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Résumé : Les matériaux souples réactifs sont un sujet de recherche
actif depuis des décennies. Parmi les différents types de matériaux,
les systemes de micelles ressemblant a des vers photosensibles
construits par des tensioactifs avec une morphologie d'auto-
assemblage contrdlable et des propriétés rhéologiques réglables
ont attiré une large attention. De tels systemes d'auto-assemblage
photosensibles peuvent non seulement étre faciles a concevoir,
propres et sans pollution, mais il est également possible d'ajuster et
de contrdler avec précision le temps de réponse et la localisation
du stimulus. C'est pourquoi de tels systémes présentent des
perspectives d'application prometteuses dans la libération de
médicaments, l'industrie pétrochimique, la catalyse commutable, la
modification de surface, la bio-ingénierie, les matériaux
photosensibles intelligents et le domaine de I'optique. L'un de ces
systémes est composé de molécules photosensibles a base de
cinnamate et de tensioactifs Gemini. Il montre une riche zoologie
de morphologies d'auto-assemblage, y compris des micelles
sphériques, des micelles vermiformes, des vésicules, des cristaux
liquides, un systéme aqueux a deux phases, etc. Ces auto-
assemblages présentent tous un excellent comportement
photosensible. Cependant, en raison de I'échelle microscopique des
auto-assemblages, la question de savoir comment ils s'assemblent
et ce qui entraine le changement de morphologie sous irradiation
UV est encore ouverte. Les méthodes de simulation informatique a
I'échelle atomique et moléculaire suscitent notre intérét en raison
du succes de la modélisation du comportement d'auto-assemblage.
Avec I'amélioration rapide des performances des ordinateurs et les
progreés des méthodes théoriques, les méthodes de simulation et
de calcul sur ordinateur sont devenues une méthode indispensable
dans la recherche théorique. Dans cette thése, pour construire les
micelles wormlike photosensibles, les cinnamates, représentés par
I'o-méthoxycinnamate (OMCA), avec différents ortho-substituants
en position méta-, para ont été sélectionnés comme molécules

photosensiblesa introduire dans la solution de tensioactif Gemini.

Grace a des méthodes expérimentales telles que la rhéologie et la
cinétique de réaction, combinées a une simulation de dynamique
moléculaire (DM), des calculs quantitatifs, le processus de
transformation morphologique sous la lumiére UV, la cinétique de
réaction de photo-isomérisation, la différence de molécules
photosensibles et le mécanisme de transformation morphologique
de cette systéme font I'objet d'une enquéte approfondie.

La rhéologie des micelles vermiformes en fait un fluide modéle
intéressant pour I'amincissement par cisaillement. Le comportement
collectif des bulles dans les fluides fluidifiants par cisaillement est
courant dans les procédés industriels tels que le traitement des eaux
usées, l'extraction du pétrole et la flottation par mousse. En raison du
comportement rhéologique complexe des fluides viscoélastiques, les
recherches sur le comportement ascendant des bulles dans le fluide
sont rares. Nous avons étudié la montée de bulles dans un systéme
micellaire vermiforme classique (composé de CTAB/NaSal) dans des
liquides bulleux avec une fraction gazeuse de 5% a 30% et montrons
que la montée des suspensions concentrées de bulles dans les fluides
newtoniens est bien décrite en utilisant I'équation de Richardson-
Zaki. Cependant, pour les solutions d'amincissement par cisaillement,
la relation de Richardson-Zaki ne s'applique plus. Le regroupement
des bulles entraine des vitesses de montée plus rapides et une
dépendance plus faible de la fraction volumique des bulles. Nous
discutons de ces résultats en termes de processus de flottation, ou ils
peuvent aider a concevoir des expériences de flottation plus efficaces
pour les fluides fluidifiants par cisaillement.

Notre recherche aidera a comprendre l'influence de la structure des
molécules photosensibles sur le comportement photosensible des
micelles de type ver photosensibles ainsi que la montée des bulles
dans le fluide non newtonien, ce qui fournit en outre des orientations

théoriques pour les applications industrielles telles que fluide photo-

rhéologique, séparation gaz-liquide, flottation de mousse etc.




ECOLE DOCTORALE

®
universiteé Physique en

PARIS-SACLAY

I'lle-de-France (PIF)

Title: Experiments and simulations on wormlike micelles: photo-responsive behavior and applications

Keywords: photo-responsive wormlike micelle; molecular dynamics simulation; viscoelastic fluid; bubble rise

Abstract: Responsive soft materials have been an active research
topic for decades. Among the different types of materials photo-
responsive wormlike micelle systems constructed by surfactants
with controllable self-assembly morphology and adjustable
rheological properties have attracted widespread attention. Such
photo-responsive self-assembly systems can not only be easy to
design, clean and pollution-free, but it is also possible to precisely
adjust and control the response time and localization of the
stimulus. This is why such systems show promising application
prospects in drug release, petrochemical industry, switchable
catalysis, surface modification, bioengineering, smart
photosensitive materials and optics field. One such system is
composed of cinnamate-based photosensitive molecules and
Gemini surfactants. It shows a rich zoology of self-assembly
morphologies, including spherical micelles, wormlike micelles,
vesicles, liquid crystals, an aqueous two-phase system and so on.
These self-assembly structures all show excellent photo-responsive
behavior. However, owing to the microscopic scale of the self-
assemblies, the question of how they assemble and what drives the
morphology change under UV irradiation is still open.

With the rapid improvement of computer performance and the
progress of theoretical methods, computer simulation and
calculation methods have become an indispensable method in
theoretical research. In this thesis, to construct the photo-
responsive wormlike micelles, the cinnamates, represented by o-
methoxycinnamate (OMCA), with different ortho-substituents in
meta- or para-position were select as the photosensitive molecules

to introduce into Gemini surfactant solution.

Through experimental methods such as rheology and reaction
kinetics, combined with molecular dynamics (MD) simulation,
quantitative calculations, the morphological transformation process
under the UV light, photo-isomerization reaction kinetics, the
difference in photosensitive molecules and the mechanism of
morphology transformation of this system are comprehensively
investigated.

The rheology of wormlike micelles makes them an interesting shear
thinning model fluid. The collective behavior of bubbles in shear
thinning fluids is common in industrial processes such as sewage
treatment, oil extraction, and froth flotation. Because of the complex
rheological behavior of viscoelastic fluids, the research on the rising
behavior of bubbles in the fluid is scarce. We studied the rise of
bubbles in a classic wormlike micelle system (composed of
CTAB/NaSal) in bubbly liquids with a gas fraction of 5%-30% and
show that the rise of the concentrated suspensions of bubbles in the
Newtonian fluids is well described using the Richardson-Zaki
equation. However, for the shear thinning solutions, the Richardson-
Zaki relation no longer applies. Bubble clustering leads to faster rise
velocities and a weaker dependence on the bubble volume fraction.
We discuss these results in terms of the flotation process, where they
can help design more efficient flotation experiments for shear
thinning fluids.

Our research will help understanding of the influence of the structure
of photo-sensitive molecules on the photo-responsive behavior of
photo-responsive wormlike micelles as well as the bubbles rise in
non-Newtonian fluid, which further provides theoretical guidance for
industrial applications such as photo-rheological fluid, gas-liquid

separation, foam flotation, etc.
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Chapter 1 Introduction

1.1 The self-assemblies of surfactants

Surfactants are amphiphilic molecules composed of a hydrophilic head group and a
hydrophobic tail chain. The hydrophilic head group is usually a polar group, and the
hydrophobic tail chain is usually a non-polar hydrophobic hydrocarbon chain. They can be
orientated and arranged at interfaces, reducing surface tension.

Surfactants adsorb at air/liquid interfaces. At low concentrations, surfactants exist as
monomers in aqueous solution. When the concentration increases to a certain concentration,
the surfactant molecules will start to self-assemble into various aggregates in solution. This
critical concentration is called CMC (critical micelle concentration). There are many types of
surfactant self-assembly. As shown in Fig. 1.1, common ones include spherical micelles,
wormlike micelles, vesicles and so on.

* %%
Ll * @

o *®

Monomers Spherical micelle Wormlike micelle Rod-like micelle

P-t:‘-'-‘t y""'y

=% O

Vesicle Lamellar phase Hexagonal phase Reversed micelle

Fig. 1.1 The morphologies of the self-assembly formed by surfactant

1.1.1 Critical packing parameter of surfactants

The molecular structure of surfactants and solvent environment have a significant effect
on the shape and size of micelles. According to the concept of critical packing parameter
proposed by Israelachivili !, the geometric shape of the aggregate can be predicted by the
formula: P = v/aol, where v is the volume of the hydrophobic chain of the surfactant; | is the
maximum effective length of the hydrophobic chain, and ao is the effective area of the
hydrophilic head group in the cross section. P characterizes the molecular interface packing
parameter, and different packing patterns present different aggregate morphologies. As shown
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in Fig. 1.2, when P < 1/3, the morphology of surfactant is expected to self-assemble into
spherical micelles; when 1/3 <P < 1/2, it is rod-like or wormlike micelles; when 1/2 < P <1,
the aggregates are tubular or vesicles; when P = 1, they usually form lamellar structures.
However, P is also affected by the external environment, such as surfactant concentration,
temperature, pH, and ionic strength as this changes the interactions between the surfactants.

&5
10'-10% nm

7
...................... 10%10"nm _:  10%10'nm: 10'-10°nm : 10%10%nm_
p = v/aol p<1/3 1/3<p<1/2i 1/2<p<1:
aggregates sphere worm : vesicle

Fig. 1.2 Relationship between the critical packing parameter P and the morphology of self-assemblies

predicted by Israelachivili [

1.1.2 Spherical micelles

Spherical micelles are the most common type of micelle structure. For most surfactants,
when the concentration is above CMC, the surfactant will self-assemble to form spherical
micelles in the aqueous solution. In the process of self-assembly, a permanently charged
surfactant (positively or negatively) in an aqueous solution faces at least two opposite forces:
(1) the associative force due to the hydrophobic effect; (2) The repulsive force due to the same
charge of the polar head group . The interaction between surfactant molecules allows them to
spontaneously form micelles in aqueous solution.

1.1.3 Rod-like or wormlike micelles

After increasing the surfactant concentration or adding other additives to the surfactant
system, due to the adjustment of the molecular arrangement, the morphology of the aggregates
will change from small spherical micelles to larger micelles accordingly. In most cases,
spherical micelles grow in one-dimension, forming cylindrical or rod-like micelles. As the
concentration of surfactants or the amount of added additives continues to increase, short rod-
like micelles will grow in length to form elongated wormlike micelles (WLMs) I,



1.1.4 Vesicle

In water, surfactants with lower spontaneous curvate arrange in bilayers, formed of two
layers of surfactants with hydrophobic groups facing inwards and hydrophilic groups facing
outwards. When the bilayer is closed on itself, vesicles are formed. The structure of vesicles is
similar to the structure of primitive biological cells and their size distribution is usually from
50nm to 200nm. Vesicles are of great significance in many fields, such as controlled drug
release, bioseparation, and sensor [®1. The existence of surfactant vesicles greatly facilitates the
study of bilayers, and play a significant role in the study of simulating biofilms and expanding
the application of surfactants in biomedicine.

1.1.5 Other self-assemblies

In addition to spherical micelles, wormlike micelles and vesicles, Surfactants can
aggregate into a whole variety of structures such as a gels ['], lyotropic liquid crystalline phases
(89 and aqueous multi-phase systems which are organized at macroscopic length-scales [10-131,
These surfactant self-assembly strucutres have a wide range of applications in gene therapy,
drug carriers, chemical reactions, daily chemicals, nanomaterials, etc.

1.2 Rheological properties of surfactant solutions

Surfactant solutions exhibit complex rheological behavior. The rheological properties of
surfactant solutions depend on the self-assembly structures formed, which in turn is affected by
the concentrations of the surfactant and counter ion, temperature, and the presence of added
salts. Understanding the relationships between the self-assembly morphology and rheological
behavior of surfactant solution are of great importance to numerous applications.

1.2.1 Spherical and short rod-like micelles

Spherical micelles at low concentrations are Newtonian fluids at a low shear rates. At high
shear rates, the solution exhibits shear thickening behavior due to the shear-induced structures
(141 With the increase of surfactant concentration, the spherical micelles grow in one direction
and become short rod-like micelles. The solution still maintains the same properties as the
spherical micelles except for an increased viscosity.

1.2.2 Wormlike micelles

When the concentration of surfactant exceeds the critical overlapping concentration of
wormlike micelles (C*), the wormlike micelles begin to entangle with each other to form a
dynamically reversible three-dimensional network structure. This structure remains in a

dynamic equilibrium and can be continuously broken and reorganized, endowing the system
7



with significant viscoelasticity, similar to "living" polymers 1. At low shear rate, the three-
dimensional network structure of wormlike micelles is stable and the viscosity of them is
considerable and nearly unchanged with the increase of the shear rate. The wormlike micelles
undergo a shear-induced transition from a state of entangled, weakly oriented micelles to a state
of highly aligned micelles above a certain critical shear rate after which shear thinning behavior
is observed 61, Once the degree of cross-linking and branching of the wormlike micelles is
high enough, an elastic gel is formed. For the gel structure formed by surfactants, the shear
thinning behavior also occurs due to the breakage of the network structure 71,

The widely accepted model used to describe the viscoelastic behavior of wormlike
micelles was proposed by Cates and his colleagues [*8l. This model is mainly composed of two
characteristic relaxation times: one is the breaking time z, which is used to characterize the
time for the micelle to break into two parts; the other is the reptation time zrep, Which is to
characterize the micelle destruction and reptation time. The dynamic viscoelastic behavior of
wormlike micelles attracts interest for both basic research and technical applications. When z, >>
Trep, the dissociation and repacking of micelles is a slow process. At this time, the dominant
stress relaxation mechanism is reptation. The wormlike micelles behave similarly to
polydisperse, non-fractured polymers and have a certain non-exponential relaxation time zr =
trep. When zrep >> 7, the micelles are in a process of continuously rapid fracture and
reorganization. The wormlike micelles formed by surfactants usually have this characteristic
behavior which follows the Maxwell model [*°1. The long-term behavior of stress relaxation can
be described by a single exponential decay, and the corresponding relaxation time calculation
formula is

R™ (Treprb) " (1' 1)

This single exponential viscoelastic system has simple linear rheological behavior. For this
Maxwell-compliant fluid, its viscoelasticity can be characterized by the following formula [2°!:

, wlea?
G (@)=Go7rri (1-2)
G (@) =Gy (1-8)

Go is the elastic plateau modulus obtained by the extrapolation method; z is the relaxation
time; G' is the elastic modulus; G" is the viscous modulus; when G" > G', the system mainly
shows viscosity. When G' > G", the system mainly shows elasticity.

The Cole-Cole rule 21 js an effective method to check whether a fluid conforms to the
Maxwell fluid model. The corresponding formula is as follows:

" / 2 2
G G- =(%) (1-4)
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For fluids conforming to the Maxwell model, the G'-G" curve should be a semicircle, and
the diameter of the semicircle should be Go. However, due to the Rouse relaxation modes, the
sample curve may deviate from the standard semicircular curve at high frequency.

Obviously, the viscoelastic behavior of the wormlike micelles can be studied by
rheological methods. The characteristic parameters of the wormlike micelles can be estimated
and characterized by the rheological properties of the system. The wormlike micelles formed
by surfactants have been widely used in the industry due to their dynamic viscoelasticity. For
example, in the process of oil recovery, the traditional polymer drilling mud will leave many
holes of uneven size in the wellbore after the drilling process, reducing the efficiency of oil
recovery. However, the surfactant-type drilling mud can be completely restored after the
drilling process and it does not cause any damage to the system [?21. Therefore, more in-depth
research on wormlike emicelles can help them better apply in various fields.

1.2.3  Other self-assembly structures

For the self-assembled vesicle structure of surfactant, when the vesicle concentration is
low, the vesicle is a double-layer structure and the solution exhibits a Newtonian fluid behavior
231 When the vesicle concentration is high enough, multilamellar vesicles were formed. The
viscosity of the solution increases and the solution shows a shear thinning behavor without the
zero-shear viscosity 241,

1.3 Gemini surfactant

Oligomeric surfactants are a type of surfactant developed in recent years. Such molecules
are composed of two or more amphiphilic chains, and the amphiphilic chains are connected
together by linking groups. Gemini surfactants are typical oligomeric surfactants, consisting of
two hydrophobic tails and two hydrophilic head groups connected by a spacer. Bunton et al.
first reported the synthesis of this type of a surfactant, which was named "Gemini" by Menger
and Littau 2. Compared with traditional single-chain surfactants, Gemini surfactants have the
advantages of extremely low critical micelle concentration (CMC), low interfacial tension,
good solubilization ability and strong self-assembly ability and richer aggregate morphologies,
etc. Because of these unique properties, Gemini surfactants are considered to be the "next

generation" high-quality surfactants and are widely used in various research fields [26-281,

1.3.1 The structure of Gemini surfactant

Gemini surfactants are composed of two hydrophobic tails, two hydrophilic head groups,
and a spacer group which links the two head groups, as shown in Fig. 1.3. The molecular
structure of most Gemini surfactants is symmetric: two identical polar head groups and two
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hydrophobic tail chains with the same chain length. However, there are also some studies on
the synthesis and self-assembly behavior of asymmetric Gemini surfactants [2°-321,

Gemini surfactants can be divided into different subcategories according to the length and
composition of the hydrophobic chain, the flexibility (rigid/flexible) and structure (length and
polarity) of the spacer group, and the chemical structure of the polar head group
(cationic/anionic/nonionic). The hydrophobic tails of Gemini surfactants are usually composed
of alkyl chains with adjustable length. The types of polar head groups and spacer groups are
also rich. The polar ion head groups can be cationic quaternary ammonium salts, amine ions or
anionic phosphoric acid groups, sulfate ester groups, carboxylic acid groups, and sulfonic acid
groups. The polar nonionic head group can be polyether or sugar. The spacer group can be a
rigid chain (short chain composed of methylene, stilbene, etc.) or a flexible chain (long
hydrocarbon chain), and it can also be a polar group (polyether) or non-polar group (aliphatic,
aromatic, etc.). By changing the structure or length of the hydrophobic tail chains, polar head
groups and the spacer group, we can adjust the hydrophilicity, the charge and other properties
of Gemini surfactants, thereby enabling Gemini surfactants to have a rich variety, unique
physical and chemical properties and adaption to a variety of specific applications [?8],

Hydrophobic tail Hydrophilic head
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Fig. 1.3 Schematic structure of Gemini surfactant

1.3.2 Classification of Gemini surfactants

Gemini surfactants are classified according to their charge in aqueous solution. They can
be classified into four types: cationic, anionic, zwitterionic and nonionic Gemini surfactants.
Among them, cationic surfactants play an important role in the field of self-assembly and
quaternary ammonium salt Gemini surfactants are main cationic surfactants. This Gemini
surfactant has a simple structure which is easy to synthesize and has excellent performance.
And because of the special structure of its head group, it presents many unique properties, such
as sterilization, anti-corrosion, antistatic, etc., which cannot be replaced by other types of
Gemini surfactants. Quaternary ammonium salt cationic Gemini surfactants are composed of a
quaternary ammonium salt ion head group and a linear hydrocarbon tail chain, which can be
expressed as m-s-m, where m and s respectively represent the number of carbon atoms in the

10



alkyl tail chain and the number of carbon atoms of the spacer. Their molecular structure is
shown in Fig. 1.4. Quaternary ammonium salt cationic Gemini surfactants have greater
flexibility than the corresponding single-chain surfactants. For example, the quaternary
ammonium Gemini surfactant C12-s-C12:2Br (s = 2, 4, 6...20), as the methylene chain(s) grows,
aggregates with different morphologies such as wormlike micelles, spherical micelles and
vesicles can appear in the solution 3. Zana’s group has carried out a lot of research work on
the synthesis and properties of quaternary ammonium cationic Gemini surfactants, which has
promoted the development of Gemini surfactants 34,

H3C\ /CH3 H3C\ /CH3

Br T*—(CHz)x Z (CHy), N* Br
R1

R]: :CmH2m+1 Z:CH2 X+y+1:S

Fig. 1.4 Schematic structure of quaternary ammonium cationic Gemini surfactants m-s-m 34

1.3.3 Properties of Gemini surfactants

Traditional surfactants have to maintain a certain distance between the molecules due to
the electrostatic repulsion between their polar head groups. For Gemini surfactants, two polar
head groups are connected by chemical bonds, thereby the two head groups are very tightly
connected together. On the one hand, this connection greatly weakens the electrostatic repulsion
between the two polar head groups. On the other hand, due to the proximity of the two alkyl
chains, a strong interaction is generated between the hydrophobic tails, thereby greatly
enhancing the hydrophobic binding force, which promotes the adsorption on the interface and
the self-polymerization in the solution. Therefore, Gemini surfactants have many advantages
over traditional surfactants [27-28 341,
1.3.3.1 Excellent interfacial activity

Owing to the existence of the spacer group, Gemini surfactants can overcome the
separation tendency of traditional surfactants due to the electrostatic repulsion between polar
ion head groups. The CMC of Gemini surfactants is usually one to two orders of magnitude
lower than the corresponding single-chain surfactants. In addition, there are more efficient in
reducing the surface tension at gas/water and oil/water interfaces than traditional single-chain
surfactants [35-31,
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1.3.3.2 Stronger self-assembly ability and richer aggregation behavior

Compared with traditional surfactants, Gemini surfactants have a stronger tendency to
aggregate and more readily form self-assemblies with low curvature in solution. In addition,
Gemini surfactants have a rich aggregation morphology due to the packing pattern affected by
their special molecular structure. The micelles in some Gemini surfactant solutions even self-
assemble into unusual shapes, such as hollow cylinders (tube), ring, disk etc. B7-%l. The
aggregate morphology of Gemini surfactant micelles depends not only on the molecular
structure of the surfactant, but as all surfactants, also on external conditions, including the
concentration of the solution, temperature, ionic strength, etc.

Chen B9 observed the microstructure of the aggregates of Gemini surfactant m-3-m (m =
16, 18) at different temperatures using a transmission electron microscope, and found that the
aggregation morphology of 18-3-18 in aqueous solution changes from spherical micelles to rod-
like micelles and to wormlike micelles with the increase of temperature. The micelle
morphology can be restored to the original structure when the temperature is lowered. However,
traditional surfactants hardly exhibit such complex microstructure changes with temperature
changes.
1.3.3.3 Rheological properties

The aggregate structure of surfactant molecules in aqueous solution has a direct impact on
the rheological properties of the system. The self-assembly of Gemini surfactant is special and
arrives at lower concentrations, therefore the rheology follows. Compared with traditional
surfactants, Gemini surfactants have higher viscosity when the concentration is lower, and the
viscosity and concentration are positively correlated within a certain concentration range. Zana
4% studied the rheological properties of Gemini surfactant 12-s-12 (s = 2, 3, 4) and found that
when the concentration of the 12-2-12 solution exceeds 2%, an entangled wormlike micelles
form is produced. The solution exhibits viscoelasticity, endowing the surfactant solution
rheological properties similar to the polymer solution. However, compared with polymer
solutions, the wormlike micelles formed by surfactant molecules are in a dynamic equilibrium
process, so they have better shear resistance. In addition, due to their special structure, the
position and properties of the spacer group of Gemini surfactants is easy to adjust, so as to
control the micelle type and the rheological properties of the system.
1.3.3.5 Other advantages

In addition, compared with single chain surfactants, Gemini surfactants also have better
synergistic effect, water solubility and wettability, foaming ability, more complex phase
behavior with polymers and other surfactants, stronger solubilization and emulsification
capabilities, and lower Krafft points. These excellent properties of Gemini surfactants make it
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have broad application prospects in the fields of chemical flooding, skin care, material synthesis,
biomedicine, etc (411,

1.4 Responsive self-assembly system constructed by surfactants

In the previous sections we saw that surfactants can self-assemble in aqueous solutions to
form a wide variety of ordered aggregates. In some fields such as, material synthesis from
surfactant templates, drug delivery and release systems in pharmaceutics, and gene transfer in
biological sciences, the conversion of aggregates between different structures would be
interesting 12, For example, when a vesicle formed by surfactants is used as a drug delivery
carrier, in order to improve the release efficiency of the drug at the target site the structure and
morphology of the vesicle needs to be adjusted appropriately 3. Small changes in external
environmental conditions (such as pH, CO., temperature, light, electric field and magnetic field,
etc.) can stimulate changes in the molecular structure of the surfactant system, thereby affecting
the interfacial properties of the system and the structure of the self-assembled aggregates.
Stimulation can also be used to make the system transition between different microstructures
Such changes are accompanied by changes in the physical and chemical properties of the system
on the macro scale, such as viscosity [“4l. The research and application of stimulus-responsive
materials constructed by surfactants has become a topic of increasing interest to scientists [“*
47].

These stimuli can be divided into physical and chemical, as shown in Fig. 1.5. Chemical
stimuli require that the responders are directly added to the system to adjust the interaction
between the surfactant and the solvent molecules on the molecular scale, including redox, pH
and COz2 response. The physical signal response is to adjust the self-assembly morphology of
the system from outside the system by changing the kinetics and thermodynamics of the system
or the interaction between molecules at specific positions, by using physical signals such as
temperature, light, and electromagnetic fields “8%°1. Therefore, we can control and adjust
physical and chemical properties by changing the environmental conditions in the responsive
self-assembly system (pH value, ionic strength, etc.) or applying external stimuli (temperature,
light, magnetic field, electric field, etc.), so as to expand application of this system in the
functional material preparation, printing and dyeing, catalysis, biomedicine, micro-control

sensing 0521,
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Fig. 1.5 Responsive self-assembly system constructed by surfactants

There are two main ways for surfactants to participate in the construction of intelligent
responsive self-assembly systems: one is to introduce stimulus-responsive functional groups
into the molecular structure of surfactants, that is, to synthesize new functional surfactants; the
other is to introduce environmentally responsive components into the surfactant system, and
construct an environmentally responsive system by the synergistic effect between the
responsive components and surfactant molecules. The pros and consof the former are obvious.
The system contains only one single component and no other additives are needed. The
operation is simple and convenient. However, such surfactants often require complex synthesis,
which is time-consuming and labor-intensive, and cannot effectively form ordered aggregates.
Surfactants in the latter type of system are easy to synthesize and inexpensive. Based on the
non-covalent interactions between surfactants and the response molecules, including van der
Waals forces, hydrogen bonds, hydrophobic/hydrophilic interactions, electrostatic forces, n-n
stacking and metal-ligand coordination complexes, the self-assembly in such system is easy to
adjust and control 3% In this dissertation, we are interested in the stimulus responsive system
constructed through the synergy between surfactants and additives, which is why 1 will
concentrate on describing such systems in the following.

1.4.1 Chemical signal responsive self-assembly system

Chemical signal responsive self-assembly refers to the surfactant self-assembly systems
that respond to changes in chemical components or chemical properties of the system through
adding extra substance into the system. The stimulus depends on a certain chemical reaction,
and the responsive behavior of the system is adjusted by controlling the direction and degree of
the reaction. Common chemical signal responsive self-assembly system includes the pH-

responsive, CO.-responsive, redox-responsive self-assembly and so on.

14



1.4.1.1 pH-responsive

pH-responsive self-assembly refers to adjusting the morphology and physicochemical
properties of aggregates in the system by changing the pH value in the solution. Surfactant
molecules in such systems or their additives contain pH-responsive groups (such as -COOH, -
NH:, -ArOH, -OPOzH>, and -POsHy, etc.). They can change the molecular structure and the
driving force for the formation of aggregates by interacting with H* or OH" and further affect
the physical and chemical properties of the solution on the macroscopic level 561,

A pH responsive system can be constructed by adding pH-sensitive molecules to the
surfactant system. As shown in Fig. 1.6, Feng’s research group 71 prepared a pH-responsive
wormlike micelle system by simply mixing the amphiphilic molecule N-erucamidopropyl-N,
N-dimethylamine with the pH-responsive molecule maleic acid (UC22AMPM). It was found
that when the pH of the system increased from 6.20 to 7.29, the zero-shear viscosity of the
wormlike micelles decreased by five orders of magnitude.
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Fig. 1.6 pH-responsive self-assemblies constructed by surfactants [57]

1.4.1.2 CO,-responsive

Another chemical stimulus is CO., which has excellent biocompatibility and
reproducibility, and does not contaminate products. When the absorbed CO: is replaced by an
inert gas, there is also no accumulation in the system. The CO2 response shows more advantages
than the pH response 8. For mixed systems, the additives or surfactants containing tertiary
amine groups are usually used to construct a CO2-responsive self-assembly system. Feng
developed a CO.-responsive wormlike micelle system based on the anionic surfactant sodium
dodecyl sulfate (SDS) and N, N, N', N'-tetramethyl-1,3-propanediamine (TMPDA) in a ratio of
2:1. As shown in Fig. 1.7, when COz is introduced into the mixed solution, the TMPDA
molecule is protonated into a quaternary ammonium salt. Every two SDS molecules and a
protonated TMPDA molecule are bridged together by non-covalent electrostatic attraction,
forming a "pseudo” Gemini surfactant. At this time, a wormlike micelle with viscoelasticity is
constructed in the system. After N2 is introduced into the system to remove CO», the quaternized
molecules are deprotonated into tertiary amines, which destroys the bridge of "pseudo” Gemini
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surfactant. They return to the traditional SDS molecules and reassemble into low-viscosity
spherical micelles. This reversible spherical-wormlike micelle conversion can still have good
CO2 responsiveness after several repeated cycles.
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Fig. 1.7 CO2-responsive self-assemblies constructed by surfactants [5°

1.4.1.1 Redox-responsive

In the physiological environment redox processes are widespread, which is why the redox
self-assembly system has important research value. Usually, self-assembled systems with redox
response contain ferrocene, sulfur atoms and other groups in their surfactants or additives. By
controlling and changing the molecular redox state, the microstructure of the self-assembled
body and the macroscopic properties of the system can be adjusted. Abe’s group % developed
a redox fluid based on cationic ferrocene-based surfactant (11-ferrocenylundecyl)
trimethylammonium bromide (FTMA) and sodium salicylate (NaSal). As shown in Fig. 1.8,
initially, FTMA and NaSal self-assemble to form wormlike micelles. The redox active
ferrocene group at the end of alkyl tail chain of FTMA can control of its chemical structure by
switching between the reduced and oxidized states: the reduced ferrocene group is hydrophobic,
and the oxidized ferricinium cation is hydrophilic. Therefore, the wormlike micelles are
transformed into rod-like micelles after oxidization, resulting in a sharp decrease in the viscosity
of the system and the loss of elasticity. Based on the control of the hydrophilic-lipophilic
balance of FTMA through redox stimulation, a smart material that can switch between
wormlike micelles and short rod-like micelles can be constructed.
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Fig. 1.8 Redox-responsive self-assemblies constructed by surfactants (6%
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1.4.2 Physical signal responsive self-assembly system

Physical stimuli can be simple, convenient, environmentally friendly and effective
methods to regulate the formation and performance of aggregates. We start with a short section
on temperature-responsive systems, before describing photo-responsive systems in more detail.
1.4.2.1 Temperature-responsive

The most widely used temperature-responsive surfactant system is that of temperature-
responsive fluids, i.e., systems whose flow properties change with temperature. People divide
the fluids formed into two types: thermal thinning (the viscosity of the system decreases with
temperature) and thermal thickening (the viscosity of the system increases with temperature).
Following the Arrhenius law, the length of the micelle decays exponentially with the increase
of temperature, which leads to an exponential drop in the zero-shear viscosity of the system.
Since the thermal thinning of wormlike micelles is a very common phenomenon, surfactant
self-assemblies with thermal thickening have been the focus of many researchers 1, The
thermal thickening behavior is mainly caused by the transformation of low-viscosity spherical
micelles or vesicles into wormlike micelles with high viscosity, and the transformation of
viscoelastic wormlike micelles into elastic gels. Raghavan [62-%3] developed a thermal thickening
micelle system (Fig. 1.9) by simply mixing cetyl trimethylammonium bromide (CTAB) and 5-
methyl salicylic acid (5MS). As the temperature increases, the self-assembly system transforms
from vesicles to wormlike micelles, and the zero-shear viscosity increases by more than 1000
times. When they are heated, some anions at the aggregate/water interface are transferred to the
bulk phase because heating hinders the weak physical adsorption. This desorption changes the
geometry of the molecules, thereby reducing the interfacial curvature of the aggregates,
resulting in a transformation of the aggregate structure.

excess 5mS molecules
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e e
<

increase [SmS)
or decrease T

Unilamellar Vesicles Wormlike Micelles

Fig. 1.9 Temperature-responsive self-assemblies constructed by surfactants [63]
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1.4.2.2 Photo-responsive self-assembly system

Photo-responsive self-assembly of surfactants requires that a component involved in the
self-assembly will undergo photo-isomerization, photo-polymerization, or photo-degradation
under stimulation of a specific wavelength of light, which causes a change of the structure or
polarity of the photo-sensitive group. This change will affect the interaction between molecules,
which will regulate their self-assembly behavior (the microstructure of the self-assembly, the
phase behavior and rheology of the macroscopic system) 641,

Compared to the stimuli introduced in the previous section, photo stimulus has many
advantages. First, light is a non-invasive trigger which avoids direct contact with the sample,
thereby avoiding changes in system components and in temperature. Second, light provides a
wide range of adjustable parameters (such as wavelength, intensity, and duration) to manipulate
the self-assembly behavior of the photo-responsive system. Third, compared with redox
reagents, pH changes, salinity, etc., light is a mild, inexpensive and easily available energy
source. Compared with electricity and ultrasound, light can be finely positioned in time and
space. This is especially valuable in nanoscience and nanotechnology: such as sensor systems,
nano-electronics, microfluidics, information storage and MEMS devices ®°l. In Fig.1.10,
common photo-responsive additives are shown, these include azobenzene molecules, cinnamic
acid molecules, and spiropyran molecules. They all have in common, that under irradiation of
ultraviolet light, they absorb the energy of the excited photon, and then undergo electronic
transitions and the transformation of molecular structure. These changes affect the packing
pattern of the surfactant molecules in the aggregates, thereby regulating the self-assembly
behavior of the system. In the next section the different types of systems will be described in

more detail.
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Fig. 1.10 Common photo-sensitive molecules (a) Azobenzene (b) Spiropyran (c) Cinnamic acid [°]
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Photo-responsive self-assemblies constructed by azobenzene

The azophenyl group is one of the typical photo-induced isomerization groups. The trans
to cis isomerization of the azophenyl group in ultraviolet-visible light can be repeated many
times without decomposition 1. As shown in Figure 1.11, Raghavan [%8 used 4-azobenzene
carboxylic acid (ACA) and a cationic surfactant bis(2-hydroxyethyl)methyl ammonium
chloride (EHAC) to prepare a new type of photo-responsive fluid. It was found that initially
ACA and EHAC self-assembled to form unilamellar vesicles. These vesicles are well dispersed
in the solution, so the sample has a lower viscosity. After being exposed to ultraviolet light, the
vesicles transform into wormlike micelles. The flexible chains of long wormlike micelles
entangle with each other in the aqueous solution, so the sample exhibits an extremely high
viscosity, which is nearly 1 million times higher than that of the vesicle solution. The self-
assembly constructed by the azobenzene molecules can be switched back and forth between
ultraviolet light and visible light, so that the sample can reversibly cycle between the low-
viscosity state and the high-viscosity state.
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Fig. 1.11 Photo-responsive behavior of the EHAC-ACA system [¢8]

Besides the photo-thickening behavior, a large number of photo-thinning fluids that
transform from relatively viscous wormlike micelles into aggregates with relatively low
viscosity after exposure to ultraviolet light have also been reported. Huang's group [
established a photo-controllable and adjustable polymorphic multi-scale binary self-assembly
system by adding azobenzene sodium (AzoNa) to the traditional surfactant CTAB (Fig. 1.12).
With the extension of ultraviolet light irradiation time, the isomerization state of azobenzene
can regulate the self-assembly from long flexible wormlike micelles to vesicles, lamellae, rod-
like micelles and small spherical micelles. Therefore, the properties of the solution change
significantly on a macroscopic scale. The photo-induced changes in the dipole moment and

19



geometric configuration of the azophenyl cause the transition of the self-assembly in multi-state
multi-scale. This kind of photo-regulated multi-state and multi-scale self-assembly system
expands the industrial applications of photo-responsive self-assembly system, such as
molecular devices, logic gates and sensors.
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Fig. 1.12 Photo-responsive behavior of the AzoNa/CTAB system [¢°]

Photo-responsive self-assemblies constructed by spiropyran

Spiropyran (SP) is a well-known photochromic compound that can undergo photo-
isomerization between the colorless SP form and the open merocyanine (MC) under different
wavelengths of light irradiation. The closed SP is a non-ionic hydrophobic molecule, while the
open MC form is an ionic hydrophilic molecule. The different properties before and after the
light cause the difference in the interaction between the surfactant molecules and two photo-
isomers "1, In Fig. 1.13, Raghavan [ incorporated the SP into lecithin/sodium deoxycholate
(SDC) reverse micelles to obtain a photo-responsive rheological fluid. Under ultraviolet light,
SP is isomerized to MC, reducing the fluid viscosity by 10 times. Furthermore, Sakai [*! studied
the adsorption behavior of spiropyran-modified cationic surfactants on the silica/water solution
interface and the photo-responsive properties of the assembled molecules on the interface after
adsorption. Hanley "4l synthesized a series of surfactants with SP as the head group, and
discussed the influence of the length of the hydrophobic tail chain on its physical and chemical
properties and the behavior of the liquid crystal matrix, which paves the way for a stimulus
response element for ultraviolet light.
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Fig. 1.13 Photo-responsive behavior of photorheological fluids constructed by the lecithin/SDC reverse

micelles and SP ['2]

Photo-responsive self-assemblies constructed by cinnamic acid

Cinnamic acid molecules are also a common photo-responsive additive. In the absence of
ultraviolet light irradiation, the cinnamic acid group exists stably in trans structure. When the
cinnamic acid group is irradiated with ultraviolet light (wavelength around 365nm), the
cinnamic acid is isomerized from the trans structure to the cis structure. This structure change
can lead to an increase or decrease in solubility, as will be discussed in Chapter 3. The small
changes in the photo-responsive molecular structure lead to changes in the microstructure of
the aggregates of the system and the macroscopic physical and chemical properties. Compared
with azobenzene molecules, cinnamic acid molecular additives have better solubility, so they
can be directly compounded with surfactants, and do not need to be improved by further
synthesis like azobenzene additives. It is simpler and more convenient. Compared with
azobenzene additives, cinnamic acid additives have lower cost, better biocompatibility, and rich
morphologies. And they are relatively stable under visible light, and are colorless and
transparent. Therefore, cinnamic acid additives are an excellent choice for studying the photo-
responsive self-assembly system constructed by surfactants although their response is
irreversible.

(1) Photo-responsive wormlike micelles constructed by cinnamic acid

Raghavan's group has done a lot of work on the photo-responsive wormlike micelles
constructed by the cinnamic acid additive/surfactant mixture system [/2 75761 As shown in Fig.
1.14, they " constructed wormlike micelles through the cationic surfactant CTAB and trans-
o-methoxycinnamic acid (trans-OMCA) in alkaline solution, Under UV light, OMCA is
isomerized from trans-OMCA to cis-OMCA, which changes the packing patterns of molecules
at the micelle interface, resulting in the transformation of long wormlike micelles into shorter
wormlike micelles or rod-like micelles. The rheological results show that the viscosity of the
solution can be reduced by more than 4 orders of magnitude with the extension of the UV
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irradiation time. The performance of the fluid can be adjusted by changing the composition of
the system and the duration of ultraviolet light irradiation, thereby expanding its potential
applications in sensors and microfluidic devices.

In addition to the aqueous system, Raghavan [’/ also reported a photo-responsive system
based on reverse micelles in non-polar solutions. Dai’s research group has also done a lot of
research in this area 879, The photo-thinning fluid formed by wormlike micelles constructed
by trans-OMCA and C1smimBr in aqueous solution was systematically studied. They used N-
cetyl-N-methylmorpholinium bromide (CMMB) and trans-cinnamic acid (trans-CA) to
construct a new type of triple responsive (photo, pH and temperature responsive) wormlike
micelles, which can be used as a good model of wormlike micelles with multiple responses to
light stimulation. Their studies help to understand the mechanism of multiple responses and
broaden its application range.
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Fig. 1.14 Photo-responsive behavior of the CTAB/trans-OMCA wormlike micelle system [73]

(2) Photo-responsive vesicle constructed by cinnamic acid

Besides the reports of the photo-responsive wormlike micelles constructed by cinnamic
acid salts, the photo-responsive behavior of vesicles has also been extensively studied. As
shown in Fig. 1.15, Hao’s group [?!] studied the phase behavior and photo-responsiveness of the
mixed system of tetradecyldimethylamine oxide (C1aDMAO) and para-coumaric acid (trans-
PCA). Their study found that when the concentration of C14DMAO in the mixed system was
fixed, with the increase of PCA concentration, L1 phase (micelle), two-phase Li/La, La phase
(vesicle) and La/precipitation appeared in sequence. By irradiating the area of the vesicles with
ultraviolet light, the vesicles will be transformed into wormlike micelles.
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Fig. 1.15 Photo-responsive behavior of the C14DMAO/trans-PCA vesicle-to-wormlike micelle system [21]

Li’s group % studied the photo-responsive behavior of vesicles constructed by
alkyldimethylamine oxide (CxDMAO, m = 10, 12, 14) and trans-coumaric acid isomerides,
including trans-ortho-coumaric acid (trans-OCA), trans-meta-coumaric acid (trans-MCA) and
trans-para-coumaric acid (trans-PCA). The results show that multi-lamellar vesicles (MLV)
appeared in certain areas in trans-PCA/C12DMAOQO and trans-OCA/CnDMAO systems. The
molecular structures of CnDMAO and trans-coumaric acid isomers significantly affects the
region of MLV. The larger the m, the larger the MLV area. For the trans-OCA/CDMAO
system, depending on the chain length of ChDMAO and the ratio of trans-OCA to CnDMAO,
multi-lamellar vesicles can be transformed into a homogeneous and transparent micellar phase
or two-phase system by ultraviolet light irradiation. This research is of great significance for
the systematical understanding of the ratio and structure of surfactants on the photo-responsive
behavior of self-assemblies in the system. Furthermore, the research on photo-responsive self-
assembly constructed by surfactants of different chain lengths and photo-sensitive molecules
of different structures provides basic data and theoretical guidance for expanding the
application of smart materials.

(3) Photo-responsive lyotropic liquid crystal constructed by cinnamic acid

Apart from the nano-scale wormlike micelles and vesicles in the photo response research,
the meso-scale lyotropic liquid crystals constructed by cinnamic acid derivatives also have
important research value. Yu’s group 81 combined two imidazole-based surface active ionic
liquids (SAIL) with photo-responsive molecules (trans-CA; trans-PCA) to synthesize 1-
dodecyl-3-methylimidazolium cinnamate ([C2mim][CA]) and 1-dodecyl-3-
methylimidazolium para-hydroxy-cinnamate ([Ciomim][PCA]), and studied their self-
assembly behavior in aqueous solution. As shown in Fig. 1.16, hexagonal liquid crystal phase
(H1) and cubic liquid crystal phase (V2) are constructed in [C12mim][CA] aqueous solution. In
contrast, the [C1omim][PCA] / H20 system displays a single hexagonal liquid crystal phase (H1)
in a wide concentration region. Under ultraviolet light, the photo-isomerization of cinnamate
molecules causes the decrease of surface activity of the SAIL and the lattice parameters of the
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formed liquid crystal phase. This work enriches the research on photo-responsive lyotropic
liquid crystals, and expands the potential applications of smart-responsive liquid crystal
materials in drug delivery, biochemistry, materials science, etc.
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Fig. 1.16 Photo-responsive behavior of [C1omim][CA]/H20 and [C1zmim][PCA]/H,0 binary systems &1

1.4.2.3 Applications of the photo-responsive self-assembly

As shown in Fig. 1.17, photo-responsive self-assemblies have a wide range of applications
in the fields of smart fluids, material synthesis, drug delivery systems, and gene transfer in
biological sciences. Tian 2 constructed a reversible solubilization system through the micelles
formed by the photo-responsive surfactant AZTMA and the commercial non-ionic surfactant
Tween 80 to solubilize the organic pollutants in the soil, thereby purifying the soil. This system
overcomes some shortcomings of traditional surfactants in strengthening soil restoration, such
as high cost and secondary pollution caused by washing agents and increases the commercial
application value of photo-responsive self-assembly.

Surfactant wormlike micelle systems used for fluid drag reduction (DR) have poor heat
transfer capabilities. Therefore, these fluids are only used in some circulation systems where
heat exchange is not important. Based on this, Jacques [ constructed a photo-responsive
wormlike micelle system through the cationic surfactant oleyl bis(2-hydroxyethyl)methyl
ammonium chloride (EO12) and trans-OMCA, which provided a potential solution for the
above problems. Initially, these strong viscoelastic wormlike micellar fluids have a good drag
reduction efficiency (DR efficiency up to 75%). After UV irradiation, OMCA undergoes
photoisomerization from trans to cis. The liquid shows lower viscoelasticity and lower DR
performance. However, its heat transfer performance is far better than the original fluid. This
study highlights the possibility of cutting off DR (and thus enhancing heat transfer) at the inlet
of the heat exchanger in the circulation system.
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Huang 84 reported a bacterial-like vesicle system (C4AG@2B-CD). The ultraviolet light
will trigger the development of hair on the surface of the vesicle (similar to cilia extending from
the surface of bacteria). The formation of cilia causes the encapsulated drug to be released from
the vesicles. This bioinspired vesicle creates a novel type of photo-responsive nano-carrier
which releases active ingredients through deformation rather than complete destruction.

The hydrated structure of hydrogel makes it attractive as a bio-friendly material. Therefore,
hydrogels have various potential applications in the biomedical field, such as drug delivery and
tissue engineering scaffolds. Alexander B reviewed the latest research progress of photo-
responsive hydrogel systems. The transition from gel to sol under light irradiation makes photo-
responsive hydrogel systems have a good application prospect in emerging biomaterials. Ehud
8] reported a new photo-responsive lyotropic liquid crystal system designed by the host-guest
method. The system consists of monoolein (MO) and oleic acid (OA) as the host lipids and the
active unit of azobenzene as the guest. The isomerization of the guest molecule is controlled by
light, so as to achieve the precise control of the time, space and dosage of drug release. When
a continuous release may be toxic, using this lipid biomaterial is a good alternative as an
effective matrix in therapy.
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Fig. 1.17 Applications of photo-response self-assembly [83-86]

1.5 Bubble rise in wormlike micelles

Gas-liquid two-phase flow is widely present in chemical processes and when the gas phase
dispersed in the continuous phase is in the form of bubbles it is an ideal contact method for heat
and mass transfer. In typical gas-liquid contact equipment such as bubble columns, fluidized

beds, and biochemical reactors, coalescence and collision of bubbles have an important impact
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on the internal fluid mechanics, heat transfer, mass transfer, and reaction of the equipment 7!,
A comprehensive understanding of bubble rising helps to optimize equipment structure and

improve process efficiency

1.5.1 Bubbly liquid

As shown in Fig. 1.18, gas-liquid mixtures can be divided into different regions depending
on the volume fraction of gas (¢gas) single bubble (pgas = 0), bubbly liquid (¢gas < 64%), wet
foam (64% < @gas < 85%) and dry foam (pgas > 95%). When the gas fraction is below 64%, the
bubbles can remain spherical, and such suspensions are called bubbly liquids. Bubbly liquids
are unstable dispersions, as the bubbles rise rapidly because of gravity and turn it into a wet

foam.
7
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Fig. 1.18 Classification of bubbles in liquid

1.5.2 Single bubble rise velocity in Newtonian fluid

In order to understand bubble rise in concentrated bubble suspensions, we start by thinking
about a single bubble first in a Newtonian fluid and then in non-Newtonian fluids, such as the
wormlike micelle solutions of interest.

When a bubble is in a static fluid, the forces acting on it are shown in Figure 1.19. Under
the assumption that the bubbles do not have any internal circulation and there is no slip at the

boundary, we can define the final bubble rise velocity in Newtonian fluid from the Stokes’ law:

p.gd-
= _C e -
v (1-5)
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Fig. 1.19 A bubble of size de rising under the gravity and buoyancy in a static fluid of density p and

Viscosity u.

Since the gas phase and the liquid phase are immiscible, the surface tension o must be
considered. For the bubble, 74 and pq are practically zero. it is generally believed that when
ignoring the wall effect, the shape of freely rising bubbles in the fluid mainly depends on the
following dimensionless parameters:

vyd?
_ P Vsle _
Re = ” (1-6)
Fo = 2% (1-7)
gn’
Mo = Pc,? (1'8)

where, Re is the Reynolds number; Mo is the Morton number; Eo is the E6tvos number; p is the
density; # is the viscosity; de is the bubble equivalent diameter; g is the acceleration of gravity;
o is the surface tension; the subscripts ¢ and d represent the continuous phase and the dispersed
phase, respectively; dv and dn are the diameter of the bubble in the vertical and horizontal
directions.

Grace and Weber 89 summarized a large number of experimental data on bubble shape
and velocity, and drew the bubble shape diagram in Newtonian fluids based on dimensionless
parameters. Generally, the shapes of freely rising bubbles are divided into three categories:
spherical, ellipsoidal, and spherical cap or ellipsoidal cap. When the aspect ratio of the bubble
is within the range of 0.9-1.1 or the system is at low Re, Eo and Mo numbers, interfacial tension
and viscous force dominate the bubble shape instead of inertial force, and the bubble shape
basically maintains a spherical shape with little change (Fig. 1.20 (a)) . The ellipsoidal
bubbles appear in the range of high Re number and medium Mo number, with small aspect ratio
and convex surface (Fig. 1.20 (b)). In the actual rising process, the viscosity of the liquid phase
may cause the bubble to stretch in the horizontal direction, and the bubble shape may be an
asymmetric ellipsoid. At the same time, the ellipsoidal bubble is usually accompanied by
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oscillation or swing when it rises, which also causes the bubble shape to change continuously.
When the Re and Mo are high, the bottom of the larger bubble is usually flat or jagged, which
looks like a part cut from the upper part of the sphere. This shape is called a spherical cap shape
or an ellipsoidal cap shape (Fig. 1.20 (c)). In addition to the three typical bubble shapes, other
shapes such as bubbles with depressions at the bottom, skirt-like bubbles, and wobbling bubbles
are also reported. These shapes can be seen as deformations of the three basic shapes mentioned
above 192931,

(a) (b) (c)

Fig. 1.20 Three representative shapes of the single bubble in Newtonian fluid (a) spherical, (b) ellipsoidal,

(c) spherical cap

If the bubble is deformed, any shape change will affect its rise velocity. For correcting this,
the drag coefficient Cp is used as a dimensionless parameter that characterizes the resistance of
the fluid. Hadamard 4 was the first to theoretically derive the drag coefficient under low
Reynolds number. For creeping flow in Newtonian liquids with the low Reynolds number,
Hadamard ignored the inertial force and obtained the expression of drag coefficient with respect
to Reynolds number:

_ 24 (2F3(y,) )
CD "~ Re (3+3(77d/i1€)> (1 9)

For the gas-fluid system, because of the #q4 is much smaller than #c, Cp is close to
16/Re, whereas for the case of solid-liquid system, Cp~ 24/Re. And the bubble rise velocity
after correction can be given by:

2

p.&d, 3n,+3n,

Vg = ST (1-10)
18n, 3n,+2n,

which is called Hadamard-Rybczynski equation 1. It can be seen from this equation that for
a single bubble (r4 = 0), the vir Will be close to 3/2 of the predicted value by the Stokes law
velocity. Although formula (1-10) has strict theoretical significance, it is only applicable to
the creeping flow state when the Reynolds number is very small (Re < 1). In the actual process,
the Reynolds number is usually larger than 1, even hundreds or thousands, which is often
accompanied by the deformation of the bubble. This causes the formula (1-10) to deviate
greatly from the actual situation. For this reason, many researchers have made many
amendments to the drag coefficient. Here, no more detailed will be discussed.
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1.5.3 Single bubble rise velocity in non-Newtonian fluid

In non-Newtonian fluids, due to the complexity of rheological properties, bubbles show
more diverse shapes 51, As shown in Fig. 1.21, the shape of the bubble generally evolves
with increasing bubble volume with the increasing volume from a spherical shape to an
elongated teardrop shape, a flat teardrop shape and a pointed ellipsoid at the bottom, and finally
becomes a spherical cap shape. The shape of the bubble generally evolves from a spherical
shape to ellipsoidal shape and finally to spherical cap shape in shear-thinning inelastic fluid.
And the unique shape of the bubble shape in the non-Newtonian fluid is the pointed tail, which
usually exists in the non-Newtonian fluid with strong viscoelasticity 8192, Compared with
Newtonian fluids, large-volume bubbles in non-Newtonian fluids are easier to maintain a
spherical shape. However, due to the complexity of the rheological properties of different non-
Newtonian fluids, it is currently difficult to accurately predict the shape of bubbles in non-
Newtonian fluids.

(a) (b) (c) (d) (e)
Fig. 1.21 Representative shapes of the single bubble in Newtonian fluid (a) spherical, (b) ellipsoidal, (c)
teardrop shape, (d) flat teardrop shape with a pointed ellipsoid, (e) spherical cap.

When a bubble in a viscoelastic fluid rises, due to the shearing effect of the bubble and the
shear thinning effect of the fluid, the viscosity around the bubble decreases, causing the bubble
to rise faster than in Newtonian fluid under the same conditions. As we know, according to the
Stokes’ law, the bubble rise velocity increases with the bubble size continuously in a Newtonian
fluid. However, there is a peculiar phenomenon when a bubble rises in a non-Newtonian fluid,
that is, as the size of the bubble increases, the rising velocity of the bubble is discontinuous,
and the velocity jumps at a certain critical size. The bubble diameter range of velocity jump is
usually 3-6 mm, and the maximum velocity jump value can reach 6-10 times of the free ascent
velocity %1, There are many factors that may cause the bubble rise velocity jump, including
bubble shape change, the reduction of the viscosity and the change of boundary condition. There
is no unified theoretical explanation so far.

In the past few decades, researchers have conducted a lot of research on the free rise of
bubbles in non-Newtonian fluids. For a single bubble in non-Newtonian fluid, Dewsbury 104
proposed the bubble drag coefficient. In a weakly shear thinning fluid, the correlation formula
for the drag coefficient of a single (deformable) bubble is:
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0.413

1+16300ReT"? (1-11)

Cp = = (1+0.173Re"*)+

1.5.4 Bubble rise in Newtonian fluid

In industrial problems the bubbles are often encountered as multiple bubbles or bubble
groups. The descriptions obtained from the study of single bubbles cannot be directly
extrapolated to the case of bubble liquids as the interactions between the rising bubbles are far
from trivial.

In a very dilute bubbly liquid (gas fraction less than 10#), bubbles can be evenly distributed
in a static Newtonian fluid. At these concentrations the distance between the bubbles is very
large. The separation of bubbles is larger enough to ignore the liquid velocity field induced by
each bubble which decays as (de/2)* and they can be assumed to not interact with each other at
all. At this time, Stokes' Law can be used to describe the motion of bubbles.

However, for more concentrated bubbly liquids, if the separation of bubbles is not so large,
the flow caused by one bubble will affect the motion of other bubbles, and vice versa, resulting
in effective hydrodynamic interaction between the bubbles. Within a fixed volume, the liquid
moves downwards on average to compensate for the rise of the bubbles. This fluid backflow
hinders the rising of the bubbles and causes the average rise velocity to be less than that of an
isolated bubble. As the gas fraction increases, the hindering effect becomes more obvious. In
order to include this hindering effect, Richardson and Zaki (1954) proposed an empirical
correlation [10:

Vrz = Vg (]-gogas)n (1-12)
where ¢gas is the gas fraction of the bubbly liquid and n is an experimentally determined
constant varying with the Reynolds number. For low Re it is usually between 4.65 and 6.55 1061,
The Richardson-Zaki law has been proved to be a good agreement with experimental data of
various gas fractions %71, However, when the gas approach to the jamming transition 0.60, the

bubbles will interact with each other and the rise velocity starts to deviate from this correlation
[108]

1.5.5 Bubbles rise in non-Newtonian fluid

The current research on the rise of multiple bubbles is mainly focused on the interaction
between bubbles in certain non-Newtonian fluids, such as Boger fluids and shear-thinning
inelastic fluids.

For shear-thinning inelastic fluids (Fig. 1.22 (b)), the bubbles tend to form vertical doublets
and large aggregations. Clustering is assumed to be triggered by the shear-thinning wake behind
each bubble: the bubbles rising in the low-viscosity wake are unlikely to disperse from the side
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to the high-viscosity area [2%. Once formed, this vertical doublet and triplet rises faster than a
single bubble and traps more bubbles. As the cluster grows, its rising speed and inertia also
increase. Eventually, the cluster became a large aggregate of bubbles, showing an elliptical
shape and almost horizontal orientation. However, excessive inertia combined with the ability
of small bubbles to deform (that is, under conditions of large Re and low Eo) tends to hinder
bubble aggregation and promote dispersion.)

Boger fluids are a kind of viscoelastic fluid with constant (or nearly constant) viscosity
[110] v/&ez investigated the the properties of bubbly flows in Boger fluids 1. In their research,
they did not change the gas volume fraction of a given bubble size, but experimented with two
different bubble sizes at a fixed volume fraction. Interestingly, they found that small bubbles
tend to aggregate and form vertical bubble chains as shown in Fig. 1.22 (c), while larger bubbles
rise in a dispersed manner as shown in Fig. 1.22 (d). This change in behavior is consistent with
bubble velocity discontinuity: in the specific fluid used in this study, these two dimensions cross
the critical value of bubble velocity discontinuity.

Research on bubble rise in non-Newtonian fluids is mainly focused on low gas fractions
below 1%. For higher gas fraction, the interaction between bubbles is more complex. The
viscosity of viscoelastic shear-thinning fluids will decrease with the velocity of bubble rise;
however, the detailed mechanisms are still unknown.
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Fig. 1.22 Bubbles rise in Newtonian fluid (a), shear-thinning inelastic fluid (b) and Boger fluid (c), (d) [**2

Newtonian fluid

1.6 Molecular dynamics simulation

Experimental methods, computer simulations and theoretical calculations have become
three most important methods in modern chemical and physical research. In recent years, with
the crossover and communication between research fields and the development of computer
performance, computer simulation and theoretical calculation have been increasingly applied
to various branches of the chemical and physical field. MD simulation is the most widely used
method for computing materials, biological and other complex systems. MD simulation
samples and detects the phase space composed of the coordinates and velocities of all particles

in the system by integrating the Newtonian equation of motion, and calculates the position and
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velocity of next time step based on the current position and velocity of the particle. Various
properties of the system can be inferred by the statistical analysis results of the movement of
each particle, such as the conformation and dynamic properties of the molecule, the
thermodynamic properties of the system, and various equilibrium/non-equilibrium properties,
etc. The advantage of MD simulation is that the trajectory of particles in the system has a precise
physical basis. The dynamic change information and thermodynamic statistical information of
the system can also be obtained at the same time. Therefore, it is widely used in the research of
various microscopic systems.

1.6.1 Basic principles of molecular dynamics simulation

According to the Born-Oppenheimer approximation, MD simulation uses classical
mechanics to describe the movement of atoms over time. The various properties of the system
can be calculated through the following basic processes:

1. Input the initial configuration of the system, the potential energy function V(ri) as a
function of atom position, the position r; and initial velocity voi of all atoms in the system. The
initial velocity distribution satisfies the Maxwell-Boltzmann velocity distribution at the set
temperature.

2. Calculate the force of each atom.

3. Update the configuration and simulate the motion of atoms by numerically solving
Newton's equation of motion.

4. Repeat steps 2 and 3 according to the number of steps to be calculated to obtain the
trajectory of the system evolution.

In the above process, the trajectory of a system containing N interacting atoms with time t
is obtained by solving the Newtonian equation of motion of N atoms as

mi%:Fi,izl,...N (1-13)
where m; is the mass of the atom i, and the force Fi experienced by the atom is the negative
value of the derivative of the potential energy function V(ri):

S
or.

V(r) (1-14)

Commonly used integration methods for solving Newtonian equations of motion in MD
simulation include Verlet algorithm I3 Velocity-Verlet algorithm 1141 and Leap-frog
algorithm 51, Among them, the Leap-frog algorithm is simple, efficient and stable. Therefore,
the Leap-frog algorithm has become the most mainstream integration method at present. The
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Leap-frog algorithm uses the position r at time t and the speed v at time t-%At to calculate the

force F(t), and update the speed and position using the following method:

v(t+ % At) = v(t - % At) + % F@t) (1-15)
F(t+AL) = r(t)+Atv(t+%At) (1-16)

The speed at time t can be calculated by the following formula,
v(t) = %[v(t — % At) +v(t+ % Ab)] (1-17)

The information of each frame in the trajectory of the system can be obtained by
completing the integral solution of the above equation. According to the ergodicity assumption
in statistical mechanics, the average value of various physical quantities Q of the system can be
obtained by statistics:

Q= lim = 3Q(r,v), ,(M=12,...M) (1-18)

1.6.2 Molecular forcefields

MD simulation uses a molecular forcefield to describe the potential energy function V(r;)
between atoms, and can further calculate the forces experienced by the atoms at various
moments. The forcefield information is composed of the equations and the parameters of the
equations that can generate the potential energy and its derivatives. It mainly describes the non-
bonding interaction composed of electrostatic interaction and van der Waals interaction and the
bonding interaction composed of information such as bond length and bond angle:

U = Uelec + Uvaw (non-bonding interaction)
+Ubond + Uangle + Uoutp + Utarsion  (bonding interaction) (1-19)

The electrostatic interaction Ueiec in non-bonding interaction is expressed as:

99;

rlij

Uelec(rij) = (1-20)

Among them,fzf, ¢ 1s the dielectric constant. gi and g; are the charges of atom i and
e
atom j, and rjj is the distance between atom i and atom j.
Van der Waals interaction Uvaw is usually described by Lennard-Jones (LJ) 12-6 potential
energy function, as shown in Equation 1-21:

U g (1) = 4&; [%J —(%] (1-21)
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&ij and o are usually calculated using the Lorentz-Berthelot hybrid rule:

&5 =&,
G+, (1-22)
oy = 5

&i and o are the depth and diameter of the potential well of atom i, respectively.

The bonding effect of most forcefields is composed of the bond expansion term Upond, the
bond angle bending term Uangle, the off-plane potential energy Uoutp, and the dihedral torsion
term Utorsion. The form most commonly used to describe Ubond, Uangle, and Uoutp, is the resonance
potential,

Upe (1) =3 K5 (5, -, (1-23

Ubond describes the potential energy curve of bond length stretching vibration, where bjj is

the balance bond length between atoms i and j, and kf; is the resonance potential energy
parameter.

a0y =5 K3 (0~ 6, (1-24)

Uangle describes the potential energy curve of the flexural vibration of the bond angle,

where 6Gijk is the bond angle between atoms i, j, and k, 6o is the equilibrium angle of the bond

angle, and kf;-k is the resonance potential energy parameter.

Uoutp(l)zkl(;(_lo)z (1_25)

Uoutp IS used to describe the potential energy curve of the atom deviating from the plane
formed by the other three adjacent atoms, where y is the angle away from the plane, yo is the
equilibrium angle, and k, is the resonance potential energy parameter.

The dihedral angle formed by three adjacent bonds in the same molecule relates to the
spatial configuration of the molecule. The torsional potential energy curve of the dihedral angle
is periodic, which is usually described by multiple sets of cosine functions:

U orsion (©) = Z\é[l"‘ cos(n,p — Do )] (1-26)

Where ¢ is the dihedral angle; n corresponds to the nth minimum point of the potential
energy curve in the angle range of 0~360< ¢o, i is used to adjust the phase, and Vi is the barrier
height corresponding to each extreme value. For more complex dihedral torsion potential
energy curves, multiple items are often needed to fit properly.

According to the degree of fineness when modeling molecules, molecular forcefields are
usually divided into all-atom forcefield (AA), united atom forcefield (UA), and coarse-gained
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forcefield (CG). The all-atom forcefield clearly defines each atom as a particle, which has high
accuracy and relatively expensive calculation cost. It is usually used for nano-scale simulations.
After years of development, there are many kinds of all-atom forcefields available, and the
parameterization methods of different forcefields are slightly different, and the applicable
molecular types are also different. The most commonly used all-atom forcefields to describe
small organic molecules and protein molecules are AMBER forcefield 16181 CHARMM
forcefield (119121 OPLS-AA forcefield 1221241 etc. The united atom forcefield considers part
of the hydrocarbyl group as a single particle located at the center of mass of the group, and the
mass and charge of the joint atom are the sum of all atoms in the group. The united atom
forcefield reduces the amount of calculation to a certain extent, but the description of the
molecular structure is not complete. The more commonly used united atom forcefield includes
the OPLS-UA forcefield 21 and the GROMOS forcefield 126-127],

The coarse-grained forcefield treats 3-4 heavy atoms and their connected hydrogen atoms
as a bead, and describes the MD simulation process by calculating the interaction between the
beads. It further reduces the degree of freedom of the system, greatly reduces the computational
cost, and can simulate large-scale proteins, DNA molecules and biofilm systems on a
mesoscopic scale. The coarse-grained forcefield retains the most basic molecular information.
The most commonly used coarse-grained forcefields at this stage are the Martini forcefield [12-
129 and the PLUM forcefield 1301,

1.6.3 Temperature coupling

Temperature is one of the most critical properties in the simulation process. The
temperature of the system needs to be adjusted in different statistical ensembles such as NVT
and NPT. The temperature T in the MD simulation is defined by the particle velocity vi:

1 ,\ 1
~mv? ) =Zk,T 1-27
<2 i |> 2 B ( )

In the formula, ks is Boltzmann's constant and < > means the average of ensemble.

The temperature coupling ensures that the temperature of the simulation system is
maintained near the expected value by continuously correcting the velocity of the particles.
Commonly used temperature coupling methods include Berendsen coupling algorithm 31,
Nose-Hoover coupling algorithm 1321331 and Velocity-rescaling coupling algorithm 341,

The Berendsen algorithm realizes the connection to an external thermal bath with a given
reference temperature To, and has a weak coupling with first-order kinetic characteristics. The
deviation of the system temperature to To is slowly corrected by the following formula:
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— = (1-28)

77 IS the time constant. The smaller the value, the more accurate the temperature control.
However, the Berendsen coupling will cause the particle velocity in the system to deviate from
the Maxwell-Boltzmann velocity distribution, failing to produce a correct canonical ensemble.

The Nose-Hoover coupling algorithm directly adds a thermal bath to the equation of
motion, and assigns virtual parameters to it to obtain a new equation of motion as the system

evolves:

d’r, F P dr

i i e 1-29

dt> m Q dt (1-29)
2
z-T-I-ref

= 1'30
" (1-30)

Q is the virtual mass of the hot bath and p¢ is the momentum of the hot bath, which is
calculated by the following equation of motion:

@: _
==(0,-T) (1-31)

The Nose-Hoover thermal bath produces particle velocities that satisfy the Maxwell-
Boltzmann distribution, but exhibits oscillating characteristics during the relaxation process to
the reference temperature, which is usually used in the pre-equilibration process.

The Velocity-rescaling coupling algorithm adds a random term to the Berendsen coupling
algorithm to ensure that the correct velocity distribution of the particles in the system can be
given. The kinetic energy is corrected according to the following formula:

KK, dw
N, o

In the formula, K is the kinetic energy of the system. Nt is the degree of freedom, and dW

dK =(KO—K)$+2 (1-32)
T7

represents the Brownian motion process. The velocity-rescaling algorithm has first-order
dynamics characteristics with no relaxation oscillations. Velocity-rescaling algorithm is
currently a better temperature coupling algorithm.

1.6.4 Pressure coupling

Except temperature, many simulation processes also need to control the pressure of the
system. In MD, the pressure of the system is closely related to the coordinates of the particles.
The pressure coupling algorithm can be used to scale the coordinates of the particles to make
the average pressure of the system constant at the desired value. Currently commonly used
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pressure coupling algorithms are Berendsen pressure coupling algorithm 31 and Parrinello-
Rahman pressure coupling algorithm 9],

Similar to the Berendsen temperature coupling algorithm, the Berendsen pressure coupling
algorithm also conforms to the first-order dynamics characteristics. The coupling parameter zp
controls the speed of the system pressure changing to the reference pressure Po:

P _FR-P (1-33)
dt 7,

Similarly, the Berendsen pressure coupling algorithm is a weak coupling algorithm, and it
Is impossible to define an accurate ensemble.

The Parrinello-Rahman pressure coupling algorithm uses an algorithm similar to the Nose-
Hoover temperature coupling, which realizes the true NPT ensemble by changing the motion
equation of the particles, and finally causes the motion equation to be updated to:

dr? F M dr,

a? m o dt

(1-34)

M is the virtual mass matrix of the pressure bath, which is adjusted by setting the
compressibility and coupling parameter zp. The Parrinello-Rahman pressure coupling algorithm
is usually used in conjunction with the Nose-Hoover temperature coupling algorithm or the
Velocity-rescaling temperature coupling algorithm to jointly control the pressure and
temperature of the system during the simulation of the finished product.

1.7 Quantum chemistry calculations

1.7.1 Overview of quantum chemistry calculations

As a branch of theoretical chemistry and an interdisciplinary subject of chemistry and
physics, quantum chemistry is a basic science that applies the basic principles and methods of
guantum mechanics to study chemical problems. The structure and chemical properties of a
molecule are closely related to the atomic composition of the molecule and its electronic
arrangement or state of motion. Quantum chemistry starts from the basic laws of electronic
motion to describe the relative spatial positions of all electrons and atoms in the system, so as
to achieve to study the reactivity and structure of the system. Quantum chemistry calculations
are very powerful and can be applied in many different systems, such as studying the structure
and performance of stable and unstable molecules, the relationship between structure and
performance, the interactions between molecules; the mutual collision and mutual reaction
between molecules, which provides important theoretical tools for current chemical research.
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The calculation methods of quantum chemistry mainly include: ab initio calculation
method, semi-empirical method and density functional theory (DFT).

The ab initio calculation method is based on the Schrodinger equation. In the process of
solving Schrodinger's equation, only a few basic physical constants are used, including the
speed of light, Planck’s constant, and the mass of electrons and nucleus. In the process of solving
Schrdalinger's equation, a series of mathematical approximations are used. Different
approximations lead to different methods. The most classic mehod is the Hartree-Fock (HF)
equation. The electronic structure and properties of the system can be obtained using self-
consistent field method to solve this equation. The HF method can obtain good results for the
stable molecules and some transition metals. It is a good basic theoretical method and the basis
of other ab initio calculation methods. However, the HF method does not consider electron in
theory, so it is insufficient in the application of some special systems.

The ab initio calculation method has a huge amount of calculation. The main difficulty is
the calculation of the repulsive integrals between electrons in the HF equation. The number of
these repulsive integrals is large and the calculation is cumbersome. Therefore, there are some
schemes for simplifying the calculation of repulsive integrals, which are called approximate
calculation methods. The approximate HF equation generally yields poor results. Taking some
empirical parameters instead of some integrals in the approximate HF equation, while ignoring
some integrals, satisfactory results can be obtained. This method is called the semi-empirical
approximate calculation method. Common semi-empirical methods include AM1, MINDO/3,
PM3, etc.

1.7.2 Density functional theory

In the Thomas-Fermi model developed independently by Thomas and Fermi in 1927, they
used electron density instead of wave function to describe the multi-electron system. Although
this model was not very successful in describing the entire molecule, this idea laid the
foundation for the later well-known density functional theory (DFT).

The classical methods of electronic structure theory, especially the Hatree-Fock method
and the self-consistent field method, are based on complex multi-electron wave functions.
Density functional theory further considers exchange-correlation energy on the basis of Hatree-
Fock approximation, which can describe the multi-electron system more accurately. Unlike the
Hartree-Fock method, density functional theory uses electron density instead of wave function
as the basic quantity for research, which makes the calculation easier, because the n electron
wave function is a function of 3n variables, and the electron density is only a function of 3
variables. Therefore, density functional theory guarantees the accuracy of calculation when
dealing with polyatomic systems or even macromolecular systems, and saves computational
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costs more than the self-consistent field method. It is currently one of the most commonly used
methods in computational chemistry.

Although the concept of density functional theory originated from the Thomas-Fermi
model in 1927, it did not have a theoretical basis until the Hohenberg-Kohn theorem was
proposed in 1964 11361, Hobenberg-Kohn first theorem states that for a given nucleus coordinate,
the energy and properties of the ground state of the system are only determined by the electron
density. Hobenberg-Kohn second theorem shows that the ground state energy is obtained after
the system energy is minimized with the ground state density as a variable. Designing an
accurate functional is the key to the DFT method.

The total energy in the DFT method can be expressed as a function of p:

E(p) =E"(p) + EV(p) + E'(p) + E*“(p) (1-35)

Among them, ET is electron kinetic energy; EV is the attraction potential energy of electron
and atomic nucleus; E’ is the Coulomb repulsion energy between electrons; EX¢ is the
exchange-correlation energy. Among them, EV and E’ are direct because they represent the
classical Coulomb action, while E’ and EX© are not direct. Finding high-precision exchange-
correlation approximations is the main problem of density functional theory.

In 1965, Kohn and Sham ¥71 proposed the Kohn-Sham equation, which made it possible
to accurately calculate the electron density of the system and the total energy of the system,
thus opening the way for density functional theory to be used in practical calculations. In the
framework of Kohn-Sham DFT, the most difficult many-body problem (due to the interaction
of electrons in an external electrostatic potential) is simplified to the problem of the sports of
an electron with no interaction in the effective potential field. This effective potential field
includes the effects of external potential fields and coulomb interactions between electrons,
such as exchange and correlation effects. Dealing with exchange and correlation effects is the
difficulty in Kohn-Sham DFT. At present, there is no accurate method to solve the exchange-
correlation energy EXC. The simplest approximate solution method is Local Density
Approximation (LDA). LDA approximately uses homogeneous electron gas to calculate the
exchange energy of the system (the exchange energy of homogeneous electron gas can be
accurately solved), and the correlation energy part uses the free electron gas fitting method to
process.

Since the definition of the exchange-correlation energy functional includes a part of the
contribution of kinetic energy, many researchers consider that the kinetic energy density should
be included as a variable in the exchange-correlation functionals 38, This is the meta-GGA
functional. In order to improve the accuracy of the calculation results of various approximate
functionals, in1988, Becke ™39 proposed the idea of adding part of the exchange energy
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calculated according to the Hartree-Fock method to the energy density functional, thereby
constructing a series of hybrids exchange-correlation functionals. The mixed exchange-
correlation energy expression form has achieved great success in the calculation of density
functional theory. The commonly used exchange-correlation energy functional is to mix the
Hartee-Fock exchange energy with the approximate exchange-correlation energy density
functional in a fixed proportion. For example, "half to half" functional, its expression can be
written as:

B = S BV LBV (1-36)

Because the theoretical basis of this type of hybrid density functional method is the
adiabatic correlation formula, it is called the adiabatic correlation method. The methods
including B3P, B3LYP, B1B95, PBEO, B97, B98, etc. Among them, the famous B3LYP
functional which is the hybrid density functional composed of the Becke three-parameter hybrid
exchange functional and Lee-Yang-Parr related functionals can be expressed as:

ESYP = gELPA 1 (1-0)ESF + pERCke + cEEYP + (1-0)EEWN (1-37)

In the formula, a, b, and c are parameters.

Due to the relatively small amount of calculation of density functional theory, it can be
applied to larger molecular structures %1, To a certain extent, the electronic correlation effect
is considered, and satisfactory results can be obtained in predicting molecular structure and
energy. Therefore, it is currently the most popular quantitative calculation method.

1.8 Proposal for the thesis

The photo-responsive wormlike micelle constructed by Gemini surfactants and cinnamic
acid photo-responsive molecules has excellent photorheological properties and potential value
in petrochemical, skin care, photosensitive devices, drug release and other fields. However, due
to the limited experimental conditions and material resources, the photo-responsive mechanism
and the influence of the molecular structure of cinnamate derivatives on its photo-sensitive
ability have not been fully investigated. Wormlike micelles exhibit complex viscoelasticity.
The rising behavior of bubbles has great industrial application value, and the current research
on the rising behavior of bubbles in viscoelastic fluids is also very scarce. Based on this:

(1) We chose Gemini surfactant N, N’-bis(dodecyldimethyl)-1,2-ethane diammonium
dibromide (12-2-12 2Br™) and photo-sensitive small molecule trans-o-methoxycinnamic acid
(trans-OMCA) to construct a photo-responsive self-assembly system. The photo-responsive
behavior of the system and the microscopic mechanism of self-assembly morphology
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transformation were studied through the combination of rheology, MD and quantitative
calculation.

(2) Based on our understanding of the transformation mechanism of photo-responsive
wormlike micelle, we selected three ortho-substituent cinnamates, trans-o-methoxy cinnamate
(trans-OMCA), trans-o-hydroxy cinnamate (trans-OHCA), and trans-cinnamate (trans-CA),
to construct photo-responsive wormlike micelle systems with Gemini surfactant trimethylene-
1,3-bis (dodecyldimethylammonium bromide) (12-2-12 2Br”). We investigated the photo-
responsive behavior and photoisomerization reaction kinetics of wormlike micelle, combined
with MD simulation and quantitative calculations to study the effects of different ortho-
substituents in cinnamates on the photo-isomerization reaction rate and the photo-responsive
behavior of wormlike micelles.

(3) Based on the previous two parts of the research, we further studied the photo-
responsive wormlike micelle system composed of Gemini surfactant 12-3-12 2Br abd
cinnamates with ortho-, meta- and para-methoxy (trans-o-methoxy cinnamate (trans-OMCA),
trans-m-methoxy cinnamate (trans-MMCA) and trans-p-methoxy cinnamate (trans-PMCA)).
MD simulation and quantitative calculation were used to study the influence of different
substituent positions on photo-responsive behavior of wormlike micelle. In addition, we also
calculated the structural properties of dozens of cinnamates, which provided theoretical
guidance for experimentally constructing a wormlike micelle system with stronger photo-
responsiveness.

(4) We chose a classic viscoelastic shear-thinning fluid (CTAB/NaSal wormlike micelle
system) as bubbly liquid to study the rising of bubbles at relatively high gas fractions (5%-30%).
Our experimental results deepen and enrich the research of bubble rising in non-Newtonian
fluids, and also provide theoretical guidance for its industrial applications such as froth flotation.
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Chapter 2 Molecular Dynamics Simulations and Quantitative
Calculations on Unraveling Photo-responsive Behavior of
Wormlike Micelles Constructed by 12-2-12 2Br~ and trans-o-

Methoxy-cinnamate

The results of this chapter have been published in Langmuir (Langmuir 2020 36 (32), 9499-95009).
2.1 Introduction

A great scientific challenge over the past years on soft matter field has been transferred to
design adaptable materials in response to the triggers aroused by environmental changes, which
can significantly alter their configuration and functionality 1. Those smart self-assembly
materials can dynamically respond to external environmental changes including electrical- 1411,
photo- 14?1, thermal- 1431, pH- 1441 magnetic- 1491, CO-stimulus even multiple stimuli 1461481,
Among those stimuli, light stands out owing to its outstanding characteristics including
responding non-invasively, operating simply, accessing easily and aiming at a precise spatial
location 149-1%%1 The photo-responsive viscoelastic fluids composed of wormlike micelles are
of particular interest because these viscoelastic fluids with tunable aggregate morphologies and
rheological properties have played an increasingly important role in many fields such as
microfluidics, drug delivery, sensors, drag reduction agent and so on 1531521, As is well known,
owing to special amphiphilic properties, surfactants can form different kinds of self-assembly
aggregates such as spherical micelles %31 wormlike micelles [*>4 vesicles or gels %5151 and
liquid crystals (LCs) 1. Without a doubt, smart self-assembly materials constructed by
surfactants have become one of the hotspots that researchers pay much attention to recent years.

Adding certain photosensitive molecules directly to a surfactant solution is the most
effective and simplest method to obtain a photo-responsive wormlike system "1, For example,
Raghavan proposed a simple photo-rheological fluid system based on the cationic surfactant
cetyltrimethylammonium bromide (CTAB) and the photo-responsive organic derivative trans-
ortho-methoxycinnamic acid (trans-OMCA) in aqueous solution ®. The mixture of trans-
OMCA and CTAB generated elongated and entangled wormlike micelles. After irradiation of
UV-light, trans-OMCA transformed into cis-OMCA isomer. The alteration in molecular
structure of OMCA aroused the long wormlike micelles to transform to short rod-like micelles
with the solution viscosity degrading over 4 orders of magnitude. Following this paper, several
studies were carried out revealing analogous effects in different surfactant solution containing
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OMCA and its derivatives %8159 |t is generally known that Gemini surfactants are a type of
surfactant consisting of two amphiphilic chains linked by a spacer at or near the hydrophilic
head groups. Unlike conventional surfactants, Gemini surfactants possess not only richer
aggregation morphologies but also excellent physicochemical properties such as lower critical
micelle concentration and stronger self-assembly ability. Based on Gemini surfactants and
photo-sensitive molecules, a photo-responsive system with multiple photo-responsive
behaviors can be constructed by employing photo-isomerization of trans-OMCA isomers into
Gemini surfactant solution 1621611 Therefore, extensive investigations on the photo-responsive
wormlike micelle systems containing Gemini surfactants have a great value in soft matter fields.

However, a great challenge about explaining the different properties between trans/cis-
OMCA and microscopic mechanisms of micelle transformation after UV irradiation still exists.
Atomistic MD simulations and quantitative calculations provide us with a new solution to
obtain specific self-assembly process of micelles, the details of packing patterns of certain
molecule on the micelle surface, and energy changes on atom and molecular scale respectively
[162-163] | the past few years, the self-assembly process of surfactant has been well investigated
using simulation method 1647 For example, Heerdt employed time-dependent DFT
calculations and atomistic MD simulation to study photo-isomerization of trans/cis-OMCA
isomers and the self-assembly of CTAB micelles with trans/cis-OMCA in water solution [1681,
In order to save the simulation time, pre-assembled rod-like micelles in water solution were
chosen as initial configuration in his simulation. The results showed that under low OMCA
concentration, CTAB micelles and cis-OMCA formed several spherical micelles while trans-
OMCA and CTAB micelles fused into long rod-like micelles, which agreed well with
experiments. However, this study did not involve the infinite wormlike micelles and Gemini
surfactant which has richer morphologies with different states and scales.

In this section, N, N’-bis(dodecyldimethyl)-1,2-ethane diammonium dibromide (12-2-
12 2Br") was selected to construct the photo-responsive wormlike micelles because of the rich
self-assembly morphologies and strong self-assembly capacity of 12-2-12 2Br—. We utilized
rheology and transmission electron microscopy (TEM) to study the micelle morphologies
before and after UV illumination. Atomistic MD simulations with united-atom forcefield were
employed to investigate the morphology transformation process of micelles after UV
illumination at constant 12-2-12 2Br concentration and various trans/cis-OMCA
concentrations. Owing to the large size of micelles, most of studies tend to use coarse-grained
molecular dynamics (CG-MD) or united-atom forcefield with initial pre-assembled cylindrical
micelles to simulate the self-assembly behavior 67191 However, in order to simulate the
spontaneous self-assembly process of Gemini surfactants in solution, we employed a random
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distribution of 12-2-12 2Br surfactants in water solution as initial configuration. Density
functional theory (DFT) calculations with B3LYP and M052X functionals were conducted to
investigate the distinctions of energy and hydrophobicity properties between trans/cis-OMCA
isomers. The present experimental and simulations studies on the photo-responsive behavior of
surfactant micelles allow us to strengthen the comprehension towards the mechanism of photo-
responsive behavior and to extend for further applications of photo-responsive systems.

2.2 Materials and Methods

2.2.1 Sample Preparation and UV-Light Irradiation

N, N-Bis(dodecyldimethyl)-1,2-ethane diammonium dibromide (12-2-12 2Br") was
prepared according to our previous study 7%, Trans--methoxycinnamic acid (99%) was
purchased from TCI Chemical Industry Development Co., Ltd without further purification.
Furthermore, trans-ortho-methoxy cinnamate (trans-OMCA) used in this thesis was prepared
by mixing trans-ortho-methoxy cinnamate with a slight excess of sodium hydroxide (NaOH)
in solution. The mixed solution (17 mM 12-2-12 2Br /7 mM trans-OMCA) was prepared by
quantitatively adding trans-OMCA to the 12-2-12 2Br~ solutions, followed by standing in an
incubator (25 £0.1<C) for 48 h to ensure equilibrium.

An ultra-high pressure short arc mercury lamp (CHF-XM35-500W) with a 365 nm optical
filter was used to illuminate OMCA from trans to cis. Samples were put in a 10 ml quartz
crucible and stirred constantly at 25<C % 0.1 in a jacketed beaker connected to a low-
temperature thermostat bath. The distance between the samples and the light source was fixed
at 8 cm.

2.2.2 Rheology Measurements

Rheological properties were investigated using the double gap measurement system (C-
DG26.7/T200, 23.831 mm ID, 27.597 mm diameter) of the Physical MCR 302 rheometer
produced by Austrian Anton Paar Co., Ltd. A sample of about 8 ml was poured into the double
gap and kept stable for at least 5 min before measurements. Steady shear rheology was
measured by the shear rates changing from 0.01 s to 1000 s*. The dynamic shear rheology
was examined in the range of 0.05-100 Hz, with a fixed strain value (y = 1%). The experimental
temperature was controlled at 25.0 0.1 <C.

2.2.3 Transmission Electron Microscopy

The microstructures of aggregates were observed via transmission electron microscope
(Jeol JEM-1400, Japan). Firstly, an appropriate amount of solution was slowly dropped on the
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margin of the copper mesh containing the carbon support film; subsequently the sample was
adsorbed on the copper mesh after a couple of minutes. Then the excess solution was removed
by filter paper. After that, the samples were dyed with phosphotungstate for 10-20s, and finally
the excess solution was cleaned with filter paper for observation as well.

2.2.4 Force-field parameters

Gaussian 09 quantum chemistry packages were used to optimize trans/cis-OMCA
molecule structures as initial structures of atomistic MD simulations 711, Solvation free energy
and molar volume of OMCA isomers were also calculated by Gaussian 09 at the M052X/6-
31G* level 172, The interaction energies of typical 12-2-122*/OMCA packing patterns were
obtained using 6-311g** basis set with B3LYP functional in SMD solvationmodel.

GROMOS96 45a3 forcefield was employed for all our simulations because of its good
agreement with simulation research and experimental data 731741, The initial coordinates of
12-2-122* (Scheme 2.1 (a)) and trans/cis-OMCA" (Scheme 2.1 (b)) molecules were generated
using Gaussian 09. We utilized the ATB server to generate the forcefield parameters for the 12-
2-122* 781 The charge distribution and forcefield parameters on trans/cis-OMCA were
obtained from the data of DFT calculations of Heerdt [%8]. The charges assignments for 12-2-
122* are showed in Table 2.1.

Table 2.1 The charge assignments for 12-2-12%" used in the MD simulations.

12-2-12%

Atom charge (e) Atom charge (e) Atom charge (e)
Cy, Cos 0.231 C7,Cuo 0.029 Ci3, Cos 0.104
Ca, Co7 0.231 Cs, C20 -0.006 C14,C2s -0.065
Cs, Cis 0.143 Co, Ca1 0.009 Ca9, C30 0.069
Cs4, Cs 0.082 Ci0,C22 0.029 N1, N2 0.139
Cs, Ca7 0.009 C11,Cos -0.021

Cs, Cus 0.029 Ci2, Cos -0.012

Counter-ions

atom charge (e) atom charge (e)

Br -1.000 Na* 1.000
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Scheme 2.1 Model structures and numberings of: (a) N, N’-bis(dodecyldimethyl)-1, 2-ethane diammonium
ion (12-2-122*); (b) trans-ortho-methoxycinnamic acid ion (trans-OMCA"); (c) cis-ortho-methoxycinnamic

ion (cis-OMCA").

2.2.5 Simulation Details

2.2.5.1 Micelle simulation

A rectangle box of 6>6>12 nm?® was constructed with 90 pure 12-2-12 2Br~ molecules.
Then constant 12-2-12 2Br~ surfactant molecules (216) in a random arrangement and OMCA
molecules of trans/cis with various number of 0, 54, 108, 162, 216, 270, 324 were dissolved
randomly in approximately 37000 water molecules in a box of 7.5x%7.5>24 nm? using Packmol
[176] For convenience, we define r, as the ratio of the number of OMCA molecules to the
number of 12-2-12 2Br molecules when the number of 12-2-12 2Br™ is constant at 216 in our

simulations.

N,
_ Nomc4 (2-1)

h

NSurfactant
Periodic boundary conditions were employed in all three dimensions to obtain the

effectively infinite part of wormlike micelle. Corresponding number of counter ions Na+ were
distributed in the box randomly as well. The 12-2-12 2Br~ concentrations were approximately
0.35 mol/L in small box and 0.25 mol/L in big box, which were far above the CMC (8.09
mmol/L) of 12-2-12 2Br~ in water solution [*""), The OMCA concentrations range from 0.07 to
0.33 mol/L. The details of box are shown in Table 2.
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All the simulations were carried out by GROMACS 2018 packages 781, Berendsen bath
coupling scheme was used to maintain a constant temperature of 300 K and a constant pressure
of 1 bar 31, Semi-isotropic pressure coupling was applied owing to the convenience of
simulating rod-like and wormlike micelles [%816°  The simulation box was rescaled
independently in z-direction but isotopically in x- and y- directions. The SPC water model was
employed in all simulations 17°1. The trajectories were saved every 2ps with a time-step of 2 fs.
Interactions were subjected to a cutoff distance of 1 nm, and the long-range electrostatic
interactions were handled with a grid size of 0.12 nm using the Particle Mesh Ewald technique
18] Bonds containing hydrogen atoms were constrained using the Linear Constraint Solver
(LINCS) 84, The trajectories and configurations were visualized using VMD 1.9.2 282,
2.2.5.1 Potential of mean force calculation

Two separate pre-assembly spherical micelles were constructed by Packmol software, then
dissolved in water with the SPC water model in the box with size of 6nm > 6nm > 12nm,
respectively. The solutions contained approximately 13000 water molecules, 32 cis or trans
OMCA and corresponding counter ions. The steepest descent of energy minimization was
employed. These two systems were carried out in NPT ensemble at 300 K and 1 atm for 50 ns
with the time step of 2 fs. Periodic boundary conditions were applied in three dimensions. The
temperature and pressure were controlled by the Berendsen bath coupling scheme 31,
Interactions were subjected to a cutoff distance of 1 nm where the long-range electrostatic
interactions were set to 0.12 nm using the Particle Mesh Ewald technique. In the pulling process,
the motion of micelles was restricted to maintain their initial configuration. A harmonic
umbrella potential with a force constant of 1000 Kcal -mol™* "m was applied between the
COM of the micelle and a 12-2-12%" ion or an OMCA" ion using pull code. Umbrella sampling
simulations were carried out in 25 different windows ranging from 1.5nm to 6.5nm with a
sequential stepwise reduction by 0.2 nm. The MD simulation time for each window was 10 ns.
The potential of mean force was calculated from the sample windows using the Weighted
Histogram Analysis Method which are implemented by g_wham command in GROMACS.
2.2.5.1 Interface simulation

The double layers of 12-2-12 2Br~ were constructed by Packmol with the surface area 5>6
nm?. Each layer contained 26 12-2-12 2Br~ and 52 cis or trans OMCA isomers were distributed
in the 12-2-12%* layer randomly. The surfactant layers were position in a box 5>6x15 nm?® at
two sides of water. The water volume is 5>6>6 nm?® with about 3800 water molecules with the
SPC water model. The steepest descent of energy minimization was performed. After 5 ns NVT
equilibrium, NPT ensemble was carried out at 298 K using the Nose-Hoover thermostat for 30
ns with the time step of 2 fs.
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Table 2.2 Number of 12-2-12%", Br, OMCA", Na' ions and water molecules in simulation box.

System 12-2-12?* Br OMCA-([mol/L]) Na* H.O
12-2-12%
1 90 180 - - 11960
12-2-122* + trans-OMCA
2 216 432 324 (0.40) 324 36626
3 216 432 270 (0.33) 270 36993
4 216 432 252 (0.31) 252 37218
5 216 432 216 (0.27) 216 37463
6 216 432 162 (0.20) 162 38057
7 216 432 108 (0.13) 108 38546
8 216 432 54 (0.07) 54 39037
12-2-12?* + cis-OMCA
9 216 432 324 (0.40) 324 36630
10 216 432 270 (0.33) 270 37066
11 216 432 252 (0.31) 252 37203
12 216 432 216 (0.27) 216 37510
13 216 432 162 (0.20) 162 38070
14 216 432 108 (0.13) 108 38663
15 216 432 54 (0.07) 54 38972

2.3 Results and Discussion

2.3.1 Photo-responsive behaviors of the wormlike micelle system

2.3.1.1 Microstructure.

The wormlike micelles formed in 17mM 12-2-12 2Br /7mM trans-OMCA aqueous
solution were singled out to study the responsive behavior after UV irradiation. The
microstructures of the aggregates after different UV irradiation times are obtained by TEM
combined with a negative staining technique. As can be seen from Fig. 2.1, the system initially
performed an entangled and dense network structure, indicating the generation of wormlike
micelles. The network structure started to branch into rod-like micelle after 40 min UV
irradiation. Further prolonging the UV irradiation time, the micelles continued to split into
spherical micelles subsequently, and the rod-like micelles were entirely transformed into
spherical micelles when the UV irradiation time is 60 min. Obviously, the wormlike micelles
formed by the Gemini surfactant 12-2-12 2Br~ and trans-OMCA have excellent photo-
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responsiveness and the system changes from wormlike micelles to rod-like micelles and until
spherical micelles after UV irradiation.

_'é{j»‘;) 200 nm

@ (b) (c)

Fig. 2.1 TEM images for the sample of 17 mM 12-2-12 2Br/7 mM trans-OMCA system at 25<C with the
prolongation of UV irradiation time [(a) O min; (b) 40 min; (c) 60 min].

2.3.1.2 Rheological properties.

Fig. 2.2 provides the rheological properties of 17 mM 12-2-12 2Br /7 mM trans-OMCA
mixed solution under different UV irradiation time. It can be seen from Fig. 2.2 (a) that the high
viscosity and the appearance of the shear-thinning phenomenon and zero-shear viscosity of 17
mM 12-2-12 2Br /7 mM trans-OMCA indicates the formation of wormlike micelles before UV
irradiation. The wormlike micelles entangle with each other to form a network structure. The
network structure is difficult to be destroyed when the shear rate is lower and therefore the
platform appears (zero-shear viscosity, 70). However, when the shear rate is relatively higher,
the network structure will firstly disentangle, then be destroyed and transform into short rod-
like micelles. Therefore, the shearing-thinning behavior occurs. With the prolongation of UV
irradiation time, the shear-thinning behavior of the system gradually disappears accompanied
by a decrease of the viscosity of the system. It reconfirms that the longer wormlike micelles can
be destroyed after a period of UV irradiation and be transformed into smaller micelles; the
results are coincided with the previous TEM observation. The zero-shear viscosity (Fig. 2.2 (b))
of the present system drops rapidly within 40 min and almost keeps constant over 60 min. The
viscosity of the system decreases by about 3 orders of magnitude (from 2.7 +0.1Pa s to 7.3+
0.1mPa s) within 60 min. The viscoelasticity curves (Fig. 2.2 (c)) and the Cole—Cole plots (Fig.
2.2 (d)) of samples undergo different UV irradiation time once again prove the fact that the
transformation from wormlike micelle to spherical micelles after UV irradiation.
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Fig. 2.2 Effect of UV irradiation time on rheological properties for the system of 17 mM 12-2-12 2Br /7
mM trans-OMCA at 25<C (a) steady shear viscosity, (b) zero-shear viscosity, (c) dynamic frequency
sweep, and (d) Cole—Cole plots.

2.3.2 Snapshots of micelles

In general, 12-2-12 2Br~ can form aggregates with different morphologies in aqueous
solution depend on its concentration 1181 At very low concentration, 12-2-12 2Br- molecules
tend to aggregate into a multitude of spherical micelles. Fig. 2.3 provides the snapshot of the
species formed in 12-2-12 2Br~ aqueous solution after 100ns MD simulation. Obviously, the
spherical micelles are formed. The average aggregation number of the formed micelles is 22.5,
which is very close to the experimental aggregation number of 21.2 [®41, The simulation result
is in good agreement with that obtained by experiments.

R Ny . 12-2-12-2Br %
AR ;‘ ’ Z o
ﬁ!f N Vil N 100ns

Fig. 2.3 Snapshots for the initial simulation box and final micelle morphology of pure 90 12-2-12 2Br
surfactants. (The cyan molecules are 12-2-122; for clarity, water, and Br- ions are not shown.)
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In order to obtain the detailed aggregation information after introducing OMCA and the
influence of isomerization of OMCA, simulations of 12-2-12 2Br~ with trans-OMCA and cis-
OMCA were carried out respectively. Fig. 2.4 presents the snapshots of simulation results. With
the addition of trans-OMCA, a rod-like micelle appears firstly (r, = 0.75). After that, a rod-
like micelle similar with r, = 0.75 was formed with denser bulk density when more trans-
OMCA molecules were introduced to the 12-2-12 2Br system (r,, =1). When r, reaches 1.25,
rod-like micelles further merged into a long wormlike micelle with several ellipsoidal micelles.
Finally, at the highest OMCA concentration (r,, = 1.5), the micelle with trans-OMCA molecules
grew into the elongated and intertwined network structure. The main reason for morphologies
changes is that OMCA molecule is amphiphilic. After being added to 12-2-12 2Br~ system,
OMCA will participate in the micelle formation with 12-2-12 2Br~. Meanwhile, owing to the
strong electrostatic interaction between the head groups of cationic 12-2-12 2Br and anionic
OMCA as well as n-cation interaction between the benzene ring of OMCA and the charged
head group of 12-2-12 2Br, the bulk density of micelles increases, inducing the formation of
rod-like micelles even wormlike micelles [185-1861,

After being irradiated under UV light, trans-OMCA isomerizes into cis-configuration.
Rod-like micelles formed by trans-OMCA split into small, spherical micelles when r, =0.75.
After that, surfactant micelles started to split to an ellipsoidal micelle and a rod-like micelle (7,
= 1). Subsequently, with the increase of cis-OMCA molecules to r, = 1.25, a whole rod-like
micelle appeared. Finally, at the highest cis-OMCA concentration (r, = 1.5), the network
micelles ruptured into a long wormlike micelle. Morphology changes because of the increase
of the steric hindrance of OMCA after the photoisomerization, which disturbs the internal
structure of the micelles. This steric effect and the electrostatic interaction as well as r-cation
interaction will compete and finally affect the micellar morphology together. When the cis-
OMCA concentration is lower, the steric hindrance effect is dominant, so that long micelles are
split into smaller micelles. When the cis-OMCA concentration is higher, the electrostatic
interaction as well as z-cation interaction start to be stronger than steric hindrance effect. At
this time, the micelles begin to lengthen, while they are still smaller than that formed in trans-
OMCA system.
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Fig. 2.4 Snapshots for the initial simulation box and final micelle morphologies of r, =0.75 [(a) and (b)];
r, =1[(c)and (d)]; r, =1.25[(e) and (f)]; r, =1.5[(g) and (h)]. The left is aggregates containing 12-2-
12 2Br~ and trans-OMCA. The right is aggregates containing 12-2-12 2Br~ and cis-OMCA. (a), (b), (c),
(d), (f) have one period. (The cyan molecules are 12-2-122*; the red molecules are OMCA,; for clarity,
water and ions are not shown. Specially, to show the long wormlike and network morphologies, (e), (h)

have three periods and (g) have nine periods.)

To testify the formation of micelles with special morphologies, the specific density
information of ions in these systems are calculated and provided in Fig. 2.5. As shown in Fig.
2.5, 12-2-122* molecules mixed with cis-OMCA at r, = 0.75 integrate into four spherical
micelles, therefore four peaks are found in (b) along z axis. The long and finite rod-like micelle
has a corona-shape peak such as (a), (c), (f), (g1). (d) and (el) represent that spherical micelle
and rod-like micelle coexist. When the long and infinite wormlike micelles appear, the density
curve along x axis is infinite and successive like (e2), (g2) and (h2). The network micelles have
infinite and successive curve in both x and y axis but they are not successive in z axis, as shown
in (91), (92) and (g3).

From the result above, the 12-2-12 2Br™ and trans-OMCA micelle perform obvious photo-
responsive behavior, which is corresponding to the phenomenon that the long wormlike
micelles gradually break into shorter units after UV light in our TEM results. The specific
morphologies during micelle transformation in Fig. 2.1 are all captured in our simulation in Fig.
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2.4. Nevertheless, to understand how the cis/trans-OMCA isomers impact differently on the
surfactant micelle morphology, the deeper discussion of mechanisms of micelle transformation
is of great value.
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Fig. 2.5 The average density distributions of 12-2-12 (black line), OMCA (blue line), Na* (red line), Br
(green line) along x (€2, g2, h2),y (93),z (a, b, ¢, d, e1, f, g1, hl) at last 100 frames. The graph numbers

are corresponding to the numbers of morphologies in Fig. 2.4.

2.3.3 Packing of 12-2-12 2Br /OMCA
The packing patterns between OMCA and 12-2-12 2Br~ impact the morphology of

micelles directly. Therefore, the radial distribution functions (RDF) between the N1 atoms of
hydrophilic head group in 12-2-12 2Br™ for micelles formed by pure 12-2-12 2Br and 12-2-
12 2Br~ with 162 OMCA isomers were calculated firstly. The g(r) between particle A and B
can be defining as:

(p5(r)

845 (r) B (pB)local
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where {p,(r)) is the density of particle B at a distance r around A particles, and {p,),cq 1S

the average density of particle B at a radius of rmax over all spheres around A particles. Usually,
the value of rmax is half length of the box. The averaging is also carried out in time.

As is shown in the Fig. 2.6 (a), the g(r) curve between N1-N1 atoms in 12-2-12 2Br~ system
has two peaks located on 0.91 and 1.2nm. With the addition of trans-OMCA molecules, the
two peaks shift left. The first peak of trans-OMCA moves to 0.64nm and the peak height has a
considerable increase. The second peak moves to 0.86 nm. After isomerization, the first peak
does not move while the second peak locates at 0.81 nm. The left shifting and height increase
of the peaks suggest that the addition of OMCA promotes a closer packing between head groups
of 12-2-12 2Br . This is because that the strong electrostatic association between OMCA and
12-2-122* ions decreases the surface charges of micelles, thereby reducing the effective area of
charged head groups. And it is noticeable that the height of first peak for system containing
trans-OMCA is significantly higher than that of the system containing cis-OMCA, suggesting
that 12-2-12 2Br~ surfactants in trans-OMCA system have a closer and more ordering packing
than in cis-OMCA system.

Cs in benzene ring, C7 in methoxy, and Cio in carboxyl of OMCA are the key atoms to
calibrate the main position of OMCA. The g(r) between them and the N1 atoms in 12-2-12 2Br~
was also calculated. As can be seen in Fig. 2.6 (b), the two isomers pack in very different
patterns. The gnui-cs(r) function curves have a peak at 0.85 nm for system containing trans-
OMCA and a peak at 0.48 nm for system containing cis-OMCA. The gni-c7(r) witnesses a
similar distribution with a peak at 0.52 nm for systems containing both cis- and trans-OMCA.
A sharp N1-C1o peak was observed at 0.43 nm for trans-OMCA system in gni-cio(r) curve and
at 0.46 nm for cis-OMCA system. The proximity of Cz to N1 of cis-OMCA system implies that
its emergence on the micelle surface while the Cz of trans-OMCA is embedded into the micelle.
For both isomers, C7 is inserted inside the micelle (but not as deep as Cs for trans-OMCA) and
Cio is distributed on the surface of micelle. The sharp N1-Cio peak reveals a highly orderly
arrangement between these two atoms. The approaching of Cio to N1 for trans-OMCA system
discloses a stronger electrostatic interaction between the charge centers of trans-OMCA and
12-2-12 2Br.
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Fig. 2.6 Radial distribution functions (a) between nitrogen atoms gn.-n.(r) and (b) between nitrogen N

atoms from 12-2-12 2Br~ and specific carbon atoms from OMCA isomers, gn.-c(r) at r, = 0.75.

Fig. 2.7 shows the representative packing intercepted from micelles at r, = 0.75.
Combining the results of g(r) with Fig. 2.6, we can easily capture the difference in packing
patterns of cis/trans-OMCA: the aromatic ring of cis-OMCA is situated on the surface of
micelles while that of trans-OMCA is inserted into the hydrophobic alkyl chain of 12-2-12 2Br~;
the carboxyl groups of both cis/trans-OMCA are oriented on the surface of micelles and the
methoxy groups of them are embedded into the micelles. Meanwhile, on the micelle surface, it
is noticeable that there are more red parts (oxygen atoms in OMCA) on 12-2-12 2Br /trans-
OMCA micelle surface than in 12-2-12 2Br/cis-OMCA micelle surface. And we can hardly
observe the white parts (hydrogen atoms in OMCA) on 12-2-12 2Br /trans-OMCA micelle
surface. These atoms distribution confirms that the aromatic ring of trans-OMCA is embedded
entirely into the 12-2-12 2Br™ micelle and that of cis-OMCA lies on the surface of micelles.

12-2-12-2Br + trans-OMCA 12-2-12-2Br + cis-OMCA

Fig. 2.7 The arrangements of 12-2-12 2Br- and OMCA molecules on micelles at », = 0.75. (The cyan
parts are 12-2-122*; the red parts are OMCA; the red beads and white beads are oxygen atoms and
hydrogen atoms in OMCA.)
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The distinctions of cis/trans-isomer on the micelle surface can also be characterized by the
solvent accessible surface area (SASA) between micelles and water. The SASA means the
surface area of the micelle that is accessible to the solvent. In Gromacs, a1.4A spherical solvent
probe is used to scan the surface of the micelle by default. The part with a charge between -0.2
and 0.2 is regarded as hydrophobic area, and the other part is the hydrophilic area. The SASA
of surfactant micelles under different concentrations are displayed in Fig. 2.8. With the increase
of the OMCA concentration, the total area, the hydrophilic area, and the hydrophobic area
decrease. This indicates that the micelle become denser and the contact area with solution
decreases because of the stronger electrostatic interaction.

Table 2.3 presents some geometrical properties for the micelles at », = 0.75 in our
simulation. From Table 2.3, we can find that there is a larger hydrophobic area for 12-2-
12 2Br /cis-OMCA mixed micelles while the hydrophilic area of 12-2-12 2Br /trans-OMCA
micelles witnesses a contrary result. Obviously, the trans-OMCA molecules expose their
carboxyl group to the water whereas cis-OMCA molecules expose their benzene ring to the
water. The difference in SASA reconfirms the different packing patterns of cis- and trans-
iIsomers on micelle surface.
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Fig. 2.8 The hydrophobic(apno), hydrophilic(agni) and total(awt) surface areas of 12-2-12 2Br /OMCA

micelles with the OMCA concentration change.

Table 2.3 Geometric parameters of micelles of r, = 0.75 at the end of the MD simulations: micelle
volume(V); hydrophobic(apho), hydrophilic(aphi) and total(asw:) surface areas; the length of alkyl chain (1);

the critical packing parameter (P).

System \Y apho Aphi arot L P
(r=0.75) (nm?) (nm?) (nm?) (nm?) (nm)
cis-OMCA 84.2 278.4 364.2 642.6 1.25 0.19
trans-OMCA 153.1 212.7 381.7 594.4 1.26 0.33
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The different g(r), atom distribution and SASA between cis/trans-OMCA and 12-2-
12 2Br~ at concentration r, = 0.75 can interpret the different packing patterns of cis/trans-
OMCA on micelles. The trend of spherical or rod-like micelles formation can also be explained
by another important parameter, the critical packing parameter 4. In our simulation, | is
calculated by the distance between Cis and Czs. As is shown in Table 2.3, the P values for
micelles with cis/trans-OMCA are 0.19 and 0.33, respectively. These values suggest that the
most stable and favorable morphologies for cis/trans-OMCA at r, = 0.75 are spherical shape
and rod-like shape. In other words, when the trans-isomers photo-isomerize into cis-isomers
after UV irradiation, the originally stable rod-like micelle will become unstable. To reacquire a
stable structure, rod-like micelles will gradually break up and transform into several spherical
micelles.

2.3.4 Micelle transition

From above, we can see that the packing patterns of OMCA and 12-2-12 2Br™ affect the
morphology of micelles. In order to further explore the mechanism of micelle transition after
the UV irradiation, the quantitative calculations and other MD methods are adopted to further
analyze the detailed information including geometric structure of OMCA, hydrophilicity of
OMCA and the interaction energy between OMCA and 12-2-12 2Br at the molecular scale.
2.3.4.1 Geometry

Firstly, the optimized structures of OMCA molecules are shown in the Fig. 2.9. The value
is the angle between the plane of benzene ring and carboxyl in OMCA. We can find that almost
all atoms of a trans-OMCA molecule are oriented at a same plane with an angle 180 “while the
angle (1409 and shorter distance (6.46 A) between Cio and Hs of cis-OMCA molecule show
its three-dimensional configuration and higher bending degree. Moreover, as can be seen in
Table 2.4, trans-OMCA molecule has a smaller molar volume. Therefore, when inserted into
the 12-2-12 2Br layers, trans-OMCA molecule is easier to embedded into hydrophobic interior
of 12-2-12 2Br and shows a more ordering arrangement. After UV irradiation, owing to higher
bending degree and larger volume, cis-OMCA molecules occupy more space and has a farther
distance to the charged head group of 12-2-12 2Br~, which has been testified via g(r) of N1-C1o
in Fig. 2.6. Therefore, the arrangement between OMCA and 12-2-12 2Br~ becomes looser and
the interactions between OMCA and 12-2-12 2Br~ become weaker, giving rise to the break of
micelles.
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c) (d)

Fig. 2.9 The structures of OMCA molecules after being optimized at the M052X/6-31G* level. (a), (c) cis-
OMCA top and front view; (b), (d) trans-OMCA top and front view.

Table 2.4 Solvation Free Energy of cis/trans-OMCA, distance between Hz and C10 and molar volume

calculated by Gaussian 09 at M052X/6-31G* level in SMD solvation model.

Solvation free C10-Hs Distance Molecular volume
energy (kJ/mol) A (cm3/mol)
cis-OMCA -40.56 6.46 125.16
trans-OMCA -37.68 9.02 122.23

2.3.4.2 Hydrophilicity

Subsequently, we explore the hydrophobicity of cis/trans-OMCA by calculating the
solvation free energy using Gaussian 09 at M052X/6-31G* level in SMD solvation model.
Solvation free energy represents the intensity of hydrophilic capacity of a molecule. The free
energy of solvation refers to the change in free energy that moves a solute molecule in a gas
phase state of 1 atm into a solvent to become a solvation state of 1 mol. As is shown in Table
2.4, the solvation free energies of cis-OMCA and trans-OMCA are -40.56 kJ/mol and -37.68
kJ/mol. Obviously, cis-OMCA is more hydrophilic, and it should have a stronger trend to move
to the water rather than stay in the micelle than trans-OMCA. In order to verify this inference,
we constructed an air/water interface with well-arranged surfactant layers consisting of 26 12-
2-12 2Br~ (CMC concentration) and 52 OMCA are oriented randomly between the 12-2-
12 2Br.*" Excessive OMCA molecules ensure that OMCA molecules are able to escape from
surfactant layers. Fig. 2.10 provides the snapshots of 12-2-12 2Br~ on air-water interface before
and after MD simulations with 12-2-12 2Br /OMCA proportion of 26/52. According to Fig.
2.10, after 30ns MD simulation, several OMCA molecules are observed to escape from the
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surfactant layer and move toward the water solution. Obviously, the number of escaping cis-
OMCA molecule is much more than that of trans-OMCA. The stronger hydrophilicity of cis-
OMCA drives it to run from the hydrophobic interior of 12-2-12 2Br™ to the water. Once the
cis-OMCA escape from its position, the original wormlike micelles break into rod-like micelles
even spherical micelles correspondingly.

trans cis

Before MD After MD

Fig. 2.10 Snapshots of 12-2-12 2Br~on air-water interface before and after MD simulations with 12-2-
12 2Br-/OMCA proportion of 26/52. (Red parts are OMCA molecules escaping from micelles; yellow
parts are OMCA molecules embedded into micelles; cyan parts are 12-2-12 2Br~ layers. The middle

transparent part is water.)

2.3.4.3 Energy

The relative interaction energy between surfactant and cis/trans-OMCA of different
packing patterns is explored. Two representative packing patterns of cis-OMCA (Fig. 2.11 (a),
(b)) and trans-OMCA (Fig. 2.11 (c), (d)) from the micelle at the last snapshot in our MD
simulations were singled out. One was the benzene ring oriented into the 12-2-12 2Br— alkyl
chain and another was the benzene located on the micelle surface. The basis set 6-311g** with
B3LYP functional in SMD solvation model was employed to calculate the interaction energies.
The relative interaction energies of these four packing ways are 35.5, 3.1, 8.5 and 0 kJ/mol. For
cis-OMCA, the structure (b) that the benzene rings appear on the micelle surface is more stable
and for trans-OMCA, the structure (d) that the benzene rings are embedded on the micelle
interior is more stable. This means that when trans-OMCA (d) becomes cis-OMCA (a) after
photo-isomerization, to obtain a stable packing configuration OMCA molecule will change its
previously stable packing (a) to the packing (b). This transformation results in the loosing of
the micelle structure and finally induces the fission of micelle.
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Fig. 2.11 Relative interaction energies (kJ/mol) of specific packing patterns between 12-2-122* and OMCA"
on micelles. The benzene rings of (a) and (d) are embedded into the micelles and the benzene rings of (b)
and (c) appear on the micelle surface. (a) and (b) are cis-OMCA. (c) and (d) are trans-OMCA. (For clarity,

hydrogen atoms are not shown.)

Fig. 2.12 shows LJ interaction energy, Coulombic interaction energy, and total interaction
energy between OMCA and 12-2-122* at r, = 0.75. We find that these three interactions
between trans-OMCA and 12-2-12 2Br are stronger than those between cis-OMCA and 12-2-
12 2Br~. This means that 12-2-12%* and trans-OMCA have a stronger counter-ion binding
capacity. Therefore, the stronger shielding effect of trans-OMCA on the electrostatic repulsion
between the head groups of 12-2-12 2Br induce a denser packing of 12-2-12 2Br™ than in 12-
2-12 2Br /cis-OMCA system. The stronger electrostatic interaction between trans-OMCA and
12-2-12 2Br is consistent with the results obtained by g(r) calculations between N1-Cio. The
specific values of interaction energy are summarized in Table 2.5.

Table 2.5 Interaction energies between OMCA- and 12-2-12%" ions at r,, = 0.75 after equilibrium in MD

simulations:
Coulombic LJ Total Interaction
System
(kJ / mol) (kJ / mol) (kJ / mol)
cis-OMCA -16807.90 -13316.07 -30123.97
trans-OMCA -17402.15 -14632.52 -32034.68
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Fig. 2.12 Interaction energies (kJ/mol) between 12-2-122* and OMCA" during MD simulations at r, =
0.75.

Furthermore, we calculated the PMF by sampling method. The potential of mean force is
the potential energy obtained by integrating the average force of the configuration ensemble,
which can be calculated by:

PMF(r) = -ksTIng(r)
where kg is the Boltzmann constant and g(r) is the radial distribution function.

(2-3)

The PMF in Fig. 2.13 represents the change of potential under a given pull force which
pulls out a molecule from a pre-assembled spherical micelle to different distances. From Fig.
2.13 (a), we can see that it is much easier to pull out a cis-OMCA" ion from the stable spherical
micelle than pull out a trans-OMCA" ion. The results once again approved that cis-OMCA
molecules are more likely to escape from micelles to the solution. In Fig. 2.13 (b), the PMF of
pulling out a trans-OMCA" is much larger than pulling out a cis-OMCA" from spherical micelle
formed by OMCA and 12-2-12 2Br". This indicates that the spherical micelle containing trans-
OMCA have a more stable configuration than that containing cis-OMCA.
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Fig. 2.13 Potentials of mean force (PMF) of pulling out an OMCA or 12-2-12%* ion from a spherical
micelle formed by 32 12-2-12 2Br~ and 32 OMCA to different distances.
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2.3.5 The mechanism of photo-responsive behavior.

Based on the above analysis, the mechanism of photo-responsive behavior for 12-2-
12 2Br /trans-OMCA micelle is proposed (Fig. 2.14). Obviously, the packing pattern between
12-2-12 2Br and OMCA determines the existing morphology of micelle directly and the three
primary factors affect the packing pattern between 12-2-12 2Br~ and OMCA: geometric
structure of OMCA, hydrophilicity of OMCA and the interaction energy between OMCA and
12-2-12 2Br . Firstly, it’s noteworthy that the relatively planar structure of trans-OMCA and
lower bending degree make trans-OMCA easier to insert into the interval of surfactants. It’s
demonstrated by g(r) and SASA that the different molecular geometry of trans/cis-OMCA
influences their packing ways: the aromatic ring of trans-OMCA is completely embedded into
the hydrophobic alkyl chain of 12-2-12 2Br™ and that of cis-OMCA is exposed to the surface
of micelle. Thereby, there is a closer arrangement between the charged center of trans-OMCA
and 12-2-12 2Br, bringing about a stronger electrostatic interaction and n-cation interaction.
After UV irradiation, the steric hindrance of cis-OMCA molecule becomes larger and the
electrostatic interaction and nt-cation interaction become weaker leading to the disintegration of
original micelle.

Secondly, a lower solubility in water has been proved to be related to a stronger association
with micelles.?* Through comparing the solvation free energy, it is demonstrated that trans-
OMCA is more hydrophobic than cis-OMCA. The stronger hydrophobicity of trans-OMCA
indicates that the trans-OMCA remains associated with micelles to a larger degree.?* On the
contrary, the stronger hydrophilicity of cis-OMCA endows it the chance to move towards the
outer layer of micelles and even escape from the 12-2-12 2Br~ micelle layers, and finally induce
the split of the micelle.

Finally, by calculating interaction energy, the micelles containing cis-OMCA are proved
to be less stable. After the photoisomerization of trans-OMCA, to obtain a stable packing
pattern with a lowest energy, cis-OMCA will change its packing pattern from embedding the
aromatic ring into micelle to orienting that on the surface of micelle. Therefore, the long rod-
like micelles will split into several spherical micelles.
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Fig. 2.14 The mechanism of photo-responsive 12-2-12 2Br~/trans-OMCA micelle morphology transition.

2.4 Conclusions

In this chapter, we investigated photo-responsive behavior of Gemini surfactant 12-2-
12 2Br and trans/cis-OMCA using rheology, TEM experiments, atomistic MD simulations,
and DFT calculations. Firstly, trans-OMCA associates strongly with 12-2-12 2Br~, leading to
the formation of wormlike micelles. Upon irradiation of UV light, trans-OMCA
photoisomerizes into cis-OMCA. The wormlike micelles crack to rod-like micelle and finally
to spherical micelles. Three primary factors (geometry, hydrophilicity and energy) affecting
those micelle transitions are unraveled systematically. The larger steric hindrance of cis-OMCA
weakens z-cation interaction and electrostatic interaction. The stronger hydrophilicity of cis-
OMCA leads to the moving of cis-OMCA from the interval of micelles to the solution.
Moreover, the cis-OMCA has a weaker interaction with the 12-2-12 2Br~ than trans-OMCA.
All these factors induce the breakage and repacking of wormlike micelles.

Regarding the experimental research on photo-responsive wormlike micelles systems, 12-
2-12 2Br~ and OMCA in water solution emerged as a photo-responsive system with different
morphologies. At high concentration, 12-2-12 2Br~ surfactant will form vesicles even liquid
crystals with large aggregation number. After UV light, the vesicle firstly transforms into long
and elongated wormlike micelles and with the UV irrational time prolonged, the wormlike
micelles will continue to break up and finally split into spherical micelles. Because of the
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multiple transformation process from vesicle to wormlike micelle and finally to spherical
micelle, multiple control of the viscosity of the system can be achieved via UV light. We have
studied several morphologies such as spherical, ellipsoidal, rod-like, wormlike and network
micelles. However, owing to the scale limitation of simulation box, we cannot simulate the
vesicles with micron size through united atom forcefield. From experiments after the trans/cis-
OMCA photoisomerization, the complete transformation process from wormlike micelles to
spherical micelles costs 60 minutes whereas the initial alteration in morphology takes place at
the first few seconds. Moreover, several papers which depict the self-assembly aggregates of
surfactant confirm that the micelle breakage and coalescing processes happen at the millisecond
to second timescale under standard conditions (1871891 However, the timescale of atomistic MD
simulations is within microsecond. These scales could not entirely satisfy the time in micellar
transformation and size of vesicle. Coarse-Grained (CG) model has an extended timescale
which might accomplish the simulation of vesicle, but the subtle alterations of packing patterns
between OMCA and 12-2-12 2Br~ will be hard to capture. To the best of our knowledge, rare
articles report different aggregate self-assembly process and those aggregate transition process
using atomistic MD simulation for 100ns from a random arrangement of surfactant solution.
We achieve this simulation successfully. Various micelle morphologies and specific packing
patterns during micellar transformation were displayed. The causes of those different packing
were elucidated comprehensively and systematically. Our simulation morphologies are in good
agreement with our TEM results and others’ experimental as well as calculation results. The
present molecular-level details of the micellar repacking process and mechanism of aggregate
transformation can be utilized to design novel photo-rheological systems with tunable
rheological properties. Such photo-responsive system will widen the application prospect in
microscale engineering fields such as drug delivery, soft materials, smart fluids and purification
and separation.
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Chapter 3 Molecular Dynamics Simulations and Quantitative
Calculation of Photo-responsive Behavior of Wormlike Micelles
Constructed by Gemini Surfactant 12-3-12 2Br~ and Cinnamate

Derivatives with different ortho-substituents

3.1 Introduction

In last chapter, we studied the photo-responsive behavior of wormlike micelles constructed
by Gemini surfactant 12-2-12-2Br~ and photo-sensitive molecule trans-OMCA. To further
promote the photo-responsive ability of photo-responsive wormlike micelles, it is important to
study the wormlike micelles constructed with different photo-sensitive cinnamate molecules.
As we know, the subtle difference in the substituents at the phenyl ring of cinnamates has a
significant impact on the velocity of photo-isomerization reaction of cinnamate derivatives and
the interaction between cinnamate derivatives and surfactant, which further influence the photo-

1901 ysed

responsive behavior of the photo-responsive wormlike micelles. Promkatkaew’s group !
B3LYP geometric optimization and SAC/SAC-CI calculations to study the effects of hydroxyl,
nitro, and fluorine substitutions at ortho-, meta-, and para- position of cinnamate derivatives on
the velocity photo-isomerization reaction. The results indicated that ortho- and meta-
substituted derivatives have longer emission lifetimes than those at the para derivatives.
Although the quantitative calculation method can accurately capture the differences between
molecules, the microscopic changes in the morphology of micelles cannot be observed. MD
simulations provide a way to visualize these interesting photo-responsive phenomena, to
capture how substituents on the phenyl ring affect the packing pattern between photo-sensitive
molecule and surfactant and to elucidate the mechanism of morphology transition of surfactant
self-assembly. However, most studies on the surfactant self-assembly use coarse-grained (CG)
forcefield in order to save simulation time. As a result, the subtle changes of molecular structure
before and after UV irradiation have not been well observed and understood. For example,

Y ysed a coarse-grained model to investigate the photo-responsive self-

Zheng’s group |
assembly and disassembly process of cis-, trans-AzoC10/alpha-CD mixture at a timescale of
ten microseconds. Their results indicate that there is a significant correlation between the size
and shape of aggregates and the molecular structure and concentrations of trans-AzoC10. As
for the slight change in structure of AzoC10 and the effects of it before and after UV irradiation

were not fully investigated.
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The influence of the substituents at the benzene ring on the kinetic of photo-isomerization
reaction is quite complicated. In addition, the insufficient investigation of micellar transition
mechanism and the variation of viscoelastic properties of photo-responsive wormlike micelle
of Gemini surfactants and cinnamates mixed system under UV irradiation have severely
hindered their industrial application. Therefore, the study of the effects of different substituents
at aromatic ring of cinnamates on photo-responsive behavior of wormlike micelles constructed
by Gemini surfactants and cinnamates exhibits an important research value.

In this chapter, three aromatic cinnamates trans-o-methoxy cinnamate (trans-OMCA),
trans-o-hydroxy cinnamate (trans-OHCA), and frans-cinnamate (trans-CA) were selected as
photo-sensitive molecules to adjust the morphology of surfactant assemblies in the photo-
responsive system. The Gemini surfactant timethylene-1, 3-bis (dodecyldimethylammonium
bromide) (12-3-12-2Br") was specified as the elementary entity of surfactant assemblies. The
photo responsive wormlike micelles were then constructed by aromatic cinnamates and 12-3-
12:2Br". The corresponding morphologies during the photo-responsive process of the studied
wormlike micelles were observed by transmission electron microscopy (TEM) and the kinetics
of photo-isomerization of three trans-isomers were studied by UV-Vis absorption spectrum and
high performance liquid chromatography (HPLC). MD simulations and quantitative
calculations were employed to simulate the morphological transformation of micelles under
UV irradiation and to investigate the differences of structure and properties between cinnamates
with various ortho-substituent groups. Especially, we constructed simulation systems using
different numbers of trans/cis-isomers to simulate the UV irradiation time. Our simulations and
calculations display the detailed information about how photo-sensitive molecules participate
in the construction and fission of wormlike micelles composed of cinnamates and 12-3-12-2Br~
before and after UV irradiation and elucidate the impacts of different ortho-substituents on the
photo-behavior of these photo-responsive systems. This study allows us to optimize the photo-
responsive self-assembly system containing Gemini surfactants and cinnamates, which is of
great importance for the design of smart responsive systems and expansion of their applications

in soft material and other fields.
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3.2 Materials and methods

3.2.1 Materials

In this chapter, timethylene-1,3-bis (dodecyldimethylammonium bromide); 12-3-12-2Br")

1921 Three cinnamate derivatives, trans-o-

was synthesized according to our previous work !
methoxy cinnamic acid (99%), trans-o-hydroxycinnamic acid (99%), and trans-cinnamic acid
(99%) were purchased from TCI Chemical Industry Development Co., Ltd. And we prepared
trans-o-methoxy cinnamate (trans-OMCA), trans-o-hydroxyl cinnamate (trans-OHCA), and
trans-cinnamate (trans-CA) solutions by mixing trans-cinnamic acid with sodium hydroxide
(NaOH) at a concentration of 1.1 times that of cinnamic acid into solution. All samples were
prepared by ultrapure water from Millipore system. The structures of Gemini surfactant 12-3-
12-2Br  and three cinnamate ions trans/cis-CA, trans/cis-OHCA and cis/ trans-OMCA are

shown in Scheme. 3.1.

OH OH
\ l*/\/\ |*/
NG, NG,
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O OH OH O/

cis-CA cis-OHCA cis-OMCA
o (0] (@]
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12-3-12-2Br- trans-CA trans-OHCA trans-OMCA

Scheme. 3.1 Structures of Gemini surfactant 12-3-12-2Br™ and cinnamate derivatives (frans/cis-CA,

trans/cis-OHCA and trans/cis-OMCA)

3.2.2 Preparation of the wormlike micelle solution

Three different wormlike micelles were prepared by mixing 12-3-12:2Br™ solution and
cinnamate derivative solution to keep the concentration of the Gemini surfactant at 40 mM and
the concentration of cinnamates at 24 mM. The prepared solutions were stored at 25°C £ 0.1

for three days.

3.2.3 UV irradiation

The ultra-high pressure short-arc mercury lamp (CHF-XM35-500W) with a 365 nm
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optical filter was applied to illuminate the solution to make cinnamate derivatives to photo-
isomerize from trans-form to cis-form. About 3.0g Samples were placed in a 10 ml quartz
crucible and stirred continuously at 25 + 0.1°C in a jacketed beaker connected to a low-
temperature thermostat bath. The distance between the samples and the light source was fixed

at 20 cm.
3.2.4 High performance liquid chromatography details

High performance liquid chromatography (HPLC) was used to obtain the conversion
fraction of the system under UV irradiation. The chromatographic separation was carried out
by using ultra performance liquid chromatograph with an Cig column (250 x 4.6 mm, 5 um,
Agilent Germany). The temperature of the column was maintained at 25 + 0.1°C during the
analyzing process. 20 pl sample was injected and eluted with the mobile phase 0.1% phosphoric
acid solution /acetonitrile = 60/40 in 15 min. The conversion fraction is defined as £, which can

be calculated by

f: Ci"Ce (3_1)

where ¢; is the initial concentration of trans-isomer and c. is the equilibrium concentration of

trans-isomer.

3.2.5 Rheological property measurement

Anton Paar MCR 302 rheometer (Anton Paar, Graz, Austria) was used to measure the
steady and dynamic rheological properties of the studied WLM solutions with a cone plate
system (CP50-1) with a radius of 50 mm and a taper angle of 1°. Flow curves were measured

1

at a range of shear rate from 0.01 s™! to 1000 s' and the dynamic frequency sweep was

measured with a fixed strain value (y = 1%) and a frequency of 0.1-100 Hz at 25.0 + 0.1°C.

3.2.6 Microstructure observation of the micelles by TEM

The microstructure of surfactant aggregates was observed by TEM (Jeol JEM-1400, Japan).
Firstly, about 10puL sample was dripped onto the margin of the copper and adsorbed on the
copper mesh after a few minutes; the excessive solution was eliminated with filter paper.
Subsequently, the sample was negatively stained with phosphotungstate for 5-10s, and the

excessive solution was absorbed by filter paper.

3.2.7 Quantitative calculations and force-field parameters

The structures of six trans/cis-cinnamate derivatives ions were optimized by Gaussian 09
quantum chemistry packages through a hybrid functional B3LYP at the 6-311+g (d, p) level.

The optimized structures will be used as initial structures of MD simulations and to calculate
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the molar volume of six frans/cis-cinnamate molecules. The electrostatic potential distribution

193] The solvation free

of cinnamate ions were calculated using Multiwfn software packages !
energy of cinnamate ions were calculated Gaussian 09 at the M052X/6-31G* level. The
interaction energies of the packing pattern between 12-3-12%" and trans/cis-cinnamates were
obtained using 6-311g+** basis set with B3LYP functional in SMD solvation model.

Since the force field GROMOS96 45a3 '3 has been proved to be in good agreement with
the experimental data in many surfactant micellar systems [!°*], we adopted GROMOS96 4523
forcefield in all our molecular simulations. We optimized the initial structure and generated the
coordinates of 12-3-12%" (Fig. 2.1(a)) and trans/cis-cinnamate ions using Gaussian 09. The
force field parameters for 12-3-12%", trans/cis-CA, trans/cis-OHCA were generated by the ATB
server. The dihedral angle information of trans/cis-cinnamate ions were obtained from Heerdt’s

literature [1%8) which had been well estimated by DFT calculations. As to trans/cis-OMCA, the

corresponding parameters can be found in our previous work 194,

3.2.8 Simulation details

The box size of the pure 12-3-12 2Br~ surfactant molecule was set to 7.5%7.5x12 nm?. For
the cinnamates and 12-3-12 2Br surfactant system, the cuboid box size in MD simulations was
set to 7.5>7.5>24 nm?® in order to fully show the wormlike micelle. Periodic boundary
conditions were set in all three dimensions. In all our simulation systems, the concentration of
12-3-12 2Br was approximately 0.23 mol/L, which is far above the CMC (0.91 mM) of 12-3-
12 2Br~ in aqueous solution 191, For the pure 12-3-12 2Br system, 90 12-3-12 2Br~ surfactant
molecules were dissolved in 19834 water molecules. For the cinnamates and 12-3-12 2Br~
surfactant mixed system, the number of 12-3-12 2Br~ molecules was fixed at 180 and the
number of trans/cis-cinnamate ions was defined according to their conversion fractions that
obtained by experiment (HPLC). All the surfactants and cinnamates were arranged randomly
with approximately 37000 water molecules using Packmol. Corresponding number of counter
ions of Br~ and Na* were added in the box in a random assignment as well to maintain the
charge equilibrium of the system. The simulation details of our systems are displayed in Table

3.1.
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Table 3.1 Number of 12-3-122*, Br-, cinnamate derivatives, Na* ions and water molecules in simulation

box.
System 12-3-12%* Br- cis/trans-isomers Na* H,O
12-3-12%
1 90 180 0/0 0 19834
12-3-12* + OMCA
2 180 360 0/135 135 38233
3 180 360 32/103 135 38295
4 180 360 88/47 135 38230
5 180 360 118/17 135 38227
12-3-12%* + OHCA
6 180 360 0/135 135 38253
7 180 360 32/103 135 38290
8 180 360 88/47 135 38330
12-3-12?* + CA
9 180 360 0/135 135 38397
10 180 360 32/103 135 38327

The MD simulations were preformed using GROMACS 2018 software packages. The
constant temperature of 298.15 K and the constant pressure of 1 bar were kept by Berendsen
bath coupling scheme. Semi-isotropic pressure coupling was conducted in order to simulate
rod-like and wormlike micelles. The simulation box was independently scaled in z- direction
but was isotopically scaled in x- and y- directions. The time step was 2 fs in all simulations.
The SPC water model was employed. The trajectories were saved every 2ps. For all the system,
the simulation time is 100ns. The short-range electrostatic cutoff and short-range Van der Waals
cutoff were set to 1.0 nm, and the long-range electrostatic interactions were set to 0.12 nm by
PME (Particle Mesh Ewald) method. Bonds were constrained using LINCS (Linear Constraint
Solver) algorithm. VMD 1.9.2 was employed to visualize and display the trajectories and

configurations of simulated system.

3.2.9 PMF calculation details

Six pre-assembly spherical micelles containing 32 12-3-12-2Br and 32 cinnamates at
initial and equilibrium states (32 trans-CA for =0, 24 trans-CA and 8 cis-CA for f= 0.24, 32
trans-OHCA for =0, 11 trans-OHCA and 21 cis-OHCA for f= 0.65, 32 trans-OMCA for f =
0, 4 trans-OMCA and 28 cis-OMCA for = 0.88, respectively) were constructed by Packmol

software and put in the box with the size of 6nm X 6nm % 12nm. Approximately 13000 water
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molecules by the SPC water model were added into boxes. The steepest descent of energy
minimization was used. Then the MD simulation were carried out in NPT ensemble at 298.15
K and 1 atm for 50 ns with the time step of 2 fs for six systems. Periodic boundary conditions
were applied in three dimensions. The temperature and pressure were controlled by the
Berendsen bath coupling scheme. Interactions were subjected to a cutoft distance of 1 nm where
the long-range electrostatic interactions were set to 0.12 nm using the Particle Mesh Ewald
technique. In the pulling process, the motion of micelles was restricted to maintain their initial
configuration. A harmonic umbrella potential with a force constant of 1000 Kcal- mol™!-nm™
was applied between the COM of the spherical micelle and a 12-3-122" ion using pull code.
Umbrella sampling simulations were carried out in 25 different windows ranging from 1.5nm
to 6.5nm with a sequential stepwise reduction by 0.2nm. The MD simulation time for each
window was 10 ns. The PMF was calculated from the sample windows using the Weighted

Histogram Analysis Method which are implemented by g wham command in GROMACS.

3.3 Results and Discussions

3.3.1 Photo-responsive behavior of the 12-3-12 2Br /cinnamates mixed systems

In order to investigate the effect of the ortho substituents of the photosensitive molecules
on the photo-responsive behavior of the photo-responsive fluids, three different wormlike
micelles were constructed (40 mM 12-3-12-:2Br /24 mM cinnamates), and the photo-
responsiveness of the studied wormlike micelles were investigated by observing the structure
transition induced by UV irradiation. The microstructures of the aggregates that undergone
different UV irradiation time were obtained through TEM. As shown in Fig. 3.1, the system
containing 40 mM 12-3-12-2Br /24 mM trans-CA initially performs an entangled and dense
network structure of wormlike micelles. After 160 min UV irradiation, the structure of micelles
does not change significantly. As for the system of 40 mM 12-3-12-2Br /24 mM trans-OHCA,
the wormlike micelles entangle with each other and form a denser and flexible network structure
before UV irradiation. However, the intertwined network structures begin to unravel and
become loose after 160 min UV irradiation. For 40 mM 12-3-12-2Br /24 mM trans-OMCA,
the surfactant molecules firstly form long and entangled wormlike micelles, while after the 160
min UV irradiation, the wormlike micelles transform into the short rod-like micelles and even

spherical micelles.
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Fig. 3.1 TEM images of the sample of 40 mM 12-2-12-2Br /24 mM trans-cinnamates at 25°C under
different UV irradiation time [(a) trans-CA, 0 min; (b) trans-CA, 160 min; (c) trans-OHCA, 0 min; (d)
trans-OHCA, 160 min; (e) trans-OMCA, 0 min; (f) trans-OMCA, 160 min].

The rheological property variation is the most significant reflection of the morphology and
structure transition of surfactant aggregates. In order to explore the morphological changes of
the wormlike micelles after UV irradiation, the steady shear viscosity and dynamic viscoelastic
behavior of 40 mM 12-2-12-2Br /24 mM cinnamates were studied in detail. All systems
composed of 40 mM 12-2-12-2Br /24 mM cinnamates reached equilibrium after 160 min UV
irradiation. Fig. 3.2 shows the steady shear curves and dynamic viscoelastic modulus of 40 mM
12-3-12-2Br /24 mM trans-cinnamates undergoing different UV irradiation time. Generally, it
can be seen from Fig. 3.2 (a), (b), and (c) that the viscosity of the studied photo-responsive
fluids shows a plateau at lower shear rates while exhibits a shear-thinning phenomenon in the
higher shear rate region before UV illumination, which prove that the studied system is
composed by typical wormlike micelles [1°]. As for the dynamic frequency sweep measurement,
the viscoelastic modulus of these wormlike micellar solutions exhibits a typical Maxwell

behavior °7], which can be depicted by following equations.

' _ w2,2R
G(w) =Gz (3-2)
G (0) = GO% (3-3)
Go=2G* (3-4)

Here G’ is the elastic modulus, G” is the viscous modulus.  is the angular frequency. The

relaxation time 7 is calculated by 1/w¢, where w. is the angular frequency at the intersection of
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G' and G". Gy is the elastic plateau modulus value at higher . If G’ does not reach an apparent
plateau value at higher frequency, the estimation of Gy can be calculated from equation (3-4),
where G* is the G’ at w..

For the 12-3-12-2Br /trans-CA system, the zero-shear viscosity (70, the viscosity at
plateau) decreases from 1.1 Pa-s to 0.74 Pa-s after 160 minutes UV irradiation. In addition, the
elastic modulus (G") and viscous modulus (G") curves of 12-3-12-2Br /trans-CA (Fig. 3.2(d))
show an inconspicuous change before and after 160 min UV irradiation, suggesting the
imperceptible changes of the viscoelasticity and further the morphology of the wormlike
micelles after UV irradiation. These rheological results suggest that the photo-responsiveness
of wormlike micelles formed in 12-3-12-2Br /trans-CA system is almost negligible. However,
for the system containing trans-OHCA, the phenomenon of shear-thinning still exists while the
nois significantly reduced from 19.7 Pa-s to 2.63 Pa-s after undergoing 160 min UV irradiation.
Regarding the dynamic viscoelastic behavior, it can be seen that the frequency at intersection
of curves for the variation of G’ and G" with frequency increase gradually with the prolonging
of UV irradiation time. Obviously, the relaxation time of the wormlike micelles decrease,
indicating the weakening of the network structure %%l In terms of the wormlike micelles
containing frans-OMCA, the shearing-thinning phenomenon becomes more and more subtle
and tends to disappear with UV irradiation and the intersection of G' and G"disappears
gradually (at 80 minutes). This may be due to the transition of wormlike micelles to shorter rod-

like micelles and even spherical micelles after UV irradiation.
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Fig. 3.2 Steady shear viscosity curves (trans-CA (a), trans-OHCA (b), trans-OMCA (c)) and the dynamic
viscoelastic modulus (trans-CA (d), trans-OHCA (e), trans-OMCA (f)) of the systems of 40 mM 12-3-

12-2Br/24 mM cinnamates with different UV irradiation time at 25°C
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For providing the more intuitive changes of wormlike micelles, some structural

parameters of wormlike micelles were calculated according to the following equations 1),
Gp L
G”? =L: (3'5)
55/3
Le=25 (3-6)
P
kg 13
(2 (3-7)
0

L is the average extension length. L. is the entanglement length between two

entanglements. G,,;, represents the minimum value of G” at higher frequency; ¢ refers to

hydraulic correlation length (representing the mesh size of micelle network); L, is the
persistence length of micelles, L, = 15-20 nm 2°; kz is Boltzmann constant (ks = 1.3806 x 10
2 J/K); Tis Kelvin temperature. According to these equations, the L and L. values of wormlike
micelles with different UV irradiation time were obtained and showed in Table 3.2. Obviously,
after 160 min of UV irradiation, the length of the wormlike micelles containing frans-CA was
slightly reduced from 289-350 nm to 213-258 nm, while the wormlike micelles containing
trans-OHCA witness a sharp drop in length from 548-663 nm to 347-420 nm after 160 min UV
illumination. The reduction in length of wormlike micelles containing trans-OMCA is the most
significant (from 355-430 nm to 167-202 nm). the wormlike micelles almost fission within 40
min UV irradiation, which is confirmed by the disappearance of the intersection of G’ and G".
Obviously, the sensitivity of the wormlike micelles to UV irradiation is trans-OMCA > trans-

OHCA > trans-CA. The rheological results are in good agreement with the TEM images.

Table 3.2 Variation of rheological parameters of the wormlike micelle constructed by 40 mM 12-3-

12-2Br /24 mM trans-cinnamates with the prolongation of UV irradiation time at 25 °C.

UV time G Gy Gonin W T
¢ L.(nm) L(nm)
(min) (Pa) (Pa) (Pa) (rad/s) (s)
CA 0 122 238 9.1 25.1 0.040  5.6x10°% 110-133  289-350

160 381 274 13.1 15.5 0.064  5.4x10°% 102-124  213-258

OHCA 0 289 647 75 3.3 0.31 4.0x10°8 63-77 548-663
160 338 656 119 10.6 0.094  4.0x10°% 63-76 347-420
OMCA 0 152 314 8.4 17.5 0.057  5.1x10°% 95-115 355-430
40 180 255 16.2 48.4 0.021  5.5x10°% 106-129 167-202
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3.3.2 The photo-isomerization kinetics of the cinnamates

In order to explore the intrinsic reason for the difference of the photo-responsive behaviors
of the studied three cinnamates, the photo-isomerization reaction kinetics of these cinnamates
were studied firstly. To ensure that the frans-isomers are converted to cis-isomers as much as
possible, the solution for constructing worm like micelles originally was diluted 1000 times (40
uM 12-3-12-2Br /24 uM trans-isomer) The UV-Vis absorption spectrum and high performance
liquid chromatography (HPLC) were applied to obtain the conversion fraction. The HPLC
results are shown in Fig. 3.3. From the ratio of peak height before and after UV irradiation, we
can obtain the equilibrium conversion fractions f of trans-CA, trans-OHCA and trans-OMCA

are 0.24, 0.65 and 0.88.
Before UV At equilibrium after UV
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Fig. 3.3 High performance liquid chromatography spectra of three cinnamate derivatives before UV-

irradiation and in equilibrium state after UV irradiation.

After we know the equilibrium conversion fraction of the cinnamates, the variation of

conversion fraction with time can be plotted. Fig. 3.4 provides the variation of conversion
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fraction for different cinnamates with UV irradiation time and the corresponding kinetic curves.

From our previous work 2!l the photo-isomerization reaction of cinnamates usually follows

Ci-C,

the law of the first order opposite reaction. Therefore, we plotted the variation of /n ec with

time and found that these points are perfectly comply with the law of the first order opposite
reaction. Then a linear fit was used to fit these kinetic curves to obtain the slopes (k;+4.;) so
that the reaction equilibrium constant (K.), forward rate constant (k;) and reverse rate constant

(k-1) can be calculated by the following equations.

Ce

K. =

(3-8)

Ci- Ce

ki

K. =
¢ k.1

(3-9)

These kinetic parameters are provided in Table 3.3. As shown in Table 3.3 and Fig. 3.4, it
can be seen that the order of f'and K. is trans-OMCA (f = 0.88, K. = 7.33) > trans-OHCA (f =
0.65, K. = 1.88) > trans-CA (f= 0.24, K. = 0.31). This confirms our experimental results that
trans-OMCA experience a dramatic morphology transition from wormlike micelle to rod-like
micelle even spherical micelle whereas the micelle length of trans-OHCA and trans-CA is just
shortened under long enough UV irradiation.

For the kinetics of the three photo-isomerization reactions, the order of k; is trans-OMCA
(1.09) > trans-OHCA (0.12) > trans-CA (0.006), indicating that at same concentration of trans-
cinnamate, the forward photo-isomerization reaction rate of trans-OMCA 1is the fastest. This is
consistent with the experiment results of the highest morphological transition rate and micellar
shortening rate of trans-OMCA.

It is reported that among the many factors of affecting the kinetic of photo-isomerization
reaction of the cinnamates, the existence of the lone-pair electrons should have a positive effect
in lowering the energy barrier of the double bond rotation, thereby accelerating the photo-
isomerization reaction rate ?!'l. That is why the conversion velocity of the trans-OMCA and
trans-OHCA with lone-pair electrons on the oxygen atom of the methoxy group and hydroxyl
group next to the aromatic ring are higher. Besides, the methoxy group in benzene ring may
benefit to lower the energy barrier of the rotation potential of the double bond more than
hydroxyl group. Obviously, the photo-responsive behavior of the system not only related to the
photochemical reaction rate directly but also depends on the change of the molecular geometry
before and after UV irradiation. To further explain the mechanism of the photo-responsive
behavior of the micelles at a microscopic level, the MD simulations and quantitative

calculations are needed.
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Fig. 3.4 Conversion fraction curves with UV irradiation time ((a), (b), (c)) and kinetic curves ((d), (e), (f))
of 40 uM 12-3-12-2Br /24 uM trans-cinnamates ((a), (d) trans-CA, (b), (e) trans-OHCA, (c), (f) trans-
OMCA)) at 25°C.

Table 3.3 The conversion fraction f, the slope (k;+k.;) of the kinetic curve, reaction equilibrium constant
(Kc), forward rate constant (k;) and reverse rate constant (k.;) of the photo-isomerization reaction of trans-

CA, trans-OHCA and trans-OMCA at 25°C.

CA OHCA OMCA
f 0.24 0.65 0.88
kit+k. 0.026 0.19 1.24
K. 0.31 1.88 7.33
ki 0.006 0.12 1.09
k.1 0.020 0.07 0.15

3.3.3 Micelles of pure 12-3-12 2Br™ in water

To better understanding the complex photo-responsive behaviors of the assemblies
containing 12-3-12-2Br™ and different cinnamates, it is necessary to study the self-assembly
behavior of single 12-3-12-2Br in water. It is well known that different concentrations of 12-
3-12-2Br  surfactant will form aggregates with different morphologies %7, As the
concentration of 12-3-12-2Br increases, morphologies with larger scale and much more
aggregation number can be found. Fig. 3.5 shows the snapshots of the initial and final
configuration of single 12-3-12-2Br” simulation box. From Fig. 3.5, it can be found that the
randomly assignment 90 12-3-12-2Br molecules finally form three spherical micelles after 100

ns MD simulation. The average aggregate number is 30, which is in good agreement with the
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experimental value 32 % This confirmed that GROMOS96 45a3 forcefield and our

simulation parameters are feasible.

100ns

Fig. 3.5 Snapshots of the initial and final configuration of pure 12-3-12-2Br™ surfactants. (The cyan

molecules are 12-3-12%7; the transparent parts are water; for clarity, Br~ ions are not shown.)

3.3.4 Self-assembly behavior of 12-3-12 2Br™ and cinnamates in water

Due to the electrostatic interaction between polar head of surfactants and counter ions in
solution, 12-3-12-2Br micelles will display a more complex morphology in the presence of

e 1961971 Fig 3.6 displays snapshots of the initial

counter ions with hydrophobic structur
simulation box and final micelle morphologies (12-3-12%" / cinnamate derivatives = 180:135)
at different conversion fraction after 100ns simulation at 298.15K. It can be seen from Fig. 3.6,
after 100 ns MD simulation, the 12-3-12%" ions with frans-cinnamates all form a wormlike
morphology from a random arrangement. After enough UV light, the photo-isomerization of
trans-CA reaches equilibrium at /= 0.24 (equilibrium conversion of trans-CA). The micelle
containing trans-CA hardly changes and maintains the wormlike shape after 100 ns simulation.
This result means the mixed micelles containing trans-CA will still maintain the morphology
of worm micelles and will never be transformed into rod-like or spherical micelles after being
exposed to infinite ultraviolet light. For system containing trans-OHCA, when f = 0.24, the
wormlike micelle starts to rupture and finally appears the coexistence of short rod-like and
spherical micelle at /' = 0.65 (equilibrium conversion of trans-OHCA). This phenomenon
suggests that the long and twined wormlike micelles constructed by 12-3-12:2Br™ and trans-
OHCA have the potency to transform into rod-like and spherical micelles after being exposed
to enough ultraviolet light. For trans-OMCA system, the shape of wormlike micelle remains
when f'= 0.24. The wormlike micelle splits into rod-like micelles once f reaches to 0.65. After
long enough UV irradiation (equilibrium conversion of trans-OMCA f= 0.88), the micelles will

eventually transform into spherical micelles.
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trans-CA  cis-CA = 135:0 trans-CA : cis-CA = 103:32
1=0 f=02¢

Fig. 3.6 Snapshots Snapshots of the initial simulation box and corresponding micelle morphologies of 12-3-
12%*/ cinnamate derivatives = 180:135 at different conversion fraction after 100 ns simulation at 298.15 K.
(The cyan parts are 12-3-12%"; the orange parts are trans-isomers; the red parts are cis-isomers. For clarity,

water, Br- and Na* are not shown.)

In order to confirm these special morphologies, the density profiles along z axis of these
micelles were calculated and shown in Fig. 3.7. Obviously, before UV irradiation the wormlike
micelle is formed represented by the corona-shape curves of 12-3-122", After UV irradiation,
the variation of density distributions of 12-3-122" in three systems are the same as the micelle
transition tend. The density distribution curve of CA system maintains the corona-shape at f'=
0.24. The corona-shape of density distribution curve for OHCA fission into a small corona-
shape peak and a sharp peak at f= 0.65. The sharp peak and the small corona-shape peak of 12-
3-12** in curves reconfirms the morphology of short rod-like micelle and spherical micelle.
Three sharp peaks appear at /= 0.88 for OMCA, implying the formation of three spherical
micelles. Obviously, the photo-responsive behavior of three frans-cinnamate is successfully
simulated. These special morphologies in our simulation are in good agreement with our TEM
experiments that wormlike micelles containing trans-OMCA and trans-OHCA will gradually
break into smaller aggregates, while wormlike micelles containing trans-CA can still maintain
initial shape at equilibrium even undergoing long enough UV irradiation.

Based on all the above experimental results, it can be preliminarily concluded that the
photo-responsiveness of the system containing cinnamates is derived from the photo-
isomerization rate and the equilibrium conversion fraction of #rans-CA. In order to study the
photo-responsive behavior more systematically, further simulation and calculation such as
critical packing parameter, packing patterns, potentials of mean force, potential distribution and

so forth were performed and discussed in the following sections
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Fig. 3.7 The density distributions of 12-3-12%*, cinnamate derivatives, Na*, Br~ along z axis in systems at

different f.

3.3.5 Critical packing parameter of the micelles

The systems undergo different UV irradiation time present different morphologies. To
explore the difference of micelles containing frans/cis-cinnamates, some important parameters
of the micelles were calculated and shown in Table 3.4. The critical packing parameter ?! is a
significant parameter of determining the micelle morphology. As shown in Table 3.4, the P
values of the micelles containing CA at /= 0 and 0.24 (0.48 and 0.40) imply that the wormlike
micelles are the relatively stable and favorable morphology at /= 0 and 0.24. For the micelles
containing frans-OHCA, with the increase of f, the P values decrease though still locate in the
region of 0.33~0.5. This maybe the reason for the length of wormlike micelles containing trans-
OHCA are shorten under the UV irradiation. The wormlike micelles containing trans-OMCA
witness the same tendency as wormlike micelles containing trans-OHCA, while at /= 0.88, the
P is reduced to 0.29 (P < 0.33), correspondingly that the wormlike micelles transformed into
spherical micelles. In our simulation, the P values are very consistent with TEM images in Fig.
3.1.
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Table 3.4 Geometric information of micelles and interaction energy between 12-3-12%"and cis/trans-
isomers after system equilibrium in MD simulations: V, volume (nm?) of the last frame; apho, hydrophobic
(nm?), aphi, hydrophilic (nm?) and a, total (nm?) surface areas of the last frame; 1, the length of alkyl chain
(nm); P; Ecou, coulomb interaction energy (kJ/mol); Er;y Lennard-Jones interaction energy (kJ/mol); Eo,

total interaction energy.

System f \'% apho aphi atot 1 P Ecoul Evs Etol
trans-CA 0 182.1 1677 3195 4872 12 047 -115714 -10810.4 -22381.8
0.24 1544 1784 3222 5006 1.2 040 -11523 -10659.7 -22182.7
trans-OHCA 0 170 178 3272 505.2 1.2 043 -10729 -10899.1 -21628.1
0.24 1593 1995 3339 5334 1.2 040 -10539.3 -10780.2 -21319.5
0.65 130.1 2052 3187 5239 12 034 -10230.2 -10648.9 -21879.1
trans-OMCA 0 183.1 1542 3355 4897 12 045 -11827.1 -12739.6 -24566.7
0.24 166.1 1724 3232 495.7 1.2 043 -11709.6 -12536.4 -24246
0.65 139.6 187 330.8 517.8 1.2 035 -11361.9 -12190.6 -23552.5
0.88 101.6  208.8 317.3 526.1 1.2 027 -11211.3  -12063.6 -23274.9

3.3.6 The energy difference in micelles transition

The relative energy and its variation can estimate the stability of the micelles and illustrate
the mechanism of the micelle transformation. The interaction energies among 12-3-12>" and
cinnamate derivatives in system at different f are calculated by g energy in Gromacs. The
curves of the interaction energy with simulation time are displayed in Fig. 3.8. It can be seen
from Table 3.4 that the absolute values of the coulomb interaction energy, Lennard-Jones
interaction energy as well as total interaction energy all decrease with the increases of f,
indicating that the electrostatic interaction energy and van der Waals interaction between 12-3-
122" and cinnamate derivatives become weaker after UV irradiation, which cause the fission of

the micelles.
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Fig. 3.8 The interaction energy (Coulombic, LJ and total interaction energy) between 12-3-122" and
cinnamate (cis-isomers and frans-isomers) in the system calculated by g_energy at different /' with

simulation time (a) trans-CA; (b) trans-OHCA,; (c) trans-OMCA.
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Subsequently, we used umbrella sampling method to calculate potentials of mean force
(PMF) versus pulling distance during the process of pulling out a 12-3-12%* ion from a pre-
assembled spherical micelle composed of 32 12-3-12%"ions and corresponding number of three
cinnamates at initial and equilibrium f. APMF represents the energy of pulling a 12-3-122" ion
from the initial position to the infinity. Fig. 3.9 displays the variation of PMF for pulling out a
12-3-12%" jon from a pre-assembled spherical micelle at initial state (f= 0) and equilibrium state.
As shown in Fig. 3.9, the APMFs decrease for all the cinnamates when the systems are at
equilibrium conversion fraction under UV irradiation, implying that it is easier to pull out a 12-
3-12>" from the spherical micelle after UV irradiation. This can be attributed to the weaker

association between 12-3-12%" ions in micelle with the photo-isomerization of trans-isomer.

20

PMF(Kcal mol™)
o o o

(=]

1.5 3.0 45 6.0
Distance(nm)

Fig. 3.9 Potentials of mean force (PMF) of pulling out a 12-3-12%" ion from a pre-assembled spherical
micelle at conversion fraction = 0, 0.24 for trans-CA; f= 0, 0.65 for trans-OHCA; f= 0, 0.88 for trans-
OMCA.

3.3.7 Packing patterns between cinnamate derivatives and 12-3-122*

The photo-responsive behavior and the corresponding difference of three wormlike
micelle systems has been revealed to a certain extent during our simulation process. However,
to fully understand how these frans/cis-isomers affect the stability and the morphology of
micelle, the radial distribution functions between the N; atoms of different 12-3-122" in system
(gni-ni(r) in Fig. 3.10) as well as that between the N atom of 12-3-122" and the C; atom of the
cinnamates (gni-c3(7) in Fig. 3.11) were calculated to explore the packing pattern of species in
micelles. As shown in Fig. 3.10, the gni-ni(7) function curves of containing three cinnamate
derivative systems all show three peaks at approximately 0.62, 0.82 and 1.4 nm, indicating the
formation of a hexagonal crystalline-like structure [!”8]. With the increase of f; the height of the
first peaks (gni-ni(7)) for the systems decreases gradually, indicating the interaction between
surfactants become weaker and weaker and leading to a less orderly arrangement of surfactants
after the photo-isomerization of cinnamate. Reasonably, the micelles will rupture when the

interaction is weak enough.
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Fig. 3.10 Radial distribution functions g@ni-Ni(7) of N1-N; atoms ((a) trans-CA (b) trans-OHCA (c) trans-

OMCA) for the system 12-3-12%"/trans-cinnamates = 180:135 at different conversion fraction.

For the gni-c3(7) curve in Fig. 3.11, the systems containing cinnamate derivatives show the
same trend as well. Before UV irradiation, the gni-c3(7) has one peak at 0.85 nm, however, a
new peak appears at 0.48 nm once trans-cinnamates start to photo-isomerization into cis-
isomers and the height of the new peak gradually increase with the increase of £, suggesting that
the arrangement between N and Cs; becomes more orderly on micellar surface, which should
be attributed to the variation of packing pattern of the species in micelles. The aromatic ring of
trans-cinnamates is located in the interior of the micelle, far away from the head group of 12-
3-12:2Br” while the aromatic ring of cis-isomers is distributed on the surface of micelles, close

to the head group of 12-3-12%%, which have been confirmed by subsequent simulation (Fig.
3.12).
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Fig. 3.11 Radial distribution functions gni-c3(7) of Ni-C;s ((a) trans-CA (b) trans-OHCA (c) trans-OMCA)

for the system 12-3-12%*/trans-cinnamates = 180:135 at different conversion fraction.

Fig. 3.12 displays the representative packing patterns between the cinnamate and 12-3-
122" ions intercepted from micelle. It is obvious that the cis-isomer is orient on the surface of
the micelles horizontally and its aromatic ring and carboxyl are located close with the head
group of 12-3-122*. The hydroxyl of cis-OHCA and the methoxy of cis-OMCA insert into the
interior of the micelles. While the trans-isomer is plugged into the micelle vertically. The
aromatic ring of frans-cinnamates is embedded into the hydrophobic region formed by
surfactant alkyl chains. The carboxyl of ¢rans-cinnamates is close to center of the head group
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of 12-3-12%". The existing positions of hydroxyl for OHCA and the methoxy for trans-OMCA
have unobvious changes in micelles before and after UV irradiation. It is clear that the aromatic
rings will flee away from the interior of micelles and orient on the surface of the micelles when
the frans-cinnamates are photo-isomerized to cis-cinnamates. Correspondingly, the packing
between cis-cinnamates and 12-3-122" become looser and looser and the long wormlike

micelles tend to rupture into rod-like and even spherical micelles.

cis-CA cis-OHCA cis-OMCA

Fig. 3.12 The representative packing patterns between 12-3-12%* and frans/cis-cinnamates intercepted from

micelles of last frame in MD simulations.

Furthermore, the packing pattern can also be deduced from the solvent-accessible surface
area of micelles. Table 3.4 and Fig. 3.13 provide the information of hydrophobic, hydrophilic
and total surface areas of aggregates with the variation of f. The hydrophobic area increases
with £, which reconfirmed the hydrophobic aromatic ring of trans-isomer is oriented inside the

micelles while that of cis-isomers is exposed on the surface of micelle.

1400 - -+ 1400 1400 -

‘ trans-OHCA. Total  Hydrophobic Hydrophilic | transOMCA Total Hydrophabic Hydrophilic
=0 — — 1 f=0  — 1

transCA Total Hydrophobic Hydrophilic
f=0 — 1200 |

—~ 1zoof 1200 [
r=024 —

=024 —
1000 | r=08 — — — f=0.65

=024 — |
=085 — @ — —

1000 | L

000 1000 § r=088

800 -

soof |

800 -
‘W

800 - .

400 | - 400

200 - 200 | -

........... ‘ : ! ; ‘ ‘ P it mrna—"

[] 20000 40000 60000 80000 100000 0 20000 40000 80000 80000 100000 0 20000 40000 60000 80000 100000

Time(ps) Time(ps) Time(ps)
(a) b c,

Surface area(nm?)
Surface area(nm’)

Surface area(nm®
e 7?/(

Fig. 3.13 The hydrophobic (apho), hydrophilic (aphi) and total (aw:) surface areas of aggregates containing
12-3-12?" and cinnamate derivatives at different /' with simulation time. (a) trans-CA; (b) trans-OHCA; (c)

trans-OMCA.

So far, the different numbers of trans/cis-cinnamates have been used to represent the
different conversion fractions to simulate the system after UV irradiation. The morphological

transition process of micelles containing three different cinnamates under UV irradiation was
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successfully simulated. P and density distributions demonstrate these special micelle
morphologies, the interaction energy and the PMFs prove that the micelles containing more
trans-isomers has higher stability. The aromatic ring of trans-cinnamate tends to insert into the
hydrophobic region of micelle while that of cis-cinnamate apt to orient on the micelle surface.
The calculated g(r) and solvent-accessible surface area further provide the packing pattern
information of different micelles. However, a more in-depth understanding of these difference

quantitatively at atom level is still needed.

3.3.8 The difference in geometry structure of cinnamate derivative molecules

The photo-responsiveness difference of the wormlike micelle containing the cinnamates
with different substituents should be attributed to the difference of the molecular properties
such as molecule volume, solvation free energy, bond angle, and electrostatic potential
distributions before and after UV irradiation. To further explore the distinction between theses
cinnamates and how the ortho-substituents affect the photo-isomerization ability, the Gaussian
09 quantum chemistry packages are used on different basis set. Firstly, the structures of
trans/cis-cinnamates are optimized at b3lyp/6-311+g (d, p) level and shown in Fig. 3.14. From
Fig. 3.14, it can be seen that trans-cinnamates have a planar structure while the cis-cinnamates
have a three-dimensional structure. This means that the trans-cinnamate is easier to insert into
the micelle and the carboxyl of the trans-cinnamate is closer to the head group of 12-3-12-2Br",
thereby forming a denser morphology compared with that of system containing cis-cinnamates.
The angle a (defined as the dihedral angle between the aromatic ring plane and carbonyl plane)
was calculated further. The a values of frans-isomers are all 180°, indicating a planar structure.
For the cis-isomers, the a values are 57.8° (cis-CA), 66.1° (cis-OHCA) and 66.1° (cis-OMCA)
respectively. Obviously, the a of cis-CA is smaller, implying that the cinnamates ion is more
like a plane while the cis-OHCA and cis-OMCA ions show a significant curvature, indicating
that cis-OHCA and cis-OMCA occupy more space in micelles than cis-CA. This can also be
proved by the calculated molar volumes. Table 3.5 summarizes the corresponding parameters
calculated by Gaussian 09. The smallest molar volume of trans-OHCA means the smallest steric
hindrance, which can explain the tightest arrangement of frans-OHCA ions in micelle. The
molar volumes of frans-isomer for OMCA and OHCA are smaller than that of the cis-isomer.
This suggests that the space steric of OMCA and OHCA is strengthen after UV irradiation,
causing the micelles to become looser and looser until break. All these geometric parameters
indicate that after UV irradiation, the arrangement of surfactant in micelle become loose and
some cis-OHCA and cis-OMCA ions can escape from 12-3-12>" layers owing to the increase of
steric hindrance after UV irradiation, which maybe the main reason for the higher sensitivity to

UV of micelles containing trans-OHCA and trans-OMCA. The lower sensitivity of system
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containing CA ions should be attributed to the decrease of its steric hindrance after UV
irradiation and the cis-CA ions remain embedded in the 12-3-122" layers. Obviously, the
existence of ortho-substituents enhances the difference of the molecular steric hindrance before
and after UV irradiation and strengthen the photo-responsive ability correspondingly. The

cinnamate with ortho-methoxy group has better photo-responsive ability than that with ortho-

hydroxyl.
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Fig. 3.14 The top view and side view of optimized structures of #trans/cis-cinnamate ions after being

optimized at the b3lyp/6-311+g (d, p) level.

3.3.9 Electrostatic potential distribution of trans/cis-cinnamates

The electrostatic potential distributions of these three cinnamate ions have been calculated
and shown in Fig. 3.15. It can be seen that the maximum of negative charge is concentrated on
the carboxyl group and the minimum of negative charge is concentrated on the aromatic ring.
The order of the maximum value of the electrostatic potential is trans-OMCA (-7.37 eV) >

trans-OHCA (-7.36 eV) > trans-CA (-7.19 eV), while the electrostatic potential distributions in
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trans-OHCA 1s most uneven owing to the presence of hydroxyl. This indicates that trans-OHCA
has the strongest electrostatic association with 12-3-122" which can explain why the wormlike
micelles containing trans-OHCA have the denser arrangement and the solution has higher
viscosity. For cis-isomers, the maximum of the electrostatic potential of cis-isomers is lower
(cis-CA (-6.94 eV) < cis-OHCA (-7.02 eV) < cis-OMCA (-7.04 eV)) and more evenly
distributed than trans-isomers. Therefore, the weaker electrostatic potential leads to the weaker
electrostatic interaction with surfactant and finally causes the formation of loosen micelles.
Then the evener electrostatic distribution allows the aromatic ring to stay on the micelle surface
other than insert into the surfactant layer. The significant decrease of the electrostatic potential
maximum for OHCA and OMCA after UV irradiation endows the system with a better photo-
responsive ability. The introduction of hydroxyl and methoxy groups in the adjacent position
of cinnamate enlarge the differences of both electrostatic potential of carboxyl group and the
uneven distribution of electrostatic potential before and after the UV irradiation, resulting in the

higher sensitivity of the system to UV irradiation.
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Fig. 3.15 The electrostatic potential distributions (eV) of trans/cis-cinnamate derivative ions after being
optimized at the b3lyp/6-311+g (d, p) level. The blue points represent the minimum of potential

distributions in near area. The red points represent the maximum of potential distributions in near area.

3.3.10 Hydrophilicity of trans/cis-cinnamates

Subsequently, we explored the solvation free energies of these cinnamate molecules at the
MO052X/6-31G* level in SMD solvation model and the results are showed in Table 3.5. The
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solvation free energy represents the hydrophilicity of the molecule. The solvation free energies
of cis-isomers are all higher than trans-isomers, revealing that the cis-isomers are easier to
escape from the micelles and linger in the solution owing to higher hydrophilicity. AE is the
difference of solvation free energy between trans / cis-isomers. As can be seen, the order of AE
is AE (OMCA) >AE (OHCA) > AE (CA). This implies that the cis-OMCA ions are more likely
to flee away from the micelles than OHCA and CA 1ons after photo-isomerization. In addition,
compare with CA, the existence of hydrophilic ortho-substituents (hydroxyl and methoxy)
enhances not only the hydrophilicity of the molecule but also the hydrophilic difference of
cinnamate before and after UV irradiation. Reasonably, the system composed by cinnamate

with different ortho-substituents show different photo-responsive behaviors.

3.3.11 Interaction energy of representative packing patterns

To further study the photo-responsive mechanism at an atom level in detail, two typical
packing patterns of trans/cis-isomers in micelle in MD simulations were intercepted for
calculating the interaction energy between trans/cis-isomers and 12-3-12%* at special packing
patterns by using Gaussian at 6-311+g** basis set with B3LYP functional in SMD solvation
model. One packing pattern is the aromatic ring embedded into the 12-3-122" alkyl chain layer
((a), (d), (e), (h), (1), (1)) and the other is the aromatic ring oriented near the head group of 12-
3-12-2Br ((b), (¢), (1), (g), (§), (k)). For convenience, the relative lower interaction energies for
packing pattern (d) (h) (1) are set as 0 kJ/mol. The calculation results are shown in Fig. 3.16.
The interaction energy among cis-cinnamate and surfactants is lower when aromatic ring
oriented near the head group of 12-3-12-2Br". While for frans-cinnamate packing patterns, the
energy of the trans packing with aromatic rings embedded into micelle is relatively lower.
Obviously, the lower interaction energy keeps the micelle more stable. For CA, although the cis
packing (a) and trans packing (d) have similar packing patterns (aromatic rings embedded into
micelle), the interaction energy of cis packing is higher than that of trans packing. This means
that when the stable #rans packing (d) transforms into cis packing (a) after UV irradiation, to
obtain a new stable state, the cis-CA will change its previously packing pattern from embedding
into micelle (a) to orienting on the surface of micelle (b). It is the same for OHCA and OMCA.
Furthermore, the differences of interaction energy between two cis packing patterns for CA,
OHCA and OMCA are calculated. They are 15.84, 22.81 and 31.68 kJ/mol for CA, OHCA and
OMCA, respectively. These energy differences also provide some information about the ability
of micelle transformation after UV irradiation in some degree (OMCA > OHCA > CA), which
is very consistent with the experiment results. Simultaneously, this energy difference implies
that the introduction of ortho-subsistent can promote the transformation of micelle morphology

by UV irradiation.
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Fig. 3.16 The different packing patterns and corresponding relative interaction energies (kJ/mol) of 12-3-
12-2Br™ and trans/cis-cinnamate derivatives on micelles. (In (a), (d), (e), (h), (i), (1), aromatic rings are
embedded into micelle. In (b), (c), (f), (g), (j), (k), aromatic rings are oriented on the surface of micelle. For
clarity and convenience, hydrogen atoms on 12-3-12%" are not shown and the relative lower interaction

energies for packing pattern (d) (h) (1) are set as 0 kJ/mol.)

3.3.12 Reaction equilibrium constant

The reaction equilibrium constant is an important parameter to determine the conversion
fraction of the photo-isomerization reaction of cinnamates. We calculated the Gibbs free energy
by Gaussian at b3lyp/6-311+g (d, p) level and then obtained the reaction equilibrium constant
(K) at 25°C by:

K=ep(-22) (3-10)
where R is the molar gas constant (R = 8.3145 J/(mol-K)) and 7 is the Kelvin temperature. The
calculation results are shown in Table 3.5. The subscript g denotes the value which is
calculated by Gaussian 09. The subscript s represents the singlet state, and ¢ represents the
triplet state. As shown in Table 3.5, in the ground state, AG..s values of the three photo-
1somerization reactions are 19.33 (trans-CA), 16.21(trans-OHCA) and 14.36 (trans-OMCA)
kJ/mol, respectively. The positive values of AGy. indicate that these photo-isomerization
reactions cannot proceed spontaneously without UV irradiation. And the corresponding Kg.s
values are 4.10x10™* (trans-CA), 1.45x1073 (trans-OHCA) and 3.05%107 (trans-OMCA). The
trans-OMCA has the largest Kg.s, indicating the highest conversion fraction. Under the UV
irradiation, the cinnamate molecules are excited to the triplet state, the AGy.; values of three
photo-isomerization reactions become negative, implying that the reactions occur. The order
of the corresponding K., value is 2.06x10* (trans-CA) < 2.92x10* (trans-OHCA) < 6.72x10*
(trans-OMCA), indicating that trans-OMCA has the highest conversion fraction. The result is

consistent with that obtained by experiment.
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Table 3.5 The solvation free energy and the difference of them between trans/cis-cinnamate molecules,

molar volume of cinnamate ions, Gibbs free energy (AG,.s and AGg.;) and reaction equilibrium constant

(Kg-s and K,.,) at singlet and triplet at 25°C calculating by Gaussian 09.

trans- cis- trans- cis- trans- cis-
System
CA CA OHCA OHCA OMCA OMCA
Solvation free energy
-35.28  -37.16 -53.97 -56.39 -37.68 -40.56
(kJ/mol)
Molar volume (cm®mol) 116.16  104.50 107.35 110.60 122.23 125.16
AE (kJ/mol) -1.88 -2.42 -2.88
AGg.s (kJ/mol) 19.33 16.21 14.36
AGg.; (kd/mol) -24.63 -31.20 -33.26
K. 4.10x10* 1.45x1073 3.05x1073
Ko 2.06x10% 2.92x10% 6.72x10%

3.3.13 Mechanism of photo-responsive transition of wormlike micelles

Considering all the above experimental, simulation and calculation results
comprehensively and systematically, the underlying mechanisms of the photo-responsive
transition of wormlike micelles containing trans-CA, trans-OHCA and trans-OMCA were
speculated and shown in Fig. 3.17. The planar structure and lower steric hindrance and
hydrophilicity of trans-cinnamates as well as the higher electrostatic potential in carboxyl
endow them with a denser packing pattern (zrans-cinnamates vertically insert into the surfactant
hydrophobic layers.) with surfactants, thereby forming wormlike micelles. After UV irradiation,
the frans-cinnamates photo-isomerize into cis-cinnamates. The higher steric hindrance and
hydrophilicity as well as the lower electrostatic potential in carboxyl and evener electrostatic
distribution of cis-cinnamates lead to a loose packing pattern (cis-cinnamates orient at the
micelle surface.) which weakens the interaction between surfactants and finally causes the
fission of micelles.

Among three cinnamate, the presence of ortho-substituents in cinnamate enlarges the
difference between the steric hindrance, electrostatic distribution and hydrophilicity of
trans/cis-cinnamates. These larger differences before and after UV irradiation allows the cis-
OMCA and cis-OHCA to escape away from the micelle and linger in solution more easily than
cis-CA and lead to the micelle transformation. Besides, the conversion fraction of the photo-
isomerization reaction is the most important factor determining the degree of morphological
transition of wormlike micelle. The existence of the ortho-substituents increases the equilibrium

constant of the photo-isomerization reaction (OMCA increases most.). Therefore, trans-OMCA
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is endowed with the best photo-responsive capability.
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Fig. 3.17 Mechanism of 12-3-12-2Br™ and cinnimate derivatives micelle morphology transition under UV

irradiation.

3.4 Conclusions

In this chapter, we used experimental methods such as rheology, TEM, UV-Vis absorption
spectroscopy and HPLC, combined with MD simulation and quantitative calculations to study
the photo-responsive behavior of wormlike micelles constructed by Gemini surfactant 12-3-
12-2Br and three cinnamates. In experiment, the three systems show varying degrees of photo-
response capabilities. The wormlike micelle system containing trans-OMCA has the strongest
photo-responsive ability, with a morphology transition from wormlike to spherical after long
enough UV irradiation. The wormlike length of #trans-OHCA system is shortened while for
trans-CA, the wormlike micelle maintains its shape. The kinetics results show that trans-
OMCA has the highest equilibrium conversion fraction and the fastest reaction rate, followed
by trans-OHCA and trans-CA.

In simulation, different numbers of trans/cis-isomers represents the conversion fraction.
The micellar morphologies corresponding to our experimental results were successfully
captured and verified by the density distribution and the Ps. The different packing patterns
between 12-3-12-2Br™ and trans/cis-isomers (trans-isomers are embedded into the hydrophobic
layers of surfactants and cis-isomers orient at the micelle surface.) were visualized and
characterized by g(r) and SASA. APMFs and the interaction energy of certain packing patterns
confirm that the micelle containing trans-isomers is more stable.

In quantitative calculations, the higher steric hindrance and hydrophilicity as well as the
lower electrostatic potential of cis-isomers allow cis-isomer to flee away from the micelles and
stay at solution, thereby causing the breakage of the micelles. In addition, the presence of ortho-
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substituent in cinnamate promotes the difference of the steric hindrance, electrostatic
distribution and hydrophilicity of trans/cis-isomers and further influences the packing pattern
of them with 12-3-122* in micelles. The higher difference in electrostatic potential distributions
and the highest difference in solvation free energy, molecule volume as well as the highest
reaction equilibrium constant indicates the best photo-responsive ability of trans-OMCA.
However, the limit of the time scale and box scale of MD simulation prevent us from simulating
longer, more entangled wormlike micelles at a longer timescale. And the transition state and
the mechanism of the kinetic of these photo-isomerization reaction will be the focus of our
further research.

Our systematical study of the photo-responsive wormlike micelles constructed by Gemini
surfactant and cinnamates will expand its application prospects in microscale engineering fields

such as the drug delivery, optoelectronic materials, smart fluids and purification and separation.
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Chapter 4 Molecular Dynamics Simulations and Quantitative
Calculation of Photo-responsive Behavior of Wormlike Micelles
Constructed by Gemini Surfactant 12-3-12 2Br~ and Cinnamte

Derivatives with Different Methoxy Position

4.1 Introduction

In the previous chapter, we discussed the influence of different ortho-substituents of
cinnamates on the photo-responsive behavior of 12-3-12-2Br~ wormlike micelles. The results
show that the existence of orth-substituents affects the molar volume, hydrophilicity,
electrostatic potential distributions, reaction equilibrium constant of the cis/trans-cinnamates
and further affects the photo-responsive behavior of the wormlike micelles. In this chapter, we
will further study the effects of the methoxy position (ortho-, meta, para-) in cinnamates on
photo-responsive behavior of the wormlike micelle composed of Gemini surfactant 12-3-
12-2Br and trans-methoxycinnamic acid (trans-MCA). MD simulations are used to reproduce
the micelle transition after UV irradiation and to characterize the micelle properties.
Quantitative calculations are also used to optimize the molecular structure and obtain the
hydrophilicity, molar volume and electrostatic potential distributions of trans/cis-cinnamates.
Furthermore, we select 24 cinnamates with different substituents in ortho-, meta, para-position

and compare the photo-sensitive of them.

4.2 Materials and methods

4.2.1 Quantitative calculation details and force-field parameters

We optimized the structures of 24 kinds of trans/cis-cinnamates by Gaussian 09 quantum
chemistry packages through a hybrid functional B3LYP at the 6-311+g (d, p) level. Among
them, the optimized structures of trans/cis-ortho-methoxycinnamic acid (trans/cis-OMCA),
trans/cis-meta-methoxycinnamic acid (trans/cis-MMCA) and trans/cis-para-methoxycinnamic
acid (trans/cis-PMCA) were used as initial structures in MD simulations. The molar volume,
the Gibbs free energy of trans/cis-cinnamate ions, photo-isomerization reaction equilibrium
constants and the interaction energies of the representative packing pattern of 12-3-
12%*/cinnamate were calculated at B3LYP/6-311+g (d, p) level with SMD solvation model. The

electrostatic potential distribution of cinnamate derivatives ions were calculated by Multiwtn
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software packages. The solvation free energy of framns/cis-cinnamate derivatives were
calculated at the M052X/6-31G* level in SMD solvation model.

The force field GROMOS96 45a3 is used in our MD simulations owing to its good
consistency with the experimental data which has been confirmed in our previous studies. We
optimized the initial structure and generated and the coordinates of 12-3-12>" and trans/cis-
OMCA, trans/cis-MMCA and trans/cis-PMCA using Gaussian 09. The structures of Gemini
surfactant 12-3-12-2Br and trans/cis-OMCA, trans/cis-MMCA and trans/cis-PMCA are
shown in Fig. 4.1. The force field parameters for trans/cis-MMCA and trans/cis-PMCA were
generated by the ATB server and the force field parameters for trans/cis-OMCA and12-3-

12-:2Br" can be obtain from last chapter.
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Fig. 4.1 Structures of Gemini surfactant 12-3-12-2Br™ and trans/cis-OMCA, trans/cis-MMCA and
trans/cis-PMCA.

4.2.2 Simulation Details

The cuboid box size in MD simulations was scaled to 7.5 x 7.5 x 24 nm®. Periodic
boundary conditions were set in all three dimensions. In our simulation system, the number of
12-3-12-2Br~ molecules was fixed at 180. Correspondingly, the concentration of 12-3-12-2Br~
was approximately 0.23 mol/L, which is far above the CMC (0.91 mM) of 12-3-12:2Br in
aqueous solution. The number of frans/cis-cinnamates in simulation system depends on the
experimental conversion fraction which has been published (0.88 for tran-OMCA, 0.91 for
trans-MMCA and 0.82 for trans-PMCA) 1>!], Here, we define fas the conversion fraction. The
surfactant and cinnamate ions as well as corresponding number of counter ions of Br~ and Na*
were distributed randomly in approximately 37000 water molecules using Packmol. The system

details are exhibited in Table 4.1.
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Table 4.1 Number of 12-3-122*, Br, cinnamate derivatives, Na* ions and water molecules in simulation

box.

System 12-3-12%* Br cis/trans-isomers Na* H20

12-3-12% + OMCA
1 180 360 0/135 135 38233
2 180 360 118/17 135 38227

12-3-12* + MMCA
3 180 360 0/135 135 38235
4 180 360 123/12 135 38260

12-3-12%* + PMCA
5 180 360 0/135 135 38223
6 180 360 111/24 135 38327

MD simulations were carried out by GROMACS 2018 software packages. Berendsen bath
coupling scheme was used to maintain a constant temperature at 298.15 K and pressure at 1 bar.
The simulation box was independently scaled in z- direction but was isotopically scaled in x-
and y- directions by semi-isotropic pressure coupling in order to simulate rod-like and wormlike
micelles. Simulation time was set to 100 ns with a 2 fs time step and the trajectories were saved
every 2ps. The SPC water model was employed. The short-range electrostatic cutoft and short-
range Van der Waals cutoff were set to 1.0 nm, and the long-range electrostatic interactions
were set to 0.12 nm by PME (Particle Mesh Ewald) method. LINCS (Linear Constraint Solver)
algorithm were used to constrain bonds. VMD 1.9.2 was employed to visualize and display the

trajectories and configurations.
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4.3 Results and Discussions

4.3.1 Self-assembly behavior of 12-3-12 2Br and trans-cinnamates in water

We have proved in previous chapter that the pure 12-3-12-2Br™ can self-assemble into
several spherical micelles with the aggregation number 30, which confirm the feasibility of
GROMOS96 45a3 forcefield. Subsequently, we simulated the system containing 180 12-3-
12-2Br and 135 cinnamates with different cis/trans ratio to represent the initial and equilibrium
conversion fraction from an entirely random arrangement state. The snapshots of the simulation
box and initial as well as the final micelle morphologies after 100 ns simulation at 298.15K are
shown in Fig. 4.2. Obviouly, without UV irradiation, 12-3-12-2Br/ trans-cinnamates system
self-assemble into a wormlike micelle after 100 ns MD simulation owing to the strong
electrostatic attraction between polar head of surfactants and counter ions in solution. After
enough UV irradiation, the wormlike micelle containing trans-OMCA transforms into spherical
micelles. At equilibrium conversion fraction, wormlike micelles containing frans-MMCA and
trans-PMCA fission into short rod-like micelles. The simulation results are in good agreement

with the experiment 2],

trans-OMCA

{ 100ns
| = trans-MMCA

R
%?r f=0

trans-PMCA

f=0 jeos2

Fig. 4.2 Snapshots of the initial simulation box and corresponding micelle morphologies of 12-3-12%"/

trans-cinnamates = 180:135 at equilibrium conversion fraction after 100ns simulation at 298.15K. (The
cyan parts are 12-3-122%; the orange parts are trans-isomers; the purple parts are cis-isomers. For clarity,

water, Br- and Na* are not shown.)

Fig. 4.3 shows the calculated density distributions of the ions with the z direction of the
box. The formation of micelles with different morphologies can be testified through density
distribution. It can be seen from Fig. 4.3 (a) (b) (c) that the density curve of 12-3-12%" at f=0
shows a continuous corona-shape peak, indicating the formation of a long wormlike micelle.
The wormlike micelle containing trans-OMCA fissions into three spherical micelles with the

density curve (d) exhibiting three sharp peaks. The peak of density curve of trans-MMCA (e)
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and trans-PMCA (f) ruptures into two corona-shape peaks, suggesting the formation of two
short rod-like micelles. For (f), the trough between two peaks do not reach zero, which is

attribute the overlapping of micelles in z direction.
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Fig. 4.3 The density distributions of 12-3-12%, trans/cis-cinnamate ions, Na*, Br~ along z axis at different
f((a) trans-OMCA f = 0; (b) trans-MMCA f = 0; (¢) trans-MMCA f = 0; (d) trans-OMCA f = 0.88; (e)
trans-OMCA f'= 0.91; (f) trans-PMCA f'= 0.82)

The wormlike micelles with different position of substituent group exhibits different
photo-responsive ability under the UV irradiation. The critical packing parameter is a
significant parameter which can be used to explain the micelle morphology. The Ps of these
systems and corresponding parameters were calculated and shown in Table 4.2. As shown in
Table 4.2, although the P value of micelles containing frans-OMCA remains in the wormlike
micelle region (0.33 < P <0.5), they still decrease from 0.44 to 0.35 (at f= 0 and 0.94), which
implies that the length of wormlike micelle is shortened and tend to transform into spherical
micelle. For the micelles containing trans-MMCA, the P values are 0.46 and 0.42 (at /= 0 and
0.91). This may explain that the wormlike micelle containing trans-MMCA is transformed to
two short rod-like micelle after UV irradiation. For trans-PMCA system, the same trend as
trans-MMCA can be found. When at /= 0.82, the P is reduced to 0.38 from 0.53 (f = 0.82),
indicating that the wormlike micelle tends to shorten. The P values are very consistent with the
micelle morphology in Fig. 4.2 and in experiments [*!!), which can give a good prediction on

the micelle morphologies and a good explanation of micelle transition.

4.3.2 The energy difference in micelles transition

The interaction energy and its variation can estimate the stability of the micelles and

97



illustrate the mechanism of the micelle transformation. The variation of interaction energy
(Coulombic, LJ and total interaction energy) with time between 12-3-122" and cinnamates
(including cis and frans) ions is shown in Fig. 4.4 and the equilibrium interaction energies of
systems are calculated and shown in the Table 4.2. It can be seen from Fig. 4.4 that the six
systems reach to the equilibrium at approximately 10 ns. The Coulombic, LJ and total
interaction energy all decrease after UV irradiation, causing the wormlike micelle to become
unstable and eventually fission. This indicates the interaction between 12-3-12%" and cis-
isomers is weaker than that of trans-isomers. Based on the interaction energy and the Ps result,
we can draw a conclusion that wormlike micelle composed by 12-3-12:2Br™ and trans-
cinnamates is relatively more stable than that of cis-cinnamates. After the UV irradiation, trans-
cinnamates start to photo-isomerize into their cis-form, and the difference in interaction

energies of sysyem is tha main drive force that causes the wormlike micelle to fission.

| transOMCA. Coulomic LJ  Total
=0

tansMMCA Coulomic LJ  Total
=0

trans PMCA Coulomic L) Tofal
i=

5000 ‘ F=094 — F=082 —
!

ol N

-15000 ‘

-20000 \ 1

25000

-

Interaction Energy (kJ/mol)
Interaction Energy (kJ/mol)
Interaction Energy (kJ/mol)

-20000 |- "

25000

[ 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000 0 20000 40000 60000 80000 100000
Time (ps) Time (ps) Time (ps)

(a) (b) (c)
Fig. 4.4 The interaction energy (Coulombic, LJ and total interaction energy) between 12-3-12%* and MCA

(cis-isomers and trans-isomers) at different f with simulation time (a) trans-OMCA; (b) trans-MMCA; (c)

trans-PMCA.

4.3.3 Packing patterns between MCAs and 12-3-12%*

From above, we have studied the difference of the photo-responsive behavior of the
systems containing trans-cinnamates with different methoxy-substituent position. In order to
further understand the mechanism of micelle transformation, it is very important to understand
how trans/cis-cinnamates arrange in micelles. Firstly, we calculated g(r) of certain atoms to
characterize the packing pattern between 12-3-12* ions and cinnamates. Fig. 4.5 displays the
radial distribution functions (gni-ni(7)) between the Ny atoms of different 12-3-122" in system.
It can be seen from Fig. 4.5 that before and after UV irradiation, all curves show three
continuous peaks, indicating that an orderly repeating hexagonal crystal structure 12-3-12%* is
formed. The first peak positions of gni-ni(7) of the system containing trans-OMCA and trans-
PMCA appears at 0.64 nm, and the height of the peaks decreases, indicating a less orderly
arrangement of 12-3-122" after UV irradiation. While for trans-MMCA, after the UV irradiation,

the increase of the first peak height indicates the formation of a more orderly arrangement
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between 12-3-12%* ions, representing a weaker photo-responsive ability of wormlike micelle

containing trans-MMCA.
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Fig. 4.5 Radial distribution functions gn-ni(7) of different 12-3-12%* for cinnamate systems at initial and

equilibrium conversion fraction.

To further obtain the packing pattern between 12-3-12°" and cinnamates in micelle, the
radial distribution functions gni-c(r) between Ny atom of 12-3-122" and specific C atoms (Cs,
C7, Cio) in cinnamates at initial and equilibrium conversion fraction were calculated and shown
in Fig. 4.6. It can be seen from Fig. 4.6, before the UV irradiation, the first peak of gni-cs(7)
curves for frans-cinnamates located at 0.84 nm. After the UV irradiation, a new first peak
appears at 0.48 nm, indicating a closer packing between the benzene ring in cis-cinnamates and
the head group of 12-3-12%" than in trans-cinnamates. Specially, for trans-MMCA, another new
peak appears at 0.74 nm in (h) after the UV light. Three peaks in gni.c3(7) indicate the formation
of a periodic hexagonal crystalline-like structure, implying that the wormlike micelle
containing cis-MMCA has a more orderly configuretion.

The C7 in the methoxy is the most representative atom characterizing the difference of the
packing pattern between three MCA and 12-3-12>". From Fig. 4.6 (b) (e) (h), the gni-c+(7) curves
of three systems are quite different. For trans-OMCA, the gni-cs(r) curve exhibits a high peak
at 0.51 nm before and after the UV irradiation. The lower height of the peak suggests that the
C7 in cis-OMCA have a less orderly arrangement with the head group of 12-3-12%" after UV
irradiation. For trans-MMCA, the peaks of the gni-c/(7) appear at 0.51 nm and 1.1 nm and the
peak at 1.1 nm is higher than that at 0.51 nm, indicating that more C7 atoms are arranged at 1.1
nm away from Nj. After UV irradiation, the height of the first peak of the gni.c/(7) at 0.51
increases sharply, implying that more C7 atoms were transferred to the position 1.1 nm away
from Ni in a more orderly arrangement. For trans-PMCA, before the UV irradiation, the first
peak is located at a quite far position (1.12 nm) owing to the presence of para-methoxy. After
UV irradiation, the peak shifts to left (0.68 nm), indicating a rearrangement of the C7 close to
the head group of surfactants.

The gni-cio(r) of the MCA reflects the strength of the electrostatic interaction because N

and Cio are the charge center of surfactant and cinnamates, respectively. It can be seen from
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Fig. 4.6 (c) (f) (1), all the gni-ci0(7) exhibits the same distribution with a sharp peak near 0.44nm,
which indicates that a strong electrostatic interaction between cinnamates and surfactants. For
OMCA, the peak moved slightly from 0.43 nm to 0.45 nm after UV irradiation with no change
in the peak height, indicating that electrostatic interaction between 12-3-12-2Br~ and OMCA
becomes weaker. For MMCA, the peak position and height of gni-cio(7) are nearly unchanged.
Furthermore, the peak height of PMCA decreases after the UV, indicating the weaker
electrostatic interaction after UV irradiation. It is worth noting that the Coulombic interaction
energies of trans-OMCA and trans-PMCA at f = 0 are much higher than the Coulombic
interaction energies at equilibrium, while frans-MMCA is almost the same. This is consistent

with g(r) results.
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Fig. 4.6 Radial distribution functions gni-c(r) between N; atom of 12-3-122" and C3, C7, Cio atoms of
cinnamates at initial and equilibrium conversion fraction. ((a) (d) (g) Ni-Cs; (b) (e) (h)N-C7; (¢) (f) (i) Ni-
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Fig. 4.7 exhibits the representative packing patterns between the trans/cis-cinnamates and
12-3-12%" jons intercepted from the micelle of the last frame in MD simulations. As can be seen
from Fig. 4.7, the trans-cinnamates insert into the micelle vertically. Their methoxy group and
aromatic ring are completely inserted into the hydrophobic layer of surfactant more and more

deeply, in the order of ortho-, meta- and para-. The carboxyls of trans-cinnamates are close to
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center of the head group of 12-3-12%" owing to the strong electrostatic interaction. On the
contrary, cis-cinnamates are located horizontally on micelle surface. Their aromatic ring and
carboxyl groups are close to the head group of 12-3-122", and the methoxy of them inserted into
the interior of the micelles except for the cis-PMCA whose methoxy are oriented on the micellar
surface. Thus, when trans-cinnamates photo-isomerize into cis form after UV irradiation, the
aromatic rings will detach from the interior of micelles and rearrange on the surface of the
micelles. This rearrangement loosens the packing pattern and weakens the interaction between
cinnamates and 12-3-12%*, leading to wormlike micelles to fission into short rod-like even

spherical micelles.

trans-OMCA trans-MMCA trans-PMCA

cis-OMCA cis-MMCA cis-PMCA

Fig. 4.7 The representative packing patterns between 12-3-12%" and trans/cis-cinnamates with different

methoxy-substituent positions intercepted from micelles of last frame in MD simulations.

The packing pattern can also be deduced from the solvent-accessible surface area of
micelles. To further study the difference in packing pattern of cinnamates and surfactant in
micelle The solvent accessible surface including hydrophobic (apho), hydrophilic (aphi) and total
surface area of the micelle containg three cinnamates at iniatial and equilibrium are calculated
and shown in Fig. 4.8 and Table 4.2. It can be seen from Fig. 4.8 that the surface areas of three
systems all decrease before 10 ns and keep stable after 10 ns, implying the surfactant molecules
self-assemble into a certain morphology and maintain this morphology till the end of simulation.
The hydrophobic surface area all incrase after UV irradiation, which reconfirm that the beneze
ring of frans-cinnamate is inserted into the micelle layer while that of cis-cinnamate is oriented
on the micelle surface. In addition, the hydrophilic surface areas of micelles containg trans-
OMCA and trans-MMCA decrease after UV irradiation while that of trans-PMCA increases,
proving that the methoxy of cis-OMCA and cis-MMCA are embedded into micelle while that

of cis-PMCA is oriented on micelle surfacr after UV irradiation.
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Table 4.2 Geometric information of micelles and interaction energy between 12-3-12%"and cis/trans-MCAs
after system equilibrium in MD simulations: V, volume (nm?) of the last frame; apno, hydrophobic (nm?),
aphi, hydrophilic (nm?) and a, total (nm?) surface areas of the last frame; 1, the length of alkyl chain (nm);
P; Ecoul, coulomb interaction energy (kJ/mol); Ery Lennard-Jones interaction energy (kJ/mol); El, total

interaction energy; the average hydrogen bond number.

System f \% Apho Aphi Aot 1 P Ecoul EL Ewl H bond
trans-OMCA 0 1772 1655 3367 5022 1.2 044  -119885 -12807.5 -24796 2944
0.94 140.7 2158 3276 5434 12 035 -11266.8 -12048.1 -23314.9 2793

trans-MMCA 0 178.1 1824 323 5055 12 046  -122119 -11974.3 -24186.2 280.4
0.91 1587 1894  317.6 507 1.2 042 -12044 -11733.2 -237717.1 226.8

trans-PMCA 0 2013 1762 315 4912 1.2 053 -13015.1 -12039.3 -25054.4 241.9
0.82 147 188.6 3257 5143 12 038 -11924.1 -11577.3 -23481.3 248.2

1400 |- . 1400 | L 1400 |-

transOMGCA  Total  Hydrophobic Hydrophilic trnsMMCA Total Hydrophobic Hydrophiic transPMCA  Total Hydrophabic Hydrophilic
f=0 1 f=0 =0 1

1200 [

F=0.84 — — f=082 — —

1000 | w00 | 1000 |-

800 800 | 800

Surface area(nm®)
Surface area(nm®)
Surface area(nm’)

sool | 1 800 |- 4 800 |
a0l N 4 400 L 'L 4 a0 f |8
\ I )
200 \Ww | 200 N 200 Mo
o ) 20000 40000 ’ 80000 ’ 80000 ’ 100000 I] ’ 20000 ’ 40000 ’ 60000 ’ 80000 ’ 100000 0 ) 20000 40000 ’ 60000 ’ 80000 .‘DOO’JE-
Time(ps) Time(ps) Time(ps)
(a) (b) (c)

Fig. 4.8 The hydrophobic (apho), hydrophilic (apni) and total (aw) surface areas of aggregates containing 12-
3-122" and methoxy sodium cinnamates at different f'with simulation time. (a) trans-OMCA; (b) trans-

MMCA; (¢) trans-PMCA.

In addition, the packing pattern can also be reflected from the hydrogen bond. The number
of the hydrogen bond between the cinnamate ions and the water were calculated and shown it
in Fig. 4.9. With the methoxy shifting from the ortho to meta and para position, the methoxy of
trans-cinnamate is inserted more and more deeply into the interior of micelles. Thereby the
number of the hydrogen bond between frans-cinnamate and the water decreases. After the UV
irradiation, because the methoxy of cis-OMCA and cis-MMCA (more inner) is plugged into the
interior of the micelle, the number of the hydrogen bond of the systems containing OMCA and
MMCA decreases while for trans-MMCA, the number of hydrogen bond drop more sharply.
On the contrary, because the packing pattern for cis-PMCA and surfactant has been changed
into the methoxy group lying on the micelle surface instead of being inserted into the micelle
like trans-PMCA after UV irradiation, there is a converse trend that the number of hydrogen

bond between trans-PMCA and the water increases.
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Fig. 4.9 The hydrogen bond numbers between cinnamate ions and water in simulation system before and

after UV irradiation

4.3.4 Quantitative calculations

4.3.4.1 Geometry structure of three cinnamates

In order to further explore the geometrical differences between OMCA, MMCA and
PMCA and how the position of methoxy substituent affects the photo-response behavior of
wormlike micelles, the Gaussian 09 quantum chemistry packages were used. Firstly, the
structures of frans/cis-cinnamates were optimized using b3lyp/6-311+g (d, p) basis set and
shown in Fig. 4.10. It can be seen from Figure 4.10 that frans-cinnamates have a planar structure,
while cis-cinnamates has a three-dimensional structure. This indicates that when 12-3-12** and
cinnamates form micelles in the solution, trans-MCA 1s more likely to insert vertically into the
micelles, thus forming a dense morphology. For the frans-cinnamates ions, a values (the
dihedral angle between the aromatic ring plane and carbonyl plane) are 180°, which confirms
their planar structure. For the cis-cinnamates ions, a values are 66.1° (cis-OMCA), 60.9° (cis-
MMCA), and 46.9° (cis-PMCA). It indicates that when the methoxy group moves from the
ortho position to the meta position and the para position, the structure of cis-cinnamates is closer
and closer to a plane structure.

The molar volume directly reflects the steric hindrance of the molecule. Table 4.4 lists the
calculated molar volumes of cinnamates ions. Obviously, before UV irradiation, the molar
volume of trans-cinnamates ions increases as the methoxy group moves from the ortho position
to the meta position to the para position. After UV irradiation, except for the sharp increase in
the molar volume of cis-OMCA ion, the molar volume of cis-MMCA and cis-PMCA ions
decreased significantly. The increase in the degree of bending and molar volume of OMCA ions
after UV irradiation promotes its steric hindrance, which leads to the loosening and rupture of
micelles. For MMCA and PMCA ions, the molar volume decreases after UV illumination,
which is not conducive to the transformation of wormlike micelles. This confirms our

experimental results that trans-OMCA wormlike micelles break up into spherical and rod-like
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micelles after UV illumination, while trans-MMCA and frans-PMCA are converted into shorter
wormlike micelles. We can also conclude that the presence of meta- and para-methoxy groups
will reverse the difference in the molar volume of cinnamate derivatives before and after UV

irradiation, leading to a decrease in photo-responsive ability of wormlike micelle.
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Fig. 4.10 The top view and side view of optimized structures of trans/cis-MCAs ions after being optimized

at the b3lyp/6-311+g (d, p) level.

4.3.4.2 Electrostatic potential distributions of three cinnamates

To obtain more microscopic and precise molecular information, the electrostatic potential
distributions (eV) were calculated and shown in Fig. 4.11. It can be seen from Fig. 4.11, the
negative electrostatic potential of trans/cis-cinnamate ions are mainly concentrated on the
carboxy group. The maximums of negative electrostatic potential of trans-cinnamates are larger
than those of cis-cinnamates and the electrostatic potential distributions of cis-cinnamates are
evener. These evidences indicate that trans-cinnamates have a stronger electrostatic interaction

with surfactants when forming micelle. After UV irradiation, the electrostatic potential
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distribution in carboxyl group decreases, and more potential is transferred to the benzene ring.
The weaker electrostatic interaction between cis-cinnamates and surfactants lead to the rupture
of micelle. Among the three types of cis-cinnamates, the electrostatic potential distribution in
carboxyl group of cis-OMCA decreases the most (0.33), indicating the strongest photo-response
ability of wormlike micelle containing trans-OMCA. Owing to the presence of methoxy at meta
and para position, the difference in maximum of electrostatic potential in carboxyl group

decreases, leading to a drop in photo-responsive ability of wormlike micelle.
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Fig. 4.11 The electrostatic potential distributions (eV) of frans/cis-cinnamate ions after being optimized at
the b3lyp/6-311+g (d, p) level. The blue dots represent the minimum of potential in near area. The red dots

represent the maximum of potential in near area.

4.3.4.3 Hydrophilicity

The molecular structure also has an important impact on the hydrophilicity of the
molecules. To explore the difference of hydrophilicity for these trans/cis-cinnamate molecules,
we calculated the solvation free energies of them at the M052X/6-31G* level in SMD solvation
model and summarized the results in Table 4.3. The solvation free energy represents the strength
of the hydrophilicity of the molecule. The higher the absolute value of solvation free energies,
the stronger the hydrophilicity of the molecule. As shown in Table 4.3, before the UV irradiation,
the order of the solvation free energy is trans-PMCA > trans-MMCA > trans-OMCA. This
order indicates that the trans-OMCA has the strongest hydrophobicity, which may be the reason
for the strongest binding with the 12-3-122". After UV irradiation, the solvation free energy of
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cis-OMCA increases, indicating that cis-OMCA is more likely to escape from micelles and
linger in the solution due to its higher hydrophilicity. On the contrary, the MMCA and PMCA
witness a slight and sharp drop in the solvation free energy. The decrease of the hydrophilicity
tends to drive the cis-MMCA and cis-PMCA to stay in the micellar layer instead of heading to
the solution, thereby reducing the photo-responsive ability of corresponding wormlike micelle.
The farther distance between the methoxy group and the double bond for trans-MMCA and
trans-PMCA reverses the difference in molar volume and hydrophilicity of them before and
after the UV irradiation, thereby reducing micellar transition velocity and degree of wormlike

micelle.

Table 4.3 The solvation free energy and the molecule volume of frans/cis-cinnamate ions calculating by

Gaussian 09.

trans- cis- trans- cis- trans- cis-
System
OMCA OMCA MMCA MMCA PMCA PMCA
Solvation free energy
-37.68 -40.56 -29.66 -27.72 -30.44  -27.44
(kJ/mol)
Molar volume (cm®mol) 113.7 146.5 129 99.3 152.3 136.4

4.3.4.4 Interaction energy of representative packing patterns

Furthermore, to obtain the energy information more accurately, we intercepted two typical
packing patterns between trans/cis-cinnamates and 12-3-12" in micelles from MD simulation
to calculate their interaction energies and show the results in Fig. 4.12. One is that the benzene
ring is embedded in the surfactant hydrophobic layer ((b), (c), (f), (g), (j), (k)), and the another
one is that the benzene ring is oriented near the head group of 12-3-12-2Br ((a), (d), (e), (h),
(1), (1)). For convenience, the relative lower interaction energies for packing pattern (b) (f) (j)
are set to 0 kJ/mol. As shown in Fig. 4.12, for the trans-isomers, the packing pattern that the
benzene ring is embedded in the micelle has relatively low energy, imply that the micelle with
this packing pattern is more stable. While for the cis-isomer, the packing pattern of the benzene
ring on the surface of the micelle is relatively stable. This means that when the stable trans
packing pattern is converted to the cis packing pattern after UV irradiation, in order to reobtain
a stable packing pattern, the cis-isomer will change its packing pattern (the benzene ring are
moved from the micelle interior to the micelle surface). This change of the packing pattern will
cause the loosening and rupture of the micelles. In addition, the difference in the interaction
energy between the two cis packing patterns of OMCA, MMCA and PMCA is 96.8, 1.0 and
17.2 kJ/mol, respectively. These differences reflect the ability to change their packing pattern
after UV irradiation is OMCA > PMCA > MMCA. This sequence is very consistent with our

experimental results.
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Fig. 4.12 The different packing patterns and corresponding relative interaction energies (kJ/mol) of 12-3-
122" and OMCA, MMCA, PMCA. (In (a), (d), (e), (h), (i), (1), the aromatic rings are oriented on the surface
of micelle. In (b), (¢), (1), (g), (j), (k), the aromatic rings are embedded into the alkyl chain of the 12-3-122*.

For clarity, hydrogen atoms on 12-3-12%* and methoxy group are not shown. For convenience, the
interaction energy of packing pattern which the aromatic ring is embedded into micelle for frans-isomer is

set to 0 kJ/mol.)

4.3.5 The prediction of photo-sensitivity for different cinnamic acid

In addition, to screen out the cinnamic acid with the best photosensitive ability, we selected
several cinnamic acids with different electron donating substituents at ortho-, meta- and para-
positions and calculated a series of parameters including molar volume and solvation free
energy and their difference (AV AFE), and photo-isomerization reaction equilibrium at singlet
state (Kg.s) and triplet state (K./), the maximum of negative electrostatic potensial (cis-max,
trans-max), and their difference (Amax) of trans/cis- cinnamic acid under UV irraidaition. The
calcaulted results are shown in Fig. 4.14. Those cinnamic acid are meta-hydroxylcinnamic acid
(MHCA), para-hydroxylcinnamic acid (PHCA), ortho-sulfhydrylcinnamic acid (OSCA), meta-
sulthydrylcinnamic  acid(MSCA), para-sulfhydrylcinnamic acid (PSCA), ortho-
methylthiocinnamic acid (OMTCA), meta-methylthiocinnamic acid (MMTCA), para-
methylthiocinnamic acid (PMTCA), ortho-aminocinnamic acid (OACA), meta-aminocinnamic
acid (MACA), para-aminocinnamic acid (PACA), ortho-methylaminocinnamic acid (OMACA),
meta-methylaminocinnamic acid (MMACA), para-methylaminocinnamic acid (PMACA),
ortho-dimethylaminocinnamic acid (ODACA), meta-dimethylaminocinnamic acid (MDACA),
para-dimethylaminocinnamic acid (PDACA), ortho-nitrocinnamic acid (ONCA), meta-
nitrocinnamic acid (ONCA), para-nitrocinnamic acid (ONCA), respectively. And their

chemical structures are shown in Fig. 4.13.
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Fig. 4.13 The structures of cinnamic acids for calculations to screen out the photosensitive molecule with

the best photosensitive ability

Fig. 4.14 shows the difference in ionic molar volume (A} the black column) of trans/cis-
cinnamic acid ions and in solvation free energy (AE the red column) before and after UV

irraidaition, photo-isomerization reaction equilibrium constants at singlet state K¢ and triplet
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state Kg.,, the maximum of negative electrostatic potensial cis-maximun, frans-maximun, and
their difference Amax of trans/cis-cinnamic acid ions. According to our previous work, positive
AV and negative AE values help to promote the photo-responsive ability of corresponding
wormlike micelle. We can see from Fig. 4.14 that there are only OMCA, ODACA, PHCA and
PNCA that meet this condition. In addition, it can be seen from Table 4.4 that at triplet state,
the K,.; values of several cinnamates are greater than 1000, including OMCA, OHCA, OMACA,
MMCA, PMCA and PMTCA, which represents a good conversion fraction after long enough
UV irradiation. As for the Amax, the values of OMCA, OHCA, OMTCA, OSCA, ONCA,
MNCA, MSCA and PNCA are larger than 0.3, indicating that the electrostatic interaction with
surfactant of these corresponding cinnamates decrease more significantly after UV irradiation.
Based on the above results, among all cinnamates, the largest AV and AE as well as the larger

Amax under UV irradiation, and the higher equilibrium constant endow OMCA with a best

photo-sensitivity.
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Fig. 4.14 The calculated difference of ionic molar volume (A¥ (cm?/mol) the black column) and solvation
free energy (AE (kJ/mol) the red column), and photo-isomerization reaction equilibrium constants at singlet
state K5 and triplet state K., the maximum of negative electrostatic potensial (V) cis-maximun, trans-

maximun, and their difference Amax of trans/cis-cinnamic acids after UV irraidaition.
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4.4 Conclusion

In this chapter, we have combined MD simulations with quantitative calculations to study
the photo-responsive behavior of the wormlike micelle systems containing Gemini surfactant
12-3-12-2Br™ and three frans-methoxy-cinnimates with methoxy group in ortho-, meta- and
para- position. In MD simulations, we have simulated the wormlike micelles, rod-like and
spherical micelles corresponding to the experimens and the transition between them
successfully before and after UV irradiation. These micelle morphologies were recomfirmed by
the density distribution and the Ps. The different packing patterns between 12-3-12-2Br™ and
trans/cis-isomers were visualized and then confirmed by g(7) and SASA. The interaction energy
between 12-3-12-2Br" and trans/cis-isomers illustrates that the micelle containing trans-
isomers is more stable.

Quantitative calculations including the electrostatic potential distributions, solvation free
energy, molecule volume, angle o and interaction energy of typical packing patterns help us to
explore the difference in structure and property between trans/cis-isomers. These results
indicate that the presence of ortho-substituent in cinnamate has a more significant impact on
strengthening the difference of the steric hindrance, electrostatic distribution and hydrophilicity
of the frans/cis-cinnamates before and after UV irradiation and further promotes the photo-
responsive ability of corresponding wormlike micelle.

We further used the quantitative calculations to predict the photo-sensitivity of several
cinnamic acids. Considering the molar volume, hydrophilicity, electrostatic distribution,

reaction equilibrium constant comprehensively, the photo-sensitivity of OMCA is the best.
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Chapter 5 The rise of bubbles in shear thinning fluid

5.1 Introduction

Bubbly liquids have many practical applications, for instance in flotation of minerals,
water purification, two-phase reactors, and fizzy drinks. The role of the bubbles can be active
to fix impurities or passive to change the fluid texture. However, due to the large density
difference between the liquid and the gas, the bubbles will rise in most of the cases. In flotation
or purification this allows to concentrate the material to be separated from the solution in the
foam at the top. In many applications, the fluids are non-Newtonian which brings changes the
bubble dynamics in ways that are not fully understood yet [2°2],

The motion of single bubbles in Newtonian liquids under the action of gravity has been
extensively investigated [?°). The problem is more complex than for solid particles because
bubbles usually deform and may even shrink under the action of capillary pressure. Bubbles
can deform if viscous or inertial forces are able to overcome the capillary forces. The degree to
which bubbles are deformed can be predicted using the capillary and Weber numbers 24!, Their
motion also depends on the surface boundary condition: the surface is usually immobile due to
residual contaminants but may become mobile in the presence of surfactants %1, Bubbles may
also shrink or grow due to capillary pressure differences (Ostwald ripening) and coalesce.

Bubble rise is non-Newtonian fluids has been recently reviewed by Zenit and Feng [20%,
When bubbles rise in a non-Newtonian fluid new feature can be observed: instead of flattening,
the bubbles can take the form of a tear drop with a sharp tip. In shear-thinning fluids, increased
velocity of the bubble leads to increased shear, which results in a decreased drag. The
combination of shape change and decreased drag has been shown to result in a velocity jump,
where the rise velocity of single bubbles increases sharply above a critical radius.

Once several bubbles are rising together, they interact. While the pair-wise interaction in
non-Newtonian fluids is still not fully understood 2°%, it is known that the interaction depends
on the rheology of the suspending fluid, and in shear thinning fluids (of interest in the current
thesis), the bubbles tend to approach each other. This is because the leading bubble will leave
the fluid in its wake in a state of lower viscosity, thus allowing the following bubbles to rise
faster and to catch up. Indeed, bubbles organising in columns or into clusters are frequently
observed. Clustered bubbles rise faster than those that remain separated.

In Newtonian fluids an increase of bubble volume fraction leads to a decrease in the rise

2031 However, in shear thinning fluids a maximum has been observed as a function of

[206

velocity

bubble volume fraction [2°% the studies have explored volume fractions of bubbles up to 10 %.
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The increase can occur, both because of higher shear rates around the concentrated bubbles,
which leads to lower viscosities, and because of clustering.

In order to explore the influence of the fluid rheology of bubble rise, we chosed a model
shear thinning fluid composed of wormlike micelles of CTAB (cetytrimethyl ammonium
bromide) NaSal (sodium salicylate). Moderate concentrations of NaSal result in Newtonian
solutions of increasing viscosity before becoming shear thinning and viscoelastic at higher
concentrations. This system has been widely used in many studies involving flow of shear
thinning fluids 2°7). Recently Kostrezwa *%! explored single particle sedimentation in
CTAB/NaSal mixtures (4 mm stainless steel sphere), where they found a decrease of the
sedimentation velocity with decreasing micellar length in agreement with lower viscosities.

In this thesis, we will address the case of small bubbles in solutions of micelles of varying
viscosity. We measured the bubble rise velocity at different gas volume fractions in the different
solutions. We are interested in bubble rise in concentrated dispersions of bubbles, volume
fractions up to 30 %, as these high volume fractions are encountered in applications such as
flotation. The difference between bubble rise in Newtonian and shear thinning fluids were
systemically studied. We show that bubble rise in the shear thinning fluids is faster than
predicted from the viscosity of the solutions if the shear is sufficient for the bubbles to
experience the shear thinning of the fluids. If the bubble rise is sufficiently slow and the bubbles
experience a constant viscosity, the bubbles rise as in Newtonian fluids. We also discuss the

implications of the particular dependence on bubble volume fraction to flotation design.

5.2 Materials and Methods

5.2.1 Materials

The surfactant cetyltrimethylammonium bromide (CTAB) was purchased from Sigma-
Aldrich with 99 % purity. Sodium salicylate (NaSal) was purchased from VWR with 100 %
purity. They were used without further purification. Ultrapure water with a resistivity of 18.2

MQ.cm produced using a Veolia water purification system was used to prepare all samples.
5.2.2 Sample preparation

Series of solutions were prepared with 20 mM of CTAB and increasing concentrations of
NaSal (0-13 mM) by adding ultrapure water into the weighed compounds. The solutions were
sonicated in a Branson 3510 Ultrasonic Cleaner for 1 h to homogenise the solution. The

solutions were stored at room temperature (22 °C) for at least 24 h to ensure equilibration.
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5.2.3 Rheology

The viscosity of the samples was measured using an MCR302 rheometer (Anton Paar,
Graz, Austria). A cone plate system (CP50-2) with a radius of 50 mm and a taper angle of 2 ©
was used. The temperature is controlled with a Peltier plate and set to 22 <C. The samples were
inserted in the rheometer about 5 min before the measurement. Flow curves were measured at
increasing shear rates from 0.01 s to 1000 s*. The shear moduli were measured with a constant

strain of y =1 %.
5.2.4 Generation of bubbly liquids

Bubbly liquids were prepared using the double syringe method, which has been
characterised by Gaillard ?°! Two 10 mL syringes from Fisher scientific were used with a tube
connector with an inner radius of 2 mm. The CTAB/NaSal mixed solutions were poured into
the syringe directly. The gas fraction of air was measured using the syringe indicators, and is
known to + 2 %. The syringe pistons were pushed back and forth 30 times for each sample to
obtain bubbles of well-defined radius (typically between 15 and 40 um). The gas fraction @gas

was varied between 5 % and 30 % in the samples.

5.2.5 Bubble size

A Malvern Mastersizer laser granulometer (Malvern Instruments, France) was employed
to measure the surface weighted mean radius of the bubbles (R32, Sauter radius). The sample
dispersion unit was filled with 10 mM CTAB solution, this concentration was sufficient to
ensure that the bubbles were stable during measurement but less wasteful of CTAB as each
measurement requires two litres of solution. After generation of the bubbles, the samples were
transferred into the sample dispersion unit of Mastersizer with the stirring speed 1000 r/min.

The bubble size was measured 10 times with a 3 s measurement time and an average taken.

5.2.6 Bubble rise velocity

After preparation, the bubbly liquids were immediately transferred into glass vials. A Ueye
camera was used to observe the bubble rise. The time interval between images was 30 seconds
for most experiments, but for the samples with very fast bubble rise the interval was decreased
to 5 seconds.

The Image J software was used to analyse the photographs, monitoring the grey scale I of
pixels. In order to locate the front accurately, we determined the front position corresponding
to different grey values. The details on how to obtain the average grey value of a certain area

and the corresponding front position can be found in Figure 5.6.
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5.2.7 Surface tension

The surface tension experiments were performed with a Tracker instrument (Teclis, France)
at 20°C in the rising bubble configuration A bubble was created and the surface tension was
measured during 10 minutes at which point it had reached its equilibrium value for all of the

samples and no longer changed. These values are shown in Table 5.1.

Table 5.1 Surface tension of mixed CTAB/NaSal solutions. CTAB concentration: 20 mM

NaSal concentration (mM) 0 4 10 13

Surface tension (mN/m) 35.1 31.5 27.4 27.0

The surface tension decreases when the NaSal concentration increases, a common effect
for salts (they screen the electrostatic repulsion between surfactant polar heads, the surface layer

becoming more compact).

5.3 Results and Discussion

5.3.1 Rheology of micellar solutions

In order to interpret the rise of bubbles in micellar solutions, we need to determine the
viscoelastic properties of the solutions, which depend on the concentration of NaSal. The
increase in the concentration of NaSal causes the micelles to gradually change from small
elliptical ones to long tangled worm-like micelles, and the solutions become viscoelastic 2%,

We have measured the flow curves of mixed solutions for 20 mM CTAB and different
NaSal concentrations, as shown in Fig. 5.1. These solutions exhibit two types of behaviour, at
low shear rates viscosity is independent of shear rate, however above a critical shear rate they
become shear thickening (empty symbols) or shear thinning (filled symbols).

For pure CTAB solution and CTAB solutions with low NaSal concentrations (0, 2, 4, 8, 9
mM empty symbols) at low shear rates the viscosity is independent of shear rate, and they
behave as Newtonian fluids. As the concentration of NaSal increases to 8 and 9 mM, the
viscosity of the solution increases to several times that of pure CTAB solution. At high shear
rates (30-100 s') a shear thickening is observed. As will be seen later, the shear rates
experienced by the bubbles are smaller and we will call these solutions “Newtonian” in the
following.

In the solutions at higher concentrations (NaSal concentration = 10, 11, 11.5, 12, 12.5, 13
mM, filled symbols) a viscosity plateau at low shear rates is observed, which is followed by a
shear thinning behaviour. Shear thinning starts at lower shear rates as the concentration of NaSal
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increases. These samples will be referred to as “shear thinning”.
The response of the solutions to shear can be explained by the structure of the micelles. In
pure CTAB solution and at low low NaSal concentrations, the surfactants self-assemble into

2102111 A5 the concentration of NaSal increases to 8 and 9 mM, the

small cylindrical micelles !
viscosity of the solution increases, as the length of the micelles increases. This is because as the
concentration of NaSal increases, the Sal” ions incorporate into the surfactant layer. The

observed shear-thickening phenomenon is induced by the formation of shear-induced structures
212]

the origin of which is not yet fully understood !

When the concentration of NaSal reaches 10 mM, the length of the wormlike micelles is
large, they begin to entangle. As the shear rate increases, above a critical value the solutions
become shear thinning and the viscosity starts to decay as ¥~ This behaviour has been
attributed to shear banding 2122131,

The frequency dependence of the shear moduli G' and G” are shown in Fig. 5.2. The
storage modulus G’ remains smaller than the loss modulus G” up to 10 mM NaSal, meaning
that the solutions are predominantly viscous. At larger salt concentration, G' become slightly
larger than G" above frequencies of the order of 1 Hz. Even for the largest salt concentration,

the storage modulus is very small (G’ less than about 1 Pa).
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Fig. 5.1 Flow curves of solutions containing CTAB (20 mM) and NaSal (0-13mM) at 22°C. The Newtonian
solutions have empty symbols and the shear thinning filled symbols, the NaSal concentrations are indicated

in the legend.

Fig. 5.2 shows the variation of the shear moduli G’ and G” with the frequency for the
mixed system of 20 mM CTAB and (0-13 mM NaSal) at 22°C. The storage modulus G 'remains
smaller than the loss modulus G for Newtonian solutions, meaning that the solutions are
predominantly viscous. When the solution becomes non-Newtonian (NaSal concentration

above 10 mM), G’ is smaller than the G” at low shear rates, but G’ surpasses G above
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frequencies of the order of 1 Hz. Even for the largest salt concentration, the storage modulus is

very small (G’ less than about 1 Pa).
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Fig. 5.2 The The storage modulus G’ and loss modulus G with frequency for the 20mM CTAB and NaSal

(0-13mM) samples at 22°C. (a) Newtonian solution; (b) shear-thinning solutions.

5.3.2 Bubble size

The generation of bubbles in viscous fluids is not easy. We made the bubbles using the
double syringe method with bubble volume fractions ranging from 5 to 30 %. In this gas fraction
range, all the gas is incorporated into the solution. We did not use higher gas volume fractions
as all the gas can no longer be incorporated into the most viscous samples. Once the bubbles
are formed, we measure their size using a Mastersizer 3000. The Sauter radius R3; is shown in
Fig. 5.3 for all the samples studied. The error bars denote the standard deviation between ten
subsequent measurements. The bubbles made in the Newtonian solutions are shown with empty
symbols and the bubbles in the shear thinning solutions with filled symbols.

The bubble size is the smallest for the samples with the lowest concentrations of NaSal
and remains almost constant until 8 and 9 mM NaSal when a transition to larger bubbles is
observed. These two samples are still Newtonian but have higher viscosities than the other
samples.

For small NaSal concentrations, the average bubble radii are between 12 and 22 um (still
larger with 8 and 9 mM NaSal). The bubble size increases weakly, but systematically, with gas
volume fraction ¢gqs. The bubble size distributions are shown in Fig. 5.4. As @g.s increases, the
bubble size distributions become wider. In the shear thinning solutions, the bubble sizes are
larger, between 25 to 35 pm. There is no dependence of the bubble size on the gas fraction, but
as with the Newtonian solutions, the bubble sizes have wider distributions at higher gas
fractions.

The bubble size is in principle affected by surface tension: the lower the tension, the easier
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it should be to make bubbles and hence the smaller the radius. Table 5.1 shows that surface
tension decreases with NaSal concentration. This should lead to a smaller bubble size, but this
is not what we observe. This suggests that other factors control bubble size. In the two syringe
method Gaillard et al. found that bubble size increases with ¢g.s and decreases with viscosity
(299 The trend observed with g, with the Newtonian solutions in Fig. 5.3 is consistent with
this work, but here the more viscous samples have larger bubbles. In the work of Gaillard et a/
the solutions used were Newtonian, whereas our solutions are shear-thinning or shear-
thickening at high shear rates. In the two-syringe method, as the bubbly liquid passes through
the constriction, it experiences very high shear rates. We estimated the shear rate from the piston
velocity ~ 10 cm/s and the constriction radius of 2 mm as around 50 s™!. This is close to the
shear-thinning transition, which makes prediction of the viscosity. In any case, a full

understanding of the bubble generation in shear thinning fluids is beyond the scope of this thesis.
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Fig. 5.3 Sauter radius of bubbles produced in solutions with CTAB (20 mM) and NaSal (0-13mM) at 22 °C.
The corresponding bubble size distributions can be found in Fig. 5.4.

Fig. 5.4 shows the size distributions of bubbles made with the two-syringe technique using
solutions containing 20mM CTAB and various amounts of NaSal (0-13mM) at 22°C. In
Newtonian fluids, the bubble size distributions become wider with increase of gqus, and the peak
position moves to higher values. In the non-Newtonian solutions, no obvious dependence of
bubble size on gas fraction can be found.
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Fig. 5.4 Bubble size distribution of 20 mM CTAB and various amounts of NaSal (0-13 mM) for bubbles

made with the two-syringe method at 22 °C. The volume fraction represents the gas fraction.

119



Fig. 5.5 shows the width of the bubble size distribution at half height and the width
normalized by the bubble size. The width exhibits the same trends as the bubble size with the

increase of the viscosity and gas fraction,
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Fig. 5.5 Width of the size distribution at half height for bubbles (a) and width of the distribution at half
height normalized by bubble size (b) in solutions of 20 mM CTAB and NaSal (0-13 mM) at 22 °C

5.3.3 Measure of the bubble rise velocity

In order to investigate how bubbles rise in the CTAB/NaSal solutions, we took
photographs of bottles filled with bubbly liquids in transmission to track the rise of the bubble
front. Fig. 5.6 (a) shows photographs of the bottles during bubble rise in solutions containing
20 mM CTAB/4 mM NaSal and ¢gs = 5%. The bubbly liquid appears black, as the bubbles
scatter light strongly. In time, bubbles rise and a front between the bubbly liquid and a clear
liquid (devoid of bubbles) becomes visible. We define I as grey value of the pixel and define
the top of the bubble liquid as Height = 0. The front moves upwards in time and from the
evolution of its position, we measure the bubble rise velocity using the Image J software and
draw the variation of corresponding gray value with the front height of bubbly liquid at different
time, as shown in Fig. 5.6 (b).

The intensity in our images varies between 0 and 160. We chose three grey values /= 40,
80 and 120 (smaller / means darker regions) and measured the corresponding front position
versus time. The results are shown in Fig. 5.6 (¢). The front position varies linearly with time,
but the rise velocities for each grey value are different at 0.31 mm/s (I = 40), 0.23 mm/s (/ =
80), 0.18 mm/s (/ = 120). The differences are due to the broadening of the rise front, which in
turn is caused by the polydispersity in bubble size. As the smallest bubbles rise more slowly,
the lowest intensity will be sensitive to the smallest bubbles. In the following we will use the
measurements with /= 80, which is the average intensity in the images to define the position of

the bubble rise front.
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Fig. 5.6 (a) Images of the bottles containing bubbly liquids at different times, showing the front evolution.
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Fig. 5.7 shows the variation of the gray value with the height of the front during bubble
rise process (a) and the bubble rise velocity curve (b) of the 20 mM CTAB and 11.5 mM NaSal
at pgus= 5%. For non-Newtonian fluids at low NaSal concentration, like the Newtonian fluids,

the velocity of bubble rise is constant and the gray value curve is smooth.
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Fig. 5.7 (a) The gray value curve and (b) The bubble rise curve area of 20mM CTAB and 11.5 mM NaSal at

Pgas— 5%.

The front velocities are constant in time for all samples (different NaSal concentrations
and gas fractions), except for the largest NaSal concentration (13 mM). In this sample the
velocity changes with time, as shown in Fig. 5.8. In Fig. 5.8 (a), photographs of the bottles are

shown at different stages of the bubble rise process. Fig. 5.8 (b) shows the gray value curve
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versus the front height while the front height (for /=40, 80 and 120) are shown in Fig. 5.8 (¢).
There is a lot of noise for the gray value curve at long time, indicating the high polydispersity
of the bubble size for non-Newtonian fluids. We can observe an initial “fast” rise of the bubbles
during a few 100 seconds (as seen in the inset of Fig. 5.8 (c). After this the bubbles slow down
dramatically and the creaming process takes more than 15 hours. The final photograph of Fig.
5.8 (a) is taken after 63 000 s so 17.5 hours after the start, and still some small bubbles remain
in solution. We will now discuss the expected bubble rise regimes, before comparing the bubble

rise velocities to the predictions.
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Fig. 5.8 (a) Images of the bottles containing bubbly liquids at different times, showing the front evolution at

the different intensity levels / = 40 (green), 80 (red) and 120 (blue). The white line indicates the level of the

bubbly liquid at the beginning of the experiment. (b) The gray value with the height of the front (c) Height
of bubbly liquid versus time for different grey levels. The inset is a semi-logarithmic plot. The system

shown in the image is a solution with 20mM CTAB and 13 mM NaSal at gza= 5%.

5.3.4 Bubble rise regime

Bubble rise is known to depend on several factors: Reynolds number; bubble surface
boundary condition and; whether the bubbles can deform or not. We studied relatively small

bubbles (R < 35um), for which the Reynolds number Re is small

2pvR

Re = (5-1)

where p and 5 are respectively the fluid density and viscosity, v the velocity,and R the bubble
radius. For pure CTAB solutions, using p = 10* Kg/m?, » = 1 mPa/s, v= 0.3 mm/s, R = 20 um,
we find Re ~102. For the shear thinning solutions, v decreases and 5 increases and Re
decreases. Therefore, the experiments are all carried out in a region of small Re.

Bubbles remain spherical if both the inertial and viscous forces are small compared to
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surface tension forces 271, This happens when the Weber number We and the capillary number

Ca are small:

We = (5-2)
Ca="1 (5-3)

Here, with y = 35 mN/m, We ~ 107 and Ca ~ 107 are both very small for pure CTAB
solutions. For the solutions with NaSal, the viscosity increases but the velocity decreases, so
both numbers remain small, and we can safely assume that our bubbles are not deformed during
the rise process.

A further question concerns the boundary condition at the bubble surface, which would
change the bubble rise velocity. In dilute surfactant solutions and small Reynolds numbers, the
surfaces of rising bubbles are immobilized by surface tension gradients and Marangoni forces
created by the liquid flow: surfactant is depleted from the bubbles’ apex and it accumulates at
their rear. The bubbles behave as solid particles %)), When surfactant concentration is higher,
the depleted surfaces can be replenished by surfactant adsorbing from the bulk. The problem
was discussed in detail by Maldarelli and co-workers %1 who predicted that the Marangoni
force is larger for smaller bubbles. Above the critical micellar concentration, the adsorption
kinetics is also controlled by the micelle lifetime, which is very long (minutes) in the presence
of salt. It is therefore likely that in our experiments, the bubble surfaces can be considered as
immobile.

In this case the bubble rise velocity for a single bubble in a Newtonian fluid would be
given by the Stokes expression:

- 2t (5-4)
Ap is the difference between the gas and the fluid densities.
The Stokes expression is valid for a single particle and corrections have been proposed to
account for the influence of particle concentration. When the particles behave as hard spheres,
the phenomenological expression of Richardson and Zaki [*'*is accurate up to large volume

fractions:
v=vl-g,,)" (5-5)

Here ¢qus 1s the particle volume fraction. The exponent n varies with the Reynolds number

Re. In the current flow regimes, we expect the n = 4.5 23] very close to what describes data

with solid particles at the Re encountered here 2162171,

5.3.5 Bubble rise in Newtonian solutions
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In the following we will use the measurements with / = 80, which is the average grey value
in the rising front. Fig. 5.9 shows the variation of the bubble rise velocity normalised by the
Stokes velocity, v/v, as a function of gas fraction for the Newtonian solutions measured with /
= 80. The different velocities collapse onto a single mastercurve, as expected for Newtonian
fluids. We calculate vs using equation 3 with the experimentally measured viscosities and Sauter
radii. We use the radii measured just after generation, as we do not expect the bubble size to
change during their rise. This is because Ostwald ripening is too slow to change it during the
rise process and we do not observe any coalescence. We can estimate the rate of Oswald

ripening which does not change much with bubble volume fraction [*!81 and is given for small

@gas by
=% -1 10 (5-6)

where D,, is the gas diffusion coefficient in water, He* the Henry constant expressed as the
volume fraction of gas in water and P the atmospheric pressure. For bubbles with R =20 um in
water, Dy, = 2.6x10° m?/s, He*= 0.013, which results in £2~ 10" m?/s, and increase in radius
of about 2 um in 100s.

We cannot follow the individual bubbles as they rise to see if they coalesce or not. However,
once all the bubbles have reached the top of the solution and form a froth, its height remains
constant, suggesting the absence of coalescence. Therefore, we do not expect to have any
coalescence during the bubble rise process either, as the volume fraction of bubbles is much
smaller.

Small bubbles rise sufficiently slowly and the shear rate is small enough, so that the
solution viscosity remains Newtonian throughout the process. For the sample at 20mM CTAB/4
mM NaSal at pg.= 5% the velocity is the highest at v ~ 0.25 mm/s. At this velocity we have the
maximum shear on the bubbles, which we can estimate as 7 = /R ~ 20 s™'. This shear rate is
lower than the shear rate at the onset of shear-thickening and the liquids remain Newtonian
during the front motion.

The Richardson and Zaki prediction calculated using Equation (5-5) is shown in Fig. 5.10
with a black line. We can see that within error bars, the data is in good agreement with the
model. The extrapolation to ges = 0 coincides with the Stokes velocity calculated with the
average Sauter radius, confirming that the bubbles behave as solid particles, as the velocity
would have been higher if the bubble surfaces were mobile. Note that the Richardson and Zaki
prediction does not work when larger bubbles are used 2!,

In Fig. 5.10 (a) and Fig. 5.9 (b), the data for /=40 and / = 120 are also shown. The former
is slightly above the R-Z curve, while the latter is below the Richardson-Zaki curve curve. This

is because the bubbly liquids are polydisperse, and at /=40 we follow the largest bubbles, while
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at /= 120 the smallest ones.
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Fig. 5.9 The bubble rise velocity v normalised using the Stokes velocity vy, as a function of gas fraction for
the Newtonian solutions. The velocity is measured using the intensity / = 80. The solid line is the

Richardson and Zaki prediction of equation (5-5) with n = 4.5.
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Fig. 5.10 Normalized rise velocity v/v, as a function of gas fraction measured using the intensity /=40 (a)
and /=120 (b) for Newtonian solutions. The solid line is the Richardson and Zaki prediction of equation

(5-5) with n=4.5.

5.3.6 Bubble rise velocity in non-Newtonian solutions

For the shear thinning solutions, the initial front velocities are shown in Fig. 5.11(a) as a
function of gas volume fraction. As in the Newtonian solutions, the velocity decreases with
increasing NaSal concentration, so with increasing viscosity of the samples. In order to better
compare the allure of the g..s dependencies we normalised the velocities with the velocity at
®gas = 0.05. The results are shown in Fig. 5.11 (b), with the predicted evolution by Richardson
and Zaki shown as the dashed line.

The decrease of the rise velocity with gas fraction is much weaker than predicted by
Equation (5-5) and almost vanishes at large NaSal concentration (see Fig. 5.11 (b)). Therefore,

the Richardson and Zaki prediction does not seem to apply here. For the most viscous samples,
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the velocity can even be higher at higher gq4s as seen with the samples with 12.5 and 13 mM of

NaSal, we will come back to this a little later.
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Fig. 5.11 (a) Front rise velocity, v as a function of ¢g,,s for the non-Newtonian solutions, i.e., CTAB 20 mM
with NaSal 10-13 mM indicated in the legend. The velocities are measured using / = 80. (b) Front velocity
normalised by the velocity at ggqs = 0.05, the dashed line shows the prediction of Richardson and Zaki

equation. The weak variation of the velocity as a function of ¢ can be described using

——————=1.1(1-pgs) the dotted (colour) line.
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The evolution of the rise velocity with g 1s different than with Newtonian solutions,
however this might be because the viscosity experienced by the bubbles depends on their
velocity. We can compare the bubble rise velocities to those found in Newtonian solutions if we
can estimate the viscosity experienced by the bubbles as they rise (as done for single particles
sedimenting in viscoelastic solutions by Gheissary et al for example [22°). We use the velocity

at pgas = 0.05 and and the average bubble radius (R) of 30 um to estimate the shear rate as

. v (@, = 0.05) ) . .
7y N%T' We can then calculate v () using equation (5-4) with #(y) and (R). The front

velocities normalised by v,(y) are shown in Fig. 5.12.

For the sample at NaSal = 10 mM (black points) the normalised velocities with the
estimated v,(7) are close to 1 (between 0.7 and 1.2). This can be explained by the low shear
rate experienced by the bubbles at 1.6 s, which lies on the Newtonian plateau. However, for

all of the other samples the situation is very different, and the measured velocities are around
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10 times higher (for NaSal = 13 mM they are almost 20 times higher). Either our estimation of
the shear rate and hence the velocity is poor, or then we are in a different bubble rise regime.
Vélez-Cordero and Zenit showed that at small Re and large Bo bubbles cluster while they
rise 22!, The prediction for the free bubble to clustering could be predicted from studies on
pairs of bubbles and is due to attractive hydrodynamic interactions acting via the bubbles wake.
The studies were done with lower ¢gqs and larger monodisperse bubbles. Comparing to their
predictions, the bubbles in our systems could be expected to be in the clustering regime,
however due to the high volume fractions and small bubble sizes we do not observe clustering
in the videos. Clustering could therefore explain the faster than expected bubble rise of Fig.
5.12. It could also explain the weak (or non-monotonous) rise velocities of Fig. 5.11 (b), as it
has been shown to cause both higher rise velocities and a non-monotonous velocity dependence
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Fig. 5.12 Bubble front rise velocity v of the non-Newtonian samples normalised by the Stokes velocity

calculated using # estimated at the shear rate around the bubbles v/R.

Another peculiarity of bubbles’ motion observed for the most viscous liquid (13 mM Na
Sal) is the fact that it slows down considerably after some tens of minutes, as seen in Fig. 5.7.
The second bubble rise velocity is also quite constant in time; it is shown with the initial velocity
in Fig. 5.13. The second velocity is around 10”7 m/s, which is 100 times slower than the initial
velocity.

If we look at the photographs in Fig. 5.7 (a) corresponding to the slow rise regime, we can
see that the volume fraction of bubbles left is relatively small, with most of the bubbles having
risen during the first stage. The samples are polydisperse and we know that the smallest bubbles
lag behind. If we use the bubble rise velocity to again estimate the shear rate, we find y~= 10
2 which is on the Newtonian plateau with # (j = 10'2) =10.7 Pa-s. We have seen that on the
Newtonian plateau, the Stokes velocity compares well with the rise velocity, therefore we can

estimate the size of bubbles rising at such slow velocities. We find R= 22 pm, which is in the
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tail of the bubble size distribution (around 10% of the bubbles). This suggests that how the
bubbles rise could be different depending on their size within the polydisperse samples. The
larger bubbles rise fast enough to experience shear rates within the shear thinning regime, while
the smaller bubbles rise so slowly that they experience shear rates on the Newtonian plateau
and hence maximal fluid viscosity. It might also be that the smaller bubbles cluster less than the
larger ones, which would lead to a significant decrease in the rise velocity.

We do not see such a slow rising population of bubbles at the lower concentrations of
NaSal. This is because even for the next sample with 12.5 mM NaSal the plateau viscosity is
3.9 Pa-s, which means that only bubbles with R < 13 pm would reach the second creaming
regime. The tail of the bubble size distribution is very close to this value and there are hardly
any bubbles of this size in the samples, and explains why we do not observe the slower bubble

rise in the other samples.
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Fig. 5.13 The front rise velocity v of the initial bubble rise, and the velocity at long times, once it has
considerably slowed down. Both were measured using / = 80. Solution with 20mM CTAB and 13 mM
NaSal at ggu= 5%.

5.3.7 Flotation in a shear thinning fluid

Foam flotation is used to purify and separate materials from fluids: the material attaches
onto the bubble surfaces, which rise up for separation. An important parameter to quantify foam
flotation is the bubble surface area flux S, which tells how much surface area is swept up per

(222-223] 'In a bubble column

second and is directly linked to how efficiently the process works
S is given by product of the average bubble rise velocity V(¢g.s) and the number density of

bubbles:

Ne< &2 (5-7)
SZV((ﬂgas) % (5-8)
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As v varies very differently in the Newtonian and the non-Newtonian fluids, we can expect S
to also change.

In Newtonian fluids the Richardson Zaki expression works well, as given by equation (5-
5). For the non-Newtonian fluids, we saw that the velocity depends weaklier on @gus (for

example in Fig. 5.11 (a)). The velocity varies with volume fraction as

Vion-News “(1-Pgas)’! (5-9)
which has been shown by the dotted line in Fig. 5.11 (b). We can therefore use the two
expressions for velocity to estimate S in Newtonian and shear thinning fluids. This results in
very distinctive bubble surface area variations with @gus, as shown in Fig. 5.14. Indeed, if
maximisation of the bubble surface area flux is an objective, in Newtonian fluids the optimum
isat @gus =0.16, while in non-Newtonian fluids higher ¢q.s would improve the area flux. Our
experiments are limited to gas fractions less than 0.3, and we cannot speculate about what
happens at higher @q.s. However, our results suggest that the parameters for optimum flotation

when non-Newtonian fluids are present can be very different from those with Newtonian fluids.
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Fig. 5.14 Bubble surface area flux as a function of bubble volume fraction for Newtonian and non-
Newtonian fluids. The dependence is very different, and the maximum in non-Newtonian fluids occurs at a

much higher @gus.

5.4 Conclusion

We have explored bubble rise in micellar solutions of varying viscosity, with both
Newtonian and shear thinning properties. We made the bubbles using two connected syringes,
and observe two plateaus of bubble size: smaller bubbles at the lowest concentrations of NaSal
where the bubbles are Newtonian until a viscosity jump at high shear rates, and larger bubbles
in the shear thinning fluids.

The rise of the concentrated suspensions of bubbles in the Newtonian fluids is well

described using the Richardson and Zaki description. However, in the shear thinning fluids
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different phenomena can be observed depending on the shear rate around the bubbles, which in
turn changes with bubble size and rise velocity. If the bubbles rise sufficiently slowly (smaller
bubbles) such that the shear rate is on the Newtonian plateau, the bubble rise velocity is close
to that expected from the Stokes velocity. However, once the shear rate around the bubbles is
high enough to reach the shear thinning regime, the bubbles will rise faster and prediction using
local shear rates lead to an underestimation of the bubble rise velocity, probably because of the
onset of bubble clustering.

The variation of the bubble rise velocity as a function of volume fraction of bubbles is
much weaker than in Newtonian fluids. Indeed, an exponent of » = 1 instead of around 4.5 in
the Richardson and Zaki expression describes the data reasonably well. This can have important
implications to the flotation process in shear thinning fluids, as we show that the maximum area
flux occurs at higher gas volume fractions than found in Newtonian fluids.

Our results give insight into bubble rise of concentrations solutions of bubbles in shear
thinning fluids, which have been little studied so far, despite their importance in applications.
The interaction through the shear thinning fluid leads to changes in the bubble rise velocity, the

exact origin of which requires further experimental and theoretical works.
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Chapter 6 Conclusions

This thesis is focused on the photo-responsive behavior of a series of wormlike micelles
constructed by Gemini surfactant and different cinnamates and on the applications (bubble rise)
of wormlike micelles.

(1) The photo-responsive behavior of wormlike micelles constructed by 12-2-12 2Br™ and
trans-OMCA and the mechanism of its photo-responsiveness are investigated. Owing to the
electrostatic interaction, trans-OMCA associates strongly with 12-2-12 2Br, leading to the
formation of wormlike micelles. After UV irradiation, trans-OMCA photoisomerizes into cis-
OMCA and then wormlike micelles break to rod-like micelles and finally to spherical micelles.
Three primary factors (geometry, hydrophilicity and energy) affecting the micelle transition are
unraveled systematically. The larger steric hindrance of cis-OMCA weakens m-cation
interaction and electrostatic interaction after UV irradiation. The stronger hydrophilicity of cis-
OMCA leads to the moving of cis-OMCA from micelle interior to solution. Moreover, cis-
OMCA has a weaker interaction with the 12-2-12 2Br~ than trans-OMCA after UV irradiation.
All these factors induce the breakage and repacking of wormlike micelles.

(2) To further investigate the effects of cinnamate structures on the photo-responsive
behavior of corresponding wormlike micelles, we combined experimental methods such as
rheology, TEM, UV-Vis absorption spectroscopy and HPLC with calculation methods such as
MD simulations and quantitative calculations to study the photo-responsive behavior of three
wormlike micelle systems constructed by Gemini surfactant 12-3-12:2Br~ and cinnamates
(trans-CA, trans-OHCA and trans-OMCA, respectively).

Our experimental results show that three wormlike micelles have different photo-
responsive behavior. Due to the most rapide photoisomerization velocity of trans-OMCA under
UV and the highest frans-to-cis conversion fraction, the wormlike micelle system containing
trans-OMCA has the most sensitive photo-responsive behavior (wormlike micelles are
transformed into spherical micelle). On the contrary, the slowest photo-isomerization reaction
rate and lowest conversion fraction of trans-CA under UV irradiation cause the wormlike
micelles containing trans-CA to be insensitive to light; for trans-OHCA, the conversion fraction
and the reaction rate are at an intermediate level, causing the shortening of the wormlike
micelles.

In our simulation, the micelle transition corresponding to the experiment under UV is
captured. The different packing patterns between cinnamates and surfactant (frans-isomers are
embedded into the hydrophobic layers of surfactants while cis-isomers orient at the micelle

surface) lead to the fission of wormlike micelles under UV irradiation. The quantitative
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calculation results show that the presence of ortho-methoxy and ortho-hydroxyl in cinnamate
has a significant impact on increasing the equilibrium constant of photo-isomeriaztion reaction
and enhancing the difference of the steric hindrance, electrostatic distribution and
hydrophilicity of the trans/cis-cinnamates, thereby improving the photo-responsive ability of
wormlike micelle. And ortho-methoxy has better effects.

(3) Based on the previous research, to comprehensively study the effects of cinnamate
structure on the photo-responsive behavior of corresponding wormlike micelles, MD
simulations and quantitative calculations were used to investigate the influence of ortho-, meta-
and para-methoxy on the photo-responsive behavior of the wormlike micelle systems
containing Gemini surfactant 12-3-12-2Br™ and three #rans-methoxy-cinnimates trans-OMCA,
trans-MMCA and trans-PMCA.

In MD simulations, the micelle morphologies corresponding to the experimental results
initially and at equilibrium were successfully captured and reconfirmed by density distributions
and Ps. Three systems show different packing patterns. With the increasing distance between
methoxy and carbon-carbon double bond, the methoxy inserts more and more deeply into the
micelle. In addition, the benzene rings of trans-isomers are embedded into the hydrophobic
layers of surfactants while those of cis-isomers orient at the micelle surface. After UV
irradiation, the motion of benzene ring in cinnamates cause the rupture of wormlike micelle.

Quantitative calculations reveal that when the methoxy is oriented in meta-, and para-
position, the molar volume and hydrophilicity of cinnamates decrease after UV irradiation,
which hinders the escape of cis-isomers, thereby weakening the photo-responsive ability of
wormlike micelles. For OMCA, the ortho-methoxy is closest to the carbon-carbon double bond
so that they have the largest difference in steric hindrance, electrostatic distribution and
hydrophilicity before and after UV irradiation. Furthermore, the photo-sensitivity of 24
cinnamic acid ions are predicted according to their molar volume, hydrophilicity, electrostatic
distribution, reaction equilibrium constant. Base on the information comprehensively, among
24 cinnamates, the photo-sensitivity of OMCA is the best.

In summary, the micellar transition mechanism of the wormlike micelles constructed by
Gemini surfactant and cinnamate has been well studied. We also screened out the cinnamic acid
with the best photo-responsiveness (trans-OMCA) among the 24 cinnamic acids. However, we
still haven't found a cinnamic acid with photosensitivity that exceeds trans-OMCA. We will try
to search more cinnamic acids and the transition state and kinetic mechanism of these cinnamic
acids photoisomerization reactions will be the focus of our further research. The limitation of
the time scale of the united-atom force field and the size of the box prevents us from simulating

larger-sized and more complex self-assemblies, such as vesicles and gels. We will focus on the
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coarse-grained force field to simulate large-scale self-assemblies. In addition, the irreversible
transformation of wormlike micelles containing cinnamates hinders their industrial application.
We will try to use some reversible photosensitive molecules to build a photo-responsive system
in further research.

(4) We investigate the bubble rise behavior in shear thinning solutions made of
cetyltrimethylammonium bromide (CTAB) and sodium salicylate (NaSal) (a common
wormlike system). The results show when the NaSal concentration is low, the solutions are
Newtonian fluids and the rise of the concentrated suspensions of bubbles in these fluids is well
described using the Richardson and Zaki description. For the shear thinning solutions, the
Richardson-Zaki relation no longer applies. Bubble clustering leads to faster rise velocities and
a weaker dependence on the bubble volume fraction. At the largest concentrations two rise
regimes are observed, the smaller bubbles have lower shear rates around them and they
experience higher viscosities. If they rise sufficiently slowly, the shear rate reaches the plateau
region, and their rise is comparable to the Stokes expectations. However, when the shear rates
are in the shear thinning regimes, the bubble rise is faster than expected.

Our results also show that maximum area flux in the shear thinning solutions occurs at
higher gas volume fractions than found in Newtonian fluids, and this peculiar dependence of
the rise velocity with volume fraction of bubbles in the shear thinning solutions can have
important implications in flotation. And in the future, we will probe more finely the different
rise regimes of the bubbles in higher viscosity solutions, and study the variation of fluid
structure around the bubble. In addition, it would be interesting to control the rise velocity of
bubbles with external stimuli such as light or electricity.
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Resumeésubstantiel de la these

1 Introduction

Au cours des dernic¢res décennies, les matériaux intelligents auto-assemblés capables de
répondre de maniére dynamique aux stimuli environnementaux externes (y compris 1'électricité,
la lumicre, le magnétisme, la chaleur, le pH, le COa, etc.) ont été¢ un point névralgique de la
recherche pour les chercheurs. Parmi eux, I'auto-assemblage sensible a la lumicre construit par
des tensioactifs a attiré l'attention des scientifiques. Ce systéme d'auto-assemblage sensible au
stimulus a non seulement des morphologies d'auto-assemblage abondantes et différentes
¢échelles d'auto-assemblage, y compris des micelles sphériques, des micelles vermiformes, des
vésicules, des gels, des cristaux liquides cristallins lyotropes (LC) et aqueux a deux phases
(ATPS), etc., et son positionnement est propre, précis, sans interférence et facile a utiliser. Ces
avantages le distinguent dans les domaines de la libération de médicaments, de l'industrie
pétrochimique, de la catalyse commutable, de la modification de surface, de la bio-ingénierie,
des matériaux photosensibles intelligents et des systémes optiques, présentant une grande
valeur d'application. Parmi ces auto-assemblages réactifs, les micelles de type ver sensibles a
la lumicre ont une variété de morphologies de micelles contrélables et une large gamme de
propriétés rhéologiques réglables, ce qui en fait des applications pratiques dans les fluides
rhéologiques optiques, les dispositifs photosensibles, les réducteurs de trainée, etc. CUHK brille.

L'introduction de petites molécules photosensibles dans le systeme tensioactif est le moyen
le plus simple d'obtenir un systéme micellaire ressemblant a un ver sensible a la lumiere. La
capacité de réponse a la lumiére du systéme dépend de la capacité d'auto-assemblage du
tensioactif d'une part. Par rapport aux tensioactifs monocaténaires traditionnels, la capacité
d'auto-assemblage des tensioactifs Gemini a la méme concentration est beaucoup plus forte que
celle des tensioactifs conventionnels. L'excellente capacité¢ d'auto-assemblage et le
comportement d'agrégation riche des tensioactifs Gemini font que le systéme sensible a la
lumiere composé de petites molécules sensibles a la lumiere joue un réle plus important dans
les applications industrielles.

La capacité de réponse a la lumicre des micelles ressemblant a des vers sensibles a la
lumiére dépend non seulement de la capacité d'auto-assemblage des tensioactifs du systeme,
mais aussi de la photosensibilité des petites molécules sensibles a la lumiere dans le systeme.
La double liaison carbone-carbone dans la structure moléculaire de 1'acide cinnamique est
tordue de trans a cis a une longueur d'onde ultraviolette de 365 nm. Cette réaction de

photoisomérisation conduit a un changement dans l'agencement de l'auto-assemblage du
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systéme, qui a son tour provoque des changements dans la configuration macroscopique des
micelles et des changements dans les propriétés macrophysiques et chimiques, et parce que les
molécules d'acide cinnamique elles-mémes ont une certaine activité de surface, faible coft,
excellente photosensibilité. Par conséquent, les micelles ressemblant a des vers sensibles a la
lumicére composées de petites molécules photosensibles a base d'acide cinnamique et de
tensioactifs Gemini sont devenues un objet de recherche brilant a I'heure actuelle. La structure
moléculaire détermine la nature de la molécule.Les différents substituants sur les petites
molécules photosensibles a base d'acide cinnamique et les différentes positions de ces
substituants auront un grand impact sur la capacité de photoisomérisation de la petite molécule
d'acide cinnamique et la capacité de photoréponse du grand impact. En raison de la limitation
des conditions expérimentales, la recherche sur le mécanisme microscopique du comportement
sensible a la lumiére des micelles ressemblant & des vers sensibles a la lumicre est
insuffisante.En méme temps, en raison de la complexité et de la difficulté de la synthéese et de
la main-d'ceuvre et du matériel limités. ressources, il nous est difficile de photosensibiliser une
grande variété d'acides cinnamiques.De petites molécules meénent des expériences une a une
pour vérifier et comparer leurs capacités de réponse a la lumicre. Avec le développement de la
chimie computationnelle, les méthodes de calcul par simulation informatique représentées par
la simulation de dynamique moléculaire (MD) et le calcul quantitatif peuvent nous aider a
résoudre ces problémes.

Dans le processus industriel, le comportement de mélange de gaz-liquide a deux phases
est tres commun.Par rapport au systeme de film liquide ou la phase gazeuse est la phase
continue, la phase gazeuse se manifeste plus comme la phase dispersée sous forme de bulles
dispersées en phase liquide. Dans de nombreuses applications industrielles, telles que la
flottation par mousse, la biere et les boissons gazeuses, la purification des eaux usées, la
séparation en deux phases, etc., le comportement de montée des bulles joue un role tres
important. Parce que la bulle est déformable, sa forme va changer avec la vitesse de montée et
le comportement rhéologique de la phase continue.Au contraire, la forme de la bulle affecte la
vitesse de montée et le comportement rhéologique de la phase continue. Cette interaction
conduit @ un comportement ascendant des bulles trés compliqué.Par conséquent, les recherches
actuelles sur le comportement ascendant des bulles se concentrent principalement sur les fluides
newtoniens et certains fluides ayant un comportement rhéologique relativement simple, tels que
les fluides de Boger et les fluides inélastiques amincissants par cisaillement. Les fluides diluants
viscoélastiques par cisaillement sont des fluides trés courants dans les applications industrielles,
telles que les solutions polyméres, les solutions polymeres, les peintures, les revétements, les

huiles lourdes, etc. Il existe peu de recherches sur le comportement ascensionnel des bulles dans
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les fluides fluidifiants viscoélastiques, de sorte que la recherche sur le comportement
ascensionnel des bulles dans les fluides fluidifiants viscoélastiques a une grande valeur
d'application théorique et pratique. La solution de micelles en forme de ver auto-assemblée par
les tensioactifs est un fluide de fluidification par cisaillement viscoélastique treés typique. Il est
simple a préparer et peu cotliteux. Avec le changement de concentration de tensioactif ou de sel
de contre-ion, le systéme changera Présentant différentes propriétés rhéologiques, ce est tres
approprié pour étudier le comportement ascensionnel des bulles dans les fluides fluidifiants

viscoélastiques.

2 Simulations de dynamique mole&ulaire et calculs quantitatifs sur le
déouement du comportement photo-ré&ctif de micelles en forme de ver
construites par 12-2-12 2Br~ et trans-o-mé&hoxy-cinnamate

Nous avons choisi le tensioactif Gemini N, N'-bis(dodécyldiméthyl)-1,2-éthane
diammonium dibromure (12-2-12-2Br") et la petite molécule photosensible d'acide trans-o-
méthoxycinnamique (trans-OMCA) pour construire un systéme d'auto-assemblage
photosensible. Le comportement photosensible du systeme et le mécanisme microscopique de
transformation de la morphologie de 'auto-assemblage ont été étudiés en combinant rhéologie,
dynamique moléculaire et calcul quantitatif.

Le mécanisme de comportement photosensible pour la micelle 12-2-12-2Br /trans-OMCA
est proposé (Fig. 2.14). De toute évidence, le motif de tassement entre 12-2-12-2Br” et OMCA
détermine directement la morphologie existante de la micelle et les trois principaux facteurs
affectent le motif de tassement entre 12-2-12-2Br~ et OMCA : structure géométrique de
I'OMCA, hydrophilie de 'OMCA et de I'énergie d'interaction entre 'OMCA et le 12-2-12-2Br—.
Tout d'abord, il convient de noter que la structure relativement plane du trans-OMCA et le degré
de flexion inférieur rendent le trans-OMCA plus facile a insérer dans l'intervalle des tensioactifs.
Il est démontré par g(r) et SASA que la géométrie moléculaire différente du trans/cis-OMCA
influence leurs modes de tassement : le cycle aromatique du trans-OMCA est complétement
noy¢ dans la chaine alkyle hydrophobe de 12-2-12-2Br et celle de cis-OMCA est exposé a la
surface de la micelle. De ce fait, il y a un arrangement plus étroit entre le centre chargé de trans-
OMCA et 12-2-12.2Br, provoquant une interaction électrostatique et une interaction -cation
plus fortes. Apres irradiation UV, l'encombrement stérique de la molécule cis-OMCA devient
plus grand et l'interaction électrostatique et 'interaction cation-cation s'affaiblissent, conduisant
a la désintégration de la micelle d'origine.

Deuxiemement, il a été prouvé qu'une solubilité plus faible dans l'eau était liée a une
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association plus forte avec les micelles.24 En comparant 1'énergie libre de solvatation, il est
démontré que le trans-OMCA est plus hydrophobe que le cis-OMCA. L'hydrophobie plus forte
du trans-OMCA indique que le trans-OMCA reste associé¢ aux micelles dans une plus large
mesure. Au contraire, I'hydrophilie plus forte du cis-OMCA lui donne la possibilité¢ de se
déplacer vers la couche externe des micelles et méme de s'échapper de les couches de micelles
12-2-12.2Br ", et finalement induire la scission de la micelle.

Enfin, en calculant I'énergie d'interaction, les micelles contenant du cis-OMCA se révélent
moins stables. Apres la photoisomérisation du trans-OMCA, pour obtenir un motif de tassement
stable avec une énergie la plus faible, le cis-OMCA modifiera son motif de tassement, passant
de l'incorporation du cycle aromatique dans la micelle a 1'orientation de celui-ci a la surface de
la micelle. Par conséquent, les longues micelles en forme de batonnets se diviseront en plusieurs

micelles sphériques.

Fig. 2.1 Le mé&anisme de la transition morphologique des micelles photosensibles 12-2-12.2Br /trans-

OMCA.

3 Simulations de dynamique mole&ulaire et calcul quantitatif du
comportement photosensible de micelles en forme de ver construites par des
dé&ives tensioactifs Gemini 12-3-12 2Br~ et Cinnamate avec diffé&ents ortho-

substituants

Sur la base de notre compréhension du mécanisme de transformation de la micelle
vermiforme photosensible, nous avons sélectionné trois cinnamates ortho-substituants, le trans-
o-méthoxy cinnamate (trans-OMCA), le trans-o-hydroxy cinnamate (trans-OHCA), et trans-
cinnamate (trans-CA), pour construire des systemes de micelles ressemblant a des vers
photosensibles avec le tensioactif Gemini triméthyléne-1,3-bis  (bromure de

dodécyldiméthylammonium) (12-2-12-2Br"). Nous avons ¢étudi¢ le comportement
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photosensible et la cinétique de réaction de photoisomérisation de la micelle vermiforme,
combinés a une simulation de dynamique moléculaire et a des calculs quantitatifs pour étudier
les effets de différents ortho-substituants dans les cinnamates sur la vitesse de réaction de photo-
isomérisation et le comportement photosensible des micelles vermiformes.

Considérant les résultats expérimentaux, de simulation et de calcul de maniére globale et
systématique, les mécanismes sous-jacents de la transition photosensible des micelles
vermiformes contenant trans-CA, trans-OHCA et trans-OMCA ont été spéculés et illustrés a la
Fig. 3.1. La structure plane et I'encombrement stérique inférieur et I'hydrophilie des trans-
cinnamates ainsi que le potentiel électrostatique plus élevé dans le carboxyle leur conférent un
motif d'emballage plus dense (les trans-cinnamates s'inseérent verticalement dans les couches
hydrophobes du tensioactif.) avec des tensioactifs, formant ainsi des micelles vermiformes.
Aprés irradiation UV, les trams-cinnamates se photo-isomérisent en cis-cinnamates.
L'encombrement stérique et I'hydrophilie plus élevés ainsi que le potentiel électrostatique
inférieur dans le carboxyle et la distribution électrostatique plus uniforme des cis-cinnamates
conduisent a un motif de tassement lache (les cis-cinnamates s'orientent a la surface des
micelles.) Qui affaiblit I'interaction entre les tensioactifs et provoque finalement la fission des
micelles.

Parmi les trois cinnamates, la présence d'ortho-substituants dans le cinnamate agrandit la
différence entre I'encombrement stérique, la distribution électrostatique et 1'hydrophilie des
trans/cis-cinnamates. Ces différences plus importantes avant et apres l'irradiation UV
permettent au cis-OMCA et au cis-OHCA de s'échapper de la micelle et de rester en solution
plus facilement que le cis-CA et conduisent a la transformation de la micelle. En outre, le taux
de conversion de la réaction de photo-isomérisation est le facteur le plus important déterminant
le degré de transition morphologique de la micelle vermiforme. L'existence des substituants
ortho augmente la constante d'équilibre de la réaction de photo-isomérisation ('OMCA

augmente le plus.). Par conséquent, trans-OMCA est doté de la meilleure capacité photo-

sensible.
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Fig. 3.1 Mécanisme de transition de la morphologie des micelles du 12-3-12-2Br™ et des dérivés cinnimates

sous irradiation UV.
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4 Simulations de dynamique molé&ulaire et calcul quantitatif du
comportement photosensible de micelles en forme de ver construites par des
dé&ives tensioactifs Gemini 12-3-12 2Br- et Cinnamte avec diff&entes
positions mé&hoxy

Nous avons combiné des simulations de dynamique moléculaire avec des calculs
quantitatifs pour étudier le comportement photo-réactif des systémes de micelles en forme de
ver contenant le tensioactif Gemini 12-3-12-2Br~ et trois trans-méthoxy-cinnimates avec
groupe méthoxy en ortho-, méta- et para - position. Dans les simulations MD, nous avons simulé
les micelles en forme de ver, en forme de batonnet et sphériques correspondant aux expériences
et la transition entre elles avec succés avant et apres irradiation UV. Ces morphologies
micellaires ont été reconfirmées par la distribution de densité et les P. Les différents motifs de
tassement entre les isomeres 12-3-12-2Br" et trans/cis ont été visualisés puis confirmés par g(r)
et SASA. L'énergie d'interaction entre 12-3-12-2Br" et les isoméres trans/cis illustre que la
micelle contenant les isomeres trans est plus stable.

Les calculs quantitatifs, y compris les distributions de potentiel électrostatique, 'énergie
libre de solvatation, le volume de la molécule, I'angle et 1'énergie d'interaction des modeles
d'emballage typiques nous aident a explorer la différence de structure et de propriété entre les
1someres trans/cis. Ces résultats indiquent que la présence d'ortho-substituant dans le cinnamate
a un impact plus significatif sur le renforcement de la différence de 1'encombrement stérique,
de la distribution électrostatique et de 1'hydrophilie des trans/cis-cinnamates avant et aprés
l'irradiation UV et favorise davantage la capacité photo-réactive. de la micelle vermiforme
correspondante.

Nous avons en outre utilisé les calculs quantitatifs pour prédire la photosensibilité de
plusieurs acides cinnamiques. Compte tenu du volume molaire, de 1'hydrophilie, de la
distribution électrostatique, de 1'équilibre de réaction constant globalement, la photosensibilité
de 'OMCA est la meilleure.

157



5 Simulations de dynamique mole&ulaire et calcul quantitatif du
comportement photosensible de micelles en forme de ver construites par des
dé&ives tensioactifs Gemini 12-3-12 2Br- et Cinnamte avec diff&entes
positions mé&hoxy

Nous avons exploré la montée des bulles dans des solutions micellaires de viscosité
variable, avec des propriétés a la fois newtoniennes et d'amincissement par cisaillement. jusqu'a
un saut de viscosité a des taux de cisaillement élevés, et des bulles plus grosses dans les fluides
fluidifiants par cisaillement.

Comme le montre la Fig. 5.1, la montée des suspensions concentrées de bulles dans les
fluides newtoniens est bien décrite en utilisant la description de Richardson et Zaki. Cependant,
comme le montre la Fig. 5.2, dans les fluides fluidifiants par cisaillement, différents
phénomenes peuvent étre observés en fonction du taux de cisaillement autour des bulles, qui a
son tour change avec la taille des bulles et la vitesse de montée. Si les bulles montent
suffisamment lentement (bulles plus petites) de sorte que le taux de cisaillement se situe sur le
plateau newtonien, la vitesse de montée des bulles est proche de celle attendue a partir de la
vitesse de Stokes. Cependant, une fois que le taux de cisaillement autour des bulles est
suffisamment ¢€levé pour atteindre le régime d'amincissement par cisaillement, les bulles
s'¢leveront plus rapidement et la prédiction utilisant les taux de cisaillement locaux conduit a
une sous-estimation de la vitesse de montée des bulles, probablement en raison de l'apparition
de l'agrégation des bulles.La variation de la vitesse de montée des bulles en fonction de la
fraction volumique des bulles est beaucoup plus faible que dans les fluides newtoniens. En effet,
un exposant de n =1 au lieu d'environ 4,5 dans I'expression de Richardson et Zaki décrit assez
bien les données. Cela peut avoir implications importantes pour le processus de flottation dans
les fluides fluidifiants par cisaillement, car nous montrons que le flux de surface maximal se
produit a des fractions volumiques de gaz plus ¢€levées que celles trouvées dans les fluides
newtoniens.

Nos résultats donnent un apergu de la montée des bulles de concentrations des solutions
de bulles dans les fluides fluidifiants par cisaillement, qui ont été peu étudiées jusqu'a présent,
malgré leur importance dans les applications. ce qui nécessite d'autres travaux expérimentaux

et théoriques.
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Fig. 5.1 La vitesse de montée de la bulle v normalisée en utilisant la vitesse de Stokes vs, en fonction de la
fraction de gaz pour les solutions newtoniennes. La vitesse est mesurée en utilisant I'intensité / = 80. La

ligne continue est la prédiction de Richardson et Zaki de 1'équation avec n = 4,5.
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Fig. 5.2 (a) Vitesse de montée du front, v en fonction de gaz pour les solutions non newtoniennes, c'est-a-
dire CTAB 20 mM avec NaSal 10-13 mM indiqué dans la légende. Les vitesses sont mesurées en utilisant /
= 80. (b) Vitesse frontale normalisée par la vitesse a gas = 0,05, la ligne pointillée montre la prédiction de
I'équation de Richardson et Zaki. La faible variation de la vitesse en fonction de peut étre décrite en

v

—) 1.1(1-ggqs) les pointillés (couleur ) ligne

utilisant
(0,05 =0.05

159



W=
GZIRSCNFERA IR IE , RIEERIE TRFER, W FALIEORT, RiE
HAHELAL, T MEELE T SO )

L ERJLHEN, A LSS R AN A SR (RIS, 6. B 34 pH. CO»
) 1R A B AR R BRI RO R . L R TS R 2 5 M A B e e
I H ARG TR FA TR IZ K0T . R R B R R B R R A AL
ST FER B AR L, WAREIEIA i SRR $8E . B WEURE (LC) AN
MUKAH(ATPS) S . o rp th R v PRI R e B B AR AT 5 B S e ELr e s, e
HFIERE TG, AT, AFEM AR ZR2H 5 i L AT LA 42 i 3 1 B [ A iz
B XEARBAE AR A L AU, RIS A TR, BRRL
B RIAND 5 2 G0 5 U b ATt B AT BRI R P . AR I i B Y 5 4 3¢
(43S S )AL RN RS S AL BRI i o N e e I S O 8 B b
AR AT JRBH TS S b N A KT R

7 R T P AR 2R SNSRI G012 e ] B0 (R 3R AS I i L PR B ARAR R 10 75 72
A 2RI L RE 7 P10 558 55 BUCIR S TR 1R AR AT i B2/ 737 1) B L3R RE 7. SR SR
BERTE PEFRIARLL, AR Gemini 213 1477 (¥ B 412 B8 77320 128 55 - 5 LA T i
PEFT . Gemini I PEFIPL ) B 4L RE A8 FREAT N, R EeRUhr T4
PR DM IS AR 28 A Tl I P O SR A

DI s FEUTR SR DG S BE 7T 588, BR 1 B AR AR RIS R A B 42 RE
LAAL, SR HUHR T4 2 A RN 7T G BUBOR o« PIEERR IR 701 45 1 R PR B s XU
365nm [ AMEK N R AL, AR SR R S B 2 3 BUCR TS
TR R E AR AR R AL HEAT 7 2 R AR, 2 i 51 B AR R (R A AL R 2 A BEAL 22 1
JRINAAL . ROy A B A — € AR TS TR, I A MIAR ALy, 1
HARAARSR, e8RS . Bk, BAREERRIOCBUN 5 Gemini 2 i 57 41 5k
e s TR AR RO H RT3 T R RO O Bo o T a5 R e A o0 T BRI, R
BIOCHUN T EAFREUCE:, LK EBUREEFT AR AN RN B, A2 AERR /N 7
TG RE ST DL SAR R KGN RE 7738 BAR KIS . T SEge 26 R R, X T
D] 7 s RO S PR B8 0 1 8247 A B AT LB BRI FE 3 AN 78 73, [RIIN [R1 D RS 225 PR Yl
REFERA BRGNS 71, FARAMERS RS E 2 (IR IO BUN T REATIE — 5206, K
BAEAT LB E AT e N RE T B 5R S . BEETHEAL SRR, 7 sl JiAal (MDY M
AL TR O AR AT UL T 5505 3% 1 5 7T DA B AT T ok X

iy ERCPR SR RV RF IR R ARAT A EATT o — S R PR B DI R ARG S A . B DI
PRS- IRASRER BT NG /KA EL . Ao ORI IR 7 3 5 Tl A e
L. A DR, SRAR IR S AT AR R L, AR S RS B

1



WA AR, Horh B 22 MR BN SRR v 00 SO BUGR 20 B o 7EVF 2 Tlk
REFI e, dmiRiF s MR ABRIRYORE . ToKERAE . PAH AR, AU ETHT AR R
FEHEEREN. BT ERERR, ZREHIPIRSEE LT P S 1R
AT NI AR R AR A, 2 SRR S i e BT 5 DL S SR AR IR A AT o
XAAR AR S ECRIER BT OAARR %, I, B RS TR B THT NI 2 4
H T AR AR — SR AR AT O BB B IAR AN Boger it A AN AR5 BY DI A M AL 1 55
BYYIAS R RE AR A AR AE TN EARHH I RRAR, RS, REWEAR. i
By TREL BRI R SR B VIR MRAA T T T T 22 S, b
Xt TR A BT D) AR SAR o THT 9 ROBIE T AR A B A SERR N O 8 . R T
P A RSP iy FRCIR PR T2 — P AR i R (0 B ARG 3 B BY DDA AR A4, G il i
B, RARAR, JF HEEE RIS T B B T EIRE A, R R 2 2R IR AR
PE, 2R R ARG G ORI U R ARG S BY D) AR Rk b ETHT 8.
AR EENEFEW T

FoBEEANA T Gemini RENHTERII 2. P LU BABE MRS, X
T 1 77 2 ) A [ A 2R P A 5 o i o2 R s ERCIR I oA s R A - M A AT A A i 1
Hh ETHT BRI LLE O T3 0 2E R i e T S B S

1.1  Gemini FHFHER]

Gemini R THVEFR 2 o WA BRK R EEAN TS 2R K Sk R R, Gl e ik AT FE
— PP RTEYER . Gemini & [HIVE 1 7RI AH LG T 4% G 1) B 2 1T V7% 2 70046 28 S IR e 1 57
A, S AR RAT AN S H AL RE /7, SR AR IR S AT N AL (K T[R4
e B 1.1, SRS MR BRI 2 AR AR E (CMC) Z |, T HH
PRTE, REEVER 7> T2 B4R SN RS M RUE ) B 424K

gh&w ® %@ E
Monomers Wormlike micelle Rod-like micelle
H;p
- r;;,w
Vesicle Lamellar phase Hexagonal phase Reversed micelle

B 11 F R i R B 2 AR R

1.2 RIEE M AR e N2 B 4 %44

AR TR ARG 2 S EUR TS 77 A AR AR M a5 AT R A 28, ATt 51 20
2



RS R B 23S o T A 5T g FLA R N A AR R At T B M SR LA
AL A SR A , BATTRT DR o N R 5 ARG RS A 5 SRR
AR E AR O A B B A5 SIS Rem N A 4%k (CO.v pH. AL
EJED . e B AR A B T 2 AR N R A RS BRI — R T
R PERI, ABCERGN Y. H 6 S TR ARV 3, SCRIEN
A AT LIRS IR T o PRIIE, i S () 2 A A 22 TR 24 15 2 2B o Jd 5T £

Wl 1.2 fos, & WIRDEBUNy 7 EZ AU R =B EORIE . IR
FKo Hrb, WHERRFOCHBUN TEHFE, WREREDA SRS, ATeS R
T B B R O A& 1 B ALRAR, A SEINIRAR, 2 M St i N 2 1 3 1 )
HURIR A L F%

(a) T (c)
O . “
# 2w ! R
R|_(_\}N u = Ry Ry uv |'S
- = LT el b o
°N H Rz
AZTMA: R; = OCH,CH;N*(CH3)1iBr; Ry =CyHg )
3,3"-Azo2Na: R, =COONa; R;=COONa NaCin: r, = i Rz=COONa

AzoNa: R;=H; R;=0CH,COONa

(b) OMCA: R = @ : R;=COONa

0

NO;
w H, CH, ’ 7\
WG, CHs — e S PCA: R,= §—<_>—0H: Ry = COOH
2 Vis or A —
N+ B

N b NO, &
& by CA: R, = g_<l_\> . Ry=COOH

Spiropyran (SP) Merocyanine (MC)

B 1.2 EREDEBUNFRE: @fBERE; O)RERIE: (IBRImE
14 SHEEW

W 1.3 fis, WRAESAHER 2L SBIREI T AT (pges = 001 I
T CPgas < 64% ) TBIBIR (64% < @gas < 85%) FITHLIR (@gas>95%) 0 M SAMAEFR 2%
KT 64%I, HASAM BT, ASMEEMAETE . W, BIHE RS
o MR TIBAE A P A TR E o B, A SRR A R 400k B, Bk

ATR(ERZ N

il "ﬂ N

b A
Jamming transition i
95% > ¢p:,u, >85% g| Pyas < 64% Single bubble

L
Wet foam Pgas = 64% Bubbly liquid Pgas= 0

Pgas

B 1.3 SRR B AR FE U R 2028
3



15 BASHEAESTRET I EFEE

MR TSR T, ERBIMIINE 1.4 Pron. SESAHF TR, o
MR I BAE B M A HIERA, B, HRRAREILAZREN
& AT LAARYE Stokes J7 KT FLA B A4 IR Be 2 ETHETE -

2
= p_cgde -
v, = 222 (1-3)

ﬁDray

Viscosity, ny

@ Gravity
ﬁ Buoyancy

Viscosity, n, Bubble size d, Density, p,

Density, p,

Fluid

@Weight

B 14 BRI EAZ 00

1.6  ZSIEAEFTRAE A H) EFHERE

XTSRS BRI R (CRAR S EORT 109, iR o B A S, 3
AR BRI 2 R HAR SV IE 3 . HEI Stokes 7 FEAN T H o 78 [E] 72 IS
RN, WA 2@ I m) T #% 2h DUAME SR B R AR 2 k. TP AR [l R BEAS 1
SEE) BT, SEURESEE TR BN T AR BT . B SR B g
XA SN . A T EOIEIXFRFHAG 28, Richardson 1 Zaki #&iH 7 —4kT
Z AR AR AR T B A TT R

Vrz = Vg (I-gogas)n (1-4)
For gas USRS, n 200 S2I0 15 30 19 20, 2Bl B IR RS b A2 4E .
SFFA% Re, n W AE 4.65 F16.55 2 |f]. Richardson-Zaki J7 % CL4% I B 5 & RS Ak 2H 53
SIS EHRAEE VI & o 2SR BT 0.60 I, SR (RIS 7= A il B KA, LI
JEE T 46 i 25 2 X

1.7 ZSWFAERIEFTRMAH K A EE

Xf T AR AR AR T A0 T BRI T AR T AR AR BIR T 1% K Boger AR FIE]
DI RG AR AR J o X TS s B B, i TR IR AR EAE I 2%, A
FREITFCARF B = o R B DIRG AL IAA Bk B 2 B =00 T o B2 g 38 i P21 el
TG FE AN TR AN E 1, D% T E BT UIRR ARG SR IR AR R A0 BT R S
WEFE b2 b o AB SR g AR TV SN A B8l e, By AR s A4 70 BT Rl 8 B )
AR T 2S00 BT SEER AN ER AR SR R A L B
4



1.8 A TEAIERAMENRTH

Tk, BEETFENUE RN GEERTE, 28R USRI E 2 1 B 8 e R
I S R A2 LR Ve o TN USSR B S 15 2 N S2 56 7R IR B RR S 2R BIAR
VIERAL S g0 b i B B =M 93 T30 S AR ANE I N AR S B 7 R AR SR b H A4
F W T ARLT- AL BRI 52 20 B R AH 235 (B3R AT SR, PR 4 DR 7 F) AR AR R R 4 5 L
N ANAP K AR S . IR e S gt A, R RAHERT H RGN
FRPERT, QG FHIRI B RERIHETT, DS PP /AR P &
YERR o 43 T30 J7 SRR T HA AR 7 VA R 5 78 T R G PR 1 H38 shLZE B A RS 1 i
VI kYR, R AR R NS G0HE BRI, &0 SRR S s &G R .

BT WHE R — A3, RAESWENAE X R, 2R HET 150
SR G I AN T VER AL 2 I R R AR o o T I S R RN 2 S ) T I R T A R
HETFHI SRS E VMG, ETHENETEsMEANE LR, WRRaH AT
A HF R A A B, AT SEINT RS8R B R SE M I 7 . DL T4k 5y dk
R EAL TR AER 8Ok, AT T2 AR RS, Bt 7iia e fAR S 7+ 1 4
TFERE, SEMFIVERE Z (MBI OC R, 21 18] BRRH B AT FH A 43 18] () A B A0 AR B
N, R ETRALSERE PR T e T .. | b R E R TR Nkt
L CREEVEMEEZ KL (DFT).

19 WICHERER R it BB

Gemini R [ 77 14 7515 PAARE IR 28 't i 7 /N 73— ) g P e i 7 s PR Jie ol B A A e 1
JCRARVET, EATHAL T HARS IR SRS A | DGR AR A S AT B AV AR R
B H A T2 AR F6 0 AL A A AR 5835, BT PRI RR AT A= 400 73 1 &5 K 1 22 S ox
Footma B8 7 s AT AR FLE) . SR BTN E & BRI TS HAME, B R
FARLE B UIRG AR B AR LT T N R AR B =, BT ik

(1) #%FT Gemini FMEFEMHER I FIE-1,2- (+ hidt —HFIRERBRILE) (12-2-
12-2Br) 5 WAERR FO B0 N 73 7 I 3048 H A8 2 P REE R (trans-OMCA) SR 't i [ gl kit
RIRAAR R B RE 550181 1% EWTHEAHS G R ITER AR FR 60 5
1T AN B 2 BAR T A AR O AT L2

(2) FETPLERIFTE, Phik =FpAs B B 20 A7 B KE 1) PRI BRI SR
MR (trans-CA), AATHARERAERE (rans-OMCA), AATFEIERH:ER (OHCA)
A1 Gemini 2 75 77 =02 EE-1,3- = (F e R RAER D (12-2-12-2Br) #4THE
PC SR ) 2 ' i S IR IS oA 2R o 8 BB )5 AR 456 1 3 1 A E AL
THERAIF FEAS [H] 0 AR BRATT A2 0 A1 A7 358 T 6 S 40 e I 388 S5 AR HCIR J AR i i 2474
A

(3) JE TR T I EB 2 B9, S50 — 25 MU 50 bl AR A7« TR A7 AT A7 R 480 BUAC e

5



FERR AT AE MR T O AR F A2 3 B R (trans-OMIC A ), J 2K ] F 48038 A B R Cerans-
MMCA) 1  25 FAEIE R (rans-PMCA)) 1 Gemini % 1 &E 1) 12-3-12-2Br &
PC A5 21 4 e S E ORI AR 22, 3858 431 30 71 S AR B A T SRR T AN A A
(A7 B HOG e AT A B o A, FATE B LR AS [ () AR RR AT AR 4 B 25 R P o
DRSS bR e S RE 7 BE S R0 HUR R R RAG LIS &

(4) kS 7 —Ma PRSP BT )M i 4& (CTAB/NaSal i HURIR AR ) K
W9 SIAE R = SR T (5%-30%) [PPRS S B U AR AR AR i BT 2, R T
NAAEER kY SE v /i SLiR7o e

FoEFENETH 12-2-12-2Br M trans-OMCA R IR ] 2H B 1600 N 4T N 11
D FEN T F AR AN VT sR B .

2.1 12-2-12-2Br Ml trans-OMCA & HUR BSR4 2 B RAT N

2,11 RO

RIEFRATZ BIIREFL, FRATERE TIRE N 17mM 1 12-2-12-2Br fl 7mM 1] trans-
OMCA SKA9EIE HURIR A A &, Fam i 375 5 R 4 0 52 L AE AN [R] 58 A SR I ] J5 1 2H 4%
RIS # . B 2.1 IR TR RTE 25°C LA AR AL IR ST 1] R ) TEM B4
W 2.1 7R, R RGEAITERL T — 50 %5 5 X 24 25 1) 1) e ORI, 72 SR AR R ST
40 43, 6 BRI R F AR AR5, X248 S5 W A BRI IR I A o 2458 A 26 RS IR [] 2 60
YRR, BRIRIR IR e R AR ROR . 1A R BRI TR RiERe, fERIMEIRY S
RG] TR HURIH . BRI BROIRBCR =R A .

OH
o ‘ o
@[\/LOH
N T CHy CHy
o o
cis-OMCA

12-2-12-2Br~ trans-OMCA

B 21 12-2-12 2Br-, trans/cis-OMCA HI4LZEE5 A 17 mM 12-2-12 2Br~/7 mM trans-OMCA
ERIE 25T THEE LSRR TEM BE (2) 0 478 (b) 40 478F: (c) 60 74

2.1.2 WA
B 22 a1 17 mM 12-2-12-2Br /7 mM trans-OMCA T4 A TRAE A 7] 28 46 e B 5t
B 18] B AR REE . W 2.2 () PT LAE H, 7E LA EHEET 17 mM 12-2-12-2Br /7 mM trans-

6



OMCA R R I T FBTUIRE BB VDML IR R, XKW [ HURIR AR 7 A . 48T 1)
RIS, PR LS AR BEIR, PSPl CEBIUIREE, o). S4BT R AN
IS, S50 IR ) 2% 25 A SE AR 2, 98 JE A BT DIRBAR I % A N SE R IR R, BV A AT 9 L
B 5 48 e BRI 1) R ZE K B DU =438k, BT DIRRALIEHIE 5 . REMEBIDIRE (K 2
(b)) 1E 40 7B ATGE T 52 3 MESH (M 2.7 £0.1Pas F| 7.3 £ 0.1mPa's), HIEZ
JE JUTAREEAAR o 33X 0 I IR 07 BRI SR T2 40 43 B (1) 58 126 B JS B 4 10  REL 1)
BRI R ABRR L, FEAF R AR thAh, ANEE AR R I R sh S8R
Hi i 22(B 2.2(c)) A1 Cole-Cole HIZE(E 2.2(d)) KL TR AMEIRE 5, % HUR S
WHASRERIV RN . X SegE 152 Ji ) TEM 4558 —5.

1 10 ] 2
Frequency,o(rad's”) G'(Pay
fc) {d)

2.2 25°C BIASEIEEANBEFET EINT 17 mM 12-2-12-2Br /7 mM trans-OMCA $8 HUR RS SR AR g4k
KM (a) BREBIUIRRE; (b) FEUIME;: (o) ShAHEEM; (d) Cole-Cole HiZR

2.2 12-2-12-2Br/trans-OMCA ¥ BUR B IR 896 REAT A 43 F 3 S 484

Kl 2.3 SR TR AR IR . R KRGS 216 A 12-2-12-2Br 43 FAIA
FZCE ) trans-OMCA Y cis-OMCA 7. FATE XL r AL R H OMCA F 12-2-
12-2Br I E 2 L

_ NOMCA

= 2-1
" N, Surfactant ( )

B trans-OMCA AN, B HURR R B L I (ra=0.75)s 24 trans-OMCA K5 T+
(= DI, TR T BB G ORI . 2 re 530 1.25 B, i HURIR R — 2 K,
R KA HURBS IR A LA BRI IR . 2%, 1E ra = 1.5, IR RIEENTLIN
W8 LK o trans-OMCA 70 T E PSR VERT, BATREEE, ERIAR] 12-2-12-2Br IE)
H5, trans-OMCA Y5 12-2-12—EZ 5K R, BT E R R AT K.
R, BT 12-2-122F1 trans-OMCA™ (1) 2 0] 1) 3 i H AR AR FH LK trans-OMCA FIZR 3R
A 12-2-12% 47 Sk B 2 TR ) n-FH S P AH BLAE 49 RO A HERR 25 BE 3 I, {2k T KU
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HROPR A TR X AR 25 44 FRO T i o

TERANEHEES T, trans-OMCA FHIN cis-OMCA - 4 r,=0.75 I, B trans-OMCA
6 RS ) i s IR R R AE DG IR 2 5 73 R/ N BRI IR R o TR, Kl ORI IR 22 43 Rk
ANERTE IR AR AN — 26 F 0 HR ISR (re = 1) 0 BEAE 0 BN R 1.25, UG HURIR AR S — %%
JEIE HORBE R . BB ) OMCA WKFE(r = 1.5) 1, B W0 48 i AR 4 R A 1A 465 HEUER
R o M EIREE T LAE Y, 12-2-12-2Br /trans-OMCA [ HAE 28 40 I8 S 26 0L L B
SRR NAT Y, X H AT TEM G5 5 58 23R IR G5 14320 70 it R R R T AR —
V@

2.3 25°C AR 1, T, 12-2-12-2Br i trans-OMCA ZE& T RIFIEHHI LA 100ns T30 /1%

B RBIRESRE. @), (), (), (@), OBE—NIH. AT B2 ERKIFSCRBRTES R PR

R, @FOES=ANEE, @SN AR. (FEETFN 12-2-127; AEEFHNOMCA; N
BEREN, KMEMEFRER.)

2.3 12-2-12-2Br /OMCA ZEB R F i HER 5 2

OMCA H1 12-2-12-2Br fER A _ERIHHG 7 A EESUIRR S . B 24 B T
M r=0.75 B AP IS5 — MR AR 12-2-12-2Br /JOMCA P AR MEHEA 7730 B
TR MR 2 2 M5 2] trans/cis-OMCA HiA 7 I ZE R cis-OMCA HIZRIM TR K
[, T trans-OMCA 2R AN 12-2-12-2Br B K IEIEEE Y s trans/cis-OMCA FrJFRFE
I T IR R, HAAEER AR . AR AMEZE 2 trans-OMCA JKHR 2K 1 1) H 5]
55 (trans-OMCA W 2RI FEE ). XUESE | trans-OMCA FIZRIFSEA IR 12-2-
12:2Br RS, 1Mif cis-OMCA 2RI T IR SR I -



N
Vi ¥ (i
\ Smee T
\ /
\ /
\ I
\ J
\ /
\ /
\ J

12-2-12-2Br + trans-OMCA 12-2-12-2Br + cis-OMCA

B 24 r,=075K, 12-2-12:2Br fl OMCA R ERHA TR (FEaEN 12-2-12%; A AZRM
HEZAN OMCA FREEREFREEF. )

2.4 BRRFEAHLHE

241 T4

N T PR TR R G IR AR A AR LI, FRATRA T B E R T
— RIS, KNG cis/trans-OMCA 73 £8P 2.5 iz . trans-OMCA 73T
NS . M cis-OMCA 4> T —Fh —4i by, SIREE R, SRR, XH
I AETRA T AR R TR (R 2.0 FRBNESE. B, SiEARAZE, P
Y trans-OMCA 4> T 25 SR\ 12-2-12-2Br R ETE R N S BRI . 241
BE IS, S cis-OMCA 437 W 54558 2 i a], 25 (Al AR K, AH B AE F 8
559, FEHE 12-2-12-2Br 2 [A AT )7 ARSI, AR R A W2 .

(c} (d)

2.5 fHF M052X/6-31G*ZEHRA G W) trans/cis-OMCA 7-F L5519

2 2.1 fEH Gaussian 09 7E SMD /KGR A P M052X/6-31G*FHTH H ) trans/cis-OMCA
R B H R Hs Al Cro WRFEEES DA K 7 F BE R KR

WAL RE o I BE IR
Cio-Hz BEE (A)
(kJ/mol) (cm3/mol)
cis-OMCA —40.56 6.46 125.16
trans-OMCA —37.68 9.02 122.23




242 SEHKME

WA B HBERIMUER T4 TR EUKEE 15855 . WK 2.1 B, cis-OMCA Al
trans-OMCA AL B B BE 2 51 N—40.56 kI/mol F1-37.68 kJ/mol. 4R, cis-OMCA 3E
KT R, FES 12-2-12-2Br H AR R LU, cis-OMCA B8 %5 55 308 25 i R 3R T 27K H
NTBAEX—HEWE, BATET —AH 26 4> 12-2-12-2Br 4+ F (CMC iREED M=
SOKFEE . IR OMCA 707 (52 4Y) LIF{#E OMCA 4> T AT LR S T
FZEH R H . B 2.6 JEIR 11K R AE 30 ns MD AL HT 5 (BRI . AR, ik H R A2 1)
cis-OMCA HUZ % T trans-OMCA o IXUESE | IRATHIHER , BRI 556 /K 1 AR 1 2 (B Az
PHIXAE cis-OMCA M 12-2-12-2Br IR Z iR 27K IEH . — H. cis-OMCA it B8 H A7
hE I =SS N N P TE 5% 2 N R = ek $ A

trans cis

Before MD After MD

& 2.6 264 12-2-12-2Br 1 52 > OMCA HIZES /7K A HAERZi 30 ns MD BT EHRRE. (4
B RMERPIRBE OMCA 43F; EHEBPRNEABRRFE OMCA 4+F; FaFosA
12-2-12-2Br 2. HEEHERS NK.)

243 HEHE

AT MD B B g — Ml R AR R 1 12-2-12-2Br # trans/cis-OMCA P AR
MR T, — PRI RN 12-2-12-2Br it 4E 2, B — RO R TR
R, R XA T A AR RE . O 7T LR, AT () A BLAE FHRE BN
0 kJ/mol, Ni(a) (b) (c) (d) X PYFFHEAR 77 X BIFEXTAH BAEH B84 8 35.5+ 3.1, 8.5 F10
kJ/mol. %f T cis-OMCA, ZRIFAER LRI IS EEE, T trans-OMCA, ZKFh
RN B N B 2540 BE AR E o X M LE DS IR HEAG 7 i (d) & i), O 7 B H 3RS
o€ R 7 20, SERTARE B HEAT 75 ()R 22 N (b) o XA AR 25 T BUR R A5 1) FIRA B
MAETE, 2R I RAR
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(a) (b)

35.5 ki/mol 3.1 kJ/mol

(c) - NS,
{ /
R =~
Y'S

8.5 ki/mol 0.0 kJ/mol

K 2.7 B b 12-2-1227F1 OMCA2Z [alFF e HeAR 77 A A0 ELAE F B8 (kJ/mol).  (a)F(d)BIRZR
BABREF, OFCORERBRERKRER. (a)F(Db)R ciss-OMCA. (c)FI(d)R trans-OMCA. H
BEERL, SRTFRER. ATHERE, BIEOKHTIIEREBEA 0kJ/mol

25 it

AEAFH TS TEM 5. 7013 15BN B EH T 7 Gemini K E
PEF 12-2-12-2Br # trans-OMCA WG NAT N G, trans-OMCA 5 12-2-12-2Br i
FURFR A EAEA n-BHE T EAEA, SEURSRERITE S £ T,
trans-OMCA YT N cis-OMCA . il HUIR i SRS AR I ER IR ISR, B 5 AL I ER
R . B 2.8 JE7R 1 OGN 12-2-12-2Br /trans-OMCA i BUIR R S AR HLHE . RGiH
WEFC T SR L i AR FE Y = A E R TR OUATEAR, SREUKEFBERZ 7). cis-
OMCA R A=A FELEISS 7 HAT 12-2-12-2Br Z A1) 7u-BH S 740 B A AN sl B
TERH . IR, cis-OMCA E5RISEKIEFE cis-OMCA T 25 5y M o 2 16 it 23 H
G, cis-OMCA 5 12-2-12-2Br 2 [B] AR HAE FHRELL trans-OMCA 55 . IXSSH R N L5 A
E FH T 0I5 HODR S R it 2 A0 A

Y s Ee SEYe -
o R &3 9., %W”fﬁ' w B Zi*‘%‘%é
5 '::“1%; %‘1_’?'4'} %“26?5 '-"f§ — @g %’5 -f% 5@’5.{%
‘1@- % L ,{;,;5,? g;i,?ﬁ» *t? '5;; B

sfeige” 25
-?:' Sea
's“‘?%'

2.8 JEWHRE 12-2-12-2Br /trans-OMCA & R RS H 2N
11

123



FmEENATH 12-2-12-2Br M = MAS[F LR A7 BRI (1) R BR 1T A2 ) (trans-
CA, trans-OHCA M trans-OMCA)F & )i HUHR ISR (1) 600 B2 AT 9 853 301 77 22 AN
=LA
3.1 12-3-12-2Br /REERAT YR &K R KGR NAT A

AREEHL | = FASE RO E: B AR AT A, 70l 2 ) SN AR (frans-C A,
Sz AT F2 2 P RE R (trans-OHCA) AT ) 20 46 B 4 2 A A R (trans-OMICA) A1 25 4 3 7Y
Gemini [V PEF] 12-3-12-2Br R G SRR RAR R o Gemini K THITE £ 12-
3-12-2Br A=A [m] <04 B 2 [ i R R AT AE M ) 73 TS5 M B ] 3.1 B

o o
\,I,(\/\ L;
o o
S
@\o OH o o

cis-CA cis-OHCA cis-OMCA
Q Q (o]
wo @(\/LQ @\/\QLO-
CH;,
OH o
12-3-12-2Br trans-CA trans-OHCA trans-OMCA

3.1 Gemini REEER] 12-3-12-2Br FIREBATEY) cis/trans-CA- cis/trans-OHCA Fl
cis/trans-OMCA )4 F&51

K] 3.2 f7n 1 st 7 i AR 4G G A Lt B R SRAT A [R5 A1 2 R 5 B[] 5 44 2R 0 7k
MEERI G . 5T 40 mM 12-3-12-2Br /24 mM trans-CA, %4k R B2 HARESR ) 254
(PG BRI AR, 7E R AR RS 160 7081 )5, IS5 MIZEARAAR S 5T 40 mM 12-3-12-2Br /24
mM trans-OHCA, ZIKRE Je B 1 i HURI 2% 2540, FFAE 160 73 ISR AP IR T,
A 28 S M IR B TS M B, IR AR B IR TR H o trans-OMCA R REAIHIE R T
i BRI 451, (ESRAME RS 160 23 8h )5, HA NEERRR R BB R R

12



() e W

3.2 40 mM 12-3-12-2Br 1 24 mM RAPEMRATAYERLE 25°C FTEIEA R IR RS
B TEM B1& [(a) trans-CA, 0 min; (b) trans-CA, 160 min; (c) trans- OHCA, Omin; (d) trans-
OHCA, 160min; (e) trans-OMCA, Omin; (f) trans-OMCA, 160min]

3.2 12-3-122Br 5ERATEDR AR R IR R E

NT BT AN RS S 12-3-12-2Br 5 R AT AE MR AR R IR AR AT NI
Ak, WATMET 40 mM 12-2-12-2Br /24 mM PIAERRATA WIAE AN [F] B 48 A1 28 HE S 1k 1)
NS B BB AR A i &I R 2.3 . B 2.3 (a) (b). ()T ELE
X =R REERR AT AE YDA G IR AR BT U % T 2UCFRORAS, MifE&EIY)
R XA R I BT UIRALIL S, XU T AR RIS R T HORIR R . 6T 12-3-
12-2Br /trans-CA R R, TEERIMEHRYT 160 7505, FEUIKIE LT AL, MWE 2.3 (d)
o, FRATAT CAE B 12-3-12-2Br /trans-CA 1) G'G"HIZRAFAE— A3 A4, ERH T i HUIR IR R
M. fENCIE S, HERANAE s B L&A 7284k, 32 B G HOUR IR AR AR RS 8 1 B A A
A, XK T 12-3-12-2Br/mrans-CA Ui BUR IR A B 14 A W] LA ZBE . X T trans-
OHCA & %, fERAMEIIR 160 min 5, BIVIRMALILZRATISRAELE, no A\ 19.7 Pa-s FEAKH]
2.63Pa's. WA, G'G" WAL SUMZ BEAE Y6 RIS (M4 7% . IRBAE, TR [A] A 46 0 35
BT 48 S5 R R SR R S . X T8 trans-OMCA % SUIRRG R, BUUIAS R I % BE % ' I
HRARTS, BT W5, H G'GIIZR A fAE 80 43 Bl 5 W 25 o 1X 7] BE & K A2 trans-OMCA
et PRI TRAE 58 A1 2k Ui J 38 e A 9 R PR IR R AN R T IR

13



o T T T T 1 T T T T T T T T T T T T
[ 40 mM 12-3-12-2Br / 24 mM trans-CA 40 mM 12-3-12:2Br / 24 mM trans-OHCA t 40 mM 12-3-12-2Br / 24 mM trans-OMCA

ettt o I eeassesnereensasaraisesine,,
i M‘:'... 1L e,
3 [ assmtessresssassrssorusssnsren,, .
= G e———, s | 5
Y o o G| e
[ [ “ [ "l
= = "'.\' = L
" o Omn * 40min "y P, gm:z:"
10min = 80min . 10min = 80min '..'{ t 10min  BOmin "ol
20min = 160min 20min = 160min t 20min * 160min .
e e P e B
yi(s) y(s) yi(s)
{a) {b) (c)
100 = T T T T T T T 100 [T - =
E 40 mM 12-3-12-2Br / 24 mM trans-CA, w 40 mM 12-3-12:2Br / 24 mM trans-OHCA, i 40 mM 12-3-12:2Br / 24 mM trans-OMCA
I > 1 I x|
- ol —.
B B z
[ = e
0] ] v o
) —e—Omin G' 1) 0}
—o— Omin G" o1 0.01
—s— 160min G'
—o— 160min G" =3
01 1 10 00 01 1 10 01 1 0
Frequency, w(rad-s)" Frequency, w(rad-s)" Frequency, wirad-s)"
(d) (e) f

B 3.3 40 mM 12-2-12-2Br 1 24 mM RAANERATAEMFERAE 25°C THRIRSITTIRE I Z((a)
trans-CA. (b) trans-OHCA. (c) trans-OMCA)FIZAINRITH LR ((d) trans-CA. (e) trans-
OHCA. (f) trans-OMCA)

3.3 12-3-122Br /AEERRATAER & 16 R F)Em NBh /%

N T RR =P EERRAT AP 6 RAT R ZE 5 PR Z TR R, AT L 73X =Fpe =y
RN HIEN )12 AR R M R R AT B G A IR S f i, FRATTHE: 40 mM 12-3-
12-2Br /24 mM X7 MR BRAFE 1000 5 (40 uM 12-3-12-2Br /24 uM Je 74140,
RAHEAT NI SR8 28 I Sk BISP- o FRAT A 58 A0 R LIRS 1 A s RGHUR €83 (HPLC) >k
13 B B IR LA f

Ci- Ce

/= (3-1)

Ci
Hrp, o R RAFHRRIIIEIREL, co & RAFHERTHTIRZ. K 3.4 #m 7 =
ol R AT AL AEAS RGN 8] TR 2 A0 i 2 sl 7722 M2k . 2R AT 8 ] BASR

W, PEERRRTAE B ML RSE— By — GO IR SRSE e BT LABRATIZR 86 In —— i ]

A R, H R IX L SRS — O I [ B BRI, AT PRI AR SR A B2
B (kitkr), PRIGHEIL:

K. = —* 3-2
C_Ci-Ce ( _)

ki
K.=— 3-3
Py (3-3)

THE R NPT B Ko 1 PR EL ke A ) R ko RS R 3.1 Fow,
B SR AT 5 BRI BF N trans-OMCA (f= 0.88, K. = 7.33) > trans-OHCA (f=0.65, K. =
1.88) > trans-CA (f=0.24, K. = 0.31), XIS 25 R —5.
B e h g, AT LR 2 ky BR/NBF A trans-OMCA (1.09) > trans-OHCA
14



(0.12) > trans-CA (0.006), XV TEMIFIKRE T, trans-OMCA B 7 F A IE 2 2 e
1o IXFIF trans-OMCA Ui HUIR e 9% A0 3o FEF i PR Ay S 6 225 SR A — 2.

1.00 .

Conversion Fraction

2

In(c-¢,/c-c,-c)

1.00

T r T T ' 1.00 —
o 40 M 123-12-2B0724 M trans-CA | ® 40 M 12-3-12-2Br/24 yM trans-OHCA
a 0
c c
5
E 0501 E 050
5 5
B [
% 0 En
Q
F 8 o .

. + 40 pM 12-3-12-2Br/24 pM trans-OMCA
" 000 - - 0.00 . 4
\!l ’ 50 ’ 3\7 ) 150 20

Time(min) Time(min) Time(min)
(a) (b) (c)
® 40 pM 12-3-12-2Br/24 M trans-CA 4L 40pM 12-3-122Br/24 yM trans-OHCA L ® 40 pM 12-3-12-2Br/24 pM rrans—OMCA.
-
- L
- 4 -
- 7 7 -
- & ¢ ¢ 2 ’
< < < -
- - . - -
-~ z s %2 P
- £ . £
il - = - < 1+
-
- - ol
CRR W e w o 2
Time (min) Time (min) Time (min)
(d) (e) ()

B 3.4 25°C F 40 pM 12-3-12-2Br Al 24 pM R R A6 41k 22 B 28 /1 Y6 IR A 9] B340 28 1 2% ()
()~ )M AEHLR (D) () (D). HH (a), (AN trans-CA; (b), (e)N trans-OHCA; (c), (f)
A trans-OMCA

F 3.1 25°C F=FUEERRATAEY) trans-CA~ trans-OHCA F trans-OMCA J6 340 [ B[R B4 2R
f~ SIEMBRIRIRE ) RSP BU(K) 1B E R B (k) FR IR E (k)

trans-CA trans-OHCA trans-OMCA
f 0.24 0.65 0.88
Ki+k1 0.026 0.19 1.24
Kc 0.31 1.88 7.33
ki 0.006 0.12 1.09
k1 0.020 0.07 0.15

3.4 12-3-12.2Br 5 RAWEERAT AV RIAT N I 205 3 1 B

Kl 3.5 /R T 12-3-12-2Br FIPRAERRATAE MR A AR RAEAN R L ALK T IR 4 A4 2R
100 ns MD G K4, IWE 3.5 rTBLE H, 43T 100 ns MD B4, = /MARY
TR T i HUR ISR - E 78 /R ARG, trans-CA IR RAE f=0.24 FHAFF#5 . BLi,
i ORI RIS LKA 28 . X T trans-OHCA 1A 5, 24 =0.24 I, % SRR ARIT 44

WA

%%, MRRAE f=0.65 WA BT, FeA N — MR — DRI - X rans-

OMCA AR, 1E =024 B, RRVRFFIFEHRR A . 21 £ 8% 0.65 B, ik HURIR AR 43
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BN BRI . TR B PHR (F= 0.88), AR N 3 ANBRIERIR. ST
NIIREAU A R 5 ATTH TEM SL5e 25 RAEHE W) &

(rans-OMCA ; cis-OMCA - 135:0 frans-OMCA : e ~103:32 trans-CA : cis-OMCA - 17:118
7088

B 3.5 1804 12-3-122°F1 135 NAEBRATAYIE & & REA R R TR ZLF 100ns MD

BRI RAMERKRE. (FRESN 12-3-127 BRESARIFAEE; LEEHL AR HE
k. RERER, K. Brfl NaRE®R.)

3.5 PERATEMM 12-3-122 2 [\ HH R

3.6 JE/R T MR AR 3 AR 1) IRRERR AT AR RN 12-3-122 88 T 2 AR R ML (M HEA 7
o TATTAT LTS B M e A4 A4 1) 20 A0 FE SR AR T, HORIRRIFR AL T 12-3-127 /) Sk 2t
BT o 17 R SR A R 2R PR T B AR AN R AR 0, FRIEAT IH T 12-3-122 1)k e . A
b, M AR TE S8 AR IR 5 i R I SR R A B, 2R 3R 2 AR IR P s et B HE 22
R RN, FERREEL.

g /
7 i

cis-OMCA

trans-CA trans-OHCA trans-OMCA

B 3.6 M MD BB EIRARHEIRE 12-3-122 1 R A/ EERRATAE Y Z AR K HEA 77 3K
3.6 =FHAEERRATAEN T 1 X

3.6.1 I TEik

SRR AT AE S TS MR R 3.7 R . A FE B I, T
N AR B = e ghi . Bhah, MR 2.2 FoRMIBERIEFIHFEH, OMCA Fl OHCA
S AL A P JBE SR AR RN T 0 = A A PR R R AR AR, 1T CA TUIAH o X R BHAE S AP 2R R
5, OMCA 1 OHCA WZS[AIf7FHIE I, SBURACEHEiA 2R, 1 CA fR¥FIF
HURIRHIEASAAL, X FNFRATSLIE b ma B R A 45 AR o R IR AR 22 SR I 52
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T T AEERRATADD, ARALHRARIE (A7 AL 2 G 5 K SN R IR AT PR R AT 2R 0 2 1R 3z FHL
5, SEEE N EE TS5

4 4 Py
2 99 w ® “o€e”
Top view ®C 24 P9 — ® L e 46,
29 29 Lo e r
[ 2 I -] e €

a " Vo =s57.00
Sideview - -@) $B B DI —> P-4

trans-CA cA
o
o ¢ o€ ‘19?9’
] e e w .: £
Top view [ ) [ ) AG.
e ¢ ee ’ e 9 '
b [ 2
“\a=66.1°
I &%)
Sideview - Q-8 BV —rt s .A{V e
&
L&
trans-OHCA cis-OHCA
e -
e ° e > “ o
ee O uv oo
Top view .' e o€ —_— .’ 9 4G,
L4 ° “J s ] [ I
@ 9
- .
) 5 @ wv FL )anesr
Sideview - -@E)-OD-PP P - —> ' 99
’ ; ~:‘:’
trans-OMCA cis-OMCA

B 3.7 KRR AREBRATEYE TIE b3lyp/6-311+g (d, p)/K AL J5 K B

£ 3.2 RAVBNPERATEYPBERE HEE. o . 2 FEREBIEAMBMLE Hke
trans-CA cis-CA trans-OHCA cis-OHCA trans-OMCA cis-OMCA

He B

-35.28 -37.16 -53.97 -56.39 -37.68 -40.56
At (kJ/mol)

a (°) 180 57.8 180 66.1 180 66.1
PEIR AR

(cm3/mol)

116.16 104.50 107.35 110.60 122.23 125.16

AE (kJ/mol) -1.88 -2.42 -2.88

3.62 HFHH

M PEERRAT A S T I ER A A B 2.10 Ban. FRATTAT DUA R A H fer 3 AR
ERELE L, M AT M EEFIEZRIA b HTFRIEFAFE, trans-OHCA FiH B0 A A
5. trans-OHCA HA e A BEATRAE (-7.36 eV) iAW BEAT 54, XK H
trans-OHCA 5 12-3-12*" 2 [A] () B AH BAE e, X EDIE &6 trans-OHCA )i
HURIR R B A e 805 BTSN B = IR BT o e4h, RSN R YT S, OHCA F1 OMCA (1)
R AME TREEERE, RPN EA T CA Hamr LB Ee ). XMW Ui 17748
RG] NF2 A AR R 2 38 0 AR BRATT AR M h R 1 i FL A, S oS AN RS AT JE R
i e 22, T2 i ZR G R
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281 =
7.1 5 \, ; ,~y
' & 100 | 9 3 !}
‘¥ \r% -, Y 9% ) i
i é a | - e /)
6.94 &
T : -1.88
trans-CA cis-CA
e -2.99 2
o IS e . "
P ° AN
] q = 4 ' 4 ‘;,; ? ’IA\
i [ = ® ' o 5
.7.3sv‘>i:i‘; W & g - ‘_“; 7‘» X 0.72 z > z b
I oss \*E“ f ‘é : d o 1 iﬂ*"‘vﬁ" ;‘ oy
1 g ‘:‘;ﬂ"‘“‘f’ il .02 ik &
- _;' 9 } i
trans-OHCA b *”’J‘M cis-OHCA “1s
-0.8
I -7.37 ' -7.04 3
o WS
( @ At &
i # ¢ ¥ h.’“‘ s“‘ ’,,
| o .7_37\55‘” g L 077 \f-‘ i b;y% }“ > v'} &
v .08 Do I i
§ - 5 ‘L
trans-OMCA cis-OMCA : } -1.25
v 20

B3.8 RAIRAAERATEYN T b3lyp/6-311+g (d, pyRRAMALE KBEHI (V). LN
KRB RF R, BRAXEBERKR

325 T =FREERRAT A PIE I A B RE . AR A AR I AL B e RE
S R Eawa NS S SE F s 3 B A o NG SR DN 2 S R | S e v AN 8
AE 72 J SRR AL A 2 8] P 74k B B g 22 . 7T DL Y, AE BT /22 OMCA > OHCA >
CA, HITERMZ )G, OMCA HISRBUKIEAFR B i, DM ROSUR B ar . BRI,
216 7K 07 A 25k 32 i AR PR S ) A7 £ 2 189 5 23— TR S 7K 1k A 8 A1 4 R T S S K 1k
Mz, e REERRATAEY) 7 7 B B RE
3.6.3 FHHAEHRE

BEAR, AT 2 M3 A R 5 12-3-122 22 16 (1) 79 o 2 284 %) kA7 77 2 A ELAE R
— PRI AR 12-3-127 Fe 55, 75— Mg R T 12-3-12-2Br Sk ffiT .
JIELLEL, FATH(d) (h) (DX =M A 7 A BAE g 8 0kJ/mol. Tl 3.9 fir
N, AR, KT A AR, IR IR I A SR T X P HEAT 5 AR ELAE I RETE /DN, U
7 X AR 7 AR E o TN T SR AR B, R IR R AR AR X A e =X
FEINFESE - LL CA NI, IR R A 1 cis-CA HiAii 77 ()l trans-CA HiAT 7720 (dD
HA AU HEA 7720, R =CHEA 77 2R A AR A T I U HE A 7 a0 IR ks 4
5E IR HEAT 75 () 7E R AR IR ) 5 A8 I HE AT 7 K@) )5, A T A8 1 fe e 7
MIT, cis-CA #0738 HoAAn 77 K I N IR I R 3 B IR K 1 . OHCA
OMCA 24t
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R e
\ 7 (

{15} LA -\ %
{7 \| | AR 4/

{ 4 [ &~ 8 i) ¢

§ T35 > R ~7/ ¢
18.65 281 44.82 4.17

(a) (b) (e} i
cis-CA is-OHCA ¢is-OMCA

J T~

RN

2

trans-CA trans-OHCA trans-OMCA

B 3.9 12-3-12-2Br MR A/ PURRRAT A MIFE BOR LA R HEAR 75 20 B AR B AR AR A LR F BB

(kJ/mol). (FE(a)~ (d)~ (e)~ (h) () MF, FHBARKF. £Db). (o O @~ () ®F,

RIFEBRRE . AT IEM, 12-3-122 ENERFRERR, AT HEEER, ¥RARERIF K
NBER HEAR 77 RIAH ELAE F BE BB A 0 kJ/mol.)

3.7 &

FEASC Y, PATFIHRAR S BN B NS 2 A RO il 5 S 6 77 1%,
G TN AR, WHIT T & Gemini KI5 12-3-12-2Br A1 =F{ A
A SR A7 A PR IR AT A 40 0 s HEUCIR ISR (R 6 i N2 AT O o AE S, AT ER 2 1 il 12-
3-12-2Br A1 AV R AT A 0 2H RSP s HUIR IR R AT AR T S A G R 1 T3S, B 7 A
[F) 58 AP TR S I 8] e SO R AR T e o b4k, FRATEWT T 1 =Fh EERAT AR
G E) 1% o BRI trans-OMCA BAT iy (1) 7 ¥ A0 e BT FE ANBEAG %2 . AE
RRADL S T, A5 AN (R 808 1) B 2/ B S A AR KA FDLAN [R] £ % R R s A T
TEM RN MR AIERS, WS 1 12-3-12-2Br A1 20/ M 57 A4 4 2 18] 5 A ]
AT BT R IA T TR RS AT WAL E dRE. TR
TR ZTH A A BAE R BE, T 1 2/ S A A 2 ) 5 R R 5K 22 o trans-
OMCA 7EXGIR T BA i K 23 (] A2 BEAR AL i F 3B AT AR AL AR B K VEAR AL o IX L]
RIFLFEVERIAE trans-OMCA A HamFOCMINEE 7T tbah, EBAL G BEH T3P =
BRI EE R AT A 0 5 G B BE

WV EFENG Tl 12-2-12-2Br MIARAL. [AIRL AT A7 Y483 AR (rrans-OMCA,

trans-MMCA H trans-PMCA)F4 & [R5 HUIR B SRR 60 NAT N IR 53§81 1 S B A 4L
T

19



4.1 12-3-12:2Br 5 trans-MCA 55 BURES R FI 6 MAT A

OH
-, .
HaC, o
/ \O — 0,
IO

Br

trans-OMCA trans-MMCA trans-PMCA
HO (o]
HQ
o \ / oH ©
H
/CH3 /C Hay \ /C
d a e
12-3-12-2Br cis-OMCA cis-MMCA cis-PMCA

B 4.1 Gemini ZHEEMEF 12-3-12-2Br M AEERATEY) trans/cis-OMCA, trans/cis-sMMCA F
trans/cis-PMCA KT 4582

AT, BAS RN T =P AR AT A 70 1 R R A e 3 23253 A trans-
OMCA(0.94), trans-MMCA(0.91), trans-PMCA(0.82). & 4.2 7R T =M &1 RAEX]
GRS FEPEPIRES T 70 F3h 71 U A B ER IR . ] 4.2 B, FE A SR AMER IR
FIEHL R, 12-3-12-2Br /trans-MCA ZZE1E 100 ns MD BLAUL 5 457 F 21 285 el ORI o
St R HIE MRS, XBIRNFHS, SA trans-OMCA [ HURIR ARG AS 9 =4
WHERFERE R o« trans-MMCA F trans-PMCA 155 BUHR I8 SRAA 23 75 1187 s D01 - fe ol 5 P i H
R TR R . B 25 R SLie 45 R & R 4F .

e
&4 e i
53 e g 2% % Sty
5 et =N SRS R
trans-OMCA R e U, 2 (ﬁe 72}"\1; fr’%ﬂ»
S
y F20 f=094
Hioo
| : b
‘| _100ns S ni Rt uv "% B
| = trans-MMCA 3 RaRn s — é‘@t;"’ {,"._--‘;:ﬂ_}éw
{ SRS S b RS \?i
R ak
%’{r f=0
sAR M 2 T4
trans-PMCA /i e B —_uv ol ot
AR ST,
f=0 f-o082 I F

B 4.2 25°CTF 180 A 12-3-122H1 135 4 trans-OMCA, trans-MMCA, trans-PMCA 1B &1 RH4EH
RAEPEENER T LT 100 ns 5 F31 1 EBERE KR LA MBI KRB, BRI 12-3-122 &
B> AR FE; AEMIRNRRFE. HEEREL, K. Brfl NatRER.)

4.2 12-3-12-2Br 5 trans-MCA 7EE SRR R 0 B HAm 2

K 4.3 Jor T4 MD Bl s — Wil IR AR IR Y trans/cis-MCA A1 12-3-
1228 1 (A AL R A 77 e AT A 5 rans-MCAs WV FEMIZEIA 58 246 A 2 12-
3-12% fe ik o i RSB B NSRS [ [ L MRz A2 8, FF S 3 DU 4 N A TR ¢
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FR, cis-MCAs WIZK-FHEAER R R, EATR R FRIETEL 12-3-122 3k . cis-
OMCA H cis-MMCA ) AR EAH AR N B, 11 cis-PMCA (1) F AR A T 1 R 1) 2
i Bk, 4 rrans-MCAs TEEHMEIRSS S5 RAA cis-MCAs I, ZRIRRE PR IR P 36
JB0 S AE IR AR R T E T HES . X AN R R E MCA F12-3-12% 2 [a] (R ERAAR (FA K,
3 T fof 5 ERCDR fice TR A s ot e R BRI i oA

N s

trans-OMCA trans-MMCA trans-PMCA
cis-OMCA cis-MMCA cis-PMCA
K43 M MD BEHFEE—MKER P EIRK OMCA, MMCA Al PMCA 5 12-3-1222 [AI{RFE
M AR 7

43 = MCA 2 TFHIX 5

N1 PR EBEGAANL. AR MCA Z BRI BRI VE i 22 7, A A T
BEWIHERJTERITE =R MCA 0 TIIAFIIZ3. B, FATMEH T b3lyp/6-311+g
(d, p) FEARA T trans/cis-MCA KI5 I ERIER] 4.4 F . 10E 4.4 FioR, trans-MCA
AAFHSEH, T cis-MCA BB =4e851). 1H5R RIS FARER 4.1 FoH . EE
SN IR 2 R, BEAE AR AR AL BN RIS BN A7, rans-MCA JE/RAEFRIG . UV R
JG, BRT cis-OMCA RV INAL, cis-MMCA 1 cis-PMCA [ 8 TR BUR 3 B
OMCA 7EGHE J5 25 MRe A0 EE /R AR AR A A3 n 1 = R A2 BE, AT 52 B0 R A
BUFIRE 2 . 08T MMCA I PMCA, JE/RARFRLE A 2 J5 FRAK, AR T AH R () 455 HUR IR
R ARG BLEEAY . AL, TR F AR S (R AR AR I 2R A 2 BRI J5 AR AT A4
BB RERZESR, SEUR RGN EE )T,
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9
e B
;i @
e °© o€ o3
S W Y, e P
p view p e o€ — Q “
o e ey
@ 9

N
N
N
o 2 K3 uv a =66.1
Side view - GPD-BI-BI Y ———p ;J.,J
9 N

trans-OMCA cis-OMCA
a P 9
9 D9
4
. @ oo 9 w ® ‘979 3
Top view ‘ @ & " ] — “\‘ [* ‘,’ o 9
e o o Py “ 4

a o e o
sideview - “—“—“J—O- _ﬂ-; e CEC L g *Jn: 60.9
9

trans-MMCA cis-MMCA
2 2 « [
2 09 5 i ¢ € ‘\,
uv P
Top view .‘ ‘,‘ 9 » L —) - ~~ -_- ®
e > J 5 ‘ ¢ v
oY

a wv e -~
Sideview QPP -IDWBI 1 ——b -ceeecec® ..,
9

trans-PMCA cis-PMCA

4.4 JBIL b3lyp/6-311+g (d, p)RELLRALIE M trans/cis-MCA BFHEH

Kl 4.5 J@oR T =M trans/cis-MCA Wi #704ii . MCA &1 B h 7R
S HSEEE B rrans-OMCA &1 HREEA M 1 AR B R HT . UV IBET S, cis-MCA [
USRS B T A B iR 2 RS BRA b, S A e A AR SN ), HORERAL
AN, FEEAS 12-3-12 W BEAHEEAZTS. 9, cis-OMCA
IR N D RS N B AL VA A &

0.

trans-MMCA cis-MMCA

| [ ) ' -7.08
\ ‘h\ “\Q P by
228 ‘ %
Vosr ( ‘ CXII )
trans-PMCA cis-PMCA

& 4.5 &3t b3lyp/6-311+g (d, p)IEAMAILIE I trans/cis-MCA B FHHEANAE (eV). BERE
BRHE X IE B 5 B ME . O AREMHE X B E S R oK .
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Iy FEERNT 3 F BISE s K A B, 3K 4.1 FHEIES T AR R B (1 ¥ 774k
HHRE. UV SRS, OMCA F1 PMCA M4k B BHBEXG N, 1588 cis-OMCA F1 cis-
PMCA FHEL R AN K, A 5 MR AR k% ik NV AR, MMCA %
A H RS A N, XU cis-MMCA 545 1] 58 B 721 R 2 AN 2 8 3 B
N T 526 AR 05 ERCDR fise SR e i 19 g

# 4.1 #T Gaussian 09 THEB 2K trans/cis-MCA 5T FIBFAL B HEES trans/cis-MCA HIE T
R
trans- cis- trans- cis- trans- cis-
OMCA OMCA MMCA MMCA PMCA PMCA

BRI E R
-37.68 -40.56 -29.7 27.7 27.4 -30.4
(kJ/mol)
AR (cm3/mol) 113.7 146.5 129 99.3 152.3 136.4

UbAk, FRATEE T MD BRI HUR IR R I trans/cis-MCA 55 12-3-12% (1) 75 i i 7
T IR T AT R EAEH RE . Forh— MR R IR N B 12-3-12% e H
L, AR RIALT 12-3-12-2Br BISREE T . FATRA(D) (h) (DX =P 77 20
FXTAH EAE R RERE LN 0 kI/mol. WKl 4.6 FTzR, T trans-MCA, ZKIFHR N B A
HIHEAR 7 AR E - R BUR, BONFRE, X T cis-MCA, R T IR AR R H FHEA
J7 A EAEHEEAR, BONFEE . XM 5808 I s Wi AT 7 U B A2 U 5 4 A
NI HA G, T RS HA 750, cis-MCA K 238 AR 77 ORI A i
WHZEA RSB R M b XAHAG T AR IS R 2 5 UK R B BRI AR R

Eﬁﬁ fi”ﬁf ﬂ‘/"{"/r‘ i{ \\Jfgm

160.6 779.4
(e) (ﬂ (i)
trans-OMCA trans-MMCA trans-PMCA
4 I ;;" { “‘- \
\ ;r \_ _|J‘\\%\ < \’ L |I \ !
99.9 3.1 12.3 11.3 26.5 9.3
(c) (d) (a) {h) (k) 0]
cis-OMCA cis-MMCA cis-PMCA

B 4.6 12-3-122"f1 OMCA. MMCA. PMCA 7ERH _E7R FIHEA 7 SOR1AH BRI A B 78 F g
(kJ/mol) . 7E(a)s (d)~ (e)» (h)s ()~ OF, EFFHEBRER. D) ©- OF, @ ()
®F, FHHAN 12-3-127 kRS . FERER, REFMFEEN 123-27 EREET. N

FERR, BRI RNBIR 1 R KA 7 XA EAEF R 5CA 0 kJ/mol.)

N T I O CRUSCR S i R R EERR AT A, BATae % 1 A DURRAERRAL L TR) R AxT
fr B AR i 7 BUREE R AR AT A2, JFTHEE T BEZRRRR (V) AL B s RE(E) A
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CATZ BRI ZE(AY, AE), WAL, HAANTHEHRE, PEREM =48 T R RBPEH
(K singlet Kiripied) T 75 A7 5T HHBE(AGiinglets AGripte) 35— RIS HL o X LEPIRERRAT AW 733
RNIEFZEE AR (MHCA). XTI PEERR (PHCA). ARFiEAIEER: (OSCA). [H)%H %
WHERZ (MSCA). X#iIEAEERR (PSCA). AFHIBRIE AR (OMTCA). 8] A 3 A A
2 (MMTCA). X} B AR (PMTCA). A& IEAHER (OACA). [ F: AR
(MACA). 22 R EEEE (PACA). 4P ZENERR (OMACA) , [A] & ZE W R
(MMACA), X FHZERERR (PMACA), 48~ H AL RHEIR (ODACA), [A] = H 3%
R (MDACA), X ZHIEZIEWEER (PDACA), SHAERERR (ONCA), [A]-
FAHERR (ONCA), FHEFEAEER (ONCA). eI EE MK 4.7 AR,

OH O} O}

S

5 o
Qj)t?
8
o

§
i
’ i .
A~ A
¢

3

o
Oo. O
@f‘“LnCO/
2
S
Q
o
Q/\V“\
g H .
i o N
Q, Q,
/F‘ E z 3
g : g
. :
(j(\_\\)k
¢ T o B 3
N b
e B
N
i
3. _o g
o
S
-3

trons-OHCA trons-MHCA trans-PHCA trons-OSCA trans-MSCA trons-PSCA
HO 0, HO HO
J N\ 4\ 0 J N\ AR o
OH HO \ on SH HS: \ &
cis-OHCA cis-MHCA cis-PHCA els-0SCA cis-MSCA cls-PSCA
OH OH OH
o OH 0 0
/' o o /' / o
trans-OMTCA trons-MMTCA ‘trans-PMTCA trans-0ACA trans-MACA trans-PACA
HO. ] HO, HO
4\ /' N 0 7\ VAR .
S/CH' S/CN' \ S/C NHy HoN \ NH;
cis-OMTCA cis-MMTCA cis-PMTCA cis-0ACA cis-MACA cis-PACA
o o 0 0O
7\ / o / N\— / o
LNy Ravaw
\ \ \
trans-OMACA trans MMACA trons-PMACA trons-ODACA trons-MDACA trons-PDACA
HO HO - HO HO -
VAR I\ . VAR VAR .
/ \ J / /N {
’ A \ \ \
cis-OMACA is-MMACA cis- PMACA cis-ODACA cis-MDACA cis-PDACA

B 4.7 WERATEMRSTERR
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THHAERMEK 4.4 Por. B 414 SR 7 R TR S 08 T BRI CR
T AV FR AR AR 7+ Z RIS FIG E B (LLEORTE AE) BIZER. R4
PATZH B TAE, 12 AV A4 AE {8 B T2 0 A R ORI IR R D6 B #E - B 4.14
APLEE, WEXANEMMAE OMCA. ODACA. PHCA 1 PNCA. fE=HEA T,
OMCA. OHCA. OMCA. MMCA. PMCA F1 PMTCA [ Kyipie THAS KT 1000, X150
FE R KR AN J5 , XL R AT A AL 2 A S - OMCA . OHCA . OMTCA.
OSCA. ONCA. MNCA. MSCA Fl1 PNCA ] Amax KT 0.3, R UV M 5L p
FERR IR 5 R RS YRR B i A BLAE IR SE MR E . 25 b, FEPTE WHERRAT A,
OMCA I f IF O GEUUR -

B 2V (cmmol) I 2V (cm/mol) (em’s
40 40
I 2 (kJ/mol) [ 2 (kJ/imol)
0
< < <
ol
-40 40+
CA PS¢ JACA CA
T
10 sing 1 singlet o ingl
3 triplet I3 triplat 3 triplet
E 10° g 10 E 10°
“ B w
2 2 z
g 10 g 10 S 10
E £ E
= = =
ER L S T S, s
e 10 = 107 =
2 2 2
g 10 g 2w
S S S S P T
OMGA OHCAOMTGA OSCA CACA CMACAODAGA ONGA MMCA NHCAMMTCAMSCA MACAMMACA!DACA MNCA CA PUTCA 1ACAPDACA PNCA
Gismaximu maximi cis-maxim
frans-maxime irans-maximun trans-maxim
. Ama: . 2 . Amax
> > >
= = 2
E = B
g 0 g 0z g 0z
m e 2
5 e} E
g g £
& 8 - 8 -
w w frr} N
.
I R SR S S S PR I T—Y PR L I S
OMCA OHCA ONMTCA OSCA OQACA CMACAQDACA ONCA MMCA MMCA MHCAMMTCAMSCA MACAMMACAMDACAMNCA - PMCA PHCA PMTCA PSCA PACA PMACAPDACA PNCA -

B 4.8 RIAIRRAWERITEDSEIDCRFEEFERER (B AV (em¥moD)) MEFIHHE
HEE (44 AE (kJ/mol)) WIZEE, BRHFFEBE (eV) cis-maximun, trans-maximun PAKE
'ﬁ]ﬂ‘]%ﬁ Amax, u&i&ﬁﬂzgﬁﬁT%ﬁiﬁ]mﬂgyﬁﬁﬁ Ksinglet! Kvingleto

4.4 i

AT, AMEH 13 1B ST E TR DT, BT T & Gemini %
& TR 12-3-12-2Br FHABAL. [AIAL X7 AR 4 26 PR RE IR i 40 2 () HEOIR I R A R 1100l
W NAT N R T AFRECER trans/cis-MCA KFEHL trans-MCA K16, IR
H 5 S g AR S R T A8 A, SR T 12-3-12-2Br Ml trans/cis-MCA Z |F]
WA FEHAG 70 BT R TNET R T trans/cis-MCA IIERRH M HRIH
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HEE. 70 TR MM EAEREE, Wik T rrans/cis-MCA Z 8] 45 K FIVE 5T ) 22 57
S5 BRI trans-OMCA 2GR J5 B A SR ZUM 2 (B ALFEAR A . 5 F 35 7 A AR A A SR i 7K
PR . IX LR R HE RVE AT trans-OMCA i HUIR I A B A S s (1) 6 S fg /7. Sk ah
BE 25 A AR AL 3L 72 B AL AL, S S A AR 1R 3 AR AR M SR K PE 22 Fl OMCA
FAEM A S, S 3G N RE ) IR SS -

BATTHE 7 = A DURh AR RRAT AV B EERARAR, SRR, 370 A DL S s -4
W, LEEHEULETERER, trans-OMCA A B F I BREER .

FHEEENG T RIEAEAFIREEA TR 2O ¥ CTAB/NaSal I LT E
FRIBE T o

5.1 CTAB/NaSal BB HIHRE %

FATMET 20 mM CTAB FIAN[E NaSal W JE RGBS, WK 5.1 Fr
o FEMK NaSal #E T (0. 2. 4. 8. 9mM), XUFEILH T AW idrtm. £
NaSal #KE T (10, 11. 11.5. 12 12.5. 13 mM) XEIEBERILE 7 BT UIR AR 3 7
P

10000 -;.....0...'..

1000

H
8
3

E Newtonian non-Newtonian §Y
o OmM e 10mM e

o 2mM e 11mM o020
4mM 11.5 mM

Viscosity (mPa-s)
5

¢
e
3

B0
[3
]

[N
T

8mM 12 mM
o 9mM e 125mM
® 13mM
1

0.1 Lu ! ! ! A
0.01 0.1 1 10 100 1000

Shear rate (1/s)

& 5.1 20 mM CTAB #l 0-13 mM NaSal JE7E 22°C BT S 2R
52 RER~

T RTS8 R MG SO, SRR B S 5%3) 30%2 7], — BB

B, SLZIEH Mastersizer 3000 W& EATTHKINT . Bl 5.2 8o 1 BrA FE5 I Sauter 45
Razo XF T NaSal W EERUICIIRE S, AR S e ISR m) R A B A4 P (8 A1 9
mM NaSal), “ERSZ R WA S, P T 12 A 22 pm Z 5
(8 A1 9 mM NaSal B~FISIE PR ER—1E) , S R E SRR 20 o 3G i
SN, EIEA IR, AU RSTEER, fE 25 B 35 um 2 0], JFHAER
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S EAED B R AR

20| #=5% $=5%

30k :¢:3o% % % gé“

Bubble radius (um)
O
OGNS

20f ©

10 L

Chasal (MM)

& 5.2 22°C F 20 mM CTAB H1 0-13 mM NaSal YA 724 S K Sauter 242

5.3. [ EFEERINE

N T RS CTAB/NaSal ¥R 2 anfi] TR, JRATTHA$E 1 AN R A=A 7>
BRI ETHE A . B 53 (@) 2257 20 mM CTAB/4 mM NaSal 1£ ¢ = 5% <3 E
FHEFRRIR R o AR SO N AR SRR, S RIE A, SIEME LT, SRR
% W B 3 AR AT IE M AT WL o 7 SRR IS (B 0] A2 5h . FRAMEH Image] A
KA IR By el I v By SRR RS B B R RO BT, R TR R TR R,
IR PE Tt 43 S 26 e FE AR AL R 26 14 5.3 (b))

ME 5.3 (b)F, FTLUE HEGIKETE 0 2] 160 Z [A1A8 4, FRBATER T =/MKE
fE =40, 80 F1 120 CEU/PNHY T R~ EE R XD FF M A A AN [R] s 8] T (A (7] 2K 2
TR o e, el T 5.3(c). il 5.3(c) AR, 4 Sk m B B I [ 2611k,
HAEAN KA T ETHEEARR, 25108 0.31mm/s (I = 40). 0.23mm/s (I = 80).
0.18mm/s (I =120), XL FTFHE 2 Rt T IR 2 08 s B 1. £ T3
B, FRAMEF 1=80 CEUE ISP (s AR K SCSIE B A E .
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(b) =

ity

Gray Value Intens

52 8 8 8 8 3

p I l
1=80
1120

s 60s 80s

T %
5 0s (C)
20525 § »
308 356 408 M
w0 s
o 6o { 2t
E
1120 17 £ of
A -
f’\ | £ 18
~ z
\‘ 1-80 ] g
R T B 1=40
G 1 S .
top =40 | bottom 2 e
== k 1=120
;m 15 2 10 20 30 40 5 60 70 80
Height of bubbly liquid (mm) Time( s)

53 (a)ANFEAFIE] 20 mM CTAB A1 4 mM NaSal BBAE ¢ = 5% KSERFSEEFRNER. A
LR LRIFHE SERTEALE. =FKFE (Fa., AEBE6) SRRF=AKRES 1=
40, 80 1 120 FIALE . D) AFESAREESKEZRKIRR. (N FKET KIS FEEE S E

HIR R

B 7 & 13 mM NaSal (UFES 4, BTAFEM I 0E E AR R EE R . M T5F
13 mM NaSal ¥, A ETHEERER AR . B 5.4 ()8R TIZIE A
IR REA R BB, R RS TANEIREE T 7 AL E (T 1= 40, 80 Al
1200, K& 5.3 (O)ER TAEINTE T, KEEH 2w ARt 2. FRATT LA 2.
RS BT S, A, W TSI o aEE s . fEE] 5.4 (), FERT 100
Fr, SIEPUE .t SR EAEE AR, OO IR R BT 15 b

i

(b)

Gray Value Intensity

140 |

]
S
T

2

5
S
T

N
S
T

)

(a)

g 8

2

n L
10 15
Height of bubbly liquid(mm)

» o
Time(s)

Kl 5.4 (a)RNFIEE 20 mM CTAB F1 13 mM NaSal IE ¢ = 5% MSEBRF B EANES. A
KPR LRIFEESEBTGHNALE . =FKFR (e, LENEE) FHURA=ZANKES 1=
40. 80 1 120 AL E. DAFASBEAEESKEZRKRR. OFFAXRE TS RERESHE

HIRAR

o TEEINE A
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5.5 FERHEHIREK LT

K 5.5 BoR THE T =80 B, A[EREFSARSECT B B3 vive CH Stokes
5. v ARG-DIFESAR], Hrb RN Sauter 42, n AERAIRE

_ 20pgR?
- =5 (5-1)

FATAT LA 2 140 A W0 A B USSR BE AT A4 P R A - — 2% i
2 L.

N

v =v(lp) (5-2)
i (5-2) Bt 543 21 Richardson-Zaki i 2 4n1& 5.5 o ) R O M 2R P . 3ATTA] LA 5,
FERZVLE N, vivs 5 Richardson-Zaki BRAEH W) & . Xf o = 0 KIFME(E 5 H Sauter 2
1T Stokes B —FL, UEW] AEE BTSRRIy A RTRE .

1.2

o 0mM
1.0 <\ o 2mM
\\ 4 mM
08| ~ 8 mM
é\ | o 9mM
I ~
w 06} <
~ I
0.4 o RN \%
02| R 4
4 ~ <
o
0.0 |
1 1 1
0.0 0.1 0.2 0.3

¢

Bl 5.5 FE4RAS (20 mM CTAB A1 0-9 mM NaSal), ZERFESAELET 1=80 RS EFEE
vive (H Stokes EEIH—4L)5). WEEE. EZ N Richardson-Zaki BHZE, H n=4.5

5.6 AEATRA TR EFEE

PR RAR, AR 2O A ETREE W 5.6 () s . SRR A
—H, AR L THEZREA NaSal WIS FEAR, BB A RE SR G FEA% .
T L PR TR A o Z (AR R, AT ¢ =0.05 AbH5s R = T s A
H—4L, & 5.6 (b)Fs, BEEELN Richardson-Zaki 1L .

A LU Y, 00 b T P B U 43 O v R BRI 2 B Richardson-Zaki 77 F& 50 H
SR ESSE 2, I HAER NaSal WIEN, UMEREEREE LA 5.6 (b)), KL,
Richardson-Zaki J7 F&XFT-JEA-W0RG S50 BT UIRG AL IRAR AN E H o 68 T SRR B RE i (2
12.5 #1 13 mM NaSal), 7£ s 4580 <8 EFH# L Richardson-Zaki 77 2 Tl 4B 58
e BeAh, AT RAE

v

s 11 U-9) (5-3)
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CERE LD RARARAWURAR b 5 — A 1)< b T3 2 il A o B AR 5

6x107°

(a)
5x10° | }
4x10° %
0 f
E3x105})
= ; t
2x10° | 3
%105} ? i i i % ;
Il Il Il
15
(b)
S10F N .
S LI
T g
=
= .
05
00 1 1 1
0.0 0.1 0.2 0.3

¢
5.6 (a)I=80HK, JEFWHIE (20 mM CTAB F1 10-13 mM NaSal) F1, RREISHESE TS

EFEE ve (b) B 9 =0.05 AHIERIH—LH I EFHERE, BEELERT Richardson-Zaki
TIRETMRSHE EFEE. 18 o MBRHSEEFEETUERAR (5-3) REEBLRKRMER.
57 R4 GIUIML) WA RER
TR ] T MR TR 7 B W B A2 = R b, & BB
AT 8. BRI N — AN EESHRUERIREES, ©RWEH 2 ORI
MGk, I B %S HUS I0R IS 1 TAE SR B0 SR, SHPHAIE
THHE (@) MVTHCE FEN o SRy

$=v(p)® (54)

BT v R A A SR AR W A R AR A AR AR, DSt e R AR A . FE AR A
H1, Richardson-Zaki 77 P& R IREF, WA R(GS-2)Hi7R. W FARRA, BA1E 2
I ETHEER o ARSI S, Wk 5.6 (b)) FRIELMARG-3)Fw. Fik, 1A
DU FH 2 20(5-2) F1 2 320 (5-3) SR v S5 AR i ¢ A AR 2 W BT D) AR AL A vh RO SBE o 84k
2. WK 5.9 s, WA IR IMAEE R KON B iR, IBAEA AT, Rk

ISR HZE ¢ = 0.16, TAEIRFWLAT, H& o EMEAEE. HliFRATEE
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HISAESEUNT 0.3, BATRAENE R ¢ FaKREM A BAINEREY, ZiE
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