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Preface

In recent years, colloidal systems have taken a turn toward micro- and nanoscale from the
conventional macroemulsions. Microemulsions cover a large area of investigative research.
The smaller size of the droplets and the transparency of the emulsion contribute to increased
interest in applications of these emulsions. The introductory chapter takes a broad overview
of the many uses of microemulsions and the vast areas in which they are applicable. From
applications ranging from coating and textile finishes to lubricants and drug delivery vehi-
cles, their versatility in industrial applications is unmatched.

In the second section of the book, some practical applications limited to the use of microe-
mulsions for delivery of bioactive components, for industrial carbonate reservoir stimula-
tion, and for preparation of nanocatalysts are presented. Recently, microemulsions have
been shown to display better delivery properties compared to macroemulsions in the area of
drug delivery. Several bioactive compounds have therefore been investigated for the pur-
pose of faster drug delivery and rapid penetration of topical formulations. The main advant-
age of an emulsion is its ability to create a path to transport drugs through membrane
barriers and incorporate drugs into inert lipid vehicles. These microemulsions have inherent
characteristics of improving drug solubility, long shelf life, and cost-effectiveness. Their abil-
ity to accommodate both hydrophilic and hydrophobic drugs has resulted in improved solu-
bility and thermodynamic stability, which is a dominant advantage. Thus, microemulsion
dermal products may be a common medium for administering various herbal extracts and
plant oils. To this, Ochiuz and Hortolomei have studied the use of avocado oil as the oil
phase, making a change from the traditional use of oils such as olive oil for skin formula-
tions. They have taken advantage of the beneficial properties of avocado oil on the human
skin as the basis for its use in their formulation. Erythromycin has been used as the drug to
be delivered by the avocado oil system and has successfully characterized and optimized
the system for efficient delivery.

A novel application for stimulating carbonate reservoirs is presented by Fredd et al. Gener-
ally, carbonate reservoirs trapping oil hydrocarbons are treated by hydrochloric acid, high-
pressure methods, or injection of saline water to fracture and form fissures to release the
trapped oil. The use of microemulsions prepared with HCl as the dispersed phase is shown
to reduce the effective diffusivity, which can increase the depth of stimulation unlike the
rapid reaction of HCl with the carbonate, which reduces the depth of stimulation. Therefore,
better recovery is possible with the help of microemulsions.

In the third application, Hussain and Batool have employed microemulsions to prepare
nanostructured catalysts. MACROBUTTON NoMacro Nanocatalysts with specific shapes,
morphology, surface area, size, geometry, and homogeneity can be fabricated with the for-
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mation of microemulsions. The size of the nanoparticles can be controlled by several physi-
cal parameters leading to the formation of highly monodispersed metal nanoaggregates.
Metals such as Au, Pd, Rh, etc. and materials such as silica, alumina, and metal oxides may
be prepared by microemulsion techniques to function as nanocatalysts in a wide range of
applications.

The morphology of a microemulsion depends on the droplet size and nature of the phases
used for emulsion formation. The behavior of the droplets in the system is subject to ther-
modynamics of self-assembly, the interfacial tension, self-propelled motion, and other phys-
ical attractions. Therefore, Section 3 of this volume is devoted to the theoretical and physical
parameters predicting microemulsion properties. Tarasov and Forbes have used spin-polar-
ized paramagnetic probes to investigate the molecular mobility of microemulsions. Time-re-
solved electron paramagnetic resonance (TREPR) spectroscopy has enabled them to study
liquid-phase inhomogeneity of spin-correlated radical pairs (SCRPs) and thereby quantitate
molecular mobility. L. M. Bergstrom looks at the bending energetics of microemulsions us-
ing three bending elasticity constants, namely, spontaneous curvature (H,), bending rigidity
(k.), and saddle-splay constant ( QUOTE ). His model relates microemulsion droplet size
with polydispersity, interfacial tension, and solubilization capacity.

Since emulsions are dynamic systems, the motion of the oil droplets in the surfactant solu-
tion requires understanding. Banno, Toyota, and Asakura studied the transfer of surfactant
through the water-oil interface, which results in self-propelled motion of the droplets. By
observing the movements using various microscopes, they have tried to unravel the mecha-
nism so that more stable emulsion systems could be developed. The final chapter by Mejuto
et al. describes the use of artificial neural networks for predicting how AOT-based microe-
mulsions are influenced by amphiphiles. The predictions have been obtained using models
of varying composition. These studies have shown that the physicochemical variables may
be identified through prediction models.

Microemulsions may be considered as a novel medium for a variety of applications. There-
fore, understanding the theory behind the mechanism is very important for the purpose of
improved and newer applications.

Desiree Nedra Karunaratne
Professor in Chemistry,
University of Peradeniya, Sri Lanka

Geethi Pamunuwa

Department of Horticulture and Landscape Gardening,
Faculty of Agriculture and Plantation Management,
Wayamba University of Sri Lanka, Sri Lanka

Udayana Ranatunga
Department of Chemistry,
University of Peradeniya, Sri Lanka
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Chapter 1

Introductory Chapter: Microemulsions

D. Nedra Karunaratne, Geethi Pamunuwa and
Udayana Ranatunga

Additional information is available at the end of the chapter
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1. Introduction

An emulsion is a dispersion of droplets of one liquid in a second immiscible liquid. The droplets
are termed the dispersed phase, while the second liquid is the continuous phase. To stabilize an
emulsion, a surfactant or co-surfactant is added such that the droplets remain dispersed and do
not separate out as two phases. Depending on the phase, there are two types of microemulsions:
water-in-oil (w/0) and oil-in-water (o/w). As the name implies, water is the dispersed phase in
w/o emulsions, whereas oil is the dispersed phase in o/w emulsions [1, 2]. One of the main
differences between macroemulsions and microemulsions is that the size of the droplets of the
dispersed phase of microemulsions is between 5 and 100 nm, while that of macroemulsions is
>100 nm. Microemulsions are thermodynamically stable systems, whereas macroemulsions are
kinetically stable systems [2]. Also, microemulsions are translucent and of low viscosity, while
macroemulsions are opaque and of relatively high viscosity. Due to these unique properties of
microemulsions, these systems have become indispensible in numerous important fields.

2. Characterization

Microemulsions, at the molecular scale, are a finely balanced system where the energetics of
entropy and surface energies are opposing each other. The entropy of the system is increased
by having a higher number of droplets dispersed, while the surface areas, and correspond-
ingly surface energies are increased with more droplets. Slight changes in the chemical com-
position or conditions can shift this balance and may, therefore, lead to dramatic changes in
the behavior of the system.

The expansion and integration of microemulsions into various applications (see Section 3)
have imbued microemulsions with industrial and commercial importance. To optimize for-
mulations and predictive models, adequate characterization is essential. Because microemul-

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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sions are essentially a subset of the broader class of emulsions, techniques which pertain to
general emulsions also play a part in this regime. However, techniques which are specific to
microemulsions have also emerged.

2.1. Phase behavior

Characterization of microemulsions necessarily begins with the elucidation of the phase
behavior, where, in the most simple form, oil, water, and surfactant are mixed in different
molar ratios, and the formed phases are tracked [3]. A generic phase diagram resulting from
such analysis is shown in Figure 1. In several regions of the phase diagram, single phases
exist in one end where spherical oil droplets are dispersed in water (o/w emulsions) and the
other where spherical water droplets are dispersed in oil (w/o emulsions). Between these two
extremes, depending on the ratio of components, the droplet shapes may change from spherical
to cylindrical, to worm-like micelle, to bicontinuous [4]. Traditionally methods of microscopy,
rheology, conductivity, and nephelometry have been used in the study of microemulsions,
while instrumental techniques such as dynamic light scattering, neutron scattering, X-ray scat-
tering, electron micrography, nuclear magnetic resonance, electron paramagnetic resonance,
and their derivatives are widely used at present. Although detailed treatise of these myriad
techniques is outside of the scope of this chapter; here, we briefly discuss the physical proper-
ties important to characterize microemulsions, and the techniques able to quantify them.

The phase behavior of the system can be characterized by several techniques. Other than
using visual inspection, optical microscopy using polarized light is commonly used [5] to
detect the presence of a singular phase, or the presence of separate phases. Simple electrical
conductivity (EC) measurements can be used to identify whether the oil/water or both phases
are continuous [5, 6]. The EC of a w/o emulsion increases with the addition of water. After the
maximum amount of water that water in oil emulsion can hold is exceeded, the emulsion col-

J £ N =
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A | Crystalline _

Water Surfactant

Figure 1. Example of a ternary phase diagram of oil/water/surfactant system. Here, the formation of oil-in-water (o/w)
emulsions or water-in-oil (w/o0) emulsions is determined by the molar ratio of the components. Adapted from Archarya
etal. [3].
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lapses and the EC decreases. On the other hand, for o/w emulsions, the EC is steady until the
concentration of oil droplets increases and an effectively infinite conductive pathway arises
leading to dramatic increases in measurements [6]. Microscopic techniques such as scanning
electron microscopy (SEM) or transmission electron microscopy (TEM) have adequate resolu-
tion to image individual droplets or the morphology of a larger region. However, dehydration
required for conventional sample preparation can severely affect the native structure [3, 7, 8].

2.2. Droplet size

Apart from the existence of the unitary phase, the size of droplets of the dispersed phase of a
microemulsion is a primary characteristic, since it determines much of the physical behavior and
functionality. Conventionally, the term, ‘microemulsion’ refers to a thermodynamically stable,
isotropic emulsion with a droplet size of 1-100 nm. For macroemulsions, both sound (acoustics,
electroacoustics) and visible light (turbidimetry, nephelometry, laser diffraction) can be used to
characterize the droplet size. However, for emulsions of which the droplet size is less than 1 ,
the intensity of acoustic attenuation and diffuse light scattering decreases with droplet size. This
leads to a useful property that microemulsions are not only transparent but also requires differ-
ent techniques to characterize them.

In the domain of microemulsions, size (and shape) dependant scattering of visible light, X-
Rays, electrons, and neutrons can be interrogated to yield useful information. Dynamic light
scattering (DLS or PCS) is a widely used for characterizing particle size and shape anisotropy
[3]. Here, the measurement is the fluctuation of scattered laser light intensity, which is related
to the Brownian motion of particles (droplets) in the medium. Fitting the autocorrelation of
the scattered light intensity to models of particles in specific media can lead to determining
the diffusion constant, particle size distribution, and in some cases, shape anisotropy [9-11].

In the case of X-rays, because oil and water scatter X-rays to different extents, small angle
X-ray scattering (SAXS) can also be used to obtain the size of the dispersed phase [3, 12].
Neutrons can also be used as the primary beam, and the variation in scattering intensity by
different nuclei gives rise to small-angle neutron scattering (SANS). SANS data give access to
both the droplet size and dynamic properties; however, the relative cost and data collection
time limit the applicability of this technique [3].

Apart from scattering techniques, nuclear magnetic resonance (NMR) and related techniques
are widely used in the characterization of microemulsions [3, 13]. Here, both relaxation [14]
and self-diffusion experiments [15] are used to probe the emulsion systems [13, 16].

2.3. Droplet size distribution

It follows that most techniques which give a measure of the droplet size of microemulsions
will also have access to the size distribution or polydispersity. Scattering techniques such as
DLS, time-averaged light scattering, and SANS can characterize size distribution. However,
due to the confluence of particle size variation and shape anisotropy, analyzing, and deconvo-
luting, these data may not always be straightforward. SANS is particularly versatile and can
characterize the structure, and interactions of colloidal systems with a wide range of interac-
tions as well as differences in orientation and droplets with non-spherical shapes [17].
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2.4. Diffusion constant

Similarly, because most techniques use the motion of aggregates (droplets) to elucidate the
sizes of dispersed droplets, light scattering techniques have access to the diffusion rates as
well. However, it is important to note that fluorescence correlation spectroscopy (FCS) [3]
can be used to measure the diffusion constants (in addition to particle size and size distribu-
tion [18]), particularly useful in dilute solutions and other conditions where light scattering
techniques fail [3]. However, when the droplet sizes of the emulsions become comparable to
the incident beam focus size, the FCS is not reliable leading to the technique being used as a
complementary method to DLS [3].

Nuclear magnetic resonance and derivatives of the technique can be used to measure the self-
diffusion constants of oil, water and the surfactants in microemulsions [3]. Microemulsion
structure is best investigated by NMR relaxation and self-diffusion studies. Bicontinuity in
equilibrium microemulsions can be obtained by self-diffusion studies. NMR relaxation is very
sensitive to the droplet size but is insensitive to interactions allowing accurate droplet size
measurements [13].

2.5. Morphology

Although all of the techniques discussed so far give information about the morphology, elec-
tron microscopy provides a robust method to directly visualize the nanoscale structure and
morphology of microemulsions. For conventional TEM images, a thin (~10>nm) specimen is
required, while for SEM, deposition and fixation on a solid substrate are usually required.
In each of these cases, the sample preparation requires dehydration which, in the case of
microemulsions, can severely affect their native structure [3]. To alleviate this problem, cryo-
electron microscopy (cryo-EM) techniques have been utilized where emulsions are frozen in
their native hydrated states. From this point, preparing samples through freeze-fracture or
freeze-etching [7, 8] can reveal rich and unique insight into the systems.

2.6. Rheology

The rheological properties of microemulsions are often crucial in their application because
they will affect the processability, and kinetics, and stability under various conditions [19].
Microemulsions show varying rheology depending on the phase point. For example, o/w
and w/o microemulsions show Newtonian behavior over a wide range of shears, while the
bicontinuous phase may undergo breakage upon medium shear forces, leading to thinning
[3]. Although the effect of the molecular structure of emulsions has a large impact on the
behavior of microemulsions [20], the characterization techniques are generally the same as
their macroscopic counterparts [21, 22].

3. Applications

The applications of microemulsions are plenteous and span in areas including drug delivery,
cosmetics, food, fuel, lubricants and coatings, detergents, agrochemicals, analytical chemistry,
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nanoparticle synthesis, biotechnology, and chemical reactors [23]. Exhibiting a pseudo bipha-
sic behavior, these systems allow solubilization of highly hydrophilic substances in oil-based
systems and highly hydrophobic substances in water-based systems. Further, ultralow inter-
facial tension, the presence of nanosized droplets of dispersed phase, slow release and protec-
tion of encapsulated material, and the ability to penetrate through biological membranes are
some attributes that make the microemulsions find significant applications in various sectors.
A brief description of the applications of microemulsions in selected fields is given below.

3.1. Pharmaceutics

Emulsions are opaque gels or creams in which a drug is dispersed for topical application.
The effect of the drug released from the gel depends on the permeability of the drug through
the skin barrier. Microemulsions considering the small size of the droplets can serve as better
delivery vehicles thereby improving the drug solubility, penetrability, and shelf life [24]. An
advantage of these systems is their ability to deliver both hydrophobic and hydrophilic drugs
efficiently via o/w or w/o emulsions, respectively [25]. It has been shown that penetrability
of hydrophobic drugs is improved by encasing the drug in a lipid vesicle [26]. Therefore, it is
apparent that the smaller the size of the droplet, the better the delivery of a hydrophobic drug.
Drug diffusion was shown to follow kinetics related to models such as Higuchi model result-
ing in the slow release of the drug [27]. In this case, the permeation was shown to increase
when glycolipids were incorporated into the microemulsion indicating that they could out-
perform macroemulsions in topical drug delivery. Poorly soluble drugs such as cyclosporine
and paclitaxel have shown improved oral bioavailability in microemulsion systems and have
been patented along with other drugs such as ritonavir and saquinavir [28].

3.2. Cosmetics

Cosmetics and cosmeceutics currently utilize microemulsion systems and demonstrate the
enormous potential of using these systems for various products. Skin care products, hair care
products, and perfumes are the main types of microemulsion products available in the market.
The surfactants, co-surfactants, and oils used in cosmetic microemulsions are either natural
or synthetic. The surfactants are either ionic or nonionic [23]. Bioactive agents, including anti-
oxidants and skin whitening agents, have been incorporated in and delivered to the skin via
microemulsion cosmetic products [29, 30]. Interestingly, antioxidant and moisturizing effects
of olive oil, which can be utilized as the main ingredient in microemulsions, increase upon
incorporation in microemulsions thus making such systems apt for cosmetic applications [31].
In addition to delivering nutrients and increasing moisturizing effects, microemulsions have
been identified as promising systems for removing oily make-up cosmetics from the skin [32].

3.3. Food

Numerous attributes of microemulsions render these systems excellent to be used in the food
sector. Among such attributes, their ability to protect, slowly release, and enhance the activity
of the encapsulated material, and the possibility of formulating microemulsions using edible
substances, stand out. According to a recent study, garlic essential oils encapsulated in water-
based microemulsions have exhibited antimicrobial activity indicating its potential use in the
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food industry [33]. Further, the bioactive compounds—crocin, safranal, and picrocrocin—of
saffron encapsulated in multiple emulsions have shown enhanced slow release properties
and greater stability in gastric conditions [34]. Moreover, microemulsions encapsulating step-
pogenin have shown to be effective in reducing enzymatic browning of apple juice. Co-encap-
sulation of vitamin C with steppogenin greatly enhances this antibrowning effect [35]. The
number of studies on applications of microemulsions in food is plenteous and is still growing.

3.4. Enhanced oil recovery

Microemulsions are used in enhanced oil recovery, and approximately 20% enhanced oil
recovery has been reported. The high interfacial tension between the crude oil and reservoir
brine keeps the residual oil in the reservoir. The interfacial tension can be lowered via the
preparation or introduction of microemulsions, and thus, this area is actively investigated.
A surfactant formulation is injected into the reservoir in the surfactant-polymer flooding
process. The surfactants stimulate the formation of a microemulsion in the porous reservoir
between reservoir brine and crude oil, which reduces the interfacial tension between the two.
Hence, the oil recovery is enhanced [36]. A more recent trend is to utilize more cost-effective
microbes to produce microbial products including biosurfactants in place of chemical mix-
tures [37, 38]. Also, numerous studies have been conducted to evaluate the use of ionic liquids
as green chemicals in place of surfactants in microemulsions in enhancing oil recovery [39].

3.5. Fuels

Microemulsions have been used as fuels with many attractive properties. These fuels are used
to decrease the emission rates of gases such as nitrogen oxides and carbon monoxide, and
particles (soot) [40]. Although alcohols frequently used in microemulsion biofuels decrease
the cetane number. The incorporation of cetane improvers has significantly increased the
cetane number thus improving the properties of microemulsion fuels [41]. Moreover, water
in the microemulsion-based fuel reduces the combustion temperature and heat released. Due
to the increased surface area, the air-fuel contact is improved. Overall, the fuel efficiency is
improved as microemulsion-based fuels are used [42].

3.6. Lubricants, cutting oils and corrosion inhibitors

Microemulsion systems are frequently used as lubricants. Microemulsions prepared using
ionic liquids and copper nanoparticles are some recent advances in this field [43, 44]. As cut-
ting oils, microemulsions serve as lubricants and absorbers of the heat of friction [45]. As
corrosion inhibitors, microemulsions may show many mechanisms of action. The corrosion
causing factors may be soluble in the microemulsion so that those factors may be unavailable
for the metal surface. Also, the hydrophobic coating on the metal may prevent corrosion [46].

3.7. Coatings and textile finishing

Microemulsion-based resins exhibit superior properties than solvent-based resins. Mainly,
flammability hazards, health problems, and pollution problems are much less associated
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with microemulsion-based coatings. Further, microemulsion coatings are better than emul-
sion coatings with respect to scrub resistance, stain resistance and color intensity [23, 47, 48].
The suitability of microemulsions in textile finishing has also been demonstrated by many
researchers. In fact, microemulsions have shown better properties than both conventional
textiles finishing aids and normal emulsions [23, 49].

3.8. Nanoparticle synthesis

Microemulsions have been commonly used as means of preparing nanoparticles. Recently,
bimetallic nanocatalysts comprising Cu and Ni were formed using reserved microemulsions
where they altered the microemulsion composition to obtain different sizes of bimetallic par-
ticles [50]. Narrow size distribution and regular shape are two other important attributes
of metallic nanoparticles synthesized using the reversed microemulsion method [51-53]. In
addition to inorganic nanoparticles, organic nanoparticles such as cholesterol and rhovanil
have been prepared successfully using microemulsions. Also, the properties of nanoparticles
may, in certain instances, be modulated by changing the physicochemical properties of micro-
emulsions [54].
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Abstract

The research described in this study aimed at developing microemulsions for dermal
application using avocado oil. Due to its composition, avocado oil helps maintaining the
barrier function of the skin. It has a nutritional effect on the skin, and it reduces the inten-
sity of the process of skin peeling. Various surfactant:cosurfactant systems were tested
in the conducted studies. There were no significant differences between the diagrams
generated by Tween 20 and the surfactant:cosurfactant system, Tween 20:PEG400, at a
ratio of 1:1. Six formulations were selected from the dilution line 7 of the ternary phase
diagrams obtained by using as a surfactant Tween 20 and Tween 20:PEG 400, respec-
tively. The formulations were characterized by determining physicochemical properties
specific. In the next phase of study, these six formulations were used as a vehicle for
incorporating erythromycin in order to develop erythromicyn incorporated formula-
tions for topical administration. The quality control of microemulsions with erythro-
mycin was performed by evaluating the physical chemical, organoleptic and sensorial
properties. Microemulsions were pharmacotechnically characterized by assessing the in
vitro and ex vivo release kinetics of erythromycin.

Keywords: microemulsion, avocado oil, dermal product

1. Introduction

Although microemulsions possess numerous advantages as drug delivery systems, these
modern pharmaceutical formulations have a limited applicability in the pharmaceutical
and cosmetic field, due to the quality conditions for raw materials imposed by current leg-
islation. Lately, a special interest has been shown by the specialists of the pharmaceutical
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community in formulation and optimization of microemulsions, as an alternative dosage
form to conventional emulsions and to other delivery systems for various administration
routes. [1, 2].

Avocado oil is a vegetable oil obtained by cold press extraction from the Persea gratissima tree
fruit (Lauraceae fam.), and containing a high amount of saturated and unsaturated fatty acids
and other ingredients such as fat-soluble vitamins, minerals, and oligoelements [3]. Due to
these bioactive ingredients, avocado oil plays a role in maintaining the skin’s barrier function,
manifests a nurturing effect on the dermal tissue, and decreases the exfoliation process.

Acne is a common skin condition that affects about 30% of the world’s population, and half of
whom are patients aged between 30 and 50 years [4]. Topical antibiotic therapy is an integral part
of the therapeutic process of acne. Erythromycin is a macrolide antibiotic used to treat acne for
over 20 years [5, 6]. Although some studies have shown the emergence of erythromycin resis-
tance of germs involved in the pathogenesis of acne and the presence of local irritative reactions,
this antibiotic is still successfully used by dermatologists as the antibiotic of choice for the local
treatment of this dermatosis [7-10]. Erythromycin for topical use is usually formulated as cream.
Serdoz et al. studied the incorporation of erythromycin into microemulsions based on mono- and
triglycerides of medium chain fatty acids using Tween 80 as a surfactant. The obtained results
showed a doubling of ER bioavailability when it was orally administered as emulsion [11].

The aim of this study was to include erythromycin in microemulsion-based preparations
obtained with avocado oil and various cosolvent systems designed to increase efficiency and
skin tolerance to the antibiotic.

2. Materials and methods

2.1. Materials

Avocado oil (Natural Sourcing LLC, Oxford, England), isopropyl myristate (Sigma-Aldrich,
Germany), polyethylene glycol 400 (Sigma-Aldrich, Germany), Tween 20 (Sigma-Aldrich,
Germany), erythromycin 99.85% purity (Zhejiang Sanmen Hengkang Pharmaceutical Co.,
Ltd., China), chromatographically pure acetonitrile (Merck, Germany), disodium phosphate
(Merck, Germany) were used. Purified water, double distilled water, and other reagents that
conform to the quality requirements of the 10th Romanian Pharmacopoeia were used in pre-
paring microemulsions and in the quantitative analysis.

2.2. Methods
2.2.1. Determination of the ternary phase diagram and preparation of microemulsions

In the studied systems, we used lipophilic phase at 1:1 ratio mixture of avocado oil and isopropyl
myristate. The surfactant and cosurfactant of the systems were consequently Tween 20 and also a
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1:1 ratio mixture of Tween 20/PEG 400. All formulations contained purified water as hydrophilic
phase. The diagrams were built according to the method described by Fanun [12, 13].

2.2.1.1. Parameters involved in the physicochemical characterization of the microemulsions

Electrical conductivity (o) —determined with Metrohm 712 conductometer (Herisau, Switzerland)
with graphite electrode at room temperature (25 + 2°C). The conductometric cell was calibrated
with standard KCI solution.

Rheological behavior —the dynamic viscosity (1) was determined by rotational rheoviscosi-
timeter Rheolab MC120 (Stuttgart, Germany).

pH measurement —was performed using Thermo Orion pH meter (Thermo Fisher, Florida, USA).

Fourier transform infrared spectroscopy (FT-IR spectroscopy)—was done on a Vertex 70
FT-IR spectrophotometer (Bruker, Germany), through spectra measurement of each sam-
ple and respectively of the raw materials involved. The obtained spectra were compared
standard spectra presented in the literature. All measurements were performed three times
at room temperature (25 + 2°C), with the results expressed as a mean of three determina-
tions (x SD).

2.2.2. Preparation of microemulsions with avocado oil and erythromycin

Six microemulsion formulations were investigated. They were denoted as follows: three
microemulsion formulations of the ternary phase diagram made with Tween 20 (F1—F3
and 3 formulae (F4—F6) of the diagram in which the surfactant:cosurfactant Tween 20:PEG
400 in the ratio of 1:1 was used. The formulations were selected from the regions of micro-
emulsion formation based on the ternary phase diagrams, as shown in Figures 1 and 2,
respectively. They were used within 24 h after preparation. Microemulsions were prepared
by gentle warming and stirring of the oil phase, by adding the surfactant based on the ter-
nary phase diagram and finally by including the aqueous phase, dropwise and with stirring
at 200 rpm. Microemulsions were left at room temperature for 24 h, after which they were
tested.

2.2.2.1. Quality control of microemulsions with erythromycin and avocado oil

Assessment of physical, chemical, and tactile properties—sensory properties of microemul-
sions, spreading ability, the emollient effect right after use (softness) and consistency were
assessed in 10 volunteer patients, who rated products from 1 to 100 according to their satisfac-
tion level, following international guidelines on testing of cosmetics [14, 15].

Evaluation of transepidermal water loss (TEWL) measurement—the measurements were per-
formed using Tewameter TM 210 (Courage & Khazaka, Germany) on groups of six people,
aged between 20 and 35 years. The epidermal water loss was measured immediately after
applying the emulsion on the anterior surface of the palm (an area exposed to air, with a low
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Figure 1. Ternary phase diagrams of the system avocado oil: IPM —Tween 20 —water.
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Figure 2. Ternary phase diagrams of the system avocado oil/IPM —Tween 20/PEG 400 —water.
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density of sebaceous glands). This was considered the starting point of measurements, and
it was followed by successive measurements at 30-min intervals for 2 hours [16]. The experi-
ment was carried out for three consecutive days, and the results were expressed as the mean
of these three measurements.

Measurement of erythromycin (ER) content in avocado oil-based microemulsions—the mea-
surement of ER content in microemulsions was made by using HPLC method developed
and validated in-house [17]. Working method: 0.50 g of sample (F1, F2, F3, F4, F5, And F6) is
dissolved separately in 25 mL of the mobile phase, dispersed at warm temperatures for about
5 min by magnetic stirring, and diluted to 10 mL with water. The resulting solution is centri-
fuged and filtered through a 0.45 pm filter and chromatographed.

2.2.3. Evaluation of in vitro and ex vivo release of erythromycin in avocado oil-based
microemulsions

An in vitro dissolution test was carried out in a Franz cell with a diameter of 2.5 cm and the
volume of the acceptor compartment of 15 mL, based on the following protocol: dissolution
medium: phosphate buffer pH 7.4; mass of the sample: 0.5 g was processed for each studied
formulation; cellulose membrane with a pore size of & = 45 um (Millipore, Merck Germany);
temperature: 37 + 0.2°C; collection interval: 30 min, 1 h, 2h, 3h, 4 h, 5 h, and 6 h; an environ-
ment volume of 0.5 mL was harvested at each interval, and it was replaced with fresh medium;
speed: 100 rpm.

An ex vivo dissolution test was carried out under similar conditions and the abdominal skin
of female Wistar rats, weighing 200-250 g, was used as biological membrane. After harvest-
ing, hair and adipose tissue were removed from the fraction of the skin and put into a buffer
system pH 7.4 for 24 h prior to testing. The collected samples were chromatographed, and
erythromycin spectrum was recorded at a wavelength A =200 nm.

2.2.4. Measurement of the permeability coefficient of erythromycin in avocado oil-based
microemulsions

The permeation rate of the substance in the stationary phase was measured from the slope,
and the intercept was measured on the abscissa of the linear portion of the curves of the
cumulative amount of drug substance that permeated with respect to time. The permeability
coefficient was calculated according to Eq. (1):

Kp = ]/C x A (1)
where:

K, —permeability coefficient (cm/h); J—permeation rate of the drug substance or stationary
phase flow (ug/h); C—concentration in the donor compartment (pg/mL); A—contact surface
area (cm?) [18].
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3. Results and discussion

Figures 1 and 2 display the ternary phase diagrams of the systems obtained with Tween 20
and Tween 20/PEG 400 (1:1), respectively. The analysis of these diagrams showed no signifi-
cant differences of the microemulsion zones.

3.1. Physicochemical characterization of microemulsions

Stability assessment was done on six microemulsion formulations selected from the ternary
phase diagram built with Tween 20 (1A, 1B, and 1C) and three formulations (2A, 2B, and
2C) selected from the diagram with Tween 20/PEG 400 as surfactant/cosurfactant (1:1 ratio).
Formulations were selected on the dilution line 7 of the ternary phase diagrams and contained
5-15% lipophilic phase, with the results shown in Table 1.

Formulation Concentration of Electrical conductivity Dynamic viscositynn pH (+ SD)
hydrophilic phase ¢ (mS/cm) (+ SD) (mPa-s) (+ SD)
(% wiw)
1A 5.00 11.98 (£1.21) 40.25 (+0.87) 5.02 (+0.84)
1B 10.00 13.86 (+1.08) 36.11 (+2.01) 5.19 (+0.54)
1C 15.00 17.51 (x0.94) 33.32 (+1.58) 5.21 (+0.60)
2A 5.00 20.50 (+1.42) 58.50 (+1.74) 5.80 (0.63)
2B 10.00 25.35 (+0.91) 55.01 (+1.01) 5.11 (+0.41)
2C 15.00 29.39 (+1.92) 53.32 (+1.81) 5.35 (0.31)

Table 1. Physicochemical parameters of microemulsions with avocado oil.

The electrical conductivity of the analyzed microemulsions increases proportionally with the
concentration of the hydrophilic phase of the system. The viscosity values indicate a newto-
nian behavior and a pH value close to the physiological one.

The FTIR spectra of the samples prepared by the two methods are shown in Figures 3a and 4a.

The FTIR spectra recorded for the raw excipients used for the preparation of microemulsions
compiled with the reference spectra were presented in the literature [19]. Essentially, the FTIR
spectra recorded for the microemulsion samples appear as a combination of the characteristic
spectrum of avocado and that of the other three oily excipients. Regarding the resemblance
with the spectra recorded for avocado oil, some spectral differences are obvious. First, a very
intense and broad band is observed in the spectral range 3100-3700 cm™, which is the nor-
mal range of adsorption for aliphatic hydroxyl group, and it is associated with the water
content of the sample. Indeed, this band becomes more intense as the amount of water used
in the formulation increases. Secondly, few differences can be noticed in the spectral range
2750-3050 cm™ also in the case of formulations encoded 1A, 1B, and 1C (shown in Figure 3b)
and for those encoded as 2A, 2B, and 2C (shown in Figure 4b). In this area, it is notable the
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fact that the band at 3009 cm™ assigned to C-H stretching vibration of the cis-double bond
disappears, while a decrease of the intensity of the band at 2852 cm™ with the formation of a
new band at 2874 cm™. The band at 2852 cm™ is usually assigned to symmetric and asymmet-
ric stretching vibration of the aliphatic—CH, group, and that from 2874 cm™ corresponds to
symmetric and asymmetric stretching vibration of the aliphatic—CH, group. These observa-
tions are supported also by the spectral changes in the region C=0 region (1746 cm™) as it can
be seen in Figures 3c and 4c, respectively. Here, the study shows a shift of this band toward
lower wavenumbers (1733 cm™). This may happen due to the formation of saturated aldehyde
functional groups or other secondary products during the heating process. These results are
in accordance with observations made by other authors on the FTIR study of edible oils [20].
Finally, a new band is observed at 1643 cm™. This band is associated with the bending vibra-
tions of the covalent bond in water molecules. Its intensity increases with the amount of water
used in the formulation (see Figures 3¢ and 4c).
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Figure 3. (a) FTIR spectra recorded for microemulsion samples 1A, 1B, 1C, and raw materials avocado oil (UAV),
isopropyl miristate (IPM), Tween 20 (T20); (b) FTIR spectra recorded for samples 1A, 1B, 1C, and avocado oil in the
2700-3050 cm™ spectral range; (c) FTIR spectra recorded for samples 1A, 1B, 1C, and avocado oil in the 1550-1800 cm™
spectral range.

In the next phase of the study, these six formulations of avocado oil-based microemulsions
were used as a vehicle for incorporating erythromycin in order to develop dermal prepara-
tions as microemulsions with erythromycin for topical administration.
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Figure 4. (a) FTIR Spectra recorded for microemulsion samples 2A, 2B, 2C, and raw materials avocado oil (UAV),
isopropyl miristate (IPM), Tween 20 (T20); (b) FTIR spectra recorded for samples 2A, 2B, 2C, and avocado oil in the
2700-3050 cm™ spectral range; (c) FTIR spectra recorded for samples 2A, 2B, 2C, and avocado oil in the 1550-1800 cm™
spectral range.

The analysis of sensory properties showed that microemulsions prepared with a mixture Tween
20:PEG 400 as a surfactant had the best moisturizing and spreading properties (Figure 5).

This feature can be attributed to the presence of PEG 400 in the formulation, as it has a mois-
turizing effect on the skin. Although all microemulsion formulations were evaluated with a
maximum score of 100 for the aspect, F1 and F3 formulations with the lowest percentage of
the aqueous phase had the lowest score for spreading, as a greasy feeling was reported.

The TEWL measurement had the best values for the series of microemulsions prepared with
the surfactant system Tween 20:PEG 400, as shown in Figure 6.

In order to assess the ER content of the studied microemulsion formulations, we compared
the results with data from the monograph Emulsiones and Unguenta in the 10th Romanian
Pharmacopoeia that admits a deviation of +3% from the declared value for products contain-
ing 0.5% and more than 0.5% of active ingredient. The results shown in Table 2 suggest a
uniform distribution of ER in the studied microemulsions, with a content of active ingredient
ranging from 97.24 to 103.11%. These values conform to the standards of the 10th Romanian
Pharmacopoeia [21].
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Figure 5. Representation of the sensory properties of avocado oil-based microemulsions with erythromycin.
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Figure 6. Representation of the TEWL measurement of avocado oil-based microemulsions with erythromycin.

Formulation The ER content (%)
F1 101.13 + 0.54

F2 99.25+0.71

F3 9724 +1.04

F4 99.85 +0.96

F5 103.11 +0.46

F6 100.53 + 0.87

Table 2. The content of the active ingredient in avocado oil-based microemulsions with erythromycin.
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The results of the in vitro and ex vivo ER release tests in avocado oil-based microemulsions are
shown in Figures 7 and 8.
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Figure 7. Cumulative kinetic profile of in vitro release of ER in avocado oil-based microemulsions.
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Figure 8. Cumulative kinetic profile of ex vivo release of ER in avocado oil-based microemulsions.

The results of the in vitro release through the synthetic membrane and ex vivo release through
the biological membrane showed an unsatisfactory release of ER during the 6 hours of the study.
Cumulative analysis of data suggests that F1-F3 formulations prepared with the Tween 20 sur-
factant had a slightly accelerated release rate within the first 2 hours of testing, after which the
concentration of ER remains at a plateau level. We have found that F3 and F6 formulations that
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had the highest water content showed the highest percentage of release both in testing through
biological membrane (F3 = 11.90%, and F6 = 18.18%) and in testing through synthetic membrane
(F3 =22.90 and 35.18%, respectively). F4-F6 formulations prepared with the cosurfactant system
Tween 20:PEG 400 showed the highest percentage of ER release, ranging from 26.98 to 35.18% for
the in vitro test and from 13.45 to 18.18% for the ex vivo test. This low percentage of release can
be attributed to possible interactions between erythromycin and certain substances found in the
microemulsion formulations, to ER insolubility in the dissolution medium, and to the large size
of the erythromycin molecule.

Formulations prepared with the cosolvent system Tween 20:PEG 400 had the best coefficient
of penetration, due to the presence of PEG 400 in the formulation (Table 3).

Formulation Permeation parameters

J.. (ug/cm?/h) K, x 10 (cm/h)

Synthetic membrane (in vitro)

F1 30.4559 +7.2197 7115.86
F2 30.3371 +7.5029 7561.58
F3 25.0658 +7.7158 5424.43
F4 30.3625 + 7.7720 7882.27
F5 28.2829 +7.7888 6926.99
Fé6 26.9587 +7.4907 6156.37

Biological membrane (ex vivo)

F1 25.0234 +7.1224 5181.90
F2 26.8229 +7.3379 5922.48
F3 25.3714 +7.3734 5466.80
F4 26.6616 + 7.1809 5839.17
F5 25.0998 +7.2846 5387.38
F6 25.2441 +7.5083 5465.27

Table 3. Parameters specific to ER permeation in avocado oil-based microemulsions.

4. Conclusions

Microemulsions prepared with the surfactant system Tween 20:PEG 400 had the best sensory
properties and the best transepidermal water loss measurement. ER was evenly distributed
in the studied microemulsions that had a content of active ingredient ranging from 97.24 to
103.11%. The results of the in vitro release tests through synthetic membrane and the results of
the ex vivo release tests through biological membrane showed an ER release of less than 40%.
F4-F6 formulations prepared with the cosurfactant system Tween 20:PEG 400 had the high-
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est percentage of ER release, ranging from 26.98 to 35.18% for the in vitro test and from 13.45
to 18.18% for the ex vivo test. The permeation degree of erythromycin was influenced by the
presence of PEG 400, which led to a significant increase in this parameter.
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Abstract

Carbonate reservoir stimulation involves the injection of reactive fluids, most commonly
hydrochloric acid (HCI), into the porous media to enhance the permeability and increase
hydrocarbon production. This process results in the formation of highly conductive flow
channels, or wormholes, and relies on the deep penetration of reactive fluids into the
formation to maximize stimulation success. However, the rapid rate of reaction of HCI
with the carbonate rock often limits the depth of live acid penetration. The reaction is
mass transfer limited under typical reservoir conditions. As a result, the acid diffusion
and convection rates significantly influence the success of the treatments. Microemul-
sions prepared with HCl as the dispersed phase offer a solution to significantly reduce
the effective diffusivity and, hence, increase the depth of stimulation. This chapter
presents the results of laboratory studies of carbonate dissolutions using acid microe-
mulsions and highlights case histories of industry applications using macroemulsions
for carbonate reservoir stimulation.

Keywords: microemulsion, emulsified acid, reservoir stimulation, carbonate acidiz-
ing, fracture acidizing, retarded acid, diffusion coefficient, rotating disk, wormhole,
Damkdohler number

1. Introduction

Microemulsion technologies have various applications in the oil and gas industry including
improved fluid recovery and relative permeability enhancement in drilling and stimulation
applications [1-4], displacement and cleanup of oil-based muds [5], and enhanced oil recovery

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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[6, 7]. Microemulsion properties such as ultralow interfacial tension, large interfacial area, and
the ability to solubilize both aqueous and oil-soluble compounds leverage these applications.
When used in reservoir stimulation treatments to improve fluid recovery and relative perme-
ability effects, microemulsions are generally used as an additive to the main treating fluid, with
alow concentration of a microemulsion being dispersed in the main oil- or aqueous-based fluid.
For example, aqueous hydrochloric acid (HCI) treating fluids containing microemulsion
additives have been used to enhance stimulation effectiveness by reducing the surface tension
and fluid leak-off rates into the porous media during carbonate acidizing treatments [4].

Microemulsions have also been investigated as the main treating fluid for use in carbonate
acidizing treatments. For this application, acid microemulsions are formulated with HCl as
the dispersed phase, and the microemulsion property of most interest is the well-known ability
to reduce the mobility of the dispersed phase. Acid microemulsions were initially studied to
improve the success of carbonate acidizing for Danian chalk reservoirs in the North Sea [8].
Later studies evaluated microemulsion properties including the effective diffusivity of the
dispersed acid phase and their overall applicability for carbonate acidizing [9, 10]. The use of
acid microemulsions as the main treating fluid during carbonate acidizing is the focus of this
chapter.

Acidizing is a reservoir stimulation technique commonly used to increase the near-wellbore
flow capacity of petroleum production and injection wells. In carbonate reservoirs (comprised
of limestone and/or dolomite), the technique involves the injection of acid, typically hydro-
chloric acid (HCI), into the reservoir to dissolve the formation rock and materials that plug the
pore space. The dissolution removes resistances to flow and creates highly conductive flow
channels, thereby allowing oil or gas to flow more readily. The key parameter governing
channel formation is the Damkohler number which is the ratio of the rate of reaction of the
acid with the porous medium to the rate of convective transport of the acid through the rock
[9-11]. When the Damkd&hler number is high, such as would be the case for low acid flow rates
or high acid reaction rates, the acid will not penetrate very deep into the rock, resulting in face
dissolution and little if any penetration and dissolution into the formation. For the case of low
Damkdhler numbers, such as high acid flow rates or low rates of acid reaction, the acid
dissolves the porous medium relatively uniformly at the expense of large volumes of acid. At
intermediate Damkohler numbers, highly conductive flow channels or wormholes are formed,
which can efficiently penetrate deep into the formation. This dissolution phenomenon can be
easily characterized by laboratory core flood experiments in which HCI is injected into
carbonate porous media.

The success of carbonate acidizing treatments relies on the formation of wormholes that
penetrate deep into the formation. However, the treatments are often constrained by the very
rapid rate of reaction between HCI and carbonate rock, which results in limited depth of live
acid penetration and ineffective flow capacity of the acid-dissolution channels [9-17]. The rapid
HCl-carbonate rock reaction is limited by the rate of mass transfer of acid to the rock surface
(diffusion limited) under common reservoir conditions [18, 19]. This means that the dissolution
process can be controlled by changing the rate of convection and/or the rate of acid diffusion.
In treatment cases where the injection rate cannot be increased owing to pressure drop



Microemulsion Applications in Carbonate Reservoir Stimulation
http://dx.doi.org/10.5772/65973

considerations, the effectiveness of the treatment can be controlled based on the Damkd&hler
number by reducing the acid reaction rate. Because the reaction is mass transfer limited, this
reduction can be achieved by reducing the acid diffusivity. This governing parameter provides
the fundamental premise behind evaluating acid microemulsion systems to reduce the
mobility (and the effective diffusivity) of the dispersed acid phase for use in carbonate
acidizing.

This chapter focuses on the application of acid microemulsions for carbonate acidizing and
highlights the fundamental research by Hoefner and Fogler [9, 10]. This chapter includes an
overview of the fundamentals of carbonate acidizing, laboratory procedures to assess per-
formance for carbonate acidizing, characteristics of the microemulsion systems with HCl as
the dispersed phase, and laboratory results for microemulsion impact on carbonate acidizing.
Although the research presented in this chapter demonstrate the technical benefits of micro-
emulsions with HCl as the dispersed phase for carbonate acidizing, the authors are not aware
of actual acidizing applications of such microemulsion systems in the oil and gas industry. A
patent describing an acid internal microemulsion for carbonate acidizing was granted in 1989
and has since lapsed [20]. The most similar industry application is the use of acid-internal
“macro”emulsions to reduce the diffusivity and improved acid penetration. The last section
of this chapter provides an overview of these macroemulsion case histories and highlights
limitations that may be an area of interest for future microemulsion research.

2. Fundamentals of carbonate acidizing

Carbonate acidizing treatments can be categorized as either matrix acidizing or fracture
acidizing. In matrix acidizing, the acid is injected into the porous rock matrix to create acid-
dissolution channels, commonly referred to as wormholes. In fracture acidizing, the acid is
injected at high rates and pressures to create hydraulic fractures in the rock, which then retain
flow capacity after closing due to the creation of nonuniform acid-etched channels along the
fracture faces. In both cases, the success of carbonate acidizing treatments depends on the flow
capacity of the created acid-dissolution channels and the depth to which they penetrate into
the formation. High flow capacity and deep penetration are the desired outcome. This section
provides an overview of the fundamentals of HCl-carbonate rock reaction, the dissolution
phenomenon that leads to the formation of acid-dissolution channels, and their impact on
carbonate acidizing treatments.

2.1. Acid-rock reaction

The rate of acid-carbonate rock reaction depends on the mineralogical composition of the rock
formation. Carbonate reservoirs are composed of limestone (CaCO;) and/or dolomite
[CaMg(COs),], which are completely soluble in acid. The dissolution of limestone by HCl is
mass transfer limited at temperatures above 0°C [18], while the dissolution of dolomite is mass
transfer limited above 50°C [19]. Thus, at temperatures commonly encountered in petroleum
reservoirs, the rate of dissolution is highly dependent on the rate at which the acid is
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transported to the rock surface by convection and diffusion. The carbonate reaction chemistry
is described in more detail elsewhere in the literature [21].

2.2. Dissolution phenomenon

The flow and reaction of fluids in carbonate porous media results in the formation of highly
conductive flow channels, referred to as wormholes (Figure 1). Wormholes are desirable
during matrix acidizing treatments because they are capable of bypassing near-wellbore
damage and their conductivity is several orders of magnitude higher than that of the porous
medium. Wormholes form because of the rapid and almost complete dissolution of the mineral
in HCI and the variability in pore-scale flow rates caused by the natural heterogeneity of the
porous medium. The structure of the dissolution channels vary significantly, depending on
parameters such as the injection rate, effective diffusion coefficient, and fluid-mineral proper-
ties. Figure 1 illustrates the five main types of dissolution structures:

Face ) . ‘
Dissolution
Conical
Wormhole
Minimum volume
Domiant of fluid required
womll:‘al'll for a given depth
ormhole of stimulation
(Optimum)
Ramified
Wormhole
Uniform
Dissolution
bR | L | ]
1 10 100

Pore valumes to breakthrough

Figure 1. Dissolution structures formed during flow and reaction in carbonate porous media, and corresponding pore
volumes of fluid required for breakthrough. (Fluids were injected from left to right during linear coreflood experi-
ments.) The top four images are neutron radiographs of dissolution structures formed during the dissolution of lime-
stone by hydrochloric (HCl) and ethylenediaminetetraacetic acid (EDTA) [11, 22, 23]. The bottom image is a Wood'’s
metal casting of a dissolution structure formed during the dissolution of dolomite by aqueous HCI [10].
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1. Face dissolution

2. Conical wormholes

3. Dominant wormholes
4. Ramified wormholes
5. Uniform dissolution

The dissolution structure transforms from face dissolution to uniform dissolution (from top
to bottom in Figure 1) as the injection rate is increased or the effective diffusion rate is
decreased. At low injection rates or high diffusion rates, the reactant is consumed on the inlet
flow face of the core, resulting in complete dissolution of the core starting from the inlet flow
face. This face dissolution consumes large volumes of reactant and provides negligible depths
of live acid penetration. (The required volume of fluid is demonstrated by the bar graph in
Figure 1, where one pore volume equals the initial porosity times the bulk core volume; and
pore volume to breakthrough is the injected pore volume at which the dissolution structure
propagates the length of the core.) At slightly higher injection rates or lower diffusion rates,
the reactant can penetrate into the porous matrix and enlarge flow channels. However, conical-
shaped dissolution channels are formed due to a significant amount of reactant being con-
sumed on the channel walls. At intermediate injection rates, reactant is effectively transported
to the tip of the propagating flow channel, where reaction further extends the channel length
and creates a dominant wormhole structure. This dominant wormhole structure minimizes
the volume of fluid required to achieve a given depth of stimulation and represents the most
effective conditions for matrix stimulation. At high injection rates or low diffusion rates, fluid
is transported deeper into the porous medium before reaction, resulting in the formation of
highly branched or ramified wormholes and an increase in the required volume of fluid. At
the extreme of very high injection rates or very low diffusion rates, the reactant is transported
to most pores in the medium giving rise to uniform dissolution and inefficient matrix stimu-
lation. Hence, the dominant wormhole structure represents the most effective conditions for
matrix stimulation and an optimum injection rate exists for a given fluid-rock system at which
a minimum volume of fluid is required to achieve a given depth of wormhole penetration [10,
11, 14-17, 22, 23]. These results demonstrate that the wormhole formation has a significant
impact on the success of carbonate stimulation treatments.

The dissolution structure ultimately controls the effectiveness of carbonate acidizing treat-
ment, which has led many investigators to study the dissolution phenomenon. Early investi-
gators recognized the significant influence of mass transfer on wormhole formation in
limestone [12, 13]. This influence has served as a basis for many of the theories describing
wormhole formation and has led to models of wormhole formation that depend on dimen-
sionless terms such as the Peclet number (ratio of rates of transport by convection to transport
by diffusion) [14-16] and the Damkohler number (ratio of the overall rate of dissolution to the
rate of transport by convection) [10, 11]. Both dimensionless terms depend on the effective
diffusion coefficient and successfully predict wormhole formation for at least a few types of
dissolution structures.
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The Damkohler number describes the phenomenon of wormhole formation for a wide range
of fluid/mineral systems and will be used in this chapter. The Damkohler number, Np,, is
defined as the ratio of the overall rate of dissolution to the rate of transport by convection and
is given by

NDa (1)

where g is the flow rate in the wormhole, d and L are the diameter and length of the wormhole,
respectively, and « is the overall dissolution rate constant that depends on the fluid-rock
system.

When the overall rate of dissolution is mass-transfer limited, « is given by
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where D, is the effective diffusion coefficient, which depends on the fluid system.
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Figure 2. Dependence of the number of pore volumes to breakthrough on the Damkdhler number for a wide range of
fluid-rock systems (adapted from Ref. [11]).
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The Damkohler number captures the balance between convention, diffusion, and reaction that
takes place during flow and reaction in porous media and governs the structure of the
wormhole channels. This dependency is illustrated in Figure 2 where the type of dissolution
structure and corresponding normalized number of pore volumes to breakthrough is shown
as a function of the Damkdohler number for a wide range of fluid/rock systems (adapted from
Ref. [11]). The data includes aqueous HCl, organic acids [acetic acid (HAc) and formic acid
(HFc)], and chelating agents [ethylenediaminetetraacetic acid (EDTA), 1,2-cyclohexane-
diaminetetraacetic acid (CDTA), and diethylenetriaminepentaacetic acid (DTPA)], which have
varying effective diffusion coefficients and are influenced by reversible or irreversible surface
reactions. The results demonstrate the existence of an optimum Damkdohler number at which
dominant wormhole structures are formed and a minimum volume of fluid is required to
achieve a given depth of wormhole penetration. This optimum Damkdohler number is observed
at 0.29 for several fluid-rock systems and can provide a design basis for optimizing matrix
acidizing treatments [11]. A similar dependence on a Damkoéhler number was demonstrated
for acid etching along a fracture face during fracture acidizing [24], and other investigators
have highlighted the importance of mass transfer in etching of the fracture face [25, 26]. Hence,
both carbonate acidizing approaches are highly dependent on the rate of mass transfer and
the effective diffusion coefficient.

2.3. Implications for carbonate acidizing treatments

During matrix acidizing treatments, the low injection rates commonly lead to a Damkdohler
number higher than 1, where the rapid HCI reaction rate results in face dissolution and an
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Figure 3. Effects of dissolution structure on the depth of penetration [23]. Copyright 2000, Society of Petroleum Engi-
neers Inc. Reproduced with permission of SPE. Further reproduction prohibited without permission.
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ineffective treatment. The impact of the dissolution structure on the effectiveness of matrix
acidizing treatments is demonstrated in Figure 3, where the depth of penetration into the
formation is shown as a function of the volume of HCI injected into limestone at constant
Damkohler numbers [23]. When face dissolution occurs, the acid penetrates only a fraction of
an inch into the formation. Conical wormholes result in a slight increase to about 2 inches of
penetration. Near the optimum Damkohler number, wormhole formation results in effective
stimulation as dominant wormholes penetrate over 12 inches into the formation. As the
Damkohler number was decreased and the dissolution structure changed to ramified worm-
holes and uniform dissolution, the depth of penetration decreased. This trend is consistent
with experimental and theoretical results reported by several investigators, who report that
wormbholes typically penetrate a few feet (0.3-2 m) radially into the formation [12, 13]. At these
depths, wormholes stimulate the near-wellbore region (where the majority of flow resistance
associated with the radial geometry is manifested) and provide an effective matrix acidizing
treatment.

Analogous challenges are encountered during fracture acidizing. Danian chalk reservoirs in
the North Sea exhibited poor performance after fracture acidizing due to insufficient acid-
etched channel flow capacity and failure of the channels to withstand the closure pressure as
a result of low rock hardness [8]. Other investigators demonstrated the effects of acid on rock
strength in both chalk formations and competent carbonate formations from laboratory studies
and recommended minimizing unnecessary dissolution of the fracture face to better maintain
rock strength [26]. These examples demonstrate the common challenges of rapid acid reaction
rates resulting in ineffective flow capacity of acid-dissolution channels and the need to reduce
the rate of dissolution to enable deeper live acid penetration for both matrix and fracture
acidizing treatments in a wide range of carbonate formations.

3. Laboratory methods

Several microemulsion systems (described in the following section) were identified for
laboratory study and potential application in the oil and gas industry. Effective acid diffusion
coefficients were measured for different surfactant and cosurfactant combinations as a function
of acid phase volume using a rotating disk technique while in some cases a NMR self-diffusion
technique. Trends in the acid diffusion rate as a function of microemulsion composition (and
associated structure) were measured to help optimize the system for a particular application,
e.g., to optimize acid strength or temperature stability.

The effectiveness of various microemulsion systems and compositions in increasing rock
permeability as a function of distance from the wellbore was studied using core flow experi-
ments relating live acid penetration depth to injection volume and conditions (e.g., injection
rate and effective diffusion coefficient). Imaging techniques were then used to characterize the
structure of the flow channels created in the rock and in turn relate channel structure to live
acid diffusion rate and fluid injection rate. Analyses (including numerical network modeling,
which is outside the scope of this chapter) were then used to relate the properties of the acid
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system, the injection conditions, and the resulting dissolution channel structure to the overall
effectiveness of the acidizing process in increasing permeability away from the wellbore.

3.1. Rotating disk technique for measuring diffusion rates

Acid diffusion rates as a function of microemulsion system and composition were studied
using a rotating disk system [27, 28]. Polished marble disks (CaCO;) were partially dissolved
by rotation in the acid microemulsion. The measurements were carried out under high inert
gas overburden pressure to prevent the evolution of gaseous reaction products that would
interfere with hydrodynamics at the surface of the disk. The rate of dissolution was measured
by analyzing samples for calcium using atomic absorption spectroscopy. For the diffusion-
controlled reaction (rapid reaction between HCI and the limestone rock), the rate of acid
transport to the surface of the disk is proportional to the disk rotation speed to the Y2 power
and to the acid diffusion rate to the %5 power [27]. For the apparatus used, correction factors
that account for finite disk diameter and reactor volume can be neglected.

The dissolution rate of the carbonate disk was monitored by sampling the liquid concentration
for calcium. By measuring the dissolution rate at different disk rotational speeds, an effective
acid diffusion coefficient for the microemulsion system can be measured. Figure 4 shows data
for a typical set of experiments. For a mass transfer limited reaction, the dissolution rate plotted
against the square root of the disk rotation speed will give a straight line passing through the
origin. From the slope, we calculate the effective diffusivity, D,, for the acid microemulsion
system.
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Figure 4. Rotating disk dissolution rate results for three microemulsion formulations.

3.2. Core flow experiments

It is challenging to carry out controlled experiments in actual oil wells. In order to simulate
flow and reaction taking place in the rock during acidizing, laboratory “coreflood” experi-
ments are often performed. Core-flooding is a general term and many processes related to
petroleum production can be studied using the procedure. Such experiments can be extremely
complex, intended to quantitatively represent in situ flow conditions related to hydrocarbon
recovery, or they can be simplified to examine one or a few individual effects. In this case, the
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acid system such as aqueous HCl or microemulsion is injected axially at a constant rate through
cylindrical limestone or dolomite cores and the pressure drop along the length of the core is
monitored as the dissolution progresses in the porous medium. Similar to the rotating disk
experiments, sufficient backpressure was maintained to prevent gaseous reaction products
(CO,) from evolving in the cores. Coreflood experiments were performed with the cores
initially water saturated to eliminate any relative permeability effects associated with an initial
oil or gas saturation. Thus, the coreflood experiments were designed to examine the dissolution
phenomenon in carbonate cores.

Coreflood experiments were performed to test whether lowering the HCl diffusion rate would
allow the microemulsion to achieve deep penetrating, dominant wormhole structures for
effective matrix stimulation of carbonate rock. Fluid was pumped at a constant rate axially
through 1inch (2.54 cm) diameter rock cores. The pressure drop across the core was monitored
as a function of fluid volume injected. The cell designed to hold the core and simulate reservoir
conditions is shown in Figure 5. Details of the coreflood experimental procedures and
apparatus are described elsewhere in the literature [10, 22, 29].

Inlet for overburden

Inner rubber sleeve

Flow distributor -

2w

/ ;\\‘\i\\\_\\\\\‘;'\ RANVIAT | | ] \\\\".\“\“.“.\.‘.‘“.‘.\‘.‘.\.‘_\"‘“‘“‘“\‘_‘
iy
_
c R N S S TR
A0 % 7//"/////

Acid inlet concentration

Inner endplate

N

B
\

Inlet

1,
b

9 - Fe =
N R R 5

Quter sleeve
Epoxied sleeve

Outer endplate

Figure 5. Bi-axial core holder or “Hassler” cell [10]. Copyright® 1988 American Institute of Chemical Engineers.

As the fluid is injected and acid begins to dissolve the rock matrix, the pressure drop associated
with the flow begins to decrease, corresponding to an increase in the rock permeability. Results
are typically plotted as the ratio of the permeability at any time to the initial permeability as a
function of the volume of fluid injected (expressed as porevolumes, where one porevolume
equals the initial porosity times the bulk core volume). The pore volume of fluid required to
bring about a significant increase in the permeability is a direct measure of the effectiveness
of that fluid to stimulate the rock under those treatment conditions. The coreflood experiment
provides information relating the effects of parameters such as the fluid injection rate and the
acid diffusion rate or reaction rate, as well as properties of the rock such as composition,
permeability, and pore size distribution.
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Core flow experiments have been conducted over a wide range of core dimensions, rock types
(including limestone as well as dolomite), injection rates, and acid diffusion rates for various
microemulsion systems.

3.3. Dissolution channel characterization

Imaging techniques were used to evaluate the impact of microemulsion properties (acid
diffusion rate) and flow conditions (fluid flow rate) and resulting increase in rock permeability
on the structure of the dissolution channels that resulted from the core flow experiments. The
earliest technique involved first drying the cores after acidizing, evacuating, and heating in
the presence of Wood’s metal (alow-melting point mixture of bismuth, lead, tin, and cadmium).
The metal was melted and subsequently forced into the channels when the vacuum was
released, thus forming a cast of the dissolution channels. The remaining core material was then
dissolved in HCl, leaving behind the metal casting of the channel structure. An example is
shown in Figure 1 (bottom image).

Later, a technique involving neutron radiography was used to image the Wood’s metal-filled
dissolution structures, thereby eliminating the need to dissolve the rock and potential damage
to the fine details of the wormhole casting. This technique is ideally suited for imaging
structures within consolidated porous media because: (1) the matrix is virtually transparent
to thermal neutrons and (2) the cadmium-containing Wood’s metal is an excellent neutron
absorber and thus provides high contrast between the dissolution channels and the consoli-
dated porous matrix [30]. To image the wormholes, the Wood’s metal-filled cores were placed
in a beam of thermal neutrons for imaging. Neutron radiography is described in more detail
elsewhere in the literature [30, 31].

4. Microemulsions

The fundamental premise behind evaluating microemulsion systems for use in carbonate
acidizing is that microemulsions have the well-known ability to reduce the mobility of the
dispersed phase, in this case hydrochloric acid, without a proportionate increase in the fluid
viscosity. This ability is important because the very rapid HCl-carbonate reaction rate is limited
by the rate of diffusion of acid to the rock surface (“diffusion-limited”). One could, in theory,
decrease the acid diffusion rate by increasing the fluid viscosity, for example with polymer
viscosifiers, but the result would be slower fluid flow through the porous media. Slower fluid
flow would in-turn offset the effect of slowing the acid diffusion rate by allowing acid more
time to diffuse to the rock surface, as governed by the Damkoéhler number. It should be
emphasized that most matrix acidizing treatments are limited in the rate that the fluid can be
injected into a well to avoid fracturing the rock (i.e., the injection rate is often already too low
for efficient wormhole formation). In addition, the acid diffusion coefficient increases with
increasing temperature, making it even more important to control the acid diffusion rate in
high temperature reservoirs. Hence, acid microemulsions provide a potential solution for
controlling the acid diffusion rates without significantly reducing the flow rates and in high
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temperature reservoirs. This section reviews the characteristics of acid microemulsion systems
for use in carbonate acidizing.

4.1. Microemulsion systems

The microemulsion systems that have been investigated for decreasing acid diffusion rates
include one using a cationic surfactant, and one using a nonionic surfactant [32, 33]. The
cationic system, comprising dodecane, water phase (actually aqueous HCI), butanol, and
cetylpyridinium chloride (CPC), was used to demonstrate the capability of the microemulsion
system and to understand the relationship between dissolved channel structure and acid
effectiveness in increasing rock permeability.

A cationic surfactant was chosen for increased microemulsion stability at higher temperatures,
for decreased surfactant adsorption on calcite at low pH, and for surfactant stability in the
presence of reaction products. Phase diagrams for the system are shown in Figure 6. The lower
right comer represents a constant surfactant/cosurfactant weight ratio of 35:65 (corresponding
to 10 mole% surfactant). The large enclosed area indicates a one-phase region. The most
important factors in choosing the model system are: (1) it can solubilize a significant volume
fraction of concentrated HCI, and (2) the one-phase region is extensive to minimize the
possibility of viscous surfactant mesophases forming when the microemulsion contacts water
or oil already present in the rock.

Butanal Dodecane

2= %+ Water-external
Water Cetyl pyridinium chloride (CPC)  Water/HCI Surf/Cosurf 35:65 (wt!

Figure 6. Phase behavior for CPC/dodecane/butanol/water (aqueous hydrochloric acid) system.

The area of the one-phase region near the pure oil corner may represent a reversed micelle
structure, while regular micelles (oil-in-water) may exist near the water comer. The center-
region may consist of the two micelle types in equilibrium. Reversed micelles are expected to
restrict acid mobility (acid diffusivity) to the greatest extent, and so formulations in that region
comprised the bulk of the microemulsion studies.

Phase behavior was characterized for the cationic system for cosurfactants ranging from
propanol through octanol in order to understand the effects of the cosurfactant chain length.
In all cases, the surfactant/cosurfactant ratio was kept at 1:9 molar (corresponding to a 35:65
weight ratio of surfactant to butanol). The butanol system was chosen for further study
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because, although lower acid diffusion rates were achieved with pentanol, the isotropic region
for butanol was more extensive compared to the longer alcohols.

A nonionic system utilizing mixtures of nonylphenolpolyethoxy alcohol surfactant, naphtha,
and aqueous HCI was studied as a potential commercially applicable system. The specific
systems involved combinations of surfactants with different numbers of ethoxy head units
(Triton brand X-35, N-42, and N-57). The nonionic system had the advantage of significantly
lower surfactant cost, no requirement for a cosurfactant, and the ability to solubilize a higher
aqueous phase fraction as compared to CPC. A disadvantage of the Triton systems was that
the extent of the isotropic region was sensitive to temperature, although by mixing the different
surfactants, it was shown that the system could be customized to a broad temperature range
and thereby tailored to the specific reservoir temperature of wells to be treated [33].

5. Microemulsions enhancing carbonate reservoir stimulation

The microemulsion systems described in the previous section were evaluated for applications
in carbonate acidizing using rotating disk and coreflood experiments.

Aqueous HCI, Aqueous HCI, Microemulsion, Aquecus HCI, Microemulsion,  Microemulsion,
0.1 cc/min 1.0 cc/min 0.1 cc/min 10 cc/min 1.0 cc/min 10 cc/min

v

Decreasing Damk&hler number

Figure 7. Wormhole structures formed during the flow and reaction of microemulsions and aqueous HCl in limestone,
with decreasing Damkohler number from left to right (adapted from Ref. [10]). Copyright® 1988 American Institute of
Chemical Engineers.

Rotating disk experiments demonstrated that the dissolution of limestone by acid microemul-
sion is fully mass transfer limited at 22°C. Data shown in Figure 4 represent an acid microe-
mulsion formulation near the pure oil corner of the phase diagram that exhibits an acid
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diffusion coefficient approximately two orders of magnitude lower than for aqueous HCL. The
effective acid diffusion coefficient for the microemulsion system is 8 x 107 cm?/s compared to
4 x 10° cm?/s for aqueous HCI [9, 32]. This significant decrease in the acid diffusion coefficient
provides a significant reduction in the rate of acid-rock reaction under mass transfer limited
conditions. There is also a relatively insignificant decrease in the reaction rate due to a viscosity
effect, as the microemulsion has a viscosity of only about 3 cp. For comparison, gelled acids
with viscosities greater than 25 cp at 100 s™ are commonly used as “retarded” acid systems,
but they reduce the effective diffusivity by only a factor of two compared to aqueous HCI [34].
Hence, the reduced acid mobility provided by the microemulsion system provides far superior
reduction of the acid diffusion coefficient than viscous mechanisms.

The transport and reaction of microemulsions in carbonate porous media during coreflood
experiments results in the formation of wormholes as demonstrated in Figure 7. The images
demonstrate that the acid microemulsion created a dominant wormhole structure at 0.1
cm?’/min (third image). At the same injection rate, aqueous HCl resulted in the formation of an
inefficient conical dissolution structure (first image). The improved effectiveness of microe-
mulsions is further illustrated in Figure 8 for the butanol and pentanol formulations. The pore
volumes to breakthrough curve for the microemulsions are shifted by about an order of
magnitude to lower injection rates relative to aqueous HCIl. Hence, the microemulsions are
more effective than aqueous HCI at the low injection rates commonly encountered during
carbonate matrix acidizing treatments.
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Figure 8. Comparison of stimulation effectiveness for microemulsions and aqueous HCI (data adapted from Refs. [9,
11)).
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The improved performance achieved by the acid microemulsion systems at low injection rates
is due to the dependence of the dissolution phenomenon on the Damkdhler number and the
significant reduction in the effective diffusivity of the dispersed acid phase. This dependency
is demonstrated in Figure 9, where the acid microemulsion systems overlay the performance
band observed for the wide range of fluid-rock systems from Figure 2, and exhibit the existence
of an optimum Damkdohler number at which the dissolution process is most effective. Based
on these results, acid microemulsions provide useful characteristics for use in carbonate
acidizing treatments, particularly at low injection rates and high temperatures where HCl is
not effective.
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Figure 9. Dependence of the number of pore volumes to breakthrough on the Damkéhler number for acid microemul-
sion systems (data adapted from Ref. [10]). The gray shaded area is the performance band observed for the wide range
of fluid-rock systems from Figure 2.

6. Industry applications: carbonate acidizing

Microemulsions have numerous properties such as ultralow interfacial tension, large interfa-
cial area, and the ability to solubilize both aqueous and oil-soluble compounds that are
valuable for various applications in the oil and gas industry. Carbonate acidizing treatments
performed with aqueous HCI as the main treating fluid have contained low concentrations of
microemulsion additives to enhance stimulation effectiveness by reducing the surface tension
and fluid leak-off rates into the porous media [4]. This chapter highlighted the evaluation of
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acid microemulsion systems for use as the main treating fluid to enhance dissolution channel
formation and the depth of live acid penetration during carbonate acidizing treatments, where
the microemulsion property of most interest is the ability to reduce the mobility of the
dispersed acid phase.

Although research demonstrates the technical benefits of acid microemulsion systems, the
authors are not aware of actual carbonate acidizing applications of such systems in the oil and
gas industry. A patent describing an acid internal microemulsion for carbonate acidizing was
granted in 1989 and has since lapsed [20]. Since the early 1990s, the industry has commonly
used emulsified acids, formulated as acid-internal “macro”emulsions, to reduce the effective
acid diffusivity and improve the depth of live acid penetration [25]. Typical macroemulsion
systems prepared with HCl as the dispersed phase have effective diffusion coefficients of about
8 x 107cm?/s at 22°C [34], which is consistent with that measured for the microemulsions
systems in this research. Hence, the carbonate dissolution phenomenon is similar for acid
microemulsions and macroemulsions.

8 ’

Normalized optimum injection rate
[dimensionless]
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Figure 10. Effect of temperature on the optimum injection rate required to achieve wormhole penetration of 6 inches
with various acid systems [23]. (The shaded box represents typical injection rates used in matrix acidizing treatments.)
Copyright 2000, Society of Petroleum Engineers Inc. Reproduced with permission of SPE. Further reproduction pro-
hibited without permission.

Macroemulsions are successfully applied in both matrix acidizing and fracture acidizing
treatments [25, 35-37]. These case histories demonstrate the use of emulsified acids as the main
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treating fluid to increase the depth of stimulation at treatments up to about 176°C. The
emulsified acids provide improved stimulation effectiveness over a wider range of injection
rates and temperatures compared to aqueous acid systems. This wider operating range is
illustrated in Figure 10, where the optimum injection rate for the creation of dominate
wormhole structures is plotted as a function of reservoir temperature during matrix acidizing
treatments [23]. The lines represent the injection rate required to achieve wormhole formation
for various acid systems including aqueous HCI, organic acids HFc and HAc, and emulsified
HCI. The shaded box represents typical injection rates used in matrix stimulation treatments.
The results show that aqueous HCl is unable to achieve effective wormhole formation without
requiring excessive injection rates (above the typical ranges that would avoid fracturing the
formation). Under the same conditions, emulsified HCI can effectively stimulate the formation
even at higher temperatures where aqueous systems would not be effective. The results
demonstrate that emulsified acids generate more effective acid dissolution channels under
typical treatment conditions, which enables increased hydrocarbon production.

While emulsified acid systems are more effective than aqueous HCI for carbonate acidizing
applications, they often require treatments to be pumped at lower than optimal injection rates
due to relatively high friction pressures. The emulsified acid viscosities typically vary between
2.5 and 4.5 cp at 800 s™ and 121-176°C, which is an order of magnitude higher than the 0.25
and 0.5 cp viscosity of aqueous HCl over the same temperature range [25]. Viscosities around
3 cp were reported for acid microemulsion systems [9]. Other investigators have reported
significantly lower viscosities of about 0.1 cp at 400 s for microemulsions [38]. The authors
are not aware of friction loss measurements for the flow of acid microemulsion systems under
typical oilfield conditions. Therefore, friction studies could be an interesting area for further
investigation to assess the potential of acid microemulsions to mitigate this operational
limitation and provide a technical advantage over macroemulsion systems commonly used in
carbonate acidizing applications.

7. Summary

Microemulsion technologies have unique properties that make them applicable in the oil and
gas industry. Of particular value for carbonate acidizing is their ability to reduce the mobility
of the dispersed phase, in this case hydrochloric acid, without a proportionate increase in the
fluid viscosity. Microemulsions provide effective acid diffusion coefficients that are two orders
of magnitude lower than aqueous HCI. This reduction in the diffusion coefficient is important
in carbonate acidizing because the rate of dissolution is mass transfer limited, meaning it can
be controlled by changing the rate of convection and/or the rate of acid diffusion.

This research evaluated acid microemulsions with respect to the phase behavior, effective
diffusivity, and corresponding impact on the dissolution phenomenon occurring during
carbonate acidizing. Results demonstrate that acid microemulsions are effective at creating
highly-conductive dissolution channels, or wormholes, in carbonate porous media. Further-
more, the dissolution structure and corresponding volume of fluid required for a given depth
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of stimulation are governed by the Damkdohler number for transport and reaction. Due to the
significant reduction in the effective diffusivity of the dispersed acid phase and the dependence
of the dissolution phenomenon on the Damkohler number, acid microemulsions provide
improved performance compared to aqueous acids, particularly at low injection rates and high
reservoir temperatures.

Although research demonstrates that acid microemulsions are effective carbonate acidizing
fluid systems, the authors are not aware of microemulsions prepared with acid as the dispersed
phase being used for treatments in the field. Emulsified acids (“macro”emulsions) are
commonly used for carbonate acidizing and provide a similar reduction in the effective
diffusion coefficient as observed for acid microemulsions. These macroemulsion systems often
constrain operating conditions due to high friction pressures. Friction studies could be an
interesting area for future acid microemulsion research.
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Abstract

Owing to their unique properties, use of microemulsion-based synthetic techniques
for the generation of shape-controlled nanocatalyst is an area of great current interest.
Nanocatalysts of any specific shape, morphology, surface area, size, geometry, homo-
geneity and composition are widely being prepared using the soft techniques of micro-
emulsion. Easy handling, inexpensive equipment and mild reaction conditions make
microemulsion an attractive reaction medium. Herein, a nanosized precursor reactant
can be incorporated, leading to the formulation of a highly monodispersed metal nanoag-
glomerate with controlled size, shape and composition. Several factors such as presence
of electrolyte, molar ratio of water to surfactant, nature and concentration of surfactant
and solvent, size of water droplets and concentration of reducing agents influence the
size of the nanoparticles. The reverse micelle method can be used for the fabrication of
several nanosized catalysts with a diverse variety of suitable materials including silica,
alumina, metals (e.g. Au, Pd, Rh, Pt), metal oxides, etc. The morphology, size distribution
and shape of the nanocatalysts make them useable for a wide range of applications, for
example, fuel cells, electrocatalysis, photocatalysis, environmental protection, etc. The
recovery of nanoparticles from the reaction mixture is a challenge for the researchers.
This chapter discusses the preparation of nanoparticles using microemulsion techniques,
widely being used for the synthesis of nanocatalysts from a wide range of materials.

Keywords: microemulsion, nanoparticles, catalyst, synthesis, nanoagglomerate

1. Introduction

A single-phase system formed by the addition of a surfactant to a mixture of two immiscible
liquids in large amounts, which is homogeneous macroscopically but heterogeneous micro-
scopically, have been fascinating the world of science and technology due to their unique
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properties such as ability to solubilize both oil- and water-soluble compounds, low viscosity,
decreased interfacial tension, optical clarity, etc. [1-3]. Unlike, normal emulsions, they exhibit
a high thermodynamic stability as proposed by Ruckenstein [4]. These isotropic systems, con-
sisting of oil droplets dispersed in water (O/W) or water droplets dispersed in oil medium
(W/O) or a bicontinuous phase of these two components were termed as ‘microemulsions’ in
1959 by Schulman [5, 6].

A microemulsion basically consists of a hydrocarbon, water and a surfactant (a molecule hav-
ing a hydrophobic tail and hydrophilic head ends) [7, 8]. After a specific concentration of
surfactant (critical micelle concentration), aggregation of molecules takes place and micelles
are formed. In case of W/O microemulsion, where formation of micelles takes place in an
organic medium, whose hydrophobic (nonpolar) tail is outside the core and interact with the
hydrocarbons, whereas its hydrophilic (polar) head is in the core; the aggregates are referred
to as ‘reversed micelles'. The core of W/O microemulsion, an active candidate as a nanoreac-
tor in which several chemical reactions can be carried out, is of great interest [9]. Sometimes,
a cosurfactant, mostly a medium-chain alcohol, is also used in addition to the surfactant,
which enhances the system's stability and entropy by increasing the fluidity and decreasing
the interfacial tension between water and oil molecules, thus easing the microemulsion for-
mation [10]. The stability of a microemulsion can also be enhanced by changing the reaction
parameters such as pressure, temperature or concentration of reagents or by the addition of
a salt [11].

Depending on the ratio of individual constituents of a microemulsion, it is highly sensitive
to a slight change in temperature [12]. Microemulsions are a subject of extensive research
due to their wide range of applications in several fields, including cosmetics [13], lubricants
[14], as pesticides in agrochemicals [14, 15], textile industry as finishing and dyeing materials,
electrocatalytic, organic and photochemical reactions [16, 17], liquid membranes, fuels, detox-
ification of environment [18, 19], pharmaceutical industry [15, 20, 21], corrosion inhibitors
[14], detergents [2], as oil flavors in the food industry [2, 22], bio-separation [23], oil recovery
[24], etc. Nanoparticles having unique properties, finding their potential use in homogeneous
and heterogeneous electrocatalysis, fluorescence probes, thermoelectric transport, bioassays,
optical nanosensors, biotechnology, bio-imaging, aerosols, etc. are also extensively being
synthesized using microemulsion technique. This chapter presents an overview of different
microemulsion techniques used for the synthesis of nanocatalytic materials, factors affecting
the reaction rate as well as the nanoparticle size and their applications in various fields.

2. Synthesis of nano-catalysts

In 1972, Gault and coworkers employed microemulsions, a novel technique for the synthesis
of catalytic materials for the very first time. Owing to its thermal stability, specific composi-
tion and structure, very small droplet size and transparency, microemulsion, being a suitable
medium for the preparation of metal-based nanocatalysts are also reported for the forma-
tion of bimetallic nanoparticles of any desired composition and controlled particle size. Metal
nanoparticles stabilized in a microemulsion medium were first reported by Boutonnet [16].
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Basically, the catalytic ability of a metal-based nanocatalyst depends on the size of precursor
metal particles; smaller the particle size, higher will be the activity, as the surface area of the
metal particles is increased due to increasing number of atoms on its surface. Microemulsion
is a promising method leading to the synthesis of catalysts at nanoscale with a narrow size
distribution. Varying the size of reversed micelles leads to control over the size of catalytic
particles, ranging from 1-100 nm. The composition of nanocatalysts as prepared by this tech-
nique corresponds to the initial concentration of metal precursor used for their synthesis. In
contrast with the conventional methods, which require a high temperature for the synthesis
of nanoparticles, reverse micelle method can be carried out at room temperature with a more
précised size of nanocatalysts. Water in oil microemulsion is of higher interest in this regard.
In W/O microemulsion, water droplets are dispersed in oil. The surfactant molecules sur-
round the water particles with their polar ends facing the water particles and nonpolar ends
towards the oil phase. Metal precursors are present as electrolytes in the form of metal salts in
the water core of the aggregations. Either this system can be mixed with another microemul-
sion containing precipitating or reducing agents (hydrogen, sodium borohydride, hydra-
zine, etc.), or a precipitating agent can be separately added to this microemulsion system [7].
This scheme is represented in Figure 1. A homogeneous dispersion of precipitating agent is
achieved in the former method. Nucleation reaction takes place by the collision of these agents
with the precursor metal particles. Nuclei formed in this process grow to form the final form
of nanocatalyst. Since oil is a continuous phase, yield of resulting catalyst can be increased
by increasing the amount of oil in the system [25]. Eastoe and coworkers [25] introduced the
use of environment-friendly supercritical carbon dioxide instead of oil as a continuous phase.
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Figure 1. Nanocatalyst synthesis in microemulsion medium: (A) Mixing of two microemulsions; (B) addition of
precipitating to microemulsion.
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The nanocatalysts formed through microemulsion route are then passed through after-
treatments such as reduction, washing, stabilization, calcination, etc. depending on the
fields in which they are to be used [26]. The main hindrance, which prevents the approach
of reactants to the surface of catalyst, is the presence of surfactant molecules. So, it must
be removed from the reaction medium. Removal of nonionic surfactant molecules from the
medium is easier compared to ionic surfactant. Thus, for the catalysts which are destined
to be used at low as well as high-temperature liquid phase catalysis, surfactant should be
removed; this can be achieved through calcination and washing. However, in some cases,
presence of surfactant molecules on the surface of metal-based nanocatalyst particles may
improve its selectivity. Moreover, if microemulsion-prepared metal nanocatalysts come in
contact with air, they may get oxidized. To avoid this problem, reduction of nanocatalyst in
hydrogen must be carried out before using it for a catalytic process.

Microemulsion has also been explored for synthesis of bimetallic nanocatalysts (catalysts con-
taining two different metal particles). The addition of a second metal particle in the system
improves its catalytic activity. Two different pathways can be employed for this purpose;
either separate aqueous solutions of both precursors or an aqueous solution having both the
precursor metals can be added to the microemulsion medium. However, the selection of route
does not affect the particle size of product [27].

To increase the efficiency of a nanocatalyst, encapsulation of metal particles should be avoided
to maximize the surface area of catalyst by creating them on a support [28]. A combination
of microemulsion and sol-gel method can be employed for the synthesis of metal oxide cata-
lysts coated with metal particles. Illustration of this method is given in Figure 2. A sol-gel
technique is used to prepare a porous metal oxide via reactions between metal alkoxide and
water. In microemulsion, it prevents sintering and agglomeration of precursor metal particles
in the medium.

Microemulsion coupled with deposition precipitation method is also being used to support
active catalysts over surface of nanomaterial. In deposition precipitation method, particles of
metal deposited on the surface act as active catalysts. The surface of nanomaterials acts as a
support for the metal catalyst. This will help in improving the catalytic ability as well as ther-
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Figure 2. Microemulsion route for the synthesis of supported metal catalysts.
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mal stability of the catalyst [29]. Such a three-way catalyst (TWC) has been prepared by Shah
et al. [30], who supported CuO particles on CesZrO,. The doping of CuO activated the highly
stable catalyst at lower temperature.

3. Factors affecting the particle size

3.1. Concentration of water

Water content in the microemulsion goes hand in hand with particle size of the catalyst.
Increasing the water content increases the water-to-surfactant ratio, increasing the particle
size of metal catalysts (see Table 1). Micellar size is decreased at lower water contents, which
results in homogeneous dispersion of relatively smaller particle size. At low amount of water,
the tightly packed water molecule surrounded by surfactant molecules results in the produc-
tion of more stabilized and monodispersed as well as smaller catalyst particles. This means
that for the synthesis of catalysts having a smaller size, amount of water in the microemulsion
should be reduced [36-38]. This effect was studied by Wongwailikhit and Horwongsakul.
They selected reverse micellar route for the synthesis of monodispersed, spherical iron (III)
oxide nanocatalysts. Particle size of the nanocatalyst was found to be strongly dependent on
molar ratio of water to surfactant. Decrease in concentration of water in the system favored
the decrease in particle size, thus enhancing the catalytic activity of product [39].

3.2. Intermicellar exchange

Microemulsion synthesis of nanocatalysts depends strongly on the intermicellar exchange.
If the rate of exchange of materials between reverse micelles is slow, a few catalyst parti-
cles with relatively larger particle size are obtained. In contrast, higher exchange rate leads
to the synthesis of a large number of nanoparticles having smaller particle size [40]. As

Serial # Nano-catalyst Water to surfactant  Size of nanocatalyst Reference
ratio (w) (nm)

1 Cu,S 2 8.09 [31]
3 69.2

2 TiO, 3 53 [32]
5 6.9

3 MnCO, 6.25 71 [33]
7.5 89

4 MgALO, 2 13 [34]
8 17

5 cds 5 6.2 [35]
10 10.80

Table 1. Effect of water-to-surfactant ratio on size of nanocatalyst.

57



58 Properties and Uses of Microemulsions

reported by Bagwe et al. [41] who synthesized silver chloride nanoparticles in microemul-
sions, the intermicellar exchange further depends on the water content, choice of continu-
ous phase and precursor metal particles in the nanodroplets. At greater water-to-surfactant
molar ratio, water molecules exists in free state in the reaction medium; this increase in
medium's fluidity enhances the intermicellar exchange rate and forms smaller nanocatalyst
size owing to their rapid nucleation. The intermicellar exchange is also weakly affected by
the size of cations. It is well known that cationic size decreases with increasing valency,
reducing the distance between surfactant heads and forming a tightly packed layer of sur-
factant. Hence, larger cations affect the formation of nanocatalysts by reducing the inter-
micellar exchange. Another factor affecting materials exchange is the continuous phase
(solvent) present in the microemulsion medium. The penetration of continuous (oil) phase
into the surfactant tail becomes difficult as the chain length of the oil is increased; however,
oil molecules align themselves parallel to the tail, decreasing the interaction between con-
tinuous phase, that is, solvent and surfactant. This deficiency of solvent molecules allows
the surfactant tails to interact with each other. These two effects combine and result in an
increased intermicellar exchange.

3.3. Reducing or precipitating agent

The nature and concentration of precipitating or reducing agent is a strong function of the
microemulsion synthesized metal nanocatalyst size. As reported by Boutonnet et al., increase
in the content of hydrazine, N,H,, which is an efficient reducing agent, increases the particle
size of metal nanocatalysts [42]. In this work, it is reported that N,H, carries out reduction
more effectively and forms comparatively smaller nanoparticles as compared to when pure
hydrogen is used for reduction.

A research carried out by Solanki [43] showed that nature of reducing agent in microemul-
sion technique affects the particle size of nanocatalysts. They used two different reductants,
that is, hydrazine and sodium borohydride for the synthesis of silver (Ag) nanocatalysts
keeping the water-to-surfactant ratio constant. Sodium borohydride, being a stronger
reducing agent, catalyzes the nucleation and growth of particles, resulting in greater par-
ticle size. Therefore, hydrazine is more preferable for the synthesis of nanocatalysts with
reduced particle size.

3.4. Nature of surfactant

Particle size of a nanocatalyst is also affected by changing the concentration of surfactant in
the emulsion keeping the water and oil content constant. Ionic and van der Waals forces hold
the aggregates formed in the presence of surfactant. By reducing the amount of surfactant,
number of droplets also decreases. This causes an increase in ions per droplet and hence the
particle size also increases. However, the catalyst particles are formed in the nuclei, not in the
droplet. It is known that the dynamic microemulsion system synthesizes nanocatalyst in two
steps: nucleation and aggregation. Presence of surfactant keeps the particle growth neither
too slow nor too fast. Particle size is determined by the number of surfactant molecules sur-
rounding it [44, 45].
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Surfactants being used in microemulsion-mediated synthesis of nanocatalysts include dif-
ferent nonionic, anionic and cationic surfactants. Anionic surfactant AOT (sodium bis(2-eth-
ylhexyl) sulfosuccinate), employed for the synthesis of monodispersed and highly stable
metallic (Au, Ni, Cu) nanoparticles as well as metal oxides and sulfides catalysts with very
fine particle size strongly bonded through electrostatic interactions, is the most important
surfactant in this regard [46].

3.5. Addition of a cosurfactant

Providing same particle size, addition of a cosurfactant in the microemulsion reaction medium
during the synthesis of a bimetallic nanocatalysts assists the complete reduction of precursor
metal ions to form well-alloyed monodispersed nanoparticles with desired phase composition.
The presence of a cosurfactant incorporates more amounts of metal particles in the catalyst,
owing to the increased rigidity of micellar interface. The cosurfactant molecules solubilize in
the tail region of surfactant, the heads of surfactant come close to each other, making no effect
on the water droplet size, which determines the particle size of nanocatalysts [47]. Increasing
the chain length of cosurfactant stabilizes the nanocatalyst particles formed, leading to a
decreased average particle size. This effect was shown by He [48] and coworkers, studying the
size of nanocatalysts with changing cosurfactant in the microemulsion medium (see Table 2).

3.6. Addition of electrolytes

Several electrolytic species such as metal salts, which have a great impact on aggregation
of micelles, the solubility and dissociative degree of the surfactant, may also be added to
the microemulsion medium used for the synthesis of nanocatalysts [49]. For instance, shape
of catalyst particles in water-AOT-isoctane microemulsion was altered by the addition of
sodium chloride salt in the system, where cubical, cylindrical or trigonal catalytic particles
were obtained [50].

3.7. Reactant concentration

The concentration of reactants in the microemulsion medium strongly affects the amount,
size and shape of the nanocatalysts thus synthesized. The particle size of silver nanoparticles
as prepared by Lisiecki et al. [51] was observed to decrease with decreasing concentration of
reducing agent (hydrazine). An increase in reactants concentration (PbS, NaBH,) increased
the amount of final product, catalysts particles [52, 53].

Serial # Co-surfactant Size of nanocatalyst (nm)
1 1-Heptyl alcohol 47.1
2 1-Amy alcohol 515
3 1-Hexyl alcohol 53.8
4 1-Butyl alcohol 63.4

Table 2. Effect of surfactant on size of nanocatalyst.
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An important edge a microemulsion provides is its potential to control the shape (onion-
like, core shell, etc.) of the synthesized nanocatalysts by changing the initial concentration
of reactants added to the system [54, 55]. Core with uniform thickness of particles can be
obtained by using rigid films or introducing low concentration of reactants in the reac-
tion mixture providing one of the reactants is in excess amount. Using stoichiometric and
relatively higher amounts of reactants and addition of a second reactant to the reaction
mixture produce a core-shell structure [55, 56]. Efforts are also being done for the polymer
encapsulation of microemulsion synthesized nanocatalyst particles either by in situ polym-
erization by making use of polymerized surfactants [57] or by enfolding after the extraction
of nanocatalysts [58].

4. Applications of microemulsion synthesized nanocatalysts

The nanocatalysts prepared by using microemulsion systems have been reported to be used
in many catalytic processes including reforming, oxidation/hydrogenation of hydrocarbons,
reduction of nitrogen oxide, fuel cells, Fischer-Tropsch method, production of hydrogen, oxi-
dation of carbon monoxide, breaking down of organic species, etc. [26] (see Table 3). Details
are given below.

4.1. Photocatalysis

Microemulsion technique produces better nanostructured photocatalyts. Photocatalysis is a
process used for the breakdown of organic matter present in wastewaters. Titanium diox-
ide, being a semiconductor, is widely being employed in this process. With the absorption
of photon whose energy is equal to semiconductor's band gap, the catalysis begins. Titania
either accepts or donates electrons to the species present in the surrounding medium. Yan and
coworkers [58] synthesized one such catalyst via microemulsion route, which enhanced its
catalytic activity. Fuerte et al. [65] studied the effect of microemulsion route on photocatalytic
activity of mixed oxides nanoparticles containing titanium (Ti) and tungsten (W) for degra-
dation of toluene. In the microemulsion medium, tungsten doping leads to the formation of
charge-trapping centers, leading to enhanced catalytic activity of the nanocatalyst. Another
core/shell catalytic system containing ZnS and CdS are known to be applicable for the photo-
lytic production of hydrogen from water [66].

Photocatalytic decomposition of 4-nitrophenol, a toxic compound used in pesticide pro-
duction, is carried out over microemulsion-synthesized titania nanocatalysts [67]. Organic
contaminants present in water can be degraded under UV/visible light using an active single-
phase LaNiO, as prepared by a single reversed microemulsion process [68].

4.2. Storage of hydrogen

Microemulsion-synthesized nanosized bimetallic catalysts find their applications to enhance
the reaction rate of formation of carbon nanofibers, which are used for storage of hydrogen.
The nanofibers as produced by this technique show a uniform distribution of very small
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Serial# Nanocatalyst Application Reference
1 Pt Oxygen reduction reaction [49]
2 Pt-Ru Oxidation of methanol [50]
3 TiO, Photodegradation of methyl orange [51]
4 Pd/CNT Hydrogenation of olefins [52]
5 Pd-Au/carbon Electrooxidation of sodium borohydride [53]
6 Ag/ALO, Reduction of nitro aromatic compounds [37]
7 Barium hexaaluminate Combustion of methane [54]
8 Fe/Cu/La Fischer-Tropsch catalyst [55]
9 MoO,-K,O/CNT Synthesis of higher alcohols [56]
10 Mn-containing mixed oxides Catalytic oxidation of toluene [57]
11 Rh/SiO, CO hydrogenation [58]
12 Pt-in-CeO, Water-gas shift reaction [59]
13 Pd-Cu-0O/SiO, Oxidative carbonylation of phenol [60]
14 Pt-Ru-Sn/BDD Electro-oxidation of alcohol [61]
15 Pd-Co-Au Oxygen reduction [62]
16 Pt/carbon Hydrogenation of nitro compounds [63]
17 Ni-Fe/ALO, Hydrogen rich gas production [64]

Table 3. Applications of microemulsion-synthesized nanocatalysts.

particle size. A Fe-Cu nanocatalyst was synthesized by Marella et al. [69] to study the forma-
tion of nanofibers through the decomposition of ethylene.

4.3. Aquathermolysis reaction

The limited use of heavy oils due to their high viscosity can be improved by reducing its
viscosity. For this purpose, aquathermolysis, physiochemical reactions of oil with water or
steam at temperature range between 200 to 300°C is an important reaction [70]. However,
a major problem observed in this reaction was the formation of large molecules by Van der
Waals or hydrogen-bonded hetero-atoms (O, N, S) present in the heavy oil [71]. To overcome
this difficulty, a catalyst can be used which catalyzes the breakdown of large oil particles into
smaller ones, increasing the amount of saturates and decreasing the concentration of resins
and asphaltenes in the oil [72]. The enhanced catalytic activity of microemulsion-synthesized
nanocatalysts due to their smaller particle size makes them an interesting candidate to be
used in this viscosity reduction method [73].

4.4. Reduction of nitrogen oxides

In the presence of excess oxygen, mixed metal nanocatalysts such as perovskites [74] are gen-
erally used for the reduction of nitrogen oxides (Eq. (1)). Microemulsion synthesis enhances
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the activity of nanocatalysts by decreasing their particle size and increasing their surface area.
Homogeneously mixed precursor metal particles in the microemulsion medium lead to the
formation of nanocatalysts at elevated temperatures:

CaTiO,
2NO +O,—>2NO, (1)
Reduction of nitric oxide by carbon monoxide using Lanthanum-based nanocatalysts [75]
synthesized in microemulsion medium is also reported. The activity was compared with the
conventionally prepared nanocatalysts. The enhanced surface area of microemulsion-synthe-
sized nanocatalysts increased the rate at which oxidation reaction occurred.

In gas turbines, nitrogen oxide formation should be minimized by reducing the temperature
at which catalytic combustion is carried out. For this purpose, hexaaluminate can be used as
a catalyst. This catalyst having a higher surface area, when prepared via microemulsion tech-
nique, is an active candidate to be used at low temperatures [76].

4.5. Water-gas shift reaction

In water-gas shift (WGS) reactions, carbon dioxide and hydrogen are produced by reacting
carbon monoxide with water. These reactions take place in industries to increase the amount
of hydrogen in syngas (a fuel gas produced as a result of partial oxidation of hydrocarbons).
These reactions can be catalyzed using ceria (CeQO,) encapsulated Pt nanoparticles synthe-
sized in microemulsion medium (Eq. (2)) [77]:

CeO,
CO +H,0 —=H,+CO, ()

4.6. Fischer-Tropsch synthesis

Use of nanocatalysts based on metal prepared through microemulsion technique in Fischer-
Tropsch (FT) synthesis (conversion of hydrogen and carbon monoxide mixture into lig-
uid hydrocarbon, Eq. (3)) is of great interest. Due to their low cost, selectivity and activity
towards FT synthesis, low deactivation rate, supported cobalt catalysts are highly recom-
mended to be used in FT synthesis [78]. Re supported Co catalysts were synthesized and
deposited on titania. Using microemulsion method, smaller particle size of these catalysts
was obtained whose catalytic activity in FT reactions was very much higher as compared to
those prepared by other methods. Carbon nanotubes (CNT), when used as a catalyst car-
rier-support for Co nanoparticles, provides a higher reproducibility and higher degree of
dispersion of catalyst [79]. Moreover, the catalytic activity of Co in FTS depends on its size
distribution [80]:

@n+DH,+nCO <& C H, _+nH,0 &)
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4.7. Electrocatalysis

Metal particles dispersed on carbon electrode are most widely used catalysts for electrolytic
reactions. Xiong and He [81] reported the use of tungsten oxide and tungsten nanoparticles in
electrocatalysis. They reported that surfactant must be removed from the surface of catalysts
to make them useable at elevated temperatures. Iron-based nanocatalysts prepared in micro-
emulsion medium found application in the electrocatalytic reduction of hydrogen peroxide
(Eq. (4)) [82]. Cathodic catalysts to be used in fuel cells are also reported to be synthesized via
microemulsion route [83]. Yet, the microemulsion-synthesized nanocatalysts exhibit unsatis-
factory long-term stability [84]:

H,0,+2H" £ 2H,0 4)

4.8. Combustion/oxidation/hydrogenation of hydrocarbons

Hexaaluminate is a catalyst used widely for catalytic combustion of methane. To enhance the
activity of a catalyst, it is highly recommended to increase its surface area. Microemulsion route
is proven to be a confirmed way to increase surface area of catalysts by decreasing their particle
size [85]. The homogeneity of particles in microemulsion medium is increased, leading to the
formation of catalyst at elevated temperatures, hence increasing its surface area. Hydrothermal
treatment of microemulsion during synthesis of catalyst affects the effective surface area of
catalyst. Particles having a smaller size over the range of approximately 2 nm ignite the process
of reaction [86]. Silica- and alumina-coated metal particles such as platinum and nickel particles
are also known to be used for complete and partial catalytic oxidation of methane (Eq. (5));
the high selectivity of this reaction lies in diffusion of methane particles to the catalyst surface
through the silica coating [87-89]. The coating prevents the detachment of precursor metal par-
ticles from the support material, growth of carbon fibers and conversion of metal particles into
their oxides and makes the nanocatalysts more stable and reactive. Synthesizing these catalysts
in microemulsion route minimizes the size of particles rendering their activity high:

cH,+20, DML 0o 4210 5)

Trimetallic nanocatalysts [90] prepared in microemulsion are more effective as compared to
bimetallic catalysts for the oxidation of methanol as well as ethanol. Microemulsion synthesis
overcomes the problems faced in the oxidation process, that is, poisoning by carbon monox-
ide, slow process of oxygen reduction [91, 88]. Carbon nanotube supported Pd, Rh and bime-
tallic (Pd/Rh) nanocatalysts are also employed as very effective catalysts for hydrogenation
of olefins (Eq. (6)) [59]:

Pd/CNT
_

RCH = CH,+ H, RCH, CH, (6)

A microemulsion based on a less toxic solvent, super critical CO, is employed by Meric and
coworkers [89] for synthesis of palladium nanocatalysts. Due to capacity of this solvent to
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dissolve hydrogen and oxygen gases, it is highly recommended to be used in liquid-phase
reactions as a medium. It also enhances the rate at which the reaction proceeds. The effect of
Pd nanocatalysts on citral (3,7-dimethyl-2,6-octadienal) hydrogenation was studied by Meric.
Using nanocatalysts dispersed and stabilized in microemulsion, approximately 68% unsatu-
rated aldehyde (citeranol) was obtained. However, saturated aldehyde was gained as a main
product in liquid or vapor phase reactions. This difference lies in the presence of palladium
enclosed by micelle particles. Hydrogenation of a,(3-unsaturated citral molecule forms the
basis of certain reactions carried out in perfumery industry [26].

4.9. Oxidation of toluene

Mixed metal oxide nanoparticles containing noble metals (Au, Ag, Pt, etc.) can be used in oxi-
dative catalysis of toluene. In a recent research, a cheaper non-noble metal manganese (Mn) is
reported to be used in this process (equation 7) [64]. A comparison between Mn nanocatalysts
prepared via microemulsion and precipitation techniques showed that surface area of the
former was much greater and hence the catalytic activity was also higher. This activity was
approximately the same as that of a conventionally prepared palladium-based nanocatalyst.
Therefore, a cheaper nanocatalyst with improved efficiency can be prepared using micro-
emulsion technique:

M
CH,-C,H, % C H,-COOH )

4.10. Catalytic reforming

Nanocatalysts synthesized in microemulsion medium are applicable in certain reforming
process, such as bi-functional reforming of naphtha. These catalysts have greater number of
active sites on their surface, thus enhancing their activity. The deactivation of such catalysts is
comparatively much slow. They also increase the yield of main product, that is, toluene and
benzene, and decrease the yield of unwanted by-products [92].

4.11. Oxidative coupling of methane

Oxidative coupling of methane is an effective method, which makes use of natural gas (CH,)
as an industrial feed stock. He and coworkers [93] utilized microemulsion technique to syn-
thesize CeO,/ZnO nanocatalysts for this purpose (Eq. (8)). They reported that the methane
coupling over this specific catalyst prepared in microemulsion medium was much higher
than the catalysts prepared by other techniques:

CeO,/ZnO
2CH,+ O, —2— C,H,+2H,0 ®)

4.12. Oxygen reduction reaction

Microemulsion route is also explored for the preparation of nanoparticles, which can be
employed as catalyst in oxygen reduction reactions (ORRs) (most important reaction in life
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processes, Eq. 9). For instance, PtFe nanocatalysts supported on carbon are reported to be
used in ORR. Using another metal such as Fe with Pt reduces the cost of electro catalyst.
A major problem in ORR is the presence of adsorbed hydroxide [94]

Assoialive

n:‘ . Glhm:' . H;O;:,m:. . H‘,U

Dissociative | |
H,0, )

which blocks the active sites on the surface of the catalysts; this problem is overcome by using
bimetallic nanocatalysts prepared in microemulsion. These catalysts can be made cathode
in proton exchange membrane fuel cell (PEMFC), improving the performance of fuel cell.
PEMEFC in return is an important candidate for portable and vehicle applications [95].

4.13. Environmental application

The emission of air pollution into the atmosphere from automobile engines can be reduced by
the use of TWCs. It can be introduced in engines as an after treatment system. Incorporation
of zirconium ions in CeO, increases its surface area and thermal stability. Use of this catalyst
enhances the activity of TWCs. However, copper can also be included in the system, which
catalyzes the oxidation process of organic compounds and carbon monoxide [31, 96]. For this
synthesis, microemulsion technique combined with deposition precipitation technique can
be employed [31].

An important reaction in environmental protection is hydrogenation of benzene to cyclo-
hexane [97]. Ruthenium nanocatalysts supported on alumina are applicable to catalyze the
hydrogenation process (Eq. (10)). However, owing to their better tolerance towards sulfur
poisoning, recycled catalysts exhibit better performance [98].

Ru/Ale3 c

C,H,+3H, (10)

5. Challenges in microemulsion synthesis of nanocatalysts

Although microemulsion is found to be a novel route for the preparation of nanocata-
lysts applicable in several fields, the recycling and separation of the organic solvents and
nanocatalyst particles from the microemulsion medium is still a challenge for scientists.
Traditional separation methods such as addition of a solvent, solvent evaporation, ultra-
centrifugation, and so on are used for this purpose. Addition of an anti-solvent (e.g. super-
critical carbon dioxide, having a relatively low dielectric constant), along with a stabilizing
agent such as carboxylate perfluoropolyether surfactant, being an innocuous and cheaper
method, can be applied to control the stability of the catalysts effectively [11]. Making use
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of a photo-destructible surfactant, actuating de-stabilization of nanocatalyst particles from
the microemulsion is also an interesting method for this purpose [99]. However, the shape of
the nanocatalysts separated using destabilizing agents is irregular [100]. Regardless of their
successful utilization in several important reactions, use of microemulsion for nanocatalyst
synthesis is not much appreciated due to the lack of any industrial technique for this pur-
pose. The cost for the synthesis of nanoparticles is relatively higher as expensive metals (Rh,
Pt, etc.) are being used for the reaction. If microemulsion-based catalysts are managed to
be produced at industrial scale, it is by far much better than other cheaper techniques [26].
So in the present scenario, a chemically clean and inexpensive microemulsion-synthesized
nanocatalyst having desired particle size with a narrow size distribution is a real challenge
[26, 101].

6. Conclusion

Microemulsion synthesis is a powerful and feasible technique for the preparation of several
metal-based unimetallic, bimetallic (supported catalysts) as well as three way nanocatalysts,
showing very interesting properties in certain chemical reactions. Dispersion of precursor
metal particles in the nanosized droplets of microemulsion allows controlling the size, shape,
morphology and size distribution of the as-prepared product depending on factors such as
the initial concentration of reactants, surfactant, cosurfactant, addition of an electrolyte, and
so on. The enhanced thermal stability, high catalytic activity and selectivity of the catalysts
enables their use in wide range of reactions (e.g. aquathermolysis reaction, catalytic reform-
ing, oxygen reduction reaction, photocatalysis, electrocatalysis, etc.), important in different
fields such as perfumery industry, gas turbines, fuel cells, environmental protection, and so
on. Despite the fact that microemulsion route synthesizes highly catalytic nanoparticles of any
desired size, the process involving noble metal particles, becomes a very expensive method.
This problem can be overcome by finding out an industrial way to utilize the microemulsion
route for the synthesis of nanocatalysts. Moreover, the clean recovery of synthesized nano-
catalysts from the reaction mixture is still a challenge.
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Abstract

The concept, basic physics, and experimental details of time-resolved electron paramag-
netic resonance (TREPR) spectroscopy for the study of spin-correlated radical pairs
(SCRPs) in heterogeneous media are presented and discussed. The delicate interplay
between electron spin wave function evolution (governed by magnetic interactions such
as the isotropic electron spin-spin exchange interaction and the electron-nuclear hyper-
fine interaction) and diffusion (governed by the size and microviscosity of the medium)
provides a mechanism for assessing molecular mobility in confined spaces on the nano-
scale (e.g., micelles, vesicles, and microemulsions). Experimental examples from micel-
lar SCRPs are used to highlight the dominant features of the TREPR under different
degrees of confinement and microviscosity, and spectral simulation methods are
described to show how molecular mobility can be quantified.

Keywords: electron paramagnetic resonance, spin-correlated radical pairs, micelles,
diffusion, microviscosity, confinement

1. Introduction

Electron paramagnetic resonance (EPR) spectroscopy is a fundamental method for the investi-
gation of paramagnetic particles in liquid and solid solutions, in crystal and semiconductor
substances, and in biological and physiological systems. Examples of such paramagnetic
species include organic free radicals, transition metals such as Fe, Cu, Co, Ni, Mn, and their
complexes, particularly dinitrosyl-iron complexes with thiol-containing ligands [1], excited
molecular states (especially excited molecular triplets), quantum dots, and crystal defects. The
EPR spectra of these systems provide valuable structural and dynamic information through
spectral line shapes, g-factors, electron-nuclear hyperfine interactions, and electron spin relax-
ation processes. The electron and nuclear spin relaxation parameters depend on interactions
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with their nearest paramagnetic neighbors and also on their molecular mobility. In this sense,
all of the paramagnetic species mentioned above can be considered as useful probes of molec-
ular motion and intermolecular interactions. However, extraction of the desired information
from the EPR spectra can be time-consuming and this is not a simple computational task.

Nitroxide free radicals occupy an exceptional place among these species because they are
minimally invasive and chemically stable. Their facile synthesis allows for the creation of a
whole family of probes with different chemical structures and properties. Also, their EPR
spectra are relatively simple, with only three resonant EPR transitions in most cases. The
quantitative treatment of their spectra in isotropic media is based on a well-established and
comprehensive theoretical analysis that is well documented in the literature [2-5]. For more
complex situations involving the appearances of spectral anisotropies, or in the limit of slow
motion, easily accessible and efficient computer programs have evolved for carrying out
numerical simulations [6, 7] of the spectra. It is no surprise, therefore, that when the term “spin
probe method” or “spin labeling” is used, it almost always refers first to the analysis of the
EPR spectra of nitroxide radicals.

The nitroxide spin probe/label method has found wide applications in chemistry, biochemistry,
and physics. Modern development of the method is deeply connected to recent advancements
in EPR instrumentation. Examples include an increase in the microwave frequency [8, 9] up to
215-240 GHz (very high frequency EPR, VHF/EPR), application of pulsed EPR spectrometers
[9, 10], as well as advances in targeted spin labeling (site-directed spin labeling, SDSL [11-13]).
New chemical synthesis methods have resulted in novel probe structures designed, for exam-
ple, to measure the polarity of the microenvironment surrounding the probe [14], the concen-
tration of oxygen [15], and other properties in both homogeneous and heterogeneous systems.

There also exists a wide range of short-lived hydrocarbon radicals, typically transient species,
that are observed as a result of photochemically or thermally initiated radical reactions. For
some time, detectable EPR spectra of these intermediates were used only to verify or refute a
particular mechanism of a chemical reaction [16, 17]. However, in 1963, Fessenden and Schuler
reported highly unusual EPR spectra of hydrogen and deuterium atoms. Specifically, the low-
field components of the hydrogen doublet and deuterium triplet were emissive, while the
high-field components were absorptive [18]. These spectra were acquired at low temperatures
during pulse radiolysis of liquid methane and deuteromethane. This spin-polarization phe-
nomenon would have remained a curiosity, at the time attributed to an unexplained spin
relaxation effect, if not for the discovery of the chemically induced dynamic nuclear polariza-
tion (CIDNP) a few years later. The CIDNP effect is defined as the creation of nonequilibrium
populations of the nuclear spin states in the diamagnetic products of radical reactions involv-
ing recombination and disproportionation. The discovery of CIDNP in the 1960s [19, 20]
stimulated deeper insights into the manifestations of the well-known rule of the electron spin-
state conservation in chemical reactions, initially put forward by Wigner and Witmer [21]. By
the end of the 1960s Closs, and independently, Kaptein and Oosterhoff, developed the so-
called CKO model of CIDNP, which has been described in detail in several monographs (see
for instance [22, 23]) and reviews [24-26]. This model allowed for a qualitative interpretation of
all significant details of CIDNP but failed to provide much quantitative information. The main
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drawback of the CKO model is an assumption of unrealistically long lifetimes for the radical
pairs involved and a total disregard of the exchange spin-spin interaction between the
unpaired electrons of the radical partners.

Consideration of the mutual diffusion of radicals as a continuum process under the modified
Collins and Kimball boundary conditions [22, 27], or as Noyes diffusion flights (the so-called
method of successive encounters [28]), removed these shortcomings and allowed researchers
to formulate a model for liquid-phase spin-selective diffusion-controlled radical reactions—the
radical pair mechanism (RPM) of CIDNP. In both the RPM and CKO models, the essence of
CIDNP remains intact: it is based on the difference in the reactivity of singlet and triplet radical
pairs.

The intensity of the spin-polarized NMR signal depends on the configuration of the nuclear
spins in the radicals and on their coefficient of mutual diffusion. Therefore, at least in principle,
the CIDNP magnitude could be used as a measurable parameter allowing for the extraction of
information about the translation diffusion of radicals, for example, by comparing its value
with the computed one. However, the RPM model is too idealized. The radicals are considered
to be spherical particles, whose reactivity does not depend on orientation. The model operates
in such terms as the thickness of a reaction layer in the reaction sphere or uses parameters in
the Collins and Kimball boundary condition, the physical meanings of which are far from
transparent. Additionally, it can operate in terms of distance-dependent reactivity of the
radical pairs in the singlet electron spin state, with unknown or vague numerical values for
the corresponding parameters. As a consequence, these circumstances make the quantitative
conclusions about the molecular dynamics of radicals from the analysis of CIDNP data quite
unreliable.

Contrary to CIDNF, the spin selectivity of radical recombination does not play such a crucial
role in the generation of CIDEP. Nevertheless, nuclear spin-dependent singlet-triplet mixing is
still a necessary step for the observation of CIDEP via the RPM. However, instead of a reaction
taking place from a specific electron spin state, the relative phase shifts of the electron spin
singlet and triplet states induced by the distance-dependent electron spin exchange interaction
become a crucial factor for the development of CIDEP [29, 30]. Not all such repetitive encoun-
ters are efficient in the creation of CIDEP. The pair must not spend too long time at distances
where the spin's exchange interaction is zero. Also, this time must be comparable with the
difference in the Larmor frequencies of the radicals. On the other hand, the lifetime of the
contact pairs must not be too short, that is, there should be enough time for efficient dephasing
between the multiplicative electron spin states of a pair. Therefore, CIDEP created by the RPM,
SToRPM in the particular case of the high-field approximation, is observed in radicals that
became involved in secondary encounters after rather long (several tens of A) diffusional
journeys [29-34].

As in the case of other mechanisms of CIDEP such as the triplet mechanism (TM) [34], the
electron spin polarization transfer (ESPT) [35, 36], and the radical triplet pair mechanism (RTPM)
[37], the observed EPR signals, usually acquired in a time-resolved experiment, belong to “free”
radicals and are characterized by the same line widths and resonance frequencies as if the
radicals were in the Boltzmann equilibrium state (nonpolarized). But the molecular mobility
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information potentially extractable from these parameters can be obtained using the nitroxide
spin probe method in a more efficient and less expensive way. On the other hand, the polariza-
tion patterns observed in TREPR experiments carry additional information about the interaction
of radicals with each other. Due to the length of the diffusional trajectories, this information is
much less local and therefore may be of significance to researchers working in heterogeneous
media on the nanoscale (micelles, vesicles, and microemulsions).

This unique property of CIDEP via the RPM is manifested most clearly when the diffusion of
the radicals is limited by a physical boundary, so that all the diffusional trajectories of the
radical pair satisfy the conditions listed above. Under such conditions, each individual spec-
troscopic line in each radical's TREPR spectrum is split into two lines of opposite phase and
gives rise to what Shushin [38], in 1991, dubbed as the “Anti-Phase Splitting,” (APS). The
corresponding model of CIDEP for such cases is called the spin-correlated radical pair mech-
anism or SCRPM [39]. In this chapter, we will revisit several systems involving radical pair
confinement with restricted diffusion in the context of some unusual experimental observa-
tions. Our goal is to show that SCRPs are very valuable spin probes for self-organizing
molecular systems such as micelles, vesicles, microemulsions, and potentially for any medium
with the characteristic sizes of inhomogeneity on the nanometer scale.

2. Features of TREPR spectroscopy: spin-polarized “free” radicals

The TREPR technique uses continuous wave (cw) microwave excitation in the same way as
commercial steady-state EPR (SSEPR) spectrometers: The TREPR transitions are detected by
sweeping an external magnetic field B through each resonance at a constant microwave
frequency w,. The TREPR operates in so-called direct detection mode (Figure 1) in the sense
that the 100-KHz field modulation normally employed in SSEPR is disabled. Figure 1 shows

A
Emission

Absorption

Figure 1. (A) EPR doublet signal acquired in “direct detection” mode (TREPR). (B) The same signal acquired with
magnetic field modulation (SSEPR). Note that the first derivative lines in trace B have opposite phases.




Investigation of Liquid-Phase Inhomogeneity on the Nanometer Scale Using Spin-Polarized Paramagnetic Probes
http://dx.doi.org/10.5772/67463

the comparison of an EPR signal acquired in the “direct detection” mode (trace A, TREPR)
with a signal from the same radical species detected with field modulation (trace B, SSEPR).
Trace B, which shows the first derivative line shape, is exactly the signal observed by Fessen-
den and Schuller [18] in their discovery of electron spin polarization. Note the opposite phases
of the low- and high-field transitions in both traces.

Detection of TREPR signals in the direct detection mode results in a significant loss in sensitiv-
ity compared to SSEPR. But this shortcoming is compensated efficiently by the gain in time
response, since the TREPR signal is coming directly from the spectrometer’s microwave bridge
preamplifier circuit and is sampled electronically on a short timescale after its creation. The
time response at X-band is generally limited by the resonator quality factor to about 50 ns.
Higher-frequency W-band spectrometers (95 GHz) allow for much higher time resolution
(down to 2.5 ns) [37]. Unfortunately, technical problems, such as delivering light to the sample
and the difficulty of using flow systems, significantly narrow the applicability of W-band
spectrometers.

The Lorentzian line shape of the resonance signals in SSESR experiments is ensured in liquid
solutions via the steady state Bloch equations, that is, under conditions of the absence of
saturation, the time interval between the creation of magnetization and its detection ¢, should
be much longer than the relaxation time T; or t,,/T> > 1. Typical transverse relaxation times of
organic radicals range from tens of nanoseconds to several microseconds. This means that in
many cases, the condition t,,,/T> > 1 is unfulfilled. It is worthwhile to consider in this case,
what happens to the resonance line shape.

Figure 2 shows TREPR spectra of geminate radical pairs (Scheme 1) resulting from photo-
induced Norrish type-I cleavage (Nd-YAG, A = 355 nm) of 2,2-dimethoxy-1,2-diphenyl ethane-
1-one (trade name: Irgacure®651) in aqueous SDS micellar solutions at room temperature
[40, 41]. The TREPR spectra in Figure 2 were acquired at the outlet of a microwave bridge-
wide bandwidth preamplifier (12 MHz gate), using a LeCroy digital oscilloscope at ty,s = 260
ns (A), = 1.12 us (B), and = 3.6 ps (C)

The spectra in Figure 2 are strongly polarized by the TM. The most striking feature of the
spectra is the strong dependence of the width of the spectral lines on the observation time #,.
The line width at the longest observation time t,,; = 3.6 ps (trace C) corresponds to T, = 1.2 us
for the a-dimethoxybenzyl radical. The condition f,,s/T> > 1 is not, strictly speaking, fulfilled
even for t,,; = 3.6 ps and far from being fulfilled for the other two cases: f,,s = 260 ns and .5 =
1.12 ps. Thus, one can suggest that the additional line broadening is either caused by modula-
tion of the inter-radical electron spin interactions due to the molecular diffusional motion of
radicals or some inherent properties of the EPR spectra observed under conditions of the
violation of the inequality ty/T> > 1 or both. At the moment, we do not need a detailed
discussion of this problem; it will be quite enough to show how the resonance line appears in
the TREPR experiment at t,,;/T> < 1. A similar analysis has been performed already using a set
of modified Bloch equations [42, 43].

In a frame rotating with the angular velocity w, around the direction of the magnetic field of
spectrometer B, the spin and its interaction with the resonance microwave field are represented
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Figure 2. TREPR spectra at t,s = 260 ns (a), = 1.12 ps (b), and = 3.6 ps (c) of geminate radical pairs resulting from
photodissociation of Irgacure®651 (Scheme 1) in micellar aqueous solutions of SDS at room temperature [40, 41].
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Scheme 1. Photoexcitation (355 nm) of 2,2-dimethoxy-1,2-diphenyl ethane-1-one (Irgacure®651) resulting in Norrish
type-I cleavage. This reaction is very fast and forms a geminate triplet pair of benzoyl (¢ = 2.0006) and aa-
dimethoxybenzyl (¢ = 2.0028) radicals.
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by the time-independent spin operators H and H uw respectively. Then, the corresponding
Liouville equation (LE) for the spin-state vector p reads:

_:{_‘(f{+f{“w)+fz}-p (1)

Super operators H and H uw in the Liouville spin space are associated with the commutators in
the Hilbert spin space [H P = H-p, [H s P] = H uw + P, Tespectively, and the state vector p is
comprised of elements of the spin density operator j. R is the relaxation super operator.

This situation is commonly encountered when the particular mechanism of paramagnetic
relaxation is unknown or when several mechanisms operate simultaneously. In our work, we
use the phenomenological relaxation superoperator —the matrix representation of which in the

eigenbasis of H and in the high-field approximation limit is given by Eq. (2):

—kq e 0 0 ](187’8
R= e)
ky e 0 0 —k1€7’3

where k; = 1/2T; is assumed to be the same for all pairs of the electron-nuclear spin levels. We
also suggest that all the off-diagonal elements of the density matrix decay with the same rate
constant k, = 1/T,. The relaxation super operator (2) ensures the Boltzmann equilibrium of the
spin ¥2 at t — oo if k, and k; are real and positive. Since we solve Eq. (1) in rotating frame of
reference, then it is quite natural to wonder why do we do believe that in the rotating frame the
spin ensemble relaxes to the B direction instead of the effective magnetic field in the rotating
frame. See Redfield [44] for the discussion of this problem.

Egs. (1)-(2) are applicable to any time of observation (t,s) and lead to a Lorentzian shape,

Eq. (3), of the resonance line if f,,s > T and w; << (T, Tg)fl/ 2

1 T,! T 1

== = (3)
T2 4 (w—w —A) T+ (w—w — A)TE

[(w)

where w, and A, are the resonance frequency and the spectral shift induced by relaxation,
respectively.

Figure 3 shows the TREPR spectra of an electron spin %2 being initially in the spin state |8) or
Py = (8 (1)) For all calculations, B; = 0.01 G, T; =5 ps, T, = 0.25 ps (Figure 3A and 3B), and

80 ns (Figure 3C and 3D). fy,s = 0.2 ps (A, B and C), and t,,; = 25 ps (Boltzmann population,
Trace D). Traces A and C in Figure 3 demonstrate what happens when the cw TREPR spectra
are acquired at such f, that the inequality t,,,/T> > 1 is not fulfilled. Side wiggles cause an
extra broadening [43] of the resonance lines. Comparing the A and C spectra in Figure 3
suggests that when t,,; is comparable with T,, the width of the resonance line is defined
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Figure 3. Calculated TREPR spectra using Eqs. 1, 2 for B; = 0.01 G and Ty = 5 ps. Trace A: tys (= 0.2 ps)/T» (= 0.25 ps)
=0.8; Trace B: t,ps (= 2 ps)/Ta (= 0.25 us) = 8; Trace C: tops (= 0.2 ps)/T5 (= 0.08 ps) = 2.5; Trace D (Boltzmann equilibrium):
tops (= 25.6 ps)/T, (= 0.08 ps) = 320.

practically entirely by t,s and does not depend on the transversal relaxation time T,. A
comparison of traces B and D in Figure 3 shows that shorter the relaxation time T, the longer
the time interval when the shape of the resonance line does not depend on ¢#,. For instance, at
T, = 80 ns, the shape of the resonance line only slightly differs from that for a radical at
Boltzmann equilibrium (trace D), even at f,,; = 400 ns.

3. The SCRP mechanism and its manifestation in the TREPR spectra

In the previous paragraph, we have shown that the width of the EPR resonance line, a key
parameter of the SSEPR spin probe method, is not suitable for the TREPR spin-polarized
method because it depends on f,,;. Even when it would seem that the line width does not
depend upon t, it still remains an unreliable measurable parameter, because the shape of the
TREPR resonance line is slightly different from Lorentzian, appearing slightly narrower than
what would be observed for the same radical resonance line at Boltzmann equilibrium
(Figure 3D). The polarization patterns inherent to such mechanisms of CIDEP, as ESPT, RTPM,
and RPM contain very valuable information concerning the multiplicity of radical pairs, or
radical-triplet pairs, the distribution of electron—nuclear spin populations in the excited spin-
not-equilibrated triplet, or the signs of the exchange interactions. However, this is mostly
information about the radical pair itself. Extraction of information about molecular motion
from these experiments, that is, using the polarization patterns of free radicals observed in
TREPR experiments, and their time evolution, is accompanied by many theoretical and
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computational difficulties, see for instance [42, 43, 45, 46]. This has motivated us to obtain
further insight into the analysis of the CIDEP patterns of radical pairs experiencing restricted
translation diffusion.

3.1. History: the quasi-static approximation (QSA)

For the better part of the past three decades, SCRPs have been a topic of keen interest in the
field known as “spin chemistry.” Many structurally distinct types of SCRPs have been studied
by the TREPR [47-50] and NMR [51-53] spectroscopy, including resonance microwave field
effects on nuclear spin polarization [54], on chemical product reaction yields [55-60], and on
internal magnetic field effects [61, 62]. It is important to note that SCRPs represent a true case
of entangled spin states. For this reason, SCRPs find themselves at the forefront of quantum
computing research [63-66] and of high relevance to the more general field of spintronics [67].

In the EPR spectroscopy community, the term “SCRP” was put into use in 1987 by Buckley et al.
[68]. The necessity of a specific term was justified by the observation of specific line shapes in the
TREPR spectra resulting from photochemical reactions of acetone with isopropanol in liquid
solutions: each resonance line of the acetone ketyl radical was split into two oppositely polarized
components exhibiting an emission/absorption (E/A) pattern. In 1989, the nomenclature for this
spectral pattern was abbreviated by Shushin [38] as the APS. It is worthwhile to note that there
were a few earlier publications [69-72] that reported APS-like spectral patterns, but these reports
either suggested no interpretation or interpretations that were unlikely to be correct.

An example of the APS feature in a TREPR spectrum is given in Figure 4, where spectrum A
belongs to a radical pair (Scheme 2) generated by the laser flash photolysis of '*C-labeled in
the carbonyl group 2,2-dimethyl-desoxy-benzoin (DMDB) in an aqueous micellar solution of
SDS at room temperature.

«——Ph"'C=0—!

Figure 4. The TREPR spectra of radical pairs comprised of '*C-benzoyl and cumyl radicals resulting from the photo-
chemical reaction shown in Scheme 2 via laser photolysis flash (A = 308 nm) at room temperature in (A) aqueous SDS
micellar solutions and (B) in viscous ethanol:cyclohexanol = 1:4 mixture. In both spectra, t,,; = 360 ns.
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Scheme 2. Photoexcitation (A = 308 nm) of 2,2-dimethyl-1,2-diphenylethane-1-["*C] on (DMDB) resulting in a geminate
triplet radical pair consisting of ['*CJbenzoyl (¢ = 20006) and cumyl (g = 2.0028) radicals. See Ref. [67] for details.

Spectrum B in Figure 4 belongs to the same radical pair acquired at the same f,,; = 360 ns and
under the same experimental conditions (temperature, microwave power, etc.) except that
spectrum B was obtained for laser photolysis in a homogeneous mixture of solvents ethanol:
cyclohexanol = 1:4, which has a similar viscosity to that in the SDS micellar core. Spectra A
and B in Figure 4 are both composed of doublets from the '*C-benzoyl radical and multiplet
signals in the center from the cumyl radical. Each component of the benzoyl doublet is E/A
split in Figure 4A, while in Figure 4B, the same doublet is TM polarized and does not contain
any additional splitting. The spectrum of the cumyl radical shows the same difference in
spectral features between micelles and free solution, although not quite so evidently due to
the complexity of the spectrum.

Another example of a TREPR spectrum exhibiting the APS is shown in Figure 5. As before, the
spectra in traces A and B arise from the same radical pair (Scheme 3) with only one difference:
while trace A belongs to the radical pair generated by photoreduction of benzophenone in SDS
micelles, that is, located inside the micellar phase, trace B represents the same radical pair
observed in liquid solution, where they move freely. The CIDEP of the radicals in trace B is

Figure 5. TREPR (t,;5s = 500 ns) spectra of geminate pairs Alk- and BPH- radicals produced in photochemical (A= 308 nm)
oxidation of SDS detergent by the electronically excited triplet state of benzophenone (0.4 mM) in micellar aqueous
solution of SDS (10 mM) (A) and benzophenone (0.4 mM) in ACN/H20 = 50:50 solution of SDS which does not contain
micelles.
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Scheme 3. Chemical structure of Alk- and BPH- radicals produced in the photochemical oxidation of SDS detergent by
the electronically excited triplet state of benzophenone.

mostly due to the RPM. There is a noticeable contribution from the TM polarization, but there
is no APS. Neither the TM nor the RPM polarization patterns are observed in trace A, where
diffusion is restricted. The results presented in Figures 4 and 5 are intriguing as they represent
a measurable physical change that is imposed only by a boundary condition on radical
diffusion. This suggests that SCRPs might be used as “polarized spin probes” to investigate
molecular and spin dynamics in inhomogeneous media, even in a qualitative fashion, that is,
as a method of sensing restricted mobility.

Important and pioneering theoretical work by Buckley et al. [68], Closs et al. [73] was brought
forward in the 1980s to explain the APS phenomenon, and it was based on two central ideas:

1. In a chemical reaction resulting in a geminate radical pair, the population of the SCRP
electron-nuclear spin states proceeds so quickly that the electron spin state of the precur-
sor remains intact, irrespective of the magnitude of any inter-radical spin-spin interactions
operating during the process of radical pair creation.

2. The presence of inter-radical electron spin exchange and dipolar magnetic interactions
leaves an inherent double degeneracy of the EPR transitions in a pair of magnetically non-
equivalent electron spins, resulting in an additional splitting of the EPR spectral lines
similar to that what is going on in the SSEPR spectroscopy of stable nitroxide biradicals
[74].

But despite the full consent in the two fundamental principles, understanding how this inter-
radical interaction is manifested in the TREPR spectroscopy is completely different.

According to [68], the spectrum consists of contributions from immobilized SCRPs, with the
radical partners diffused apart and separated by whatever inter-radical distances r(f,,s) have
been attained at the moment of observation f,,,. The inter-radical electron spin exchange

interaction depends on these distances and consequently on t.,, that is, J,, =] (r(tobs)). It

follows that the instantaneous Hamiltonian of a radical pair H (t;bs), and its resonant magnetic
fields w;(tops) will also depend on t,ps. From this, we conclude that the overall spectrum was
calculated as purely inhomogeneous. All possible TREPR transitions, corresponding to each
instantaneous Hamiltonian, are assumed to possess the same T,, which becomes a parameter
to be varied to best fit. The intensities of the EPR resonance lines were believed to be
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proportional to the product of the difference in populations of corresponding electron spin
eigenstates of the instantaneous Hamiltonian times the probability of the EPR transition. This
is the origin of what we call the quasi-static approximation or QSA.

There are rather obvious disadvantages of the QSA. First, it cannot account for the generation
of CIDEP due to the RPM (both ST, and ST.), which strongly contradicts experimental
observations (see Figures 4B and 5B). Instead, one has to take this polarization pattern into
account artificially (see Figure 3 in Ref. [68]). Second, the TREPR spectrum at t,,; for the

instantaneous H (t;bs) would be a single resonance line with a particular T, (see Section 1 of
the chapter) only if the instantaneous Hamiltonian evolved adiabatically (in the sense of
energy levels) or nonadiabatically (in the sense of spin quantum numbers). In other words, a
pair of acetone ketyl radicals would have to diffuse so slowly that they remained at distances r
(tobs), where the exchange interaction is comparable to the hyperfine interaction, for at least
such a time f, that ¢, > T,, which may not be realistic. Third, T, cannot be considered as an
independent parameter because modulation of the inter-radical electron spin interactions can
be the main reason for spectral line broadening (T,). For example, see Figures 4A and 5A,
where the components of the APS are much broader than those in Figures 4B and 5B.

The instantaneous spin Hamiltonian H(J) of a pair of radicals a and b in the high-field
approximation can be written as the sum:

H(]):ha+hb+]ex (4)

where
X« 1 PN —R
]ex:_IO' <§+28ﬂ'sb> - exp <_rT> (5)

describes the instantaneous inter-radical electron spin-spin Heisenberg exchange interaction, R
is the radius of the contact sphere (the distance of closest approach for the case of spherical

radicals), Jo is the exchange interaction at R, and the spin Hamiltonians of separated radicals /,

and be are given by Eq. (6).

~ 1 (fw, O 1 0).; (10 1 fw, O
h“z'(o wa)‘g’(o 1)"”(0 1>®2’(0 a)b) (©)

w, and w;, are the Zeeman frequencies of the electron spins in the magnetic field of the
spectrometer and for a particular configuration of the magnetic nuclei {x} = {x,} ® {x;} in
SCRP which is defined by nuclear spin configurations {x,} and {x,} in radicals. The eigen-
values and eigenfunctions in the multiplicative electron spin basis

laa; x), laB; x), |Ba; x), BB x) (7)

of the spin Hamiltonian (4) are given in Table 1. If 24 > 0 and ] <0, the electron spin states at —]
> g (contact pair) and at | = 0 (separate pair) correlate as shown in Figure 6. When | # 0 two
twice degenerated EPR transitions in the system of two non-interacted (J = 0) radicals a4 and b

Y1) = [3) = laa) < [Ba);  [ihy) < [Y,) = BB) <= |ap) and  [P)) < [¢,) = [aa) < |ap);
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Eigenvalues Eigenfunctions J—0 J e

w-J ) = laa) jaa) laa) (82)
e 1) = cos (6/2)lap) + sin (6/2)]Ba) |aB) 3 (|aB) + a)) (8b)
e [3) = —sin (6/2)]ap) + cos (6/2)|6a) par) 35 (~lap) + |Bay) 89)
—0—] 1) = 188 188) 188) 8d)
where © = 1 (g + @1); 4 =} (@5 — @y); ¢ =/ + J% cos (6) = and sin (6) = ~ ! ©)

Table 1. Eigenfunctions and eigenvalues of the spin Hamiltonian Eqs. (4)—(6).

[,) < ;) = |BB) < |Bar) convert into four distinguished EPR transitions shown in the bot-
tom of Figure 6.

In Figure 6, the EPR transitions [¢;) < [,), |i),) < |¢,) are labeled as T-type transitions because
the pair spin state |1, ) correlates with the triplet % (leB) + |Bar)) = |To) spin state when —] — oo

Correspondingly, the transitions [¢;) < |{;) and [i);) < [ip,) are labeled as S-type transitions.
When |JI« Igl the spin transitions |i);) < [i;) and [i},) < |i),) represent resonant flips of spin
a; therefore, these transitions are labeled as the a-type transitions T, and S,. Similarly, |[{;) < |,)
and [i),) < |ip,) spin transitions are called b-type transitions Tj, and S;. The labels T, T}, S, and S,,
will be used throughout this work. In the case of the triplet precursor and absence of the TM
polarization, all the three spin states [Tyx) and |Ty;x) are populated equally:
pr,r, = P11, = Pr.r. = 1/3. Under conditions of the non-adiabatic creation of RP, the
populations of the spin states of separated pairs will be different: p,, oo = pgg s = 1/3
Pag, ap = Ppa,pa = 1/6. STORPM CIDEP results in overpopulating of the |af; x) spin state in com-
parison to the |fa; x) spin state for parameters used in Figure 6: Papap =1 /6+0 and
Ppa,pa = 1/6 — 6 where 6 > 0. The most remarkable thing that follows from Figure 6 is an
admixture of adiabaticity to the nonadiabatic populating of the RP spin states which lead to the
same result.

3.2. History. The Closs-Forbes-Norris (CFN) model

In 1987, Closs et al. [73] suggested a model (CEN) for an SCRP diffusing within heterogeneous
inhomogeneities, with sizes on the nanometer scale, for example, for micellized SCRPs or for
organic biradicals with paramagnetic centers connected via a flexible tether. A highly significant
distinction of the CFN model from the QSA one is that the electron spin-spin exchange interac-
tion is considered to be a time- and space-independent “effective value,” called J.4 The diagram
in Figure 6 illustrating the origin of APS in terms of QSA is replaced by the spectral characteris-
tics (Table 1 where | is considered as time and distance independent J.z) of the effective spin
Hamiltonian to explain the origin of APS in terms of CEN. In fact, the CFN model operates with
the averaged Hamiltonian, that is, in the limit of fast motion. This assumption greatly simplifies
the interpretation of TREPR spectroscopic data collected for a confined SCRP. In calculating
spectra using the CFN model, there is no need to average the spectra over the distribution of
diffusional distances between radicals at the moment of observation. The model eliminates the
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Figure 6. A correlation diagram for the spin energies of an SCRP as a function of the distance r between the radicals at a
given configuration y of the nuclear spins. The exchange potential is assumed to depend on the distance r in an
exponential manner. The spectra below the correlation diagram illustrate the classification and the labeling of the TREPR
transitions in a radical pair (from low to high fields, these are S,, T,, T;, and Sy).

most problematic aspects of the QSA approximation. But there is a new problem—what is the
effective exchange interaction J.4? How is it defined? Moreover, the problems of the simulta-
neous occurrence of CIDEP due to the RPM, as well as the problem of line widths of the APS
components, remained unsolved.

The undoubted success of the CFN model is that it is able to explain the dominance of APS in
the CIDEP patterns in the TREPR spectra of confined SCRPs. Due to its physical clarity, the
CFN model has enjoyed impressively wide applications [75-80].
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Figure 7. Decay (k, = 6.4x10° s™') of the CFN pair (solid line) and generation of the RPM-like CIDEP (dashed line).
Spectral shapes of observed TREPR signals (left) at ¢,,; = 0.8 s (solid) and ¢, = 256 ps (dashed); and their kinetics (right):
APS- (solid) and RPM-like (dashed) CIDEP in escaped radicals. |Jeff/q| = 0.05. The initial spin state of RP is assumed to
be a triplet with equal populations of the |T,>, IT_>and |T,> spin states.

However, as new experimental observations become available, it was gradually recognized
that the CFN model fit experimental data only under certain conditions. For example, rather
surprisingly, [ was found to depend on temperature [81, 82] and on the chemical structure
[83] of the detergent making up the micelle. The model failed to explain the dependence of the
width of the spectral lines on micelle's size [82, 84, 85] or on the length of the hydrocarbon
tether [86] connecting two paramagnetic centers in biradicals. Moreover, it was not clear if the
importance of the compartment size arises from the space dependence of the exchange and
dipolar interactions or on other factors. It must be underscored that the line widths of radical
pairs were found [82, 84, 85] to be noticeably larger than those of the “escaped” ones, despite
both radicals, paired and escaped, being located in the same micellar phase. This difference in
line widths was found to be dependent on micellar size as well.

3.3. The CFN model: decay of the pair spin system

The assumption that the CFN spin system can decay or transform due to chemical or physical
processes makes the application of the model wider and the model itself more realistic.

The initial CFN system, comprised of spins a and b and characterized by inter-radical interac-
tion V,, can be converted by a chemical reaction into a secondary CEN with a rate constant k.
The secondary CFN is comprised of the spins A and B with the inter-radical interaction v .
Such a process is described by the Liouville equation (10):

Pas ke-E —iH ap + Hy a5 + Rag Pas

If radicals A and B do not interact (v, ; = 0), then they become free radicals or “escaped.” From
Eq. (10), the corresponding TREPR spectra are shown in Figure 7. The TREPR spectrum of the
new CFN pair (Figure 7, left-hand, dashed line), comprised of non-interacting radicals, is
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identical to that what is called CIDEP due to the ST,RPM. In fact, in this calculation, we have
reproduced the so-called exponential model of CIDEP. This model is considered to be absolutely
unrealistic for the generation of CIDEP in a chemical reaction resulting in geminate radical pairs,
but here, we deal with a CFN pair as a precursor and its conversion to the secondary one. For the
CFN pair, the effective exchange interaction is allowed to be arbitrary small, which makes it
probable that the decay of the CFN polarization is followed by the creation of CIDEF, similar to
what is induced by the exponential model like CKO as applied to CIDEP.

4. Diffusion models for APS

4.1. SCRPM versus ST,RPM

In order to address some of the deficiencies inherent to the QSA, in 1991, Shushin [38]
suggested a diffusive theory for SCRP-induced CIDEP in homogeneous solvents. Instead of
the QSA, Shushin considered a solution to the Stochastic Liouville Equation (SLE) as applied to
freely diffusing radicals. The evolution of the SCRP total spin (S = S, + Sp) is governed by the
spin Hamiltonian Eqs. (4)—(6). The main difference between the QSA and SLE approaches is
that the averaging of the spectra corresponding to the instantaneous spin Hamiltonians in the
QSA is replaced by an averaging of the pair-spin density matrix over stochastic diffusional
processes governed by the SLE.

The model is correct for t,,s > T, or for 7 > VDT,, where 7 is average distance between radicals
att =t,s and D = D, + D, is the coefficient of their mutual diffusion. Shushin's model is much
more than a refined treatment of the problem. In fact, it drastically changed the qualitative
interpretation of the APS by experimentalists. Now, not only do the interacting radicals con-
tribute to the APS but also there are additional contributions from radicals which interacted in
the past and yet do not interact at the moment of observation. This is seen from the analytical
expression [38] for the line shape of the TREPR signal at t,,:

T T
Hw)N2n~Hq( 2 = 2)

1+ T%(a) - a),l)2 a 1+ T%(w — wp)
T3 (w — w,) T3 (w — ay)

(1 + T5(w — wa)2)2 (1 + T3 (w — a)b)2>

— 41*PyDA - 5 | sign(])

where Pgr is the enhancement factor of CIDEP due to SToRPM and Py can be interpreted as a
concentration of contact SCRPs. The term 1/T, is the Lorentzian line width, including exchange
broadening. From Eq. (11), the TREPR spectrum of a SCRP is comprised of two distinguishable
parts: (1) multiplet ST\RPM polarized Lorentzian EPR signals centered at the resonance mag-
netic fields of the individual free radicals (w, and w,) and (2) two APS-split signals which are
simply the first derivatives of the Lorentzian lines centered at the individual free radical
resonances. The amplitude of these APS-split signals is proportional to the concentration of
SCRPs present at t,, that still have an opportunity for a re-encounter. The radicals that have
lost this opportunity contribute to the ST)RPM polarization.
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What immedjiately follows from Shushin's diffusion model is the dominance of the polarization
due to SToRPM, even at the shortest possible times of observations (~100 ns). Using representative
parameters, the relative intensity of the APS is no more than 0.1%. Such a small distortion of the
SToRPM polarized signal cannot be discerned in an ordinary cw TREPR experiment. It can there-
fore be stated with confidence that except for the central line of a spectrum, where the ST)RPM
contribution approaches zero, it is impossible to detect an APS in ordinary liquid solutions.

At first glance, this conclusion contradicts many experimental observations [87]. However,
Tominaga et al. [87] came to the conclusion that at low temperatures (< —70°C), there exist
solvent/solute structures in i-propanol/acetone mixtures which persist for a few microseconds and
that the guest ketyl radicals are fixed in these structures by means of hydrogen bonding to the host
i-propanol molecules. This is in reasonable agreement with the suggestion [88] that geminate
radical pairs can be trapped in a spherically symmetric potential hole and diffuse freely within it.

4.2. The Microreactor model for the micellized radical pair

By itself, the microreactor model [89, 90] was formulated to explain [91] the extremely high
efficiency [92] of the magnetic isotope separation in chemical reactions of geminate radical
pairs confined in a micellar phase. Essentially, the model is a synthesis of mathematical
formalism [31-33] developed to account for the spin dynamics of radical pairs, with a partic-
ular model for diffusion-controlled reactions in micellar media [93, 94]. To make the model
workable, we make two assumptions: (1) the microreactor model approximates the micelle as a
spherical homogeneous drop of radius L,, (Scheme 4) and (2) One radical from the pair, of
radius r,, is considered to be fixed at the center of the micelle, while the other, of radius ry, is
allowed to diffuse and to escape from the micelle to the water bulk.

The theory of the TREPR spectroscopy of SCRP is described in details in references [84, 85].

-——

Scheme 4. Visualization of the microreactor model for SCRPs.
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5. Micelle size dependence

5.1. Photolysis of methyl desoxybenzoin (MDB) [84]

Here, we present an example that demonstrates the high sensitivity observed for the APS in
the "*C-benzoyl radical as a function of the size of its alkyl sulfate micellar host. Moreover, it
has been found that a decrease in micelle size results in a strong asymmetry of the observed
APS.

Upon photoexcitation (Scheme 5), the ketone MDB dissociates into a triplet SCRP consisting of
benzoyl and sec-phenethyl radicals (Scheme 5).

The TREPR spectra obtained for this system at t,,; = 500 ns after the laser flash (A = 308 nm) are
shown in Figure 8. The dominant feature here is the my = 4% doublet from the *C-benzoyl
radical, with a hyperfine coupling constant on the '*C carbonyl, A(**C) = 127 G. Each line in this
doublet is a superposition of the APS from the SCRP and SToRPM polarized signal from free
(escaped) radicals. In the latter, the my = + 1/2 line is in emission; the corresponding my = —%2
line is in absorption (the E/A pattern). The SCRPM contribution dominates at the early delay
times and in large micelles. The SToRPM is more prominent at the longer delay times and in small
micelles. Note that as predicted above, the broad APS-split signals show no ST, polarization.

The Aaps splitting (defined as the distance between the extremes of the APS) was found to
increase when the micelle size decreases: 0.85 mT in SDS (Cy), 1.42 mT in undecyl sulfate
(C11), and 1.58 mT in decyl sulfate (Cqp) micelles. Also, the two lines comprising the APS
have different intensities. Except for the C;, micelles, where the APS is almost symmetric, the
T-type lines are stronger and narrower than the S-type partners. This asymmetry is more
prominent in smaller micelles. The shape of the APS pattern was found to be independent of
the delay time t,;,, and the amplitude of microwave field (w; = (0.01 - 2) x 10° rad/s). The E/
A-polarized lines of the benzoyl radicals are much narrower than the width of the APS
components (0.06 mT vs. 0.8-1.5 mT).

The parameters used in our calculations using the microreactor model are given in Table 2,
where ¢ is the boundary factor describing the probability for radicals to escape from the
micelle core and P is the reaction probability of the SCRP (P = P, + Py; to elaborate, the terms
P, and P, are the probabilities for recombination and disproportionation of the radicals,
respectively). We can measure these values directly using racemization of the optically active

MDB and by measuring the chemical yield of benzaldehyde. The term Z = 3B, [84] is the

O 0 Me
131|'.‘|‘.. TE I I |/Ph
Ph Iy 1355 .
Ph (l_'.'. ph/ ]L

H

Scheme 5. Photolysis of MDB results in formation of the triplet SCRP consisting of benzoyl and sec-phenethyl radicals.
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Figure 8. TREPR spectra observed in laser photolysis of MDB in sodium dodecyl (A and B) and in sodium decyl (C and
D) sulfate micelles (open circles). Only My = + %2 (A and C) and My = -2 (B and D) signals from 13C—benzoyl radicals are
shown (hfi constant A(**C) = 127 G). The transverse magnetization M(t) was convoluted with fi(t) = (t/7,2exp(~t/t,);
T, = 500 ns according to window fuction used in simulations. Simulated spectra (bold lines) were calculated using the
model of microractor. Dashed lines represent TREPR spectra of radical pairs inside the micelles.

n? Aaps (mT) L x 10° cm® D x 10° em?/s o P Zx107s! ]o"rgxd JoA’/D AlAZ
12 0.85 154 1.58 0.022 0.51 8.28 243 0.20 26.6
11 1.42 14.2 2.02 0.018 0.53 13.7 1.90 0.16 16.1
10 1.58 12.9 2.50 0.015 0.51 23.3 1.54 0.13 9.44

“The number of carbon atoms in the detergent chain.

PThe choice of the value of L is discussed in [94]; note, that the actual micellar size L,, = L + r;, (see Scheme 4).
€ This is total reaction probability including the recombination and disproportionation.

4y =—-2.2 x 10 rad/s, A =0.5 x 108 em, R =6 x 1078 cm.

Table 2. Parameters used in simulations in Figure 8 and representative values.

frequency of forced encounters of radicals in the micellar phase; Jy7,, [84] and JoA%/D = Jot. [84]
are parameters characterizing the efficiency of spin exchange.

5.2. Photolysis of dimethyl desoxybenzoin (DMDB) [81]

The photolysis of DMDB is illustrated in Scheme 2. The TREPR spectra acquired at f,,; = 300
ns are shown in Figure 9. Qualitatively, the observed spectra from MDB and DMDB are similar
(compare Figures 8 and 9). However, the quantitative conclusions are different. Micelle sizes
extracted from simulations of SCRP and TREPR spectra, resulting from the photolysis of MDB
and DMDB are practically same as that for SDS micelles—L = 15.4 A for MDB and 15.7 A for
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Figure 9. Time-resolved ESR spectra observed (open circles) in 308 nm laser photolysis of DMDB (2 mM): (A) in SDS (0.1
M); (B) in decyl sulfate (SDeS) (0.21M) micelles. The calculated spectra are represented by solid lines. Parameters used for
the simulations are; Jo = —2.4x10'% rad/s, A = 0.5 A, R = 6 A, L(SDS) = 15.7 A, L(SDeS) = 11.6 A, D(SDS) = 0.7 x107° cm?/
s, D(SDeS) = 1.2x107° cm?/s. (a — *C-benzoyl) A,[CO] = 127 G, g, = 2.0006, g, = 2.0026; Ty, = 0.1 ps, Ty, = 3.0 ps,
T, = 0.08 us, Ty = 1.6 ps, 7, = 0.3 ps.

DMDB. However, in the case of SDeS, they differ significantly: L = 12.9 A for MDB and 11.6 A
for DMDB. Diffusion coefficients were found to be different as well: D = 1.08 x 10~° cm?/s and
2.5 x 107% cm?/s in SDS and SDeS in the case of MDB and respectively, 0.7 x 10~° cm?/s and
1.2 x 10~® ecm?/s for the case of DMDB.

Comparing these values, one has to keep in mind that the sec-phenethyl radical is more
hydrophilic and less bulky than the cumyl radical. This easily explains the differences obtained
for the diffusion coefficients. As far as the micelle size difference is concerned, the difference in
hydrophobicity is the main reason. Indeed, the higher the hydrophobicity of the radical, the
smaller the range available for radical diffusion inside the micelle. Of course, the smaller the
micelle size, the stronger the influence of this factor.

At the present stage of both experimental and computational analysis, it is rather difficult to
make conclusions as to how we could estimate the importance of these differences between
MDB and DMDB. Further investigations are necessary. Nevertheless, the observed differences
give a fairly good reason to consider the TREPR spectroscopy of spin-correlated radical pairs
to be a very sensitive method for studying diffusional mobility and the characteristic sizes of
the inhomogeneities where the spin-correlated pairs are localized.

5.3. Photolysis of (2,4,6-trimethylbenzoyl)-diphenylphosphine oxide (TMDPO) [85]

The photoexcitation (Scheme 6) of TMDPO leads to the formation of a geminate triplet SCRP
of diphenyl phosphonyl and 2,4,6-trimethylbenzoyl radicals via dissociation of a short-lived
triplet state (lifetime less than 1 ns) of TMDPO.

There are three distinctive features of the spectra in Figure 10: (1) the diphenyl phosphonyl
radical possesses one of the largest known hyperfine coupling constants (385 G) in the family
of “organic” radicals. This allows for the manifestation of the so-called ST_RPM CIDEP [85],
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Scheme 6. Photolysis of TMPBPO.
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Figure 10. The TREPR spectra observed during 308 nm laser photolysis of TMDPO in SDS (C;z) and in sodium
octylsulfate (Cg) micelles. The parameter ¢, is the gate width of the t-exponential window. The intensities of the mp =
+1/2 lines from the diphenyl phosphonyl radical have been enlarged by a factor of two for convenience. The simulated
spectra are calculated using the microreactor model and are shown by solid lines. Flip-flop electron-nuclear spin transi-
tions were taken into account to simulate ST_RPM polarization with a distance-dependent exchange potential. Parame-

ters used in this simulation are given in Table 3. The term Aaps is defined as the splitting, measured in Gauss, between the
extremes of the APS.
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even in the relatively high-field X-band experiment (0.34 T). (2) This is the first observation of a
competition between the SCRPM and the ST_RPM. We have already mentioned that the
SToRPM CIDEP is not seen when the SCRPM dominates; SCRPs from MDB and from DMDB
photolysis do not show a SToRPM contribution (Figures 8 and 9). But at the same time,
escaped radicals demonstrate SToRPM CIDEP and do not show any SCRPM (APS). It is rather
intriguing that there is competition between the SCRPM and the ST_RPM and yet simulta-
neously no competition between the STo)RPM and the SCRPM. (3) At initial observation times,
the pair is strongly TM polarized. The evolution of the TM CIDEP to the ST_RPM through the
SCRPM is extremely sensitive to the micelle size, as Figure 10 convincingly demonstrates.

It is also interesting to note that changing parameters such as diffusion coefficients and
microreactor sizes follows the same logic established by comparing these parameters to the
cases of MDB and DMDB (see Figure 9, Table 2, and surrounding discussion).

5.4. Photooxydation of glycyl-glycine (GG) by the electronically excited triplet state of
anthraquinone-2,6-disulfonate (AQDS) in AOT reverse micelles [95]

Figure 11 shows the TREPR spectra obtained during the photoexcitation of anthraquinone-2,6-
disulfonate (AQDS) in the presence of diglycine (GG) where both the photosensitizer and the
substrate are confined to the aqueous interior of AOT reverse micelles (Scheme 7). A remark-
able feature of these spectra is the observation of the superposition of two CIDEP patterns,
APS and SToRPM. The SToRPM polarization observed here does not have the appearance of
spectral lines expected of free radicals as an addition to APS (cf. Figure 8). In this particular
case, the contribution of SToRPM is seen as an increase in the intensities of the S-type compo-
nents of APS, that is, the ST)RPM polarization belongs to the SCRP indeed but not to the free
radicals that have escaped from the water core into the bulk solvent (n-octane), with subse-
quent localization in other reverse micelles.

Abs
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Figure 11. TREPR spectra (empty circles) observed under photooxidation (laser flash photolysis, A = 308 nm) of GG by
AQDS in AOT micelles for Ly, values of 23 A (A) and 53 A (B), at room temperature. Solid lines are simulations in terms of
the microreactor model.
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Scheme 7. Generation of geminate triplet radical pair 1...2 under the photolysis of AQDS in AOT reverse micelles.

Simulations of the TREPR spectra of SCRPs in alkyl sulfate micelles showed that the viscosity
of the micellar phase decreases with the micelle size. AOT micelles seem to behave differently.
A decrease in the water core radius from 53 A to 17 A causes a decrease in the mutual diffusion
coefficient from 2.4 x 10° cm?/s to 0.05 x 10° cm?/s. This is in reasonable agreement with other
measurements reported from fluorescence depolarization experiments [98], that is, the aque-
ous interior of reverse micelles becomes more viscous as its size decreases. It is speculated that
the decrease in size is accompanied by a greater degree of ordering of the solvent.

Another remarkable observation is that the STRPM contribution dominates in the micelles
with an extremely low frequency of forced encounters Z = 5.2 x 10° s™', compare with the
lowest frequencies Z = 8.28 x 10" s™ " in the case of MDB in SDSand Z =2 x 10" s~ " in the case
of TMDPO in SDS. Whether this finding makes physical sense is less important, at least at
present, than recognizing that the peculiar distortion of the APS by the ST)RPM can be a very
sensitive measurement tool for the sizes of inhomogeneities on the nanometer scale.

6. Temperature dependence: photoreduction of benzophenone in SDS
micelles [82, 96]

From the point of view of the CFN model and QSA, the temperature dependence of the APS is
quite unexpected. Indeed, the QSA operates in terms of the distance dependent on exchange
potential and always in regard to a particular distribution of radicals at the time of observa-
tion. Neither of these can change the shape of APS but both can drastically alter its intensity.
The CFN model utilizes the concept of an effective exchange interaction, but the model's
temperature dependence is not immediately clear.

The radical structures under consideration are shown at the top of Scheme 8. The photoreduc-
tion of the excited triplet state of BP (*BP*) in SDS [97] results in a triplet-born SCRP consisting of
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Scheme 8. Stick plot (bottom) of the TREPR transitions expected for the primary alkyl radical products from the
photochemical reduction of the alkyl chain of a surfactant by a triplet sensitizer (top). A TREPR spectrum of the escape
radicals of SDS is shown in the middle.
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Figure 12. TREPR spectra observed during 308 nm laser photolysis of BP/SDS (open circles), acquired at a 500 ns delay
time (gate width of the boxcar window was 100 ns), at 16°C (A), 32°C (B), 46°C (C), and 60°C (D). Simulated spectra (the
t—exponential sampling window is centered at 500 ns) were calculated using the microreactor model and are designated
by solid black lines. Parameters used in the simulations are listed in Table 5.

surfactant-based secondary alkyl radicals of the general structure CH3(CH,), CH(CH,),, ,0SO;

(n = 0-9) and the BP ketyl radical (Ph,COH). Figure 12 shows simulations of the experimental
spectra for this system in terms of a numerical solution of the SLE as applied to the microreactor
model. Despite some rather simple but necessary simplifications, the model is capable of
reproducing all of the key features of the experimental spectra and all of the observed temperature
effects. Specifically, these are [82, 91]: (1) increasing the temperature causes broadening of the APS
components, (2) the strong line shape asymmetry in the APS spectral pattern depends on the g
values, (3) narrowing of the central portion of the spectra takes place with increased temperature,
and (4) narrowing of the line widths of the escaped alkyl radicals is observed. The parameters used
in the calculations are presented in Table 3. All the values are in reasonable agreement with
available data from other experiments. In general, the temperature effect was very similar to
that of reducing the size of micelles. This suggests that molecular translational mobility, and its
restrictions, is the key factor in determining the spectral shape of the APS in the TREPR spectra of
SCRPs experiencing limited mobility. The dependence of the asymmetry phenomenon on the value
of g is a fundamental issue to be addressed for future applications of SCRPs as spin-polarized
probes.

We have successfully demonstrated that the TREPR spectra of SCRPs, coupled with simulations
in terms of the microreactor model, can be used to investigate the sizes and internal viscosities of
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Temp. L*  Dx1077 AHGl® Tp,* Fyerx 10° kg x10° Zx107 JoAR/D (JoA*  g(0,0)/
+0.5°C A (cm¥s) ) (us) s s s D) z

16 172 20 24.9 0080 2.0 22 0.74 36 (3) 3.1

32 163 35 24.6 0095 33 45 15 21 (1.8) 15

46 156 5.3 24.4 0.107 4.8 7.8 2.7 14 (1.2) 0.84
60 146 80 242 0120 68 13 48 9.0 (0.8) 0.47

“Temperature independent parameters: Jo = —2.4 X 10" rad/s; A = 0.5 A; R=6 A; Dyrs =34 X 10" rad/s [41); 0 = 0.024;
As = 0.62; 1 = 0.2; g, = 2.0026; g, = 2.0028; w/21t = 9.8 GHz; and w; = 10° rad/s.

PThe variation of L within 0.4 A at 16°C and 0.2 A at 60°C is fairly acceptable. In Table 1, the upper limit values are
presented. All other parameters are those that have been used with the presented L values. Note that L is the radius of
spherical volume available for radicals. Thus, the real micelle size is greater by approximately 3 A.

“The hyperfine coupling constant with the H, protons in the n = 1-8 fragments do not seem to vary noticeably with
temperature.

4T,, was assumed to be the same (see text). Ty, and Ty, were also assumed to be the same and independent of
temperature. It is likely that this is incorrect, but the spectral shape is insensitive to these parameters when they are varied
within reasonable limits.

kg and k,; are the rates respectively of the hydrogen abstraction and relaxation of the polarized triplet state of benzophe-
none.

Table 3. Parameters” used to simulate the TREPR spectra of alkyl/ketyl RPs in SDS micelles at different temperatures.

inhomogeneous structures on the nanometer scale. Such experiments convincingly show that
they can be a source of valuable information on the inter-radical interactions as well. However,
even successful simulations bring an aesthetic satisfaction without increasing our knowledge of
the physical characteristics of the system. In the next section, we will try to resolve this deficiency.

7. Random walks in micelles: ST(RPM versus SCRPM

Our experimental observations and their successful simulations in terms of the microreactor
model teach us that in alkylsulfate micelles, the STRPM polarization is observed only for
escaped radicals, while in AOT reverse micelles, the STo)RPM can be either negligible or
dominating. In homogeneous solution, the ST)RPM undoubtedly dominates the TREPR spec-
tra. This is easily demonstrated using the microreactor model for large values of L,,. This point
is crucial, as the early theories of CIDEP addressed precisely the case of radicals that never
experienced repeated collisions after they were involved in the creation of polarization. Math-
ematically, this is realized through the calculations of reduced spin density matrices by the Tr
operation. Calculations in terms of the microreactor model show that the observed SToRPM
polarization is present not only in the radicals released from the medium but also on those
inside of it, if the values of L,, and the viscosity of micelle core are sufficiently large (compare,
for instance, the values of these parameters given in Tables 4 and 5).

Analytical solutions to the problem of mutual diffusion of two particles, within a closed
volume on the nanometer scale, exist only for the particular case of a spherically symmetric
compartment, with one of the partners fixed in the center of the sphere [89, 90, 93]. Instead, we
apply the Random Walks (RW) model to integrate the SLE as applied to an SCRP confined in a
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n o Agps® (MT) Koy X107 (™Y [P (mm)  DP x10° (em%s)  1° T’ Mms)  ZEx 1077 (7Y —JoTer

12 0.85+0.04 1.0£0.2 16.0 0.44 044 90 2.70 30.0
11 1.19+0.04 15.2 0.51 041 80 3.70 259
10 1.60+0.04 1.9£0.2 14.4 0.58 038 70 5.03 22.8
9 2.054+0.04 13.7 0.65 035 60 6.81 20.3
8 2.4740.06 2.440.2 13.0 0.72 032 50 9.13 18.3

“k, is the rate constant of the SCRP decay. It was measured in the laser flash (A = 308 nm) photolysis experiments.

PFrom the best fit of TREPR spectra. Note that in this case, the values of L are slightly larger than those used in simulations
of the TREPR spectra of SCRPs generated in photolysis of MDB and DMDB. This is the most likely to be a consequence of
the fact that the SCRP in the case of TMDPO is more hydrophilic.

“Calculated from the parameters used for simulation.

9Other parameters used in calculations: Jo = —4.4x10' rad/s, A = 0.04 nm, A = 38.5 mT, g, = 2.0034 (a — diphenyl-
phosphonyl), g, = 2.0006 (b - 2/4,6, trimethylbenzoyl); and 7 is the TM polarization n = (o7, v, —pr 1 )/(P1,7, +PT 7 .);
wy = 9.766979 GHz, w; = 10° rad/s, T», =40 ns, Ty, = 1 ps, To, =160 ns, ket = 058, ks = 10°s ™", and R = 0.75 nm.

Table 4. Observed APS splittings and Aaps, and decay constants ks, and the sets of parameters used to simulate time-
resolved ESR for the pair of diphenylphosphonyl/2,4,6-trimethylbenzoyl radicals in C,, alkyl sulfate micelles®.

[H,Ol/[AOTI Water core radius (A) Jo (GHz) D (x10° cm?%/s) T> (us) Z(x107%s7Y) %

37 53 -3.1 24 0.36 52 0.32
43 -3.1 1.6 0.28 8.0 0.49
23 33 -3.1 1.2 0.24 16 0.65
16 23 -3.1 0.4 0.24 30 2.0
12 17 -3.1 0.05 0.12 27 16

“Other parameters: g-factors of the radicals 1 and 2 respectively: g1 = 2.0029, g> = 2.0041. HFI constants in radical 1:
A1(CHy) = 1.91 mT, Ay(CH,) = 0.422 mT, and A(N) = 0.22 mT; in radical 2: A;(H) = 0.121 mT, Ay(H) = 0.042 mT, and
As(H) = 0.036 mT; rate constant of spin-non-selective decay of radical 1 k; = 1.2 x 10° s™; the probability of the singlet
contact radical pair decay 0.52 was held as independent on the micelle size, maximum of the time-window function was
located at 500 ns.

Table 5. Parameters used in the microreactor model simulation and the frequencies of radical encounters extracted from
simulations for Figure 11°

nanoscopic cavity, that is, to integrate Eqs. (4)-(6). In such a way, we are free from the
restrictions imposed by the demands of a spherical shape for the microreactor, and we can
also relax the requirement of fixing one of the radical partners in the center of microreactor.

The space evolution of a pair can be explicitly calculated (Figure 13) in the form of trajectories
Q(s(t)), where s(f) stands for space stochastic variables limited by the demand that particles
cannot penetrate into each other and cannot escape from the cavity. Instead, they can decay
through a spin-selective chemical reaction with a rate constant that depends on the distance

between the radicals. Then, the propagation of the spin density operator pAQ (t) of SCRP is given
by the formal solution of Egs. (4)—(6) under condition that the interval At is so small that all the
parameters of SLE can be considered as time independent for this time interval:
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Figure 13. Random walk calculations: Each radical a and b take walks along random directions n, and ny, C is the
coefficient (=6 for the 3- and = 4 for the 2-dimension) depending on the dimensionality of walk. If, say, radical a attempts
to penetrate into the sphere (= r,) representing radical b, then it will return to its initial position and this pair will be
considered as a reacting pair according to the rules for spin-selective reaction decay. Similarly, if radical a or b attempts to
cross the boundary, it will return to the starting point as well. During the time interval 0t, the spin dynamics of the pair is
governed by the pair spin Hamiltonian, Eq. (4), depending on the distance between the radicals .

po(t+At) = exp { ( —iH (Q(t)) ~K (Q(t)))At} % pg(t)
X exp { ( +il (Q(t)) - K(Q(t)))At} (12)

It is clear that the number of trajectories needs to be large, and the time intervals Af should be
small enough such that |A]l = |]J(t+At) — J(f)| < Igl. Control over the implementation of this
inequality greatly accelerates the speed of our calculations [99]. We use the “crude force”
method (or a capture-probability based algorithm) to investigate the steady state conditions
and the kinetics of approaching it. Such a choice is dictated by that under conditions of spin—
selectivity of reaction application of advanced algorithms, [100] is rather difficult. An essential
drawback of the method is the practical impossibility to check convergence of the solution.

7.1. The concept of the filled-out micelle and enforced encounters

Immediately after birth at t = 0, the radicals of the SCRP are assumed to be at the distance of the
closest approach R which can be estimated as 5-10 A (in our calculations we always use R = 6 A,
except in the case of TMDPO, where R =7.5 A). Then, until one of the radicals arrives for the first
time at the boundary of micelle, the radicals diffuse in such a way if they were free, that is,
unrestricted by micellar containment. After this moment, it is quite reasonable to utilize, as the
first approximation, the frequency Z of encounters of the SCRP partners confined in a micellar
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phase. The parameter Z is assumed to be independent of time and space coordinates. From the
kinetic point of view, the “correctness” of this intuitive approximation is warranted by the fact
that any diffusing particle enclosed in an arbitrary cavity with inert walls evolves in time to a
state where the probability to find a particle at any arbitrary point inside of a cavity does not
depend on the coordinates of the particle. We call this the “filling out” of the cavity.

After the cavity has been filled, bimolecular reactions between two reactive particles enclosed
in the cavity become monoexponential. In other words, a system comprised of two radicals
approaches a steady state, provided by the reflection of diffusing radicals from the boundary
back to the inside of the cavity. To distinguish this type of encounter from repetitive encounters
in homogeneous media, we call them “enforced encounters.” To illustrate this intuitive picture
in more detail, we performed the RW calculations presented in Figure 14.

10

10

10

10

10" 10" 10° 10 10

8 7
time /s

Figure 14. Filling out of AOT reverse micelles. Lm = 53, 33, 23, and 17 x 10~% em respectively for A, B, C and D traces. For
the other parameters used, see section 5.4. Vertical dashed lines indicate the time of a system to arrive at the state of filled
out micelle.

The probability that the next walk will be an encounter of the SCRP is shown in the plot as a
function of time. Unlike our microreactor calculations, in the RW, both radicals are allowed to
diffuse. In this particular calculation, the diffusion coefficients of the radicals were assumed to
be the same D, = D, = D with D taken from Table 5. Also, in these calculations, we propose
that the SCRP is born in the center of the AOT water pool. This allows for a more direct
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comparison between the RW and microreactor models. From Figure 14, we see that indeed
initially the radicals of the SCRP diffuse as if they were in unrestricted space, and the proba-
bility of their encounters decreases with time in a > dependence, which is a characteristic
feature of unrestricted diffusion in homogeneous media. However, at some characteristic time,
the kinetic behavior of the system changes dramatically: The probability of encounter stops to
depend on time. The number of random walks N, to get the boundary is equal to ca. (L,./d)*
where d = 0.64 x 107® cm is the length of random walk. The time at which of one of the
radicals arrives at the boundary is then f;, = (d2/6D) X Np. The time interval for these events is
shown by vertical dashed lines in the figure. Thus, at the moment of the GG-AQDS radical pair
observation (7, = 500 ns), all of the reverse micelles are filled out, and the probability of
encounters no longer depends on the time after SCRP creation. A consequence of this is that
the observation of STORPM polarization in the case of large (L,, = 53 x 10~® cm) micelles, and
its total absence in the small ones (L, = 23 x 107® and 17 x 10~® cm) is not related to the
attainment of steady state conditions.

7.2. Self-quenching of the ST,RPM CIDEP

In Figure 15, we present the RW calculations of the time evolution of the ST)RPM polarization
in SCRPs resulting from photoprocesses in the GG-AQDS system described in Section 4.3.5.
All the parameters (except for TM polarization, which is neglected for this case) used in the
calculations are given in Table 5. To estimate the magnitude of polarization, we calculated the
population differences, being initially of zero value, between the |af > and |Ba > electron spin
states of a pair with representative value 24 G for the hyperfine coupling constant (Table 5).

In the smallest micelles (L,, = 17 A), the lifetime 7, = R*/D of the primary solvent cage equals 80
ns. Figure 15 shows (black line) that strong SToRPM polarization has been created, but it is

m— Lm=17x10-8 cm
= Lm =43x10-8 cm
—— Lm = 53x10-8cm

| 1 |
0 100 200 300 400 500
-9
x10

Figure 15. Generation and decay over time of the SToRPM polarization in AOT reverse micelles. Water core radii are
given in the insertion. All other parameters are listed in Table 4. The TM polarization is neglected.
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quenched during the lifetime of the primary solvent cage. This well agrees with the theoretical
prediction [101] that if the geminate life is too long that gt (=34) > 1, then SToRPM polarization
cannot be created. This is because the phase of the SCRP spin function becomes randomized
during the encounter. In large micelles (L,, = 43 A and 53 A), the radicals escape the primary
geminate cage being SToRPM polarized (blue and red lines). Thus, the RW calculations
presented in Figure 15 clearly demonstrate that it is not that the APS is transformed into the
SToRPM but rather that the STORPM polarization is created first and then is converted into the
APS pattern. A question that can be asked is why the STyRPM polarization decreases after that

The resonance frequencies in the spin system of the SCRP are modulated by electron spin-spin
Heisenberg exchange through the w + | and +¢ terms (see Eq. (8) in Table 1). The first of these
processes causes flip-flop electron spin transitions |af; x) < |Ba; x) which leads to annealing of
the populations of corresponding spin states. The second process provides so-called “dephasing,”
because it splits the rotation of transverse magnetization of the RP into two components [81] and
prevents the generation of SToRPM polarization in subsequent encounters. Figure 16 illustrates
the decay of SToRPM polarization due to enforced encounters. The initial state of a pair is the |af3)
spin state. Due to forced encounters, the exchange interaction induces flip-flop transitions in the
contact pairs thereby generating a population of the |fa) spin state. As follows from Figure 16, the
system approaches to the state without any stationary polarization. Thus, the SToRPM polariza-
tion observed in escaped radicals is just nothing but the remnants of non-extinguished ST\RPM
polarization generated at the initial stage of SCRP life in a closed volume formed by heterogeneity,
the size of which is on the nanometer scale.

We have demonstrated that the TREPR spectroscopy of SCRPs can be an effective and
extremely informative tool to investigate molecular dynamics in inhomogeneous structures
on the nanometer scale. The spectral shape of the APS (its components and values of spectral
shifts), the contributions from SToRP and/or ST_RPM polarization, together with the TM

populations

T T T
0.4 ) 0.e 0.8 1.0%1 D-!
time lsec

Figure 16. Relaxation of populations due to electron spin-spin exchange interaction as function of micelle size. L,, = 16 A
(A), 32 A (B), 48 A (C), and 64 A (D). Both radicals diffuse, no escape, no chemical reaction, [y = -2 X 10 rad/s; A = 0.5 A;
D, =D, =10 cm”
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polarization and regular encounters with rates depending on the sizes and shapes of the
inhomogeneous structure provide extremely rich material for discussion, modeling, and exper-
imentation.

The nature of the information supplied by polarized spin probes is by no means local. Rather,

it is a kind of average over the volume of inhomogeneity. Through observation and simulation
of the APS, we first of all demonstrate that there is no such a thing as a “location” of radicals
inside inhomogeneity. If radicals were in fixed locations, then their TREPR spectra would look
very different from those shown in Figures 4, 5, and 8-12.
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Abstract

A comprehensive, yet simple, theoretical model for droplet microemulsions is presented.
The model combines thermodynamics of self-assembly with bending elasticity theory and
relates microemulsion properties, such as average droplet size, polydispersity, interfacial
tension and solubilisation capacity with the three bending elasticity constants, spontaneous
curvature (Hp), bending rigidity (k.) and saddle-splay constant (k). In addition, the self-
association entropy constant (k;) explicitly determines various microemulsion properties.
The average droplet size is shown to increase with increasing effective bending constant,
defined as ko = 2k. + k. + ks, as well as with decreasing magnitudes of Hy. The polydis-
persity decreases with increasing values of ke, but does not at all depend on Hy. The model
predicts ultra-low interfacial tensions, the values of which decrease considerably with
increasing droplet radius, in agreement with experiments. The solubilisation capacity
increases as the number of droplets is increased with increasing surfactant concentration.
In addition, an enhanced solubilisation effect is obtained as the size of the droplets increases
with increasing surfactant concentration, as a result of self-association entropy effects. It is
demonstrated that self-association entropy effects favour smaller droplet size as well as
larger droplet polydispersity.

Keywords: surfactant, self-assembly, microemulsion, interfacial tension, solubilisation,
spontaneous curvature, bending rigidity, saddle-splay constant

1. Introduction

Surfactants are amphiphilic molecules consisting of a hydrophilic head group and a hydro-
phobic tail. Surfactants self-assemble above a certain surfactant concentration in an aqueous
solvent to form micelles or bilayers. The driving force for the self-assembly process is the
tendency to minimize the interfacial contact area between water and surfactant hydrophobic

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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tails. As a result, the tails make up an interior core of the micelles that is absent of water
whereas the hydrophilic head groups are located at the interface adjacent to the aqueous
solvent. Hydrophobic components that are usually insoluble in water, such as oil or fat, may
be dissolved into a surfactant-water system. The oil molecules become incorporated into the
hydrophobic core of the micelles to form swollen micelles. However, there is a limit how much
oil that may be dissolved by micelles and above a certain amount of oil two separate liquid
phases coexist, i.e. thermodynamically stable oil droplets (discrete phase) dissolved in water
(continuous phase) coexisting with excess oil (cf. Figure 1). Such an oil-in-water (o/w)
microemulsion phase coexisting with an excess oil phase in a two-phase system is denoted as
Winsor I microemulsion. Some surfactants, on the other hand, may form reversed water-in-oil
(w/o) droplets that dissolve water (discrete phase) in oil (continuous phase) in the presence of
excess water (Winsor II microemulsion). Moreover, a microemulsion phase may also coexist
with both excess oil and excess water in a three-phase system (Winsor III microemulsion) [1]. A
Winsor III microemulsion does not usually consist of finite-sized droplets. Rather some kind of
macroscopic structure is formed, either more or less planar alternating layers of oil and water
separated by surfactant monolayers, or some kind of ordered or disordered bicontinuous
phase with a system of separated tunnels of water and oil [2].

Figure 1. Schematic figures showing a spherical oil-in-water (o/w) microemulsion droplet (left) and a water-in-oil (w/o)
microemulsion droplet (right). The radius of the droplet is denoted R and the thickness of the surfactant monolayer at the
interface is denoted &. Oil-in-water droplets are formed by surfactants with a positive spontaneous curvature (Hy > 0)
whereas w/o droplets are formed by surfactants with Hy <0.

The microscopic structure of microemulsions (whether Winsor I, II or III), is mainly determined
by the chemical structure of the surfactant. Surfactants with large hydrophilic head groups and
small hydrophobic (or lipophilic if one prefers) parts tend to curve so as to form ordinary micelles
or o/w microemulsion droplets whereas surfactants with a small hydrophilic part and large
hydrophobic part (like phospholipids) tend to form w/o microemulsion droplets (cf. Figure 1).
The molecular properties determining the curvature of a surfactant monolayer may be summed
up in the quantity hydrophilic-lipophilic balance, or shorter the HLB value [3]. As a result, one
expects o/w microemulsion droplets to increase in size as the monolayer becomes less curved
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with decreasing HLB values. For sufficiently low HLB values, a transition from Winsor I to
Winsor III is expected, and further decreasing HLB would result in the formation of Winsor II
microemulsion. In addition to the volume of the hydrophilic and hydrophobic parts, respectively,
the presence of electric charge on the surfactant head group also contributes to increase the HLB
value and promotes a positive (oil-in-water) curvature of the droplets.

It is possible to tune the HLB value of ionic surfactants by means of adding salt to an aqueous
phase and HLB decreases with increasing electrolyte concentration. Similarly, the HLB value of
non-ionic ethylene oxide-based surfactants is found to be considerably temperature-sensitive
and, as a result, it is possible to observe the sequence of transitions oil-in-water — bicontinuous
— water-in-oil microemulsion by means of increasing the temperature [4]. The amount of oil
dissolved in the microemulsion increases during this sequence of transitions and, at a certain
temperature denoted the phase inversion temperature (PIT), the microemulsion phase contains
equal amounts of oil and water. It is also possible to tune the curvature of a surfactant
monolayer by means of adding a cosurfactant that is mixed into the layer [5].

In contrast to conventional (macro)emulsions, microemulsions are thermodynamically stable
systems. This means that the size of the droplets may fall within a wide range, depending on
the surfactant HLB value, from small micelle-like droplets of about 1 nm to about 100 nm,
above the size of which the droplets usually transform into a macroscopic bicontinuous
structure. In contrast, kinetically stabilized emulsion droplets are usually larger falling in the
range 10 nm to 100 pum.

In this chapter, we present a comprehensive, yet simple, theory that rationalizes the structural
behaviour of spherical microemulsion droplets. The theory is based on conventional solution
thermodynamics combined with bending elasticity theory and it predicts several experimen-
tally available quantities, such as droplet size and polydispersity, interfacial tension and
solubilisation capacity. We only consider the case of rather rigid microemulsion droplets that
are spherically shaped. More flexible droplets, consisting of interfacial monolayers with bend-
ing rigidities approaching zero (see further below), may assume a more spheroidal or ellipsoi-
dal shape [6] or undergo undulatory fluctuations of the droplet interfaces [7].

2. Thermodynamics of self-assembly

Microemulsions are thermodynamically stable equilibrium structures. Hence, the theoretical
treatment of microemulsion droplets necessarily needs to take into account thermodynamics
of self-assembling surfactant molecules to form an interfacial monolayer that encapsulates the
discrete phase (cf. Figure 1). The latter process may be considered in terms of a set of multiple
equilibrium reactions

N Surfactant = My (1)

where N is the free surfactant molecules dissolved in the continuous phase (Bancroft’s rule states
that free surfactants are always present in the continuous phase) that form a microemulsion
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droplet My. The change in entropy for the process of self-assembling free surfactant molecules
to the interface of a single droplet that encloses a certain amount of oil (o/w microemulsions) or
water (w/o microemulsions) in accordance with Eq. (1) may thus be written as

ASyge = —k(Ingy, — NIngp,,) )

where k is the Boltzmann’s constant. For the case of o/w microemulsions, the free surfactant
molecules are present in the aqueous continuous phase with a volume fraction e, Whereas oil
molecules are brought from the adjacent macroscopic excess oil phase to form droplets encapsu-
lated by surfactant monolayers with volume fraction ¢y. The expression in Eq. (2) is also valid
for the reverse case of w/o microemulsions in which the surfactant is dissolved in the continuous
oil phase and water is brought from an excess aqueous phase. AS,z, is always a negative
quantity and, as a result, the process of self-assembly must be unfavourable in the absence of
other contributions favouring the self-assembly process. Equation (2) can be understood as the
difference between the entropy of mixing self-assembled surfactant monolayers and solvent, and
the entropy of mixing the corresponding amount of free surfactant molecules with solvent.

In order to allow for the spontaneous self-assembly of surfactant molecules, additional contri-
butions to the overall free energy change must be added. These contributions are related to the
formation of the surfactant monolayer and can be collected into a single quantity denoted by
Ap. The most important contribution to Ay comes from the hydrophobic effect, i.e. the largely
entropic favourable process of reducing interfacial contact between surfactant hydrophobic
tails and water molecules as free surfactants are self-assembled in the microemulsion-droplet
interfaces. From a molecular point of view, the hydrophobic effect is believed to be the result of
organization of water molecules adjacent to the hydrophobic moieties of the surfactant mole-
cules. We may now write the total change in Gibbs free energy of the self-assembly process as

AG = NAp — TAS,q 3)

Introducing the following free energy parameter [8].

Ey = NAp — NkTIngy,., 4)

and combining Eqs. (2)—(4) gives the following set of equilibrium conditions

AGy =En + kT1n¢N =0 (5)

one for each surfactant aggregation number N of the interfacial monolayers. By setting AGy =0,
we account for a situation where surfactant molecules are reversibly exchanged between
droplet interface and as free molecules in the continuous phase. Equation (5) may now be
rewritten as

G =e ©)

Summing up the different volume fractions in Eq. (6) gives the total volume fraction ¢, of
surfactant self-assembled in the droplets, i.e.
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0, = i}m ™)
N=2

which may be evaluated from the following integral approximation

=)

¢, = JeHOIT aN ®

We have been able to approximately set the lower limit in the integral to zero since the largely
curved droplets with low aggregation numbers are too energetically unfavourable to contrib-
ute to the integral (see further below). Equation (8) gives the full size distribution of surfactants
self-assembled in microemulsion-droplet interfaces; in so far an mathematical expression for
the function E(N) is available. In the following section, we will demonstrate that such an
expression may be obtained by means of considering the properties of bending a surfactant
monolayer.

3. Bending elasticity

The free energy of an arbitrarily shaped surfactant monolayer may be calculated taking into
account bending elasticity properties. The curvature at a single point on a surfactant mono-
layer (most conveniently defined at the hydrocarbon/water interface [cf. Figure 1]) may be
defined by considering two perpendicular curves on the interface with radii of curvature, Ry
and Ry, respectively. Hence, each point at the aggregate interface may be distinguished by
two principal curvatures defined as ¢; = 1/R; and ¢, = 1/R,. By means of changing variables
from c¢; and ¢, to the mean curvature H = Y2(c; + ¢;) and Gaussian curvature K = ci-cp,
respectively, the following fruitful expression for the free energy per unit area may be
introduced [9]

y(H,K) =y, + 2k.(H — Hy)* + k.K 9)

The Helfrich expression in Eq. (9) is a second-order expansion with respect to H and K,
respectively, and introduces three important parameters, spontaneous curvature (Hy), bending

rigidity (k.) and saddle-splay constant (k;). y is the free energy per unit area at H=Hy and K =0.
The total free energy of a surfactant monolayer may be obtained by means of integrating Eq. (9)
over the entire interfacial area A of the monolayer giving

E = [ y(H,K)dA = y,A + 2k.f (H — Hp)*dA + k.J KdA (10)

For a spherically curved monolayer, an expression for E is obtained by simply introducing the
proper values H = 1/R and K = 1/R? in Eq. (9) and multiplying y with the interfacial area 4R
As a result, the following expression for E as a function of droplet radius R is obtained for a
surfactant monolayer at the interface of a spherical microemulsion droplet
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E(R) = 47(2kc + k. — 4k:HoR + y,R?) (11)

where 7, is the interfacial tension of a strictly planar interface, i.e. y, = y(H = K = 0). The free
energy in Eq. (11) may be considered as a sum of the contribution of forming a planar
surfactant monolayer out of free surfactant (=47R*y,) and the contribution of bending the
monolayer into spherical shape.

The three bending elasticity constants Hy, k. and k. influence various properties of self-assem-
bled surfactant monolayers and are expected to assume values that reflect the chemical prop-
erties of the constituent surfactant or surfactant mixture as well as environmental properties
such as temperature and electrolyte concentration. They may be interpreted as thermodynamic
parameters that may be determined from experiments [10-13] as well as calculated from a
suitable molecular model [14-16] by means of minimizing the free energy per molecule of a
surfactant interfacial layer at given values of H and K.

3.1. Spontaneous curvature

The spontaneous curvature Hy represents the sign and magnitude of the preferential curvature
of a single surfactant monolayer. Since smaller microemulsion droplets must be more curved
than larger ones, Hj is expected to have a large impact on the droplet size. We have defined the
mean and spontaneous curvature of o/w microemulsion droplets as positive, whereas w/o
droplets have a negative spontaneous curvature (cf. Figure 1). H, depends on the chemical
structure of a surfactant molecule in so far it is expected to increase with an increasing HLB
value [14, 16]. This means that Hy rapidly decreases as the tail length is increased for a
surfactant with given head group. Likewise, ionic surfactants usually have larger spontaneous
curvature than non-ionic surfactants with a head group of similar size, and adding electrolyte
is expected to reduce Hj of an ionic surfactant monolayer. As a result, in the presence of both
water and oil, surfactants with high HLB values and positive Hy tend to form o/w
microemulsion droplets whereas surfactants with low HLB values and negative Hj tend to
form w/o microemulsions.

3.2. Bending rigidity

The bending rigidity k. is a measure of the ability of a surfactant monolayer to resist deviations
from a uniform mean curvature H = Hy. k. must always be a positive quantity in order to
realize a minimum of y as a function of mean curvature in the Helfrich expression in Eq. (9).
Large bending rigidities are expected to favour surfactant monolayers with small deviations
from a homogenous curvature, i.e. rigid and monodisperse droplets with a uniform shape.
This means that microemulsion droplets are expected to be strictly spherical for sufficiently
large values of k.. Likewise, a bicontinuous microemulsion is expected to form an ordered
cubic phase as the bending rigidity is high whereas a more disordered sponge phase forms at
low k. values [17].
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From a molecular point of view, it has been demonstrated that k. assumes a maximum value for
some optimal value of the HLB of a surfactant [16]. The flexibility of the surfactant tails appears
to have a crucial impact on k. which is found to be significantly larger for surfactants with a
flexible rather than rigid tail [14]. As a matter of fact, it has been demonstrated that k. must
always be equal to zero, thus preventing self-assembly of non-ionic surfactants made up of
hydrophobic and hydrophilic parts that both are rigid [16]. For surfactants with a flexible tail,
the bending rigidity is expected to increase with increasing tail length [10, 14]. Moreover, k. has
been found to become substantially reduced in surfactant mixtures [18-20] and the magnitude of
the reduction has been demonstrated to increase with increasing asymmetry between two
surfactants with respect to head group charge number, volume of surfactant tail, etc [15].

3.3. Saddle-splay constant

The saddle-splay constant k. is related to the Gaussian curvature K. As implied by its name,

high positive values of k. influence the curvature of an interface so as to favour a saddle-like
structure, with negative Gaussian curvature, that is curved in opposite directions perpendicu-
lar to one another. Examples of surfactant assemblies with saddle-like structure are torus-like
micelles and bicontinuous microemulsions. Hence, the latter is expected to be favoured by

large (positive) values of k. whereas a planar lamellar Winsor IIl microemulsion is favoured by
low and negative values of k. [17].

Moreover, according to the Gauss-Bonnet theorem, the last integral in Eq. (10) equals

[KdA = 4n(1—g) (12)

where ¢ represents the number of handles or holes present in a surfactant monolayer. A
microemulsion droplet consists of one geometrically closed monolayer and, as a result, g = 0.

As a consequence, the last term in Eq. (10) equals 47tk,, the quantity of which does not depend
on the size of the microemulsion droplet. Since k. contributes with a size-independent term to
E, the value of &, indirectly determines the size of the droplets. Positive values of k. indicate
that the total free energy in the system increases as one single droplet is split up to form two or
many smaller droplets. Likewise, negative values of k. imply a decreasing total free energy as
droplets are split up to increase their number while maintaining the surfactant concentration

fixed. In either case, increasing values of k. favour larger microemulsion droplets.

From a molecular point of view, k. is expected to be negative for a pure symmetric surfactant
that tends to curve equivalently in all lateral directions [14]. However, introducing some kind
of asymmetry of the surfactant may result in positive values of k.. For instance, the non-
uniform distribution of charges in monolayers formed by ionic gemini surfactants may result
in a positive saddle-splay constant [13, 21]. Likewise, mixtures of two or more asymmetric
surfactants, in particular mixtures of oppositely charged surfactants, may result in positive
values of k. [22].

123



124 Properties and Uses of Microemulsions

4. Microemulsion droplets

The size distribution of surfactant monolayers in Eq. (8) may be rewritten so as to give

— -
¢, = [ e MR = [ (R)dR (13)
0 0

where ¢4(R) is the volume fraction distribution of surfactant monolayers and

AN 8mRE
R v (9
may be evaluated from the geometrical relation Nv = 4nR* for a surfactant monolayer
with thickness & and surfactant molecular volume v. However, the self-assembled mono-
layer is excluded from the interior volume occupied by the discrete phase of oil molecules
(in the case of o/w droplets). As a result, it is more appropriate to consider the size distri-
bution based on the volume fraction of entire droplets ¢, including both the surfactant
monolayers at the droplet interfaces and solubilised oil molecules in the interior core of the
droplets.

The geometrical relations ¢, (R) o 47R*dR and ¢_(R) o 87REAR imply that the volume fraction
distribution of droplets equals

6,(R) = 50,(R) (13)

Now we may substitute Eq. (11) into Eq. (13) and combine with Egs. (14) and (15) to arrive at
the full size distribution of spherical microemulsion droplets

2 —
b, (R) = 4an e—4n(2kc+kr—4ka0R+pr2)/kT (16)

from which the total volume fraction of droplets (including both surfactant and the discrete
phase) may be evaluated so as to give

\ .
0 = 5 e TN R TR (17

The size distribution according to Eq. (16) is plotted in Figure 2 for some different values of
volume fraction of droplets. In accordance with Eq. (16), the formation of finite-sized
microemulsion droplets may be considered as the result of bending elasticity properties as
well as self-association entropy effects. The latter contribution always favours small droplets.
Since the driving force towards smaller droplets due to the entropy of self-assembly increases
in magnitude with decreasing droplet volume fraction, the average size of the droplets
depends on ¢,; and the droplets increase in size with increasing surfactant (or droplet) concen-
tration [cf. further below].

Equation (17) may be solved so as to give
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kerr (KT)?
¢y = ff( )

= We‘mks/”(\/ﬁ@a +1)(1 +erfva) + 2046’“) (18)
To(KcI1g

where we have introduced the dimensionless parameter [6, 23]

_ 16m(k.Ho)*  4n

- k +k 1
i (2K + K + k) (19)

as well as the quantity

_kT, 128mv(k.-Ho)’$,
47 \ kg (KT (V@20 -+ 1)(1 + erf /@) + 2ae<)

(20)

Except for values of a close to zero, the following two approximations of Egs. (18) and (20),
respectively, are accurate

5/2 1/2
_ 7TkEff (kT) 47k /KT
b= —L ¢ 1)
4U(kCH0)
PR do(kHo)’6, (22)
T A\ k()
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Figure 2. The normalized size distributions of microemulsion droplets at some different values of the droplet volume
fraction ¢;. The bending elasticity constants were set to k. = 1.0kT, k. =0.725kTand EH, = 0.645, where & =17 A, as obtained
for a gemini surfactant forming elongated micelles in water [13]. The average droplet radii are seen to be always smaller
than those expected from the expression (R) = (2k. -+ k.)/2k.Ho = 36 A.
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The entropy parameter k; may be added to the sum of twice the bending rigidity and the
saddle-splay constant to make up the effective bending constant ks = 2k + k. + k;. Hence,
ks has a similar impact on microemulsion droplet properties, such as average size and
polydispersity (see further below), as k. and k,, although it is not (primarily) related to
bending elasticity properties. From a physical point of view, it is a measure of the entropy
of self-assembly and, since this process is unfavourable from an entropic point of view, k,
is always found to be a negative property (cf. Figure 3). Moreover, the entropy of self-
assembly increases in magnitude as the concentration of surfactant decreases. As a result,
ks becomes a strong function of volume fraction of surfactant and its magnitude increases
(that is k; becomes more negative) as a solution of microemulsion droplets is diluted.

T T LB e | T T T T T T T T T

Entropy parameter

s sl b1l i1l L1

-3

10 107 10" 10
Volume fraction of self-assembled surfactant

Figure 3. The self-assembly entropy parameter k; plotted against the volume fraction ¢; of self-assembled surfactant, in
accordance with Eq. (20). The three bending elasticity constants k., k. and Hy assume identical values as in Figure 2.

5. Average droplet size

The following expression for the (volume weighted) average droplet radius may be derived
from the size distribution in Eq. (16)

1% keff 1
= — = — 2
(R) Q, ‘!;R(PddR 2k.Hy x (23)
where the quantity
Viaa +1)(1 + erfa) + 2ae™® (24)

t= Vra2a +3)(1 + erf/a) + 2ae® 4 2¢@

only depends on «a. For sufficiently large values of a, Eq. (24) may be simplified so as to give
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1 2043 _, 2 _ 2
x 2a+1  2a+1  8mkyg/kT+1

(25)

Combining Egs. (23) and (25) gives the following rather simple expression for the average

droplet radius
kefr 2
R) = 1 26
< ) ZkCH[) + 87'(keff/kT +1 ( )

According to Egs. (23) and (26), the average droplet size depends on kg as well as on k.Hp and
in Figure 4 we have plotted (R) against ks for a certain value of k.H, corresponding to a
gemini surfactant that forms elongated micelles in water [13]. It is seen that the more simple
equation (26) is an excellent approximation in virtually the entire regime of k. values. As
expected, (R) is found to increase considerably with increasing values of k. as well as decreas-
ing values of Hy. The dependence on the more shape-related bending rigidity is more complex.
For the case where k. > k. + k,, Eq. (26) simplifies to (R) = 1/H, and droplet size only depends
on spontaneous curvature. For small k. values, however, the size of the droplets is explicitly
determined by the quantity k. times Hj.
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Figure 4. The average radius (R) of microemulsion droplets plotted against effective bending constant k¢ in accordance
with Egs. (23) and (24) (solid line) and Eq. (26) (dashed line). The spontaneous curvature H, was set to the same value as in
Figure 2.

In addition to the three bending elasticity constants, the droplet size also depends on the self-
assembly entropy parameter k,. The always negative parameter k; reduces the size of the
droplets and its effect becomes stronger as the concentration of droplets decreases. As a result,
microemulsion droplets grow in size with increasing surfactant concentration (cf. Figure 2).

We may note that the expression (R) = (2k. +EC) /2k.Hy, according to which (R) does not
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depend on surfactant concentration, was derived by Safran [24] for the case where self-assem-
bly entropy effects were neglected. This is the optimal value of (R), obtained for the case where
only bending elasticity properties are considered. As a matter of fact, the Safran equation is
recovered as a special case of Eq. (26) in the limit 2k, + k.— oo, as k, becomes negligible. Since k,
is always negative, the size of the droplets must be smaller than the value predicted by the
Safran equation (cf. Figure 2).

6. Polydispersity
Like average droplet size, microemulsion droplet polydispersity may be predicted from the

present model. From the size distribution function in Eq. (16), we may derive the following
expression for the average of the squared radius

_ 17 _ (kg )1
(R?) = oo J()'qu)(R)dR_ (2kCH0) ; (27)

where

Vi2a(2a + 1)(1 + erf/a) + 4a3/%e~@

= 2
Y V(402 +12a + 3)(1 + erf /a) + 2a'/2(2a + 5)e— @8
Hence, the polydispersity in terms of the relative standard deviation equals
OR (R?) x2
S =1 29
(R) V(R y 2

in accordance with Egs. (23) and (27) and where the definition of x is given in Eq. (24). Equation
(29) may be simplified so as to give the following excellent approximation for the polydispersity as
a function of o = 4mtkg/kT (cf. Figure 5).

OR _ 402 +3 i—i— 2 4 (30)
Ry \202a+3)*> \6a 6a+9 (2a4+3)7

The polydispersity according to Egs. (29) and (30), respectively, is plotted in Figure 5. Notably,
the droplet polydispersity does not at all depend on spontaneous curvature, but is seen to be a

sole function of ks = 2k, + k. + ks. This means that k. may be directly determined from
experimentally available polydispersities. It is seen that ogr/(R) decreases with increasing
values of the effective bending constant and it approaches or/(R) = \/kT/87tkys in the limit
of large kesr. The latter expression (with k; = 0) was first derived by Milner and Safran for the
case where self-association entropy effects were neglected [7]. Since the entropy parameter k;
depends on surfactant concentration [cf. Eq. (22)], or/(R) according to Eq. (30) is predicted to
decrease with increasing surfactant concentration.
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Figure 5. The relative standard deviation og/(R) plotted against effective bending constant kg in accordance with Eq. (29)
(solid line) and Eq. (30) (dashed line) as well as according to the approximate expression og/(R) = \/kT/87tkes (dash-
dotted line).

7. Interfacial tension

The (planar) interfacial tension between the water and oil phases in a microemulsion in equilib-
rium with excess solvent phase is an experimentally available quantity. Hence, it has been
observed that unusually small interfacial tensions are, in general, generated in microemulsion
systems. The values are found to decrease in magnitude as the droplet size increases and may
approach as low values as 107°~10"2 mNm ' in non-ionic surfactant microemulsion systems at
the phase inversion temperature (PIT) [10, 25].

From our present model we obtain the planar interfacial tension y,, from the definition of k¢ in
Eq. (19), ie.

_ 4(kcHO)2 31
Vv ks (31)
Similar to droplet size, the interfacial tension depends on the three bending elasticity constants
as well as the entropy parameter k. In Figure 6 we have plotted y, against the effective
bending constant ke for some different values of the spontaneous curvature H. It is seen that
yp decreases significantly as ke is increased or Hj is reduced. For spontaneous curvatures
approaching the limit Hy = 1/4&, where bilayer structures start to form in aqueous solvents
[26], y, may drop well below 1 mNm ™. Notably, y, decreases with increasing surfactant
concentration and droplet volume fraction since it, according to Eq. (31), depends on the
entropy parameter k.
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Figure 6. The planar interfacial tension y,, of microemulsions plotted against effective bending constant k¢ in accordance
with Eq. (31) for some different values of the spontaneous curvature Hy.

By means of combining Eqs. (26) and (31), we may eliminate k.H, to deduce the following
expression that relates interfacial tension and droplet size

L S 2 (32)
" T R\ Brekyy /AT + 1

According to Eq. (32), the interfacial tension must decrease in magnitude as the size of the
droplets increases (cf. Figure 7). This behaviour agrees very well with experimental observa-
tions that surfactants forming larger microemulsion droplets are, in general, found to have
smaller interfacial tensions. y, is seen to drop below 1 mNm " as the radius exceeds a few
nanometres for some typical value of 2k + k.. Moreover, the interfacial tension is seen to fall
below about 0.01 mNm ™" as the droplet size approaches orders of magnitudes equal to 1 pum.
These values agree very well with observations of minimum interfacial tensions obtained for
microemulsions formed by temperature sensitive non-ionic surfactants at PIT, where the
microemulsion contains equal amounts of oil and water [10].

Since k. is directly related to the droplet polydispersity, it may, in principle, be eliminated
by means of combining Egs. (30) and (32) to yield a relation between the three experimen-
tally available quantities (R), or/(R) and y,,. The following approximate expression (valid
for polydispersities lower than about og/(R) = 0.1) is obtained by means of inserting

or/{(R) = \/kT [8mtky;s in Eq. (32)
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Figure 7. The planar interfacial tension y,, of microemulsions plotted against the average droplet radius (R) in accordance
with Eq. (32).
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The relation between interfacial tension, droplet radius and polydispersity may also be
expressed in terms of the dimensionless parameter [27]

2 2
w=sn(ge) T (34)
Combining Egs. (26), (30) and (31), the following approximate expression for w may be derived
2 2(8rtkys — 1
w= 4“—+32 —1— (T(—fz) (35)
(2a+1) (87tkerr 4 1)

In the limit keg— oo (equivalent to og/(R)— 0), Eq. (35) may be further simplified so as to givew =1,
the expression of which has been derived by Gradzielski et al. [27] for the case where self-
association entropy effects were neglected. It is necessary that y, assumes low values for a system
of small droplets, with a large overall interfacial area, to form. The ultra-low values of interfacial
tensions experimentally observed in microemulsion systems appear as a consequence of the
comparatively large interfacial area between oil and water that is formed in colloidal systems
consisting of small droplets. Microemulsions are thermodynamically equilibrated systems and the
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disadvantageous (positive) free energy of increasing the interfacial area is exactly balanced by the
favourable (negative) free energy of mixing oil droplets with solvent water. The entropy of mixing
increases with the number of dissolved droplets, equivalent to a reduction in droplet size, and the
corresponding contribution to the free energy becomes increasingly more negative with decreasing
droplet size. As a result, the interfacial tension must decrease in magnitude with increasing droplet
size in accordance with Eq. (33).

8. Solubilisation

A notable property of microemulsion systems is the ability to dissolve hydrophobic compo-
nents which otherwise are insoluble in an aqueous solvent. A quantitative measure of the
solubilisation capacity may be considered as the ratio of the volume of oil (V,,) that is solubi-
lized and the volume of surfactant (V) present in the solution. Hence, we may define the
solubilisation capacity as follows

Voil

Vsurf (36)

o

Since the surfactant is exclusively located at the droplet interface whereas the oil molecules are
confined to the interior of the droplets, 0 becomes strongly dependent on droplet size. The
volumes of solubilized oil and aggregated surfactant, respectively, are obtained from the
following geometrical relations valid for spherical droplets with an average radius (R) and an
interfacial surfactant monolayer with thickness & (cf. Figure 1)

Vo = Nawop 5 7((R) — ) ()
4 3 4 3 3
Veurf = Ndrop gTC(R) = Vo = Ndrop gﬂKR) - (<R> - é) } (38)

where Ngrop is the total number of droplets. Combining Egs. (36)-(38) gives the following
expression for the solubilisation capacity
1643535

T TS 35+ 30 (39)

as a function of the single quantity 6 defined as

é _ 2kc5H0 2

=2 = _
(R) kg ( 87'(keff/kT + 3>

(40)

The second equality in Eq. (40) is obtained by means of employing the expression in Eq. (26)
for the average droplet radius.

In Figure 8, we have plotted the average droplet radius (R) against the volume fraction of
surfactant self-assembled in the droplet interfaces. It is seen that the droplet size increases with
an increasing surfactant concentration as a result of the self-association entropy effects
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discussed above. This means that we obtain an enhanced solubilisation effect as the amount of
added surfactant is increased. The number of droplets, as well as the average size of the
droplets, increases as the surfactant concentration is raised and both effects contributes to an
increased solubilisation capacity.
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Figure 8. The average radius (R) of microemulsion droplets plotted against the volume fraction ¢, of self-assembled
surfactant in accordance with Eqgs. (23) and (24) for some different values of the spontaneous curvature Hy. The bending
rigidity k. and saddle-splay constant k. assume identical values as in Figure 2.

The solubilisation capacity o, as defined in Eq. (39), is plotted against the surfactant concentra-
tion in Figure 9. It is seen that ¢ increases considerably with increasing surfactant concentration.
o strongly depends on the different bending elasticity constants. The bending rigidity k. and
saddle-splay constant k. have been found to be of the order of magnitude kT for many common
surfactants and the possibility to tune the values of them is usually limited [11]. The spontane-
ous curvature Hy, on the other hand, strongly depends on the surfactant HLB value and may
assume values from close to zero, for amphiphilic molecules forming bilayers, to much higher
values for surfactants forming small micelles. In Figure 9 we have chosen to compare ¢ for
three different values of Hy. The smallest value EHy = 1.557 " = 0.154 > 0.25 corresponds to a
(gemini) surfactant that form elongated micelles in an aqueous solution and the solubilisation
capacity is found to be rather small, with ¢ considerably lower than unity. However, o is found
to increase substantially as the spontaneous curvature is decreased to {Hp = 0.25, which
corresponds to the point of transition from micelles to bilayers in an aqueous solvent in the
absence of oil [26]. Further decreasing H, to EHj = 6.5 1 = 0.645, i.e. to values where rather large
bilayer structures are expected to form, the solubilisation capacity o exceeds unity, which means
that the amount of oil that is dissolved exceeds the amount of surfactant present in the solution.
As a matter of fact, these results agree very well with observations that the solubilisation
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capacity of decane (oil) in mixed tetradecyldimethylamine oxide (TDMAO)-hexanol micro-
emulsion droplets was found to be significantly larger at high hexanol compositions, where
vesicles are formed in the absence of oil, as compared to compositions where mixed micelles
form in the absence of oil [5].
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Figure 9. The solubilisation capacity o of a microemulsion plotted against the volume fraction ¢, of self-assembled
surfactant in accordance with Eq. (39) for some different values of the spontaneous curvature Hy. The bending rigidity k.
and saddle-splay constant k. assume identical values as in figure 2.

9. Summary

A comprehensive theoretical model for the formation of microemulsion droplets has been
presented. The theory is based on thermodynamics of self-assembling surfactant molecules
aggregated in the droplet interfaces, combined with bending elasticity properties of the sur-
factant monolayer as taken into account by the three parameters spontaneous curvature,
bending rigidity and saddle-splay constant. It relates properties depending on surfactant
chemical structure with experimentally available properties of the droplets, such as average
size, polydispersity, interfacial tension and solubilisation capacity. It has recently been demon-
strated that all three constants Hy, k. and k. may be determined from measurements of growth
behaviour of surfactant micelles in aqueous solutions (in the absence of oil). [12, 13, 22] Hence,
from the present model it is possible to predict, for instance, the solubilisation capacity of oil of
a certain surfactant by studying the growth behaviour of micelles that is formed by the
surfactant in the absence of oil.

Likewise, it is possible to determine the various bending elasticity constants by means of mea-
suring the average droplet radius, polydispersity and/or interfacial tension of a microemulsion
system. We have included the important contribution of entropy of self-assembly and, as a result,
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we obtain quantitative expressions that differ from previously derived ones [7, 24, 27] where self-
association entropy effects were omitted. Nevertheless, the previously derived expressions for
average droplet radius, polydispersity and interfacial tension are all recovered as special cases
from our model in the limit 2k, +k. — = . Taking into account self-association entropy effects,
quantified in terms of the parameter k;, have the impact on the model to predict smaller values of
the droplet size as compared to the case where the entropy of self-assembly is neglected.
Moreover, k; explicitly depends on surfactant concentration (k; increases with increasing concen-
tration), implying that the droplet size is predicted to increase, whereas the polydispersity
decreases, with increasing surfactant concentration. Moreover, the model predicts ultra-low
values of the interfacial tension that agrees excellently with experimental measurements
[10, 25]. Likewise, the capacity to solubilize a hydrophobic component (oil) is predicted to
increase dramatically by means of reducing the spontaneous curvature (equivalent to decreasing
the HLB value) of the surfactant, in agreement with experiments. In addition, self-association
entropy effects are shown to generate an enhanced solubilisation capacity as the size of the
microemulsion droplets is found to increase with increasing surfactant concentration.
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Abstract

When an immiscible oil is dispersed in an aqueous solution of a surfactant, emulsions con-
sisting of various-sized oil droplets are generated. Micrometer-sized oil droplets exhibit
exotic dynamics such as self-propelled motion in the surfactant solution. Transfer of the
surfactant from the aqueous solution phase to the oil droplets through their interface
leads to the self-propelled motion in a far-from-equilibrium condition. In this chapter, we
demonstrate the observation methods of the self-propelled motion of micrometer-sized
oil droplets using phase-contrast, polarized, and fluorescence microscopes and discuss
their motion mechanism. Since the generated self-assemblies in micrometer-sized drop-
let systems are difficult to be identified by spectroscopic methods, the mechanisms of
their self-propelled motion have not been clarified. When they are fully understood from
nano- to microscale, these findings may be useful to develop not only more stable emul-
sion systems but also droplet-type analysis systems at the micrometer scale that can carry
out reaction, analysis, and detection automatically without the need for an external force.

Keywords: cationic surfactant, chemical reaction, far-from-equilibrium state, interfacial
tension, Marangoni effect, micrometer-sized oil droplet, optical microscope, self-

propelled motion

1. Introduction

Oil and water are immiscible liquids. When oil is added to water and the mixture is stirred vig-
orously, oil droplets and water droplets are dispersed in the oil and water phase, respectively.
This increases the total area at the oil-water interface; therefore, such an emulsion is unstable.
As a result, droplets aggregate and fuse gradually to minimize the contact area between the
oil and water phase. To improve the stability of emulsions and utilize those emulsions as
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functional capsules in fields of cosmetics, pharmaceuticals, and foods, many physical and
chemical approaches have been developed. Therefore, emulsion science and technology is
necessary for an improvement in quality of life. In this chapter, we do not describe a stabiliza-
tion technology for emulsions but rather a research trend in the behavior of micrometer-sized
droplets within emulsions in a far-from-equilibrium state. Namely, the phenomena of oil
droplets moving three-dimensionally (self-propelled motion) in a ternary system composed
of water, 0il, and surfactant and the methods to measure this motion are described.

Surfactant molecules form various types of self-assembly in water or buffered aqueous solution
[1]. At arelatively low surfactant concentration in water, colloidal self-assemblies, such as spher-
ical, disklike, rodlike, or wormlike micelles, are formed spontaneously. When a small amount
of the oil components is added to such a colloidal system, it is solubilized within micelles.
An electron microscope is required for the observation of these swelling micelles (microemul-
sions). They are stable thermodynamically, and this is defined as an equilibrium condition in
this chapter. When the oil component is further increased, emulsions consisting of oil droplets
with diameters ranging from nanometer to submillimeter are formed. For example, upon the
addition of an oil component that was almost insoluble in water, such as n-hexane and chloro-
form, to aqueous surfactant solution of a relatively low concentration, the dispersion became
turbid, and, in a short while, it separated into water and oil phase. However, when some spe-
cific oil components were dispersed into a similar surfactant solution, the dispersion was not
separated into two phases but turned turbid over a week. Interestingly, immediately after the
addition of the oil component, it was observed under an optical microscope that oil droplets
with diameters ranging from 5 to 100 pm were self-propelled in a dispersion that was partly
turbid (Figure 1). Self-propelled motion of these spherical droplets had a locomotion speed
of above 5 um/s, which was significantly faster than the random walk of micrometer-sized
colloidal particles. In other words, the observed self-propelled motion could be distinguished
from Brownian motion. Though the self-propelled motion of these droplets ceased within an
hour, the spherical droplets were stable. This phenomenon was observed in a far-from-equilib-
rium state that gradually approached equilibrium eventually and is of great interest because
the micrometer-sized objects moved without the addition of external forces. Note that these
observed results depended on the intensity of stirring and composition of emulsion system.

Figure 1. Typical sequential micrographs (time interval =3 s) of self-propelled motion by micrometer-sized spherical oil
droplets in a ternary system composed of water, oil (n-heptyloxybenzaldehyde), and surfactant (N-hexadecyl-N,N,N-
trimethylammonium bromide) at room temperature (23-25°C). The arrows indicate the direction of the self-propelled
oil droplets. Bar: 100 um.
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2. Observations of micrometer-sized self-propelled oil droplets

2.1. Optical microscopes for the observations of oil droplets in aqueous solution

A bright-field stereomicroscope can be used to observe micrometer-sized oil droplets in aque-
ous solutions when oil droplets are thick and their refractive index is significantly different
from their surrounding medium (the bulk solution). However, when the difference in refrac-
tive index is small and the oil droplets are thin, specific microscopes are required for observa-
tion. In this section, the operating principles of polarized, phase-contrast, and fluorescence
microscopes, which are used regularly for the observation of soft matter, including oil drop-
lets at the micrometer scale, are introduced briefly.

2.1.1. Polarized microscope

When the surfactant concentration is relatively high in an emulsion system, the nematic and
lamellar structures of lyotropic liquid crystal phases are formed. Since the interaction of each
phase with light differs because of the different molecular orientation, the structures can be
characterized by the texture of polarized microscopy images. In the system of a polarized
microscope, the transmitted light through samples, placed on a stage between two polarizers
oriented at 90° to the illumination, is observed. Since birefringence occurs because of the opti-
cal anisotropy of phase in the sample, the phases within the sample can be identified from
the observed textures. For example, to investigate the stability of a ternary system, Abe et al.
investigated dimyristoylphosphatidylcholine/water/saturated hydrocarbon, where propanol
was added as a cosurfactant, and clarified the composition that generated a stable oil-in-water
microemulsion using a polarized microscope [2]. In addition, Ho et al. observed a dispersion
prepared by stirring lauryl or cetyl alcohol with a sodium lauryl sulfate aqueous solution
using ultrasonication, under a polarized microscope [3]. By varying the alcohol concentration
and temperature, various phases such as the schlieren textures of the nematic liquid crystal
phase were confirmed. No textures were observed in self-propelled oil droplets under a polar-
ized microscope unless water-insoluble molecules exhibiting a thermotropic liquid crystalline
phase were used, indicating that they were not in a liquid crystal phase but an isotropic lig-
uid phase. Self-propelled micrometer-sized droplets comprising thermotropic liquid crystal
phases in a surfactant solution have recently gained substantial attention regarding the topo-
logical defect of the droplet in self-propelled motion [4].

2.1.2. Phase-contrast microscope

Phase-contrast microscopes are suitable for the observations of transparent specimens, in
which their refractive index is similar to that of the surrounding medium (such as living cells
and bacteria). Self-propelled motion of micrometer-sized oil droplets in aqueous surfactant
solution has also been observed under a phase-contrast microscope. Visualization of transpar-
ent specimens with a low refractive index has been achieved by utilizing the diffraction and
interference of light. Figure 2 shows the optical path and operating principle of visualization in
this microscope system. A phase-contrast microscope has a ring slit in the condenser, and the
objective lens is equipped with a phase-shift plate (Figure 2A). The ring-shaped illuminating
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light that passes the ring slit in the condenser is focused on the phase-shift plate and is guided
to the image plane through an objective lens uniformly. However, in the presence of a specimen
between the condenser and objective lens, some of the illuminating light is diffracted by the
specimen and separated into two diffraction order beams (the +1 and —1 order) and one remain-
ing light beam, which is unaffected by the specimen (zeroth-order diffracted light), known as
the background light. The two diffracted light beams change with the direction of travel and
are therefore not focused on the phase-shift plate. On the other hand, the zeroth-order dif-
fracted light beam goes straight ahead and passes the phase-shift plate. Thus, three light beams
are focused on the image plane of the objective lens. The image contrast is strengthened by
the following two factors: the generated interference between the diffracted and background
light rays in the regions of the field of view that contain the specimen and the reduction in the
amount of background light that reaches the image plane.
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Figure 2. Schematic illustration of optics (A) and operating principle of visualization (B) of a phase-contrast microscope.
9, and d, are the lagged phase between the transmitted light rays through the specimen and that of the background,
respectively.

For example, if it is considered that the phase of the zeroth-order diffracted light is directed by
the phase-shift plate, the light intensity is zero on the image plane where the three light beams
interfere and, thus, the image of the specimen should have dark contrast in the bright field
of view. In contrast, when the zeroth-order diffracted light is lagged compared to the other
two diffracted light beams, the light intensity becomes maximum because of the interference
between the three light beams. Therefore, the image of the specimen with bright contrast is
observed in the dark field of view. On the basis of these principles, a transparent specimen,
which is difficult to distinguish from the surrounding medium using a bright-field micro-
scope, can be observed by strengthening image contrast.
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On observing the self-propelled oil droplets using a phase-contrast microscope, it was found
that the interior of the droplets had many small particles and they formed a convective flow.
The direction linked with the inlet and outlet of this convective flow was the same as the self-
propelling motion direction of the droplets, considering that their motion could be associated
with the flow fields within the droplets.

2.1.3. Fluorescence microscope

Dynamics of molecules and particles which are labeled by fluorescent molecules and particles
can be traced selectively. Therefore, fluorescence observations have been frequently used in
the life sciences. A transparent specimen can be observed under a phase-contrast microscope.
By using a fluorescence microscope simultaneously, the specific molecule and its distribution
can be visualized in a specimen.

When a substance, which absorbs light energy and emits its energy as light, is illuminated
by excitation light, such as X-rays, ultraviolet light, or visible light, the transition of its elec-
trons from the ground state to the excited state occurs. However, because this excited state is
unstable energetically, the electrons that absorb energy relax readily to their ground state. In
this relaxation process, the emitted light is fluorescence. The relaxation time from an excited
state to a ground state is short, below ~10 ms in general, and the luminescence is quenched
due to fading of a fluorescent substance under a continuous excited light. Taking this into con-
sideration, the system of a fluorescence microscope has a specific set of operation principles.

In general, if a fluorescent dye has a suitable molecular structure for emitting fluorescence in
a specimen, the distribution and migration of a fluorescent dye can be detected easily. The
distribution and migration of multiple structures are also observed simultaneously by using
multiple fluorescent dyes. In addition, if the background brightness is lowered considerably,
the detection sensitivity using a fluorescence microscope is much higher than when using
other observation techniques. Therefore, this technique is frequently used for the observation
of the dynamic behavior of self-assemblies formed by amphiphiles in aqueous solution. For
example, micrometer-sized droplets in a ternary emulsion system composed of water, oil, and
surfactant exhibited demulsification triggered by a photoisomerization of the photoreactive
surfactant having an azobenzene group [5]. This phenomenon was clarified by fluorescence
observations using a hydrophilic fluorescent dye, calcein, and a hydrophobic fluorescent dye,
pyrene. In oil droplet systems that exhibit self-propelled motion, the fluorescence microscopy
technique is considered to be effective for visualizing the convective flows of the droplets.

2.2. Mechanism of self-propelled motion of oil droplets
2.2.1. Observation of self-propelled motion of oil droplets

Self-propelled motion of micrometer-sized oil droplets has been observed in dispersions
composed of specific oils and surfactants as shown in Figure 3. For example, in a dispersion
prepared by adding a benzaldehyde-type oil component (1) to the aqueous solution of a cat-
ionic surfactant having a primary amine group at the end of its molecular structure (2), self-
propelled motion of oil droplets accompanied by an internal convective flow was observed
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under a phase-contrast microscope. The micrometer-sized structures of closed membranes
(giant vesicles) were stripped off at the inlet position of the convection at the surface of this
droplet, releasing giant vesicles at the opposite side of self-propelled droplet. In addition, by
using a fluorophore with molecular structure similar to 1, having 4,4-difluoro-4-bora-3a,4a-
diaza-s-indacene (BODIPY) group, it was confirmed by fluorescence observations that giant
vesicles were formed by the production of an amphiphile (3) in the droplet. Therefore, the
unidirectional motion of self-propelled droplets may be related to not only inner convection
but also the evolution of giant vesicles at the opposite side of the droplets [6].
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Figure 3. Reaction formula in emulsion systems in which micrometer-sized oil droplets were observed.

It has been found that self-propelled motion of oil droplets is caused by generated flow fields
induced by the adsorption of surfactant molecules onto the droplet surface in dispersion. Hanczyc
et al. reported that oleic anhydride (4) droplets containing nitrobenzene exhibited self-propelled
motion in a solution composed of sodium hydroxide and sodium oleate (5) [7]. In addition, the
droplets were self-propelled from a region of lower pH to that of higher pH in a certain gradi-
ent field. Thus, it was considered that the surface-active oleate, which was generated by basic
hydrolysis of oleic anhydride, got adsorbed to the surface of the droplets, inducing the forma-
tion of flow fields. The unidirectional motion of droplets was a result of the flow fields caused
by such local adsorption of surfactant molecules. Moreover, in a solution of an imine-containing
cationic surfactant (6), aniline-derivative (7) droplets with diameters of 10-140 pm exhibited self-
propelled motion accompanied by the evolution of waste oil droplets with diameters of 1-3 um
on the posterior surface. By tracing the behavior of the droplets using a fluorescence microscope,
it was visualized that their dynamics were triggered by the generation of flow at the droplet
surface accompanied by the hydrolysis of 6 to produce oil component 7 and electrolyte 8 [8].
Recently, it was also observed that oil droplets composed of n-heptyloxybenzaldehyde (9) moved
autonomously as aggregates formed on their surface in an ester-containing cationic surfactant



Self-Propelled Motion of Micrometer-Sized Oil Droplets in Aqueous Solution of Surfactant
http://dx.doi.org/10.5772/67249

(10) solution under a basic condition [9]. This was likely because of the production of lauric acid
(11) and electrolyte 12 by the hydrolysis of surfactant 10 and the subsequent neutralization of the
fatty acid with sodium hydroxide, forming a cation-anion complex surfactant because of the ionic
bonding. These results indicate that the molecular conversion of oil or surfactant component is
a key factor, which influences the driving force of droplet motion. In addition, oil droplets com-
posed of benzaldehyde-derivative 9 were self-propelled in a solution of nonreactive surfactants,
such as n-alkyltrimethylammonium bromide (CnTAB, n =12, 14, 16) or gemini-type cationic sur-
factants having two hydrophobic and hydrophilic groups [10]. Thus, it is considered that self-
propelled motion of oil droplets is strongly associated with not only the molecular conversion
but also the molecular interactions between the surfactant and oil molecules.

2.2.2. Proposed mechanism for self-propelled motion of oil droplets

On the basis of the above findings, the mechanism of self-propelled motion of oil droplets is
interpreted as follows (Figure 4). In a relatively concentrated surfactant solution, self-assembly
of surfactant molecules, such as spherical and disklike micelles, distributes heterogeneously
[11, 12]. On adding of an oil component into such a surfactant solution, oil droplets with
various submillimeter sizes are formed. Surfactant molecules begin to adsorb onto the droplet
surfaces, and heterogeneity of droplet surfaces is induced by nonuniform surfactant concen-
trations, as well as by thermal fluctuations. This causes an imbalance in the interfacial tension
between sites with adsorbed surfactant molecules (lower interfacial tension) and bare sites
(higher interfacial tension) on the droplet surface. The flow at the oil droplet surface based
on the imbalance of the interfacial tension is maintained by Marangoni instability, indicat-
ing symmetry breaking [13]. Marangoni flow and subsequent mass transfer are likely caused
by relatively strong intermolecular interactions between the surfactant and oil molecules.
Furthermore, the momentum between inside and outside of the droplet is exchanged through
the Marangoni flow, and the droplet itself is driven in a certain direction. These processes can
be considered with regard to interfacial energy: the interfacial energy of the droplet’s lead-
ing edge (where surfactants are adsorbed) is smaller than that of its trailing edge, inducing a
slight movement of droplets including dynamic interfacial fluctuation. The more surfactant
the moving droplet takes on, the more the droplet continues to move because of the flux bal-
ance between the oil droplet and the bulk solution. At the foreside of self-propelled motion,
larger amounts of surfactant molecules adsorb to the droplet surface, and self-propelled
motion occurs because of the feedback mechanism caused by the sustainment of flow fields.
Thus, self-propelled motion could be affected by both the attractive interactions between the
oil and surfactant molecules and the mobility of surfactant molecules at the droplet surface.
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Figure 4. Schematic representation of the proposed mechanism for self-propelled motion of oil droplets. Surfactant
molecules are omitted in the fourth image. o, local interfacial tension of oil droplet surface.
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2.2.3. Visualization of the surrounding and internal flow fields of self-propelled oil droplets

To verify the proposed mechanism of self-propelled motion of oil droplets experimentally, the
surrounding and internal flow fields of droplets that were observed under a phase-contrast
microscope should be analyzed in detail. These flow fields have been visualized, and their
motion speed was analyzed using particle image velocimetry (PIV). This is a method that ana-
lyzes velocity and its vector of distinguishable particles (tracers), such as micrometer-sized
fluorescent beads, in the flow fields by the following procedure. Firstly, the movement of dis-
persed tracers in the flow fields is monitored successively at a certain time interval. Secondly,
the specified region containing some tracers in the nth image is correlated with a region in the
[ +1]th image. From the comparison of these two images, the velocity and direction of tracers
are calculated by the detection of the moving distances between them (Figure 5).

nth, t=t, [n+1]t, t=t, + At [n+2]™ ¢ = t, + 2At

Figure 5. Principle of particle image velocimetry (PIV) measurement. The velocity vector of tracers (white circle) in the
square region is calculated by the moving distance for a certain time interval (Af).

Figure 6A shows the PIV results of self-propelled motion of oil droplets composed of benz-
aldehyde-derivative (9) in 50 mM C16TAB solution using micrometer-sized fluorescent poly-
styrene beads as a tracer. Hydrophilic fluorescent beads were used for measurements of the
surrounding flow fields of the droplets. The surrounding flow fields observed in a pseudo-
two-dimensional manner under a fluorescence microscope are shown in Figure 6A. The veloc-
ity of droplets was constant at ca. 20 um/s. The velocity of the flow fields was accelerated and
became maximum when tracers moved in the direction of a self-propelled droplet, which was
from the region a to b along the droplet surface. On the other hand, it decreased when tracers
moved in the opposite direction from region b to c. These results suggest that Marangoni flow
occurred from the leading edge to trailing edge at the surface of the self-propelled droplets.

In contrast, hydrophobic fluorescent beads were dispersed into benzaldehyde derivative 9 for
observations of the internal flow fields of the droplets. As a result, some flow fields were con-
firmed as indicated by white arrows in Figure 6B. By tracing the fluorescent bead carefully, it
was found that the velocity of flow accelerated at the center (b’) and the forward position (c’)
of the self-propelled droplet. The strong flow at the forward position may be derived from the
flow of molecular assemblies composed of mainly oil components near the droplet surface
accompanied with Marangoni flow. In addition, flow at the center may be because of molecu-
lar assemblies flowing from the backward to the forward position. Even though the PIV tech-
nique cannot produce precise information on tracers in terms of time and space resolution in
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three-dimensional space, the proposed mechanism was supported by the pseudo-two-dimen-
sional analyses discussed. Therefore, the analysis of flow fields using PIV is highly effective in
the investigation of the mechanism of self-propelled motion of oil droplets.

100 um

Figure 6. Visualization of the surrounding (A, time interval: 2 s) and internal (B, time interval: 3 s) flow fields of self-
propelled oil droplet by using fluorescent beads under a fluorescence microscope.

2.3. Unique dynamics of micrometer-sized oil droplets in emulsion

From the proposed mechanism of self-propelled oil droplets based on the heterogeneity in
the droplet surface, their motion time, direction, and mode may be controlled and altered by
the molecular conversion of oil and surfactant components. Various organic reactions, such
as polymerizations [14, 15], enzymatic reactions [16], and synthetic organic reactions [17-19],
occur in emulsion systems because of an increase in reagent compatibility, the enhancement
of reaction rates, and the induction of regioselectivity. In this section, we introduce the oil
droplet system that induces unique dynamics, such as directional motion, division, and defor-
mation, triggered by the molecular conversion of oil and surfactant components.

2.3.1. Guided directional motion

Micrometer-sized objects exhibiting well-controlled motion have drawn much attention
because of their potential use as probes or sensors for exploring environmental or biological
systems and as carriers for transporting compounds in very small spaces [20-22]. To control
the motion time and direction of micrometer-sized oil droplets, gemini-type cationic surfac-
tants containing a carbonate linkage in the linker moiety (13), the hydrolytic rate of which
can be controlled by pH, have been designed and synthesized [23]. Oil droplets composed of
benzaldehyde 9 exhibited self-propelled motion in an aqueous solution of pH 13 prepared by
using 13 and sodium hydroxide. Their time of motion was longer than that in a basic solution
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of cationic surfactant without a carbonate linkage. Moreover, in a solution of 13, oil droplets
at rest underwent unidirectional self-propelled motion in a pH gradient field toward a higher
concentration of sodium hydroxide. Even though they stopped within several seconds, they
restarted in the same direction. Gemini-type surfactant 13 was gradually hydrolyzed, accom-
panied by the evolution of carbon dioxide under basic conditions to produce a pair of the
corresponding monomeric surfactants 14, which exhibit interfacial properties different from
13. The prolonged and restart motion of the oil droplets was explained by the increase in the
heterogeneity of the interfacial tension of the oil droplets. Therefore, this system where a
surfactant generates other surfactants with different surface activities from the original, in an
aqueous phase, could be one effective strategy for controlling the motion time and direction
of oil droplets (Figure 7).
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Figure 7. Schematic illustration showing the control of the motion time and direction of oil droplets in the presence of
gemini-type cationic surfactant containing a carbonate linkage in the linker moiety under a basic condition.

2.3.2. Division

Even though oil droplets composed of benzaldehyde 9 exhibited self-propelled motion, they
slowed down and eventually stopped because the system reached an equilibrium state in
which interactions between oil and surfactant molecules were not sufficient for the induc-
tion of convective flows. Thus, the division of oil droplets during self-propelled motion is
expected to occur through changes in the interaction between the components, such as the
dispersion force and the ion-dipole interaction [24]. To induce such changes inside the oil
droplet, 1-decanol (15) was added to the oil phase of 9. Under a relatively high acidic con-
dition, such oil droplet (mother droplet) exhibited not only self-propelled motion but also
divided in the C16TAB solution. While the larger droplet (older daughter droplet) immedi-
ately self-propelled, several dozen smaller droplets (younger daughter droplets) floated in
solution for approximately 1 min and then began to move. However, they were self-propelled
and eventually dissolved away because of their solubilization in the bulk surfactant solution
(Figure 8A). The self-propelled older daughter droplet also divided, and then the new older
daughter droplet was immediately self-propelled. After the division, these dynamics were
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repeated until the older daughter droplet was dissolved away in the solution. In this emul-
sion, the dehydrocondensation reaction of benzaldehyde 9 and alcohol 15 occurred gradually
to produce an acetal molecule, 4-(heptyloxy)-1-didecyloxybenzene (16). The oil droplets of 16
were not self-propelled immediately, but several of them began to move after a few minutes
in the same acidic C16TAB solution. In addition, acetal 16 was completely hydrolyzed within
a few minutes and was not regenerated thereafter in the dispersion. These results indicate
that acetal 16 was not the primary component for self-propelled motion and that a sufficient
amount of benzaldehyde 9 was required for the induction of self-propelled motion. Therefore,
such division during self-propelled motion is owing to the time-course change of the oil drop-
let component in the reversible reaction system [25].
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Figure 8. Schematic illustration of division during self-propelled motion of oil droplets induced by the reversible
reaction of benzaldehyde 9 and alcohol 15 (A) and the hydrolysis of surfactant 17 to feed “fresh” benzaldehyde 9 into
the self-propelled droplets (B).
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A different division mode from the above system was also investigated using a cationic sur-
factant having a five-membered acetal moiety (17) that is hydrolyzed and affords a “fresh”
benzaldehyde component (9) for the self-propelled oil droplets composed of benzaldehyde 9
and alcohol 15 (Figure 8B). In a solution composed of C16TAB and 17 containing HCI, the self-
propelled motion of the initial oil droplet (mother droplet) continued until the droplet began
to slow down, stopped, and then divided to release a small oil droplet (daughter droplet)
which immediately self-propelled. Subsequently, other small oil droplets (daughter droplets)
began to self-propel, and the daughter droplets continued in self-propelled motion. Surfactant
17 was hydrolyzed rapidly to produce benzaldehyde 9 and electrolyte 18. On the other hand,
acetal 16 was not generated under these acidic conditions. The molar fractions of 9, 16, and 17
did not show any change and almost reached equilibrium when the self-propelled oil droplets
typically exhibited their division (ca. 10 min after the preparation of the emulsion solution),
implying that the division of the self-propelled oil droplets was primarily derived from the
supplied 9 and 18 (with C16TAB). Thus, the mechanism for division dynamics was proposed
as follows. Self-propelled oil droplets took up the fresh benzaldehyde component (9) fed into
them through hydrolysis of surfactant 17, which led to the hypertrophy of oil droplets within
themselves. Then, as the daughter droplets grew to reach a size that was sufficient for exhibit-
ing the same self-propelling properties, they were released from the mother droplet [26].

2.3.3. Deformation

Although the above oil droplets maintained spherical morphology during self-propelled
motion, there have been no reports on micrometer-sized self-propelled oil droplets mimick-
ing amoeboid motion in aqueous solution. Similar to white blood cells, amoeboid motion of
amoebae such as Dictyostelium discoideum [27] is one mode of cell locomotion associated with
variations in body shape. Hence, micrometer-sized self-propelled oil droplets exhibiting such
deformation could be applied as underwater carriers or probes in very narrow spaces and
through many obstacles, similar to white blood cells invading blood vessels to attack tumors
beneath the vessel.

To construct an oil droplet system exhibiting deformation, a mixture of two miscible com-
pounds having similar molecular structure, fatty aldehyde 19 and fatty alcohol 15, were used.
The attraction between 19 and 15 is expected to induce spatial heterogeneity in the oil drop-
lets. In addition, these compounds can generate acetal 20 under acidic conditions. Therefore,
when these oil droplets were dispersed in a C16TAB solution, the heterogeneity resulted in
differences in the adsorption and/or dissolution of the surfactant molecules at the surface and
core of the oil droplets. When the molar ratio of aldehyde 19/alcohol 15 was 60/40 mol%, self-
propelled motion of the oil droplets was observed, and their shapes changed autonomously
as shown in Figure 9. By using water-dispersed fluorescent microspheres with a diameter of
1 um, the flow fields around self-propelled oil droplets exhibiting deformation were visual-
ized, and their velocity was analyzed. The fluorescent microspheres at the back of the oil
droplet flowed in the direction opposite to that of the oil droplet motion and approximately
three times faster than those at the front of the oil droplets. The individual o0il components,
19 and 15, were liquid; however, their mixture at the molar ratio used became solid several
minutes after mixing. This was likely owing to the strong attractive and non-covalent bond
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forces between aldehyde 19 and alcohol 15, such as hydrogen bonding and dispersion forces.
On the other hand, though acetal 20 was produced in C16TAB solution containing 0.001-0.1
M H(], its high production inhibited the induction of deformation dynamics. Therefore, there
were two factors contributing to the deformation during self-propelled motion of oil droplets.
These were the formation of a precipitous gradient field of interfacial tension at the back of
the droplet surface and the localization of convective rolls inside the droplet caused by both
the localized interfacial tension gradient and the spatiotemporal switching of intermolecular
interactions among the surfactant and oil molecules [28].
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Figure 9. Schematic illustration of deformable self-propelled oil droplets composed of a fatty aldehyde and an alcohol.

3. Conclusions and future remarks

In this chapter, we demonstrate the observation methods for the self-propelled motion of
micrometer-sized oil droplets using phase-contrast, polarized, and fluorescence microscopes
and discuss the mechanism of motion. Since it is visible to human eye, self-propelled motion
of the millimeter-sized oil droplets on the surface of aqueous solutions has been reported by
many researchers [24, 29-35]. Recently, their divisions, fusions, and morphological changes
have also been described. For example, Sumino et al. reported, with small-angle X-ray dif-
fraction, that the gel phase formed spontaneously around millimeter-sized self-propelled oil
droplets exhibiting “blebbing” [35]. However, since the generated self-assemblies in microm-
eter-sized droplet systems are difficult to identify by spectroscopic methods, the mechanisms
of their self-propelled motion have not been clarified. When the mechanisms are fully under-
stood at the nanometer to micrometer scale, the described findings will be useful to the devel-
opment of more stable emulsion systems. In addition, such systems could be utilized for the
reaction (microreactors) and transportation (microcarriers) of biomolecules and low-molec-
ular-weight organic compounds [36, 37]. Furthermore, microchannel technology combined
with the self-propelled droplet system is expected to lead to the development of droplet-type
analysis system at the micrometer scale that can carry out reaction, analysis, and detection
automatically without the need for an external force. We envisage that such automatic reaction
field and analysis systems will be helpful for the improvement of novel emulsion technology.
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Abstract

In this chapter, the ability of artificial neural networks was evaluated to predict the influ-
ence of amphiphiles as additive upon the electrical percolation of dioctyl sodium sul-
fosuccinate (AOT)/isooctane/water microemulsions. In particular, water/AOT/isooctane
microemulsion behaviour has been modelled. These microemulsions have been developed
in presence of 1-n-alcohols, 2-n-alcohols, n-alkylamines and n-alkyl acids. In all cases, a
neural network has been obtained to predict with accuracy the experimental behaviour to
identify the physico-chemical variables (such as additive concentration, molecular mass,
log P, pK, or chain length) that exert a greater influence on the model. All models are
valuable tools to evaluate the percolation temperature for AOT-based microemulsions.

Keywords: percolation, microemulsion, AOT, additives, modelling, artificial neural
network

1. Introduction

Microemulsions are colloidal self-organized systems, composed of a polar phase, in our case
water, and a non-polar phase, isooctane, stabilized by a surfactant film that causes the forma-
tion of droplets of the dispersed phase in the continuous phase. In our case, the surfactant
used was the AOT (dioctyl sodium sulfosuccinate) whose main advantage is the formation of
a stable microemulsion in wide concentration ranges. Actually, this kind of microemulsion is
known as water in oil (w/o), that is, water is the dispersed phase and continuous phase will
be the apolar medium.

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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Internal dynamics of microemulsions has been largely studied, especially on the phenomenon
of electrical percolation [1-4]. Electrical percolation is characterized by an increment in electri-
cal conductivity when the temperature, or the volume fraction of the dispersed phase, reaches
a critical value [5]. In this sense, the change in electrical conductivity is very characteristic,
with variations from small values to large values, which is the typical behaviour of small
droplets dispersed in a non-conductive continuous medium [5, 6].

Relationship between electrical percolation and constant rates was demonstrated by Lang
and co-workers [7-9], and they showed that the exchange of materials between droplets has
influence on the rate of fast chemical reactions in w/o microemulsions [5]. Mathew et al. [10]
observed that percolation threshold is altered by small additives concentrations such as cho-
lesterol or gramicidin [5]. These findings have been confirmed by literature during the last
decade [11-14]. In support of this, we can say that percolation is not a consequence of bicon-
tinuous structures presented in the medium, because the structure of discrete droplets is not
changed [5]. When percolation threshold is approached, the number of collisions presents a
huge increment, leading to the formation of droplet clusters with interdroplet channels that
allow transport of ions, giving rise to an increase in conductivity [5].

In the last decade, our research group has studied the effects of different additives on the
electrical conductivity, and other properties, for water/AOT/isooctane microemulsions (aero-
sol OT or dioctyl sodium sulfosuccinate, isooctane and water) [5, 15-22]. The influence of
different additives was explained on the basis of changes in the surfactant film structure and
different solubility of the complex system. The manuscript shows the artificial neural net-
works (ANNSs) as a valuable tool to predict percolation threshold for microemulsions (AOT/
isooctane/water) in the presence of different amphiphiles, because there are no mathemati-
cal tools to predict the influence of additives on the internal dynamics of microemulsions.
The different additives were molecules with amphiphilic character composed of a variable
apolar hydrocarbon chain, with a polar head group. In particular, the effect of 1-n-alcohols,
2-n-alcohols, n-alkylamines and n-alkyl acids was modelled. The effects of these compounds
have been previously described in the literature (vide infra).

In the last two or three decades, artificial neural networks have become one of the most
applied methodologies to develop models for non-linear behaviours [23-25]. ANNs are a
mathematical method that tries to imitate the reasoning of human brain [26]. Individual
units, called neurons, form neural models that are the fundamental unit to model com-
plex problems [24]. For this reason, neural models are being applied in different areas
of study, such as (i) hydrology to predict the discharge of rivers and prevent floods and
water loggings in spite of the large number of variables involved in the process [25, 27], (ii)
chemistry to model the infinite dilution activity coefficients of halogenated hydrocarbons
that provide important information about the solute-solvent interactions [28], (iii) energy
science to model wind speed which is important for renewable energy and energy market
efficiency [29], (iv) biorefinery to determine ideal conditions to obtain new oligosaccharide
mixtures production from sugar beet pulp [24], or, even, (v) business, management and
accounting to predict overall bank customer satisfaction and to prioritize factors for cus-
tomer satisfaction [30], inter alia.
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In our research group, we use a multi-layer perceptron (MLP), which can model complex non-
linear relationship between independent and dependent variables. This kind of ANNs is one
of the most used neural models in the literature [23, 31, 32].

2. Materials and methods

2.1. Percolation temperature determination

An experimental procedure to determine percolation temperature has been described pre-
viously [20-22]. A Crison GPL 32 conductivity meter was used. Percolation threshold (T )
can be represented using the method described by Kim et al. [33], or using the sigmoidal
Boltzmann equation (SBE), suggested by Moulik et al. [34].

log x, - log K, (rr) ) 7!
logk = logxi[1+< g, >{1+EAT (1)

In Eq. (1), k is the conductance, T represents temperature and AT is the constant range of
temperatures. In the equation, the different subscripts i, f and p represent the initial state,
final state and percolation threshold, respectively. Percolation temperatures obtained by both
methods [33-34] are compatible, as we can see in Figure 1. Tp obtained from the SBE [34] will
be used in the discussion.

K/ uScm

TixC

Figure 1. Determination of percolation threshold for water in oil AOT-based microemulsion (AOT/iC,/H,0) for both
Kim et al. method and Moulik et al. method [34]. Lower insert corresponds with SBE method and upper insert stands
the graphical approach. Microemulsion composition: [AOT] = 0.5 M, W = [H,0]/[AOT] = 22.
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2.2. Artificial neural networks

The ANN procedure starts choosing different groups of data. The first group, called train-
ing group, is formed by the training cases used to develop the neural model. The second
group, called validation group, is formed by reserved cases used to validate the model. When
two groups are selected, neural models must be developed using trial and error technique to
determine the best configuration parameters (weights and bias values) and the best model
topology to predict the desired variable [24, 27, 35, 36].

The training cases are presented to the first layer, called input layer, which is formed by dif-
ferent neurons to receive the input information. This information is presented as an input
vector (Eq. (2)), and it is propagated using a specific function, called propagation function,
from input layer to the first intermediate layer where learning process occurs (Eq. (3)), and
then to the final layer [24, 27, 35, 36]. This equation is implemented in each intermediate and
output neurons. Propagation function converts all input information into one signal response
(5). The input values (x,) are processed with the neuron weight (w, ) linking the intermediate

neuron (k) with the previous neuron (i), and added to the bias value associated to neuron k

(Figure 2).
X = (xl, Xy Xy eeny xn) (2)
M
S=Yw.x+b 3)
i=1

The single data (S) is treated by an activation function that provides an output neuron signal
(y,)- This procedure is performed in each neural neuron to obtain a final value (predicted
value (ypre siwea))- There are different activation functions, but the most used activation function
is the logistic function [24, 36-39], which is the function used in all the studies conducted by
our research group (Eq. (4)).

1
Ve = Toes (4)

Activation
Tunctlon

Figure 2. Artificial neuron operating procedure.
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To facilitate the model topology identification, in our research group we use the following
terminology [24, 27, 35]: N, , N, ,, N, ,, N, ;and N_ , where N, and N_ represent the neurons
in the input and output layers, respectively. N, , N, , and N, , are the neurons in the first,
second and third hidden layers, respectively. In Figure 3, we can see an example of neural
models with five neurons in the input layer, three intermediate neurons in the next layer and
only one output neuron.

2.3. Neural power prediction

Neural models learn from the training cases and generalize the acquired knowledge to valida-
tion cases, which provide an idea of neural model power prediction. This power prediction
must be checked using different adjustment parameters [24, 27, 35]; in our research group,
we usually used (i) the determination coefficient (R?) (Eq. (5)) and (ii) the root-mean-squared
error (RMSE) (Eq. (6)). As we know, good determination coefficient is necessary, a small error
between real data and predicted data is also necessary [24]; for this reason, RMSE must be
checked to know how close to zero is the model error. The best models have been chosen
based on the lowest RMSE in the validation phase.

N 2

R? = = 2 ©®)
55T ; <yreal - ]7) :
N 2
; (ypredicted - yreal)
RMSE = \"——F—— (6)

yer Hidden layer Output layer

Figure 3. Example of neural model topology 5-3-1 with five neurons in the input layer, three neurons in intermediate
layers and one neuron in the output layer.
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2.4. Equipment and software

All models have been implemented in two servers specifically designed with a client-server
architecture. Clients running virtual machines optimized for peak performance implemen-
tation. ANN models were developed using EasyNN plus (from Neural Planner Software
Ltd.), and data were fitted, and plotted, using commercial software (Microsoft Excel from
Microsoft, USA) and Sigmaplot Trial versions, respectively. The figures were developed
using Power Point from Microsoft. Geometrical parameters of amphiphiles were deter-
mined by MM2 with CS Chem Bats 3D Pro 4.0 by Cambridge Soft Corporation, based on
QCPE 395 [40, 41].

3. Results

3.1. Percolation prediction in AOT-based microemulsions

Our first tests for the prediction from the influence of additives on the percolation phenom-
enon were performed to analyse the influence of salts on the percolation temperature of AOT-
based microemulsions [42]. For this neural model, 58 cases were used [5, 43—45] in which the
kind of salt, concentration and microemulsion composition were varied [42]. In these neu-
ral models, (i) W value of the microemulsion (W = [H20]/[AOT])), (ii) additive concentration
([Add]), (iii) molecular weight of the additive (M ), (iv) atomic radii of salt components (r,, )
and (v) ionic radii (v, ) of salt were used as input variables [42]. In this case, the best ANN
presents a topology with five input nodes, two middle layers with 11 and seven nodes and

one output neuron (see Figure 4) [42].

The obtained root-mean-squared error was 0.18°C (R = 0.9994) for the training phase and
0.64°C (R = 0.9789) for the prediction set [42]. It should be emphasized that power predic-
tions for all salt families were satisfactory (see Figure 5) [42]. Comparing the R values for
lithium, sodium and potassium salts, we can see that these values were 0.8997, 0.9993 and
0.9970, respectively [42]. Anion analysis shows that the correlation coefficients were 0.9953,
0.9971, 0.9989, 0.9762 and 0.9712 for the different salts, fluorides, chlorides, bromides, iodides
and perchlorates, respectively [42]. In the developed model, there are two cases having a
significant deviation (cases with HCl as additive) [42]. Experimental and predicted values for
these two cases present standard deviations of 1.01 and 1.09°C, which correspond with errors
below 3% [42].

Since the efficiency of ANNSs to predict the influence of salts on the electrical percolation has been
demonstrated, we have addressed the possibility of extending our studies to other additives.

Our laboratory has conducted extensive studies on the effect of additives on the internal
dynamics of microemulsions in recent years [46]; so, the next step was the application of
ANNSs on the systems in which the additives were small organic molecules, particularly
ureas and thioureas [47]. In this research, the developed ANN model presents a topol-
ogy with three input nodes, one hidden layer composed for two neurons and one node
in the output layer [47]. ANN model presents a correlation coefficient of 0.9251 for the
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Input layver

A

Figure 4. ANN architecture for salt influence prediction upon AOT-based microemulsions percolation. Modified with
permission from Cid et al. [42].

training phase and 0.9719 for the validation phase [47] (see Figure 6). To develop the best
model, different input variables were assayed, including (i) critical molecules volume and
(ii) molecular weight, (iii) water solubility, (iv) log P and (v) concentration for additive
component [47]. Nevertheless, some of these variables had no statistical importance to
improve the model results, and therefore only (i) additive concentration, (ii) log P and (iii)
W value of the microemulsion were used as input variables [47]. With these new input
parameters, we can observe that the new neural model is simpler than the previous model
developed for salts as additives [42]. In this case, 95 microemulsion compositions were
used in the training phase and 15 microemulsion compositions were used in the validation
phase [5, 47, 48]. The neural model for salts as additives present an average error equal
to <0.3 and <1.4% for the training and validation phases, respectively [42], while for the
model for ureas and thioureas, the error was ~1% for the training phase and 0.9% for the
validation phase [47]. In this neural model, the ANN presents bigger errors for the training
and validation phases against the previous model (vide supra) [47].
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Figure 5. Experimental versus calculated value of T, for AOT-based microemulsions with salts as additive. Modified
with permission from Cid et al. [42].

Nevertheless, these results prove that our ANNs are valid predictive tools for percolative
phenomena of microemulsions. In fact, satisfactory results were found for crown ethers
[49-53]-both crown ethers and aza-crown ethers-glymes and polyethylene glycols [54, 55].
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Figure 6. Experimental versus calculated value of T for AOT-based microemulsions with ureas and thioureas as
additive. Modified with permission from Montoya et al. [47].
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Previously, huge numbers of neural models had been developed to obtain a good predic-
tion model. In this sense, the best neural model, with topology 10-8-1, presents a good
root-mean-squared error around 1.169°C [49]. This error is in concordance with other neu-
ral models developed for different additives described above. Different input variables
were chosen due its relationship with the nature and structure of the molecule, which
influence the packing capabilities of surfactant film [49]. In this sense, the following vari-
ables: (i) additive concentration, (ii) number of atoms that conform a ring in a crown ether,
(iii) number of heteroatoms, (iv) number of oxygen atoms, (v) number of nitrogen atoms,
(vi) number of benzene rings in the molecule, (vii) molecular mass, (viii) log P, (ix) maxi-
mum number of bonds between rings and (x) minimum number of bonds between rings
were used as input variables for neural model [49]. Each variable provide different infor-
mation for neural model such as: (i) additive concentration provides information about
the impact of different additive amounts, (ii) number of atoms, molecular mass, bond and
rings provide information about structure that can affect interactions with surfactant and
(iii) log P provides information about polarity [49]. With the use of these variables, our
research group has been able to simulate the effect of four different families of structur-
ally related compounds (crown ethers, azo-crown ethers, benzo-crown ether and dibenzo-
crown ethers) [49].

For the former, two series of models were developed, one for glymes and the other for poly-
ethylene glycols. Available datasets for glymes [55] consisted of 44 microemulsion composi-
tions and for polyethylene glycols [55-57] consisted of 82 microemulsion compositions.

The best developed neural model to predict glymes percolation temperature presents a topol-
ogy 5-5-1, that is, five nodes in input layer, five nodes in the only intermediate layer and one
neuron in the output layer [55]. This neural model has been trained with 32 experimental
cases, and 11 experimental cases were used to validate the neural model [55]. Figure 7 shows
a scheme of this neural model [55]. Best polyethylene glycols model presents a topology with
five input neurons, three intermediate layers with eight, eight and five neurons and an output
layer with one node (see Figure 8) [55]. This model was developed using 68 training cases
and were validated with 14 experimental cases [55]. These two neural models present RMSE
values of 0.19 and 0.06°C for glymes and polyethylene glycols training phases, respectively,
with correlation coefficients of 0.9996 and 0.9999 [55], on the other hand, for the validation
phase, the models presents RMSE values of 0.75, and 0.10°C, respectively, with correlation
coefficients of 0.9938 and 0.9952 [55].

Crown ethers, glymes and polyethylene glycols are similar molecules; however, the first is char-
acterized by being cyclic molecules and the others are linear. Beside this, crown ethers have a
complex behaviour when they are used as additives in AOT microemulsions; this behaviour
contrasts with glymes and polyethylene glycols. In crown ether microemulsions, percolation
temperature increases slowly with concentration, nevertheless the value begins to decrease from
a certain value, so higher concentrations reduce the percolation threshold. This behaviour is a
combination of the two effects: (i) the microdroplet structure reinforcement by ion capture and
a subsequent transference to surfactant film and (ii) the destabilization effect due to the non-
polar region of the additive. On the other hand, glymes and polyethylene glycols microemulsions
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Figure 8. ANN architecture for polyethylene glycol influence prediction upon AOT-based microemulsions percolation.
Modified with permission from Moldes et al. [55].
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behaviour is simpler than crown ethers behaviour, mainly like the effect exerted by urea and
other small organic molecules (vide supra). Due to the impossibility to develop an accurate predic-
tion model for crown ethers, glymes and polyethylene glycols, it is necessary to limit the inputs
variables to molecular descriptor and concentration in order to develop a simple model.

Another neural model has been developed for similar additives, propylene glycols, which
produce a decrease in percolation temperature [58]. However, neural model cannot predict
successfully the predicting percolation threshold in presence of these kinds of additives. In
this sense, a single neural model for three additives is not possible yet. Even though, accept-
able root-mean-squared errors were obtained with the two models described in this work.

Neural model topologies for glymes and glycols are different, as we can see above (see
Figure 7 and Figure 8). Neural models for glymes present just one intermediate layer, while
neural model for polyethylene glycols present three intermediate layers [55]. Log P, which
provides information of polarity for neural generalization, was not the most important input
variable [55] and has been relegated to a second position by additive concentration in both
models [55]. The importance of a non-dimensional parameter is obtained from the sum of
importance of each input neuron with intermediate neurons [55]. Despite the difference in the
order of these two variables, the importance of every input node was in a similar range for
both models, which indicates similarity [55].

Head-group

Figure 9. Amphiphiles used as additives in AOT-based microemulsions.
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3.2. Percolation prediction in AOT-based microemulsions in the presence of amphiphiles

In order to evaluate the effect of amphiphiles on percolation threshold, the influence of
1-n-alcohols [59], 2-n-alcohols [59], n-alkylamines [60-63] and n-alkyl acids [64, 65] had been
analysed. This allowed us to estimate the influence of the chain length of the molecule with
constant head group and also the influence of the head group while the chain length remains
invariant (see Figure 9).

The alcohols (both 1-n-alcohols and 2-n-alcohols) were modelled using the same ANN [59].
The best neural model presents a topology with five input nodes, a single intermediate layer
with 11 neurons and one node in the output layer to predict percolation temperature (5-11-1)
[59] (Figure 10). This model was developed with five input neurons: (i) additive concentra-
tion [Add], (ii) molecular weight (M), (iii) number of carbon atoms (n°C), (iv) pK,, and (v)
log P [59].

Figure 10. ANN architecture for 1-n-alcohols and 2-n-alcohols influence prediction upon AOT-based microemulsions
percolation. Modified with permission from Moldes et al. [59].
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This neural model was trained with 41 microemulsion compositions (67.2% of the total cases)
and 20 compositions for valuation phase (32.8% of the total cases) [59]. Best neural model,
5-11-1, presents a root-mean-squared error of 0.73°C (R = 0.9939) in the training phase and

0.98°C (R =0.9869) for the validation phase [59] (see Figure 11 and Figure 12).
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Figure 11. Experimental versus calculated value of T for AOT-based microemulsions with 1-n-alcohols as additive.

Modified with permission from Moldes et al. [59].
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Figure 12. Experimental versus calculated value of T for AOT-based microemulsions with 2-n-alcohols as additive.

Modified with permission from Moldes et al. [59].
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In the case of carboxylic acids [65], the best neural model presents a topology with five neu-
rons in the input layer, two intermediate layers with five and 10 neurons and an output layer
with one node [65]. Related to this model, we can check that the most important variable,
according to importance value, is the acid concentration, followed by log P, the number
of carbons, chain length (these two input variables with a similar importance) and finally,
pK [65]. Neural models present a root-mean-squared error for the training phase of 0.41°C,
corresponding to a 0.72% average percentage deviation (APD) [65]. These models were
checked with two different validation data groups: the first one, with similar cases used
to train the model, presents an RMSE of 0.61°C (APD of 1.20%) and the second group was
composed of two unknown n-alkyl acids (not previously trained), and presents an RMSE of
0.75°C (APD of 1.43%), (Figure 13) [65].
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Figure 13. Experimental versus calculated value of T for AOT-based microemulsions with carboxylic acids as additive.
Modified with permission from Moldes et al. [65].

The input variables used for the n-alkylamine model were as follows: (i) additive concentra-
tion, (ii) log P, (iii) pK,, (iv) hydrocarbon chain length and (v) molecular mass of the additive
[60]. Different neural models were developed with different 55 amine experimental cases,
where 42 experimental cases were used to train the models and 13 experimental cases were
used to validate the model [60]. The best neural model presents a topology with five input
nodes, two intermediate layers (with 15 and 10 nodes) and one node in the output layer to
‘predict percolation temperature [60]. This model presents a root-mean-squared error of
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Figure 14. Experimental versus calculated value of T for AOT-based microemulsions with alkylamines as additive.
Modified with permission from Montoya et al. [60].

0.08°C, with correlation coefficient of 0.9999, for the training phase, and an RMSE of 0.54°C,
with R of 0.9976 for the validation phase, see Figure 14 [60].

4. Conclusions

To summarise, we have demonstrated that ANNSs are useful tools for percolation phenomena
prediction. Unfortunately, at the moment, we are not able to design a single neural model
architecture for additive effect on percolation. There is no doubt that it will be necessary to
improve the number of families of molecules used as additives in the design of new models.
This way, a single satisfactory model, which is able to predict the behaviour of different addi-
tives in a microemulsion system, will be possible.
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Properties and Uses of Microemulsions is intended to provide the reader with some
important applications and features of these systems. The intricate composition
of microemulsions has made them applicable in many areas such as cosmetics,
pharmaceuticals, food, agriculture, oil recovery, chemical synthesis of nanoparticles,
and catalysts. An introductory chapter starts off with the description of these
applications followed by methods of characterization. Thereafter, a few practical
applications of microemulsions focusing on drug delivery, oil recovery, and formation
of nanocatalysts are described followed by the third section discussing the theoretical
and physical parameters predicting microemulsion properties. The use of spin-
polarized paramagnetic probes, bending energetics, and study of self-propelled motion
are some of the physical parameters employed to characterize the microemulsions.

78-953-51-4

ISBN 9 825-8
9“789535 1 58“

482

Photo by woottigon / iStock InteChOpen




	Properties and Uses of Microemulsions
	Contents
	Preface
	Section 1
Introduction to Microemulsions
	Chapter 1
Introductory Chapter: Microemulsions

	Section 2
Practical Applications of Microemulsions
	Chapter 2
Development of Microemulsion Dermal Products Based on Avocado Oil for Topical Administration
	Chapter 3
Microemulsion Applications in Carbonate Reservoir Stimulation
	Chapter 4
Microemulsion Route for the Synthesis of Nano-Structured Catalytic Materials

	Section 3
Theoretical and Physical Parameters Predicting Microemulsion Properties
	Chapter 5
Investigation of Liquid‐Phase Inhomogeneity on the Nanometer Scale Using Spin‐Polarized Paramagnetic Probes
	Chapter 6
Thermodynamics and Bending Energetics of Microemulsions
	Chapter 7
Self-Propelled Motion of Micrometer-Sized Oil Droplets in Aqueous Solution of Surfactant
	Chapter 8
Influence of Amphiphiles on Percolation of AOT-Based Microemulsions Prediction Using Artificial Neural Networks




