82B. Hribar and V. Vlachy, “Evidence of electrostatic attraction between
equally charged macroions induced by divalent counterions,” J. Phys. Chem.
B 101, 3457 (1997).

83R. J. Mashl and N. Gronbech-Jensen, “Effective interactions between rigid
polyelectrolytes and like-charged planar surfaces,” J. Chem. Phys. 109,4617
(1998).

843 7. Wau, D. Bratko, and J. M. Prausnitz, “Interaction between like-charged
colloidal spheres in electrolyte solutions,” Proc. Natl. Acad. Sci. U. S. A.
95, 15169 (1998).

85M. Lund and B. Jonsson, “Driving forces behind ion-ion correlations,”
J. Chem. Phys. 125, 236101 (2006).

86M. Lund and B. Jonsson, “Charge regulation in biomolecular solution,”
Q. Rev. Biophys. 46, 265 (2013).

87G. N. Patey, “The interaction of two spherical colloidal particles in elec-
trolyte solution. An application of the hypernetted-chain approximation,”
J. Chem. Phys. 72, 5763 (1980).

88 Otto and G. N. Patey, “Forces between like-charged walls in electrolyte
solution: Molecular solvent effects at the McMillan-Mayer level,” J. Chem.
Phys. 112, 8939 (2000).

89F W. Tavares, D. Bratko, H. W. Blanch, and J. M. Prausnitz, “Ion-specific
effects in the colloid-colloid or protein-protein potential of mean force: Role
of salt-macroion van der Waals interactions,” J. Phys. Chem. B 108, 9228
(2004).

9N. Choudhury, “A molecular dynamics simulation study of buckyballs in
water: Atomistic versus coarse-grained models of Cgp,” J. Chem. Phys. 125,
034502 (2006).

9IN. Choudhury, “Dynamics of water in the hydration shells of Cgy: Molecular
dynamics simulation using a coarse-grained model,” J. Phys. Chem. B 111,
10474 (2007).

92D, Bratko, R. A. Curtis, H. W. Blanch, and J. M. Prausnitz, “Interaction
between hydrophobic surfaces with metastable intervening liquid,” J. Chem.
Phys. 115, 3873 (2001).

93D. M. Huang and D. Chandler, “The hydrophobic effect and the influence
of solute-solvent attractions,” J. Phys. Chem. B 106, 2047 (2002).


https://doi.org/10.1021/jp060718m
https://doi.org/10.1021/jp0717645
https://doi.org/10.1063/1.2121647
https://doi.org/10.1021/ja00200a039
https://doi.org/10.1016/j.biomaterials.2007.03.013
https://doi.org/10.1063/1.471476
https://doi.org/10.1063/1.466632
https://doi.org/10.1016/s0009-2614(97)01075-0
https://doi.org/10.1063/1.2110067
https://doi.org/10.1021/ja9621760
https://doi.org/10.1021/j100308a038
https://doi.org/10.1103/physrevb.79.245117
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1063/1.1410978
https://doi.org/10.1080/08927020211975
https://doi.org/10.1021/ja0441817
https://doi.org/10.1021/jp508174a
https://doi.org/10.1007/s10955-011-0337-1
https://doi.org/10.1134/s1061933x07010048
https://doi.org/10.1017/s0033583500002031
https://doi.org/10.1021/jp0670844
https://doi.org/10.1021/jp912234x
https://doi.org/10.1021/j100514a017
https://doi.org/10.1063/1.445239
https://doi.org/10.1063/1.445239
https://doi.org/10.1021/jp960458g
https://doi.org/10.1063/1.1288022
https://doi.org/10.1140/epje/i2002-10159-0
https://doi.org/10.1063/1.2102890
https://doi.org/10.1063/1.448350
https://doi.org/10.1063/1.446912
https://doi.org/10.1016/0009-2614(86)80652-2
https://doi.org/10.1063/1.451450
https://doi.org/10.1063/1.455632
https://doi.org/10.1063/1.458415
https://doi.org/10.1063/1.461671
https://doi.org/10.1021/jp970007b
https://doi.org/10.1021/jp970007b
https://doi.org/10.1063/1.477066
https://doi.org/10.1073/pnas.95.26.15169
https://doi.org/10.1063/1.2403878
https://doi.org/10.1017/s003358351300005x
https://doi.org/10.1063/1.438997
https://doi.org/10.1063/1.481535
https://doi.org/10.1063/1.481535
https://doi.org/10.1021/jp037809t
https://doi.org/10.1063/1.2217442
https://doi.org/10.1021/jp073571n
https://doi.org/10.1063/1.1386926
https://doi.org/10.1063/1.1386926
https://doi.org/10.1021/jp013289v

	Virginia Commonwealth University
	VCU Scholars Compass
	2018

	Curvature dependence of the effect of ionic functionalization on the attraction among nanoparticles in dispersion
	B. Shadrack Jabes
	D. Bratko
	Alenka Luzar
	Downloaded from


	Curvature dependence of the effect of ionic functionalization on the attraction among nanoparticles in dispersion

