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ABSTRACT

Impedance spectroscopy has been used in the literature to elucidate the
charging mechanisms of inverses micelles in surfactant doped dodecane solutions.
However, the existing literature has been limited in surfactant scope due to instrumental
complications and surfactant purity issues. Charge adsorption on the electrode surface
may obscure measurement of the double layer capacitance and hence the ionic
strength.UCIS, 449, 2-12, 2015) Thjs charge adsorption phenomenon effectively limits the
concentration range and catalog of surfactants available to the impedance spectroscopy
method.JC!S, 469, 325-337, 2016) A passivating coating of plasma polymerized
octafluorocyclobutane is fabricated and determined to successfully suppress charge
adsorption. An equivalent circuit representing the surfactant solution and fluoropolymer
coating is derived and used to model and interpret the impedance spectra. The circuit
model is determined to capture most of the experiment charge transfer processes with
the exception of a small instrumental artifact at low frequencies. Analysis of the
impedance spectra for Span-20, Span-80, and Span-85 in dodecane demonstrates
dependency of charged micelle size on surfactant HLB number.

Charge formation in nonpolar liquids of commercial surfactants have been
extensively studied in the literature; however, these surfactants are often of low purity
and lack systematic changes in chemical structure. A flexible synthetic technique is
developed and used to produce high-purity AOT analog surfactants with a systematic
change in counterion chemistry. The charging properties of these AOT analogs are
studied using impedance spectroscopy and compared to bulk micelle properties

obtained from small angle neutron scattering (SANS) and dynamic light scattering



(DLS). Measured conductivity and ionic strength values for analog surfactants were an
order of magnitude than those of sodium AOT despite forming micelles of similar size.
This increased affinity for charged micelle formation cannot be modeled by commonly
used disproportionation or charge fluctuation theories for micelle formation in nonpolar
media and reveals new relationships between counterion chemistry and micelle
charging not seen in commercial surfactants.

Following successful impedance spectroscopy characterization of AOT analogs,
we synthesize additional surfactants of high purity and incrementally altered head
groups, counterions and hydrocarbon tail chemistries. Then using electrochemical
impedance spectroscopy, we identify specific chemical structures that promote charging
in nonpolar liquids. These trends are contrasted with dynamic light scattering studies
and highlight the pitfalls of inferring electrical properties from scattering results.
Impedance spectroscopy experiments reveal that ion-pair dissociation is the chemical
property essential to prediction of reverse micelle charging in nonpolar liquids for both
ionic and nonionic surfactants.

Finally, we measure the zeta potential of mica and fluoropolymer surfaces
immersed in solutions of synthesized surfactant using Zetaspin™. Such experiments
aimed to deduce relationships between surfactant chemistry and surface charging in
nonpolar liquids. The charge of mica surfaces was found to be positive in sign and
highly dependent on the presence of water (from the ambient air) as well as contact
time between the surface and surfactant solution. The sign and magnitude of charging

of fluoropolymer surfaces was dependent on surfactant structure.
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Chapter 1 Introduction to charging in surfactant doped nonpolar liquids
1.1 Introduction

Stability of particle suspensions in nonpolar liquids is vital to many industrial
applications such as electrophoretic displays,? control of particle aggregation in tar
sands,2 preventing soot build up in engines,* and formulation stability in pharmaceutical
products.® One method of ensuring patrticle repulsion and stability is through
electrostatic repulsion from charging of the particle surface.® While surface charging is
well understood in aqueous systems, the mechanisms of surface charging and charge
formation in nonpolar liquids remain ambiguous. For industrial use, charging agents in
nonpolar liquids are typically chosen on an ad-hoc basis through trial and error. As a
result, the development of models to rationalize charging in nonpolar liquids is of great
commercial interest. Such models would establish design rules for charging agents in
commercial formulations. Examples of models discussed in the literature include charge
fluctuation theory,”:2 radial distribution functions,® acid-base interactions,%-12 jon
dissociation,*® and the presence of ionic impurities4.

One method of charging nonpolar liquids is through the additional of surfactant.
These surfactants aggregate into inverse micelles with the polar head groups
associated in a central core and hydrocarbon tails pointing outwards. Reverse micelles
allow water and other ionic species to be solvated in the polar core, increasing the
conductivity and charge stability of the solutions.* Literature experiments have found
correlations between reverse micelle size and its ability to stabilize charge.'®1® Because
of this, scattering has been a popular method to obtain size information on reverse

micelles in nonpolar media. However, scattering experiments cannot distinguish



between charged and uncharged surfactants. Another method to determine micelle size
is through measurement of the Debye length using techniques such as total internal
reflection microscopy (TIRM)’ or atomic force microscopy*é. Unfortunately, TIRM and
AFM can only be used for specific surfactant-solvent systems due to buoyance issues
with the levitated patrticle.

Electrochemical experiments are sensitive to only charged species and can be
applied to a variety of surfactant-solvent systems. In these experiments, either a direct
or alternating current is applied to the surfactant solution to probe time rates for charge
migration inside the solution. In direct current (DC) current experiments, the transient
current is measured after a step change in voltage. Integration of the transient current
with time is equal to the ionic strength of solution.1®2° In alternating (AC) current
experiments such as impedance spectroscopy, the ionic strength is determined from the
double layer of charge assembled next to each electrode.®>'® DC and AC experiments
have been used to characterize a wide variety of surfactants; however, undesirable
electrode effects complicate and occasional completely obscure measurement of the
ionic strength. In AC experiments, the existence of a persistent surface current
increases the error of the integration analysis!®-?? while in DC experiments, charge
adsorption sometimes prevents measurement of the double layer®.

In Chapter 2, we resolve the undesirable electrode surface effects by fabricating
a fluoropolymer coating. Through observing the disappearance of impedance spectra
features characteristic of charge adsorption, we verify that the fluoropolymer is able to
suppress all charge adsorption during the impedance experiment. The passivating

coating is then used to expand the impedance experiments of Yezer to concentrations



and surfactants previously unfeasible for impedance spectroscopy.® The ionic strength,
conductivity, and charged micelle size of the commercial surfactants Span-20, Span-80,
and Span-85 are compared based on surfactant chemistry and ability for charge
stabilization.

Another obstacle to charged characterization of charged micelles in nonpolar
liquids is the low purity of commercial surfactants. For example, the conductivity of Span
surfactants (sorbitan esters) are thought to arise from charged impurities in the
formulation.?® Using the synthesis technique described in Chapter 3, we were able to
produce high-purity surfactants with incremental changes in surfactant chemistry. In
Chapter 3, we narrow the focus of our experiments to purified commercial surfactant
sodium AOT (diotcyl sodium sulfosuccinate) and two synthesized homologs (Csb)2-Asp-
PTS and (Csb)?-Glu-PTS whose structures are shown in Chapter 3. Impedance
spectroscopy of these experiments demonstrate that the AOT homologs were an order
of magnitude more conductive than AOT in dodecane. The AOT homologs formed an
order of magnitude more charged micelles than AOT. This result contradicted the
commonly used charge fluctuation model of micelle charging first proposed by Eicke.’
According to the charge fluctuation model, the probability of micelle charging is based
solely on micelle size. Thus, two different micelles of the same size should have similar
conductivities. In the case of the AOT homologs, they formed micelles of the same size
as AOT but had ionic strengths an order of magnitude higher than AOT. Such charging
trends are conjectured to arise from differences in counterion chemistry between AOT
and its analogs.

Chapter 4 further expands upon the results of Chapter 3 by exploring charging



trends amongst a wider range of surfactant chemistries using impedance spectroscopy
and dynamic light scattering. Surfactants were synthesized using modified recipes of
the chemical reaction process introduced in Chapter 3 as well as a new procedure
involving ion exchange. The synthesized surfactants were categorized based on three
groups. The first group of surfactants varied only in the dissociability of the head group
while maintaining the same tail chemistry. The second group of surfactants varied in tail
length and degree of branching. The final group of surfactants compared the charging
behavior of univalent and divalent counterions of the same surfactant structure. The
solubility, micelle assembly, and charged micelle formation behavior of all three groups
of surfactants differed from each other. Solubility and conductivity in dodecane was
found to increase with head group dissociability. Tail group branching was determined
to be essential for surfactant solubility in nonpolar liquids as confirmed by results from
literature.?* However, not all micelle solutions were conductive despite being soluble, a
trend not seen in the existing nonpolar literature of surfactants.*® Finally, univalent and
divalent counterions formed solutions of similar ionic strength but different micelle
aggregation schemes and hygroscopicity.

Chapter 5 expands upon the earlier chapters by expanding the study of
surfactant solution charging to that of surface charging. Zetaspin™ experiments were
conducted on the surfactants discussed in Chapters 3 and 4 to determine their ability to
charge fluoropolymer and mica surfaces. Zetaspin™is an apparatus for determining the
zeta potential of planar solids contacting surfactant doped nonpolar liquids. The
streaming potential arising from a rotating disc sample of mica or fluoropolymer is

measured using two glassy carbon electrodes.?® The streaming potential is then used to



calculate the surface zeta potential given conductivity information about the solution.?®

The effect of water and surface to solution contact time is also explored and determined

to have strong effects on the measured zeta potential. Finally, the acid-base interaction

theory adapted by Behrens from Fowkes is used to rationalize charging trends amongst

the surfaces and surfactants.26-29
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Chapter 2 Suppression of charge adsorption in impedance spectroscopy of
surfactant-doped nonpolar liquids
2.1 Introduction
Surface charging in nonpolar liquids is required for a myriad of technologies such
as electrically driven transport of pigment particles in e-reader displays,*? control of
petrochemical particle aggregation in tar sands,® and stabilization of active
pharmaceutical ingredients in drug delivery applications.* While surface charging in
aqueous solutions is well understood, the mechanisms for charge formation and surface
charging in nonpolar solvents remain nebulous. Charge fluctuation theory,® radial
distribution functions,® acid-base interactions,’ ion dissociation,'° and the presence of
charged impurities!! have all been used to model charging in nonpolar liquids.
Electroneutrality dictates that surface charging of particles must be balanced by

equal and opposite charge carriers in the fluid, but the identity of these charge carriers
is often ambiguous.?? One vehicle for charge formation in nonpolar liquids is addition of
surfactant. In organic solvents, surfactant molecules aggregate into inverse micelles
with polar head groups associated in the central core and hydrocarbon chains extending
outwards. Water and other sources of charge are sequestered into the polar cores,
increasing the conductivity and degree of charge stability of the solution.'® Beyond
inverse micelles,® weak organic acids,* microemulsions of water,® ions,'> and other
impurities!! are several other examples of charge carriers that can raise the conductivity
of nonpolar media. These charged species can be differentiated and thus identified
based on size. Historically, scattering techniques have been used to determine the size

and thus identity of charge carriers,%*6 but such experiments cannot distinguish



between charged and uncharged scatterers. Alternatively, one can isolate charge
carrier size from conductivity data given ionic strength information. lonic strength can be
inferred from the Debye length with techniques such as total internal reflection
microscopy (TIRM)’ or atomic force microscopy*®; however, the exponential decay of
repulsive double-layer forces can only be measured if the forces are sufficient to levitate
the particle above the substrate. Radial-distribution-function experiments are similarly
restricted to specific charge carrier-solvent systems due to this particle buoyancy issue.®
Electrochemical experiments are a more straightforward method of determining
ionic strength and size of charge carriers in nonpolar liquids. In these methods, either a
direct or alternating current is applied to probe characteristic timescales of charge
transfer. In direct current (DC) experiments, the transient current is measured after a
step change in voltage; once all charge carriers in the bulk are exhausted, one can
integrate the current with time to determine the total charge concentration. 171921 |n
alternating current (AC) experiments such as impedance spectroscopy, the charge
concentration is inferred from measuring the double layer of charge that assembles next
to the electrode plates.?>2® Despite the experimental ease of AC and DC experiments,
modeling and thus interpretation of the data is often difficult or impossible due to
undesirable electrode surface effects. In DC experiments, persistence of an electrode
“surface current” complicates the integration analysis 2427, In AC impedance
spectroscopy experiments, there is a competitive balance between the charge carrier
adsorption rate and diffusive transport rate.?® The adsorption rate describes how fast
charge carriers in the double layer are adsorbed onto the electrode surface while the

diffusive transport rate indicates how fast charge carriers in the bulk can replenish the



double layer. Yezer?? found that in order to clearly resolve the double layer, the diffusive
transport rate must be at least 10 times faster than the adsorption rate. As a result,
charge carriers that aggressively absorb onto the electrode surface cannot be studied
using DC or AC electrochemical techniques, considerably narrowing the sample
systems applicable for study.

In the present work, we describe a passivating coating for electrode surfaces that
improves the resolution and sample accessibility of impedance spectroscopy for
surfactant doped nonpolar liquids. Deposition and surface treatment techniques
involving oxalic acid,?8 tartaric acid,?® aluminum oxide (Al203),242729-31 and
polytetrafluoroethylene3? have been shown to create passivating buffer layers on indium
tin oxide electrodes. In particular, Al203 coatings on ITO electrodes has been used in
potentiostatic, DC experiments of surfactants in nonpolar liquids with partial
success.?*?’ Our impedance experiments of Span-80 doped dodecane on a 33 nm
thickness layer of Al203 on ITO corroborate this partial suppression of undesirable
electrode surface behavior. In contrast, impedance experiments on a coating consisting
of plasma polymerized CsFswas determined to completely suppress all charge
adsorption effects at the electrode surface. This choice of coating was informed by prior
expertise in our group with fluoropolymer as an electrically passive sealant for nonpolar
solutions. The passivating coating is applied via plasma deposition of
octafluorocyclobutane (CaFs) which is mainly utilized as a deposition as well as cleaning
gas on silicon surfaces.33-37. Because the fluoropolymer coating was found to degrade
with repeated use, the coating thickness was fabricated at the upper limitation of the

STS Multiplex DRIE ICP system so as to maximize coating homogeneity and durability
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over time. To evaluate the effectiveness of the passivating coating, we expand upon the
impedance spectroscopy study of commercial surfactants Span-20, Span-80, and Span-
85 by Yezer et al.?®

By observing the disappearance of phenomenon at charge transfer timescales
characteristic of charge adsorption, we verify the success of the fluoropolymer coating.
We verify this qualitatively as the disappearance of the second semicircle in the Nyquist
plot on the fluoropolymer coated electrodes. This second semicircle is indicative of
samples for which there is charge adsorption onto the electrode surface.?® The spectra
on fluoropolymer electrodes are then modeled without including charge adsorption
phenomenon, and values for the conductivity, charge carrier concentration, and charge
carrier size are derived. These properties of the charge carriers on fluoropolymer
electrodes are compared to results obtained from bare indium tin oxide electrodes. The
charge carrier properties of Span-20, Span-80, and Span-85 are then compared to

discern the effects of surfactant chemistry on charge stabilization.

2.2 Theory

Yezer et al.?223 have extensively developed the interpretation of EIS spectra of
surfactant doped nonpolar liquids. With bare ITO electrodes, the impedance spectra
was fit with an equivalent circuit where complex phase elements (CPESs) describe the
double layer and charge desorption kinetics. Theoretically, in the absence of charge

adsorption, the best fit equivalent circuit is the 4-element circuit shown in Figure 2.1.%2
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Figure 2.1. 4 element equivalent circuit without charge adsorption. 22

The electrical properties of the sample can be derived from the impedance
elements Re (resistance of the wires), Rt (resistance of the fluid), Cg (geometric

capacitance), and Cq (double layer capacitance) according to the following equations.??

d
Ry = 4K (2.1)
iy
Cog=—7" (2.2)
ol
Cq = PN cosh 2k, T (2.3)

where d is the gap distance between the electrodes, At is the area of the solution held
between the two electrodes, K is the conductivity of the solution, and {is the zeta
potential of the electrode surface. The equation for Cq assumes that all charge carriers
are 1-1 electrolytes and is derived from the Guoy-Chapman model for a diffuse layer of
charge accumulated at each electrode. The ionic strength of the bulk fluid can then be

calculated from equations (2.3) and (2.4). In this circuit, the double layer at each
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electrode plate is modeled as a capacitor with a differential capacitance that scales with

_ kaBT
_ /Zezno 2.4)

Where ¢ is the permittivity of the solution, ks is Boltzmann’s constant, T is absolute

the Debye length (Ap),

D

temperature, e is the charge on one proton, and no is the ionic strength (number per
volume). Ultimately, the conductivity and ionic strength of the sample is used to

determine the diffusion coefficient (D) and hydrodynamic radius of charge carriers.

kgTK
D=2 B

- 27’1062 (25)

The overall impedance of this 4-element circuit is as given by Yezer et al. as??

-1

. -1 . -1
21 i
(Rfmcdl) +(w—cg> ] (2.6)

where the real and imaginary parts of the impedance are given as

Z=R,+

Re(Z) = Re + 177 -f]:l-cz Tl (2.7)
and
Im(Z) = 2c+4cHQ 1t + QRf 2.8)
1+4c+4c?2+0Q2
where
c= g—i (2.9)
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and

1 = wReCy (2.10)
In our experiments, the Debye length (Ap) is assumed to be small relative to the gap
distance (L) between electrodes such that

c, 2
g D
=9 _""«1
=z =T« (2.11)

As Yezer et al.??> have shown, the asymptotic form of equation (2.8) in the limit of large

frequencies is

1
: — -1 -3
lim Im(2) = Pl 0(w™) (2.12)

Similarly, the asymptotic form of equation (2.7) in the limit of small frequencies and

values of ¢ is?2

lim Re(Z) = Ry + 0(w?) (2.13)

In the limit where c<<1, setting the derivative of equation (2.8) to zero results in

expressions for the maximum and minimum of Im(Z) in terms of Cq4, Cq, and Rt.

1
w = 2.14
max Rf Cg ( )
and
1
Wmin
C (2.15)
Re |Co =5t

where the factor of 2 arises because there are two double-layer capacitors each
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representing the double layer at one electrode in the equivalent circuit. Plotting Im Z
versus w (radians/second) in the high frequency range, C4 can be determined using a
least squares regression with Origin (OriginLab Corp). Once Cgy is inferred, equations
(2.14) and (2.15) can be used to solve for R and Ca.

While equations (2.14) and (2.15) accurately describe the values of Cg, Cqi, and R¢
under conditions of suppressed charge adsorption, they fail to account for the current
response arising from the fluoropolymer coating. Thus, the simple 4-element circuit
introduced by Yezer et al. must be amended to account for the voltage drop across the
fluoropolymer coating with the new impedance element Cs,. Thus, the equivalent circuit
becomes the 5-Element shown in Figure 2.2.

?Idl f I
1 W\ |

C

g

Figure 2.2. 5-Element equivalent circuit for EIS experiment on fluoropolymer
electrodes.

The impedance expression that arises from the equivalent circuit shown in

Figure 2.2 is given as

20\ (T (2.16)

Normalizing equation (2.16) by Rf and some algebraic manipulation results in the

_|_

Z(w) =R, +

Wlyrp

following expression Im(Z)
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Im(Z) _[2b+2(4b + 1)c + 4(2b + 1)c?]Q™" + (2b + 1)Q

R; 1+ 4c + 42 + 02 (2.17)
where
C C
b=—g, c=-2 and Q= wR:C
Crp Cai I

The value of Cy, is defined as

e A
Crp = ];Lp !
fp

where the value of &;p is determined from a dielectric constant of 2.3 as observed from
capacitance measurements of a plasma polymerized layer of CsFs.3® The value of the
thickness of the fluoropolymer coating (Aq) is 33 nm as measured from white light
interferometry (Zygo).

To derive an expression for the ratio between Im(Z)min-and Im(Z)max (Nm(z) for the
fluoropolymer electrode circuit, the roots of the derivative dim(Z)/dQ of equation (2.17)

were obtained and then substituted into equation (2.16). Thus rm() is determined to be:

iy ImZpm)  (1=$)(B+)V1+s—4[2c+ Db+ ]
MO T IMZmax) (1 +5)(3 — s)JI—5 — 4[(2c + Db + c]

(2.18)

where s is defined as:

s =+1-16[(2c + 1)b + c] (2.19)

Plotting Im Z versus w (radians/second) of fluoropolymer electrodes in the high
frequency range, an electrode capacitance, Cg, can be fit using a least squares
regression with Origin (OrginLab Corp) in a manner similar to equation (2.12). This Cg is

related to Cqand Csp according to the equation below.
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1 1 1

= — 4 —
CE Cg Cfp (220)

Once Cy is inferred, Cq is determined from equation (2.18) through deriving a suitable
value for ¢ from the experimental value of rimz). Finally, Rf can be calculated iteratively
from equation (2.17) by fitting it to the local maximum of the Im(Z) spectra and known

values of b, ¢, and Cg.

2.3 Materials and Methods

The surfactants investigated in this work were Span-20 (sorbitan monolaurate),
Span-80 (sorbitan monooleate), and Span-85 (sorbitan trioleate) (Sigma-Aldrich). These
nonionic surfactants consist of a polar sorbitan head group attached to a nonpolar
carbon tail. Span-20 has the lowest molecular weight (MW 346.46 g/mol) with a 12-
carbon tail while Span-85 is the highest molecular weight surfactant (MW 957.52 g/mol)
with three 16 carbon tails attached to the head group. Span-80 has a molecular weight
of 428.62 g/mol with a single 16 carbon tail. These surfactants were dissolved in
anhydrous dodecane (Sigma-Aldrich). All solvent used was dehydrated to below 10
ppm of water content with molecular sieves. The surfactants were also dehydrated in a
rotary evaporator for 1 hour at 60 degrees Celsius. All solutions were sparged with
nitrogen until the water content dropped below the 10 ppm detection limit of the Karl
Fischer water titrator prior to use. Nitrogen sparge time varied between 30 minutes to 3

hours depending on surfactant.
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Figure 2.3. Schematic of the impedance cell. Indium tin oxide (ITO) coated glass
electrodes (A) are coated with a 100 nm layer of fluoropolymer (B). The fluid (E) is held
apart by 8 micron spacer beads (C). Cell is attached to the potentiostat with wire leads

(D).

A schematic of the impedance cell is given in Figure 2.3. The impedance cell
consists of two glass slides coated with 100nm thickness indium tin oxide (ITO) (Sigma-
Aldrich) with wire leads attached to one end of each electrode with silver epoxy (MG
Chemicals). A 33 nm fluoropolymer coating was fabricated using a STS Multiplex DRIE
ICP system to deposit gaseous CaFs particles onto the ITO surface (CMU
Nanofabrication Lab). The fluoropolymer coating thickness was determined using a
Zygo white light interferometer by measuring the surface topography of the ITO to
fluoropolymer deposition boundary. This fluoropolymer thickness was chosen because it
was the upper limit of the STS Multiplex DRIE ICP; although theoretically, there will be a
trade-off between adsorption suppression and dielectric loss with layer thickness. In
assembly of the impedance cell, a uniform gap distance between the two electrodes
was maintained by adding 8 micron diameter silica particles spacers (Cospheric LLC) at

a concentration of 1 mg /5 mL surfactant solution. In total, 15 uL of spacer and
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surfactant solution was injected with a gas tight syringe (Hamilton Co) to form a thin film
between the two electrodes. To determine the dimensions of the cell geometry, a cell
constant was defined for each assembled cell as the ratio of the surface area of the fluid
to the gap distance between the electrodes. The cell constant was then calculated by
calibrating the dielectric constant calculated from the impedance spectra to that of the
literature value for dodecane.® All impedance cell assembly took place in a nitrogen
inflated glove bag (Sigma-Aldrich). To conduct the impedance experiments, the wire
leads of the assembled impedance cell were connected to a VersaSTAT 3 potentiostat
(Princeton Applied Research) equipped with a Low Current Interface (LCI) as described
in the previous work.??> Impedance experiments were assumed to be conducted in the
linear regime of the current response as shown in the previous work. 22 All impedance
experiments occurred in a nitrogen-blanketed Faraday cage to limit exposure to water in
ambient air. After each impedance experiment, the electrodes were rinsed with
dehydrated dodecane and dried with nitrogen gas.

To determine any instrumental effects of the potentiostat on the impedance
spectrum as well as the rigor of equations (2.14) and (2.15), a soldered circuit matching
the simple 4-element equivalent circuit in Figure 2.1 was assembled and tested. The
soldered circuit was assembled from a series RC circuit (Rf = 100 kQ , 0.5xCq = 470 nF)
that is in parallel with a capacitor (Cy = 10 nF). In the soldered circuit, as a single
capacitor having a capacitance of Ca/2 was substituted in place of two double layer
capacitors.

The zeta potential of the fluoropolymer coated ITO surface was necessary to

calculate the ionic strength of charge carriers from the impedance spectra. Zeta
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potentials of 33 nm thick fluoropolymer coated ITO glass slides were obtained from the
ZetaSpin™. The ZetaSpin apparatus is as presented by Yezer.*? The fluoropolymer
slide was glued to the circular end of the ZetaSpin™ spindle mount with sugar syrup. A
motor spun the surface sample at 2000 rpm for the duration of 500 to 2000 seconds
depending on the conductivity of the surfactant solution. The streaming potential
between two points in the ZetaSpin™ cell was measured with chemically inert, glassy
carbon electrodes. The software (LabVIEW, National Instruments) calculated the zeta
potential of the fluoropolymer surface from the streaming potential according to theory
presented by Yezer.*? All surfactant solutions were continuously sparged with nitrogen
in the ZetaSpin™ cell, and the water content closely monitored with a coulometric Karl-
Fisher water titrator. The water content of solutions was maintained below 10 ppm at all
times.
2.4 Results and Discussion

In this paper, we develop a coating that suppresses charge adsorption in
impedance spectroscopy of Span doped dodecane. In cases of severe charge
adsorption, impedance spectroscopy cannot be used to infer the ionic strength of
certain surfactant-solvent systems. This coating greatly increases the breadth of sample
systems suitable for study using impedance spectroscopy.

To investigate the effect of instrumental relics on the impedance spectra and
validate the equivalent circuit presented in Figure 2.1, an EIS experiment was performed
on a soldered circuit. The Re(Z) and Im(Z) for this soldered circuit are plotted in Figure

2.4.
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Figure 2.4. Bode plot of the imaginary and real impedance of a soldered circuit
consisting of Cg = 10 nF, 0.5Cq = 470 nF, and Rf = 100 kQ. There is one maxima and
one minima as predicted by equations (2.14) and (2.15).The upward drift in Re(Z) at low
frequency is likely an instrumental effect rather than a physical consequence of the
soldered circuit.

The imaginary impedance spectrum in Figure 2.4 was analyzed using equations
(2.14) and (2.15), and the derived values of Cg, Ca, and Rf were within 5% of the
nominal values. Although equations equations (2.14) and (2.15) were able to predict
the maximum and minimum of Im(Z), the spectra showed significant deviations from
theory at low frequencies. Equation (2.13) predicts that the asymptotic value of Re(Z) at
low frequencies is equal to Ry; however, the real impedance spectrum in Figure 2.4 is
drifting upward at low frequencies. This mathematically inconsistent behavior as w
approaches zero is thought to be an instrumental relic rather than a physical

consequence of the soldered circuit. As a result, the analysis method presented in the

21



theory section focuses on features of the impedance spectra that occur at frequencies
above 1 Hz.

To determine the effectiveness of the fluoropolymer coating in passivating charge
adsorption effects, we examine the Nyquist and Bode plots of the impedance spectra.
The Nyquist plot for 10 mM Span-80 in dodecane on bare ITO and fluoropolymer (FP)
coated electrodes is shown in Figure 2.5. From the Bode plots in Figure 2.5, the
number of semicircles on ITO compared to FP electrodes indicates the absence of
charge adsorption on FP electrodes. On ITO electrodes, the impedance spectrum
consists of two semi-circles that transition into a linear “tail” of positive slope. This tail-
like curve will be referred to as the capacitive tail as the imaginary impedance
dominates the real impedance at low frequencies. The first semicircle results from a RC
circuit composed Cq and Ry in parallel, while the second semicircle and capacitive tail
contains information regarding Ca and the charge adsorption kinetics.??> Once the
charge adsorption is suppressed by the fluoropolymer coating, the second semicircle in
the Nyquist plot vanishes, and Cq can be inferred from the impedance ratio between the
transition of the semicircle to the capacitive tail and the radius of the first semicircle

according to equation (2.18).
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Figure 2.5. Nyquist plot comparing the impedance spectra of 10 mM Span-80 in
dodecane on bare indium tin oxide (ITO) coated electrodes (black line) and
fluoropolymer (FP) coated electrodes (open squares). The second semi-circle in the

impedance spectra on bare ITO electrodes indicates presence of reversible charge
adsorption at low frequencies.

The real and imaginary parts of the impedance spectra for 10 mM Span-80 in
dodecane are shown in Bode plots Figure 2.6 and Figure 2.7 respectively. Because the
fluoropolymer (FP) electrodes suppress charge adsorption, Im(Z) has only one
minimum and one maximum, the ratio between which is as described (2.18). In contrast,
the Im(Z) on ITO electrodes have two maxima and two minima as predicted by Yezer et
al. indicating the presence of charge adsorption.?® This undesirable charge adsorption
at the electrode surface also manifests in the low frequency behavior of Re(Z). As w—0
in Figure 2.7, the presence of charge adsorption on ITO electrodes increases Re(Z)
relative to that of FP electrodes. Another feature of interest in Figure 2.7 is that neither
the Re(Z) of ITO or FP reach a low frequency asymptote. This demonstrates the

presence of a low frequency instrumental artifact also evident in the soldered circuit.

23



10° e

-
e
N

IM(2) (MQ)

[
e
w

PETTT R ETIT RSN TTTT B RN RTTIT SR RTIIT NS E RTINS E I NS EETITT B SR RTIT ]
102 10" 10° 10* 210° 10° 10* 10° 10°

o (Hz)

Figure 2.6. Bode plot comparing the imaginary impedance spectra of 10 mM Span-80
in dodecane on bare ITO electrodes (black line) and fluoropolymer (FP) coated
electrodes (open squares). The impedance extrema unique to the ITO electrodes result
from charge adsorption at low frequencies.
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Figure 2.7. Bode plot comparing the real impedance spectra of 10 mM Span-80 in

dodecane on bare ITO electrodes (black line) and fluoropolymer coated electrodes

(open squares). The deviations between the two spectra arise from the presence of
charge adsorption on the ITO electrodes at low frequencies.

Under conditions of severe charge adsorption, the Nyquist plot shows only one
distorted semicircle with a capacitive tail because the charge adsorption kinetics
obscure the double layer capacitance.?? Such a scenario is shown experimentally for
100 mM Span-85 in dodecane on ITO electrodes in Figure 2.8. Although the
impedance spectra on ITO and FP electrodes appear qualitatively similar with one
semicircle, we will show that the difference in the Im(Z) behavior reveals the presence
of charge adsorption on ITO electrodes. The experimental values of conductivity, Debye
length, charge carrier concentration, and charge carrier diameter for ITO versus FP

electrodes are tabulated in Table 2.1.
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Figure 2.8. Nyquist plot comparing the impedance spectra of 100 mM Span-85 in
dodecane on bare indium tin oxide (ITO) coated electrodes (black line) and
fluoropolymer (FP) coated electrodes (open squares). Under these conditions, charge
adsorption completely obscures the double layer capacitance, and the Nyquist plot for
both electrodes shows only one semi-circle.

Table 2.1. Comparison between bare ITO electrodes and fluoropolymer coated
electrodes experimental results on 10 mM Span-80 in dodecane and 100 mM Span-85
in dodecane. The span-80 spectra on ITO is fit using the equivalent circuit described in
previous work while the span-85 spectra on ITO is fit assuming no charge adsorption.
All error values were obtained from the standard deviation of three separately
constructed impedance cells.

debye | charge
Concn conductivity| length concn
(mM) |surfactant| Coating (nS/m) (nm) (1/um3) | dn (nm)
10 span-80 |fluoropolymer|{15.4+0.09| 140+2 | 73+2 | 191
10 span-80 ITO 15.3+0.06| 182+8 | 43+3 | 11+2
100 | span-85 [fluoropolymer| 6.0£0.1 |67.5+0.6/311+6|210+10
13+ 10 +
100 | span-85 ITO 5005 | 0.4+0.1]0.7x107 | 5x10°
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In Table 2.1, 10 mM Span-80 in dodecane on ITO represents a case of mild
charge adsorption such that both the adsorption kinetics and the double layer
capacitance were calculated using the method described by Yezer.?3 In contrast, a
successful passivating coating for this sample should possess an impedance spectrum
that is well described by the 5-element equivalent circuit and mathematical relationships
given in equations (2.16) through (2.20). Essentially, all charge transport processes on
the passivating coating should be accounted for using the impedance elements Cg, Ry,
Crp and Cqi. Qualitatively, we observe the disappearance of the second semicircle in the
Nyquist plot of 10 mM Span-80 indicating agreement with the 5-element equivalent
circuit and the suppression of charge adsorption. Quantitatively, we examine the
derived conductivity, charge concentration, and hydrodynamic diameter of Span-80 on
FP electrodes and conclude they are reasonable for charged micelles. The derived
conductivity for Span-80 is the same on ITO and FP electrodes while the number of
charge carriers is slightly larger on FP electrodes. This indicates that while charge
adsorption tends to decrease the number of charge carriers in the bulk, neutral micelles
in the bulk can become charged to replace the charges lost due to adsorption. Thus, 10
mM Span-80 represents a case of mild charge adsorption because the adsorption
kinetics do not obscure measurement of the double layer capacitance. In Table 2.1, 100
mM Span-85 in dodecane on ITO represents a case of severe charge adsorption such
that the impedance spectra cannot be modeled using the method proposed by Yezer.?3
Examining the morphology of the impedance spectra in Figure 2.8, one might be
tempted to conclude that there is no charge adsorption and use equations (2.8) and (2.9)

to model the impedance spectra. Such derived results are shown in Table 2.1 for 100
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mM Span-85 in dodecane on ITO electrodes. Clearly, this method is incorrect as the
calculated size of the charge carriers is larger than the physical gap distance between
the two electrodes. In contrast, the impedance spectra of 100 mM Span-85 in dodecane
on FP electrodes is be well modeled using equations (2.16) through (2.20) and the 5-
element circuit model. The resulting values for the Debye length, charge carrier
concentration, and hydrodynamic diameter are physically feasible and typical of
charged micelles.??23

The charging behavior of Span-20, Span-80, and Span-85 can be elucidated by
the impedance spectra in Figure 2.9 and Figure 2.10. Im(Z) for all surfactants tested
have one minimum and one maximum as predicted by equations 16 through 20,
indicating suppression of charge adsorption. The charging properties of each surfactant
are tabulated in Table 2.2. For the purposes of comparison concentrations of surfactant

were chosen so that all measured conductivities were roughly the same magnitude.
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Figure 2.9. Bode plot of the real impedance spectra of 100 mM Span-85 (open
diamonds), 10 mM Span-80 (open squares), and 10 mM Span-20 (open triangles) on
fluoropolymer coated electrodes.
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Figure 2.10. Bode plot of the imaginary impedance spectra of 100 mM Span-85 (open
diamonds), 10 mM Span-80 (open squares), and 10 mM Span-20 (open triangles) in
dodecane using fluoropolymer coated electrodes. Each spectra has two extrema
indicating the suppression of charge adsorption by the fluoropolymer coating for Span-
20, Span-80, and Span-85.

Table 2.2. Summary of experimental results of Span-20, 80, and 85 in dodecane on
fluoropolymer coated electrodes. All error values were obtained from three separately
constructed impedance cells.

surfactant | concn | conductivity debye no. dn (nm) ¢ (mV)
(mM) (nS/m) length charge
(nm) carriers
(1/um®)

span-85 100 6.0£0.1 675+£06 | 311+6 (210+10( -11.3+0.5
span-80 10 15.4 + 0.09 140+ 2 732 19+1 | -16.7+£0.8
span-20 10 35+6 130+£20 | 80+£20| 101 -5.8+0.7

Span-20 100 surfactants formed the smallest micelles at 10 £ 1 nm while Span-
85 1 formed the largest micelles at 210 £ 10 nm. Broadly speaking, the micelle size
tended to increase as the HLB number decreased as corroborated by similar x-ray and
light scattering studies in the literature.*%4! One interpretation of this behavior is that

hydrophobic surfactants pack closer together forming larger micelles with a smaller
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degree of curvature. Isolating surfactant tail effects, Parent et al. found that di-tailed
PIBS surfactant formed smaller micelles than single tailed PIBS surfactants.*° This trend
is attributed to the steric hindrance of the surfactant tail causing more curvature in the
reverse micelle and hence decreasing the overall micelle size. In contrast, EIS
experiments indicate Span-85, which has three 16 carbon tails, formed much larger
micelles than Span-80, which has one 16 carbon tail. This discrepancy may be
attributed to some solvent specific interaction between Span-85 and dodecane as well
as the extreme steric challenges posed by a three tailed surfactant compared to a di-
tailed surfactant in a low water environment. Overall, surfactant chemistry and structure
have significant effects on micelle assembly and hence charge stabilization in nonpolar
liquids.

2.5 Conclusions

Previous efforts to characterize charge carriers using impedance spectroscopy has
been hindered by charge adsorption onto the electrode surface. The pinning of
dissociable species due to this electrode specific surface effect is ultimately undesirable
and may impact the concentration of charge carriers in the bulk. By coating the
electrodes with plasma polymerized fluoropolymer, the charge adsorption effect is
suppressed, and the impedance spectra can be fit by a simpler equivalent circuit.

We qualitatively verify the suppression of charge adsorption by the fluoropolymer
coating through observation of the disappearance of the second semi-circle in the
Nyquist plots of the impedance. Quantitatively, we find that the impedance spectra on
fluoropolymer coated electrodes are well modeled by an equivalent circuit that ignores

charge adsorption. lonic strength and charge carrier size calculated from the impedance
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spectra are characteristic of inverse micelles and confirm that they are source of charge
in surfactant doped nonpolar liquids. Finally, we compare trends in charge carrier size
across surfactants and find good agreement with literature results indicating that charge
carrier size increases with decrease in surfactant HLB number. This is thought to arise
from the surfactant hydrophobicity decreasing the degree of curvature in micelle
formation.
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Chapter 3 Enhanced charging of nonpolar media with various surfactant
counterions
3.1 Introduction

Surface charging in nonpolar liquids ensures particle stability for many oil-based
formulations. Introducing electrostatic repulsion between patrticles is vital to control of
particle aggregation in tar sands,? stabilization of active pharmaceutical ingredients in
drug delivery applications,? and prevention of soot build-up in engines.® This is
accomplished through addition of dopant surfactants that form charged micelles in
solution. While the mechanisms behind surface charging and charge formation in
agueous systems have been studied comprehensively, similar models for nonpolar
liquids are primarily developed on a limited surfactant or surface specific basis. For
example, acid-base interactions have been used to model surface charging on mineral
oxides by the commercial surfactants AOT (diotcyl sodium sulfosuccinate),* Spans
(sorbitan esters), and OLOA (poly-isobutylene succinimide)® while radial distribution
functions have been used to model surface charging of PMMA particles by Spans® and
AOT./

For some ionic surfactants, formation of charge in nonpolar liquids can be
modeled through ionic dissociation, just as in aqueous systems. Kemp found that at
concentrations of sodium AOT below the critical micelle concentration, the fluid
conductivity was as predicted by a simple ion dissociation model consisting of the
surfactant and its sodium counterion.? In contrast to the dissociation model, the
disproportionation model asserts that charging is a result of reverse micelles rather

individual surfactants. In nonpolar liquids, surfactants assemble into reverse micelles
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with water, ions, and polar head groups sequestered in an internal core and tails
extended outwards to form a hydrocarbon shell. The disproportionation model predicts
that Brownian collisions between two neutral micelles can result in an exchange of
charge from one micelle to the other. Thus, two neutral micelles can leave a Brownian
collision with equal and opposite charges if an ion is exchanged between the two. A key
conclusion of the disproportionation model is that the fraction of charged micelles is
consistent across surfactant concentrations if the micelle size remains constant. From
the mass action laws of the disproportionation model, the surfactant concentration is
proportional to fluid conductivity with a proportionality coefficient of one.® This
relationship is observed in experimental literature data of AOT, Span, and OLOA
surfactants.®19.11

Eicke expands upon Brownian collisions being the impetus for micelle charging in
an adapted “charge fluctuation” model for water-in-oil microemulsions.'? During a
micelle collision, Brownian forces would encourage the exchange of charge while the
energy required to charge a neutral micelle would hinder the exchange of charge. Eicke
approximates this activation energy to charging as the work required to add a point
charge to a conductive metal sphere of radius r (Born energy of solvation).*> More work
is required to charge a small sphere compared to a large sphere because of the
magnitude of the localized surface charge density. The charge fluctuation model is
based solely on micelle size and predicts that the likelihood of a micelle acquiring
charge increases with its size. Eicke et al. found good agreement between the predicted
and experimental conductivity for AOT micelles of a certain size range.'?

The majority of literature experiments focus on surface charging and charge
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formation behavior of commercial surfactants in nonpolar liquids. While proprietary
surfactants are readily available on the market and therefore of great industrial interest,
they are often low in purity and offer little systematic differences in surfactant structures.
As a result, it is difficult to attribute trends in charge formation to specific surfactant or
micelle properties. For example, the conductivity of Span surfactants are conjectured to
arise from dissociable impurities present in the proprietary formulation.® It is therefore
difficult to discern whether the reverse micelles or the dissociable impurities are
responsible any charging trends uncovered in the data.

In this paper, we introduce a flexible synthetic technique for production of high
purity AOT analog surfactants. This synthesis technique allows for easy control of
surfactant tail length, degree of branching, headgroup chemistry, and counterion
composition. By synthesizing a catalogue of AOT analogs with incremental differences
in surfactant chemistry, one can isolate specific structure-function relationships between
surfactant and charging behavior. Two AOT analog surfactant are produced using the
mentioned synthetic technique, and their charging properties are measured and
compared to those of AOT. Surfactant solution conductivity and ionic strength are
determined using electrochemical impedance spectroscopy in the method described in
Chapter 2. Resulting comparisons between AOT and synthesized AOT analogs reveal
order of magnitude difference in conductivity and ionic strength at similar surfactant
concentrations. This paper reveals new relationships between surfactant and counterion
chemistry and charging behavior not considered in the leading disproportionation or

charge fluctuation theories for micelle charging.
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3.2 Materials and Methods

3.2.1 Materials

Dioctyl sulfosuccinate sodium (Sigma-Aldritch) and two synthesized AOT
analogs were the ionic surfactants studied in this work. Dioctyl sulfosuccinate sodium
(MW: 445.6 g/mol) consists of a sodium counterion with a sulfosuccinate surfactant
while the synthesized surfactants consist of a para-toluene sulfate (PTS) counterion
with an aminosuccinate surfactant. Both surfactants have a two tailed branched
structure and readily form reverse micelles in dodecane. The structures of the
surfactants are shown in Figure 3.1. (Csb)2-Asp-PTS has the same number of carbons
in its backbone structure as sodium dodecyl sulfate (AOT). (Csb)2-Glu-PTS has an

additional methylene group compared to AOT and (Csb)2-Asp-PTS.

b)

Figure 3.1. Structure of a) dioctyl sulfosuccinate sodium (AOT), b) (Csb)2-Asp-PTS, and
C) (Csb)2-Glu-PTS.

These surfactants were then dissolved in anhydrous dodecane (Alfa Aesar).

Water was removed from the dodecane solvent with the aid of molecular sieves until the
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solvent water content was below 10 ppm. Rotary evaporation and vacuum drying were
also used to dehydrate the commercial and synthesized surfactants. All solutions were
nitrogen sparged prior to the start of the experiment to minimize water content to below
10 ppm.

The AOT analog surfactants (Csb)2-Asp-PTS and (Csb)2-Glu-PTS were
synthesized using an esterification reaction of two 2-ethyl-1hexanol by an amino acid.
Aspartic and glutamic acids were chosen because they resulted in reaction products
that closely resembled AOT. The reaction is catalyzed by para-toluene sulfonic acid,
which remains in the product as the surfactant counterion. The synthesis is carried out
under reflux in toluene for 4 hours to remove water from the reaction product with each
reaction yielding about 10g of product. Purification of the product was accomplished
through flash column chromatography (Combiflash) in a silica gel column and
subsequent rotary evaporation for 5 hours. Confirmation of the surfactant molecular
mass was accomplished through electrospray ionization (Thermo Scientific LTQ-XL
Linear lon Trap Mass Spectrometer). All synthesized surfactants were stored in a
lyophilizer for one week prior to use to allow evaporation of any volatile impurities.
2.2.2 Methods

The cell used in the impedance spectroscopy experiments consists of two glass
slides coated sequentially with a 100 nm thickness layer of indium tin oxide (ITO) and a
33 nm thickness layer of fluoropolymer. The fluoropolymer layer was deposited in a
plasma polymerization process of a CaFs precursor using a STS Multiplex DRIE ICP
system. A wire lead was attached to one end of each impedance slide using silver

epoxy (MG Chemicals). The cell assembly process was as reported in Chapter 2. The

40



two ITO slides are held apart at a uniform gap distance with about 18 pL of surfactant
solution injected in between. The gap is maintained with the aid of 8 ym silica spacer
beads that are added to the surfactant solution at a concentration of 0.2 mg/mL. Next,
the impedance cell is connected to a VersaSTAT 3 potentiostat (Princeton Applied
Research) equipped with a Low Current Interface. The potentiostatic procedure is as
described in previous works.1° The exact geometry of the impedance cell gap is
calculated by calibrating the dielectric constant derived from the impedance spectra to
the literature value for dodecane.'® Measures were taken to limit water exposure from
the ambient air by assembling the impedance cells in a nitrogen inflated glove bag
(Sigma-Aldrich) and conducting the impedance spectroscopy experiment in a nitrogen
blanked Faraday cage.

The analysis method for the impedance spectra has been rigorously described
by prior papers in the literature.1%!! The equivalent circuit for the experimental set up is
as presented in Chapter 2 and results in the following expression for the imaginary

component of the impedance Im(2).

Im(Z) [2b+2(4b + D)c +4(2b + D)c?]Q7" + (2b + 1Q (3.1)
Ry 1+ 4c+4c? + Q2
where
C C
_ g _ 9 —
—@, C—C—dl, and .Q—(URng
The value of Cy, is defined as
ErpAy
Cpp =
f
Y Afp

where the value of &p is determined from a dielectric constant of 2.3 as observed from
capacitance measurements of a plasma polymerized layer of CsFs.1* The value of the

thickness of the fluoropolymer coating (Aip) is 33 nm as measured from white light
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interferometry (Zygo).
The parameters Cg, Cq, and R are related to the fluid electrical properties by the

following equations.

d
&y
Cyp=—— (3.3)
d
& e
= = 3.4
Car = 7 -cosh <2kBT) (3.4)

where d is the gap distance between the electrodes, At is the area of the solution held
between the two electrodes, K is the conductivity of the solution, and ¢ is the zeta
potential of the electrode surface. The equation for Ca assumes that all charge carriers
are 1-1 electrolytes and is derived from the Guoy-Chapman model for a diffuse layer of

charge accumulated at each electrode. The ionic strength of the bulk fluid can then be

erkpT (3.5)
/‘ID == 2 2
e“ny,

Where ¢ is the permittivity of the solution, kg is Boltzmann’s constant, T is absolute

calculated from equation (3.5).

temperature, e is the charge on one proton, and no is the ionic strength (number per
volume). Ultimately, the conductivity and ionic strength of the sample is used to
determine the diffusion coefficient (D) and hence the hydrodynamic radius of charge

carriers from the Stokes-Einstein relation.

_ ksTK (3.6)
2n,e?

Cg, Ca, and Ry, are obtained from the extrema of the imaginary component of the

42



impedance spectra. The roots of the derivative dim(Z)/dQ of equation (3.1) were
obtained and then substituted back into equation (3.1). Thus the ratio between the

Im(Zmin) and Im(Zmax), rnmz) is determined to be

. IM(Zypin)  (1=5)(3+5)y1+s—4[2c+ Db+ (] (3.7)
MO T M Zmax) (1 +5)(3 - s)YI -5 — 4[(2c + Db + c]

where s is defined as:

s=+1-16[(2c + 1)b + c] (3.8)
Plotting Im Z versus w (radians/second) of fluoropolymer electrodes in the high
frequency range, an electrode capacitance, Cg, can be fit using a least squares
regression with Origin (OrginLab Corp) as described in Chapter 2. This Ck is related to

Cgand Cysp according to the equation below.

1 1 1

GG @ (3.9)
Once Cy is inferred, Cq is determined from equation (3.7) through deriving a suitable
value for c from the experimental value of rm(z). Finally, Rt can be calculated iteratively
from equation (3.1) by fitting it to the local maximum of the Im(Z) spectra and known
values of b, ¢, and Cg.

In order to calculate the number of charge carriers in solution from the
impedance spectra, Zetaspin™ experiments were necessary to determine the zeta
potential of the fluoropolymer coated ITO slides. Zetaspin™ involves measurement of
the streaming potential between two inert, glassy carbon electrodes immersed in
surfactant solution. The software (LabVIEW, National Instruments) then calculates the

zeta potential of the electrode surface from the measured streaming potential.'® The

sample preparation and procedure for these Zetaspin™ experiments were as described
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by the previous work.*® All solutions were maintained at a water content below 10 ppm
according to a coulometric Karl-Fisher water titrator.

To compare the EIS derived charge carrier sizes to the hydrodynamic micelle
size, dynamic light scattering experiment were performed on the surfactant solutions. A
Malvern ZetaSizer Nano ZSP (Malvern Instruments, Malvern, UK) used phase analysis
light scattering (PALS) to correlate temporal scattering fluctuations to hydrodynamic
size information. All solutions were sparged with nitrogen and prepared in a nitrogen
glove bag to keep the water content below detectability limit at all times. Sparging times
varied between 30 minutes to 3 hours depending on surfactant and ambient humidity
conditions. Both solvent and solution were filtered prior to light scattering using a 250
nm PTFE syringe filter (VWR International).

SANS measurements were carried out on the NGB 10 m small-angle

neutron scattering instrument at the NIST Center for Neutron Research in Gaithersburg,
MD, USA. Samples were loaded into 2mm path length demountable titanium cells with

guartz windows and Teflon o-rings. Three instrument configurations with neutron

wavelengths 2 = 6 AL or 10 A and a wavelength spread % = 0.14 were utilized to

collect SANS spectra covering a Q-range from 0.004 A1to 0.5A1, where Q = 47"sin 0 is
the scattering wave vector and 26 the total scattering angle. After accounting for
transmission, background, empty cell scattering, and detector efficiency, the data were
reduced to absolute scale using standard NCNR reduction macros in Igor Pro.'®

3.3 Results and Discussion

3.3.1 Surfactant Conductivity

Surfactant conductivity has been widely measured in the literature as an easy
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way to characterize the charging behavior of micelles in nonpolar liquids. A popular
mechanism for the origin of charge and hence conductivity in surfactant solutions is the
disproportionation theory.2 In this model, two neutral micelles undergo a Brownian
collision such that a dissociated ion is exchanged between the two micelles. The two
neutral micelles thus leave the collision as one positively charged micelle and one
negatively charged micelle. One important assumption in the disproportionation model
is that surfactant chemistry does not impact the charging behavior of micelles. Prior
work in the microemulsion community has observed the strong dependence of bulk
conductivity values to the ratio of water to surfactant molecules in solution. This
behavior is often modeled in the literature by a charge fluctuation model introduced by
Eicke et al.1?2 The charge fluctuation model is based solely on micelle size and predicts
that the likelihood of a micelle acquiring charge after a collision increases with its size.
As the water to surfactant ratio increases, the micelles become swollen with water
resulting in more micelles acquiring charge and raising the overall conductivity of the
solution. Despite the simplicity of this one parameter model, Eicke et al. found good
agreement between the predicted and experimental conductivity for Na-AOT micelles
larger than 16 nm in iso-octane.'? Later refinements to Eicke’s model by Hall et al.
resulted in good agreement between predicted and measured conductivity of Na-AOT in
iso-octane for micelle sizes as small as 3 nm.%’ It is important to note however, that
these measurements were taken in water logged surfactant solutions with
measurements taken at ambient humidity.

A Model DT non-aqueous conductivity meter (Dispersion Conductivity Inc.) was

used to compare the molar conductivity values of the synthesized AOT anlog
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surfactants with several other commercial surfactants soluble in dodecane. The molar
conductivities of the commercial surfactant solutions shown in Figure 3.2 reveal the

strong dependence between micelle size and molar conductivity.
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Figure 3.2. Molar conductivity of synthesized AOT analogs and several commercial
surfactants in dodecane. Micelle diameters from small-angle scattering experiments of
OLOA® and the Span?® surfactants are taken from literature. The black line is meant to
guide the eye and is not a linear fit of the data.

Examining the synthesized surfactants consisting of AOT (Sigma-Aldritch),
OLOA (Chevron), and Spans (Croda International), a clear trend between molar
conductivity and micelle diameter emerges. For the commercial surfactants AOT,
OLOA, and the Spans, the molar conductivity increases with surfactant size. This is
consistent with the charge fluctuation model of micelle charging in which the probability
of a micelle becoming charged is solely reliant on the size of micelles in solution.?°
Meanwhile, the synthesized AOT analog surfactants have the largest molar
conductivities while forming micelles of the smallest sizes. This type of charging
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behavior directly contradicts the charge fluctuation theory and distinguishes the
synthesized AOT analogs from all commercial surfactants. EIS experiments reveal that
the large molar conductivity of the AOT analogs is attributed to ionic strength rather than
micelle size. AOT analogs form a greater number of charged micelles in solution than
commercial surfactants. As seen in Figure 3.2, AOT follows the same charging trends as
the nonionic surfactants OLOA and the Spans which suggests that the sodium
counterion of AOT is too tightly bound to the surfactant to be dissociated. As a result,
AOT behaves as a nonionic surfactant despite the presence of the sodium counterion.
In contrast, the AOT analog surfactants have bulky organic PTS counterions which
could dissociate more easily and have higher solubility in the non-polar solvent, both
potentially resulting in, a larger ionic strength than AOT. The difference in charging
behavior of (Csb)2-Asp-PTS and (Csb)2-Glu-PTS from commercial surfactants is

accentuated in Figure 3.3.
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Figure 3.3. Conductivity per micelle as a function of micelle diameter for sodium AOT
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from Berg (half-filled squares),?! Eicke (open squares),'? and experiment (closed
squares), sodium DEHP (closed squares),?? calcium AOT (open diamond), and AOT
analogs (closed triangles). Line is charge fluctuation theory predictions from Hall.1” All
AOT and DEHP surfactants agree with theory while AOT analog data do not.

The solid line in Figure 3.3 illustrates conductivity per micelle as calculated from
Hall's refinement of Eicke’s charge fluctuation theory.” Hall's modification accounts for
the discretization of charge and uses the micelle core radius as the basis of its
derivations. Literature data of sodium AOT and its phosphate analog sodium bis(2-
ethylhexyl)phosphate (DEHP) suspensions fit remarkably well with theory for micelles
as small as 3 nm. A conductivity probe (Dispersion Conductivity Inc.) was used to
measure conductivity of Na AOT, Ca AOT, and the AOT analogs. These values agreed
well with the theory with the exception of the AOT analogs (Csb)2-Asp-PTS and (Csb)2-
glu-PTS. The conductivity of the AOT analogs are many orders of magnitude higher
than predicted despite having the smallest micelle size. This directly contradicts the
charging behavior predicted by charge fluctuation theory and reveals charging
phenomenon unaccounted for by current theories in the literature. It is important to note,
however, that the model approaches a vertical slope at small micelle sizes. Any
conductivity predictions will therefore vary several orders of magnitude with nanometer
deviations in micelle size.

Conductivity values of surfactant solutions can also be derived from
measurements of electrical resistance during EIS. Fluid resistances (Rf) from the
impedances data were fit according to equation (3.1). The conductivity of the surfactant
solutions was then derived from Rt and the overlap area of the impedance cell

according to equation (3.2). The impedance derived conductivity of each surfactant

solutions is shown in Figure 3.4.
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Figure 3.4. Conductivity of sodium AOT (open squares), (Csh)2-Glu-PTS (open upright

trianges), and (Csb)2-Asp-PTS (open inverted triangles) with trend lines of slope 1.
Conductivity values of AOT in dodecane from experiments by Dufresne and Bartlett are
shown as filled squares.”?

The conductivity behavior of AOT with respect to surfactant concentration is well
documented in the literature. EIS conductivity measurements of AOT match those taken
by a commercial conductivity meters.”® Regression of the conductivity versus AOT
concentration data yields a line of slope unity just as observed by Dufresne and
Bartlett.”® Of particular interest is that the literature and experimental conductivities of
AOT match despite the differences in sample preparation and water content of solution.
Water was rigorously excluded from the EIS experiments such that the water content
was maintained below 15 ppms at all times while experiments described in the literature
were conducted under ambient humidity. Overall however, the good agreement

between the experimental and literature results indicates that the impedance model
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described by equation (3.1) accurately describes the charge transfer processes in the
impedance cell. EIS is therefore a reliable and reproducible method to determine
conductivity of surfactant doped nonpolar solutions.

Examining the trends in Figure 3.4, the conductivities of all three surfactants
were found to be proportional to the total surfactant concentration. While the chemical
structures of all three surfactants are similar, the AOT analog solutions were an order of
magnitude more conductive than AOT solutions of the same concentration. The AOT
data is well fit by a line of slope unity while the AOT analog slopes are not. The AOT
conductivity behavior correlates with predictions from the disproportionation model of
micelle charging and suggests that surfactant chemistry does not play a role in micelle
charging of AOT. As the concentration of (Csb)2-Asp-PTS and (Csb)2-Glu-PTS
increase, the solution conductivity increases by a proportionality constant that is steeper
than unity. This behavior implies that surfactant chemistry is a crucial determinant of the
charging behavior of AOT analogs.

3.3.2 lonic Strength

The ionic strengths of surfactant solutions were derived from the capacitance of
the double layer (Ca)) and the zeta potential (¢) of the electrode surface according to
equations (3.4) and (3.5). lonic strengths for AOT and the AOT analogs are shown in

Figure 3.5.
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Figure 3.5. lonic strength of AOT (squares), (Csb)2-Glu-PTS (upright triangles), and

(Csb)2-Asp-PTS (inverted triangles). Horizontal lines represent the average ionic
strength of surfactant concentrations above 15 mM.

Figure 3.5 indicates that the ionic strengths of all three surfactant solutions
plateaus to a constant value at surfactant concentrations above 15 mM. For the AOT
analog surfactants, this ionic strength plateau is 6 + 1 x 10* mM while for the AOT
surfactants, it is 7 + 3 x 10> mM. The low ionic strength and charged micelle population
is responsible for the low conductivity of nonpolar solutions compared to typical
aqueous solutions. Using an AOT aggregation number of 22 from neutron scattering
experiments, only 60 ppm of total micelles are charged at a surfactant concentration of
25 mM.23 Assuming the same aggregation number for the AOT analog surfactants, the
number of charged micelles in an equivalent concentration of AOT analog solution is

500 ppm.
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From Figure 3.1, the chemical structures of AOT and the AOT analog
surfactants are identical with the exception of a much bulkier counterion and slightly
smaller head group for the AOT analog surfactants. The ionic strength data shown in
Figure 3.5 indicate that these small changes in chemical structure strongly affect the
number of charged micelles in solution. One possibility for the observed charging
behavior is that the dissociation likelihood of sodium AOT is less than that of (Cgb)2-Glu-
PTS or (Csb)2-Asp-PTS. The larger surface charge density of a tiny sodium counterion
compared to the larger sized PTS counterion could result in sodium counterions being
more tightly bound to their surfactant counterparts than PTS counterions. PTS
counterions are also more nonpolar in nature than sodium and may allow for easier
dissociation into the dodecane solvent. Another notable trend in Figure 3.5 is the
relative insensitivity of the ionic strength to surfactant concentration. There are a few
possible explanations for this phenomenon. The charge carriers in solution are
essentially becoming saturated despite the addition of more surfactant. This could arise
when the solution is sufficiently saturated such that the collision rate between neutral
micelles is equal to the recombination rate of two charged micelles. Another possibility
is that the number of charge carriers is limited by the severely dehydrated nature of the
surfactant solutions. Low water content could prevent dissociation of ions in the polar
core resulting in no ions being available for exchange during micelle collisions.

3.3.3 Micelle Size

Micelle size was derived using three different experimental methods for

comparison purposes. The hydrodynamic diameter of charged micelles was obtained

from conductivity and ionic strength values from EIS and equation (3.6). Hydrodynamic
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size information for the entire micelle population, both charged and neutral, was
evaluated from dynamic light scattering (DLS) experiments. The comparison between
these two different techniques for the AOT and AOT analogs are shown in Figure 3.6

and Figure 3.7 respectively.
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Figure 3.6. Hydrodynamic diameter of AOT micelles in dodecane obtained from EIS

(filled squares) and DLS (open squares) experiments. The DLS results are the number
average micelle diameters while the EIS results are the sizes of charged micelles. The
black line indicates a transition from a bimodal to unimodal micelle population at a
surfactant concentration between 15 mM and 25 mM.

Examining the EIS results in Figure 3.6, the hydrodynamic size of the charged
AOT micelles decrease with surfactant concentration. This trend arises because the
conductivity of the AOT solutions increase with concentration while the ionic strength
remains relatively constant. The increase in conductivity with surfactant concentration
results from smaller charge carriers being able to travel faster through the solvent rather

than an increase in the overall ionic strength. The decrease in charge carrier size with

concentration is also corroborated by the dynamic light scattering data. At AOT
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concentrations below 15 mM, the raw correlation functions from DLS displayed two
distinct delay times which is characteristic of a bimodal population distribution. The AOT
micelles appear to form a smaller micelle population of about 2 nm in diameter in
addition to a larger sized micelle population that is about 200 nm in diameter. The larger
sized micelle population might be vesicle or rod type structures that have been
observed in DLS of aqueous surfactant emulsions.?®> Comparisons between the EIS and
DLS size data indicate that at AOT concentrations below 15 mM, the larger of the two
micelle populations are the bearers of charge. This agrees well with previous
experimental results from the surfactant doped nonpolar liquid and microemulsion
literature. Yezer et al. have reported that the largest micelles in a unimodal population
distribution are the bearers of charge for the surfactant OLOA in dodecane.® Such
trends are also common in the microemulsion literature where this behavior is
rationalized in terms of charge fluctuation theory. Above 15 mM, the DLS data in Figure
3.6 show a transition from a bimodal micelle distribution to a unimodal one. The larger
of the two micelle populations disappears until only the micelles with a number average
diameter of 2 nm remain. Meanwhile, the EIS results indicate that the charged micelles
are about 10 nm in diameter and are significantly larger than the average micelle
diameter of 2 nm. The observation of the largest micelles in the population being the
bearers of charge thus continues to persist even as the micelle distribution transitions
from bimodal to unimodal. Such behavior emphasizes the importance of experimental
techniques that are sensitive to charged micelles rather than the entire micelle
population. As shown in Figure 3.6, the DLS data alone do not reveal the charging

trends in surfactant doped nonpolar liquids because the charged micelles consist of only
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a fraction of the entire micelle population.
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Figure 3.7. Hydrodynamic diameter of (Csb)2-Glu-PTS (upright triangles) and (Csb)2-

Asp-PTS (inverted triangles) micelles obtained from EIS (closed symbols) and DLS
(open symbols). DLS results are sensitive to entire micelle population while EIS results
refer to charged micelles only.

The hydrodynamic diameters of the AOT analogs are shown in Figure 3.7 with
similar behavior between the two surfactants. The EIS derived sizes of the charged
micelles indicate that the charged micelles decrease in size with surfactant
concentration. This is consistent with the behavior of charged AOT micelles and reveals
that the increase in solution conductivity with surfactant concentration is again due to
smaller micelles being able to migrate faster through the organic solvent. The DLS
results in Figure 3.7 demonstrate that there is a bimodal to unimodal micelle distribution
transition occurring between a surfactant concentration of 5 mM and 9 mM.
Furthermore at concentrations where the micelles form a bimodal distribution, the EIS

experiments indicate that the larger population of micelles are the bearers of charge. At
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concentrations above 9 mM, the micelles of (Csb)2-Glu-PTS and (Csb)2-Asp-PTS are
assembled into a unimodal population distribution. A close examination of the DLS
derived micelle population distribution reveals no micelles in the size range indicated by
EIS for surfactant concentrations between 9 mM to 25 mM. This could be due to a
variety of instrument related limitations such as the low refractive index contrast
between the surfactant and solvent as well as the signal noise occurring in the
correlation function at delay times indicative of larger sized structures. To circumvent
such light scattering related challenges, neutron scattering experiments of AOT and

(Csb)2-Asp-PTS were conducted as shown in Figure 3.8 and Figure 3.9.
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Figure 3.8. Intensity as a function of the scattering vector Q for a small angle neutron
scattering experiment of 5 mM (open circles), 20 mM (open squares), and 65 mM (open
diamonds) AOT in dodecane. Model fitting of the data to a Schultz distribution of
spherical micelles are shown as lines.
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All surfactants formed reverse micelles in solution that were well modeled by a
spherical form factor with a small Schultz polydispersity. The neutron scattering data for
AOT is shown in Figure 3.8 where the intensity data is fit by spherical models with an
average radius of 14 + 2 angstroms and an average Schultz polydispersity of .21 + 0.07.
Overall, the model fits are consistent with previous neutron scattering experiments for
AQT in the literature.?®2* As corroborated by the light scattering data, the AOT micelle
population at around 3 nm persists at all surfactant concentration. The upturn in
intensity at low Q in Figure 3.8 provides evidence for the existence of AOT structures
larger than the 3 nm spherical micelles. Thus, the neutron scattering experiments of
AOT in dodecane reveal the presence of larger aggregates in solution consistent with

the bimodal distribution seen in the dynamic light scattering data.
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Figure 3.9. Intensity as a function of the scattering vector g for a small angle neutron
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scattering experiment of 5 mM (open circles), 20 mM (open squares), and 65 mM (open
diamonds) (Csb)2-Asp-PTS in dodecane. Model fitting of the data to a Schultz
distribution of spherical micelles are shown as lines.

The intensity as a function of scattering vector Q data for (Csb)2-Asp-PTS is
shown in Figure 3.9. The intensity data in Figure 3.9 were fit with spherical form factors
of average radius 7 + 1 angstroms and average Schultz polydispersity of 0.6 + 0.1. A
micelle size distribution was calculated from the EIS data and the Schultz polydispersity
of this hypothetical micelle distribution compared with the SANS results. First, the
fraction charged of the micelle population was determined from the ionic strength and
micelle concentration. Next, a Schultz distribution was derived that matched the fraction
charged calculated from EIS. Such calculations yielded an average Schultz
polydispersity of 0.8 + 0.1 which is within experimental error of the polydispersity
obtained from SANS measurements.

The SANS measurements for AOT and the AOT analogs reveal large sized
aggregates consistent with the bimodal population seen in dynamic light scattering
experiments; however, the SANS data do not show a strict transition from a bimodal to
unimodal micelle distribution as observed in the dynamic light scattering data. One
possibility to reconcile the SANS and DLS results is by considering the contrast and
signal strength differences between the two experimental methods. From the ionic
strength data, it is clear that the charged micelle fraction is less than one percent, and
that the charged fraction are comprised of the largest micelles in the total distribution
regardless of the distribution shape. Due to the low contrast in refractive index between
surfactant and solvent, the dynamic light scattering experiments may not be sensitive

enough to track the charged micelle population especially as they are so few in number.
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In contrast, there is much better resolution between the solvent and the surfactant in
SANS experiments due to the usage of deuterated solvent. Another difference between
the SANS and DLS data is that the large micelle sizes measured using DLS was not the
same values as those measured by SANS. One possibility of resolving this discrepancy
is that the g range was instrumentally limited. The large AOT micelles had diameters
between 100 and 300 nm on DLS which corresponds to a g of 0.006 to 0.002 A1, As
observed in Figure 3.8, there is an increase in the scattering intensity around q = 0.006
A'l; however, there was not enough data around that q range to obtain a full fit for the
structures in that g range. The large (Csb)2-Asp-PTS micelles had diameters ranging
from 300 to 400 nm which corresponds to a g range of 0.002 to 0.0016 A. Such
scattering vector (A) ranges are below the instrumental resolution shown in Figure 3.9.
Overall, the different micelle size distributions measured by the SANS and DLS
experiments emphasize the challenge of isolating charged micelle behavior from that of
the total micelle population. EIS is therefore a more direct measurement of the charging
behavior of micelles in nonpolar liquids. Ultimately, AOT and its two synthesized
analogs form similarly sized micelles in solution indicating that conductivity related
differences between the three surfactants are due to surfactant and counterion

chemistry rather than micelle size.

3.4 Conclusions

Previous literature experiments regarding surfactant charging in nonpolar media
have focused on proprietary surfactants. While of industrial importance, these
surfactants are often low purity and offer little systematic differences in surfactant

chemistry. Through development of a high purity, synthetic technique for AOT analog
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surfactants, we isolate and demonstrate specific relationships between counterion
chemistry and micelle charging behavior. Two AOT analog surfactants were
synthesized, and their charging properties were measured using impedance
spectroscopy. Comparing charging behavior of AOT and AOT analogs reveal novel
relationships between counterion hardness and charged micelle formation.

The major structural difference between AOT and its synthetic analogs was
counterion hardness. The synthesized analogs had a larger, hydrophilic para-toluene
sulfonate counterion while the commercial AOT surfactants had smaller, highly ionic
metal counterions. The change in counterion chemistry resulted in the AOT analogs
having conductivities and ionic strengths that were an order of magnitude larger than

those of sodium AOT. The dramatic increase in charging efficiency could not be

modeled with the leading disproportionation and charge fluctuation theories for charged

micelle formation. In contrast, AOT surfactants with harder metal counterions of sodium

or calcium have similar conductivities per micelle and are readily fit by the charge
fluctuation model.

Water was carefully monitored and controlled to be below 10 ppm at all times
during the course of impedance spectroscopy experiments. Despite the efforts taken to
remove water from the surfactant solutions, water was found to have little effect on the
charging properties of sodium AOT compared to those obtained from ambient humidity
experiments from the literature.
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Chapter 4 Dependence of surfactant doped nonpolar media conductivity on

surfactant dissociability

4.1 Introduction

Surface charging of particles by surfactants in nonpolar media is of interest in a
diverse range of fields such as oil recovery,* reflective displays,?2 and drug delivery.
Certain surfactants in nonpolar liquids are capable of charging particles through
assembly into reverse micelles with water, ions, and polar head groups sequestered in
an internal core and surfactant tails extended outwards to form a hydrocarbon shell.>®
These reverse micelles acquire charge during Brownian collisions in which a free ion is
exchanged from one neutrally charged micelle to another, resulting in two oppositely
charged micelles.” Attempts have been made to quantitatively model these collisions,
termed the disproportion mechanism for charge formation, using a charge-fluctuation
model first proposed by Eicke.81° The charge fluctuation model is a one parameter
model that predicts surfactant charging of nonpolar media based on micelle size.??
While the charge fluctuation model has been shown to predict conductivity of bis-(2-
ethylhexyl) sulfosuccinate (AOT) doped nonpolar solutions,? it cannot predict charging
behavior of the (Csb)2-Asp-PTS and (Csb)2-Glu-PTS surfactants discussed in Chapter 3.
Therefore, some factor beyond micelle size must be accounted for to describe the
charging of (Csb)2-Asp-PTS and (Csb)2-Glu-PTS surfactants.

lonic strength results in Chapter 3 indicated that counterion size may be the key
factor in differentiating the charging of (Csb)2-Asp-PTS and (Csb)2-Glu-PTS from sodium
AOT micelles. That is, larger organic counterions like para-toluene sulfonate (PTS) are

more likely to be dissociated from their ionic surfactant counterpart while inside the
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micelle core and during micelle collisions than small metallic ions like sodium. This
increased likelihood of charge transfer during micelle collisions could be responsible for
the superior charging ability of (Csb)2-Asp-PTS and (Csb)2-Glu-PTS compared to AOT
micelles. Studies in literature have also explored the effect of surfactant counterion and
chemical structure for AOT and AOT homologue surfactants. Eastoe!!-13 has used
counterion exchange techniques to produce a palette of AOT compounds with different
univalent and divalent metal counterions and concluded that metal counterion size
changed the shape of assembled micelles. Similar experiments conducted for bis-(2-
ethylhexyl) phosphorate (DEHP), a phosphate head group homologue of AOT,
demonstrate that reverse micelle shape of DEHP is also dependent on counterion
chemistry.'# Although these micelle size and shape variations are useful for
understanding self-assembly of surfactants in nonpolar media, they do not elucidate the
charging properties that are vital to the viability of such surfactants for industrial
applications. EIS experiments on such samples would allow direct measurement of
surfactant electrical properties rather than those inferred from shape measurements
using scattering techniques. Parent et al. have developed a synthetic technique to
modify the head group of non-ionic surfactant polyisobutylene succinimide (PI1B) by
incrementally increasing the length of polyamide chains in the succinimide head.!®
Doping nonpolar media with PIBs, they measured an enhanced conductivity of the
nonpolar liquid despite PIBs being non-ionic. While giving no explanation for the origin
of charge, they do conclude that non-ionic surfactants with larger head groups tend to
form larger micelles in solution than smaller head group counterparts, resulting in higher

ionic strengths for large micelles as predicted by charge-fluctuation theory.'®> However, it
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is unclear whether these conclusions can be extended more universally to both ionic
and non-ionic surfactants.

In this study, we use the synthetic method developed in Chapter 3 and ion-
exchange to synthesize a series of surfactants with incrementally altered head groups,
counterions, and hydrocarbon tail chemistries. The conductivity and ionic strength of
these surfactants are measured using EIS to reveal specific structure-function
relationships key to charging of micelles in non-polar liquids. Surfactant chemistry
modifications span both ionic and non-ionic surfactants. Dynamic light scattering
measurements are also taken for all surfactants so as to correlate surfactant assembly
with surfactant charging.

4.2 Materials and Methods
4.2.1 Materials

A variety of synthesized and commercial surfactants were investigated to
determine the relationship between surfactant chemical structure and charging behavior
in dodecane. Surfactants were categorized into three different groups. The first group of
surfactants were selected to examine how head group chemistry impacts formation of
charged micelles in nonpolar liquids. A series of surfactants with increasingly non-
dissociable head groups were synthesized to accomplish this aim. The chemical

structures of group 1 surfactants are shown in Figure 4.1.
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Figure 4.1. Group 1 sufactants consisting of a) (Csb)2-Asp-Methyl, b) (Csb)2-Asp-

COOH, and c) (Csb)2-Asp-PTS. The three structures are shown in order of increasing
dissociability.

The tail structure between the three surfactant groups were kept constant while
small changes in head group chemistry were imposed. The non-ionic surfactants (Csb)-
Asp-Methyl has a completely non-dissociable head group while (Csb)2-Asp-COOH has a
potentially dissociable hydrogen. Dukhin has measured conductivity of alcohols in
nonpolar liquid due to proton dissociation of the hydroxyl group which could also occur
for (Cgb)2-Asp-COOH.8 In contrast, (Csh)2- Asp-PTS is a true ionic surfactant with a
charged polar head and a para-toluene sulfonate counterion. The next group of
surfactants were chosen based on incremental changes in tail group chemistry. They

are shown in Figure 4.2.
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a) . NHs*

Figure 4.2. Group 2 structures a) Cs-Asp-PTS, b) (Csb)2-Asp-PTS, c) I-28, and |-34T-
Asp-PTS. All surfactants with the exception of I-28 have a para-toluene sulfonate
counterion.

The surfactants in Figure 4.2 are vary in both carbon tail length as well as the
degree of branching. Ce-Asp-PTS has the shortest tail with no branching while (Csb)2-
Asp-PTS has a branch on the second carbon. 1-28 is a long chain alcohol with 14
carbons in each tail. Although it is not a surfactant in the typical sense, the polar nature
of the alcohol group coupled with the two hydrocarbon chains could act sufficiently
amphiphilic in nonpolar liquids.*® Finally, 1-34T-Asp-PTS shares the same amino polar
head group as Cs-Asp-PTS and (Csb)2-Asp-PTS but possesses a bulky 17 carbon alkyl

tail. The last group of surfactants are shown in Figure 4.3.
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Figure 4.3. Group 3 structures a) sodium (Na) AOT and b) calcium (Ca) AOT. Note that
there are two surfactant per calcium due to its divalent charge.

The two AOT surfactants shown in Figure 4.3 were chosen to isolate the effect of
counterion charge on micelle formation and charging in nonpolar liquids. Na AOT and
Ca AOT are identical ionic surfactants that differ only in counterion identity. Na AOT is a
univalent surfactant while Ca AOT is a divalent surfactant.

The majority of the surfactants were synthesized through esterification reactions
of two long chain alcohols (Sigma-Aldritch) by aspartic acid (Sigma-Aldrich). The
reactions are catalyzed by para-toluene sulfonate (Sigma-Aldrich) which remained in
the ionic surfactant products as the counterion. The synthesis reaction was carried out
under reflux in toluene for 4 hours so as to remove the undesirable side product water.
A list of long chain alcohols and amino acid linkers used for each synthesized surfactant
is shown in Table 4.1. (Csb)2-Asp-Methyl and (Csb)2-Asp-COOH required additional
reaction steps beyond the esterification reaction to generate the final product structure.
(Csb)2-Asp-COOH was synthesized from acylation of (Csb)2-Asp-PTS with succinic

anhydride in the presence of excess trimethylamine. (Csb)2-Asp-Methyl was synthesized
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from acylation of (Csb)2-Asp-PTS with monomethyl succinate in a solvent consisting of
dichloromethane and dimethylformamide with N,N-diisopropylethylamine and 2-
hydroxybenzothiazole acting as catalysts. Details regarding both reactions are further
discussed by Haverstick.'’

Table 4.1. Alcohol tail used in synthesis of each surfactant.

Surfactant Alcohol Talil
Ces-Asp-PTS hexanol
(Csb)2-Asp-PTS 2-ethyl-1hexanol
(Csb)2-Asp-COOH | 2-ethyl-1hexanol
(1-34T)2-Asp-PTS [-34T

Ca AOT was produced from a liquid-liquid ion-exchange method described by
Eastoe.'? In this technigue, equal volumes of a Na AOT in heptane solution and
aqueous CacCl (Sigma-Aldrich) were prepared at a concentration of 1 M and 100 mM
respectively. Next, the aqueous and nonpolar solutions were shaken together in a flask,
forming a Winsor Il emulsion.*? Over a period of 1-3 days, the emulsion would settle into
two distinct phases — an oil rich phase and a water rich phase. The organic phase was
then carefully siphoned off and shaken with fresh aqueous solution two further times.
Upon completion, the organic solvent was removed using rotary evaporation (Buchi) for
one day.

All product surfactants were purified using flash column chromatography
(Combiflash) in a silica gel column and subsequently placed in a rotary evaporator for 5
hours. Molecular weights of products were validated via electrospray ionization
spectroscopy (Thermo Scientific LTQ-XL Linear lon Trap Mass Spectrometer).

Surfactants were stored in a lyophilizer for one week prior to experiments to allow
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evaporation of volatile impurities.
4.2.2 Methods

The impedance cell consists of a pair electrodes made of ITO coated glass slides
overlaid on top of each other with sample fluid is injected between the slides as seen in
Figure 2.3. The two electrodes are held apart at a uniform distance by 8 uym silica spacer
beads (Co-spheric LLC). The ITO coating of the electrode slides are further coated with
a 33 nm thickness layer of fluoropolymer to prevent undesirable charge adsorption
during the impedance experiment. Details of the procedure for assembly of the
impedance cell and manufacture of the fluoropolymer coating are rigorously described
in Chapter 2.181° Next, the impedance cell is connected to a VersaSTAT 3 potentiostat
(Princeton Applied Instruments) equipped with a low current Interface. All impedance
cells are assembled in a nitrogen-blanked glove bag, and impedance experiments take
place in a nitrogen blanketed Faraday cage.

Analysis of the impedance data is intensively described in Chapters 2 and 3. For
brevity, the analysis method can be summarized as deriving the value of impedance
elements Cq, Ry, and Cq which are in turn used to infer the physical parameters of the
sample solution K (conductivity), | (ionic strength), and Dn (hydrodynamic diameter).
The parameters Cq, Cqi,, and Ry are related to the fluid electrical properties by the

following equations.

d

-4 (4.1)
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where d is the gap distance between the electrodes, At is the area of the solution held

between the two electrodes, K is the conductivity of the solution, and ¢ is the zeta

potential of the electrode surface. The ionic strength of the bulk fluid can then be

b 12e2n,

Where ¢ is the permittivity of the solution, kg is Boltzmann’s constant, T is absolute

calculated from equation (3.5).

temperature, e is the charge on one proton, and ng is the ionic strength (number per
volume). The hydrodynamic radius of charge carriers can be calculated from the
conductivity and ionic strength of the sample and the Stokes-Einstein equation. Cg, Ca,
and Ry, are obtained from the ratio of the extrema of Im(Z) according to equation (3.7) of
Chapter 3.

In order to calculate the number of charge carriers in solution from the
impedance spectra, Zetaspin™ was used to determine the zeta potential of the
fluoropolymer coated ITO slides. Zetaspin™ involves measurement of the streaming
potential between two inert, glassy carbon electrodes immersed in surfactant solution.
The software (LabVIEW, National Instruments) then calculates the zeta potential of the
electrode surface from the measured streaming potential.?° The sample preparation and
procedure for these Zetaspin™ experiments were as described by the previous work.?°
All solutions were maintained at a water content below 10 ppm according to a
coulometric Karl-Fisher water titrator.
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To compare the EIS-derived charge-carrier sizes to the hydrodynamic micelle
size, dynamic light scattering measurements were performed on the surfactant
solutions. A Malvern ZetaSizer Nano ZSP (Malvern Instruments, Malvern, UK) used
phase analysis light scattering (PALS) to correlate temporal scattering fluctuations to
hydrodynamic size information. All solutions were sparged with nitrogen and prepared in
a nitrogen glove bag to keep the water content below the detectability limit at all times.
Both solvent and solution were filtered prior to light scattering using a 250 nm
polytetrafluoroethylene syringe filter (VWR International).

4.3 Results and Discussion
4.3.1 Solubility

All surfactants in Groups 3 were found to be soluble in dodecane. Group 1
surfactants (Csb)2-Asp-COOH and (Csb)2-Asp-PTS dissolved spontaneously in
dodecane without agitation while (Csb)2-Asp-Methyl was completely insoluble after
sonication and three days of equilibration. Solubility was judged based on optical clarity
of the surfactant solutions and absence of sedimented aggregates. All surfactants with
ionic or alcohol head groups were soluble in dodecane while the surfactant with the
most nonpolar head group (Csb)z2-Asp-Methyl was not. Clearly then, the self-assembly
behavior of the synthesized surfactants is determined by their head group chemistry
and some degree of head group polarity is essential to solubility in nonpolar solvents.
Amongst the group 2 surfactants, Cs-Asp-PTS was the only sample that was insoluble
in surfactant. Despite being an ionic surfactant, the lack of branching points within the
surfactant structure may have prevented assembly into micelles in solvent. One

rationale for this behavior is that non-branched surfactants lack curvature, making
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aggregation into non-monolayer structures difficult. Such trends were seen in a
systematic study of AOT-like surfactants studied by Eastoe.!
4.3.2. Conductivity

Of the six dodecane soluble surfactants, only four had measurable conductivities
(>10 pS/cm) in dodecane. For Group 1 surfactants, all candidates were conductive in
dodecane with the exception of Cs-Asp-PTS as it was insoluble in dodecane. Group 2
surfactants showed the most diverse conductivity behavior. Despite being soluble in
dodecane, 1-28 and (I-34T)2-Asp-PTS showed no conductivity enhancing behavior. This
could arise if surfactants do not form micelles and exist merely as monomer surfactants
in solution. Without the ability to solvate charge in a polar micelle interior, the
surfactants cannot act as vehicles for charging. Dye studies on I-28 in dodecane
solutions indicate that this is a likely possibility. When 20 mL vials of 1-28 solutions were
doped with 0.5 mg of bromothymol red, a water soluble pH indicator, no significant
solvation of dye was observed according to UV-Vis measurements. Without formation of
[-28 micelles, there was no suitably polar environment for solvation of dye particles.
Amongst the Group 2 surfactants, 1-28 has the least polar head group. Consequently,
there may not be sufficient amphiphilic character in the chemical structure of 1-28 to
form micelles. Such an explanation is further bolstered by experiments from the
literature. Dukhin® observed that octanol raised the conductivity of poly-a-olefin at
alcohol concentrations above 20 weight percent. He hypothesized that octanol formed
micellar structures in poly-a-olefin, and that these octanol micelles raised the
conductivity of the olefin by solvating charge in their interiors.1® Examining the structure

of I-28 and octanol, one notes the large difference in hydrophile to lyophile balance
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between the two. I-28 has a 28 carbon backbone forming its tail structure while octanol
has only 8 carbons in its backbone. I-28 is less amphiphilic and therefore predominately
nonpolar compared to its octanol counterpart. Dukhin’s observations thus add credibility
to the conclusion that I-28 is not sufficiently amphiphilic to form micelles that solvate
charge in nonpolar liquids. (I-34T)2-Asp-PTS was also non-conductive in dodecane.
Comparing the hydrophile to lyophile balance amongst Group 2 surfactants, (I-34T)2-
Asp-PTS distinguishes itself as the surfactant with the most lyophiles as it possesses
the most numerous and longest hydrocarbon tails. Beyond the decrease in amphiphilic
character that results from its predominately lyophilic nature, the steric challenge of four
long hydrocarbon tails may prevent aggregation of (I-34T)2-Asp-PTS into charged
micelles.

Conductivity of the remaining surfactant solutions were derived from EIS
impedance spectra. This was accomplish through using the equivalent circuit described
in Chapters 2 and 3 to calculate the impedance element Rt. Afterwards, Rris used to
derive the fluid conductivity K according to equation (3.2) and is subsequently plotted in

Figure 4.4.
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Figure 4.4. Plot of conductivity as a function of surfactant concentration for sodium AOT
(filled squares), calcium AOT (filled diamonds), (Csb)2-Asp-PTS (filled triangles), and
(Csb)2-Asp-COOH (filled circles).

Of the surfactant candidates included in this study, only (Csb)2-Asp-PTS, (Csb)2-
Asp-COOH, calcium AOT, and sodium AOT were measurably conductive. Their EIS
derived conductivities are shown in Figure 4.4 as a function of surfactant concentration.
Evaluating differences in conductivity between surfactants of Group 2, one observes
that (Csb)2-Asp-PTS is between one and two orders of magnitude more conductive than
(Csb)2-Asp-COOH. Furthermore, (Csb)2-Asp-PTS displays linear increases in
conductivity as a function of surfactant concentration. In contrast, the conductivity of
(Csb)2-Asp-COOH is relatively consistent at 0.5 nS/m at all surfactant concentrations.
Differences in charging of (Csb)2-Asp-PTS micelles relative to (Csb)2-Asp-COOH
micelles can be rationalized in terms of head group dissociability. Prior experiments

described in Chapter 3 of this thesis has shown that (Csb)2-Asp-PTS are more likely to
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form charged micelles in solution than sodium AOT. Given that surfactant structures are
almost identical between the two surfactants, this difference in micelle charging can be
attributed to the surfactant counterion. That is, the small sodium counterions were less
likely to dissociate and form free charges that could be solvated in micelle interiors than
the bulkier para-toluene sulfonate counterions. Following that reasoning, the covalently
bonded proton in the carboxyl group of (Csb)2-Asp-COOH is less likely to dissociate
than the ionic bound para-toluene sulfonate counterion of (Csb)2-Asp-PTS. In a polar
environment such as a micelle interior, salts are far more likely to dissociate than
nonionic covalently bonded species. Through head group modification, we have
successfully changed the surfactant dissociability and hence charging behavior of
(Csb)2-Asp-PTS to resemble that of sodium AOT. Figure 4.4 also contains the
conductivity behavior of sodium AOT and calcium AOT. In contrast to the two Asp-PTS
surfactants, calcium AOT and sodium AOT have similar conductivities. Given that
calcium is a divalent ion of similar size to sodium, it is reasonable that the dissociability

and hence the conductivity of the two AOT surfactants are comparable.

4.3.3 lonic Strength
The ionic strength of the surfactant solutions were derived from Cal interpreted
from the impedance spectra and Ap using equations (4.3) and (4.4). lonic strengths for

all four conductive surfactants are plotted in Figure 4.5.
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Figure 4.5. lonic strength as a function of surfactant concentration for sodium AOT
(filled squares), calcium AOT (filled diamonds), (Csb)2-Asp-PTS (filled triangles), and
(Csb)2-Asp-COOH (filled circles). Top line is the average ionic strength of (Csb)2-Asp-
PTS while bottom line is the average ionic strength of sodium AOT, calcium AOT and
(Csb)2-Asp-COOH excluding the two outliers at 3 x 10 mM.

The ionic strengths in Figure 4.5 are all relatively constant as a function of
surfactant concentration. This behavior is in accordance with ionic strength trends seen
in Chapter 3. The extremely low water content of surfactant solutions may limit the
number of solvated ions in the micelle core. Even as the concentration of surfactant and
hence micelles available for Brownian collisions increase, there is no additional
dissociated ions in the polar core available for micelle to micelle transfer. The ionic
strengths of calcium AOT, sodium AOT, and (Csb)2-Asp-COOH are similar at all
surfactant concentrations. The average ionic strength of the three surfactants is 7 £ 3 x
10° mM when excluding the two outliers at 3 x 106 mM. (Csb)2-Asp-PTS has an average

ionic strength of 6 = 1 x 10* mM which is an order of magnitude larger than the other
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three surfactants. Overall, Figure 4.5 demonstrates that small changes in surfactant
chemistry has strong effects on the number of charged micelles in solution. These
effects can largely be understood as a result of head group chemistry and surfactant
dissociability. For example, a bulk organic counterion such as para-toluene sulfonate is
ten times more likely to be a free ion within the micelle core and be exchanged during a
Brownian collision than small, high charge density counterions like sodium or calcium.
Of particular interest is that although we expect sodium AOT, calcium AOT, and (Csb)2-
Asp-COOH to have lower ionic strengths than (Csb)2-Asp-PTS due to surfactant
dissociability, there is no clear reason why the ionic strengths of the three surfactants
are largely the same. Given that the variation in surfactant chemistry represented by
these three surfactants include ionic versus covalent bonds, univalent versus divalent
counterions, it is intriguing that the ionic strength is surprisingly insensitive.
4.3.4 Hydrodynamic Diameter

Hydrodynamic diameters of charged micelles were calculated from the Stokes-
Einstein equation presented as equation (3.6) in Chapter 3. Micelle sizes for the entire
population, both charged and uncharged, were obtained from dynamic light scattering
experiments. Comparisons of the charged micelle diameter and the total micelle

diameter are shown in Figure 4.6.
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Figure 4.6. The hydrodynamic diameter of charged micelles obtained from EIS for
(Csb)2-Asp-PTS (filled triangles), and (Csb)2-Asp-COOH (filled squares). Hydrodynamic
diameter of entire micelle population, charged and uncharged, obtained from DLS for
(Csb)2-Asp-COOH are shown as open squares.

From Figure 4.6, the size of the entire population of micelles obtained from DLS
is about the same as the size of the charged micelles obtained from EIS. That is,
hydrodynamic diameters from both EIS and DLS are within three standard deviations of
each other. Overall, the similarity in size between the two measurements verifies EIS as
a reliable method of obtaining size of charge carriers. The biggest difference amongst
the three plots shown in Figure 4.6 is that the micelles of (Cgh)2-Asp-COOH are much
larger than micelles of (Csb)2-Asp-PTS. According to the charge fluctuation theory of
micelle charging, larger micelles are more likely to become charged than smaller
micelles because larger micelles require less energy to charge. The data in Figure 4.6

directly contradicts such charging predictions from the charge fluctuation theory.

80



Although (Csb)2-Asp-COOH forms micelles that are an order of magnitude larger than
(Csb)2-Asp-PTS, it has an order of magnitude lower ionic strength than its PTS
counterpart. Examining the chemical structures of the two surfactants, this discrepancy
in charging behavior can be attributed to the difference in head group chemistry
between the two surfactants. As discussed when rationalizing ionic strength trends
amongst the studied surfactants, the carboxyl head group structure of (Csb)2-Asp-
COOH is far less dissociable than the PTS counterion of (Csb)2-Asp-PTS. As a result,
solutions of (Csb)2-Asp-PTS may have a bigger reservoir of micelles with a dissociated
charge in the polar interior than those of (Csb)2-Asp-COOH. These dissociated charges
in the micelle interior are ultimately the limiting factor in determining the extent of
charging possible in a given micelle solution.

Similar size information for micelles of sodium and calcium AOT are shown in

Figure 4.7.
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Figure 4.7. Hydrodynamic diameter of charged micelles obtained from EIS for sodium
AOT (filled squares) and calcium AOT (filled diamonds). DLS derived diameters for all
micelles of calcium AOT is shown as open diamonds.

The size of charged micelles for sodium AOT and calcium AOT from data
presented in Figure 4.7. As discussed in Chapter 3, the micelle population of sodium
AOT undergo a bimodal to unimodal transition at a surfactant concentration of
approximately 20 mM. Below 20 mM, the charged species consist of the larger of the
two micelle populations; above 20 mM, this larger micelle population disappears. As a
result, the charged micelle population abruptly decreases in size above a surfactant
concentration of 20 mM. For micelles of calcium AOT, there is no sharp transition from a
bimodal to unimodal micelle population. As evident in the dynamic light scattering data
of calcium AOT, there is only a single size population of micelles which grow slightly

larger in size with surfactant concentration. Similarly, the charged micelles of calcium
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AOT do not abruptly change size with surfactant concentration. Overall, while the ionic
strengths of calcium AOT and sodium AOT are similar, the self-assembly behavior of
the two surfactants are very different. The disparate self-assembly mechanisms are
likely responsible for the distinct conductivity trends of each surfactant.
4.4 Conclusions

Previous studies in the literature have studied homologues of commercial
surfactants to elucidate how surfactant chemistry impacts micelle charging in nonpolar
media. Many of these studies focus on scattering techniques to characterize micelles;
however, only about one in one million micelles are charged. Thus, scattering studies
are biased towards the non-charged micelles and interpretation of the charged micelle
behavior from scattering is often inaccurate. In contrast, studies that involve electrical
measurements are often limited in surfactant scope. That is, they are focused
exclusively on either ionic or nonionic surfactants, and the surfactant homologue
structures are limited to close variations of existing commercial surfactants. In this
study, we use synthesis and ion exchange techniques to produce high purity surfactants
with incremental variations in surfactant head group, counterion, and tail structure.

Impedance-spectroscopy-derived conductivities and ionic strengths for the
surfactants revealed a strong relationship between surfactant dissociability and
surfactant charging. For a series of (Csb)2- Asp surfactants, an increase in surfactant
dissociability through incremental modification of the polar head group was correlated
with increased solvent solubility and ionic strength. This trend was observed in both
ionic and non-ionic surfactants. lonic surfactants with bulkier organic counterions had

larger ionic strengths than metallic counterion surfactants. Non-ionic surfactants with
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carboxyl terminated head groups were more conductive than those with methyl
terminated head groups. Surfactant tail modifications revealed that some degree of
branching was necessary for surfactant solubility in nonpolar liquids; however, there
was no straightforward relationship between tail chemistry and ionic strength. While
longer tails did result in soluble surfactants, the majority of tail modified surfactants were
not conductive in dodecane. This is because while longer tails increased the nonpolar
nature of surfactants allowing for easier dissolution in dodecane, the steric hindrance
imposed by increasingly bulkier and longer surfactant tails prevented self-assembly into
reverse micelles.
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Chapter 5 Zetapotential of AOT and AOT analog surfactant doped nonpolar
liguids on fluoropolymer and mica

5.1 Introduction

Colloidal particles in nonpolar liquids are used in electrophoretic displays,*? oil-
based printing toners,® electrorheological fluids,* and drug formulations.®> Despite our
understanding of surface charging in aqueous conditions, similar mechanisms in
nonpolar liquids remain abstruse. One method of characterizing surface charge is the
zeta potential which measures the voltage drop across the diffuse layer of counterions
next to a charged surface. Surfactants in nonpolar liquids have been known to facilitate
surface charging; however, the identity of adsorbed charged species are unclear.®’
lonic surfactant monomer and counterion are thought to be preferentially adsorbed onto
the surface leading to surface charging. However, nonionic surfactants have also been
observed charging surfaces in nonpolar liquids despite the lack of dissociable ions.8°
Furthermore, not only are the identity of adsorbed charges varied and highly surfactant
specific, the sign of surface charging is difficult to predict and rationalize. For example,
the same surfactant may induce opposite signs of surface charging depending on the
surface.'® Due to the specific nature of surfactant — surface interactions, a popular
mechanism to rationalize the zeta potential is the acid-base mechanism first introduced
by Fowkes.1! Such analyses have yielded mixed results perhaps due to the presence of
charged impurities in commercial surfactants as well as the role of contaminant water
(from ambient air) during zeta potential measurements.810.12

Zetaspin™ has been used to measure the zeta potential of surfaces in surfactant

doped dodecane in prior literature.'® This experimental technigue consists of a central
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spindle holding the sample surface immersed and rotated in a 400 mL reservoir of
surfactant solution. The resulting streaming potential of the charged surface is
measured between two inert glassy-carbon electrodes which can be used to derive the
zeta potential given some solution properties.'® The advantages of the Zetaspin™ are
that a nitrogen sparger can be used in-situ to dewater the surfactant solution prior to
measurements and that the measured zeta potential is not electric-field dependent.*3
The synthesis method outlined in Chapters 3 and 4 produces high purity surfactant that
are ideal candidates for Zetaspin™. The surfactants are synthesized to isolate small
difference in chemical structures such as variations in counterion charge and surfactant
dissociability. Another motivation for Zetaspin™ studies is that impedance spectroscopy
experiments described in Chapter 2-4 require zeta potential values in order to obtain
correct values of ionic strengths measured by the potentiostat.'* The Zetaspin™ is
particularly suitable for this measurement because the sample must be a planar solid,
just as the electrodes in EIS. Zeta potential of the electrode surface must be accounted
for when inferring Debye length from the double layer capacitance. The Debye length is
then used to infer the solution ionic strength.

Using the Zetaspin™, the zeta potential of mica and fluoropolymer in dodecane
solutions of sodium AOT, calcium, AOT, (Cgh)2-Asp-PTS, (Csb)2-Glu-PTS, and (Csb)2-
Asp-COOH were measured. The chemical structures for these surfactants can be found
in Figure 3.1 for aspartic acid derived surfactants and Figure 4.3 for AOT surfactants.
These surfactants were rigorously purified and dewatered using nitrogen sparging,
rotary evaporation (Buchi), and flash chromatography (Combiflash). The combination of

ionic and nonionic surfactants span across a range of counterion sizes and
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conductivities. Water from sample exposure to ambient air as well as contact time
between surface and solution was also measured and determined to greatly change the
zeta potential depending on surface. Finally, acid-base mechanisms from polymer-
surface adhesion theory was applied to the experimental results in order to rationalize
the zeta potential results.
5.2 Materials and Methods
5.2.1 Materials

Four noncommercial surfactants and sodium AOT (Sigma-Aldrich) were studied
in this chapter. Synthesized surfactants consisted of (Csb)z2-asp-PTS, (Csb)2-glu-PTS,
and (Csb)2-asp-COOH. These surfactants were synthesized through esterification of two
2-ethyl-1hexanol with glutamic and aspartic acid respectively.'® The reactions are
catalyzed by para-toluene sulfonate which remained in the (Cgb)2-asp-PTS and (Csb)z-
glu-PTS products as counterions. An additional step was necessary for synthesis of the
(Csb)2-asp-COOH. (Csb)2-asp-PTS was acylated with succinic anhydride in the
presence of excess trimethylamine to synthesize (Csb)2-asp-COOH. The last surfactant
tested was the calcium salt of AOT which was achieved via ion-exchange in the method
described by Eastoe as described in Chapter 4.16 Equal volumes of sodium AOT in
heptane and CacCl in water were shaken together in a flask and allowed to come to
equilibrium. Once the flask had settled into two distinct phases, the top heptane phase
was siphoned off and shaken with fresh CaCl aqueous solutions two more times.
Afterwards, the organic phase was put in a rotary evaporator (Buchi) to recover the
calcium AOT from solution.

All surfactants including commercial sodium AOT were purified using flash
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column chromatography (Combiflash) in a silica gel column with a solvent consisting of
dichloromethane and methanol in a 9:1 ratio. After purification, surfactants were put in a
rotary evaporator for five hours. Molecular weights of surfactants were confirmed
through electrospray ionization spectroscopy (Thermo Scientific LTQ-XL Linear lon Trap
Mass Spectrometer). The surfactant peak for (Csb)z2-asp-PTS in positive mode was m/z
= 358.29 (expected: 358.30 g/mol) and in negative mode m/z=171.01 g/mol (expected
171.19 g/mol). Similarly, peaks for (Csb)2-glu-PTS positive mode was m/z=372.31
(expected: 372.31 g/mol) and negative mode m/z= 171.01 g/mol (expected 171.19
g/mol). Finally, for calcium AOT and sodium AOT, the negative mode was m/z=421.23
and m/z = 421.33 respectively (expected 421.57 g/mol). lons in positive mode could not
be discerned for calcium and sodium AOT due to the extremely small m/z value of the
sodium and calcium ions. Peaks for those two surfactants in positive mode consisted of
noise and contaminant peaks from previous samples.
5.2.2 Methods

Zetapotential of surfactants were determined using Zetaspin™- This apparatus
measures the streaming potential between two inert, glassy carbon electrodes
immersed in surfactant solution. The software (LabVIEW, National Instruments) then
calculates the zeta potential of the electrode surface from the measured streaming
potential. The sample preparation and procedure for these Zetaspin™ experiments
were as described by Chapters 2 and 3. In order to measure zetapotential, 400 mL of
surfactant solution was prepared and poured into the Zetaspin™ liquid reservoir. Next, a
circular ITO slide, coated with a 33 nm fluoropolymer coating, was mounted onto a

central spindle using a concentrated sugar syrup as the adhesive. The thickness of the
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fluoropolymer coating was measured using white light interferometry as described in
Chapter 2. The fluoropolymer layer was deposited in a plasma polymerization process
using a CaFs precursor in a STS Multiplex DRIE ICP system. The fluoropolymer surface
is then contacted with the surfactant solution reservoir, and a motor rotated the spindle
at a rate of 2000 rpm for between 500 to 2000 seconds. The streaming potential is then
measured by two inert, glassy carbon electrodes immersed in surfactant solution and
converted into a zetapotential by the software (LabVIEW, National Instruments).3 The
carbon electrodes are placed such that one is located upon the central axis of the
spinning surface and another is located at a radial distance to the edge of the solution
reservoir. While streaming potentials are instantaneously established in aqueous
solutions, nonpolar solutions do not behave in the same way. Hence, the surface mount
was spun up to 2000 seconds for the streaming potential to reach an equilibrium value
due to the low conductivity of the surfactant solutions. The solution is continuously
sparged with nitrogen gas to remove water from the solution prior to measurements. All
solutions were maintained at a water content below 10 ppm according to a coulometric

Karl-Fisher water titrator.
5.3 Results and Discussion

5.3.1 Effect of Surface Contact Time on Zeta Potential of AOT Doped Dodecane

The first series of experiments focused on the zeta potential of sodium AOT in

dodecane and are shown in Figure 5.1.
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Figure 5.1. Zeta potential of 30mM AOT in dodecane on freshly cleaved mica (filled
circles) and 10mM AOT in dodecane on fluoropolymer (filled squares) as a function of
contact time between surfactant solution and surface.

Figure 5.1 displays the zeta potential for the mica and fluoropolymer surface for
an AOT in dodecane solution. Mica and fluoropolymer surface behave radically different
in response to contact with the AOT solution. In water, mica has a negative zeta
potential because the potassium ions within mica are leached out by water. The positive
potassium ions leave the mica surface and are dissolved into the bulk aqueous solution
leaving a net negative zeta potential on the mica surface.’ In contrast, the zeta
potential of mica in AOT in a nonpolar solution is large and positive. Comparing with a
similar study in the literature, AFM measurements between a mica particle and a planar
mica surface immersed in an AOT/decane solution revealed a repulsive force between
the particle and surface.'” Thus, our experiment agrees with literature in that both

experimental methods corroborate charging of the mica surface by AOT in nonpolar

92



media. However, the literature study concludes that the net charge of the AOT surfaces
are negative from a phase analysis light scattering experiment (Zeta-PALS) indicating a
small negative mobility of magnitude 101° m?/Vs.t’

In light of these differing results, it is useful to consider the experimental
differences between the two methods. The experiments in Figure 5.1 were performed
under extremely low water conditions (less than 10 ppm) while the AFM experiments
were conducted using untreated AOT stock solutions which are known to be
hygroscopic (1wt. % water). Lack of water could would facilitate a positive zeta potential
by preventing solvation of potassium ions from the mica surface. The Zeta-PALS
experiments from literature were conducted on ground mica particles which may have
considerably different surface chemistry than freshly cleaved mica sheets used in
Zetaspin™ experiments. Another key difference between the two techniques is that for
AFM experiments, the total volume of the apparatus was sufficiently small such that all
charges are assumed to be around the mica particle and mica surface. Zetaspin™
experiments however require a large volume of surface solution such that there exists a
bulk reservoir of solution to replenish any ions adsorbed onto the mica surface. Given
the long time equilibration needed for the zeta potential to settle to a consistent value
(=125 minutes) in Figure 5.1, there is likely some effect on zeta potential from the
transport of ions from the bulk fluid onto the mica surface. Also shown in Figure 5.1 is
the zeta potential of AOT in dodecane on a fluoropolymer surface. Unlike mica surface,
the fluoropolymer surface has a large negative zeta potential in AOT/dodecane.
Furthermore, the zeta potential is established almost instantaneously after contact with

the fluoropolymer surface.
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5.3.2 Effect of Water Content on Zeta Potential of AOT Doped Dodecane
The effect of water exposure was also explored for both the mica and
fluoropolymer surface and are shown in Figure 5.2 and Figure 5.3 respectively.
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Figure 5.2. Zeta potential (filled circles) and conductivity (filled squares) of a 30 mM
AOT in dodecane solution in contact with a mica surface. Water content strongly affects
the zeta potential compared to conductivity.

Figure 5.2 plots the relationship between zeta potential and water content of
solution as measured by the KF water titrator. For these measurements, a solution of
AOT in dodecane was nitrogen sparged until the water content was below the
measurable limit of the KF water titrator. Then, water was re-introduced into the solution
via exposure to ambient humidity while the spindle mount was stationary. Water content
and zeta potential measurements were taken at various time intervals and graphed in
Figure 5.2. As seen in a previous study in the literature, water strongly affects the zeta
potential of the mica surface but has much less effect on surfactant conductivity.!’
Given the hydrophilic nature of the mica surface and its change in surface charge with
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increased water content, it is highly probable that the water is accumulating at the mica /
solution interface. This is surprising as the response of the mica surface in aqueous
solutions is solvation of potassium ions within the mica layers resulting in a net negative
charge surface charge. In contrast, the role of water in charging of the mica surface in
AOT doped dodecane is to facilitate positive surface charging. Another interesting effect
of water is to introduce noise and irreproducibility in the measurement of the zeta
potential. While the zeta potential in Figure 5.1 asymptotes to a consistent value at long
equilibration times, there is a £ 20 mV variance in the zeta potential at high water
contents. Since zeta potential measurements are essential to analysis of impedance
spectroscopy data, any measurement error in the zeta potential will propagate to the
electrical properties derived from impedance spectroscopy. That is, an unsteady zeta
potential arising from fluctuating water contents would complicate the conductivity and
ionic strength analyses. Thus, water was removed during sample prep and impedance
spectroscopy experiments described in Chapters 2 through 4. Zeta potential data as a

function of water content for the fluoropolymer surface is shown in Figure 5.3.
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Figure 5.3. Zeta potential (filled circle) and conductivity (filled square) as a function of
water content for fluoropolymer surface in AOT/dodecane solution. Water content
strongly affects the zeta potential despite having negligible effect on the conductivity.

Figure 5.3 plots the zeta potential of the fluoropolymer surface in contact with the
AOT doped dodecane solution. These measurements were taken in the same manner
as the AOT/dodecane on mica measurements. An AOT/dodecane solution was sparged
until the water content was below the detection limit of the KF water titrator. Then, water
was slowly allowed back into the solution by exposing it to ambient humidity with
conductivity and zeta potential measurements taken periodically throughout this
process. The zeta potential of the fluoropolymer surface was determined to be
moderately negative as confirmed by Figure 5.1. Unlike the mica surface, the
introduction of water into the surface solution had a relatively weak effect on the zeta
potential of the fluoropolymer surface. The water content also appeared to have a

negligible effect on the conductivity of the AOT solution.
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5.3.3 Zeta Potential of Fluoropolymer in AOT and AOT Analog Doped Dodecane
The mechanisms behind charging of the fluoropolymer surface in surfactant

solutions is further explored and shown in Figure 5.4.
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Figure 5.4. Zeta potential of the fluoropolymer surface as a function of surfactant
concentration for (Csb)2-Glu-PTS (upright triangle), (Csb)2-Asp-PTS (downward
triangle), sodium AOT (square), calcium AOT (diamond), and (Csb)2-Asp-COOH (circle).

The zeta potential of a variety of surfactant solutions in contact with the
fluoropolymer surface is shown in Figure 5.4. The zeta potential of fluoropolymer is
negative except when it is immersed in (C8b)2-Asp-COOH solutions. A proposed
mechanism of surface charging was developed by Fowkes for polymeric adsorption in
nonpolar liquids based on adhesion forces arising from acid-base interactions.!
Behrens introduced a modification of this acid-base mechanism for charging of surfaces
in surfactant doped nonpolar solutions.® In this mechanism, the surface and the

surfactant are evaluated based on the work required to separate the surfactants from
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the surface. This energy is termed the work of adhesion (WsL) and is defined as the

change in Helmholtz free energy per unit area of interface where

Ws, = Wi + WP 5.1)

WsL is composed of the work due to Lifshitz-van der Waals (W) attractive forces and
work due to acid-base interactions (W#8). These parameters are be rewritten as

interfacial tensions between the solid and liquid phases such that
1/2 _ 1/2 172
We = 2(s"yi™) = +20svi) T 4206570 (5.2)

Where y:W is the interfacial tension arising from the Lifshitz-van der Waals attractive

forces for the solid, y}" is the interfacial tension arising from the Lifshitz-van der Waals
. L 1/2, .
attractive forces for the liquid, 2(ysy;") / Is the ease of transferring an electron from the

solid phase into the liquid phase, and 2(ysy;) 1z is the ease of transferring a proton
from the solid phase into the contacting liquid phase. Properties of the contacting solid
Y&, vs,yd can be derived from a variation of equation (5.2).

1/2

1/2 _ 1/2 -
Yr(1+cos(6sg)) = 2(v"vE") "+ 2(vsvd) T + 2 vR) (5.3)

where R denotes the reference fluid, vz, y5", yz,v#, are interfacial parameters of the
reference fluid obtained from literature, and 6y is the contact angle between the test
surface and the reference fluid. Since there are three unknown solid parameters,
contact angle between the solid and three reference fluid must be measured to deduce
values for ¥V, ys,yd. Next, interfacial parameters must be derived for the surfactant
solution contacting the test surface. A variation of equation (5.2) is again constructed

such that
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where R denotes the reference fluid, L denotes the surfactant solution, and yg; is the
interfacial tension between the surfactant solution and the reference fluid. Given that
e V5V, vr,va, are interfacial parameters of the reference fluid tabulated in literature,
equation (5.4) can be solved for the properties of the surfactant solution y£%V, y;,v;.

Once the acid and base properties of the solid surface and surfactant solution are

derived, values for 2(ys y;") 1/Zand 2(vdvi) Yz can be calculated and used to predict
the sign of surface charging.

Applying this technique to the fluoropolymer data shown in Figure 5.4,

2(ysvi) 1/Zand 2(vdv) 1z values can be derived where S is the fluoropolymer surface
and L is the surfactant solution. These parameters would typically be calculated from
reference fluids using the technique outlined in the preceding paragraph; however, for a
gualitative assessment, they can also be found in the literature. Such values are shown
in Table 5.1.

Table 5.1. Acid-base interfacial parameters for mica, fluoropolymer, and AOT from
literature.

Sample vyt (mJ/m?) | y- (mJI/m?)
Mica 451° 31°
Fluoropolymer 0.01%° 0.120
AOT >0™0 >Q10

Fluoropolymer has more basic character than acidic character (y > y*). Thus, it
will tend to donate electrons and be positively charged in contact with a surfactant

solution. Such is the case for the surfactant (Csb)2-Asp-COOH in Figure 5.4. In
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contrast, all other zeta potentials in Figure 5.4 indicate negative charging of the
fluoropolymer surface. For acid-base mechanisms to predict a negative charge for the
fluoropolymer surface, y;* < 0.1 y; where L is the surfactant solution. Examining the
mica/AOT system, mica has more acidic than basic character (y < y*). Thus it will tend
to donate protons or be negatively charged in contact with a surfactant solution. For

acid-base mechanisms to predict a positive charge for the mica surface, y o1 > 15y

5.4 Conclusions

Existing zeta potential experiments in the literature use low purity commercial
surfactants and do not actively exclude water from the sample. Zetaspin™ allows one to
measure an electric field independent zeta potential in a low humidity, nitrogen rich
environment. The synthesis methods in Chapters 3 and 4 are used to produce high
purity surfactants with incremental changes in surfactant chemistry. The charging of
mica and fluoropolymer by these surfactants is investigated using the Zetaspin™. Mica
was determined to have different charging behavior than fluoropolymer. Mica surfaces
required two hours of equilibration time with the surfactant solution to reach a steady
zeta potential value. Furthermore, the mica surface was hygroscopic and the zeta
potential of the surface increased with water content of the solution. In contrast,
fluoropolymer surfaces were determined to reach a steady zeta potential value within
minutes and had a steady zeta potential that was independent of solution water content.
The acid-base mechanism for adhesion forces between the surfactant solution and the
surface was used to rationalize charging of the mica and fluoropolymer surfaces. Such
analyses could not predict the sign of charging of the surfaces indicating that additional

mechanisms beyond acid-base interactions were responsible for surface charging of
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mica and fluoropolymer in nonpolar liquids.
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Chapter 6 Conclusions

6.1 Conclusions

Surface charging by surfactant dopants in nonpolar liquids has been the impetus
behind many emerging and new technologies such as electrophoretic displays,*-
prevention of petrochemical aggregation in tar sands,® and stabilization of
pharmaceutical ingredients in drug delivery applications.* While the mechanisms of
surfactant and surface charging in aqueous solutions have been well studied in the
literature, the models and mechanisms in nonpolar liquids are developed on a limited
surfactant or surface specific basis. The experimental and synthetic techniques outlined
in this thesis expand the catalogue of surfactants available for study and demonstrate
surfactant charging relationships not observed in the existing literature.

In Chapter 2, a charge suppression coating is introduced to the impedance
spectroscopy technique. This coating improves the resolution and sample accessibility
of impedance spectroscopy experiments. Both alternating and direct current
experiments of surfactant doped nonpolar liquids note the problems caused by
undesirable electrode surface charging. In DC experiments, this manifests as a “surface
charge” that complicates the integration analysis necessary to derive the ionic
strength.>-8 In AC experiments, this effect is so severe that it completely prevents
measurement of the ionic strength for certain surfactants or concentrations.® Through
polymer polymerization of a C4Fs precursor, a passivating coating was created on the
electrode surface such that adsorption phenomenon disappears from the impedance
spectra. The coating is therefore vital to electrical measurements of surfactant doped

nonpolar liquids because it ensures an electrochemically inert electrode surface.
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Another significant contribution in Chapter 2 is the design and implementation of a
sample preparation and impedance spectroscopy procedure that severely limits sample
exposure to water. This was accomplished through a rigorous system of nitrogen
spargers, glove bags, and Faraday cages to limit exposure to ambient humidity or
actively remove water from the samples. Such measures also had the added benefit of
preventing water bridging between spacer patrticles that resulted in a short circuit inside
the impedance cell, a common source of experiment failure. Some hygroscopic
surfactants such as AOT were also prone to this type of experiment failure as they
actively absorbed moisture from the air during impedance spectroscopy runs. The water
exclusion precautions were therefore instrumental in measurement of surfactants
previously never studied using impedance spectroscopy.

Considerable theoretical modeling achievements were also accomplished in
Chapter 2. Previous impedance spectroscopy spectra were analyzed using an
equivalent circuit that included a complex phase element (CPE). Such analyses were
problematic because there was no physical rationale for the CPE. CPE behavior is
thought to arise from the non-uniformity of the gap distances between the impedance
electrodes; however, the CPE broadly characterizes this behavior under a single
ambiguous parameter a. Such characterizations are not representative of any physical
charge transfer processes within the impedance cell and are instead only mathematical
fitting parameters with no basis in reality. Through impedance measurements of a
soldered circuit, some of the CPE behavior was discovered to arise from instrumental
bias within the potentiostat. As a result, the EIS analysis technique introduced by Yezer

was changed to a procedure that fit impedance extrema to exact analytical solutions
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arising from the revised equivalent circuit with no CPE. Mathematical manipulation of
the analytical solutions of the impedance spectra allowed one to derive a “universal
curve” that were composed of all possible solutions predicted by the equivalent circuit
model and Yezer’s transport model. Errors for derived conductivities and ionic strengths
were then calculated through extrapolation of the data extrema to the universal curve.

In Chapter 3, we introduced a synthetic technique for production of high purity
surfactants that allows for easy control of surfactant tail length, degree of branching,
head group chemistry, and counterion composition. We then synthesized a series of
AOT analogs were used to isolate specific structure-function relationships between
surfactant structure and charging behavior. Determination of the ionic strength,
conductivity, and charge carrier size of AOT analogs compared to commercial AOT
indicated that surfactant tail length had minimal effect on surfactant charging. However,
counterion size strongly correlated with surfactant ionic strength and hence surfactant
conductivity. Such behavior is not predicted by the leading theory of surfactant charging
in nonpolar liquids, charge fluctuation theory. The experiments indicated that charge
fluctuation theory for reverse micelles should be amended with some consideration
towards the counterion size and overall surfactant dissociation likelihood. Comparisons
between the conductivity of AOT from literature and experimental AOT demonstrated
that water had negligible effect on AOT conductivity in contrast to previous results from
literature.1%11 Such measurements also represented the first instance of electrical
characterization of AOT in low water environments.

The surfactant synthesis technique in Chapter 4 was expanded upon in Chapter

5. Three different groups of surfactant structures were synthesized and measured with
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impedance spectroscopy. The first group of surfactants were synthesized to have
varying degrees of dissociability but otherwise similar surfactant chemistry. This was
accomplished through head group modifications while maintaining the same tail
chemistry. Solubility tests demonstrated a strong correlation between surfactant
dissociability and nonpolar solvent solubility. As the head group dissociability increased,
the surfactant became increasingly soluble in dodecane. A similar trend was found for
ionic strength. Surfactant structures that had greater dissociability possessed larger
ionic strengths in solution with dodecane. The next group of surfactants were
synthesized to discern whether surfactant tail length and degree of branching impacted
micelle charging and solubility in nonpolar liquids. Branching was determined to be a
key attribute to surfactant solubility which correlated with other studies in the literature.*?
Surfactant branching increases the degree of curvature of the surfactant and therefore
promotes charge micelle formation. Surfactants with long tails were also synthesized
and resulted in the discovery of several surfactants that were soluble in dodecane but
were nonconductive. Dye studies indicated that at least one of these surfactants did not
form micelles despite its solubility in nonpolar liquids. The last group of surfactants
evaluated the micelle charging differences between a univalent and divalent metallic
counterion. Under dry conditions, the ionic strengths, charge carrier size, and
conductivities of the two surfactants were comparable despite the difference in
counterion charge; however, the divalent surfactant was much more hygroscopic than
its univalent counterpart, and the divalent surfactant conductivity varied by orders of
magnitude depending on the water content.

The focus of Chapter 5 was the surface charging of mica and fluoropolymer by
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the surfactants synthesized in Chapters 3 and 4. Each surface had different surface
charging properties. The zeta potential of mica was large and positive while the zeta
potential of fluoropolymer was large and negative. Exposure to ambient humidity during
the course of the measurement increased the zeta potential of the mica surface while
having negligible effect on the fluoropolymer surface. The mica surface also required a
longer period of time in contact with the surfactant solution to reach a steady zeta
potential compared to fluoropolymer. The acid-base surface charging mechanism
introduced by Fowkes and amended by Behrens was used to model the surface
charging of both the fluoropolymer and mica surface.'®-¢ Examining the acid-base
properties of the surface and surfactant yielded interfacial parameters that predicts a
negative charge on the mica surface and a positive charge on the fluoropolymer
surface, the opposite of experimental observations. Such calculations indicated that
there must be additional properties beyond acid-base chemistry of the surface and
surfactant that is responsible for the charging of the mica and fluoropolymer surfaces in
low water conditions.
6.2 Future Work

The impedance derived ionic strength and conductivities in this thesis have
errors that are calculated from the discrepancy between the equivalent circuit and the
experimental data. The discrepancy between the circuit model and the experimental
data is likely due to error in the gap distance between electrodes. Ideally, the gap
distance between electrodes should be directly measured in order to fit the impedance
spectra with minimal error. This is challenging because there is not a single gap

distance between the two electrodes but rather a distribution of gap distance. Such
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behavior arises from the inherent surface roughness of the ITO coated glass electrodes
as well as polydispersity of the spacer particles. Interference fringes can be seen on the
fully assembled impedance cells which could be used to determine the distribution of
gap distances using interferometry. Another method would be to assemble the
impedance using the spacer particles and some sort of UV-curable gel in place of
surfactant solution. After the cell is assembled, it should be placed under a UV light until
the gel is hardened. Then the gap distance profile can be obtained from thickness
measurements of the hardened gel.

Other methods of obtaining the size and number of charged micelles should also
be explored. Light scattering with the aid of a polarizer could discern micelle shapes in
addition to size. Other ways of obtaining charged micelle concentration such as TIRM or
ATM could be pursued to confirm the Debye lengths measured by EIS. Alternately,
electrophoretic light scattering could be used to discern charged micelles; however, the
presence of equal numbers of oppositely charged micelles must be considered.

Additional surfactants can also be synthesized using the flexible synthetic
techniques and ion exchanging procedures described in Chapter 3 and 4. A greater
variety of soft, inorganic counterions should be synthesized to confirm the findings
discussed in Chapter 3 and 4. Literature results indicate successful micelle assembly of
imidizolium DEHP surfactant in nonpolar liquid. Now that the assembly of surfactants in
low water environments have been established, it would be useful to compare those
results to water added conditions. This could be accomplished by doping in controlled
guantities of water and examining the effect on micelle assembly and charging through

conductivity, DLS, and impedance spectroscopy measurements.
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New classes of surfactants in additional to products of the synthetic methods
described in this thesis should be investigated with EIS. A possible candidate is
polymers especially block co-polymers. Experiments in the literature indicate that block
co-polymers of poly(ethylene oxide), poly(propylene oxide), and poly(butylene oxide)
were able to charge xylene by forming micelles.!” The advantage of polymeric materials
is that the length and chemical composition could be easily tailored through existing
polymer chemistry methods. Another sample of interest is salts. Experiments in the
literature demonstrate the charging of nonpolar liquids by salts under high electric
fields.*® Such experiments would be of great theoretical interest because it allows one to
explore the nonlinear regime of the EIS method.

The addition of charged impurities into surfactant solutions would be the most
direct method of raising the conductivity of nonpolar liquids. Rather than formulating
surfactants that dissociate, it would be more efficient to design charged impurities that
could then use surfactant micelles as vehicles for charge solubilization. For example,
Span surfactants have high conductivities that are thought to come from charged
impurities such as fatty acids arising from the decomposition of the surfactant itself.
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Chapter 7 Appendix
7.1 Universal Curve

Error bars for EIS measurements were derived from the universal curve shown in Figure

7.1.
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Figure 7.1. Universal curve and experimental Im(Z) and w ratio for surfactants in this
work.

The universal curve shown in Figure 7.1 is derived from plotting rim) from

equation (2.18) and ry from equation (7.1) for all possible ¢ and b values.

(7.1)

_ ©max _ 1—4[Qc+1b+c]—+/1—-16[(2c + 1)b + ]
“ ~J1-4[Q2c+ Db+ c] ++/1-16[(2c + Db + ]

Wmin

where c and b are as defined in Chapter 2, wmax is the frequency of the local maxima in
the EIS spectra, wmin is the frequency of the local minima in the EIS spectra. All possible
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solutions of the equivalent circuit shown in Figure 2.2 lie on the universal curve. As a
result, error bars for all EIS data in this thesis was determined through extrapolation
back to the universal curve. First, the double layer capacitance was derived from the
experimental nm@z) and equation (2.18). Next, the double layer capacitance was derived
from the experimental r, and equation (7.1). The final double layer capacitance was
calculated as the average and standard deviation of both methods. The experimental
ratios shown in Figure 7.1 begin to deviate from the universal curve at ry, values of 0.2
and larger. The experimental data appear to be clustered in such a way that the data

follows its own curve.

127



	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	Chapter 1 Introduction to charging in surfactant doped nonpolar liquids
	1.1 Introduction
	1.2 References

	Chapter 2 Suppression of charge adsorption in impedance spectroscopy of surfactant-doped nonpolar liquids
	2.1 Introduction
	2.2 Theory
	2.3 Materials and Methods
	2.4 Results and Discussion
	2.5 Conclusions
	2.6 Acknowledgements
	2.7 References

	Chapter 3 Enhanced charging of nonpolar media with various surfactant counterions
	3.1 Introduction
	3.2 Materials and Methods
	3.2.1 Materials
	2.2.2 Methods

	3.3 Results and Discussion
	3.3.1 Surfactant Conductivity
	3.3.2 Ionic Strength
	3.3.3 Micelle Size

	3.4 Conclusions
	3.5 Acknowledgements
	3.6 References

	Chapter 4 Dependence of surfactant doped nonpolar media conductivity on surfactant dissociability
	4.1 Introduction
	4.2 Materials and Methods
	4.2.1 Materials
	4.2.2 Methods

	4.3 Results and Discussion
	4.3.1 Solubility
	4.3.2. Conductivity
	4.3.3 Ionic Strength
	4.3.4 Hydrodynamic Diameter

	4.4 Conclusions
	4.5 Acknowledgements
	4.6 References

	Chapter 5 Zetapotential of AOT and AOT analog surfactant doped nonpolar liquids on fluoropolymer and mica
	5.1 Introduction
	5.2 Materials and Methods
	5.2.1 Materials
	5.2.2 Methods

	5.3 Results and Discussion
	5.3.1 Effect of Surface Contact Time on Zeta Potential of AOT Doped Dodecane
	5.3.2 Effect of Water Content on Zeta Potential of AOT Doped Dodecane
	5.3.3 Zeta Potential of Fluoropolymer in AOT and AOT Analog Doped Dodecane

	5.4 Conclusions
	5.5 Acknowledgements
	5.6 References

	Chapter 6 Conclusions
	6.1 Conclusions
	6.2 Future Work
	6.3 References

	Chapter 7 Appendix
	7.1 Universal Curve


