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Abstract:
Elemental iodine has several potential uses due to its characteristic absorbance, and
several other properties including surface activity, however the behavior of iodine
at surface boundaries has not been widely explored. Emulsions are systems of two
or more solvents that are insoluble in each other, but have been mechanically
dispersed and held in suspension by surfactants and other surface-active
compounds. This results in several chemical environments present in emulsions
due to the different phases and boundary conditions, each with their own unique
chemical makeup. In our research we have investigated the behavior of iodine found
in these systems by NMR, UV/Vis, and other techniques, with the goal of discovering
where and in what ratios the iodine is present.
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1. Research Introduction:
In this research, we use UV/Visible light spectroscopy and NMR
spectrometry to investigate the behavior of emulsions in the presence of elemental
iodine. An emulsion is the combination of at least 2 distinct, immiscible liquids that
do not mix but disperse such that one phase forms fine droplets in the other phase.
These phases are usually oil and water phases, where by oil we mean any organic,
water insoluble liquid.
Emulsions find uses in many applications because they combine useful
properties of the hydrophobic and hydrophilic liquids into one solution. For
example, paint emulsions suspend organic-soluble latex and pigments in water for
an inexpensive, low odor, non-toxic “vehicle” to generate optimal viscosity and easy
clean up. Another unique advantage with using emulsions for latex paints is that the
finely dispersed water-insoluble binder particles are prevented from coalescing and
polymerizing as they would do in a continuous phase system.
Emulsions are thermodynamically unstable and tend toward phase
separation.1,2 However, emulsions can have long lifetimes despite their
thermodynamic instability as the rate at which they break can be quite slow, leading
to metastable emulsions that last for days, weeks, or even months without
significant separation. Occasional mechanical agitation can keep such stable
emulsions from separating indefinitely.

1

2. Emulsion Composition
Emulsions are made mostly of oil and water, though they often contain other
additives. When an emulsion is formed, it constitutes discrete droplets of one phase
suspended in the other phase. We describe the phase comprising the droplets as the
disperse phase, and the phase suspending the disperse phase is the continuous
phase. By convention, we describe emulsions as either being oil-in-water (O/W),
with small droplets of oil suspended in a continuous water phase, or as water in oil
(W/O), with small droplets of water dispersed in a continuous oil phase.
Emulsions are formed by mechanical agitation, often simply shaking a vial
containing the ingredients. Often, however, this is not enough to form a stable
emulsion. A strategy often used to stabilize emulsions is to add other chemicals,
such as surfactants, to the mixture, as depicted in Figure 1. Indeed, emulsions
almost always contain some form of stabilizing agent. When comprised of only
water and oil, the interfacial tension is usually so high that the emulsion will break
almost instantly.1 Thus, some other chemicals are included to stabilize the emulsion.
Adding these stabilizing agents can act in many different ways to stabilize the
emulsion, including Pickering stabilization and by reducing the surface tension.
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Figure 1: A basic overview of emulsion composition. This shows a water continuous
phase, with an oil disperse phase stabilized by surfactant at the surface between the
oil and the water
The chemically simplest emulsions are called Pickering emulsions, and use
some form of insoluble particulate, such as colloidal silica, to stabilize the emulsion.
The presence of the solid creates a low surface tension interface between itself and
the oil and itself and the water thus creating a stable system between the oil and
water.3 A more common approach is to use surfactants as a stabilizing agent.
Surfactants are amphiphilic, so they will aggregate at the interface between the oil
and water, stabilizing the interface as the polar head group of the surfactant
interacts positively with the water phase, and the long non-polar tail group will
interact favorably with the oil phase. This lowers the surface tension between the
two phases.1 The layer of surfactant at the surface of the droplets can also serve to
kinetically inhibit an emulsion from breaking.4 Other strategies also exist, including
the use of additives such as other solvents further stabilize emulsions. A
combination of these additives can be used to create what are known as
microemulsions, or emulsions with droplets between 1 and 100 nm, though they are
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usually found between 10-50 nm.5 These microemulsions are stable and
distinguished from regular emulsions by the fact that they are visibly transparent.
The type of mechanical agitation used in creating the emulsion can have an
influence on its long-term stability. While simply shaking the solution makes many
emulsions, different physical characteristics, such as droplet size and size
distribution, turbidity, and stability can be influenced by how the disperse phase is
incorporated into the continuous phase. Highly energetic dispersion methods such
as ultrasonic stirring can be used to create nanoemulsions,6 which like
microemulsions are visibly clear, but have a much smaller droplet size so small, in
fact, that simple Brownian motion prevents them from coalescing.1

3. Emulsion Thermodynamics
Thermodynamics govern the long-term behavior of emulsions, and are the
reason that they are inherently unstable. The most basic contribution to the energy
of a mixture of oil and water comes from interfacial tension. For a liquid, expanding
the surface by an area, dA, and exposing more area of the liquid to a different
environment requires work. The magnitude of this work can be calculated using the
change in interfacial area and the force required to create a unit area, γ. We can thus
write the total work as:
𝑊𝑜𝑟𝑘 = −

𝛾𝑑𝐴
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(3.1)

If this work is done at constant temperature and pressure, and reversibly, then the
work is equal to the change in the Gibb’s energy (ΔG) of the surface, so
𝛥𝐺!"#$%&' = − 𝛾𝑑𝐴

(3.2)

From equation (3.2) we can also see that the surface tension is equivalent to the
Gibbs energy per unit area:
!"

𝛾=−

(3.3)

!" !,!,!

The Gibbs energy of an entire system can then be expressed as the molar Gibbs
energy of the liquid times the number of moles of the liquid, for each liquid present,
plus the surface energy of the interfacial area:
𝛥𝐺!"!#$ =

! !"
! !!
!

𝑑𝑛! + 𝛥𝐺!"#$%&'

(3.4)

where ni is the number of moles of species i. We can expand this further for an
emulsion, consisting of an oil phase and a water phase:
𝛥𝐺!"#$%&'( =

!"
!!!"# !
!"#$%

𝑑𝑛!"# +

!"
!!!"#$% !
!"#

𝑑𝑛!"#$% + 𝛥𝐺!"#$%&'

(3.5)

Equation (3.5) shows that the Gibbs energy of an emulsion changes based on
composition and surface energy.
However, as there are no further chemicals added to the solution, and the
emulsions are kept in closed vials to prevent evaporation, the emulsions that we are
studying have constant composition. Therefore 𝑑𝑛!"# = 𝑑𝑛!"#$% = 0, and so the
entire Gibbs energy change for the emulsion is
𝛥𝐺!"#$%&'( = 𝛥𝐺!"#$%&' = − 𝛾𝑑𝐴

(3.6)

As seen in equation (3.2), the surface energy can be calculated as a constant term for
a unit area, and then the total surface energy is that unit energy multiplied by the
5

total interfacial area. Thus, using equation (3.5), the energy of a system of constant
composition will change only based on the change in total surface energies, which in
turn change directly proportionally to interfacial area.
Since the change in Gibbs energy is proportional to interfacial energy which
is a constant based on the identity of the components comprising the interface, to
minimize the total Gibbs energy of a system, the interfacial area must be minimized.
The global minimum of surface area occurs when total phase separation is achieved.
When an emulsion is formed, the two phases are mixed together creating many
smaller droplets of one liquid suspended in the other. The surface area of these
droplets is much, much higher than the separated phases, leading to a higher Gibbs
energy. This is why emulsions are considered metastable; thermodynamic
equilibrium is achieved once the emulsion breaks entirely, creating two separated
phases. The speed with which an emulsion breaks is partially governed by the
surface tension. If the surface tension is relatively large, the two liquids may not
form emulsions at all, as the emulsion will break immediately. If the interfacial
tension is smaller, through careful choice of liquids or through the presence of other
chemical species that interact with the surface, the difference in energy may be
small enough to allow an emulsion to take weeks, months, or even years to fully
separate.

6

4. The Kinetics of Emulsion Breaking
An emulsion breaks through the action of four processes: creaming,
flocculation, coalescence, and Ostwald ripening. The general mechanism of each is
presented in Figure 2. Each of these processes is affected by various factors,
including composition, temperature, and agitation. Creaming is when one phase
floats to the top of the other due to the difference in density between the oil and
water phases. Flocculation occurs when two or more droplets collide and stick
together without merging, and coalescence is similar to flocculation but the droplets
do actually merge. Ostwald ripening is a process by which larger droplets grow at
the expense of smaller droplets that never come into direct contact with one
another. Ostwald ripening occurs due to the fact that larger droplets are more
stable (have a lower surface area per volume) than the same volume of smaller
droplets.

7

Figure 2: an overview of the 4 mechanisms of emulsion breaking: Creaming
(Section 4.1), Flocculation (Section 4.2), Coalescence (Section 4.3) and Ostwald
Ripening (Section 4.4)
4.1 Flocculation
Flocculation is the process by which individual emulsion droplets clump
together, forming larger clusters of droplets called flocs, shown in Figure 3. Flocs
form when individual droplets of the disperse phase collide and adhere to each
other, usually due to hydrophobic interactions at the surface of the droplets.
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However, droplets in a floc do not combine to form a single, larger drop (a process
covered in section 4.3) but instead retain their form.

Figure 3: Droplets in solution can run into each other and stick, forming flocs

Flocs are in a process of dynamic equilibrium, as droplets within an emulsion are
constantly flocculating and breaking apart. We can thus think of flocs as forming by
the competition of two different processes: droplets hitting each other and sticking
together, and droplets being pulled out of the flocs by the forces of the moving
solution. The overall rate of flocculation is thus:7,8
𝑅!"#$ = 𝛼𝑅!"# − 𝑅!"#$%

(4.1.1)

where Rfloc is the rate of flocculation, Rcol is the rate of collisions between droplets, α
is the fraction of those collisions that result in adhesion between the droplets, and
Rbreak is the rate at which droplets are removed from flocs.
Since the rate of collisions is usually determined by outside factors such as
mechanical agitation of the solution, creaming phenomena (discussed in Section
4.2), and temperature, the specific parameters that we are most interested in
9

become the fraction of collisions resulting in flocculation and the rate of floc
breaking. Both of these parameters, in turn, depend on the interparticle bonding
strength.9 The interparticle bonding strength relies on both the strength and
number of interactions between individual particles. Since the interparticle
interactions are surface interactions,7 the strength of the bonds varies based on the
contact area between the droplets, and thus the shape and degree of flocculation in a
floc can influence the strength of adhesion.10 Compact flocs demonstrate greater
strength than those that are more diffuse because of the greater adhesion between
the droplets.
To quantify the strength of a floc, we can use Johnson–Kendall–Roberts (JKR)
theory. JKR theory assumes that two droplets in contact will flatten in the segment
that is in contact with the other particle, causing a set area of contact on the
flattened section. The particle will then experience a balance of the attractive force
caused by the contact area and an elastic force pushing it away.11 This elastic force
comes from the kinetic energy that brought the two droplets together being stored
in the deformation of the droplet. The adhesion force between the two droplets can
be written as:12
3
𝐹!"!" = − 𝜋𝑟𝑊!"
4

(4.1.2)

where 𝐹!"!" is the force of adhesion between two spherical droplets, i and j, r is the
average radius of the particles, and Wad is the work of adhesion between the two
droplets. Wad can in turn be written as:12
𝑊!" = 𝛾!! − 2𝛾!"
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(4.1.3)

where γdd is the surface tension between the disperse phase and itself, and γdc is the
surface tension between the disperse phase and the continuous phase. From this,
and looking back to equation (3.2), we see that the strength of the floc depends on
the surface tension, which makes sense: more unfavorable interactions between the
disperse phase and the continuous phase will stabilize any mechanism that reduces
these interactions.
The behavior of flocs is additionally complicated as flocs break by two
different mechanisms: surface erosion and large-scale fragmentation.13 Floc
breaking is a mechanical process caused by stresses on the floc. These stresses are
caused by movements in the solution, either simple molecular motion or mechanical
stirring of the solution. Surface erosion is the breaking of a floc to give an increase in
very small size particles,9 which can be thought of as single droplets being pulled off
of the edges of the floc. Large-scale fragmentation, on the other hand, is the breakup
of a floc to form several similar sized fragments, without changing the concentration
of unflocculated droplets.7,9 The different mechanisms are thought to occur by
different stresses caused by fluid movement,14 with large-scale fragmentation
occurring from stresses applied normally across the entire floc and surface erosion
arising from shear stresses of fluid moving past the floc.
As we see above, it is difficult to separate the individual factors that are
responsible for floc formation and breaking, because of the large number of physical
factors involved.7 After all, to truly calculate what each floc is doing, we must take
into account particle size, stability, and composition, how fast the floc and the free
droplets are moving (within the fluid and relative to each other), how often droplets

11

collide and the probability of the collision resulting in the particles sticking together
(as seen in equation (4.1.1)), the nature of the surface-active chemical stabilizing the
droplets (which determines the surface tension seen in equation (4.1.3)), what kind
of interparticle forces are present, the geometry of the floc (which determines how
many of the interactions present in equation (4.1.2) there are), what kind of forces
are present in solution and whether the forces in solution are hitting the floc
directly or passing by the surface. The methods used to characterize flocs require
dedicated apparatuses such as impellers with force monitors or ultrasonic probes15
used to measure the shear force at the surface of a floc in solution. Many of these
measurements are steady-state approximations of a dynamic process that measure
the effect of specific applications of force within the solution. However, even with
these dedicated apparatuses, many of the molecular parameters discussed above
can still not be measured. Researchers then often introduce empirical
approximation terms that are system dependent and depend entirely on the size of
a floc before and after the application of a specific force.16 While these terms can be
used to discuss floc stability relative to other flocs measured on the same apparatus,
they ultimately do not relate back to the fundamental parameters.17

4.2 Creaming
Creaming is the process by which the lower density droplets in the disperse
phase of the emulsion rise to the top of the continuous phase and coalesce. This
phenomenon is illustrated in Figure 4. The rate of creaming depends on the relative
density of the disperse phase to the continuous phase, the viscosity of the
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continuous phase, the concentration and size of the disperse phase droplets and any
interactions between droplets resulting in flocculation.

Figure 4: A photograph of emulsions showing the effect of creaming. The emulsion
on the left is newly formed, while the one on the right has been allowed to sit for
approximately 48 hours.
Directly after emulsion formation, the emulsion exhibits roughly the same
concentration of disperse phase throughout the solution. The droplets begin to
coalesce over time creating a densely packed region beginning near the bottom of
the solution.18 This process will create a measurable distinction between the
creamed emulsion layer and the now clear, leftover disperse phase.19 The boundary
moves upwards as the phases separate. Many systems can be described well by
plotting the height of the layer where a measurable distinction forms as a function of
time,19 a representation of which can be seen in Figure 5. However, in some
emulsions this boundary is too disperse to be accurately measured by eye, and other
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net force, with the size of the force, and thus rate of movement, being proportional
to the difference in densities (ρ) of the two phases:
𝑈!"#$!"#$ ∝ (𝜌2 − 𝜌1)

(4.2.1)

The mechanical agitation used to generate an emulsion can create different droplet
sizes, which can often be observed by the naked eye. The size of the droplet governs
a number of critical factors that affect the rate at which emulsions cream. The
droplet’s motion is opposed by the intermolecular interactions between the droplet
and the continuous phase and with other droplets. These interactions occur at the
interface of the droplets, and thus the number of interactions is proportional to the
surface area of the droplet. As droplets grow smaller, the interfacial area decreases,
but the volume of the droplets drops even faster due to the cube/square law.
Because the number of molecules in each droplet is based on the volume there is
more force per molecule in a small droplet than in a large one, and smaller currents
are able to keep the droplets in suspension. Indeed, once the droplets are small
enough, usually in the 20-200 nm range, Brownian motion is sufficient to keep the
droplets from accumulating.6
The combined effects of differing density and differing droplet size can be
modeled in an ideal liquid with Stoke’s law:23
𝑈!"#$%& = −

2𝑔𝑟 ! (𝜌2 − 𝜌1)
9𝜂1

(4.2.2)

where U is the creaming velocity, η is the shear viscosity, g is acceleration due to
gravity (-9.8 m/s2), and ρ1 and ρ2 are the densities of the continuous and disperse
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phases, respectively. Figure 6 shows the effect of changing radius on creaming
velocity for an emulsion of n-heptane in water.

Figure 6: Calculated creaming velocity vs. droplet radius for a theoretical n-heptane
in water emulsion based on equation (4.2.2), assuming an average viscosity equal to
that of the continuous phase (water).
The model presented by equation (4.2.2) and Figure 6 has some severe
limitations, however, as it is based solely on the relative densities of the phases, and
ignores any other forces present. For example, the droplets moving through the
continuous phase will experience shear forces which, when strong enough, will
deform the droplets or potentially even destroy them. These forces also have more
effect on larger droplets, resulting in an upper limit for how large droplets can grow.
This is why it is rare to have emulsions with droplets larger than 450 μm.24
The concentration of droplets will also affect the rate of creaming due to the
interactions between droplets. Indeed, creaming often stops above approximately
40 % by volume of the disperse phase as the droplets become tightly packed enough
that they can no longer become more concentrated without the application of an
16

outside force.22 Some theoretical treatments use 64 % disperse phase by volume, as
this is the close sphere packing density,1 but there is empirical evidence for the 40
% value.22 As concentration of the droplets increases, the droplets also experience
more hydrodynamic interactions between themselves, leading to flocculation (as
discussed in section 4.1). Indeed, the degree of flocculation within a solution can
exert a great deal of influence over the creaming behavior. As the droplets interact
more they begin to coalesce and anchor themselves in place. While increasing single
drop size increases the creaming rate due to the decreased surface area to volume
ratio, the formation of flocs can either increase or decrease the creaming rate,
depending on the extent of flocculation.25 When flocculation first occurs, it causes an
increase in creaming rate because the flocculated droplets behave similarly to a
single, larger droplet. However, when very large flocs are present in solution, the
flocculated droplets can stick to the sides of the container and form a particle gel
“scaffold.”19,25 This scaffold inhibits creaming.
Additionally, despite examining a wide variety of factors influencing
creaming behavior, there is still not a single model that describes all creaming in all
types of emulsions well.19 For example, one approach is to correct the viscosity in
equation (4.2.2) for the presence of a high concentration of disperse phase droplets.
This is done by treating groups of disperse phase droplets as single aggregates with
fractal structure, containing smaller, individual droplets.20 The viscosity of this
system can be corrected using
𝜂 𝜉 = 𝜂!

𝜙! (𝜉)
1−
𝜙!"#
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!!.!!!"#

(4.2.3)

where 𝜂 𝜉 is the viscosity as a function of shear rate, ξ, ηc is the viscosity of the
continuous phase, ϕ(ξ) is the volume fraction of the aggregated flocs, and ϕmax is
the maximum volume fraction of the disperse phase. However, this treatment is
accurate only for systems with a low degree of flocculation. There are several other
treatments that correct the creaming velocity for different solutions, but they are all
similarly limited in scope.19,23,26

4.3 Coalescence
Coalescence, as shown in Figure 7, occurs when individual droplets of the
disperse phase combine to form a single, larger droplet through directly merging.
This is, however, a quite complex process,27 and there is still no single model that
fully explains the coalescence rate.28

Figure 7: the general process of coalescence, where two droplets merge to form a
single, larger droplet.
According to one theory, the droplets first flocculate together, but remain
separated by a thin film of the continuous phase liquid. Then, the attractive forces
between the two droplets will force the liquid film to drain, until enough liquid has
been removed that the film collapses and the droplets join together.29 Another
theory holds that the attractive forces between the droplets are too weak, relative to
the movement of the droplets, to force the film out. Therefore, the second theory
18

proposes that coalescence occurs only when the droplets collide at a high enough
energy to break their own surfaces without trapping any liquid in between.30 A third
approach is the critical approach velocity model, which is an empirical model based
on evidence that small collision velocities lead to a higher efficiency of
coalescence.31 This model, much like the reaction mechanisms developed from the
kinetic theory of gases, relies on the probabilities of effective collisions in the entire
population of droplets to derive empirical models for the average droplet size. The
critical approach velocity model is a probability-based model, where the probability
of two particles coalescing is based on the coalescence kernel:31
(4.3.1)

𝑃 = 𝑃! 𝐴𝑢′

where P is the coalescence kernel, Pk is the coalescence efficiency, A is the collision
cross sectional area, and u’ is the characteristic velocity, or the velocity at which the
most coalescence is observed for all particle sizes. The characteristic velocity can be
expressed as:31
𝑢! = 𝑚𝑎𝑥

!/!

2 𝜀 𝑑! 𝑑!

, 𝑢! − 𝑢!

(4.3.2)

where ε is the dissipation rate, d1 and d2 are the diameters of particles 1 and 2, and
u1 and u2 are the flow velocities of the continuous and disperse phases. The
coalescence efficiency can be further expressed as
𝑃! = max

!!"#$
!!

,1

(4.3.3)

where ucrit is the velocity for which the probability of coalescence of two particles of
defined radius.
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Based on empirical data, ucrit can be further related to the Weber number:
𝑢!"#$ =

𝑊𝛾
𝜌𝑑!

(4.3.4)

where W is the Weber number, γ is the surface tension, ρ is density, and da is the
average diameter of the two particles. The importance of equation (4.1.4) is that we
now have a coalescence parameter, ucrit, based on a single variable, the Weber
number, making it easier to compare between solutions. This model, however, does
not offer a clear picture of the molecular level mechanism.
Modeling coalescence is further complicated as the behavior of the droplets
is dramatically different based on differing solution types and viscosities.32 Because
of the ease of modeling gases, there is a very large body of work on the coalescence
of bubbles and foams,31,33–36 which are emulsions of a liquid and a gas rather than
two liquids. For foams, the most widely accepted mechanism for coalescence is the
first one discussed above, where droplets flocculate, then the surface tension draws
them together and forces out the thin continuous phase layer. However, even for
this highly simplified system, coalescence is still not well understood.37 To model
this coalescence, it is assumed that two bubbles traveling towards each other will
stick together and begin to coalesce when their surface films are separated by less
than some distance, h*:37
(4.3.4)

𝜂𝑉
ℎ =𝑟
𝛾
∗
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where r is the radius of the bubbles, η is the liquid viscosity, V is the velocity of
approach, and γ is the surface tension. Notice that a smaller surface tension will
result in faster coalescence, and that this model holds true only for systems where
all bubbles are the same radius. The actual distance at which the two bubbles
coalesce is
The presence of surfactants is a further complicating factor for modeling
foam coalescence. The presence of surfactant often leads to bubbles coalescing at
distances significantly different from what is predicted by equation (4.3.4). At very
low surfactant concentrations, the model works well. In concentrated surfactant
solutions, however, the bubbles exhibit a greatly extended lifetime and stability
relative to that predicted by the model.37
While the modeling of foams is fairly complete, these behaviors do not
translate well to simple liquid-liquid emulsions. This is because the models
developed for foams do not account for attractive intermolecular forces. This is a
reasonable assumption to make for gasses, but is entirely unrealistic for liquids.
New models must therefore be developed to more accurately describe emulsion
coalescence.

4.4 Ostwald Ripening
The fourth mechanism by which emulsions break is Ostwald Ripening; via
this process large droplets grow at the expense of smaller droplets without actually
requiring direct contact. This mechanism arises from the fact that, in multiphase
systems, shape influences chemical potential. As the droplet gets larger and larger,
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the surface becomes closer and closer to flat. This decreases the percentage of
molecules on the surface of the droplet in contact with the continuous phase,
decreasing its chemical potential. Modeling of this phenomena began with the
Kelvin Equation,38 which describes the relation of vapor pressure to surface
curvature in bubbles and foams:
!

𝑙𝑛 ! =
!

!!!!

(4.4.1)

!"#

where p is the vapor pressure, p∞ is the saturated vapor pressure, γ is the surface
tension between the two phases, Vm is the molar volume of the liquid, r is the droplet
radius, R is the ideal gas constant, and T is the temperature. The Kelvin Equation
may also be written as:39
𝑝 𝑟! , 𝑟! = 𝑃 −

𝛾𝜌!"#$%
𝜌!"#$"% − 𝜌!"#$%

1 1
+
𝑟! 𝑟!

(4.4.2)

This equation, when expanded to liquid-liquid solutions, may then be used to derive
the Ostwald-Freundlich equation:40
𝜇
𝑟!"#$#!%&
= exp
𝜇!"
𝑟

(4.4.3)

where
𝑟!"#$#!%& =

!!!!"#$
!! !

(4.4.4)

where μ is the chemical potential, μeq is the equilibrium chemical potential, γ is the
surface tension, T is the absolute temperature, kB is the Boltzmann constant, and
Vatom is the atomic volume. The rcritical is the radius at which the chemical potential of
the droplet is equal to that of the surrounding environment. The change in Gibbs
energy associated with changing this radius will thus be zero, so droplets at exactly
this radius will remain unchanged, while droplets below rcritical will shrink, and those
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above rcritical will grow. With the change in chemical potential, we effectively see
higher solubility of the disperse phase in larger droplets.41
Droplets in the disperse phase exist in a dynamic equilibrium, and individual
molecules of the disperse phase are constantly dissolving into the continuous phase
and then back into the disperse phase droplets. However, because of the difference
in chemical potential between droplets of different sizes, the process of redissolving into the disperse phase will be faster in larger droplets.42 Thus, over time,
the larger droplets begin to grow larger, while the smaller droplets are depleted.
The kinetics for Ostwald Ripening are based on the continuity equation:43,44
!
!"

!

!"

𝜙 𝑟, 𝑡 = − !" 𝜙 𝑟, 𝑡 ∗ !"

(4.4.5)

where r is radius, t is time, and ϕ(r,t) is the time dependent size distribution
function. However, an analytical solution to eqn. (4.4.5) is not possible.42 Therefore,
several treatments have been proposed. One of the first of these treatments is that
proposed by Lifshitz and Slezov45 in 1958. In this treatment they introduce a
function for the size of the droplets through time, which they constrain in several
ways by through reasoning about its long-term behavior. This reasoning includes
assumptions such as that the size distribution function will asymptotically approach
some constant value, since approaching zero or infinity would require either zero or
infinite mass of dispersed phase. Once sufficient constraining assumptions had been
made, they were able to find a solution for equation (4.4.5). Three years later,
Wagner published another treatment46 in which he calculated the number of
disperse phase droplets per unit volume of the emulsion, based on the assumption
the average concentration of the disperse phase will not change. Despite starting
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from very different places, it has been shown that the assumptions made by both
groups are in fact identical.47 This treatment became known as LSW theory. LSW
theory assumes that Ostwald ripening is diffusion-based. This means that the rate is
controlled by the first order rate of diffusion of disperse phase molecules through
the continuous phase. This means that LSW theory ignores any interaction at the
surface of droplets, and says that molecules pass through the surface without
hindrance. Particularly in solutions with high concentrations of stabilizing agent this
may not hold true,48 but it is generally a reasonable assumption for surfactantstabilized solutions.42 LSW theory has also been extended to include second order
interactions,47 but still ignores surface-specific interactions.
Based on the calculations of LSW theory, the rate of ripening will
asymptotically approach some constant value:
𝑑𝑟 1
→
𝑑𝑡 𝜏

(4.4.6)

which will result in a quasi-steady state solution to the size distribution of the
particles. To find the steady-state rate, we first write the flux, or mass transfer per
unit area per unit time, based on droplet radius r using Fick’s Law:49
𝑗=

!
!

(𝑐 − 𝑐 𝑟 )

(4.4.7)

where 𝑐 and c(r) are the average concentration of the disperse phase in the bulk
phase and the concentration of disperse phase at radius r, D is the diffusion
coefficient, and δ is the thickness of the diffusion layer around the droplet. For the
steady-state solution in LSW theory, the thickness of the layer is just the radius of
the droplet, so δ may be approximated as simply r, the radius.42 Since the flux is the
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mass transfer per unit area per unit time, we may also write it in terms of the radius
and density:
!

=
!

!"

(4.4.8)

!"

and equation (4.4.7) becomes
!"
!"

!

(4.4.9)

= !" (𝑐 − 𝑐 𝑟 )

We can also extend the Kelvin equation, eqn. (4.4.1), to liquid solutions by
exchanging the vapor pressure for concentration:42
𝑙𝑛

!(!)
!!

𝑐(𝑟) = 𝑐! exp

=

!!!!

(4.4.10)

!"#

!!!!

= 𝑐! 𝑒𝑥𝑝

!"#

!
!

(4.4.11)

where c is the concentration of solute, c∞ is the concentration at t=∞, once
equilibrium has been reached, and 𝐾 =

!!!!
!"

. Since for most emulsions, 𝐾/𝑟 ≪ 1,

we can linearize equation (4.4.11) to obtain:42
!

𝑐 𝑟 = 𝑐! 1 + !

(4.4.12)

𝑐 can be calculated by c(r) for some arbitrary r, which we will call rc:
(4.4.13)

𝑐 = 𝑐(𝑟! )

Substituting (4.4.12) and (4.4.13) into equation (4.4.9) and simplifying, we find that
!"
!"

where 𝛼 =

!"!!
!

=

! !
! !!

!

−!

(4.4.14)

. Eqn. (4.4.14) shows an important aspect of Ostwald ripening,

which is that for some droplet radius, rc, there will be no ripening. However, this is
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an unstable equilibrium, with droplets larger than rc growing, and droplets below rc
shrinking.
The value of rc is in turn based on the average chemical potential of the
system, as it will be the droplet whose size is in equilibrium with the solution.
However, as ripening occurs, more of the system will end up in larger droplets with
lower chemical potentials (per equation (4.4.3)). This will shift the average chemical
potential, and rc will increase. This shows that rc is based on the size distribution of
the droplets.42 Using LSW theory, a quasi semi-state expression can be found for the
rate of change of rc, which shows linear change with respect to the cube of the
critical radius:42
𝑑𝑟!! 4
8𝐷𝑐! 𝛾𝑀
= 𝛼=
𝑑𝑡
9
9𝜌! 𝑅𝑇

(4.4.15)

However, LSW theory has some serious drawbacks. Already mentioned is the
potential problem with diffusion across the interfacial region. Additionally, LSW
theory applies only to fairly dilute emulsions,46 and predicts no dependence of the
rate upon the fraction of disperse phase in solution despite experimental evidence
that this does have an effect.50 In emulsions with higher fractions of disperse phase,
LSW predicts a narrower size distribution than has been observed experimentally.51
This may be because LSW theory predicts the diffusion gradient to be (𝑐 − 𝑐 𝑟 ),
which is based only on the concentration in the continuous phase and in the droplet
itself. However, in more concentrated fractions, neighboring droplets may be found
closely enough to influence this gradient.52 This may be accounted for in some
situations by simply multiplying by a multiplicative factor, k(φ) :53
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𝜔 𝜑 = 𝑘(𝜑)𝜔(0)

(4.4.16)

where ω(φ) is the rate of ripening for a given fraction of disperse phase, φ, and ω(0)
is the rate predicted based solely on LSW theory. This approach works well across a
range of conditions, though in systems with a high surfactant concentration it may
not work.42
There are several other treatments of Ostwald ripening, however these are
often massively simplified and not particularly useful. An example is the treatment
of Higuchi and Misra,54 which assumed that droplets have only two possible radii, ra
and rb, and then found the exchange between these two sizes. However, as droplet
sizes are usually based on a continuum, this theory does not return particularly
useful results.42

5. Iodine
Elemental iodine is a low cost antiseptic agent,55,56 as well as having many
other potential applications. Particularly, iodine has potential as a probe molecule,
allowing researchers to learn more about various systems. The reason that iodine is
such a good probe molecule is that it exhibits strong solvatochromism, meaning that
it absorbs at different wavelengths depending on the chemical environment that it is
in.57 As shown in Figure 8, the color of iodine changes between violet and brown58
depending on solvent identity.59 Additionally, color in some solvents can be
influenced by temperature.60 However, even within a color class, the exact
wavelength that iodine absorbs varies based on the exact composition of the
solution.59
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Figure 8: the color of iodine in different solvents. The leftmost, brown solution is
iodine in water; the other two purple solutions are different concentrations of
iodine in n-heptane.
In addition to differentiating solvent identity, iodine may be used as a probe
of different aqueous environments as it reacts with just itself and water:
𝐼! + 𝐻! 𝑂 ⇌𝑂𝐼 ! + 𝐼 ! + 2𝐻!
𝐼 ! + 𝐼! ⇌𝐼!!
giving four species of iodine, all of which absorb light at different wavelengths.61,62
The absorbance spectrum of iodine in water and in n-heptane is shown in Figure 9,
along with labels of which species absorbs at which wavelength.
The overall color of an iodine solution is thus based on both the identity of
the solvent and the presence of different species. Changing the solvent identity will
change the exact wavelength at which a given species of iodine absorbs, while
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changing the balance of different species will influence the magnitude of the
contribution of each different absorbance to the total color of the solution.

Figure 9: Absorbance spectrum of iodine in water and n-heptane

Another possible application of the different absorbance wavelengths of
iodine in a multiphase system is gaining insight on how the iodine partitions
between the different phases. By comparing, for example, the absorbance at 460 nm
and 525 nm, we can compare relative solubility of iodine in the aqueous and organic
phases of the emulsion.
Iodine is also of interest due to its potential surface activity. The iodine in an
emulsified solution may interact with the droplets of the disperse phase in unique
ways, serving to stabilize emulsions and concentrating at the interface between the
two phases. When in solution, iodine has been described as a colloidal particle more
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than a true solute,63 and it has even been reported that iodine can adsorb at the
barrier between phases in emulsions, acting as a Pickering stabilizer.64 These
interactions have the possibility to influence the bulk behavior of the emulsion. The
interactions between the droplets and the iodine may also change the chemical
environment of the iodine, leading to possible changes in relative concentration of
the different iodine species, or to shifting the wavelength at which the species
absorb light.
Previous work by this group has also researched the behavior of iodine
within micellar systems. Micelles are aggregates of surfactant molecules in water,
and are similar to emulsions without any oil. The surfactant molecule head groups
still form a hydrophilic surface, and the tail groups aggregate to the middle of the
structure. The interior of a micelle behaves in a similar manner to a solution of
hydrocarbons. In the past work done by this group,65 we have discovered that iodine
has a tendency to adsorb to surfaces of aqueous micelles, rather than remain in the
bulk water phase or absorb into the micelle interior. It is therefore of interest if the
iodine will behave similarly in emulsified systems, and aggregate at the surface, or if
it will simply dissolve into the disperse phase entirely.

6. NMR
Nuclear Magnetic Resonance spectroscopy is one of the principle techniques
for identifying and characterizing the structure of molecules. A less common,
though very useful application allows the measurement of the strength of
intermolecular forces.66,67 NMR spectroscopy measures the chemical shift, δ, of an

30

atom, which in turn is based on the electron shielding, σ, of that nucleus. The
chemical shift is defined as the difference in shielding between the nucleus in the
molecule of interest and the nucleus in some reference substance:68
𝛿 = 𝜎 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 𝑖𝑛 𝑎𝑛𝑎𝑙𝑦𝑡𝑒 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 − 𝜎 𝑛𝑢𝑐𝑙𝑒𝑢𝑠 𝑖𝑛 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒

(6.1)

Since the shielding of the nucleus within the reference is by definition fixed, the
signal returned by the spectrometer after an experiment is determined by the
shielding on the nucleus of interest.
The shielding is a measure of the electron density around a nucleus, and is
therefore influenced by anything that disturbs this density, including solvent
identity, temperature,69 the presence of any nearby dipoles,70 and Van der Waals
interactions,71,72 as well as many others. The overall shielding, or what is measured
by the NMR spectrometer, is often written as the shielding of the nucleus in gas
phase at zero pressure, corrected by additional terms coming from the virial
expansion:73
𝜎 = 𝜎! +

𝜎! 𝜎!
+
+⋯
𝑉! 𝑉!!

(6.2)

where σ0 is the shielding of the nucleus at zero pressure in the gas phase, σ1 is the
2nd virial coefficient, σ2 etc. are higher order virial coefficients, and Vm is the molar
volume of the medium. For many situations, the higher order terms may be safely
ignored,72 giving
!

𝜎 = 𝜎! + ! !

!

(6.3)

This approximation does not hold for some systems, such as solutions under high
pressure,74 but is reasonable for most situations. The second virial coefficient in
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turn contains many other contributing factors, including terms for the bulk
magnetic susceptibility of the system and Van der Waals interaction terms.74 This
treatment is useful as it has a solid fundamental basis, making it potentially the most
accurate method for calculating shielding. However, this method also often requires
accurate values for quantities that are difficult to obtain or estimate accurately, such
as the Lennard-Jones (6-12) potential.72,74,75
Another treatment, with more practical application, is to take the overall
shielding of a nucleus to be the sum of the effects of all of the individual interactions
it experiences:75,76
𝜎 = 𝜎! + 𝜎! + 𝜎! ! + 𝜎! +…

(6.4)

where 𝜎! is shielding due to Van der Waals interactions, 𝜎! is shielding due to
neighboring molecules with anisotropic magnetic fields, 𝜎! ! is the shielding due to
permanent electric dipoles in the solvent molecules, and 𝜎! is shielding due to
charged interactions of the analyte itself. However, for a nonpolar solute, only 𝜎! ,
𝜎! , and 𝜎! ! influence the shielding, and all other terms are zero,75 reducing equation
(6.2) to
𝜎 = 𝜎! + 𝜎! + 𝜎! !

(6.5)

Each of these interaction terms may then be treated separately with a
different approximation. The advantage to this treatment is that there are
approximations for each of the individual terms using only macroscopic properties,
such as density and refractive index.70,77
The fact that this second treatment returns values in good agreement with
experimental data is also useful as it shows that we may use NMR to quantify
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individual intermolecular forces. We can explain shielding as the sum of these
individual interactions, meaning that if we design our experiments carefully, we can
vary only one of the terms in equation (6.5) at a time. The shift caused in the
solution is thus data measure of the magnitude of a specific intermolecular force.

7. Materials and Methods
7.1 Emulsions
Excess solid iodine (Baker Analyzed, >99%) was added to a large glass
container of ultra-pure water (resistivity > 18 MOhms*cm) produced by a MilliQ
system (Millipore, Billerica, MA) millipore water, and stirred occasionally over 6
weeks. This saturated iodine solution was then run through a 0.45 μm
polytetrafluorethylene filter, and stored in a glass bottle.
Emulsions were made by combining approximately 10 mL of the filtered,
saturated iodine solution with approximately 10 mL n-heptane (Aldrich Chemical
Company, 99%) and 10 μL of Triton X-100 (Alfa Aesar, 99%) in a glass vial with a
glass stopper. The solutions were then shaken gently for approximately 15 seconds
to mix. After mixing, emulsions were allowed to sit for a minimum of 24 hours
before further tests were performed.
We found that after 24 hours of ageing, the composition of the emulsion layer
remained remarkably constant based on density and NMR spectra, which varied by
less than 0.0015 ppm even when the amount of each phase added was varied
significantly. It was found that adding extra n-heptane would result in the same
amount of emulsion being formed, with an added free heptane layer floating on top
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of the emulsion layer, and adding extra water would result in a layer of free water
below the emulsion.
7.2 UV/Vis
For our experiments, spectroscopic analysis was performed on a Jasco V-550
spectrophotometer at lab temperature (approximately 22˚C), using quartz cuvettes.
Absorbance was measured from 190-800nm and analyzed via Beer’s law.
𝐴 = 𝜀𝑙𝐶

(7.2.1)

where A is absorbance, l is the length of the solution that the light has
been passed through (called the path length), C is the concentration of the analyte,
and ε is a proportionality constant called the molar absorptivity, and is a measure of
how much light a 1M solution of the analyte will absorb at a given path length.
Additionally, because the different iodine species largely absorb at different
wavelengths from each other, it is possible to perform this analysis on multiple
peaks within the same solution, giving the total composition of the solution from
just the absorbance. Absorbance can be used to compare the amounts of the
different iodine species because of the reaction of iodine and water, leading to
insight about the equilibrium constants of the reaction.

7.3 NMR
Spectra were collected using a Bruker Ultrashield Plus 400 mHz NMR
spectrometer. Solutions were made according to section 7.1, and then transferred
into glass NMR tubes. Any emulsion breaking was then measured by measuring the
height of any separated phase before the spectrum was collected at 20˚C. This was
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to ensure that the emulsion layer covered the entire collection window of the
spectrometer. After measurement, the height of any separated phase was measured
again, and if the separated layer was found at a height where it would have been in
the collection window of the spectrometer, the sample was rejected and the
measurement was taken again with a fresh sample.

8. Results/Discussion
8.1 UV/Vis
When the emulsions were measured by UV/Vis spectrometry using a 1 cm
cuvette, it became apparent that they were too optically dense for this method to
return useful data. This optical density is due to the multiphase nature of the
emulsion. When light passes through an emulsion and hits droplets of the disperse
phase, the droplets act as suspended particles, which distort and partially reflect the
light in unpredictable ways.78 Because of the large number of droplets the light
encounters when passing through even just 1 cm of emulsion, by the time the beam
of light has passed through the sample it had been absorbed and scattered so much
that no coherent signal could be measured by the spectrophotometer. In order to
reduce the number of scattering interactions, and conserve the coherence of the
light, a short path cuvette (l = 5 mm) was used. However, as shown in Figure 10,
even with the short path cuvette the light was still scattered by the emulsion far too
much to return any usable data.
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Figure 10: absorbance vs. wavelength of an emulsion of water, n-heptane, triton X100, and iodine in a short path (l = 5 mm) cuvette. Note the very high degree of light
scattering.
In order to shorten the path length even further, we then attempted to make
a slide of the emulsion. We placed several drops of the emulsion onto a glass slide,
and covered it with a cover slip. However, creating a film this thin, and then
compressing it even further with the cover slip, destabilized the emulsion. When we
made the slides, we saw almost instantaneous breaking of the emulsion, as the oil
phase was simply pushed out the side.
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8.2 NMR
Taking a carbon NMR spectrum of n-heptane, shown in Figure 11, returns 4
identifiable peaks. The addition of iodine to n-heptane caused a downfield shift of
𝛿 = 0.560 (±0.002) ppm compared with pure n-heptane. The high degree of
consistency of this shift indicates that in free solution there are no geometry-specific
interactions between the iodine and the heptane, but that the iodine did interact
with the heptane and caused de-shielding to occur. This confirms the potential use
of iodine as a probe molecule for an emulsified system.

Figure 11: The 13C NMR spectrum of n-Heptane, with labeled signals.
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Taking a 13C NMR spectrum of one of our emulsions also returned only the 4
n-heptane peaks, as shown by Figure 12. This shows that the concentration of
Triton X-100 is low enough, relative to the concentration of heptane, that the signal
from the carbons in the surfactant will not be seen, and 13C NMR can be used to
examine the disperse phase of our emulsion.

Figure 12: The 13C NMR spectrum of an emulsion of n-heptane, water, triton X-100,
and iodine.
However, one large difference between the two systems is the width of the
peaks in the emulsion vs. in just heptane. The peaks in the emulsion are a great deal
wider, indicating that the heptane in the emulsion is in a non-uniform environment.
Since the only chemical that is present within the solution that is causing de-
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shielding is the iodine, it may be concluded that some heptane molecules within the
disperse phase droplets are near to a more concentrated area of iodine than others.
Another interesting trend is that the peaks in the emulsion spectrum are
actually slightly upfield (𝛿 = 0.4726 ± 0.0008 ppm) of the peaks in the pure
heptane and iodine solution, indicating that the iodine in the emulsion is somehow
less able than the iodine in pure n-heptane to affect the heptane within the disperse
droplets. While it could be argued that this may be due to some difference of
concentration between the two solutions, we also took a spectrum with both
emulsified and free (completely separated) heptane in the same tube. The emulsion
and heptane phases were placed in the tube and allowed to sit overnight, so any
initial difference in the concentration of iodine between the two phases was given
time to equilibrate. For this combination of free and emulsified heptane, we see two
nearly overlapping sets of peaks for the free and emulsified heptane, as shown by
Figure 13. The emulsified heptane peaks are still shifted slightly upfield compared
to free heptane, and much more broad. This confirms that the heptane within the
emulsified phase is somehow shielded from some of the iodine, and experiences a
less homogeneous chemical environment.
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Figure 13: A close up of one a peak from a 13C NMR spectrum of an emulsion of nheptane, water, Triton X-100, and iodine, as well as free heptane with iodine.
To further investigate whether or not the peak broadening is due to iodine
concentrating at the surface, we plan to vary the temperature at which NMR spectra
are collected. If we are indeed correct in our conclusion, and the iodine is
aggregating at the surface of the disperse droplets, then the breadth of the peak is
coming from the molecular movement of the heptane. We see one broad peak,
rather than two discrete peaks for the two environments, because the molecules of
heptane are moving faster than NMR spectroscopy can resolve. By increasing the
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temperature of the solution, we increase the speed at which the heptane molecules
are moving. The faster movement will effectively average out the environments
experienced by the emulsified heptane. Rather than some molecules experiencing
the interfacial environment for most of the measurement and the interior for only
some, and vise versa, at a sufficiently high temperature the exchange will become
rapid enough that all heptane molecules will experience the interfacial environment
for a fraction of the measurement, and the interior environment for the rest. This
would lead to the peak becoming narrower and narrower as the temperature
increased.

9. Conclusion
This research has shown that UV/Vis spectroscopy is not a good method for
studying our system of interest. The emulsion phases we are studying are too
optically dense to be able to allow a coherent beam of light to pass through.
However, future work could be done investigating the possibility of using UV/Vis to
measure microemulsions or nanoemulsions. These systems are both emulsions, and
so will give insight to the behavior of iodine in emulsified systems, but the droplets
of the disperse phase are so small that they are clear. This will allow light beam to
pass through unimpeded. However, both micro-and nanoemulsions are
exceptionally difficult to make, and the requirements for formation may limit the
system of interest too much to allow any conclusions to be drawn.
The NMR data supports the conclusion that iodine within the system is
aggregating at the surface of the emulsion droplets. This aggregation at the surface
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