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Abstract

In this theses, the structure of oligomeric surfactant aggregates was investigated for
the purpose to elucidate the unique property of oligomeric surfactants.

Oligomeric surfactants are surfactants with multiple hydrophobic groups and
multiple hydrophilic groups in a molecule. Normal surfactant is a monomeric surfactant
that has only one hydrophilic head group and one hydrophobic carbonchain. Oligomeric
surfactants show higher efficiency for lowering surface tension and lower critical
micelle concentration (CMC). Additionally, it is reported by many researchers that they
can form various aggregates without any additives in an aqueous solution due to their
higher hydrophobic interaction. However, there are few studies about the aggregation
behavior of oligomeric surfactants because they are difficult to synthesize.
Investigations of the aggregation structure of oligomeric surfactants are important for
enabling their application.

In this thesis, novel star-type trimeric surfactants of quaternary ammonium bromide
(3C,trisQ), which comprised three hydrocarbon chains and three hydrophilic groups
connected by three ethylene spacer chains and a nitrogen atom, were investigated
because they are easier to synthesize than previous ones. The 3C,trisQ molecule
exhibited unique physicochemical properties, including lower CMC and a higher
efficiency for lowering surface tension when compared with monomeric and gemini
surfactants. Using SANS, rheology measurements, and cryo-TEM, the aggregates
formed by 3Ci,trisQ were characterized in an aqueous solution and found sphere-to-rod
transition and growth of wormlike micelles without any salts. It is elucidated that
3CtrisQ formed longer wormlike micelles due to higher end-cap energy than gemini
surfactants. Furthermore 3Cj,trisQ could form various aggregates by adding sodium
salicylate as salts.

Next, water-in-ionic liquid (IL) type reverse micelles (RMs) were successfully
prepared in the absence of organic solvent by using oligomeric surfactants.
Incorporation of organic solvents as one component in the system leads to a limitation
of unique and novel properties originated from ILs. Therefore, organic-solvent-free
system is important. RMs were successfully formed without organic solvent by using
gemini surfactant (AOT) and star-type trimeric surfactant (3CtrisQ).

The use of 3C,trisQ is highly promising for fundamental studies and applications of

surfactants.
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Chapter 1 General Introduction

1-1. Surfactants

Interfacial activity is the phenomenon where surface tension between two liquids or
between a liquid and a solid is noticeably decreased by the addition of a certain reagent.
This reagent that can lower the surface tension is generally called a surfactant.
Surfactants are amphiphilic compounds, i.e., their molecules have both hydrophilic and
hydrophobic components. According to the head group of their molecular structure,
surfactants are classified as either ionic or nonionic. lonic surfactants are further
grouped depending on whether their head group is cationic or anionic. Figure 1-1
shows the characteristic performance of each class of surfactant. As previously
described, surfactants are adsorbed at the interface between water and other materials
and can lower the surface tension of a solution. Because of their high efficiency for
lowering surface tension, they are used in various applications, including detergents,

. . . 1-3
cosmetics, dispersants, and foaming agents.

Nonionic Surfactant O

Nonionic Surfactant is a surfactant with nonionic head group, such as polyoxyethylene,
saccharide, and hydroxy groups and used for food industry as emulsifying agent.

Surfactant — ——  Anionic Surfactant e

Anionic surfactant is a surfactant with anionic head group, and used for
shampoo and detergent due to its high detergency and foaming property.

— Ionic Surfactant ————  Cationic Surfactant $

Cationic surfactant show high adsorptive property,
and used for fabric softener or hair conditioner.

———  Zwitterionic Surfactant %

Tonic character of zwitterionic surfactant depends on pH of solution.
It is used as co-surfactant for anionic surfactant.

Surfactant

o

hydrophilic

Figure 1-1. Classification of surfactants and their applications.



In addition to adsorption behavior, another important property of surfactants is
aggregation. Under conditions where the interfaces of a solution are fully covered with
adsorbed surfactants, surfactants start to self-aggregate by adding additional surfactant
molecules to the system. This aggregate formed by surfactants is called a micelle. The
critical micelle concentration (CMC) is the surfactant concentration where surfactants
start to form self-aggregates. Self-aggregation occurs when surfactants, aggregating
with each hydrophobic chain inside micelles, have an advantage in free energy over
surfactants dispersed with their hydrophobic chain surrounded by water molecules.
Therefore, surfactants form micelles with the hydrophilic head group in contact with
surrounding water molecules and their hydrophobic carbon chain inside the micelle
(Figure 1-2).

Moreover, surfactants exhibit various aggregate structures, such as micelles,
vesicles, and reverse micelles, depending on the solvent structure, solution temperature,
etc. The interaction between surfactants is dominated not by covalent or ionic binding,

but rather by weaker interactions, such as van der Waals interaction, hydrogen bonding,

above CMC

hydrophilic group

%

htdrophobic group

spherical micelle

Figure 1-2. Aggregation behavior of surfactants at a concentration greater than the

CMC.



or electrostatic interaction. Therefore, micelles fluctuate and easily change their
structure depending on the solvent conditions. Because of their various structures and
ability to fluctuate, they are used in various applications, e.g., as templates for
mesoporous silica,* drag reduction,” and Drug Delivery System (DDS)°. Surfactants are
also used as model molecules for biological lipids because biological lipids, which form
biomembranes, also possess hydrophilic head groups and hydrophobic tails. Their
aggregation structures are widely investigated to elucidate the correlation between a
biomembrane’s structure and its capabilities. For this reason, the correlation between
the chemical structures of surfactants/additives and their aggregation structures is an

important research topic.

1-2. Aggregation structures of surfactants

Surfactants form a large variety of aggregates in solution because of their weak
molecular interactions. The most stable structure of surfactant aggregates depends on
the chemical structure of the surfactant and its solution conditions. The structural
transition of surfactant aggregates can be described by the geometrical restriction of

surfactants. The packing parameter for a certain surfactant, p, is given by:’

p=— (1.1)

aolc

where a,, v, and [ are the surface area of the head group, the volume fraction of the
alkyl carbon chain, and the critical chain length of the alkyl carbon chain, respectively.
Smaller aggregates are entropically favored. However, aggregates with structure larger
than the shape geometrically limited by the packing parameter of the surfactants are
energetically unfavorable. Thus, the relationship between the packing parameter, p, for
each surfactant and its aggregation structure can be easily deduced (Figure 1-3). If the
packing parameter is systematically changed, the aggregation structure can be
controlled. Various methods have been developed for changing the packing parameter,
e.g., changing the chemical structure of the surfactant, adding additives such as salts or

alcohols, and mixing more than two surfactants.
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Figure 1-3. Relationship between the packing parameters of surfactants and their

aggregation structure.

1-2-1. Wormlike micelles

Wormlike micelles or rodlike micelles are one of the various surfactant aggregate
shapes. The word “wormlike micelle” is sometimes used to describe rodlike micelles
that have grown to a length at which they begin to overlap. In 1951, Anacker and Debye
experimentally proposed the existence of wormlike micelles on the basis of
light-scattering experiments. Their study marked the beginning of the study of wormlike
micelles.® In 1956, Pilpel described a sphere-to-rod transition that occurs with
increasing electrolyte concentration.’

In 1987, Cates explained the growth and dynamics of wormlike micelles using mean
field theory;'” in the same year, Shikata et al. demonstrated that the rheological behavior
of wormlike micelles can be described by the Maxwell model with a single relaxation
time because of their weak interaction.'" Mackintosh applied the mean field theory of
wormlike micelles to a charged wormlike micelle system.'” Experimental results of
ionic surfactant systems have been described by this theory, and this theory is often
applied in rheological studies.” According to the mean field theory, the growth of
micelles is encouraged by an increase in surfactant concentration or a decrease of the
solution temperature. The dominant factors for the growth of wormlike micelles are the
end-cap energy and their surface charge. If the micelles exhibit high end-cap energy, the

surfactants in the end-caps of wormlike micelles will possess higher free energy. As a



result, wormlike micelles grow to decrease the number of end-caps. If they have a high
charge, wormlike micelles have difficulty growing because of electrostatic repulsions
between surfactant molecules or micelles. The length of wormlike micelles is

determined by a combination of these parameters.

1-2-2. Reverse micelles (microemulsions)

Reverse micelles (RMs) are water droplets stably dispersed by surfactants in oil.
Therefore, RMs are generally formed in three-component systems (water/oil/surfactant).
A RM is a type of microemulsion (ME) or nanoemulsion, swelling micelle. However,
the word “reverse micelle” is used only for water-in-oil microemulsion systems, not for
oil-in-water ME systems. In 1943, Schulman and Hoar reported RMs for the first time."*
In general, RMs are water droplets homogeneously dispersed by surfactants resulting in
a transparent solution. They are thermodynamically stable, and their size varies up to
100 nm. Therefore, their sizes do not reach the wavelength of visible light and their
solutions remain transparent. Helfrich et al. expressed the formation mechanism of RMs
by applying the curvature elastic-energy."” This theory has been used to express the
physical properties of RMs.'® On the other hand, Eastoe et al. reported that water-in-oil
RMs stabilized by a gemini surfactant, dioctyl sulfosuccinate sodium salt (AOT), do not
exhibit oil penetration to the surfactant shell, which experimentally indicates that RMs
can be stably dispersed using gemini surfactants with higher packing parameters.'’

For RM systems, organic solvents are used as the bulk phase. From an
environmental point of view, the amount of volatile organic solvents used should be
minimized. Therefore, there are numerous studies related to the use of supercritical
carbon dioxide (scCO,)'® or room-temperature ionic liquids (RTILs)."” The temperature
and pressure of CO, systems are easily changed, and CO, is easily removed. On the
other hand, RTILs possess numerous advantages, such as being nonflammable and

nonvolatile.

1-3. Oligomeric surfactants
Oligomeric surfactants are surfactants with multiple hydrophobic groups and
multiple hydrophilic groups per molecule (Figure 1-4). A normal surfactant is

monomeric and has only one hydrophilic head group and one hydrophobic carbon chain.



In contrast, gemini or dimeric surfactants, the simplest oligomeric surfactants, contain
two hydrophobic and hydrophilic groups, respectively. They exhibit greater efficiency
for lowering surface tension and have a lower CMC than monomeric surfactants.
Additionally, numerous researchers have reported that they can form various aggregates
in aqueous solutions without the use of additives.”” There exist two types of gemini
surfactants: those that consist of only one head group and those that consist of two head
groups. The typical example of the former type is AOT, which is an anionic gemini
surfactant that exhibits a high packing parameter and is used to form stable RMs."’
Monomeric surfactant can stabilize RMs when salts are added, whereas AOT can
stabilize RMs in the absence of any salt. The formation of RMs is generally confirmed
by cryogenic transmission electron microscopy (cryoTEM) or dynamic light scattering
(DLS) measurements. As previously described, water-in-oil RMs can be stabilized by a
gemini surfactant (AOT)."” This behavior is also attributed to the high packing
parameter of the gemini surfactant AOT.

Gemini surfactants with one head group have been used in organic solvent systems.
However, their use in aqueous systems is difficult because of their high hydrophobicity.
In fact, AOT has been reported to form vesicles in an aqueous solution at lower

surfactant concentrations, resulting in a turbid solution.® Therefore, gemini surfactants

® o0 o0
Br
CHs Br Br B Br CHy B
HyC—N"=CHs (CHa)oN'"~N"(CHy), (CHa)oN™ NN N(CHa),
CizHas CiaHzs  CioHos CiaHas  CiaHas  CiaHas
DTAB 12-2-12 12-2-12-2-12
monomeric surfactant gemini surfactant trimeric surfactant

Figure 1-4. Representative structures of oligomeric surfactants that have been

synthesized. >



with two hydrophilic head groups and two hydrophobic carbon chains have recently
been synthesized for applications in aqueous systems or as model molecules. A typical
example of a gemini surfactant with two head groups is 12-2-12, first synthesized by
Zana in 1991.*' This surfactant is more hydrophilic because of its two head groups and
forms wormlike micelles in aqueous solutions.** Gemini surfactants can form wormlike
micelles without the use of any additives, whereas monomeric surfactants form
wormlike micelle in the presence of salts. This unique morphology is attributed to their
high packing parameter or their higher end-cap energy.”” The aggregation behaviors of
gemini surfactants (n-m-n; n: hydrocarbon chain number, m: spacer chain number), e.g.,
the effect of the spacer or hydrocarbon chain length, the effect of a fluorine-substituted
hydrocarbon chain, and the effect of head groups (cation or anion head), have been
systematically investigated.® Furthermore, gemini surfactants have been recently
reported to be useful for gene transfection because of their unique chemical structures.”’
They are also used for the synthesis of carbon nanotubes®® and mesoporous silica™
because of their unique aggregation behavior. Narrowly distributed particles have been
successfully synthesized using gemini surfactants. Furthermore, their aggregation
structure can be easily controlled at lower surfactant concentrations. For example, Silva
et al. reported that gemini-surfactant-supported lipids form various aggregates
(LipoPlex) in an aqueous solution.™

Other oligomeric surfactants that, like gemini surfactants, possess multiple
hydrophilic heads and hydrophobic tails have also been synthesized. Trimeric
surfactants exhibit lower CMCs and greater efficiencies for lowering surface tension
than monomeric or gemini surfactants because of their extensive hydrophobic
interactions. Furthermore, they have been reported to form branched wormlike micelles
at lower surfactant concentrations than gemini surfactants.”> Yan et al. have reported
that highly ordered mesoporous silica can be synthesized using a cationic trimeric
surfactant.’’ Trimeric surfactants with hydrophilic spacers have also been synthesized to
overcome the problems associated with highly hydrophobic surfactants.’> However,
Wang et al. reported that gemini surfactants exhibit greater efficiency as pigment agents
than trimeric surfactants because trimeric surfactants with hydrophilic spacer still
exhibit strong hydrophobic interactions.”> However, the aggregation structure of

trimeric surfactants is easily controlled at lower surfactant concentrations because of



their high packing parameters. Understanding the characteristics of each surfactant is
important for their application. However, there are few studies about the aggregation
behavior of oligomeric surfactants because they are difficult to synthesize.
Investigations of the aggregation structure of oligomeric surfactants are important for

enabling their application.

1-4. Structural investigation of surfactant aggregation
Aggregates formed by surfactants have a nanoscale structure; observing the
aggregation structure directly is therefore difficult. In recent studies, some effective
methods for investigating nanoscale structures, e.g., cryoTEM, small-angle X-ray
scattering (SAXS), small-angle neutron scattering (SANS), etc., have been used to
observe the aggregation structure of surfactants. I describe the characteristics of each

method in the following paragraphs.

(1) cryoTEM: The aggregation structure of surfactants can be observed in real-space.
However, this method requires the preparation of thin films approximately 100 nm thick,
which indicates that aggregates larger than 100 nm cannot be observed. For solutions
with a viscosity too high to allow them to be prepared as a thin film or solutions that
contain aggregates larger than 100 nm, freeze-fracture TEM (FF-TEM) can be used. In
this method, the cold, sliced surface is shadowed with evaporated platinum and then
coated with carbon. This metal replica is then observed by TEM. CryoTEM and
FF-TEM are powerful methods for investigating nanoscale aggregation structures and
do not lead to misunderstanding of the obtained structural information because they
provide real-space observations. However, aggregation structures can be changed by
freezing and cryoTEM images provide restricted local information. Furthermore, in-situ
observations of the structure of surfactant aggregates under particular conditions, such

as under flow, cannot be performed.

(2) Atomic force microscopy (AFM): AFM enables in-situ observations of surfactant
aggregates. However, only the aggregation structure at a solid—liquid interface, e.g., on
the silica substrate, can be observed. Therefore, AFM is a restricted method for

investigating the aggregation behavior of surfactants.



(3) Static light scattering (SLS): The data obtained from SLS measurements is time- and
space-averaged data that contains information in reciprocal space; such data must
therefore be analyzed properly. Smaller-angle data, i.e., larger-scale information than
that provided by SAXS or SANS, can be obtained from SLS measurements. It is
appropriate for observing approximately 100 nm aggregates. Scattering data
complements to microscopy measurements because scattering data is space-averaged
data, whereas microscope images provide local information. Furthermore, TEM is a
powerful method for observing the systems with sharp interface, while scattering

method can evaluate the obscureness of interface as represented by density fluctuation.

(4) Dynamic light scattering (DLS): DLS measurements enable the sizes of aggregates
to be estimated via a time correlation function. Therefore, DLS covers a wide range of
size scales. However, obtaining an accurate estimation of particle size requires that a

dilute solution with spherical particles be used.

(5) SAXS: Proper analysis of SAXS data is difficult because the obtained data is time-
and space-averaged and provides information about the aggregation structure in
reciprocal space. Compared with SANS measurements, SAXS measurements provided
significant contrast of the scattering length density between the head groups and tail
groups of surfactants. Therefore, information related to both the micelle core and shell
can be obtained (Figure 1-5). Additionally, synchrotron SAXS measurements enable
millisecond time-resolved measurements because they require less time than SANS or

laboratory SAXS measurements.

(6) SANS: As is the case with SAXS, proper analysis of SANS data is difficult because
the obtained data is time- and space-averaged and provides information about the
aggregation structure in reciprocal space. Compared with SAXS, SANS requires longer
measurement times and a larger amount of sample because the incident neutron
intensity is weak. However, the neutron beam has good permeability. Therefore, SANS
enables the in-situ investigation of structures under particular conditions because a thick

quartz cell or aluminum cell can be used. In SANS measurements, almost only the



contrast between hydrogen atoms and other atoms can be observed (Figure 1-6). For
this reason, the SANS data can be analyzed using a simple model. SANS measurements
also have an advantage of low parasitic scattering and the possibility of changing
contrasts. Contrast variation SANS can be performed by changing the ratio of

deuterated solvent to normal solvent.

The structure of aggregates also can be determined using other methods, such as
rheological measurements, spectroscopic measurements, etc. In previous studies of
surfactant aggregates, the appropriate methods were selected according to the purpose

of each study.

SAXS SANS
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Figure 1-5. Upper figure: Comparison of the scattering-length density (p) for SAXS
and SANS measurements. Lower figure: Comparison of the SAXS and SANS profiles

for a micellar system.**
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Self-aggregating surfactants have been used in various fields. For example,
wormlike micelles are used in consumer products, as templates for mesoporous silica,
and in enhanced oil recovery.”” In contrast, RMs are commonly used to encapsulate
labile hydrophilic molecules within their interior; they are therefore used to deliver
drugs, enzymes, and DNA,*®* in cosmetic products,”’ and as nanoscale reactors.** The
application of surfactant aggregates depends on their structures. Therefore, the literature
contains numerous studies designed to elucidate the relationship between surfactants’
aggregation and chemical structures.” In this thesis, scattering methods were mainly

used to understand the in-situ aggregation structure of oligomeric surfactants.

Scattering lengths for X-ray
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Scattering lengths are proportional to atomic number.
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Figure 1-6. X-ray and neutron scattering lengths of various atoms.”
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1-5. Outline of this thesis
In this thesis, the unique properties of aggregates formed by oligomeric surfactants

were investigated. The following paragraphs summarize the contents of this thesis.

Chapter 2:

Because the synthesis of trimeric surfactants is more difficult than that of gemini
surfactants, only a few studies on trimeric surfactant aggregates have been conducted.
In this chapter, the novel quaternary ammonium star-shaped trimeric surfactants,
tris(N-alkyl-N,Ndimethyl- 2-ammoniumethyl)amine bromides (3C,trisQ, where n
represents alkyl chain carbon number of 8, 10, 12, and 14) is used because they are
easier to synthesize than previous ones. 3C,trisQ was derived from
tris(2-aminoethyl)amine. Aggregation properties of the surfactants were evaluated by
rheology, small angle neutron scattering (SANS), and cryogenic transmission electron
microscopy (cryo-TEM). Furthermore, by using 3C,trisQ, the unique properties of
wormlike micelles formed by oligomeric surfactants were discussed in the viewpoint of

end-cap energy.

Chapter 3:

In chapter 3, the aggregation structure of trimeric surfactants in salt solution was
investigated. Monomeric surfactants are known to show sphere-to-rod transition in the
presence of organic salts. To clarify salt effect to aggregation structure for oligomeric
systems, it is important to compare the structural behavior among monomeric, gemini,
and trimeric surfactants. However, there are still few reports examining these trimeric
surfactants.

In this chapter, the structural behavior of 3C,trisQ in the presence of NaSal was
investigated. NaSal is a typical salt known to induce sphere-to-rod transition in lower
salt concentration in monomeric or gemini surfactant systems. Therefore 3C,trisQ can
show various aggregation structures in NaSal solution because 3C,trisQ show
sphere-to-rod transition in the absence of salt, as described in chapter 2. Using

small-angle X-ray scattering (SAXS) and rheological measurements, the structural

12



phase diagram of a 3C,trisQ solution was determined by varying length of hydrocarbon

chains of 3C,trinsQ, a NaSal concentration, and a sample concentration.

Chapter 4:

In this chapter, oligomeric surfactants were used for water-in-ionic liquid (IL)-type
reverse micelle (RM) systems. In this study, oligomeric surfactants are highly
hydrophobic because of their multiple hydrocarbon chains and were therefore used in IL
systems. IL-based RMs prepared using cationic or anionic surfactants provide an excellent
reaction medium relative to conventional organic solvent systems. To our knowledge,
however, IL-based RM systems without organic solvent have not been developed in an
RM system with an ionic surfactant. Furthermore, the incorporation of organic solvents as
one component in the system leads to a decrease in the IL mole fraction, which effectively
limits the range of unique and novel properties of the ILs. In this study, the formation of
water-in-IL RMs without organic solvents in an IL mixture of 1-octylimidazolium-based
alLs and plLs with ionic oligomeric surfactants was reported. In the case of the
organic-solvent-free system proposed here, this study focused on the variation in
water-droplet size as a function of (1) the water concentration, Cw, and (2) the mole

fraction of pIL, ypi, which were characterized using DLS, SAXS, and SANS techniques.
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Chapter 2
Aggregation Behavior of Star-Type Trimeric
Quaternary Ammonium Bromide

Surfactants in Aqueous Solutions

2-1. Introduction

The growth of wormlike micelles in the presence of salts has been investigated
using small-angle neutron scattering (SANS), rheological measurements,
cryo-transmission electron microscopy (cryo-TEM), and molecular dynamics
simulations.'” It has been suggested that in the formation of wormlike micelles,
counterions provided by the salts decrease the electrostatic interactions between the
charges of the surfactant headgroups and induce sphere-to-rod transitions. Mackintosh
et al. described the length of wormlike micelles as a function of the surface charges,
temperature, radius, and end-cap energy (Ec) using mean-field theory® and qualitatively
explained the effects of the added salts on micellar growth. Micellar growth depends
strongly on the surface charges and Ec. Therefore, the effects of surface charges on
wormlike micellar growth have been systematically investigated as a means for
controlling the length of wormlike micelles. For example, the effects of the headgroups,
organic salts, inorganic salts, and mixing of surfactants on the transition or growth of

micelles have been studied.”*'® The structural formation of salt-free micelles consisting
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of cationic surfactants and anions have also been extensively investigated. A variety of
structures, such as wormlike micelles, vesicles, and lamellar systems have been
observed.'” ' In salt-free systems, the structure is mainly determined by the surface
charges of the cation-anion aggregates and the structure of the anions. Li et al. discussed
the structure of aggregates in relation to the chain lengths of anions,'” while Hao et al.
observed the formation of nanodiscs and multi-lamellar structures depending on the
ratio of the cations and anions.'® They attributed the structural changes to intercalation
of anions into cationic surfactants. It should be noted that charge effects remain
significant, even for these salt-free systems.

These studies have suggested that wormlike micelles grow lengthwise by decreasing the
surface charges, and that surface charges inhibit the growth of wormlike micelles. To
elucidate the growth mechanism of wormlike micelles formed using a cationic
surfactant in an aqueous solution, it is therefore necessary to study the effects of both
surface charges and Ec. Although the effects of surface charges on wormlike micellar
growth have been extensively studied, few studies have been reported on the effect of
the Ec.'”*

Because the synthesis of trimeric surfactants is more difficult than that of gemini
surfactants, only a few studies of trimeric surfactant aggregates have been conducted.*"
** Herein, the synthesis of novel quaternary ammonium star-shaped trimeric surfactants,
tris(N-alkyl-N,N-dimethyl-2-ammoniumethyl)amine bromides (3C,trisQ, where n
represents an alkyl chain carbon number of 8, 10, 12, or 14), from
tris(2-aminoethyl)amine is described. The aggregation properties of the surfactants were
evaluated by determining their rheological properties and using SANS and cryo-TEM.
In addition, the unique properties of the wormlike micelles formed by the oligomeric

3C,trisQ, surfactants were investigated considering their Ec.

2-2. Experimental section

2-2-1. Materials
Tris(2-aminoethyl)amine, n-octyl iodide, n-decyl iodide, n-dodecyl iodide, and
n-tetradecyl bromide were obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo,

Japan). Formaldehyde (35%) and formic acid (85%) solutions were purchased from
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Nacalai Tesque, Inc. (Kyoto, Japan). Acetone, ethanol, ethyl acetate, hexane, methanol,
hydrochloric acid (35%), and sodium hydroxide were obtained from Kanto Chemicals
Co., Inc. (Tokyo, Japan). All chemicals were reagent-grade commercial materials and

used without further purification.

2-2-2. Synthesis of tris(N-alkyl-N,N-dimethyl-2-ammoniumethyl)-amine bromides
(3C,trisQ)*

(DTris(2-aminoethyl)amine (48.6 g, 0.33 mol) was added slowly to a stirred solution
of formaldehyde (6.1 mol) and formic acid (5.6 mol) at room temperature, and the
mixture was refluxed for 12 h. Concentrated hydrochloric acid was then added to the
mixture, and the solution was heated on a water bath for 3 h. After the solution was
concentrated on a rotary vacuum evaporator, the residual solid was washed twice with
methanol and dried under reduced pressure to give
tris(N,N-dimethyl-2-aminoethyl)amine hydrochloride as a white solid in 65% yield.
tris(N,N-dimethyl-2-aminoethyl)-amine hydrochloride (10.0 g, 0.029 mol) was added
slowly to 400 mL of methanol containing sodium hydroxide (16 g), and the solution
was stirred while heating for 2—3 h. After the solvent was removed by evaporation,
acetone was added to the residue, and the solution was filtered to remove the inorganic
precipitate. The evaporation of acetone yielded @)

tris(N,N-dimethyl-2-aminoethyl)amine as a brown liquid.

M NH2
(N /\| __HcooH ( A

HCHO
H2N \) NH2 \)
N N
| / CnH2n+1 | s CnH2n+1
3 N @ NG
CnH2n+11 :
— 3 ion exchange 3B
ethanol > /ﬁ

H"MHCM\ | \/l H"H]Cl\l

CnH2n+1 CnH2n+1

Figure 2-1. Synthetic route for the preparation of 3C,trisQ trimeric surfactants
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Next, n-octyl iodide (n = 8), n-decyl iodide (n = 10), n-dodecyl iodide (n = 12), or
n-tetradecyl bromide (n = 14) (0.174 mol) was added to a stirred solution of
tris(N,N-dimethyl-2-aminoethyl)amine in approximately 200 mL of ethanol. Each
mixture was refluxed for over 40 h. After the solvent was evaporated under reduced
pressure, each residue was washed several times first with ethyl acetate and then with
hexane and recrystallized from a mixture of ethyl acetate and ethanol to give the
corresponding (@ tris(N-alkyl-N,N-dimethyl-2-ammoniumethyl)amine  iodide or
bromide as white solids. The yields were 74%, 76%, 82%, and 45% for n = 8§, 10, 12,
and 14, respectively.

To prepare the bromides for n = 8, 10, and 12, each iodide was dissolved in
methanol and passed through a Dowex 1-X8 anion-exchange column (50-100 mesh) in
order to exchange the iodide ions for bromide ions. After the eluent was evaporated
under reduced pressure, each residue was washed with ethyl acetate, recrystallized from
a mixture of ethyl acetate and ethanol, and dried under reduced pressure to afford
3C,trisQ (n = 8, 10, and 12) as white solids.

'H NMR (CDCl,): 60.882 (t, 18H, CH,~(CH,), ,-N"), 1.26 (m, (6n-18)H, CH;—
(CH,),.s~CH,~CH,-N"), 1.71 (m, 6H, CH,~(CH,), ,~CH,—CH,-N"), 3.37 (s, 18H,~N"-
(CH,),), 3.43 (t, 6H, CH,~(CH,), s—CH,—~CH,-N"), 3.63 (t, 6H,-N-CH,—~CH,-N"-), 4.13
ppm (t, 6H,—-N-CH,—~CH,—-N"-).

Elemental analysis:

3C,trisQ. Calculated for C;Hg,N,Bry; H,O: C, 52.23; H, 10.11; N, 6.77. Found: 52.08; H,
10.73; N, 6.82.

3C,,trisQ. Calculated for C,,H,;N,Br; H,O: C, 55.32; H, 10.50; N, 6.14. Found: 55.20;
H, 11.11; N, 6.36.

3C,,trisQ. Calculated for C,4H,,sN,Br; H,O: C, 57.88; H, 10.83; N, 5.62. Found: 57.39;
H, 11.02; N, 5.54.

3C,,trisQ. Calculated for C;,H,,,N,Br;: C, 61.06; H, 11.10; N, 5.27. Found: 60.53; H,
11.58; N, 5.25.

2-2-3. Characterization

Except when used in the SANS experiment, the surfactant solutions were prepared

using Milli-Q Plus water (resistivity = 18.2 MQ-cm), and the analyses were performed
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at 25 + 0.5 °C. The surfactant solutions for the SANS measurements were prepared with

deuterium oxide (D,0), and the analyses were performed at 28 + 0.5 °C.

Surface tension measurements

The surface tensions of aqueous solutions of the star-shaped trimeric surfactants were
determined using a Kriiss K122 tensiometer and the Wilhelmy plate technique. The
surface excess concentration () in mol'm > and the area occupied by each molecule
(A) of each trimeric surfactant at the air/solution interface were calculated using the
classic Gibbs adsorption isotherm equations:** T' = —(1/iRT)(dy/dInC) and A = 1/(NT).
Here v is the surface tension, C is the surfactant concentration, R is the gas constant
(8.31 T K™ mol™"), T is the absolute temperature, and N is Avogadro’s number. The
value of i in the equation for the trimeric surfactants was assumed to be 4, which is the

number of possible species assuming complete dissociation in solution.

Rheological measurements
Rheological measurements were conducted by a stress control rheometer (MCR-501,
Anton Paar, Austria) using a cone plate with a radius of 25.0 mm and a cone angle of 1°.

The shear rate (;7) and angular frequency () ranged from 0.01 to 1000 s ' and 0.1 to

100 s, respectively. The sample temperature was maintained at 25 =+ 0.03 °C.

SANS

SANS analyses were performed on the SANS-U instrument at the research reactor
(JRR-3) at the Japan Atomic Energy Agency, Tokai, Japan. The sample-to-detector
distances (SDDs) were 1.03 m and 8 m. The neutron wavelength was set at 7 A with a
wavelength distribution (AA/A) of 0.11. The g-range was 0.005 to 0.3 A™', where the
magnitude of the scattering vector ¢ is defined by g = 4nsin(6/2)/A (A and 6 represent
the wavelength and the scattering angle, respectively). “High intensity” focusing SANS
(FSANS) analyses were performed using a stack of 55 biconcave MgF, lenses with a
source aperture of 20 mm and a sample aperture of 15 mm. Details of the FSANS
analyses on the SANS-U instrument have been described elsewhere.”> All of the
analyses were performed at ambient temperature (28 + 0.5 °C). The results were

corrected for the detector efficiency, solid-angle, and background scattering, and the
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scattering intensity was converted to the absolute intensity per sample volume using a

secondary low-density polyethylene standard.

SANS data analysis

In general, the SANS intensity of particle systems is described by:
1(q) = n,(Ap) V,P(@)S(a), 2.1
where n,, Ap, V,, P(q) and S(g) are the number of particles per unit volume, the
scattering contrast, the volume of a single particle and the form and structure factors,
respectively. In the present study, the values for n, and V), were obtained as fitting
parameters. The scattering contrast Ap is defined as the difference in the scattering
length densities of the micellar particles produced by the surfactant (Omicene) and the
water (Ow):
AP = Poeanc = Pus 2.2)
Assuming the penetration of water molecules into the micelle, the value of Pmiceiie 1S
expressed as follows:

3 by 7 by 2.3)

1% +n,v,

P micelle —

surfactant

where bgyractant and by, are the total scattering lengths of the surfactant and water,
respectively, and Vsurfactant and vy, are the molecular volumes of the surfactant and water,
respectively. Because the chemical components of 3CtrisQ and a water molecule are
known, the scattering lengths and volumes can be estimated as bsyactant = —0.1575 %
107 A2 by =1.918 x 10 A, vaurgacant = 1511.2 A%, and v, = 30.3 A°. The parameter
ny denotes the number of water molecules per surfactant molecule inside the micelles.
As shown previously, in aqueous solutions 3CstrisQ forms ellipsoidal micelles at
low concentrations and rodlike (wormlike) micelles at high concentrations.” The form
factor P(q) of a homogeneous ellipsoid with minor axis R; and major axis R is given
by:
] 2
Pup@) =9 [ (MRR‘Y)) dx 2.4)
0 s

where J;(x) is the first order Bessel function of x. Ry is defined as

R=R[1+2*(u?-1)] 2.5)
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where u is the axis ratio (R2/R;). In an aqueous solution, when the 3Ci,trisQ aggregates
are spherical micelles, the value of u is 1. On the other hand, the form factor P(q) of a

homogeneous rod with radius R¢ and full length L is given by

P (q)= f% 2J,(Regsina) sin(Lgcosct/2) ?

- sinada - (2.6)
0 R gsina Lgcosa /2

The structure factor S(q) for a charged micellar system is calculated by applying a
rescaled mean spherical approximation as proposed by Hayter and Penfold. This
Hayter—Penfold Sup(q) makes use of a model for charged hard spheres with electrostatic
screening determined by the Debye screening length /p of the solution.”® For an
asymmetric particle, such as an ellipsoid or a rod, the structure factor S'(g) is used to

correct for the anisotropic shape. Therefore, S'(¢) is given by

(SHP(q) - 1) 2.7)

where F(q) is the scattering amplitude.
Considering instrumental smearing, the obtained scattering curves Is(q) can be

described as

1.9 = [I(@R(g)dq (2.8)
0
The resolution function R(q") is approximately defined by a Gaussian function:
' 1 (q - Q)z
R(g)= —exp|-- 1 -4 (2.9)
\27Aq(q) | 2(Aq(g))’

where Ag(q') is the standard deviation of ¢ and given by

Ag(q') = q’\/(A—)fL) + (ABcot(sin'l(%))) (2.10)

where AA/A and A@ are the wavelength and angular resolution, respectively. The A6

values are determined by convolution of the direct beam intensity distribution. The
reported values for AA/A = 0.11 and A@ = 1.224 and 3.518 with SDDs of 8 and 1.03 m,

. 25
respectively, were used.
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cryo-TEM

A small amount (3—5 pL) of sample aqueous solution was placed on a TEM copper
grid covered by a porous carbon film, and the excess solution on the grid was blotted
with filter paper to form a thin liquid film. The grid was then immediately plunged into
liquid propane (—180 °C) cooled by liquid nitrogen in a cryofixation apparatus (LEICA,
Reichert KF- 80) in order to fix the liquid water as vitreous ice. Next, the ice was
transferred into the specimen stage of a cryo-TEM (JEOL, JEM-2100F(GS5)) operated at
an acceleration voltage of 200 kV through its cryotransfer apparatus cooled by liquid
nitrogen. The specimen stage was cooled using liquid helium, and the specimen was

maintained at —269 °C during observation

2-3. Results and discussion

2-3-1. Synthesis

The synthesis of the 3C,trisQ trimeric surfactants and determination of their critical
micelle concentrations (CMCs) were mainly performed by Prof. Yoshimura at Nara
Women’s University. Tris(V,N-dimethyl-2-aminoethyl)amine was reacted with n-alkyl
iodides (except for n = 14) in order to obtain the star-type cationic trimeric surfactants
in high yields via substitution of all three amines. The use of n-alkyl iodides afforded
the trimeric surfactants in high yields and less time than when n-alkyl bromides were
used. Determination of the surface tension using these trimeric surfactants with iodide

counterions was attempted, but they did not sufficiently dissolve in water, and no

?nH2n+1
N+(CH3)2 3Br
CI:nH2n+1 _
(CHa)N~_"N 3Br $Hs
(CHg)zf\lf\/\ ll\l+\/\ ITI+(CH3)2
’I\F(CHS)Z H2n+1Cn CnH2n+1 CnH2n+1
CnH2n+1
3CntrisQ n-2-n-2-n

Figure 2-2. Chemical structures of star-shaped quaternary ammonium bromide trimeric

surfactants, 3C,trisQ, and liner-type trimeric surfactants, n-2-n-2-n.
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breakpoints could be obtained in the surface tension versus concentration plots.
Therefore, to improve their water solubility, the counterions of the trimeric surfactants
with n = 8, 10, and 12 were exchanged with bromide ions using Dowex 1-X8, and the
bromo 3C,trisQs were used for the analyses described below (Figure 2-2). It should
also be noted that these star-type trimeric surfactants 3C,trisQ were obtained in higher
yields and more simply than previously reported linear trimeric surfactants
(n-2-n-2-n).”’

2-3-2. Krafft temperature and CMC

Clear aqueous solutions of the star-type trimeric surfactants (0.20 wt%) were
prepared by dissolving each surfactant in hot water and placing the solutions in a
refrigerator at ~5 °C for at least 24 h. The temperature of the cooled surfactant solution
was then raised gradually with constant stirring, and the conductance (x) was measured
every 0.5 to 1.0 °C (data not shown). Abrupt changes in the x versus temperature plots
were not observed because the Krafft temperatures of the star-type trimeric surfactants
3C,trisQ are below 5 °C. The surfactant solutions were clear and no visual precipitates

were observed. Therefore, the three quaternary ammonium headgroups gave the

70
w60 A
z
:
R
2
3
S
2 40
=
2
A
30
1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 llllllll L LIl

104 10% 102 10" 10° 10" 107

Concentration / mmol dm™

Figure 2-3. Variation in surface tension with surfactant concentration for 3C,trisQ at

25°C: V (blue), n = 8; m (green), 10; A (yellow), 12; ® (red), 14.%
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3C,trisQ surfactants good water solubilities at 25 °C, despite the three long hydrocarbon
chains, even when n = 14.

The surface tensions for the 3C,trisQ surfactants with » =8, 10, 12, and 14 at 25 °C
were determined and are plotted as a function of concentration in Figure 2-3. The
surface tensions for the surfactants with » = 10, 12, and 14 decreased with increasing
concentration, reaching clear breakpoints that were taken to be their CMCs.
Unfortunately, for the shortest chain length n = 8, the CMC could not be determined
from the plot. In this case, due to the short chain length, micelles did not form in
solution, even at the highest concentration studied, and the solution simply became
turbid. In addition, the surface tension and CMC data were compared to those of
corresponding monomeric, gemini, and linear trimeric surfactants, as listed in Table 2-1.
The data include the CMC, surface tension at the CMC (ycmc), surface excess
concentration (I'), and area occupied by each surfactant molecule (4). The data for
3C;strisQ  were compared to results for the trimeric surfactants C;,TAB
(dodecyltrimethylammonium bromide, monomeric),”*’ 12-2-12
(1,2-bis(dodecyldimethylammonium)ethane bromide, gemini),”*”° and 12-s-12-s-12 (s
represents spacer chain lengths of 2, 3, and 6; linear).””*>"* As can be seen in Table
2-1, 3CitrisQ exhibited a CMC value lower than those of the corresponding
monomeric and gemini surfactants. It is noteworthy that the CMC decreased by 1 order
of magnitude for each additional hydrocarbon chain-hydrophilic headgroup. This result
signified that the trimeric surfactants had excellent micelle-forming ability at low
concentrations due to the increased hydrophobicity provided by the three hydrocarbon
chains. On the other hand, the CMC of star-like 3C,trisQ was slightly higher than that
of linear 12-2-12-2-12. This result was in line with our assumption that 3CtrisQ, based
on tris(2-aminoethyl)amine, would have greater hydrophilicity due to the presence of
the tertiary amine. In addition, 3C,trisQ exhibited a CMC lower than those of other
linear cationic trimeric surfactants with spacers, such as frans-1,4-buten-2-ylene,
m-xylylene, and p-xylylene (0.36, 0.28, and 0.29 mmol-dm, respectively),’* and two
star-type cationic trimeric surfactants with three amide groups in the spacers (0.20 and
0.33 mmol-dm™),” although their counterions were chloride ions. Plots of the

hydrocarbon chain length as a function of the logarithm of the CMC values for the

27



star-type trimeric surfactants 3C,trisQ are compared with those of the monomeric,™*

emini,” and linear-type trimeric?’ surfactants in Figure 2-4.
g yp g

Table 2-1. The Critical Micelle Concentration, the Surface Tension at the CMC,

the Surface Excess Concentration, and the Area Occupied per Molecule at the

Air/Solution Interface for the Trimeric Surfactants 3C,trisQ as well as for

Monomeric Surfactants and Oligomeric Quaternary Ammonium Bromides at

25°C>
cme Vome 10°0 A
, o 5 (nmz/
Surfactant (mmol dm™) (mNm) (mol m™)
molecule)
3CstrisQ - - 0.875 1.9
3CtrisQ 1.17 33.4 0.883 1.88
3CtrisQ 0.139 323 0.82 2.03
3C 4trisQ 0.00647 32.1 0.97 1.7
C1,TAB 14°16° 38.6,39° 3.42° 0.49
12-2-12 0990.967° 314%324° 2.31° 0.72%1.00°¢
12-2-12-2-12 0.08 “ 0.065 “ 36.4° 1299 1.11¢ 1284 1.49¢
12-3-12-3-12 0.14¢ 1.75°¢ 1.47°¢
12-6-12-6-12 0.28 ¢ 0.7°¢ 2.49°¢

“Ref 28, ” from Ref 29, © from Ref 30, ¢ from Ref 27, ¢ from Ref 31.
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Figure 2-4. Relationships between the CMC and the hydrocarbon chain length for
star-type trimeric 3C,trisQ, > C,TAB (monomeric),”* n-2-n (gemini),” and n-2-n-2-n
(linear-type trimeric):*” o (blue), 3C,trisQ; A (red), C,TAB; o (green), n-2-n; o (blue),

n-2-n-2-n.

It is generally known that the CMC decreases logarithmically as the carbon number
(n) in the hydrocarbon chain of a homologous series increases, and the relation can be
expressed by the so-called Klevens equation as log CMC = 4 — Bn, where 4 and B are
constants specific to the homologous series under constant conditions (temperature,
pressure, and other parameters). The relation for the star-type 3C,trisQ surfactants was
linear for hydrocarbon chain lengths from 10 to 14, and the slope was quite close to that
for the previously investigated linear-type trimeric series®’. That is, the B values were
0.31, 0.40, 0.58, and 0.56 for C,TAB, n-2-n, n-2-n-2-n, and 3C,trisQ, respectively, and
increased as the number of chains increased, indicating that the variation in the CMC
values with chain length was much greater for the trimeric surfactants. However, when
the total carbon number in the hydrocarbon chains was taken into account, the effect of
chain length on the CMC of the trimeric surfactants was similar to that on the gemini

surfactants and less than that for the monomeric compounds.
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Based on these data, it was found that the longer the chain length and the greater the
chain number in the surfactants, the lower the CMC. This behavior may be attributed to
thermodynamics, because there is less entropic loss in the formation of the micelles for

the surfactants with longer chain lengths and greater chain numbers.**”’

2-3-3. Alkyl chain length dependence of aggregation structures.

The dependence of aggregate formation by the 3C,trisQ surfactants on the alkyl
chain length was investigated. It is known that rheological behavior depends on the
shape of the aggregates formed by surfactants in solution.’®*” Therefore, the effect of
the shapes of the aggregates formed by the different 3C,trisQ surfactants on their shear
behavior of aqueous solutions were investigated using rheological measurements. The
shear-rate dependence of the viscosity was determined at two concentrations of the
star-type 3C,trisQ (n = 10, 12, and 14) trimeric surfactants, and the results are plotted in
Figure 2-5. Data for pure water are also shown as solid lines for reference. Notably, for
the 3CyotrisQ solutions at 2.93 and 5.85 mmol-dm (2.5 and 5.0 times the CMC,
respectively), the shear-rate dependence of the viscosity was the same as that for water.
Therefore, aggregation did not affect the solution viscosity. Based on previous findings,

the shapes of the aggregates were assumed to be spherical or ellipsoidal micelles.*** I

n
addition, the behavior of the viscosity of a 3C,trisQ solution at 3.48 mmol-dm > (25
times the CMC) was also similar to that for water, indicating that spherical micelles
were formed in solution. However, when the concentration was increased to 27.8
mmol-dm (200 times the CMC), the viscosity of the 3C ,trisQ solution decreased with
increasing shear-rate, which is known as shear thinning and is a typical behavior for

>*! and chain-like polymers.*> These

solutions containing rodlike or wormlike micelles
results implied a spherical micelle-to-rodlike micelle transition as the concentration
increased. This transition was also observed using SANS, cryo-TEM, and dynamic
viscoelasticity analyses for gemini surfactants with dodecyl chains.”*' Details of the
spherical micelle-to-rodlike micelle transition for 3Cj,trisQ are described in section
2-3-4 based on the results of SANS and cryo-TEM analyses. It should also be noted that
both 3Ci4trisQ solutions at 0.162 and 1.62 mmol-dm> (25 and 250 times the CMC,

respectively) were more viscous than water but their viscosities did not change as the

shear-rate increased. The viscosity of 3CstrisQ was much lower than that of 3CtrisQ,
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due to the different concentrations used for the analyses of the two surfactant solutions.
It is possible that higher viscosities for aqueous 3CistrisQ solutions with higher
3C4trisQ concentrations may be obtained, even if all of the surfactant does not dissolve

in water.
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Figure 2-5. Shear-rate dependence of the viscosity for star-type trimeric surfactants
3C,trisQ (n = 10, 12, and 14) in aqueous solutions: (a) n = 10 (o(black), 2.93; ¢ (purple),
5.85 mmol-dm), (b) n = 12 (o(black), 3.48; O (purple), 27.8 mmol-dm ), and (c) n =
14 (o(black), 0.162; ¢ (purple), 1.62 mmol-dm).**
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SANS analyses were then performed in order to determine the structures of the
aggregates formed in solution by the 3C,trisQ surfactants with » = 10, 12, and 14
(Figure 2-6). The 3CotrisQ and 3Cj,trisQ surfactants exhibited peak profiles in the
g-range 0.02 A < ¢ <0.05 A" These peaks were attributed to repulsive inter-particle
interactions between the micelles because the micelle surfaces were charged. With
increasing surfactant concentration, these peak positions (indicated by arrows in fig.
2-6) shifted to higher ¢ values. On the other hand, the SANS profiles for 3Ci4trisQ
contained no peaks. That is, the SANS profiles at both concentrations showed () ~ ¢ '
in the low g-range (¢ < 0.06 A™") and I(q) ~ ¢ * in the high g-range (¢ > 0.06 A™),
indicating that 3C4trisQ formed rodlike or wormlike micelles.

The scattering curves were fitted for 3C,trisQ with n =10, 12, and 14 (fitted curves in
fig. 2-6). As shown in Figure 2-5a, the shear-rate dependence of the viscosity indicated
that 3CiotrisQ formed spherical or ellipsoidal micelles in solution. Therefore, the
theoretical scattering function for charged ellipsoidal particles was fit to a model
(equations 2.2, 2.3, and 2.4). For 3CotrisQ, the R, and u values were estimated to be R,
=1.62 nm and u = 0.55 at 2.93 mmol-dm (2.5 times the CMC), and R, = 1.71 nm and
u=0.51 at 5.85 mmol-dm > (5 times the CMC). For 3C,trisQ, according to the results
of the rheological measurements, spherical or ellipsoidal micelles were also expected to
be formed at 3.48 mmol-dm (25 times the CMC). Therefore, the model fit was
performed using the scattering function for charged ellipsoidal particles and calculated
using equations 2.2, 2.3, and 2.4. The values for R, and u were estimated to be 1.93 nm
and 0.44, respectively, using this model-fitting analysis. On the other hand, at 27.8
mmol-dm ™ (200 times the CMC), the rheological behavior of 3Ci,trisQ suggested the
formation of wormlike micelles in aqueous solution. (The aggregation behavior and
sphere-to-rod transition of 3Ci,trisQ is discussed in section 2-3-4).

To confirm the structures of the aggregates formed by 3Ci,trisQ, cryo-TEM
observations were performed by Prof. Kurata and Dr. Ogawa at Kyoto University.
Cryo-TEM analysis enables the direct visualization of aggregates in the thin layers of a
vitrified specimen of a solution. Cryo-TEM micrographs for 3C,trisQ at concentrations
of 13.9 and 27.8 mmol-dm (100 and 200 times the CMC, respectively) are shown in
Figure 2-7. Cryo-TEM observations were also attempted using a 6.95 mmol-dm™

solution; however, the micrograph did not clarify due to the low concentration. At 13.9
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Figure 2-6. SANS profiles and fitted curves for the star-type trimeric surfactants
3C,trisQ (n = 10, 12, and 14) in aqueous solutions: (a) n = 10 (o(black), 2.93; ¢ (purple),
5.85 mmol-dm™), (b) n = 12 (o(black), 3.48; O (purple), 27.8 mmol-dm ), and (c) n =
14 (o(black), 0.162; ¢ (purple), 1.62 mmol-dm ). The solid lines represent the best-fit

theoretical scattering functions. **
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mmol-dm ", threadlike micelles with very few branches were clearly observed, and the
length and number of the micelles increased with increasing concentration. The rod
length, L, of the threadlike micelles determined via SANS analysis was expected to be
approximately the same as the persistence length or mesh size because the cryo-TEM
data suggested that the micelles had longer contour lengths. Zana et al. reported that
linear-type quaternary ammonium salt trimeric surfactants (12-s-12-s-12) form
branched threadlike micelles for s = 3*7  and spheroidal micelles for s = 67 in solution.
In addition, the shapes of these micelles were similar to those of the corresponding
gemini surfactants 12-s-12 with spacer chain lengths s = 2-12.*** Star-shaped
oligomeric surfactants, including 3Cj,trisQ, are capable of forming such structures
because the multiple hydrocarbon chains of these surfactants can adopt different relative
orientations in the micelles. Furthermore, the strong coulomb repulsions between the
multiple quaternary ammonium headgroups may lead to an increase in the curvature of
the surfactant film, which in turn favors branched threadlike micelles.

For 3Cy4trisQ, the SANS profiles indicated the presence of rodlike particles at both
the concentrations. In addition, peak profiles were not observed (i.e., S(g) = 1).
Therefore, model fitting was performed using only the form factor of the rod particles
(equation 2.5), and the Rc values were estimated to be 2.26 and 2.13 nm at 0.162 (25
times the CMC) and 1.62 (250 times the CMC) mmol-dm™>. According to the
literature,* the scattering profile for rodlike particles indicates a crossover from ¢ '
behavior to constant (i.e., go) behavior in the lower ¢ regions (Guinier g-region).
However, this crossover was not observed in the actual SANS results, and therefore the
length (L) of the rodlike micelles for 3C,trisQ was expected to be more than 25 nm (=

1/ min, Where gmin 1 the lowest accessible ¢ limit).

2-3-4. Sphere-to-rod transition of 3C;,trisQ.

As mentioned in the previous section, 3Ci,trisQ exhibited a sphere-to-rod transition
with increasing surfactant concentration, while the aggregation structures of 3CjotrisQ
and 3C4trisQ were independent of the surfactant concentration. Therefore, the
structural transition of 3Ci,trisQ was investigated in detail using SANS and rheological

analyses.
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Figure 2-7. Cryo-TEM images for 3CtrisQ in solution: (a) 13.9 mmol-dm and (b)

27.8 mmol-dm . *
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i) SANS study

Figure 2-8 shows the SANS profiles for aqueous 3CtrisQ solutions with volume
fractions (¢) ranging from 0.0034 (Cy = 0.0035 mol-dm ) to 0.0272 (Cy = 0.0278
mol-dm). All of the SANS profiles for 3Cy,trisQ exhibited broad peak profiles in the
g-range from 0.02 to 0.05 A™' that were attributed to the electrostatic repulsion between
the surface charges of the micelles.

According to a previous SANS study of the aggregation behavior of cationic gemini

surfactants,*®

the sphere-to-rod transition of micelles can be easily elucidated by
analyzing the ¢-dependence of the SANS peak-position (gm). Figure 2-8b shows the
¢-dependence of ¢n. With increasing ¢ from 0.0034 (Cy = 0.00348 mol-dm™) to 0.0102
(Cym = 0.0104 mol-dm™) the peak-positions shifted to higher ¢ values, while there was a
shift to lower ¢ values when ¢ was between 0.0102 (Cy = 0.0104 mol-dm™) and 0.0170
(Cym = 0.0174 mol-dm™). Further increases in ¢ (from 0.0170 to 0.0272) caused these
peak-positions to shift to higher g values. This behavior of 3Ci,trisQ was also observed

in gemini surfactant (12-2-12) solutions.*
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Figure 2-8. (a) Variation of SANS profiles for 3Ci,trisQ in aqueous solution with
varying volume fractions (¢p) from 0.0034 (Cy = 0.0035 mol-dm™) to 0.0272 (Cy =
0.0278 mol-dm™). (b) ¢-dependence of the SANS peak-positions observed in the
g-range of 0.02 A" <¢<0.05 A" *
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ii) Rheological measurements

Figure 2-9a shows the dependence of the viscosity of aqueous 3Ci,trisQ solutions
with ¢ values ranging from 0.0034 (Cy = 0.0035 mol-dm ) to 0.0272 (Cy = 0.0278
mol-dm™) on the shear rate. An experimental result for water is also shown for
reference. At ¢ < 0.0068 (Cy = 0.0070 mol-dm™), the viscosity of the aqueous
3CtrisQ solutions was nearly independent of the shear viscosity and similar to that of
water. At ¢ values ranging from 0.0102 (Cy = 0.0104 mol-dm ™) to 0.0170 (Cy =
0.0174 mol-dm™), the viscosity was higher than that of water, but remained
independent of the shear rate. However, at ¢ values ranging from 0.0204 (Cy = 0.0209
mol-dm~) to 0.0272 (Cy = 0.0278 mol-dm°), the viscosity monotonically decreased
with increasing shear rate, which is a well-known phenomenon called “shear thinning.”

3949 and chain-like polymers.*” Therefore,

This behavior is typical for wormlike micelles
the results of the rheological analysis suggested that wormlike micelles were formed by
3CatrisQ at ¢ values ranging from 0.0204 (Cy = 0.0209 mol-dm ) to 0.0272 (Cy =

0.0278 mol-dm™).

10 E Ty T AR | T
9o F(b)
16 0.0272 ol ]
1 < 0.0238 10" ¢
0.0204 i
14 0.0170 » 1L ]
{ v 00136 g 10 ]
0.0102 ~ i ]
3o 00068 £ 107k
o 0.0034 g ]
1 ¢ 0.0014 3 1
1 o 0.0007 107 ¢
L 11— water [
10-4 1—21 il O““mu vl 2‘ el oy 10-4 -4‘ “““‘1_3‘ Hmm—z‘ Hmm-l‘ - ,
10 10 10 10 10 10 10 10

Figure 2-9. (a) Shear-rate dependence of the viscosity of aqueous 3CtrisQ solutions
with volume fractions (¢) ranging from 0.0007 (Cy = 0.0007 mol-dm ) to 0.0272 (Cym
=0.0278 mol-dm ). (b) ¢-dependence of the zero-shear viscosity of aqueous 3C,trisQ

solutions obtained by extrapolating the viscosity to the zero-shear region. **
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Figure 2-9b shows the ¢-dependence of the zero-shear viscosity (179) for the
aqueous 3Ci,trisQ solutions estimated by extrapolating the viscosity to a zero-shear rate
("Y = 0). As can be seen in the figure, 1o was constant at ¢ < 0.0068 (Cy = 0.0070
mol-dm ), began to gradually increase at ¢ = 0.0102 (Cy = 0.0104 mol-dm ), and
then rapidly increased at ¢ = 0.0204 (0.0209 mol-dm). This behavior indicated that
wormlike micelles were formed by 3Ci,trisQ, and at ¢ values between 0.0102 (Cy =
0.0104 mol-dm ) and 0.0272 (Cy = 0.0278 mol-dm ), the wormlike micelles grew in
size with increasing ¢.

Many rheological studies have shown that wormlike micelle systems exhibit unique
viscoelastic behaviors; for instance, the behavior of entangled wormlike micellar
solutions can be represented by a Maxwell model with a single relaxation time, while
the behavior of short wormlike micellar solutions resembles that of flexible polymer
solutions."' Therefore, viscoelastic measurements were performed using aqueous
3CatrisQ solutions with ¢ values ranging from 0.0007 (Cy = 0.0007 mol-dm™) to
0.0272 (Cy = 0.0278 mol-dm). Figure 2-10 shows the ¢-dependence of the storage
modulus G’ and the loss modulus G for aqueous 3CtrisQ solutions with ¢ values of
0.0204 (Cy = 0.0209 mol-dm ) and 0.0272 (Cy = 0.0278 mol-dm ) as representative
results. At ¢ < 0.0170 (Cy = 0.0174 mol-dm), the w-dependence of the G” values for
the aqueous 3Ci,trisQ solutions was similar to that for water. At ¢ values ranging from
0.0204 (Cy = 0.0209 mol-dm ™) to 0.0238 (Cy = 0.0243 mol-dm ), the G” values were
higher than the storage modulus values G, which implied that the rheological behavior
of these 3CtrisQ solutions was the same as that of the pure liquid surfactant. However,
at ¢ = 0.0272 (Cy = 0.0278 mol-dm™), the results indicated the G’ and G” crossover
point. Prior to the crossover point, the solutions exhibited aqueous behavior with G”
greater than G”, but beyond the crossover point (w = ca. 5 s '); the aggregate structure
became predominantly elastic. This viscoelastic behavior of the 3C,trisQ solutions at ¢
=0.0238 (Cy = 0.0243 mol-dm ) and ¢ = 0.0272 (Cy = 0.0278 mol-dm°) are similar
to those for cetyltrimethylammonium bromide solutions in the presence of low sodium

salicylate concentrations” (i.e., typical for wormlike micelles).

iii) Surfactant concentration dependence of 3C,trisQ aggregation structures
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Figure 2-10. Storage modulus G’ and the loss modulus G” for aqueous 3Ci,trisQ
solution with ¢ = 0.0238 (Cy = 0.0243 mol-dm™) and ¢ = 0.0272 (Cy = 0.0278

mol-dm) as a function of the angular frequency. **

As indicated in the previous section, the 3C,trisQ aggregates formed ellipsoidal
micelles at ¢ = 0.0034 (Cy = 0.0035 mol-dm ) and rodlike (wormlike) micelles at ¢ =
0.0272 (Cy = 0.0278 mol-dm ), suggesting a sphere-to-rod transition in the 3C,trisQ
solutions. Therefore, the aggregation behavior of 3Ci,trisQ (such as the sphere-to-rod
transition and wormlike micellar growth) as a function of the sample volume fraction
was further investigated.

The combination of SANS and rheological analysis results revealed the aggregation
behavior of 3Cj,trisQ in aqueous solutions. According to the ¢-dependence of the
SANS peak-position g, (shown in fig. 2-8b) and of the zero-shear viscosity (shown in
fig. 2-9b), the aggregate behavior of 3C,trisQ in aqueous solutions can be classified
into three ¢-regions; ¢-region (I), where ¢ < 0.0068 (CMC x 50, Cy = 0.0070
mol-dm), ¢-region (II), where 0.0102 (CMC x 75, Cy = 0.0104 mol-dm ) < ¢ <
0.0170 (CMC % 100, Cy; = 0.0174 mol-dm ), and ¢-region (III), where 0.0204 (CMC x
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150, Cy = 0.0209 mol-dm ) < ¢ < 0.0272 (CMC x 200, Cy = 0.0278 mol-dm ). The
features of each region were then compared with the properties of monomeric and
gemini surfactants in aqueous solutions.

¢-Region (I); ¢ < 0.0068 (CMC x 50, 0.00695 mol-dm™). The viscosity analysis
results shown in fig. 2-9a indicate that the dependence of the viscosity on the shear rate
was similar to that of water, implying that 3C,trisQ formed small aggregates, i.e.,
spherical micelles, in aqueous solution.

¢-Region (II); 0.0102 (CMC x 75, 0.0104 mol-dm™) < ¢ < 0.0170 (CMC x 125,
0.0174 mol-dm™). 1In fig. 2-9, it can be seen that the SANS peak-position g, shifted to
lower g values with increasing ¢ in ¢-region (I), while it shifted to higher g values in
¢-region (II). Specifically, in ¢-region (II), the shear rate dependence of the viscosity
(shown in fig. 2-9a) for 3Ci,trisQ was higher than that of water, and it behaved as a
Newtonian fluid (Newtonian plateaus were observed). The zero-shear viscosity
asymptotically increased with increasing ¢. These results correspond with observations
for gemini surfactant wormlike micelle solutions. Thus, it can be concluded that in
¢-region (II), the aggregation behavior of 3CjstrisQ is similar to that of the gemini
(12-2-12) surfactant in an aqueous solution, i.e., wormlike micelles are formed, and
their length increases with increasing ¢.

¢-Region (III); 0.0204 (CMC x 150, 0.0209 mol-dm™) < ¢ < 0.0272 (CMC x 200,
0.0278 mol-dm™). Fig. 2-9a clearly shows that the 3C),trisQ solution in ¢-region (III)
exhibited shear thinning, suggesting that 3C,trisQ produced long, wormlike micelles in
the aqueous solution. The remarkable increase in the zero-shear viscosity (seen in fig.
2-9b) corresponded to the growth of wormlike micelles and overlapping wormlike

micelles.>®

iv) Model-fitting analysis for the SANS results

To investigate the growth of the micelles, a model-fitting analysis for the 3C,trisQ
SANS results was performed. Model-fitting results for the 3CtrisQ solution at ¢ =
0.0034 (Cy = 0.0035 mol-dm ) and ¢ = 0.0272 (Cy = 0.0279 mol-dm ) were reported
previously.” In ¢-region (I), according to the ¢-dependence of the ¢ value and the
zero-shear viscosity, the 3C,trisQ aggregates were spherical (or ellipsoidal) micelles in

these aqueous solutions. Considering the results obtained in previous SANS studies of
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various cationic surfactants,'* a charged ellipsoidal particle model was assumed; the
scattering function for this model is represented by equations 2.4, 2.5, and 2.7.

In ¢-region (II), the viscosity and SANS analysis results indicated that 3C,trisQ
formed wormlike (or rodlike) micelles in aqueous solutions. Theoretically, the form
factor P(q) for wormlike micelles should exhibit asymptotic behavior (¢ %) in the low
g-region and ¢ ' in the medium g-region. However, these SANS profile features were
not observed for 3C,trisQ due to the combined peak-profile, i.e., structure factor S(g).
Therefore, structural information on the flexibility and length of the wormlike micelles
was absent in the present SANS results, which is a notable problem for salt-free cationic
surfactant solutions. As a result, in this case model-fitting analyses were performed
using a theoretical scattering function for the charged rod particle model. The form
factor P(q) for rod particles with radius R, and length L is given by equation 2.6. The
structure factor S(q) was calculated using the Hayter—Penfold method based on the
rescaled mean spherical approximation (equation 2.7).

In ¢-region (III), the viscosity data clearly indicated that wormlike micelles
overlapped in the aqueous solutions. Consequently, a charged rod particle model could
not be applied for model-fitting analysis because the Hayter—Penfold structure factor
S(g) (equation 2.7) assumes a small anisotropic degree for each particle. However, as a
reference, the model-fitting analysis was carefully performed using a charged rod
particle model in order to compare the calculated results with the experimental results
for this ¢-region.

Figure 2-11 shows both the best-fit theoretical scattering curves and experimental
SANS profiles for 3C,trisQ in aqueous solutions. The theoretical scattering functions
appropriately fitted all of the experimental results. Interestingly, the SANS profiles for
the 3CstrisQ solutions in ¢-region (III) were also in agreement with the theoretical
SANS curve calculated using a charged rodlike particle. However, it should be noted
that when a long charged rodlike model expressed using a random phase approximation
(RPA) and PRISM-type interactions was assumed,” the SANS profiles for the
3C,trisQ solutions could not be simulated.

The details of these results are not discussed herein because these model-fitting
functions may not be applicable to 3C,trisQ solutions in ¢-region (III). An extensive

study of overlapping wormlike micelles for 3C,trisQ solutions in ¢-region (III) using
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other techniques, such as computer simulations and Cryo-TEM observations, must be
conducted. Figures 2-12a—d show the ¢ dependence of the structural parameters,
including the radius (R), length (L), number of water molecules per surfactant molecule
inside the micelles (ny), and Debye screening length (/p), obtained from the
model-fitting analysis of the SANS results.

Fig. 2-12a shows the ¢-dependence of the radius (R) of the micelles obtained from
the model-fitting analysis, which corresponded to the minor axis (R;) of an ellipsoid
particle in ¢-region (I) and the cross-sectional radius (R;) of a rodlike particle in
¢-regions (II) and (III). The obtained R values were nearly constant and ranged from
18.4 t0 20.0 A. As a reference, the fully extended length of the hydrocarbon chain /. can
be estimated using the Tanford formula:*

le=1.54+1.2651. (A) @2.11)

(% 10

¢

0 0.0272
< 0.0238
> 0.0204
< 0.0170
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0 0.0068
0 0.0034

I(q) /cm

Figure 2-11. Comparison of the experimental scattering profiles (symbols) and best-fit
calculated scattering curves (solid lines) for aqueous 3C,trisQ solutions. The profiles

are vertically shifted to avoid overlap. **
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where . is the number of carbon atoms in the hydrocarbon chain. The value of /. was
estimated using equation 2.11 to be 16.7 A for n. = 12, which was smaller than the R
value obtained from the model-fitting analysis. However, considering the length of the
hydrophilic group, the value obtained in the model-fitting analysis was appropriate, and
the analysis was therefore properly performed. As a result, it was confirmed that the R
values were not dependent on the sample volume fraction.

The behavior of water molecules in micelles formed from cationic surfactants
during sphere-to-rod transitions and micellar growth has not been discussed
extensively.”” In the present study, however, the number of water molecules in the
cationic surfactant micelles was successfully estimated, and the behavior of the water
molecules during the sphere-to-rod transition and micellar growth was also observed.
The number of water molecules per surfactant molecule inside the micelles (n,) was
estimated from the scattering contrast (Ap) using equations 2.2 and 2.3. fig. 2-12¢
shows the ¢-dependence of n,, for the 3C,trisQ micelles. The ny, values systematically
decreased from 51.4 to 17.1 with increasing ¢. Bound water (the hydrated head of the
surfactant) and free water in the micelles were not been distinguished because the
SANS results could only be fitted using the uniform spherical particle model.
Approximately 34 water molecules were excluded prior to the sphere-to-rod transition
and micellar growth due to the high density of surfactant molecules in wormlike
micelles.

Fig. 2-12d shows the ¢-dependence of the Debye screening length /p. The Ip value
decreased from 155.8 to 47.3 A with increasing ¢. This decrease was caused by the
increasing electrostatic screening of the surfactant solutions due to the growth of the
wormlike micelles.

The aggregation number (N,g) Was estimated from the model-fitting parameters

using the following equation:

= Vmicelle (2 12)

e +n,v,)

OV urfactant
where Viicelle 18 the volume of one micelle and Vgyfactant and vy, are the molecular volume
of the surfactant and D,O, respectively. Figure 2-13 shows the ¢-dependence of N,g,
estimated using equation 2.12. The Ny of 3CiatrisQ wormlike micelles obeyed the

power law Nygp ~ ¢'* at ¢ values ranging from 0.0034 (Cy = 0.0035 mol-dm™) to
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Figure 2-13. Volume fraction (¢) dependence of the aggregation number (N,g,) for
3CatrisQ micelles estimated using the fitting parameters (radius, length, and number of

water molecules per surfactant molecule inside the micelles). **

0.0170 (Cy = 0.0174 mol-dm). It is known that the exponent of the power law is
affected by the surface charge of the micelles, with values of 0.5 (¢”) for nonionic
micelles and 1.4 (¢'*) for cationic gemini surfactants (12-2-12) reported in the
literature.*® Unsurprisingly, the exponent for the 3C),trisQ micelles was similar to that
for the gemini surfactant (12-2-12) micelles because both the surfactants have the same

number of valence electrons per hydrocarbon chain.

2-3-5. Mechanism of wormlike micelle formation: differences among trimeric,
gemini, and monomeric surfactants

Next, the structural transition of 3Cj,trisQ was compared to those of gemini and
monomeric surfactants in order to elucidate the micelle growth mechanism for trimeric
surfactants. For charged wormlike micelles, wormlike micellar growth contributes to
two scission energies: the micellar surface charge and the Ec of the micelles.® When the

scission energy (Egiss) of a wormlike micelle is sufficiently high, the length of the
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micelle increases. According to the literature, in a semi-dilute solution, the zero-shear
viscosity (1,) of a charged wormlike micelle depends on both the E¢ and the effective
charge number per unit length of the wormlike micelle (v*):*'

m > [ ] (2.13)

E
o ex SCISS oC CX
My * ¢ p(—szT) pexp

where /g is the Bjerrum length and R is the radius of the micelles. To evaluate the
combined effect of the micellar surface charge and the £c on wormlike micellar growth,
the contributions of each factor were estimated for 3C,trisQ from the ¢-dependence of
the zero-shear viscosity (fig. 2-9b) using the R value estimated from the model-fitting
analysis (fig. 2-12a). These results were compared with those for gemini (12-2-12) and
monomeric (DTAB) surfactants with the same hydrocarbon chain lengths (12).

Figure 2-14 shows the ¢-dependence of the zero-shear viscosity for aqueous
solutions of 3C,trisQ, 12-2-12, DTAB, and DTAB with added NaSal. At lower volume
fractions, the zero-shear viscosities (7),) were nearly constant, while at higher volume
fractions the viscosities increased rapidly with increasing ¢. The volume fraction for
which the viscosity increases significantly is referred to as the “on-set volume fraction
(¢™).” Under salt-free conditions, the ¢-dependence of the 1,-behavior for the 3CstrisQ
solutions was similar to that for the 12-2-12 solutions. On the other hand, the ¢* value
for the 3C,trisQ solutions was slightly lower than that for the 12-2-12 solutions and
significantly lower than that for the DTAB solutions. These results indicated that
wormlike micelles were formed by 3C,trisQ at lower volume fractions than for DTAB.
In addition, the rate of increase in 7, for the DTAB solutions in the absence of NaSal
was similar to those for the 3C,trisQ and 12-2-12 solutions, while the rate of increase
in 7, for the DTAB solution with added NaSal was lower (7, ~ ¢, with a = 14.22 for
3CatrisQ, 9.45 for 12-2-12, 8.31 for DTAB, and 2.94 for DTAB in the presence of
NaSal). This rate reduction was caused by the screening of the micellar surface charges
by the salt.'* It should be noted that the effects of charges are dominant for structural
transitions in surfactant/salt systems in a manner similar to that for mixed cation/anion
systems.

Additional information can be obtained by rewriting equation 2.13 as follows:

21n[%)l x lfCT —1,Rv"2¢™ (2.14)

B
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The values for Ec and v* for wormlike micelles in an aqueous surfactant solution can be
obtained from a fitting analysis for the plot of 2In(#,/¢) versus ¢’ assuming that the
entangled wormlike micelles overlap. Therefore, curve fitting analyses were performed
using the results in the overlapped ¢-regions: 0.0204 (CMC x 150, Cy = 0.0209
mol-dm™) < ¢ < 0.0272 (CMC x 200, Cy = 0.0278 mol-dm™) for 3CtrisQ: 0.023
(CMC x 40, Cy = 0.0387 mol-dm ) < ¢ < 0.035 (CMC x 60, Cys = 0.0569 mol-dm )
for 12-2-12; and 0.23 (CMC x 47, Cy = 0.746 mol-dm ) < ¢ < 0.47 (CMC x 95, Cy; =
1.52 mol-dm ) for DTAB. The plots of 2In[1,/¢] versus ¢’ for the three surfactants
and their fitting results are presented in Figure 2-15. The »* values were found to be
0.23 A for 3CotrisQ, 0.22 A™" for 12-2-12, and 0.25 A™' for DTAB, indicating that
they were independent of the molecular structure.

The Ec values were found to be (50.2 & 1.14) kgT for 3CtrisQ, (41.4 = 1.3) kgT for
12-2-12, and (11.7 + 1.24) kgT for DTAB. Unlike the v* values, the E¢ for the wormlike
micelles depended on the molecular structure; the Ec value for the 3C,trisQ wormlike
micelles was much higher than that for the DTAB micelles and slightly higher than that
for the 12-2-12 micelles.

101= L B I B
—0- 3C,trisQ n
[ A 12-2-12 , ]
10’ -o- DTAB " .
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75} -1 .
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Figure 2-14. Volume fraction (¢) dependence of the zero-shear viscosity (77,) for

aqueous solutions of 3C,trisQ, 12-2-12, DTAB, and DTAB with NaSal. 4
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Figure 2-15. Plots of 2In[7,/¢] versus 7,/¢" obtained using equation 2.14 for 3C trisQ
(circles), 12-2-12 (triangles), and DTAB (squares). The solid lines represent the fitting

results obtained using model functions. **

Finally, to accurately estimate the difference in the scission energies (Escss) for
3CatrisQ and 12-2-12, the temperature dependence of the zero-shear viscosity of these
two surfactants was determined. Figure 2-16 shows the Arrhenius plots of the
zero-shear viscosity for 3Cy,trisQ and 12-2-12 at the same volume fraction (¢). Esciss
was obtained from the slope of the Arrhenius plot generated using equation 2.13.
Notably, the Eiss value for 3Ci,trisQ ((52.0 £ 1.93) kgT) was slightly higher than that
for 12-2-12 ((46.6 = 0.70) kgT). These results support the ¢—dependence of the
zero-shear viscosity.

A comparison of the Arrhenius plots for 3Ci,trisQ and 12-2-12 indicated that
3CatrisQ readily formed wormlike micelles at lower volume fractions than 12-2-12.
The main difference in the molecular structures of these surfactants is the number of
spacer chains per molecule. Thus, it can be concluded that the spacer between the
surfactant molecules increases the Ec and promotes the growth of wormlike micelles
because an increase in the number of spacer chains limits intramolecular motion. The

linear surfactant 12-2-12-2-12 readily precipitates in solution and thus to our knowledge
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Figure 2-16. Arrhenius plots of the zero-shear viscosity of aqueous 3CtrisQ (circles)

and 12-2-12 (triangles) solutions at a given ¢.**

there have been no reports on structural transitions for this surfactant. According to In et
al., the Ec of the linear surfactant 12-3-12-3-12 ((83 + 7) kg7) is approximately twice
that of 12-3-12 ((43 + 5) kT).>° On the other hand, the Ec of 3C1trisQ is (50.2 + 1.14)
ks T, which is much less than that of 12-3-12-3-12 and close to that of 12-3-12 ((43 +5)
ksT) and 12-2-12 ((41.4 = 1.3) kg7). The smaller value for the Ec of 3CjtrisQ
compared to that of 12-3-12-3-12 can be explained by the fact that star-type surfactants
can form a more round shape than linear trimeric surfactants (12-3-12-3-12), resulting
in a lower Ec. In fact, the occupied area per molecule at the air/solution interface, A, is
largest for 3CatrisQ (4 = 2.03 nm*/ molecule) among the three evaluated surfactants

(12-2-12-2-12: A = 1.28 nm?*/ molecule; 12-3-12-3-12: 4 = 1.47 nm*/ molecule).*®
2-4. Conclusions

In this chapter, the synthesis of novel star-type cationic trimeric surfactants
consisting of three hydrocarbon chains, three quaternary ammonium headgroups, and a

tris(2-aminoethyl)amine spacer was described. These surfactants were very soluble in
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water despite having three hydrocarbon chains in each molecule. The relation between
the logarithm of the CMC and the hydrocarbon chain length was linear, as is observed
for conventional monomeric and gemini surfactants. The aggregation state of the
trimeric surfactants in solution was significantly influenced by their hydrocarbon chain
lengths and concentrations; that is, for n = 10, ellipsoidal micelles formed; for n = 12,
the ellipsoidal micelles transformed to threadlike micelles with increasing
concentration; and for n = 14, threadlike micelles formed at low concentrations and no
transitions were observed as the concentration increased.

Furthermore, the structural transition of aggregates of the star-type trimeric
surfactant 3Ci,trisQ was investigated using SANS and rheological analyses. The
combination of SANS and rheological data revealed that 3Ci,trisQ exhibited a
sphere-to-rod transition in the absence of salts. Wormlike micellar growth was observed
with increasing volume fraction. It was also found that wormlike micellar growth
accompanied the extrusion of water from the micelles. Using results from the analysis
of the volume fraction dependence of the zero-shear viscosity, the surface charge per
unit length and E¢ for the wormlike micelles formed by 3CtrisQ, gemini (12-2-12),
and monomeric (DTAB) surfactants were evaluated. The surface charge per unit length
was independent of the molecular structure, while the Ec for 3Ci,trisQ and 12-2-12
were significantly higher than that for DTAB. These results indicated that wormlike
micelles were readily formed in the 3Ci,trisQ and 12-2-12 solutions at lower
concentrations. The main difference in the molecular structures of 3Cj,trisQ and
12-2-12 is the number of spacer chains. Therefore, it appears that spacers increase the
E¢c and promote the growth of wormlike micelles. It is thought that the number of spacer
chains limits intra-molecular motion. In addition, star-type trimeric surfactants
(3CiatrisQ) can form a more round shape than linear trimeric surfactants and thus
exhibit a lower Ec.

To date, a large number of gemini surfactants have been designed and synthesized
by many researchers, and their adsorption and aggregation properties have been
investigated. However, there are very few reports on trimeric and tetrameric surfactants,
which represent a natural extension of gemini surfactants.”” ** !> °% This lack of
study is likely due to the greater difficulty associated with the design and synthesis of

oligomeric surfactants such as 3C,trisQ compared with gemini surfactants, which can
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be prepared relatively easily. The results in this study may aid future investigations of
the structure-performance relations for new oligomeric surfactants with novel structures.
They should also help to explain the adsorption and aggregation behavior of the
different types of trimeric surfactants that have already been reported. In addition,
because the synthetic approach to these star-type trimeric surfactants relatively simple,
the preparation and investigation of additional, novel, trimeric surfactants is now

expected.
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Chapter. 3
Aggregation Structure of Star-Type
Trimeric Surfactants in the Presence of

Organic Salts

3-1. Introduction

In chapter 3, the aggregation structure of trimeric surfactants in salt solution was
investigated. Monomeric surfactants are known to show sphere-to-rod transition in the
presence of organic salts. Several studies compared formation mechanisms of wormlike
micelles between monomeric surfactants with » = 12 in a solution with organic salts and
12-2-12 in a salt-free solution.'” Mackintosh et al.* successfully explained the effects of
added salts on wormlike micellar growth by using both surface charges and end-cap
energy. In chapter 2, growth mechanisms of wormlike micelles formed by 3Ci,trisQ in
an aqueous solution was also investigated by using SANS and rheological measurement,
confirming the sphere-to-rod transition of the 3Ci,trisQ in a salt-free solution and the
sphere-to-rod transition.” > Furthermore, It is also found that wormlike micelles formed
by 3C,trisQ have a higher end-cap energy than gemini surfactant.”

The effect of salt on gemini surfactant aggregates in a solution has also been
investigated.” Yu et al.* studied the effects of four kinds of salt on the aggregation
behavior of gemini surfactants 12-4-12 and 12-4(OH),-12 by using NMR and SAXS.
They found that the penetration of sodium salicylate (NaSal) anions and the charge
neutralization of the surfactant by NaSal anions induced a micelle-to-vesicle transition.

Lu et al.” concluded that 12-2-12(Et) can also form various structures in a salt (NaSal)
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solution. To clarify salt effect to aggregation structure for oligomeric systems, it is
important to compare the structural behavior among monomeric, gemini, and trimeric
surfactants. However, there are still few reports examining these trimeric surfactants.

In this chapter, the structural behavior of 3C,trisQ in the presence of NaSal was
investigated. NaSal is a typical salt known to induce sphere-to-rod transition in lower
salt concentration in monomeric or gemini surfactant systems. Therefore 3C,trisQ can
show various aggregation structures in NaSal solution because 3C,trisQ show
sphere-to-rod transition in the absence of salt, as described in Chapter 2. Using
small-angle X-ray scattering (SAXS) and rheological measurements, the structural
phase diagram of a 3C,trisQ solution was determined by varying length of hydrocarbon

chains of 3C,trinsQ, a NaSal concentration, and a sample concentration.

3-2. Experimental section

3-2-1. Materials

In this study, trimeric surfactants, 3C,trisQ with a hydrocarbon chain length (n) of
10, 12, and 14, respectively, in which the spacer chain length was 2, were used. The
chemical structure of 3C,trisQ was shown in Figure 2-1. 3C,trisQ was synthesized as

shown in chapter 2.” Sodium salicylate (NaSal) was used as salt.

3-2-2. SAXS measurement
SAXS measurements were carried out using the SAXS spectrometer installed on

10, 11

BL40B2 beamline at SPring-8, Hyogo, Japan. The X-rays wavelength was 0.7 A,
and the sample-to-detector distance was 2.1 m. The scattered X-rays from the samples
were collected by an imaging-plate detector R-AXIS VII++ (Rigaku, Tokyo, Japan).
The covered g-range was ¢ = 0.008 — 0.6 A™'. The exposure time for each sample was 3
minutes. All measurements were performed at an ambient temperature. After circular

averaging (using Fir2d software),'> scattering from the solvent was subtracted

correcting for the transmission.

3-2-2. HEXRD measurement
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HEXRD measurements were performed at room temperature by using high-energy
X-ray diffraction apparatus of BL04B2 beamline at SPring-8 (Japan Synchrotron
Radiation Research Institute, JASRI, Japan). Monochrome 61.6 keV X-rays were
obtained using a Si(220) monochromator. The exposure time for each sample was about

4.5 h.

3-2-3. Rheology measurement

The rheological experiments were performed using a stress control rheometer
(MCR-501, Anton Paar, Austria) equipped with a cone plate of 25.0 mm radius and 1°
cone angle. The shear-rate varied from 0.01 to 1000 s™'. The sample temperature was

controlled at 25.00 + 0.03 °C.

3-3. Results and discussion

3-3-1. Hydrocarbon chain length and salt-concentration dependence of 3C,trisQ
aggregates in a solution

Figure 3-1 shows SAXS profiles for 3C,trisQ in a solution with systematically
varying n and the ratio of salt (Cs) to the surfactant (Cp) molar concentration (Cs/Cp).
The Cp was fixed at 0.00558 M for 3CtrisQ, 0.00695 M for 3C,trisQ, and 0.00324 M
for 3Cy4trisQ, respectively. All SAXS profiles for the 3C,trisQ solutions have two broad
peaks at ¢ =0.01-0.05 A" and ¢ = 0.2 A”', indicating inter- and intra- micellar structure,
respectively. The peak at ¢ = 0.2 A" reflected differences of scattering length density
between hydrophilic and hydrophobic portions within the micellar structures. For
3C,trisQ, based on their chemical structure, the scattering length densities were
estimated to be 1.46 x 10~ A~ for the hydrophilic head group, 7.11 x 10°° A for Cj,
7.15 x 10° A for Cy,, and 7.18 x 10° A for C4, respectively, The difference of
scattering length density between hydrophilic and hydrophobic portions was sufficiently
high, resulting in the broad peaks in the SAXS profiles.

i) 3C10tl’iSQ

In Figure 3-1a, SAXS profiles for 3CtrisQ in a solution showed the inter-particle

scattering peak around ¢ = 0.03 A", which is attributed to the electrostatic repulsion
gp q Y
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between surface charges of the micelles. In chapter 2, the SANS and rheology
measurement results suggested that the 3C,otrisQ (Cp = 0.00558 M) forms an ellipsoidal
micelle in a solution in the absence of NaSal (i.e., Cs/Cp = 0). ' With increasing Cs/Cp
ratio, the SAXS intensity gradually increased in the g-range from 0.02 to 0.03 A
whereas this peak-potion (¢mi) was unchanged. This was due to the screening of
electrostatic repulsion on micellar surfaces. In contrast, beyond this g-region (¢ >
0.03A™"), the SAXS profiles agreed with each other. These results indicate that
ellipsoidal micelles were maintained in the range of Cs/Cp ratio from 0 to 0.18. The

3CotrisQ solution became isolable at Cs/Cp > 0.18.

ii) 3C2trisQ

In Figure 3-1b, except for Cs/Cp = 0.8, the SAXS profiles for the 3CtrisQ solution
at Cp = 0.00695 M had two peaks around ¢ ~ 0.03 A" and ¢ ~ 0.2 A, respectively. At
Cs/Cp = 0, the 3C1trisQ aggregates were ellipsoidal micelles in an aqueous solution.’
With increasing Cs/Cp ratio, the peak-position (gm1) at the lower g region monotonically
changed. Figure 3-2 shows the Cs/Cp-dependence of the gmi-value in the g-range of g ~
0.01 — 0.02 A™". With increasing Cs/Cp ratio incrementally upward to 0.24 (Cs/Cp <
0.24), the gm; shifted toward a lower g-value from 0.02 to 0.01 A with slight increases
in SAXS intensity, whereas the gmi was nearly constant when Cs/Cp ranged between
0.24 and 0.66. At Cs/Cp = 0.8, on the other hand, the peak disappeared and the SAXS
profiles showed asymptotic behaviors of ¢ in the g-range of ¢ < 0.03 A’
Simultaneously, a sharp peak appeared in the SAXS profile at ¢ = 0.19 A™'. These
results clearly indicated that 3Ci,trisQ forms multi-lamellar vesicles at Cs/Cp = 0.8. The
repeat desistance (d) was estimated to be 33.05 A with reference to the formula of d =

2n/q.
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Cationic surfactants are well known to show a micellar sphere-to-rod transition with
adding NaSal.'*'® Model-fitting analysis of scattering profiles is considered to be an
effective method to reveal changes in micellar structures. However, when 3Ci,trisQ
aggregates are wormlike micelles, it is currently impossible to perform a model-fitting
analysis because the structure factor S(g) corresponding to the peak profile at lower
g-region remains unsolved. A PRISM structure factor Sprism(q) was proposed for
monomeric cationic surfactant solutions with a high salt concentration.'” In contrast,
both SAXS and SANS results for the 3Ci,trisQ solutions cannot be represented by the
theoretical scattering using the Sprism(q) with the rod model form factor P(g). An
alternative model, a Hayter-Penfold structure factor Sup(g) used in previous chapter,
was used for various scattering data analysis for the charged particles.”’ However, when
the micellar length L was much longer than the radius of cross-section R, i.e., L » R, it
is not appropriate to use the Sup(q) for a model-fitting analysis of the wormlike micelles.
In previous chapter, Sup(q) was used only as a reference in high surfactant concentration
because trimeric surfactants form overlapped wormlike micelles. In et al.' examined
sphere-to-rod transitions of various cationic surfactants including 12-2-12 and other

type trimeric surfactants by analyzing SANS peak position (gm1).
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It is indicated that the changed tendency of the shear-rate dependence of viscosity
was correlated with that of gmi-behavior in the SANS result by combining analysis of
SANS peak position and share-rate dependence of viscosity.” For cationic surfactants,
the shear-rate dependence of viscosity obtained through rheological measurements
clearly showed whether 3Ci,trisQ forms wormlike micelles in a solution. To confirm
the formation of wormlike micelles, rheological measurements were performed. Figure
3-3 shows the dependence of the viscosity on the shear-rate (y) for 3C,trisQ in a
solution by varying Cs/Cp ratio. The viscosity behavior of 3C,trisQ strongly depended
on the Cs/Cp ratio, while the viscosity behavior of 3CjotrisQ was independent of the
Cs/Cp ratio and the same as that for water because of smaller size of 3CiotrisQ
aggregates. At Cs/Cp < 0.24, the y-dependence of the viscosity for the 3Ci,trisQ
solution was constant, and was in agreement with that of water, implying that 3CtrisQ
aggregates are ellipsoidal micelles. At Cs/Cp = 0.3, changing the gmi-behavior of the
SANS profiles, the viscosity was higher than that of water while maintaining a
constant-viscosity independent of the share-rate. This suggests formation of rodlike
micelles in a solution according to previous finding. At 0.45 < Cs/Cp < 0.66, on the
other hand, the viscosity monotonically decreased with increasing y, which is a
well-known phenomenon called “shear thinning” and is corresponded to formation of
wormlike micelles.>*'** At Cs/Cp = 0.8, the viscosity dramatically decreased and was
the same as that of water. This similar behavior in rheological behavior was observed
for a cationic monomeric surfactant solution by adding 5-methyl salicylic acid,**
suggesting that the 3Cj,trisQ aggregates formed vesicles at Cs/Cp =0.8. This is in
agreement with the finding observed by SAXS.

iii) 3C4trisQ

In Figure 3-1c, the SAXS profiles for the 3C4trisQ solution had no peaks because
the surfactant concentration (Cp) of 3C4trisQ was much lower than that of 3CtrisQ
and 3Cp,trisQ. At Cs/Cp < 0.5, the SAXS profiles showed I(g) ~ ¢ ' in the g-range of g
< 0.03 A7, indicating that 3C 4trisQ formed rod or wormlike micelles in the solutions.
At 0.6 < Cs/Cp < 0.66, on the other hand, the power law behavior of ¢ > was found to be
in the g-range of ¢ < 0.03 A”', whereas a peak-profile was not observed in the g-range

of 0.1 A < ¢ <0.3 A", The 3CtrisQ formed unilamellar vesicles in a solution at 0.6
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< Cs/Cp < 0.66, owing to lower Cp in the 3CiatrisQ solution. Similar to the 3C,trisQ
solution, the SAXS results for the 3CistrisQ solution showed that the rodlike
micelle-to-vesicle transitions escalated by increasing Cs/Cp ratio. Figure 3-3¢ shows
the viscosity behavior of 3CitrisQ solution. The viscosity of 3Cj4trisQ solution was
much smaller than that of 3Cj,trisQ, which is due to low surfactant concentration. In
low salt concentration, the solutions showed shear thinning behavior originated from the
rodlike structure, while they were the same as that for water in high salt concentration

due to electrostatic screening of salt molecules.
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3-3-2. Surfactant concentration dependence of aggregation structure of 3C,trisQ

In the subsection 3-3-1, it is found that 3C,trisQ aggregates depended on the NaSal
concentrations in the solution. With increasing NaSal concentration, 3Ci,trisQ
aggregates changed from spherical micelles to rodlike micelles (including wormlike
micelles), and further to vesicles in solution. According to the results of chapter 2, even
under salt-free conditions, the 3C,trisQ aggregates changed from spherical micelles to
rodlike micelles, and formed the wormlike micelles in an aqueous solution in the Cp
range of 0.0102 M < Cp < 0.0278 M. Then, the structural transition of 3Ci,trisQ
aggregates was studied with varying both surfactant and salt concentration.

Figure 3-4 shows the Cs/Cp-dependence of SAXS profiles for 3Cj,trisQ solutions
at Cp = (a) 0.0104 M, (b) 0.0139 M, and (c) 0.0278 M, respectively. All SAXS profiles
exhibited broad peaks in the g-range of 0.1 A™' <4 < 0.5 A™'. In this g-range, the SAXS
profiles showed no change. In addition, at the lower g-region of ¢ = 0.01 ~ 0.05 A™, all
SAXS profiles had broad peak profiles reflecting electrostatic repulsion between surface
charges in the micelles. With increasing Cs/Cp, similar tendencies were observed in the
Cs/Cp -dependences in the behavior of the peak-positions (gm;) for 3CstrisQ solutions;
the gmi-values shifted toward lower g-values in the lower Cs/Cp range whereas those in
the higher Cs/Cp range were almost constant.(fig. 3-2) With further increasing Cs/Cp,
the 3CstrisQ were insoluble in water, namely the power law behavior of sz was not
observed on all SAXS profiles for 3C,trisQ solutions at Cp = 0.0104 M, 0.0139 M, and
0.0278 M.

Figure 3-5a shows the NaSal concentration dependence of the rheological behavior
for 3Ci,trisQ solutions at Cp = 0.0104 M. The rheological behavior strongly depended
on the NaSal concentration. At Cs/Cp = 0, the viscosity was higher than that for water,
while the y-dependence of viscosity was almost constant. At Cs/Cp = 0.03, on the other
hand, “shear thickening” was observed. These results suggest that rodlike micelles are
formed at Cs/Cp < 0.03. At 0.09 < Cs/Cp < 0.45 where shear thinning was observed
indicating that 3C,trisQ forms wormlike micelles. Therefore, the Cs/Cp-dependence
shows micellar-growth of the 3C),trisQ aggregates with increasing NaSal concentration.
Also, for Cp = 0.0139 M shown in fig. 3-5b, at 0 < Cs/Cp < 0.045, the viscosity was
higher than that for water, while the y-dependence of viscosity was nearly constant. At

0.06 < Cs/Cp < 0.2, in addition, shear thinning was observed. This NaSal concentration
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in relation to its rheological behavior was in agreement with that for Cp = 0.0104 M
shown in fig. 3-5a. For Cp = 0.0278 M, shown in fig. 3-5c, shear thinning was observed
in the measured NaSal concentration indicating that 3C;,trisQ forms wormlike micelles.

Both SAXS and rheological measurement clearly indicated that 3C,trisQ did not
form vesicles at higher surfactant concentrations (Cp = 0.0104 M, 0.0139 M, and
0.0278 M). Beyond the NaSal solubility limits, (Cs"), 3CiatrisQ aggregates began to
precipitate in the solution; Cs = 0.0055 M for Cp = 0.0104 M, Cs" = 0.0040 for Cp =
0.0139 M, and Cs = 0.0020 for Cp = 0.0278 M, respectively, suggesting that the
NaSal-solubility limit decreased by increasing Cp. This was accounted for through the
hydrophobic interaction between surfactant molecules becoming higher due to the
electrostatic screening of NaSal under high salt conditions resulting in increased

3CatrisQ precipitates.

3-4. Conclusion

The structural transition of aggregates of star-type trimeric surfactants (3C,trisQ) in
a solution was investigated by adding sodium salicylate (NaSal) using small-angle
X-ray scattering (SAXS) and rheological measurements. It is found that depending on
hydrocarbon chain length, NaSal concentration and sample concentration, the 3C,trisQ
formed various aggregattion structures in solutions, such as ellipsoidal micelles,
wormlike (rodlike) micelles, multi-lamellar vesicle, and unilamellar vesicles. Figure
3-6 shows a structural phase diagram of aggregates formed by 3C,trisQ in a solution
investigated in this study. The 3C,trisQ aggregates in a solution were significantly
influenced by the hydrocarbon chain length and NaSal concentrations. 3CotrisQ formed
ellipsoidal micelles in a solution independent of the NaSal concentration. 3C,trisQ at
lower concentrations exhibited a structural transition from ellipsoidal micelles to rodlike
or wormlike micelles and vesicles, with increasing NaSal concentration. 3Ci4trisQ also
exhibited a wormlike micelle-to-vesicle transition.

The NaSal-induced structural transition of 3Ci,trisQ aggregates with varying
surfactant concentration (Cp) was further investigated. Figure 3-7 shows a structural
phase diagram of aggregates formed by 3CjtrisQ in solutions with varying both

surfactant and NaSal concentrations. At the lower surfactant concentration (Cp <
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0.00695 M), 3CtrisQ showed a structural transition from ellipsoidal micelles, though
rodlike or wormlike micelles to vesicles by increasing NaSal concentration. In contrast,
at a higher surfactant concentration of Cp > 0.0139 M, the 3Ci,trisQ did not form
vesicles in the solution.

Finally, applications for 3C,trisQ was mentioned based on the present results. As
described in the introduction, surfactants formed various type structures in a solution,
such as wormlike micelles and vesicles. It is important to control the structure of
surfactant aggregates in low surfactant concentrations. For 3C,trisQ solutions at Cp =
0.00324 M, it appeared to structural transition from ellipsoidal micelles, though rodlike
or wormlike micelles to vesicles by increasing Cs. This Cp value is much lower than the
critical micelle concentration of conventional surfactant. 3Cj4trisQ also formed the
wormlike micelles and unilamellar vesicle in solutions at lower sample concentrations.
Namely, the 3Ci,trisQ forms wormlike micelles and vesicles in solutions at lower
sample concentrations compared to conventional surfactants. On the other hand, the
solubility of 3CstrisQ in water is lower than gemini or monomeric surfactants due to its

three hydrophobic chains. Therefore in next chapter, oligomeric surfactants were used

in non-aqueous systems.
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Chapter 4
Water-in-Ionic Liquid Reverse Micelle Formation

Using Oligomeric Surfactants

4-1. Introduction

In this chapter, oligomeric surfactants were used for water-in-ionic liquid (IL)-type
RM systems. Oligomeric surfactants are highly hydrophobic because of their multiple
hydrocarbon chains and were therefore used in IL systems. RMs in a conventional organic
solvent system have been widely used in chemical reactions. However, the organic
solvents used as the “oil” phase in RM formation are generally volatile, flammable, and
toxic and therefore pose significant environmental problems. As alternatives to such

conventional systems, thermodynamically stable water-in-IL RMs have been prepared

1-12

using room-temperature ILs. ILs are well known to possess novel and unique

properties, including low volatility, high thermal stability, high designability, etc., and are

13, 14

thus used as a green solvent in the field of chemistry. In particular, the solvent

properties of ILs can be easily varied by changing the chemical structure of ions and the

combination of cation and anion'>"

20-24

to give a water-in-IL RMs with novel and unique
physicochemical properties.
Focusing on water-in-IL systems, Gao et al. first reported that water-in-IL RMs are

formed in a ternary system of 1-butyl-3-methylimidazolium tetrafluoroborate ([Cs4
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wIm J[BF4]), Triton X-100 (neutral surfactant), and cyclohexane (organic solvent).' Such
RMs in a ternary system, i.e., IL/organic solvent/neutral surfactant, have often been
reported by some researchers, who have typically characterized them by varying the
cation and anion species of the ILs. For neutral surfactants such as TritonX-100 and
Tween 20, RMs can be formed in a system of IL and neutral surfactant in the absence of

. 1, 2,5, 25, 26
an organic solvent.” = > “

The development of organic-solvent-free systems is very
important from an environment viewpoint and is thus desired in the field of chemistry.
Goto et al. also reported that water-in-IL RMs are stably formed in typical aprotic ILs
(alLs) when AOT is used as an anionic surfactant and hexanol is used as an organic

1213 resulting in successful activation and stabilization of enzymes in the RMs.”

solvent,
*" Rai et al. recently reported the formation of water-in-IL RMs stabilized by zwitterionic
surfactants (SB-12) in alLs containing ethanol.'” IL-based RMs prepared using cationic or
anionic surfactants provide an excellent reaction medium relative to conventional organic

4,27
solvent systems.™

To our knowledge, however, unlike systems with neutral surfactants,
organic-solvent-free systems have not been developed in an RM system with an ionic
surfactant. Furthermore, the incorporation of organic solvents as one component in the
system leads to a decrease in the IL mole fraction, which effectively limits the range of
unique and novel properties of the ILs.

In this study, the formation of water-in-IL RMs without organic solvents in an IL
mixture of 1-octylimidazolium-based alLs and pILs with anionic surfactant AOT was
reported. In the case of the organic-solvent-free system proposed here, this study focused
on the variation in water-droplet size as a function of (1) the water concentration, Cw, and

(2) the mole fraction of pIL, )pi, which were characterized using DLS, SAXS, and SANS

techniques.

4-2. Experimental section

4-2-1. Materials

Figure 4-1 shows the chemical structures of the compounds used in this study. The
alL, 1-octyl-3-methylimidazolium bis(trifluoromethanesulfonyl)amide ([Cg Im'][TFSA
1) was synthesized from N-methylimidazole and 1-bromoalkane according to the method

19, 28

reported in the literature. The plILs 1-alkylimidazolium bis(trifluoromethanesulfonyl)-
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Figure 4-1. Chemical structures of imidazolium-based aprotic ([CgmIm ][TFSA]) and
protic ionic liquids ([Cg mImH"][TFSA] and [C4 ImH J[TFSA]) and ionic surfactant
AOT.

amide ([C,JmH"][TFSA] (n = 4 and 8)) were prepared by mixing 1-alkylimidazole and
HTFSA in acetonitrile and stirring the solutions for 24 h; the solvent was subsequently
removed under a reduced pressure. For SANS measurements, a deuterated ionic liquid,
dr-[Cg mIm][TFSA], was used. Previous paper describes the process for preparing the
deuterated IL."” The synthesized dao-[Cs mIm][TFSA] was characterized by 'H NMR, and
the degree of deuteration was 98%. For SLS/DLS measurements, AOT was added to the
solvent (neat IL or an alL/pIL mixture) and was stirred for 1 day, followed by the addition

of water with rigorous stirring for 30 min.

4-2-2. Light scattering

DLS measurements were conducted using an ALV5000 DLS/SLS apparatus (ALV,
Germany). The temperature of the samples was maintained at 25 + 0.03 °C. A 22 mW
He—Ne laser with a wavelength A of 632.8 nm was used as the light source. In the DLS
measurements, the intensity correlation functions were obtained over a period of 60 s at 6
= 90°. The hydrodynamic radius, Ry, of the RMs was obtained by both cumulant and
CONTIN analyses™ on the basis of the Stokes—Einstein equation, where the viscosities
and the refractive indices of the mixtures were independently measured in our laboratory

with an Abbe refractometer (DR-A1, ATAGO, Japan) and a rheometer (MCR-501, Anton
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Paar, Austria); the viscosities and refractive indices were measured as functions of the

mole fraction of pIL, i, to the total ILs (Figure 4-2).

4-2-3. Small-angle X-ray scattering (SAXS)

SAXS experiments were conducted on the BLO3XU beamline at SPring-8, Hyogo,
Japan. In SAXS measurements, a monochromated X-ray beam with a wavelength A of
1.00 A was used as incident beam at room temperature, and the scattered X-rays were
counted at sample-to-detector distances (SDDs) of 1.2 and 4.2 m by an imaging-plate
detector (R-AXIS VII++, Rigaku Corp., Tokyo, Japan) with 3000 x 3000 pixel arrays and
a pixel size of 0.1 mm pixel '. The obtained two-dimensional (2D) data was circularly
averaged and corrected for dark current, background (cell) scattering, and transmittance.
The obtained scattering data was normalized to the absolute intensity scale using a glassy

carbon secondary standard.
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Figure 4-2. Experimental refractive indices and viscosities of solvent mixtures of aprotic

and protic ionic liquids at 25 °C. *°
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4-2-4. Small-angle neutron scattering (SANS)

SANS experiments were performed using the JRR-3 reactor at JAEA, Japan for
aqueous systems and using the high-flux advanced neutron application reactor
(HANARO) at the Korea Atomic Energy Research Institute (KAERI), Korea for IL
systems.

At JRR-3, a monochromated cold neutron beam with an average neutron wavelength
of 7.00 A was used. Two sample-to-detector distances of 1 and 4 m were employed to
cover the momentum transfer ¢ range from 0.01 to 0.2 A. The transmission was measured
using a “He detector at the beam-stopper position. Obtained SANS data corrected for
background using an empty cell were normalized with respect to the scattering of
polyethylene as a secondary standard material.

At HANARO, a monochromated cold neutron beam with an average neutron
wavelength 6.00 A was used to irradiate the samples and the scattered neutrons were
counted using a 2D area detector. Two SDDs, i.e., 2 and 17.5 m, were employed to cover
the g-range from 0.003 to 0.4 A™'. All measurements were performed at room temperature.
After necessary corrections for open beam scattering, transmission, and detector
inhomogeneities were performed, the corrected scattering intensity functions were
normalized to the absolute intensity scale. The incoherent scattering intensity subtraction

was conducted according to the procedure reported in the literature.’'

4-3. Results and discussion

4-3-1. Reverse micelle formation in alL/pIL mixtures

Figure 4-3 shows photographs of mixtures of water, [Cg oIm ][TFSA] (aIL), and
[CsImH J[TFSA ] (pIL) (a) with and (b) without AOT after rigorous stirring. The mixture
shown in fig. 4-3a contains 0.075 mol-dm> AOT and Cw = 0.83 mol-dm” (= 1.5 vol%)
water, whereas that in fig. 4-3b contains only Cyw = 0.83 mol-dm > water, where Cy is the
water concentration. The mole fraction of pIL, y,i, in the alL/pIL mixture was ypi. = 0.2,
and the water-to-AOT molar ratio was W, = 11. Figure 4-3a clearly shows that the mixed
alL/pIL solvent with AOT can solubilize relatively large amounts of water to give rise to
a transparent solution. In contrast, the water/IL mixture without AOT (Fig. 5-3b) formed a

turbid dispersion. As mentioned in the introduction, Goto et al. have reported
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Figure 4-3. Solubilization of water at room temperature in the IL mixtures of (a) [Cs
oIm J[TFSA] and [CsImH][TFSA ] with 0.075 mol-dm~> AOT and 0.83 mol-dm”
water and (b) [Cs mImJ[TFSA ] and [CsImHJ[TFSA ] with 0.83 mol-dm > water.

that water molecules stably exist as droplets in a ternary [Cg mIm J[TFSA ]/hexanol/AOT
system to form water-in-IL RMs, whereas a system without AOT undergoes phase
separation. Notably, the typical droplet size of the RMs reported by Goto et al. was ca.
100 nm. In comparison with their study, we deduced that water molecules exist as water
droplets also in the alL/pIL mixture that contains AOT but not an organic solvent (e.g.,

hexanol) and that the RMs are composed of a water core and an AOT shell.

4-3-2. Water concentration dependence

Figure 4-4 shows the autocorrelation functions, g(z)(r) — 1, obtained from DLS
measurements of the alL/pIL mixtures with various Cw values (0.75 < Cw < 1.0 mol-dm™
%) and fixed concentrations of AOT and pIL (Caor = 0.075 mol-dm and XoiL = 0.2). Note
that obtaining meaningful data at lower water concentrations (Cy < 0.6 mol-dm ) was not
possible because of excessively weak scattering. This weak scattering could be due to a
significant amount of water being dissolved in the bulk phase and a failure to form RMs,
as will be discussed later. As previously described, the anionic surfactant AOT was

required to form RMs in this system. As evident in fig. 4-4, a clear single relaxation
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Figure 4-4. Water concentration (Cw) dependence of the correlation functions observed
for aIL/pIL mixtures (alL: [CgmIm J[TFSA ] and pIL: [CsImH][TFSA]) with Caor =
0.075 mol-dm™ and ypi = 0.2 at 25 °C.*°

was observed in the correlation function of the alL/pIL mixtures containing AOT for all
the Cws examined here. With increasing Cw, the characteristic decay time appeared to
shift to larger 7 values, indicating that the RM size increased with increasing Cyw. By
applying cumulant analysis to the observed data, i.c., by plotting In[g”(7) — 1] vs. 7, as
shown in the inset of fig. 4-4, we estimated the hydrodynamic radius, Rys, of the RMs.
The Ry, value was estimated to be 131 nm in the solution with Cy = 0.75 mol-dm>, and
the value increased with increasing Cy to reach 195 nm at Cyw = 1.0 mol-dm™. These
results are consistent with previous studies of water-in-IL RM systems.’ Here, note that
[CsImH J[TFSA ] (pIL) is hydrophilic and is miscible with water, whereas [Cs
mIm'][TFSA] (aIL) is hydrophobic and is immiscible with water. Therefore, this DLS
result implies that the RMs formed in the alL/pIL mixture involve pIL cations (CsImH")
in their shell parts, as well as AOT, and that the RM size strongly depends on .
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Figure 4-5. SAXS (a) and SANS (b) profiles observed for the alL/pIL mixtures of
deuterated [da-Cs mIm [TFSAT] (aIL) and normal [CsImH J[TFSAT] (pIL) (i = 0.2)
with different water contents, Cys, at 25 °C. With the exception of the neat IL, AOT
(Caor = 0.075 mol-dm ) was also present in the mixtures. The dashed and solid curves
represent the fits with eqs. 4.4 and 4.1, respectively. The inset drawing schematically

shows the difference in the scattering contrasts between SAXS and SANS. **

Figures 4-5a and b show SAXS and SANS profiles, respectively, of mixtures with
different Cws together with those of neat IL (i.e., Cw = 0). In this study, SANS data was
obtained for the mixture of deuterated [Cg mIm J[TFSA ] (d20-[Cs mIm][TFSA]) and
normal [CsImH ][TFSA ] with fixed concentrations of AOT (Caor = 0.075 mol-dm™) at
various Cws. Note that the incoherent scattering arose mainly from pIL, AOT, and water,
and this scattering was subtracted by the method reported elsewhere and by numerical
estimation based on the chemical structures of the components.’’ The broad peak in the
high-g region (¢ = 0.31 A™") of the SAXS profiles is attributed to the liquid structure of
the ILs.”” A SANS curve of neat IL with AOT (neat IL + AOT) is included among the
SANS profiles. The results in figs 4-5a and b indicate the following: (1) Neat IL gives
similar SAXS and SANS profiles. (2) The addition of water leads to an increase in the
scattering intensity in the low-g regions (¢ < 0.02 A™") of both the SAXS and SANS
profiles. (3) A significant difference exists between the intermediate g regions (0.08 < g <
0.2 A™") of the SAXS and SANS patterns, and the SANS profiles exhibit a plateau. This
plateau appears after AOT is added. These results strongly suggest that the systems
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exhibit two kinds of scattering: one that originates from RMs and another that originates
from AOT molecules dispersed in the IL matrix, as shown in the inset illustration in fig.
4-5b. In the case of the SANS profiles, two scattering contrasts are observed: one between
water and the IL and the other between AOT and the IL. In contrast, the SAXS profiles
exhibit only single contrast between water and the IL because the electron density
difference between AOT and IL is negligible (paor = 1.0 % 10° Afz, p=1.1x 10° Afz).
Hence the SANS scattering intensity from water/AOT/IL systems is given by:

I(Q) = NIV12 (Apl )2 @’ (Q)+N2V§ (Apz )2 Fyor (Q) 4.1)

where N, and v; are the number density and volume of the water droplets, respectively, N,
and v, are the number density and volume of the AOT molecules, respectively, Ap; is the
neutron scattering length density difference between water and the deuterated IL, and Ap,
is that between AOT and the deuterated IL. ®*(g) and F(q) are the form factors of a

spherical object and an AOT molecule, respectively, and are given by:

3

®(q)= [sinRg - Rgcos Rq] 4.2)

(Rq)
F(q)= exp[—RgAOqu / 3] 4.3)

where R is the radius of the water droplet and R, ot is the radius of gyration of AOT. The

SAXS scattering intensity from the same system, in contrast, is given by
2
I(g)=Ny; (Ap,) @*(q) (4.4)

where Ap; is the electron density difference between water droplets and the IL (Ap; = 2.05
x 10° A the X-ray scattering length density difference between water and the IL).
Notably, no X-ray scattering contrast was observed between AOT and the IL because
their electron densities are very similar. The dashed and solid curve in fig. 4-5a show the
fits with eqgs. 4.4 and 4.1, respectively. As indicated by the fitting results, the calculated
SANS functions will reproduce the observed functions. Hence, the scattering systems are
schematically depicted by the illustrations in the insets, where the letter “v” denotes an
AOT molecule dispersed in the medium. The R, value obtained from SANS was
evaluated to be 0.85 nm, which is in a good agreement with the van der Waals size of

AOT.* Furthermore, the N, value was 2.55 x 10" cm >, which is consistent with
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calculated values (1.94 x 10" ¢cm™). With regard to the I(g) « ¢ ' relationship in the
high-g range above 0.1 A™', Mata et al.”® have reported similar behavior in a SANS study
of RMs formed in aqueous solutions. They pointed out that the I(q) « ¢ ' scattering
corresponds to a small rodlike component, i.e., monomer surfactant with no micelle
formation. In the case of the alL/pIL mixture system, AOT molecules may exist both at
the interface of the RMs and in the IL matrix as a molecular dispersion.

In contrast, the N, values obtained from the SAXS measurement (N, = 1.51 x 10'" cm™
at Cy = 0.45 mol-dm%) were much smaller than the calculated value (N, = 4.53 % 10"
cm ). These smaller N; values indicate that a significant amount of water molecules must
have been dissolved in the bulk IL. The N, values were reexamined to determine the
absolute intensities of SANS and SAXS and to determine the critical water concentration
below which water is completely dissolved in the bulk phase (Cw = 0.444 mol-dm™). In
the case of Cw > 0.45 mol-dm°, the excess water molecules, i.e., (Cw — CW*), form RMs
and induce scattering, which indicates that excess of water must be added to the system to

ensure the formation of stable RMs in the alL/pIL mixture.
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Figure 4-5. SAXS and HEXRD profiles observed for the alL/pIL mixtures ()i =
0.2) with different water contents, Cws, at 25 °C.
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Figures 4-5 show SAXS and HEXRD profiles of mixtures with different Cws together
with those of neat IL (i.e., Cw = 0). The HEXRD profiles in high-g region were
independent of water concentration, which indicates the solution structure did not change
by adding water. From model fitting results of SAXS profiles, a significant amount of
water molecules was dissolved in the bulk IL. However, compared with the bulk IL
volume fraction, the amount of dissolved water is too small (¢ = 0.008) to affect the
solution structure and the solution properties.

Figure 4-6 shows the variation of the radius of water droplets as a function of Cy, as
determined by SAXS (R) and DLS (Ry). For comparison of the radii with different
physical meanings, the relationship, Rn:R = 1:1 (for a hard sphere) was used. The RM
radius increases rather linearly with Cyw. This result is in good agreement with that
reported by Goto et al.’ and indicates that water-in-IL RMs are formed because of the

presence of AOT, even in the absence of an organic solvent.
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Figure 4-6. Cy dependence of the radius of RMs, R, in the Cg ,Im(alL)/CsImH (pIL)
systems with Caor = 0.075 mol-dm and Il = 0.2.%°
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4-3-3. Protic IL concentration dependence

In this section, the role of the pIL in RM formation is discussed. Figure 4-7 shows a
series of DLS correlation functions of water/AOT/IL mixtures, where the molar fraction
of pIL, xpi, was varied from 0.1 to 1.0. Interestingly, the correlation functions show a
single relaxation and the characteristic decay time shifts to longer times with increasing
xiL- The inset shows a semi-logarithmic plot for evaluating the characteristic decay rate
via the cumulant method.

Figure 4-8 shows the Ry, values observed for the alL/pIL mixtures in which the piL
alkyl chain lengths were n = 4 and 8. The dashed lines are guides for the eye. In the case
of the [Cg mIm'][TFSA J/[CsImH J[TFSA ] mixture system, i.e., the case where the
alkyl-chain lengths are the same for alL and plIL, the R; increases with increasing )pir.
When the pIL with » = 8 was replaced with a pIL with shorter alkyl group (n = 4), the Ry
also increased with increasing x,i.. However, the Ry, value was appreciably smaller for the

n =4 system compared to that for the n = 8 system in the high-y,i. region. Previous
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Figure 4-7. Correlation functions observed for water and alL/pIL mixtures (alL: [Cg

oIm J[TFSA ] and pIL: [CsImH J[TFSA]) with Caor = 0.075 mol-dm at various xpis
from 0.1 to 1.0.°
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studies’” have established that the imidazolium-based IL with n = 8 is highly efficient at
lowering surface tension because of its long hydrophobic alkyl chain in comparison with
that with n = 4. We thus expected that the IL cation (in this case, protic C,ImH") acts as a
cosurfactant for RM formation, which plays a key role in the formation of RMs. Therefore,

we used SANS to investigate the performance of IL cations as surfactants.
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Figure 4-8. pIL mole fraction dependence of the R, values in the Cg
mIm (alL)/CsImH"(pIL) and Cg nIm’(alL)/C4ImH (pIL) systems with Cpor = 0.075
mol-dm™ (gaor = 0.033) and Cw = 0.83 mol-dm>.*"

4-3-4. Aggregation behavior of [C,mIm*][Br ] in aqueous solutions

In this subsection, the aggregation behavior of IL cations in aqueous solution was
investigated. Figures 4-9a and b show SANS profiles obtained for aqueous [C4 nIm'][Cl
"] and [C4 nIm'][Br ] solutions, respectively, with various IL concentrations, Cip
(mmol-dm™). As evident in these figures, no noticeable SANS intensity was observed for
either system at any IL concentration, which indicates that neither IL forms aggregates
with a size scale of 10-1000 A, resulting in a homogeneous mixing state in the solutions.

Figure 4-10 shows SANS profiles for aqueous [Cs mIm'][Br] solutions at IL
concentrations (Ci.) of 47.0 to 973 mmol-dm>. No SANS profile was observed for
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Figure 4-9. SANS profiles for aqueous solutions of (a) [C4 mIm'][CI'] and (b) [C4

Im ][Br ] with various IL concentrations (C.).**

solutions with low Cis (47.0-90.0 mmol-dm™). However, the SANS profiles gradually
appeared with increasing Cy. In previous reports, CMC in the aqueous [Cg nIm ][Br ]
solution was estimated to be 150 mmol-dm>.>>*® Therefore, in the Cy_ region of 455-973
mmol-dm, [Cg nIm'][Br ] aggregates to form micelles, resulting in a significant SANS
profile. The SANS profiles for Cip = 455 and 972 mmol-dm™ (high concentrations)
showed scattering functions with I(¢) ~ ¢* and exhibited peaks at approximately 0.114
and 0.144 A", which means that [Cs mIm'][Br] micelles with a smooth surface are
formed in the aqueous solution and that the micelles electrostatically repel one another.

As has been well established, the peak position in SANS observed for micelle
solution systems corresponds to the distance between particles. The peaks at 0.114 and
0.144 A" thus correspond to the particle—particle distance in the charged IL-micelle
solution system, which is discussed in detail as follows. In the case of solution with Cyp =
230 mmol-dm™ (low concentration), the SANS profile did not exhibit any peak in the
low-g region and showed a scattering function with I(¢) ~ ¢ * in the high-¢ region, which
differs substantially from the results obtained for solutions with Cy = 455 and 972
mmol-dm. Almasy et al. reported the results of a SANS study of aqueous [C4 mIm"][BF,
] solutions and noted that the observed SANS profiles were well described by the
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Ornstein—Zernike equation with I(q) ~ ¢ °, indicating that the concentrations of [C4
oIm][BF4 ] in the aqueous media fluctuated and that micelles were not present.’’ [Cs
xIm"][Br ] is concluded to not form micelles having a clear surface at this concentration,
although Ci. (230 mmol-dm ™) is close to the CMC for this system. [Cg mIm'][Br ]
heterogeneously mixes with water in the solution at this low Cyr, leading to a scattering
function with /(¢) ~ ¢ in the high-¢ region because of concentration fluctuations. As the
Cr is increased further, a structural change occurs and an IL-micelle structure is then
formed in the solution. Therefore, an IL cation with n = 8 is concluded to serve as an

effective co-surfactant in RM systems.
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Figure 4-10. SANS profiles for aqueous solutions of [Cs nIm'][Br] with various IL

concentrations (Cy.s). **
4-3-5. Role of protic ionic liquids in reverse micelle formation

On the basis of these results, an RM formation mechanism in the alL/pIL mixture

system was proposed, which is illustrated in Figure 4-11. In the [Cg oIm'J[TFSA
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“J/[CsImH ][TFSA ] mixtures with AOT, water molecules are stably distributed in the
mixtures as water-in-IL RMs in addition to being dissolved into the bulk phase. The RM
size is determined by the alL/pIL mixing ratio in the medium, and it increases with
increasing xpi. [CsImH][TFSAT] (pIL) is a hydrophilic IL and is thus miscible with
water. In contrast, [CgmIm J[TFSA] (aIL) is a typical hydrophobic IL that is immiscible
with water and gives rise to phase separation. These behaviors imply that the polar
imidazolium head group of a pIL cation (CsImH") can interact with water molecules at the
IL-water droplet interface, whereas the nonpolar head of an alL cation (Cg,Im") cannot.
Therefore, the shell parts of RMs are conjectured to be composed of both AOT and
CsImH" cations and to be stabilized by two types of interactions: (1) water—
imidazolium-head-group interactions at the core—shell interface and (2) van der Waals
interactions between the alkyl chains of CsImH" and AOT. In contrast, the aIL cations (Cyg
»Im") may not contribute to RM formation in the aIL/pIL mixture system. Indeed, the RM
size becomes large, depending on the pIL concentration (see fig. 4-8). The same rule is
also applied to the [CgIm J[TFSA J/[C4mH ][TFSA ] system. However, the RM size in
the [C4JmH ][TFSA ] system is appreciably smaller than that in the [CsImH ][TFSA]

(a)
Increase
in pIL content
. water
water pool
pool
protic IL cation (CsimH*)  HEEA\/\/\/ AOT -
aprotic IL cation (CsmIm*) + counter cation (Na*) (]

Figure 4-11. Possible microemulsion formation model for an alL/pIL mixture system at

(a) low and (b) high pIL contents.
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system at high pIL mole fractions (as shown in fig. 4-8). This trend is explained by the
fact that the interaction between C4ImH" and AOT is weaker than that between CsImH"
and AOT because of a weaker van der Waals interaction between the shorter alkyl chain
of C4JJmH" and the longer chain of AOT. As a result, the number of C,mH" cations
constituting RMs is less than the corresponding number of CgImH" cations resulting in a
smaller RM size in the [C4ImH ][TFSA ] system.

Figure 4-12 shows the hydrodynamic radius (Ry) distribution of RMs in alL/pIL
mixtures prepared using AOT and a star-type trimeric surfactant (3CtrisQ). 3CiatrisQ
shows high hydrophobicity due to its three hydrocarbon chains, which leads to a
disadvantage in the application for water systems. On the other hand, 3C),trisQ cannot be
dissolved in non-polar organic solvent, due to its three hydrophilic head groups. Therefore,
in this chapter, 3Cj,trisQ was used for IL systems, the solubility of which can be
controlled by varying the alL / pIL ratio. The RM systems can also be prepared using
3CtrisQ, which indicates that the method of preparing RMs by using a pIL can be
applied to other surfactant systems. Furthermore, the size of RMs formed by 3Ci,trisQ
was larger than that of RMs formed by AOT, which is explained by the greater packing
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Figure 4-12. Dependence of the Rj values on the pIL mole fraction in the Cg
mIm(alL)/CsImH ' (pIL) systems with 3CiatrisQ (¢p = 0.033) and water (Cyw = 0.83

mol-dm ™).
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parameter of the star-type trimeric surfactant (Figure 4-13). The size of RMs could also
be controlled by changing the surfactant species, i.e., the packing parameter. The R} for
3Ci»trisQ systems was independent of ), in comparison with that for AOT systems. This
result could be explained by the fact that, in 3C,trisQ systems, it is difficult for the pIL
cation to penetrate the shell part of RMs due to the cation head groups of 3CtrisQ and
the volume exclusion originated from the star-shape structure of 3C,trisQ. These results

indicate that 3Ci,trisQ could disperse RMs more stably in the mixture solutions of ILs.

3C,,trisQ (Trimeric)

5
—N=

e

~ N+\/\N\/\ 2 3Br-

AOT (gemini)

Figure 4-13. Schematic of the packing shapes of 3C,trisQ and AOT.

4-4. Conclusions

Water-in-IL RMs were successfully prepared in the absence of an organic solvent.
The RMs were formed in a mixture of aprotic and protic imidazolium-based ILs
containing the anionic surfactant AOT. Structural investigations with DLS, SAXS, and
SANS revealed the following facts: (1) The size of RMs increases linearly with increasing

water content, i.e., Cw. (2) SANS is capable of distinguishing two types of scattering: one
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from RMs and another from AOT molecules dispersed in the alL/pIL mixtures. (3) The
size of RMs increases with increasing Xpir. (4) The alkyl-chain length of the pIL cation
also influences the RM size, especially at high y,is. On the basis of the aforementioned
results, the size of RMs formed in this system strongly depends on the pIL content in
alL/pIL mixtures. (5) RM systems were successfully prepared using a different surfactant,
star-type trimeric surfactant 3Ci,trisQ, indicating that this pIL method can be widely
applied to other surfactant systems. Furthermore The size of RMs formed by 3Ci,trisQ
was independent of ), in comparison with that for AOT systems, which indicates that
3CatrisQ could disperse RMs more stably in the mixture solutions of ILs. The results

obtained herein provide valuable insights into controlling the size of RMs in IL media.
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Chapter 5 Summary

In this thesis, the aggregation structures of trimeric surfactants were investigated
using scattering methods and these structures were compared with those of gemini or
monomeric surfactants. The trimeric surfactants exhibited unique aggregation behavior

because of their dense chemical structure.

In chapter 2, new, star-type trimeric surfactants with three quaternary ammonium
surfactants connected by spacer chains were investigated. These surfactants had three
hydrocarbon chains composed of 8, 10, 12, or 14 carbon atoms. The aggregation
behaviors of these tris(N-alkyl-N,N-dimethyl-2-ammoniumethyl)amine bromides
(3C,trisQ, where n is the number of carbon atoms in the alkyl chain) were investigated
using rheological, SANS, and cryoTEM techniques. The results indicated that 3CotrisQ
formed ellipsoidal micelles and underwent a sphere-to-rod transition with increasing
surfactant concentration. Furthermore, the aggregation structure of 3Cj4trisQ was
rodlike micelles and was independent of the surfactant concentration because of its high
packing parameter and high hydrophobicity. Furthermore, growth mechanisms of
wormlike micelles formed in an aqueous solution by the star-type trimeric surfactant
3CiatrisQ with a hydrocarbon chain length of 12 were investigated. The end-cap
energies of star-type trimeric, gemini, and monomeric surfactants were evaluated from
the ¢ dependence of the zero-shear viscosity. Wormlike micelles formed by 3CtrisQ

exhibited a higher end-cap energy than those formed by a gemini surfactant.

In chapter 3, the aggregation behavior of star-type trimeric surfactants (3C,trisQ) in
the presence of sodium salicylate (NaSal) was investigated. Using small-angle X-ray
scattering (SAXS) and rheological measurements, a structural phase diagram of
solutions of 3C,trisQ with various hydrocarbon chain lengths (n = 10, 12, 14) and
various NaSal concentrations (Cs) was constructed. NaSal was observed to induce a
structural transition of 3C,trisQ that significantly depended on the hydrocarbon chain

length. 3CotrisQ formed ellipsoidal micelles in solution, independent of Cs. In the case
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of 3Ci,trisQ solutions, the micellar structures changed from ellipsoidal micelles to
rodlike micelles with increasing Cs. In addition, at higher Cs levels, 3CtrisQ appeared
to form multilamellar vesicles in solution. 3Ci,trisQ solutions exhibited structural
transitions from ellipsoidal micelles, though rodlike or wormlike micelles, to vesicles as
the Cs was increased. Aggregate structures of 3CjstrisQ were rodlike or wormlike
micelles at lower Cs levels and unilamellar vesicles at higher concentrations,
respectively. 3CatrisQ also exhibited a structural transition from rodlike micelles to
vesicles with increasing Cs. The surfactant concentration (Cp) dependence of the
aggregation behavior of 3CtrisQ in a solution was also investigated. Even at higher Cp
levels, 3Ci,trisQ did not form vesicles in the solution. The structural transition of

3CatrisQ aggregates strongly depended on not only Cs but also Cp in solution.

In chapter 4, the formation of stable water-in-IL RMs in an organic-solvent-free
system, i.e., a mixture of aprotic (alL) and protic (pIL) imidazolium-based ILs
containing the gemini surfactant AOT was described. Structural investigations using
DLS, SAXS, and SANS were performed for RMs formed in mixtures of aprotic
1-octyl-3-methylimidazolium ([Cg ,Im']) and protic 1-alkylimidazolium ([C,ImH"], n =
4 or 8) ILs with a common anion, bis(trifluoromethanesulfonyl)amide ([TFSA']). The
RM structure was observed to strongly depend on the mixing composition of the
alL/pIL in the medium. The RM size appreciably increased with increasing pIL content
in both [Cg uIm ][TFSA J/[CsImH ][TFSA ] and [Cg Im ][TFSA J/[C4ImH ][TFSA ]
mixtures. The RM size was larger in the » = 8 system than in the n = 4 system. These
results indicated that the shell part of RMs is composed of both AOT and pIL cations
and that the RM size can be tuned via the pIL content in the alL/pIL mixtures.
Furthermore, RM systems were successfully prepared using a different surfactant,
star-type trimeric surfactant 3C,trisQ, indicating that this pIL method can be widely
applied to other surfactant systems. The results obtained here give valuable insights for

controlling the size of RMs in ionic liquid.
In conclusion, oligomeric surfactants are useful in various fields because of their

unique aggregation behavior. Furthermore, with increasing number of carbon chains,

they exhibit better performance as surfactants. In this thesis, the aggregation behavior of
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mainly trimeric surfactants was investigated because they exhibit various aggregation
structures as a consequence of their higher packing parameter that stems from their
multiple hydrocarbon chains. The applications to which specific surfactant aggregates
are best suited depend on the aggregates’ structures. Therefore, elucidating the
relationship between the aggregation structure and the chemical structure of surfactants
is an important research topic. The experimental results indicated that trimeric
surfactants form large aggregates at surfactant concentrations lower than those of
corresponding gemini and monomeric surfactants because of their unique packing
shapes and high hydrophobicities. From an environmental viewpoint, the unique
properties of trimeric surfactants are important for reducing the amounts of surfactants
used. However, surfactants that possess multiple alkyl carbon chains tend to exhibit
greater hydrophobicity. The selection of a surfactant suitable for a given application is
important. Trimeric or gemini surfactants are highly promising for use in various
applications. The results in this thesis will not only be useful in industrial and consumer
applications but will also provide important information for fundamental studies related

to oligomeric surfactants.
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