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Abstract

A series of eight sodium sulfonic acid surfactants with differently branched tails

(four double-chain sulfosuccinates and four triple-chain sulfocarballylates) were stud-

ied as charging agents for sterically-stabilized poly(methyl methacrylate) (PMMA)

latexes in dodecane. Tail branching was found to have no significant effect on the elec-

trophoretic mobility of the latexes, but the number of tails was found to influence the

electrophoretic mobility. Triple-chain, sulfocarballylate surfactants were found to be

more effective. Several possible origins of this observation were explored by comparing

sodium dioctylsulfosuccinate (AOT1) and sodium trioctylsulfocarballylate (TC1) us-

ing identical approaches: the inverse micelle size, the propensity for ion dissociation,
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the electrical conductivity, the electrokinetic or ζ potential, and contrast-variation

small-angle neutron scattering. The most likely origin of the increased ability of TC1

to charge PMMA latexes is a larger number of inverse micelles. These experiments

demonstrate a small molecular variation that can be made to influence the ability of

surfactants to charge particles in nonpolar solvents, and modifying molecular structure

is a promising approach to developing more effective charging agents.

Introduction

Although surfactants are well-known as charging agents for particles in nonpolar solvents,

few different types have been used as charge control additives in academic studies.1 The sur-

factants studied so far are completely different molecules, and there have been few attempts

in the literature at making systematic variations.2 Given the importance of charging in non-

aqueous solvents,3 for applications as diverse as petroleum safety,4 printer and photocopier

toners,5 and electrophoretic electronic paper displays,6,7 there is a need for understanding

how the structure of surfactant charging agents can be related to their effectiveness. In this

paper, changes to the hydrophobic (or solvophilic) portion of the surfactant molecule will be

considered.

Studies of water-in-oil microemulsions have shown connections between the structure of

surfactant alkyl tails and their performance. Surfactants with linear chain tails cannot stabi-

lize microemulsions without the addition of a co-surfactant. However, once some branching

is introduced into the surfactant tails (enabling microemulsification of water), there is little

difference between the interfacial behavior of the surfactants.8 The number of surfactant

tails also influences the ability of the surfactants to form microemulsions. Double-chain

surfactants are well-known microemulsifiers.8 Double- and triple-chain surfactants with the

same tails have been be designed to solubilize water in alkanes and supercritical CO2, two

very nonpolar fluids.9,10 However, the single-chain analogue of Aerosol OT (AOT) does not

support water-in-oil microemulsions, and the triple-chain analogue of AOT only stabilizes a
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small amount of water and forms polydisperse or binary structures.11 This demonstrates the

complicated relationship between branching/hydrophobicity and the performance of surfac-

tants in nonpolar solvents.

Changing the number of surfactant tails varies the hydrophobicity and critical packing

parameter (Pc) of the molecules,12 and consequently, their packing at interfaces. Gacek and

Berg recently studied the conductivity and charging ability of nonionic Span surfactants

as a function of their hydrophilic-lipophilic balance (HLB). Higher HLB surfactants give

higher solution conductivities and higher magnitude charges on mineral oxide particles. This

suggests a connection between surfactant structure and particle charge, at least for nonionic

surfactants and mineral oxide particles.13

In this paper, the charging ability of branched surfactants with different numbers of

tails (two or three) has been studied. Only branched-tail surfactants are studied as linear-

tail ionic surfactants do not form water-in-oil microemulsions so are not active in alkane

solvents. Differences are indeed found between the ability of these surfactants to charge

sterically-stabilized poly(methyl methacrylate) (PMMA) latexes. Several origins of the dif-

fering charging abilities of the surfactants are explored. These include molecular properties

(ion dissociation), aggregate properties (inverse micelle size and electrical conductivity), and

latex properties (ζ potential and surfactant-latex interaction). The relationship between

surfactant structure and charging ability has revealed design approaches to producing highly

active charge control additives (CCAs).
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Experimental

Materials

Surfactant charging agents

Sulfosuccinate (AOT headgroup) and sulfocarballylate (TC headgroup) surfactants were syn-

thesized using appropriate branched alcohol precursors. AOT1-d34, AOT4, AOT6, and TC4

were previously synthesized and were used after characterization.10,11,14 Diester and triester

precursors of the remaining surfactants were synthesized using fumaryl chloride (AOT2) or

trans-aconitic acid (TC1, TC1-d51, TC2, and TC6). The esters were then sulfonated to

produce a surfactant. Full details and analytical chemistry are provided in the Supporting

Information.

PMMA latexes

MC1 latexes were a gift from Merck Chemicals Ltd. and have a solvodynamic diameter of

412±5 nm with a polydispersity index (PdI) of 0.07 (Malvern ZetaSizer Nano S90). GS1 and

SF1 latexes were prepared by a classic dispersion polymerization process using the method

described by Antl et al.15 The Z-average solvodynamic diameter of GS1 latexes was 76.1±0.5

nm with a PdI of 0.11 and of SF1 latexes was 666± 24 nm with a PdI of 0.13, measured by

DLS (Malvern ZetaSizer Nano S90).

Methods

Small-angle neutron scattering (SANS).

Neutron scattering measurements were performed at the ISIS Pulsed Neutron Source. On

Sans2d, a simultaneous Q-range of 0.003–0.43 Å−1 was achieved using an instrument set up

with the source-sample and sample-detector distances of L1=L2=8 m and the 1 m2 detector

offset vertically 60 mm and sideways −290 mm.16 On LOQ, data were recorded on a single

4



two-dimensional detector to provide a simultaneous Q-range of 0.008–0.24 Å−1 utilizing

neutrons with 2 ≤ λ ≤ 10 Å.17 The beam diameter was 8 mm. Raw scattering data sets

were corrected for the detector efficiency, sample transmission and background scattering

and converted to scattering cross-sections using the instrument-specific software, Mantid.

These data were placed on an absolute scale (cm−1) using the scattering from a standard

sample (a solid blend of hydrogenous and perdeuterated polystyrene).18 Data have been fit

to models as described in the text using the SasView small-angle scattering software package.

Phase-analysis light scattering (PALS)

Electrophoretic mobilities were measured using a Malvern Zetasizer Nano Z or ZS with a

universal dip cell electrode. The applied field strength used was either 1.0 × 104 V m−1 or

2.0 × 104 V m−1, depending on the electrophoretic mobility of the sample being measured.

The lowest field strength possible was used to avoid any effect of field dependent mobility.19

Six runs of 50 measurements were performed, and the average of these runs was used.

Electrical conductivity

Conductivities in nonpolar solvents were measured using a model 627 conductivity meter

(Scientifica, Princeton, N.J.). The instrument consisted of a stainless steel cup probe that

was fully immersed in the sample.

Computational chemistry

Computational chemistry calculations were performed using Gaussian 09.20 Geometry op-

timization was performed initially using DFT at the B3LYP/6-31+G(d) level of theory.

As ions were being studied, it was important to include diffuse functions in the basis set.

Molecular energies were calculated using DFT at the B3LYP/6-31+G(d) level of theory, and

zero-point vibrational energies were also calculated using B3LYP/6-31+G(d). The vibra-

tional energies were scaled according to literature.21 Izgorodina et al. showed that DFT at
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the B3LYP/6-31+G(d) level of theory was appropriate for the calculation of proton affini-

ties.22

Results

The sodium alkyl sulfate/sulfonate family of surfactants was chosen as a design motif. Within

this surfactant type, it is simple to make small molecular variations to go from one chain to

four chains, as shown in Table 1. Increasing the number of chains raises the value of the criti-

cal packing parameter Pc (also shown in Table 1); this influences the shapes of the aggregates

the surfactants form.12,23 The single-chain surfactant (sodium 2-ethylhexylsulfate, SC1) and

the double-chain surfactant (sodium di-2-ethylhexylsulfosuccinate, AOT1) are commercially

available. The triple-chain surfactant (sodium tri-2-ethylhexylsulfocarballylate, TC1)11,24

and the quadruple-chain surfactant (sodium N,N ′-dioctyl-N,N ′-di-2-ethylhexyl-2-sulfosuc-

cinamide, QC1)25 have been reported in the literature. These surfactants have differing

solubility in aliphatic organic solvents. AOT1 and TC1 are known to be highly soluble. SC1

is insoluble.11 QC1 is only sparingly soluble (< 10 mM) in heptane and isooctane.25 Given

the solubilities of the surfactants, only the double-chain and triple-chain surfactants were

explored further.

Four branched tails were studied in both double-chain and triple-chain forms, shown

in Table 2. The synthesis of the surfactants is outlined in Scheme 1. The tail groups were

chosen to cover a range of degrees of branching, described by an empirical “branching factor”

devised by Nave.29 It accounts for both the length and the position of the branch.

In total, eight surfactants have been studied as charge control additives, two sets with

the four tail groups shown in Table 2. Four are double-chain, equivalently sulfosuccinate,

surfactants. As a group, they will be referred to as “AOTx” surfactants, given that they have

the same general structure as commercial sodium di-2-ethylhexylsulfosuccinate or AOT. Four

are triple-chain, equivalently sulfocarballylate, surfactants. As a group, they will be referred
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Table 1: Alkyl sulfates and sulfonates with different chain numbers.

Surfactant Pc
a Molecular structure

Sodium 2-ethylhexylsulfate (SC1) 0.55 O

NaO3S

Sodium di-2-ethylhexylsulfosuccinate (AOT1) 0.71

O

O

NaO3S

O

O

Sodium tri-2-ethylhexylsulfocarballylate (TC1) 1.5

O

O

O

O

O O

NaO3S

Sodium N,N ′-dioctyl-N,N ′-

N

N

O

O

NaO3S

di-2-ethylhexyl-2-sulfosuccinamide (QC1) > 1.8
a Pc = v/(a0lc). v and lc calculated according to literature.26,27 a0 for AOT1 taken from
literature,27,28 SC1 and TC1 extrapolated from literature on SC4 and TC4,10 QC1 set to

value for TC1.

Table 2: Structure and branching factor of surfactant tails.

Tail Number Branching factor Molecular structure

1 1.6 O

2 2.4 O

4 1.3 O

6 1.3 O
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Scheme 1: Synthesis of sodium dialkylsulfosuccinate and trialkylsuflocarballylate surfactants.
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to as “TCx” surfactants, as they are “triple-chain” surfactants. This is the convention used

for these types of surfactant molecules.8,28

AOTx and TCx surfactants

Electrophoretic mobility

The electrophoretic mobilities (µ) of PMMA latexes (MC1) charged by AOTx and TCx sur-

factants were measured using PALS. The volume fraction of particles was fixed (φ = 5×10−4),

and the surfactant concentration was varied from 3–100 mM. The reduced electrophoretic

mobilities (µ/µ0, where µ0 = e/6πηλB and λB = e2/4πε0εrkBT , the Bjerrum length30) are

shown rather than the raw experimental mobilities to normalize for the difference in solution

viscosity, which is greater due to the presence of “hard sphere” surfactant inverse micelles.

The relative viscosities for the solutions (ηr) have been calculated using the Einstein rela-

tionship (ηr = 1 + 2.5 · φ),31,32 which has been shown to be appropriate for AOT solutions

in dodecane.33

The reduced mobilities for AOTx and TCx charged latexes are shown in Figure 1. The

many sets of data from all the surfactants overlap, making the difference between sulfosucci-

nates and sulfocarballylates hard to see clearly. The shaded areas show the average mobilities

for the two types of surfactants, and the filled areas indicate ±1 standard deviation of the

mean. Many measurements are shown (variations in concentration and surfactant tail), but

there is only a weak effect of tail branching (charging decreases with increasing branching).

There is no surfactant tail structure that is unequivocally the most effective at all concen-

trations. Therefore, changing tail branching does not seem a viable method to influence the

charge of latexes.

From the shaded regions shown in Figure 1, it is apparent that TCx surfactants are more

effective charge control additives than AOTx surfactants. At the highest concentrations,

the data overlap within the error bars, although the mean µ/µ0 for TCx surfactants is

still greater than the mean µ/µ0 for AOTx surfactants. As the surfactant concentration is
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AOT6

TC1
TC2
TC4
TC6

Sulfosuccinates

Sulfocarballylates
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Figure 1: Reduced electrophoretic mobilities (µ/µ0) of PMMA latexes (MC1, φ = 5× 10−4)
charged by AOTx and TCx surfactants. Two shaded regions are shown, representing the
average value of µ/µ0 for each type of surfactant (maroon - AOTx or sulfosuccinates, green
- TCx or sulfocarballylates) and filled in over ±1 standard deviation. On average, the TCx
surfactants are more effective charge control additives than the AOTx surfactants.

decreased, the magnitudes of the mobilities of TCx charged latexes increase more rapidly

than for the AOTx charged latexes. TCx surfactants are clearly, on average, better charge

control additives than AOTx surfactants. The origin of this increased effectiveness is not

immediately clear, given the complexity of the system. Understanding the mechanism of

increased charging ability would enable the production of more effective CCAs.

One possibility is inverse micelle (ion) size. The low relative permittivity of alkane sol-

vents results in a correspondingly long Bjerrum length (λB). The Bjerrum length represents

the distance that two ions would need to be separated to ensure complete dissociation in

a solvent. For dodecane, λB is 28 nm, and while this is much larger than the size of an

AOT inverse micelle (r ≈ 2 nm),34 the larger the inverse micelle counterion, the more likely

particle charging would be. The size of inverse micelles can be measured using small-angle

neutron scattering (SANS).
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Small-angle neutron scattering Inverse micelle size

The size of inverse micelles of all AOTx and TCx surfactants at a concentration of 10 mM

in dodecane-d26. The raw data and fits are shown in the Supporting Information. The

SANS curves are all qualitatively similar and can be fit to an ideal spherical form factor.35

Therefore, all AOTx and TCx surfactants form small, spherical inverse micelles in dodecane.

There is little difference in the size of the inverse micelles, and there are no significant

differences between inverse micelles formed by corresponding AOTx and TCx surfactants

within a standard error for SANS fitting (±1 Å). The TCx inverse micelles are slightly

smaller than the AOTx micelles (by 3–18%), but this is not significant. Therefore, the size

of inverse micelle counterions cannot explain the increased mobility of latexes charged by

these surfactants.

Other possible explanations for the enhanced charging ability of TCx surfactants need

to be explored. To simplify this analysis, only one pair of surfactants, AOT1 and TC1,

will be considered further. This pair of surfactants was chosen for several reasons. AOT1

has been well-studied as both an electrolyte and as a CCA.1 Additionally, the availability

of deuterium-labeled 2-ethyl-1-hexanol-d17 enables the synthesis of surfactants that can be

used to obtain contrast in contrast variation-SANS (CV-SANS) experiments.14,36

AOT1 and TC1 surfactants

The reduced mobilities (µ/µ0) of PMMA latexes charged by AOT1 and TC1 were shown

in Figure 1. TC1 is a more effective charging additive at all concentrations than is AOT1.

Double-chain AOT1 has been studied extensively as a charging agent for PMMA latexes

in the literature,14,36–46 but the triple-chain analogue TC1 has not been used as a charging

agent previously. The two surfactants were explored using the same range of techniques to

determine what controls their charging ability.

There are several possible reasons that TC1 surfactant could be a more effective charge

control additive than AOT1. The ones explored in this paper are listed below. the inverse
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micelle size, the degree of ion dissociation, the electrical conductivity, the electrokinetic (ζ)

potential, and surfactant incorporation/absorption.

• Inverse micelle size

• Ion dissociation

• Electrical conductivity

• Electrokinetic (ζ) potential

• Surfactant incorporation/absorption

Some relate to the inverse micelles, such as their size, dissociation, or conductivity, which

can influence the mobility of the latexes as the inverse micelles act as counterions in the

preferential adsorption mechanism.1 Others relate to the particles, such as the ζ potential

or penetration by surfactant.

Inverse micelle size

SANS measurements were performed on solutions of AOT1 and TC1 surfactants in dodecane-

d26 as a function of concentration, and the results are shown in in Figure 2. Even at the

lowest concentrations, these samples are well above the CMC for inverse micelle formation

in alkanes.47

The SANS curves have been fit to an ideal spherical form factor.35 The fit parameters are

shown in Supporting Information. The fit values of the scale are consistent with the volume

fractions from sample preparation, and the sizes of the inverse micelles of each surfactant

at all concentrations are essentially the same. This agrees with the high-resolution SANS

measurements used to measure CMCs for inverse micelle formation in cyclohexane.47 The

mean sizes of AOT1 and TC1 inverse micelles are slightly different. AOT1 inverse micelles

on average have a radius of ∼ 16 Å, and TC1 inverse micelles on average have a radius of
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AOT1 (97 mM)
AOT1 (35 mM)
AOT1 (10 mM)

TC1 (102 mM)
TC1 (32 mM)
TC1 (12 mM)

I(Q
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0.01
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Q / Å-1
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Figure 2: SANS of AOT1 and TC1 solutions in dodecane-d26 as a function of concentration.
The SANS curves are all qualitatively similar, and they can be fit to a spherical form factor
with no dispersity. The mean size of the AOT1 inverse micelles (r ≈ 16.0 Å) is slightly larger
than the mean size of the TC1 inverse micelles (r ≈ 14.6 Å).

∼ 15 Å. This difference is small and insignificant in comparison to the Bjerrum length of

dodecane (λB = 28 nm).

The difference in both the surfactant molecular volumes (TC1 greater than AOT1) and

the inverse micelle radii (AOT1 greater than TC1) has an effect on the properties of the

aggregates. In addition to the SANS fitting parameters, the aggregation number of the sur-

factant (nagg) and the number concentration of inverse micelles (ni) were calculated. The

aggregation number (nagg) is determined by dividing the inverse micelle volume by the molec-

ular volume (determined from the density and the molar mass; 653 Å3 for AOT1 and 903

Å3 for TC1). TC1 is assumed to have the same density as AOT1 for this calculation. Values

of nagg for AOT1 are consistent with those determined from other SANS measurements in

alkanes.47 nagg for TC1 (∼ 15) is much less, nearly half, than that of AOT1 (∼ 26). This is

expected given the larger molecular volume of TC1; the additional tail in TC1 means that

it can cover the polar core with fewer surfactant molecules. The shape and approximate

size of the inverse micelles are fixed due the curvature of the interface, and the larger TC1

surfactant can meet these requirements with fewer molecules. The number concentration
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(nIM) is determined by dividing the surfactant volume fraction by the volume of a single

inverse micelle. nIM of TC1 at each surfactant concentration is nearly twice that of AOT1.

This is due the larger mass of TC1 in equimolar samples (due to its larger molar mass) as

well as the smaller inverse micelle size.

The increased number concentration of inverse micelles is a possible origin of the increased

charging ability of TC1 over AOT1. The ratio of the size of AOT1 and TC1 inverse micelles

to λB is essentially the same, so energetically there should be little difference in the ability of

the inverse micelles to stabilize charge. The number concentration of TC1 inverse micelles,

however, is greater than of AOT1 inverse micelles. With a much larger number of counterions,

dissociation of ions from the particles should be greater.

Ion dissociation Proton affinity

The propensity for ion dissociation has an influence on both the conductivity of solutions and

the charge of particles. Increased surfactant dissociation would result in a higher fraction

of inverse micelles being charged and would encourage the dissociation of Na+ cations from

latexes, resulting in a greater charge. Ion dissociation was studied by comparing the proton

affinities for the two surfactants in their acid form. The proton affinity (EPA) is defined as

the negative energy change of the reaction between a proton and a chemical species, shown

below.48

A− + H3O
+ 
 AH + H2O (1)

The energies of the species studied were a sum of the electronic energy and the zero-point

vibrational energy. DFT calculations were used to calculate the proton affinities for analogues

of the two surfactants. Izgorodina et al. have shown that computational chemistry calculated

proton affinities provide a useful scale for determining the delocalization of charge.22

Due to the large number of constituent atoms, performing computational chemistry calcu-

lations on surfactant molecules is computationally challenging. Therefore, it was preferable

to compare the EPA of the simplest possible analogues of the AOT1 and TC1 surfactants,
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those with a methyl group as the tail. Using the convention for straight-chain surfactants,8,28

the surfactants are referred to as di-C1SS (AOT1 analogue) and tri-C1SC (TC1 analogue).

EPA was calculated for AOT1 to compare to di-C1SS to see if this approximation was ac-

ceptable.

The values of EPA for AOT1 (604.2 kJ mol−1) and di-C1SS (605.6 kJ mol−1) compare

favorably, and they are equal within chemical accuracy (1 kcal mol−1 ≡ 4.184 kJ mol−1).22

EPA for tri-C1SC (599.8 kJ mol−1) is slightly smaller than for di-C1SS, above this threshold

for chemical accuracy. However, the difference is small, and this seems unlikely to be the

origin of the enhanced charging ability of TC1 surfactant.

Electrical conductivity

The electrical conductivity of electrolyte solutions is related to the dissociation of surfactant

ions, but it also depends on properties of the inverse micelles. Their size, the aggregation

number, and the Coulomb energy required to charge them will all influence the conductivity.

Electrical conductivity measurements can serve as an indicator of ion dissociation. However,

they also enable determination the strength of ion screening and the thickness of the double

layer (the Debye length, κ−1). The relationship between the ζ potential of a charged particle

and its electrophoretic mobility depends on the magnitude of κr.

The conductivity of surfactant solutions is a summation of all ionized species in solution

(surfactant monomers and surfactant inverse micelles). However, CMCs for inverse micelle

formation in organic solvents are very low (∼ 0.1 mM for AOT1 in cyclohexane or dode-

cane).47 Therefore, the concentration of monomers is less than the concentration of inverse

micelles, and inverse micelles will be the primary charge carriers. Previous measurements of

the conductivity of AOT in alkane solvents show that this assumption is appropriate. The

conductivity of AOT monomers is several orders of magnitude lower than that of inverse

micelles and can be excluded at concentrations above ∼ 0.1 mM.36,42,49 The fraction of ion-

ized inverse micelles (χ) can be calculated using Eicke’s fluctuation theory for water-in-oil
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microemulsions,50 and the product of the conductivity and viscosity (ση) is proportional to

the volume fraction (φ).40

The conductivities of AOT1 and TC1 solutions were measured at concentrations from

1–100 mM (� CMC), and the results are shown in Figure 3. The conductivity of TC1

solutions are found to be lower than equimolar AOT1 solutions. The data in Figure 3

have been fit using fluctuation theory to determine the fraction of ionized inverse micelles.

The radii and aggregation numbers used for the calculation were an average of the values

at all concentrations. The fit values of χ were found to be (1.3 ± 0.2) × 10−5 for AOT1

and (3.9 ± 0.5) × 10−6 for TC1. For reference, literature values for AOT1 in alkanes are

∼ 10−5.36,37,40,49 This scales with the measured conductivity, as TC1 is less likely to dissociate

than AOT1 and thus the conductivity is lower.

AOT1
TC1

ση
 / 

(S
 P

a 
s 

m
-1

)

0

5

10

15

20

25

30

φ
10−3 10−2

Figure 3: Conductivity of AOT1 and TC1 solutions in dodecane. From the slope of a plot
of ση as a function of φ, it is possible to determine the fraction of ionized inverse micelles
(χ). The value of χ is (1.3± 0.2)× 10−5 for AOT1 and χ is (3.9± 0.5)× 10−6 for TC1. Both
the conductivity and degree of ionization of AOT1 are greater than for TC1.

The conductivity results can be understood by considering the properties of the surfac-

tants discussed in the previous two sections. The values of EPA for the two surfactants are

effectively equal, and therefore, the likelihood of charge dissociation for an individual surfac-

tant molecule is approximately the same. However, the values of nagg for the two surfactants
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are very different, with more AOT1 molecules in an inverse micelle. Therefore, an AOT1

inverse micelle contains more species with the potential to dissociate, leading to a larger

number of charge carriers and a higher conductivity.

Latex Electrokinetic or ζ potential

The normalized electrophoretic mobilities (µ/µ0) of MC1 latexes charged by all AOTx and

TCx surfactants were shown in Figure 1. Having measured the conductivities of AOT1 and

TC1 solutions, the Debye lengths (κ−1) for these surfactant solutions are known, and it is

possible to convert µ into ζ potentials. Three latexes of different sizes were studied at a

volume fraction φ = 5× 10−4 as a function of surfactant concentration. The value of r used

for the calculations is the polymer core radius: the solvodynamic radius with the thickness

of the PHSA steric layer (10 nm)51 subtracted.

Two methods were used to determine the ζ potential of the particles. For the larger

latexes (MC1 and SF1), the magnitude of the ζ potentials are great enough (> 50 mV)

that the Henry equation underestimates the potential, and the O’Brien and White method

needs to be used.52,53 For the smaller latex (GS1), the magnitude of the ζ potential is lower,

consistent with literature on small particles,2,36 but the number concentration of particles

is great and double layers begin to overlap. The Henry equation does not account for this,

and Ohshima’s expression accounting for overlapping double layers is used.54 The calculated

potentials for the three latexes are shown in Figure 4.

Unlike the magnitude of the electrophoretic mobility, which increases with decreasing

surfactant concentration, the ζ potential is independent of concentration. Depending on

the latex, the magnitude of the ζ potential is 25–60% greater for TC1 than AOT1. In

fact, the low conductivity of TC1 means that the differences in the particle charge are

actually underestimated by considering the electrophoretic mobility; the ζ potentials of TC1

charged latexes are much greater than those of AOT1 charged latexes. A consideration of

ζ potentials, therefore, does not provide a possible explanation for the enhanced charging
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Figure 4: ζ potentials of SF1, MC1, and GS1 latexes charged by AOT1 and TC1 in dode-
cane as a function of concentration measured by PALS. The particle concentration (φ) for
PALS measurements was kept constant at 5 × 10−4. PALS mobilities were converted into
ζ using either the O’Brien and White method (SF1 and MC1)53 or Ohshima’s expression
for concentrated dispersions (GS1). The average value for each set is shown, as the latexes
are assumed to have a constant potential independent of concentration.36,40,42 For all parti-
cles, TC1 (dot-dash lines) introduces a larger magnitude potential than AOT1 (dash lines),
consistent with the comparison of the electrophoretic mobilities alone.

ability of TCx surfactants. However, it does show that latexes are more highly charged

by TCx surfactants than by AOTx surfactants and that the effective charge appears to

be independent of surfactant concentration. This is because both methods used to the

conversion from µ to ζ accounts for differences in the ionic background. The increased

electrophoretic mobility at low surfactant concentrations (Figure 1) is not due to an increased

effective charge on the particle but, rather, is due to the increased Debye layer thickness.

CV-SANS Surfactant partitioning

The interaction of surfactants with PMMA latexes was studied using CV-SANS with deu-

terium-labeled surfactants. This approach has previously been used to study the interaction

of PMMA latexes and AOT-d34,
14,36,46 but the interaction of latexes with a new charging

agent can now be studied as a result of the synthesis a new deuterium-labeled surfactant

(TC1-d31).
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Due to the requirements of SANS measurements, small GS1 PMMA latexes (r = 38 Å)

have been used at a greater volume fraction (φ = 0.02) than used for PALS measurements.

The electrokinetic properties of the GS1 particles have been measured for AOT1 and TC1

charged latexes in∼ 100 mM surfactant solutions. The latexes are slightly negatively charged

by both surfactants (AOT1—µ/µ0 = −0.19 ± 0.14, ζ = −32 ± 24 mV, Z = −1.2 ± 0.9e;

TC1—µ/µ0 = −0.12 ± 0.23, ζ = −34 ± 66 mV, Z = −1.3 ± 2.5e), although the error for

the TC1 charged latex is greater than the magnitude of the potential. The resolution of the

charge of these latexes is low because the electrophoretic mobility of concentrated dispersions

of small particles is retarded due to the double layer overlap.54 However, it is reasonable to

assume that the particles have a slight negative charge in agreement with literature.36–38,40

Latex only SANS. Latex scattering. As the latexes are composite particles consisting

of multiple monomers and other species,15 the scattering length density (ρ) of the latexes

should be determined experimentally rather than computationally (shown in Supporting

Information). The GS1 latexes are found to have a SLD of ρ = 1.1 × 10−6 Å−2. This is

essentially the same as for the DG1 latexes used by Smith et al. (ρ = 1.0× 10−6 Å−2)14 but

is greater than the RK2 latexes used by Kemp et al. (ρ = 0.11× 10−6 Å−2). The amount

of residual scattering of GS1 latexes was found to be negligible, and the small amount of

scattering can be attributed to a small contribution from the PHSA polymer.55 The residual

scattering curve was fit to a core-shell model with scattering arising from the latex shell and

then subtracted from all CV-SANS curves.

Latex and AOT1-d34 and TC1-d51 CV-SANS. AOT1-d34 and TC1-d51 scattering.

The interaction of AOT with charged particles in nonpolar solvents is often described as

the adsorption of inverse micelles or hemimicelles.56–59 CV-SANS studies of the interaction

of AOT with PMMA latexes have shown that the surfactant interacts with the particles

without a preferential morphology rather than as inverse micellar aggregates.14,36,46 Smith

et al. showed that a shell-scattering model was found to poorly agree with the CV-SANS of
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AOT-d34 with on DG1 latexes,14 and this is also the case for GS1 latexes with AOT1-d34

and TC1-d51 (shown in Supporting Information). The extensive CV-SANS experiments pre-

sented in that study showed that the surfactant can be considered to be located throughout

the entire latex.14 In this model, the interaction of surfactants with the PMMA latexes is

not the typical “adsorption” used to describe surface interactions and should be thought

of as “absorption” into the PMMA cores.46 This is the only model that can be used to

successfully model the CV-SANS data. Consequently, the interaction of surfactants with

the PMMA cores is more significant than the interaction of AOT with the PHSA shells.

The same model is used to fit the data in this study; the In this study, the total scattering

is modeled as a sum of small inverse micelle spheres (∼ 20 Å) and large absorbed surfactant-

in-latex core-shell spheres (∼ 300 Å). Unlike in the previous study, the radius of the latex

core is allowed to vary to obtain the best fit to the data, but this difference is less than the

thickness of the stabilizer shell. This difference is not inconsistent with the previous study.

The data cannot be fit if the surfactant is assumed to locate only in the stabilizer shell; it

must be distributed throughout the whole of the latex.

The CV-SANS curves of AOT1-d34 and TC1-d51 surfactants with GS1 latexes (φ =

0.02) in CM-dodecane are shown in Figures 5. Only samples with ∼ 100 or ∼ 32 mM

concentrations of surfactant show detectable scattering above the inverse micellar background

and the residual latex scattering; the most dilute solutions do not show scattering above the

backgrounds. The amount of surfactant absorbed into the latexes is known to vary with

solution concentration,14 and these measurements are consistent with that observation. The

three surfactant concentrations studied are logarithmically spaced, and the intensity of the

scattering curves are evenly spaced on log-log axes. This shows that the amount of surfactant

located both in inverse micelles and in the latexes scales with the total concentration of

surfactant.

The fit inverse micelle radii from these CV-SANS measurements are slightly greater

than the measurements performed on unlabeled surfactant in dodecane-d26, consistent with
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Figure 5: CV-SANS of AOT1-d34 (5a) and TC1-d51 (5b) with GS1 latexes (φ = 0.02) in CM-
dodecane at three surfactant concentrations. The curves are fit as a sum of inverse micelle
spheres and absorbed surfactant-in-latex core-shell spheres, which is a good description of
the curves across the whole Q-range. The scattering at low-Q from absorbed TC1-d51 is
greater than AOT1-d34.
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literature, where the inverse micelles from the fit CV-SANS data were found to be larger than

from unlabelled surfactant.14 The differences in size are slight (a few Å), and the analytical

chemistry agrees with the predicted structure. The difference is likely due to the reduced

contrast that comes from using deuterium-labeled surfactants in CM-solvent (I(Q) ∝ ∆ρ2).

Variation of the core radius was not necessary to model previous data,14 but it is required

to fit the CV-SANS of GS1 latexes in this study, although the difference from expected size is

slight. In the CV-SANS measurements on GS1 latexes in Figure 5, the PMMA latexes were

completely contrast matched, and only the structure of the deuterium-labeled surfactant

could be determined. SAXS measurements were also performed on AOT1 containing latexes

(shown in Supporting Information), and these data are sensitive to the particle core only

and insensitive to the surfactant or polymer stabilizer. The radii of latexes both with and

without AOT1 are essentially the same, demonstrating that the presence of the surfactant

does not modify the latex significantly and that the differences in the fit size are due to

resolution of data fitting.

Analysis of surfactant Equilibrium partitioning. From the contrast between particle

and solvent (∆ρ), the amount of surfactant present in the latexes can be estimated. From

a simple analysis, there is more deuterium-labeled material in latexes charged by TC1-d51

as ∆ρ is greater than for AOT-d34. However, the SLD of TC1-d51 is also greater than that

of AOT1-d34, as it has more D nuclei per unit volume, so a greater ∆ρ does not necessarily

mean that a greater number of surfactant molecules are incorporated.

More complex analysis can be performed by using the CV-SANS results to determine

the partitioning of surfactant from the inverse micelles to the latexes. The magnitude of

∆ρ can be used to estimate the volume fraction of surfactant absorbed in the particles

(∆ρ/ρsurfactant), and the total volume fraction of surfactant in the particles is the product

of the particle volume fraction and this value (φb = φGS1 · ∆ρ/ρsurfactant). It is possible to

convert this to the number concentration of surfactant molecules in the latex (ni) using the
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molecular volume of the surfactants. The volume fraction of surfactant present as inverse

micelles (φIM) is equal to the fit scale factor.

Using the values of φb and φIM , it is possible to estimate the equilibrium constant Kb

between surfactant in the inverse micellar and bound phases, shown in Equations 2 and 3,

using the law of mass action. The surfactant concentrations are much greater than the CMC

for inverse micelle formation,47 and the total amount of surfactant is assumed to be a sum

of two populations ([Surfactant]IM and [Surfactant]b).

[Surfactant]IM � [Surfactant]b (2)

Kb =
[Surfactant]b

[Surfactant]IM
(3)

From the values of Kb, it is possible to estimate the free energy change of surfactant adsorbing

into the latexes (∆Gb) from the relationship, ∆G = −RT ln (K). The values of φIM , φb, Kb,

and ∆Gb are shown in Table 3. Data for the most dilute surfactant solutions are not shown;

using the value for Kb, the ∆ρ for these systems was calculated to be 0.02×10−6 Å−2, below

instrumental resolution. While the amount of absorbed surfactant is different at different

concentrations, the value of Kb and ∆Gb is identical.

Table 3: Partitioning of AOT1-d34 and TC1-d51 into GS1 latexes (φb, Kb, and ∆Gb) from
CV-SANS measurements.

[AOT1-d34] / mM φIM/10−2 φb / 10−3 ni / (1024 m−3) Kb ∆Gb / RT

98 1.98 1.18 1.80 0.0593 3.02
33 0.622 0.366 0.560 0.0588 3.02

[TC1-d34] / mM φIM/10−2 φb / 10−3 ni / (1024 m−3) Kb ∆Gb / RT

94 3.39 1.436 1.58 0.0421 3.39
33 1.31 0.544 0.603 0.0417 3.38

An examination of the equilibrium partitioning of surfactant shows that the system is

more complex than a simple consideration of ∆ρ would suggest. The contrast between the
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deuterium-labeled material located in the GS1 latexes is greater for TC1-d51 than AOT1-d34.

The free energy of transferring surfactant from inverse micelles to particles, however, is very

similar for the two charging agents. In fact, the difference between the two would suggest

that more AOT1-d34 partitions into the latexes than TC1-d51, which is not consistent with

TC1 being the more effective charging agent.

Discussion

Several possible origins of the difference in charging ability of AOT1 and TC1 surfactants

were proposed. This included differences in the surfactant molecules (ion dissociation), the

surfactant aggregates in solution (inverse micelle size or conductivity), or the surfactant

incorporated into the latexes (ζ potential or amount of surfactant absorbed).

The degree of ion dissociation and inverse micelle radius are essentially the same for

AOT1 and TC1 so cannot be the origin of the differing charging ability. The electrical

conductivities of TC1 solutions are also less than of AOT1 solutions, which shows that TC1

is not more likely to charge dissociate. The amount of surfactant incorporated into the

particles as well as the free energy of this equilibrium (measured by CV-SANS) are similar

for the two surfactants.

The main differences between the two surfactants are related to the inverse micelles.

This is not the sizes of the aggregates, which are effectively the same on the scale of λB.

Rather, the aggregation number of TC1 is lower, and consequently, there are a much larger

number concentration of inverse micelles. This results in more counterions to solubilize any

disproportionated Na+ cations from the latexes, resulting in a larger effective charge.

As few systematic studies have been performed on varying the structure of surfactants

as charge control agents, there are few similar reports to compare this too. However, Parent

et al. have performed one of the few studies of the relationship between molecular variation

and particle charge, and they studied modifications in the head group of polyisobutylene
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succinimide analogues. They found that the charge of pigment particles was inversely pro-

portional to the number of charged micelles in solution.60 Despite these two studies being

on completely different systems, the results suggest the same relationship between surfac-

tant structure and properties. The more effective a surfactant is as an electrolyte, the less

effective it seems to be as a charge control additive.

Conclusions

Systematic variations have been made to the alkyl tails of AOT analogues to explore if

changes in molecular structure have an effect on the electrophoretic mobility and charge of

PMMA latexes. These variations are more subtle than have been attempted in the past

where the differences have been comparing acidic or basic surfactants or comparing nonionic

and anionic surfactants.1

Modifying the tail branching does not seem to have any effect on the particle charge.

Varying the number of surfactant tails (from two to three) does seem to influence the particle

charge, increasing both the electrophoretic mobility and the ζ potential. Changing the

number of surfactant tails changes the packing and hydrophobicity of the surfactant; a

relationship between surfactant structure and particle charge has also recently been seen

with nonionic surfactant charge control additives for mineral oxides.13

The most likely origin of the increased charging ability of TCx surfactants compared to

AOTx surfactants is that they form a larger number of inverse micelles. This is interesting

because the same property of TC1 that makes it a poor microemulsifier (high film curvature

leading to a large number of small droplets)11 seems to be the same property that makes it

a more effective charge control additive.

These results suggest that a successful strategy for developing effective charge control

additives is to produce molecules that strongly interact with particles, that produce a large

number concentration of inverse micelles, and that do not result in greater electrical con-
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ductivities, but these criteria may be difficult to balance in practice. Comparing TC1 and

AOT1 as charge control additives has shown that simple molecular variations do have an

effect on the electrophoretic mobility and electrokinetic potential of particles, and this is an

avenue that warrants further research.
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Sulfosuccinate (double chain) and Sulfocarballylate (triple chain) surfactants

Sulfocarballylates 
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More inverse micelles
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