TS
2

http:/pubs.acs.o

ary 6, 2012

rgtt

ECH on Peb
Publication Drate {Web): September 19, 2011 | doi: 10.1021/bk-2011-1070.ch018

AT

Downloaded by VIRG

Chapter 18

Melecular Dynamics Simulations of
Nanoparticles and Surfactants at Oil/Water
Interfaces

A Qualitative Overview

R. & K. Udayana Ranatunga,! Chuoeng T. Nguyen,! Chi-cheng Chin
Wataru Shinoda,? and Steven . Nielsen™!

Pepartment of Chemistry, University of Texas at Dallas, 800 West Campbell
Reoad, Richardson, TX 75088
INanosystem Research Instibute, National Institute of Advanced [adustrial
Seience and Technology (AIST), 1-1-1 Umezono, Tsukuba, Ibaraki 305-8568,
Japan
“steven.nielsen@utdalias.edu

Nanoparticles (NPs) and molecular surfactants are two classes
of compounds which spontancously localize at cil/water
mterfaces. Industrial and commercial applications of these
systems often require precise two-dimensional organization
of the localized NPs.  An impediment to the realization of
such systems 1s our under-developed understanding of the
physics which governs the behavior of NPs m the presence of
surfactants. Here we present a range of moelecular dynamics
sinolation  stadics on  pon-ionic  NP/swrfactant  systerus.
Analysis of the results allows us to relate the dispersive
interactions of the NPs and surfactants o their physical bebavior
at oil/water interfaces.

Introduction

Documented study of the nterfacial behavior of small colloidal particles
began over a century ago, when Pickering (/) and Ramsden {2} separately
mvestigated the spontancous adsorption of colloidal particles to flnid interfaces
(3). Since then the affinity of colioids to locahize at flnid mterfaces has been
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harnessed in a number of fields (4). The interfacial activity of molecular
surfactants, on the other hand, has been known for far longer. For example,
historical evidence suggests that surfactants have been used for over 3560 years
i the production of soap (3).

Recently, inferest has arisen in systems containing both colloids and
surfactants (6, 7). Advances in synthetic technology bhave resuited i the
production of particles with progressively smaller sizes, uplocking the unigue
properties which emerge due to quantum confinement (§—/0). Developments in
methodology bave also parrowed the size distribution of syothesized particles,
greatly tmproving the aggregate properties and the reproducibility of systems
composed of these nano-scaled particles. Many current and proposed applications
of nanoparticles (NPs) involve systems of oil and water which also contain
surfactants as enmlsificrs. Therefore, given the propensity of NPs to localize at
fluid interfaces it is important to onderstand the behavior of NPs and sorfactants
n the presence of one another.

In this chapter we focus on non-ionic surfactants and uncharged NPs
at otl/water interfaces, studied through molecular dynamics (MDY} computer
simulations.  The high spatial and temporal resolution of the MD trajectories
facilitates a thorough examination of the interactions between the system
components, and statistical mechanics provides us with a path o evalnate
thermodynamic propertics. A mmiti-pronged approach is used whereby several
simulation schernes are carvied ont, each corresponding fo a separate avenue of
mvestigation, the results of which are presented in three sections:

s Unfunctionalized NPs at cil/water interfaces.  Sirmlation results of
individual NPs and groups of NPs are presented.

e Surfactants and NPs at oil/water interfaces. Simalations are presented
of NPs in the presence of free surfactants. The cooperative behavior of
the systern components in lowering the otl/water interfacial tension is
explored.

o Surfactant functionalized NPs at cil/water mterfaces. Simulations are
presented of NPs in the presence of chemically absorbed surfactant
ligands. The tmplication of the ‘softness’ that these coatings introduce
to the composife particle is examined.

System Components and Simulation Details

Four components are esseotial for this study, namely nanoparticles,
surfactants, water and oil. The choice of studying non-ionic species was taken
because of the many advantages that these specics present.  The first of these
advantages is that non-ionic surfactant-stabilized colloidal aggregates are known
to be more robust than systems stabilized through electrostatic repulsion (/).
Second, the domuinant role that electrostatics plays in systems of large particles
is mitigated at the nanoscale, and other factors such as dispersion interactions,
entropy and steric interactions play cgually woportant roles i determining the
physical behavior of these systems (72). Apart from these reasons, techuically, the
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calculation of electrostatics consumes a significant portion of the computational
expense of a simulation, thus limiting the simulation timescale and hence the
sampling available to us.

For the non-ionic surfactants, uear polyethylenegiveol (PEG)-alkane diblock
copolymers were chosen, denoted by CiEy where ‘x” is the number of carbons in
the bydrophobic alkane tail and “v’ 1s the number of ethylene glveol units in the
hydrophilic bead block. It shauld be noted that these surfactants bave an extended
as opposed to a compact head group (/3). A linear alkane (heptane) is used for the
oil phase. The NP sizes in the simulations presented here are in the range of 5.6
A —20.6 A in radius.

simglations were carried out i MPDyn {(/4) vader isothermal-ischaric
conditions, using a Nosé-Hoover thermostat {75), at 300.15 K, and an Andersen
barostat (/6), at 0.1 MPa, respectively. The reversibie RESPA (77} algorithm was
applied with a timestep of 20 £ for long ranged nteractions, and a 2 £ timestep
for alf other interactions. Sinulation box sizes were varied as neccessary, with a
typical unit cell side length of 100150 A.

All the siomiated systerns contaimed oil and water.  Under constant
composition, pressure, and temperatore (NPT conditions the system evolves fo
fower the Gibbs free energy, resulting in a phase separated box of oil and water
corresponding to the minimum oil/water interfacial area, and hence the minimum
free energy. These systems model oil/water interfaces of negligible curvature
with respect to the direensions of the individual NPs and surfactant melecules.
Therefore, our resalts may be valid for macroscopically planar systems such as
the water/tolucne systems studied by Wang ef ¢f. (/8), and also for oil/water
emulsions where the droplet size is sufficiently {arge that the droplet boundary 1s
essentially planar on the simulated length scale. An example of a simulation box is
given in Figure 1, which shows the system components while also ihistrating the
periodic boundary image convention used in the simulations. The use of periodic
boundaries maintains the solvent environment at the edges of the simulation box
and allows for the representation of an extended oil/water interface without using
an excessively large box size (/9).

The interactions among the components must be specified to camry out
sinwlations.  This, and the representation of the species, are collectively
imown as the “force field’. The representation we have psed for this study is
a coarse-grained (CG) force field where one CG ‘bead’ is representative of
several atoms. For many areas of study this s an mvaluable approach when the
focus is on collective phenomena resulting from owititudes of molecules (20).
By avoiding the complexity of caleulating atomic movements and interactions
CG simulations can attain high computationally efficiency, and hence are able
to simulate larger systems for longer timescales compared to fully atomistic
simulations. In principle, the effect of atomic interactions are included in coarse
grained force fields, e, the mteractions between two CG beads should be the
ensemble averaged interaction due to all the atoms those beads represent. For
example, two CG water beads do not form hydrogen bonds (because they do not
contain explicit hydrogen atoms), but should acconnt for the additional strength of
mteraction between water molecules due to hydrogen bonds. However, because
CG approaches essential discard fine detail it 1s eritical to apply this technique in
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Figure 1. A side view of o representative simulation box comprising water (not
shown), oil, surfactant and a single nanoparticle. The rectangular box designates
the unit cell, while the periodic images are also shown. Due to the periodic
image convention each simulation box contains two oilfwater interfaces, which
are perpendicular to the piane of the page in this example. 1o the lefi and right of
the simulation box, the coarse-grained molecular representation (transparent
spheves and bead labels) is supevimposed on the atomistic vepresentation (stick

model).

systems where the atomistic interactions are not crocial to the phenomena under
mvestigation (26)). In this study we are investigating a wide range of systems in
a qualitative yaoner, bence a strong argument can be made for the use of a CG
model since it is not clear what additional knowledge could be gained through
using a fully atomustic force field.

For the soft components (water, heptane and surfactant) the coarse-grained
force field of Shinoda was used (2/). This force field bas been shown to accurately
predict the phase behavior of PEG-alkane surfactants, and also the properfies
of oil/water systems including, most critically, the interfacial tension. Bond
stretehing is modeled through a harmonic potential, Upena(r) = ke{r — te)2, where
kv s the bond force constant, r the separation between two covalently bound
beads, and 1. their equilibrivm separation. Bond bending is also modeled throngh
a harmonic potential, Upead(8) = ke(8 — 80)%, where ks is the force constant, 6 the
nstantaneous angle between the three beads mvelved i a bond angle, and 8y
the equilibrium angle. The relevant parameters used are given in Tables 1 and 2.
Since the coraponents we are using are uncharged, the npon-bonded interactions
comprise exclusively dispersive interactions which are modeled through the
Lennard-Jones function,

vt = 5x{(2)" - (2))
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Table 1. Force field parameters for hond stretching

kb Te

kcal mol "1 A2 A
CT2-CM 9.00 3.13
CM-CM 6.16 3.64
CM-EO 7.10 3.56
EO-EO 4.90 3.28
EO-OA 15.00 2.79

Table 2. Force field parameters for bond bending

kg o
keal mol tdeg 2 deg
CT2-CM-CT2 1.70 173.0
CT2-CM-CM 1.60 172.0
CM-CM-CM 1.19 173.0
CM-CM-EO 1.50 172.0
CM-EO-EO 3.20 146.0
EO-EO-EO 3.40 132.0
EO-EO-OA 3.00 131.0

where ¢ is the exclusion volume, and m, n and B are chosen such that (1) —¢ is
the minimum of the potential profile, and (2) Ur;(c) = 0. Different choices for the
integer powers m and n correspond to interaction potentials of different stiffness.
The parameters are specific for each pair of interacting beads and are given in Table
3.

The representation of the NP and its interaction with the soft system
components is based on a mean field approximation where the NP is modeled as
a continuum solid sphere with a uniform interaction site density (22) in analogy
to Hamaker’s treatment of colloidal particles (23). The total interaction of the
NP with another entity is found by integrating the site-site interaction over the
volume of the NP. Hence, the interaction is governed by two parameters apart
from particle geometry; (1) the density of interaction sites in the NP, p, and
(2) the interaction strength parameter, €, between sites on the NP and those
on the interacting body. The p value chosen was that of graphitic carbon at
0.113 A3, The ¢ values for the interaction with oil were taken directly from
fully-atomistic simulation data (22), while the NP-water interaction strength,
enp-w, 18 iteratively adjusted to obtain the desired hydrophobicity, for example,
to match the experimental contact angle of a water droplet on a graphene surface
(24). For this study a base value for enp-w was taken as 0.596 kcal mol-!, which
for a NP of 10.0 A radius corresponds to a slightly hydrophobic particle. During
this chapter the set of € values for the NP interaction with the all the different
beads which make up the two solvents are collectively indicated by esolv. It should
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Table 3. Force field parameters for non-bended interactions

CT2 CM EO OA W
g € g £ e € g € g €
W 4296 0.290 4.438 0.340 4.310 0.570 3.950 0.700 4.371 0.895
OA [3.840 0.380 4.274 0.377 3.890 0.440 3.713 0.4491

EO [4.140 0.370 4.274 0.377 4.250 0.405

CM |4.364 0.362 4.506 0.420

CT2|4.221 0.312
The o and & parameters for pairs of interacting types of CG beads given in units
of A and kcal mol~*, respectively. For interactions involving water, m=12 and
n=4 while for all other interactions m=9 and n=6.

be noted that the curvature of the NP-water interface (and hence the NP size) also
strongly affects the NP hydrophobicity/hydrophilicity (25).

For the interaction between two NPs the same approach is used. The only
difference is that the total interaction is found through integrating over the volumes
of both NPs. The interaction strength between two interaction sites on different
particles, exp-np, is 0.070 kcal mol-!, which is the value for graphitic carbon.

Unfunctionalized NPs at OQil/Water Interfaces

In this section we discuss the ability of unfunctionalized NPs to lower the oil/
water surface energy, beginning with the conceptual difference of NPs compared
to molecular surface active agents (surfactants).

Interfacial Behavior of Surfactants versus Nanoparticles

For an isothermal-isobaric system (NPT ensemble), the interfacial localization
of any discrete species is determined by the change in Gibbs free energy resulting
from its adsorption to the interface (3). The excess free energy for an oil/water
interface can be given as,

G= AOW’YOW (2)
where Aow is the surface area of the oil/water interface and vow is the oil/water

surface tension. The thermodynamic definition of the surface tension follows from
the above equation,

oG
Yow = ( ) (3)
8A0W N,P, T

It is clear from Equation 2 that at the simplest level two factors affect the
interfacial free energy, and hence that two mechanisms exist to lower this free
energy. These two mechanisms are the ability of a species to reduce the oil/water
contact area or to reduce the tension of the interface. The difference between
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molecular surfactants versus NPs at oil/water interfaces is essentially based on
this observation: surfactants lower v, while NPs lower Agw.

Some sorfactants can lower the surface tension of the oiffwater interface to
the stability imit of zero. Beyond this fimit addition of surfactants to the interface
CaUSEs Yow t0 be lowered below zero, resulting in an instability which is released
by an increase in the interfacial area corresponding to buckling or folding of the
mterface. In general the performance of surfactants in changing an interfacial
property is measured through their efficiency and effectivity. In this context the
efficiency of a surfactant is the equilibrinn concentration of surfactant needed
o lower the interfacial tension by a specific amount, and the effectivity is the
maxirnum change the snrfactant can wduoce 1o the terfacial tension (26). Due to
their extensive use in industry, the behavior of many surfactant species (cationic,
anionic, zwiterionic and oeutral) at otb/water interfaces is well known. Many of
the non-ionic surfactants, including those with polyethvleneglycol (PEG) heads,
are effective at lowering the oil/water surface tension to zero. We refer any reader
mierested in fearning more about the intrinzic activity of surfactants to the wide
body of fiterature avatlable on this subject (24, 27).

Conversely, theoretical treatments of NPs assome there is oo change in the
surface tension with adsorption of the NP to a fhud interface. The free energy
change upon adsorption of a NP from the oil phase to the oil/water interface can be
derived by considering the total surface excess free energy from all the interfaces
present (3, 28). For a sphenical patticle of radius R, this feads to an expression as a
fanction of i, the particle position measured from the interfacial plane (1.e. in the
direction normal to the interface),

0 n<—
AG(U) - 27TR2(1 + W/R)(pr - 'Ypo) - ’YOWW(RQ - 772) -R < n < R
ATR* (Ypw — Ypo) n>R

4)

Here the reference state (1 = —R) correspands to the particle being completely
submerged in the oil phase and vy, and vy are the particle/water and particle/oil
surface tensions, respectively. For the —R <1 < R range of AG(w), the first term is
due to the gain or loss of particle/solvent surface area. The second term 1s the free
energy change due to the removal of otl/watcr contact arising from the exchided
volurne of the NP. By considering the equilibrinm condition (1.2, minimizing AG
with respect to ), Young’s equation can be derived,

n Ypo — Vpw

R = om ®

Here the guantity wR is related to the equilibrivra contact angle, 8, through cos 8
=1/R, which is an experimental observable (29).
Some thermodynarmic approaches suggest that accunwlation of any sohute at
a fluid mterface resolts in a lowering of the thud/fhuid mterfacial tension (30}, but
this is at odds with both experimental and computational results which often show
301
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the surface tension of fluid interfaces does not change upon particle adsorption {6,
7).

Transfer Free Energy Profile of Individual NPs

From molecular dypamics simulations the free energy profiles of NPs in
the vicinity of an oil/water interface can be determined using the method of
thermodynaraic integration (37), in which a series of simulations are ron varying
the position 1t of the NP, In cach simulation, 1 is kept constant through application
of a harmonic biasing potential, from which the force of constraint is tracked.
The mean value of the force of constraint for cach sirmilation can be integrated
with respect to 1y to obtain the free energy profile, AGGOy (32).

The transfer free energy profiles of two individual NPs at a heptane/water
interface are shown in Figure 2. The general features predicted by Equation 4 are
clearly visible, where AG{1n) shows 2 parabolic miniraum close to the mterface (n
= {0). The stability of the NP at the interface is seen to increase with particle size,
i line with Equation 2 which predicts this stability increase to scale as R2. This is
seen experimentally in polydisperse KPs at fhnd interfaces, where the larger NPs
displace the smaller NPs over time {33). Polvdispersity can also {ead to phase
separation of the NPs into small islands at the fud mterface.

Dimerization Free Energy Profile of NPs Localized at the Interface

The spatial organization of NPs at fluid interfaces is a problem given much
attention due to the implications born to many industrial and conumercial ficlds
(3, 34). An exhanstive sarvey of this topic is beyond the scope of this chapter,
but conventional approaches to treat aggregation behavior are based on the
Derjaguin-Landau-Verwey-Overbeck (DLVQO) theory (3}, DLVO theory treats
charged particles in electrolyte solution by decomposing the net interaction
between particles into an electrostatic double-layer repulsion and a dispersive
attraction. Adoption of this theory to interfacial systems requires modifying the
contributions to account for particle immersion in roedia of ditferent permittivity
and the distribation of charges which accompanies this (3). Furthermore,
treatment of particle interactions at the interface nceds to address phenomena not
seen 1n the bullk such as capillary forces.

The work we have carried out is on small uncharged NPs and hence the forces
due directly or indirectly to electrostatics and gravity are avoided. In this section
we focus on the dimerization free energy of NPs at an oil/water interface evaluated
through MD siouolation data and we atterapt to give a conceptual reasoning for the
observed features.

In an ideal gas reference state the NPs, interacting only through dispersion
forces, show a simple form for their interaction free energy as a fimction of their
separation. A single minirnum exists corresponding to the physical contact of the
particles. Separation valoes less than the minimum are strongly disfavored doe to
steric overlap.

When the NPs are locahized at an oil/water mterface, their motual interaction
is more complicated (35} as seen in the dimerization free energy profiles shown
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Figure 3. Dimerization free energy profiles of three pairs of unfunctionalized

NPs as a funciion of their interpariicle separat

fion at an oil/water interfuce. The

increase in interaction energy with particle size is seen between the two profiles

shown in solid lines (radius 5.6 A versus radius 10.9 A; enp-w = 0.596 keal

mol™1). The effect of solvation is seen through the two radius 10.0 4 profiles.

in Figure 3. Dimerization profiles for two sizes of NPs were calculated using
the previously described technigues, namely constrained molecular dynamies and
thermodynanic integration of the mean force of constraint with respect to the inter-

particle separation.

The profiles in Figure 3 show the undalations in free energy which arise

dize to the solvation of the NPs at the interface.

Individual particles tend to

order solvent molecules m layers around them. The dimerization of two such
particles involves the restructuring and desolvation of these solvent layers giving
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the undulations in the dimerization free energy profile. Solvent interaction with
the particle diminishes with distance and hence the nndulations in the profile
decrease in magnitude the further away the particles are from one another
Conceptually the distuption of a solvation shell entails an enthalpic loss of
the solvent-particle interacttion which is countered by the enthalpic gamn of
solvent-solvent nteractions, particle-particle mteraction and an enfropic gain
through distuption of the ordered solvent layer.

The scaling of interaction magnitude with particle size is also exemplified in
Figare 3 (profiles in sohid bines). Here the deepening of the free energy minimum
at particle contact is clear, as well as the increase in the amplitude of undulations
caused by solvent restructoring. Both these effects are caused by size {curvature)
dependence of the NP/solvent and NP/NP interactions.

The dimerization free cocrgy profiles of Figure 3 alse show the effect of
increasing the particle-solvent interaction strength. Through sealing esay by a
factor of 1.2 the global minioum of the frec energy profile can be shifted from
being at close-contact (Figure 3, thin solid line) to a minimum corresponding to a
solvent layer separating the two particles (Figure 3, dashed line). This is thought to
be due to the particle-solvent enthalpic contribution overtaking the contributions
which stabilize the system when the particles are in contact.

Organization of NPs at an Ol Water Interface

The dimerization profiles shown Figure 3 are for two particles at an
oil/water interface. However, the behabior of a NP in the presence of several
others (localized at an oil/water interface) depends on the relative positions
of all particles within their effective interaction range. Hence, predicting the
two-dimensional spatial organization of NPs is a challenging task.  Although
the moutual mteraction of particles is a manifold landscape it can be expected
that there is a strong correlation between the features of the dimerization free
energy profile and the overall interfacial structure. From simuiations of different
NPs at an oil/water interface we observed this relationship as shown in Figure
4. Specifically, simulations were carried out for the three types of NPs shown in
the dimerization free energy profiles of Figure 3 and the resolting 2D stractures
are shown in Figure 4. As expected from the dimerization free energy profiles
the particles with unscaled ss0v values form clasters with the particles in contact
with one another. The radius 10.0 A NPs form extended close-packed clusters
while the radius 5.6 A particles form smaller clusters. This may be due to the
differences in free energy at particle contact which for the radius 5.6 A particles
is coraparable to the thermal energy and hence subject to thermal fluctuations.

The effect of increasing the solvent interaction strength is also seen in Figure
4 where the radius 10.0 A with esow scaled by 1.2 shows no NP clustering. This
behavior is commensurate with the largely repulsive dimerization profile of Figure

957
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Figure 4. Equilibrium structure of NPs localized at an oilfwater interface. Radius
5.6 A particles (lefi) form small clusters while 10.0 A radius NPs (center) jorm
extended close packed structures. By increasing the particle-solvent interaction

strength by a factor of 1.2 (right) the two-dimensional spatial ovganization of the

radius 10.0 A NPy is completely different.

Synergistic Interactions of Surfactants and NPs at Oil/Water
Interfaces

The co-existence of surfactants and NPs can be broadly classified into two
categories based on their interaction; (1) NPs in the presence of free surfactants;
(2) chemically adsorbed swrfactants.

First we consider NPs in the presence of free surfactants. At low coverage
of surfactants (~65 A2 per surfactant) and NPs (~651 A2 per NP) both species are
predonunantly found at the interface. Representative systems are shown in Figure
5, for 10.0 A radius particles with different sson values.

Previous simulation studies have shown that CioFs sorfactants are suceessful
at lowering the oil/water surface tension, v, t0 zere at a surface concentration of
~32.5 A2 per surfactant. For a simulation cell of surface area 125 A = 125 A this
corresponds to ~480 surfactants. To investigate how the presence of NPs affects
the behavior of the surfactants a system of the above surface area was prepared with
half the maximum coverage, i.e. 240 Ci2E; molecules localized at each oil/water
terface. In addition to the surfactants, varying nanmbers of NPs are positioned at
the interface. The systems are allowed to equilibrate for 10 ns, after which data
is collected from longer equilibrum siraulations. Conformations of these systems
after 50 ns are shown in Figure 6.

From Figure 6, it is clear that the surfactants are sparingly soluble in oil. It is
also clear that at higher NP concentrations the NP interfacial distribution is shifted
towards the oil phase and some NPs are dislodged from the interface towards the oil
phase. To further discuss this trend et us quantify the effectivity of the surfactants
through their effect on yow, the oil/water interfacial tension.
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Figure 5. (left) 24 radius 10.0 A particles with 240 C12£5 surfactants at an
& VR e
oil/water interface. (right) The same system with the particle-solvent interactions
scaled by a factor of 1.2.

Surface Temsion Measurements and Cooperativity Between NPs and
Surfactants

The synergy of surfactants and NPs in lowerning the sorface tension of the
otl/watcr interface bas received interest recently (6, 7, 36, 37) and research into
this phenomena s ongoing. However, most of the observed synergy s caused
by clectrostatic interactions between charged particles and ionic surfactants,
whereas we report synergistic effects in systems of uncharged N¥s and non-ionic
surfactants.

since both surfactants apd NPs are localized at the otl/water interface some
cooperativity in lowering the oil/water surface tension may be expected. A simple
hypothesis is that NPs, through removal of oil/water contact, decrease the effective
interfacial surface arca over which the surfactants act. This would effectively
lower vow compared to when the same quantity of surfactands were acting on the
miterface in the absence of NPs.

The series of simulations shown in Figwre 6 was designed to test this
hypothesis. When localized at the interface, a single NP of radius 10 A removes
over 300 AZ? of oil/water surface area. Therefore by using 24 NPs in a 125 A
% 125 A surface area system, more than half of Aew is effectively removed. If
our hypothesis holds true throughout this composition range, the surface tension
would be expected to show a monotone decrease to a final value of close to zero
for the four systems of Figure 6. However, the actual change of vow is given in
Figore 7 and invalidates owr hypothesis.

initially, when no NPs are present, the system has a surface tension of 29.3
miN ! which is roughly half of the pure oil/water surface tension of 50.1 N
m-l. The surface tension drops upon addition of NPs, indicating that there s
synergy between the two species at Jow NP concentrations. However, at higher
concentrations the expected lowering of surface tension s not seen, and instead
the surface tension plateaus at ~12 N mL
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Figure 6. Snapshots of oil/water interfaces with varving numbers (labeled in

each panel) of radius 10 A NPs and 240 C1oE; surfactants. The x2 is used to

indicate the presence of two interfaces of identical composition. The coloring
scheme is identical to Figure 1.

These resulis can be rationalized by acknowledging that the localization of
NPs at the miterface is driven by the last term of Hguation 4, —vewm{R2 — 12).
Surfactants act to lower the vaine of yow, decreasing the thermodynamic driving
force for particle adsarption to the mterface. Past a critical value of the oil/water
surface tension, the excess interfacial free energy of the oil/water interface,
AowYow, 18 110 longer the dominant factor and further focalization of particles is
not favorable. This is seen in Figure 6 where the equilibrivm position of the NPs
shifts towards the ol phase, and particles are also pushed into the oil phase.

If the NPs used in this stady nstead preferred water over oil (see Figure 2)
we would expect the opposite behavior, namely that the NPs would be displaced
towards the water phase upon addition of surfactants,
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Figure 7. Qilfwater interfacial tension for the systems shown in Figure 6. Initial
addition of NPs lowers the o, value although the synergistic effect diminishes
with increasing numbers of NPs.

Surfactant Functionalized NPs

We pow torn onr attention to NPs functionabized with chemically absorbed
surfactants. Organic ligands are often used to functionalize NPs to improve their
colloidal stability, chernical stability, and interfacial activity (38). An example
is the use of {mercaptoundecyDtetra(ethylene glyeol) ether functionalized gold
nanoparticles to stabilize oif in water enmisions (39). 1t should be noted that this
18 a commercially available product, and 1s 1dentical to the Gy (withx =12, y =
4) class of surfactants, except for an additional thiol moiety at the alkane teoinus.

Ungoing MD simulation studies have shown the dramatic changes soch
chemical functionalization has on the interfacial activity and the dimerization
free energy profile of NPs. For example, consider the 5.6 A radius NP shown in
Figuare 2, which shows a free energy minimum of ~10.0 kecal mol~t. Attachment
of 20 Ci2E: surfactants to this particle lowers the interfacial binding free energy
o ~60 keal mol™!. Furthermore, preliminary results indicate that the dimerization
free energy of NPs is also changed significantly. For the 10 A radius particle,
addition of even 10 CoE; surfactants removes the attractive well, and the free
energy of dimerization becomes compietely repulsive.

The focas of this section 1s on simulations carried out on a NP of core radius
5.6 A and ene-w = 0.378 keal mol !, with 20 bound C2E; ligands. Emphasis is
given to the role the surfactants play in shape deformations of the NP in the vicinity
of an oil/water interface. A parameter for quantifying the tendency to deform is
ntroduced as 9, the systern deformability.

In the beginning of the chapter a simple theoretical model of the energetics
of NPs at cil/'water interfaces was presented.  Scorae deficiencies of this theory
are known, but a critical assumption made in its derivation is the ideal spherical
shape of the NP itself. The fiexibility of the surface functionalizing ligands violates
this assumption (here we consider the NP to be the composite of the core and
the fimctionahizing ligands). For farger cores {c.g. micron sized particles) the
deformable layer is negligible and the assumption of spherical geometry may be
accurate. However the iraportance of the deformable layer increases with smaller
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WNF core sizes, and could play an important role in some cases in determining the
bebavior of NPs at fluid interfaces (32).

Surfactant-Selvent Inferactions and Preferential Orientation of Surfactant
Ligands Functiopalizing a NP Core

For the 5.6 A particle functionalized with 26 C;;E, ligands considered here,
the core 1s of ~1.1 oro diameter and the surfactant chains are of fully extended
fength ~1.5 nm, i.2., the two components are of simnilar length scales. Simulations
of the particle at different positions relative to an cil/water oterface were carried
out. Representative images from these simulations are shown in Figare 8 from
which it 15 clear that the surfactants strongly interact with the interface. The
preferential orientations of the sorfactants cause shape deformations of the NP as
seen i Figure 8.

The preferred orientation of the surfactants is guantified by the angle
distributions shown in Fignre 9. At v values where the NP s in a bulk solvent
environruent corresponding to the first and last pancls in Figure B, there s no
preferred orientation of the surfactant chains and hence uniform distributions are
seen 1n Figure 9. Proncunced peaks are visible at 1) positions where the surfactants
can interact with the interface (bottom left panel of Figure 9). It should be noted
that Equation 4 predicts changes in AG only between —R < < R and at larger 3
positions the particle is completely solvated in bulk solvent. However, dispersive
mteractions of the deformable coating of the NP with the interface broadens the ny
range over which the free energy varies.

All the observed results can be explained through the prefewred sobvation
environments of the PEG and alkane segments of the surfactants, When the
NP 1s deep within the heptane phase, the surfactants do not need to protect the
surface of the core (sinee Figure 2 established that the core prefers oil over water)
and hence show extended conformations, swelling the ligand corona of the NP.
At w values within dispersive interaction range of the interface, the PEG units
are atiracted towards the water phase resulting in preferved orientations of the
surfactant chains at the interface. At the mterface the surfactants create an annuolar
ring with the PEG segment curling into the water phase {see the middle panel of
Figuare 8). Sirntlar behaviors can be observed in the water phase (i > 0), but here
the surfactants protect the high-energy NPF/water surface by collapsing onto the
NP core.

The extent of swelling of the surfactant layer in o1l versos water is important
because it is indicative of the conformational freedom of the surfactants with
respect to the NP core and hence the susceptibility of the NP to deforn in shape.
To measure the extension of the ligands from the NP core the radius of gyration,
Rg, can be used. In this context RBg can be taken as,

1
Ré =N Z(Ti —1np)? (6)
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Figure & Snapshots of a cove radius 5.6 A NP funciionalized with 20 C12E;
ligands in the vicinity of a planar oilfwater interface. The surfactants adopt
conformations in which the PEG block is close fo water and the alkane block
is close to heptape. These preferential orientations and conformations cause a
position dependent deformation of the NP shape. y values are given in units of A.

where 1, 18 the position of the i surfactant bead, nw is the nanoparticle core
position and N the total number of surfactant beads.

The radivs of gyration for the functionabized NP in oif, Ry(o), and water,
Re{w), are 16.00 A and 13.50 A respectively. The values for Re(o) and Re{w)
for other selected NP systems are given in Table 4. It is clear from the table that
in all cases the NP is swollen to a greater extent in oil than in water.

Deformability

As stated previousty, the difference of the radius of gyration values i the
two bulk solvent phases is related to the susceptibility of the particle to deform
according to its environment. Using this information, a dimensionless pararaeter,
the system deformability (3) can be defined,

_ ClRg(0) = Rg(w)]
Rg (W) + Rg(0)

o (7

where C is a scaling factor taken as 20 (to bring the value to a convenient scale).

The & value for the NP studied in the previous section is 1.69. Table 4 also inclades

& vahues for other NP systems, in order to see some trends in deformability. The

deformability increases with the ability of the particle to change shape, based
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Figure 9. dngle distribution plots of 20 C 28 surfactant ligands chemisorbed
to a 5.6 A radius NP cove as a function of the interfacial posiiion n of the NP
(i units of A). The angle between the oil/water interfacial normal vector and
each NP cenier to surfactant bead vector (shown in the top left panel} was
tabulated to oblain orientational distributions for specific values of n (bottom
left). Plotting these distributions versus n produces the multidimensional graph
shown in the top right panel.

on the ratio of the change in the radius of gyration values (numerator) to the
average size of the particle (denominator). This parameter captures the effect of (1)
ncreased density of surfactant coverage, which tends to lock the surfactants and
hence lower the numerator, (2) changes in surfactant comnposition, which affects
the Rg values, and (3) the ratio of the average extension of the surfactants to the NP
core size. A graphical iHlustration of different NP types and their corresponding
deformability parameters is given in Figure 10.

Measares of the ‘sofiness’ of particles are important in a number of fields. It
has been shown that the deformability of particles has an effect on thew rheological
(40 properties as well as their selfassembly properties (473, Other measures of
softness exist, an example being the y factor used by Whetten ef o/, (42). This
quantity is simoply the ratio of the fully extended length of the functionalizing
molecule to the size of the rigid core, which is used to predict the three-dimensional
packing patterns of particle assemblies, The importance of characterizing the
softness of particles was asserted by Tsai {43) who suggested that for any medicinal
application of NPs rigorous physical and chemical characterization of particle size
and structure s necessary. 1n the same article the author articulates the need for
‘complementary, orthogonal methods’ for this characterization. The § parameter
caleulated through molecunlar dynamics simulations as introduced above i3 3 prime
example as a valuable characteristic property of functionalized NPs.
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Table 4. Radius of gyration values for surfactant functionalized NPs

NP Core Size* Surfactant Number of Rg(0) Rg(w) 4

System (A) Ligand Ligands A (A)

1 5.6 CiaEq 20 16.00 13.50 1.69
2 5.6 Ci2Es 40 1693 1550 1.77
3 5.6 CioE3 20 1697 1552 1.79
4 5.6 Ci2E3 40 18.05 16.30  2.03
5 10.0 CioE3 46 21.05 20.08 0.94
6 10.0 CoE3 91 2242  21.09 1.22
7 10.0 CiaE3 183 2392 2370 0.18
8 20.0 CeEq 286 27.15 2694 0.16
9 20.0 CiaEs3 286 32.60 31.76 0.52
10 20.0 CigEs5 286 38.18 3571 1.34

* other than system 1, for which exp_w = 0.378 kecal mol 1, all other NP cores
(systems 2-10) considered in the table have an exp_w = 0.596 kcal mol ™!

1.79 2.03 0.94

Figure 10. Selected NPs with different deformability (9) values, shown below
each NP image. From left to right the particles correspond to systems 3-7 of
Table 4.

Conclusions

We have studied systems containing NPs and surfactants at oil/water
interfaces using molecular dynamics computer simulations. We separately
considered situations where the surfactants were free versus chemically absorbed
to the NP core surface. It was found that at low surfactant and NP concentration,
these species showed a synergistic effect in lowering the oil/water surface tension.
However, as the effective area per surfactant is decreased the energetic drive for
particle localization to the interface is severely attenuated. Studies of surfactant
functionalized NPs showed that the interaction of the surfactants with the oil/water
interface causes deformations in the NP shape. The ability of a particle to deform
due to its environment was quantified using a deformability parameter 5. We hope
to use this parameter in future studies of surfactant functionalized NPs to relate
the surfactant layer properties to the properties of NP interfacial assemblies.
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