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ABSTRACT: The core—shell assembly motif is ubiquitous in
chemistry. While the most obvious examples are core/shell-type
nanoparticles, many other examples exist. The shape of the core/
shell constructs is poorly understood, making it impossible to
separate chemical effects from geometric effects. Here, we create a
model for the core/shell construct and develop proof for how the
eccentricity is expected to change as a function of the shell. We find
that the addition of a constant thickness shell always creates a
relatively more spherical shape for all shapes covered by our model
unless the shape is already spherical or has some underlying radial
symmetry. We apply this work to simulated AOT reverse micelles
and demonstrate that it is remarkably successful at explaining the
observed shapes of the chemical systems. We identify the three
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specific cases where the model breaks down and how this impacts eccentricity.

1. INTRODUCTION

Systems adopting a core/shell motif, where an external layer
wraps an interior core, are prevalent in chemistry, biology,
physics, and materials science. Although core/shell nano-
particles are perhaps the most obvious example of this
phenomenon and have applications in many of the fields
identified," ™ this motif is observed in many other contexts.”~ ">
A surfactant layer that stabilizes many nanoparticles presents a
“shell” layer around the nanoparticle “core.”’” Soft materials or
supramolecular assemblies, such as micelles'*'> or reverse
micelles,” fall into this pattern too; a micelle essentially
comprises a core coated with a surfactant layer as a shell around
it. Cellular organelles may also appear as core/shell systems in
which the interior of the organelle is the core, while the
boundary, often a lipid bilayer, constitutes the shell.'® Even
solute/solvent interactions may be represented as core/shell
structures, where the solute occupies a void in the solvent—
considered the core—and the solvation shells act as their
namesake: the shell.”"°

In many of these scenarios, the shape of the core/shell
assembly is important to the function of the particle.”' "~
Nanoparticles may form any number of shapes, and control of
nanoparticle shapes is often a highly prized synthetic target.”’~>°
Controlling shape may lead to consistent characteristics that
enable properties to be tuned.”*** In solute physics, the shape of
the cavity a solute occupies within a solvent is vital to
understanding the solute—solvent interactions involved.”'*'>*¢
This is especially true for proteins, where the shagpe is both
extremely complex and vital to their function.'”'” The first
solvation shell around the particles or macromolecules itself may
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also be of great interest. For example, dynamic light scattering—
a ubiquitous method for measuring particle size—tracks the
hydrodynamic size of the particle and, therefore, includes not
just the particle but also what diffuses with the particle.””

In all of these cases, little is known about how the interior and
exterior shapes of core/shell-type objects are related. Solid
nanoparticles can be observed using techniques such as electron
microscopy.”'**°7**** Similarly, protein structures, and thus
their shapes, may be experimentally determined using, for
example, X-ray diffraction, NMR, and cryo-electron micros-
copy.””~*" However, for both nanoparticles and proteins, we are
limited to measurements of shape only after fully determining
their structure with very little a priori understanding of the
shape. This strictly post hoc view precludes a broader
understanding of the shape and the impact of a shell. For
instance, we have very little understanding of how the shape of
solvation shells around a protein change relative to the shape of
the protein itself, even though this is critical to understanding
protein behavior in solution without a bulky and difficult QM/
MM calculation.”” Similarly, there is no broad understanding of
how a shell will impact the behavior of a nanoparticle outside of
extensive trial-and-error work. The difficulty in all of these
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scenarios is that the shapes vary wildly, spanning everything
from highly regular geometric shapes, such as spherical or cubic
nanoparticles, to the irregular shapes encountered in protein
structures and reverse micelles.

We have recently presented a method to quantify amorphous
shapes, which we demonstrated on sodium bis(2-ethylhexyl)
sulfosuccinate (AOT) reverse micelles simulated using molec-
ular dynamics.” A basic representation of an AOT reverse
micelle is shown in Figure 1a. Here, the water acts as the core of

Outer
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Figure 1. Three representations of AOT reverse micelles. (a) Cartoon
of an AOT reverse micelle, illustrating its basic construction. Water is
shown on a blue background at the center, AOT is shown on a green
background at the interface, and both are dispersed in an isooctane
phase, on a yellow background. (b) Inner, water-only surface (purple)
and outer, water + AOT + sodium surface (yellow) of our reverse
micelle from a random frame in the simulation, obtained by the
Willard—Chandler interface-finding algorithm.***” The surfaces are
not shown to scale to highlight the relative shapes of the surfaces.

the particle, while the AOT surfactant layer acts as the shell.
Amorphous and constantly changing their shapes, AOT reverse
micelles are only roughly ellipsoidal at any instant in time.** >
Molecular dynamics simulations provide an opportunity to
study these shapes in frame-by-frame detail and explore how the
shape evolves. Here, we use the atomistic detail of the simulation
to break the reverse micelle into multiple surfaces and study how
the shape evolves throughout the micelle by studying the
changes between the water core and the AOT/oil interface.
Figure 1 presents a basic characteristic of the reverse micelle we
are simulating, as well as the inner, water-pool-only surface and
the outer, AOT+water+Na™ surface of the reverse micelle from
an arbitrary frame in our simulation. Figure 1b demonstrates
that although the reverse micelles are clearly nonspherical,
further characterization is difficult. It may be easy to visually
identify that the two surfaces are different, but it is much more
difficult to identify the specific characteristics that comprise this
difference. For example, the authors differed on which of these
two images were more spherical from Figure 1b alone. The outer
surface is much rougher and has many divots not present in the
inner surface, but the impact of these features on the shape is not
immediately clear. And, of course, the only way to extend those
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observations to other instances is to directly observe each of
those other instances, which is not only subjective but also
quickly becomes a daunting and labor-intensive task. Therefore,
AOT reverse micelles are an excellent model system for studying
how shape changes as a function of the shell in a core/shell
construction in the extreme of a fluctuating, amorphous, poorly
described shape. We will use this simulation as both a test and an
example for the general model of shape developed in this work.
This conundrum, where we can clearly see the shapes but lack
a good way to quantitatively describe or predict them, is at the
heart of this work. Although several methods exist for
characterizing shapes in various ways, it is not understood
how these measures change as a shell around the shape is
created, as seen in many different fields of chemistry. The change
in the shape could be computed numerically from most
simulations, but without a broader understanding of this
behavior, it is still unknown whether the computed values
reflect the system behaving as expected or not, and whatever
results are found cannot be applied to experimental work outside
of the limited case simulated. Here, we address the issue of the
shape characteristics of a core/shell construction by developing
a model and proving that the shape will become more spherical
as a shell “grows” around a shape, developing a broad
understanding that can be applied to any core/shell motif.

2. METHODS

The data presented here is from a simulation detailed in our
previous work,”” except that the production run was altered to
run for 1 us in total with a 2 fs step size, but otherwise identical
and starting from the same equilibration. Briefly, the wy = §
reverse micelle, with an aggregation number of 42, was packed
using PACKMOL." The system’s potential energy was
minimized to avoid bad contacts by the steepest descent
algorithm. The system was equilibrated for 10 ns in total using a
series of heavy-atom position restraints detailed in our previous
work.”® Equilibration was carried out using the V-rescale
thermostat'' and the Berendsen barostat.*” Production was
carried out with the Nose—Hoover thermostat and Parrinello—
Rahman barostat.”*~*® Both equilibration and production were
held at 298 K and 1 bar and used the NPT ensemble. The
production trajectory recorded positions and velocities every 8
ps. The simulation used Abel’s parameters for AOT reverse
micelles, which are based on the CHARMM force field and use
TIP3P water.”**”** All simulations used the 2019 series of the
GROMACS package.””~>* GROMACS was used to compute
the apparent semiaxes for both surfaces from the simulation.

3. MODEL

We use coordinate-pair eccentricity (CPE) as the basis for
determining shape in this work,”” although there are numerous
other ways to characterize the sphericity of an object,”> > and
several more that specifically classify the object as an ellipsoid of
some form.*****7°% All of these methods are based on the
moments of inertia and function essentially the same way, such
that our findings can be readily translated into any other metric,
but the mathematical proof underpinning our findings is
dramatically simplified by the symmetry of CPE. CPE is defined
as
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where g, b, and c are the semiaxes of the ellipsoid that has the
same principal moments of inertia as the object being
characterized, e.g, an AOT reverse micelle. CPE is a simple
extension of the traditional eccentricity metric.”**” The
extended CPE values provide a full and accurate characterization
of a 3D shape.” For highly regular ellipsoids, the values of e,
and e, can be easily determined. For example, a sphere is defined
such that a = b = ¢, so both e, and ¢, are 0. A prolate ellipsoid,
which is a long, thin, “cigar-shaped” object, is defined such that a
> b =g s0 ey = e, # 0. An oblate ellipsoid, which is a short, fat
object like the stereotypical “flying saucer” UFO, is defined as a
=b > sothatey is 0 and 0 < e, < 1. Less regular shapes will
have e, and e, values that vary from 0 to 1. By convention, the
semiaxes are labeled such that a > b > c. CPE values below the
line y = x would violate this convention and cannot be observed,
so we black out this space in the plot as a visual reminder. Figure
2 provides two graphical representations of CPE; Figure 2a
illustrates how the CPE space relates to the oblate/prolate
character of the shape. Figure 2b illustrates how the CPE space
relates to the sphericity of the shape. Figure 2c¢ is provided for
reference to demonstrate the observed shape of the simulated
AOT reverse micelles. They are generally nonspherical and tend
to be more oblate than prolate with a probability ratio of about
2:1. The division between roughly oblate and roughly prolate
shapes is not symmetric, and so a divider line is shown in all plots
to aid in determining the division between oblate and prolate. A
derivation of this line is provided in the SI Section S11.

In this model, we use an arbitrary shape—e.g., a sphere,
cylinder, rectangular prism, etc.—subject only to the conditions
that the shape’s (principal) moments of inertia can be computed
analytically with a linear equation, and the shape is a topological
ball, meaning that it does not have a hole, like a torus (see SI
Section S4 for more details). Each shape model has its own set of
measures. For example, a sphere has a single radius, a cylinder
has a radius and a length, and a rectangular prism has a length, a
width, and a height. Our model is general and works with all of
these examples, even though their measures vary. Throughout
the rest of the paper, we refer to all of these measures collectively
as “measures of shape” to generalize the various names typically
given to these measures. To study how the shape changes as a
function of the shell, we increase all measures of shape by a
constant, £, to create a “shell” in our model around the initially
chosen shape. Figure 3 shows a diagram representation of this
model for a cylindrical shape. Here, the yellow “hairs” provide a
visual representation of the constant thickness, ¢, added to the
cylinder to produce the outer surface (purple). Although the
inner and outer surfaces are geometrically similar objects, their
shape properties are not guaranteed to remain the same.

A constant increase in the measures of shape, like that shown
in Figure 3, models the typical core—shell motif observed in
chemistry well. The shell is constructed by adding a layer of
constant thickness, such as the layer of AOT surfactants in our
reverse micelles or a noble metal shell grown on a nanoparticle.
Using this model, we have developed a proof determining
whether and how the CPE changes with the addition of a
constant thickness shell. The full proof is provided in the SI. The
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Figure 2. (a) An illustration of the meaning of CPE in terms of how
oblate versus how prolate the shape is divided by the curve centered
between the regions. (b) Illustration of the meaning of CPE in terms of
the sphericity or asphericity of the shape. (c) Observed CPE of the
inner surface of the reverse micelle averaged over all times. Brighter-
colored areas were observed more frequently. As shown in panel (a),
the curve represents the divider between oblate and prolate shapes.

proof first determines whether the shape, as measured by CPE,
can remain the same when all measures of shape are increased by
a constant thickness. While there is slightly more nuance to our
findings, which can be found in SI Section S8, we generally
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Figure 3. (a) Green cylinder represents the core, while the purple
cylinder represents the shell (shown as a cutaway). The “hairs” shown
in yellow represent the additional thickness added to the measures of
the shape of the core cylinder to create the shell cylinder. This is why the
hairs are oriented as shown: extending radial around the length to
extend the radius and normal along the flat ends to extend the length.

demonstrate that the shape will change unless the shape is
already spherical or a perfectly oblate ellipsoid.

4. RESULTS AND DISCUSSION

Figure 4 compares the difference in CPE between the inner and
outer surfaces of the AOT reverse micelle from our simulation,

-0.2

0.0
Aeap

0.2

Figure 4. Change in CPE between the inner and outer surfaces over the
course of a 1 ys simulation, plotted as a heatmap. The brighter the color,
the more often those values were observed in the simulation. The colors
are assigned based on a power-law to give greater visibility to the low
probability values of ACPE. Percentages indicate the percentage of
frames found in each quadrant.

such as those shown in Figure 1b. The difference is defined as the
CPE of the outer surface (AOT+water+Na") minus the CPE of
the inner surface (water only), so that negative values indicate
that the outer surface is comparatively more spherical in the
direction of the given axis. Most of the points (~67%) shown in
Figure 4 appear in the third quadrant, where both Ae,, < 0 and
Ae,. < 0. This indicates that the majority of the time, the outer
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surface is relatively more spherical than the inner surface.
However, even though most of the points lie in the third
quadrant, there are still points in all three of the other quadrants,
indicating that both e, and e, sometimes vary in opposite
directions from each other, and sometimes, the outer surface is
less spherical than the inner water pool. The distribution also has
a notable skew in the horizontal direction. It is impossible to
know from these data alone which parts arise from the unique
situation of AOT reverse micelles and which are due simply to
the geometry of the core/shell construction of the ensemble.

This leaves the larger question of how the CPE is expected to
change with added thickness. In SI Section S9, we demonstrate
that it must always fall until it becomes spherical (e, = ¢, = 0) in
the limit of an infinitely large added thickness. The limit is fairly
easy to demonstrate. Imagine synthesizing a core—shell-type
nanoparticle where the core nanoparticle is well described as an
ellipsoid, with semiaxes of 1, 5, and 10 nm, respectively. The
shell-forming reaction is allowed to proceed for far too long,
perhaps because a researcher forgot that they had an experiment
running, depositing 1 ym of material uniformly on the initial
particle. The resulting semiaxes for the core/shell particle will
now be 1.001, 1.005, and 1.010 pm. In this case, the particle is
spherical for all practical purposes. The initial values become
effectively meaningless, and all of the outer surface’s measures of
shape will become equivalent as the added constant, ¢, grows to
infinity. This argument is a chemistry-specific application of
Minkowski sums and demonstrates the general idea of our proof
exceptionally well.>” A formal description of Minkowski sums
and their application to this work are provided in SI Section S6.

The fact that an arbitrary shape becomes relatively more
spherical as the shell grows has implications for a wide variety of
applications, such as solution thermodynamics, for these core/
shell motif systems. Solely because of the geometry of growing a
shell, the relatively more spherical shell minimizes its surface-
area-to-volume ratio, thereby also minimizing the free energy of
the interface. This suggests that solution properties of both
nanomaterials and soft materials can be intelligently modified
simply by changing the construction of the material, e.g.,, by
changing the nonpolar tail length of a nanoparticle capping
agent. It is important to note that the model presented here is
independent of the thermodynamics of the system. A chemical
system will find the shape that minimizes free energy, such as is
observed in the equilibrium shape of crystals.”® However, the
work we present is purely geometric and, therefore, remains true
in both equilibrium and nonequilibrium situations.

Our model also has implications for shape-dependent
measurements, such as dynamic light scattering. This is a
common technique for measuring the size of small (1—1000
nm) particles based on their diffusion through a liquid
medium.*”*° Autocorrelation of the light scattered by particles
reveals the particle size using the Stokes—Einstein equation,
which implicitly assumes a sphere.®”*> Dynamic light scattering
measures the hydrodynamic radius rather than the strict particle
radius, that is, the apparent radius a spherical particle would
need to match the diffusion speed of the real particle. This
includes shape effects but also any solvent molecules, capping
molecules, or coronae dragged along with the particle being
studied due to viscosity or other factors, such as a protein corona
on an in vivo nanoparticle.”” The model we present here shows
that the assumption of a spherical particle inherent in the
Stokes—Einstein equation is more accurate when considering
the hydrodynamic shape, which includes a shell of solvent
molecules dragged by viscous forces, than the shape of the
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Figure S. Some cartoons illustrating scenarios where our model breaks down. (a) Shape with sharp corners that a molecule will not fill effectively; (b)
deep, sharp “cut” causing the shell to have overlapping volume; and (c) generally nonuniform shell.

particle itself. We have thus demonstrated that the assumptions
of dynamic light scattering are inherently more accurate than
one would otherwise assume, although we stress that this finding
does have limits. As an extreme example, while it is true that the
shape of a carbon nanotube and its associated solvation shell is
more spherical than the carbon nanotube itself, the composite of
the nanotube and its solvation shell is still extremely non-
spherical.®’ These findings also guarantee that the coatings on a
particle, whether this is a true core/shell construction, the
capping agent of a nanoparticle, the brushes on a brush polymer,
or even the surfactant in a micelle or reverse micelle, will make
the spherical particle assumption of the Stokes—Einstein
equation of a spherical particle more correct as the shell
becomes larger.

Our proof is purely geometric and, therefore, does not
consider whether the core/shell construction is positive space
composed of matter or negative space defined by the absence of
matter. Therefore, our findings work equally well within a pore
or cavity. That is, we predict that removing a constant thickness
shell within an arbitrary cavity will result in a more spherical
cavity. Mean curvature is an extensive property dependent on
the size of the object, so scaling an object up will lower the mean
curvature. However, our work implies that the mean curvature of
the surface of such a cavity would decrease more than would be
expected by simply scaling the original shape. This suggests that,
for example, the sorption properties and sorption-induced
deformation of porous materials may be more closely linked to
the pore size distribution than previously assumed.®*

The contrapositive statement of our proof is also true, so that
if we reduce all measures of shape for an arbitrary shape by some
constant amount, f, such as by etching away the shell of a
nanoparticle, then assuming that the moments of inertia do not
begin exactly equal to each other, e.g, assuming the original
particle is not exactly spherical, the CPE must rise, and the shape
must become less spherical. Stated another way, removing
material from a shape will amplify whatever irregularities were
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initially present. Shortening the tail groups on a micelle can,
therefore, be expected to amplify whatever nonspherical
irregularities were present relative to their longer-tailed cousins.
In another context, this suggests that if something like an
arbitrary sand particle is uniformly eroded, it is more likely than
not that the particle will become less spherical and that if the
particle becomes more spherical, then we can conclude that the
erosion was nonuniform.

We note that our model is based on extremely simple
geometric objects, while chemical systems are often far more
complex. Our model predicts that the change in CPE depicted in
Figure 4 for a real reverse micelle should always appear in the
third quadrant, and indeed, the majority of our data do fall
within this quadrant. However, not all of the data appear in the
third quadrant. We propose that the relative portion of real data
that behaves as predicted by our model can be used as a measure
of how well a given chemical system is modeled. That is, 67% of
the time, the difference between the CPE of the outer and inner
surfaces of our simulated AOT reverse micelles lies in the third
quadrant. This implies that 67% of the time, they behave as
simple, geometric core/shell constructs. However, Figure 4
clearly shows density present in all four quadrants, even if it
occurs in only a minority of cases. So, there are times when our
model breaks down and does not describe real systems.

Our model makes numerous simplifying assumptions to
predict behavior that may not be true for real systems. For
example, the system must have a completely uniform thickness
in its shell, adding precisely equally to each measure of shape.
The shape must be one of the limited set of shapes that have
analytical, linear equations to describe their moments of inertia,
which are also topological balls. However, real chemical systems
are not perfect. A nanoparticle may be modeled as an ellipsoid to
a first approximation but is never perfectly ellipsoidal, if for no
other reason than it comprises a crystal lattice with discrete
numbers of atoms introducing steps in places rather than a
smooth surface. A micelle may also be spherical on average but is
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not perfectly spherical at any given point in time. Additionally,
while our model is predicated on the addition of a constant
thickness to all measurements of shape, this might not be
achieved in practice. In the case of a reverse micelle, the
surfactant layer adds thickness to the particle, but to be perfectly
equal in all directions, each surfactant molecule must be exactly
oriented along a local surface normal and be exactly equally
arranged, and all adopt the exact same conformation so that they
are exactly the same length at all points on the surface at all
times. This very strict list of conditions is virtually never
attainable in real systems.

We have identified three broad classes where the assumptions
of our model break down, as illustrated in Figure S. In Figure Sa,
we depict a shape with sharp corners that are not populated by
the chemical that creates the shell. Most likely, this would be
encountered as a relative bald spot on an object with some
surfactant layer. Note that this situation only works for certain
systems. For example, a noble metal shell grown on a metallic,
cubic nanoparticle will typically fill the corner easily enough. But
surfactants around a cubic nanoparticle might encounter this
problem. Ultimately, this results in a nonuniform distribution of
the shell that violates the construction of our model.

In Figure Sb, we consider a shape that has a deep cut or crease
in the shape, where addition of a constant thickness around the
shape results in overlap in the vicinity of the crease, highlighted
in red. We have identified this situation in our own reverse
micelle simulation. Matter cannot overlap, as shown in Figure
Sb, and so the tail groups of the reverse micelle instead push
against each other and “fill in” the crease. In this way, the outer
surface is not increased by a constant amount, so the model
proposed here does not hold true. More generally, if the shell
overlaps with itself, then the volume can only be filled once, and
the shell is no longer geometrically similar to the core.

In Figure Sc, we illustrate the case where the shell is simply
nonuniform for any number of reasons. For example, this may
occur when the tail groups of a capping agent adopt varying
conformations at distinct points on the surface, so that the
effective length of the capping agent layer is uneven. For
example, if the circular cap of the cylinder in Figure 3 were
chemically distinct from the curved sides, such that a surfactant
tended to extend along the circular cap but lie flat along the
curved sides, the shell layer would be nonuniform. Alternatively,
this situation could happen if the growth of a nanoparticle shell is
chaotic and uneven.

Although we know that our model does not apply in these
situations, this does not automatically mean that the CPE rises
instead of falling. In general, we note that the moments of inertia
must increase because the shell is necessarily larger than the
core, but that is the only restriction. So long as the moments of
inertia grow, it is equally probable for the A moment of inertia to
grow the most or the least, and so on. Therefore, our model is
really a special subset of the possible changes in CPE. Within this
subset, behavior is predictable, and we can guarantee that CPE
falls, but outside of that subset, the CPE could rise, it could fall, it
could remain the same, or any combination of the three between
the two axes of CPE: ¢ ;, and e,.. For example, as drawn, Figure 5b
shows a “U”-shaped inner surface and a heart-shaped outer
surface. If we continued this pattern, the outer surface would
eventually become circular, and so as drawn, this situation
indicates a drop in the CPE (technically, a drop in the 2D
analogue of CPE: eccentricity). On the other hand, Figure Sc
shows greater “hair” length along the long axis of the shape, while
the short axis has shorter hairs, making the outer surface
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significantly less circular than the inner surface, a situation not
unlike a bicelle assembly. Therefore, the situation as drawn
would indicate a rise in the CPE. If we were to instead have the
longer “hairs” along the short axis and the shorter hairs along the
long axis, then the CPE would fall, in the short term, before
rising if the pattern were continued.

Absent some chemical reason unique to a particular system of
interest, it is equally likely for a crease or uneven “hairs” (e.g.,
surfactant molecules, metal shell thickness, etc.) to develop on
any side of a shape, making it equally likely for these irregularities
to cause either a rise or a fall in the CPE. Therefore, the change in
CPE for a shape that is not well described by our model should
be expected to be uniformly distributed across all four quadrants
and about the origin. This concept allows us to analyze the
distribution that we observed in our own simulations, shown in
Figure 4, in more detail. In the instance where our simulation is
not well modeled, the most common scenario is for e, to rise
while e, falls, as indicated by the horizontal skew in the data in
Figure 4. The distributions between the first, second, and fourth
quadrants should be roughly equal unless there is a chemical
reason for the difference, so we conclude that there exists a
chemical reason for this observation. The situation where Ae,, >
0 while Ae,. < 0 could be explained by a number of different
situations. For example, the smallest semiaxis, ¢, grows faster
than the largest semiaxis, a, while the middle semiaxis, b, grows
more slowly than a (i.e., 5c > 5a > 6b). This could be caused by a
crease in the direction of b, as in Figure Sb, or by the surfactant
tails being apparently shorter in the direction of b, presumably
due to the surfactant tails lying relatively flat in this direction, as
in Figure Sc. Other scenarios could also account for the behavior
depicted in Figure 4. A full analysis of the shape of AOT reverse
micelles is beyond the scope of this paper and will be examined
in a future paper.

5. CONCLUSIONS

We have created a mathematical model for core/shell structures
and proven how the shell impacts the shape of the object. This
purely geometric model grants us broad insight into the behavior
of the ubiquitous core/shell motif, allowing us to make broadly
applicable states across both simulation and experiment for a
broad range of seemingly disconnected chemical systems,
ranging from solution dynamics and thermodynamics to
nanoparticles to porous materials and beyond. In addition,
this broad geometric understanding allows us to separate out
expected effects due to geometry from unexpected effects due to
chemistry that could not otherwise be identified. We
demonstrate this work on simulated AOT reverse micelles and
show that even though the model is very simple, it is surprisingly
effective at modeling even the highly irregular and amorphous
reverse micelles. This model also allowed us to identify that
AOT reverse micelles exhibit anomalous behavior that cannot
be understood by geometry alone. This suggests that among the
many complex interactions within the reverse micelle, there is
some sort of consistent interaction giving rise to this behavior
that would have been impossible to identify otherwise.
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