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Electrostatic stabilization of emulsions and particle dispersions in liquid and 

supercritical carbon dioxide (CO2) reduces the limitations on steric stabilization imposed 

by the weak solvent strength of CO2.  This research focuses on charging and electrostatic 

stabilization of particles dispersed in CO2 and other low-permittivity media.  Despite 

ultralow dielectric constant (1.5–2.5), dispersal of counterions in reverse micelles can 

prevent pairing with particle surfaces, enabling the required particle charging.  TiO2 

particles were electrostatically stabilized in CO2 at spacing of several diameters.  

Dispersions in low-permittivity solvents require sensitive instrumentation to measure 

electrophoretic mobilities (zeta potentials), which are low relative to those in aqueous 

solvents, motivating electrophoresis with velocimetry by differential-phase optical 

coherence tomography (DP-OCT).  DP-OCT with transparent electrodes enables close 

electrode spacing and thus high electric fields despite low applied electric potential, to 

avoid electrohydrodynamic instability and electrochemical interference.  Further 

advantages include ability to analyze small volumes and turbid dispersions, avoidance of 

electro-osmosis, and potential for single-particle measurement.  The effect of surface 
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hydrophilicity on the charging of TiO2 particles in low-permittivity toluene was studied.  

Partitioning of ions between particle surfaces and micelle cores was analyzed according 

to differences in their hydrophilicities and extents.  The strategic design of particle 

surfaces and counterion stabilizers and the continued use of phase-sensitive velocimetry 

for electrophoresis in low-permittivity solvents should further clarify these complex 

charging mechanisms.  Another important stabilization mechanism in CO2 is steric 

stabilization with surfactants active at the CO2–water interface.  The fractional free 

volume (FFV) available to CO2 was demonstrated to be important in the design of 

surfactants with stubby tails.  An understanding of the role of FFV and the use of a 

weakly hydrophilic headgroup enabled design of tertiary amine esters, a new class of 

nonfluorinated surfactants with extremely low aspect ratio.  The structures adapt easily 

for study of surfactant architecture.  These low-molecular weight surfactants are 

attractive replacements for more widely used fluorinated surfactants for tunable CO2-in-

water emulsions.  A fundamental understanding of electrostatic stabilization in low-

permittivity media and further investigation of structure–property relationships for 

interfacial activity of surfactants will aid development of new classes of colloids in the 

unusual medium of CO2.  
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Chapter 1:  Introduction 

Environmentally benign carbon dioxide in the liquid or supercritical fluid state is 

of interest for use as a tunable solvent for a variety of processes, for example nanoparticle 

synthesis,1 nanocrystal coatings,2,3 catalytic reactions,4 separations,5 and microelectronics 

cleaning6,7 and drying.8  CO2 has an easily accessible critical point (Tc = 304 K, Pc = 

73.8 bar), is nonflammable, essentially nontoxic, and inexpensive, and may be recovered 

without solvent residues.  Relatively large changes in density (and thus solvent strength 

and dispersion stability) are readily obtained through relatively small changes in 

temperature or pressure.  Density tunability is especially strong at conditions near and 

within the supercritical fluid region, where temperature and pressure are above the 

critical point (Figure 1.1 and Figure 1.2).   

 
Figure 1.1:  Phase diagram showing the supercritical fluid region 

Above the critical temperature (Tc = 304 K = 31 °C) and critical pressure (Pc = 73.8 bar = 

1070 psia), CO2 is a supercritical fluid.   
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Figure 1.2:  CO2 density is strongly tunable near the critical point 

CP = critical point.  Reduced pressure, temperature, and density (PR, TR, and ρR) are 

absolute pressure, temperature, and density values normalized by those values at the 

critical point (Pc, Tc, and ρc).  The region to the left of the critical point contains liquid 

and vapor in equilibrium.   

CO2 is nonpolar with a low polarizability per volume and correspondingly weak 

van der Waals forces (unlike oils).9,10  CO2 also has a very low relative dielectric constant 

(relative permittivity), εr, typically 1.5–1.6.11,12  Thus, CO2 holds a unique position in the 

solvent spectrum.  
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1.1. Emulsions of CO2 and Water 

Many of the properties of CO2 stand in contrast to those of water, a highly 

structured fluid with strong intermolecular forces.  CO2 and water are the two most 

abundant and inexpensive solvents on earth and represent extremes of the solvent spectra.  

Only a small number of reaction, materials formation, and separation processes may be 

carried out in a homogeneous CO2-based phase, because of its limited solvent strength.  

In contrast, surfactant-stabilized water-in-CO2 (W/C) and CO2-in-water (C/W) 

dispersions in the form of microemulsions and emulsions have the ability to function as 

near-universal solvent media by solubilizing high concentrations of polar, ionic, and 

nonpolar materials within the dispersed and continuous phases.  Microemulsions are 

thermodynamically stable, typically 2–10 nm in diameter, and optically transparent.  In 

contrast, macroemulsion droplets are typically 200 nm to 10 µm in diameter, opaque, and 

thermodynamically unstable.  Both pure CO2 and CO2-based dispersions can be tuned 

through the high compressibility of CO2.  Relatively large changes in solvent strength 

(density) with small changes in temperature or pressure, much beyond that available with 

conventional solvents, can be achieved, especially near the easily accessible critical point.  

Dispersions may be phase-separated easily for product recovery simply by 

depressurization, unlike the case for conventional systems. 

As a result of these properties, dispersions of CO2 and water are candidates for the 

solubilization of a wide range of fluorophilic, lipophilic, and hydrophilic materials.  

Microemulsions and macroemulsions involving water and CO2 are being developed for 

solubilization and separations of proteins,13,14 ions, and heavy metals,15 enzymatic 

catalysis,16,17 organometallic catalysis,4 emulsion templating,18 synthesis of inorganic 

nanoparticles,19–22 and cleaning of fabrics23 and of microelectronic devices.7  Much 

research focus has historically been on W/C microemulsions, but C/W microemulsions 

and macroemulsions can be equally as attractive as, or more attractive than, their W/C 

counterparts in various applications, for example, reaction and separation processes.  

Independent of other factors, C/W macroemulsions are more stable than W/C 

macroemulsions, because of the higher viscosity of the continuous phase.  The higher 
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viscosity also eases the formation of droplets by shearing C/W macroemulsions.  Early 

attempts to form W/C microemulsions tried commercial surfactants,24 but the first 

successes came with fluorinated surfactants.25,26  However, the high cost, manufacturing 

hazard, and bioaccumulation27,28 of fluorinated materials have driven interest in non-

fluorinated surfactants.  The highest W/C microemulsion water uptake,29 among the 

highest emulsion stabilities and smallest droplet sizes,30,31 and the only reported C/W 

microemulsion32 have been reported using fluorinated surfactants, but recent formation of 

W/C microemulsions33 and C/W macroemulsions34 with low-molecular weight 

hydrocarbon surfactants are promising. 

A formulation diagram is a useful guide to the formation of dispersions using CO2 

(Figure 1.3).  Central to this method is the Hydrophilic–CO2-philic Balance (HCB), 

which is in direct analogy to the Hydrophilic–Lipophilic Balance (HLB) in conventional 

oil–water systems.  At high HCB, the surfactant prefers water, i.e., the surfactant 

concentration in the aqueous phase is relatively high, and the surfactant concentration in 

the CO2 phase is relatively low.  The morphology tends to be C/W (CO2 droplets 

dispersed in a continuous water phase),35 with an excess upper CO2 phase.  If the CO2 

pressure (and thus density) is increased, then CO2 will be a better solvent and the 

surfactant will prefer the CO2 phase.  At low HCB, the morphology tends to be W/C with 

an excess lower water phase.  At intermediate HCB values, the surfactant is at a balanced 

state, with relatively equal hydrophilicity and CO2-philicity.  This range is optimal for 

three-phase systems with a bicontinuous middle phase.  The optimal HCB for 

macroemulsions is near enough the balanced state to obtain high surfactant adsorption 

and substantial lowering of the interfacial tension (IFT), but not so low of an IFT that 

channels easily form and facilitate droplet coalescence.  The IFT is important because the 

work required to expand interfacial area is proportional to the IFT.  The smaller the IFT, 

the less work is required for the same area (and droplet size), or for the same work, 

smaller droplets and more interfacial area can be obtained.   



 5 

 
Figure 1.3:  Formulation diagram for CO2-based systems. 

This schematic representation shows phase behavior and interfacial tension for mixtures 

of water, CO2, and nonionic surfactants as a function of formulation variables.  The 

balanced state has the minimum IFT.  (From reference 36) 

The HCB can be related to the interactions (A) between constituents of the 

surfactant system: 

 
WWHHHW

CCTTTC

HCB
1

AAA
AAA

−−
−−

=  (1.1) 

where Aij is the interaction energy (treated here as a positive quantity) for the various 

interactions between CO2 (C), surfactant tail (T), water (W), and surfactant headgroup 

(H).33,37  Molecules tested as surfactants for CO2–water systems are often too hydrophilic, 

that is, the HCB needs to be lowered.  Tail–tail interactions (ATT) can be minimized 

through methylation and branching.  Head–water interactions (AHW) can be kept low 

through choice of a head with low hydrophilicity.   
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A variety of strategies have been attempted for the design of both low- and high-

molecular weight moieties that may be used as CO2-philic tails in surfactants.  Strategies 

based on polar or specific interactions are being actively pursued.  However, they have 

not yet led to the design of highly interfacially active hydrocarbon surfactants capable of 

forming W/C microemulsions, suggesting that the critical factors needed have not yet 

been delineated and may lie primarily elsewhere.  The formation of W/C microemulsions 

with hydrocarbon surfactants becomes possible with methylation and branching, for 

example with surfactant tails including propylene oxide,38 sodium bis(3,5,5-trimethyl-1-

hexyl)sulfosuccinate,39 poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether,33 or an 

ethylene oxide–propylene oxide copolymer dodecyl ether.40  However, the fundamental 

mechanistic reasons for this improvement are not well understood.  

High branching and methylation in tail structures have been found to increase 

surfactant activity at the CO2–water interface.33,39,41–43  The 2,6,8-trimethyl-4-nonyl ether 

tail of the Tergitol TMN series of surfactants has such characteristics.  TMN-3, which has 

a head of approximately three ethylene glycol residues, is soluble in liquid CO2 at the 

25 °C vapor pressure, 64 bar.33  Enlarging the headgroup to approximately 8 ethylene 

glycol residues increases the HCB enough for a 1 wt % solution of TMN-6 to solubilize a 

slightly greater amount of water than its own weight, with a corrected Wo reaching 28.33 

The positive effects of branching and methylation on surfactant performance in 

CO2-based systems were recently clarified in a new paradigm focusing on the fractional 

free volume (FFV) available to CO2 at the interface.43  The FFV is a geometric parameter 

that is calculated directly from surfactant tail geometry and surface coverage.  Figure 1.4 

helps illustrate the effects of FFV.  Tails with a high FFV have a high aspect ratio and 

more easily overlap and interact, particularly upon approach of droplets or particles 

dispersed in CO2.  These interactions can cause the dispersion to fail.  In contrast, bulky 

surfactant tails (those with high methylation and branching, a low FFV, and a low aspect 

ratio) reduce tail–tail overlap and occupy a larger fraction of the volume in the tail region.   
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 Straight-tail hydrocarbon Branched-tail hydrocarbon 

 C8E5 Tergitol TMN 

 FFV = 0.71 FFV = 0.52 

Figure 1.4:  Free Fractional Volume (FFV) concept for design of surfactant tails for 

CO2-based systems. 

These space-filling structures are to scale, and each surfactant molecule is spaced 

corresponding to a typical interfacial coverage (100 Å2/molecule) with hexagonal close-

packed structure.  Bulky tails (right) (achieved through methylation and branching) more 

effectively block CO2 penetration into the tail layer, reduce tail–tail overlap and 

interaction, and have a lower FFV.  FFV values are from Chapter 2.43  Blue = C, 

white = H, and red = O. 
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The FFV is measured in a way similar to free volume in polymer systems: 

 

h

t–1FFV
At
V

=  (1.2) 

Simple gas-phase simulations give the volume of the surfactant tail (Vt).  The interfacial 

thickness (t) is approximated as the gas-phase length of the tail.  The interfacial area per 

headgroup (Ah) can be taken according to a typical value from adsorption studies.  These 

quantities can all be estimated from fast gas-phase simulations or taken from typical 

values; a full simulation of a surfactant layer at a CO2–water interface is not required.  

Most of the recent studies on CO2-based macroemulsion systems have focused on 

W/C systems30,36,39,42,44 or have studied both W/C and C/W systems.45,46  These studies 

used high molecular weight surfactants, in contrast with the low molecular weight 

surfactants in the proposed research.  Studies of C/W systems have been limited,35,47 

particularly C/W emulsions formed by low-molecular weight hydrocarbon surfactants, 

although these systems are of great interest in enhanced oil recovery and would also be 

useful for many practical applications.  More information is needed about the relationship 

between emulsion stability and hydrocarbon surfactant architecture. 

For example, in a recent study, C/W macroemulsions were formed with several 

commercial fluorocarbon-, siloxane-, and alkylene oxide-based surfactants under high 

shear.35  Most of the surfactants tested had low capacity for CO2 uptake and low stability.  

The best surfactant in that study, poly(ethylene oxide)-b-poly(butylene oxide) (EO15-b-

BO12), has a molecular weight of approximately 1544 g/mol.  The droplet diameter was 

2–4 µm, as determined by video-enhanced microscopy (VEM).  The polymeric alkylene 

oxide surfactant is difficult to solvate in CO2 and does not allow precise structural 

changes to study the relationship between surfactant structure and emulsion stability.   

To date, the design of surfactants for the formations of emulsions of water and 

carbon dioxide has been highly limited due to weak solvation of CO2 tails.  Given the 

recent discovery of the FFV concept of stabilizing water–CO2 interfaces, it is possible to 

make significant advances in surfactant design.  It is particularly desirable to select 
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headgroups that provide a low enough hydrophilic–CO2-philic balance to cause the 

surfactant to not favor the aqueous phase too strongly.   

Table 1.1:  Key Advances in Steric Stabilization of Colloids in Supercritical Fluids 

colloid and 
supercritical fluid 

stabilizing group 

water-in-alkane 
microemulsion 

alkane48 

water-in-CO2 
microemulsion 

alkane/fluoroalkane hybrid,25 perfluoropolypropylene oxide26 
branched alkane33 

polymer latex in CO2  fluoroacrylates and siloxanes (high MW)49 
metal and 
semiconductor (CdS) 
nanocrystals in CO2 

perfluoropolypropylene oxide19 (with alkane)20 W/C 
microemulsion 
fluoroalkanethiol22 

water-in-CO2 
macroemulsion 

propylene oxide, poly(dimethylsiloxane), 
perfluoropolypropylene oxide30,36 

nanocrystals and Si 
nanowires in high-
temperature fluids 

alkane thiols or octanol:  Si in octanol,50 Cu in water,51 Ge in 
CO2

52 

 

1.2. Particle Charging and Electrostatic Stabilization in CO2 

In addition to dispersions of water droplets in CO2, colloidal dispersions of solid 

particles in CO2 can be formed.  Charged nonaqueous colloids are of interest in 

applications including liquid immersion development,53,54 electrostatic lithography,55 

drop-on-demand ink jet printing, photoelectrophoresis,56 electrophoretic displays,57 and 

electrorheological fluids.58,59  Dispersions of inorganic oxide particles in CO2,
60–63 such as 

silica and alumina, are of interest in chemical mechanical planarization (CMP), used in 

microelectronics processing.64  Nanoparticles (nanoscale metals, semiconductors, and 

oxides) are of particular interest for their size-dependent chemical and quantum 

mechanical properties in electronics and optics.65  Examples of key advances in colloidal 

dispersions of liquids and solids in supercritical fluids have recently been reviewed 

(Table 1.1).1  Most of the colloids were smaller than 50 nm and stabilized by low-
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molecular weight surfactants, in some cases hydrocarbon surfactants.  In contrast the 

much larger polymer latex particles, and in many cases the macroemulsions, have longer-

ranged van der Waals attraction and usually require polymeric stabilizers. 

      
Figure 1.5:  Steric stabilization relies on good tail solvation. 

Van der Waals forces attract particles together.  Critical flocculation density (CFD) is the 

minimum density, ρ, of the continuous phase required for effective steric stabilization.  

(a) At high solvent density, tail–solvent interactions are strong relative to tail–tail 

interactions.  The ligand tails are well-solvated and extend into the solvent.  Steric 

repulsion counteracts van der Waals attraction, keeping the particles separated.  (b) At 

solvent density near the CFD, tail–solvent and tail–tail interactions are approximately 

equal in strength.  (c) At solvent density below the CFD, tail–solvent interactions are 

much weaker than tail–tail interactions, so the ligand tails collapse.  Steric stabilization is 

lost, and the colloid flocculates. (From reference 66) 

(a)  ρ > CFD 
 
 
 
 
 

(b)  ρ ≈ CFD 
 
 
 
 
 
(c)  ρ < CFD 
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In a stable dispersion of particles (or droplets), stabilizers inhibit flocculation and 

aggregation by providing steric or electrostatic repulsion.  In steric stabilization, 

surfactant or ligand tails extend into the continuous solvent phase (Figure 1.5a).49,66–69 

Close approach of the particles replaces solvent–chain interactions with chain–chain 

interactions and reduces the conformations available to the tail chains.70,71  These 

energetic penalties tend to keep the particles separated and thus stabilized.  Steric 

stabilization requires good extension (solvation) of the surfactant tails, which is 

especially challenging in CO2.  The solvent density must be above a critical value, the 

critical flocculation density (CFD), to ensure colloidal stability (Figure 1.5).66 

Except for in two very recent studies (including Chapter 4),72,73 the reported main 

stabilization mechanism for dispersions in CO2 is steric, even though steric stabilization 

in CO2 is severely limited by its low Hamaker constant and weak solvent strength.  The 

poor solvation is caused by relatively low van der Waals forces and lack of a permanent 

dipole moment.  Metal and metal oxide particles of about 10 nm or smaller can be 

stabilized by fluoroalkane ligands of approximately 10 carbons.19,20,52,74  To stabilize 

larger particles or droplets, increasingly strong van der Waals (Hamaker) attraction 

requires the particles to be kept farther apart.  Greater separation requires higher-

molecular weight tails, which are more difficult to solvate in CO2, severely limiting tail 

choice to expensive fluoropolymers in many cases.49,62  Also, the range of steric repulsion 

(10–20 nm) is limited to twice the length of the stabilizers (5–10 nm).75  Thus, steric 

stabilization in CO2 faces substantial obstacles. 

Electrostatic stabilization of solid particles or droplets is well-known in water and 

in other solvents with a high dielectric constant and is described by DLVO theory.76,77  

Upon particle approach, the repulsive force between overlapping double layers provides 

electrostatic stabilization.  Studies of electrostatic stabilization in solvents with low 

dielectric constant (εr < 10),78–81 including CO2,72 are much less common, though charged 

species in nonaqueous media are important for topics ranging from safe petroleum 

processing to electronic imaging.82  Electrostatic stabilization in such media has three 

requirements:  (1) sufficient particle charge, (2) stabilization of the counterions in 
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appropriate concentration to provide a thick double layer, and (3) electrostatic repulsion 

sufficient to overcome attractive van der Waals forces.79  The thermodynamics of ion 

separation is described by the Bjerrum length, lB, the charge separation distance (d) at 

which thermal energy (kBT) balances electrostatic interaction energy.  For a 1:1 

electrolyte, the electrostatic interaction energy is e2/4πεoεrd and 

 
Tk

e
l

Br0

2

B 4 επε
=  (1.3) 

where e is the elementary charge and ε0 is vacuum permittivity.  For example, in water 

(εr ≈ 80) lB is 0.7 nm, so the water molecules which hydrate sodium and chloride ions in 

brine are sufficient to inhibit ion pairing.  The much lower dielectric constant of CO2 

(1.5–1.6)11,12 would require counterions to be stabilized in more substantial structures, 

such as reverse micelles or crown ethers (Figure 1.6), on the basis of recent experiments 

in dodecane.83  The required concentration of charged micelles is within the dynamic 

equilibrium of charged and uncharged micelles described in the charge fluctuation 

model;84 thus, the countercharges can be stabilized. 

While the main mechanisms of charge formation in aqueous media are well-

known (ionization of surface groups and adsorption of potential-determining or surface-

active ions), the mechanisms in nonaqueous media are not as clear.78,82  Adsorption of 

surfactant ions can cause charging and may follow the acid–base or charge donor–

acceptor concepts.85  Verwey has demonstrated this mechanism for oxides in a protic 

solvent.86  CO2 itself is nonprotic, but even a trace of water will act as a weak electrolyte, 

supplying protons.78,82,87  If an oxide particle is more acidic than the stabilizer molecule, 

then the particle will protonate the stabilizer and be left with a negative charge.   

An alternative framework of surface-active ion adsorption is based on 

hydrophilicity or hydrophobicity.85  A hydrophilic ion, such as acetate, can adsorb onto 

and give charge to a hydrophilic particle surface, such as uncoated TiO2, with water 

adsorption on the surface being critical.78  A hydrophobic ion, such as a surfactant ion, 

can adsorb onto and give charge to a hydrophobic particle surface, such as carbon black.  



 13 

After any ion adsorption, the particle surface must gain (or retain) sufficient net charge 

for stability.  

 
 

 

Figure 1.6:  Electrostatic stabilization 

Schematic representation of negatively charged emulsion droplets in the presence of 

charged and uncharged micelles in the large double layer.  Electrostatic repulsion keeps 

the 3 µm droplets well-separated without requiring large ligand tails.  (From reference 

72)  

The mechanisms of charge generation, charge transfer, and electrostatic 

stabilization in nonpolar fluids are not well understood.82  The study of electrostatic 

stabilization in CO2 is new, and only two such systems have been reported (3 µm water 

electrically 
neutral micelle 

water droplet of  
3 µm diameter 

cation 
transfer 

to micellar 
core 

excess negative charge 
on drop surface 

counterion 
stabilized in 

micelle 

5 nm 
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droplets electrostatically stabilized using the nonionic surfactant Tergitol TMN-6, 

octa(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether, and 700 nm TiO2 particles stabilized 

using a fluorinated polyether).72,73 

Surfactant design for electrostatic stabilization of colloids in CO2 is in its 

infancy.72  The basic requirement is formation of reverse micelles88 to stabilize the 

counterions; a water pool in the reverse micelle (microemulsion) may not be needed.  

Many low-molecular weight surfactants are known to form reverse micelles and 

microemulsions in CO2, with hydrocarbon24,33,38,41 or fluorocarbon tails.25,26,29  A recent 

study demonstrated electrostatic stabilization of 3 µm negatively charged water drops in 

CO2.72  The hydronium counterions were prevented from ion pairing by nonionic Tergitol 

TMN-6, which is known to stabilize water-in-CO2 (W/C) microemulsions, based on 

dynamic light scattering measurements, and to solubilize ionic species and other 

hydrophiles.7,8,33 

Electrostatic stabilization offers several advantages over steric stabilization in 

CO2.  Electrostatic repulsion can act at ultra-long range (micrometers)72,81 to stabilize 

micrometer-sized particles and does not depend on solvation of stabilizer tails.  In CO2, 

the electric field due to a charge is particularly strong given that the field is inversely 

proportional to the dielectric constant of the solvent.  For micrometer-sized colloids, 

steric stabilization requires polymeric tails, often fluoropolymers,49 very few of which 

may be solvated by CO2.  Positive second virial coefficients (A2), indicating good solvent 

conditions, have been reported only for fluoroacrylates.89  A theta solvent has A2 = 0, 

with polymer–solvent interactions equal to polymer–polymer interactions.  CO2 is a poor 

solvent (A2 < 0) for all other polymers reported, causing chain collapse and aggregation.  

Furthermore, the tails can collapse due to attraction by the particle surface, as shown by 

neutron reflectivity.68  The van der Waals interactions are particular strong for colloids in 

CO2 due to its low Hamaker constant of only 0.1 eV at 55 °C and 391 bar (0.90 g/mL);63 

thus, long-range electrostatic stabilization would be highly desirable.  The surfactant may 

be chosen based on a greatly reduced solvation requirement:  the ability to form micelles, 

instead of the ability to extend far into CO2 to provide steric stabilization.  Also, less 
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surfactant is potentially required, because a closely packed layer of surfactant is not 

needed on the particle surface.  The role of the surfactant has been transformed from that 

of providing steric stabilization of a colloid (Figure 1.5a) to simply stabilizing a small 

number of counterions only a few angstroms in size (Figure 1.6).  As a result low-

molecular weight surfactants may be used instead of polymeric surfactants, greatly 

simplifying surfactant design.  The high ionic strength of most industrial compositions 

usually makes electrostatic stabilization insufficient, so the low ability of CO2 to solvate 

ions is a benefit.90 

The charges which contribute to electrostatic stabilization can be studied by 

electrokinetic measurements.  When dispersed in a constant-polarity electric field, the 

charged TiO2 particles are expected to move by electrophoresis.  Electrophoresis, the 

movement of charged particles in an electric field, can be measured by two main 

methods:  visual observation (microelectrophoresis) and laser Doppler electrophoresis 

(LDE), also known as laser Doppler velocimetry (LDV) or electrophoretic light scattering 

(ELS), with a variant called phase analysis light scattering (PALS).  The previous study 

of 3 µm water droplets in CO2 used microelectrophoresis.72  The particle velocity is 

determined from the time required for a charged particle to travel a particular distance.  

Difficulties include the requirement that particles must be large enough to resolve 

microscopically and the tedium of manually observing a statistically significant number 

of drops.  LDE is well-established for nano-sized aqueous systems at atmospheric 

pressure91,92 and is used in commercial instruments but to my knowledge has not been 

reported in high-pressure systems.   

In dispersions in CO2, the very low ionic strength (such that κa << 1, where κ is 

the inverse Debye length and 2a is the particle diameter) enables use of the Hückel 

equation to relate mobility to zeta potential, ζ:  ζ = 3ηµ / 2εrε0.72  The resulting zeta 

potential, can be related to the particle surface charge Q by the equation 

ζ = Q/(4πεrε0a),93 where ζ is identified as the particle surface potential ψs, a reasonable 

approximation in nonpolar media.  Through the equation Q = 4πa2σ, the resulting 

particle charge corresponds to a surface charge density, σ.  
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The study of electrostatic stabilization in CO2 is in its infancy.  Electrostatic 

stabilization of a W/C emulsion and of metal oxide particles in CO2 were just recently 

achieved, and electrostatic stabilization in nonpolar fluids is poorly understood.  This 

dissertation advances the understanding of electrostatic stabilization in CO2 and how it 

can overcome some of the limitations of steric stabilization.   

1.3. Objectives 

This dissertation studies the stabilization of colloids involving CO2 and toluene, 

both low-permittivity media.  The morphologies include emulsions (CO2-in-water 

microemulsions and macroemulsions) and particle dispersions (TiO2 in CO2 and in 

toluene).  Initial work focuses on relating surfactant structure and performance at the 

CO2–water interface, specifically for CO2-in-water microemulsions.  The importance of 

the fractional free volume (FFV) available to CO2 in surfactant tail design is realized and 

applied to the design of tertiary amine ester surfactants.  In order to achieve the proper 

Hydrophilic–CO2-philic Balance (HCB) for emulsion stabilization, tails with low FFV 

are combined with a weakly hydrophilic headgroup.   

The focus of this dissertation is the study of particle charging and electrostatic 

stabilization in CO2 and in other low-permittivity solvents.  Electrostatic stabilization was 

achieved for a dispersion of TiO2 particles in CO2.  To enable measurement of the very 

low electrophoretic mobility of charged particles in CO2, sensitive instrumentation and 

high electric field strength were needed.  The use of differential-phase optical coherence 

tomography (DP-OCT) for this measurement was developed.  As is common in studies 

using CO2, the method was first developed at atmospheric pressure.  A study of TiO2 

particles dispersed in toluene showed that DP-OCT can measure small mobilities in low-

permittivity solvents.  Several other advantages were identified, including the capability 

of analyzing turbid samples and small sample volumes.  The DP-OCT system was used 

to study the effects of surface hydrophilicity on particle charging.   
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1.4. Dissertation Outline 

Chapter 2 presents a novel paradigm for the design of surfactants for the water–

CO2 interface, particularly for water-in-CO2 (W/C) microemulsions.  The paradigm 

focuses on the fractional free volume (FFV) available to CO2 at the interface.  The FFV is 

an unambiguous geometric parameter that is calculated directly from surfactant tail 

geometry and surface coverage.  An analysis of recent experimental studies indicates that 

low FFV is a necessary, although not sufficient, condition for W/C microemulsion 

formation and that both microemulsion and macroemulsion stability correlate 

qualitatively with FFV.  This correlation is understood by noting that a decrease in FFV 

tends to favor the factors that stabilize W/C microemulsions, namely, decreased 

interfacial tension, reduced overlap between tails (weakening attractive interdroplet 

interactions), and increased interfacial curvature.  These factors are more challenging to 

achieve in CO2 than in alkane solvents, implying that low FFV is especially important for 

W/C microemulsions. 

Chapter 3 presents a new class of surfactants for CO2-based systems.  The tails of 

these surfactants were designed using the ideas of methylation and branching, which have 

been found to give low FFV and improve stabilization of the water–CO2 interface.  

Tertiary amine esters, a new class of surfactants for CO2-based dispersions, stabilize 

carbon dioxide-in-water macroemulsions for several hours even at a CO2 density as low 

as 0.74 g/mL (70 bar) at 298 K.  The combination of a weakly hydrophilic tertiary amine, 

which is protonated by carbonic acid, and branched ester tails provides proper values of 

the Hydrophilic–CO2-philic Balance (HCB) for emulsion stabilization.  The surfactant 

nitrilotripropane-1,2-diyl tripivalate (tBu-TIA) lowered the CO2–water interfacial tension 

to 2.6 mN/m as a result of the stubby architecture (low aspect ratio) of the surfactant tail, 

which helps block contact between water and carbon dioxide.  The high level of 

methylation produces a smaller γ and greater emulsion stability relative to 

nitrilotripropane-1,2-diyl triacetate.  Relative to the high-pressure CO2–water system with 

a pH of 3.3, an increase in pH with the addition of NaOH decreases interfacial activity 

and reduces emulsion stability, as the surfactant is deprotonated.  The adsorption 
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isotherm shows a high interfacial area per surfactant molecule (400 Å2) as a result of the 

stubby structure of the surfactant.  The extremely low aspect ratio of this surfactant 

compared to other hydrocarbon surfactants shields water from CO2 at the interface to 

lower the interfacial tension and minimizes interactions between surfactant tail groups.  

These factors make these low-molecular weight amine esters attractive for tunable CO2-

in-water emulsions, as a replacement for more widely used fluorinated surfactants.  The 

facile synthesis of a variety of tertiary amine esters makes this class of surfactants 

attractive for developing structure–property relationships.  

Chapter 4 is the first report of electrostatic stabilization of solid particles in CO2.  

This study extends upon the only prior reported electrostatic stabilization in CO2 (a 

water-in-CO2 macroemulsion)72 by describing a different surface chemistry.  Micrometer-

sized TiO2 particles were stabilized at long range (several micrometers) in liquid and 

supercritical CO2 despite the ultralow dielectric constant, as low as 1.5.  The counterions 

were stabilized in dry reverse micelles, formed with a low-molecular weight cationic 

perfluoropolyether trimethylammonium acetate surfactant, to prevent ion pairing with the 

particle surface.  Dynamic light scattering and settling velocities indicate a particle 

diameter of 620–740 nm.  The electrophoretic mobility of –2.3 × 10–8 m2/V s indicated a 

particle charge on the order of –1.7 × 10–17 C, or 105 elementary negative charges per 

particle.  The balance of particle compression by an electric field versus electrostatic 

repulsion generated an amorphous arrangement of particles with 5–9 µm spacing, 

indicating Debye lengths greater than 1 µm.  Scattering patterns also indicate that chains 

of particles may be achieved in CO2 by dielectrophoresis with alternating fields.  The 

electrostatic stabilization has been achieved by solubilizing a small concentration of 

counterions in only a small fraction of the reverse micelles in the double layer.  Whereas 

many low-molecular weight surfactants have been shown to form reverse micelles in 

CO2, very few polymers are able to stabilize micrometer-sized colloids sterically.  Thus, 

electrostatic stabilization has the potential to expand markedly the domain of colloid 

science in apolar supercritical fluids.   
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Chapter 5 reports the use of differential-phase optical coherence tomography (DP-

OCT)94 for measurement of electrophoretic mobility in apolar low-conductivity solvents.  

Weakly charged particles are common in low-permittivity solvents, particularly in 

practical applications that contain water as a result of ambient humidity.  Use of DP-OCT 

with transparent electrodes enables close electrode spacing (0.18 mm) and thus high 

electric fields despite low applied electric potential, to avoid electrohydrodynamic 

instability and electrochemical interference.  Further advantages include small sample 

volume requirement (20 microliters), the ability to analyze highly turbid colloids, and 

avoidance of electro-osmosis.  This phase-sensitive method is demonstrated on weakly 

charged TiO2 particles dispersed in toluene with Aerosol-OT surfactant at a relatively 

high water content (50 mM), with small mobility of 2.8–3.0 × 10–10 m2/V s (zeta potential 

11–13 mV).  Mobility is independent of applied field strength (28–56 kV/m).  

Measurement reproducibility is comparable to that by phase analysis light scattering 

(PALS) for dispersions in low-permittivity media, but with much smaller applied 

electrical potential in DP-OCT.  The capabilities of DP-OCT, including high sensitivity, 

high spatial resolution, low electrical potential for a given field, and a small detection 

volume, offer opportunities to gain new insight into the properties of charged colloids in 

low-permittivity media. 

Chapter 6 reports the use of differential-phase optical coherence tomography (DP-

OCT) to study of the effect of surface hydrophilicity on the charging of titanium dioxide 

particles in toluene.  In the presence of Aerosol-OT reverse micelles, which stabilized the 

countercharges, the zeta potential was positive for hydrophilic TiO2 (13 mV at 90 mM 

AOT) and negative for hydrophobic TiO2.  The magnitudes of the zeta potentials were 

very similar for these two types of TiO2 and decreased at the same rate with AOT 

concentration.  An electrode spacing of 0.18 mm made possible by optical coherence 

tomography with transparent electrodes enables measurement of the electrophoretic 

mobility with small samples (20 microliters) of highly turbid colloids at low applied 

electric potential to avoid electrohydrodynamic instability and electrochemical reactions.  

For both hydrophilic and hydrophobic TiO2, a general mechanism is presented to 
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describe the zeta potential in terms of preferential partitioning of cations and 

sulfosuccinate anions between the particle surface and reverse micelle cores in bulk.  This 

preferential partitioning is governed by the hydrophilicities and extents of the particle 

surfaces and micelle cores, as a function of surfactant and water concentration.  The 

emerging understanding of the complex charging and stabilization mechanisms for 

colloids in apolar solvents will be highly beneficial for the design of novel materials. 

Chapter 7 gives overall conclusions and recommendations for future studies.  

Appendix A presents details of the synthesis and characterization of amine esters 

described in Chapter 3.  Appendix B gives experimental details of DP-OCT equipment 

and procedures described in Chapter 5 and applied in Chapters 5 and 6.  Appendix C 

shows spectrograms of the charged particle dispersions studied in Chapters 5 and 6.   
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Chapter 2:  Low Interfacial Free Volume of Stubby Surfactants 

Stabilizes Water-in-Carbon Dioxide Microemulsions 

A novel paradigm for the design of surfactants for water-in-CO2 (W/C) 

microemulsions is presented.  The paradigm focuses on the fractional free volume (FFV) 

available to CO2 at the interface.  The FFV is an unambiguous geometric parameter that 

is calculated directly from surfactant tail geometry and surface coverage.  We present an 

analysis of recent experimental studies indicating that low FFV is a necessary, although 

not sufficient, condition for W/C microemulsion formation and that both microemulsion 

and macroemulsion stability correlate qualitatively with FFV.  This correlation is 

understood by noting that a decrease in FFV tends to favor the factors that stabilize W/C 

microemulsions, namely, decreased interfacial tension, reduced overlap between tails 

(weakening attractive interdroplet interactions), and increased interfacial curvature.  

These factors are more challenging to achieve in CO2 than in alkane solvents, implying 

that low FFV is especially important for W/C microemulsions. 

2.1. Introduction 

Microemulsions and emulsions stabilized with surfactants at the water–CO2 

interface are of interest in protein separation and enzymatic catalysis,1,2 heterogeneous 

organic synthesis and polymerization,3,4 synthesis of templated nanoscale materials,5 and 

cleaning of fabrics6 and microelectronic devices.7  CO2 is an environmentally friendly 

substitute for organic solvents commonly used in these processes.  However, to date, 

primarily fluorinated surfactants, including fluoroalkanes8,9 and fluoroethers,1 have been 

found suitable for forming W/C microemulsions and emulsions.  Novel concepts are 

 
Reproduced in part with permission from Stone, M. T.; Smith, P. G., Jr.; da Rocha, S. R. 

P.; Rossky, P. J.; Johnston, K. P. Journal of Physical Chemistry B, 2004, 108, 1962–1966.  

Copyright 2004 American Chemical Society. 
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needed to discover how to design hydrocarbon surfactants for these emulsions, as they 

are far less expensive and less toxic than fluorinated surfactants.  

A variety of strategies have been attempted for the design of both low- and high-

molecular weight (MW) molecules that may be used as “CO2-philic” tails in surfactants.  

The quadrupole moment of CO2 has been shown to influence the solubility of certain 

polar polymers.10  Possible specific interactions between CO2 and fluorinated solutes 

have been investigated by measuring 19F chemical shifts.11  The strength of such 

interactions with fluoroalkanes was found to be significant in one ab initio study12 but 

was much smaller in other studies.13,14  O’Neill et al. found that the solubility of polymers 

increased as their cohesive energy densities decreased, consistent with the extremely low 

polarizability and van der Waals forces for CO2.15  Sarbu et al. raised solubilities of 

copolymers in CO2 by designing one monomer that had low cohesive energy density and 

large free volume and a second that provided specific acid–base interactions with CO2.16  

Such strategies based on polar or specific interactions are being actively pursued.  

However, they have not yet led to the design of highly interfacially active hydrocarbon 

surfactants capable of forming W/C microemulsions, suggesting that the critical factors 

needed have not yet been delineated and may lie primarily elsewhere.  The formation of 

W/C microemulsions with hydrocarbon surfactants becomes possible with methylation, 

for example, with surfactant tails including propylene oxide,17 sodium bis(3,5,5-

trimethyl-1-hexyl)sulfosuccinate,18 poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether,19 

or an ethylene oxide–propylene oxide copolymer dodecyl ether.20  However, the 

fundamental mechanistic reasons for this improvement are not well-understood.   

Water–CO2 systems differ from traditional water–oil systems with regard to the 

area per surfactant molecule at the interface.  The neat interfacial tension for the water–

CO2 interface is typically 20–30 mN/m 21 versus a much larger value of 50 mN/m for the 

water–oil interface.  The smaller driving force for adsorption at the water–CO2 interface 

due to lower interfacial tension implies that the area per headgroup will be much larger 

(typically 100 Å2/molecule)22 than at a water–oil interface (typically less than 50 

Å2/molecule), and this difference has been seen experimentally.21  As a result of this 
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enormous difference, new strategies are needed to design surfactants for the water–CO2 

interface. 

On the basis of recent computer simulations,23 the energetic interactions between 

surfactant tails and CO2 appear similar for an ineffective hydrocarbon and an effective 

fluorocarbon phosphate surfactant.  The only chemical difference between these 

surfactants is the substitution of hydrogen for fluorine.23  It is also apparent from the 

simulations that the fluorocarbon surfactant occupies more space at the interface.  

Calculations with simple molecular models24 alone show that the fluorocarbon tail 

occupies 516 Å3 whereas the hydrocarbon occupies only 361 Å3.  Because the thickness 

of the surfactant layers is similar, there is less free volume laterally in the tail region of 

the fluorocarbon surfactant compared to its hydrogenated analogue.  These simulations23 

suggest that the feature distinguishing hydrocarbon and fluorocarbon surfactants is a 

better separation of CO2 and water by the bulkier fluorocarbon tails, which leads to a 

lower interfacial tension with fluorocarbon surfactants.  Figure 2.1 shows two surfactants 

with different amounts of free volume in the tail region.   

 
Figure 2.1:  Structures illustrating the difference in free volume in the tail region.   

The surfactant on the left has a relatively high free volume (DiH8; FFV = 0.61, see eq 

2.2), and the surfactant on the right has a relatively low free volume (DiF8; FFV = 0.45).  

The bulky fluorine atoms in DiF8 decrease the volume available to solvent, compared to 

DiH8.  Dark gray = C, light gray = H, red = O, blue = N, yellow = P, and green = F. 
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The traditional concept of free volume is an excellent means to quantify the 

bulkiness of a surfactant.  Free volume at an interface would measure how much space is 

available for CO2 and water to interpenetrate, lessening the separation and increasing the 

interfacial tension.  Such packing of a surfactant into micelles and microemulsions at a 

water–oil interface has been considered.25  A useful geometric measure is the 

Israelachvili ratio, η = Vt / ltAh.  This ratio has the structure of an occupied volume.  Vt is 

an approximation of how much volume the surfactant tails occupy, and ltAh is an estimate 

of how much volume is allocated to each surfactant molecule at the interface.  In the field 

of polymer science it has been long recognized that free volume is an important quantity 

in determining the permeability of polymers.26  Free volume in polymer systems is 

practically defined as27  

 

m

w3.1
–1FFV

V
V

=  (2.1) 

where Vw is the van der Waals volume of the polymer and Vm is its molar volume.  On the 

basis of η and eq 2.1, we can define the fractional free volume (FFV) for a surfactant 

system to be 

 

h

t–1FFV
At
V

=  (2.2) 

where Vt is the van der Waals volume of the surfactant tail, t is the thickness of the 

interface, and Ah is the interfacial area per headgroup.  

In this article, we propose a new paradigm for microemulsion and emulsion 

formation and stability in CO2 based on the effect of surfactant tail molecular architecture 

on interfacial packing discussed above.  We hypothesize that the free volume on the 

nonaqueous side of the water–CO2 interface (the volume not occupied by surfactant tails) 

plays a greater role for the water–CO2 versus the water–oil interface.  Microemulsion 

formation involves several important factors, including reducing the interfacial tension to 

below 1 mN/m,22 achieving the preferred curvature as influenced by the hydrophilic–

CO2-philic balance (HCB),21,28 and avoiding a phase separation due to attractive 

interdroplet tail–tail interactions.29  As explained above, a decrease in FFV lowers the 



 29 

interfacial tension by aiding separation of the very small, penetrating CO2 molecules 

from water.  Second, stubby surfactant tails with low FFV are needed to increase the area 

on the tail side of the monolayer to compensate for the unusually large Ah and bend the 

interface about water.  Finally, the overlap of tails by interpenetration on two 

approaching droplets is reduced with a lower FFV.  Minimization of contact between tail 

segments is especially important in CO2, given the weak CO2–tail interactions relative to 

tail–tail interactions.  Even for surfactants with perfluoropolyether tails with relatively 

weak tail–tail interactions, interdroplet interactions in W/C microemulsions are about 3 

times stronger than for water-in-alkane microemulsions stabilized by AOT (Aerosol-OT, 

sodium bis(2-ethyl-1-hexyl)sulfosuccinate).29  For water–oil microemulsions, the 

magnitude of the FFV is not as important a factor because tail solvation is much more 

effective, favoring lower interfacial tensions and weaker interdroplet interactions.  In 

W/C macroemulsions, interdroplet interactions are the most important factor, as the 

interfacial tensions do not need to be as low as in microemulsions and the interface is 

much less curved.  In this paper we will use calculated FFV values and experimental data 

to show that a low FFV is a necessary, although not sufficient, condition for W/C 

microemulsion formation and that microemulsion and macroemulsion stability are 

correlated qualitatively with FFV. 

2.2. Calculation of the Free Volume 

To implement a simple calculation of FFV, the interfacial thickness can be 

estimated as the gas-phase length of the tail.  The solvated length may be slightly 

different from the gas-phase length, but for short tails the difference is small.  For double-

tail surfactants, the gas-phase length is averaged over both tails.  For this simple 

approximation, we will assume that other factors, such as surfactant tilt relative to the 

interfacial normal, headgroup effects, and differences between the gas-phase length and 

the solvated length affect all surfactants equally.  A better estimate of the thickness of the 

interface could be obtained from computer simulation at the water–CO2 interface, but our 

current goal is to avoid this time-consuming approach to develop the conclusions of this 

study. 
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Table 2.1:  Calculated Tail Fractional Free Volume (FFV) Correlates with Surfactant 
Performance 

Water-in-CO2 Microemulsions 
performancea surfactant FFV T 

(°C) 
P 

(bar) 
surfactant 

conc. (wt %) 
water  

(wt %) uncorrected 
Wo 

corrected 
Wo per EO 

Nonionic 
TMN-6 0.52 35 220 1 1.1b 34 3 
LS 54 0.57c 35 218 1.45 0.5d 12.3 1.6 
C8E5 0.71 60 345 2.5 0.52e 4 0.32 
C8E5 + C5OHf 0.71 60 345 2.5 1.9e 15 2.32 

Sulfosuccinate 
di-CF4 AOT 0.40 30 120 4.23 2.22g 20 
AOT-TMH 0.42 33 500 4.39 forms reverse micellesh,i 
AOT 0.49 33 500  no significant aggregationh 

Other Anionic 
DiF8 0.45 30 148 2.5 2.5j 45 
F7H7 0.48 30 127 1.9 1.48k 26 
12–8 0.52 28 149 2.5 2j 34 
PFPE (672 MW)l 0.59m 30 175 3.0 1.6n 20 
DiH8 0.61    negligible, assumed 
PO5

o 0.78    negligible, assumed 
Dilute Water-in-CO2 Macroemulsions 

performancea surfactant FFV T 
(°C) 

P 
(bar) 

surfactant 
conc. (wt %) 

water 
(wt %) stability  size (nm) 

PFOMA-b-PEO 0.46p 25 340 1 3q >24 hr 73 
AOT-TMH 0.42 35 310 0.1 1s >170 min 50 
PFPE (2500 MW)t 0.59m 35 247 2.68 ~5u ~3 min  
M(D´E7)M trisiloxane 0.48 10 59 1 1v 1 minr  
AOT 0.49    fails   

FFV = 1 – Vt/tAh, where Vt is the van der Waals volume of the surfactant tail, t is the thickness of 
the interface (estimated as the gas-phase tail length), and Ah is the interfacial area per headgroup, 
assumed 100 Å2.  References for experimental data are in the “water dispersed” column.  aFor a 
microemulsion, the performance value is the uncorrected water-to-surfactant molar ratio (Wo) 
(and for nonionics, the corrected29 water-to-EO group molar ratio).  For a macroemulsion, the 
value is the time of stability (and for miniemulsions, the droplet size).  bRef. 19.  cLS 54 FFV is 
estimated as 1 – [(1–FFVn-C12) + (1–FFVPPO5)] = 1 – [(1–0.79) + (1–0.78)].  dRef. 32.  eRef. 33.  
fn-Pentanol cosurfactant (5.8 mol %) is not included in the FFV calculation.  gRef. 36.  hRef. 30.  
iAOT-TMH also forms a somewhat polydisperse W/C miniemulsion with modest stability.18  
jRef. 9.  kRef. 37.  lCF3–(O–CF2–CF(CF3))n–(O–CF2)m–COO– NH4

+ with n ≈ 3 and m ≈ 2.  
mPFPE FFV is calculated for n = 3 and m = 1 (695 MW).  nRef. 38.  oThe tail PO5 is the pentamer 
of propylene glycol.  pPFOMA FFV is for a FOMA dimer.  qRef. 42.  rNonflocculated.  sRef. 18, 
0.1 M NaCl.  tSame base structure as l, with m = 1.  uRef. 40, 5 vol% 0.01 M NaCl.  vRef. 43. 
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Table 2.1 shows the free volumes calculated using eq 2.2 for a number of 

surfactants, assuming a constant interfacial area of 100 Å2 per headgroup, consistent with 

most experimentally measured areas in CO2.  It is reasonable to fix this value, as the goal 

is to learn how to design surfactant tails for CO2, not an attempt to consider the totality of 

surfactant design.  The gas-phase lengths have been calculated using geometries derived 

from molecular mechanics created with SPARTAN.24  The molecule is created with all 

bonds in a trans conformation.  Subsequently, an energy minimization is performed using 

the classical MMFF94 force field.  SPARTAN reports both the length between the 

headgroup and the last atom in the tail and the volume of the molecule.  The position of 

the headgroup is chosen to be the first oxygen in a poly(ethylene glycol) headgroup or the 

central atom in an ionic headgroup, for example, C for COO– and P for PO4
–.   

2.3. Surfactant Performance in Microemulsions 

Here, we demonstrate a correlation between the FFV and experimental studies of 

the effectiveness of alternative tails in stabilizing microemulsions.  To separate the 

effects of headgroup on Ah, we examine homologous series of surfactants for a given 

headgroup type.  Note that some of the reported FFV values arise from calculations based 

on molecules of a potentially slightly different length than those used in the laboratory.  

These values are noted in the table.   

Surfactant performance in W/C microemulsions, that is, higher water-to-

surfactant molar ratio (Wo) or a lower pressure (solvent density) requirement, does show a 

general trend with FFV (see Table 2.1).  All modeled tails that are known to form 

microemulsions have fractional free volumes less than 0.6.  Furthermore, within several 

classes of surfactant headgroups, decreasing FFV is associated with improvement in W/C 

microemulsion performance.  

Tail branching is already appreciated to increase the interfacial activity (lower the 

interfacial tension) of hydrocarbon surfactants at the water–CO2 interface.17–19,30  Because 

surfactant tails are solvated less effectively by CO2 than by alkanes, it is more 

challenging to achieve low interfacial tensions in CO2-based systems.  Thus, tail 

branching (low FFV) is particularly important for CO2.  Because branched tails are 
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bulkier than linear alkanes, the tails on two approaching microemulsion droplets may be 

expected to interpenetrate each other less effectively.  The resulting weaker interactions 

between droplets is one element that would lead to a more stable microemulsion.  The 

FFV of nonionic hydrocarbon surfactants is, in fact, shown to decrease as tail branching 

increases, as seen in Table 2.1.  A branched and highly methylated tail gives Tergitol 

TMN series poly(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether surfactants a relatively 

low FFV of 0.52.  A 1 wt % solution of TMN-6 (approximately 8 ethylene oxide 

residues, C28H58O9) can solubilize a slightly greater amount of water than its own weight, 

with a Wo reaching 34.19  After accounting for the solubility of water in CO2,31 the 

corrected Wo is 28.  The less-branched ABC triblock LS 54, approximately C12H25–

(OCH2CH2)5–(OCH(CH3)CH2)4–OH, forms less-hydrated micelles in CO2.32  Water 

solubilization is only 8 molecules for the head block of approximately 5 ethylene oxide 

residues (EO), which is approximately that amount of water required for EO group 

hydration alone.  The performance of LS 54 (intermediate between TMN-6 and C8E5) 

corresponds with its FFV (also intermediate between TMN-6 and C8E5).  The straight 

single C8 tail of penta(ethylene glycol) n-octyl ether, C8E5, C8H17–(OCH2CH2)5–OH, has 

the second-highest FFV (0.71) of any tail modeled.  Significant n-pentanol cosolvent and 

relatively high pressure (345 bar) were required to give a Wo indicative of microemulsion 

formation.33  The cosolvent acts as a cosurfactant, as it is interfacially active.  Perhaps by 

residing in the surfactant tail region,33 the pentanol blocks some of the water–CO2 

interface in this high-FFV system and favors microemulsion formation. 

The reason for the versatile and efficient performance of the sulfosuccinate AOT-

type surfactants in water-in-oil microemulsions has been studied extensively.34,35  

Unfortunately, AOT does not form significant aggregates in CO2 with or without added 

water, even at high densities (33 °C, 500 bar).30  Though each AOT tail has only a single 

ethyl substituent, having two of these tails gives AOT a relatively low FFV of 0.49.  

Replacing the tails with trimethylated or fluorinated straight chains decreases the FFV to 

among the lowest values found.  AOT-TMH (FFV 0.42), sodium bis(3,5,5-

trimethylhexyl) sulfosuccinate, dissolves and forms spherical reverse micelles (33 °C, 
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500 bar).30  Furthermore, somewhat polydisperse W/C miniemulsions with modest 

stabilities may be formed with this surfactant.18  Therefore, the ability of AOT-TMH to 

stabilize the water–CO2 interface far exceeds that of AOT.  Although hydrocarbon 

sulfosuccinates are not known to stabilize microemulsions in CO2, dual fluorinated 

straight C5 tails enable di-CF4 AOT (sodium bis(1H,1H-perfluoropentyl) sulfosuccinate) 

to form a microemulsion at a relatively low pressure (120 bar).36  This behavior is 

consistent with di-CF4 AOT having the lowest FFV (0.40) of any tail modeled. 

Fluorination decreases the FFV and improves the water solubilization capability 

of other anionic surfactants.  The highest corrected Wo reported to date, 42, was obtained 

with the phosphate DiF8, (C6F13CH2CH2O–)2PO2
– Na+.9  A 2.5 wt % solution disperses 

its own weight in water, at a fairly low pressure (148 bar at 30 °C).  Performing slightly 

worse under similar conditions, a 2.5 wt % solution of the hybrid phosphate 12–8, 

(C10F21CH2CH2O–)(C8H17O–)PO2
– Na+, disperses 2 wt % water (Wo = 34, uncorrected).  

As a hybrid, 12–8 has one fluorinated tail and one hydrocarbon tail.  The slightly higher 

FFV of 12–8 (0.52 versus 0.45) corresponds to its lower Wo.  F7H7, the first surfactant 

reported to form a W/C microemulsion,37 has a similar performance and a similar FFV.  

The FFV of this hybrid sodium sulfate, (C7H15–)(C7F15–)CHSO4
– Na+, is taken as the 

average of the values for DiH8 (the nonfluorinated analogue of DiF8) and DiF8.  Slightly 

higher in FFV (0.59) and lower in performance is a PFPE (perfluoropolyether) 

carboxylate (672 MW, weight-average), which requires somewhat higher pressure 

(175 bar) to rival the performance of the phosphate and sulfate surfactants discussed thus 

far.38  The PFPE structure is CF3–(O–CF2–CF(CF3))n–(O–CF2)m–COO– NH4
+ with n ≈ 3 

and m ≈ 2, and the FFV is calculated for n = 3 and m = 1 (695 MW).  A similar FFV is 

found for the twin tails of the hydrocarbon phosphate DiH8, (C8H17O–)2PO2
– Na+.  

Nonfluorinated phosphates have been reported to be unable to support the formation of 

W/C microemulsions.39  Finally, the highest FFV (0.78) is found for the tail PO5, 

penta(propylene glycol), which is related to the PFPE tail.  Neither DiH8 nor PO5 have 

bulky fluorine atoms to fill the tail region.   
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2.4. Surfactant Performance in Macroemulsions 

The results above show that the readily calculated FFV offers a relatively quick 

and straightforward method for screening tail structures of small surfactants (MW under 

~1000).  A correlation of FFV and macroemulsion stability may also be rationalized.  

Formation of an emulsion requires work to expand the interfacial area between the two 

phases.  Better separation of the bulk phases reduces the interfacial tension (IFT) and the 

corresponding work required to form an emulsion.  Furthermore, the smaller the droplet 

size, the greater the interfacial area per unit volume and the lower the IFT required for 

formation.  Finally, the contribution of the tails to interdroplet interactions must be 

sufficiently weak to prevent flocculation.40–42  A reduction in tail–tail overlap may be 

achieved with stubbier tails with a lower FFV.  Thus, lower FFV should favor smaller 

droplets and greater emulsion stability.  

Large polymeric surfactants, particularly those with significant side chains, 

present too many degrees of freedom to simulate repeatably, and a route to an analogue 

of the FFV is not clear.  However, it is interesting to see whether oligomer FFV can be 

used to rationalize polymer behavior.  Treatment of several oligomers shows that FFV is 

also related to emulsion performance (Table 2.1).  PFOMA-b-PEO,42 poly(1,1-

dihydroperfluorooctyl methacrylate)-b-poly(ethylene oxide), and M(D´E7)M, a 

trisiloxane with a head of 7 ethylene oxide residues, 

((CH3)3SiO)2Si(CH3)(CH2)3(OCH2CH2)7OH,43 are the only two surfactants known to 

form nonflocculated dilute W/C emulsions.  PFOMA-b-PEO displays greatly superior 

stability (> 24 h).  The FFV for the PFOMA segment is calculated for a FOMA dimer 

(FFV 0.46) and is similar to that of M(D´E7)M (0.48).  Higher FFV (0.59) and lower 

emulsion stability (1–3 min, flocculated) are seen for 2500 MW PFPE, which has 

structure CF3–(O–CF2–CF(CF3))n–(O–CF2)m–COO– NH4
+ with m = 1.40  (The PFPE FFV 

is calculated for n = 3 and m = 1 (695 MW).) 

The nonflocculated W/C emulsions formed by M(D´E7)M 43 contrast with the 

flocculated emulsions formed by other siloxane-based surfactants, such as 

poly(dimethylsiloxane)-b-poly(methacrylic acid) (PDMS-b-PMA) and PDMS-b-
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poly(acrylic acid) (PDMS-b-PAA).41  A trimer of dimethylsiloxane has a FFV of 0.64, 

versus the M(D´E7)M value of 0.48.  Also, AOT fails to stabilize mini- or 

macroemulsions in CO2, but as with microemulsions, replacing the 2-ethylhexyl tails 

with methylated chains decreases FFV and increases interfacial activity.  AOT-TMH 

supports formation of a somewhat polydisperse dilute W/C miniemulsion stable for at 

least 3 h.18  Droplets were 50 nm in diameter (number fraction and volume fraction above 

99%), with 300 nm and 4 µm droplets forming the remainder.  These results further 

support the utility of the FFV concept.  Refinement of this relationship will need to be 

aided by continuing use of quantitative experimental techniques, for example, 

turbidimetry, to study emulsion stability.18,42–44   

2.5. Conclusions 

A readily calculated geometric surfactant parameter, the fractional free volume 

(FFV), has been defined and demonstrated to be remarkably useful in describing the 

behavior of surfactants at the water–CO2 interface for stabilizing microemulsions and 

macroemulsions.  This parameter builds on the Israelachvili ratio used for micelles and 

microemulsions and on free volume concepts from polymer science to define a fractional 

free volume at an interface.  Several reasonable assumptions about the structure of the 

interface have been made to facilitate easy calculation of the FFV purely from the 

structure of the surfactant.  These include the assumption of equal interfacial area per 

surfactant and the use of minimum-energy tail conformations to estimate the interface 

thickness.  These assumptions allow for an unambiguous comparison of different 

surfactants.  Motivated by computer simulation studies,23 we have hypothesized that free 

volume plays an important role in surfactant performance at the water–CO2 interface.  A 

decrease in FFV will, in general, favor the factors that stabilize W/C microemulsions:  a 

decrease in interfacial tension, an increase in preferred curvature about water, and less 

frustrated overlap between tails, thus weakening attractive interdroplet interactions. 

The simulations suggest that free volume is a distinguishing characteristic 

between hydrocarbon and fluorocarbon surfactants, whereas the interaction energy of 

CO2 with the tails and the degree to which CO2 solvates the tails are not distinguishing.  
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A review of experimental data presented here strongly supports this hypothesis that 

excellent surfactant performance at the water–CO2 interface correlates with the FFV.  

This correlation is particularly strong within a series of surfactants with the same 

headgroup and is relatively strong even when comparing between headgroups.  The 

recently discovered modest activity of certain hydrocarbon surfactants at water–CO2 

interfaces is consistent with their low FFV.  Of course, the use of the FFV in isolation is 

not recommended, as the specific details of key factors such as interfacial tension, tail–

tail interactions, HCB, and curvature effects in a system containing CO2 molecules can 

strongly affect surfactant performance.  Nevertheless, the new paradigm embodied in the 

FFV shows great promise to guide the understanding of surfactant behavior and to 

rationalize the design of new surfactants for emulsions at the water–CO2 interface and at 

other interfaces. 
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Chapter 3:  Tertiary Amine Esters for Carbon Dioxide-Based 

Emulsions 

Tertiary amine esters, a new class of surfactants for CO2-based dispersions, 

stabilize carbon dioxide-in-water macroemulsions for several hours even at a CO2 density 

as low as 0.74 g/mL (70 bar) at 298 K.  The combination of a weakly hydrophilic tertiary 

amine, which is protonated by carbonic acid, and branched ester tails provides proper 

values of the Hydrophilic–CO2-philic Balance (HCB) for emulsion stabilization.  The 

surfactant nitrilotripropane-1,2-diyl tripivalate (tBu-TIA) lowered the CO2–water 

interfacial tension to 2.6 mN/m as a result of the stubby architecture (low aspect ratio) of 

the surfactant tail, which helps block contact between water and carbon dioxide.  The 

high level of methylation produces a smaller γ and greater emulsion stability relative to 

nitrilotripropane-1,2-diyl triacetate.  Relative to the high-pressure CO2–water system with 

a pH of 3.3, an increase in pH with the addition of NaOH decreases interfacial activity 

and reduces emulsion stability, as the surfactant is deprotonated.  The adsorption 

isotherm shows a high interfacial area per surfactant molecule (400 Å2) as a result of the 

stubby structure of the surfactant.  The extremely low aspect ratio of this surfactant 

compared to other hydrocarbon surfactants shields water from CO2 at the interface to 

lower the interfacial tension and minimizes interactions between surfactant tail groups.  

These factors make these low-molecular weight amine esters attractive for tunable CO2-

in-water emulsions, as a replacement for more widely used fluorinated surfactants.  The 

facile synthesis of a variety of tertiary amine esters makes this class of surfactants 

attractive for developing structure–property relationships.   

3.1. Introduction 

Macroemulsions involving water and carbon dioxide are of interest for 

solubilization and separations of proteins,1,2 ions, and heavy metals,3 organometallic 

catalysis,4 emulsion templating,5 and cleaning of microelectronic devices.6  CO2-based 

dispersions can be tuned through the high compressibility of CO2.  Although studies of 
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surfactants at the water–CO2 interface have focused on water-in-CO2 (W/C) 

microemulsions,7–11 CO2-in-water (C/W) microemulsions12 and macroemulsions13,14 are 

also of significant interest in various applications, for example, reaction and separation 

processes.  Independently of other factors, C/W macroemulsions are more stable than 

W/C macroemulsions, because of the higher viscosity of the continuous phase.  The 

higher viscosity also allows greater shear during droplet formation. 

 A useful guide for understanding the formation of dispersions involving CO2 is 

the Hydrophilic–CO2-philic Balance (HCB) (Figure 1.3),15 which is in direct analogy to 

the Hydrophilic–Lipophilic Balance (HLB) in water–oil systems.  At high HCB, the 

surfactant prefers water, that is, the surfactant concentration in the aqueous phase is 

relatively high, and the surfactant concentration in the CO2 phase is relatively low, as 

shown in Figure 1.3.  The morphology tends to be C/W, that is CO2 droplets dispersed in 

a continuous water phase,16 with an excess upper CO2 phase.  At intermediate HCB 

values, the surfactant is at a balanced state, with relatively equal hydrophilicity and CO2-

philicity.  The optimal HCB for macroemulsions must be near enough to the balanced 

state to obtain high surfactant adsorption and substantial lowering of the interfacial 

tension (IFT, γ), but not so low that channels easily form and facilitate droplet 

coalescence.  Values of γ below 10 mN/m are desirable to facilitate emulsion formation 

to overcome the Laplace pressure.   

The HCB can be related to the interactions (A) between constituents of the 

surfactant system: 
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−−
−−

=  (3.1) 

where Aij is the interaction energy (treated here as a positive quantity) for the various 

interactions between CO2 (C), surfactant tail (T), water (W), and surfactant headgroup 

(H).17,18  Molecules tested as surfactants for CO2–water systems are often too hydrophilic, 

that is, the HCB needs to be lowered.  Tail–CO2 interactions (ATC) are weak in CO2, 

particularly for hydrocarbon tails, relative to ATT.  Carbonyl groups have been shown to 

have specific interactions with CO2
19 and can be added by acylation.  Tail–tail 
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interactions (ATT) can be minimized through methylation and branching, as quantified by 

the FFV, the fractional free volume in the surfactant tail region (Chapter 2).20  The FFV is 

a geometric parameter that is calculated directly from surfactant tail geometry and surface 

coverage.  It is measured in a way similar to free volume in polymer systems: 

 

h

t–1FFV
At
V

=  (3.2) 

Simple gas-phase simulations give the volume of the surfactant tail (Vt).  The interfacial 

thickness (t) is approximated as the gas-phase length of the tail.  The interfacial area per 

headgroup (Ah) can be taken according to a typical value from adsorption studies.  These 

quantities can all be estimated from readily available molecular mechanics models for 

surfactant geometry in the gas phase or taken from typical values; a full simulation of a 

surfactant layer at a CO2–water interface is not required.  Acetylation has been shown to 

increase solubility of sugars in CO2.21  Head–water interactions (AHW) can be minimized 

through choice of a headgroup with low hydrophilicity, such as amines.  Unlike primary 

and secondary amines, tertiary amines do not form carbamate salts with CO2.  Tertiary 

amines are normally inactive as hydrophilic groups in aqueous systems,22 but effective 

surfactant moieties vary with solvents and conditions.  Specifically, lower pH strongly 

increases the hydrophilicity of amines through protonation to form a cationic 

headgroup.23–25  This change has been applied to induce micellization of block 

copolymers with a pH increase.24  In the current study, the low pH of high-pressure CO2–

water systems26 shifts amine HCB and increases interfacial activity.  CO2-induced 

protonation of an amine base has been used to switch solvent polarity,27 and may also be 

expected to influence interfacial activity of surfactants at CO2-based interfaces.   

The objectives of this study were to design nonfluorinated tertiary amine 

surfactants to form CO2-based emulsions stable for hours and to understand the surfactant 

adsorption at the CO2–water interface and subsequent emulsion stability in terms of 

changes in the structure of the surfactant tails and protonation of the amine headgroup.  A 

simple synthetic scheme for the surfactants provides a means to make small perturbations 

in the structure of the surfactant tail by nucleophilic acyl substitution of an amine alcohol 
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and an acyl chloride.  The surfactants will be shown to be soluble in liquid CO2 at the 

vapor pressure at 298 K, as the headgroups are nonionic (without water present) and the 

acyl and methyl groups are CO2-philic.  The use of a weak hydrophile (tertiary amine) 

and three methylated, branched ester tails enables a favorably low HCB relative to 

stronger hydrophiles, such as phosphate groups.14  It will be shown that methylation and 

branching decrease γ at the CO2–water interface and increase emulsion stability.  The 

structure of the surfactant is unusually stubby (low aspect ratio) relative to most 

surfactants used previously in CO2.  Further, the emulsions are stable to relatively low 

pressures, as low as 70 bar at 298 K, in contrast with a much higher pressure for a 

double-tailed phosphate hydrocarbon surfactant, sodium bis-(2,4,4-trimethylpentyl) 

phosphate (2,4,4TMC5–PO4
– Na+).14  To our knowledge, C/W emulsions stabilized by 

surfactants with amine headgroups have not been reported previously.   

3.2. Experimental 

3.2.1. Materials 

Triisopropanolamine (Aldrich, 95%, 190 °C / 23 mm Hg), N-

methyldiethanolamine (Aldrich, 99%, 246–248 °C), 3-diisopropylamino-1,2-propanediol 

(Aldrich, 96%, 131 °C / 10 mm Hg), triethanolamine (Aldrich, 98%, 190–193 °C / 5 mm 

Hg), pyridine (Aldrich, 99.8%, 115 °C), diethyl ether (Aldrich, ACS reagent), and 

CH2Cl2 (Aldrich, ACS reagent) were distilled in the presence of CaH2.  Acetyl chloride 

(Aldrich, 99%, 52 °C), trimethylacetyl chloride (Aldrich, 99%, 105–106 °C), and 3,5,5-

trimethylhexanoyl chloride (Aldrich, 98% 188–190 °C) were distilled before use.  

Sodium hydrogen carbonate (Aldrich), anhydrous sodium sulfate (Aldrich, ACS reagent), 

NaOH (Fisher), HCl (E–M), acetic acid, and hexanes (Fisher) were used as received.  

Instrument-grade CO2 (Praxair) passed through an Oxyclear gas purifier (Labclear RGP-

R1-300) and Nanopure II deionized water (Barnstead, 16.7 MΩ cm) were used as 

indicated.   
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Figure 3.1:  Structures of tertiary amine esters 
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Figure 3.2:  Synthesis of tBu-TIA (nitrilotripropane-1,2-diyl tripivalate) from an amine 

alcohol and an acyl chloride. 

This straightforward acyl substitution easily adapts to synthesize a variety of surfactant 

structures.  The amine alcohol may be mono-, di-, or trifunctional.   

3.2.2. Surfactant Synthesis and Characterization 

A series of liquid tertiary amine esters (Figure 3.1) were synthesized by 

nucleophilic acyl substitution reaction of an amine alcohol and an acyl chloride (Figure 

3.2).  To synthesize TIA, triisopropanolamine (19.27 g, 0.1 mol), pyridine (11.86 g, 

0.15 mol), and CH2Cl2 (100 mL) were placed in a 250 mL two-neck round-bottom flask 

equipped with a reflux condenser and a dropping funnel.  The flask was cooled in an ice 

bath, and acetyl chloride (9.42 g, 0.12 mol) was introduced dropwise into the reaction 

mixture with stirring.  The ice bath was removed, and the reaction mixture stirred for 4 h.  

After removal of solvent CH2Cl2 by rotary evaporation, the mixture was dissolved in 

100 mL diethyl ether and washed with 50 mL water and with 50 mL saturated NaHCO3 

solution.  The ether layer was dried over anhydrous Na2SO4, filtered, and concentrated by 
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rotary evaporation.  The product was purified by vacuum distillation.  A transparent oil of 

acyl substituted amine alcohol was obtained with 76% yield.  The synthesis was easily 

adaptable to a variety of surfactant structures (Appendix A.1).  The chemical structures 

were determined by 1H NMR spectra in CDCl3 solvent using a JNM-ECP 400 (JEOL) 

NMR spectrometer (Appendix A).   

The resulting amine esters are as follows:  TMH-MIA:  2-(dimethylamino)-1-

methylethyl 3,5,5-trimethylhexanoate.  NDiPr-MEA:  2-(diisopropylamino)ethane-1,1-

diyl bis(2,2-dimethylpropanoate).  tBu-DEA:  (methylimino)diethane-2,1-diyl bis(2,2-

dimethylpropanoate).  NtBu-tBu-DEA:  (tert-butylimino)diethane-2,1-diyl bis(2,2-

dimethylpropanoate).  TEA:  nitrilotriethane-2,1-diyl triacetate.  TIA:  nitrilotripropane-

1,2-diyl triacetate.  tBu-TIA:  nitrilotripropane-1,2-diyl tripivalate.  TMH-TIA:  

nitrilotripropane-1,2-diyl 3,5,5-trimethylhexanoate.  Solubility of selected amine esters 

was tested by mixing with acetic acid solutions and checking for a homogenous single 

phase.   

 
Figure 3.3:  Schematic of apparatus for high-pressure pendant-drop IFT measurement. 

Adapted from reference 28. 
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3.2.3. Interfacial Tension Measurements 

The interfacial tension, γ, was measured with a high-pressure pendant drop 

apparatus developed in our laboratory (Figure 3.3).28  Water drops are formed at the end 

of a surface-modified silica capillary28 (Western Analytical products) (180 µm o.d. and 

50 µm i.d.) in a variable-volume view cell containing a known amount of surfactant 

dissolved in CO2.  The water is introduced to the variable-volume view cell using a 

constaMetric 3200 HPLC pump (ThermoQuest, Inc.), which is typically pressurized 7–14 

bar above the pressure of the view cell.  A six-port valve (Valco) is opened slowly to 

allow water to flow through the silica capillary.  Once a suitable drop is formed, the six-

port valve is closed, and a CCD camera records the droplet shape as a function of time.  

The recorded images are analyzed using a software package from KSV, Ltd. (Finland) in 

order to solve the Laplace equation, 

 ( )gz
RHH

P ρ
γ

γ ∆+=







+=∆

010

211
2  (3.3) 

where ∆P is the pressure drop across the interface, R0 is the radius of curvature at the 

apex of the droplet, ∆ρ is the density difference between the two phases, z is the vertical 

distance from the apex, and H0 and H1 are the principal radii of curvature.  The densities 

for the two phases are calculated using a steam table for water and an equation of state 

for CO2.29  The relatively low mutual solubilities of water and CO2 were neglected when 

calculating the densities of the two phases.28  The effect of NaOH on droplet density was 

included when used.  The droplet images were recorded with time until the calculated 

interfacial tension varied less than 1% from the previous value.  IFT at the hexane–water 

interface was measured in the same way, with 0.1 wt % surfactant dissolved in the 

hexane phase and IFT recorded 1 min after drop formation.   

3.2.4. Emulsion Formation 

The apparatus and procedure used to form the emulsion have been described in 

detail elsewhere.30  Known amounts of water, amine ester, and CO2 were loaded into the 

front of a 28 mL high-pressure variable-volume view cell.  Pressure was controlled to 
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within 1 bar by a computer-controlled syringe pump (Isco 260D) with CO2 as the 

pressurizing fluid on the backside of the piston inside the view cell.  Temperature was 

controlled to within 0.1 °C by a water bath.  After mixing with a PTFE-coated magnetic 

stir bar for 15 min, the emulsion was sheared further by recirculation through a 127 µm 

i.d. capillary using a high-pressure liquid chromatography pump (LDC Milton Roy 

minipump) for 20 min.  The emulsion morphology (C/W) was determined through visual 

observation of a creaming front and the presence of an upper excess CO2 phase.  CO2 

uptake was quantified by the height % of the cell filled by the emulsion phase, measured 

using a ruler on the leveled horizontal cylindrical cell.  Visual observation of emulsion 

stability involved measuring the creaming front position in the same way.   

3.2.5. Turbidimetry Measurements 

Turbidity was measured by mounting a high-pressure optical cell, which was 

fitted with two 0.2 cm thick sapphire windows and had a path length of 0.762 mm, in a 

UV–vis spectrophotometer (Varian Cary 3 E).  After forming the emulsion through 

capillary shearing, the emulsion was circulated through the optical cell for 15 min.  The 

emulsion stability was investigated by measuring the turbidity as a function of time at a 

fixed wavelength of 500 nm.  To determine the effect of the CO2 density on emulsion 

stability, turbidity–time profiles were measured at various densities as reported 

previously.31  For a given density, the emulsion stability was determined from the initial 

slope of the turbidity–time plot, dτ/dt. 

3.3. Results and Discussion 

As part of standard surfactant evaluation, most of these amine esters were tested 

for solubility at 1 wt % in dry liquid CO2.  All those tested (NDiPr-MEA, tBu-DEA, 

NtBu-tBu-DEA, TIA, tBu-TIA, and TMH-TIA) formed a single clear phase and therefore 

were completely soluble in liquid CO2 at the vapor pressure (25 °C, 64 bar, 0.71 g/mL).   
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Figure 3.4:  CO2–water interfacial tension for TIA and tBu-TIA. 

Conditions:  0.1 wt % surfactant in the CO2 phase, 25 ºC.  Increased methylation and 

increased CO2 density lead to a decrease γ.   

3.3.1. Interfacial Tension and Solubility 

IFT measurements made by high-pressure pendant-drop tensiometry were used to 

study the effects of surfactant architecture on interfacial adsorption and HCB 

independently from any effects on droplet interactions in emulsions.  TIA and tBu-TIA 

lower the CO2–water γ substantially, to approximately 7.0 mN/m (for TIA) and 5.9 

mN/m (for tBu-TIA) (0.1 wt % surfactant in CO2, 25 °C, 276 bar, 0.96 g/mL) (Figure 

3.4).  The IFT of tBu-TIA is somewhat less than that of TIA, indicating that methylation 

gives a favorable decrease in HCB.  The decrease is due in part to the higher degree of 
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shielding of the water from CO2 by the bulkier surfactant.  In both cases, γ decreases with 

CO2 pressure (density), as HCB decreases and approaches the balanced state.  The IFT is 

quite low for a hydrocarbon surfactant, in contrast to surfactants with fluorinated or 

siloxane tails.14,32   

The interfacial adsorption was calculated by measuring a Gibbs adsorption 

isotherm.  The surface excess concentration, Γ8 , for a dilute nonionic surfactant is given 

by the Gibbs adsorption equation,33,34 

 

TCRT 







∂

∂−
=Γ∞

sln
1 γ  (3.4) 

where R is the gas constant and Cs is the surfactant concentration in the CO2 phase in 

mol/L.  Since amines have the potential to be protonated, we investigated the effect of pH 

on surfactant adsorption, γ reduction, and emulsion stability.  The high-pressure CO2–

water system has a pH of approximately 3.3 at room temperature and pressures up to 

345 bar.26  At this condition, γ is 2.6 mN/m (Figure 3.5, lower), and the interfacial 

adsorption corresponds to an interfacial area of 400 Å2/molecule.  The measured cµc was 

0.18 wt % (4 mM).  In comparison to a recently reported branched nonfluorinated 

phosphate surfactant 2,4,4TMC5–PO4
– Na+ (3.7 mN/m at 345 bar and 180 Å2/molecule at 

279 bar),14 tBu-TIA shows greater lowering of γ despite lower interfacial adsorption.  
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Figure 3.5:  Effect of pH on interfacial adsorption isotherm at CO2–water interface. 

Conditions:  0.1 wt % tBu-TIA in CO2 at 25 ºC, 345 bar.  IFT is measured using a high-

pressure pendant drop apparatus, and Cs is the surfactant concentration in the CO2 phase 

in mol/L.  For pure water as the pendant drop (pH 3.3 in contact with CO2), 

cµc = 0.18 wt % (4 mM), and the Gibbs adsorption equation indicates 400 Å2/molecule.  

Use of 1.5 molal NaOH (pH 6.7) as the pendant drop increases IFT and decreases 

interfacial adsorption (720 Å2/molecule).   
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Figure 3.6:  Space-filling representation of tBu-TIA.   

This relatively planar conformation was found by gas-phase energy minimization using 

molecular mechanics with the classical MMFF94 force field.35  Dark gray = C, light 

gray = H, red = O, and blue = N. 

The high interfacial area (400 Å2/molecule) observed for tBu-TIA at the CO2–

water interface suggests a conformation unlike uni- or di-tail surfactant molecules, which 

commonly have an interfacial areas on the order of 100 Å2/molecule.33  To investigate 

this behavior, a gas-phase energy minimization of tBu-TIA was performed using 

molecular mechanics created with SPARTAN35 and the classical MMFF94 force field 

(Figure 3.6).  This gas-phase geometry optimization is not a full molecular simulation at 

the CO2–water interface but gives insight into the preferred conformation of these 

surfactants.  The resulting conformation is relatively planar and covers approximately 

50 Å2.  Clearly, the aspect ratio of this surfactant at the interface is extremely different 

from that of a single-tail surfactant such as sodium dodecyl sulfate.  The bulky tertiary 

butyl groups may sterically hinder approach of the three tails and thus favor a relatively 

planar conformation at the CO2–water interface.  The low aspect ratio at the CO2–water 

interface will minimize interactions between the tail groups and decrease ATT in eq 3.1, 

thus decreasing the HCB.  On each of the three tails, the methyl group nearest the 

nitrogen reduces the accessibility of the lone pair of electrons on nitrogen, but we will 
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show evidence of protonation.  The three carbonyl groups interact favorably with water 

and may help attract the surfactant from CO2 toward the interface.   

Addition of 1.5 molal NaOH to the droplet phase increases its pH to 

approximately 6.7 (Figure 4c of reference 26), increases γ to approximately 6 mN/m 

(Figure 3.5, upper), and decreases the interfacial coverage to an area of 720 Å2/molecule.  

This decrease in interfacial activity is also reflected in the loss of emulsion stability when 

the pH is increased to 5.8, discussed below.  A strong effect of pH on the hydrophilicity 

of amine groups has been noted previously.23   

The effect of pH on solubility of amine esters (by protonation) was investigated 

by measuring the solubilities of TMH-MIA, tBu-DEA, and TIA in solutions of acetic 

acid at atmospheric pressure (Figure 3.7).  These three compounds have respectively 0, 1, 

and 2 bulky substituents (tails) on the nitrogen, with the remaining substituents being 

methyl groups.  Thus this series reveals the effect of steric hindrance on nitrogen 

protonation.  The higher the acetic acid concentration (0.01–6 mol/L), the higher the 

solubility of these amine esters.  Before surfactant addition, these acetic acid solutions 

have an estimated pH of 3.4–2.0, based on Ka = 1.76 × 10–5.36  Mono-tail TMH-MIA is 

soluble nearly equimolar with the added acid at all acid concentrations tested.  Di-tail 

tBu-DEA and tri-tail TIA have lower solubility, probably because protonation is 

sterically hindered by large tails relative to methyl groups.  Furthermore, the addition of 

more CH3 groups will contribute to the hydrophobicity of the surfactant.  At several 

conditions, protonation of most of the amine ester molecules in acetic acid solutions was 

confirmed by NMR peak shift downfield:  TIA at 0.158 mol/L (1 mol/L acid), and both 

TIA and TMH-MIA at 0.01 mol/L (0.01 mol/L acid).  

To relate these solubility measurements to CO2 systems, note that in 10 mM 

acetic acid (estimated pH 3.4), the solubility of TIA is approximately equimolar with the 

acid; thus, protonation is highly favorable even though pH increases as the conjugate base 

(acetate) accumulates.  The pKa of the first dissociation of carbonic acid (6.3) is larger 

than that of acetic acid (4.8), but water in contact with high-pressure CO2 has a similar  
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Figure 3.7:  Solubility measurements show amine ester protonation is significant and is 

decreased by bulky tails. 

Amine ester solubility was measured in acetic acid solutions at atmospheric pressure and 

is graphed normalized by acetic acid concentration.  Mono-tail amine ester (TMH-MIA) 

is soluble nearly equimolar with added acetic acid.  Di-tail (tBu-DEA) and tri-tail (TIA) 

amine esters show decreased solubility, because protonation is sterically hindered by 

large tails relative to methyl groups and because the hydrophilicity decreases with added 

hydrophobe.  The pH of 0.01 mol/L acetic acid is 3.4, similar to that of the high-pressure 

CO2–water system (3.3).   

starting pH (3.3) and a large reservoir of CO2.26  Assuming complete protonation of the 

30 mM (overall) TIA used for a C/W emulsion, the concentration of conjugate base 
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(bicarbonate) in the aqueous phase would be 60 mM, increasing pH to approximately 4.8 

(based on Figure 2 of reference 37).  Overall, significant protonation of the amine esters 

in CO2–water systems is reasonable.   

To further investigate the effect of pH on these amine ester surfactants, the 

hexane–water γ was measured as a function of pH (Table 3.1).  The aqueous phase was 

water or a dilute solution of HCl or NaOH.  No significant effect of pH was observed at 

this interface.  This result may suggest that the amine was not protonated at the oil–water 

interface at pH 3, as the hexane at the interface may have inhibited hydration of the 

headgroup.  In contrast, γ does change with pH at the water–CO2 interface, as shown in 

Figure 3.5.  The quadrupole moment of CO2 may be more effective in stabilizing the 

protonated amine in the presence of water.  The amine esters substantially reduced γ from 

the value for the binary hexane–water system (51 mN/m).  

Table 3.1:  Hexane–Water Interfacial Tension Using Amine Esters Shows Little Effect 

of pH 

pH surfactant 
3 5 7 9 11 

NDiPr-MEA 29 – 28 – 29 
tBu-DEA 23 22 21 22 23 
NtBu-tBu-DEA 36 – 33 – 34 
TEA 18 17 16 18 18 
TIA 27 25 25 28 30 
tBu-TIA 20 20 20 19 19 
TMH-TIA 16 – 14 – 15 

The amine ester was dissolved in the oil phase (hexanes, 0.1 wt % surfactant), and a 
pendant drop was formed using water with the indicated pH value, set by HCl or NaOH.  

3.3.2. Emulsion Formation and Stability Measurements 

All amine esters tested for emulsion behavior formed white C/W emulsions at 

1 wt % surfactant, 50 wt % CO2, 25 °C, 345 bar (Figure 3.8 and Table 3.2).  TIA and  

 



 55 

     
 (a) (b) (c) (d) 

Figure 3.8:  Photographs of CO2-in-water emulsions formed using TIA and tBu-TIA. 

Conditions:  1 wt % surfactant and 50 wt % CO2, 25 ºC.  Shadows have been removed 

from the photographs.  Arrows indicate creaming fronts or interfaces.  (a) Fine white 

emulsion formed using TIA with capillary shear (t = 0) at 345 bar.  The emulsion using 

tBu-TIA had the same appearance.  (b) Emulsion from (a) shows substantial creaming 

1.2 h after the stop of capillary shear.  (c) More stable emulsion formed by the more 

methylated tBu-TIA at 138 bar 2.1 h after the stop of capillary shear.  (d) The emulsion in 

(c) using tBu-TIA was re-formed by shear and broken by addition of NaOH (aqueous 

phase 0.75 molal NaOH, pH 5.8, 310 bar). 

Table 3.2:  Capacity of C/W Emulsions Using Amine Esters 

emulsion capacity surfactant 
ht % filleda opacityb 

effect of  
0.1 M NaClc 

NDiPr-MEA  95 4  
tBu-DEA  65 4 little change 
NtBu-tBu-DEA  80 5 little change 
TIA  100 5 little change 
tBu-TIA  100 5  
TMH-TIA  55 4 little change 

Conditions:  1 wt % surfactant, 50 wt % CO2, 25 °C, 345 bar, capillary shear.  aHeight % 
filled is a measure of CO2 uptake into the water phase and is measured in a leveled 
horizontal cylindrical cell.  A value of 50 height % filled indicates zero CO2 uptake.  
Because the cell is cylindrical, height % filled has a nonlinear relationship with volume 
% filled.  bOpacity is visual appearance of emulsion phase on an arbitrary scale:  5 (best) 
= bright, milky white; homogeneous.  4 = white; stir bar invisible.  3 = white; stir bar 
visible with difficulty.  cNaCl concentration based on the aqueous phase.   
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tBu-TIA formed fine, milky white emulsions (Figure 3.8a) which occupied the entire cell 

volume, that is, emulsified 50 wt % CO2.  Both of these surfactants have three identical 

tails on the nitrogen.  The emulsion formed by TIA is almost completely separated (water 

pool of approximately 35 vol %) after 1.2 h at 345 bar (Figure 3.8b).  The emulsion 

formed by tBu-TIA has a water pool of only 4 vol % after 2.1 h at 138 bar (0.866 g/mL) 

(Figure 3.8c), showing significantly greater stability despite lower CO2 density (which 

causes greater droplet buoyancy and lower CO2 solvent strength).  A common measure of 

emulsion stability is the time required for creaming (or settling) to 20 vol % excess phase, 

which was 12 h at 25 °C, 345 bar.  In contrast, the corresponding time for an emulsion 

made with TIA was 30 min.  Thus, the more methylated tBu-TIA shows significantly 

greater emulsion stability than TIA.  

When NaOH was added to the C/W emulsion formed with tBu-TIA to give 

0.8 molal NaOH in the aqueous phase (pH approximately 5.8 from Figure 4c of reference 

26) (25 °C, 310 bar), the emulsion quickly broke from one milky white homogeneous 

phase to two nearly clear phases in less than 1 min (Figure 3.8d).  This loss of emulsion 

stability is consistent with the decrease in interfacial activity as pH increases (Figure 3.5).   

The turbidity, τ, of a dispersion is a measurement of the reduction in the intensity 

of transmitted light due to scattering and may be expressed as 
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where l is the path length and I0 and I are the intensities of the incident and transmitted 

radiation, respectively.  Using Mie scattering theory, multiwavelength turbidimetry38 of 

the emulsion formed with tBu-TIA gave an average CO2 droplet size of approximately 

3 µm.   

The turbidity–time profile was measured for a 50:50 C/W emulsion formed with 

1 wt % tBu-TIA (Figure 3.9).  The profile shows a relatively small slope (good stability) 

which changes little with pressure down to 69 bar (0.739 g/mL).  This density is very low 

for CO2-based emulsion stability and contrasts with the significantly higher critical 

flocculation density (CFD) (0.88 g/mL, 153 bar), where the emulsion becomes unstable, 
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recently measured for 2,4,4TMC5–PO4
– Na+, a phosphate surfactant with branched 

nonfluorinated tails.14   
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Figure 3.9:  Turbidity–time profile shows tBu-TIA stabilizes C/W emulsion to low 

pressure. 

Conditions:  1 wt % surfactant, 50 wt % CO2, 25 °C, pressure change each 15 min.  The 

system pressure and CO2 density are shown.   

3.3.3. Hydrophilic–CO2-philic Balance and Emulsion Stabilization 

The decrease of γ with increasing CO2 density (Figure 3.4) indicates that in the 

pH 3.4 CO2–water system, the amine esters TIA and tBu-TIA are on the hydrophilic side 
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of the balanced state; that is, to the left of the optimum (Figure 1.3).  The increase of 

solvation of the tails with CO2 density will shift the surfactant toward CO2.  The 

hydrophilicity is aided by protonation of the tertiary amine, as indicated by NMR peak 

shift and solubility trends in acetic acid solutions (Figure 3.7).  Increasing pH by adding 

NaOH to CO2–water systems decreases protonation and thus decreases HCB.  Therefore, 

the increased γ at pH 6.7 (Figure 3.5, upper) as the surfactant becomes less hydrophilic 

indicates that the system is on the CO2-philic side of the balanced state.  If it had 

remained on the hydrophilic side of the balanced state, which it did not, then γ would 

have decreased with the decrease in hydrophilicity upon deprotonation.  Low solubility in 

pure water (<< 2 wt %) supports the conclusion that the surfactant has low hydrophilicity 

near neutral pH.  The dramatic reduction in emulsion stability observed at pH 5.8 (Figure 

3.8d) suggests the surfactant favored the CO2 phase too strongly to provide sufficient 

surfactant adsorption at the interface, given the higher γ at pH 6.7 in Figure 3.5.   

Emulsion morphology is influenced by the viscosity16 and by various mechanisms 

for stabilization against flocculation and coalescence.  The dramatically larger viscosity 

of water (1 cP) versus CO2 (0.1 cP) favors the observed C/W morphology.  Viscous water 

films drain more slowly between CO2 droplets than CO2 films drain between water 

droplets.  Slower drainage of the thin film will provide greater stability against 

coalescence for C/W emulsions.  Furthermore, during emulsion formation, greater shear 

will rupture droplets when the continuous phase is water, the more viscous phase.   

Electrostatic repulsion between charged CO2 droplets with protonated amine 

headgroups on the surface will retard flocculation.  Electrostatic stabilization may be 

expected to be more likely in a C/W morphology, as the double layer on the exterior of 

the droplets will be in water with a high dielectric constant.  However, electrostatic 

stabilization enabled by counterion stabilization in reverse micelles is possible in CO2, as 

found recently for emulsions18 and particle dispersions (Chapter 4).  These C/W 

emulsions are at surfactant concentrations well above the cµc observed for TIA (Figure 

3.5, lower).  In addition, upon approach of two CO2 droplets, Marangoni–Gibbs 

stabilization will oppose thin film drainage.28  Marangoni–Gibbs stabilization may be 
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expected to be stronger for C/W emulsions than W/C emulsions, since water films are 

much more viscous and will drain more slowly than CO2 films.   

The change in HCB and interfacial activity upon protonation of these amine esters 

may produce a variety of interesting effects.  Based on the solubility data, there may be 

significant concentrations of both charged and uncharged amine esters.  High surfactant 

solubility in the droplet phase reduces Marangoni–Gibbs stabilization in emulsions.39  

Therefore, the high solubility of uncharged amine esters in CO2 may reduce Marangoni–

Gibbs stabilization in C/W emulsions, if the uncharged molecules can rapidly charge and 

adsorb to the CO2–water interface.  Likewise, the high solubility of charged amine esters 

in water may reduce Marangoni–Gibbs stabilization in the W/C morphology.  The 

partitioning of surfactant between phases will change with pH.  Therefore, pH may be 

expected to have a large effect on emulsion stability, as observed.   

3.4. Conclusions 

Low-molecular weight amine esters have sufficient interfacial activity to stabilize 

fine white C/W emulsions with droplet sizes on the order of 3 µm and with stabilities of 

hours.  These hydrocarbon surfactants are much less expensive and in many cases less 

toxic than commonly used fluorinated surfactants in CO2.  Significant protonation of the 

tertiary amine headgroup is balanced by three methylated, branched tails to give a 

favorable slightly hydrophilic HCB and a low interfacial tension at the planar water–CO2 

interface.  Tail methylation and branching in tBu-TIA reduce γ at the CO2–water 

interface and increase emulsion stability relative to TIA.  These stubby, relatively flat 

surfactants screen the interactions between water and carbon dioxide to provide unusually 

low interfacial tensions relative to typical double-tail ionic nonfluorinated surfactants.14  

Turbidimetry shows droplet sizes of 3 µm and emulsion stability to relatively low 

pressures (69 bar, 0.739 g/mL).  In contrast, higher pressure was required to form a C/W 

emulsion with 2,4,4TMC5–PO4
– Na+, a nonfluorinated double-tailed surfactant with a 

phosphate headgroup.14  The synthetic scheme for the amine ester is straightforward and 

is easily adaptable for the study of further changes in surfactant architecture.  The 

extremely low aspect ratio of this surfactant compared to other hydrocarbon surfactants 
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shields water from CO2 at the interface to lower the interfacial tension and minimizes 

interactions between surfactant tail groups.  These factors make these low-molecular 

weight amine esters attractive for tunable CO2-in-water emulsions, as a replacement for 

more widely used fluorinated surfactants.   
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Chapter 4:  Electrostatically Stabilized Metal Oxide Particle 

Dispersions in Carbon Dioxide 

We report electrostatic stabilization of micrometer-sized TiO2 particles at long 

range (several micrometers) in liquid and supercritical CO2 despite the ultralow dielectric 

constant, as low as 1.5.  The counterions were stabilized in dry reverse micelles, formed 

with a low-molecular weight cationic perfluoropolyether trimethylammonium acetate 

surfactant, to prevent ion pairing with the particle surface.  Dynamic light scattering and 

settling velocities indicate a particle diameter of 620–740 nm.  The electrophoretic 

mobility of –2.3 × 10–8 m2/V s indicated a particle charge on the order of –1.7 × 10–17 C, 

or 105 elementary negative charges per particle.  The balance of particle compression by 

an electric field versus electrostatic repulsion generated an amorphous arrangement of 

particles with 5–9 µm spacing, indicating Debye lengths greater than 1 µm.  Scattering 

patterns also indicate that chains of particles may be achieved in CO2 by 

dielectrophoresis with alternating fields.  The electrostatic stabilization has been achieved 

by solubilizing a small concentration of counterions in only a small fraction of the reverse 

micelles in the double layer.  Whereas many low-molecular weight surfactants have been 

shown to form reverse micelles in CO2, very few polymers are able to stabilize 

micrometer-sized colloids sterically.  Thus, electrostatic stabilization has the potential to 

expand markedly the domain of colloid science in apolar supercritical fluids.   

4.1. Introduction 

Environmentally benign carbon dioxide is of interest for use as a tunable solvent 

for a variety of processes, for example nanoparticle synthesis,1 nanocrystal coatings,2,3  

catalytic reactions,4 separations,5 and microelectronics cleaning6,7 and drying.8  It has an 

 
Reproduced in part with permission from Smith, P. G., Jr.; Ryoo, W.; Johnston, K. P. 

Journal of Physical Chemistry B, 2005, 109, 20155–20165.  Copyright 2005 American 

Chemical Society. 
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easily accessible critical point (Tc = 304 K, Pc = 73.8 bar), is nonflammable, essentially 

nontoxic, and inexpensive, and may be recovered without solvent residues.  Changes in 

density (and thus solvent strength and dispersion stability) are readily obtained through 

relatively small changes in temperature or pressure.  CO2 is nonpolar with a low 

polarizability per volume and correspondingly weak van der Waals forces (unlike 

oils).9,10  CO2 also has a very low relative dielectric constant (relative permittivity), εr, 

typically 1.5–1.6.11,12  Thus, CO2 holds a unique position in the solvent spectrum. 

Charged, nonaqueous colloids are of interest in applications including liquid 

immersion development,13,14 electrostatic lithography,15 drop-on-demand ink jet printing, 

photoelectrophoresis,16 electrophoretic displays,17 and electrorheological fluids.18,19  

Dispersions of inorganic oxide particles in CO2,
20–23 such as silica and alumina, are of 

interest in chemical mechanical planarization (CMP), used in microelectronics 

processing.24  Nanoparticles (nanoscale metals, semiconductors, and oxides) are of 

particular interest for their size-dependent chemical and quantum mechanical properties 

in electronics and optics.25  Examples of key advances in colloidal dispersions of liquids 

and solids in supercritical fluids have recently been reviewed, as shown in Table 4.1.1  

Most of the colloids were smaller than 50 nm and stabilized by low-molecular weight 

surfactants, in some cases hydrocarbon surfactants.  In contrast, the much larger polymer 

latex particles, and in many cases the macroemulsions, have longer-ranged van der Waals 

attraction and usually require polymeric stabilizers. 

In a stable dispersion of particles (or droplets), stabilizers inhibit flocculation and 

aggregation by providing steric and/or electrostatic repulsion.  In steric stabilization, 

surfactant tails extend into the continuous solvent phase.26–30 Close approach of the 

particles replaces solvent–chain interactions with chain–chain interactions and reduces 

the conformations available to the tail chains.31,32  These energetic penalties tend to keep 

the particles separated and, thus, stabilized.  Steric stabilization requires good extension 

(solvation) of the surfactant tails, which is especially challenging in CO2.  The solvent 

density must be above a critical value, the critical flocculation density (CFD), to ensure 

colloidal stability. 
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Table 4.1:  Key Advances in Steric Stabilization of Colloids in Supercritical Fluids 

colloid and 
supercritical fluid 

stabilizing group 

water-in-alkane 
microemulsion 

alkane105 

water-in-CO2 
microemulsion 

alkane/fluoroalkane hybrid,57 perfluoropolypropylene oxide58 
branched alkane56 

polymer latex in CO2  fluoroacrylates and siloxanes (high MW)27 
metal and 
semiconductor (CdS) 
nanocrystals in CO2 

perfluoropolypropylene oxide34 (with alkane)35 W/C 
microemulsion 
fluoroalkanethiol106 

water-in-CO2 
macroemulsion 

propylene oxide, poly(dimethylsiloxane), 
perfluoropolypropylene oxide107,108 

nanocrystals and Si 
nanowires in high-
temperature fluids 

alkane thiols or octanol:  Si in octanol,109 Cu in water,110 Ge in 
CO2

37 

 

With the exception of results in one very recent study,33 the reported main 

stabilization mechanism for dispersions in CO2 is steric, even though steric stabilization 

in CO2 is severely limited by its low Hamaker constant (only 0.1 eV at 55 °C and 

391 bar)23 and weak solvent strength.  The poor solvation is caused by relatively low van 

der Waals forces and the lack of a permanent dipole moment.  Metal and metal oxide 

particles of about 10 nm or smaller can be stabilized by fluoroalkane ligands of 

approximately 10 carbons.34–37  To stabilize larger particles or droplets, increasingly 

strong van der Waals (Hamaker) attraction requires the particles to be kept farther apart.  

Greater separation requires higher-molecular weight tails, which are more difficult to 

solvate in CO2, severely limiting tail choice to expensive fluoropolymers.22,27  Positive 

second virial coefficients have been reported only for fluoroacrylates.38  Furthermore, the 

tails can collapse due to attraction by the surface, as shown by neutron reflectivity.29  

Also, the range of steric repulsion (10–20 nm) is limited to twice the length of the 

stabilizers (5–10 nm).39  Thus, steric stabilization in CO2 faces substantial obstacles. 

The electrostatic stabilization of solid particles or droplets is well-known in water 

and in other solvents with a high dielectric constant and is described by DLVO 
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theory.40,41  Upon particle approach, the repulsive force between overlapping double 

layers provides electrostatic stabilization.  Studies of electrostatic stabilization in solvents 

with low dielectric constant (εr < 10),42–45 including CO2,33 are much less common, 

though charged species in nonaqueous media are important for topics ranging from safe 

petroleum processing to electronic imaging.46  Electrostatic stabilization in such media 

has three requirements:  (1) sufficient particle charge, (2) stabilization of the counterions 

in appropriate concentration to provide a thick double layer, and (3) electrostatic 

repulsion sufficient to overcome attractive van der Waals forces.43  The thermodynamics 

of ion separation is described by the Bjerrum length, lB, the charge separation distance (d) 

at which thermal energy (kBT) balances electrostatic interaction energy.  For a 1:1 

electrolyte, the electrostatic interaction energy is e2/4πεoεrd and 
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where e is the elementary charge and ε0 is vacuum permittivity.  For example, in water 

(εr ≈ 80) lB is 0.7 nm; thus the water molecules which hydrate sodium and chloride ions 

in brine are sufficient to inhibit ion pairing.  The much lower dielectric constant of CO2 

(1.5–1.6)11,12 would require counterions to be stabilized in more substantial structures, 

such as reverse micelles or crown ethers (Figure 4.1), based on recent experiments in 

dodecane.47  The required concentration of charged micelles is within the dynamic 

equilibrium of charged and uncharged micelles described in the charge fluctuation 

model;48 thus, the countercharges can be stabilized.  

While the main mechanisms of charge formation in aqueous media are well-

known (ionization of surface groups and adsorption of potential-determining or surface-

active ions), the mechanisms in nonaqueous media are not as clear.42,46  Adsorption of 

surfactant ions can cause charging and may follow the acid–base or charge donor–

acceptor concepts.49  Verwey has demonstrated this mechanism for oxides in a protic 

solvent.50  CO2 itself is nonprotic, but even a trace of water will act as a weak electrolyte, 

supplying protons.42,46,51  If an oxide particle is more acidic than the stabilizer molecule, 

then the particle will protonate the stabilizer and be left with a negative charge.   
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Figure 4.1:  Schematic representation of negatively charged particles in the presence of 

charged and uncharged micelles in the large double layer.  

Adapted from Ryoo et al.33 

An alternative framework of surface-active ion adsorption is based on 

hydrophilicity or hydrophobicity.49  A hydrophilic ion, such as acetate, can adsorb onto 

and give charge to a hydrophilic particle surface, such as uncoated TiO2, with water 

adsorption on the surface being critical.42  A hydrophobic ion, such as a surfactant ion, 

can adsorb onto and give charge to a hydrophobic particle surface, such as carbon black.  

After any ion adsorption, the particle surface must gain (or retain) sufficient net charge 

for stability.  

The mechanisms of charge generation, charge transfer, and electrostatic 

stabilization in nonpolar fluids are not well understood.46  The study of electrostatic 

stabilization in CO2 is new, and only one such system has been reported (3 µm water 

droplets electrostatically stabilized using the nonionic surfactant Tergitol TMN-6, 

octa(ethylene glycol) 2,6,8-trimethyl-4-nonyl ether).33  The currently reported system is a 

dispersion of solid particles and has a different surface chemistry.   
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Surfactant design for electrostatic stabilization of colloids in CO2 is in its 

infancy.33  The basic requirement is the formation of reverse micelles52 to stabilize the 

counterions; a water pool in the reverse micelle (microemulsion) may not be needed.  

Many low-molecular weight surfactants are known to form reverse micelles and 

microemulsions in CO2, with hydrocarbon53–56 or fluorocarbon tails.57–59  A recent study 

demonstrated electrostatic stabilization of 3 µm negatively charged water droplets in 

CO2.33  The hydronium counterions were prevented from ion pairing by nonionic Tergitol 

TMN-6, which is known to stabilize water-in-CO2 (W/C) microemulsions, based on 

dynamic light-scattering measurements, and to solubilize ionic species and other 

hydrophiles.7,8,56   

The objective of this study is to demonstrate that solid inorganic particles, in 

particular titania, may be dispersed in liquid and supercritical CO2 with electrostatic 

stabilization, despite the ultralow dielectric constant, and in contrast with previous studies 

of steric stabilization.  The counterions are stabilized by a fluorinated low-molecular 

weight surfactant, F–(CF(CF3)–CF2–O)5–CF(CF3)–C(O)–NH–CH2–CH2–N+(CH3)3 

CH3COO–, chosen for its ability to form reverse micelles and to solubilize ionic species, 

for example the hydrophilic probe methyl orange, in CO2.60  Relative to Ryoo et al.,33 this 

study extends the concept of electrostatic stabilization in CO2 from water droplets to solid 

inorganic particles, from a nonionic surfactant to a cationic surfactant, and from 

counterion stabilization by a W/C microemulsion to stabilization by dry reverse micelles.  

The number of surfactants that form dry reverse micelles in CO2 dwarfs the reported 

number of surfactants that form microemulsions.1,54,56  Dynamic light scattering (DLS) 

and settling front velocity measurements are used to characterize the particle size.  The 

electrostatic repulsion of these particles induces order when the charged particles are 

compressed by an electric field.  Laser diffraction reveals the type of order (amorphous), 

shows the effect of field strength on the regularity, and provides the interparticle spacing 

(5–9 µm).  The high ionic strength of most industrial compositions usually makes 

electrostatic stabilization insufficient; thus, the low ability of CO2 to solvate ions is a 

benefit.61 
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Electrostatic stabilization offers several advantages over steric stabilization in 

CO2.  Electrostatic repulsion can act at ultra-long range (micrometers)33,45 to stabilize 

micrometer-sized particles and does not depend on the solvation of stabilizer tails.  In 

CO2, the electric field due to a charge is particularly strong, given that the field is 

inversely proportional to the dielectric constant of the solvent.  The surfactant may be 

chosen on the basis of a greatly reduced solvation requirement:  the ability to form 

micelles, instead of the ability to extend far into CO2 to provide steric stabilization.  Also, 

less surfactant is potentially required, because a closely packed layer of surfactant is not 

needed on the particle surface.  The role of the surfactant has been transformed from that 

of providing steric stabilization of a colloid to simply stabilizing a small number of 

counterions only a few angstroms in size.  As a result, low-molecular weight surfactants 

may be used instead of polymeric surfactants, greatly simplifying surfactant design. 

 Titania, which occurs naturally as the minerals brookite, anatase, and rutile, has 

several desirable properties as a model system.62  The crystal surface shows catalytic, 

photocatalytic, and photosemiconductive activity, and the powders are commercially 

available in high purity for pigmentary and catalytic use.  The commercial sulfate process 

converts crude TiO2 to titanyl sulfate, which is purified, hydrolyzed to colloidal hydrous 

titanium oxide, precipitated, washed, and calcined.63  Final drying and optional grinding 

processes determine the agglomerate size.  The surface can be treated for improved 

dispersibility in applications such as coatings or left with titanol groups (Ti–O–H) for 

catalytic use.  In the laboratory, TiO2 particles have been formed by hydrolysis of 

titanium tetraisopropoxide in W/C microemulsions and sterically stabilized using 

fluorinated surfactants.64,65   

4.2. Experimental 

4.2.1. Materials 

Dry TiO2 powder (TiONA DT-51, anatase form) was received as a gift from 

Millennium Chemicals, treated with HCl, and baked at 400 °C as a precaution to reduce 

organics and volatiles.  TiONA DT-51 is commercially manufactured for catalytic use by 
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a sulfate process without surface treatment.  Surfactant of the form F–(CF(CF3)–CF2–

O)n–CF(CF3)–C(O)–NH–CH2–CH2–N+(CH3)3 CH3COO– with a perfluoropolyether 

(PFPE) tail and a cationic trimethylammonium acetate (TMAA) headgroup (abbreviated 

PFPE–TMAA) was used as indicated.60  This special research surfactant had an average 

molecular weight of 1124 g/mol (n ≈ 5) and was a gift from DuPont.66  The surfactant 

was further purified to extract excess sodium acetate by successively stirring 5 g of the 

surfactant with 70 mL of water until the conductivity of the aqueous phase was reduced 

from 600 µS/cm to less than 15 µS/cm.  This value corresponds to a remaining 

concentration of sodium acetate in the surfactant of approximately 0.5 mol %.  The 

anionic phosphate surfactant DiF8, (C6F13CH2CH2O–)2PO2
– Na+, was used as indicated.59  

Instrument-grade CO2 (Praxair) passed through an Oxyclear gas purifier (Labclear RGP-

R1-300) and Nanopure II deionized water (Barnstead, 16.7 MΩ cm) were used as 

indicated.  Also, HCl (EM Science), 2H,3H-perfluoropentane (Oakwood Products), 1,1,2-

trichlorotrifluoroethane (CFC-113, Sigma), and ethanol (Aaper, absolute) were used as 

received.   

4.2.2. Dispersion Formation 

Measured amounts of TiO2 particles, PFPE–TMAA surfactant, and CO2 were 

added to a high-pressure variable-volume view cell with a sapphire window to allow 

visual observation.67  Pressure was controlled to within 1 bar by a computer-controlled 

syringe pump (Isco 260D) with CO2 as the pressurizing fluid on the backside of the 

piston inside the view cell.  Temperature was controlled to within 0.1 °C by a water bath.  

The cell contents were stirred using a PTFE-coated magnetic stir bar for at least 5 min.  

The settling front position was measured visually with a ruler on the leveled cell.  In 

experiments involving light scattering, diffraction, electrophoresis, or dielectrophoresis, 

the system was circulated and sheared with a high-pressure homogenizing pump (Avestin 

EmulsiFlex-C5) for typically 5 min.  The adjustable pressure drop across the 

homogenizing valve was set to the minimum value.   
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4.2.3. Dynamic Light Scattering 

The dispersion was circulated through a custom-built cylindrical light-scattering 

cell, as previously described.56  Threaded stainless steel caps secured two sapphire 

windows (Crystal Systems, 0001 orientation, 2.54 cm diameter, 0.70 cm thickness) in the 

scattering cell, with a 0.7 cm path length.  Black oxide (Fe3O4) coating on the surfaces of 

the scattering cell reduced stray light.  A custom-built goniometer held the coherent light 

source (a 17 mW He–Ne laser, Melles Griot 05-LHP-925, λ = 632.8 nm), a plano-convex 

glass lens (Melles Griot 01 LPX 125, focal length 6.00 cm, diameter 3.00 cm), and the 

light-scattering cell.  The scattered light was focused by a SELFOC microlens 

(0.25 pitch) and transmitted by an optical fiber (NSG America, single mode, specified 

wavelength of 630 nm) to an avalanche photodiode (Brookhaven Instruments BI-APD).  

The externally measured detection angle was corrected for refraction at the window 

surfaces using Snell’s law and the refractive index for CO2 (typically 1.18–1.23)12,68,69 to 

obtain the actual scattering angle.  Data analysis was by a digital autocorrelator 

(Brookhaven BI-9000AT) and a non-negative least-squares (NNLS) routine (Brookhaven 

9KDLSW32).  Based on the Stokes–Einstein equation for the diffusion coefficient of a 

sphere (D0 = kBT/3πηdH) and the viscosity η of CO2,70 a distribution of hydrodynamic 

diameters (dH) was obtained.  The distribution was determined in terms of the scattering 

intensity.  Each reported diameter corresponds to the maximum of the distribution and is 

the average of at least two runs. 

4.2.4. Electrophoresis and Dielectrophoresis 

Atmospheric-pressure electrophoretic deposition was conducted in 2H,3H-

perfluoropentane and in 1,1,2-trichlorotrifluoroethane.71  TiO2 particles (0.05 wt %) were 

dispersed with 0.1 wt % surfactant by manual shaking.  Electrodes of aluminum foil 

(Reynolds, approximately 5 mm × 2 cm) were mounted approximately 1 cm apart and 

connected to a regulated variable direct current (DC) power supply (Lambda LP-522-FM, 

0–40 V, 0–1.8 A or Kepco 188-0030, 0–1000 V, 0–20 mA).  An electric field 

(approximately 1 kV/m) was applied for approximately 30 s, the electrodes were 
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withdrawn, and an accumulation of white powder on the electrodes was observed 

visually.   

Electrophoresis and dielectrophoresis in CO2 were performed in a high-pressure 

cell custom-built for microelectrophoresis, as described previously.33  A particle 

dispersion was formed and was circulated using a high-pressure homogenizing pump 

(Figure 4.2).  Electrodes in the cell were made of stainless steel 304 wire (California Fine 

Wire Co.) (Figure 4.3).  The electrodes were not platinized, because the very low ion 

concentration in CO2 makes unnecessary the increased electrode surface area provided by 

platinization.  (In aqueous systems, this increased surface area is needed to prevent thick 

ion layering and the resulting electrode polarization.)  In the assembly of the cell, the 

windows were pressed together with the wire electrodes between them, compressing the 

wires to give a window spacing of slightly less than the wire diameter (254 µm).  

Electrode spacing was 1.0 mm.  PEEK seals, sapphire windows (Swiss Jewel W6.36, 

6.35 mm diameter, 2.3 mm thickness), and stainless steel cover plates complete the cell.  

A slide switch (double-pole, double-throw) enabled electrical connection of the 

electrodes to a regulated variable DC power supply with reversible polarity.  Another 

switch enabled the connecting of the two electrodes together to set their potential 

difference to zero.  Digital multimeters indicated voltage and current, typically 10–40 V 

(implying field strengths of 10–40 kV/m) and 0.1 µA.  Dielectrophoresis experiments 

used an alternating current (AC) autotransformer (Staco 3PN1010B, 0–140 V output, 

60 Hz).  Care was taken to electrically isolate the electrodes, to insulate all electrical 

connections, to ground the metal high-pressure tubing and cells, and to fuse the power 

supplies for safety.  Electrophoresis was observed visually and by a tripod-mounted 

digital camera (Nikon Coolpix 990).  A lens (the same as for DLS) was positioned 

between the camera and the microelectrophoresis cell.  Bright-field illumination was 

provided by a white surface lit by a variable-brightness incandescent bulb.  Particle 

location and concentration during electrophoresis and dielectrophoresis were also 

detected by laser light scattering (below).   
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Figure 4.2:  Apparatus for high-pressure scattering experiments.   

It was used with a camera and without the laser for electrophoresis.  It was also used with 

a larger scattering cell and detection optics for particle sizing by DLS.   

 
Figure 4.3:  High-pressure microelectrophoresis cell used for application of a constant 

horizontal electric field.   

Wire electrodes, spaced 1.0 mm apart, are visible in the center.  The dispersion enters at 

the top of the cell.   
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4.2.5. Laser Light Scattering 

During electrophoresis and dielectrophoresis, a laser light-scattering setup 

produced an optical transform of the dispersed particles according to Fraunhofer 

diffraction.72,73  Particles were dispersed in CO2 and circulated through the 

microelectrophoresis cell as described for electrophoresis.  A constant or alternating 

horizontal electric field was applied.  A lens (the same as for DLS) focused the laser 

beam into the interelectrode region of the cell, which could be translated to locate the 

beam at any horizontal coordinate between the electrodes.  The scattered light was 

projected onto a white board 95.3 cm from the microelectrophoresis cell.  The scattering 

intensity (which is proportional to particle concentration)74 was visually observed to 

determine the particle location and concentration qualitatively.  Under certain conditions, 

Fraunhofer diffraction patterns (rings, lines, and combinations thereof) were observed 

and photographed by digital cameras (Sony DSC-P5 and Nikon Coolpix 990).  A 

beamstop blocked the undeviated portion of the beam from reaching the viewing board.   

 
Figure 4.4:  TEM image of as-received Millennium DT-51 TiO2 particles.   

Image shows primary particles of approximately 20 nm and aggregates on the order of 

100–300 nm. 
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4.2.6. Transmission Electron Microscopy 

Dry TiO2 powder as received was applied directly to a carbon-coated copper EM 

grid (Electron Microscopy Science, 200 mesh).  TEM images were taken using a Philips 

EM208 at 80 kV and show primary particles of approximately 20 nm and aggregates on 

the order of 100–300 nm (Figure 4.4).  

4.3. Results and Discussion 

4.3.1. Dispersion Formation and Settling 

PFPE–TMAA enabled the formation of homogeneous, milky-white dispersions of 

TiO2 particles in CO2 (Figure 4.5 and Table 4.2).  The purpose of the figure is to show 

that a turbid dispersion is present; the reflection in the center is an artifact of the lighting.  

Without surfactant, the mixture was inhomogeneous and had low turbidity, with most of 

the TiO2 in rapidly settling macroscopic clumps.  At 25 °C, 167–345 bar and 45 °C, 134–

345 bar, the dispersion of 0.048 wt % TiO2 and 0.167 wt % PFPE–TMAA gave a sharp 

enough settling front to measure the initial settling velocity (Figure 4.6).  This well-

defined settling front, implying relatively monodisperse particles under these conditions, 

was present as the dispersion settled one-quarter (at lower densities) to one-half (at higher 

densities) of the height of the 17.5 mm i.d. view cell.  Beyond this point and at pressures 

below 116 bar (25 °C), there was no sharp settling front; the dispersion cleared gradually 

with relative spatial uniformity.  At 45 °C, the dispersion lost stability abruptly as the 

pressure was lowered from 121 to 103 bar.  The initial settling velocities were compared 

with the Stokes settling velocity, us, for spheres,  
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where r is the particle radius, ∆ρ is the density difference between the dispersed phase 

(TiO2, anatase form, 3.84 g/mL)75 and the continuous phase,76 and η is the continuous 

phase viscosity.70  The best-fit particle diameter from the settling velocity was 790 nm, 

which is fairly consistent with the size measured by DLS (below).  Therefore, the initial 

settling velocity was not substantially reduced by electrostatic repulsion.   
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Figure 4.5:  Homogeneous, milky white electrostatically stabilized dispersion.  

The dispersion was formed with a magnetic stir using 0.048 wt % TiO2 and 0.158 wt % 

PFPE–TMAA at 25 °C, 345 bar. 
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Figure 4.6:  Settling front velocity. 

The dispersions were formed with a magnetic stir using 0.048 wt % TiO2 and 0.167 wt % 

PFPE–TMAA.  The Stokes settling velocity is plotted in two segments, each at the 

temperature of the surrounding data points.   
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Table 4.2:  TiO2 Dispersion Compositions 

surfactant wt % 
surfactant 

wt % 
TiO2 

shear visual 
observation 

other measurements 
reported 

none n/a 0.047 stir bar poor  
(25 °C, 345 bar) 

 

0.158, 
0.167 

0.048 stir bar good, milky-
white, 

homogeneous, 
see settling front 

settling front 
velocity; Figure 4.5, 

Figure 4.6 

0.317 0.048 homogenizer good, milky-
white  

(25 °C, 138 bar) 

electrophoresis, 
diffraction; Figure 

4.7, Figure 4.8a 
0.675 0.111 homogenizer  dielectrophoresis, 

diffraction; Figure 
4.8b,c, Figure 4.9, 
Figure 4.10; Table 

4.5 

PFPE–
TMAA 

(cationic) 

0.316 0.00248 homogenizer good, very 
slightly turbid 
with an orange 

tint  
(20 °C, 83 bar) 

DLS; Table 4.3 

The listed temperature and pressure values are typical for the visual observation noted.  
The conditions for other measurements are listed in the text sections for those 
measurements.   

The following calculation indicates that electrostatic repulsion may be expected to 

be weak in this initial phase of settling.  Simple calculations based on TiO2 particles 

arranged in an assumed face-centered cubic lattice show that at 0.048 wt % particles and 

1.0 g/mL overall density, the center-to-center distance of closest approach would be 

approximately 11 µm for a suspension volume of one-half of the original volume.  This 

value is sufficiently large, compared with the particle diameter of 790 nm, that 

electrostatic repulsion would be expected to be minimal.  Thus, it is reasonable to 

conclude electrostatic repulsion is weak during initial settling.  To reach a particle 

spacing of 4.9 µm, the smallest separation measured by diffraction (below), the 

dispersion would need to settle to 4.0% of its original volume.  After several hours, the 
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dispersion settled to give a milky-white layer somewhat less than this volume.  The 

particles were easily redispersed upon stirring.   

The surfactant alone forms a fully transparent solution in CO2 as high as 

5.0 wt %.60  Therefore, the observed turbidity and settled layer are not caused by a gel or 

liquid crystal of the surfactant alone.  The turbidity (light scattering) resulted instead from 

the dispersion of TiO2.  

4.3.2. Dynamic Light Scattering 

DLS showed a particle size of 620–740 nm in a dispersion formed with 

0.00248 wt % TiO2 and 0.316 wt % PFPE–TMAA at 20 °C (Table 4.3).  The low 

concentration of TiO2 was chosen to avoid multiple scattering.  The dispersion was very 

slightly turbid with an orange tint.  Particle size increased slightly with density, from a 

size distribution peak of 626 ± 60 to 738 ± 13 nm.  A Gaussian fit to the particle size 

distribution gave one standard deviation of 330 nm or less.  Variation of the detection 

angle (10–25°, externally measured) showed no significant effect, as expected.  Upon 

slight dilution, the particles showed a similar size range, 720–740 nm, at 45 °C (Table 

4.3).  The dispersion lost stability and was observed to form a separate liquid film on the 

window as pressure was decreased to 70 bar (28 °C, 0.67 g/mL) and to 120 bar (45 °C, 

0.66 g/mL). 

Table 4.3:  Particle Size in TiO2 Dispersions from Dynamic Light Scattering 

T  
(°C) 

P  
(bar) 

CO2 
density  
(g/mL) 

scattering 
angle  
(deg) 

particle hydrodynamic 
diameter dH  

(nm) 
20a 345 1.00 20.0 738 ± 13 
20a 167 0.92 20.4 661 ± 50 
20a 83 0.83 20.7 626 ± 60 
45b 219 0.83 20.7 722 ± 55 
45b 152 0.75 21.1 733 ± 50 

Conditions:  25.0° externally measured scattering angle.  a2.5 × 10–3 wt % TiO2, 
0.32 wt % PFPE–TMAA.  b1.9 × 10–3 wt % TiO2, 0.24 wt % PFPE–TMAA.  Scans were 
repeated at least in duplicate, and data analysis is by NNLS.  Fitting a Gaussian to the 
particle size distribution gave one standard deviation of 330 nm or less.   



 78 

The particle sizes in CO2 found by settling velocity and by DLS are much larger 

than the primary particles and the aggregates in the as-received powder, as is common.23  

The aggregation process involves collision of the initial particles to form small clusters, 

which aggregate further with each other and with the initial particles.77  Shear increases 

the collision frequency and causes fragmentation of aggregates.  The population balance 

approach includes these processes and others, including restructuring and reflocculation.  

Also, electrostatic stabilization is more readily achieved for large particles than for small 

particles;78 thus, existence of a critical stable size may guide the aggregation process.79  

Overall, the observed slight changes in aggregate size with density and dilution are minor 

relative to the experimental uncertainty in the kinetics of aggregation.  Finally, adsorbed 

PFPE–TMAA surfactant contributes negligibly to the aggregate size, since the surfactant 

tails are less than 3 nm long.   

4.3.3. Atmospheric Pressure Electrophoretic Deposition 

Homogeneous, milky-white dispersions, stable for several days, could be formed 

by the manual shaking of 0.05 wt % TiO2 and 0.1 wt % of either PFPE–TMAA or DiF8 

in 2H,3H-perfluoropentane, and of PFPE–TMAA in 1,1,2-trichlorotrifluoroethane.  The 

as-received TiO2 was also dispersible with PFPE–TMAA in 1,1,2-

trichlorotrifluoroethane.  In all cases, electrophoretic deposition showed the TiO2 

particles were negatively charged, as they accumulated on the positive electrode (Table 

4.4).  Without surfactant, dispersibility was poor.   

Table 4.4:  TiO2 Particle Charge as Determined by Electrophoretic Deposition and 

Electrophoresis 

surfactant solvent charge on TiO2 particles 
DiF8 (anionic) 2H,3H-perfluoropentane  negative 

PFPE–TMAA (cationic) 2H,3H-perfluoropentane  negative 
PFPE–TMAA (cationic) 1,1,2-trichlorotrifluoroethane  negativea 
PFPE–TMAA (cationic) CO2  negative 

Approximate concentrations:  0.05 wt % TiO2, 0.1 wt % surfactant (0.3 wt % surfactant 
in CO2).  aThis system was also tested using the as-received TiO2, with the same results. 
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 (a) 1.17 s (b) 1.93 s (c) 2.73 s 

 
 (d) 1.47 s (e) 2.33 s (f) 3.70 s 

Figure 4.7:  Electrophoresis:  TiO2 agglomerates moving in an electric field.   

The distance between the two electrodes (dark vertical bands) is 1.0 mm.  Conditions:  

10 kV/m, 25 °C, 276 bar, 0.048 wt % TiO2, 0.317 wt % PFPE–TMAA.  Panels a–c:  

particles move toward right (positive) electrode.  Panels e–g:  field orientation is reversed 

and particles move toward left (positive) electrode.  Indicated time is the elapsed time 

since last field reversal.  The estimated electrophoretic mobility is –2.3 × 10–8 m2/V s. 

4.3.4. Electrophoresis in CO2 

Electrophoresis experiments were performed on a surfactant-stabilized TiO2 

dispersion in CO2 (0.048 wt % TiO2, 0.317 wt % PFPE–TMAA).  The dispersion was 

circulated through the microelectrophoresis cell, and for several minutes after pumping 

ceased, residual thermal convective flow caused particle agglomerates to continue to 

enter at the top of the cell and fall in a thin cylindrical turbid stream.  Upon application of 

an electric field (the polarity of which was alternated with a period of several seconds), 

the particles moved toward the positive electrode (Figure 4.7 and Table 4.4).  The 

electrophoretic mobility was measured by capturing a video of the transverse motion of 

the particle stream.  At a constant vertical position, the horizontal position of the most 

turbid part of the stream was measured in three frames, Figure 4.7, a–c.  The field was 
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reversed, and the process was repeated, Figure 4.7, d–f.  Linear regression of the particle 

position versus time gave the velocity, v, which was divided by the field strength, E, 

(10 kV/m) to give electrophoretic mobility, µ.  The average of the two directions gave a 

mobility of magnitude (2.3 ± 0.3) × 10–8 m2/V s at 25 °C, 276 bar, and 10 kV/m.  This 

mobility is 6–20 times that found for 3 µm water droplets (0.1 to 0.4 × 10–8 m2/V s) 

electrostatically stabilized in CO2.33  The particles were observed to move more slowly at 

lower field strengths (e.g., 5 kV/m) and more rapidly at higher field strengths (e.g., 20–

40 kV/m), though measurement at high fields was hindered by turbulence and instability 

(analogous to Bénard instability80).  The laminar-to-turbulent transition causing 

instability is predicted to occur at81 
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inst
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where Vinst is the minimum voltage for the instability, η is the viscosity, and ρ is the 

density.  At the experimental conditions in CO2 (η = 0.109 cP, ρ = 0.96 g/mL, εr = 1.60), 

Vinst = 28 V, which is consistent with experimental observation and with a prior study.33  

Also, the scattering of focused laser light by particles in the interelectrode region was 

consistent with visual observations, as described in detail below.  Within several seconds 

after field application, scattering was strong near the positive electrode and weak near the 

negative electrode.   

This first measurement of electrophoretic mobility in a supercritical fluid 

demonstrates that the particles have a net negative charge and, thus, that the positive 

countercharges must be stabilized in this fluid of ultralow dielectric constant.  The 

surfactant used, PFPE–TMAA, is known to form micelles, which can stabilize ionic 

species.60  The acetate counterion and the oxygen and nitrogen atoms in the amide moiety 

could act as Lewis bases, donating electron density to stabilize the cations which give 

some micelles a net positive charge.  This behavior is analogous to the proposed 

stabilization of (hydrated) protons by ethylene oxide groups33 and will be discussed in 

greater detail below.  
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DLS could not be performed on concentrated dispersions of TiO2 as used for 

electrophoresis because of multiple scattering.  However, DLS on dilute dispersions 

showed a particle size of 620–740 nm, in fair agreement with settling front velocity 

measurements on concentrated dispersions (790 nm).  If it were assumed that in the 

electrophoresis experiment (276 bar), the particle diameter 2a was 700 nm (by linear 

interpolation of DLS size data to that CO2 density, 0.96 g/mL) and that the ionic strength 

was very low (such that κa << 1, where κ is the inverse Debye length), then the Hückel 

equation relates mobility to zeta potential, ζ:  ζ = 3ηµ / 2εrε0.  The resulting zeta 

potential, –270 mV, can be related to the particle surface charge Q by the equation 

ζ = Q/(4πεrε0a), where ζ is identified as the particle surface potential ψs, a reasonable 

approximation in nonpolar media.  Through the equation Q = 4πa2σ, the resulting particle 

charge (–1.7 × 10–17 C, or 105 elementary negative charges) corresponds to a surface 

charge density, σ, of –1.1 × 10–17 C/µm2, or 68 negative charges/µm2.  In comparison, a 

charge of 0–105 negative charges was reported for 3 µm water droplets as a function of 

surfactant concentration.33  For TiO2, the smaller particle size (700 nm) implies a higher 

surface charge density (68, versus a maximum of 3–4 negative charges/µm2 for water 

droplets) and a higher ζ (–270 versus –70 mV).  Recent studies have noted nonlinearity 

between ζ and Q for highly charged particles and have given corrections to the classical 

Hückel equation.83–85  In our study, the critical condition Q/4πεrε0a · ze/kT ≤ ln(1/φ) was 

verified (where –z is the counterion valence, taken as 1, and φ is the particle volume 

fraction);85 thus, counterion condensation is negligible, and the Hückel equation is used 

in the electrophoresis analysis.   

4.3.5. Laser Diffraction by Field-Compressed Particles 

To investigate the possible ordering of charged particles when compressed in a 

field, as has been observed for electrostatically stabilized water droplets in CO2 in a 

vertical gravitational field,33 the dispersed TiO2 particles were subjected to a constant 

horizontal electric field of up to 100 kV/m, typically 20–40 kV/m.  Within several 

seconds, electrophoresis caused the particles to accumulate in a turbid layer at the 
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positive electrode, as detected by visual appearance through a 6× magnifier and by laser 

scattering.  To further characterize this accumulation, the cell was illuminated by a 

focused laser beam (spot diameter approximately 50 µm) and translated horizontally.  A 

higher scattering intensity, and thus higher particle concentration, was observed within 

several hundred micrometers of the positive electrode.  The turbidity and scattering 

pattern changed little over 5–10 min, indicating the dispersion was relatively stable.  

Such scattered light formed Fraunhofer diffraction patterns, typically a ring, a vertical 

line, or a combination thereof (Figure 4.8).  A Fraunhofer diffraction pattern is essentially 

the Fourier transform of the light intensity distribution at the scattering cell72,73 and has 

been used in previous studies of ordered microstructures.86–88  We begin by discussing the 

behavior of the rings and later address the vertical line.   

As the TiO2 particles are compressed toward the positive electrode, their mutual 

repulsion may lead to ordering.  For a dispersion of 0.111 wt % TiO2 and 0.675 wt % 

PFPE–TMAA at 21 °C, a circular ring pattern (Figure 4.8a) was observed at a field 

strength of 20–40 kV/m, generally in combination with a vertical line.  This ring pattern 

is typical of diffraction by an amorphous material in a condensed state (suspected here) or 

by polycrystalline material with a uniform distribution of grain orientations.  Prior studies 

have found similar diffraction rings generated by two-dimensional colloidal 

materials.87,89,90  This rotationally symmetric pattern contrasts with the distinct spots 

caused by diffraction from a single-crystal grain.87  The location of the intensity 

maximum (i.e., ring diameter) may be analyzed to estimate the common distance of 

closest particle approach (center-to-center interparticle spacing, xm).  According to a 

modified Bragg equation,91  
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where 1.23 is a correction factor derived from the Debye diffraction formula and is based 

on quasi-punctual (infinitesimally small) particles.  Equation 4.4 is similar to Bragg's law 

but is not based on a crystalline particle arrangement.  The externally measured scattering 

angle, 2θm,external, was calculated as 2θm,external = arctan(r/z), where r is the ring radius and 
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z is the distance from the microelectrophoresis cell to the viewing board (95.3 cm).  

Refraction at the window surfaces was taken into account by correcting the value of 

2θm,external using Snell’s law.  The wavelength of the diffracted light in CO2 was 

calculated as λCO2 = 632.8 nm / nCO2.   

       
 (a) (b) (c) 

Figure 4.8:  Representative patterns formed by diffraction of focused laser light by 

surfactant-stabilized TiO2 particles in a constant horizontal electric field.   

The distance from the high-pressure microelectrophoresis cell to the viewing board is 

95.3 cm.  (a) Ring pattern.  The bright spot above the beamstop shadow is an optical 

artifact.  Conditions:  40 kV/m, 30 cm diameter ring, 25 °C, 345 bar, 0.048 wt % TiO2, 

0.317 wt % PFPE–TMAA.  (b) Vertical line pattern.  Conditions:  100 kV/m, 21 °C, 

207 bar, 0.111 wt % TiO2, 0.675 wt % PFPE–TMAA.  (c) Combination of ring and 

vertical line patterns.  Conditions:  30 kV/m, 30 cm diameter ring, 21 °C, 199 bar, 

0.111 wt % TiO2, 0.675 wt % PFPE–TMAA.  
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Table 4.5:  Measurement of Interparticle Spacing through Laser Diffraction by Field-

Compressed TiO2 Particles 

P 
(bar) 

CO2 
density 
(g/mL) 

ring 
diameter 

(cm) 

2θm,external 
(radians) 

2θm 
(radians) 

nCO2 λCO2  
(nm) 

xm  
(µm) 

199 0.933 30 0.159 0.130 1.22 520 4.9 
172 0.916 28 0.146 0.120 1.21 522 5.4 
138 0.889 23 0.119 0.099 1.21 525 6.5 
62 0.775 16 0.086 0.073 1.18 537 9.1 

The diffraction pattern is a combination of a circular ring and a vertical band.  The 
pattern for 199 bar is Figure 4.8c.  See the text for calculation details.  The distance from 
the microelectrophoresis cell to the viewing board is 95.3 cm.  Conditions:  0.111 wt % 
TiO2, 0.675 wt % PFPE–TMAA, 21 °C, 30 kV/m.   
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Figure 4.9:  Interparticle spacing versus CO2 density.   

Conditions:  30 kV/m, vertical band present with a circular ring, 21 °C, 0.111 wt % TiO2, 

0.675 wt % PFPE–TMAA.  Spacing is calculated from laser diffraction ring diameter by 

the modified Bragg equation.  
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The resulting estimated center-to-center spacing, xm, is 9.1 µm at the lowest CO2 

density for which a ring was observed (0.78 g/mL) at 30 kV/m (Table 4.5).  An increase 

in pressure (CO2 density) caused an increase in ring diameter and therefore a decrease in 

the calculated interparticle spacing, to 4.9 µm at 0.93 g/mL (Figure 4.9).  Higher 

scattering intensity, implying higher particle concentration, was also observed at higher 

CO2 density.  A possible explanation is as follows.  At higher density, CO2 better solvates 

the surfactant and can increase the ability of micelles to disperse polar species, in this 

case the countercations.60,92  Thus, a higher concentration of charged micelles may be 

available to screen interparticle electrostatic repulsion; therefore, the double layers are 

thinner and particles may approach closer.  Finally, the density effects on particle spacing 

were not due to precipitation of surfactant.  The surfactant was fully soluble at all 

densities in Table 4.5.60  These measurements all took place with the focused laser beam 

(approximately 50 µm diameter) at a particular horizontal coordinate near the positive 

electrode, chosen such that the electrode was just slightly (approximately 50 µm or less) 

out of the focused beam.  This location was set by observing on the viewing board the 

reflection caused by the positive electrode and translating the cell just enough to 

eliminate this reflection.  A ring was generally visible with the laser at any horizontal 

coordinate within a few hundred micrometers of the electrode.  In some cases, translation 

from the measurement coordinate toward the other electrode (e.g., by an additional 

250 µm) caused a decrease in ring diameter (e.g., by a factor of 0.6), indicating greater 

interparticle separation of the compressed particles, in this case by a factor of 1.8.   

The minimum required field strength for a diffuse ring was approximately 

20 kV/m (not shown).  Higher field strength gave a sharper, more well-defined ring with 

a diameter relatively insensitive to field strength up to 40 kV/m.  For example, 30 and 

40 kV/m gave the same ring size shown in Figure 4.8a.   

The vertical line pattern (Figure 4.8b) indicates horizontally arranged particle 

assembly formed by the charged particles in the constant horizontal electric field.  In 

some cases, visual inspection with a 6× magnifier showed horizontal structures of 

particles bridging the electrodes.  Prior studies have found similar diffraction patterns 
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generated by chainlike or columnlike microstructures of phase-separated polymer blends 

and by chains of latex microspheres formed by dielectrophoresis.86,88  Just as a regular 

grating diffracts laser light into spots falling in a line perpendicular to the grating 

direction, the horizontal structures in this experiment diffract laser light into spots in a 

vertical line.  Irregularity of the horizontal structures causes the spots to merge into a 

continuous vertical line instead of remaining as distinct spots.  The minimum required 

DC field strength for a diffuse vertical line was approximately 30 kV/m, and higher field 

strength (up to 100 kV/m) gave a sharper, more well-defined vertical line.   

A combination of a ring and a vertical line was the most commonly observed 

pattern (Figure 4.8c).  The combination is attributed to superposition of the diffraction 

from separate regions of field-compressed particles with different types of order.  

Occasionally diffraction generated other patterns, for example, a Moiré-like rotating 

interference pattern.  Given the disturbances to the assembled particle environment 

(including compression in under 10 s and polydispersity in particle size), it is reasonable 

that microstructural imperfections cause a combination of scattering behaviors.   

Electric potentials above 18 V in a water-in-CO2 emulsion caused electrolysis of 

water in a prior study, generating hydrogen ions, electrons, and oxygen molecules and 

discharging the water droplets.33  In contrast to that emulsion, which contained 4 wt % 

water, our particle dispersion contains no separately added water.  Also, the trace 

amounts of water that were bound to the surfactant headgroup and to the TiO2 surface 

would not be expected to undergo electrolysis.  Because extremely little water was 

available for electrolysis, high voltages (over 18 V) could be used, with 100 V being the 

maximum applied.  The particle dispersion was never observed to recoil away from the 

anode, as was observed upon electrolysis in the emulsion system.   

4.3.6. Charge Origin and Stabilization 

Prior studies of TiO2 particles in low-polarity organic solvents have reported both 

positive and negative particle charges on the particle surface.42  The charging mechanism 

is not well-understood, as it is a complex function of the particle surface, the solution, 

and trace amounts of water.  The particular surface chemistry of the DT-51 TiO2 particles 
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influenced charging in the current study.  The particles formed a fine dispersion in CO2 

with PFPE–TMAA with or without pretreatment by HCl and 400 °C baking; in contrast, 

without added surfactant, a fine dispersion was not attainable.  The manufacturer calcined 

the particles at over 400 °C; thus, the baking itself should have a negligible effect.93  The 

dispersed particles showed a negative charge regardless of apolar solvent, surfactant type, 

and other variables, suggesting that the origin of this charge may be intrinsic to the 

particles.  The manufacturing process uses titanyl sulfate as an intermediate and leaves 

1.25 ± 0.45 wt % residual sulfate content (expressed as SO3).94  In the presence of water, 

titanyl sulfate is (partially) hydrolyzed, leaving sulfate with covalent and/or hydrogen 

bonds to the surface and producing hydronium ions, as evidenced by the low pH (1.5–

3.5) of a 10 wt % aqueous slurry of DT-51.94,95  We hypothesize that this hydrolysis 

contributes to the negative particle charge.  The hydronium ions could then be stabilized 

in the reverse micelles and balance the negative particle charges.  Adsorption of the 

surfactant acetate anion to the hydrophilic particle surface could also contribute to the 

negative charge.  No special handling precautions (e.g., preparation in a dry glovebox) 

were practiced in preparing these dispersions, and water adsorbed on the particle surface 

would promote both sulfate hydrolysis and acetate adsorption.   

The charging of DT-51 particles was investigated in water.  DT-51 was 

fractionated by shaking in ethanol and then decanting after 2.5 h.  The suspension 

(approximately 0.02 wt % TiO2) was diluted 1:50 into 0.92 mM KCl solution, and ζ was 

measured as –26 mV (Zetasizer).  The particle size was measured by DLS (Zetasizer) on 

the same suspension diluted 1:100 into either ethanol (260 nm) or water (250 nm).  These 

values gave a Debye length (κ–1) of 7.1 nm, a reduced inverse Debye length (κa) of 18, a 

negative particle charge of 3400 elementary charges, and a particle surface charge density 

(σ) of 1.7 × 104 negative charges/µm2.  To place these results in perspective, this surface 

charge density is 20% of the value on a typical 210 nm polystyrene latex (Seradyn 

OptiBind microparticles), which was 0.00398 mequiv sulfate/g PS.  The much lower 

TiO2 particle charge in CO2 versus that in water is striking and warrants further 

discussion. 
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In CO2, PFPE–TMAA is known to form reverse micelles and microemulsions.60  

The critical microemulsion concentration (cµc) was measured as 0.037 wt % at 90 °C, 

345 bar (0.748 g/mL) on the basis of interfacial tension measurements.96  The 

concentration in the present study (0.158 wt % at 25 °C) is well above this value; thus, 

reverse micelles should be available to disperse countercharges.  To balance the charges 

on the particles, only a small fraction of micelles need to carry a net charge.  On the basis 

of an assumed aggregation number of 30 for the surfactant in the reverse micelles, the 

above cµc, and the parameters from the electrophoresis experiment, this fraction was 

estimated as 10–6.  These small fractions are within the amounts covered by the charge 

fluctuation model.48  This model quantifies the magnitude of spontaneous fluctuations in 

the excess charge of swollen micelles by relation to the Coulombic energy required to 

charge such micelles.  In this case, the model estimates the root-mean-square excess 

charge per micelle (〈z2〉0.5) as 6 × 10–3 elementary charges per micelle; that is, 1 in 160 

micelles carries an excess charge, assuming no multiple excess charges occur.  This 

estimate is based on a surfactant aggregation number of 30, T = 25 °C, and εr = 1.6 as in 

the electrophoresis experiment, and a micelle radius of 2 nm based on the dry micelle 

radius in reference 48, Table I (which uses a smaller surfactant).  Also included in this 

estimate is a factor of 7 × 10–4 in 〈z2〉 (the mean-square charge per micelle, where charge 

of the electron is unity) to allow for deviation from the model at very low volume 

fraction, read from the specific conductivity deviation in reference 48 Figure 3 at radius 

2.0 nm.  Thus, charge stabilization in PFPE–TMAA micelles would be sufficient to 

balance the surface charge on the TiO2 particles.  The electrostatic stabilization is 

successful in this study, since the demand on the surfactant, merely to stabilize a small 

concentration of counterions in only a small fraction of the micelles, is relatively minor 

compared with the previous requirement to provide steric stabilization.  
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Figure 4.10:  Dielectrophoresis:  vertical pattern formed by diffraction of focused laser 

light by surfactant-stabilized TiO2 particles in an alternating horizontal electric field.   

The apparent fine structure (blotchiness) in the pattern is caused by the short exposure 

time of the photograph (1/30 s) capturing transient variations in the local light intensity.  

With a longer exposure (e.g., 1 s), the pattern is a continuous vertical line.  The black disk 

in the center is the beamstop shadow.  The distance from the high-pressure 

microelectrophoresis cell to the viewing board is 95.3 cm; figure height is approximately 

50 cm.  Conditions:  40 kV/m, 60 Hz, 21 °C, 345 bar, 0.111 wt % TiO2, 0.675 wt % 

PFPE–TMAA.  

4.3.7. Dielectrophoresis 

The TiO2 dispersions were subjected to an alternating electric field in an attempt 

to order the particles by dielectrophoresis.  Dielectrophoresis is the field-induced motion 
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of polarizable particles in a nonuniform electric field and has been used to manipulate, 

separate, and organize biological cells and solid particles for applications including 

microfluidics, photonic crystals, electronic devices, sensors, and displays.97–100  Light 

scattering may be used to detect dielectrophoretic aggregation of particles.101  For 

example, a chainlike or columnlike microstructure of phase-separated polymer blends has 

been created by dielectrophoresis and detected by Fraunhofer laser diffraction, which 

shows a diffraction pattern comparable to one observed with a conventional diffraction 

grating.86   

Dielectrophoresis of TiO2 dispersions in CO2 in an alternating horizontal electric 

field (30–40 kV/m, 60 Hz) in the high-pressure microelectrophoresis cell was 

investigated by the diffraction of focused laser light.  The electric field is hypothesized to 

cause arrangement of the particles in horizontal structures, which act as irregular 

horizontal slits for the laser light.  The resulting Fraunhofer diffraction pattern is 

essentially the Fourier transform of the light intensity distribution at the scattering cell, as 

mentioned above in the discussion of Figure 4.8.72,73  A vertical pattern is thus observed 

in the diffracted laser light, as shown in Figure 4.10.  The intensity of the diffracted 

domains drops rapidly off the vertical axis.  The important feature is the vertical 

orientation of the pattern, which (because it is a Fourier transform) indicates particle 

structures with a horizontal orientation (i.e., parallel to the applied electric field).  The 

higher the field strength, the more intense and well-defined the pattern.  Field strengths 

below 30 kV/m produced a negligible pattern.  At 40 kV/m, the pattern formed within 3 s 

of field application and faded within 2 s of its removal, indicating the aggregation was at 

least partially reversible.   

Dielectrophoretic force depends partially on the difference in dielectric constants 

of the particles, ε2, 6–110,75,102 and the continuous phase (CO2), ε1; thus, the ultralow 

dielectric constant of CO2 is an interesting factor.103  The dielectrophoretic force on a 

sphere is 
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where V2 is the volume of the sphere, and the complex dielectric constant is used:  

ε = ε´ – iσ/ω, where σ is the specific conductivity and ω is the angular frequency.  The 

sign of the polarizability, β = (ε2–ε1)/(ε2+2ε1), determines whether particles are attracted 

toward (β > 0, positive dielectrophoresis) or repelled from (β < 0, negative 

dielectrophoresis) regions of high electric field.104  In positive dielectrophoresis, particles 

tend to make chainlike formations parallel to the electric field, as observed in our study 

and in a prior study of dielectrophoresis in CO2.33  The ultralow dielectric constant of 

CO2, which is lower than that of essentially any dispersed particle, is desirable as it will 

lead to positive dielectrophoresis.   

4.4. Conclusions 

Electrostatic stabilization of micrometer-sized inorganic particles at long range 

(several micrometers) has been achieved in liquid and supercritical CO2, despite the 

ultralow dielectric constant, as low as 1.5.  The counterions were stabilized in dry reverse 

micelles with a low-molecular weight cationic surfactant to prevent ion pairing with the 

particle surface.  Thus, this study generalizes the concept of electrostatic stabilization in 

CO2 to inorganic particles and to systems without added water, relative to the previous 

study of electrostatic stabilization of water droplets.33  The ability to stabilize 

micrometer-sized colloids by electrostatic stabilization is particularly relevant given that 

none of the nonfluorinated polymeric stabilizers designed for CO2, for example 

poly(dimethylsiloxane), prevent flocculation, although a few provide a limited degree of 

stabilization.  In essence, the role of the surfactant has been transformed from that of 

stabilizing large colloids to solubilization of a small concentration of angstrom-sized 

counterions.  Electrophoresis shows that the particles have a negative electric charge, and 

upon compression they show a center-to-center spacing of 5–9 µm, much too large to be 

steric stabilization.  Electrostatic stabilization overcomes the tail solvation limitations of 

steric repulsion and acts at a much longer range, thus expanding the domain of colloidal 

dispersions in CO2.  The demand on the low-molecular weight surfactant, to stabilize a 

small concentration of counterions in only a small fraction of the micelles, is relatively 
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minor compared with the previous requirement to provide steric stabilization with high-

molecular weight surfactants, which are difficult to solvate by CO2.  Scattering patterns 

also indicate particle assembly into chains by dielectrophoresis.  The electrostatic 

stabilization of micrometer-sized inorganic particles at a separation of several 

micrometers is an important general method that offers the potential for significant 

expansion of the field of colloid science in supercritical fluids.   
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Chapter 5:  Electrophoretic Mobility Measurement by Differential-

Phase Optical Coherence Tomography 

We report the use of differential-phase optical coherence tomography (DP-OCT) 

for measurement of electrophoretic mobility in low-conductivity solvents.  Weakly 

charged particles are common in low-permittivity solvents, particularly in practical 

applications that contain water as a result of ambient humidity.  Use of DP-OCT with 

transparent electrodes enables close electrode spacing (0.18 mm) and thus high electric 

fields despite low applied electric potential, to avoid electrohydrodynamic instability and 

electrochemical interference.  Further advantages include small sample volume 

requirement (20 microliters), the ability to analyze highly turbid colloids, and avoidance 

of electro-osmosis.  This phase-sensitive method is demonstrated on weakly charged 

TiO2 particles dispersed in toluene with Aerosol-OT surfactant at a relatively high water 

content (50 mM), with small mobility of 2.8–3.0 × 10–10 m2/V s (zeta potential 11–

13 mV).  Mobility is independent of applied field strength (28–56 kV/m).  Measurement 

reproducibility is comparable to that by phase analysis light scattering (PALS) for 

dispersions in low-permittivity media.  Capabilities of DP-OCT, including high 

sensitivity, high spatial resolution, and a small detection volume, offer potential for 

significant expansion of the field of charged colloids in low-permittivity media. 

5.1. Introduction 

Charged nonaqueous colloids are of interest in applications including liquid 

immersion development,1,2 electrostatic lithography,3 drop-on-demand ink jet printing, 

photoelectrophoresis,4 electrophoretic displays,5 electrorheological fluids,6,7 and safe 

petroleum processing, as reviewed elsewhere.8  These systems, and colloids in low-

permittivity solvents in general, require sensitive instrumentation to measure the 

electrophoretic mobility, which is low relative to that in aqueous solvents.   
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Electrophoretic mobilities of colloids in apolar solvents are often small relative to 

aqueous solvents, as a consequence of the small dielectric constant as is evident in the 

equation9 

 ( )
η

κεζε
µ

afr 0= . (5.1) 

Consequently, measurement of these very small mobilities has been highly challenging.  

More sensitive techniques are needed to measure electrophoretic mobilities and to 

understand charging mechanisms relevant to colloid stability and other key colloid 

properties in apolar solvents.  In practical applications of electrostatic stabilization of 

particles in low-permittivity solvents, ambient humidity often causes a water level of 

several hundred parts per million, which affects particle charging.10–12  Particle charge 

and electrophoretic mobility are often much smaller than in systems with lower water 

levels.  Few studies have examined water concentrations above 300 ppm.  

Laser Doppler electrophoresis (LDE), an application of laser Doppler velocimetry 

(LDV), is well-established for measurement of the charge of dispersions of sub-

microscopic and microscopic particles of medium to high electrophoretic mobility.13,14  

An extension of LDE is phase analysis light scattering (PALS), which provides much 

greater sensitivity for particles with low electrophoretic mobility, e.g., in low-permittivity 

media.9,15  In LDE and PALS (Figure 5.1), charged particles moving in an applied 

electric field scatter laser light, producing a Doppler frequency shift or equivalently a 

temporal phase variation in detected optical signal.  By analyzing temporal variation in 

the phase Φs of the detected optical signal rather than its frequency, PALS provides the 

magnitude of particle velocity v (as in LDE) but requires only a small fraction of a 

Doppler cycle for measurement:   

 ( )t
dt

td
vK ⋅=

Φ )(s  (5.2) 

where K is the scattering vector.  Consequently, PALS can measure mobilities 1000 

times smaller than in LDE.  However, for particles in low-permittivity media with low 

electrophoretic mobilities on the order of 10–10 m2/V s, the requisite electric field requires 
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potentials on the order of 100 V.16–20  Unfortunately, such potentials can generate 

undesired electrochemical redox reactions at the electrodes21 or electrohydrodynamic 

instabilities,22 each of which may interfere markedly with the measurement of 

electrophoretic mobility.   

 
Figure 5.1:  Optical geometry used in LDE and PALS instruments. 

Reference beam configuration.  PMT = photomultiplier tube (detector).  From 

Brookhaven Instruments.23 

The objective of this study is to develop a differential-phase optical coherence 

tomography (DP-OCT) technique to measure very low electrophoretic mobilities of 

colloidal particles in low-permittivity solvents at low applied electric potentials, to 

overcome the above limitations in LDE and PALS.  OCT is a backscattering technique 

which uses a broadband light source and temporal interference to examine optical 

properties in a small coherence detection volume within the sample.24  DP-OCT provides 

depth-resolved measurements of backscattered light with high phase sensitivity.25  Phase-
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sensitive OCT is capable of high spatial resolution and has been used to measure electro-

osmotic flow in a microfluidic channel.26  The angle between the scattering vector and 

the particle velocity vector is the Doppler angle, φ.  Doppler shift of scattered light is 

proportional to cos φ.  In prior studies, a value of φ close to 90° resulted in very small 

Doppler shifts.  Therefore, we have designed a novel electrode geometry for OCT with 

φ = 0 to maximize the Doppler shift.  The electrophoresis cell uses transparent electrodes 

made of an indium tin oxide (ITO) film on a glass substrate (Figure 5.2).  Our transparent 

electrodes, backscattering geometry, and depth resolution (short coherence length) allow 

an electrode separation of only 0.18 mm, with even shorter distances possible.  This 

distance contrasts to a common electrode separation of 2–10 mm (Table 5.1) to 

accommodate the beam path in LDE and PALS.  Therefore, samples can be more 

concentrated and more turbid than in techniques such as LDE and PALS which use 

forward scattering geometries.  Another important advantage of the very narrow electrode 

spacing is that higher-strength electric fields (and thus more accurate measurement of 

small mobilities) can be achieved at a given absolute potential, to avoid undesired 

electrochemical reactions and electrohydrodynamic instabilities.   

OCT offers further advantages over LDE and PALS.  In LDE and PALS, sample 

volumes are typically on the order of 1 mL as a result of electrode spacing and the 

placement of electrodes away from the walls of the sample chamber to minimize electro-

osmosis.  Because of the small electrode spacing, high aspect ratio, and geometry (φ = 0) 

in our apparatus, electro-osmosis is minimal, and the sample volume is as low as 20 µL 

(Table 5.1).  In summary, DP-OCT with closely spaced transparent ITO electrodes at 

φ = 0 enables a smaller sample volume, enables highly turbid samples, and allows 

measurement of small electrophoretic mobilities as a result of high sensitivity and high 

field strengths at low potentials.  

In this study, the utility of DP-OCT is demonstrated with measurements of the 

electrophoretic mobility of weakly charged TiO2 particles in a low-permittivity medium, 

toluene, with a relatively high water content (50 mM).  The countercharges are stabilized 

in surfactant reverse micelles to prevent ion pairing with the particle surface.  
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Measurement of the charges of both hydrophilic and hydrophobic TiO2 particles enables 

better understanding of the charging mechanisms, as discussed in detail in Section 6.4.  

 
Figure 5.2:  Electrophoresis cell.  

A = Top electrode.  B = Bottom electrode.  C = Electrophoresis chamber body, a square 

microscope cover slip with a circular void (the electrophoresis chamber) cut in the center.  

D = Void spaces to allow attachment of clips for mechanical and electrical connection.  

E, F = Clips for electrical connection.  (a) Cross section.  Thicknesses are not to scale.  

Blue lines indicate conductive ITO layers on electrodes.  (b) Plan view.  (c)  Photograph.  

To avoid damaging the ITO layer, aluminum foil folded several layers thick was placed 

onto each electrode before attaching the electrical connection clips.  The sample arm 

objective lens is visible at the top of the photograph.   

A B C 

D 

(a) 

(b) 
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Table 5.1:  Comparison of Optical Electrophoresis Techniques 

LDE PALS  
typical ZetaPlusa,b typical ZetaPALSb,c 

DP-OCT 
current 
study 

scattering angle, θ 2–15° d 15°  15° 180° 
sin(θ/2) 0.02–0.13 0.13  0.13 1 

Doppler angle, φ 1–7.5° 7.5°  7.5° 0° 
electrode spacing, d 

(mm) 
1–13d,e 3.55f 1–4f,g 3.55f 0.18 

light source 
wavelength, λi (nm) 

633d 660 633 660 1310 

minimum sample 
volume (mL) 

 1  1 0.02 

volume probedh 
(µm3) 

 107 i  107 i 103 j 

particle 
concentration used 
(volume fraction) 

  6 × 10–5 k  
to 2 × 10–2 e 

6 × 10–5 k 2 × 10–5  
to 2 × 10–4 l 

total path length of 
beam through 
sample (mm) 

2–10 10 4–10 10 0.18 

maximum field, E 
(kV/m) 

25d 3.2 180m 60 67 

potential at 
maximum field (V) 

300 11 392m,n 210n 10 

maximum field, E, 
at 10 V (kV/m) 

5 o 2.8 10p 2.8 67 

minimum mobility 
(10–10 m2 / V s)  

 10q 0.01g 0.1 3 

reproducibility of 
mobility in low-

permittivity mediar 

  2–12%f,s 
 

4–9% 

Microelectrophoresis typically uses an electrode spacing of 100 mm.15  aReference 27.  
bReference 28.  cReference 29.  dReference 14.  eReference 15.  fReference 30.  
gReference 31.  hVolume is scattering volume or coherence detection volume.  iReference 
32.  jBased on a cylinder with diameter 10 µm and length 17 µm.  kReference 21.  
lWeight fraction was 10–4 to 10–3.  The upper limit was set by sloping spectrogram 
profiles, not an instrumental limit on turbidity.  The study reported in Chapter 6 found a 
maximum useful particle concentration of 7 × 10–4 (0.3 wt % T805 TiO2).  mReference 
18.  nThis high potential is likely to cause electrohydrodynamic instability.  oBased on d = 
2 mm.  pBased on d = 1 mm.  qIn aqueous media; higher in low-permittivity media.  
rDetails of calculation and meaning are in Section 5.4.2.  sReference 9. 
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5.1.1. Theory 

In LDE, PALS, and OCT, the magnitude of the scattering vector, K, is calculated 

from geometry as K = 4πn/λi sin(θ/2), where n is the refractive index of the medium, λi is 

the wavelength of the incident source light, and θ is the scattering angle, commonly 2–

15° for forward scattering geometries.14,28  For particles with identical charge and size, 

the power spectrum of the photodetector output (in LDE and PALS) or the processed 

signal (in OCT) is a Lorentzian frequency distribution centered at |K·v|, where v is the 

mean electrophoretic velocity vector of the particles.  This velocity is used to calculate 

the electrophoretic mobility and zeta potential.  Superimposed on the electrophoretic 

velocity, Brownian motion of the particles broadens the frequency distribution, giving a 

half-width at half-height equal to DK2 for a population of identical particles with 

diffusion coefficient D.  Polydispersity in mobility as a consequence of polydispersity in 

charge or size further broadens the observed frequency distribution.   

5.2. Experimental Section 

5.2.1. Materials 

Hydrophilic TiONA DT-51 TiO2 powder was received as a gift from Millennium 

Chemicals.  Surfactant Aerosol-OT (AOT) (Sigma, sodium bis(2-ethyl-1-hexyl) 

sulfosuccinate) and toluene (E–M) were used as received.   

5.2.2. Dispersion Formation and Polarity Determination 

The TiO2 particle dispersions were prepared by adding dry TiO2 powder to a 

solution of AOT in toluene, followed by manual shaking.  Water content was measured 

by Karl Fischer titration (Photovolt Aquatest 2010a) with a 200 µL sample volume.   

Microelectrophoresis was used to confirm particle polarity.  The dispersion of 

aggregated particles was placed between parallel wire electrodes (0.01" diameter stainless 

steel 304 wire, California Fine Wire, 1 mm electrode separation) secured to a glass 

microscope slide and observed by optical microscopy (Bausch & Lomb, 100× 

magnification).  A 10 V square wave of variable frequency (0.1–1 Hz) was applied by a 
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function generator (HP 3314A) and displayed by voltmeter (Appendix B.1).  The particle 

polarity was determined by visual comparison of the particle motion to the applied field 

polarity and could be determined despite the presence of field-independent motion caused 

by evaporation or other bulk flow.  This visual deconvolution of field-dependent 

(electrophoretic) motion and field-independent motion is analogous to the deconvolution 

performed by PALS (Section 5.4.2). 

5.2.3. Dynamic Light Scattering 

The size of dispersed particles was measured using a Brookhaven Instruments 

ZetaPlus at scattering angle of 90° and temperature of 25 °C.  To avoid multiple 

scattering, low turbidity was achieved by letting the particle dispersions settle and 

performing DLS on the top portion.  Thus the particles measured by DLS were somewhat 

smaller than those used for electrophoresis.  Based on the Stokes–Einstein equation for 

the diffusion coefficient of a sphere (D0 = kBT/3πηdH) and the viscosity η of the solvent, 

a distribution of hydrodynamic diameters (dH) was obtained.  The distribution was 

determined as a function of scattering intensity using a non-negative least-squares 

(NNLS) routine. 

5.2.4. Electrophoresis 

The electrophoresis cell was constructed as two assemblies, top and bottom 

(Figure 5.2).  The assemblies were fastened together for DP-OCT measurements and 

separated for cleaning.  The materials, ITO-coated glass, conventional glass, and epoxy, 

were chosen for transparency at the DP-OCT wavelength (1.31 µm), dimensional 

stability, and solvent resistance.  Glass pieces were cut from microscope slides (Fisher 

12-549, 25 mm × 75 mm, 1 mm thick).  Also, a microscope cover slip (Fisher 12-542-

B22X22-1, 22 mm × 22 mm, No. 1 thickness, 160 µm, Corning 0211 zinc borosilicate 

glass) was cut to form the electrophoresis chamber body.  The electrodes were ITO-

coated glass (Delta Technologies, CG-61IN-S115, 25 mm × 75 mm, 1.1 mm thick, 0.6–

1.0 nm ITO layer).  Epoxy was from Devcon (14250).   



 106 

The electrophoresis chamber was formed by a cylindrical void (10 mm diameter 

and 180 µm thick) cut from a square microscope cover slip (Appendix B.2.1).  Below and 

above the electrophoresis chamber were two electrodes, each made of a glass slide with 

an ITO layer facing the electrophoresis chamber.  Similar electrodes have been used for 

electrophoresis with detection by optical backscattering33,34 (including interference 

patterns),35 for electrophoretic displays,36 and for particle alignment with observation by 

optical microscopy.37  Electro-osmosis is not expected to affect the particle velocities 

measured near the central axis of the cylindrical electrophoresis chamber, because of the 

extreme aspect ratio of the chamber.  The viscous drag for electro-osmotically driven 

flow to travel from the periphery toward the center of the chamber and then back to the 

periphery would be large, and we expect any electro-osmotically driven flow to remain 

confined to the region near the wall of the chamber.   

To give stability and seal the bottom portion of the electrophoresis chamber, the 

glass electrophoresis chamber body was epoxied to the bottom electrode (Figure 5.2) 

(Appendix B.2.2).  The bottom assembly was completed by epoxying three glass layers 

below the bottom electrode (Appendix B.2.3).  These layers created a support structure 

for attaching metal clips to fasten the top electrode in place, for attaching the electrical 

connection to the bottom electrode, and for mounting the cell on an optical 

micropositioner.  Metal clips were also used to make electrical connections to the top and 

bottom electrode, while taking care not to damage the ITO layers (Appendix B.2.4).  The 

ITO layer (0.6–1.0 nm) had a sheet resistance of 15–25 ohms (manufacturer’s 

specification).  Therefore, a typical electrical path 4 cm long and 1 cm wide between the 

electrical clip and the electrophoresis chamber had a resistance of 60–100 ohms, which 

was neglected relative to the resistance across the low-conductivity dispersion.   

Glass construction of the electrophoresis chamber minimized leakage current and 

resulting depression of the applied electric field.11  The volume conductivity of the glass 

chamber wall (10–16 S/cm) is less than that of neat toluene (10–14 S/cm),11,38 which would 

be less than that of dispersions containing surfactant.  The value of glass conductivity 

(1/ρ) was based on a Boltzmann relationship (Rasch–Hinrichsen law) for volume 
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resistivity ρ below the transformation temperature Tg (log ρ = A – B/T) and known values 

for Corning 0211:  log ρ[ohm cm] = 8.3 (250 °C) and 6.7 (350 °C).39  The applied 

electric field was generated by a function generator (HP 33120A, 50 ohm internal 

impedance).  A symmetric square wave with zero DC offset was used to avoid net 

movement of the charged particles and ions and resulting electrode polarization.  

Frequency (1 Hz) was high enough to avoid significant accumulation of particles at the 

electrodes but low enough to provide a substantial duration (0.5 s) of electrophoresis 

between field reversals.  Electric potential amplitude was 5–10 V (Appendix B.1).  The 

generated signal was output to the electrophoresis cell and to a digitizer (National 

Instruments PCI-6110) for analog to digital conversion and computer storage.  The signal 

lead of the function generator output was connected to the top electrode, and the common 

lead was connected to the bottom electrode.   

To assemble the cell for use, after filling the electrophoresis chamber with 

sample, the top electrode was placed and fastened to the bottom assembly by two 

mechanical clips (steel paper clips, 3.2 cm × 0.7 cm) (Appendix B.2.5).  The electrode 

separation d was measured as 180 µm using OCT.  

5.2.5. Differential Phase Optical Coherence Tomography 

The current study uses a DP-OCT system for velocimetry by detecting the 

temporal phase (Φs) variation (Doppler shift) of light backscattered from moving 

particles (Figure 5.3).  DP-OCT is capable of detecting 1 nm transient changes in optical 

path length between discrete reflecting surfaces in the sample.  A brief background on 

DP-OCT follows.  Light from a broadband light source (AFC Technologies, BBS 1310B-

TS, λ = 1.31 ± 0.06 µm) was depolarized and then split by a 2×2 polarization-

maintaining coupler acting as a beam splitter.  In the sample path, a pair of calcite prisms 

introduced a variable delay between horizontally and vertically polarized light.  Calcite 

prisms were adjusted to provide a 135 µm path length delay so that coherence detection 

volume for horizontally polarized light was positioned at the center of the sample  
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Figure 5.3:  Optical Coherence Tomography (OCT) system. 

LS = light source.  G = stationary mirror.  OL = Sample arm objective lens.  

EC = Electrophoresis cell (Figure 5.2).  W = Wollaston prism.  D = detector.  At each 

angle label, the fiber is spliced with the labeled relative fiber orientation.   

chamber while that for vertically polarized light was positioned at the upper ITO–sample 

interface.  Light in the sample arm backscattered from the moving particles (horizontal 

polarization) and from the upper ITO–sample interface (vertical polarization), while light 

in the reference arm passed through a LiNbO3 electro-optic phase modulator.  The phase 

modulator introduced a user-defined (50 kHz) carrier frequency to reference light.  A 

rapid scanning optical delay line compensated for material and waveguide dispersion 

introduced by the LiNbO3 phase modulator.  Reference and sample light beams returned 

and were mixed in the 2×2 coupler to create interference fringes in horizontal (Isample) and 

vertical (Iref) polarization channels with a 50 kHz carrier.  The channels were separated 

by a Wollaston prism, detected (New Focus 2011, frequency response 30–100 kHz, gain 

factor 100–3000), digitized at 106 samples/s, and stored.  Duplicate output to an 

Sample Arm 

Reference Arm 

OL 

EC 
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oscilloscope (Tektronix TDS 640A) enabled real-time adjustment of the optical system.  

Interference fringes were formed when the difference in optical path lengths of light 

returning from the sample and reference arms was less than the coherence length of the 

light source.  The broadband light source had a relatively short coherence length of 

17 µm; thus, the optical path length of the reference arm determined the longitudinal 

location of a small coherence detection volume.  The detected interference fringes in 

horizontal and vertical channels corresponded to light backscattered from moving 

particles (horizontal) and from the stationary ITO–sample interface (vertical) in two 

roughly cylindrical coherence detection volumes.  Simultaneous adjustment of the optical 

path length of the reference arm and relative delay provided by the calcite prisms enabled 

arbitrary placement of the coherence detection volume in the sample chamber.  Phase 

difference observed between interference fringe signals in horizontal (sample) and 

vertical (ITO–sample) channels originated from optical path length change within or 

between the two coherence detection volumes.  In general, light sources with greater 

bandwidth give shorter coherence length and finer longitudinal resolution.  The 

transverse resolution (10 µm) was limited by the numerical aperture of the sample arm 

objective lens (0.30 NA, 10×).   

To perform a measurement, a micropipette was used to dispense at least 20 µL of 

sample into the electrophoresis chamber.  The top electrode was placed and fastened 

(Appendix B.2.5).  The reference coherence detection volume was positioned at the lower 

surface of the upper electrode, i.e., at the ITO film of the upper electrode (Figure 5.2) by 

adjusting the sliding calcite prisms.  Next, the sample coherence detection volume was 

placed roughly midway between the electrodes.  Finally, the distance between the sample 

arm objective lens and the electrophoresis cell was adjusted in order to focus the beam 

within the sample chamber.  The objective in instrument adjustments was to position the 

focal point of the sample arm objective lens midway between the reference and sample 

coherence detection volumes.  The field was applied, and scans were begun within 

typically 5 s.  For each sample, at least ten scans were collected, each of duration 2 s.  

The time between scans was typically 0.5–4 s.   
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5.2.6. DP-OCT Signal Processing 

The digitized horizontal and vertical interference fringe signals from the two 

detectors were analyzed semi-automatically using Matlab.  Digitized interference fringe 

data from each channel was processed using a phase-invariant type II Chebyshev 

bandpass filter centered at the 50 kHz carrier.  A Hilbert transform was used to compute 

the analytic interference fringe signals corresponding to the reference and sample 

coherence detection volumes, ℑref and ℑsample.39  The phase-sensitive zero-delay 

homodyne signal ℑsampleℑref* was calculated and was the basis of all subsequent analysis 

of the interference fringes.  We write the homodyne signal as 

|ℑsample| |ℑref| exp[j(φsample − φref)] where j2 = –1 and φsample and φref are phases of the 

analytic interference fringe signals.  The homodyne signal (ℑsampleℑref*) between 

interference fringe signals eliminated the 50 kHz carrier and gave a signal referenced to 

f=0 with phase variation (Φs = φsample − φref) due to particle movement.   

A spectrogram, a three-dimensional plot of intensities of various frequencies as a 

function of time (Figure 5.4), was generated by short-time discrete Fourier transform of 

the homodyne signal (ℑsampleℑref*).  The spectrogram was calculated for rapid preliminary 

evaluation of each two-second scan, as it indicated signal strength and approximate 

Doppler shift as a function of electric field application time.  Visual comparison of the 

spectrogram with the applied field generally showed one of three patterns:  (1) no intense 

single frequencies (Figure 5.4a), observed at low particle concentration (0.001 wt %), 

(2) intense signals reversing in frequency in correlation with reversals in applied electric 

field polarity, with constant frequency between field reversals (Figure 5.4b), or (3) the 

same as 2, but with time-variant frequency between field reversals (sloping profiles) 

(Figure 5.4c), observed at low surfactant concentration (0.9 mM).  Pattern 2 was desired.  

Sloping profiles are discussed in section 5.3.2.  The spectrogram performs many Fourier 

transforms, each over a short time window (0.04 s), to visualize Doppler shift as a 

function of time.  An inherent tradeoff exists between time resolution (0.04 s) and 

frequency resolution (25 Hz).  Once the spectrogram indicated particles had a constant 

Doppler shift throughout each period of field application, a separate discrete Fourier 
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transform of the homodyne signal (ℑsampleℑref*) was performed over longer time windows 

(duration typically 0.4 s) to calculate average Doppler shift with higher frequency 

resolution (approximately 3 Hz).  
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Figure 5.4:  Spectrograms show effects of particle and surfactant concentrations. 

A spectrogram is a three-dimensional plot of intensities of various frequencies as a 

function of time.  Each of the three spectrogram segments (scans) has duration 2 s.  

(a) Low signal because of low particle concentration (0.001 wt% DT-51 TiO2, 59 mM 

AOT).  (b) Good signal and desired flat profile (0.12 wt % DT-51 TiO2, 59 mM AOT).  

(c) Sloping profile at low surfactant concentration (0.12 wt% DT-51 TiO2, 0.9 mM AOT, 

scan 81).  Appendix C contains further spectrograms.   

To process each two-second scan at high frequency resolution, first a phase-

invariant type II Chebyshev lowpass filter was applied to the homodyne signal.  Next, the 

field reversals were identified, based on the applied voltage.  Between the reversals, time 

windows of constant field application (0.05–0.5 s duration, 0.5 s typical) were selected.  

Approximately 33% of time windows were shorter than 0.5 s because they occurred at 

the beginning or end of a two-second scan.  Each time window was trimmed by 10% at 

the beginning and end to ensure a period of uniform motion.  Data from this window was 
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analyzed by discrete Fourier transform to give the power spectrum (Figure 5.5) over 

frequencies from –5 × 105 to +5 × 105 Hz.  DC background centered at 0 Hz caused by 

instrumental noise was estimated and removed.  The frequency range at which this 

background was significant relative to particle signal was usually 0 ± 80 Hz but increased 

as high as 0 ± 200 Hz for weak signals.  Background noise limited the minimum 

frequency shift detectable using the current equipment to approximately 100 Hz, 

depending on signal-to-noise ratio.   

In the remaining data, the frequency of maximum intensity was selected and 

identified as the signal from the moving particles, subject to display and confirmation by 

the user.  This peak detection algorithm was based upon the observation that in any time 

window of constant field application, the signal frequencies (the particle Doppler shifts) 

were either all positive or all negative, i.e., all particles had charges of the same sign.  

The power spectrum was then corrected for broad background noise (Appendix B.3).  

The uncorrected and corrected power spectra were displayed, and approximately 13% of 

time windows were excluded by the user because of either too-weak signal or incorrect or 

strongly biased automatic time or frequency window detection.  Next, the intensity-

weighted mean frequency was calculated.  The frequency window for this averaging was 

centered at the peak frequency to reduce residual bias resulting from imperfect 

background correction.  Window width was selected to reduce effect of DC background 

noise centered at 0 Hz.  For example, for a homodyne signal with peak intensity at 

240 Hz, the intensity-weighted mean frequency was calculated over the frequency range 

80–400 Hz.  Within the frequency window, the intensity-weighted mean frequency and 

intensity-weighted standard deviation about this mean were calculated.   
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Figure 5.5:  Sample power spectra. 

Conditions:  0.12 wt% TiO2, 59 mM AOT.  Spectra are before background correction.  

(a) scan045.dat, Window 5, intensity-weighted average frequency 243 Hz.  

(b) scan041.dat, Window 2, intensity-weighted average frequency 222 Hz.   

(a) 

(b) 
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A positive frequency shift was observed when particles moved downward, toward 

the bottom electrode and away from the backscatter optics.  Thus, a positive frequency 

shift during a positive applied field implied positively charged particles.  This polarity 

was caused by the use of ℑsampleℑref* (instead of ℑrefℑsample*) and agreed with 

microelectrophoresis (optical microscopy) of larger particle aggregates.  An advantage of 

the short optical path length through the sample when using DP-OCT is that dispersions 

with higher turbidity can be studied, relative to techniques with a longer path length.  

TiO2 dispersions that appeared milky white in vials with a 2 cm path length could be 

studied by DP-OCT in a 180 µm chamber but appeared too turbid for DLS or PALS 

using a 1 cm cuvette. 

5.3. Results 

5.3.1. Dispersion Formation 

AOT at 59 mM in toluene enabled formation of fine dispersions of DT-51 TiO2 

particles at 0.001–0.1 wt % in toluene by manual shaking.  No difference in visual 

appearance was noted after sonication.  The particle dispersions with surfactant contained 

on the order of 50 mM water (Table 5.2).  DLS showed an average hydrodynamic 

diameter of 265 ± 17 nm for the particles remaining suspended after approximately 90% 

of a 0.01 wt % TiO2 dispersion in 45 mM AOT settled.  This particle diameter is 

approximately 50 times the size of an AOT reverse micelle.   

Table 5.2:  Water Content in Toluene and Dispersions by Karl Fischer Titration 

DT-51 TiO2 
concentration 

(wt %) 

Aerosol-OT 
concentration 

(mM) 

water 
concentration  

(mM) 
 0  0 11 
 0  90 26 
 0.12  59 46 

The water concentration is the average of two measurements, which had a standard 
deviation less than 20% of the average value.  
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5.3.2. DP-OCT Electrophoresis Measurements 

DP-OCT was performed at different field strengths (Figure 5.6) and particle 

concentrations using well-mixed dispersions.  The observed average Doppler shifts (∆f) 

were 110–230 Hz in magnitude and were converted to velocity (v, 7.7–16 µm/s) 

according to the theory section using |K·v| = ∆f.  In the current geometry, the simplified 

equation is v = ∆f λi/4πn.  The refractive index n of toluene is 1.479 at 1.31 µm and 

20 °C.41  The applied electric field (E), 28–56 kV/m, was calculated as the applied 

potential (5–10 V) divided by the electrode separation, 180 µm.  The electrophoretic 

mobility, µ = v/E, was 2.8–3.0 × 10–10 m2/V s.  The very low ionic strength causes a large 

inverse Debye length (κ–1) of 60 µm, so κa = 0.002, as approximated according to the 

equation42 
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where e is the elementary charge (1.6 × 10–19 C), zparticle is the valence of a particle, and 

nparticle is the number density of particles.  This counterion-only model (also called a salt-

free medium model) assumes that zparticlenparticle is the number density of monovalent 

counterions that balance particle charges.  Because κa << 1, the Hückel equation relates 

mobility to zeta potential, ζ:  ζ = 3ηµ / 2εrε0.  In this equation εr is the dielectric constant 

(static permittivity) relative to ε0, vacuum permittivity.  At all conditions studied, DT-51 

particles had a positive charge of 11–13 mV.  Neat toluene and 0.9 and 90 mM surfactant 

solutions without added particles gave no identifiable shifted Doppler-peaks (Appendix 

C.1).   
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Figure 5.6:  Observed Doppler shift is directly proportional to field strength. 

Conditions:  Electrode spacing 180 µm, maximum applied potential 10 V, 0.12 wt % 

TiO2, 59 mM AOT.  The corresponding spectrograms are in Appendix C.2. 

Applied electric field strengths used in this study had negligible effect on 

electrophoretic mobility.  High E can increase µ by stripping counterions away from 

charged particles, causing the Hückel equation to fail.10  Figure 5.6 and spectrograms in 

Appendix C.2 show proportionality of Doppler shift ∆f (and thus velocity) to E; 

therefore, µ is independent of E and the Hückel equation holds.  At each field strength, at 

least 12 time windows (each typically 0.4 s duration) were analyzed and averaged, 

yielding ζ of 11.6–12.5 mV.  The displayed error bars are plus or minus one standard 
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deviation about the mean, typically 0.6–0.9 mV.  The linear best fit based on all field 

strengths is ∆f [Hz] = (4.1 ± 0.1) E [kV/m] – (1 ± 6), given as mean ± standard error.  

This slope gives µ = (2.9 ± 0.1) × 10–10 m2/V s and ζ = 12.1 ± 0.3 mV.  The small value 

of the intercept (1 ± 6 Hz) confirms that ∆f is proportional to E.  The maximum potential 

applied was 10 V, corresponding to E = 56 kV/m, with no evidence of 

electrohydrodynamic instability or other nonlinearity.  This observation is consistent with 

the prediction of laminar-to-turbulent transition causing instability at voltage43 
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where η is viscosity and ρ is density.  For toluene, Vinst = 131 V (η = 0.59 cP, ρ = 0.867 

g/mL, εr = 2.39).44  For LDE or PALS with an electrode spacing 20 times wider, the same 

electric field (56 kV/m) would have required applying 200 V, exceeding the predicted 

critical voltage (Vinst = 131 V) for electrohydrodynamic instability.  

Particle concentration had little effect on the observed velocity (15.6–16.0 µm/s) 

of DT-51 in a field of 56 kV/m.  Section 6.3 discusses this observation.  However, higher 

particle concentration increased signal intensity, as expected.  Spectrograms are in 

Appendix C.3.1.  When tested in 59 mM AOT in toluene, the useful particle 

concentration range was 0.01–0.12 wt % (0.12 wt % was the highest tested).  At 

0.001 wt % DT-51, spectrograms showed negligible Doppler-shifted signal.  At 0.003 

wt % DT-51, only one scan showed a signal (Figure C.7).  This signal was likely 

generated by a single particle, which was the calculated average number of particles in 

the coherence detection volume at this concentration.  The corresponding ζ (10 mV) from 

this single observation is not reported further.  At 0.01 wt % DT-51, the spectrogram 

intensity varied with time, suggesting spatial inhomogeneity in the sample.  Numerical 

aperture of the sample path objective lens affected light collection efficiency and was 

important in maximizing homodyne signal-to-noise ratio, with 0.30 NA good but 0.15 

NA not as favorable for automated signal processing.  Based on a roughly cylindrical 

coherence detection volume with an estimated 10 µm diameter (set by the sample arm 

objective lens spot size) and 17 µm length (set by the coherence length of the broadband 
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light source) and 265 nm particles of TiO2 (ρ = 3.84 g/cm3) at the lowest concentration 

usable in this study (0.01 wt %), the coherence detection volume contained an average of 

3 particles.  At the highest usable concentration (0.12 wt %), the coherence detection 

volume contained an average of 40 particles.  Since light backscattered from the sample 

is detected coherently, homodyne signal intensity is expected to increase with the square 

root of number of particles in the coherence detection volume.   

Use of a lower surfactant concentration (0.9 mM) caused sloping profiles 

(significant change in average mobility within the time window of constant applied field), 

as discussed below.  In this case the mobility was not reported.  Also at this low 

surfactant concentration, variable intensity of the spectrograms implied inhomogeneity of 

the dispersion (Appendix C.4.1).  Without surfactant, the spectrograms of 0.1 wt % DT-

51 showed negligible Doppler-shifted signal, indicating that particles rapidly flocculated 

and settled out of the sample coherence detection volume.   

Sloping profiles (Figure 5.4c) show that over the course of a time window (a 0.5 s 

period of constant field application), particles in the sample coherence detection volume 

had a range of velocities.  Within each 0.5 s time window, particle velocity was initially 

high (up to 100 µm/s), then decreased as much as tenfold.  Field reversal caused high 

velocity (apparently of many of the same particles) in the opposite direction (Figure 

5.4c), so this changing particle velocity (mobility) is not a measurement of the true 

particle mobility in the apparent applied electric field.  Such behavior could result from 

electrode polarization or other phenomena which reduce the actual electric field within 

the sample coherence detection volume.  Sloping profiles were more common at high 

particle concentration, which may indicate that aggregation is a factor.  Also, the slope of 

these profiles increased the longer electrophoresis was performed on a particular 

sample.45  Commonly, for a single sample, ten two-second scans were recorded over the 

course of 60 s of electrophoresis.  The early scans (with essentially flat profiles) were 

processed further, and any later scans with significantly sloping profiles were not 

processed.   
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5.4. Discussion 

5.4.1. Charge Origin and Stabilization 

While the mechanism of charge formation of colloids in aqueous media are often 

well-characterized in terms of ionization of surface groups and adsorption of potential-

determining or surface-active ions, the mechanisms in nonaqueous media are much less 

clearly defined.8,46  The current DP-OCT apparatus and method offer the ability to 

investigate the charging mechanisms of turbid dispersions in low-permittivity media.  

Chapter 6 analyzes the preferential partitioning of ions between the particle surfaces and 

the micelle cores according to the difference in hydrophilicities and extents of these two 

domains.   

5.4.2. Performance 

The mobility measured by DP-OCT had a reproducibility (as measured by relative 

standard deviation, the standard deviation divided by the mean) of 4–7% across multiple 

field applications (time windows) using the same sample, for scans with flat profiles 

(Figure 5.6).  The variation in average mobility for the same sample across different days 

was typically 3% (not shown).  PALS has a reproducibility of 2–12% for low-permittivity 

dispersions.9,15  Thus, measurement reproducibility of low-permittivity dispersion 

mobility by DP-OCT is comparable to that by PALS, but with advantages including 

much smaller applied potentials.   

The small coherence detection volume of DP-OCT offers the possibility of 

investigating small ensembles of particles (3–40 particles in the useful particle 

concentration ranges reported here).  Measurement of the mobility of a single particle 

was likely achieved in the current study, as discussed in Section 5.3.2.  Optical 

refinement may make DP-OCT practical for measurement of individual particle 

mobilities, for a significant number of particles (e.g., 30).  This capability would yield the 

true complete mobility distribution.21  Then, the average, the standard deviation, and any 

other desired characterizations of the distribution could be calculated.   



 120 

In contrast, a typical scattering volume in LDE or PALS32 is 1.4 × 107 µm3, which 

is 105 times larger than the coherence detection volume of the current DP-OCT system 

(Table 5.1).  For a mixture of non-interacting charged particles, LDE observes the sum of 

the spectra of each component, weighted by the intensity of light scattered by the 

component.14  Therefore, particularly when size polydispersity causes mobility 

polydispersity, the observed LDE spectrum does not give the true mobility distribution.  

Also, both mobility polydispersity and Brownian motion broaden the observed spectrum.  

Currently PALS reports the average mobility of the large number of particles (e.g., 30 to 

5 × 1011, calculated below) contained within the scattering volume.  Other 

characterizations of the mobility distribution are not available from this measurement.  

Any measures of the variability (e.g., standard deviation) in this average mobility 

indicate the reproducibility of sample preparation and measurement, not the variability of 

the mobility distribution.21  Therefore, neither LDE nor PALS provides the true 

electrophoretic mobility distribution.  The given values for the number of particles within 

an assumed scattering volume of 1.4 × 107 µm3 were calculated for the following particle 

dispersions studied by PALS:  7 µm diameter silica particles (particle density 2.6 g/mL)44 

at 1 mg/mL give 30 particles,18 60 nm diameter polymer nanoparticles (particle density 

1 g/mL) at 5 × 1011 particles/mL (0.006 wt %) give 7 × 106 particles,21 and 9 nm diameter 

CaCO3 particles (particle density 2.8 g/mL)44 at 26.7 wt % with dilution factor 6–96 give 

3 × 1010 to 5 × 1011 particles.31   

Note that LDE, PALS, DP-OCT, and other optical techniques with a reference 

beam do not require observation of a minimum number of particles in order to make a 

measurement.32  In contrast, for example, self-beating DLS uses the Siegert relationship, 

which assumes that the scattered electric field is a Gaussian random variable and 

therefore requires a minimum of approximately 30 particles in the scattering volume.47   

The length of the coherence detection volume is set by the coherence length of the 

broadband light source (17 µm).  The applied electric field frequency (1 Hz) and the 

particle velocity of 7.7–16 µm/s in the current study imply that longitudinal particle 

displacement during a cycle of the applied electric field (4–8 µm) was somewhat less 
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than the source coherence length.  Thus, a significant fraction of the observed particles 

stayed within the coherence detection volume, rather than entering it or exiting it, based 

on electrophoretic motion.  If the study of weakly scattering samples requires increasing 

the signal intensity, then the collection efficiency and coherence detection volume may 

be modified by changing the sample objective lens or the coherence length of source 

light.   

Backscattering geometry and short coherence length (fine depth resolution) 

enable a short optical path length through the sample, in this case 180 µm.  This length is 

based on a round trip to the sample coherence detection volume, which was placed 

roughly midway between the electrodes.  An advantage of the small optical path length 

through the sample is that more turbid dispersions can be studied, relative to techniques 

that require a longer path length (Table 5.1).  Highly turbid samples scatter much light 

out of the desired optical path.  A shorter optical path length gives a lower optical density 

relative to sample turbidity.  The current procedure placed the sample coherence 

detection volume equidistant from both electrodes, but by placing the coherence detection 

volume closer to the light source (i.e., closer to the upper electrode), the optical path 

length through the sample could be decreased for study of more turbid samples.  

Literature provides few details on particle concentration limits, but particle volume 

fractions of 6 × 10–5 to 2 × 10–2 have been reported for PALS in low-permittivity 

media.18,21  Study of interparticle interactions and aggregation may require performing 

electrophoresis at a higher particle concentration than can be studied by LDE or PALS.  

A particle volume fraction of 2 × 10–5 to 2 × 10–4 (0.01–0.1 wt % TiO2) gave good results 

in the current study (Table 5.1), with the upper limit set by sloping spectrogram profiles, 

not by turbidity.  Since TiO2 is highly scattering, the turbidity of these samples was 

higher than would typically be used for DLS; thus, PALS may not have succeeded on the 

turbid dispersions used in this study.  Only the dispersions of 2 × 10–6 and 7 × 10–6 (0.001 

and 0.003 wt % TiO2) visually appeared to be within the acceptable turbidity range for 

DLS.  Thus PALS and DP-OCT have complementary turbidity ranges.   
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The small electrode spacing in the electrophoresis cell improves sensitivity at a 

given applied voltage by increasing the field and thus the Doppler shift.  Thus, lower 

mobilities can be measured.  Similarly small electrode spacing has been used in LDE in 

limited examples.48   

PALS uses a different method to increase sensitivity over LDE.  In addition to 

analysis of signal phase (instead of frequency), PALS separates electrophoretic velocity 

from field-independent collective velocity (e.g., thermal convection or gravitational 

settling).9  PALS accomplishes the separation by measuring the phase shift over many 

cycles of the applied field.  This method is conceptually an extension of a check 

commonly performed in conventional LDE:  when no electric field is applied, any 

significant Doppler shift (e.g., over 4 Hz)9 indicates the presence of significant field-

independent collective velocity, and data collection is discouraged.  Hypothetically, data 

collection could proceed, with the electric field applied in each direction.  The field-

induced and field-independent components of the observed velocities could be 

deconvoluted and identified as the electrophoretic velocity and the field-independent 

collective velocity, respectively.  PALS performs essentially this separation, averaged 

over many cycles of the applied field.  This separation enables measurement of 

electrophoretic velocities, which would otherwise be masked by the field-independent 

collective motion common in reported LDE and PALS electrophoresis cells.   

The current electrophoresis cell reduces field-independent collective motion itself, 

without deconvoluting it from electrophoretic motion.  The high aspect ratio of the 

current electrophoresis chamber reduces any convection, and its enclosure minimizes 

evaporation.  For the studied dispersions with flat profiles, the average velocities 

measured in upward and downward directions agreed within typically 2%.  If a different 

dispersion or a different cell geometry were used and increased the field-independent 

collective motion, then the data analysis could be performed across many cycles of the 

applied field in order to separate electrophoretic velocity from other motion.  Thus an 

important advantage in PALS processing could be incorporated into DP-OCT processing.   
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Finally, the applied electric field in PALS is typically sinusoidal.9  PALS assumes 

that the particle mobility is independent of the applied electric field, so use on particles 

with field-dependent mobility (such as toner systems) requires caution and more complex 

analysis.19  Therefore the use of a constant electric field magnitude, as in the current 

system, is of interest for studying particles with field-dependent mobility.  

5.5. Conclusions 

The electrophoretic mobility has been measured using DP-OCT for TiO2 in 

toluene with AOT surfactant to determine small zeta potentials of 11–13 mV.  A key 

advantage of the very narrow electrode spacing enabled by DP-OCT is that higher 

strength electric fields (and thus more accurate measurement of small mobilities) can be 

achieved at a given absolute potential, to avoid undesired electrohydrodynamic 

instabilities and electrochemical reactions.  This advantage is important for colloids in 

apolar solvents with low mobilities, which can become even smaller for high water 

impurity levels.  Also, samples can have small volume and high turbidity.  Measurement 

of the mobility distribution is possible with further optical advances.  Reproducibility in 

the measurement of electrophoretic mobility is comparable to that by phase analysis light 

scattering (PALS) for dispersions in low-permittivity media, although must larger 

potentials are needed in PALS.  Further modifications to DP-OCT are available to 

improve sensitivity, reproducibility, and particle concentration range.  The capabilities of 

DP-OCT, including high sensitivity, high spatial resolution, low electrical potential for a 

given field, and a small detection volume, offer opportunities to gain new insight into the 

properties of charged colloids in low-permittivity media. 
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Chapter 6:  Effect of Surface Hydrophilicity on Charging Mechanism of 

Colloids in Low-Permittivity Solvents 

Electrophoretic mobilities of TiO2 colloids in an apolar solvent, toluene, were 

measured by differential-phase optical coherence tomography (DP-OCT).  An electrode 

spacing of 0.18 mm, made possible by optical coherence tomography with transparent 

electrodes, enables measurement of the electrophoretic mobility with small samples 

(20 microliters) of highly turbid colloids at low applied electric potential to avoid 

electrohydrodynamic instability and electrochemical reactions.  In the presence of 

Aerosol-OT reverse micelles, which stabilized the countercharges, the zeta potential was 

positive for hydrophilic TiO2 (13 mV at 90 mM AOT) and negative for hydrophobic 

TiO2.  The magnitudes of the zeta potentials were very similar for these two types of 

TiO2 and decreased at the same rate with AOT concentration.  For both hydrophilic and 

hydrophobic TiO2, a general mechanism is presented to describe the zeta potential in 

terms of preferential partitioning of cations and sulfosuccinate anions between the 

particle surface and reverse micelle cores in bulk.  This preferential partitioning is 

governed by the hydrophilicities and extents of the particle surfaces and reverse micelle 

cores, as a function of surfactant and water concentration.  The emerging understanding 

of the complex charging and stabilization mechanisms for colloids in apolar solvents will 

be highly beneficial for the design of novel materials. 

6.1. Introduction 

Charged nonaqueous colloids are of interest in applications including liquid 

immersion development,1,2 electrostatic lithography,3 drop-on-demand ink jet printing, 

photoelectrophoresis,4 electrophoretic displays,5,6 electrorheological fluids,7,8 and safe 

petroleum processing, as reviewed elsewhere.9  Even with the interest in these 

applications, the mechanism of particle charging in solvents with low permittivity 

(relative dielectric constant, εr, < 10)10–16 is not well understood (Chapter 5).  For ε ≈ 2, 

the electrostatic barrier to charging is on the order of 40 kBT; consequently, the charging 
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mechanism is much more complex than in aqueous solvents, where acid–base chemical 

equilibria and ionic strength are well-defined.  A more thorough understanding of 

charging mechanisms from electrophoretic mobility measurements in nonaqueous 

solvents would be highly beneficial for determining colloid stability, rheological and 

electrorheological properties, and coating behavior.  

 
Figure 6.1:  Schematic representation of negatively charged T805 (hydrophobic) TiO2 

particles in the presence of charged and uncharged micelles in the large double layer. 

Adapted from Ryoo et al.15 

Electrostatic stabilization of colloids in solvents with εr < 5 generally requires 

addition of a polymer or surfactant to stabilize separated charges and thus prevent 

counterions from completely neutralizing charge on the particle surface.  The 

thermodynamics of ion separation is described by the Bjerrum length, lB, the charge 

separation distance (d) at which thermal energy (kBT) balances electrostatic interaction 

energy.  For a 1:1 electrolyte, the electrostatic interaction energy is e2/4πεoεrd and 
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where e is the elementary charge and εr is the dielectric constant (static permittivity) 

relative to ε0, vacuum permittivity.  In water where εr = 80, lB is only 0.7 nm.  For toluene 

with a much lower dielectric constant (2.39), lB is 24 nm and thus, counterions about 

charged particles must be stabilized with an additive such as a reverse micelle, crown 

ether, or polymer in order to avoid ion pairing (Figure 6.1).  For example in the case of 

reverse micelles, positively and negatively charged micelles are in dynamic equilibrium 

with uncharged micelles, as described by the charge fluctuation model.17,18  A slight 

excess of charged micelles of one polarity in the diffuse double layer balances the charge 

on the colloid surface.  To charge the particle surface, the surface entropy must overcome 

the unfavorable self-energy of the surface charge, whereas the surface entropy plays a 

much smaller role in aqueous systems.14 

The electrophoretic mobilities of colloids in apolar solvents are often small 

relative to aqueous solvents, as a consequence of the small dielectric constant as is 

evident in the equation19 

 ( )
η

κεζε
µ

afr 0= . (6.2) 

Consequently, measurement of these very small mobilities has been highly challenging.  

Prior studies of hydrophilic TiO2 particles dispersed in low-permittivity solvents using 

AOT (Aerosol-OT, sodium bis(2-ethyl-1-hexyl)sulfosuccinate) have found positive and 

negative zeta potentials, indicating the charging mechanism is unclear.10  Relatively few 

studies investigated hydrophobic TiO2 particles.20  A significantly larger database of 

reliable measurements of electrophoretic mobilities is needed to understand charging 

mechanisms relevant to colloid stability and other key colloid properties in apolar 

solvents.   

Laser Doppler electrophoresis (LDE), an application of laser Doppler velocimetry 

(LDV), is well-established for measurement of the charge of dispersions of sub-

microscopic and microscopic particles of medium to high electrophoretic mobility.21,22  
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An extension of LDE, phase analysis light scattering (PALS), provides much greater 

sensitivity for particles with low electrophoretic mobility, e.g., in low-permittivity 

media.19,23  In LDE and PALS, charged particles moving in an electric field scatter laser 

light, producing a Doppler frequency shift.  By analyzing deviations in the phase Φs of 

the detected signal rather than the frequency, PALS provides the magnitude of particle 

velocity v (as in LDE) but requires only a small fraction of a Doppler cycle for 

measurement:   

 ( )t
dt

td
vK ⋅=

Φ )(s   (6.3) 

where K is the scattering vector.  Consequently, PALS can measure mobilities 1000 

times smaller than in LDE.  However, for particles in low-permittivity media with low 

electrophoretic mobilities on the order of 10–10 m2/V s, the required potentials are on the 

order of 100 V.24–28  These potentials can generate undesired electrochemical redox 

reactions at the electrodes29 or electrohydrodynamic instabilities,30 each of which may 

interfere markedly with the measurement of electrophoretic mobility.  

An alternative velocimetry method, differential-phase optical coherence 

tomography (DP-OCT), is a backscattering technique which uses a broadband light 

source and temporal interference to examine optical properties in a small coherence 

detection volume within the sample.31  Chapter 5 describes a novel electrode geometry 

for DP-OCT with a Doppler angle φ of 0° between the scattering vector and the particle 

velocity vector to maximize the Doppler shift.  The transparent electrodes, a 

backscattering geometry, and fine depth resolution (short coherence length) allow for an 

electrode separation of only 0.18 mm, in contrast to typical spacings of 2–10 mm in LDE 

and PALS.  Therefore, samples can be more concentrated and more turbid than in 

techniques such as LDE and PALS which use forward scattering geometries.  An 

important advantage of the very narrow electrode spacing is that higher-strength electric 

fields (and thus more accurate measurement of small mobilities) can be achieved at a 

relatively small absolute potential, to avoid undesired electrochemical reactions and 

electrohydrodynamic instabilities.  
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The objective of this study was to gain broad insight into the mechanism of 

charging of metal oxide colloids in low-permittivity solvents through measurements of 

electrophoretic mobility by DP-OCT.  Comparison of mobilities for two types of the 

same metal oxide, TiO2, with either a hydrophilic or hydrophobic surface, in the presence 

of the same stabilizer, AOT, provides a strategic opportunity to identify general classes of 

charging mechanisms.  In particular, hydrophilic DT-51 particles become positively 

charged, whereas hydrophobic T805 particles become negatively charged.  The particle 

polarity and charge are examined as a function of preferential partitioning of cations 

versus anions between the particle surfaces and the reverse micelles in a diffuse double 

layer.  This partitioning is analyzed in terms of (1) the hydrophilicities and extents of the 

reverse micelle cores and particle surfaces and (2) the hydrophilicities of the anions and 

cations.  These factors are sensitive to the surfactant and water concentrations.32,33  As the 

surfactant concentration is varied, changes in surfactant adsorption and aggregation 

modify the surface hydrophilicity.  We consider water concentrations above 300 ppm, 

which have received little attention.  In practical applications of electrostatic stabilization 

of particles in low-permittivity solvents, ambient humidity often causes a water level of 

several hundred parts per million.  The ability of reverse micelles to absorb excess 

charges to counterbalance the charge on the particle surface is analyzed in terms of a 

charge fluctuation model.    

6.1.1. Theory 

In LDE, PALS, and OCT, the magnitude of the scattering vector, K, is calculated 

from geometry as K = 4πn/λi sin(θ/2), where n is the refractive index of the medium, λi is 

the vacuum wavelength of incident source light, and θ is the scattering angle.  For 

identical particles, the power spectrum of the photodetector output (in LDE and PALS) or 

the processed signal (in OCT) is a Lorentzian frequency distribution centered at |K·v|, 

where v is the mean electrophoretic velocity vector of the particles.  This velocity is used 

to calculate the electrophoretic mobility and zeta potential.   
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6.2. Experimental Section 

6.2.1. Materials 

Titania, which occurs naturally in the minerals brookite, anatase, and rutile, has 

several desirable properties as a model system.34  The crystal surface shows catalytic, 

photocatalytic, and photosemiconductive activity.  The sulfate process converts crude ore 

to titanyl sulfate, which is purified, hydrolyzed to colloidal hydrous titanium oxide, 

precipitated, washed, and calcined.35  Hydrophilic TiONA DT-51 (anatase form, dry 

powder) is manufactured by the sulfate process without surface treatment, leaving bare 

titanol groups (Ti–O–H).  It was received as a gift from Millennium Chemicals.  The 

chloride process uses flame hydrolysis of TiCl4 to produce smaller particles34 of higher 

purity.35  Aeroxide P25 and Aeroxide T805 (80% anatase form, dry powders)34 

manufactured by the chloride process were received as gifts from Degussa.  Aeroxide 

T805 is a hydrophobic version of hydrophilic P25, made by modification with a 

trialkoxyoctyl silane for better non-aqueous dispersibility.36,37  The TiO2 powders have a 

primary particle size of 20 nm (manufacturers’ specifications).  Surfactant Aerosol-OT 

(Sigma, sodium bis(2-ethyl-1-hexyl)sulfosuccinate) and toluene (E–M) were used as 

received.   

6.2.2. Dispersion Formation 

The particle dispersions were prepared by mixing surfactant stock solutions with 

surfactant-free particle stock solutions, with vigorous shaking before and after mixing.  

Water content was measured by Karl Fischer titration (Photovolt Aquatest 2010a) with a 

200 µL sample volume.  Each reported water content is the average of two 

measurements.  Visual microelectrophoresis was used to confirm particle polarity 

(Section 5.2.2).   

6.2.3. Dynamic Light Scattering 

The size of dispersed particles was measured using a Brookhaven Instruments 

ZetaPlus dynamic light scattering apparatus at scattering angle of 90° and temperature of 

25 °C.  To avoid multiple scattering, low turbidity was achieved by letting the particle 
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dispersions settle for over 1 week and performing DLS on the top portion.  As a result of 

settling, the particles measured by DLS are somewhat smaller than those used for 

electrophoresis, though similar results were obtained for the zeta potential of the upper 

layer and of the sediment.  Data analysis was by a non-negative least-squares (NNLS) 

routine.  Based on the Stokes–Einstein equation for the diffusion coefficient of a sphere 

(D0 = kBT/3πηdH) and the viscosity η of the solvent, a distribution of hydrodynamic 

diameters (dH) was obtained.  The distribution was determined in terms of the scattering 

intensity.  Each reported diameter corresponds to the maximum of the distribution and is 

the average of at least two runs. 

6.2.4. Electrophoresis 

The electrophoresis chamber was a cylindrical void (10 mm diameter and 180 µm 

thick) in the electrophoresis chamber body, which was cut from a microscope cover slip, 

as detailed in Section 5.2.4.  The electrodes were ITO-coated glass (Delta Technologies, 

CG-61IN-S115, 25 mm by 75 mm, 1.1 mm thick, 0.6–1.0 nm ITO layer).  Frequency 

(1 Hz) of the applied symmetric square wave electric field (up to 10 V amplitude) was 

high enough to avoid significant accumulation of particles at the electrodes but low 

enough to provide a substantial duration (0.5 s) of electrophoresis between field reversals.  

The electrode separation d was measured as 180 µm using OCT.   

6.2.5. Differential Phase Optical Coherence Tomography 

The Doppler shift of light scattered from moving particles was measured using 

DP-OCT velocimetry, as discussed in detail elsewhere (Section 5.2.5).  To perform a 

measurement, a micropipette was used to dispense at least 20 µL of sample into the 

electrophoresis chamber.  The top electrode was placed and fastened, the electric field 

was applied and scans were begun within typically 5 s.  For each sample, at least ten 

scans were collected, each of duration 2 s.  The time between scans was typically 0.5–4 s.  

An advantage of the short optical path length through the sample in DP-OCT is that 

dispersions with higher turbidity can be studied, relative to techniques with a longer path 

length.  TiO2 dispersions that were milky white in vials with a 2 cm path length could be 



 133 

studied by DP-OCT in a 180 µm chamber, but appeared too turbid for DLS or PALS with 

a 1 cm cuvette.  

A spectrogram, that is, a three-dimensional plot of intensity of various frequencies 

as a function of time, was generated by short-time discrete Fourier transform (Section 

5.2.6).  The spectrogram was calculated for rapid preliminary evaluation of each two-

second scan, as it indicated signal strength and approximate Doppler shift as a function of 

electric field application time.  Average Doppler shift with higher frequency resolution 

was calculated by a separate discrete Fourier transform (Section 5.2.6).   

6.3. Results 

6.3.1. Dispersion Formation and Water Content 

A 59 mM AOT solution in toluene enabled formation of fine dispersions of DT-

51 and T805 TiO2 particles at 0.001–0.1 wt % by manual shaking.  At 0.3 wt % and 

1 wt % T805, the dispersion was fine and milky white.  Without surfactant, most of the 

DT-51 rapidly settled.  Hydrophobic T805 could be dispersed at 1 wt % without 

surfactant.  No difference in visual appearance was noted after sonication.  Neat toluene 

contained 11 mM water as measured by Karl Fischer titration (consistent with the 

saturation limit, 22 mM).38  The particle dispersions with surfactant contained on the 

order of 50 mM water (Table 6.1).   

Table 6.1:  Water Content in Toluene and Dispersions by Karl Fischer Titration 

DT-51 TiO2 
concentration 

(wt %) 

Aerosol-OT 
concentration 

(mM) 

water 
concentration  

(mM) 
 0  0 11 
 0  90 26 
 0.12  59 46 

The water concentration is the average of two measurements, which had a standard 
deviation less than 20% of the average value.  
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6.3.2. Dynamic Light Scattering 

DLS showed a diameter of 160–275 nm (Table 6.2) for the particles remaining 

suspended after 90% of the dispersion settled.  The particle sizes in toluene found by 

DLS were much larger than the primary particles, as is common for aggregates of titania 

and fumed silica.39,40  The particle diameter is approximately 50 times the size of an AOT 

reverse micelle. 

Table 6.2:  Particle Size in TiO2 Dispersions in Toluene by Dynamic Light Scattering 

TiO2 type TiO2 surface average particle hydrodynamic diameter  
(nm) 

DT-51 hydrophilic 265 ± 17 
P25 hydrophilic 275 ± 14 

T805 hydrophobic 160 ±   3 
Conditions:  90° scattering angle, 45 mM AOT, 0.01 wt % TiO2 before settling of 
approximately 90% of dispersion.  Scans were repeated at least in duplicate.  

6.3.3. Electrophoresis by DP-OCT 

DP-OCT was performed at different field strengths, particle concentrations, and 

surfactant concentrations using well-mixed dispersions (Figure 6.2–Figure 6.4).  

Spectrograms are in Appendix C.  The observed average Doppler shift (∆f) was 110–

510 Hz in magnitude and was converted to velocity (v, 7.7–36 µm/s) according to the 

theory section using |K·v| = ∆f.  In the current geometry, the simplified equation is v = ∆f 

λi/4πn.  The refractive index n of toluene is 1.479 at 1.31 µm and 20 °C.41  The applied 

electric field (E), 28–56 kV/m, was calculated as the applied potential (5–10 V) divided 

by the electrode separation, 180 µm.  The electrophoretic mobility, µ = v/E, was 2.8–

6.4 × 10–10 m2/V s.  Zeta potential (ζ) was calculated by the Hückel equation (discussed 

later).   

At all conditions studied, hydrophilic DT-51 and P25 particles had a positive 

charge, and hydrophobic T805 particles had a negative charge.  At similar surfactant and 

particle concentrations, ζ of hydrophilic DT-51 and hydrophobic T805 in toluene with 
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AOT had similar magnitude (11–27 mV) but opposite sign.  Whereas the electrophoretic 

mobility varied with surfactant concentration, it varied little with electric field and with 

particle concentration.  Neat toluene and 0.9 and 90 mM surfactant solutions without 

added particles gave no identifiable Doppler-shifted peaks, as expected (Appendix C.1).   
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Figure 6.2:  Observed particle velocity is directly proportional to field strength. 

Conditions:  Electrode spacing 180 µm, maximum field 10 V, 0.12 wt % DT-51 TiO2, 

59 mM AOT.  Zeta potentials were calculated by the Hückel equation.  The 

corresponding spectrograms are in Appendix C.2. 
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The effect of the applied electric field strength on electrophoretic mobility is 

shown in Figure 6.2.  High E can increase µ by stripping counterions away from charged 

particles, causing the Hückel equation to fail.32  Figure 6.2 shows proportionality of 

Doppler shift ∆f (and thus velocity) of DT-51 particles to E; therefore, µ is independent 

of E and the Hückel equation holds.  At each field strength, at least 12 time windows 

(each typically 0.4 s duration) were analyzed and averaged, yielding ζ of 11.6–12.5 mV.  

The displayed error bars are plus and minus one standard deviation about the mean, 

typically 0.6–0.9 mV.  The linear best fit based on all field strengths is ∆f [Hz] = (4.1 ± 

0.1) E [kV/m] – (1 ± 6), given as mean ± standard error.  This slope gives µ = (2.9 ± 0.1) 

× 10–10 m2/V s and ζ = 12.1 ± 0.3 mV.  The small value of the intercept (1 ± 6 Hz) 

confirms that ∆f is proportional to E.  Spectrograms are in Appendix C.2.  The onset of 

electrohydrodynamic instability is predicted at 131 V for toluene (η = 0.59 cP, 

ρ = 0.867 g/mL, εr = 2.39).30,42  The maximum potential applied in the current study was 

10 V, well below this predicted value for instability.  For LDE or PALS with an electrode 

spacing 20 times wider, the same electric field would have required 200 V, which is 

greater than the predicted critical voltage for electrohydrodynamic instability.  

Another type of hydrophilic TiO2, P25, was found to have a small positive ζ 

(10 ± 2 mV) similar to that of DT-51 under similar conditions (0.05 wt % P25, 45 mM 

AOT).  P25 TiO2 is made by the chloride process, which leaves minimal residual sulfate.  

Thus, the similar ζ values for DT-51 and P25 show no indication that sulfate ionization 

contributed to the charge of DT-51 in the current study.  Given this observation, DT-51 

was used for further investigation of hydrophilic TiO2, because DT-51 dispersions gave 

higher DP-OCT signal intensities than P25.   

Particle concentration had little effect on ζ of both DT-51 and T805 over a 

significant range (Figure 6.3).  The relative independence of zeta potential on particle 

concentration in dilute dispersions is consistent with charging caused by ion adsorption.  

When the available amount of adsorbable ions is high relative to the particle surface area, 

then the particle concentration has negligible effect on ion adsorption and thus on 

adsorption-induced particle charging.57  In contrast, if dissociation of ionizable groups on 
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the particle surface were the source of particle charge, then increasing particle 

concentration would be expected to increase the concentration of ions dispersed in the 

continuous phase, approaching saturation and thus limiting the charge per particle.  In 

concentrated dispersions, overlap of double layers is expected to decrease the effective 

ζ.32  

Higher particle concentration did increase signal intensity, as expected.  

Spectrograms are in Appendix C.3.  For 3 wt % AOT in toluene, the useful particle 

concentration range was 0.01–0.12 wt % (0.12 wt % was the highest tested) for DT-51 

and 0.01–0.3 wt % for T805.  Thus the coherence detection volume contained an average 

of 3–420 particles.  (The detailed calculation is presented in Section 5.3.2).  At 0.001–

0.003 wt % DT-51 or T805, the spectrograms showed negligible Doppler-shifted signal 

in all but one scan (as discussed in Section 5.3.2).  At 0.01–0.12 wt % DT-51, the 

spectrogram intensity varied with time, suggesting spatial inhomogeneity in the sample, 

as a result of the small number of particles in the coherence detection volume.  At 1 wt % 

T805, the spectrograms revealed sloping profiles (variation in electrophoretic mobility 

depending on the time of electric field application, possibly caused by electrode 

polarization, discussed in Section 5.3.2).  Thus, 0.01–0.12 wt % was the best 

concentration range to measure ζ. 
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Figure 6.3:  Zeta potential of hydrophilic DT-51 and hydrophobic T805 TiO2 is 

relatively independent of particle concentration. 

Conditions:  59 mM AOT.  Applied field 56 kV/m.  For 0.3 wt % T805 particles, a field 

of 50 kV/m was applied.  Zeta potentials were calculated by the Hückel equation.  The 

corresponding spectrograms are in Appendix C.3. 
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Figure 6.4:  Zeta potentials of hydrophilic and hydrophobic TiO2 are roughly equal but 

opposite, and decrease with AOT concentration. 

Conditions:  0.1 wt % hydrophilic DT-51 or hydrophobic T805 particles.  Zeta potentials 

were calculated by the Hückel equation.  The corresponding spectrograms are in 

Appendix C.4. 

Surfactant concentration had a measurable effect on ζ of both hydrophilic DT-51 

and hydrophobic T805 (Figure 6.4).  Zeta potentials of the two types of particles had 

opposite signs, and the magnitude in each case decreased with increasing [AOT] (2.7–

90 mM).  The magnitude of ζ for T805 (–15 to –27 mV) was nearly the same as that for 

DT-51 (12 to 24 mV).  Greater charge was observed at smaller AOT concentration.  Low 
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surfactant concentration (0.9–9 mM) caused sloping spectrogram profiles (Appendix 

C.4).  At 2.7–9 mM, ζ was estimated based on early scans (which showed smaller 

slopes).43  At 0.9 mM, profiles sloped severely even in the initial scan, so mobility is not 

reported.  Also at these low surfactant concentrations, variable intensity of the 

spectrograms implied inhomogeneity of the dispersion.  However, these low surfactant 

concentrations gave the highest ζ of the particles which did remain dispersed and did not 

settle.  Zeta potential was relatively low at all conditions studied, so poor particle 

dispersibility at low surfactant concentration is not surprising despite the somewhat 

higher ζ.  Without added surfactant, the spectrograms of 0.12 wt % DT-51 and T805 

showed negligible Doppler-shifted signal, indicating that nearly all of the particles 

rapidly flocculated and settled out of the sample coherence detection volume.  

6.4. Discussion 

6.4.1. Charge Origin and Stabilization 

While the mechanism of charge formation of colloids in aqueous media is often 

well-characterized in terms of ionization of surface groups and adsorption of potential-

determining or surface-active ions, the mechanisms in nonaqueous media are much less 

clearly defined.9,10  In electrostatically stabilized dispersions in low-permittivity solvents, 

two factors influence particle charging.  If the particles contain a readily ionizable 

moiety, for example sulfate residues from the synthesis of TiO2, this ionization may 

influence the charge in the low-permittivity dispersion.  In other systems a readily 

ionizable moiety is absent or is outweighed by preferential ion adsorption on the particle 

surface as controlled by surface hydrophilicity/hydrophobicity, water content, and 

surfactant.32  For example, a hard hydrophilic ion may preferentially (relative to a soft, 

more polarizable hydrophobic ion) adsorb onto and give charge to a hydrophilic particle 

surface.10  Specifically, a sodium cation may preferentially adsorb onto and give charge 

to uncoated TiO2.  In contrast, a soft hydrocarbon surfactant ion may preferentially 

adsorb onto and give charge to hydrophobized TiO2.  Furthermore, ion adsorption can 

lead to acid–base exchange reactions at the particle surface.  We describe ions and 
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surfaces as "hydrophilic" or "hydrophobic" for consistency with the existing body of 

literature, but "polar" or "nonpolar" may be more accurate.  A fraction of the reverse 

micelles in solution contain a positive or negative charge as described by the charge 

fluctuation model.17,18  A slight excess of one charged micelle population over another 

accommodates and balances the charges on the colloid, whether positive or negative.14 

6.4.2. Hydrophilic TiO2 in Hydrocarbon Solvents 

AOT adsorbs onto hydrophilic TiO2, forming hemimicelles at low AOT 

concentrations near the cmc and a monolayer at high concentrations (Figure 6.5).  The 

polar head group of the AOT molecule favors the hydrophilic surface, and the bulky tails 

extend into toluene.  This behavior is consistent with the observation that the adsorption 

density for AOT on hydrophilic TiO2 in cyclohexane rises sharply at low AOT 

concentrations and approaches a constant 3 value of µmol/m2 near 10 mM AOT (Table 

6.3).44  The area occupied by the surfactant is relatively low (60 Å2/molecule), indicating 

that the surfactant molecules are tightly packed above 10 mM AOT.  For most of our 

AOT concentrations, the AOT adsorption is already at the maximum plateau value for 

hydrophilic particles in Table 6.3 and thus does not change much with surfactant 

concentration.  However, for hydrophobic particles, the adsorption density increases over 

the entire AOT concentration range. 

Both water and the sodium cation of AOT preferentially adsorb onto the 

hydrophilic surface (either DT-51 or P25 TiO2), relative to the less hydrophilic 

sulfosuccinate anion (Figure 6.5).  The higher charge per volume of the hard sodium 

cation causes stronger interactions with the hydrophilic surface groups and adsorbed 

water than for the soft organic sulfosuccinate ion, which contains two hydrophobic tails.  

Thus, the hydrophilic particles gain net positive charge through the preferential 

adsorption of sodium cations versus sulfosuccinate anions.   

Zeta potentials measured in this study were lower in magnitude than those 

reported in prior studies (30–80 mV) of similar systems composed of TiO2, AOT, and an 

organic solvent.45,46  For example, at AOT concentrations of 1, 4, or 20 mM, an increase 

in water from 6 to 16 mM decreased ζ (80–50 mV, 60–45 mV, or 50–35 mV, 
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respectively) for TiO2 in p-xylene.45  This decrease in ζ was attributed to partitioning of 

water molecules and sodium cations from the particle surface to the micelles.   

 
Figure 6.5:  Mechanism for charging of positive hydrophilic TiO2 particles dispersed in 

toluene with surfactant AOT. 

The surfactant, Aerosol-OT (AOT), has a sodium counterion.  (a) At low AOT 

concentration, the water to surfactant ratio (Wo) is high and adsorption of hemimicelles 

occurs on particle surface.  (b) At high concentration, the Wo is low and the surface is 

completely covered with AOT. 

Table 6.3:  Adsorption Density Data for AOT in a Hydrocarbon Solvent 

adsorption density (µmol/m2) 
AOT concentration (mM) 

surface type 

1 2 10 20 30 
hydrophilica 0.8 1.9 2.9 3 – 
hydrophobicb 0.5 1 1.4 2.1 4.8 

aTiO2 in cyclohexane.44  bGraphite (similar to carbon black) in cyclohexane.47 

counterion 
stabilized in 

micelle 
 

counterion 
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swollen micelle 

hemimicelle 

low [AOT] high [AOT] 

hydrophilic surface  
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hydrophilic surface  
with excess positive charge 

(b) 

sodium ion AOT micelle water 

(a) 
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The lower ζ for our hydrophilic TiO2 particles may result from our much higher 

water concentration (50 mM).  Increasing the water content increases the overall volume 

of the hydrophilic micelle cores, so cations partition toward the micelle cores in the bulk 

solution.  Cations desorb from the surface of the particles, reducing positive ζ, as 

observed.  The cation may be sodium or a hydronium ion upon ion exchange with the 

surface.   

Zeta potential of DT-51 decreased in magnitude from 24 to 12 mV with 

increasing surfactant concentration (Figure 6.4).  A previous study of dry rutile TiO2 with 

AOT in p-xylene showed ζ decreased from 70 to 30 mV with increasing surfactant 

concentration from 1 to 45 mM AOT.45  The decrease in ζ was attributed to an 

equilibrium shift of water from the particle surface to the solution phase.  Systems with 

0–16 mM water showed similar decreases in ζ (e.g., 80–55 mV or 50–30 mV, depending 

on water amount) with increasing AOT concentration (1–20 mM).45  The water 

concentrations and likewise most W0 values are much larger in the current study.  At low 

AOT concentrations (Figure 6.5a), the number of micelles is low, and their water cores 

are swollen (that is, W0 is approximately 7).  A relatively large amount of water adsorbs 

onto the particle surface given the relatively small number of micelles in the continuous 

phase to solubilize water.  The cations adsorb preferentially on the hydrated particle 

surface, creating positive charges within the cores of hemimicelles on the particle surface.  

At higher AOT concentrations (Figure 6.5b), the number of micelles in the liquid phase 

increases dramatically and the water cores shrink, i.e., the W0 decreases.  Both the 

micelle population and the affinity of the micelle headgroups for hydration increase.  

However, AOT adsorption on the hydrophilic particle surface reaches a plateau (Table 

6.3), so the particle surface hydrophilicity changes little.  Overall, water molecules 

preferentially partition from the particle surfaces to the micelle cores.  Fewer water 

molecules are present on the TiO2 surface to hydrate cations; thus, preferential sodium 

ion or hydrogen ion adsorption on the surface is reduced.  Water molecules and cations 

are transferred to micelles during collisions with the particle surface.  As a result, the 

positive ζ decreases, as observed.  Correspondingly, the populations of charged micelles 
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in the double layer adjust to balance the particle charge.  In summary, the increase in 

surfactant concentration increases the overall volume of hydrophilic domains in the 

reverse micelle cores in solution, leading to a reduction in the concentration of water and 

cations on the surface, and thus a reduction in ζ. 

6.4.3. Hydrophobic TiO2 in Hydrocarbon Solvents 

The charging behavior of hydrophobic TiO2 particles dispersed in low-

permittivity solvents has received relatively little attention.  Zeta potentials of –52 mV in 

toluene and –76 mV in xylene were reported for a surface-alkylated TiO2 dispersed 

without the aid of a surfactant.20  Also, a value of –67 mV was found for PMMA-coated 

hydrophilic TiO2 particles dispersed in paraffin oil without a surfactant.48  However, the 

charge origins and mechanisms were not discussed.   

The current study found a negative charge for hydrophobic T805 TiO2 in toluene 

with AOT.  The preferential ion adsorption is reversed (Figure 6.6) compared with the 

hydrophilic TiO2 case (Figure 6.5).  The hydrophobic sulfosuccinate anions partition 

preferentially to the hydrophobic T805 particle surface while the hydrophilic sodium 

cations partition into AOT reverse micelles.   

The bulky AOT tails adsorb on the hydrophobic surface, forming low-density 

reverse hemimicelles at low concentrations and forming high-density reverse 

hemimicelles at high concentrations.  This behavior is consistent with the existence of 

two plateau regions in the adsorption of AOT on graphite in cyclohexane.47  The first 

plateau occurs between 2–20 mM, with an adsorption density near 1.5 µmol/m2 (Table 

6.3).  The second plateau, occurs above 30 mM, with a density of approximately 

4.8 µmol/m2.  The adsorption densities above 30 mM are higher for hydrophobic graphite 

than for hydrophilic TiO2 because reverse hemimicelles form on the hydrophobic surface.  

The parking area is also higher than for a hydrophilic surface, approximately 

100 Å2/molecule for AOT adsorption on hydrophobic graphite. 

The charging mechanism for hydrophobic TiO2 may be similar to that proposed 

for hydrophobic carbon black.  The surfactant may undergo acid–base ion exchange with 
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the surface and desorb into the bulk liquid.9,49  If acid–base interactions are absent, then 

an ion can be desorbed from the particle surface by a micelle.33   

 
Figure 6.6:  Mechanism for negative hydrophobic TiO2 particles dispersed in toluene 

with surfactant AOT. 

(a) At low concentration, the water to surfactant ratio (Wo) is high and adsorption of 

hemimicelles occurs on particle surface.  (b) At high concentration, the Wo is low and the 

surface is completely covered with AOT. 

In the current study, AOT adsorbs onto the hydrophobic particle surface to form 

reverse hemimicelles (Figure 6.6a).  The ionic headgroups are associated with 

counterions and water.  The water-swollen reverse micelles in the bulk solvent constitute 

a larger hydrophilic domain than the hemimicelles on the hydrophobic surface.  Thus, the 

sodium counterions preferentially desorb from the surface and partition to the reverse 

micelles, producing the observed negative ζ.  The more hydrophobic soft sulfosuccinate 
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anions adsorb more strongly to the hydrophobic surface than do the hard hydrophilic 

cations.  A slight excess of positively charged reverse micelles balances the excess 

negative charge on the TiO2 surface.  

The magnitudes of ζ measured for hydrophobic TiO2 are comparable although 

slightly smaller than those reported (–20 to –60 mV) for dispersions of hydrophobic 

carbon black (> 26 µm diameter) in cyclohexane with 20 mM AOT, containing large 

amounts of water (5–100 mM).46,50  The decrease of ζ with higher water content was 

attributed to sodium cation transfer from the micelles to the particle surface.  The 

situation in the current study is similar.  At our high water concentrations (50 mM), a 

large number of water molecules will hydrate the clusters of surfactant headgroups on the 

particle surface.  This water reduces the preferential partitioning of sodium ions away 

from the particle surface, thus decreasing the magnitude of particle charge.  Therefore, 

relative to lower water concentrations, an increase in cation adsorption (relative to anions, 

which are still preferred) produces a less negative ζ.   

As observed for the hydrophilic TiO2, ζ of hydrophobic TiO2 also displayed a 

trend of decreasing magnitude with increasing surfactant concentration.  For micrometer-

sized carbon black particles dispersed in benzene with AOT, the magnitude of ζ 

decreased (–115 to –70 mV) with increasing AOT concentration from 1 to 75 mM.51  

This decrease in ζ was attributed to preferential attraction of counterions in the double 

layer to the particle surface.9   

At low AOT concentrations in our study, the surface of hydrophobic TiO2 is 

partially covered by adsorbed sulfosuccinate chains that form reverse hemimicelles with 

relatively low aggregation numbers (Figure 6.6a).  The preferential partitioning of the 

cations to the large water cores in the swollen reverse micelles produces ζ as large as      

–27 mV (Figure 6.4).  At high AOT concentrations (Figure 6.6b), the increasing micelle 

population causes an increasing total micelle core volume (a hydrophilic domain).  This 

aspect is the same as in the case of hydrophilic particles.  However, the continuing 

increase of AOT adsorption on hydrophobic particles contrasts with the plateau in 

adsorption on hydrophilic particles as AOT concentration increases (Table 6.3).  Here, 
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both the hydrophilic micelle cores in the bulk and the hydrophilic hemimicelles on the 

surface increase in volume.  However, the increasing hydrophilicity of the hemimicelles 

on the particle surface appears to dominate and causes preferential partitioning of sodium 

ions from the dispersed micelles toward the hemimicelles.  The smaller deficit of sodium 

ions versus sulfosuccinate anions on the particle surface leads to smaller ζ, down to          

–14 mV.  

In essence, the partitioning of each ion between the particle surfaces and the 

micelle cores is driven by the difference in hydrophilicity between these domains.  As the 

surfactant concentration increases, more AOT is adsorbed onto the hydrophobic particle 

surface, therefore presenting ionic headgroups and making the particle surface more 

hydrophilic.  Thus there is a decrease in the difference in hydrophilicity between the 

particle surface and the micelle cores, a decrease in the preference for anions over 

cations, and a decrease in the magnitude of particle charge.  For the hydrophilic TiO2, an 

increase in surfactant concentration produced preferential desorption rather than 

adsorption of cations.  The increase in hydrophilic sites in the micelles cores outweighed 

the extent of hydrophilic domains on the hydrated hydrophilic particle surface.   

6.4.4. Hydrophilic TiO2 in CO2 

In a prior study, DT-51 TiO2 particles dispersed in CO2 with a cationic 

perfluoropolyether surfactant were found to have very large negative ζ, –270 mV 

(Chapter 4).16  The hydrophilic acetate counterion of the cationic surfactant preferentially 

adsorbs to the hydrophilic particle surface, giving it a negative charge.  This result is 

consistent with the present study, in which the cationic hydrophilic counterion of the 

anionic AOT gives the particle a positive charge.   

6.4.5. Particle Charge and Charge Fluctuations in the Reverse Micelles 

The similar magnitude of ζ for hydrophilic DT-51 and hydrophobic T805 TiO2 

particles across a range of surfactant concentrations (Figure 6.4) is striking and may 

suggest some general effects are present in addition to the difference in particle surface 
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hydrophilicity.  Possibilities include the number of micelle charge carriers, which 

influences the ionic strength, and the energetics of micelle charging.   

Measurement of both particle size and electrophoretic mobility enables more 

detailed analysis of charge values and comparison to other colloids (Table 6.4).  A 

dispersion with 0.01 wt % DT-51 TiO2 and 45 mM AOT was allowed to settle, leaving 

approximately 0.001 wt % particles.  Particle diameter 2a was 265 nm by DLS, and 

electrophoresis showed a mobility of (3.3 ± 0.4) × 10–10 m2/V s.  (The settled portion of 

this dispersion had a slightly lower mobility, (2.6 ± 0.4) × 10–10 m2/V s.)  The very low 

ionic strength causes a large inverse Debye length (κ–1) of 60 µm, so κa = 0.002, as 

approximated according to the equation15 
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where zparticle is the valence of a particle and nparticle is the number density of particles.  

This counterion-only model (also called a salt-free medium model) assumes that 

zparticlenparticle is the number density of monovalent counterions that balance particle 

charges.  Because κa << 1, the Hückel equation is applicable to relate mobility to zeta 

potential, ζ:  ζ = 3ηµ / 2εrε0.  The resulting zeta potential, +14 ± 2 mV, can be related to 

the particle surface charge Q by the equation ζ = Q/(4πεrε0a),53 where ζ is identified as 

the particle surface potential ψs, a reasonable approximation in low-permittivity media.  

Through the equation Q = 4πa2σ, the resulting average particle charge (+4.9 × 10–19 C, or 

3.0 elementary negative charges) corresponds to an average surface charge density, σ, of 

2.2 × 10–18 C/µm2, or 14 positive charges / µm2.   
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Table 6.4:  Summary of Average Charge Values for Various Charged Colloidal Systems 

quantity meaning and 
units 

Seradyn 
Optibind 

polystyrene 
latex in water 

DT-51 
hydrophilic 
TiO2 in CO2 

(PFPE-TMAA 
stabilizer) 

DT-51 
hydrophilic TiO2 

in toluenea  
(AOT stabilizer) 

2a diameter, nm 210 700 265 
µ electrophoretic 

mobility, 10–10 
m2/V s 

– –230 ± 30 3.3 ± 0.4 

ζ zeta potential, 
mV 

n/a –270 14 ± 2 

Q particle charge, 
elementary 

charges 

–1.2 × 104 –105 3.0 

σ surface charge 
density, 

charges/µm2 

–8.8 × 104 –68 +14 

data 
source 

 manufacturer Chapter 4 current study 

aConditions:  45 mM AOT.  A 0.01 wt % TiO2 dispersion was allowed to settle 90%, and 
the top portion was analyzed.  Zeta potentials were calculated by the Hückel equation.  

In comparison, a charge of 68 negative charges / µm2 was found for 700 nm DT-

51 TiO2 aggregates stabilized by a cationic PFPE surfactant in CO2 (Section 4.3.4).16  

The difference in charge is influenced by several factors, including the properties of the 

solvent, the preferential adsorption of the anions and cations, and the resulting 

hydrophilicities of the surfaces and micelle cores.  Relative to toluene, the stronger 

interaction of CO2 with water and the quadrupole moment of CO2 may favor charge 

stabilization on the particle surface.  

In toluene, AOT is known to form reverse micelles and microemulsions, with a 

critical micelle concentration (cmc) of 1 mM.54  At most of the concentrations used in the 

present study (3–90 mM), reverse micelles should be available to disperse 

countercharges.  To balance the charges on the particles, only a small fraction of micelles 

need to carry a net charge.  Based upon an assumed aggregation number of 40 for the 
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surfactant in the reverse micelles,55 a cmc of 1 mM, and the parameters from DLS and 

electrophoresis at 0.001 wt % particles and 45 mM AOT, this fraction is estimated as   

10–9.  This tiny fraction is orders of magnitude smaller than the fraction of micelles that 

would be able to carry a charge according to the refined charge fluctuation model.17,56  

This model quantifies the magnitude of spontaneous fluctuations in the excess charge of 

swollen micelles by relation to the Coulomb energy required to charge such micelles.  

For an assumed micelle water core 1 nm in radius, the model estimates the root-mean-

square excess charge per micelle (<z2>0.5) as 0.2 elementary charges per micelle, i.e., 1 in 

5 micelles carries an excess charge, assuming no multiple excess charges occur.14  This 

estimate is based on T = 20 °C and εr = 2.4 as in the electrophoresis experiment and 

would correspond to a W0 of 10 (interpolated from reference 17 Table I).  Thus, charge 

fluctuations in AOT micelles would readily balance the observed surface charge on the 

TiO2 particles, which would require only a small excess of either negative or positive 

charges in a minuscule fraction (1 ppb) of the micelles.  

6.5. Conclusions 

DP-OCT is a highly sensitive technique for the measurement of extremely small 

mobilities in apolar solvents.  A key advantage of the very narrow electrode spacing in 

DP-OCT is that higher strength electric fields, needed to measure small mobilities 

accurately, can be achieved at much smaller absolute potentials to avoid 

electrohydrodynamic instabilities and electrode reactions.   

For both hydrophilic and hydrophobic TiO2, a general mechanism has been 

presented to describe the zeta potential in terms of preferential partitioning of cations and 

sulfosuccinate anions between the particle surface and reverse micelle cores in bulk.  This 

preferential partitioning is governed by the hydrophilicities and extents of the particle 

surfaces and micelle cores, as a function of surfactant and water concentration.  A 

hydrated hydrophilic TiO2 surface favors adsorption of hard cations (Na+ or H3O+) versus 

the soft hydrophobic sulfosuccinate anion, resulting in a positive zeta potential.  As the 

surfactant concentration increases, the increase in the extent of the volume of hydrophilic 

reverse micelle cores relative to hydrophilic sites on the particles shifts the cation 
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distribution towards the bulk phase, lowering the zeta potential.  A hydrophobic TiO2 

surface favors adsorption of hydrophobic sulfosuccinate anions versus the hard 

hydrophilic cations to produce a negative zeta potential.  An increase in adsorbed AOT 

with an increase in surfactant concentration increases the hydrophilicity of the particle 

surface and shifts the cation partitioning towards the particle surface, decreasing the 

magnitude of the zeta potential.  Zeta potentials of magnitude 11–27 mV were smaller 

relative to previous studies as a result of the larger amount of water in the system.  

Interestingly, the magnitudes of the zeta potentials were very similar over the entire range 

of surfactant concentration for the hydrophilic and hydrophobic particles.  Additional 

study would be required to determine whether this agreement is a fortuitous result of the 

various equilibrium constants for ion partitioning or whether any general phenomena are 

operative.  Further insight into charging and stabilization mechanisms for colloids in 

apolar solvents, gained from experimental studies of electrophoretic mobility with 

sensitive PALS and OCT methods, will be highly beneficial for the design of novel 

materials.   
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Chapter 7:  Conclusions and Recommendations 

The research described in this dissertation has improved the understanding of 

surfactant design for CO2 and the understanding of electrostatic stabilization and particle 

charging in CO2 and in toluene, both low-permittivity media.  This chapter summarizes 

the advances made, including the design of new surfactants, the characterization of new 

colloidal systems, and the development of new approaches for studying charged particles.  

Finally, directions for future research are recommended.   

7.1. Conclusions 

7.1.1. Low Interfacial Free Volume of Stubby Surfactants Stabilizes Water-in-Carbon 

Dioxide Microemulsions 

A readily calculated geometric surfactant parameter, the fractional free volume 

(FFV), was defined and was demonstrated to be remarkably useful in describing the 

behavior of surfactants at the water–CO2 interface for stabilizing microemulsions and 

macroemulsions.  A review of experimental data strongly supports the hypothesis that 

excellent surfactant performance at the water–CO2 interface correlates with the FFV.  

This correlation is particularly strong within a series of surfactants with the same 

headgroup and is relatively strong even when comparing between headgroups.  The 

activity of certain hydrocarbon surfactants at water–CO2 interfaces is consistent with 

their low FFV.  Of course, the use of the FFV in isolation is not recommended, as the 

specific details of key factors such as interfacial tension, tail–tail interactions, HCB, and 

curvature effects in a system containing CO2 molecules can strongly affect surfactant 

performance.  Nevertheless, the new paradigm embodied in the FFV shows great promise 

to guide the understanding of surfactant behavior and to rationalize the design of new 

surfactants for emulsions at the water–CO2 interface and at other interfaces.   

7.1.2. Tertiary Amine Esters for Carbon Dioxide-Based Emulsions 

Low-molecular weight amine esters have sufficient interfacial activity to stabilize 

fine white C/W emulsions with stabilities of hours.  Significant protonation of the tertiary 
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amine headgroup is balanced by three methylated, branched tails to give a favorable 

slightly hydrophilic HCB.  These stubby, relatively flat surfactants screen the interactions 

between water and carbon dioxide to provide a low interfacial tension at the planar 

water–CO2 interface.  The amine ester structure and synthesis are easily adaptable for the 

study of further changes in surfactant architecture.  The extremely low aspect ratio of this 

surfactant compared to other hydrocarbon surfactants shields water from CO2 at the 

interface to lower the interfacial tension and minimizes interactions between surfactant 

tail groups.  These factors make  these low-molecular weight amine esters attractive for 

tunable CO2-in-water emulsions, as a replacement for more widely used fluorinated 

surfactants. 

7.1.3. Electrostatically Stabilized Metal Oxide Particle Dispersions in Carbon Dioxide 

Electrostatic stabilization of micrometer-sized inorganic particles at long range 

(several micrometers) was achieved in liquid and supercritical CO2, despite the ultralow 

dielectric constant, as low as 1.5.  The counterions were stabilized in dry reverse micelles 

with a low-molecular weight cationic surfactant to prevent ion pairing with the particle 

surface.  This study generalizes the concept of electrostatic stabilization in CO2 to 

inorganic particles and to systems without added water, relative to a previous study of 

electrostatic stabilization of water droplets.  The demand on the low-molecular weight 

surfactant, to stabilize a small concentration of counterions in only a small fraction of the 

micelles, is relatively minor compared with the previous requirement to provide steric 

stabilization with high-molecular weight surfactants, which are difficult to solvate by 

CO2.  The electrostatic stabilization of micrometer-sized inorganic particles at a 

separation of several micrometers is an important general method that offers the potential 

for significant expansion of the field of colloid science in supercritical fluids. 

7.1.4. Electrophoretic Mobility Measurement by Differential-Phase Optical 

Coherence Tomography 

Electrophoretic mobility was measured by electrophoresis using differential-phase 

optical coherence tomography (DP-OCT) for velocimetry.  Small zeta potentials of 11–
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13 mV were measured for TiO2 particles in toluene with Aerosol-OT surfactant.  The 

backscattering geometry and fine depth resolution of OCT and the use of transparent 

electrodes allowed an electrode separation of only 0.18 mm, in contrast to larger spacings 

typical in other optical electrophoresis techniques (LDE and PALS).  Therefore, samples 

can be more concentrated and more turbid.  An important advantage of the very narrow 

electrode spacing is that higher-strength electric fields (and thus more accurate 

measurement of small mobilities) can be achieved at a relatively small absolute potential, 

to avoid undesired electrochemical reactions and electrohydrodynamic instabilities.  This 

advantage is important for colloids in apolar solvents with low mobilities, which can 

become even smaller for high water impurity levels.  Further modifications to DP-OCT 

are available to improve sensitivity, reproducibility, and particle concentration range and 

to measure the mobility distribution.  The capabilities of DP-OCT offer opportunities to 

gain new insight into the properties of charged colloids in low-permittivity media. 

7.1.5. Effect of Surface Hydrophilicity on Charging Mechanism of Colloids in Low-

Permittivity Solvents 

DP-OCT was used to measure zeta potentials of magnitude 11–27 mV for 

hydrophilic and hydrophobic TiO2 particles dispersed in toluene with Aerosol-OT 

surfactant.  For both particle types, a general mechanism has been presented to describe 

the zeta potential in terms of preferential partitioning of cations and sulfosuccinate anions 

between the particle surface and reverse micelle cores in bulk.  This preferential 

partitioning is governed by the hydrophilicities and extents of the particle surfaces and 

micelle cores, as a function of surfactant and water concentration.  A hydrated 

hydrophilic TiO2 surface favors adsorption of hard cations (Na+ or H3O+) versus the soft 

hydrophobic sulfosuccinate anion to produce a positive zeta potential.  A hydrophobic 

TiO2 surface favors adsorption of hydrophobic sulfosuccinate anions versus the hard 

hydrophilic cations to produce a negative zeta potential.  Further insight into charging 

and stabilization mechanisms for colloids in apolar solvents, gained from experimental 

studies of electrophoretic mobility with sensitive PALS and OCT methods, will be highly 

beneficial for the design of novel materials. 
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7.2. Recommendations for Future Research 

7.2.1. Surfactant Design for the CO2–Water Interface 

The use of methylation and branching in the design of surfactant tails and the 

choice of weakly hydrophilic headgroups should continue to be valuable in the design of 

surfactants for the CO2–water interface.  Specifically, variation of the adaptable structure 

of amine esters should continue to improve understanding of surfactant structure–

property relationships.  Other highly methylated and branched ester tails are available for 

use in surfactant synthesis.  Even when used with an ionic headgroup (sulfosuccinate), 

preliminary experiments show very low interfacial tension and the formation of stable 

CO2-in-water macroemulsions.   

7.2.2. Phase-Sensitive Measurement of Electrophoretic Mobility 

Improvements to the OCT optical system are planned for improvement of signal-

to-noise ratio, thereby improving sensitivity at low particle concentration and at low 

particle mobility.  Improvements in signal processing should enable deconvolution of the 

field-induced and field-independent particle motion, thus further improving the ability of 

phase-sensitive OCT to measure low particle mobility.  Study of the limits of this optical 

method will require a model system which has substantial steric stabilization instead of 

solely electrostatic stabilization.  A very slight charge on the particles should be induced 

by an ionizable group, by preferential adsorption, or by other means.  Therefore, stable 

dispersions with very low particle charges could be studied.  In addition to testing the 

limits of the technique, the study of charging of these sterically stabilized particles should 

give valuable insight into how to design electrostatically stabilized particle systems.   

A further goal is the design and refinement of a high-pressure OCT system for use 

with CO2 in liquid or supercritical states.  The materials near the electrophoresis chamber 

must be made of low-conductivity materials in order to minimize leakage current and 

resulting depression of the applied electric field.1  Construction of the pressure vessel 

using high-strength polymer or glass may be required.  Another approach is physical 

separation of the electrophoresis volume from conventional metal vessel walls.  
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Additional requirements include low-resistance electrical connection to the electrodes, 

which may be challenging within the high-pressure chamber.  The connections and the 

electrode leads must be well-insulated from metal parts.   

7.2.3. Electrostatic Stabilization in Carbon Dioxide 

Ability to measure small electric charges in CO2 should greatly improve the study 

and design of electrostatically stabilized dispersions in CO2.  This situation is analogous 

to the use of interfacial tension (IFT) measurements to improve the design of surfactants 

to stabilize microemulsions and macroemulsions.  Though critical, low IFT is only one 

aspect of emulsion formation and stability.  Correlation of IFT with surfactant structure 

improves surfactant design independently of the other factors in emulsion stability.  For 

example, valuable structural changes to reduce IFT can be identified even when the IFT 

is too high to form an emulsion.  In a similar way, the careful study of particle charge 

(rather than study of dispersion stability) should give better understanding of the factors 

important in designing electrostatically stabilized dispersions.   

Overall, electrostatic stabilization decreases focus on the surfactant tail.  The tail 

solvation requirement is much lower for the stabilization of counterions in reverse 

micelles than for the stabilization of large water cores or of solid particles.  Therefore, a 

relatively large variety of nonfluorinated surfactants are candidates for achieving 

electrostatic stabilization.   
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Appendix A:  Tertiary Amine Ester Synthesis Details 

A.1. NDiPr-MEA 

Full name:  2-(diisopropylamino)ethane-1,1-diyl bis(2,2-dimethylpropanoate). 

Quantities used in synthesis:  3-diisopropylamino-1,2-propanediol (17.53 g, 

0.1 mol), pyridine (11.86 g, 0.15 mol), CH2Cl2 (100 mL), trimethylacetyl chloride 

(9.42 g, 0.12 mol) 

Synthetic yield:  71% 
1H NMR:  δH (ppm) = 5.01 (1H, CH), 4.4 (2H, CH2), 2.98 (2H, CH), 2.55 (2H, 

CH2), 1.18 (18H, CH3), 0.96 (12H, CH3) 

A.2. tBu-DEA 

Full name:  (methylimino)diethane-2,1-diyl bis(2,2-dimethylpropanoate). 

Quantities used in synthesis:  N-methyldiethanolamine (11.92 g, 0.1 mol), 

pyridine (11.86 g, 0.15 mol), CH2Cl2 (100mL), trimethylacetyl chloride (9.42 g, 

0.12 mol) 

Synthetic yield:  76% 
1H NMR:  δH (ppm) = 4.1 (4H, CH2), 2.65 (4H, CH2), 2.3 (3H, CH3), 1.13 

(18H, CH3) 

A.3. TEA 

Full name:  nitrilotriethane-2,1-diyl triacetate. 

Quantities used in synthesis:  triethanolamine (14.92 g, 0.1 mol), pyridine 

(11.86 g, 0.15 mol), CH2Cl2 (100 mL), acetyl chloride (9.42 g, 0.12 mol) 

A.4. TIA 

Full name:  nitrilotripropane-1,2-diyl triacetate. 

Synthetic yield:  76%  
1H NMR:  δH (ppm) = 4.86 (3H, CH), 2.53 (6H, CH2), 1.93 (9H, CH3), 1.09 (9H, 

CH3) 
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A.5. tBu-TIA 

Full name:  nitrilotripropane-1,2-diyl tripivalate. 

Synthetic yield:  74% 
1H NMR:  δH (ppm) = 4.91 (3H, CH), 2.53 (6H, CH2), 1.25 (9H, CH3) 1.16 (27H, 

CH3) 

A.6. TMH-TIA 

Full name:  nitrilotripropane-1,2-diyl 3,5,5-trimethylhexanoate. 

Synthetic yield:  77% 
1H NMR:  δH (ppm) = 4.92 (3H, CH), 2.65 (6H, CH2), 2.52 (3H, CH), 2.23 

(6H, CH2), 1.2 (9H, CH3), 1.95 (6H, CH2), 0.88 (36H, CH3) 
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Appendix B:  Experimental Details of DP-OCT 

B.1. Function Generator Behavior 

The amplitude set and displayed on the front panel of the HP 3314A and HP 

33120A function generators ranges up to 10 Vpp (volts peak-to-peak) and is accurate 

when the menu-selected output impedance (50 ohms by default) matches the actual 

output impedance.  However, the actual output impedance of the electrophoresis cell 

filled with low-conductivity sample was much higher.  In this case, the function generator 

output (10–20 Vpp) was twice the displayed amplitude (5–10 Vpp). 

B.2. Electrophoresis Cell 

B.2.1. Formation of Electrophoresis Chamber 

The electrophoresis chamber was formed by a cylindrical void cut from a square 

microscope cover slip.  The void was cut by using a diamond scribe to score a circle 

(10 mm diameter) on the cover slip.  The cover slip was placed onto a metal plate with a 

circular hole of the same diameter as the scribed circle, with the scribed cover slip circle 

and the metal plate circular hole aligned (concentric).  Thus, the glass inside the circle 

was left unsupported, and application of force to this glass would result in concentrated 

stress along the scribe.  The center of the glass was struck with a diamond scribe to break 

and remove the glass inside the circle and leave a cylindrical void for electrophoresis. 

B.2.2. Sealing of Electrophoresis Chamber 

The cover slip with circular void forms the body of the electrophoresis chamber.  

A thin epoxy layer between the cover slip and the bottom electrode performs several 

functions:  (1) to bond the pieces for ease of handling, (2) to form a seal preventing the 

sample dispersion from flowing from the electrophoresis chamber and into the space 

between the electrophoresis chamber body and the bottom electrode, (3) to approach the 

electrophoresis chamber as closely as possible in order to reduce dead volume where 

liquid may remain trapped between samples, and (4) to give a uniform interelectrode 
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separation.  In order to perform function 4, the epoxy must be entirely between the 

electrophoresis chamber body and the bottom electrode, not entering the center 

cylindrical void.   

To apply the thin epoxy layer, first the electrophoresis chamber body was placed 

onto a glass slide for support.  The epoxy was mixed, transferred into a syringe, and 

applied through a blunt needle to the electrophoresis chamber body.  The blunt needle tip 

was held directly against the glass surface; a free stream of epoxy did not fall onto the 

surface.  Very little epoxy was needed.  Important details were uniformity in the amount 

of epoxy, smoothness of the inner diameter of the epoxy ring, and uniformity in the small 

distance (1 mm) between this inner diameter and the edge of the circular void in the 

electrophoresis chamber body.  After epoxy application, a piece of ITO-coated glass (the 

bottom electrode) was carefully pressed ITO-side down into the epoxy.  As the glass was 

pressed down, epoxy flowed both toward and away from the center cylindrical void (the 

electrophoresis chamber).  The epoxy flowing toward the center was monitored in order 

to perform functions 3 and 4.  The epoxied piece was then inverted to minimize further 

epoxy flow by gravitational compression. 

B.2.3. Support Layers Below Bottom Electrode 

Three glass layers were epoxied below the bottom electrode.  The two proximal 

layers contain a square center void directly below the electrophoresis chamber.  This void 

allowed attachment of fastening clips to fasten the top electrode.  The two proximal 

layers also leave a rectangular void to allow attachment of a clip for electrical connection 

to the bottom electrode.  The voids were 2 mm thick, allowing sufficient space for the 

1 mm thick metal clips.  The third, distal layer strengthened the assembly and provided a 

surface for mounting to an optical micropositioner. 

B.2.4. Electrode Connections 

Electrical connections to the bottom and top electrodes were made using clips 

(steel paper clips, 3.2 cm × 0.7 cm).  To ease attachment and to avoid chipping the edge 

of the glass slide, each clip was prepared by slightly opening and bending such that when 
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attached, the two arms of the clip were parallel, were 1 mm apart, and applied 

compressive force uniformly over a maximal contact area.  To avoid damaging the ITO 

layer, aluminum foil (Reynolds) was folded several layers thick and placed onto each 

electrode before attachment of the clip.  Flexible wire (0.01" diameter stainless steel 304 

wire, California Fine Wire) several inches long was soldered to each clip to allow 

electrical connection without transferring significant mechanical force between the 

heavier electrical leads and the optical assembly.  In electrophoresis of systems with high 

ionic strength, e.g., aqueous systems, thick ion layering can occur at the electrodes, 

causing electrode polarization.  Therefore electrodes are commonly platinized to increase 

the electrode surface area.  Because of the very low ion concentration in toluene and 

because the electrodes must remain substantially transparent to light, electrode 

platinization was not performed in this study.   

B.2.5. Top Electrode Placement 

First, a long edge of the top electrode was touched to the bottom assembly along 

its width, immediately above the electrophoresis chamber.  This contact wetted the top 

electrode with the sample dispersion.  The top electrode was then simultaneously 

translated and lowered so that capillary force wetted the electrode and prevented bubble 

entrapment while the chamber was covered and the electrode reached its final position.  

The top electrode was manually held in place while two clips were placed to fasten it to 

the bottom assembly.  The longer arm of each clip was inserted into the void directly 

below the electrophoresis chamber.  The shorter arm was placed above the top electrode 

and was kept out of the optical path.  To ease attachment and to apply uniform pressure to 

the top electrode, each clip was prepared by slightly opening and bending such that when 

attached, the two arms of the clip were parallel, were 2 mm apart, and applied 

compressive force uniformly over a maximal contact area. 

B.3. Power Spectrum Background Correction 

The background noise level changed with overall signal strength, so a particle-

free background scan could not be subtracted from scans of particles.  The correction was 
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based on the observation that the noise level was symmetric about 0 Hz.  Therefore, once 

the sign of the signal frequencies was identified as positive or negative, the correction for 

background noise was performed by subtracting the smoothed power spectrum of 

frequencies of the opposite sign.  Smoothing of the background correction was performed 

by averaging over an 80 Hz window in order to remove spikes.  For example, for time 

windows with a positive particle Doppler shift, the correction to be subtracted from a 

250 Hz signal was calculated by averaging the signal from the range –290 to –210 Hz. 
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Appendix C:  Spectrograms from DP-OCT 

This appendix contains spectrograms of electrophoresis measured by Differential-

Phase Optical Coherence Tomography (DP-OCT).  To promote comparison, all 

spectrograms in this dissertation display signal power using the same logarithmic 

colormap, with red showing the strongest signal and blue the weakest.  Most scans clearly 

show the alternating particle motion in the 1 Hz applied electric field, which has 10 V 

amplitude unless noted.  Each figure is ten separate two-second scans, joined 

horizontally.  Therefore, each figure contains 20 s of data, collected over a span of 

approximately 1 min.  The time resolution is 0.04 s.  The ordinate is frequency, computed 

with 25 Hz resolution.  The horizontal red line at frequency = 0 is DC background, which 

was removed in further analysis.  Details are in section 5.2.6.   
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C.1. Controls 

These control scans of particle-free surfactant solutions show no signal.  

Therefore, in scans of particle dispersions, DP-OCT detected the movement of particles, 

not the movement of surfactant micelles.   

Spectrogram for 2006-02-28 scans [1 2 3 4 5 6 7 8 9 10] has range 82.7 to 174.9 dB. CLim = [80 190].

Time (s)

Fr
eq

ue
nc

y 
(H

z)
, d

el
ta

 =
 2

5.
0 

H
z

2 4 6 8 10 12 14 16 18
-1500

-1000

-500

0

500

1000

1500

 
Figure C.1:  Control spectrograms:  1 mM AOT 

Spectrogram for 2006-02-28 scans [11 12 13 14 15 16 17 18 19 20] has range 72.9 to 164.2 dB. CLim = [80 190].
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Figure C.2:  Control spectrograms:  90 mM AOT 
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C.2. Electric Field Series 

These scans used 0.12 wt % DT-51 TiO2 with 59 mM surfactant (Aerosol-OT, 

AOT) in toluene.  The applied electric field had amplitude 1–10 V.  Observed particle 

velocity is directly proportional to field strength (Figure 5.6 and Figure 6.2).   

Spectrogram for 2006-02-28 scans [141 142 143 144 145 146 147 148 149 150] has range 78.0 to 164.4 dB. CLim = [80 190].
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Figure C.3:  Electric field series spectrograms:  10 V 
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Spectrogram for 2006-02-28 scans [167 168 169 170 171 172 173 174 175] has range 87.1 to 174.8 dB. CLim = [80 190].
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Figure C.4:  Electric field series spectrograms:  10, 5, and 1 V 

The applied electric field was 10 V in scans 167–169, shown at time = 0–6 s).  The 

applied electric field was 5 V in scans 170–172, shown at time = 6–12 s).  The applied 

electric field was 1 V in scans 173–175, shown at time = 12–18 s).   
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Spectrogram for 2006-02-28 scans [176 177 178 179 180 181] has range 87.3 to 174.1 dB. CLim = [80 190].
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Figure C.5:  Electric field series spectrograms:  2 and 7 V 

The applied electric field was 2 V in scans 176–178, shown at time = 0–6 s).  The applied 

electric field was 7 V in scans 179–181, shown at time = 6–12 s).  
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C.3. Particle Concentration Series 

These scans used 59 mM surfactant (Aerosol-OT, AOT) in toluene.  Signal 

strength increased with increasing particle concentration (0.001–0.3 wt %).  Magnitude of 

Doppler shift and thus electrophoretic mobility and particle charge were relatively 

constant with particle concentration (Figure 6.3).  Some figures in this section contain the 

term specgram, an abbreviation for spectrogram.   

C.3.1. DT-51 Concentration Series 

Hydrophilic DT-51 TiO2 showed a positive charge.   
Specgram for files 01-10 has range 42.3 to 186.1 dB. CLim = [80 190].
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Figure C.6:  DT-51 concentration series spectrograms:  0.001 wt % DT-51 TiO2 

Too weak for further analysis. 
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Spectrogram for 2006-02-23 scans [11 12 13 14 15 16 17 18 19 20] has range 91.6 to 182.4 dB. CLim = [80 190].
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Figure C.7:  DT-51 concentration series spectrograms:  0.003 wt % DT-51 TiO2 

The signal in scan 15 (shown at time = 8–10 s) is likely from a single particle, as 

discussed in Section 5.3.2.   

Spectrogram for 2006-02-23 scans [21 22 23 24 25 26 27 28 29 30] has range 88.9 to 181.0 dB. CLim = [80 190].
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Figure C.8:  DT-51 concentration series spectrograms:  0.01 wt % DT-51 TiO2 
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Spectrogram for 2006-02-23 scans [31 32 33 34 35 36 37 38 39 40] has range 77.1 to 178.0 dB. CLim = [80 190].
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Figure C.9:  DT-51 concentration series spectrograms:  0.03 wt % DT-51 TiO2 

Specgram for files 41-50 has range 42.3 to 189.0 dB. CLim = [80 190].
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Figure C.10:  DT-51 concentration series spectrograms:  0.12 wt % DT-51 TiO2 
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C.3.2. T805 Concentration Series 

Hydrophobic T805 TiO2 showed a negative charge.   

Spectrogram for 2006-02-28 scans [21 22 23 24 25 26 27 28 29 30] has range 73.2 to 165.6 dB. CLim = [80 190].
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Figure C.11:  T805 concentration series spectrograms:  0.001 wt % T805 TiO2 

Too weak for further analysis. 

Spectrogram for 2006-02-28 scans [31 32 33 34 35 36 37 38 39 40] has range 75.4 to 166.8 dB. CLim = [80 190].
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Figure C.12:  T805 concentration series spectrograms:  0.01 wt % T805 TiO2 
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Spec trogram for 2006-02-28 scans [41 42 43 44 45 46 47 48 49 50] has range 85.2 to 166.9 dB. CLim = [80 190].
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Figure C.13:  T805 concentration series spectrograms:  0.1 wt % T805 TiO2 

Spectrogram for 2006-02-28 scans [61 62 63 64 65 66 67 68 69 70] has range 102.1 to 180.1 dB. CLim = [80 190].
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Figure C.14:  T805 concentration series spectrograms:  0.3 wt % T805 TiO2 
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Spectrogram for 2006-02-28 scans [51 52 53 54 55 56 57 58 59 60] has range 92.8 to 186.2 dB. CLim = [80 190].
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Figure C.15:  T805 concentration series spectrograms:  1.0 wt % T805 TiO2 

Severely sloping profiles. 
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C.4. Surfactant Concentration Series 

This scans used 0.1 wt % DT-51 or T805 TiO2 in toluene.  Concentration of the 

surfactant (Aerosol-OT, AOT) was 90–0.9 mM.  Magnitude of Doppler shift and thus 

electrophoretic mobility and particle charge increased with decreasing surfactant 

concentration (Figure 6.4).  Some figures in this section contain the term specgram, an 

abbreviation for spectrogram. 

C.4.1. Surfactant Concentration Series with DT-51  

Hydrophilic DT-51 TiO2 showed a positive charge.   

Specgram for files 51-60 has range 42.3 to 179.1 dB. CLim = [80 190].
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Figure C.16:  AOT concentration series spectrograms with DT-51:  90 mM AOT 

Specgram for files 41-50 has range 42.3 to 189.0 dB. CLim = [80 190].
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Figure C.17:  AOT concentration series spectrograms with DT-51:  59 mM AOT 
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Spectrogram for 2006-02-23 scans [111 112 113 114 115 116 117 118 119 120] has range 99.1 to 179.5 dB. CLim = [80 190].

Time (s)

Fr
eq

ue
nc

y 
(H

z)
, d

el
ta

 =
 2

5.
0 

H
z

2 4 6 8 10 12 14 16 18
-1500

-1000

-500

0

500

1000

1500

 
Figure C.18:  AOT concentration series spectrograms with DT-51:  59 mM AOT 

(repeat) 

Specgram for files 61-70 has range 42.3 to 186.7 dB. CLim = [80 190].
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Figure C.19:  AOT concentration series spectrograms with DT-51:  27 mM AOT 
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Specgram for files 91-100 has range 42.3 to 177.3 dB. CLim = [80 190].
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Figure C.20:  AOT concentration series spectrograms with DT-51:  9 mM AOT 

Moderately sloping profiles. 

Specgram for files 71-80 has range 42.3 to 181.5 dB. CLim = [80 190].
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Figure C.21:  AOT concentration series spectrograms with DT-51:  2.7 mM AOT 

Moderately sloping profiles. 

Specgram for files 81-90 has range 42.3 to 177.1 dB. CLim = [80 190].

Fr
eq

ue
nc

y 
(H

z)
, d

el
ta

 =
 2

5.
0 

H
z

2 4 6 8 10 12 14 16 18
-1500

-1000

-500

0

500

1000

1500

 
Figure C.22:  AOT concentration series spectrograms with DT-51:  0.9 mM AOT 

Severely sloping profiles, even in the initial scan.  Mobility was not reported. 
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Spectrogram for 2006-02-23 scans [101 102 103 104 105 106 107 108 109 110] has range 96.0 to 193.7 dB. CLim = [80 190].
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Figure C.23:  AOT concentration series spectrograms with DT-51:  0 mM AOT 

 

C.4.2. Surfactant Concentration Series with T805  

Hydrophobic T805 TiO2 showed a negative charge.   

Spectrogram for 2006-02-28 scans [131 132 133 134 135 136 137 138 139 140] has range 86.2 to 169.7 dB. CLim = [80 190].
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Figure C.24:  AOT concentration series spectrograms with T805:  90 mM AOT 
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Spectrogram for 2006-02-28 scans [71 72 73 74 75 76 77 78 79 80] has range 79.3 to 174.8 dB. CLim = [80 190].
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Figure C.25:  AOT concentration series spectrograms with T805:  27 mM AOT 

Applied electric field was 9 V (50 kV/m). 

Spectrogram for 2006-02-28 scans [81 82 83 84 85 86 87 88 89 90] has range 83.9 to 176.5 dB. CLim = [80 190].
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Figure C.26:  AOT concentration series spectrograms with T805:  3 mM AOT 

Applied electric field was 9 V (50 kV/m). 
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Spec trogram for 2006-02-28 scans [111 112 113 114 115 116 117 118 119 120] has range 79.8 to 159.0 dB. CLim = [80 190].
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Figure C.27:  AOT concentration series spectrograms with T805:  0.9 mM AOT 

Severely sloping profiles, even in the initial scan.  Mobility was not reported. 

Spectrogram for 2006-02-28 scans [91 92 93 94 95 96 97 98 99 100] has range 83.0 to 172.4 dB. CLim = [80 190].
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Figure C.28:  AOT concentration series spectrograms with T805:  0 mM AOT 

Applied electric field was 9 V (50 kV/m). 
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