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Abstract 

 Self-organisation of individual molecules into supramolecular systems is an attractive 
approach to design stimuli-responsive materials. This thesis aims to understand and predict the self-
assembly behaviour of  surfactants containing a photoresponsive azobenzene chromophore. These 
photosurfactants (PS) are amphiphilic molecules which demonstrate the combined ability to form 
supramolecular structures above a critical micelle concentration (CMC) and change their 
properties, such as size and polarity, upon photoisomerization. The goal is to investigate the 
structure-function relationships in azobenzene photosurfactants (PS) to design new light responsive 
systems for micellar catalysis and nanotemplating applications.  

 Chapter 1 introduces key concepts of self-assembly  processes, photoisomerisation 
properties of azobenzenes and recent developments and applications of PS. Chapter 2 provides a 
theoretical background of the concepts, whilst Chapter 3 gives a detail experimental list of 
instruments used  in this thesis. Chapters 4-6 focus on the design, synthesis and characterisation of 
a series of cationic azobenzene photosurfactants (AzoTABs) in water and the use of light to 
modulate the physicochemical properties. The ability to tune the self-assembled nanoscale 
organisation of AzoTABs is shown by varying the hydrophobic segment of the molecule and the 
position of the chromophore within the structure. The investigation of the aggregate growth, from 
dispersed unimers, to micellar assemblies was conducted using a combination of techniques, such 
as surface tensiometry, dynamic light scattering, small-angle neutron and X-ray scattering. 
Additionally, light-induced isomerisation was proven to significantly increase the hydrophilicity of 
the surfactants and to modify the morphology of the micellar aggregates.  

 Conventional non-responsive surfactants are known to form a variety of lyotropic liquid 
crystal (LLC) phases. Such supramolecular systems are used as sacrificial templates or matrices to 
synthesise porous materials. However, cationic azobenzene photosurfactants forming LLC phases 
have never been reported to date. The results presented in Chapter 6 demonstrate that the careful 
molecular design of the amphiphilic molecules can promote the formation of LLC phases in 
AzoTABs. Additionally, the concentration-temperature-structure relationships required to access 
desirable LLC phases have been identified and the stability of these mesophases has been 
investigated as a function of temperature and photoisomerisation.  

 The current need to identify new paths towards the sustainable synthesis of complex 
organic molecules has driven chemists to use water as a solvent. Micellar catalysis is an elegant 
way to perform traditional organic reactions using the self-assembly of surfactants as nanoreactors. 
In Chapter 7, cationic azobenzene photosurfactants in micellar conditions have been investigated to 
catalyse an aldol condensation reaction in water. The self-assembly-structure-efficiency of the 
catalyst was studied as a function of concentration and temperature. The effect of 
photoisomerisation on the efficiency of the catalysis was also studied. Finally, the ability to recycle 
the solution of micelles to perform several cycles of catalysis is discussed. 

 This thesis demonstrates that the molecular design of cationic azobenzene photosurfactants 
drives the self-organisation towards ordered structures. These structures can be rationalised and 
predicted based on the molecular design of the starting photosurfactant. The self-assembly process 
is a dynamic event that can be modified by subtle changes of easily controllable external 
parameters, such as  concentration, temperature and photoresponse. The knowledge gathered in this 
thesis on the structure-property relationships in AzoTABs will be crucial to design new light-
responsive surfactants with targeted properties for their intended applications. 
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1.1. Introduction 

Stimuli-responsive materials are materials that change properties upon stimulation 

of their environment.1 The ability to respond to a specific stimulus is ubiquitous throughout 

nature, seen in examples such as thermoregulation2 or light-driven sunflowers.3 Typically, 

any processes that require an externally applied trigger to perform a task, which switches 

from an inactive to active state, is considered a stimuli-responsive material. Recently, there 

has been a growth in interest in mimicking natural processes to develop smart, predictable 

and sustainable technology. Common triggers to induce a variation of material properties 

include light, temperature, pH, reduction-oxidation and enzymes.4, 5 The properties of these 

so-called “smart materials” can be predicted and controlled by careful design of their 

molecular structures.6 In particular, the ability to associate a light-responsive motif to well-

known materials like surfactants7 enables applications such as drug delivery,8 micellar 

catalysis,9 foam stabilisation10 or droplet manipulation11 to be achieved. The aim of the 

work highlighted in this thesis is to design light-responsive surfactants, which undergo 

controllable and predicable change of properties upon exposure to light. This work will 

investigate how the design of photoactive surfactants based on the azobenzene 

chromophore can be tuned to modulate their nanoscale organisation and optimise the 

benefits from light triggering. Based on these observations, the potential of these materials 

for improving the efficiency of micellar catalysis will be demonstrated. 

1.2. Surface Active Agents (Surfactants) 

 Surfactants are amphiphilic molecules which possess both a polar, water-soluble 

segment (head) and a non-polar, water-insoluble segment (tail).12 Surfactants are 

categorised as neutral (non-ionic) or charged (anionic, cationic or zwitterionic) depending 

on the nature of the hydrophilic polar head, and exhibit a large variety of chemical 

structures as illustrated in Figure 1.1. The hydrophobic tail is usually an aliphatic or 

fluorinated chain13 and can be tuned with an active species (fluorescence probe,14 

photoisomerisable group15). The head groups are commonly sulfates (e.g. sodium dodecyl 

sulfate, SDS), trimethylammoniums (e.g. tetradecyltrimethylammonium bromide, TTAB), 

carboxyls or phosphonates for ionic surfactants and alcohols, esters, ethers or amides (e.g. 

lauramide diethanolamide, LDEA) for neutral surfactants.16 More complex neutral polar 

head groups encompass ethylene glycol or sugar derivatives. This structural diversity 

affords myriad of applications including detergents, oil recovery, foaming agents and 

cosmetics.17  
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Figure 1.1. Representative chemical structures of the most common structural classes of 
surfactants. The conventional head (blue line)-tail (red line) schematic representations are 
displayed for comparison. 

 When dissolved in water at low concentrations, a surfactant tends to spontaneously 

adsorb at the liquid-air interface, with the polar head towards the liquid (Figure 1.2).18 The 

free energy resulting from this phenomenon is called the surface tension. At a liquid-air 

interface, the surface tension minimises the force by reducing the surface area of contact 

between the molecules of the liquid and air. As such, the surfactants behave as an elastic 

film under tension between the two media (Figure 1.2). This modification of the liquid-air 

interface changes the Gibbs free energy of the system (G), which mainly depends on the 

area of the interface A (m2) and the surface tension γ (mN m-1):19 

 

 

 

� =  � ×  � (1.1) 

As the concentration of surfactant is increased, the surface tension decreases linearly up to 

a critical concentration, beyond which it becomes constant.19 At this critical concentration 

the water-air interface is saturated for an aqueous surfactant system. This saturation point 

is called the critical micelle concentration (CMC) and it leads to a dramatic reorganisation 

of individual surfactant molecules, or unimers, into self-assembled spherical aggregates 

known as micelles. The CMC depends highly on the structure of the surfactant. For 

example, a long hydrophobic segment decreases the CMC, while an ionic polar head group 

results in a higher CMC than a non-ionic one.20 For micelles formed in an aqueous 

O
S
O

O

O
Na

N Br

CH2OPO

O

O

CH2OPO

O

O

Gemini, xenilene phosponates

Anionic, sodium dodecyl sulfate

Cationic, tetradecyltrimethylammonium bromide

N

O

OH

OH

Non ionic, Lauramide Diethanolamide

N
O

O

Zwiterrionic, ammonium carboxylate

Hydrophobic segment Polar head



Chapter 1 

4 

 

medium, the lipophilic tails of the surfactant are contained within the micelle core, while 

the hydrophilic heads form the micelle surface in contact with the aqueous solvent. Figure 

1.2 illustrates the transition from independent surfactant unimers, to surface adsorption 

and, finally, micelle formation at the CMC. 

 

Figure 1.2. Formation of micelles through unimer self-assembly: transition from unimers dispersed 
in solution (left) to surface adsorption (middle) and micelle formation (right). The red dotted line 
represents the CMC, which is the limit between surface adsorption and the formation of micelles. 

 Micellar colloids (M) are in dynamic equilibrium with free surfactant unimers in 

solution (S), which means that any external changes (e.g. temperature) affect the 

micelle/surfactant ratio:12 

 �� 
	
↔ � (1.2) 

where K is the equilibrium constant (K = [M]/[S]n) and n is the number of surfactant 

unimers. Micelles are organised systems driven by the transfer of hydrocarbon chains from 

the bulk water phase into the oil-like core.21 As the concentration of surfactants increases 

in the medium, a dispersion of individual unimers is no longer energetically favourable. 

The clathrate cage structure of water breaks down, which leads to a large increase in the 

entropy of the system. The combination of the cage effect and hydrophobic effect favours 

the self-assembly process and leads to the formation of micelles. The Gibbs free energy 

(∆G) associated with the process of micelle formation is described as follows:18  

 �� =  −
��

����

 ����� +  �� ������� (1.3) 

where ����  is the aggregation number, i.e. the number of surfactant unimers forming the 

micelle in the solvent, R is the gas constant, T is the absolute temperature, M is the 

concentration of micelles, CMC is the critical micellar concentration. Equation 1.3 shows 

that when the concentration of the surfactant in solution reaches the CMC, the Gibbs free 

Increase of concentration

Unimers Surface adsorption Micelle formation
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energy is no longer proportional to the surface tension, as shown in Equation 1.1. At the 

CMC, surfactants show distinct changes in their thermodynamic behaviour and are no 

longer assumed to behave as single molecules, but as a unified system. This self-assembly 

process requires certain conditions to be met which will be described further in Section 1.3.  

 Other physicochemical properties of the solution such as turbidity, osmotic 

pressure or conductivity18 change abruptly at the CMC, as shown in Figure 1.3. The 

solubility and turbidity of the solution dramatically increase, while osmotic pressure 

becomes independent of concentration. Conversely, the conductivity hugely decreases 

above the CMC.22  

 

 

Figure 1.3. Variance of the physicochemical properties of a surfactant in aqueous solution, as the 
concentration increases. The CMC is indicated by the red dash vertical line and separates unimers 
from micelles. Redrawn from Ref. 22.  

1.3. Micellar Growth 

 Micellisation results in significant changes in the solution behaviour and properties. 

As the concentration is increased above the CMC, micelle growth becomes 

thermodynamically favourable to accommodate additional surfactant molecules within the 

aggregate. One mechanism for the growth of micelles is the fusion of two individual 

micelles to form a bigger colloid.23 This mechanism enables the system to exhibit different 

geometrical structures such as spheres, cylindrical micelles, vesicles, bilayers or inverted 

micelles.24 The shape and subsequent growth of individual micelles is largely dependent on 

the chemical structure of the constituent surfactant molecules. In 1976, Israelachvili et al. 

proposed a well-established model, based on thermodynamic and geometrical 
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considerations, to predict the self-assembly relationship between the shape and the 

organisation of surfactant aggregates.21 Ideally, micelles are spherical objects containing a 

small number of molecules (Nagg < 50) to exhibit the smallest surface area per molecule. In 

reality, packing constraints, such as hydrophobic effects favour a more complex 

aggregation state. Hydrophobic effects induced by repulsive forces between the carbon 

tails and the polar head groups in water are the driving force for micellisation. The 

resulting interface between the micelle and the solvent (the electric double layer) is 

perturbed by a difference of potential. Other attractive and repulsive forces, such as 

hydrogen bonding, and the ability of molecules to pack together (e.g. steric hindrance) are 

also crucial in controlling the self-assembly structures formed.25  

 The shape of the micelles formed above the CMC can be predicted based on 

geometric considerations of a discrete unimer. The critical packing parameter (P) describes 

the preferred theoretical shape of aggregates, as introduced by Israelachvili:21 

 � =
�

� ×  � 
 (1.4) 

where V is the surfactant hydrophobic tail volume, l is the surfactant hydrophobic tail 

length and a is the effective head group area. This model enables estimation of the most 

favourable micelle shape for the molecule, such as spheres, cylindrical micelles, bilayers, 

etc (Figure 1.4). Regardless of the shape, this model relies on two main assumptions. 

Firstly, the radius of the micelle cannot be greater than the length of the hydrophobic chain 

(l). Secondly, the sum of the volume of the unimer cannot exceed the volume of the 

resulting micelle.26, 27 It is important to note that the hydrophobic tail affects the effective 

head group area,28, 29 and that the shape of the micelles is guided by external factors such 

as temperature, pH or solvent.30 



Chapter 1 

7 

 

 

Figure 1.4. The relationship between the critical packing parameter, P, and the shape of unimers 
used to predict micellar aggregation structures. V, l and a represents the volume of the core, the 
length of the chain and the polar head-group surface area, respectively. Redrawn from Ref. 24.  

1.4. Lyotropic Liquid Crystal (LLC) Phases 

 As the concentration is increased further past the CMC, lyotropic liquid crystal 

(LLC) phases, a well-organised 3D framework of the initial micelles aggregates, may 

form.31 These LLC phases result from a liquid crystalline phase with some degree of 

anisotropy, i.e. a directional orientation of crystals as a result of nanoscale interactions.32 

Liquid crystalline phases obtained by addition of solvent are named lyotropic liquid 

crystals,33 in opposition to thermotropic liquid crystals, which are instead controlled by 

temperature.34 Upon increasing the surfactant concentration, a variety of 

thermodynamically stable LLC phases can be obtained, which are shown in Figure 1.5. 

LLC phases are commonly noted with a capital letter referring to the phase they form from 

their related aggregate structure. For instance, the discontinuous cubic phase (I) represents 

a long-range cubic organisation from spherical micelles.35 A subscript index is usually 

added to specify the nature of the phase.26 A normal I1 phase indicates an oil-in-water 

mesostructure, whereas, an I2 phase represents inverted micelles and a water-in-oil 

mesostructure. For lamellar (L) structures, a Greek subscript letter refers to the liquid state 

(α) or gel-like state (β) of the hydrophobic chain. As a result, a phase noted as Lα implies a 
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lamellar structure in the liquid state.36, 37 The hexagonal (H) and bicontinuous cubic (V1, 

not shown in Figure 1.5) phases are two other commonly recognised LLC phases. 

 

Figure 1.5. Schematic representation of some of the LLC phases that can be formed by surfactants. 
LLC phases result from the long range packing of micelles shape as a function of concentration. (a) 
The micellar solution L1 is the isotropic organisation of micelles. (b) The cubic phase (I1) results 
from the packing of spherical micelles. (c) The hexagonal (H1) and (d) lamellar phases (Lα) are 
anisotropic phases (birefringent crystals) and consist of stacked cylinders and bilayers, 
respectively. In water-surfactant systems, different LLC phases can be obtained depending on the 
surfactant molecular structure, temperature and concentration. Redrawn from Ref. 26.26  

 In LLC phases, crystals can be optically anisotropic, which results in birefringence. 

Birefringence is an optical property that induces a refractive index that depends on the 

polarisation and propagation direction of light within the material.38 When a polarised ray 

passes through a birefringent material, it is split into two components with orthogonal 

polarised directions. This can be investigated using a polarised optical microscope (POM), 

which is a commonly used technique to identify the type of LLC phases.39, 40 Figure 1.6 

shows representative examples of typical POM images. Goujon et al. reported the 

formation of LLC structures for 1-hexadecyl-3methylimidazolium acrylate (C16mimAcr).41 

Upon addition of water, this material forms discontinuous cubic phases (Figure 1.6a, 60 

wt% water), hexagonal phases (Figure 1.6b, 40 wt% water) characterised by the smoky-

like texture, and lamellar phases (Figure 1.6c, 20 wt% water), characterised by the dot-like 

texture. Peng et al. showed the formation of LLC phases for 4-butylazobenzene-4'-

(oxypentyl) poly(ethyleneglycol) (C4AzoOC5PEG).42 They observed the POM images of 

micellar solutions (Figure 1.6d, 50 wt% water upon light exposure), hexagonal (Figure 

1.6e, 50 wt% water) and lamellar phases (Figure 1.6f, 30 wt% water). It is worth noting 

that cubic phases and micellar solution are optically isotropic,40 which means that the 

(a) Micellar solution 
(L1)

(b) Cubic phase 
(I1)

(c) Hexagonal phase 
(H1)

(d) Lamellar sheets 
(Lα)

Increase of concentration
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crystals are not birefringent and that they cannot be unambiguously identified by POM 

technique. 

 

Figure 1.6. POM images of some of the LLC phases that can be formed by surfactants. 1-
hexadecyl-3methylimidazolium acrylate forms (a) cubic (I1), (b) hexagonal (H1) and (c) lamellar 
phases (Lα), at 20 wt%, 40 wt% and 60 wt% of photosurfactants in water, respectively. Reproduced 
from Ref. 41 with permission from the PCCP owner society. 4-butylazobenzene-4'-(oxypentyl) 
poly(ethyleneglycol) forms (d) micellar solution (L1), (e) hexagonal (H1) and (f) lamellar phases 
(Lα), at 30 wt%, 50 wt% and 70 wt% of photosurfactants in water, respectively. The cubic phase 
and micellar solution show no birefringence, while the hexagonal phase is characterised by the 
smoky-like texture and the lamellar phase is characterised by the dot-like texture. S. Peng, Q. Guo, 
P. G. Hartley and T. C. Hughes, J. Mater. Chem. C, 2014, 2, 8303-8312 – Published by the Royal 
Society of Chemistry. 

1.5. Binary Phase Diagram 

 LLC phases can be used as sacrificial nano-templates for ordered inorganic-organic 

polymeric materials43 and biomedical applications.44 The ability to control the geometry 

and pore size of such materials is a key advantage and have attracted attention for OPV 

devices,45 catalysis,46 and drug delivery.47 Binary phase diagrams summarise the 

experimental conditions require to access LLC phases, as a function of concentration and 

temperature. Figure 1.7 shows examples of binary phase diagrams for the cationic 

surfactants decyltrimethylammonium bromide (C10TAB), dodecyltrimethylammonium 

bromide (C12TAB), tetradecyltrimethylammonium bromide (C14TAB) and 

hexadecyltrimethylammonium bromide (C16TAB) in water, reported by Varade et al.48 In 

these examples, they investigated the formation of LLC phases as the temperature varies 

from -20 °C to 100 °C and the concentration from 0 wt% to 100 wt% of surfactant in water 

(Figure 1.7). They showed that hexagonal phases were formed at 30 wt% at 40 °C for 

(a) L1 (b) H1 (c) Lα

(d) L1 (e) H1 (f) Lα
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C16TAB, while C10TAB forms hexagonal phases at 59 wt% at 40 °C. Bicontinuous cubic 

(V1) and lamellar phases (Lα) were obtained at concentrations greater than 70 wt% and 

above 40 °C, for all surfactants. They suggested that the extension of the alkyl chain of the 

surfactants enables LLC phases to be obtained at lower concentrations. However, the 

solubility of C16TAB in water at 25 °C is lower than the other surfactants, which led to a 

compromise between solubility and large range of concentrations to form LLC phases. The 

size of the alkyl chain affects the interlayer distance between hexagonal motifs, where 

distances followed the trend C10TAB < C12TAB < C14TAB < C16TAB. 

 

Figure 1.7. Binary phase diagrams of surfactants in water as a function of concentration and 
temperature. (a) C10TAB, (b) C12TAB, (c) C14TAB and (d) C16TAB are cationic 
alkyltrimethylammonium bromide surfactants (see Figure 1.1 for the chemical structure of 
C14TAB). L1, H1, V1, S and Lα stand for micellar solution, hexagonal phase, bicontinuous cubic 
phase solid, and lamellar phase, respectively. Different phases are separated by solid lines, known 
as the phase boundary. Reprinted from Colloids Surf. A, 315 (1), Varade, D., K. Aramaki, and C. 
Stubenrauch, Phase diagrams of water–alkyltrimethylammonium bromide systems, 205-209. 
Copyright (2014), with permission from Elsevier. 

 Recently, Peng et al. reported the concentration-temperature binary phase diagram 

of a light-responsive surfactant, 4-butylazobenzene-4'-(oxypentyl) poly(ethyleneglycol) 

(c)

(b)(a)

(d)
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(C4AzoOC5PEG, Figure 1.8). The formation of hexagonal and lamellar phases was 

observed at 40 wt% of surfactants and 20 °C, and 70 wt% of surfactants and 20 °C, 

respectively. They showed that the interlayer distance decreased from 7.3 nm to 6.0 nm, 

with an increase in the temperature from 25 °C to 65 °C at 50 wt%, and suggested that the 

packing of micelles was tighter as temperature increases. 

 

Figure 1.8. Binary phase diagrams of the neutral azobenzene photosurfactant C4AzoOC5PEG in 
water as a function of surfactants concentrations and temperatures. The x scale represents water 
content and should be read in reverse to get the surfactant wt%. O, H, and L stand for micellar 
solution, hexagonal phase and lamellar phase, respectively. × correspond to the coexistence of the 
lamellar and hexagonal phases. S. Peng, Q. Guo, P. G. Hartley and T. C. Hughes, J. Mater. Chem. 

C, 2014, 2, 8303-8312 – Published by the Royal Society of Chemistry. 

1.6. Light-Responsive Surfactants 

 Light-responsive surfactants are a sub-class of surfactants, which possess a 

photochromic group. This photochromic group is sensitive to light and, upon illumination, 

can perform several reactions such as trans-cis photoisomerisation, photopolymerisation, 

photodestruction or photodimerisation.7 These light-induced changes in structure can lead 

to a modification of the aggregate size and shape, dipole moment or surface activity.49 The 

use of light as a cheap and easily accessible trigger is particularly attractive as it can be 

applied selectively at different wavelengths and intensities, with complete temporal and 

spatial control.50, 51 Photosurfactants have attracted significant interest due to their potential 

applications in micellar catalysis,9 microfluidic devices51 and drug delivery52, 53. For 

example, Baigl and co-worker built a microfluidic device based on the ability of 4-



Chapter 1 

12 

 

ethyloxyazobenzene 4'-(oxyethyl) trimethylammonium bromide (C2OAzoOC2TAB) to mix 

two oil phases containing a solution of oleic acid and Nile Red on one side and a solution 

of oleic acid on the other side (Figure 1.9).11 The two phases were separated in contact to 

the trans-isomer that acts as a barrier, but upon irradiation at λex = 365 nm, the two phases 

were completely mixed. The development and design of such materials depends on the 

ability to predict and control the light-induced response, which can be achieved by 

investigating the nanoscale organisation. Light responsive moieties include spiropyrans,54 

stilbenes55 and azobenzenes.56 

 

Figure 1.9. Conceptual design of a reversible optofluidic mixer. Two oil phases are initially 
separated by a water phase containing the C2OAzoOC2TAB photosurfactant. The fluids pass 
through a series of 10 expansion chambers in a stable laminar flow regime without mixing of the 
solutions. Upon application of UV light exposure, the fragmentation of the water containing the 
photosurfactant phase occur and the two oil phases are mixed. When the UV light is turned off, the 
system returns to a non mixing state. Reprinted (adapted) with permission from A. Venancio-
Marques, F. Barbaud and D. Baigl, J. Am. Chem. Soc., 2013, 135, 3218-3223. Copyright (2018) 
American Chemical Society.11 

1.6.1. Photoisomerisation of Azobenzenes 

 Azobenzenes were chosen as the photoactive chromophore in this project due to 

their ability to perform reversible photoisomerisation, which induces a change in their 

geometrical configuration and physicochemical properties54, without any side reactions. 

Azobenzenes have been extensively exploited for their fast, clean, reversible ability to 
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perform light-induced trans-cis photoisomerisation, with applications in gas storage,57 

organogels,58 actuators,59 shape memory systems,60 molecular machines61 or drug delivery 

system.62 The photoisomerisation of the azobenzene moiety induces a breakdown of the 

symmetry from the planar trans-structure (symmetry group C2h) to a bent cis-structure 

(symmetry group C2).
56 The modification of the symmetry leads to an increase in the 

dipole moment from µ = 0 D (trans-isomer) to µ = 3 D (cis-isomer), and a reduction of the 

length from 0.90 nm to 0.55 nm (Figure 1.10).63-65 

 

Figure 1.10. Photoisomerisation of the azobenzene core. The UV and blue illumination 
wavelengths correspond to the forward trans-cis and reverse cis-trans photoisomerisation, 
respectively. The choice of wavelength depends on the parameters described in the text. Heat 
corresponds to the temperature required to the reverse cis-trans isomerisation, as described in the 
text. µ is the dipole moment. 

 The trans-cis photoisomerisation is performed by UV illumination and leads to the 

formation of a photostationary state (PSS) that comprises a majority of cis-unimers and 

some remaining trans-unimers. The PSS is an equilibrium state and its trans/cis-

composition depends on various parameters, such as the wavelength, intensity and time of 

exposure. The choice of the excitation wavelength for photoisomerisation depends on the 

position of the absorption for the trans- and cis-isomers. For a simple azobenzene, 

photoexcitation of the strong absorption bond located at λabs = 320 nm (Figure 1.11a), 

which corresponds to the symmetry allowed π←π* transition and is assigned to the S2←S0 

excitation (Figure 1.11b), enables efficient trans-cis photoisomerisation.56 A second 

weaker band arises at λabs = 450 nm (n←π* transition, S1←S0 excitation) and corresponds 

to a spin-forbidden transition.66 The reverse cis-trans photoisomerisation is achieved by 

excitation of either the π←π* (λex = 310 nm) or n←π* (λex = 450 nm) bands of the cis-

isomer and a second PSS state is formed, where the trans-form is now the majority isomer. 

Heat
trans-isomer

Length = 0.90 nm
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As the trans-isomer is more stable than the cis-isomer by ≈50 kJ mol-1,67 complete 

recuperation of trans-isomer can also achieved by thermal relaxation by storage for two 

days in the dark at 20 °C. This photoisomerisation is a reversible process that can be cycled 

many times without alteration of efficiency.49 

 

Figure 1.11. Photoisomerisation of the azobenzene core. (a) UV/Vis absorption spectra of the neat 
azobenzene core upon irradiation at λex = 316 nm as a function of time of exposure. Inset: The 
weak band intensity increases as the cis-isomer is formed. Reproduced from Ref. 56 with 
permission from the Royal Society of Chemistry. (b) A simplified energy diagram of the electronic 
excitation (solid lines) and relaxation (dashed lines) of trans- and cis-isomers. S0, S1 and S2 
correspond to the ground state, the first and the second excited singlet state, respectively. 

 The exact mechanism of the azobenzene photoisomerisation reaction is still under 

debate. In 1982, Rau et al. suggested a rotation mechanism (twist of the azo-bond) for the 

trans-cis isomerisation and an inversion mechanism (planar variation of the C-N angle) to 

explain the cis-trans isomerisation of the azo-bond.68 A recent review has extended the 

number of possible isomerisation pathways to four (rotation, inversion, concerted inversion 

and inversion-assisted mechanism), which are shown in Figure 1.12.56 This computational 

study highlights that pathways can occur simultaneously and are highly dependent on the 

system, such as solvent polarity, temperature and substituents attached to the azobenzene 

core.56 
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Figure 1.12. Proposed mechanisms for the trans-cis isomerisation of the azobenzene core. The 
trans-cis photoisomerisation is favoured by the inversion mechanism, following the S2←S0 

excitation, while the cis-trans photoisomerisation is favoured by the rotation mechanism following 
the S1←S0 excitation. Reproduced from Ref. 56 with permission from the Royal Society of 
Chemistry.  

1.6.2. Azobenzene Photosurfactants 

 The spectroscopic response and energy of the electronic state of an azobenzene 

chromophore can be affected if it is located within a molecular structure that is sensitive to 

its surroundings.56 In this context, azobenzene photosurfactants, in which the 

photoresponsive motif is located within an amphiphilic surface active molecular 

framework have attracted increasing attention.7 For these photosurfactants (PS), light can 

be applied to modify and control the surface activity with the concentration-temperature 

self-assembly dependence, typical of conventional surfactants.48 The self-assembly 

behaviour of conventional surfactants can be predicted depending on the molecular 

structure and using the packing parameter, as described in Section 1.3, Equation 1.4.21 

However, this method may be unreliable when considering photosurfactants, as the 

azobenzene moiety is likely to disrupt the predicted shapes.  

Rotation

Inversion

Concerted inversion

Inversion-assisted rotation
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Reported azobenzene photosurfactants usually exhibit the same molecular structure 

consisting of a pendant alkyl tail length (R1) located at the extremity of the carbon tail and 

a spacer (R2) corresponding to the alkyl chain between the azobenzene core (Azo) and the 

polar head group (HG) (Figure 1.13a).  

 

Figure 1.13. (a) Chemical structure of commonly reported azobenzene photosurfactants. R1, R2 and 
HG represents the alkyl tail, the spacer and the head group, respectively. (b) Chemical structure of 
the AzoTABs discussed in this studied. The difference between the two structures lays on the extra 
oxy-group located in the alkyl chain. The oxy-group enables the lifetime of the cis-isomer to be 
extended to several hours at 20 °C.65  

The combination of R1, R2 and the azobenzene core corresponds to the hydrophobic 

segment. A large variety of HGs have been reported in the literature such as non-ionic 

(polyethylene glycol,42, 69 carbohydrate70), anionic (sulfonate71, 72) and cationic 

(trimethylammonium bromide, TAB49). This work focuses on cationic azobenzene 

photosurfactants bearing the latter HG, which have been commonly reported as AzoTABs 

(Figure 1.13b)73, and are defined in this thesis as R1AzoOR2TAB for simplicity. AzoTABs 

Alkyl chain SpacerAzobenzene core

Head groupHydrophobic segment

(a) Chemical structure of azobenzene photosurfacants 

(b) Chemical structure of AzoTABs
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possess an oxy-group (O) that can be located in either side of the azobenzene 

chromophore. The oxy-group stabilises the cis-isomer and retards the reverse cis-trans 

thermal relaxation from few minutes to several hours at 20 °C.56 

1.6.3. AzoTAB Photosurfactants 

 Positively-charged AzoTAB photosurfactants possess a higher solubility in water 

than neutral azobenzene and anionic photosurfactants, as first reported by Hayashita et al.
74 

They showed that the self-assembly of AzoTABs was affected the by molecular structure. 

More specifically, the CMC and conductivity were lowered by the elongation of the carbon 

tail. They demonstrated the greater importance of the alkyl chain (R1) compared to the 

spacer (R2) in determining the properties of the photosurfactant (e.g. the CMC of 

C2AzoOC4TAB was higher than the CMC of C4AzoOC2TAB). However, this study was 

limited to moderate carbon tail length structures (i.e. R1 + R2 < 10) and few structure-

property studies on the nanostructural organisation of AzoTABs have been reported 

since.49  

It was reported that the photoisomerisation of the azobenzene core affects the 

surface excess of azobenzene photosurfactants.75-78 Yang et al. studied the effect of UV 

light exposure (λex = 360 nm) on the surface excess and hydrophobicity of 4-

ethylazobenzene 4'-(oxyethyl) trimethylammonium bromide (C2AzoOC2TAB).79 They 

showed that the cis-isomer does not participate in surface adsorption at the CMC of the 

trans-isomer. They calculated that the trans- and cis-azobenzene cores had the equivalent 

hydrophobicity of an alkyl chain that contain 8.6 atoms of carbon and 5.7 atoms of carbon, 

respectively, which might explain the difference of surface excess.  

 AzoTABs have received great attention in the design of light-responsive gels,80 

proteins,81 modified graphene oxide,82
 photomanipulation of droplets,51 templating,83 foam 

stabilisation,84 nanocarriers85 and photoluminescent complexes,86 using the positive-

negative electrostatic interactions (with polyelectrolytes, DNA, proteins, anionic 

complexes). For example, Chevallier et al. reported foams that were stable for more than 

15 minutes, consisting of 66 wt% of trans-4-butylazobenzene 4'-(oxypropyl) 

trimethylammonium bromide (C4AzoOC3TAB), obtained by flushing air for 5 seconds in 

solution.84 Upon photoisomerisation at λex = 365 nm, the foam was destabilised and 

contained a mixture 16% of trans- and 84% of cis-isomers (Figure 1.14a). They showed 

that the foam stability can be achieved by carefully controlling the trans-cis isomer ratio. 
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Figure 1.14. Some examples of applications of AzoTAB photosurfactants taken from the literature. 
(a) Foam destabilisation induced by UV light exposure. The trans-cis isomer ratio can be 
controlled to achieve foam stabilisation. Reprinted (adapted) with permission from E. Chevallier, 
C. Monteux, F. Lequeux and C. Tribet, Langmuir, 2012, 28, 2308-2312. Copyright (2012) 
American Chemical Society. (b) Light-induced disruption of vesicles, formed by a mixture of 
AzoTAB photosurfactants and cholesterol sulfate, leading to the control release of the interior. 
Reprinted (adapted) with permission from Z. K. Cui, T. Phoeung, P. A. Rousseau, G. Rydzek, Q. 
Zhang, C. G. Bazuin and M. Lafleur, Langmuir, 2014, 30, 10818-10825. Copyright (2014) 
American Chemical Society. (c) Carbon nanotube colloidal suspension destabilised by UV light 
exposure and recovered by exposition at λex = 450 nm for 10 minutes. Reproduced from Ref. 82 
with permission from The Royal Society of Chemistry. (d) Photomanipulation of droplets using the 
surface tension gradient of the trans-cis isomers. Reprinted (adapted) with permission from A. 
Diguet, R. M. Guillermic, N. Magome, A. Saint-Jalmes, Y. Chen, K. Yoshikawa and D. Baigl, 
Angew. Chem., 2009, 121, 9445-9448. Copyright (2009) WILEY-VCH Verlag.  

  In another study, Cui et al. reported the formation of non-phospholipid 

photoresponsive liposomes that contained a mixture of cholesterol sulfate and an 

azobenzene 4'-(oxydecyl) triethylammonium bromide (C0AzoOC12TAB) photosurfactant 

in a 25/75 molar ratio. The authors showed that leakage from the liposomes was achieved 

upon photoisomerisation at λex = 350 nm (Figure 1.14b). The permeability of the 

liposomes was fully restored by cis-trans photoisomerisation at λex = 450 nm, proving that 

the system can be used as a nanocontainer to release on demand the contents of the 

liposome. Recently, McCoy et al. investigated the light-controllable dispersion and 

recovery of carbon nanotubes in water promoted by 4-butylazobenzene 4'-(oxybutyl) 

trimethylammonium bromide (C4AzoOC4TAB).82 They showed that complete 

solubilisation of the carbon nanotubes was achieved in water by the trans-isomer at 

concentrations above the CMC (> 1 mM, Figure 1.14c). Upon irradiation at λex = 365 nm 

for 1 hour, the carbon nanotubes crashed out in the solution and formed a distinct phase to 

(b) Ionic interaction

(d) Photomanipulation of droplets(c) Carbon nanotube suspension

(a) Foam destabilisation

Unstable foams Stable foams

16% 66%
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the AzoTAB. The process was entirely reversible by illumination at λex = 450 nm for 10 

minutes to re-disperse the carbon nanotubes in solution.  

 Finally, Diguet et al. showed that oil droplets of oleic acid can be 

photomanipulated by using the difference of surface tension of 4-ethyloxyazobenzene 4'-

(oxyethyl) trimethylammonium bromide (C2OAzoOC2TAB) in water (Figure 1.14d). The 

surface tension increases by 8 mN m-1 upon photoisomerisation at λex = 365 nm.51 This is 

called the chromocapillary effect and the authors showed that the droplets were repelled 

from UV irradiated areas, due to the light-induced interfacial tension gradient. The oily 

droplets could be guided by simple illumination and formed tuneable motifs at the surface 

of the solution.  

 Studies have shown that the behaviour of light-responsive amphiphiles can be 

controlled by careful adjustment of external parameters such as salt concentration,87 or 

pH88 but little has been done on the design of photosurfactants and the structure-self-

assembly relationship. Zakrevskyy et al. investigated the interaction of C4AzoOR2TAB (R2 

= 6, 8, 10, 12) with charged-particles (DNA, polyelectrolytes) and the effect that the length 

of the spacer had on these interactions.87, 89 They reported that an elongated spacer (R2 = 10 

and 12) yielded more hydrophobic AzoTABs which ease the DNA 

compaction/decompaction ratio by hydrophobic effects20-23 but lead to a less efficient gel 

contraction due to steric effects.80, 88 Similarly, Diguet et al. reported that for 

C4OAzoOR2TAB (R2 = 2, 5, 8), the best reversible control of gel contraction required a 

compromise in the photosurfactant design, between a short spacer length that enabled good 

permeability and a compaction efficiency induced by long spacer length.90 The comparison 

between these two studies highlights that a higher surface tension and hydrophobicity 

difference are obtained for AzoTABs bearing only one oxy-group. All the studies 

described above use the positively charged AzoTABs as a means to investigate the 

interaction with negatively charge-entities (DNA, polyelectrolytes and proteins).  

The description of the aforementioned studies takes advantage of the 

photoresponsive properties associated with the hydrophobic and electrostatic forces, but 

AzoTABs play a supporting role and are not studied as the main entity. Only a few studies 

have investigated AzoTABs for specific applications such as foam stability10, 84, 91, 92 or 

small molecule release,8, 93, 94 using small angle scattering techniques to probe the 

nanoscale organisation of micelles.15 

1.6.4. Azobenzene Photosurfactants Forming LLC phases 
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 According to IUPAC recommendations,31 the azobenzene moiety is expected to 

facilitate the formation of LLC phases, due its intrinsic anisotropy. However, there have 

been limited examples of azobenzene photosurfactants forming LLC phases reported in the 

literature. As briefly discussed in Section 1.4 and 1.5, Peng et al. synthesised two non-

ionic azobenzene photosurfactants, 4-butylazobenzene-4'-(oxypentyl) poly(ethyleneglycol) 

(C4AzoOC5PEG) and 4-nonyloxyazobenzene-4' poly(ethyleneglycol) (C9AzoOPEG), and 

investigated the effect of the position of the azobenzene core on the photoresponse.69 The 

authors demonstrated the formation of different LLC phases at different temperatures (20 - 

60 °C) and concentrations (10 - 70 wt% in water). The position of the azobenzene core was 

found to affect the self-assembly behaviour of the surfactants. A long alkyl chain induced 

the formation of lamellar phases, while a long spacer favoured the formation of hexagonal 

phases. Additionally, the authors reported that C4AzoOC5PEG formed gel-like LLC phases 

in the trans-form.42 Upon isomerisation at λex = 365 nm, the gel-like structure is lost. 

Interestingly, the reverse cis-trans isomerisation at visible light exposure (λex = 450 nm), 

restored the gel-like LLC phases (Figure 1.15a).  

 The effect of the molecular design, polar head group and the hydrophobic segment, 

of azobenzene photosurfactants on the formation of LC phases recently investigated by 

Tan et al.95 They studied a variety of azobenzene surfactants with different hydrophobic 

segments (R1AzoEO3OH, n = 6, 12 or 18) (Figure 1.15b). They showed that, for a fixed 

oligooxyethylene polar head (EO), an elongated hydrophobic segment (HS = 18) led to the 

formation of a larger variety of LC phases (anisotropic and isotropic) that are more stable 

(higher transition temperature) than those with a shorter hydrophobic segment. Laurent et 

al. attached different types of glycoside (carbohydrate) polar heads to phenylazophenyl 

moiety.96 They showed that subtle changes in the stereochemistry guides the formation of 

hexagonal or lamellar phases, with hydrogen bonding being crucial in stabilising the liquid 

crystal phases. Although these studies focused on thermotropic liquid crystals, i.e. which 

are dependent on temperature, they have shown that large variety of liquid crystals phases 

can be achieved with careful molecular design. 
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Figure 1.15. Examples of azobenzene photosurfactants forming lyotropic liquid crystalline phases 
taken from the literature. (a) Chemical structures and molecular schematic of phases obtained by 
varying the azobenzene core position (purple circles) within the hydrophobic segment (red lines), 
relatively to the polar head (blue lines). S. Peng, Q. Guo, P. G. Hartley and T. C. Hughes, J. Mater. 

Chem. C, 2014, 2, 8303-8312 – Published by the Royal  Society of Chemistry. (b) Chemical 
structure of the azobenzene photosurfactants with different hydrophobic segment length. X. Tan, R. 
Zhang, C. Guo, X. Cheng, H. Gao, F. Liu, J. R. Bruckner, F. Giesselmann, M. Prehm and C. 
Tschierske, J. Mater. Chem. C, 2015, 3, 11202- 11211- Published by the Royal  Society of 
Chemistry. 

1.6.5. Micellar Catalysis  

 Hydrophobic molecules that usually aggregate in water can be solubilised in the 

hydrophobic core of micelles.97 The micellar core can be envisaged as a separate phase 

from water, where a high concentration of hydrophobic molecules in a small volume can 

be reached, making the micelle behave effectively as a nanoreactor. Consequently, many 

reports use micellar conditions (i.e. the concentration of surfactant is above the CMC and 

the temperature is above the Krafft point) to perform organic reactions that are traditionally 

performed in organic solvents, in water, most notably catalysis. Micellar catalysis is a 

fashionable way to enhance the rate of a reaction, with a fast reaction time, at room 

temperature, high yields, minimal side reactions and even good selectivity.98 Figure 1.16 

illustrates the concept of micellar catalysis. The hydrophobic reagents first aggregate in 

water, which prevents the reaction from occurring. Addition of surfactants at a 

concentration above the CMC is followed by the formation of micelles, upon which the 

(a)

(b)

n ≈ 7

n ≈ 7
UV / cool

Vis / heat

UV / cool

Vis / heat

50 wt% water

50 wt% water

1n(OH)2: R = A, n = 12, 14
1nEO3(OH)2: R = A, m = 3, n = 12, 14

2n(OH)2: R = B, R1 = R2 = OCnH2n+1, R
3 = H, m = 0, n =14

3n(OH)2: R = B, R1 = R2 = R3 = OCnH2n+1, m = 0, n = 12, 14

3nEO3(OH)2: R = B, R1 = R2 = R3 = OCnH2n+1, m = 3, n = 12, 14
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chemical reagents concentrate in the hydrophobic nanodomains in the micellar core, where 

the reaction then takes place. A maximum additive concentration (MAC) is reached when 

the micelles are saturated with reagents and cannot be further loaded.98 The MAC can be 

optimised by increasing the hydrophobic segment of the surfactants or any external 

parameters that boost the hydrophobicity of micelles, such as temperature, salts or co-

solvents.  

 

Figure 1.16. Schematic illustration of the concept of micellar catalysis performed by conventional 
surfactants. (a) The hydrophobic reagents (1) and (2) aggregate in water and cannot interact. Upon 
addition of neutral surfactants, the reagents are dissolved in micellar conditions (i.e. above the 
CMC and Krafft temperature) and the reaction occurs inside the micelles to yield the product (3). 
(b) The hydrophobic reagents (A) and (B) aggregate in water and cannot interact. Upon addition of 
anionic surfactants, the reagents are dissolved by micelles and the reaction occurs at the 
micelle/water interface, to yield the product (C). For cationic surfactants (not drawn), the reaction 
can be performed either inside the micelles or at the interface depending on the choice of reagents 
and surfactants. 

 For neutral surfactants forming micelles, the catalysis reaction is confined to the 

hydrophobic core of the micelles (Figure 1.16a).99 Therefore, the design, and notably the 

size and the shape of the micelles, is crucial to increase the MAC. Hydrophobic 

interactions are the driving force to bring the reagents inside the micelles. For anionic 

surfactants, electrostatic and hydrophobic interactions both promote catalysis of the 

reaction.99 Notably, micellar catalysis conducted with anionic surfactants, in mild acidic 

conditions is favoured by the formation of cationic intermediates that are located at the 
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interface of the micelles, called the Stern layer, where the reaction occurs (Figure 1.16b).98 

Examples of micellar catalysis promoted by cationic surfactants are more scarce and the 

location of the reaction is less clear-cut.99 Uppalaiah and co-workers reported that a 

Friedel-Crafts reaction promoted by CTAB occurred at the micelle/water interface, like 

anionic surfactants.100 In this case, the reaction works at best when using basic conditions, 

to form an anionic intermediate.101 However, micellar catalysis promoted by cationic 

surfactants might also occur inside micelles, like neutral surfactants, as the associated 

halide counter-ion can limit the reaction in the Stern-layer.99  

 Azobenzene-based surfactant systems used to perform micellar catalysis in water 

have recently gained attention, as both promoters or reagents.9 Like conventional 

surfactants, they possess the ability to perform organic reactions in micellar solution but 

also offer the potential advantage of facile product recuperation by simple UV light 

illumination compared to conventional surfactants (Figure 1.17).102 In conventional 

micellar catalysis, release of the product can arise by disruption of the micelles, either by 

decreasing the temperature below the Krafft point or by addition of water, so that the 

concentration drops below the CMC. However, the Krafft point and CMC of surfactants 

can be relatively low, therefore, the use of light to destroy the micelles on demand is an 

attractive way to release the product from the micelles in situ. An excellent understanding 

of the micellar system is required to optimise the outcome of the photoisomerisation and in 

particular the CMC of the trans- and cis-isomers. Furthermore, the photochromic moiety 

can be inserted in various locations within the surfactant structure, which enables large 

variations in the molecular design of the surfactants and the ability to access different 

CMCs, sizes, shapes and nanoscale organisation. 

 

Figure 1.17. Schematic illustration of the breakdown of anionic micelles by trans-cis 
photoisomerisation of the azobenzene core. The recuperation of the product (C) and the separation 
between surfactants and products is facilitated by simple UV light irradiation, followed by 
filtration. The concentration of photosurfactants must be above the CMC of the trans-isomer and 
below the CMC of the cis-isomer to optimise the outcome of the photoisomerisation. 
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 The first photocontrolled micellar catalysis was performed using cationic 

azobenzene photosurfactants (Figure 1.18a).75 It was shown that the catalytic activity for 

the hydrolysis of p-nitrophenyl cyclohexanecarboxylate in basic conditions was improved 

for trans-isomers compared to cis-isomers. In details, the first-order rate constant of trans-

4-hexadecylazobenzene 4’-(oxymethyl) trimethylammonium iodide (C16AzoC1TAI) 

decreased from 1.68 × 10-4 s-1 to 0.52 × 10-4 s-1 upon photoisomerisation with a band pass 

filter comprised between λ = 330 nm and λ = 380 nm. Decreasing the hydrophobic segment 

by 8 atoms of carbons to C16AzoC1TAI increases the time of reaction required by a factor 

of ≈7. Without photosurfactants the first-order rate constant was 0.20 × 10-4 s-1. 

 

Figure 1.18. Examples of azobenzene surfactants used in micellar catalysis reported in the 
literature.(a) Chemical structures of the first cationic azobenzene surfactants used as promoters in 
micellar catalysis, redrawn from Ref. 75. (b) Molecular structure of the azobenzene-based 
molecularly imprinted polymer (MIP). The L-proline catalyst is trapped in the MIP matrice and 
release upon UV light exposure to perform the reaction in solution, redrawn from Ref. 103.(c) 
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Scheme of the Truji-Trost reaction, which is Pd-catalysed and supported by the C4AzoPEG 
photosurfactant, redrawn from Ref.104. d) Scheme of the aniline acetylation reaction catalysed by 
the azobenzene photosurfactants, redrawn from Ref. 105.  

A recent example reported by Liu et al. highlighted the potential of the azobenzene 

photosurfactant, 4-[(4-methacryloyloxy)phenylazo] benzenesulfonic acid (MAPASA), 

templated in a molecularly imprinted polymer (MIP) to support the phase transfer of a 

catalyst (L-proline) (Figure 1.18b).103 MAPASA was used as a photoswitch to support the 

catalysis of an aldol reaction. MIP are microreactors which possess a recognition site for 

shape and size. These microreactors can be activated by external stimuli to release their 

active catalyst. The authors demonstrated that in the trans-form, the catalyst was inactive 

and trapped by hydrogen bonding in the MIP. After photoisomerisation (λex = 365 nm), the 

catalyst is released from the MIP, enabling initiation of the reaction. The authors reported 

an increased yield from 29% to 79% after photoisomerisation and release of the catalyst. 

This photocontrolled reaction was reversible and able to perform 9 cycles without loss of 

activity.  

 A Pd-catalysed Tsuji-Trost reaction in water was reported by Billamboz et al. using 

the azobenzene photosurfactant 4-butylazobenzene-poly(ethyleneglycol) (C4AzoPEG) 

(Figure 1.18c).104 They showed that photoisomerisation facilitated the recuperation of the 

product by simple filtration, which increased the yield up to 96% upon UV light exposure 

of the reaction mixture. When filtered in the dark, the product was obtained with an 83% 

yield. The recyclability of the photosurfactant was investigated and showed that the yield 

of the reaction remained above 90% for repeat runs, before a decrease in the efficiency to 

30% after the 5th run. The benefit of photoisomerisation for the recuperation of the product 

was further investigated in an aniline acetylation reaction, where 4-butylazobenzene-4'-

truazologlucuronic acid sodium salt (BABTGA) was used as a promoter to conduct the 

reaction in a 80 % yield (Figure 1.18d).105 The recyclability of the photosurfactant was 

proven by affording a 60% yield after 7 runs.  

 To date, these are the only examples of micellar catalysis using azobenzene 

photosurfactants as promoters, which show that reactions can be optimised compared to 

conventional surfactants, by adding an azobenzene core within the hydrophobic segment. 

In particular, the application of light to achieve trans-cis photoisomerisation enables the 

yield of the reaction to be increased. Moreover, it has been shown that the loading of 

hydrophobic molecules and the accessibility of the Stern layer for charged molecules can 

be optimised by increasing the hydrophobicity of the surfactant and the effective polar 
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area, respectively.98 Therefore, the molecular design of the surfactants is crucial to 

understand and improve the efficiency of micellar catalysis. In this respect, a larger variety 

of combination of cationic azobenzene photosurfactants can be accessed compared to 

conventional cationic surfactants, with potentially a larger variety of micellar shapes and 

sizes, with and without light illumination. In particular, there is a lack of studies 

investigating the relationship between the nanoscale organisation of the micellar reactor 

and the efficiency of the reaction. In this thesis, the aim is to show that the yield of micellar 

catalysis reactions and product recuperation can be optimised by carefully designing the 

molecular structure of cationic azobenzene photosurfactants and to demonstrate the benefit 

of the photoisomerisation properties.  

1.7. Aims of Thesis 

 This thesis aims to understand the self-assembly behaviour of light-responsive 

cationic azobenzene photosurfactants in different local environments to investigate their 

ability to form lyotropic liquid crystal phases and to optimise their efficiency as micellar 

catalysts.  

To begin with, in an effort to provide a better understanding of the techniques used, 

Chapters 2 and 3 provide a theoretical background and experimental details on the 

techniques used, respectively. The first part of this thesis will investigate the effect of the 

position of the light-responsive azobenzene chromophore on the self-assembly properties 

of cationic azobenzene trimethylammonium bromide surfactants (AzoTABs). In Chapter 

4, the design, synthesis and characterisation of a series of five AzoTABs will be described. 

The concept of the packing parameter will be examined for AzoTABs and the 

photoisomerisation properties will be studied below the CMC. In Chapter 5, the physico-

chemical properties derived from the position of the azobenzene core will be investigated 

in water, below and above the critical concentration of micelle formation, to understand the 

nanoscale organisation of AzoTAB photosurfactants, with and without light exposure. The 

validation of the packing parameter for AzoTABs will also be discussed. Following this, 

Chapter 6 will focus on concentrated solutions of AzoTABs to identify the key structural 

parameters that drive the formation of lyotropic liquid crystal phases. These chapters aim 

to provide a general understanding and prediction of the structure-property relationships 

for AzoTAB photosurfactants to enable the optimum molecular structure for targeted 

applications to be selected. The optimum molecular structure was selected to compete with 

the conventional cetyltrimethylammonium bromide (CTAB) surfactant in micellar 
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catalysis, to prove the benefit of using light-responsive surfactants over non-responsive 

surfactants. Micellar catalysis enables chemical reactions, usually achieved in organic 

solvents, to be performed in water. Micelles formed by the self-assembly of surfactants 

behave as nanoreactors in water, in which the chemical reaction may be performed. 

Chapter 7 will determine as a proof-of-concept whether AzoTABs photosurfactants can 

be beneficial for micellar catalysis compared to conventional non-responsive surfactants. 

The aim is to select optimal AzoTAB structures, based on the understandings obtained in 

Chapter 4 and 5 and to evaluate the benefit of photoisomerisation on the recovery of the 

product. The self-assembly-efficiency relationship of the reaction will also be discussed. 

Finally, Chapter 8 summarises the main findings of this thesis and give general directions 

for future work arising from these studies.  
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2.1 Scattering Techniques 

Scattering techniques are the method of choice to investigate the nanoscale 

organisation of colloidal solutions and thin films and to gather precise information on the 

size, shape and structure of their constituting components. Scattering corresponds to the 

change of path of incident particles, such as photons, neutrons, and electrons, after 

collision with an object.1 In this section, the fundamental scattering theory of light, 

neutrons and X-ray scattering is reviewed, with special attention placed on the 

instrumentation and scattering techniques used in this thesis. 

2.1.1 Inelastic and Elastic Scattering 

 It is important to separate scattering events between inelastic scattering, where 

there is an exchange of energy, and elastic scattering, where energy is conserved. In 

inelastic scattering, the loss or gain of energy after interaction of the particles with matter 

results in excitation of the internal energy levels of atoms. While this allows the electronic 

structure of the material to be determined, it is not usually used to obtain the atomic 

structure. Therefore, inelastic scattering will not be further discussed in this thesis. 

 In elastic scattering, the incident particles interact with the material without loss or 

gain of energy. The atoms within a material oscillate at the same frequency as the 

incoming particle wave and the scattered waves contain information about the structural 

organisation of the material. Figure 2.1 shows a schematic representation of an elastic 

scattering event, where an incident particle with a wavevector ������ is scattered from a 

sample, with a wavevector ������. The momentum transfer, M, associated with the energy 

transfer, that results from this event is expressed as: 

  � =  ������ × ℎ
2�  −  ������ × ℎ

2�  =  �� × ℎ
2�  (2.1) 

where h is Planck’s constant (6.63 × 10-34 J s) and �� is the scattering vector which can be 

expressed as:  

  |��|  =  ��������� – ��������  (2.2) 

where 
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�����  = 2�

�  
(2.3) 

where λ is the wavelength of the incident ray. If the elastic scattering occur through an 

angle of 2θ, simple trigonometry leads to: 

 � = |��|  =  4�� ��� �� 2� � 
�  (2.4) 

where n is the reflective index of the particle. Bragg’s law equation of diffraction 

 
� =  2���� �� 2� � (2.5) 

yields the final expression  

 
� =  2�

�  (2.6) 

where d is the distance between two neighbouring scattering objects.  

 

Figure 2.1. Schematic representation of an elastic scattering event. ������ is the incident wavevector 

from a source generating a particle with wavelength λ, ������� is the scattered wavevector resulting 
from the interaction with a sample at a scattering angle θ and �� is the scattering vector observed at 
the detector. 

2.1.2 Properties of Light, Neutron and X-ray Radiation 

Light and X-rays are electromagnetic radiation, which means they are defined by their 

wavelengths and related to energy by Planck’s equation: 

  � = ℎ�
�  (2.7) 

Sample
Incident beam (ki)

Source (λ)
Scattered beam (ks)

Transmitted beam

θ q

q = ki - ks
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where c is the speed of light. Electromagnetic radiation refers to electronic waves that 

travel at the speed of light and carry energy and momentum. Light and X-rays both interact 

with the surrounding electrons of atoms (Figure 2.2). Consequently, the scattering cross-

section of an atom increases proportionally with the number of electrons and thus the 

elemental atomic number Z. The scattering cross-section corresponds to the area of 

collision between the incident and the scattering particles. In contrast, neutrons interact 

with the nuclei of the atom and the neutron-nucleus interaction is completely independent 

of the elemental atomic number Z.  

 

Figure 2.2. A schematic representation of the scattering of electrons, light, X-rays and neutrons 
after collision with atoms. Neutrons (blue arrows) interact with nuclei (purple circles), while 
electrons (red arrows), X-rays and light (green arrays) interact with electrons (orange circles). 
 

 The ability of a nucleus to scatter neutrons is defined by the neutron coherent 

scattering length (b),2 which differs even for isotopes (Figure 2.3). A typical example is the 

neutron coherent scattering length of the atoms of hydrogen, b = -3.74 × 10-15 m, and 

deuterium, b  = 6.67 × 10-15 m.3 This property has important consequences for contrast-

matching experiments, especially when using deuterated and hydrogenated solvents, such 

as D2O and H2O.  
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Figure 2.3. Neutron coherent scattering length as a function of the proton number for some 
selected light elements. The black line separates positive from negative neutron coherent scattering 
lengths. Redrawn from Ref. 3.  

 As neutrons have a finite mass (mneutron = 1.67 × 10-21 kg), the kinetic energy, 

�� !"#$� must be considered 

  �� !"#$�  = %&'
2  (2.8) 

where & is the neutron velocity. Using the de Broglie equation  

  � = ℎ
%& (2.9) 

the neutron energy is defined as: 

  �� !"#$��  = ℎ'
2%�' (2.10) 

For a given wavelength of incident particles (e.g. λ = 0.15 nm), the energy of 

electromagnetic radiation is about 2.0 × 105 greater than the neutron energy. This has 

crucial consequences to the potential degradation of samples and will be further discussed 

below. 

 Table 2.1 shows a comparison of the properties of visible light, X-rays and 

neutrons. The choice of the scattering technique depends on the system investigated. Light 
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scattering is commonly used for aggregates larger than 10 nm. In comparison, neutrons and 

X-rays scattering techniques can probe sizes from a few nm to µm and gives structural 

information, such as the shape, the distance between aggregates and the particle-particle 

interactions if the concentration allows. 

 

Table 2.1. Properties of visible light, X-rays and neutrons radiation  

 Visible light X-rays Neutrons 

Type energy Electromagnetic wave Electromagnetic wave Kinetic  

Wavelength λ 400-700 nm 0.01-0.2 nm 0.01-2.0 nm 

Distance probed > 0.01 µm nm to µm nm to µm 

Scattering guided by Refractive index Electron density 
Neutron coherent 
scattering length 

 

2.1.3 Size domains Probed by Scattering Techniques  

 Figure 2.6 shows the range of sizes that can be probed by the different scattering 

techniques, and the type of objects that can be observed. The lengths that can be probed 

arise from experimental conditions used in small-angle techniques, induced by the large 

sample to detector distance.  

 

Figure 2.6. A schematic illustration of the objects that can be investigated by different techniques 
depending on their size. 

 Typically, small-angle neutron (SANS) and X-ray scattering (SAXS) are 

complementary techniques, each with their own advantages and disadvantages. Neutrons 

are uncharged particles and usually do not damage or get absorbed by samples, which 

allows the study of thick samples. In addition, the vastly different neutron coherent 

scattering lengths enable isotopes to be easily differentiated, which X-rays cannot do. This 

enables contrast matching experiment to be performed, which is further discussed in 

Light ScatteringSAXS
SANS Optical Microscopy

Electron
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Size
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Section 2.1.7. However, neutron sources are large, costly facilities which are best 

constructed, operated and shared between several countries, which makes access highly 

competitive. Furthermore, neutron sources are also relatively weak in intensity, which 

leads to longer experiment times.  

 On the other hand, X-rays are more energetic, which leads to a faster data 

acquisition time and possess a superior q-range resolution. This is also a technique that can 

be use in a laboratory. However, X-rays can damage samples and cannot easily provide 

information on thick samples. As a result, these techniques are often used in parallel. 

 Light used to probe small angles permit to gain information on different length 

scales than SANS and SAXS (Figure 2.6). The light scattering is more accessible in a 

laboratory, as it does not required high power sources. However, light scattering cannot be 

used to study optically opaque, strongly absorbing systems or low molecular weight solute. 

2.1.4 Light Scattering  

 Light scattering is a consequence of the interaction of light with the electric field of 

an atom. The photon induces an oscillating dipole in the electron cloud. As the dipole 

changes, the energy is radiated isotropically, which is called the scattered light. This 

principle has been used to analyse the structure of colloidal systems and are based on well-

known theory developed by Einstein, Raman, Zimm and Debye.4 In particular, the average 

size, polydispersity and intensity of the scattering objects can be determined by dynamic 

light scattering (DLS). 

2.1.4.1  Dynamic Light Scattering (DLS) 

 In DLS, two main theories are applicable to obtain information about the sample. 

Rayleigh’s theory5 is applicable to small particles whose size is less than 10% of the 

incident wavelength of the laser. The intensity of scattered light, I, is proportional to the 

particle diameter (d6) and light is scattered equally in all directions (Figure 2.4a). In 

contrast, Mie theory6 describes scattering of light from particles that are larger than the 

wavelength of light. The scattered light changes from being isotropic to being distorted in 

the forward scattering direction (Figure 2.4b). 
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Figure 2.4. A schematic illustration of the theories used to describe light scattering from a body. 
(a) In Rayleigh scattering (λ>> particle size) small particles scatter light equally in any direction. 
(b) In Mie scattering, particles are bigger (particle size>λ) and scatter light predominantly in the 
forward direction. 

 DLS is a non invasive technique which uses the diffusion coefficient (D) to 

calculate the size of the scattering object. The technique assumes that all particles are 

spheres and the scattering object is modelled as an equivalent sphere that possesses the 

same diffusion coefficient (Figure 2.5). The hydrodynamic diameter (DH) was determined 

by measuring the speeds of the particles undergoing Brownian motion (kBT), under the 

assumption that any diffusing particles are spheres. The diffusion coefficient D is 

measured and the DH is calculated from the Stokes-Einstein equation (Equation 2.11).  

 ( = �)*
3�,(-

 
(2.11) 

where D is the diffusion coefficient, kB is the Boltzmann’s constant, T is the temperature 

and η is the viscosity. The DH and standard deviation were obtained by averaging 3 runs of 

15 measurements each. The autocorrelation function, G(t), represents the fluctuation of the 

scattering with time and extracts the time dependence of the signal in the presence of noise. 

G(t) can be modelled as a discrete exponential by the following equation:  

 /012 = 3 + 5 6 78'9:;< (2.12) 

where A is the baseline, B is the amplitude, q is the scattering vector and τ is the correlation 

decay time. The fit of the correlation function is called Cumulant analysis and is used to 

retrieve the diffusion coefficient, the mean value of size and the polydispersity index 

(PDI). The limitation of this method lays on the assumption that every scattering object 

(a) Rayleigh scattering (b) Mie scattering

λ λ
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represents a monomodal distribution of spheres. The Cumulant analysis becomes less 

reliable for multimodal distribution of particles with different shapes. For such systems, 

only qualitative observations can be made. 

 

Figure 2.5. DLS models a sphere that has the same average diffusion coefficient than the scattering 
object. 

2.1.5 Neutron and X-ray Scattering Experiments 

2.1.5.1 Neutron and X-ray Sources 

 There are two means to produce neutrons for SANS experiments.  

(1) In a nuclear reactor, neutrons are released by the fission of uranium-235. Each 

fission event releases 2-3 neutrons, and 1 of these is needed to sustain the fission 

chain reaction. These so-called steady-state neutron sources exist worldwide and 

are the most common facilities for generating neutrons. The most powerful to date 

is the 57 MW High-Flux Reactor at the Institute Max von Laue – Paul Langevin 

(ILL) located in Grenoble, France.7 

(2) Spallation “chipping away” neutron sources use particle accelerators and 

synchrotrons to generate intense, high-energy, proton beams which are directed at a 

target composed of heavy nuclei. The protons must have a sufficient kinetic energy 

to overcome the intrinsic long-range electrostatic and short-range nuclear forces 

they encounter and effectively blast the target nuclei apart, which generates 

neutrons. The ISIS neutron facility located the Rutherford Appleton Laboratory in 

the U.K is a spallation source. It is based around a 200 mA, 800 MeV, proton 

synchrotron operating at 50 Hz, and a tantalum target which releases approximately 

12 neutrons for every incident proton. The European Spallation Source (ESS) 

which is currently under construction in Lund, Sweden, will be up to hundred times 

brighter than current leading facilities.  

Sphere of same
average diffusion coefficient

Shape of the 
scattering object
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In contrast, X-rays can be produced at a large scale facility using a particle accelerator ring 

(synchrotron) or by an X-ray tube in a laboratory instrument. Particle accelerators can 

produced X-rays in high flux (1018 photons s-1), when accelerated electrons pass through a 

series of magnets, after spinning for several hours in a large storage ring. X-rays produced 

by this method possess a high energy flux of around 8.2 keV, which enables the 

investigation of a small amount of sample (micrograms) in a short acquisition time 

(seconds). However, potential radiation damage always has to be taken into consideration 

when performing SAXS experiments. In contrast, laboratory X-ray instruments produce a 

less energetic flux of particles (1011 photon s-1), but require a longer experiment time 

(hours). 

2.1.5.2  Small-Angle Scattering (SAS) Instrumentation 

2.1.5.2.1 SANS Instruments 

 The small portion of the scattering vector q of neutrons and X-rays can be achieved 

using long wavelengths (λ) and/or small angles (θ). In the design of any SAS instrument, 

one of the biggest challenges is to separate the intense incident beam from the weak 

scattered beam at small angles, especially if the divergence of the incident beam is larger 

than the scattered beam. Consequently, the incident beam is kept small using a collimation 

system, which is a system of slits or pinholes that narrows the beam before it reaches the 

sample. 

 Two different types of SANS instruments are available to generate the required q-

range. In a continuous source instrument, the velocity of neutrons that hit the sample is 

controlled and the scattering angle (θ) is the variable factor. This type of instrument is 

typical at a nuclear source as it relies on a steady flux of neutrons. The second type of 

instrument relies on the time-of-flight (TOF) principle, where neutrons hit the detector to 

determine the q-range. In TOF, the scattering angle is fixed and the length of time is the 

variable, i.e. the time required by a neutrons to hit the detector . The q-vector is calculated 

from the wavelength (determined from the time that the neutron is detected) and the angle 

at which each neutron is detected is found using the Bragg equation (nλ = 2dsin (θ), d 

being the interplanar distance between two waves). TOF instruments are ideal for pulsed 

spallation sources such as that found at ISIS. 
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 The SANS experiments described in this thesis were all performed on the LOQ 

instrument at the ISIS spallation source. LOQ is a TOF instrument, where a pulse of 

neutrons is released at the chopper with a wavelength range of 4-20 Å,8 which leads to a q 

range of 0.006 – 1.0 Å-1. Using Equation 2.4, the size of objects that can be probed by 

LOQ ranges from ≈10 to 1000 Å. 

2.1.5.2.2 SAXS Instruments  

 Like SANS, in a SAXS instrument the challenge of separating the incident from the 

scattered beam at low angle is encountered. In particle accelerators, electrons are produced 

by an electron gun and accelerated to a high velocity to reach high energies of typically 

several GeV. Bending electromagnets are used to generate monochromatic X-rays and 

large bent mirrors can be used to focus the incident beam on the sample. The SAXS 

experiments discussed in this thesis where conducted at the Diamond Light Source 

synchrotron in the U.K. on the B21 beamline. B21 utilises a bend magnet source that 

delivers ≈1012 photons s-1 to the sample. The detector is configured to measure a scattering 

vector from 0.0032 to 0.38 Å-1. Samples can be loaded into the instrument capillary 

chamber by the fully automated BioSAXS robot from a 96 position well-plate.  

2.1.6 SAS Theory: The Scattering Profile, I(q) 

 In any SAS experiment, the radiation hitting the sample will be transmitted, 

absorbed or scattered. A 2D detector is placed at a certain distance and angle from the 

sample and records the scattered radiation. The intensity of the scattered flux, I, can be 

expressed as 

 
=0�, �2 = =? ∆A,0�2*BC##  DE

DA 0�2 (2.13) 

where =? is the incident flux, , is the detector efficiency, ∆A is the flux of radiation 

scattered into a solid angle element, T is the sample transmission, Virr is the irradiated 

volume and 
FG
FH 0�2 is a function known as the microscopic differential cross-sectional 

area. The first three terms depend on the instrument and the last three on the sample.  

The differential cross-sectional area contains information about the size, shape and 

interaction of the scattering object and is given by:  
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DE
DA 0�2  = =0�2  =  I B'∆J'K0�2L0�2  +  5 (2.14) 

where I is the number of particles per unit volume, B is the volume of the scattering 

object, ∆J2 is the square of the difference in scattering length densities (SLD or contrast) 

between the aggregates and the solvent, K0�2 is the form or shape factor, L0�2 is the 

structure factor and 5 is the isotropic incoherent background signal. 
FG
FH 0�2 is written as 

I(q) for simplicity and has the dimension of the inverse of length (cm-1). 

2.1.7 Contrast Matching 

 Contrast in SAS experiments arises from the different environments that the 

particles pass through. For light scattering, the difference in the refractive index of the 

sample and the solvent gives the contrast, while in SAXS, it is the difference in their 

electron density. The strength of interaction between an X-ray photon and an electron is 

the Thomson scattering length, bTh = 0.28 × 10-14 m. In SANS, the contrast arises from the 

difference in neutron scattering length densities (∆J). The neutron scattering length density 

of a molecule (ρ(r)) is the sum of each atom’s scattering length in the sample and is given 

by: 

 
 J0M2 = 6 NCC

 ()!OP IQ
�R

 (2.15) 

where NC is the scattering length of the ith atom, ()!OP is the bulk density of the scattering 

object, IQis Avogadro’s number and �R is the molecular weight of the atom. NC has the 

dimension of (length)-1 and can be negative.9  

The contrast is a crucial parameter in SANS and arises from the difference of SLDs of the 

scattering object J0�2 and the surrounding medium J0%2. If the contrast is null, the 

scattering objects are said to be contrast-matched and then I(q) equals the background only 

in Equation 2.12. However, the contrast can be used to selectively “see” some part of the 

scattering object, due to the large difference of scattering length between deuterium and 

hydrogen. By mixing or replacing atoms of hydrogen with atoms of deuterium in a 

molecule, it is possible to observe certain regions of the sample. For example, Figure 2.7 

shows some of the possible combinations of contrast matching, that enables a core-shell 

structure to be selectively observed from the solvent, the core structure or the shell 

structure only. 
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Figure 2.7. Schematic representation of some combinations of the contrast variations in a 
core-shell-solvent colloidal suspension. The sample is a core-shell particle dispersed in a 
deuterated solvent (orange). Blue and orange correspond to hydrogenated and deuterated 
materials, respectively. Regions with the same colour are said to be contrast-matched.  

 The SLD of the scattering object can also provide information on the proportion of 

solvent that composes it. Experimentally, a sample that has a SLD close to the solvent 

contains a large amount of solvent molecules within its structure. Conversely, if the SLD 

of the scattering object is close to the SLD of the molecule that composes it, the proportion 

of solvent is lower. Table 2.1 shows a list of the SLDs of some common solvents. 

Table 2.1. Scattering length densities (SLDs) of commonly used solvents in their 
hydrogenated, H, and deuterated, D, forms. 

Solvent 
SLD 

(H form, 10-6 Å-2) 

SLD 

(D form, 10-6 Å-2) 

Water -0.56 +6.38 

Ethanol -0.44 +6.84 

Chloroform +2.39 +3.16 

Toluene +0.94 +5.66 

 

2.1.8 Form Factor 

 The form factor, P(q), is a function that describes how I(q) is affected by 

interference effects between the radiation scattered by different parts of the same scattering 

object. As a result, I(q) is modulated by the shape of the scattering object. The scattering 

pattern collected at the detector, as a function of the q vector, is characteristic for the shape 

of the sample being irradiated and can be mathematically modelled, as described in further 
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detail in Section 3.3. Figure 2.8 shows the scattering profiles of some typical shapes. The 

scattering profile can be separated into different regions, the Guinier, Fourier and Porod 

regions, based on the q vector and slope of the curve. The form factor can only be 

undoubtedly assigned to a shape if all the scattering particles have the same size and shape 

and if the particles do not interact with each other, which means that they are far enough 

away from each other 

 

Figure 2.8. A representative example of the scattering profiles of a bilayer (red curve), a 
rod (blue curve) and a sphere (green curve). The q scale is divided in three separate regions 
where specific information can be extracted.  

2.1.9 The Guinier Approximation 

 At this point, it is important to emphasise that the q vector is in reciprocal space, 

which means that the left and right side of the x-axis in Figure 2.5 correspond to objects of 

a size of ~1000 Å and ~10 Å, respectively. Therefore, low values of the q vector (Guinier 

regime, Figure 2.5) correspond to the size of larger objects. The Guinier approximation is a 

model-independent analysis and leads to useful structural information of the sample, such 

as the molecular weight, Mw, and the radius of gyration, Rg.
10 This approximation is only 

valid at low-q and simplifies the form factor P(q) to:  

 K0�2 = 1 −  TU'
3 �' (2.16) 
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The radius of gyration corresponds to the mean distance to the centre of mass of the object 

and gives a good approximation of the size of the aggregate. In practice, the logarithm of 

the scattering intensity is plotted against the square of the scattering vector, q², and the 

slope of the linear section at low q is fitted. It is important to note that the Guinier 

approximation is valid for dilute solutions and up to the q vector limit Rg < 1/q. 

2.1.10 Q-scaling 

 The second and third regions of the scattering profile correspond to the Fourier 

regime, which, as a rule of thumb, ranges from ca. q ≈ 0.01 Å-1 to q ≈ 0.010 Å-1, and the 

Porod regime, at q > 0.10 Å-1. While the Guinier regime provides information on the 

overall size of the scattering objects, the Fourier and the Porod regimes give structural 

details of the sample. Notably, the Fourier regime in the middle section contains 

information on the shape and the particle-particle interactions, based on the slopes of the 

scattering profile decay. At high-q, the Porod regime represents the interface between the 

sample and the surrounding medium and can be represented by the Porod plot, I(q) × q4 vs 

q, which uses the overall slopes for q > 0.1 Å-1.11 As a first approximation, the scattering 

profile I(q) can be interpreted using scaling concepts in the Fourier and Porod regimes12 

and approximated as: 

 

1
�  =0�2 ≈  �8W (2.17) 

where � is the concentration of the sample and X may be interpreted in terms of the particle 

shape. For X = 1 and X = 2, the scattering profile decays as q
-1 and q

-2 and represent 

separated rods and sheet-like particles, respectively. The q-4 behaviour is typical of most 

objects that have a smooth interface and a sharp SLD transition with the surrounding 

medium.1  

2.1.11 Structure Factor 

 In concentrated samples, the particles interact with each other, which perturbs the 

scattering profile of the individual objects. Consequently, the scattering profile contains 

some contribution from the neighbouring particles. This interaction between particles is 

called the structure factor, S(q) (Figure 2.9a). In dilute solutions, Equation 2.12 holds as 

S(q) = 1, but as the concentration of the sample increases, the additional term in Equation 

2.16 becomes non-negligible and 



Chapter 2 
 

46 

 

 
L0�2 = 1 + 4�I

�B  Y 0Z0M2 − 12
[

?
M���0�M2�M 

(2.18) 

where I is the number of particles in solution, Z0M2 is the probability of finding a particle 

at a distance r from another particle. The relative position of the particles in solution can be 

determined from the Ornstein-Zernike equation:13 

 Z0M2 = 7\8!0#2
P]^_

 (2.19) 

where `0M2 is the interaction potential between the neighbouring particles, �) is the 

Boltzmann constant and * is the absolute temperature.  

 

Figure 2.9. The influence of the structure factor on the scattering profile. (a) The scattering 
profile of a form factor alone (black dashed line), structure factor alone (blue dashed line) 
and the form and structure factors combined (red dashed line). S(q) and P(q) dominate the 
scattering profile at low-q and high-q, respectively. (b) Schematic representation of a 
concentrated solution, where particles interact with each other. The aggregates are 
separated from each other by a distance, d, determined by the position of the maximum the 
scattering intensity, in the case of repulsive interactions. 

 The scattering profile at low-q usually indicates the type of interaction present in 

the sample. A decrease in the scattering intensity is typical of repulsive interactions, while 

an increase in the intensity indicates attractive interactions. In the latter case, the attractive 

interaction can lead to a pronounced peak, called the Bragg peak, when the particles align 

themselves into highly ordered arrangement, such as crystals. The maximum of intensity of 
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this peak, q*, is related to the distance between the particles, d, using Bragg’s law (Figure 

2.9b): 

 
� = 2�

�∗  
(2.20) 

 Some commonly used structure factors include: 

 Hard-sphere interaction: This structure factor results from the repulsive interaction of 

particles moving freely in solution that cannot penetrate each other. The interparticle 

structure factor is calculated for monodisperse spherical particles interacting through hard 

sphere (excluded volume) interactions. This structure factor may be a reasonable 

approximation for other shapes of particles that freely rotate, and for moderately 

polydisperse systems.  

Hayter-Penfold Mean Spherical Approximation (MSA): This structure factor is based on 

the hard-sphere interaction but accounts for charged, spheroidal objects, such as spheres, 

ellipsoids, core-shell spheres, etc, in a dielectric medium.14 The interparticle interference 

effects arise due to the screened coulomb repulsion between charged particles. The 

counterions are assumed to be monovalent  

Square well interaction: The sticky hard sphere structure factors calculates the interparticle 

attraction for a hard sphere fluid with a narrow well.15 . The strength of the attractive well 

is described in terms of stickiness, with a low value of stickiness meaning a strong 

attraction. 

 The mathematical equations related to the form and the structure factors used in 

this thesis are described in more detail in Chapter 3. 

2.2 Polarised Optical Microscopy (POM) 

 Complementarily, the assignment of LLC phases in this thesis was assisted by 

POM studies. POM technique uses polarised light to observe optically active systems, 

which are capable of rotating the plane of vibration of polarised light. Typically, a light 

microscope is an optical instrument that uses visible light to produce a magnified image of 

an object.16 The image is formed by the combinations of two lenses. The objective lens 

collects light diffracted by the object and forms the real image and the condenser lens 

focuses light from the illuminator onto a small area of the object. Figure 2.10 shows a 
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schematic representation of the basic optical principle of image formation on the retina of 

the eye. 

 

Figure 2.10. Schematic illustration of the optical component in a light microscope. The incident 
light passes through a condenser lens before hitting the sample. An objective lens directs the light 
to the ocular and the eye. 

 Polarised microscopy is commonly used to study the structure, formation and self-

assembly of complex systems, such as highly viscous sample, crystalline minerals or 

cellular structures. The formation of the image is based on the ability of the polarised light 

to interact with polarised bonds of direction-ordered molecules. The incident waves are 

perturbed by aligned molecules of the sample, which results in phase retardation of the 

electromagnetic wave and induces interference of waves. As a result, the formation of the 

image requires and ordered molecular arrangement. The optical components of a polarised 

light microscope are identical to any light microscope, but to polarise the light, a polariser 

and an analyser are required. A polariser is positioned before the sample and filters light 

waves to let only specific polarisation go through. Consequently, the waves vibrate in a 

given direction rather than randomly in all directions. After passing through a birefringent 

sample, the waves might be split in rays of different polarisation. The analyser is a second 

filter, positioned after the sample, that let through a single polarised light. The analyser can 

be rotated to optimised the contrast in the image. Any polarised structures generally 

appear bright in a dark background, however the use of light filter can modify the colour. 

For instance, in this thesis a 530 nm filter was applied, which causes the samples to appear 

bright orange on a grey background, as expected from the Michel-Levy chart.17 

 POM enables structures that have two different refractive indices (i.e. birefringent) 

at 90° to one another to be observed.18 Figure 2.11 shows a schematic representation of a 

polarised optical microscope. The microscope is equipped with a polariser located between 

the light source and the sample to plane-polarise the light. After passing through the 

birefringent sample, the light is split in an extra-ordinary and ordinary ray. If the sample is 

not birefringent, the light is blocked and no structure is seen. The orthogonal rays have 
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Objective lens

Ocular

Condenser lens
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different phases, velocities and direction of propagation, depending on the nature of the 

sample. The recombination of the rays occurs when passing through the analyser, which 

leads to constructive and destructive interferences. The molecular organisation of the 

sample is likely to phase align in various directions, so the birefringence will vary across 

the specimen. The variations of the birefringence can be used to detect liquid crystalline 

phases. 

 

Figure 2.11. Schematic representation of a polarised optical microscope. The light passes through 
the polarizer, the sample and the analyzer, respectively, before detection by the camera. 

2.2  Conclusion 

  Through a combination of SAS and POM techniques the organisation of self-

assembled structures will be investigated in solution from dilute to concentrated systems. 

Chapter 3 will give a detail description of instruments used in this thesis to perform 

experiments, and mathematical models to analyse the data. 
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3.1 Materials 

 All materials were used without further purification. Trimethylamine (24% weight 

in water) was purchased from Acros. 1,2-dibromoethane (98%), 1,4-dibromobutane (99%), 

1,6-dibromohexane (96%), 4-butylaniline (97%), 4-hexylaniline (90%), 4-octylaniline 

(99%), cetyltrimethylammonium bromide (CTAB, 95%), Nile Red (>98.0%), methanol 

(99.9%), absolute ethanol (>99%), acetone (spectroscopic grade), cyclohexane, 

dichloromethane, ethyl acetate, hexane, tetrahydrofuran (THF, >99.9%) K2CO3 (≥99%), 

KI (99%), MgSO4, NaNO2 (>99%) and Na2SO3 (98%) were purchased from Sigma-

Aldrich. 4-bromobenzaldehyde (95%), 2-cetyl-3-methylpyrazine (97%), chloroform and 

hydrochloric acid (conc. 37%) were purchased from Fisher Scientific and phenol (≥99%) 

was purchased from BDH Chemical Ltd. England. CDCl3 (99.8%), DMSO-d6 (99.8%) and 

D2O (99.92%) were purchased from Apollo Scientific Limited. All solvents used for 

reactions were analytical grade and for characterisation were HPLC grade. MilliporeTM 

water was obtained from passing distilled water through a Mill-Q purifier 

(resistivity = 18.2 ΜΩ cm-1 at 25 °C). 

3.2 Instrumentation 

3.2.1 UV/Vis Absorption Spectroscopy  

 UV/Vis absorption spectra were recorded using a Shimadzu UV2401 PC UV/Vis 

scanning spectrometer with a scanning slit width of 2 nm and in a quartz cell with a 10 mm 

path length, at room temperature. The kinetics experiments were carried out using an ILT 

950 spectroradiometer over a wavelength range of 250-1050 nm with a resolution of 1.4 

nm and 25 micron slits. Optical data were recorded with a SpectraLight III software. A 

DH-2000 deuterium tungsten halogen light source was used to produce light over a 215-

2000 nm range. 

3.2.2 Photoluminescence (PL) Spectroscopy 

 Steady-state excitation and emission spectra were measured on a Fluorolog-3 

(Horiba Jobin Yvon) spectrophotometer. Excitation and emission spectra were measured in 

a quartz cell with a 10 mm path length, using the right-angle configuration. Spectra were 

corrected for the wavelength response of the system using correction factors supplied by 

the manufacturer. The excitation and emission slit widths were varied depending on the 

nature of the sample being investigated. 
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3.2.3 Electrospray Ionisation Mass Spectroscopy (ESI-MS) 

 Electrospray ionisation mass spectra were acquired by Dr Martin Feeney on a 

Bruker microTOF-Q III spectrometer interfaced to a Dionex UltiMate 3000 liquid 

chromatography, in negative and positive modes as required. The instrument was 

calibrated using a tune mix solution (Agilent Technologies ESI-l low concentration tuning 

mix). Samples were prepared in HPLC grade solvent, in H2O or CDCl3 depending on the 

nature of the product, at a concentration of 0.1 mg mL-1. Masses were recorded over the 

range 100-1200 m/z. 

3.2.4 Fourier Transform Infrared (FTIR) Spectroscopy 

 FTIR spectra were measured on a Perkin-Elmer spectrum 100 FTIR spectrometer at 

room temperature. Spectra were recorded over a range of 3800-550 cm-1 with a resolution 

of 1 cm-1. Samples were measured using the attenuated total reflection (ATR) method in 

the solid state. The nature of the peaks was defined depending on their intensity and 

abbreviated as follows: br (broad), s (strong), m (medium) and w (weak). 

3.2.5 1H and 13C Nuclear Magnetic Resonance (NMR) Spectroscopy 

 Solution NMR spectroscopy was performed on a Bruker DPX AC400 instrument at 

20 °C. 1H NMR and 13C NMR spectra were obtained using an operating frequency of 400 

and 151 MHz, respectively. Chemical shifts were calibrated against a tetramethylsilane 

(TMS) signal and are reported in parts per million (ppm). CDCl3 (δH = 7.26 ppm, singlet; 

δC = 77.16 ppm, triplet) and DMSO-d6 (δH = 2.50 ppm, singlet; δC = 39.52 ppm, septuplet) 

were used as deuterated solvents.1 

3.2.6 Melting Point Analysis 

 Measurements were performed on a Stuart melting point apparatus SMP3. The 

heating block possesses 3 capillary tube holders. The heating rate was set at 0.5 °C min-1. 

3.2.7 Irradiation Stage for Photoisomerisation 

 Photoconversion of stable trans-surfactants to the cis-form was obtained by 

exposure of solutions to a UV light emitting diode (LED) (LedEngin®) with an 

illumination wavelength of 365 nm and a power output of 5 mW cm-2, when placed at 6 cm 

from the sample. Reverse cis- to trans-isomerisation was performed using a blue LED 

(Prolight®) with an illumination wavelength of 465 nm and a power output of 5 mW cm-2, 
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when placed at 3 cm from the sample. Solutions were placed in 10 mm path length quartz 

cuvettes to allow light transmission. 

3.2.8 Dynamic Light Scattering (DLS) and Zeta Potential (ζ) Measurements 

 DLS measurements were performed using a Zetasizer Nano series nano-ZS 

(Malvern Instruments, U.K.). The apparatus is equipped with a He-Ne laser (λex = 633 nm, 

4.0 mW power source). Detection of the scattering intensity was done at a backscattering 

angle of 173°. MilliporeTM water was filtered 3 times with a 250 µm filter, prior to 

preparation of the solutions. Measurements were performed in 10 mm path length quartz 

cuvettes with a fixed laser (4.75 mm) and detection position (11 mm).  

 The ζ-potential experiments were performed using a Zetasizer Nano series nano-ZS 

and electrophoretic mobilities recorded by a Laser-Doppler facility. The ζ was obtained 

from the electrophoretic mobility, µ, using the Henry correction to the Smoluchowski’s 

equation:2 

 � =  � �4��
	
 � 

(3.1) 

where ε0 is the static dielectric mobility. The Henry correction to the Smoluchowski’s 

equation assumes that DH/2 is much larger than the electric double layer thickness 

surrounding the scattering particles.3 There is no limitation on the particles shape. 

3.2.9 Surface Tensiometry (ST) 

 Surface tension measurements were performed on a Kibron Aqua-Piplus
 surface 

tensiometer using a DyneCups plastic cuvette (3 mL) and a DyneProbe ring. The 

instrument uses the Du Noüy ring method to record the surface tension. This method 

enables the interfacial force between two media to be recorded (γ). The obtained data were 

recorded on the Aqua-PiPlus software averaged from 5 runs for each sample. Millipore 

water was used as a reference sample (γ = 72.80 mN m-1 at 20 °C).  

3.2.10 Cryogenic Scanning Electron Microscopy (Cryo-SEM) 

 Cryo-SEM measurements were performed by Dr Clodagh Dooley using a Zeiss-

Ultra Scanning Electron Microscope at an accelerating voltage of 2-5 kV using an In-lens 

(Carl Zeiss) detector. Samples were frozen by plunging into sub-cooled nitrogen and 

transferred in-vacuum to the cold-stage of the SEM cryo-preparation chamber.  
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3.2.11 Polarised Optical Microscopy (POM) 

 POM experiments were carried out on a Nikon Eclipse E400 microscope with a 50 

W halogen reflector lamp, equipped with an Olympus DP71 camera. Pictures were taken 

using a microscope magnification of 4×, 10×, 40× and a 530 nm polariser. Sample 

mixtures were prepared using Millipore water and drop-cast on a glass support before 

experiments.  

3.2.12 Small-Angle Neutron Scattering Measurements (SANS) 

 SANS measurements were performed on the LOQ beamline at the ISIS Pulsed 

Neutron Source (STFC Rutherford Appleton Laboratory, Didcot, U.K.).4 A simultaneous 

q-range of 0.009-0.24 Å-1 was achieved using an incident wavelength range of 2.2-10.0 Å 

separated by time-of-flight over a sample-detector distance of 4.1 m, where q = 

4πsin(θ/2)/λ, λ is the incident wavelength and θ is the scattering angle. Samples were 

prepared in D2O to ensure good neutron scattering contrast and placed in quartz cuvettes 

(Hellma UK, Type 120, 1 mm pathlength). Each raw scattering data set was corrected for 

the detector efficiency, sample transmission and background scattering and converted to 

scattering cross-section data (∂Σ/∂Ω vs. q) using the software Mantid.5 These data were 

converted to absolute scattering intensity (cm-1) by comparison with the scattering from a 

standard sample (a solid blend of hydrogenated and perdeuterated polystyrene) in 

accordance with established procedures.6 SANS profiles were then fitted to Sphere,7 oblate 

Ellipsoid8 or Elliptical Cylinder models8 as described in the text using nonlinear least-

squares optimisation with the SasView program (version 4.0.1).9 Full details of the models 

are described in Section 3.3.3. Validation of the model fits was achieved using the 

theoretical mass of dry material (φdry) that the fit returned. 

3.2.13 Small-Angle X-ray Scattering Measurements (SAXS) 

 SAXS measurements were performed on the B21 station at the Diamond Light 

Source (Harwell Science and Innovation Campus, Oxfordshire, U.K.). The B21 station 

uses a bending magnet source and delivers ≈1012 photons sec directly to the sample. The 

detector measures a scattering vector (q) range from 0.0032 to 0.38 Å-1
. The end-station is 

configured for full-automation from a 96-well plate, using the BioSAXS robot. SAXS 

samples are measured through a temperature controlled. SAXS profiles were then fitted to 

Core-Shell Sphere,10 Core-Shell oblate Ellipsoid10 or Core-Shell Cylinder models11 using 
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non-linear least-squares optimisation with the SasView program (version 4.0.1).9 Full 

details of the models are described in Section 3.3.3.  

3.2.14 Differential Scanning Calorimetry 

 DSC was performed using a Perkin Elmer Pyris Diamond Differential Scanning 

Calorimeter. All samples were prepared in sealed aluminium crucibles and measurements 

were performed in a nitrogen atmosphere. 

3.3 Data Analysis 

3.3.1 Non-Linear Least Squares (NLLS) Fits 

 NLLS analysis was used to find model parameters that fit best the set of data 

gathered by the experiments (SANS and SAXS). The Levenberg-Marquardt algorithm was 

used to solve NLLS problems.12 The method uses a chosen model, with assumed 

parameters values, to fit the data and refine the parameters by successive iterations. The 

aim of the analysis is to test whether the chosen model is consistent with the data, upon 

completion of the iterative method. The best matched model enables the parameters to be 

determined, by comparing the measured data yi (observed data) and the fitted model fic 

(modelled data). The quality of a fit is given using the goodness of fit parameter, χ2, which 

summarises mathematically the discrepancy between the observed and modelled data: 

  � = � �y� − f���
σ�

�

���
  (3.2) 

where, σi is the standard deviation and n the number of points in the distribution. The least 

χ
2 is the sum of all the data points and needs to be normalized to the number of data points 

selected for the fit, which is the reduced χg
2. The quality of the fit can be assessed by the 

reduced chi square, also called goodness of the fit. The χg
2 is divided by the number of data 

points n.  

 �� = � ��n ��� −  ���
�

  (3.3) 

where Wk is the weighted data (i.e the inverse of the standard deviation of the data), Fk is 

the data and Sk the fitted modelThe fit is run in an iterative manner until the smallest sum 

of the squares is found13 An iterative process corresponds to incremental changes in the 

fitting parameters to each fits to find a value of χg² close to unity. The reduced chi-square is 
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not dependant on the number of data points or the number of parameters fitted, which 

enables different fits to be compared together. In theory, the actual deviation cannot be 

smaller than its standard deviation (1/wk²). A χ² value >1 usually indicates an inappropriate 

fitting range (also called over fit). 

3.3.2 Procedure to Check SANS Model Fits 

 The parameter values from the SANS data fits were validated by calculating the 

theoretical mass of dry material the fit represents, ϕdry. ϕdry can be estimated from:  

 

  

 !"#  =  $%  &' 
&(  

(3.4) 

where Cw is the mass of solid sample in the solution, Pm is the density of the mixture of 

sample and solvent and Ps is the density of the solid . 

3.3.3 Form Factor Models Used for SANS and SAXS Fits 

 The scattering profiles were modelled using a NLLS method in the SasView 

programme (version 4.0.1). The scattered intensity is given by: 

 )�*�  =  + ,∆.&�*���*�  +  0 (3.5) 

where N is the number of particles per unit volume, V is the volume of the aggregate, ∆. is 

the difference of scattering length density (SLD) between the aggregates and the solvent, 

P(q) is the form or shape factor, S(q) is the structure factor and B is the isotropic incoherent 

background signal. To account for polydisperse micellar population, a polydispersity of 0.1 

was applied to equatorial radii for SANS fits and to the hydrophobic core for SAXS fits, 

respectively. Figure 3.1 shows schematic illustrations of the models used in this thesis. 
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Figure 3.1. Schematic illustrations of the form factors, P(q), used in the SANS and SAXS fitting 
procedure. R is the radius of a sphere and the polar radius of ellipsoids, L is the equatorial radius of 
ellipsoids, H is the height of cylinders and T is the thickness of shells.  

3.3.3.1  Sphere Model 

 The form factor for the Spherical model is given by:7 

 &(*)  = 12345 
,  6 3,�8.�91:; �*<�‒  *<2>1 �*<�? 

�*<�@ A


+  0 
(3.6) 

where scale is a multiplying factor, V is the volume of the sphere, r is the radius of the 

sphere and B is the scattering background. 

3.3.3.2  Oblate Ellipsoid Model 

 The form factor for the oblate Ellipsoid model is based on the Spherical model with 

a slight modification:8 

 &�*�  = 12345 
,  6 3,�8.�1:; 9*<�B, D, E�? ‒  *<2>1 9*<�B, D, E�? 

F*<�B, 4, E�G@ A


+  0 
(3.7) 
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  <(B, D, E) = FB 1:; �E� + D 2>1�E�G�/ (3.8) 

where α is the angle between the axis of the ellipsoid and the q vector, V is the volume of 

the ellipsoid, R is the polar radius perpendicular to the rotation axis and L is the equatorial 

radius along the rotational axis of the ellipsoid.  

3.3.3.3  Elliptical Cylinder Model 

 The form factor for the Elliptical Cylinder model is adapted from the Cylinder 

Model and the function is given by:8  

  ) �*� =  �2345
, × J K J ��*, E, K�1:;LML + 0 

(3.9) 

where  

  ��*, E, K� = 2 × O��3� × sin �R�
3 × R  

(3.10) 

  3 = * × sin�E� FD² 1:;�K� +  <² cos �K�G� 
(3.11) 

  R = * × U cos �E�
2  

(3.12) 

where H is the height of the cylinder, V is the volume of the cylinder and Ψ is the rotational 

angle along the z long axis. α is the angle between the axis of the ellipsoid and the q vector. 

J1 is the first-order Bessel function. 

3.3.3.4  Core-Shell Sphere and Ellipsoid Models 

  The form factor for the Core-Shell Sphere and Ellipsoid models is given by:10 

 ) �*� =  �2345
,VWXYZ × J |��E�|ME + R32\]<>^;M�



 (3.13) 

where  

 

� �E� =  3,_�._ − .(� sin �*<_� − *<_2>1�*<_�
�*<_�@

+ 3,(�._ − .(WZ`abX� sin �*<VWXYZ� − *<VWXYZ2>1�*<VWXYZ�
�*<VWXYZ�@  

(3.14) 

   
where ρc, ρs and ρsolvent are the scattering length densities of the core, shell and solvent, 

respectively. Vs is the total volume of the scattering object, Vc is the volume of the core, rc 



Chapter 3 

60 

 

is the radius of the core, and rTotal is the total radius of the scattering object, defined as rTotal 

= rc + t, where t is the thickness of the shell. α is the angle between the axis of the ellipsoid 

and the q vector. 

For the Core-Shell Ellipsoid model, rc and rs are replaced by: 

  <_(B, D, E) = FB_ 1:; �E� + D_  2>1 �E�G�/ (3.15) 

  <VWXYZ�B, D, E� = FBVWXYZ  1:; �E� + DVWXYZ  2>1 �E�G�/ (3.16) 

where Rc and Lc are the polar radius and the equatorial radius of the core, respectively and 

RTotal and LTotal are the total polar radius and total equatorial radius, respectively. RTotal = Rc 

+ RShell where Rshell is the thickness of the polar shell and LTotal = Lc + LShell where Lshell is the 

thickness of the equatorial shell. α is the angle between the axis of the ellipsoid and the q 

vector. 

 In the Sphere or Ellipsoid models, the ϕdry parameter depends on the SLD of the 

micelles and the scale, which is a multiplying factor (Equation 3.6 and 3.7, respectively). 

The volume of the micelles, which comes from the radii, does not affect the ϕdry parameter. 

In the Core-Shell Sphere and Core-Shell Ellipsoid models, ϕdry depends on 5 parameters 

(Equation 3.14), which are the scale, the SLD of the core, the SLD of the shell, the volume 

of the core and the volume of the shell. The fact that 5 different parameters influence ϕdry 

leads to 1 or more combinations that can match, instead of only 2 parameters for the 

Sphere and Ellipsoid models, which gives here only one possible solution. Therefore, the 

ϕdry parameter was accounted as the volume fraction parameter in the Hayter-Penfold 

Structure Factor from the SASView model.  

3.3.3.5  Core-Shell Cylinder Model 

 The form factor for the Core-Shell Cylinder model is given by:11 

 & �*, E� =  �2345
,VWXYZ ×  J |��*�|ME + R32\]<>^;M�



 (3.17) 

 

 

� �*� =  2,_�._ − .(� sin c*Hcos�α2�f
c*Hcos�α2�@f O�F*<1:;EGF*<1:;EG

+ 2,VWXYZ�._ − .(WZ`abX�sin c*�H + t�cos hα2if
 c*�L + t�cos hα2if J�F*�r + t�sinαGF*�r + t�sinαG

 

(3.18) 
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where α is the angle between the axis of the ellipsoid and the q vector, H is the height of 

the cylinder, VTotal is the volume of the cylinder, r is the radius of the core, t is the 

thickness of the shell and ρc, ρs and ρsolvent are the scattering length density of the core, 

shell and solvent respectively. J1 is the first-order Bessel function. 

3.3.4  Radius of Gyration 

 The Guinier approximation is an analysis which uses the low q value region of the 

scattering profile to provide the radius of gyration of the scattering aggregates from: 

 

  

ln  F)�*�G = lnF )�0�G − B], o4>p
3 × * 

(3.19) 

where I(q) is the scattering profile of the particles and I(0) is the intensity of scattering at q 

= 0. Therefore, if one plots ln I(q) versus q², the radius of gyration is obtained from the 

gradient, s, and equals: 

  B�,qZWX² =  3 × 1 (3.20) 

It is important to note that this analysis only holds for dilute solutions (no structure factor) 

and for low values of q, smaller than 1/Rg,plot.
14 The radius of gyration obtained from the 

SANS data was compared with the radius of gyration derived from the fitted parameters, 

Rg, fit. For example, the radius of gyration radius of gyration derived from the fitted 

parameters of a sphere is given by:14 

  B�,stX² =  3B²

5  
(3.21) 

where R is the radius of the sphere. Similarly, the radius of gyration of an ellipse is given 

by 

 B�,stX² =  2D² + B²

5  
(3.22) 

where R and L are the short polar and long equatorial radii, respectively.  
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3.3.5  Calculation of Aggregation Numbers  

 The aggregation number, Nagg, is described as the average number of unimers 

contained within a micelle, which depends on the fitted parameters, the solvent hydration 

of the micelles (based on the scattering length density of the micelles) and the volume 

occupied by a single unimer (Vmolar): 

  +Y�� = ,!"# Y��"a�YXa,'WZY" . +w 
(3.23) 

where Nagg is the aggregation number, Vdry aggregate is the volume occupied by the dry 

micelle and NA is Avogadro’s number, NA = 6.022 × 1023 mol-1 and Vmolar is the molar 

volume of a single unimer. Vdry aggregate can be calculated from the fitted parameters, by 

using the volume of a wet object Vwet and the degree of hydration of micelles, Xsol. For a 

sphere, the volume is given by: 

 

  

,%aX = 4
3 �B@ 

(3.24) 

  x(WZ =  �Dy(qza"a − �Dy!"# (Y'qZa�Dy(WZ` − �Dy!"# (Y'qZa  
(3.25) 

where SLDsphere is the SLD of the fitted object, SLDdry sample is the SLD of the dry materials 

calculated by the SLD calculator provided by the SasView software, which requires the 

molecular weight and the density of the material, and SLDsolv is the SLD of the solvent (e.g. 

6.34 10-6 Å-2 for D2O). Finally, the volume of a dry object, Vdry object is given by:  

  ,!"# Y��"a�YXa = ,%aX × �1 − x(WZ� (3.26) 
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4.1  Introduction 

 The light-driven trans-cis photoisomerisation of the azobenzene core leads to 

considerable change in the geometry and hydrophilicity of the photosurfactant.1-3 These 

changes affect the shape and interactions of the aggregate structures in the nanoscale level, 

which leads to substantial modifications of the physicochemical properties.4 The effect of 

photoisomerisation has been shown to be tuned by the relative position of the azobenzene 

core within the photosurfactant and the length of the hydrophobic segment.4 Hayashita et 

al. were the first to investigate the effect of the molecular design of a series of 4-alkyl-4’-

alkoxytrimethylammonium bromide cationic azobenzene photosurfactants 

(CTAzoOCSTAB, where T < 8, S < 6 and the combination T + S is less than 8, Figure 4.1).5 

They reported that the conductivities and the critical micelle concentrations decrease as the 

length of the hydrophobic segment increases, for both trans- and cis-isomers.  

 

Figure 4.1. Molecular structure of the AzoTAB photosurfactants investigated in this study. R1 
corresponds to the pendant alkyl tail (T) and R2 indicates the spacer (S). The trans-cis 
photoisomerisation occurs at λex = 365 nm and the reversible cis-trans photoisomerisation at λex = 
465 nm or with heat. 

 Furthermore, they demonstrated that careful design of the molecular structure, and 

notably the position of the azobenzene core within the photosurfactant, enables large 

differences in the critical micelle concentration to be achieved. For a fixed hydrophobic 

segment, the CMC of a photosurfactant with the azobenzene core located near the polar 

head is lower than that of a photosurfactant with the azobenzene core located at the 

opposite extremity. However, this study was limited to cationic azobenzene 
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photosurfactants bearing short hydrophobic segments and no structural information was 

reported on the size, shape and interaction of the self-assembly of micelles. 

4.1.1 Aims 

 The aim of this chapter is to broaden the combination of available 4-alkyl-4’-

alkoxytrimethylammonium bromide cationic azobenzene photosurfactants (AzoTABs) to 

moderate and long hydrophobic segments and to investigate their optical properties. To 

achieve this, new AzoTAB structures will be carefully designed to expand on the literature 

foundations and their synthesis and characterisation will be described. The application of 

packing parameters6 to predict the aggregate shape for non-conventional surfactants such 

as AzoTABs will also be examined. The forward trans-cis and reverse cis-trans 

photoisomerisation properties will be studied by UV/Vis absorption spectroscopy. The rate 

of the photoisomerisation processes will also be discussed. Finally, the trans-cis 

photoisomerisation will be followed by 1H NMR spectroscopy. 

4.2  Experimental 

4.2.1 Methods 

UV/Vis absorption spectroscopy: Stock solutions of AzoTABs (5.0 × 10-3 M) were freshly 

prepared in MilliporeTM water (resistivity of 18 mΩ cm at 25 °C). The UV/Vis absorption 

spectra of small aliquots (5-10 µL) of these stock solutions diluted in MilliporeTM water (3 

mL) were recorded at 20 °C. 

Photoirradiation studies: Photoconversion of stable trans-form to the cis-form was 

obtained by exposure to a UV light-emitting diode (LED) (Prolight®) with an illumination 

wavelength of 365 nm and a 5 mW cm-2 incident power output, at a distance of 6 cm from 

the sample. The reverse cis- to trans-photoisomerisation was performed using a blue LED 

(Prolight®) with an illumination wavelength of 465 nm and a 5 mW cm-2 incident power 

output at a distance of 3 cm from the sample. The progress of photoisomerisation was 

followed by UV/Vis absorption spectroscopy. The photostationary state was determined to 

be reached when the absorbance at 315 nm (cis-isomer) or 350 nm (trans-isomer) did not 

increase further upon continued irradiation. The photostationary states are typically 

obtained after 3 minutes of irradiation for dilute solutions (< 20 mM). 

Photoisomerisation kinetics: Solutions of AzoTABs (5.0 × 10-5 M) were freshly prepared 

in MilliporeTM water. The trans-cis photoisomerisation was followed by UV/Vis 
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absorption spectroscopy by recording an absorption spectra every 3 seconds for 1.5 

minutes while being irradiated at λex = 365 nm. The cis-trans photoisomerisation was 

followed by UV/Vis absorption spectroscopy by recording a absorption spectra every 3 

seconds for 3 minutes while being irradiated at λex = 465 nm. The experiments were 

conducted at room temperature (T = 20 °C). 

4.2.2 General Synthesis and Characterisation of the final compounds 3, 4-alkyl-4'-

alkoxyazobenzene trimethylammonium bromide 

Synthesis of 3, 4-alkly-4'-alkoxyazobenzene trimethylammonium bromide: In a round-

bottom flask (100 mL), the R1AzoOR2Br precursor (3 mmol) was dissolved in a mixture of 

ethyl acetate:ethanol (2:3 v/v) (50 mL). Trimethylamine (5 eq.) was added and the solution 

was refluxed for 4 days at 90 °C. The mixture was allowed to cool to room temperature 

and the solution was filtered. The crude orange solid was recrystallised twice from ethyl 

acetate:ethanol (9:1 v/v) to yield between 41 and 70% of orange crystals. The data for the 

known C4AzoOC4TAB was compared to literature data.10 Characterisation data are 

summarised below. The complete proton and carbon assignment of the azobenzene core 

was performed by 2D NMR spectroscopy such as correlation spectroscopy (COSY, Figure 

A.4.3), heteronuclear single-quantum correlation spectroscopy (HSQC, Figure A.4.4) and 

heteronuclear multiple-bond correlation spectroscopy (HMBC, Figure A.4.5). 

4-butylazobenzene 4'-(oxybutyl) trimethylammonium bromide (C4AzoOC4TAB) 

1H NMR (DMSO-d6, 400 MHz, 25 °C): δ = 0.91 (t, J = 8.0 Hz, 3H, CH3), 1.31-135 (m, 

2H, CH2), 1.56-1.64 (m, 2H, CH2), 1.77-1.81 (m, 2H, CH2), 1.87-1.91 (m, 2H, CH2), 2.67 

(t, J = 8.0 Hz, 2H, CH2), 3.09 (s, 9H, Me3N), 3.41 (t, J = 8.0 Hz, 2H, CH2), 4.15 (t, J = 6.0 

Hz, 2H, CH2), 7.15 (d, J = 8.0 Hz, 2H Hd), 7.39 (d, J = 8.0 Hz, 2H, Hc), 7.77 (d, J = 8.0 

Hz, 2H, Hb), 7.88 (d, J = 8.0 Hz, 2H, Ha) ppm (Figure A.4.6). 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.3 (alkyl), 19.7 (alkyl), 22.2 (alkyl), 26.0 (alkyl), 

33.4 (alkyl), 35.1 (alkyl), 52.6 (alkyl), 65.4 (alkyl), 67.8 (alkyl), 115.5 (sp² azo), 122.8 (sp² 

azo), 124.9 (sp² azo), 129.7 (sp² azo), 146.3 (quart. azo), 146.7 (quart. azo), 150.7 (quart. 

azo), 161.5 (quart. azo) ppm (Figure A.4.7).  

HRMS (MeOH, m/z-ESI+): Found: 368.2702 [M+H]+. Calculated: 368.2702 [M+H]+ 

(Figure A.4.8). (Note: without Br counter anion, as expected).  
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FTIR νmax: 3473 (br), 3043 (w), 2979 (s), 2914 (s), 2865 (m), 1610 (s), 1498 (s), 1247 (s), 

843 (s) cm-1 (Figure A.4.9). 

M.p.: 120-125 °C. 

4-butylazobenzene 4'-(oxyhexyl) trimethylammonium bromide (C4AzoOC6TAB) 

1H NMR (DMSO-d6, 400 MHz, 25 °C): δ = 0.91 (t, J = 8.0 Hz, 3H, CH3), 1.29-1.42 (m, 

2H, CH2), 1.48-1.55 (m, 4H, CH2), 1.57-1.64 (m, 2H, CH2), 1.68-1.82 (m, 4H, CH2), 2.67 

(t, J = 8.0 Hz, 2H, CH2), 3.03 (s, 9H, Me3N), 3.43 (t, J = 8.0 Hz, 2H, CH2), 4.11 (t, J = 6.0 

Hz, 2H, CH2), 7.12 (d, J = 8.0 Hz, 2H, Hd), 7.40 (d, J = 8.0 Hz, 2H, Hc), 7.76 (d, J = 8.0 

Hz, 2H, Hb), 7.87 (d, J = 8.0 Hz, 2H, Ha) ppm (Figure A.4.10). 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.1 (alkyl), 22.1 (alkyl), 22.4 (alkyl), 25.4 (alkyl), 

25.8 (alkyl), 28.6 (alkyl), 33.3 (alkyl), 35.0 (alkyl), 52.6 (alkyl), 65.8 (alkyl), 68.2 (alkyl), 

115.4 (sp² azo), 122.6 (sp² azo), 124.8 (sp² azo), 129.7 (sp² azo), 146.2 (quart. azo), 146.5 

(quart. azo), 150.6 (quart. azo), 161.6 (quart. azo) ppm (Figure A.4.11).  

HRMS (MeOH, m/z-ESI+): Found: 396.3012 [M+H]+. Calculated: 396.3015 [M+H]+ 

(Figure A.4.12). (Note: without Br counter anion, as expected) 

FTIR νmax: 3396 (br), 3016 (w), 2953 (s), 2939 (s), 2857 (m), 1596 (s), 1497 (s), 1238 (s), 

838 (s) cm-1 (Figure A.4.13). 

M.p.: 120-125 °C. 

4-hexylazobenzene 4'-(oxybutyl) trimethylammonium bromide (C6AzoOC4TAB) 

1H NMR (DMSO-d6, 400 MHz, 25 °C): δ = 0.86 (t, J = 8.0 Hz, 3H, CH3), 1.22-1.35 (m, 

6H, CH2), 1.56-1.65 (m, 2H, CH2), 1.75-1.83 (m, 2H, CH2), 1.84-1.92 (m, 2H, CH2), 2.66 

(t, J = 8.0 Hz, 2H, CH2), 3.07 (s, 9H, Me3N), 3.40 (t, 2H, CH2), 4.11 (t, J = 6.0 Hz, 2H, 

CH2), 7.14 (d, J = 8.0 Hz, 2H, Hd), 7.39 (d, J = 8.0 Hz, 2H, Hc), 7.76 (d, J = 8.0 Hz, 2H, 

Hb), 7.88 (d, J = 8.0 Hz, 2H, Ha) ppm (Figure A.4.14). 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.1 (alkyl), 20.3 (alkyl), 22.6 (alkyl), 26.0 (alkyl), 

29.0 (alkyl), 31.3 (alkyl), 31.7 (alkyl), 35.9 (alkyl), 53.6 (alkyl), 67.1 (alkyl), 67.8 (alkyl), 

114.7 (sp² azo), 122.6 (sp² azo), 124.8 (sp² azo), 129.1 (sp² azo), 146.0 (quart. azo), 146.9 

(quart. azo), 150.5 (quart. azo), 161.4 (quart. azo) ppm (Figure A.4.15). 
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HRMS (MeOH, m/z-ESI+): Found: 396.3002 [M+H]+. Calculated: 396.3015 [M+H]+ 

(Figure A.4.16). (Note: without Br counter anion, as expected) 

FTIR νmax: 3442 (br), 3026 (w), 2950 (s), 2925 (s), 2854 (m), 1599 (s), 1472 (m), 1234 (s), 

852 (s) cm-1 (Figure A.4.17). 

M.p.: 130-135 °C. 

4-octylazobenzene 4'-(oxyethyl) trimethylammonium bromide (C8AzoOC2TAB) 

1H NMR (DMSO-d6, 400 MHz, 25 °C): δ = 0.86 (t, J = 8.0 Hz, 3H, CH3), 1.25-1.30 (m, 

10H, CH2), 1.61 (t, 2H, CH2), 2.67 (t, 2H, CH2) 3.06 (s, 9H, Me3N), 3.86 (t, J = 6.0 Hz, 

2H, CH2), 4.45 (t, J = 6.0 Hz, 2H, CH2), 7.16 (d, J = 8.0 Hz, 2H, Hd), 7.40 (d, J = 8.0 Hz, 

2H, Hc), 7.78 (d, J = 8.0 Hz, 2H Hb), 7.87 (d, J = 8.0 Hz, 2H, Ha) ppm (Figure A.4.18). 

13C NMR (DMSO-d6, 100 MHz, 25 °C): 14.0 (alkyl), 18.5 (alkyl), 22.1 (alkyl), 28.7 

(alkyl), 28.4 (alkyl), 30.7 (alkyl), 30.8 (alkyl), 31.3 (alkyl), 35.0 (alkyl), 56.1 (alkyl), 58.2 

(alkyl), 68.1 (alkyl), 115.2 (sp² azo), 122.3 (sp² azo), 124.4 (sp² azo), 129.2 (sp² azo), 145.5 

(quart. azo), 146.5 (quart. azo), 150.2 (quart. azo), 158.7 (quart. azo) ppm (Figure A.4.19). 

HRMS (MeOH, m/z-ESI+): Found: 396.3024 [M+H]+. Calculated: 396.3015 [M+H]+ 

(Figure A.4.20). (Note: without Br counter anion, as expected). 

FTIR νmax: 3424 (s), 2954 (m), 2922 (s), 2853 (m), 1602 (s), 1499 (s), 1243 (s), 837 (s) 

cm-1 (Figure A.4.21) 

M.p.: 131-137 °C. 

4-octylazobenzene 4'-(oxyhexyl) trimethylammonium bromide (C8AzoOC6TAB) 

1H NMR (DMSO-d6, 400 MHz, 25 °C): δ = 0.84 (t, J = 8.0 Hz, 3H, CH3), 1.20-1.40 (m, 

12H, CH2), 1.45-1.53 (m, 2H, CH2), 1.53-1.63 (m, 2H, CH2), 1.37-1.73 (m, 2H, CH2), 

1.74-1.82 (m, 2H, CH2), 2.64 (t, J = 8.0 Hz , 2H, CH2), 3.06 (s, 9H, Me3N), 3.30 (t, J = 6.0 

Hz, 2H, CH2), 4.08 (t, J = 6.0 Hz, 2H, CH2), 7.11 (d, J = 8.0 Hz, 2H, Hd), 7.37 (t, J = 8.0 

Hz, 2H, Hc), 7.75 (d, J = 8.0 Hz, 2H, Hb), 7.85 (d, J = 8.0 Hz, 2H, Ha) ppm. (Figure 

A.4.22). 

13C NMR (DMSO-d6, 100 MHz, 25 °C): 14.0 (alkyl), 21.9 (alkyl), 22.0 (alkyl), 22.2 

(alkyl), 25.1 (alkyl), 25.5 (alkyl), 28.3 (alkyl), 28.7 (alkyl), 28.8 (alkyl), 30.8 (alkyl), 31.3 

(alkyl), 35.0 (alkyl), 52.2 (alkyl), 65.2 (alkyl), 67.8 (alkyl), 115.0 (sp² azo), 122.3 (sp² azo), 
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124.5 (sp² azo), 129.3 (sp² azo), 145.8 (quart. azo), 146.1 (quart. azo), 150.3 (quart. azo), 

161.2 (quart. azo) ppm (Figure A.4.23). 

HRMS (MeOH, m/z-ESI+): Found: 438.3625 [M+H]+. Calculated: 348.3605 [M+H]+ 

(Figure A.4.24). (Note: without Br counter anion, as expected). 

FTIR νmax: 3450 (s), 2954 (m), 2930 (s), 2860 (m), 1622 (s), 1480 (s), 1250 (s), 840 (s) 

cm-1 (Figure A.4.25). 

M.p.: 130-135 °C. 

4.3 Results and Discussion 

4.3.1 Strategic Design of AzoTABs 

 AzoTAB structures were designed to explore a range of intermediate lengths for the 

hydrophobic segment (HS = C8, C10 and C14), which comprises the azobenzene core, a 

moderate length alkyl tail (R1 = 4, 6 or 8) and a short to moderate length spacer (R2 = 2, 4 

or 6), as presented in Figure 4.2. The relative lengths of the spacer and the alkyl chain 

control the extent at which the azo group is embedded in the hydrophobic segment. These 

AzoTABs were chosen to explore molecular dimensions that supplement previously 

reported structures on short hydrophobic segments (HS < 10).5, 7. 

 The samples are denoted as CTAzoOCSTAB, where T corresponds to the number 

of carbon atoms in the alkyl tail and S corresponds to the number of carbon atoms in the 

spacer. The selected AzoTABs enable the effect of the following parameters on the self-

assembly behaviour to be investigated, for the trans- and cis-isomers:  

1) length of the hydrophobic segment 

2) position of the azobenzene core within the hydrophobic segment 

3) alkyl tail and the spacer length 

4) concentration, photoisomerisation and temperature on the size and shape of 

micelles formed 
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Figure 4.2. Molecular structure of the AzoTAB photosurfactants designed and synthesised in this 
thesis. T and S stand for the number of atoms of carbon located in the alkyl tail and spacer lengths, 
respectively. 

 A long alkyl chain is known to increase the hydrophobicity of the molecule, while 

the spacer may perturb the photoactivity of the azobenzene.8 Among the AzoTABs studied, 

C8AzoOC2TAB and C4AzoOC6TAB have been reported previously, but a detailed 

investigation of the surface activity and micellar structure was not performed.5, 9 

C4AzoOC4TAB is the most extensively studied AzoTAB structure5, 10 and is included as a 

benchmark for the other compounds. C6AzoOC4TAB and C8AzoOC6TAB have not been 

reported to date. 

The self-assembly of conventional surfactants above the CMC can be reasonably 

approximated from the packing parameter, P, which is given by � = �/��, where V is the 

volume of the hydrophobic tail of the surfactant, l is the tail length and a is the effective 

head group area.6 As introduced in Chapter 1, the packing parameter predicts the shape and 

size of micellar aggregates based on geometrical considerations.
11 Calculations of V and l 

for conventional surfactants are usually given by the Tanford equations12 and, for a given 

a, the V/l ratio remains constant, independent of the hydrophobic tail length.13 The 

C4AzoOC4TAB

C4AzoOC6TAB

C6AzoOC4TAB

C8AzoOC6TAB

C8AzoOC2TAB
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calculated packing parameters for the trans- and cis-isomers of the AzoTABS investigated 

here and the corresponding predicted micelle shapes are shown in Table 4.1 (for 

calculation of P, refer to A.4.1). The P values of the trans-isomers increase slightly as the 

length of the hydrophobic segment increases, but, interestingly remain constant for the cis-

isomers. The fluctuations of P as a function of the hydrophobic segment length show that 

the packing parameter exhibits the greatest difference for shortest hydrophobic segments 

upon photoisomerisation (Figure A.4.2). Similar to the analogous cationic 

alkyltrimethylammonium bromide surfactants without an azobenzene core,14 spherical 

micelles are expected to form for all investigated AzoTABs. From geometrical 

considerations alone, two observations arise. First, the self-assembly behaviour of the three 

structural isomers, C4AzoOC6TAB, C6AzoOC4TAB and C8AzoOC2TAB, is not expected 

to change with photoisomerisation. Second, the difference in the calculated packing 

parameters for the trans- and cis-isomers is greater for short AzoTABs (i.e. 

C4AzoOC4TAB), which suggests that photoisomerisation will lead to more significant 

changes in the micellar nanostructure. However, these observations do not consider the 

effect of the position of the azobenzene core within the photosurfactant. In particular, short 

spacers and long alkyl chains are expected to significantly affect the hydrophobicity of 

AzoTABs, leading to stark changes in the physicochemical properties upon 

photoisomerisation of the azobenzene core.5 

Table 4.1. Molecular structure and calculated packing parameters, P, of the AzoTABs studied. R1 
+ R2 corresponds to the total length of the hydrophobic segment (excluding the azobenzene core), 
varying from short (R1 + R2

 = 8) to intermediate (R1 + R2
 = 14). From the calculated P values, all 

AzoTABs (in both isomeric forms) are expected to form spherical micelles (0.286 < P < 0.335).15 

AzoTAB R1
 

(Tail) 
R2 

(Spacer) 
R1+ R2

 

 

Ptrans Pcis 

C4AzoOC4TAB 4 4 8 0.29 0.34 
C4AzoOC6TAB 4 6 10 0.29 0.34 
C6AzoOC4TAB 6 4 10 0.29 0.34 
C8AzoOC2TAB 8 2 10 0.29 0.34 
C8AzoOC6TAB 8 6 14 0.30 0.34 

 

4.3.2 Synthetic Route to AzoTABs 

 The targeted photosurfactants were prepared using the same general synthetic 

route, as shown in Scheme 4.1. AzoTAB photosurfactants were synthesised according to 

previously reported procedures.16 The first step involves an azo-coupling between phenol 
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and 4-butylaniline, 4-hexyaniline or 4-octyl aniline, depending on the targeted AzoTAB 

structure, to form the azobenzene precursor (1, R1AzoOH).17 The second step involves the 

insertion of the spacer, R1AzoOR2Br, (2, R2 = C2, C4 or C6) via an SN2 reaction and the last 

step is a Menshutkin reaction,18 which leads to the selected AzoTAB (3). All synthesised 

compounds and intermediates were characterized by 1H and 13C nuclear magnetic 

resonance (NMR) spectroscopy, high resolution mass spectrometry (HRMS), Fourier 

transform infrared (FTIR) spectroscopy and melting point analysis.  

 

 

Scheme 4.1. Synthetic route to targeted azobenzene photosurfactants. 

4.3.3  General route to R1AzoOH (1): Synthesis of the azobenzene core by Azo 

coupling  

 The required aniline precursor, 4-butylaniline (C4), 4-hexylaniline (C6) and 4-

octylaniline (C8), was dissolved in a mixture of water/acetone. The diazonium salt 

intermediate was formed by addition of concentrated hydrochloric acid and sodium nitrite 

at 0 °C. The pH is a key point in this substitution reaction, as in situ nitrous acid is released 

from NaNO2 and further protonation leads to the nitrosonium ion.19 Coupling of this ion 

with the amine gives the N-nitroso intermediate. The acidic medium allows the formation 

of the diazonium salt to be stabilised by resonance and results in the elimination of water. 

Diazonium salts are electrophiles that react with electron donor species, such as phenol, to 

form azobenzene. The diazonium salt is slowly added to a basic phenol solution at 0 °C 
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(Scheme 4.3). The mild basic medium is essential to increase the nucleophilicity of the 

neutral phenol species. The final azo coupling is achieved via an electrophilic aromatic 

substitution of the phenol (pKa ≈ 10) with the electrophilic nitrogen.17 Control of the pH (≈ 

8 - 9) and temperature (< 5 °C) is required as many side reactions can occur in strongly 

acidic or basic media. The resulting hydroxyazobenzenes were washed with water to 

ensure complete reprotonation of R1AzoOH and were recrystallised in hexane to afford 

good yields (average of 67%). The purity of the yellow powders was confirmed by 1H 

NMR (CDCl3), 
13C NMR (CDCl3), HRMS (MeOH, ESI+), FTIR and melting point 

analysis. This supporting data can be found in the Appendix (Section A.4.4). 

4.3.4  General route to R1AzoOR2Br (2): Bimolecular nucleophilic substitution (SN2) 

 The second step involves a bimolecular nucleophilic substitution (SN2) reaction 

between R1AzoOH and the dibromoalkane.20 In a mild basic medium, the azobenzene 

phenolate salt acts as a nucleophile. The transition state shows the "backside attack" of the 

nucleophile and the release of the halide.20 Potassium bromide is obtained as a side product 

and eliminated by washing with water. Acetone is used as a polar, aprotic solvent that 

increases the rate of the reaction. Protic solvents, such as water or methanol, have a strong 

hydrogen bond interaction with the nucleophile, which lowers its ability to react with the 

carbocation and therefore slows the reaction rate. Potassium iodide is used as a catalyst. 

Iodide first reacts with the alkyl bromide to form an alkyl iodide. The resulting transition 

state is less stable as iodide is a bigger and more electron-rich ion than bromide. Therefore, 

labile iodide is more likely to be released during the nucleophilic attack. Final 

recrystallisation in ethanol affords R1AzoOR2Br in an average yield of 56%. The 

synthesised azobenzenes are soluble in organic solvents such as chloroform. The purity of 

the obtained orange powder was confirmed by 1H NMR (CDCl3), 
13C NMR (CDCl3), 

HRMS (CHCl3, ESI+), FTIR and melting point analysis. This supporting data can be found 

in the Appendix (Section A.4.5). 

4.3.5  General route to R1AzoOR2NMe3
+Br- (3) from R1AzoOR2Br 

 The third and final step is a Menshutkin reaction, which involves an SN2 

mechanism between R1AzoOR2Br and trimethylamine.21 Trimethylamine is the 

nucleophile and the bromide is released into the solution. Ethyl acetate is used as the polar 

aprotic solvent. A small amount of ethanol is added to keep the trimethylamine in solution, 

due to its high volatility at room temperature. From experimental observation, it seems that 
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the length of the spacer group between the azobenzene core and the terminal bromide 

affects the rate of the reaction. It is believed that compounds with a shorter spacer (i.e. 

C8AzoOC2TAB) have a slower reaction rate, probably due to the steric hindrance of the 

azobenzene core limiting the "backside attack" of the nucleophile. This observation is 

deduced from a longer reaction time (4 to 6 days) and reduction of the product yield (84 to 

39%), for C4AzoOC6TAB and C8AzoOC2TAB. The final products are soluble in polar 

and apolar solvents. The purity of the obtained orange-yellow powder was confirmed by 
1H NMR (DMSO-d6), 

13C NMR (DMSO-d6), HRMS (MeOH, ESI+), FTIR and melting 

point analysis. This supporting data can be found in the Appendix (Section A.4.6). 

4.3.6  Observation of Photoisomerisation by UV/Vis Absorption Spectroscopy 

 The UV/Vis absorption spectra of AzoTABs were recorded in water at 20 °C. 

Figure 4.3 shows a representative example for the trans- and cis-isomers of 

C4AzoOC6TAB. Similar optical properties were observed for the other AzoTABs and are 

summarised in Table 4.2. When stored in the dark, the trans-isomer is the 

thermodynamically stable isomer and exhibits a strong absorption maximum located at ca. 

λabs = 350 nm, attributed to the π→π* transition (Figure 4.3, black line).9, 3 The trans- to 

cis-photoisomerisation is efficiently achieved via UV illumination at λex = 365 nm for 1.5 

minutes. The strong absorption band of the pure trans-isomer decreases in intensity and the 

two absorption maximum move to λmax = 311 nm (π→π* transition) and λmax = 440 nm 

(n→π* transition), respectively (Figure 4.3, purple line). These shifts in the absorption 

maxima are characteristic of the formation of the cis-isomer.22 However, the trans-cis 

photoconversion is not complete and the absorption spectrum contains a small contribution 

of the trans-isomer.2 This corresponds to an equilibrium called the photostationary state 

(PSS), which contains a ratio of the trans- and cis-isomers.2 This equilibrium arises due to 

the weak absorption of light from the π→π* of the cis-isomer at the excitation wavelength 

(λex = 365 nm), that induces a weak reverse cis-trans photoisomerisation. As the forward 

and backward photoisomerisations compete at the same rate, this photostationary state is 

an equilibrium where the formation of cis- and trans-isomer occurs at the same rate.2 It is 

worth noting that this wavelength of excitation is optimal for best efficiency of trans-cis 

photoisomerisation, at which the cis-isomer weakly absorbs light, the reverse cis-trans 

photoisomerisation is at its lowest efficiency.  
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Figure 4.3. UV/Vis absorption spectra of an aqueous solution of C4AzoOC6TAB (C = 5.0 × 10-5 

mol dm-3). The spectra correspond to the trans-cis photoisomerisation of the trans-form (stored in 
the dark, black line) to the photostationary state (after irradiation at λex = 365 nm for 1.5 minutes, 
blue line). The photostationary state contained a majority of cis-isomers, as described in the text. 
The reverse cis-trans photoisomerisation (after irradiation at λex = 465 nm for 3 minutes, red line) 
corresponds to a second photostationary state, where the trans-isomer is majority. The 
concentration was set below the critical micelle concentration to ensure a solution of dispersed 
unimers. T = 20 °C. 

 The trans- to cis-ratio of the PSS at λ = 365 nm can be quantified by calculating the 

isomerisation degree (IDtrans-cis) for conversion to the cis-isomer using the following 

equation:23 

 ��	
�����  = �1 −  ����,� � ��� �� � !"�#,$ � ��� ��  % ×  100% (4.1) 

where � !"�#,$ � ��� �� and ����,� � ��� ��  are the absorbance at 365 nm before and after 

1.5 minutes of illumination, respectively, when the PSS is reached. Before irradiation, 

����,� � ��� �� = � !"�#,$ � ��� �� , so the IDtrans-cis equals zero, which corresponds to the 

photosurfactant in its pure trans-configuration. As the cis-isomer absorbs light at the 

excitation wavelength, complete conversion to the cis-form cannot be obtained 

experimentally (i.e. ����,� � ��� �� > 0). It is important to note that IDcis-trans depends on the 

intensity of light, the exposure time  and the irradiation wavelength. Consequently, careful 

control of these parameters is necessary to ensure the conversion to the PSS. Table 4.2 
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summarises the absorption characteristics of the studied AzoTABs, which gave an ID of 

84-91%, which corresponds to typical literature values of 80-93%.9, 24 

Table 4.2. Absorption characteristics of AzoTABs in water obtained from the UV/Vis absorption 
spectra at C = 5.0 × 10-5 mol dm-3 and 20 °C. NP stands for not performed, due to a change of 
power of the blue LED. due to experimental issues. The wavelength and power output of the blue 
LED was changed over the course of this study, which renders the results not comparable. 

AzoTABs 
λmax

 trans 

(nm) 
λ max 

cis 

(nm) 
ID 

 trans-cis* 
ε

trans 

(M-1 cm-1) 
ε

cis  
(M-1 cm-1) 

ID 

cis-

trans* 
C4AzoOC4TAB 352 313 88% 22,100 ± 0,3 8,400 ± 0,3 

0,3 0,3 
NP 

C4AzoOC6TAB 352 317 84% 18,800 ± 0,2 8,600 ± 0,2 79% 

C6AzoOC4TAB 352 317 84% 19,120 ± 0,4 9,200 ± 0,4 83% 

C8AzoOC2TAB 350 311 86% 18,650 ± 0,3 6,600 ± 0,3 94% 

C8AzoOC6TAB 350 313 88% 15,900 ± 0,2 5,700 ± 0,2 NP 

*indicates values obtained by theoretical calculations as described in the text. The incident power output of 
the UV and blue LEDs was 5 mW cm-2. 

 The reverse cis- to trans- photoisomerisation is obtained upon visible light 

exposure at λex = 465 nm for 3 minutes (Figure 4.3, blue line). The trans-isomer weakly 

absorbs light at this wavelength, which leads to a second photostationary state, where the 

trans-isomer is the majority. The ID of the reverse cis-trans photoisomerisation (ID 

cis-trans) can be calculated using: 

 �����	
�� = ()**,+ , -./ 01,+23 , 4./ 01 
(56708,9 , -./ 01  ×  100%  (4.2) 

where ����,� � ��� ��,�:; � <�� �� is the absorption of the PSS at λ = 365 nm after 3 minutes 

of irradiation at λex = 465 nm. Incomplete recovery of the trans-form was observed, with 

79, 83 and 94% ratios from the original trans-isomers for C4AzoOC6TAB, 

C6AzoOC4TAB and, C8AzoOC2TAB, respectively. Complete conversion to the pure 

trans-isomer was obtained by thermal relaxation in the dark (2 days at 20 °C or 1 hour at 

60 °C).25  

4.3.7 Photoisomerisation kinetics 

 The rates of the forward and reverse photoisomerisation processes were 

investigated. The photosurfactants in their trans-form were illuminated at λex = 365 nm and 

absorption spectra were recorded every 3 seconds for a total duration of 1.5 minutes. The 

resulting spectra obtained for the trans-cis photoconversion are shown in Figure 4.4a for 

C8AzoOC2TAB. A rapid trans-cis photoisomerisation is observed within the first 30 
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seconds. Continued illumination increases the concentration of the cis-isomer until the 

photostationary state is reached after 1.5 minutes. Upon removal of the illumination 

source, the reverse isomerisation process begins almost immediately, such that complete 

cis-isomerisation is impossible to achieve under these conditions. The photosurfactants 

were subsequently illuminated at λex = 465 nm with a blue LED and absorption spectra 

were simultaneously recorded every 3 seconds for a total duration of 3 minutes (Figure 

4.4b). 

 

Figure 4.4. UV/Vis absorption spectra of C8AzoOC2TAB (C = 5.0 × 10-5 mol dm-3) in aqueous 
solution. (a) Illuminated at λex = 365 nm for 1.5 minutes. (b) Illuminated at λex = 465 nm for 3 
minutes. The trans-cis and cis-trans photoisomerisations are followed by step-by step absorbance 
recorded every 3 seconds. The insets show the first order rate laws for the forward (trans-cis) and 
reverse (cis-trans) photoisomerisation, respectively. The corresponding rate constants, ktrans-cis and 
kcis-trans, were obtained from a linear fit to the data as described in the text. T = 20 °C. 

The trans-cis photoisomerisation process obeys first order kinetics, whose rate 

equation may be given by:4 

 - ln�� ,� � ��� ��  - ����,� � ��� �� �=,� � ��� ��  - ����,� � ��� �� % = ktrans-cist (4.3) 

where � ,� � ��� ��  is the absorbance at λ = 365 nm at time t, ����,� � ��� ��  is the 

absorbance of the photostationary state, �=,� � ��� ��  is the initial absorbance of the trans-

isomer before UV irradiation at λex = 365 nm and ktrans-cis is the rate constant describing the 

trans-cis photoisomerisation. A plot of the natural logarithm of the ratio of relative 

absorbance at λmax = 365 nm against time is linear and the slope yields the rate constant, as 

shown in the inset of Figure 4.4a. Reciprocally, the cis- to trans-isomerisation rate 

constant, kcis-trans, can be obtained, using the same approach at λ = 365 nm, by following the 

growth of the trans-isomer upon excitation at λex = 465 nm (Figure 4.4b). 
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 - ln� � ,� � ��� ��  - ����,� � ��� �� �  � � �>�,� � ��� ��  - ����,� � ��� �� % = kcis-transt (4.4) 

where �  � � �>�,� � ��� �� is the absorbance at λ = 365 nm after 3 minutes of blue light 

irradiation at λex = 465 nm. The experimentally-determined rate constants (ktrans-cis and kcis-

trans) and the calculated lifetimes of photoconversion (τtrans-cis and τcis-trans) obtained for the 

AzoTABs are listed in Table 4.3. The results highlight that τtrans-cis (≈ 10 s) is shorter than 

τcis-trans (> 30 s), which indicates that the trans-cis forward photoisomerisation is faster than 

the reverse cis-trans photoisomerisation. It is important to note that the incident power 

output of both the UV and blue LEDs was 5 mW cm-2, so that the rate constants can be 

compared. This result is somewhat surprising as the trans-isomer is known to be more 

stable than the cis-isomer, therefore the reverse reaction is expected to be faster than the 

forward reaction due to the stability of the trans-isomer in the dark (i.e. without 

illumination τcis-trans = 1.7× 105 s or 2 days).24 This can be explained by the fact that the 

trans-cis photoisomerisation is obtained by exciting the allowed π→π* transition 

associated with the molecular orbital of the azo bond (λex = 350 nm), whilst the cis-trans 

photoisomerisation is obtained by exciting the forbidden n→π* transition (λex = 435 nm). 

The difference in the excited states results in a rotation and an inversion mechanism, for 

the forward and reverse process, respectively, as previously reported by Rau.3 The π→π* 

transition results in the  chemical double bond behaving effectively as a single σ-bond, 

which allows rotation about the -N=N- bond. This phenomenon does not occur when an 

electron is excited from the non-bonding orbital, n, to the anti-bonding orbital, which 

proceeds via an inversion mechanism. This inversion mechanism is slower than the 

rotation mechanism, which explains the results observed here.  

The τcis-trans/τtrans-cis ratio increases as the alkyl chain increases from 4-8 carbon 

atoms, with values of 2.9, 3.3 and 3.6 for C4AzoOC6TAB, C6AzoOC4TAB and, 

C8AzoOC2TAB, respectively. These results are similar to a previous study performed by 

Chevallier et al. on C4AzoOC3TAB who reported a τcis-trans/τtrans-cis ratio of 3.0 with four 

carbon atoms in the pendant alkyl chain.26 C4AzoOC4TAB and C8AzoOC6TAB were not 

investigated due to a change of wavelength and power output of the blue LED over the 

course of this study, which renders the kcis-trans and ktrans-cis results to not be comparable. 

C8AzoOC2TAB exhibits the highest τcis-trans and τtrans-cis values meaning that the 

isomerisation process takes longer for longer alkyl chain. This correlates with the 

observation made by Hayashita et al. that the irradiation time required to reach the PSS 

increases accordingly with the length of the external alkyl chain.5 
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Table 4.3. Kinetic parameters of AzoTABs in water (C = 5.0 × 10-5 mol dm-3, T = 20 °C) obtained 
from the UV/Vis absorption spectra as described in the text. The rate constants ktrans-cis and kcis-trans 
were calculated from Eq. 4.3 and the lifetime of photoconversion (τ) is deduced from the rate 
constant, τcis-trans = 1/kcis-trans and τtrans-cis = 1/ktrans-cis. The incident power output of the UV and blue 
LEDs was 5 mW cm-2. The kinetic parameters of C4AzoOC4TAB and C8AzoOC6TAB were not 
calculated due to a change of wavelength and power output of the blue LED over the course of this 
study. 

AzoTABs ktrans-cis (s
-1) kcis-trans (s

-1) τtrans-cis (s) τcis-trans (s) τcis-trans/τtrans-cis 

C4AzoOC4TAB - - - - - 

C4AzoOC6TAB 0.087 ± 0.002 0.030 ± 0.002 11 ± 1 33 ± 1 2.9 

C6AzoOC4TAB 0.089 ± 0.002 0.027 ± 0.002 11 ± 1 37 ± 1 3.3 

C8AzoOC2TAB 0.077 ± 0.002 0.021 ± 0.002 13 ± 1 46 ± 1 3.6 

C8AzoOC6TAB - - - - - 
 

4.3.8  Determination of the Ratio of Cis- to Trans-Photoisomers by 1H NMR  

 Calculation of the composition of the PSS by UV/Vis absorption spectroscopy is 

based on the assumption that, at the excitation wavelength λ = 365 nm, the absorption of 

the cis-isomer is equal to 0. While this assumption is often reported for azobenzene-

materials,9 it may in reality deviate from this. The determination of the PSS by 1H NMR 

spectroscopy is more accurate, as the calculation does not rely on this assumption. 

Photoisomerisation changes the shape and orientation of the azobenzene core from a planar 

(trans-isomer) to twisted (cis-isomer) conformation due to steric hindrance, which 

modifies the proton environment. The signals of the cis-isomer are more shielded due to 

the breakdown of the symmetry leading to the reorientation of the aromatic rings (C2h and 

parallel for the trans-isomer, to C2 and perpendicular for the cis-isomer). Figure 4.5 shows 

the typical 1H NMR spectra for the trans- and the cis-isomers of C6AzoOC4TAB in 

DMSO-d6, with a magnification of the aromatic region (i.e. δ = 6.50 - 8.00 ppm). Initially, 

the pure trans-isomer presents four doublets located at δ = 7.88, 7.78, 7.40 and 7.13 ppm. 

These signals have been carefully assigned to protons Ha, Hb, Hc and Hd, respectively, by 

2D NMR spectroscopy (Figure A.4.4-6). After illumination at λex = 365 nm for 3 minutes, 

with an incident power of 5 mW cm-2, the cis-isomer induces an upfield shift in the proton 

signals to δ = 7.16 (Hc), 6.85 (Hb and Hd) and 6.77 (Ha) ppm. In particular, protons located 

near the -N=N- bond (i.e. Ha and Hb) are shifted further upfield (Δδ = 1.02 ppm), while the 

other protons (Hc and Hd) are less affected (Δδ = 0.27 ppm).  
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Figure 4.5. 1H NMR spectra of C6AzoOC4TAB in DMSO-d6 (C = 8.0 × 10-3 mol dm-3). 
The protons of the trans-isomer shift upfield upon photoisomerisation at λex = 365 nm for 3 
min (P = 5 mW cm-2). Labels noted as Ha, Hb, Hc and Hd, refer to the aromatic protons. 
The second equivalent protons are not shown for clarity. 

 Additionally, the photoisomerisation degree for the conversion to cis-isomer can be 

determined through integration of the proton signals. The integration was carefully 

monitored to use the same area (i.e. Δδ) for the trans- and cis-spectra. The signal at δ = 

7.76 ppm (Hb) contributes to 2 protons to the trans-spectrum and is used as a reference. 

After illumination at λex = 365 nm for 3 minutes, a new signal at δ = 6.77 ppm appears, 

which is assigned to the analogous Hb protons in the cis-isomer. If the signal at δ = 7.76 

ppm is fixed at 2 protons for a single molecule of the trans-isomer, integration of the signal 

of δ = 6.77 ppm results in 41 proton equivalents corresponding to the cis-isomer. This 

means that the PSS state contains 95% of cis-isomers and 5% of trans-isomers. The 

photoisomerisation degree determined by 1H NMR spectroscopy is higher than that of 

absorption spectroscopy (84%), which confirms that the absorbance of the cis-isomer at 

λabs = 365 nm is not null and that complete photoisomerisation to the cis-isomer is not 

possible under these conditions. 

4.4 Conclusions 

 To summarise, the synthesis, characterisation and photoisomerisation 

characteristics of five cationic azobenzene photosurfactants were investigated. In the first 
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part, the design of the AzoTABs was explored based on the predicted packing parameters. 

The hydrophobic segment containing the azobenzene core varies from 8 to 14 atoms of 

carbons, including three stereoisomers containing 10 carbon atoms. The photosurfactants 

were designed to investigate the effect of the position of the azobenzene core within the 

hydrophobic segment, relative to the polar head, and to extend previous reports in the 

literature.5 The photosurfactant bearing the shortest hydrophobic segment of the series, 

C4AzoOC4TAB, was selected as a benchmark from the literature studies.5, 10 

C6AzoOC4TAB and C8AzoOC6TAB were designed to compare stereoisomers of 10 atoms 

of carbon and to study an elongated hydrophobic segment length, respectively. Both of 

them are new photosurfactants.  

 Like conventional cationic alkyl trimethylammonium surfactants, calculation of the 

packing parameter for trans- and cis-AzoTABs predicts the formation of spherical micellar 

aggregates, with larger trans-cis differences obtained for short hydrophobic segments. In 

particular, the size and shape of AzoTAB photosurfactants is predicted to behave like 

conventional alkyl trimethylammonium surfactants as the hydrophobic segment elongates. 

This will be investigated in more detail in Chapter 5. 

 The synthesis of the AzoTAB photosurfactants was performed in three steps from 

aniline derivatives. The first step involves an azo coupling to form the azobenzene core, 

the second is a nucleophilic substitution and the final step is a Menshutkin reaction to 

afford the product. AzoTAB photosurfactants were obtained with an average yield of 20% 

over the three steps, with the final step being yield limiting. 

 UV/Vis absorption studies of AzoTABs below the CMC showed that the trans-cis 

photoisomerisation of the azobenzene core occurred at λex = 365 nm. The absorption 

maximum shifts from 350 nm to 311 nm, with a significant decrease in the molar 

absorption coefficient from ε ≈ 20 × 103 M-1 cm-1 to ε ≈ 8 × 103 M-1 cm-1 for the trans- and 

cis-isomers, respectively. a factor of ≈2.5. The trans-cis photoisomerisation reaches an 

equilibrium called the photostationary state, which contains a mixture of trans- and cis-

isomers. The composition of the PSS ranges from 84% to 88% of cis-isomers, for the 

studied AzoTABs. The reverse cis-trans photoisomerisation performed at λex = 465 nm 

reaches a second PSS, where the trans-isomer is the majority and the isomerisation degree 

ranges from 79% to 94%. 

 The trans-cis isomerisation degree of C6AzoOC4TAB was further investigated by 
1H NMR spectroscopy, which does not assume that the absorption of the cis-isomer is null 
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at the excitation wavelength. The 1H NMR spectra showed that a maximum of 95% of cis-

isomers can be achieved in solution below the CMC. This is higher than the value (86%) 

obtained by UV/Vis absorption spectroscopy, which shows that the absorption of the cis-

isomer is not null and that the PSS contains just a small fraction of trans-isomers.  

 The rate of forward trans-cis and reverse cis-trans photoisomerisation was 

followed by UV/Vis absorption spectroscopy. The first (cis-majority) and second (trans-

majority) PSSs were reached after 1.5 minutes of illumination. Despite the thermal 

instability of the cis-isomer, the forward process was found to be 3 times faster than the 

reverse photoisomerisation. This result is explained by the nature of the of molecular 

orbital excited. The trans-cis photoisomerisation is transition allowed, while the cis-trans 

photoisomerisation is transition forbidden. 
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Chapter 5 - Unlocking Structure-Self-Assembly 

Relationships in Cationic Azobenzene Photosurfactants 

 

 

 

 

 

 

 

 

 

 

The work presented in this chapter has been published in part in: 

C. Blayo, J. E. Houston, S.M. King, and R. C. Evans, Unlocking Structure–Self-Assembly 
Relationships in Cationic Azobenzene Photosurfactants, Langmuir, 2018, 34, 10123-
10134. 

5.1  Introduction 
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 The CMC, size, shape and interparticle interactions of micelles can be tuned via the 

molecular design of the photosurfactant and changes in the concentration, 

photoisomerisation and temperature. Hayashita et al. showed that the CMC of AzoTABs 

decreases with an increase in the length of the hydrophobic segment and that the 

hydrophobicity of the surfactant is guided by the length of the alkyl tail.1 It has also been 

shown that the CMCs of the cis-isomers are systematically lower than the CMCs of the 

trans-counterparts. For example, Yang et al. reported that the CMC of 4-ethylazobenzene-

4-(oxyethyl)trimethylammonium bromide (C2AzoOC2TAB) increases upon 

photoisomerisation of the azobenzene core by 21%.2 As a result, the trans-cis 

photoisomerisation can lead to complete dissociation of the micellar system to unimers, 

when the surfactant concentration is above the CMC of the trans-form but below the CMC 

of the cis-isomer. This difference can be exploited to selectively release components from 

the micellar system. For example, McCoy et al. reported that carbon nanotubes were 

solubilised in a micellar solution of 4-butylazobenzene-4-(oxybutyl)trimethylammonium 

bromide (C4AzoOC4TAB) at 5 mM, but upon trans-cis photoisomerisation, the 

photosurfactant loses its ability to solubilise the carbon nanotubes, which flocculate and 

crash out of the solution.3  

SANS has been commonly used to investigate the size, shape and interaction 

between micelles formed from “regular” surfactants above the critical micelle 

concentration.4, 5 However, AzoTAB photosurfactants have rarely been studied by SANS, 

despite the interesting photoisomerisation ability of the azobenzene core to change its size 

and dipole moment in response to UV light. The first structural study on AzoTABs was 

performed by Sakai and co-workers, who investigated the controlled release of the oily 

ethylbenzene molecule in a micellar solution 4-butylazobenzene-4-

(oxyethyl)trimethylammonium bromide (C4AzoOC2TAB) at 20 mM.6, 7 They used SANS 

to show that the micelles formed were ellipsoidal and that the long radius of the micelles 

decreased from 38 Å to 32 Å, while the short radius remained constant at 21 Å upon 

photoisomerisation. They reported that ethylbenzene was encapsulated more efficiently in 

micelles formed by the trans-isomers compared to micelles formed by cis-isomers.6 The 

change of the nanoscale organisation of the micelles explains the difference of solubility of 

small molecules upon photoisomerisation of the azobenzene core. However, the 

physicochemical modifications induced by the photoisomerisation and the self-assembly of 

unimers in solution depends on the molecular structure of the photosurfactant. To date, the 
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structure-self-assembly relationship of cationic azobenzene photosurfactants has not been 

systematically investigated.  

 Complementarily, cryo-electron microscopy has been used to visualise the shape of 

the aggregates. Matsumura et al. reported the cryo-transmission electron micrographs of a 

mixture of 4-butylazobenzene-4-(oxyethyl)trimethylammonium bromide (C4AzoOC2TAB) 

and sodium dodecylbenzenesulfonate (SDBS).8 In the trans-form, the images showed the 

formation of vesicles of around 50 nm in size for the 60%/40% mixture, which 

disintegrates into micrometer-sized large particles upon trans-cis photoisomerisation for 2 

h. The vesicles were reformed after 2 h of irradiation with visible light, which showed the 

reversibility of the system. 

5.1.1  Aims 

In Chapter 4, it was shown that the design of the AzoTAB photosurfactant affects the 

optical properties in dilute solution, below the CMC. In this Chapter, the aims are to 

further investigate the effect of the length of the hydrophobic segment and the position of 

the azobenzene core within the surfactants on the CMC, with and without 

photoisomerisation. Additionally, the size, shape and nanoscale interactions of micelles 

formed above the CMC, will be studied. SANS will be used to unravel the self-assembly 

behaviour at the nanoscale level for AzoTABs above their CMCs, as a function of 

concentration and temperature and upon photoisomerisation. Finally, a representative 

sample will be studied by cryo-SEM to visualise the aggregates formed, with and without 

photoisomerisation.  

5.2 Experimental 

5.2.1 Methods 

Critical micelle concentration titrations: CMC titrations were performed by sequential 

dilution of aliquots of a stock solution of AzoTABs (5.0 × 10-3 M) in MilliporeTM water, 

from 50 × 10-6 M to 5 × 10-3 M. CMC titrations were conducted using surface tensiometry 

and dynamic light scattering at 20 °C. For surface tensiometry, the presented data points 

are the average from 5 measurements. For DLS measurements, the MilliporeTM water used 

for dilution was filtered 3 times with a 250 µm filter prior to utilisation. The intensity of 

scattered light (kcounts), for a fixed detector distance, was recorded as a function of 

concentration. The presented data points are the average from 3 runs of 15 measurements. 
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MilliporeTM water (γ = 72.80 mN m-1 at 20 °C) was used as a reference sample for both 

techniques. 

Solubility experiment: Solubility experiments were performed on trans-C6AzoOC4TAB to 

measure the temperature at which the photosurfactant dissolved in water. A solution of 

trans-C6AzoOC4TAB in water (1 mM, 5 mL) was gently stirred on a hot plate. The 

temperature was increased by 0.2 °C every 2 minutes from 25 to 30 °C. 

Small-angle neutron scattering: AzoTAB solutions (5 mM, 10 mM and 20 mM) were 

prepared in D2O to ensure good neutron scattering contrast and placed in quartz cuvettes 

(Hellma UK, Type 120, 1 mm pathlength). Heating studies were performed at 20 °C and 

60 °C using a Julabo water bath and 10 minutes equilibration time. The cis-isomer samples 

were irradiated with UV-light (λex = 365 nm) for 3 minutes prior to loading. UV/Vis 

absorption spectra were recorded before and after experiments to investigate potential 

sample damage or reverse isomerisation induced by neutron scattering. SANS profiles 

were then fitted to Sphere,9 oblate Ellipsoid10 or Elliptical Cylinder models10 including 

polydispersity of 0.1 using nonlinear least-squares optimisation with the SasView program 

(version 4.0.1).11 Full details of the models can be found in Chapter 3. Validation of the 

model fits was achieved using the theoretical mass of dry material (φdry) that the fit 

returned. 

Cryo-scanning electron microscopy: Aliquots of trans- and cis-C8AzoOC2TAB (50 µL, 2 

mM) in water were plunged into liquid nitrogen and transferred in-vacuo to the cryo-

chamber of the microscope. Images were taken by Dr Clodagh Dooley. The size 

distribution was calculated using ImageJ software.  

5.3 Results and  Discussion 

5.2.1 Determination of the CMC by ST and DLS 

The CMCs of the AzoTABs in water at 20 °C were determined for both isomers 

using surface tensiometry and dynamic light scattering. As a representative example, 

Figure 5.1a shows the variation in surface tension as a function of concentration for 

C4AzoOC6TAB. The CMC is reached when the surface tension becomes independent of 

surfactant concentration,12 at 0.40 mM and 1.05 mM for the trans- and cis-forms, 

respectively. The CMC was confirmed by DLS, whereby the intensity of scattering light 

increases significantly upon the onset of micelle formation (Figure 5.1b).  



Chapter 5 

89 

 

 

Figure 5.1. Determination of the CMC of C4AzoOC6TAB in water at 20 °C. Variation of (a) 
surface tension and (b) light scattering intensity as a function of concentration. The data points 
show the trend before (trans-form, black circles) and after irradiation with UV light at λex = 365 nm 
for 5 minutes (predominantly cis-form, blue squares). The CMC values are obtained from the 
intersection between the two trends (solid lines). The error bars show the standard deviation of the 
mean values obtained over 5 (ST) or 3 (DLS) measurements. The dashed lines serve only to guide 
the eye.  

The CMCs determined for all AzoTABs by both ST and DLS are summarized in Table 5.1. 

It is worth noting that the Krafft temperature of alkyltrimethylammonium bromide 

surfactants (e.g. C16TAB) is known to be around 25 °C in water.13 Interestingly, among the 

AzoTABs studied here, only C6AzoOC4TAB displays low solubility in water at 20 °C, and 

flocculates, suggesting that the Krafft temperature and formation of micelles is not 

achieved for this AzoTAB.14 The solubility experiment showed that the complete 

solubilisation of trans-C6AzoOC4TAB in water (Concentration = 1 mM) was achieved at 

27-28 °C. The values for the CMC obtained are in good agreement with those previously 

reported for AzoTAB surfactants, as indicated in Table 5.1 The absolute values of the 

surface tension isotherm above the CMC are in good agreement with reported values for 

azobenzene photosurfactants,3 with the longest hydrophobic segment showing the lowest 

surface tension (i.e. R1 + R2 = 14).  Table 5.1 shows that three key trends can be 

identified. For a given surfactant, the CMC of the cis-isomer is always higher than that of 

the trans-isomer, which can be rationalized based on the increased dipole moment, and 

thus hydrophilicity, upon photoisomerisation. Secondly, the hydrophobic driving force for 

micellisation is driven by the total length of the hydrophobic segment of the structure, with 

a larger length (i.e. R1 + R2) leading to a lower CMC. This has been previously 

demonstrated for short hydrophobic segments (R1 + R2
 ≤ 8, Table A.5.1)1, 15 and is 

confirmed here for much longer hydrophobic segments (up to R1 + R2
 = 14), enabling the 

CMCs to be tuned from mM to µM. Finally, for a fixed hydrophobic segment length, a 
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longer alkyl tail (and thus a shorter spacer) leads to a smaller CMC, for example 

C4AzoOC6TAB > C8AzoOC6TAB (Table 5.1 and Figures A.5.1-4). Similarly, for a fixed 

alkyl chain length, the CMC decreases as the spacer length increases.  

Table 5.1. Summary of the CMCs obtained for AzoTABs in water by surface tensiometry (ST) and 
dynamic light scattering (DLS) at 20 °C.  

AzoTAB 
trans-CMC (mM) cis-CMC (mM) trans-/cis-CMC (mM) 

Literature ST DLS ST DLS 

C
4
AzoOC

4
TAB 1.10 ± 0.02 1.2 ± 0.1 2.50 ± 0.02 2.7 ± 0.2 1.2/2.7b ; 1.0/2.0c 

C
4
AzoOC

6
TAB 0.40 ± 0.02 0.4 ± 0.1 1.05 ± 0.02 1.1 ± 0.1 ~0.5/NRd 

C
6
AzoOC

4
TABa 

0.19 ± 0.03 0.2 ± 0.1 0.62 ± 0.03 0.7 ± 0.1  

C
8
AzoOC

2
TAB 0.34 ± 0.02 0.3± 0.1 0.82 ± 0.03 0.8 ± 0.1 0.3/0.8b 

C
8
AzoOC

6
TAB 0.09 ± 0.02 0.1 ± 0.1 0.15 ± 0.03 0.2 ± 0.1  

a Determined at 30 °C. b From Hayashita et al.
1 – Determined by conductivity (T = 25 °C). c From McCoy et 

al.
3 – Determined by pendant drop tensiometry (T = not specified). d From Zakrevskyy et al.

16 – Determined 
by isothermal titration calorimetry (T = 25 °C), cis-isomer not reported (NR). 

 It has been shown that the logarithm of the CMC of classical alkyl 

trimethylammonium surfactants such as CTAB decreases linearly as the number of carbon 

increases (Figure 5.2).17 Yang et al. have determined the equivalent hydrophobicity of 

trans-C2AzoOC2TAB to correspond to an alkyl chain of 12.6 atoms of carbon.2 Figure 5.2 

shows that a predictable trend can be drawn based on the number of carbons in the 

hydrophobic segment for alkyl trimethylammonium surfactants. 

 

Figure 5.2. Evolution of the logarithm of the CMC as a function of the number of carbons in the 
alkyl chain of alkyl trimethylammonium surfactants (black squares), redrawn from Ref. 17. The 
trend shows that the CMC decreases as the number of carbon atoms increases. The equivalent 
hydrophobicity of the trans-azobenzene core can be estimated from this trend. The CMC of the 
trans-AzoTABs reported in the literature (open red squares) are obtained from Refs. 1 and 2, and of 
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the trans-AzoTABs obtained by this study (blue squares) shows that the equivalent hydrophobicity 
of the trans-azobenzene core corresponds to an alkyl chain of 9.0 ± 1.0 carbon atoms, on average. 

 Based on these studies and on the obtained CMC of the AzoTABs, the equivalent 

hydrophobicity of trans-C4AzoOC6TAB has been estimated to be equivalent of that of an 

alkyl trimethylammonium surfactants of 18 carbons. This means that the trans-azobenzene 

core possesses an equivalent hydrophobicity of 8 atoms of carbon as the hydrophobic 

segment of C4AzoOC6TAB contains 10 carbon atoms.  

 The difference in the CMC (ΔCMC) is an important parameter as it represents the 

range of concentrations in which micelles exist in the trans-form only but are expected to 

return to unimers upon photoisomerisation to the cis-isomer (Figure 5.3). This property has 

previously been exploited for the reversible encapsulation and release of small molecules, 

for example for catalysis18 or drug release.19 

 

Figure 5.3. Schematic representation of the formation of micelles upon increasing unimer 
concentration, for trans- and cis-isomers. The concentration range where trans-isomers form 
micelles, while cis-isomers remain as unimers, is called the ∆CMC. The ∆CMC can be tuned by 
the design of the photosurfactants. 

 The ΔCMC for the cis- and trans-isomers as a function of the total number of 

carbons in the hydrophobic segment (R1 + R2) is shown in Figure 5.4. There is an apparent 

sweet spot for obtaining the maximum ΔCMC, which occurs for a total hydrophobic 

segment length of six carbons, irrespective of the tail and spacer lengths from which the 

segment is composed. As the total hydrophobic segment length is increased or decreased, 

the magnitude of the ΔCMC decreases significantly. If we consider the extreme cases, i.e. 

a very short or very long hydrophobic segment, the low ΔCMC can be rationalised. For 
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short hydrophobic segments, the azobenzene core dominates both the length and the 

volume, and the difference between the hydrophobic driving forces for micellisation 

(dominated by the alkyl tail) for the two isomers is small. Similarly, for long hydrophobic 

segments, the longer alkyl tail and/or spacer increases the flexibility of the hydrophobic 

segment in both isomers, leading to an increase in the free volume irrespective of 

photoisomerisation. For a hydrophobic segment length of R1 + R2
 = 6, there is an apparent 

compromise between these two factors, whereby the free volume of the hydrophobic 

segment, and therefore packing of the molecules in the micelle, is controlled 

predominantly by the photoisomerisation of the azobenzene core. 

 

Figure 5.4. Comparison of the difference in CMC (∆CMC) for cis- and trans-isomers of AzoTABs 
as a function of the total number of carbons in the hydrophobic segment (R1

 + R2). Data are 
presented from this study (coloured circles) and previous reports (black circles). The errors bars 
result from different reports of the CMC in the literature. 

Analysis of the absolute values reveals that an apparently larger ΔCMC is obtained 

for a longer spacer length, i.e. C2AzoOC4TAB > C4AzoOC2TAB. If we consider the 

homologous series of (R1 + R2
 = 10) AzoTABs, the same trend is observed, with the 

absolute value of ΔCMC increasing with the spacer length, i.e. C4AzoOC6TAB > 

C8AzoOC2TAB. This suggests that the spacer length contributes a more important role to 

the effect that photoisomerisation has on the packing of the molecules within the micelles. 

The spacer separates the hydrophilic head group from the azobenzene core, which is 

nominally hydrophobic in the trans-form. However, the increase in the dipole moment 
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upon photoisomerisation renders the azobenzene core more hydrophilic. As such, for short 

spacer lengths, the separation between the polar head group and the azobenzene core is 

small, which could indicate that photoisomerisation leads to an increase in the effective 

head group area of the molecule to include the now polar azobenzene core.  

5.3.2  Above the CMC: Size and Shape of AzoTAB Micelles 

5.3.2.1  Effect of concentration 

 The size, shape and nanoscale interactions of AzoTAB micelles formed above the 

CMC as a function of the molecular structure were investigated by SANS experiments. 

The SANS profiles for C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB in D2O as a 

function of concentration are presented in Figure 5.5 (T = 20 °C). The SANS window for 

these experiments is calculated to be 20 to 785 Å, based on the position of the detector 

(� = 2�/�, q varies from 0.008 to 0.30 Å-1), which is suitable for the observation of 

micellar aggregates (~30 Å).20  

Scaling concepts were initially used to assess the data in the intermediate q-regime 

(q = 0.03-0.01 Å-1). For C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB at 5 mM 

(Figure 5.5a-c, red squares), the SANS data level off as a Guinier plateau at low-q (q < 

0.02 Å-1) and scale as ~q
-4 at high-q, which is consistent with the formation of smooth 3D 

aggregates.21 Fitting of these SANS data to an oblate Ellipsoid model10 yielded a short 

equatorial radius (R) of 25 Å, 25 Å and 20 Å and a long equatorial radius (L) of 39 Å, 45 Å 

and 52 Å for C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB, respectively. The 

representative structure of an oblate ellipsoid is shown in Figure 5.5d. These values are in 

excellent agreement with values reported for both conventional cationic alkylammonium 

bromide surfactant solutions such as C16TAB above the CMC (R~20 Å, L~30 Å),5 

previously reported AzoTAB structures,3, 7 and the estimated lengths of the hydrophobic 

segment (Table A.4.1). It appears from the fitted parameters that the short radius, R, is not 

affected by the length of the hydrophobic segment or by the position of the azobenzene 

core within it, and remains around 20-25 Å. In contrast, the long equatorial radius, L, 

increases with the length of the hydrophobic segment from 39 Å to 45 Å for 

C4AzoOC4TAB and C4AzoOC6TAB at 5 mM, respectively, which suggests that micellar 

growth occurs mainly in this direction. Finally, C8AzoOC2TAB at 5 mM shows the 

formation of elongated micelles, with an equatorial radius of 52 Å, more elongated than 

C4AzoOC6TAB at 5 mM, despite the same number of atoms of carbon in the hydrophobic 
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segment. This is induced by the higher hydrophobicity of the 8 atoms of carbons located in 

the alkyl chain. 

 

Figure 5.5. Effect of concentration on the SANS profiles of the trans-isomers of AzoTABs in D2O 
at 20 °C. (a) C4AzoOC4TAB, (b) C4AzoOC6TAB and (c) C8AzoOC2TAB in D2O at 20 mM 
(purple circles) and 5 mM (red squares). The intensity of scattering increases with concentration. 
The black lines correspond to fits of the oblate Ellipsoid model or the Elliptical cylinder model as 
described in the text. At 20 mM, the Hayter-Penfold (MSA) structure factor is included in the fits. 
(d) Representative structures of oblate ellipsoids, with R and L being the polar and equatorial radii, 
respectively. 

 The fits were validated using Guinier analysis22 to determine the radius of gyration, 

Rg, (Table A.5.2 and Figure A.5.5). Guinier analysis is performed at low-q (q < 0.02 Å-1), 

where the scattering profile levels off, using the logarithm of the scattering intensity as a 

function of q
2 (Equation 3.19). The fitting of the straight line provides the radius of 

gyration, Rg, of the scattering particles. This Rg is obtained directly from the raw data and 

can be compared to the Rg calculated via the shape of the particle, determined by the model 

used to fit the data, to validate the choice of the model (see Section 3.3.3 for further 

details). It is important to note that Guinier analysis can be applied only to dilute solutions 

and to spherical and ellipsoidal aggregates.  

 The SANS profiles show significant changes upon increasing the concentration to 

20 mM (Figure 5.5a-c, purple circles). At low-q a Guinier plateau remains for 
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C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB, but a shoulder appears at q* ≈ 

0.03 Å-1, which is attributed to repulsive interactions between the positively-charged 

micelles. To account for this, a Hayter-Penfold (MSA) structure factor23 was coupled with 

the appropriate form factor to model these profiles (see Section 2.1.11 for further details). 

The obtained radii upon fitting to the oblate Ellipsoid model confirm that with increasing 

AzoTAB concentration, micellar growth proceeds along the L axis. Moreover, for a fixed 

alkyl tail length, this effect becomes more pronounced with an increase in the spacer 

length, such that for C4AzoOC2TAB,7 C4AzoOC4TAB and C4AzoOC6TAB, L values of 

39 Å, 41 Å and 51 Å are obtained, respectively. 

The SANS data of C8AzoOC6TAB in D2O at 5 mM and 20 mM (Figure 5.6a) tend 

towards a Guinier plateau at low-q and decay as ~q
-3.2 over a large q window (0.05-0.1 Å-1), 

which suggests the formation of more elongated micelles. Fitting of the data to the oblate 

Ellipsoid Model10 leads to radii of R = 28 Å and L = 88 Å and R = 29 Å and L = 87 Å at 5 

mM and 20 mM, respectively. Despite the significant differences in the visual appearance 

of the SANS profiles, the R and L radii follow the trend in the dimensions of 

C4AzoC4TAB, C4AzoOC6TAB and C8AzoOC2TAB described above and confirm that 

micelles grow preferentially in the L direction. Additionally, the eccentricity of the 

aggregates formed, defined as ε = (1-R
2/L2)0.5 suggests the formation of very flat ellipsoids 

(ε = 0.95). As such, fitting of the scattering profile of C8AzoOC6TAB at 5 mM to the 

Elliptical Cylinder model10 provides a good fit and yields to R = 29 Å, L = 69 Å with a 

height H of H = 162 Å (Figure A.5.6). 

Finally, the SANS profile of C6AzoOC4TAB in D2O at 5 mM decays as ~q
-0.8 in 

the intermediate q-region (Figure 5.6b), which suggests the formation of cylindrical 

structures. Fitting of the scattering profile to the Elliptical Cylinder model10 leads to radii R 

of 28 Å and L of 49 Å, with a height of H ≈ 364 Å. Although, this SANS profile differs 

from the other AzoTABs discussed above, it has been shown that cylindrical structures are 

spontaneously obtained for cationic CTAB surfactants with ca. 16 carbons in the 

hydrophobic tail in salt-free conditions.24 C6AzoOC4TAB exhibits comparable R and L 

radii as the other AzoTABs with a hydrophobic segment length of 10 atoms of carbon (i.e. 

C4AzoOC6TAB and C8AzoOC2TAB).  
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Figure 5.6. Effect of concentration on the SANS profiles of the trans-isomers of AzoTABs in D2O 
at 20 °C. (a) C8AzoOC6TAB and (b) C6AzoC4TAB in D2O at 20 mM (purple circles) and 5 mM 
(red squares).The intensity of scattering increases with the concentration. The black lines 
correspond to fits of the oblate Ellipsoid model or the Elliptical cylinder model as described in the 
text. At 20 mM, the Hayter-Penfold (MSA) structure factor is included in the fits.(c) Representative 
structures of elliptical cylinders, with R and L being the polar and equatorial radii, respectively, and 
H the length of the cylinder. 

 For all AzoTABs studied, the aggregation number, Nagg, determined from the ratio 

of the volume of dry aggregates to the hydrophobic volume of one unimer increases with 

the total length of the hydrophobic segment (Table 5.2). Specifically, aggregates with a 

longer alkyl tail (R1) contain more unimers per micelle than AzoTABs with a small R1. 

This follows the conclusions drawn above for the trend in the CMC, where R1
 drives the 

formation of micelles for the trans-isomers of AzoTABs. 

 Table 5.2 summarises the fitted parameters obtained by the SANS data for trans-

AzoTABs at 5 mM and 20 mM (T = 20 °C). For a fixed hydrophobic segment length (R1 + 

R2 = 10), further differences in the micellar growth are observed. While C8AzoOC2TAB 

forms the elongated micelles at 5 mM, further micellar growth is not observed upon 

increasing the concentration to 20 mM, and the micelles appear to become less stretched 

(decrease in ε from 0.92 to 0.89). This is accompanied by an increase in the scattering 

intensity at q*, indicating an increase in the number of interparticle interactions and thus 

that the formation of new micelles is favoured over growth. In contrast, C4AzoOC6TAB 

micelles grow preferentially along the L axis with increasing concentration and by 20 mM 
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reach the same size as C8AzoOC2TAB. At 5 mM, C6AzoOC4TAB forms cylindrical 

micelles, however with increasing concentration, the micellar parameters obtained from a 

fit to this model change significantly, suggesting growth along the L axis, which is 

accompanied by a significant decrease in the height of the cylinder from H = 363 Å to H = 

162 Å. This suggests that a transition from a cylindrical to ellipsoidal structure may occur 

at higher concentrations, which is supported by a good fit of the data to the oblate Ellipsoid 

model (Figure A.5.7). Finally, C8AzoOC6TAB shows similar behaviour to 

C8AzoOC2TAB, with no significant micellar growth or change in the micelle shape 

observed upon increasing the concentration. This suggests that the length of the alkyl tail 

determines both the size and the growth of the micelles formed.  

Table 5.2. Summary of the parameters obtained for model fitting to the SANS profiles of trans-

AzoTABs. For the structures investigated here, the fitted parameters are obtained as described in 
the text. All samples are in D2O at 20 °C. Representative data from the literature are also included 
for comparison. ε refers to the eccentricity of the ellipsoidal structure only. q* refer to the 
interference maximum where interparticle interactions become more significant and Nagg is the 
aggregation number for the micelle. A polydispersity of 0.1 was applied to all polar and equatorial 
radii to account for a polydisperse micellar population. 

trans-AzoTAB Conc. 
(mM) 

Form 
factor P(q) 

R  
(Å) 

L 
(Å) 

H  
(Å) 

ε q* 
(Å-1) 

Nagg 

C4AzoOC2TABa 

 
10 

Oblate 
Ellipsoid 

≈21 ≈39 - - - - 

C4AzoOC4TABb 

 
5 

Oblate 
Ellipsoid 

≈18 ≈40 - - - - 

C4AzoOC4TAB 

 

5 

20 
Oblate 

Ellipsoidc 
25 ± 3 

24 ± 1 

39 ± 2 

41 ± 1 

- 

- 

0.77 

0.81 

- 

0.025 

90 ± 14 

165 ± 10 

C4AzoOC6TAB 

 

5 

20 
Oblate 

Ellipsoidc 
25 ± 1 

26 ± 1 

45 ± 1 

51 ± 1 

- 

- 

0.83 

0.87 

- 

0.024 

119 ± 13 

255 ± 24 

C8AzoOC2TAB 

 

5 

20 
Oblate 

Ellipsoidc 
20 ± 1 

24 ± 1 

52 ± 1 

53 ± 1 

- 

- 

0.92 

0.89 

- 

0.021 

209 ± 21 

309 ± 22 

C8AzoOC6TAB 

 

5 

20 
Oblate 

Ellipsoidc 
28 ± 1 

29 ± 1 

88 ± 1 

87 ± 1 

- 

- 

0.95 

0.94 

- 

0.022 

669 ± 30 

753 ± 27 

C6AzoOC4TAB 

 

5 

20 
Elliptical 
Cylinderc 

28 ± 1 

27 ± 1 

49 ± 1 

53 ± 1 

364 ± 11 

162 ± 2 

0.82 

0.86 

- 

0.019 

580 ± 30 

461 ± 25 
a From Akamatsu et al.

7 b From McCoy et al.
3 c Hayter-Penfold structure factor for electrostatic 

interactions included in this fit as described in the text.  

For all AzoTABs, the micellar structures become significantly drier upon 

increasing the surfactant concentration, irrespective of the shape, which appears to reach a 

limit of 20-25% of water content, and has been previously reported to be concentrated 

around the polar head region (Table A.5.3).25, 26 The decrease in the water content is 
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consistent with increased packing between molecules as indicated by the increase in the 

aggregation number. C6AzoO4TAB is the only exception, forming significantly more wet 

aggregates at 5 mM (XSolv = 62%), which decreases to XSolv = 36% at 20 mM, which is 

consistent with the different aggregate shape formed for this AzoTAB. 

5.3.2.2  Effect of Photoisomerisation 

 Figures 5.7 shows the SANS profiles of C4AzoOC4TAB, C4AzoOC6TAB and 

C8AzoOC2TAB in D2O (T = 20 °C), before and after irradiation at 365 nm, at 20 mM. The 

scattering profiles of the cis-isomers are shifted towards high q, with q* from q = 0.025 to 

0.035 Å-1, q = 0.023 to 0.039 Å-1 and q = 0.021 to 0.038 Å-1 for C4AzoOC4TAB, 

C4AzoOC6TAB and C8AzoOC2TAB, respectively, which indicates that micelles are more 

closely packed following photoisomerisation. The Guinier plateau remains visible at low-q 

followed by an abrupt decay which scales as ~q
-4.5. For C4AzoOC4TAB, fitting of the 

SANS data to the Sphere model9 gave smaller, wet micelles (58% solvent) with a radius R 

of 26 Å and a low aggregation number (Nagg = 42). Increasing the spacer length by 2 

carbons, whilst keeping the same alkyl chain R1 (C4AzoOC6TAB), leads to dryer (35%) 

and slightly larger micelles (R = 26 Å, Nagg = 67). The SANS profile of cis-

C8AzoOC2TAB can also be fitted with the Sphere model, leading to small (R = 25 Å) and 

dry (17%) aggregates (Table A.4.3). The Hayter-Penfold structure factor is required to 

produce good fits to the data, due to the large q* at 0.038 Å-1, which leads to a decrease in 

the estimated interparticle distance from 299 Å to 165 Å. The shift in q* upon 

photoisomerisation is the highest of all the AzoTABs studied here, which highlights a 

substantial nanoscale reorganisation of the micelles. For the same hydrophobic segment 

length, the calculated radii follow the order C4AzoOC6TAB > C4AzoOC4TAB > 

C8AzoOC2TAB, where this time the spacer length seems to control the size of the micelle. 

Guinier analysis was performed to validate the choice of the spherical model (Figure A.5.8 

and Table A.5.3). 
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Figure 5.7. Effect of photoisomerisation on the SANS profiles of AzoTABs in D2O (20 mM, 20 
°C). Scattering data presented for the trans- (purple circles) and cis-isomers (green diamonds) of 
(a) C4AzoOC4TAB, (b) C4AzoOC6TAB and (c) C8AzoOC2TAB. The solid and dashed black lines 
correspond to fits to the data as described in the text. (d) A model of the ellipse to sphere transition 
of AzoTAB micelles upon photoisomerisation, where R is the polar radius and L is the equatorial 
radius. 

Figure 5.8 shows the SANS data and fits for C8AzoOC6TAB and C6AzoOC4TAB 

in D2O at 20 mM before and after irradiation at 365 nm. After photoisomerisation, trans-

C8AzoOC6TAB exhibits a slight upturn at q = 0.03 Å-1 followed by a sharp decay of ~q
-3.9. 

While the scattering data for both isomers are best described by the oblate Ellipsoid 

model10 coupled with the Hayter-Penfold structure factor, there are stark differences 

between the obtained fitting parameters (Figure 5.8a). The oblate ellipsoidal micelles 

formed by the cis-isomer are much smaller (R = 23 Å, L = 36 Å) and less flat than the trans 

counterparts (R = 29 Å, L = 87 Å), with an eccentricity of 0.77, indicating that the packing 

of unimers along the L axis is less favourable in the cis-micelles. Finally, the SANS profile 

of cis-C6AzoOC4TAB is very similar to that of the trans-form and could also be fit to the 

Elliptical Cylinder model,10 to give R = 22 Å, L = 46 Å and H = 260 Å, which are in good 

agreement with the fitting parameters for the trans-isomer (Figure 5.8b) 
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Figure 5.8. Effect of photoisomerisation on the SANS profiles of AzoTABs in D2O (20 mM, 20 
°C). Scattering data presented for the trans- (purple circles) and cis-isomers (green diamonds) of 
(a) C8AzoOC6TAB and (b) C6AzoOC4TAB. The solid and dashed black lines correspond to fits to 
the data as described in the text.  

The presence of the cis-isomer was confirmed optically by UV/Vis absorption 

spectroscopy, before and after the SANS measurements (Figure A.5.9) and it appears that 

the bent cis-isomer can be accommodated quite effectively within the elliptical cylinder 

structure, with minimal changes to the structural parameters. 

 Table 5.3 shows the fitted parameters of the AzoTABs obtained by the SANS data 

for cis-AzoTABs at 5 mM and 20 mM (T = 20 °C). The micelles formed are smaller and 

contain less unimers per micelle than their trans-counterparts (Figure A.5.10). On average, 

photoisomerisation leads to aggregates that contain 4 times less unimers than the initial 

micelles formed by the trans-isomers. The micelles are also wetter after 

photoisomerisation, due to the higher hydrophilicity of the cis-isomers. This is 

accompanied by a shift towards high-q in the scattering intensity, q*, which indicates 

tighter packing of the micelles. 
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Table 5.3 Summary of the parameters obtained for model fitting to the SANS profiles for cis-

AzoTABs. For the structures investigated here, the fitted parameters are obtained as described in 
the text. All samples are in D2O at 20 °C. Representative data from the literature are also included 
for comparison. ε refers to the eccentricity of the ellipsoidal structure only. q* references to the 
interference maximum where interparticle interactions become more significant and Nagg is the 
aggregation number for the micelle. A polydispersity of 0.1 was applied to all polar and equatorial 
radii to account for a polydisperse micellar population. 

cis-AzoTAB Conc. 
(mM) 

Form 
factor P(q) 

R  
(Å) 

L 
(Å) 

H  
(Å) 

ε q* 
(Å-1) 

Nagg 

C4AzoOC2TABa 

 
10 

Oblate 
Ellipsoid 

21 32     

C4AzoOC4TAB 

 

5 Concentration too close to the CMC to yield useful scattering profile 

20 Sphereb 26 ± 1 - - - 0.035 42 ± 8 

C4AzoOC6TAB 

 

5 

20 
Sphere 
Sphereb 

24 ± 1 

26 ± 1 

- 

- 

- 

- 

- 

- 

- 

0.037 

26 ± 5 

67 ± 10 

C8AzoOC2TAB 

 

5 

20 
Sphere 
Sphereb 

22 ± 1 

25 ± 1 

- 

- 

- 

- 

- 

- 

- 

0.038 

47 ± 5 

72 ± 10 

C8AzoOC6TAB 

 

5 

20 

Sphere 

Oblate 
Ellipsoidb 

28 ± 1 

23 ± 1 

- 

36 ± 1 

- 

- 

- 

0.77 

- 

0.035 

64 ± 8 

140 ± 13 

C6AzoOC4TAB 

 
20 

Elliptical 
Cylinder 

22 ± 1 46 ± 1 260 ± 9 0.89 - 572 ± 25 

a From Akamatsu et al.
7 b Hayter-Penfold structure factor for electrostatic interactions included in 

this fit as described in the text. 

 A representative schematic diagram showing the change in the micelle size upon 

increasing the concentration from 5 mM to 20 mM, followed by photoisomerisation at λex 

= 365 nm is presented in Figure 5.9. The micelles formed by trans-C4AzoOC6TAB at 5 

mM were taken as the reference size and the rest of the micelle sizes were drawn 

referenced to this. This diagram enable visual representation of the evolution of the micelle 

size as a function of structure and experimental conditions. For instance, the micelles 

obtained after photoisomerisation at 20 mM are smaller than those formed at 5 mM in the 

trans-form. C6AzoOC4TAB, which forms elliptical cylinder micelles was represented by 

selecting the ellipsoid based on the cylinder only. 
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Figure 5.9. Schematic 2D representation of the micelles formed by AzoTABs upon increasing the 
concentration from 5 mM to 20 mM , followed by photoisomerisation at λex = 365 nm for 2 
minutes The micelles formed by trans-C4AzoOC6TAB at 5 mM were taken as a reference size to 
draw the rest of the micelles. C6AzoOC4TAB is represented by the elliptical base of the cylindrical 
micelles for comparison. 

5.3.2.3  Effect of Temperature 

 The formation of micelles was further investigated as a function of 

temperature. Figure 5.10 shows the SANS profiles of trans-C4AzoOC4TAB, trans-

C4AzoOC6TAB and trans-C8AzoOC2TAB in D2O (20 mM) at 20 °C and 60 °C. The 

scattering profiles of the trans-isomers at 60 °C are shifted towards high-q, with q* from q 

= 0.025 to 0.031 Å-1, q = 0.022 to 0.029 Å-1 and q = 0.021 to 0.022 Å-1 for 

C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB, respectively, which indicate that 

the micelles are more closely packed at higher temperature. This observation is in 

agreement with other studies that suggest the micelle packing becomes tighter upon 

increasing temperature.27 The scattering data of the three AzoTABs were fitted to the 

oblate Ellipsoid model at 5 mM and coupled with the Hayter-Penfold structure factor at 20 

mM. The polar radii remain constant at ca. 25 Å upon increasing the temperature to 60 °C, 

but the equatorial radii decrease from 41 Å to 40 Å, 51 Å to 44 Å and 53 Å to 49 Å, for 

C4AzoOC4TAB, C4AzoOC6TAB and C8AzoOC2TAB, respectively. The eccentricity 

decreases from 0.81 to 0.77, 0.87 to 0.83 and 0.89 to 0.88 for C4AzoOC4TAB, 

C4AzoOC6TAB and C8AzoOC2TAB, respectively, at 20 mM as temperature increases 

from 20 °C to 60 °C. In addition the micelles are wetter and contain less unimers per 

C4AzoOC6TAB
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micelle at 60 °C (Table 4.7 and Table A.4.5), which indicates that water penetrates more 

efficiently inside the micelles at the higher temperature. 

 

Figure 5.10. Effect of temperature on the SANS profiles of trans-AzoTABs in D2O (20 mM) as a 
function of temperature. Scattering data presented for the trans-isomer at 20 °C (purple circles) and 
60 °C (pink triangles) of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB and (c) C8AzoOC2TAB . The 
solid and dashed black lines correspond to fits to the data as described in the text.  

Figure 5.11 shows the SANS data and fits for trans-C8AzoOC6TAB and trans-

C6AzoOC4TAB in D2O at 20 mM at 20 °C and 60 °C. A slight change in the scattering 

profiles is observed, notably a decrease in the scattering intensity, suggesting a decrease in 

the number of scattering particles. The SANS profiles were fitted to the oblate Ellipsoid 

and Elliptical cylindrical model for trans-C8AzoOC6TAB and trans-C6AzoOC4TAB, 

respectively, with a polydispersity of 0.1 applied to the equatorial radius. The size of the 

polar and equatorial radii are similar to the one at 20 °C with R = 27 Å and L = 87 Å and R 

= 29 Å and L = 51 Å, for trans-C8AzoOC6TAB and trans-C6AzoOC4TAB, respectively. 
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Figure 5.11. Effect of temperature on the SANS profiles of trans-AzoTABs in D2O (20 mM) as a 
function of temperature. Scattering data presented for the trans-isomer at 20 °C (purple circles) and 
60 °C (pink triangles) of (a) C8AzoOC6TAB and (b) C6AzoOC4TAB. The solid and dashed black 
lines correspond to fits to the data as described in the text.  

Table 5.7 summarises the fitted parameters obtained for the trans-AzoTABs 

studied at 60 °C. It is worth noting that the cis-isomers were not investigated at 60 °C, due 

to the rapid thermal relaxation that occurs at this temperature 

Table 5.7. Summary of the parameters obtained for model fitting to the SANS profiles for trans-

AzoTABs at 60 °C in D2O. For the structures investigated here, the fitted parameters are obtained 
as described in the text. Representative data from the literature are also included for comparison. ε 
refers to the eccentricity of the ellipsoidal structure only. q* references to the interference 
maximum where interparticle interactions become more significant and Nagg is the aggregation 
number for the micelle. A polydispersity of 0.1 was applied to all polar and equatorial radii to 
account for a polydisperse micellar population. 

trans-AzoTAB Conc. 
(mM) 

Form factor P(q) R  
(Å) 

L 
(Å) 

H  
(Å) 

ε q* 
(Å-1) 

Nagg 

C4AzoOC4TAB 
5 

20 
Oblate Ellipsoid 
Oblate Ellipsoid 

22 ± 2 
26 ± 2  

33 ± 2 
40 ± 1 

- 
0.74 
0.77 

- 
0.031 

61 ± 8 
157 ± 10 

C4AzoOC6TAB 
5 

20 

Oblate Ellipsoid 

Oblate Ellipsoid 
18 ± 1 
24 ± 1 

39± 1 
44 ± 1 

- 

- 
0.89 
0.83 

- 

0.029 
58 ± 5 

180 ± 6 

C8AzoOC2TAB 
5 

20 

Oblate Ellipsoid 

Oblate Ellipsoid 
24 ± 1 
24 ± 1 

38 ± 1 
49 ± 1 

- 

- 
0.79 
0.88 

- 
0.022 

121 ± 6 
195 ± 8 

C8AzoOC6TAB 
5 

20 

Oblate Ellipsoid 

Oblate Ellipsoid 
29 ± 1 
29 ± 1 

84 ± 1 
90 ± 1 

- 

- 
0.94 
0.95 

- 

0.020 
380 ± 15 
518 ± 20 

C6AzoOC4TAB 20 Elliptical Cylinder 29 ± 1 51 ± 1 295 ± 10 - - 680 ± 30 
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5.3.3 Visualisation of the Micelle Structure  

 Cryo-SEM measurements were performed the trans- and cis-isomers of 

C8AzoOC2TAB (20 mM). This AzoTAB was selected based on the large difference in the 

SANS scattering profiles observed upon photoisomerisation. Figure 5.12 shows the cryo-

SEM image of the trans-isomer and indicates the formation of large spherical and 

ellipsoidal aggregates, ~2,000 Å in diameter. These sizes are too large to be probed on this 

SANS instrument.28 However, the formation of smaller aggregates with a diameter of ~100 

Å was observed for both isomers (Figure 5.12b and 5.12d).   

 

Figure 5.12. Examination of the aggregate structure of AzoTABs above the CMC (20 mM). Cryo-
SEM images of (a), (b) trans-C8AzoOC2TAB and (c), (d), (e) and (f) cis-C8AzoOC2TAB. Images 
(b), (d) and (f) are magnified from the orange boxes in images (a), (c) and (e), respectively. The red 
circle in (d) highlights the presence of a trans-form aggregate among cis-form aggregates. The 
green circle in (f) highlights the fusing of two aggregates.  

(a) (b)

(d)(c)

(f)(e)

2 µm

1 µm 1 µm

300 nm

1 µm 300 nm
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The trans-isomer appears to form ellipsoidal aggregates, while the cis-isomer 

seems to form a mixture of spherical and ellipsoidal aggregates (Figure 5.12d). This can be 

assigned to the photostationary state, where a small fraction of surfactant molecules 

remains in the trans-form. Upon increasing magnification, the larger trans-aggregates 

appear to be populated with smaller aggregates on the surface (red circle, Figure 5.12d), 

while cis-form micelles are much smoother. Increased magnification did not allow the 

smaller aggregates to be examined in detail, however they seem to match the sizes and 

shapes determined from the analysis of the SANS data. Finally, the trans-aggregates are 

isolated, while cis-aggregates are more closely packed, and in some cases lead to the 

formation of fused micelles (Figure 5.12e, green circle in Figure 5.12f). These observations 

agree with the SANS data, which show a shorter distance between aggregates upon 

photoisomerisation. However, it cannot be excluded that these differences arise due to the 

stark contrast in the local environment of the micelles in the two techniques (liquid for 

SANS, cryogenic freezing and freeze-fracture for SEM). 

 The size distribution of the objects observed by cryo-SEM images was investigated 

using the ImageJ software. This software gives an approximation of the size distribution of 

the aggregates in the image based on the background selected by the user. Figure 5.13 

shows the size distributions of trans- and cis-C8AzoOC2TAB taken from Figures 5.12b 

and 5.12f, respectively. The trans-isomer exhibits a large population of aggregates whose 

size is around 7-8 nm in diameter (Figure 5.13a). This value is in perfect agreement with 

the calculated radius of gyration of 3.5 nm obtained for this AzoTAB (Table A.5.3).  

 

Figure 5.13. Histograms representing the size distribution for (a) trans- and (b) cis-

C8AzoOC2TAB obtained from cryo-SEM images 5.12a and 5.12f, respectively. Sizes were 
measured using the ImageJ software. 
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 A second population of aggregates is observed, with a diameter of around 20 nm, 

followed by a decrease in the frequency of bigger aggregates, with the largest size obtained 

having a diameter of 60 nm for less than 1% of the total trans-form population. The cis-

isomers form a main population that has a diameter of around 3-4 nm at 20 mM. The 

radius of gyration of cis-C8AzoOC2TAB was calculated to be around 2 nm, which 

corresponds to a diameter of 4 nm. A second population of aggregates is observed at 

around 10 nm, which corresponds to ca. 20 % of the total size distribution in frequency. 

The largest aggregates are recorded at 40 nm for less than 1% of the total cis-form 

population. 

5.4 Conclusions  

` The effect of the hydrophobic segment length and the effect of the relative position 

of the azobenzene core within the molecule have been investigated as a function of 

concentration, temperature and photoisomerisation in dilute aqueous solutions 

(concentration < 20 mM). The self-assembly properties were investigated by ST, DLS, 

SANS and cryo-SEM. It was found that the surface tension and the CMC can be tuned by 

the careful design of AzoTABs. Similarly, the molecular design of the photosurfactants 

guides the formation of aggregates of different size and shape, with different inter-micelle 

distances.  

 For trans-isomers, the total length of the hydrophobic segment, which comprises 

the alkyl tail, the azobenzene core and the spacer, determines the CMC and size of the 

micelles formed. Short alkyl tail length leads to high value of CMCs and smaller micelles 

than elongated alkyl tail length. Photoisomerisation to the cis-isomer leads to a decrease in 

the volume of the azobenzene core, which is accompanied by a significant increase in the 

dipole moment from ≈0 to ≈3 D.29 This results in a significant hydrophilic component 

within the assumed hydrophobic tail. If the spacer length is short (up to 4 carbons), 

photoisomerisation brings the cis-azobenzene core into closer proximity with the polar 

trimethylammonium bromide head group. In this conformation, it might be more intuitive 

to consider the polar azobenzene core and the short spacer as part of the hydrophilic head 

group, rather than the hydrophobic segment.  

 Like conventional surfactants, the value of the CMC of AzoTABs is primarily 

determined by the length of the alkyl chain, with long chains leading to a lower CMC.2 

However, photosurfactants possess two distinct CMCs given by the trans- and cis-isomers, 
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due to the photoisomerisation of the azobenzene moiety, inserted within the hydrophobic 

segment. This difference of CMC is called the ∆CMC and the effect of the molecular 

structure on the ∆CMC for the cis- and trans-isomers is not obvious. There is an apparent 

sweet spot in the length of the assumed hydrophobic segment for R1 + R2 = 6, which leads 

to the maximum difference in the CMCs between the two isomers. To achieve a large 

∆CMC, either the absolute value of the CMCtrans must decrease, or the CMCcis must 

increase, or a combination of the two must occur. For a given homologous series, 

increasing the length of the spacer results in a corresponding decrease in the alkyl tail, 

which leads to an increase in the CMC. The CMCtrans therefore increases with the spacer 

length. The large ∆CMC must therefore arise from an increase in the CMCcis. One possible 

explanation for this is that upon photoisomerisation, the azobenzene core and spacer now 

form part of the effective hydrophilic segment of the molecule, and as such the increasing 

spacer length leads to a larger hydrophilic volume and a higher CMC. 

 SANS studies show that the shapes of the micelles obtained for the fitting of the 

SANS data to standard geometrical models are in good agreement with the shapes 

predicted based on the molecular structure using the theoretical packing parameter. With 

the exception of C6AzoOC4TAB, all AzoTABs studied here form ellipsoidal micelles in 

the trans-form and spherical micelles in the cis-form. It was reported that C4AzoOC2TAB 

forms ellipsoidal (trans-) or pseudo-spherical (cis-) in D2O (up to 50 mM).7 For the trans-

isomers, micellar growth occurs predominantly in the equatorial axis (L) and there is an 

apparent maximum micelle size for a given hydrophobic segment length (C10: L ≈ 50 Å), 

above which the formation of new aggregates is favoured over further growth. The polar 

radius (R) remains constant independently of the hydrophobic segment length around 20-

25 Å. Upon photoisomerisation R decreases to ca. 20 Å accommodate the change in shape 

induced by the bending of the azobenzene core. The eccentricity of the ellipsoid increases 

with the hydrophobic segment length of the photosurfactants from 0.77 to 0.95 for trans-

C4AzoOC4TAB and trans-C8AzoOC6TAB at 20 mM, respectively. As a result, longer 

hydrophobic segments may lead to the formation of elongated micelles, with potential 

shapes such as cylinders or discs. At a given concentration, the corresponding spherical 

cis-aggregates are wetter and have a lower aggregation number than the trans-isomer 

counterparts. 

In contrast to the other AzoTABs studied, C6AzoOC4TAB favours the formation of 

elliptical cylinders in D2O in both the trans- and cis-forms, which is in contradiction to the 
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theoretical packing parameters for this molecule that predict ellipsoidal/spherical 

aggregates. However, for the cis-isomer in particular, severe estimates are made for the 

volume of the azobenzene core. Moreover, the head group area is limited to the cationic 

terminal group in these calculations, which may not be an accurate reflection of the true 

effective hydrophilic segment. Nevertheless, there is an apparent preference for 

C6AzoOC4TAB to form cylindrical micelles with a lower curvature and 

photoisomerisation has a limited effect on the shape and size of the aggregates formed. It is 

yet unclear which exact feature of the molecular structure drives this preference.  

Finally, as noted earlier, photoisomerisation does not lead to the formation of a 

100% cis-population, and approximately 5% of the photostationary state is composed of 

trans-isomers. It is interesting to consider if discrete all-trans and all-cis aggregates form 

under these conditions. Cryo-SEM analysis of cis-C8AzoOC2TAB revealed that spherical 

aggregates comprise the primary aggregate population in this sample, however isolated 

ellipsoidal aggregates more characteristic of the trans-isomer were also observed.  

The self-assembly behaviour of AzoTABs in highly concentrated systems will be 

further discussed in Chapter 6. In particular, the effect of concentration, photoisomerisation 

and temperature will be investigated with the goal of observing whether AzoTAB 

photosurfactants can form structures with long range order, such as lyotropic liquid crystal 

phases, and to identify concentration-temperature regimes required to access such 

structures. 
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Chapter 6 - Towards High Concentrations: Can 

AzoTABs Form Structures with Long Range-Order? 
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6.1 Introduction 

 Lyotropic liquid crystals (LLCs) share the properties of crystals and melts with 

partial order/disorder of atoms.1 Whilst solid crystals are spatially ordered, the atomic 

positions in LLCs fluctuate, which renders the atomic arrangement and association with a 

geometric structure difficult.2 Those fluctuations lead to the formation of optically 

isotropic phases (e.g. cubic phases), which are non-polarised, or optically anisotropic 

phases (e.g. lamellar, hexagonal phases), which are polarised. The order/disorder 

behaviour of such LLC phases, in contrast to well-defined crystal structures, denotes the 

intermediate characteristics of the phase and are therefore called mesophases, and may lead 

to the formation of a larger variety of phases than solid crystals.2 Surfactants which form 

LLC phases have been used as nano-templates for ordered inorganic-organic polymeric 

materials3, biomedical applications4 and image storage.5 However, to date only a few 

reports have investigated the formation of LLC phases for azobenzene-based surfactants.6-9 

Two non-ionic azobenzene PS, which consist of a hydrophobic segment, an azobenzene 

core and a hydrophilic oxyethylene unit (i.e. C4AzoOC5E7 and C9AzoOE7), have shown 

the ability to form hexagonal and lamellar mesophases.10, 11 The nature of the LLC phase 

formed was controlled by varying the position of the azobenzene moiety within the PS. It 

was demonstrated that the PS with the azobenzene core localised in the middle on the 

hydrophobic segment (C4AzoOC5E7) enables a larger variety of self-assembled structures 

to be achieved. Upon application of UV light, these self-assembled structures reorganised 

to form isotropic mesophases (packing of micelles). However, the ability of cationic 

AzoTABs to form LLC phases has not been reported. 

6.1.1 Aims of this work  

 Chapter 5 focused on the self-assembly of AzoTAB photosurfactants in water. The 

investigation was focused on the effect of the position of the azobenzene core on the 

physicochemical properties, at concentrations just beyond the CMC. In this chapter, 

complementary SAXS, POM and DSC techniques are used to investigate the effect of the 

position of the azobenzene core on the self-assembly behaviour at high surfactant 

concentrations. The goal for this chapter is to identify whether AzoTABs can form LLC 

phases and which molecular structures facilitate their formation. Additionally, the effect of 

photoisomerisation and temperature are investigated for any LLC phases formed.  
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6.2 Experimental 

6.2.1  Methods 

Small-angle X-ray scattering: AzoTAB solutions were freshly prepared in MilliporeTM 

water (resistivity of 18 MΩ cm at 25 °C). Small aliquots of solutions (30 µl) below 10 wt% 

were placed in a well-plate and loaded with a BioSAXS arm into the B21 instrument for 

measurements. Samples above 10 wt% were manually injected with a syringe. 

Experiments consisted of a run of 30 frames, which were background subtracted to remove 

the air and solvent contributions and averaged to yield the final SAXS profile. Heating 

studies were performed from 20 °C to 60 °C with a 10 °C increment and 3 min 

equilibration time between steps. The cis-isomer samples were irradiated with UV-light 

(λex = 365 nm) for 3 minutes prior to loading or injection. UV/Vis absorption spectra were 

recorded before and after experiments to investigate potential sample damage or reverse 

isomerisation. In case of X-ray degradation of the sample, the first 5 frames of the run were 

averaged before any obvious deviation from the initial frame was observed. SAXS profiles 

were fit using non-linear least-squares analysis (Levenberg-Marquardt algorithm, Chapter 

3) to the Core-Shell Sphere12 and Core-Shell Ellipsoid12 models with a polydispersity 

distribution of 0.1 and to the Core-Shell Cylinder model with a polydispersity distribution 

of 0.2, using the SasView software.13  

Polarised Optical Microscopy: Highly concentrated AzoTAB samples in water (10-50 

wt%) were freshly prepared in glass vials and drop-cast between two glass cover slips. The 

trans-cis photoisomerisation of the AzoTABs was performed with a UV light-emitting 

diode (λex = 365 nm) for 10 min. These samples were imaged using a polarised optical 

microscope at different magnifications (4x, 10x and 40x) with a coloured filter of λ = 532 

nm. All experiments were performed in the absence of external light sources to avoid any 

competitive photoisomerisation of the samples. The effect of the instrument light source 

was also checked, and showed no modification of the POM images. 

Differential Scanning Calorimetry: Highly concentrated AzoTAB solutions in water (20 

wt%, 30 wt%) were freshly prepared in a glass vial, weighed (4-5 mg) and sealed in 

aluminium crucibles. DSC measurements were performed in the range of 10-90 °C in a 

nitrogen atmosphere using a heat rate of 5 °C/min. The calculation of the enthalpic 

parameters were performed on the software by selecting the start and end temperature 

point of the enthalpic event, after calibration of the baseline.  
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Phase Diagrams: The phase diagrams of trans- and cis-AzoTABs were built for 

concentrations from 0.5 wt% to 100 wt% (powders) and temperatures from 10 to 130 °C 

based on the melting point recorded for dry powders. The phase diagrams gather the results 

obtained in Chapter 4 and 5.  

6.3 Results and Discussion: Identification of LLC Phases 

6.3.1 Small-Angle X-ray Scattering  

 SANS studies performed in Chapter 5 showed that the size and interactions 

between micelles at concentrations above the CMC can be modulated both by varying the 

position of the azobenzene core within the photosurfactant and by adjusting the length of 

the hydrophobic segment. In SAXS experiments, an extended q scale can be probed due to 

the experimental set up (Chapter 3), which enables shorter and longer distances to be 

observed. Consequently, a greater understanding of the packing of micelles is achieved and 

the interface between the micelles and the solvent in the Porod region is better resolved. 

Figure 6.1 compares the SANS and SAXS profile of trans-C4AzoOC6TAB at 10 mM in 

D2O and H2O, respectively.  

 

Figure 6.1. Comparison of the SANS and SAXS profiles of trans-C4AzoOC6TAB at 10 mM in 
D2O and H2O, respectively. The noisy region at q > 0.1 Å-1 for SANS data highlights the lack of 
information from this region. T = 20 °C. 

A similar profile is observed in the Fourier regime (0.01 Å-1 < q < 0.9 Å-1) but a hump 

is resolved in the Porod region (q > 0.1 Å-1) of the SAXS profile. Therefore, the size and 

shape of aggregates obtained from the fitting parameters are expected to be similar from 

the two techniques, but local differences may arise, especially from the structure factor and 
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in the micelle/solvent interface. These local differences may be explained by the molecular 

motion of H2O
14 and the additional presence of weak hydrogen bonding interactions. 

Consequently, preliminary SANS experiments gave a strong starting point to fit more 

elaborate SAXS data.  

 Due to the nature of X-rays, which interact with electrons, H2O was used as a 

medium. H2O is more commonly used than D2O in applications, such as microfluidic 

devices15 or micellar catalysis,16 therefore gaining structural information in this solvent is 

more experimentally applicable and crucial to select optimum AzoTAB candidates. For 

full mathematical and visual representations of the models, refer to Chapter 3.  

6.3.2 Trans-AzoTABs: Effect of concentration 

The effect of concentration on the SAXS profile of trans-AzoTABs was investigated in 

H2O at 20 °C. Due to the high concentration of samples needed to form LLC phases, these 

systems were studied in terms of weight percent (wt%, w/w, Table A.6.1).  

6.3.2.1 Low concentrations: Comparison with SANS experiments 

 Figure 6.2a-e shows the SAXS scattering profiles of trans-AzoTABs in H2O at 20 

°C. The lowest concentrations (0.5 wt% and 1 wt%) represent concentrations of 10 and 20 

mM (Table A.6.1). A detailed study of the size and shape of micelles obtained by SANS 

techniques was described in Chapter 5. As observed in Figure 6.1, the data obtained in the 

Porod region of the scattering profile differs significantly for the two techniques. This 

region represents the micelle/solvent interface. A Core-Shell contribution was added to the 

oblate Ellipsoid model used to fit the SANS profiles to account for this difference.17  
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Figure 6.2. Effect of concentration on the SAXS profiles of the trans-isomers of AzoTABs in H2O 
at 20 °C. (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) C8AzoOC2TAB, (d) C8AzoOC6TAB (PD = 
0.1) and (e) C6AzoC4TAB (PD = 0.2) at 0.5 wt% (red squares) and 1 wt% (blue squares). The 
black lines correspond to fits of the Core-shell Ellipsoid model or the Core-Shell Cylinder model, 
as described in the text. The polydispersity distribution was added to the hydrophobic core (Lcore 

and Rcore). The SAXS profile of C8AzoOC2TAB at 1 wt% was multiplied by a factor 2 to 
distinguish the two concentrations. (f, g) Schematic representation of two potential micellar 
packing of oblate ellipsoid micelles obtained, using (f) a tail-to-tail and (g) a tail-to-azobenzene 
core approach. The black lines, the purple rectangles and the blue circles represent the alkyl chains, 
the trans-azobenzene core and the polar head, respectively. The dotted black and blue lines 
represent the outer limit of the hydrophobic core and shell thickness, respectively. Only a few 
unimers are shown for clarity. The representation (g) was selected for being in closer agreement to 
the fitted parameters and minimises the free volume in the micelles. 
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The SAXS data of trans-C4AzoOC4TAB, trans-C4AzoOC6TAB, trans-

C8AzoOC2TAB and trans-C8AzoOC6TAB at 0.5 wt% and 1 wt% (0.012 Å-1 < q < 0.37 Å-

1) were best fitted to the oblate Core-Shell Ellipsoid model12 coupled with the Hayter-

Penfold Structure Factor18 and a polydispersity (PD) of 0.1 for the hydrophobic core (Lcore 

and Rcore). The SAXS data of trans-C6AzoOC4TAB at 0.5 wt% were fitted to the Core-

Shell Cylinder model,12 with a polydispersity distribution of 0.2 in the hydrophobic core to 

account for the ellipsoidal contribution, as the Core-Shell Elliptical Cylinder model is not 

provided by SasView. Figure 6.2f-g provide a schematic representation of the packing of 

micelles formed by AzoTABs in water.  

 Table 6.1 and Figure 6.3 summarise the fitted parameters obtained for trans-

AzoTABs at 0.5 wt% and 1 wt% from SAXS experiments at 20 °C in H2O. From Figure 

6.3, the total polar radius, Rtotal, remains constant for all AzoTABs, while the equatorial 

radius, Ltotal, increases with the number of carbons in the hydrophobic segment, which 

shows that the growth of micelles occurs towards the equatorial direction and confirms the 

SANS results (blue and pink squares). Additionally, from Table 6.1, the length of Rcore 

seems to be guided by the spacer length, with a short spacer leading to a shorter polar 

radius (e.g. C8AzoOC2TAB < C4AzoOC6TAB). In particular, C8AzoOC2TAB possesses 

2 carbon atoms in the spacer and the fitted parameters show that this AzoTAB forms the 

largest shell. The thickness of the shell is around 10-15 Å for most AzoTABs but is more 

uniform for an extended spacer (i.e. Rshell ≈ Lshell, R2 = 6). These observations suggest that 

the length of the spacer affects the thickness of the shell, which may facilitate the 

permeability of water for short spacers due to the oxy-group, which is located near to the 

polar head (Figure 6.2f-g for schematic representation). The schematic representation of 

Figure 6.2f considers a tail-to-tail packing of unimers, which was postulated for 

conventional surfactants,19 while Figure 6.2g considers a tail-to-azobenzene core packing 

of micelles. The tail-to-tail approach considers that the polar radius, Rcore, represents the 

length of the hydrophobic segment (≈25 Å, calculated in Chapter 4 with the Tanford 

equation), while the tail-to-azobenzene core approach considers a smaller Rcore, with the 

alkyl tail being closer to the azobenzene core. This latter approach is preferred as it is in 

close agreement to the fitted parameters (Table 6.1). and minimises the free volume in the 

micelles (less permeable to water), which it is assumed to be more realistic. These fitted 

parameters are in good agreement with the reported data of Lund et al. for a 

C4AzoOC3TAB photosurfactant20 and also support the SANS data (Figure 6.3 and Table 

5.2).  



Chapter 6 

118 
 

 

Figure 6.3. Comparison of the equatorial and polar radii obtained from the fitted parameters for 
trans-AzoTABs by SANS (full blue and pink squares) and SAXS (open green and brown squares) 
experiments at 20 °C in D2O and H2O, respectively. The figure is divided in five parts, each 
allocated to a specific AzoTAB from short (left side) to extended (right side) hydrophobic segment. 
The concentrations investigated are displayed in the x-axis and displayed in wt% for clarity. 

Upon increasing the concentration to 1 wt%, the position of the maximum of the 

structure factor, q*, shifts towards high-q, which indicates a shorter distance between 

aggregates. The sizes of the micelles are similar to those at 0.5 wt% (Table 6.1). The high 

eccentricity of the aggregates for trans-C8AzoOC6TAB (ε = 0.95) confirms the formation 

of very flat ellipsoidal micelles. In an effort to represent realistic nanoscale organisation of 

these aggregates, the SAXS data of trans-C8AzoOC6TAB were fitted to the Stacked Disc 

model21, based on the fitted parameters obtained by the Core-Shell Ellipsoid model. A 

reasonable fit was obtained with the radius of the disc being 85.5 Å (Lcore), the thickness of 

the disk is 18 Å (Rcore) and the thickness of the layer is 11.6 Å (TShell). Additionally, the 

Stacked Discs model suggests that 2-3 discs are stacked on average (Figure A.6.1). Guinier 

region (q < 0.01 Å-1) scales as q
-2.5 and q

-1.9 for trans-C4AzoOC4TAB and trans-

C8AzoOC2TAB, respectively (Figure 6.2). In this region, the tail of the scattering of large 

aggregates (> 600 Å) that are outside the scope of the detector range can be observed. This 

may explain the formation of large aggregates obtained from the cryo-SEM images of 

C8AzoOC2TAB (Figure 5.12). Finally, the fitted parameters of trans-C6AzoOC4TAB give 

a radius and a shell thickness of 16.0 Å and 14.2 Å (Rtotal = 30.2 Å), respectively, and a 

cylinder length of 373 Å, which closely agree with the SANS results. 
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Table 6.1. Summary of the parameters obtained for model fitting to the SAXS profiles of trans-AzoTABs. For the structures investigated here, the fitted 
parameters are obtained as described in the text. All samples are in H2O at 20 °C. Representative data from the literature are also included for comparison. ε 
refers to the eccentricity of the ellipsoidal structure only. q* refer to the interference maximum where interparticle interactions become more significant. NR 
stands for not reported. 

 

trans-AzoTABs 
Conc. 

(wt %) 
Form factor P(q) 

Rcore  
(Å) 

Lcore 
(Å) 

RShell 

(Å) 
LShell 

(Å) 
RTotal 

(Å) 
LTotal 

(Å) 
ε 

q* 
(Å-1) 

C4AzoOC3TABa 0.6 Core-Shell Ellipsoid 18-19 NR 7.0 7.0 NR NR 0.97 0.026 

C4AzoOC4TAB 
 

0.5 
Core-Shell Ellipsoid 

8.9 ± 1 30.3 ± 1 16.8 ± 1 7.7 ± 1 25.7 ± 1 38.0 ± 1 0.73 0.024 
1 9.4 ± 1 29.6 ± 1 15.7 ± 1 8.6 ± 1 25.0 ± 1 38.1 ± 1 0.74 0.027 

C4AzoOC6TAB 
 

0.5 
Core-Shell Ellipsoid 

11.6 ± 1 35.0 ± 1 15.4 ± 1 11.4 ± 1 27.0 ± 1 46.5 ± 1 0.81 0.022 

1 11.4 ± 1 39.7 ± 1 17.3 ± 1 9.2 ± 1 28.6 ± 1 48.9 ± 1 0.84 0.024 

C8AzoOC2TAB 
 

0.5 
Core-Shell Ellipsoid 

7.8 ± 1 46.3 ± 1 11.7 ± 1 20.7 ± 1 28.5 ± 1 58.0 ± 1 0.87 0.019 

1 7.0 ± 1 46.9 ± 1 12.2 ± 1 21.7 ± 1 28.8 ± 1 59.1 ± 1 0.87 0.020 

C8AzoOC6TAB 
0.5 

Core-Shell Ellipsoid 
15.6 ± 1 82.2 ± 1 8.0 ± 1 13.8 ± 1 29.4 ± 1 90.1 ± 1 0.95 - 

1 14.9 ± 1 82.9 ± 1 8.2 ± 1 13.2 ± 1 28.1 ± 1 91.2 ± 1 0.95 - 

   
Rcore  
(Å) 

Lcore 
(Å) 

RShell 

(Å) 
Height 

(Å) 
RTotal 

(Å) 
PDI  ε 

q* 
(Å-1) 

C6AzoOC4TAB 0.5 Core-Shell Cylinder 
Model 16.0 ± 1 - 14.2 ± 1 373 ± 15 30.2 ± 1 0.2 - - 

aFrom Lund et. al Ref. 21. 
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6.3.2.2 High concentrations: Accessing LLC phases 

 To further investigate the effect of concentration on the self-assembly of AzoTABs, 

the concentration in water was increased to 5 wt%, 10 wt%, 15 wt% and 20 wt%. It is worth 

noting here that as concentration increases, the samples become highly viscous. At low 

concentration, the samples were loaded with the BioSAXS robot arm of the SAXS B21 

station. This robot arm can only load non-viscous samples and, consequently, samples above 

10 wt% had to be injected manually. Above 20 wt%, C4AzoOC4TAB and C8AzoOC2TAB 

and above 30 wt% for C4AzoOC6TAB, form gel-like structures and could not be loaded in 

the instrument, even manually. This was a fruitful observation, as it may be the premise of the 

observation of long-range structures.19  

Figure 6.4 shows the SAXS scattering profiles of trans-C4AzoOC4TAB from 1 wt% to 20 

wt%, presented in a log/log (Figure 6.4a) and log/lin scale (Figure 6.4b). The log/lin scale is 

the preferred way of representing SAXS data at high concentration as it allows any long range 

order to be identified. The hump at q* = 0.024 Å-1, which was assigned to the Hayter-Penfold 

structure factor at 1 wt%, is shifted from q* = 0.041 Å-1 at 5 wt% to q* = 0.056 Å-1 at 20 wt%, 

corresponding to a repeat distance, d = 2π/q = 153 Å and 112 Å, respectively (for the distance 

between the aggregates refer to Table A.6.2). At 20 wt%, the hump becomes sharp and is 

assigned as the first Bragg peak.22 In “dilute” solution, the high-q region, q > 0.1 Å-1, was 

attributed the shell region of the micelles. At high concentration, this region forms a large 

plateau, where a transition is observed from 5 wt% to 10 wt%, with a local maximum shifting 

from 0.134 Å-1 to 0.171 Å-1. The SAXS profile at 20 wt% exhibits a sharp Bragg peak at q* = 

0.056 Å-1 and a second maximum located at q = 0.165 Å-1, which is 3 times the position of q*. 

The peak ratios of the spacing between Bragg reflections that are commonly recognised as 

forming lyotropic liquid crystalline mesophases are listed in the Appendix (A.6.2). The 1:3 

peak ratios observed may be attributed to lamellar, rhombohedral or tetragonal mesophases of 

LLC phases,2 with a 1:2:3:4...etc ratio of spacing. Although, the second peak ratio is not 

observed, it was reported that swollen mesophases could have some peaks hidden or faded, 

especially for transition phase or bi-phasic systems.23 A different study suggested that a 

coexistence of different mesophases arise from SAXS profiles with intense diffraction 

peaks.19 In these conditions, attempting to fit the SAXS profiles with form-factor models is 

somewhat ambiguous. There is no clear way to validate the model chosen, especially for a 

coexistence of different mesophases (e.g. micellar and hexagonal phase) or if a transition 
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phase exists between the packing of ellipsoidal micelles to a well organised long-range 

structure. When fitted to the oblate Ellipsoid model, the high contribution from the Structure 

Factor leads to disruption of the residuals, resulting in non-reliable fitting parameters (Figure 

A.6.3). Consequently, the SAXS profiles were compared qualitatively with observation of the 

position of local maximum (Table 6.2) 

 

Figure 6.4. Effect of concentration on the SAXS profiles of the trans-C4AzoOC4TAB in H2O from 1 
wt% to 20 wt% in the (a) log/log scale and (b) lin/log scale for comparison. Inset: Magnification of the 
Porod region. 

 Figure 6.5a-e shows the POM images of trans-C4AzoOC4TAB at 10 wt%, 30 wt% 

and 50 wt% in H2O at 20 °C. These concentrations were chosen based on results obtained by 

the SAXS profiles and their potential for forming LLC phases. At 10 wt%, the sample 

exhibits a mosaic-like structure with bright crystals (Figure 6.5a-b). This may represent 

undissolved powder or the premise of anisotropic crystals, regarding the apparent long-range 

organisation of the objects. At 30 wt%, the POM images are bright orange and yellow. The 

colour is due to the filter chosen (λ = 532 nm, Figure 6.5c-d), but the brightness indicates the 

formation of optically anisotropic lyotropic liquid crystals (lamellar, hexagonal or other 

transition phases). Upon rotation to 90° of the glass slide, the colours of the image change, 

confirming the polarisation of crystals (A.6.5). However, the optically anisotropic mesophases 

may be complex to assign, especially as optical textures can vary within the same 

mesophase.2 The apparent bands of colours are orientated as streaks, which were previously 

reported to be assigned to hexagonal mesophases.24, 25 This observation gives further 

information on the SAXS results, which showed potential repetitive pattern at 20 wt%.  
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Figure 6.5. Polarised optical micrographs of trans-C4AzoOC4TAB in H2O at (a) 10 wt%, (b) 
10 wt% magnified (x40) from (a), showing isotropic objects with apparent long range 
organisation. (c) 30 wt%, (d) 30 wt% magnified (x40) from (c) showing large domains of 
bright molecular alignments. (e) Images of undissolved powders at 50 wt%. T = 20 °C. 

It is believed that a coexistence of hexagonal and micellar phases is present at 20 wt%. 

Therefore, the bump of the SAXS profile of trans-C4AzoOC4TAB at 20 wt% (q > 0.1 Å-1) 

may be attributed to the overlap of two distinct peaks, forming a ratio of spacing that 

corresponds to hexagonal mesophases. Upon increasing the concentration to 50 wt%, the lack 

of solubility of the powder at 20 °C leads to a loss of brightness of the sample (Figure 6.5e), 

suggesting that a sweet spot of concentrations for trans-C4AzoOC4TAB to form LLC phases 

can be achieved at ca. 20 - 40 wt%.  

The SAXS profiles of trans-C4AzoOC6TAB from 5 wt% to 30 wt% closely resemble 

those of trans-C4AzoOC4TAB (Figure A.6.4), but the aggregates are less tightly packed in 

solution. As described in Chapter 5, the micelles formed by trans-C4AzoOC6TAB are bigger 

and contain more unimers per micelle than trans-C4AzoOC4TAB. Consequently, the 

repulsion between micelles is stronger due to the presence of additional positive charges. The 

ratio of spacing between these two features is 1:3 suggesting a similar behaviour to that of 

(a) 10 wt% (b) 10 wt%

(e) 50 wt%
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trans-C4AzoOC4TAB. Based on the similarity between the trans-C4AzoOC4TAB and trans-

C4AzoOC6TAB SAXS profiles, a coexistence of mesophases is expected.23 Figure 6.6a 

shows the POM images of trans-C4AzoOC6TAB at 30 wt% in H2O at 20 °C. It is important to 

note that the preparation of the samples to be imaged by POM technique is crucial to observe 

LLC phases. Typically, the samples are prepared in vials and drop-cast between two glass 

cover slips. If the sample exhibits a liquid-like behaviour, it tends to concentrate near the 

edge, resulting in a gradient of concentration from the low-concentrated middle to the high-

concentrated edge. Figure 6.6a is an example of such behaviour, with the bottom of the image 

showing an isotropic domain (ochre colour), a transition phase at the middle, where an 

anisotropic domain is formed (milky-like texture) and a thin band of anisotropic domain at the 

top (streaky-like texture), at the limit of the sample (grey background). Given these 

observations, the exact concentration investigated by POM technique for liquid-like texture is 

somewhat ambiguous. Trans-C4AzoOC6TAB at 30 wt% was assigned as a transition phase, 

between micellar packing (isotropic domain) and hexagonal mesophases (anisotropic 

domains). The formation of hexagonal mesophases was observed at 50 wt% for trans-

C4AzoOC6TAB, exhibiting stained-like domains (Figure 6.6b). 

 

Figure 6.6. Polarised optical micrographs of (a) trans-C4AzoOC6TAB at 30 wt% in H2O, 
which represents a transition phase, showing an isotropic (ochre), an anisotropic (streak-like 
texture) domain. (b) trans-C4AzoOC6TAB at 50 wt% in H2O, showing a bright stained-like 
domain, attributed to hexagonal phase. T = 20 °C.  

The SAXS profiles of trans-C8AzoOC2TAB from 5 wt% to 20 wt% are presented in 

Figure 6.7. A sharp peak that shifts from q* = 0.034 Å-1 at 5 wt% to q* = 0.045 Å-1 at 20 wt% 

is observed. Notably, the intensity of q* starts to decrease at 10 wt%, which is at a lower 

concentration compared to trans-C4AzoOC4TAB and trans-C4AzoOC6TAB. This decrease 

in intensity coincides with the formation of a sharp peak at q = 0.189 Å-1, assigned as a Bragg 

(a) 30 wt% (b) 50 wt%

200 µm 200 µm
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peak, which starts to appear above 10 wt%. This new feature suggests that long-range order is 

obtained for trans-C8AzoOC2TAB. Interestingly, this Bragg peak remains exactly at the same 

position upon increasing the concentration. However, the SAXS profile from q > 0.067 Å-1 

changes from 15 wt% to 20 wt%, with 3 local maxima at q = 0.079 Å-1, q = 0.139 Å-1 and q = 

0. 189 Å-1 to 2 local maxima at q = 0.130 Å-1 and q = 0.189 Å-1, respectively, which suggests 

a nanoscale reorganisation and possibly a transition phase between 15 and 20 wt%. The ratios 

of peak spacing correspond to 1:1.9:3.3:4.3 and 1:2.9:4.2, at 15 wt% and 20 wt%, 

respectively. While at 15 wt% the ratio resembles to a 1:2:3:4 ratio, indicating lamellar 

mesophases, the peak repetition at 20 wt% does not match with any currently recognised LLC 

phases. However, the ratio indexing approach assumes that all the peaks observed belongs to 

a single phase, which might not be the case in the presence of a mixture of mesophases.19 

 

Figure 6.7. Effect of concentration on the SAXS profiles of the trans-C8AzoOC2TAB in H2O from 1 
wt% to 20 wt% in the (a) log/log scale and (b) lin/log scale for comparison. Inset: Magnification of the 
Porod region. 

Figure 6.8a-d shows the POM images of trans-C8AzoOC2TAB at 10 wt%, 20 wt%, 30 

wt% and 40 wt% in H2O at 20 °C. At 10 wt%, the sample exhibits a stained domain (Figure 

6.8a). At 20 wt% and 30 wt%, the POM images display fragmented bright crystals, which 

resemble rods (Figure 6.8b-c). In particular at 30 wt%, it seems that the rods are orientated 

and form streaks (blue area) (Figure 6.8c). Figure 6.8d shows the POM image at 40 wt% and 

a compact ordered environment, which seems to be a mixture of mesophases, due to the 

presence of streaks and fan-like microdomains. The structures observed by the POM images 

were therefore assigned as hexagonal phases (10 wt%), a transition to hexagonal phases with 

different orientation (20 wt% and 30 wt%) and as reversed hexagonal mesophases at 40 wt%. 
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Reverse hexagonal mesophases are expected to be formed for low-water content sample, with 

water being trapped in cone-like structure.26 

 

Figure 6.8. Polarised optical micrographs of trans-C8AzoOC2TAB in H2O at (a) 10 wt%, 
showing a stained-like domain (hexagonal phases). At (b) 20 wt% and (c) 30 wt%, the 
orientation of the hexagonal phases is different, resulting in the formation of sharp rods. At 
(d) 40 wt%, the polarised crystals show different micro domains (fan-like and streak like). T = 
20 °C. 

Figure 6.9 shows the SAXS profiles of trans-C8AzoOC6TAB from 1 wt % to 30 wt%. 

The scattering data exhibit a completely different behaviour in solution, compared to the 

AzoTABs discussed above. The intense peak at ca. q = 0.05 Å is not observed but instead, 4 

sharp peaks are observed at q* = 0.136 Å-1, q1 = 0.228 Å-1, q2= 0.272 Å-1 and q3 =0.291 Å-1, 

respectively. The position of these peaks does not vary with concentration and starts to appear 

above 10 wt%, as observed for trans-C8AzoOC2TAB. A clear change in the SAXS profile is 

observed from 20 wt% to 30 wt% in the Fourier region (0.014 Å-1 < q < 0.06 Å-1), with the 

shoulder located at q = 0.021 Å-1 collapsing. The peak ratio between these peaks is 1.7, 2.0, 

2.2, relative to the first peak at q = 0.136 Å-1 and correspond to 1:√3:√4:√5, respectively. This 

repetitive pattern is not currently assigned as an LLC phase.2 It is interesting to note that this 

sample does not have the visual appearance of a gel at high concentration, in contrast to the 

first three AzoTABs discussed. The viscosity also seems to be lower and loading the sample 

was not an issue at any concentration.  
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(c) 30 wt% (d) 40 wt%
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Figure 6.9. Effect of concentration on the SAXS profiles of the trans-C8AzoOC6TAB in H2O from 1 
wt% to 30 wt% in the (a) log/log scale and (b) lin/log scale for comparison. Inset: Magnification of the 
Porod region. 

The POM studies performed on trans-C8AzoOC6TAB from 20 wt% to 90 wt% are 

presented in Figure 6.11a-d. 

 

Figure 6.11. Polarised optical micrograph images of trans-C8AzoOC6TAB in H2O at (a) 20 
wt%, showing a large isotropic domain containing rod-like undissolved crystals. At (b) 40 
wt% and (c) 50 wt%, a mosaic-like texture is observed with bright anisotropic domains, 
assigned as hexagonal mesophases. At (d) 90 wt%, the crystals are not penetrated by water. T 
= 20 °C. 

A liquid-like isotropic texture is observed at 20 wt%, with apparent undissolved crystals 

in a matrix of water. Birefringent crystals are observed at 40 wt% and 50 wt%, with the POM 

images exhibiting a mosaic-like texture assigned to hexagonal mesophases (Figure 6.11b-c). 
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At 90 wt% the image shows undissolved crystals in a matrix of solvent (Figure 6.11d). At this 

concentration, the lack of solubility of the AzoTAB explains the absence of birefringent 

crystals.  

Finally, Figure 6.12 represents the SAXS profile of trans-C6AzoOC4TAB. The Krafft 

point was measured to be 27 °C, therefore only a few concentrations were investigated from 

0.5 wt% to 10 wt%, at 20 °C. The hump observed from q = 0.02 to 0.04 Å-1 at low 

concentrations flattens as the concentration increases and a strong peak appears in the Porod 

region at q = 0.263 Å-1 (d = 24 Å) from 5 wt%. This peak remains at the same position at 10 

wt% but only increases in intensity, suggesting the presence of undissolved crystals in 

solution. 

 

Figure 6.12. Effect of concentration on the SAXS profiles of the trans-C6AzoOC4TAB in H2O from 
0.5 wt% to 10 wt% in the (a) log/log scale and (b) lin/log scale for comparison. The intensity of 5 wt% 
and 10 wt% were multiplied by a factor of 5 and 10, respectively.  

 The POM studies performed on trans-C6AzoOC4TAB at 10 wt% and 40 wt% are at 

20 °C are shown in Figure 6.13a-b. At 10 wt%, the crystals are not dissolved in the solvent 

matrix, as expected from previous experiments (Figure 6.12a). As concentration increases to 

40 wt%, a visually sticky mixture is formed, which displays a smoky-like background texture, 

attributed to hexagonal mesophase (green colour, Figure 6.12b) and undissolved polarised 

crystals (yellow colour). 

0.01 0.1
1E-7

1E-6

1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

x 5

 10 wt%
 5 wt%
 0.5 wt%

I (
q
) 

(c
m

-1
)

q (Å-1)

x 10

0.1 0.15 0.2 0.25 0.3 0.35
0.00

0.05

0.10

0.15

x 5

 10 wt%
 5 wt%
 0.5 wt%

I (
q
) 

(c
m

-1
)

q (Å-1)

x 10

(a) (b)



Chapter 6 

128 
 

 

Figure 6.12. Polarised optical micrographs of trans-C6AzoOC6TAB in H2O at (a) 10 wt%, 
showing undissolved coloured crystals in a water matrix (grey background). (b) At 40 wt%, 
the stained green background resembles to trans-C8AzoOC2TAB at 10 wt% (Figure 6.8) and 
contain undissolved block of crystals (in yellow). T = 20 °C.  

Table 6.3. Summary of the effect of concentration on the ratio of peak spacing in the SAXS profiles of 
trans-AzoTABs at 20 °C. The first maximum, q*, corresponds to the intense sharp Bragg peak and 
was taken as a reference to calculate the ratio of the other peaks observed at higher-q. The numbers in 
brackets indicate the position of the peaks. 

trans-AzoTABs 
Concentration 

(wt%) 

Ratio 
q*/q* 

q* (Å-1) 

Ratio 
q1/q* 

q1 (Å
-1) 

Ratio 
q2/q* 

q2 (Å
-1) 

Ratio 
q3/q* 

q3 (Å
-1) 

C4AzoOC4TAB 

5.0 1 (0.041) - - - 

10.0 1 (0.049) - - - 

15.0 1 (0.053) - - - 

20.0 1 (0.550) 3 (0.165) - - 

C4AzoOC6TAB 

5.0 1 (0.033) - - - 

10.0 1 (0.038) - - - 

15.0 1 (0.041) - - - 

20.0 1 (0.044) - - - 

30.0 1 (0.049) 
2.8 

(0.139) 
- - 

C8AzoOC2TAB 

5.0 1 (0.033) 
2.5 

(0.082) 
3.9 

(0.130) 
- 

10.0 1 (0.035) 
2.3 

(0.082) 

3.9 
(0.137) 

- 

15.0 1 (0.042) 
1.9 

(0.081) 

3.3 
(0.137) 

4.3 
(0.189) 

20.0 1 (0.045) - 
2.9 

(0.130) 

4.2 
(0.189) 

C8AzoOC6TAB 

15.0 1 (0.135) 
1.7 

(0.228) 

2.0 

(0.272) 
2.1 (0.291) 

20.0 1 (0.136) 
1.7 

(0.228) 

2.0 
(0.272) 

2. 1 
(0.291) 

30.0 1 (0.136) 
1.7 

(0.228) 

2.0 

(0.272) 
2.1 (0.291) 

C6AzoOC4TAB 10.0 1 (0.262) - - - 

(a) 10 wt% (b) 40 wt%

100 µm100 µm



Chapter 6 

129 
 

6.3.2.3 Rationalisation of the observation of LLC phases 

Despite the fact that there is no clear evidence for the formation of known LLC phases in 

the SAXS profiles, the observation of Bragg peaks and peak repetitions in the SAXS profiles 

suggests the existence of long-range order for trans-AzoTABs. Moreover, birefringent 

structures are observed by POM at concentrations of 20-40 wt%. POM images confirm both 

that directional crystals are formed at high concentrations for trans-AzoTABs, and the 

formation of lyotropic liquid crystals. Three assumptions, which can coexist, can be made to 

account for the absence of known ratio of spacing in the SAXS profiles: (1) more than one 

phase (at least 2) exists at these concentrations, which can lead to the fact that some peaks are 

not seen or hidden. Additionally, for LLCs, scattering features are more swollen than for 

powders, which make them complex to distinguish or separate. (2) Only transition phases are 

observed, which are then expected to lead to known ordered systems or (3) unknown and new 

LLC phases are formed for trans-AzoTABs, due to the fluctuating position of atoms, which 

statistically leads to extended accessible structures.2 While powder diffraction shows sharp 

Bragg peaks, LLCs are in constant motion, by definition, and can lead to more variety of long 

range ordered phases.  

6.3.3 Effect of photoisomerisation on trans-AzoTABs 

The effect of photoisomerisation on the SAXS profiles of AzoTABs was investigated at 

20 °C in water from 0.5 wt% to 20 wt%. The photoisomerisation reaction was followed by 

UV/Vis absorption spectroscopy before and after the experiment. Due to the high energy 

synchrotron X-ray flux, degradation of the cis-isomers was observed for almost all samples 

(Figure A.6.6). This degradation was observed in the individual SAXS scattering profiles of 

the sample, which showed deviations frame after frame. The experiment was 30 frames long 

and the first 5 frames were kept and averaged before the deviation from the initial SAXS 

profile was too significant to assume that the cis-isomer only was present. Degradation 

mechanisms include reverse isomerisation and potentially fragmentation of the molecule. 

Table 6.4 shows that the degradation is favoured at low concentrations but interestingly the 

phenomenon was less observed for elongated AzoTABs, such as C8AzoOC6TAB, which 

were more resistant to reverse isomerisation.  
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Table 6.4. Summary of the X-ray induced degradation of cis-isomers of AzoTABs. Y stands for 
degradation and N for no degradation of AzoTABs during experiment. NA stands for non-available 
data. 

AzoTABs 
Concentration (wt %) 

0.5 1 5 10 15 20 30 

C4AzoOC4TAB Y Y Y Y NA Y - 

C4AzoOC6TAB Y Y Y Y Y Y NA 

C8AZoOC2TAB Y Y Y Y Y N - 

C8AzoOC6TAB Y Y N N N N - 

C6AzoOC4TAB - - - Y - - - 
 

6.3.3.1 Low concentrations: Comparison with SANS experiments  

 Figure 6.13a compares the SAXS profiles of cis-C4AzoOC4TAB and trans-

C4AzoOC4TAB at 0.5 wt% and 20 °C. The maximum intensity peak located at q* = 0.031 Å-

1 is shifted towards high-q compared to the trans-isomers at 0.5 wt% (q* = 0.024 Å-1). The 

SAXS profile is similar to the previously described SANS profile, with the main differences 

arising in the Porod region (q > 0.14 Å-1). The scattering profile of this region and preliminary 

results obtained from the SANS data led to the SAXS data being fitted with the Core-Shell 

Sphere model,12 coupled with the Hayter-Penfold structure factor and a polydispersity of 0.1 

in the hydrophobic core. 

 

Figure 6.13. (a) Effect of photoisomerisation on the SAXS profiles of the C4AzoOC4TAB in H2O at 
0.5 wt% and 20 °C. The black lines correspond to fits of the Core-shell Sphere model (solid lines) or 
the Core-Shell Ellipsoid model (dotted lines), as described in-text. A polydispersity distribution of 0.1 
was added to the hydrophobic core (Lcore and Rcore). Comparison of the equatorial and polar radius 
obtained by the fitted parameters for cis-AzoTABs by SANS (full blue and pink squares) and SAXS 
(open green and brown squares) experiments at 20 °C in D2O and H2O, respectively. The figure is 
divided in 4 parts, each allocated to a specific AzoTAB from short (left side) to extended (right side) 
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hydrophobic segment. The concentrations investigated are displayed in the x-axis and displayed in 
wt% for clarity. 

 Two possible approaches were considered to treat this scattering profile: (a) The 

radius of the shell is small (≈ 1.0 Å), which leads to the radius of the core being almost equal 

to the total radius of the micelles. This approach was at first the direction taken as it matches 

very well to the radius obtained with the SANS data; however, the residuals of the fits are not 

ideal, and the representation of a very thin shell might not be realistic. (b) A second approach 

was therefore taken, with a short core radius and an extended shell radius. This approach 

considers that the azobenzene core in the cis-form behaves as a point of contact with the 

solvent (Figure 6.14 for representation). The polar head, the spacer and the azobenzene core 

form a part of the shell. The core of the micelles is only represented by the tail (R1) of the 

AzoTABs. This assumption can be supported by the high dipole moment of the cis-

azobenzene core, which leads to a higher hydrophilicity of the AzoTAB.27 The resulting fits 

agree better with the data, but the sizes obtained by the fitted parameters are slightly bigger 

than those obtained from the SANS data (Figure 5.14b).  

 

Figure 6.14. Visual representation of spherical micelles obtained from core-shell fits to the SAXS data 
for cis-C8AzoOC6TAB at concentration 0.5 wt%, using (a) a thin and (b) a thick shell approach. The 
black lines, the purple rectangles and the blue circles represent the alkyl chains, the cis-azobenzene 
core and the polar head, respectively. The dotted black and blue lines represent the outer limit of the 
hydrophobic core and shell thickness, respectively. 

The SAXS data of cis-C4AzoOC6TAB, cis-C8AzoOC2TAB and cis-C8AzoOC6TAB at 

0.5 wt% and 1 wt% were interpreted using the same two approaches (Figure A.6.7). cis-

C8AzoOC6TAB was best fitted to the Core-Shell ellipsoid model, which is in agreement with 

the SANS data. The radii obtained from the first and second approach are summarised in 

Table 5.5. Due to experimental beam-time constraints, cis-C6AzoOC4TAB was not measured 

across a range of concentrations, as it was for SANS. As no major differences were observed 

at low concentrations between the cis- and trans-form, only a high concentration sample was 

run for SAXS measurements. This will be discussed in the next section.

Rcore

RShell

Rcore

RShell

(a) (b)
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Table 6.5. Summary of the parameters obtained for model fitting to the SAXS profiles of cis-AzoTABs. All samples are in H2O at 20 °C. q* refers to the 
interference maximum where interparticle interactions become more significant. Rcore and Tshell represent the radius of the hydrophobic core and the thickness 
of the shell, respectively. NA corresponds to non-applicable, the fit did not converge using approach a. The fitted parameters are obtained as described in the 
text.  

AzoTABs Approach 
Concentration 

(wt %) Model 
Rcore 
 (Å) 

TShell 
(Å) 

Total radius 
(Å) 

q*  
(Å-1) 

C4AzoOC4TAB 
a 

0.5 
Core-Shell Sphere 

21.3 ± 2 0.8 ± 1 22.1± 2 0.031 
1 21.3 ± 2 1.1 ± 1 22.4 ± 2 0.040 

b 
0.5 

Core-Shell Sphere 
4.5 ± 2 22.6 ± 2 26.1 ± 2 0.031 

1.0 5.8 ± 2 21.0 ± 2 26.8 ± 2 0.040 

C4AzoOC6TAB 
a 

0.5 
Core-Shell Sphere 

24.7 ± 2 1.6 ± 1 26.4 ± 2 0.028 
1.0 25.3 ± 2 2.1 ± 1 27.4 ± 2 0.037 

b 
0.5 

Core-Shell Sphere 
4.7 ± 2 25.5± 2 30.3 ± 2 0.028 

1.0 6.3 ± 2 23.4 ± 2 29.7 ± 2 0.037 

C8AzoOC2TAB 
a 

0.5 
Core-Shell Sphere 

22.1 ± 2 2.4 ± 1 24.5 ± 2 0.028 
1.0 NA NA NA 0.035 

b 
0.5 

Core-Shell Sphere 
10.0 ± 2 22.0 ± 2 32.0 ± 2 0.028 

1.0 9.1 ± 2 22.5 ± 2 31.6 ± 2 0.035 

C8AzoOC6TAB 
a 0.5 Core-Shell Sphere 27.1 ± 2 0.3 ± 1 27.4 ± 2 - 
b 0.5 Core-Shell Sphere 10.2 ± 2 27.3 ± 2 37.5 ± 2 - 

 
   

Rcore  

(Å) Lcore (Å) 
RShell  

(Å) 
TShell  

(Å) 
TotalCore 

(Å) 
TotalShell 

(Å) 

C8AzoOC6TAB b 1.0 Core-Shell Ellipsoid 4.4 ± 2 12.3 ± 2 29.5 ± 2 26.2 ± 2 41.9 ± 2 
30.6 ± 

2 
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6.3.3.2  Rationalisation of the choice of approach (b) 

The increase in concentration seems to affect the interaction between the surfactant 

aggregates, as a shift and increase in the intensity of q* is observed. This implies closer 

packing of the aggregates and higher repulsive interactions, but has little contribution to the 

overall aggregate size at concentrations just above the CMC. The fact that the size of the 

micelles varies very little from 0.5 wt% to 1 wt% indicates that the micelles increase in 

number (Table 6.5). In approach a, the thickness of the shell (Tshell) is less than 2 Å and 

remains independent of the AzoTAB. The hydrophobic radius (Rcore) increases with the 

length of the hydrophobic segment, with cis-C8AzoOC2TAB being smaller than cis-

C4AzoOC6TAB, as observed from the SANS results. Although approach a matches better 

with the SANS results, the residuals of the fits using this approach for the SAXS data were 

not optimal and differ from the reported shell thickness.20 To address this, approach b was 

taken, using a thick shell assumption. Interestingly, the core radius of the four AzoTABs 

discussed here is related to the length of the alkyl tail. The parameters obtained from the fits 

of cis-C4AzoOC4TAB and cis-C4AzoOC6TAB gave a core radius of ≈ 5-6 Å, whilst the 

parameters obtained for cis-C8AzoOC2TAB and cis-C8AzoOC6TAB give a core radius of 

≈10 Å. These radii are compared to the length of an alkyl chain given by the Tanford 

equation (Eq. A.4.2-3)28 and correspond to an equivalent alkyl chain of 3 and 7 carbons, 

respectively. This supports the assumption that the pendant alkyl chain of the cis-AzoTABs 

drives hydrophobic core size and that the shell occupies the azobenzene core, the spacer and 

the hydrophilic head.  

Using approach b, the shell thickness increases in size as the spacer length increases, 

which confirms that the spacer is part of the shell, as considered from the SANS results. It is 

important to note that the thickness of the shell may play a crucial role in various 

applications. The debate is still open in the scientific community as to whether loaded 

chemicals are located inside the micelle (core and hydrophobic part) or at the surface (shell 

and double electric layer).29 This is largely dependent on the specific surfactant system and 

the application investigated (e.g. drug release, nanocarriers, micellar catalysis)30 and will be 

discussed further in Chapter 7. 
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6.3.3.3 Cis-AzoTABs at High Concentrations: Is Long Range Order Observed? 

 The SAXS profiles of cis-C4AzoOC6TAB in H2O at 20 °C from 1 wt % to 20 wt% is 

presented in Figure 6.15a-b and is similar to that of cis-C4AzoOC4TAB (Figure A.6.8). The 

hump assigned as the structure factor at low concentrations increases in intensity, becomes 

sharper and shifts to high-q with increasing concentration. The intense first maximum varies 

from q = 0.53 Å-1 at 5 wt% to 0.68 Å-1 at 20 wt% for cis-C4AzoOC6TAB and is significantly 

shifted to high-q compared to the trans-forms (Figure 6.4). The second hump at q = 0.181 Å-1 

is more pronounced than the trans-isomer, becomes broader at 20 wt% and shifts towards 

low-q as concentration increases (Figure 6.15b). This confirms that the nanoscale 

organisation becomes more packed upon increasing the concentration.  

 

Figure 6.15. Effect of concentration on (a) the SAXS profiles of cis-C4AzoOC6TAB in H2O.The shift 
of q* towards high-q is observed. (b) Magnification of the Porod region. T = 20 °C. 

 Interestingly, it seems that a phase transition occurs between 15 wt% and 20 wt%. 

This observation is suggested by the decrease in intensity at q* above 15 wt%. This SAXS 

profile could not be fitted by a single model and the ratio between peaks was used to interpret 

the data. The peak ratio q1/q* decreases from 1:3.4 at 5 wt% to 1:2.3 at 20 wt% and suggests 

the coexistence of LLC mesophases and micellar phases (Table 6.6). 

 The SAXS profiles of cis-C8AzoOC2TAB in H2O at 20 °C from 1 wt % to 20 wt% 

are presented in Fig 6.16a-b. The first sharp peak, q*, is shifted towards high-q compared to 

the trans-form. The diffraction peaks at q = 0.106 Å-1
, 0.138 Å-1 and 0.189 Å-1 start to appear 

at 10 wt%, which is at lower concentration than for the trans-form (Figure 6.7). This 

confirms that an ordered system arises at lower concentrations for the cis-isomers. The hump 

at high-q is larger in intensity and highly affected by concentration, although the position of 

the diffraction peaks does not change (Figure 6.16b). A breakdown of the SAXS profile is 
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observed at 15 wt% with no sharp peak at q = 0.189 Å-1 and a bump having a different shape 

to that of 10 and 20 wt%. This can be first explained by a lack of orientation of the sample, 

which results in some peaks being faded or hidden. Another alternative is that a phase 

transition occurs at this concentration. Additionally, q* reaches a maximum at 15 wt% and 

then shifts towards low-q at 20 wt%, which tends to support the theory of a phase transition. 

The peak ratio follows the trend 1:2.0:2.6:3.6 (1:√4:√7:√13) at 20 wt% and are summarised 

in Table 6.6. This repetitive pattern is close to a hexagonal phase (1:√3:√4:√7:√13) except 

that the peak √3 is missing. 

 

Figure 6.16. Effect of concentration on (a) the SAXS profiles of cis-C8AzoOC2TAB in H2O.The shift 
of q* towards high-q is observed. (b) Magnification of the Porod region to observe the growth of the 
scattering peaks. T = 20 °C. 

 The SAXS profile of cis-C8AzoOC6TAB in H2O at 20 °C from 1 wt % to 20 wt% is 

presented in (Figure 6.17a-b). This SAXS profile shows a different behaviour to that of the 

three AzoTABs discussed before. The first diffraction peak at ca. 0.05 Å-1 is not observed but 

instead a sharp Bragg peak appears from 10 wt%, which is at a lower concentration than the 

trans-isomer (Figure 6.9), but located at the exact same position. The three additional 

scattering peaks, located at q = 0.227 Å-1, q = 0.260 Å-1 and q = 0.291 Å-1, highlight that the 

same ratio of spacing is observed independently of concentration and photoisomerisation. 

This may indicate the presence of undissolved solid crystals within the sample, which can 

lead to a mixture of solid phases and liquid crystal phases, which is supported by the shoulder 

at q = 0.05 Å-1, observed at 20 wt%. 
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Figure 6.17. Effect of concentration on (a) the SAXS profiles of cis-C8AzoOC6TAB in H2O. The 
growth of the q* is observed at 10 wt%. (b) Magnification of the Porod region to observe the growth 
of the scattering peaks. T = 20 °C. 

 Figure 6.18a-b shows the SAXS profile of cis-C6AzoOC4TAB in H2O at 20 °C at 10 

wt% is compared to that of trans-C6AzoOC4TAB at 10 wt% (Figure 6.11). The hump of the 

shell (q > 0.1 Å-1) is more pronounced in the cis-form and the scattering peak located at q = 

0.262 Å-1 is not affected by photoisomerisation. However, no evidence of LLC phases 

formation can be detected in the SAXS profile for this AzoTAB. 

 

Figure 6.18. Effect of photoisomerisation on (a) the SAXS profiles of C6AzoOC4TAB in H2O. (b) 
Magnification of the Porod region to highlight the difference of shape of the hump. T = 20 °C. 
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Table 6.6. Summary of the effect of concentration on the ratio of peak spacing of cis-AzoTABs at 20 
°C. The first maximum, q*, corresponds to the intense sharp Bragg peak and was arbitrarily taken as a 
reference to calculate the ratio of the other peaks observed at higher-q. The numbers in brackets 
indicate the position of the peaks. 

cis-AzoTABs 
Concentration 

(wt%) 

Ratio 
q*/q* 

q* (Å-1) 

Ratio 
q1/q* 

q1 (Å
-1) 

Ratio 
q2/q* 

q2 (Å
-1) 

Ratio 
q3/q* 

q3 (Å
-1) 

C4AzoOC4TAB 

5.0 1  
(0.060) 

3.3  
(0.194) 

- - 

10.0 1 
 (0.064) 

2.8 
(0.180) 

- - 

20.0 1 
 (0.066) 

2.5 

(0.162) 
- - 

C4AzoOC6TAB 

5.0 1 
 (0.053) 

3.4 
(0.181) 

- - 

10.0 1 
 (0.063) 

2.8 
(0.175) 

- - 

15.0 1  
(0.065) 

2.5 

(0.162) 
- - 

20.0 1 
 (0.068) 

2.3 
(0.155) 

- - 

C8AzoOC2TAB 

5.0 1 
 (0.047) 

- 
3.0 

(0.142) 
- 

10.0 1 
 (0.049) 

- 
2.8 

(0.140) 
3.9 (0.189) 

15.0 1 
 (0.056) 

- 2.5 (0.40) - 

20.0 1 
 (0.052) 

2.0 
(0.106) 

2.7 
(0.138) 

3.6 
(0.189) 

C8AzoOC6TAB 

10.0 1 
 (0.136) 

- - - 

15.0 1 
 (0.136) 

1.7 

(0.227) 

2.0 
(0.272) 

2.1 (0.291) 

20.0 1 
 (0.136) 

1.7 

(0.227) 

2.0 
(0.272) 

2.1 (0.291) 

C6AzoOC4TAB 10.0  1 
 (0.262) 

- - - 

 

6.3.3.4 POM analysis – Can cis-AzoTABs form LLC phases? 

 POM images were obtained for the cis-forms of all AzoTABs after UV light 

irradiation of the trans-AzoTAB samples for 10 min. The POM images of cis-

C4AzoOC4TAB and cis-C4AzoOC6TAB at 30 wt% are shown in Figure 6.19a-f. Figure 

6.19a and 6.19d show that the brightness of LLC phases formed by the trans-isomers fades 

upon UV illumination, leading to large domains of isotropic phases (liquid-like texture, ochre 

domains). Isotropic, optically inactive phases are usually assigned as a cubic packing or 

micellar phase.2, 19. Figure 6.19b-c and Figure 6.19e-f show domains of polarised crystals 
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alongside the liquid-like texture. These domains are reorganised into multiple micro-domains 

that possess streaks characteristic of hexagonal phases. The observation of two different 

macro-domains supports the coexistence of mesophases, as suggested from the SAXS data. 

 

 Figure 6.19. Polarised optical micrographs of cis-C4AzoOC4TAB and cis-C4AzoOC6TAB at 30 
wt% and with a (a, d) 4x magnification, (b, e) 10x magnification and (c, f) 40x magnification, 
respectively. The images show a coexistence of isotropic (liquid-like texture) and anisotropic domains 
(streaks). T = 20 °C. 

 The loss of LLC phases formed by the trans-isomers was observed for all AzoTABs 

upon photoisomerisation. Figure 6.20 shows the step-by-step transformation for cis-

C8AzoOC2TAB at 10 wt% as a function of time after irradiation. The lamellar phase present 

in the trans-isomer before irradiation at λex = 365 nm covers most of the image (yellow, 

Figure 6.20a). After 1 minute irradiation, the observed lamellar region shrinks and by 3 

minutes, almost all of the LLC phase is replaced by the solid green crystals. The UV light 

irradiation was continued for 10 minutes, and eventually bright crystals emerged from the 

sample. The analogous experiment on C8AzoOC2TAB at 40 wt% resulted in the loss of the 

mesophase, highlighted by a dark red colour (Figure A.6.10). 
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Figure 6.20. Polarised optical micrographs of trans-C8AzoOC2TAB at 10 wt% (a) prior and after (b) 
0.5 minute, (c) 1 minute, (d) 3 minutes and (e) 10 minutes of UV light irradiation. The anisotropic 
yellow smoky texture is replaced by the growth of the green domain T = 20 °C. 

 The observed phase transition by POM was somewhat surprising as the SAXS 

profiles of cis-isomers showed peak repetitions and long-range order under the same 

treatment. However, this behaviour upon photoisomerisation does not mean the absence of 

LLC phase formation. Samples forming cubic phases are isotropic,2 and do not form bright 

images under polarised light. In contrast, lamellar and hexagonal LLC phases are highly 

anisotropic and are optically polarised leading to bright POM images. The POM micrographs 

suggest the formation of anisotropic structures for cis-C4AzoOC4TAB, cis-C4AzoOC6TAB and 

cis-C8AzoOC2TAB, at the concentrations investigated. The fact that birefringence is observed 

for small domains supports the assumption of a coexistence of LLC phases rather than a 

single and uniform system. Therefore, the peak repetition observed from the SAXS 

experiments is rather a combination of different ratios of spacing rather than the formation of 

unknown or new LLC phases. 
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6.3.4 What is the effect of temperature on trans-AzoTABs? 

The stability of the observed LLC phases was investigated upon increasing the 

temperature to 60 °C for the trans-AzoTABs. The lifetime of the cis-isomer was determined 

to be 1 hour at 60 °C (Chapter 4), before thermal relaxation to the more stable trans-form 

occurs. Consequently, the effect of temperature was studied on the trans-isomers only, as the 

instability of the cis-isomers at high temperatures prevents experiments to be performed 

under our conditions. The effect of temperature on the LLC phases was followed by SAXS at 

0.5 wt% and 20 wt%, with a 10 °C increment from 20 °C to 60 °C, and by DSC at 20 wt% 

from 10 °C to 90 °C.  

6.3.4.1 Low concentrations: Comparison with SANS experiments 

 The SAXS profiles of the trans-AzoTABs studied at 0.5 wt% and 60 °C closely 

resemble those at 20 °C (Figure 6.21a-e and Figure A.6.11).  

 

Figure 6.21. Effect of temperature on the SAXS profiles of trans-AzoTABs in H2O. (a) 
C4AzoOC4TAB, (b) C8AzoOC2TAB, (c) C8AzoOC6TAB and (d) C6AzoOC4TAB from 20 °C to 60 
°C. Concentration = 0.5 wt%. 

 The Core-Shell Ellipsoid model with a polydispersity of 0.1 was applied to fit the 

SAXS data (Table 6.6). Notably, q* shifts towards high-q as temperature increases, which 
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indicates larger distances between aggregates, and a modification of the shape of the shell in 

the Porod region (q < 0.14 Å-1) is observed. From the fitted parameters, it can be noted that 

the size of micelle grows until a maximum is reached at 30 °C for trans-C4AzoOC4TAB and 

50 °C trans-C4AzoOC6TAB. These temperatures are considered optimal for largest micelle 

size, as the size then decreases above these temperatures. This observation supports the 

SANS data fitting, where micelles formed at 60 °C were smaller than those at 20 °C. SAXS 

indicates the transition temperature where micelles stop growing in size and that increased 

thermal motion favours the solubilisation of micelles.31 This optimal temperature is 

particularly interesting for catalysis applications where temperature plays a crucial role in the 

efficiency of the reaction. 
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Table 6.6. Summary of the effect of concentration on the ratio of peak spacing of cis-AzoTABs at 20 °C. The first maximum, q*, corresponds to the intense 
sharp Bragg peak and was arbitrarily taken as a reference to calculated the ratio of the other peaks observed at higher-q. The numbers in brackets indicate the 
position of the peaks. A polydispersity distribution of 0.1 was applied to the hydrophobic core. 

trans-AzoTAB 
Temperature 

(°C) 
Concentration 

(wt%) 
Rcore  

(Å) 
LCore 

 (Å) 
Rshell  

(Å) 
LShell 

 (Å) 
RTotal  

(Å) 
LTotal 

 (Å) 

C4AzoOC4TAB 
 

20 0.5 8.9 ± 1 30.3 ± 1 16.8 ± 1 7.7 ± 1 25.7 ± 2 38.0 ± 2 

30 0.5 12.8 ± 2 33.6 ± 1 11.5 ± 1 5.1 ± 1 24.3 ± 2 38.7 ± 2 

40 0.5 11.1 ± 2 30.7 ± 1 12.2 ± 1 5.6 ± 1 23.2 ± 2 36.3 ± 2 

50 0.5 8.8 ± 2 33.9 ± 1 18.4 ± 1 2.3 ± 1 27.2 ± 2 36.2 ± 2 

60 0.5 7.8 ± 2 34.1 ± 1 14.6 ± 1 2.2 ± 1  22.4 ± 2 36.3 ± 2 

C4AzoOC6TAB 

20 0.5 11.6 ± 2 35.0 ± 1 15.4 ± 1 11.4 ± 1 27.0 ± 2 46.5 ± 2 

30 0.5 9.9 ± 2 33.1 ± 1 18.0 ± 1 13.8 ± 1 27.9 ± 2 46.6 ± 2  

40 0.5 9.8 ± 2 36.9 ± 1 21.0 ± 1 10.7 ± 1 30.8 ± 2 47.6 ± 2 

50 0.5 9.4 ± 2 37.4 ± 1 21.4 ± 1 10.7 ± 1 30.8 ± 2 48.1 ± 2 

60 0.5 9.3 ± 2 37.7 ± 1 22.6 ± 1 7.1 ± 1 31.9 ± 2 44.7 ± 2 

C8AzoOC2TAB 

20 1.0 10.6 ± 2 48.3 ± 2 16.2 ± 1 9.9 ± 1 26.8 ± 2 58.3 ± 2 

30 1.0 9.1 ± 2  46.4 ± 2 18.9 ± 1 11.0 ± 1 28.0 ± 2 57.4 ± 2 

40 1.0 8.8 ± 2 46.5 ± 2 19.2 ± 1 10.9 ± 1 28.1 ± 2 57.4 ± 2 

C8AzoOC6TAB 

20 0.5 15.6 ± 2 82.2 ± 1 8.0 ± 1 13.2 ± 1 29.4 ± 2 90.1 ± 2 

30 0.5 8.4 ± 2 76.5 ± 1 12.0 ± 1 22.2 ± 1 30.6 ± 2 88.5 ± 2 

40 0.5 5.0 ± 2 74.4 ± 1 14.6 ± 1 26.5 ± 1 31.4 ± 2 89.1 ± 2 

50 0.5 7.3 ± 2 76.5 ± 1 13.9 ± 1 24.2 ± 1 31.6 ± 2 90.3 ± 2 

60 0.5 9.3 ± 2 77.9 ± 1 12.9 ± 1 22.3 ± 1 31.6 ± 2 90.8 ± 2 
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6.3.4.2  High concentrations: Stability of the LLC mesophases 

 Figure 6.22a-f shows the SAXS profile of the trans-AzoTABs at 20 wt%. Upon 

increasing the temperature to 60 °C a significant shift of q* towards high-q is observed for 

trans-C4AzoOC4TAB (Δq* = 0.11 Å-1), trans-C4AzoOC6TAB (Δq* = 0.09 Å-1, Figure 

A.6.12) and trans-C8AzoOC2TAB (Δq* = 0.05 Å-1), which is attributed to a decrease of the 

distance between aggregates due to the thermal motion that increases the flexibility of the 

alkyl chain.10 This results in the shrinking of the system, as commonly reported in 

hydrocarbon amphiphiles forming LLC phases.32 

 

Figure 6.22. Effect of temperature on the SAXS profiles of trans-AzoTABs in H2O. (a, b) 
C4AzoOC4TAB, (c, d) C8AzoOC2TAB and (e, f) C8AzoOC6TAB from 20 °C to 60 °C. The Porod 
region (b, d, f) is magnified to highlight the change of shape of the hump and the fading of scattering 
peaks. Concentration = 20 wt%. 
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  A notable change in the shape of the bump in the Porod domain of trans-

C4AzoOC4TAB (q > 0.1 Å-1) is observed between 30 °C and 40 °C, with the local maximum 

shifting from q = 0.17 Å-1 to q = 0.14 Å-1. In contrast, the SAXS profile of trans-

C4AzoOC6TAB and trans-C8AzoOC2TAB do not change shape at high-q (Figure 6.22d). 

Additionally, the scattering peak of trans-C8AzoOC2TAB located at q = 0.189 Å-1 does not 

change position upon increase of temperature. This observation was also noted for trans-

C8AzoOC6TAB, in which the scattering peaks remain at the same location. However, the 

intensity of scattering of these peaks decreases as the temperature increases, indicating a 

looser packing, characteristic of a fluid state (Figure 6.22e-f).33 

 To further investigate the stability of the mesophases upon increase of temperature, 

differential scanning calorimetry (DSC) was carried out. This technique enables the phase 

transitions of a sample over a range of temperatures to be probed. The DSC thermograms at 

20 wt% of trans-C4AzoOC6TAB, trans-C8AzoOC2TAB and trans-C8AzoOC6TAB show a 

flat heating profile line from 10 to 60 °C, with no endothermic peaks (Figure 6.23a and 

A.6.10). There is no melting transition for these samples for this range of temperature, which 

is in agreement with the lack of structural transition in the SAXS profiles. The DSC 

thermogram of trans-C4AzoOC6TAB at 20 wt% exhibits a bump at 78.17 °C, which 

corresponds to melting of the LLC phase. This feature is not observed for trans-

C4AzoOC6TAB at 30 wt% (Figure A.6.10a), which suggests that the LLC phase is more 

stable at 30 wt%. Figure 6.24b shows the DSC thermogram of trans-C4AzoOC4TAB at 20 

wt% from 10 to 90 °C. A negative exothermic peak at 24.07 °C (∆H = -1.63 J g-1) and a 

positive endothermic peak at 31.89 °C (∆H = -1.63 J g-1) are observed, attributed to the 

melting of the liquid crystal phase into a liquid micellar phase.19 Upon increasing the 

concentration to 30 wt%, the negative exothermic peak disappears but the positive 

endothermic peak remains located at 31.78 °C (Figure 6.24c). A substantial decrease in the 

peak area, difference in enthalpy and peak height are observed from 20 wt% to 30 wt% (Table 

6.7). This suggests that less material melts from the LLC phase to the liquid micellar phase, 

The melting temperature of ca. 32 °C is in good agreement with the structural transition 

observed by SAXS (Figure 6.22).  
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Figure 6.23. Differential scanning calorimetry thermograms of (a) trans-C4AzoOC6TAB at 20 wt%, 
(b) trans-C4AzoOC4TAB at 20 wt% and (c) trans-C4AzoOC4TAB at 30 wt%. The marked 
temperatures correspond to transition phase from LLC phases to isotropic phases. Samples masses 
were ~ 5 mg. Heating rate of 5 °C min-1. 

Table 6.7. Enthalpy changes from characteristic features of trans-C4AzoOC4TAB and trans-

C6AzoOC4TAB. 

AzoTABs Concentration Peak Area 
(mJ) 

ΔH 
 (J g-1) 

Peak position 
(°C) 

Peak height 
(mW) 

C4AzoOC4TAB 20 wt% -8.98 -1.63 24.07 -1.19 

 
 28.00 5.10 31.89 0.68 

 
30 wt% 14.33 3.48 31.78 0.42 

C4AzoOC6TAB 20 wt% 18.50 4.93 78.17 0.27 

C6AzoOC4TAB 20 wt% 0.45 0.09 44.55 0.20 

 
 0.64 0.13 53.41 0.16 

 
 16.58 3.48 55.09 0.72 

 
30 wt% -24.57 -5.71 47.34 -0.74 

 
 6.78 1.58 51.41 0.48 

 
 50.98 11.86 55.99 2.35 

  

 Unfortunately, the temperature study of trans-C6AzoOC4TAB at 20 wt% did not lead 

to SAXS data. The samples were injected at 20 °C, however the lack of solubility of this 

AzoTAB at room temperature meant that the concentration of the solution could not be 

determined accurately. In future work, this sample would need to be heated first above the 
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Krafft point prior to injection. The effect of temperature on trans-C6AzoOC4TAB was 

investigated using DSC and POM and gave better information on the behaviour of this 

AzoTAB at 20 wt% and 30 wt%. Notably, the DSC thermogram at 20 wt% shows a series of 

complex endothermic events, highlighted between 44.55 °C and 55.09 °C (Figure 6.24a). The 

peak located at 44.55 °C is attributed to melting of the crystals, while the sharp peak at 55.09 

°C is assigned to the formation of the hexagonal phase, as observed from POM images 

(Figure 6.25). Table 6.7 shows that these peaks arise at a higher temperature (47.34 °C and 

55.99 °C, respectively) for the sample at 30 wt% and are more intense, with ∆H increasing 

from 3.48 J g-1 to 11.86 J g-1
. 

.  

Figure 6.24. Differential scanning calorimetry thermograms of (a) trans-C6AzoOC4TAB at 20 wt% 
and (b) trans-C6AzoOC4TAB at 30 wt%. The marked temperatures correspond to transition phase 
from LLC phases to isotropic phases. Samples masses were ~ 5 mg. Heating rate of 5 °C min-1. 

 This observation was supported by the POM images at 30 wt%, which showed the 

formation of hexagonal structures upon heating to 60 °C (Figure 6.21a). The sample was 

allowed to cool to room temperature and the degradation of the LLC phase was monitored 

over 3 minutes to show a loss of the long-range order and the formation of amorphous crystals 

(Figure 6.25b-g). 
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Figure 6.25. Polarised optical micrographs of trans-C6AzoOC4TAB at 20 wt%, (a) heated at 60 °C 
and cooled to room temperature. (b-g) POM images were taken every 0.5 minute and show the loss of 
the smoky texture upon cooling. After 2 minutes, the images show large domains of undissolved 
crystals, with no orientation. Magnification is 10x. 

6.3.5 Partial Binary Phase Diagrams 

 The binary concentration-temperature phase diagrams for each trans-AzoTABs are 

shown in Figure 6.26. The phase diagrams summarise the findings gathered from POM, 

SAXS and DSC experiments. From these phase diagrams, it is clear that the AzoTAB 

structure has a marked effect on the formation of LLC mesophases. The short hydrophobic 

segment of C4AzoOC4TAB limits the stability and ability to form LLC phases, while 

C8AzoOC6TAB, which possesses an extended hydrophobic segment, seems to prevent water 

penetration and limits the ability to form LLC phases. The nature of LLC phases obtained 

seems to be limited to hexagonal phases for trans-AzoTABs and reverse hexagonal phases for 

trans-C8AzoOC2TAB, only. However, this was assigned using POM images as the evidence 

was not sufficiently clear using SAXS data. Further studies on more highly concentrated 

samples (> 30 wt%) and higher temperatures are required to verify these assignments. The 

range of concentrations to access LLC mesophases is narrow (≈15-40 wt%) for AzoTABs due 

to the nature of sample (powders) that prevents from miscibility at high concentration (> 50 

wt%). 

100 µm100 µm100 µm

100 µm100 µm100 µm100 µm

(a) 0 min. (b) 0.5  min. (c) 1 min. (d) 1.5 min.

(g) 3 min.(e) 2 min. (f) 2.5 min.
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Figure 6.26. Partial concentration-temperature phase diagrams of (a) trans-C4AzoOC4TAB, (b) trans-

C4AzoOC6TAB, (c) trans-C8AzoOC2TAB, (d) trans-C8AzoOC2TAB and (e) trans-C6AzoOC4TAB 
as a function of concentration and temperature in water. L1, H1 and H2 refer to the isotropic, hexagonal 
and reverse hexagonal liquid crystalline mesophases, respectively. NI refers to non investigated region 
of the binary diagram and the dotted lines are arbitrary boundary between phases due to lack of 
information. The pure powder (100 wt%) temperature corresponds to the melting point as recorded 
and reported in Chapter 3.  

6.4 Conclusions 

The effect of concentration on the formation of LLC phases for trans-C4AzoOC4TAB, 

trans-C4AzoOC6TAB, trans-C8AzoOC2TAB, trans-C8AzoOC6TAB and trans-

C6AzoOC4TAB was investigated from 0.5 wt% to 20 wt%, through a combination of SAXS, 

POM and DSC techniques. The SAXS profiles tend to highlight the coexistence of 

mesophases, especially the formation of ordered micellar phases. The POM images clearly 

show the presence of optically anisotropic liquid crystals assigned to hexagonal mesophases, 

at concentrations of 15-40 wt%. LLC mesophases formed by AzoTABs are obtained at a 

similar concentration to those observed for neutral azobenzene photosurfactants, as presented 

in the introduction,10, 11 but lower compared to alkyl-TAB cationic surfactants, where the 

formation of LLC mesophases was observed for concentrations above 50 wt%.34 Additionally, 

an optimal design of AzoTABs seems to be required to access LLC phases. Among the 

AzoTABs studied in this work, C4AzoOC6TAB and trans-C8AzoOC2TAB formed LLC 

phases at room temperature over the largest range of concentrations. This implies a sweet spot 
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of hydrophobic segment length (≈10 carbons), associated with a careful position of the 

azobenzene core within the photosurfactants, to access a larger variety of LLC phases. This 

observation was also noted by Peng et al., for neutral AzoPEG photosurfactants with an 

hydrophobic segment containing 9 atoms of carbon (C5AzoOC4PEG).10, 11 It is worth noting 

that AzoTABs are solids are room temperature, therefore, the lack of solubility at 

concentrations higher than 50 wt% explains the relatively low concentration and the very 

narrow sweet spot of LLC mesophase formation.  

The stability of the mesophases obtained for trans-AzoTABs was investigated upon 

photoisomerisation and increase of temperature. Upon UV light exposure for 10 minutes, the 

loss of birefringence is observed for all the AzoTABs studied here. Despite the fact that the 

SAXS profiles seem to lead more ordered systems, the POM images of cis-AzoTABs show a 

coexistence of isotropic and anisotropic domains. Upon increase of temperature, the SAXS 

profile and DSC thermograms of trans-C4AzoOC6TAB and trans-C8AzoOC2TAB suggest 

that the mesophases are stable up to 80 °C. However, trans-C4AzoOC4TAB shows a phase 

transition at 32 °C, probably due to the melting of the mesophase. The low solubility of trans-

C6AzoOC4TAB does not give strong information about mesophase formation at 20 °C, 

although upon increasing the temperature to 60 °C, the formation of a hexagonal phase is 

observed, which suggests a concentration-temperature behaviour. 

Future work will involve to identify the part of the concentration-temperature binary 

diagram at concentration above 50 wt% that remained unresolved, for trans-AzoTABs. 

Especially, the exact melting temperature of crystals can be determined by melting point 

analysis of highly concentrated mixtures. The potential formation of LLC phases at 

concentrations above 50 wt% should be investigated with prior solubilisation of crystals, due 

to the solubility issue. As such, higher temperature starting points  are  necessary. This dual 

concentration-temperature relationship which may imply a nematic behaviour at concentration 

above 50 wt%.2 In particular, the solubility of trans-C6AzoOC4TAB was an issue in this 

study. A special care should be given to this sample, which should be heated above 30 °C 

prior to investigate its self-assembly behaviour in solution. Molecular dynamic will be 

performed on this AzoTAB and compared to trans-C8AzoOC2TAB, which is a representative 

example of AzoTAB forming LLC phases at 20 °C and 20 – 40 wt%, to get a better 

understanding of the self-assembly behaviour. 
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7.1 Introduction 

Recently, the environmental impact of using large quantities of organic solvents has led 

to the development of alternative synthetic media in agreement with the 12 Principles of 

Green Chemistry.1 In particular, water as a solvent represents an attractive solution for 

cost-efficiency, non-toxicity and environmental considerations. Moreover, the unique 

properties of water, such as its viscosity and polarity, enable the facile recuperation and 

purification of products.2 Typically, organic reactions require water-free environments due 

to potential degradation of organic compounds.3 However, water-based reactions have 

proven their ability to compete with and improve traditional organic processes.4 In 

particular, the use of surfactants that form micelles at concentrations above their CMC 

have attracted increasing interest as vessels for catalysis of organic reactions, due to the 

cheap cost and the relatively simple reaction procedures.2 The surfactant micelles represent 

nano-heterogeneous environments within an apparent homogenous phase due to the 

hydrophobic core of the micelles. In this respect, the formation of micelles in bulk water 

results in nanosized hydrophobic aggregates that behave as nanoreactors,5 which can 

solubilise reagents and catalysts in a highly concentrated medium, due to intermolecular 

interactions such as hydrophobic effects and ion pairing.2, 3  

Studies report that micellar catalysis can be aided by a certain type of surfactant (i.e. 

anionic, cationic or neutral), while others fail to promote the reaction.6, 7 For example, the 

Mukaiyama aldol reaction in water was best achieved using sodium dodecyl sulfate (SDS) 

at room temperature for 4 hours to afford a 88% yield.8 In comparison Triton X-100 

required 60 hours to promote the reaction with a 89% yield, while CTAB did not promote 

the reaction at all. The use of ionic surfactants can lead to some limitations due to the 

nature of the counter-ion.3 Anionic surfactants, such as SDS, may affect the formation of 

metal-ligand complex intermediates and inhibit organometallic reactions, due to the 

presence of the sodium counterion.9 For metal-catalysed reactions in water, the halide 

counter-anions, such as Cl- and Br-, of cationic surfactants may result in deactivation of the 

active metal species, such as palladium, due to their strong covalent coordination ability.10 

Consequently, non-ionic surfactants (e.g. Triton X-100, Brij) are usually the systems of 

choice to perform micellar catalysis.3 For example, the used of a glucose-derived N-

alkanoyl-N-methyl-glycamine (C12GM) for esterification reactions was investigated by 

Rajabi et al.11 The reaction was performed in acidic conditions to afford a 98% yield in 2 

hours at 45 °C in water. Water was formed as a side product and expelled into the bulk 
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medium, which increased the rate of reaction. Lipshutz and co-workers investigated the 

effect of the structure of a new class of complex non-ionic surfactants12 to perform C-C 

bond formation in water, such as Heck coupling13 and olefin metathesis.14 They assumed 

that the hydrophobic micellar core acts as the reaction solvent and that the design of the 

hydrophobic part of the surfactant was crucial to access a larger variety of organic 

reactions in water, especially for those forming long rod-like micelles. However, ionic 

surfactants bear a charge at the micelle surface, which favoured contact with oppositely 

charged reagents.4 It is often reported that micellar catalysis performed with ionic 

surfactants is enhanced by the use of acids or bases, for anionic and cationic surfactants, 

respectively.4, 15, 16 For such systems, the reaction is expected to occur at the micelle 

surface, which becomes a highly concentrated medium, driven by a combination of 

electrostatic and hydrophobic effects.17 There are only a few reports of the use of cationic 

surfactants as promoters and these show that the catalysis of carbon-carbon bond 

formation, such as Claisen-Schmidt condensation reactions18 or Heck-type reactions,19 is 

facilitated with easy separation of products and recovery of catalysts. For ionic surfactants, 

the nanoscale interactions between micelles and hydrogen bonds seem to play a crucial 

role in stabilising reactive intermediates and yielding products.  

To date limited studies have been reported on the use of azobenzene photosurfactants 

for micellar catalysis, despite their expected advantage to facilitate product recuperation by 

simple photoisomerisation.20 Azobenzene surfactants have been used to perform organic 

reactions as promoters21-23 or using micelles as nanoreactors.24-26 In 1982, Shinkai et al. 

used the cationic surfactants 4-octyloxyazobenzene-4'-(methyl) trimethylammonium iodide 

and 4-hexadecyloxy-4'-(methyl) trimethylammonium iodide to catalyse the alkaline 

hydrolysis of p-nitrophenyl cyclohexanecarboxyalte and showed that photoirradiation of 

the micellar systems decreased the rate constant of product formation, k, by a factor of 3.24 

Recently, Billamboz et al reported a Tsuji-Trost reaction conducted in the ΔCMC 

concentration domain and the product was recovered after trans-cis photoisomerisation 

following 30 minutes of irradiation at 365 nm, by simple filtration, affording the product in 

a 96% yield.25 Lower yields were obtained without irradiation of the photosurfactant (83%) 

or using a non-responsive cationic (CTAB, 80%), anionic (SDS, 26%) or neutral (Tween 

20, 71%) surfactant. An aniline acetylation reaction was also performed using 4-

butylazobenzene-4'-triazologlucuronic acid sodium salt (BABTGA) as a nanoreactor and 

showing a good yield of 77% after 5 minutes of irradiation at 365 nm, just before 

filtration.26 Inspired by these examples, this Chapter elaborates on the use of AzoTABs to 
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promote organic chemical reactions in water, by investigating the nanoscale structure-

performance relationship in micellar catalysis. 

7.1.1 Aims 

The knowledge gathered in Chapters 4 and 5 on the size, shape and interaction of 

AzoTAB micelles will be used to identify an optimum candidate to perform micellar 

catalysis in water. The goal is to exploit the potential of AzoTABs to increase the yield of 

organic reactions in water and to investigate whether there is a relationship between the 

size and shape of the micelles, the nature of the interaction between the micelles and 

reagents and the yield of the reaction. First, the ability of AzoTABs to encapsulate a 

hydrophobic dye molecule (Nile Red, NR) will be investigated and compared to a 

conventional cationic surfactant, CTAB. Then, a Claisen-Schmidt condensation reaction 

will be performed in the micellar system and its yield will be compared to that reported in 

the literature using standard organic solvent conditions to evaluate the potential of 

AzoTABs for micellar catalysis. The influence of the design of the AzoTAB will be 

discussed in correlation to the yield of the reaction. The effect of photoisomerisation and 

recyclability of the micellar solution will also be discussed. Finally, general observations 

will be drawn in an attempt to optimise future micellar catalysis reactions using AzoTABs. 

7.2 Experimental 

7.2.1 Methods 

Solubilisation of Nile Red by micellar solutions: Nile Red powder was dissolved in THF to 

give a final concentration of 1.1 mg mL-1 (3.5 mmol dm-3). The solution was stirred for 2 

days at room temperature and the complete dissolution of NR was confirmed by measuring 

the molar absorption coefficient (ε = 3.8 × 104 ± 0.5 × 104 M-1cm-1), which was in good 

agreement with literature data in 1,4-dioxane (3.0 × 104 M-1cm-1).27 A small aliquot (4.5 

µL) of this NR stock solution in THF was left to evaporate in a sample vial at room 

temperature. A fixed volume (3 mL) of a solution of trans-C8AzoOC2TAB in water at 

known concentration (0.1 mM, 0.5 mM or 5 mM) was added and left to stir for 1 hour at 

room temperature to afford a total concentration of dye of 5 µM.  

UV/Vis absorption and PL measurements: UV/Vis absorption spectra were recorded from 

400-700 nm with 2 nm slits. PL spectra were recorded under excitation at λex = 580 nm 

with 3 nm emission and excitation slit widths, and an integration time of 0.1 s. 
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Loading capacity of micelles: Four samples containing different amounts of NR in THF 

(0.48 µg, 0.95 µg, 9.54 µg and 14.31 µg in 2 µL) were left to evaporate in a sample vial at 

room temperature. Micellar solutions (3 mL, 0.5 mM or 3 mL, 5 mM) of trans-

C8AzoOC2TAB or CTAB in water were added and left to stir for 1 h. UV/Vis absorption 

and PL spectra of the solutions were subsequently recorded.  

ζ−potential procedure: 4-bromobenzaldehyde (18.7 mg, 0.10 mmol) was dissolved in a 

solution of trans-C8AzoOC2TAB (10.5 mM, 2 mL) in MilliporeTM water. 2-acetyl-3-

methylpyrazine (11.9 µL, 0.10 mmol) was added to the solution and left to stir at 35 °C for 

5 minutes. K2CO3 (16.0 mg, 0.13 mmol) was added to the mixture at 35 °C. An aliquot 

(750 µL) of either trans-C8AzoOC2TAB or trans-C8AzoOC2TAB containing the reagent 

solutions was added to a folded capillary cell and the charge surface was measured by the 

instrument at 35 °C. Each measurement was run 6 times. After addition of K2CO3, an 

aliquot (750 µL) of the reaction mixture was added to a folded capillary cell and the charge 

surface was monitored as a function of time. Each measurement consisted of 15 runs of 10 

s each. The change of surface charge was followed in situ. The reaction was run for 110 

minutes. 

Recyclability of the micellar solution: After completion of the catalysis, the mixture was 

filtered. The solid powder was collected to perform NMR analysis and calculate the yield. 

The filtrate (≈ 5 mL) was collected and transferred into a round bottom flask (10 mL). 

Reagents were added to this solution as described in the following section (Section 7.2.4), 

without addition of fresh AzoTAB or water. The time and temperature of the recyclability 

reaction were kept identical to the first initial reaction.  

7.2.2 Conditions for Claisen-Schmidt Condensation Reactions in Micellar Media 

The Claisen-Schmidt condensation reaction, which is a specific aldol condensation 

that requires one of the reagents to have a hydrogen in the α−position, was adapted with 

slight modifications from the literature.18 

Synthesis of (E)-3-aryl-1-(3-alkyl-2-pyrazinyl)-2-propenone catalysed by 

C8AzoOC2TAB. In a typical experiment, 4-bromobenzaldehyde (63.4 mg, 0.34 mmol) 

was weighed in a round-bottom flask (10 mL) and MilliporeTM water was added (5 mL). 

The solution was stirred at room temperature and 2-acetyl-3-methylpyrazine (40.5 µL, 0.34 

mmol) was added. To this solution, C8AzoOC2TAB (25 mg, 0.03 mmol) was added, 

followed by K2CO3 (46.2 mg, 0.35 mmol). The solution was heated 35 °C, protected from 

external light by tin foil and stirred for 2.5 h. The reaction was followed by thin layer 
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chromatography (cyclohexane:ethyl acetate; 9:1), cooled to 4 °C for 30 min and filtered. 

The filtrate was collected and saved to carry out recyclability reactions. The product 

powder was washed with MilliporeTM water (15 mL) and dried to afford a pale yellow-

green powder in a 67% yield and corresponds to the yield obtained after filtration. A small 

amount of product (5 mg) was dissolved in CDCl3 to run NMR analysis and calculate the 

yield of the reaction (53%). The rest of the product was recrystallised in ethanol:methanol 

(9:1) to afford the pale green powder in a 42% yield. 

Characterisation of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-en-1-one 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 2.89 (s, 3H, H8), 7.54 (s, 4H, H2,3,4,5), 7.75-7.79 

(d, J = 15.0 Hz, 1H, Hα), 7.98-8.02 (d, J = 15.0 Hz, 1H, Hβ), 8.53 (d, J = 2.0 Hz, 1H, H7), 

8.63 (d, J = 2.0 Hz, 1H, H6) ppm (Figure A.7.4). 

 
13C NMR (CDCl3, 100 MHz, 25 °C): δ = 23.2, 123.2, 124.9, 130.0, 132.1, 133.6, 140.6, 

143.5, 145.6, 147.5, 155.1, 190.5 ppm (Figure A.7.5). 

 

HRMS (CHCl3, m/z-ESI+): Found: 303.0125 [M+H]+. Calculated: 303.0128 [M+H]+ 

(Figure A.7.6). 

7.3 Results and Discussion 

7.3.1 Proof of solubilisation of Nile Red in AzoTAB micelles 

A typical method to prove the encapsulation and release of a molecule is to use a 

fluorescent probe.28 Since AzoTABs show no fluorescence,29 the ability of AzoTAB 

micellar solutions to solubilise hydrophobic molecules was first investigated using Nile 

Red, a hydrophobic probe known for its good emission and solvatochromic properties.30 

This dye is strongly red fluorescent in organic solvents (e.g. THF, 1,4-dioxane, toluene), 

but poorly soluble in water (solubility < 1 µg L-1).31 The hydrophobic π-conjugated 

backbone of the dye leads to the formation of aggregates in water, which quench the 

fluorescence.30 Figure 7.1 shows the UV/Vis absorption spectra of NR in water and its 

chemical structure. An absorption maximum is observed at λabs = 587 nm, which is in 

agreement with previous studies.31 NR is the dye of choice here as its absorption spectrum 

does not strongly overlap with that of the AzoTABs and excitation at 580 nm does not 

induce photoisomerisation of the azobenzene. For comparison, the absorption spectra of 
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trans- and cis-C8AzoOC2TAB in water below the CMC (0.1 mM) showed the 

characteristic features of the n→π* band located at λabs = 450 nm. This AzoTAB was 

selected as a candidate to carry out the dissolution of NR for a combination of advantages: 

(1) its relatively large ΔCMC, where cis-isomers return to unimers upon 

photoisomerisation at 365 nm, while trans-isomers form micelles (trans-CMC = 0.3 mM 

and cis-CMC = 0.8 M), which will allow the release of the dye to be studied at various 

concentrations; (2) this AzoTAB is one of the most hydrophobic of the series, which 

enables higher solubility of the reagents and (3) it forms the largest micelles, as shown in 

Chapter 4-5, therefore a larger mass of reagents should theoretically be incorporated within 

the micelles. 

 

Figure 7.1. Absorption spectra of NR (5 µM, black line), trans-C8AzoOC2TAB (0.1 µmol dm-3, 
red line) and cis-C8AzoOC2TAB (0.1 µmol dm-3, blue line) in water. The molecular structure of 
NR is shown for indication. The concentration is below the CMC of the photosurfactant in water 
(0.3 µmol dm-3).  

The effect of the addition of NR (0.3 µg, 0.5 µmol dm-3) on the UV/Vis absorption 

spectra of trans- and cis-C8AzoOC2TAB in water at 0.1 mM, which is below the CMCs of 

both isomers, is shown in Figure 7.2. The presence of the dye is demonstrated by the 

absorption feature located at λabs = 580 nm and the interaction of the dye with 

C8AzoOC2TAB is suggested by the decrease or increase in intensity of the n→π* band for 

the trans- and cis-isomers, respectively. The analogous study for AzoTAB concentrations 
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above the CMC was not performed due to saturation of detector by the photosurfactant 

absorption. 

 

Figure 7.2. Absorption spectra of C8AzoOC2TAB (C = 0.1 µmol dm-3, below CMC) in the 
presence of NR (0.3 µg, 0.5 µmol dm-3). (a) trans-C8AzoOC2TAB (green line) and trans-

C8AzoOC2TAB with NR (red line) in water. Inset: zoom in the absorption region of NR. (b) cis-

C8AzoOC2TAB (purple line) and cis-C8AzoOC2TAB with NR (cyan line) in water. Inset: zoom in 
the absorption region of NR. The arrows highlight the difference in the absorption upon addition of 
NR. T = 20 °C. 

The interaction between NR and C8AzoOC2TAB was further investigated by 

photoluminescence (PL) spectroscopy. The amount of Nile Red in solution was fixed at 5 

µmol dm-3 (3.2 µg) and the concentration of C8AzoOC2TAB was increased from 0.1 mM 

(below the CMC of both isomers), to 0.5 mM (in the ΔCMC domain, which is above the 

trans-CMC and below the cis-CMC) or 5 mM (above the CMC of both isomers). Figure 

7.3 shows the corresponding photoluminescence spectra upon excitation at λex = 580 nm, 

with and without illumination at λex = 365 nm. At 0.1 mM, the emission of NR is lower 

than the emission of NR in pure water, for both isomers (Figure 7.3, Inset). This indicates 

that the emission of NR is quenched when AzoTAB is only present as individual unimers 

dispersed in solution. As the concentration of C8AzoOC2TAB is increased to 0.5 mM, 

micelle formation occurs in the trans-form and a significant increase in the PL intensity is 

observed (dark green line, Figure 7.3). Upon photoisomerisation, the intensity decreases by 

a factor of 7. It is believed that the dye is solubilised by the micelles in the trans-form and, 

upon irradiation, the demicellisation process releases the dye into solution, which 

aggregates and quenches the emission. At 5 mM, micelles are formed for both isomers and 

the solution is strongly emissive, proving the solubilisation of NR by micelles. It is worth 

noting that for all surfactant concentrations, the fluorescence of NR is higher for the trans-
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isomer than the cis-isomer of C8AzoOC2TAB, which is believed to be due to the higher 

hydrophobicity and larger micelle size of trans-C8AzoOC2TAB, R = 20 Å and L = 52 Å, 

compared to cis-C8AzoOC2TAB, R = 22 Å (Table 5.2 and 5.3). 

 

Figure 7.3. Photoluminescence spectra of NR in the presence of different concentrations of trans- 

and cis-C8AzoOC2TAB: (i) below the CMC of both isomers (0.1 mM, pink and red lines), (ii) in 
the ΔCMC domain (0.5 mM, dark and light green lines) and (iii) above the CMC of both isomers (5 
mM, dark and light blue lines) in water. Inset: magnification of the emission of NR in water (dark 
line) and below the CMC (0.1 mM). 

Additionally, a blue-shift of the emission is observed as the surfactant concentration is 

increased, from λem = 661 to λem = 649 nm and from λem = 661 to λem = 648 nm, for the 

trans- and cis-isomers, respectively (Figure A.7.1). This blue-shift confirms that NR is 

well-dispersed within the micellar solution.32 It is important to note that the cis-isomers 

were obtained after photoisomerisation of trans-micelles containing NR. Therefore, the 

blue shift observed for the cis-isomers at 0.5 mM after photoisomerisation, suggests a dye-

unimer interaction, probably held by hydrophobic and π-π stacking forces as suggested in a 

previous study30 and proven here even after demicellisation. 

7.3.2 How much NR can be solubilised in a C8AzoOC2TAB micellar solution? 

The previous experiment focused on the ability of C8AzoOC2TAB to solubilise NR in 

water. The largest difference in the emission intensity was observed at 0.5 mM, which is in 

the middle of the concentration range where the micelle-to-unimer transition occurs upon 

UV exposure. This transition is particularly interesting as it can facilitate the recovery of 
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products from catalysis and the release of hydrophobic molecules by simple UV 

irradiation. In this section, the aim is to quantify the specific amount of NR that trans-

C8AzoOC2TAB micelles can uptake at 0.5 mM. To do so, the concentration of trans-

C8AzoOC2TAB was fixed at 0.5 mM and the amount of NR added was varied from 0.16 

µg mL-1 (0.5 µM) to 4.7 µg mL-1 (15 µM). Figure 7.4 shows PL spectra of NR in trans-

C8AzoOC2TAB micellar solution as the concentration of dye increases. The PL intensity 

increases, with the maximum located at λem = 650 nm, as the concentration of NR 

increases, which confirms the solubilisation of the dye. After UV exposure (λex = 365 nm) 

for 5 min to form the cis-isomers and demicellisation, the PL intensity is reduced by a 

factor 10 relative to the trans-isomers (Figure 7.4b). At 0.5 mM, cis-isomers do not form 

micelles and therefore should not solubilise NR. The observation of photoluminescence in 

Figure 7.4b may be explained by the presence of a small fraction of trans-isomers 

remaining in solution (5-10%), due to the formation of the photostationary state. Figure 

7.4b shows that an increase of PL intensity is observed upon addition of NR from 0.5 µM 

to 1 µM in a solution of 0.5 mM of cis-C8AzoOC2TAB, followed by saturation of the 

emission intensity in the concentration range of 1-10 µM, and a sudden loss of emission at 

15 µM. These observations suggest that the solution is saturated with NR at 10 µM, which 

stops the solubilisation of the dye. At 15 µM, the systems cannot solubilise further dye 

molecules. The dye crashes out of the solution, aggregates and its emission is quenched. 

The difference of hydrophilicity induced by the photoisomerisation, associated with the 

decrease in the size of micelles (SANS, SAXS and cryo-TEM experiments showed a 

decrease of 33%, Chapter 4-5) is believed to be the driving force for this phenomenon. 

This is very interesting for catalysis purposes as the hydrophobic product formed could be 

collected easily, by simple filtration for example. 
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Figure 7.4. Photoluminescence spectra of different concentrations of NR (from 0.5 µM to 15 µM) 
in C8AzoOC2TAB (0.5 mM) in water. (a) The photoluminescence increases upon addition of 

NR to the solution of trans-C8AzoOC2TAB. (b) The photoluminescence of NR in a solution of 

cis- C8AzoOC2TAB below the CMC at 0.5 mM, shows an increase of intensity (0.5 µM) follow 
by saturation (1-10 µM) and aggregation of the dye (15 µM), after illumination at λex = 365 nm for 
5 min, to form cis-C8AzoOC2TAB.  

For comparison, this experiment was performed using CTAB (CMC ≈1 mM33) as a 

surfactant instead of C8AzoOC2TAB and the solubilisation abilities were compared. The 

PL spectra (Figure A.7.2) show that NR is not dissolved at 0.5 mM, below the CMC of 

CTAB, which was expected from the results obtained for C8AzoOC2TAB. Given that 

C8AzoOC2TAB has a lower CMC than CTAB, less material is required to successfully 

dissolve the NR aggregates. This shows that a careful selection of TAB-based surfactants 

enables the optimal result to be obtained. Finally, the concentration of CTAB was 

increased above its CMC (5 mM) and solubilisation of NR was observed, which validates 

the need for micellar solutions to dissolve NR. It is important to note that the maximum 

quantity of dye dissolved by trans-C8AzoOC2TAB at 0.5 mM in these conditions was 

around 6 µg mL-1 (20 µM), which was about 8 times lower than TritonX-100.30 This might 

be a limiting factor for micellar catalysis applications considering the small loading 

capacity of micelles at this concentration. 

7.3.3 Can the dye be recycled? 

Finally, the NR-containing cis-C8AzoOC2TAB solutions (0.5 mM) were irradiated at 

λex = 465 nm for 5 minutes, to induce the cis-trans reverse photoisomerisation, and the PL 

spectra were recorded for different dye concentrations (0.5 µM, 1 µM, 10 µM and 15 µM). 

The aim of this study is to prove that trans-C8AzoOC2TAB micelles can dissolve NR 
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again upon blue-light exposure, after initial release with UV light irradiation. For catalysis, 

this could mean recyclability of the catalyst after reaction. Figure A.7.3 shows that the PL 

intensity increases for each concentration of the dye investigated, relative to the cis-isomer 

(Figure 7.4b) but remains lower than that of the initial trans-isomer (Figure 7.4a). Indeed, 

the photostationary state induced by the exposure at 465 nm showed that about 15% of the 

solution contains cis-isomers, as calculated by UV/Vis absorption spectroscopy in Chapter 

3. The ratio of recovery of intensity (Itrans-blue/Itrans-initial) relative to the trans-isomer 

intensity shows that the highest recovery is achieved for the lowest dye concentrations 

(Table 7.1, 0.5 µM and 1 µM). This indicates that recyclability of the hydrophobic 

molecules (catalysts, unreacted reagents) may be performed, as they spontaneously interact 

with the hydrophobic micelles.  

Table 7.1. Recovery of relative emission intensity (%) after blue light illumination (λex = 465 nm, 
5 minutes) of cis-C8AzoOC2TAB in water (0.5 µmol dm-3) obtained for loading with different 
concentrations of NR. The recovery was calculated based on the initial PL intensity of trans-

C8AzoOC2TAB (Figure 7.4a) and the recovered PL upon reverse cis-trans photoisomerization 
under blue light (5 min). 

Concentration of NR  
(µM) 

Recovery of intensity  
(%) 

15 63% 
10 60% 
1 90% 

0.5 79% 
 

7.3.4 Preliminary Conclusions 

Using a combination of UV/Vis absorption and PL spectroscopy, the interaction and 

dissolution of NR by micellar solutions of C8AzoOC2TAB in water has been proven. An 

increase in the PL intensity of NR (3.2 µg, 5 µM) in water was observed as the 

concentration of the AzoTAB increased, which indicates that the dye is solubilised in the 

micellar solution. In addition, a blue shift (∆λem = 12 nm) of the emission band was also 

observed, which indicates deaggregation of NR molecules, and supports the hypothesis of 

solubilisation. The largest decrease in NR photoluminescence upon photoisomerisation 

was obtained for a concentration of trans-C8AzoOC2TAB of 0.5 mM, which corresponds 

to the micelle-to-unimer transition. These preliminarily experiments show that this 

concentration is optimal to phototrigger the release of NR in solution for this AzoTAB. It 

has previously been suggested that dye solubilisation occurs at the micelle surface, in the 
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polar exterior regions for non-responsive surfactants30, potentially followed by dye 

penetration into the core, before saturation of the micelles and subsequent flocculation of 

the dye. For AzoTABs, due to the presence of the π-conjugated azobenzene core, one 

could expect that π-π interactions may help the dye to penetrate inside the hydrophobic 

core. Therefore, molecular design of AzoTAB photosurfactants may be crucial to improve 

the solubilisation of π-conjugated reagents, especially the length of the spacer between the 

azobenzene core and the polar head. Reverse encapsulation of NR was performed by blue 

light exposure at λex = 465 nm for 5 minutes with moderate (60%) to excellent recovery 

(90%) of the PL intensity of trans-C8AzoOC2TAB, which suggests potential recyclability 

of the catalyst. These preliminary studies clearly show that hydrophobic molecules can 

interact with AzoTABs and are promising for micellar catalysis application, for both the 

isolation of final product and the recyclability of the catalytic system. 

7.4 Micellar Catalysis : Claisen-Schmidt Aldol Condensation 

7.4.1 Rationalisation of the Choice of the Reaction 

A Claisen-Schmidt condensation reaction was selected to perform micellar catalysis in 

water with AzoTABs, this corresponds to the reaction between an aldehyde and a ketone to 

yield α,β-unsaturated ketones by formation of a carbon-carbon bond. These α,β-

unsaturated ketones are precursors of bioactive heterocyclic compounds34 and possess 

biological activity such as antimalarial35 and antibacterial behaviours.36 Typically the aldol 

condensation is performed using a strong base or acid or expensive catalysts,37, 38 in 

organic solvents which require specific conditions (temperature, inert environment) and 

purification steps to eliminate impurities.39 The targeted reaction is adapted from a 

literature example18 and involves carbon-carbon bond formation between 2-acetyl-3-

methylpyrazine and 4-bromobenzaldehyde to form the (E)-3-(4-bromophenyl)-1-(3-

methylpyrazin-2-yl)prop-2-en-1-one) α,β-unsaturated ketone. The reaction is favoured by 

the ability of the reagents to stabilise the intermediates. The ketone is electron rich and 

favours the formation of the enolate and the aldehyde is electron poor, which helps 

formation of the carbon-carbon bond.40 According to the study by Kale and co-workers,18 

when using non-responsive cationic quaternary ammonium surfactants, the optimised yield 

is achieved with a 20 mol% ratio of dodecyl trimethylammonium bromide (C12TAB, 

DTAB), in basic conditions at 35 °C for 2.5 h. The concentration of surfactants was above 

the CMC. Under the same conditions, cetyltrimethylammonium bromide (C16TAB, 

CTAB), with a longer carbon tail afforded the product in a 79% yield. This reaction is 
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performed with the AzoTABs discussed in this thesis and CTAB is used as benchmark to 

compare these efficiencies.  

Under micellar conditions, this reaction is in agreement with the principles of Green 

Chemistry1, as it is carried out in water in mild conditions (T = 35 °C), without the 

formation of hazardous side products, or use of organic solvent in the purification step. The 

atom economy (a.e. = 100 × molecular mass of product/ molecular mass of all reactants), 

which is the conversion of efficiency in terms of all atoms involved in the reaction is 

optimal (94%). 

 

 

 

Scheme 7.1. Synthetic route to the α,β-unsaturated ketone (E)-3-(4-bromophenyl)-1-(3-
methylpyrazin-2-yl)prop-2-en-1-one via AzoTAB micellar catalysis. 

The mechanism of the Claisen-Schmidt condensation reaction is described in Scheme 

7.2. The in situ step-by-step process involves the enolisation of the ketone, followed by the 

carbon-carbon bond formation, the aldolisation and finally, the water dehydration leading 

to the targeted product.40 
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Scheme 7.2. Mechanism of the formation of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-
2-en-1-one via the Claisen-Schmidt condensation. 

7.4.2 Results of Micellar Catalysis Promoted by AzoTABs 

As a first approach, C8AzoOC2TAB was selected to carry out the Claisen-Schmidt 

condensation reaction in water at different concentrations and temperatures, and compared 

to CTAB under analogous conditions. C8AzoOC2TAB was initially selected as it exhibits 

a large ∆CMC and can form large hydrophobic micelles, as investigated with the 

preliminary study of the dissolution of NR in water. The effect of the surfactant 

concentration on the final yield was investigated, followed by the effect of the AzoTAB 

structure, photoisomerisation and temperature. Finally the recyclability of the reaction was 

studied. 

7.4.2.1 Effect of the Surfactant Concentration 

The reaction was carried out at different surfactant concentrations. Prior discussion, it 

is crucial to note that the concentration of surfactants were expressed as relative 

concentration, in mol %, and real concentration, in mM. The relative concentration 

corresponds to the molar ratio of surfactants relatively to the quantity of reagents added. 

Literature reports usually state that a minimum of 1 mol % of surfactants is required to 

catalyse the reaction, and 10 - 20 mol % is not unusual.3, 4 However this notation does not 
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give insights on the self-assembly behaviour of surfactants, and especially the formation of 

micelles. The real concentration provides useful information on the structural state of 

surfactants in solution and is calculated based on the quantity of surfactants per volume. 

For instance, the rate of the catalysis might be affected if surfactants are dispersed as 

unimers (i.e. below the CMC) or forming micelles (i.e. above the CMC). Furthermore, the 

size and repulsive interactions of micelles depend on the concentration, as shown in 

Chapter 5 and 6. Therefore, the knowledge gathered in previous chapters will be used to 

develop and rationalise the best system. 

The 1H NMR spectra of the reagents, the surfactant and the product were compared to 

calculate the yield of the reaction in CDCl3 (Figure 7.5). 

 

Figure 7.5. 1H NMR spectra in CDCl3 of 4-bromobenzaldehyde (green line), 2-acetyl-3-
methylpyrazine (red line) and (bottom) (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-en-
1-one (blue line), zoomed in the 7-10 ppm and 2.5-3.0 ppm regions. The conversion of the reaction 
is given by the disappearance of the characteristic proton peaks 1 and 9, and the appearance of the 
α,β peaks at 8.0 ppm. The 1H NMR spectrum of trans-C8AzoOC2TAB (black line) is shown for 
comparison and to highlight that the AzoTAB is not found in the final product 1H NMR spectrum. 

The calculations were performed based on the presence of recognisable peaks, such as 

the disappearance of the aldehyde peak (proton 1, Figure 7.5) and the alkyl peaks in the 

ketone (protons 8 and 9, Figure 7.5), and the appearance of the α,β peaks in the product. It 

is interesting to note that the characteristic peaks of surfactants (black line, Figure 7.5) 

were, at most, trace in the 1H NMR spectrum of the final product, which suggests that most 

of the surfactants were eliminated by filtration. 
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Table 7.2 shows that trans-C8AzoOC2TAB at 13.6 mM in water (T = 35 °C) allows 

the reaction to be performed with a moderate yield (53%). The yield (66%) obtained with 

CTAB at 13.5 mM, is in good agreement with the previously reported results,18 and is 

higher than that obtained using trans-C8AzoOC2TAB under the same conditions. In these 

conditions, trans-C8AzoOC2TAB performs less well than CTAB. However, it is 

interesting to note that as the surfactant concentration is decreased to 0.5 mM, which is 

below the CMC of CTAB but above the CMC of trans-C8AzoOC2TAB, the reaction 

affords a higher yield (52%) for the AzoTAB than for CTAB (trace), at 35 °C. This implies 

that the reaction can be performed using less surfactant, which economises the use of 

materials. The preliminary experiment using NR as a probe suggested that the micellar 

solution was more efficient than the unimers dispersed in solution to solubilise 

hydrophobic molecules.  

Table 7.2. Effect of surfactant concentration in water on the obtained product yield as obtained by 
1H NMR for the Claisen-Schmidt condensation reaction under micellar conditions. The difference 
between relative concentration (mol %) and real concentration (mM) is as described in the text. 
K2CO3 is used as base to promote the reaction. The yield obtained after filtration corresponds to the 
quantity of powder recuperated.. The yield calculated by 1H NMR was obtained based on the ratio 
of recognisable peaks. T = 35 °C. 

Entry Surfactant 
Relative Conc. 

(mol %) 
Real Conc. 

 (mM) 
Base 

Yield after 
filtration (%) 

Yield calculated 
by 1H NMR (%) 

1 CTABa 15 13.5 K2CO3 79 66 
2 CTAB 2 0.5 K2CO3 trace trace 
3 trans-C8AzoOC2TABb 15 13.6 K2CO3 67 53 
4 trans-C8AzoOC2TAB 2 0.5 K2CO3 63 52 
5 None - - K2CO3 48 24 
6 trans-C8AzoOC2TAB 15 13.6 - trace trace 
a CMC = 0.01 mol %/ 1 mM in water bCMC = 0.005 wt%/ 0.5 mM in water 

A control experiment was performed without surfactants and the reaction afforded a 

low yield (24%), and the 1H NMR spectrum shows that the reaction products contain a 

mixture of unreacted reagents. This is evidence that the micellar solution is required to 

increase the rate and the efficiency of the reaction. It is worth noting that the use of a base 

is crucial, as expected from Scheme 2 for the formation of the enolate (Entry 6, Table 7.2). 

7.4.2.2 Effect of the AzoTAB Structure 

From the results obtained and the effect of concentration, AzoTAB solutions of 10 mM 

in water, with a 15 mol% ratio relative to the reagents, was selected for comparison of 

other AzoTABs that have different CMCs. From the results obtained in Chapter 4 and 5, 

this concentration corresponds to appearance of the structure factor in the scattering 
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curves, and thus repulsion between micelles for all AzoTABs. This observation might be 

crucial to obtain optimum reaction yields. Table 7.3 summarises the conversions and yields 

recuperated at 35 °C at different concentrations.  

Table 7.3. Effect of the AzoTAB structure on the obtained product yield as obtained by 1H NMR 
for the Claisen-Schmidt condensation reaction under micellar conditions. Difference between 
relative concentration (mol %) and real concentration (mM) is expressed as described in the text. 
K2CO3 is used as base to help the reaction. The yield obtained after filtration corresponds to the 
quantity of powder recuperated at the end of the filtration. The yield calculated by 1H NMR was 
obtained based on the ratio of recognisable peaks. T = 35 °C. 

Entry Surfactant 
Relative Conc. 

(mol %) 
Real Conc. 

 (mM) 
Base 

Yield after 
filtration (%) 

Yield calculated 
by 1H NMR (%) 

1 CTAB 15 13.5 K2CO3 79 66 
2 trans-C4AzoOC4TAB 13 10.0 K2CO3 55 46 
3 trans-C4AzoOC6TAB 13 11.1 K2CO3 61 48 
4 trans-C8AzoOC2TAB 15 13.6 K2CO3 67 53 
5 trans-C8AzoOC6TAB 13 10.5 K2CO3 71 55 
6 trans-C6AzoOC4TAB 15 10.5 K2CO3 81 64 

 

The best yield was obtained for trans-C6AzoOC4TAB with a similar result to CTAB at 

this concentration. Interestingly, CTAB and trans-C6AzoOC4TAB possess a higher Krafft 

point than the other investigated AzoTABs and form elongated micelles. The yield 

obtained for the AzoTABs studied decreases accordingly with the size and elongation of 

micelles formed, with trans-C8AzoOC6TAB > trans-C8AzoOC2TAB > trans-

C4AzoOC6TAB > trans-C4AzoOC4TAB (refer to Chapter 4 and 5). This suggests that 

hydrophobicity is a key parameter to achieve high yields in this reaction. 

7.4.2.3 Effect of Photoisomerisation 

The effect of photoisomerisation on the performance of the reaction was investigated. 

Three approaches were considered. Initially, the in situ photoisomerisation was performed 

at the end of the 2.5 hours of reaction, for trans-C8AzoOC2TAB at 0.5 mM. At this 

concentration, cis-form micelles return to unimers. It is assumed that the dissolution of 

micelles induced by photoisomerisation facilitates the recuperation of the product, as 

observed for the preliminary experiment with NR. However, the final product was obtained 

with a 31% yield (Table 7.4, Entry 2), which is significantly lower than the one obtained 

without light irradiation (Table 7.4, Entry 1). This could be explained by the light 

sensitivity of the α,β-unsaturated double bond, which leads to the degradation of the 

product (Table 7.4).41  
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In the second approach, micellar solutions at 10 mM were prepared and irradiated to 

the cis-isomer before addition to the reagents. The use of cis-form micelles is particularly 

interesting in the nanoscale perceptive. According to the results obtained in Chapter 4 and 

5, micelles are expected to be spherical at 10 mM, with a short interparticle distance and a 

small aggregation number (except for cis-C6AzoOC4TAB). It is worth mentioning that 

cationic spherical micelles are not commonly reported in the literature, as micelles are 

often cylindrical or ellipsoidal.42 Therefore, investigating the effect of the nanoscale 

organisation of cis-AzoTAB on the yield of the reaction is particularly interesting. Table 

7.4 shows that the obtained yields vary from 48% to 78%, calculated by 1H NMR. 

Interestingly, the yield increases compared to those obtained for trans-AzoTABs, except 

for C6AzoOC4TAB, which decreases from 66% to 48%. Specifically, the yield of the 

reaction increases upon photoisomerisation from 46% to 70% using C4AzoOC4TAB, from 

48% to 60% using C4AzoOC6TAB, from 53% to 78% using C8AzoOC2TAB and from 

55% to 62% using C8AzoOC6TAB. The 78% yield of the reaction using a micellar 

solution of cis-C8AzoOC2TAB is higher than the yield obtained with the control reaction 

using CTAB, which was 66%, and the highest among all the reactions carried performed in 

this study. From these results, the highest yields are obtained for short spacers after 

photoisomerisation and with the largest differences between the yields of trans- and cis-

isomers are obtained for the most hydrophilic AzoTABs. It is believed that the large 

thickness of the shell formed by cis-AzoTABs enhances the reaction. The thickness of the 

positively-charged shell, induced by the trimethylammonium cation, may stabilise the 

enolate formed during the second step of the reaction mechanism (Scheme 7.2), which is 

crucial for micellar catalysis.43 

 

 

 

 

 

 

 



Chapter 7 

170 
 

Table 7.4. Effect of photoisomerisation on the obtained product yield as obtained by 1H NMR for 
the Claisen-Schmidt condensation reaction under micellar conditions. Difference between relative 
concentration (mol %) and real concentration (mM) is expressed as described in the text. K2CO3 is 
used as base to help the reaction. The yield obtained after filtration corresponds to the quantity of 
powder recuperated at the end of the filtration. The yield calculated by 1H NMR was obtained 
based on the ratio of recognisable peaks. T = 35 °C. 

Entry Surfactant 
Relative Conc. 

(mol %) 
Real Conc. 

 (mM) 
Base 

Yield after 
filtration (%) 

Yield calculated by 
1H NMR (%) 

1 C8AzoOC2TAB 2 0.5 K2CO3 63 52 
2a C8AzoOC2TABa 2 0.5 K2CO3 36 31 
3b C8AzoOC2TAB 15 10.5 K2CO3 89 78 
4b C4AzoOC6TAB 15 10.5 K2CO3 68 60 
5b C6AzoOC4TAB 13 10.5 K2CO3 58 48 
6b C4AzoOC4TAB 13 10.5 K2CO3 77 70 
7b C8AzoOC6TAB 13 10.5 K2CO3 69 62 
8c C8AzoOC2TAB 13 10.5 K2CO3 38 38 
a The real concentration is below the CMC of the cis-isomer. The solution was irradiated at λex = 
365nm for 5 minutes at the end of the reaction, to facilitate the recuperation of the product. 
b The solution was irradiated at λex = 365nm for 5 minutes prior the addition of reagents and the 
start of the reaction. 
c The product was extracted from water after irradiation of the organic layer, to separate the 
AzoTAB from the product. 

The enolate, located at the micelle surface, and the hydrophobic aldehyde, solubilised 

in the micelles, are in close proximity and the reaction efficiency is enhanced. Conversely, 

the obtained yield using cis-C6AzoOC4TAB decreases compared to the trans-form (Table 

7.4, Entry 5). This AzoTAB was shown to form ellipsoid micelles, which explains the 

difference to the other AzoTABs studied here. 

A third approach was taken, where dichloromethane (50 mL) was added to the mixture 

at the end of the reaction. The organic layer was irradiated for 5 minutes at λex = 365 nm 

and washed twice with water (50 mL). It is expected that the hydrophilic cis-isomer 

remains in the aqueous layer, which can help to separate the surfactant from the products. 

However, the photosurfactants could not be recuperated from the water phase and could 

not be recycled to catalyse a new reaction, as photosurfactants were diluted in water to a 

concentration below the CMC. The final product was collected after rotary evaporation of 

the solvent and gave a moderate yield (38%, Table 7.4, Entry 8), with a clean 1H NMR 

spectrum. Therefore, this method was considered as less efficient than simple filtration to 

collect the product, due to loss of yield induced by post-treatment and light degradation. 
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7.4.2.4 Effect of Temperature 

The effect of the temperature on the reaction yield was investigated for trans-

C8AzoOC2TAB at 20 °C, 35 °C and 70 °C and compared to that obtained using CTAB in 

the same conditions. At 20 °C, the reaction affords a 14% yield for CTAB, which is not 

surprising as the Krafft point is not reached (TKrafft = 25 °C)44 and a 19% yield for trans-

C8AzoOC2TAB. Table 7.5 shows that the yield for trans-C8AzoOC2TAB at 70 °C is 56%, 

which is similar to the 53% yield obtained at 35 °C. According to SANS and SAXS 

experiments, the corresponding micelles are slightly smaller at 70 °C than at 35 °C, which 

suggests that a compromise is found between micelle size and thermodynamic 

considerations to catalyse the reaction. It is certainly interesting to note that the reaction 

can be carried out at 35 °C with a similar yield to that of the same reaction performed at 70 

°C, for the purpose of energy economy. 

Table 7.5. Effect of temperature on the obtained product yield as obtained by 1H NMR for the 
Claisen-Schmidt condensation reaction under micellar conditions. Difference between relative 
concentration (mol %) and real concentration (mM) is expressed as described in the text. K2CO3 is 
used as base to help the reaction. The yield obtained after filtration corresponds to the quantity of 
powder recuperated at the end of the filtration. The yield calculated by 1H NMR was obtained 
based on the ratio of recognisable peaks. The concentration was set above the CMC of surfactants. 
T = 35 °C. 

Entry Surfactants 
Temperature 

(°C) 
Concentration 

(mol %) 
Yield after 

filtration (%) 
Yield calculated by 

1H NMR (%) 
1 CTAB 20 20 16 14 
2 trans-C8AzoOC2TAB 20 16 20 19 
3 CTAB 35 13.5 79 66 
4 trans-C8AzoOC2TAB 35 13.6 67 53 
5 trans-C8AzoOC2TAB 70 10.5 61 56 

 

7.4.2.5 Recyclability of the micellar solution 

Finally, the potential for recyclability of the micellar solution was investigated. The 

reaction mixture containing trans-AzoTABs was collected after filtration, but before the 

washing of the product precipitate with water. This mixture contained the AzoTAB, 

unreacted reagents and K2CO3. A sample of the reaction mixture (10 µL) was taken and 

diluted in water (3,000 µL) to evaluate the concentration of AzoTAB from the molar 

absorption coefficient (≈2.0 × 104 mol-1 cm-1) of the trans-isomer at λabs = 350 nm. The 

loss of AzoTAB concentration compared to the initial concentration was about 5-10%, but 

remained higher than the CMC. The investigation of the recyclability of the micellar 
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solutions focused on trans-C8AzoOC2TAB and trans-C6AzoOC4TAB, solely. Typically, 

an equimolar ratio of reagents and K2CO3 (1.3 eq.) were added to the ML. The reaction 

performed with a ML of trans-C6AzoOC4TAB afforded a lower yield (48%) after 2.5 

hours at 35 °C, the 1H NMR spectra exhibiting the presence of unreacted reagents. The 

second ML was collected and a third run was performed using the same conditions, 

showing a loss of yield to 35%. It is interesting to note that the recyclability of the ML of 

trans-C6AzoOC4TAB was achieved up to 3 times, using the same initial amount of 

materials (25 mg), but being less efficient after each run. In comparison, trans-

C8AzoOC2TAB could not be recycled, and the reaction did not yield product after 2.5 

hours reaction at 35 °C. It is suggested that the micelle size and shape are affected by the 

presence of unreacted reagents, which modifies the accessibility of the cationic charge at 

the micelle surface to form the enolate. The screening of the polar head may be a limiting 

factor in the efficiency of the catalysis of this reaction, and consequently the presence of 

any counter-ions capable of decreasing the surface activity of the positive charge should be 

avoided. 

7.4.2.6 ζ-potential experiments 

To further investigate the role of the nanoscale electrostatic interactions on the rate 

reaction, ζ-potential experiments were conducted to monitor the fluctuations of surface 

charge as a function of reaction time (Figure 7.6). The ζ-potential of micelles in water is 

expected to be controlled by the charge at the micelle surface. The first 10 minutes 

correspond to the ζ-potential of trans-C8AzoOC2TAB in micellar solution (concentration 

= 10 mM). The ζ-potential is +2.54 ± 0.7 mV, as expected from the positively-charged 

micelles. Upon addition of the reagents to the solution, without K2CO3, a sharp increase in 

the ζ-potential is observed to +7.71 ± 0.8, which suggests that the reagents interact with the 

surface of the cationic micelles. At t = 20 minutes, K2CO3 is added to the solution and the 

reaction starts. As shown in Section 7.4.2.1, the reaction does not occur without the base. 

Upon addition of K2CO3, a sudden loss of surface charge to +2.03 ± 0.7 mV is observed. 

Although the positive ζ-potential is surprising as the charge is expected to drop negatively 

during the formation of the negatively-charged enolate, it is important to note that no 

stirring can be applied within the cuvette due to the extremely narrow volume capacity 

(0.75 mL). After 15 minutes, the cell was manually shaken for 2 minutes. After shaking, a 

drop in the  ζ-potential to -3.10 mV was observed. The ζ-potential subsequently increased 

as the reaction progressed, reaching a plateau at +2.7 ± 0.2 mV after 30 minutes. As the 
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reaction proceeds, a white precipitate is produced at the bottom of the cell, indicating the 

formation of products, which then blocks the cell and stops the reaction. However, despite 

this limitation due to experimental setup, the advancement of the reaction can still be 

monitored by the fluctuation of ζ-potential as a function of time of reaction. 

 

Figure 7.6. Evolution of the ζ-potential of the reaction between 4-bromoaldehyde and 2-acetyl-3-
methylpyrazine, promoted by trans-C8AzoOC2TAB at 10 mM in water and 35 °C, as a function 
of time of reaction. The solid black lines correspond to visual indication of the addition of reagents 
to the micellar solution, K2CO3 and after shaking and are followed by abrupt changes of the ζ-
potential. 

It is observed that (1) the addition of reagents increases the surface charge of the 

cationic micelles, which indicates an interaction between reagent and the micellar 

structure. (2) The addition of the base to the positively-charge solution leads to a drop in 

the surface charge from +9.11 mV to -3.10 mV, which indicates the formation of 

negatively-charged species, associated with the formation of enolate in the solution. As the 

reaction is performed the ζ-potential of the mixture returns to positive values, suggesting 

the diminution of enolate in the solution and the formation the product.  

7.4.3 Discussion 

The success of micellar catalysis for this reaction arises from several advantages over 

traditional organic chemistry conditions. Firstly, the rate limiting step for aldol 

condensation has been analysed to be the elimination of water, leading to the C=C bond 

formation, which is the final step.40 A molecule of water is released by the formation of the 
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α,β-unsaturated ketone. Whilst the formation of water can be disadvantageous in 

traditional organic reactions, for micellar catalysis the molecule of water is simply expelled 

from the hydrophobic micellar environment into the surrounding water medium. As a 

consequence, the formation of water does not limit the rate of the reaction, as it does not 

interact with the formed products. For global considerations, micellar catalysis is believed 

to work at best when water is a side product, in defiance of traditional organic reactions. 

For instance, esterification reactions are generally limited in yields due to its 

thermodynamic reversibility that limits the formation of products. Consequently, water 

must be eliminated from the mixture (e.g. by distillation) to increase the yield of the 

reaction, according to Le Chatelier’s principle.45 In micellar catalysis, water is eliminated 

automatically from the reaction site to the bulk, which pushes the equilibrium towards the 

formation of products. According to the experimental conditions used here, the amount of 

water produced during the reaction corresponds to a maximum of 6.2 µL, taking a 100% 

conversion case (nmax = 0.34 mmol × MH2O =18 g mol-1). This volume of water is negligible 

compared to the overall volume of water used (5000 µL) and does not affect the micelle 

concentration. Secondly, the formation and stabilisation of the enolate (step 1 in the 

mechanism, Scheme 7.2) during the reaction is favoured by the presence of the cationic 

charges at the micelle surface. It is assumed that the accessibility of this positive charge to 

the anionic intermediate increases the yield and the rate of the reaction. Consequently, a 

compromise between a large shell and a highly hydrophobic micelle core may lead to the 

optimal yield for this reaction. 

7.5 Conclusions  

A Claisen-Schmidt condensation reaction was carried out in water catalysed by 

photoresponsive  micellar solutions. The effect of the concentration of surfactants, the type 

of AzoTABs used, the photoisomerisation, the temperature and the recyclability of the 

mother liquid were investigated and compared to that of CTAB, a non-responsive cationic 

surfactant. The yield of the trans-AzoTABs at 10 mM and 35 °C varies from 46% to 64%. 

Trans-C6AzoOC4TAB gives the highest yield among the trans-AzoTABs and is similar to 

that of CTAB (66%). This trans-AzoTAB forms the largest and the most elongated 

micelles of the series, as highlighted by the SANS and SAXS results, which explain the 

relatively good efficiency compared to the other AzoTABs. The efficiency follows the 

order trans-C6AzoOC4TAB > trans-C8AzoOC6TAB > trans-C8AzoOC2TAB > trans-

C4AzoOC6TAB > trans-C4AzoOC4TAB. The fact that the yield decreases as the size, 
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hydrophobicity and aggregation number of micelles decreases suggests that there is a 

relationship between the nanoscale organisation and the efficiency of the catalysis for 

trans-isomers. The effect of temperature at 20 °C, 35 °C and 70 °C for trans-

C8AzoOC2TAB at 10 mM , showed that the reaction can be performed at 35 °C and 70 °C 

with similar yield of 53% and 56%, respectively, whilst 20 °C was not optimum (19%). 

Upon photoisomerisation, the yields obtained for cis-AzoTABs vary from 48% to 78% and 

are higher than that of the trans-isomers, except for cis-C6AzoOC4TAB, which decreases 

from 64% to 48%. The best maximum efficiency was achieved for cis-C8AzoOC2TAB at 

10 mM, with the highest yield of the study of 78% from 1H NMR calculations. It is 

interesting to note that the cis-isomers micelles are spherical which is rare for cationic 

surfactants.42 Conversely, cis-C8AzoOC6TAB and cis-C6AzoOC4TAB form elongated 

ellipsoidal micelles at 10 mM and the yield was lower than the spherical counterparts. For 

cis-AzoTABs, the best yields were obtained as cis-C8AzoOC2TAB > cis-C4AzoOC4TAB 

> cis-C4AzoOC6TAB > cis-C8AzoOC6TAB > cis-C6AzoOC4TAB. Interestingly, this 

order is guided by (1) the shape of the micelles and (2) the aggregation number and spacer 

length. This series can be rationalised considering the large shell thickness, as discussed in 

Chapter 6. The accessibility of the positively charged micelles to the anionic enolate 

intermediate may enhance the rate and yield of the reaction and is believed to be favoured 

by spherical micelles. The expulsion of water, formed as a side product, from the micelle 

to the bulk of the solution is encouraged by the highly hydrophobic core and pushes the 

equilibrium towards the formation of the product. Finally, the recyclability of trans-

C6AzoOC4TAB and trans-C8AzoOC2TAB was investigated at 10 mM and 35 °C. The 

ML was recuperated after filtration to repeat the catalysis. The efficiency of the reaction 

decreased from 66% to 35% after 3 runs for trans-C6AzoOC4TAB. However, an increase 

in the reaction time may further increase the yield. In contrast, recycling the micellar 

system of trans-C8AzoOC2TAB at 10 mM and 35 °C did not afford the product.  

It is assumed that the accessibility of the cationic charge at the surface of the micelles 

is crucial to perform this reaction in water. The accessibility depends on (1) the nanoscale 

organisation of the AzoTAB. The size, hydrophobicity, shape and aggregation number are 

guided by the molecular structure of the AzoTAB, which changes upon photoisomerisation 

and (2) the presence of competitive species and ions that screen the positive surface 

charge, such as impurities or the quality of water used. 

These preliminary experiments on AzoTAB photosurfactants used as nanoreactors for 

micellar catalysis are promising. Further investigations are required to validate some 
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statements developed in the discussion. It could be interesting for instance to investigate 

the ionic screening of the AzoTABs, induced by the addition of salts for instance. 

Additionally, performing the reaction with short AzoTABs, such as C2AzoOC2TAB, which 

are less hydrophobic and expected to be less efficient than AzoTABs with a moderate 

hydrophobic segment (≈10 atoms of carbon) should be examined. The recyclability of the 

reaction mixture could also be improved by recrystallisation to eliminate impurities. 

Finally, while ζ-potential was monitored, more studies need to be done to understand the 

effect of the charge at the surface of micelles. The design of the experiments must be 

optimised, in particular, the time of reaction, degassing of water prior to experiment, have 

to be taken into account. The rate of the reaction can be followed by 1H NMR spectroscopy 

by taking a small amount of the reaction mixture every 15 minutes. 

 In future work, the use of AzoTABs in micellar catalysis could be used in other 

organic reactions where water is formed as a side product, and which form anionic 

intermediates in the mechanism, such as alkaline hydrolysis.46 It could be interesting to 

investigate the exact location where the reaction takes place within the micelles. For 

instance, SAXS experiments could be performed to determine if the hydrophobic core 

remains undisturbed by the reagents, while the thickness of the shell fluctuates as the 

catalysis is performed. This could undoubtedly resolved the region of the micelle, where 

the reaction occurs. In a further extension of this work, anionic azobenzene 

photosurfactants could be investigated to perform micellar catalysis where a positive 

carbocation is formed, such as Fisher esterifications or the synthesis of porphyrins. In 

particular the synthesis of tetraphenylporphyrin (TPP) may be adapted to micellar 

catalysis, as water is formed as a side product and the reaction is catalysed by an acid.47 

The yield of the reaction is usually low (<30 %) and the recuperation of the products 

requires chromatographic methods to separate the different fractions. It is strongly believed 

that micellar reactions using light-responsive surfactants are promising to access the 

synthesis of challenging products, but a careful understanding of the nanoscale 

organisation is required. 
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 This thesis discussed how the molecular structure of photoactive surfactants affects 

their self-assembly-properties relationships to design new light-responsive systems. 

  In Chapter 4 a series of five cationic azobenzene photosurfactants (AzoTABs) was 

designed, synthesised and characterised based on the calculated packing parameter and 

previously reported similar photosurfactants. C4AzoOC4TAB, C4AzoOC6TAB and 

C8AzoOC2TAB were reported in the literature, while C6AzoOC4TAB and 

C8AzoOC6TAB were new photosurfactants. The effect of photoisomerisation and the 

length of the hydrophobic segment and position of the azobenzene core within the 

molecule on the optical properties were initially investigated. Forward and reverse 

photoisomerisation achieved by optical means led to at equilibrium photostationary states, 

due to overlap of the absorption spectra of trans- and cis-isomers. The trans-/cis- 

composition of photostationary states depends on the molecular structure of the AzoTABs 

and the wavelength of light exposure. AzoTABs with short hydrophobic segment possess a 

higher molar extinction coefficient and short alkyl tail induced rapid rate of 

photoisomerisation. The excitation of the spin-allowed transition was found to reach the 

photostationary state faster than the excitation of the spin-forbidden transition. 

  Future directions involves the design of AzoTABs with moderate hydrophobic 

segment length that possess an odd number of atoms of carbon. Such AzoTABs have never 

been synthesised and investigated to date.1 Alternatively, extended hydrophobic segment 

will be investigated to expand the series of known AzoTAB systems. 

 In Chapter 5, the control of the self-assembly structure was proven to be achieved 

by careful selection of AzoTAB photosurfactants. It was shown that surface tensions, 

CMCs and ∆CMCs can be tuned by the hydrophobic segment length and by the position of 

the azobenzene core within the photosurfactants. Specifically, the CMC can be increased 

by decreasing the hydrophobic segment length. Photoisomerisation systemically leads to 

an increase of the CMC, which was rationalised by the higher hydrophilicity of the cis-

isomers. The ∆CMC was found to be optimised for moderate hydrophobic segment length. 

Additionally, the size and shape of micelles was demonstrated to be controlled by the 

molecular design, photoisomerisation and temperature. The trans-isomers can form oblates 

ellipsoidal micelles, which sizes are primarily guided by the hydrophobic segment and 

secondarily by the alkyl tail length. Upon photoisomerisation, cis-isomers formed spherical 

aggregates which sizes were guided by the length of the spacer. The penetration of water 

and the number of unimers per micelles were also calculated based on fitted parameters. 
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C6AzoOC4TAB differed from the rest of the studied AzoTABs and formed elongated 

aggregate structures due to low solubility at 20 °C. Finally, cryo-SEM studies 

demonstrated the formation of a large population of isolated small aggregates in the trans-

form, which become more tightly packed upon photoisomerisation. 

 Future directions involve the molecular dynamic study on the self-assembly of 

AzoTABs. In particular, the different behaviour in dilute and concentrate solutions of 

C6AzoOC4TAB needs to be unfolded. Understanding the nanoscale organisation and 

packing of unimers surrounded by molecule of water is crucial to rationalise the self-

assembly processes. 

 In Chapter 6, it was demonstrated that AzoTABs can form lyotropic liquid crystals 

phases in highly concentrated system. Firstly, SAXS studies in dilute solutions confirmed 

the shape and sizes of aggregates obtained by SANS investigations in Chapter 5. 

Furthermore, a deeper understating on the nanoscale organisation was achieved. 

Especially, AzoTABs were best fitted to core-shell models in H2O and it was suggested 

that the thickness of the shell contain the azobenzene core, the spacer and the polar head 

for cis-isomers. The results demonstrated that the nanoscale organisation of AzoTABs can 

be controlled by careful selection of the molecular design and used of photoisomerisation 

and temperature. 

 Additionally, SAXS experiments in concentrate solutions revealed the formation of 

complex repetitive patterns for trans- and cis-isomers. Despite the lack of observation of 

currently recognised LLC phases, polarised optical microscopy showed that AzoTABs 

presented long-range ordered structures and were birefringent. The nature of the LLC 

phases varied from isotropic, hexagonal and lamellar phases and can be tuned depending 

on the isomer, temperature and photosurfactant design and concentration. These LLC 

phases were proven to be more stable over temperature as concentration increases. 

Preliminary phase diagrams were constructed based on these results.  

 Future studies will focus on the investigation of the unidentified part of the binary 

phase diagram, especially at concentration above 50 wt%. A combination of SAXS, POM 

and melting point analysis will unravelled the exact composition of domains that were 

uncovered due to solubility issues. Ultimately, the photosurfactants will be used in the 

conditions indentified in the binary phase diagrams to form desirable LLC phases as novel 

photoresponsive sacrificial templates for sol-gel matrices. 
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 In Chapter 7, it was shown for the first time that a micellar solution of AzoTAB 

photosurfactants can successfully catalyse a Claisen-Schmidt condensation reaction in 

water. Specifically, this chapter gathers the results obtained in Chapter 4-6 to rationalise 

the effect of the design of AzoTABs, concentration, photoisomerisation and temperature 

on the yield of the catalysis. Micellar catalysis promoted by light-responsive surfactants 

are rare compared to conventional surfactants.2 However, azobenzene photosurfactants 

have the unique ability to behave as two distinct surfactants, with different hydrophobicity, 

size and shape of micelles, etc, depending on the isomeric state selected. This unique 

property make them potentially more efficient compared to conventional surfactants. For 

the Claisen-Schmidt condensation, best yields were obtained for cis-isomers in the order 

cis-C8AzoOC2TAB > cis-C4AzoOC4TAB > cis-C4AzoOC6TAB, which was rationalised 

by the large Stern-layer, as demonstrated in Chapter 6, coupled with the large size of 

micelles, as shown in Chapter 5. It was postulated that the accessibility of the cationic 

charge at the surface of the micelles is a key parameter to catalyse the reaction in water. 

Finally, the recyclability of the micellar solution after reaction showed potential results that 

requires further investigations. 

These preliminary experiments showed that AzoTAB photosurfactants are promising to 

achieve high yield in micellar catalysis. Future work on this project will involve further 

investigations on the role of the Stern-layer. Especially, the addition of salts such as NaCl 

can screen the positive charge of micelles and inhibit the catalyse. The exact location 

where catalysis occurs can be investigated by SAS techniques and provides a step-by-step 

detailed mechanism of the reaction. Additionally, future work is necessary to optimise the 

recyclability of the reaction mixture and catalyse several reactions with the same initial 

AzoTAB solution. 

In a further extension, the potential of azobenzene photosurfactants to catalyse organic 

reactions where water is formed as a side product will be demonstrated. In particular, a 

large range of organic reactions can be targeted and offers the possibility for light-

responsive surfactants to access the synthesis of challenging products, such as porphyrins, 

in a more sustainable fashion. 

The work presented in this thesis showed that the self-assembly of light-responsive 

photosurfactants can be controlled by modifying the molecular structure and altering 

environmental factors. The project was developed based on the design of azobenzene 

photosurfactants in Chapter 4, and from the self-assembly of unimers dispersed in 
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solution, in Chapter 5, to highly concentrated systems, in Chapter 6. The nanoscale self-

assembly of photosurfactants in solution was tuned by the triptych concentration-light-

temperature to rationalise the micellar catalysis results obtained in Chapter 7. The control 

and understanding of the self-assembly-structure-function relationships of these systems is 

crucial to access a variety of applications, such as micellar catalysis, drug delivery and 

microfluidic devices. 
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A.1.1 Chapter 4 

Figure A.4.1. Chemical structure of the AzoTAB 

Table A.4.1. Contribution of volumes and lengths to calculate the packing parameter, P  

Figure A.4.2. Evolution of the packing parameter as a function of the number of atoms of 

carbon in the hydrophobic segment 

Figure A.4.3. 2D COSY NMR spectra of trans-C6AzoOC4TAB in DMSO-d6  

Figure A.4.4. 2D HSQC NMR spectra of trans-C6AzoOC4TAB in DMSO-d6  

Figure A.4.5. 2D HMBC NMR spectra of trans-C6AzoOC4TAB in DMSO-d6  

Figure A.4.6. 1H NMR spectrum of C4AzoOC4TAB in DMSO-d6. 

Figure A.4.7. 13C NMR spectrum of C4AzoOC4TAB in DMSO-d6. 

Figure A.4.8. HRMS spectrum of C4AzoOC4TAB in water. 

Figure A.4.9. FTIR (ATR method) spectrum of C4AzoOC4TAB at 25 °C. 

Figure A.4.10. 1H NMR spectrum of C4AzoOC6TAB in DMSO-d6. 

Figure A.4.11. 13C NMR spectrum of C4AzoOC6TAB in DMSO-d6. 

Figure A.4.12. HRMS spectrum of C4AzoOC6TAB in water. 

Figure A.4.13. FTIR (ATR method) spectrum of C4AzoOC6TAB at 25 °C. 

Figure A.4.14. 1H NMR spectrum of C6AzoOC4TAB in DMSO-d6. 

Figure A.4.15. 13C NMR spectrum of C6AzoOC4TAB in DMSO-d6. 

Figure A.4.16. HRMS spectrum of C6AzoOC4TAB in water. 

Figure A.4.17. FTIR (ATR method) spectrum of C6AzoOC4TAB at 25 °C. 

Figure A.4.18. 1H NMR spectrum of C8AzoOC2TAB in DMSO-d6. 

Figure A.4.19. 13C NMR spectrum of C8AzoOC2TAB in DMSO-d6. 

Figure A.4.20. HRMS spectrum of C8AzoOC2TAB in water. 

Figure A.4.21. FTIR (ATR method) spectrum of C8AzoOC2TAB at 25 °C. 

Figure A.4.22. 1H NMR spectrum of C8AzoOC6TAB in DMSO-d6. 

Figure A.4.23. 13C NMR spectrum of C8AzoOC6TAB in DMSO-d6. 

Figure A.4.24. HRMS spectrum of C8AzoOC6TAB in water. 

Figure A.4.25. FTIR (ATR method) spectrum of C8AzoOC6TAB at 25 °C. 

 

A.1.2 Chapter 5 

Figure A.5.1. Determination of the CMC of C4AzoOC4TAB in water at 20 °C 

Figure A.5.2. Determination of the CMC of C8AzoOC2TAB in water at 20 °C. 

Figure A.5.3. Determination of the CMC of C8AzoOC6TAB in water at 20 °C.  
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Figure A.5.4. Determination of the CMC of C6AzoOC4TAB in water at 25 °C. 

Table A.5.1. Reported trans- and cis-CMC values of AzoTAB photosurfactants from the 

literature at 20 °C. 

Figure A.5.5. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) 

C8AzoOC2TAB and (d) C8AzoOC6TAB obtained from SANS data (T = 20 °C).  

Table A.4.2. Summary of the parameters obtained for model fitting to the SANS profiles 

for trans-AzoTABs. 

Figure A.5.6. Fitting of the SANS profile of trans-C8AzoOC6TAB to the Elliptical 

Cylinder Model in D2O (T = 20 °C, 20 mM).  

Figure A.5.7. Fitting of the SANS profile of trans-C6AzoOC4TAB to the oblate Ellipsoid 

Model in D2O (T = 20 °C, 20 mM). 

Table A.5.3. Summary of the parameters obtained for model fitting to the SANS profiles 

for cis-AzoTABs. 

Figure A.5.8. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) 

C8AzoOC2TAB and (d) C8AzoOC6TAB obtained from SANS data (T = 20 °C). 

Figure A.5.9. Absorption spectra of C6AzoOC4TAB measured before and after 

illumination at λ = 365 nm.  

Figure A.5.10. Evolution of the aggregation number (Nagg) of AzoTABs at (a) 5 mM and 

(b) 20 mM (T = 20 °C).  

Figure A.5.11. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) 

C8AzoOC2TAB and (d) C8AzoOC6TAB obtained from SANS data (T = 60 °C).  

Table A.5.4. Summary of the parameters obtained for model fitting to the SANS profiles 

for trans-AzoTABs. 

 

A.1.3 Chapter 6 

Table A.6.1. Equivalent wt% to mol L-1 concentration.  

Figure A.6.1. Screenshot of Sasview highlighting the difference of fits of trans-

C8AzoOC6TAB 

Figure A.6.2. LLC phases that are currently recognised. 

Figure A.6.3. Screenshot of SasView showing the quality of the fit of trans-

C4AzoOC4TAB  

Table A.6.2. Summary of the position of the first diffraction peak of trans-AzoTABs as a 

function of concentration.  

Figure A.6.4. Effect of concentration on the SAXS profiles of trans-C4AzoOC6TAB  
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Figure A.6.5. Polarised optical micrographs of (a, c) trans-C8AzoOC2TAB at 10 wt% and 

(b, d) trans-C4AzoOC4TAB at 30 wt%.  

Figure A.6.6. Effect of X-ray irradiation on the SAXS profiles of cis-C4AzoOC6TAB and 

cis-C8AzoOC6TAB  

Figure A.6.7. Effect of concentration on the SAXS profiles of cis-AzoTABs in H2O at 20 

°C.  

Figure A.6.8. Polarised optical micrographs of trans-C8AzoOC2TAB and cis-

C8AzoOC2TAB  

Figure A.6.9. Effect of temperature on the SAXS profiles of trans-AzoTABs in H2O.  

Figure A.6.10. Differential scanning calorimetry thermograms  

 

A.1.4 Chapter 7 

Figure A.6.1. Normalised photoluminescence spectra  

Figure A.6.2. Photoluminescence spectra of NR  

Figure A.6.3. Photoluminescence spectra of NR in C8AzoOC2TAB after 5 minutes of blue 

light irradiation. 

Figure A.6.4. 1H NMR spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-

en-1-on in CDCl3 at 20 °C. 

Figure A.6.5. 13C NMR spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-

2-en-1-on in CDCl3 at 20 °C. 

Figure A.6.6. HRMS spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-

en-1-on in CHCl3 at 20 °C.  
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A.1.1 Chapter 4 

A.4.1 Calculation of the packing parameter for AzoTABs 

 The packing parameter enables the self-assembly behaviour of amphiphilic 

molecules to be determined and was first introduced by Israelachvili.6 Molecular packing 

is based on the geometry of a single molecule, such as the volume (V) and length (l) of the 

hydrophobic carbon chain and the effective surface area of the polar head group (a). The 

nature of the packing leads to the formation of micelles with preferred structure, such as 

spheres, cylinder inverted micelles etc. The geometrical packing parameter is given by: 

 � =  �
� ×  � (A.4.1) 

In order to calculate the packing parameter of AzoTABs, V and l were determined by the 

empirical volume additivity rule of Traube:28  

 � =  � �	 (A.4.2) 

 � =  � �	 (A.4.3) 

where Vi and li are the contributions of the ith components. For AzoTABs, the pendant 

alkyl chain (V1), the azobenzene core (V2), the oxy group (V3) and the spacer (V4) 

contributions are summed to obtain the total volume (Figure A.4.1, Table A.4.1). The 

method is repeated for the length (l). The Tanford equations are commonly used to 

calculate the lengths and volumes of alkyl chain of surfactants12 and were used to obtain 

the contributions of the alkyl chain of AzoTABs, (i.e. V1, V4, l1 and l4). 

 � = 26.9 × � + 27.4 (A.4.3) 

 � = 1.265 × � + 1.5 (A.4.4) 

where m is the number of carbons in the carbon chain. The contributions from the oxy 

group (V3 and l3) were obtained by ab initio calculations.28, 29 The length of the azobenzene 

moiety, l2, is 9.0 Å and 5.5 Å for the trans- and cis-isomers, respectively.30-34 The 

molecular volumes of the trans- and cis-isomers of the azobenzene core, V2, were obtained 

from computational calculation of the van der Waals volume and estimated to be 176.4 Å3 

and 176.6 Å3, respectively.35 Nevertheless, based on the known molecular volume of 

benzene (85 Å3),36 these figures seem realistic and the difference of volume between the 

trans- and cis-isomers is commonly agreed to be small.22, 37, 38  
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Figure A.4.1. Chemical structure of the AzoTAB. R1 and R2 correspond to the pendant alkyl chain 
and spacer lengths, respectively. l1, l2, l3, l4 and V1, V2, V3 and V4 correspond to the length and 
volume contributions, respectively. 

 Finally, although the effective surface area, a, of the trimethylammonium (TMA) 

polar head group is known to be dependent on the hydrophobic chain,39 this value is 

commonly reported for similar regular TMA surfactants as 64 Å2.14 Despite the 

assumptions, a reasonable estimation of the packing parameters for AzoTABs can be 

obtained. Based on their molecular structure, the calculated packing parameters (Ptrans and 

Pcis) suggest the formation of spherical micelles for both the trans- and cis-isomers, with 

only a small difference between their packing parameters. Surprisingly, while 

geometrically the trans- and cis-isomers occupy the same volume, the model does not 

account for the shape this volume occupies. According to the model, the difference 

between the sizes and shapes of the relative micelles are expected to be small. This is 

investigated experimentally to show the importance of the azobenzene core on the self-

assembly behaviour. For comparison, the packing parameter of CTAB is 0.329, also 

calculated using the Tanford equation.14 
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Table A.4.1. Contribution of volumes and lengths to calculate the packing parameter, P, using the 
additivity principle.  

Contributions Values Method 

V1, V4 (Å
3) 26.9m + 27.4 Tanford equations 

V2 (Å
3) 

176.4/176.6 
(trans/cis) 

MOPAC calculations, van 
der Waals volume35 

V3 (Å
3) 9.1 

Ab initio calculations, van der 
Waals volume28 

l1, l4 (Å) 1.265m + 1.5 Tanford equation12 

l2 (Å) 
9/5.5 

(trans/cis) 
From X-Ray analysis32 

l3 (Å) 2.8 DFT calculations29 
  

 

 

A.4.2 Comparison between conventional alkyl-TAB and AzoTAB surfactants. 

 

Figure A.4.2. Evolution of the packing parameter as a function of the number of atoms of carbon 
in the hydrophobic segment, for cis-AzoTAB, non-responsive alkyl-TAB and trans-AzoTAB 
surfactants. The packing parameters were calculated based the parameters from Table A.4.1, with 
m varying from 0 to 40 atoms of carbon. As the hydrophobic segment length increases the 
difference between the surfactants is expected to decrease. The figure is obtained by pure 
theoretical calculations and do not take into account solubility parameters. 

 

A.4.3 NMR assignation of protons and carbons of the azobenzene core. 
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Figure A.4.3. 2D COSY NMR spectra of trans-C6AzoOC4TAB in DMSO-d6 magnified in the 
aromatic region from 6.0 to 8.5 ppm. The x and y axis correspond to the chemical shift of protons. 
The protons are labelled as Ha, Hb, Hc and Hd and the carbons are numbered from 1 to 8. The 
protons corresponding to the cis-isomer are shown for comparison and labelled as Ha’, Hb’, Hc’ and 
Hd’, for clarity. The correlation of protons corresponding to the trans-isomer and cis-isomer are 
represented by the blue and purple rectangle, respectively. 

 

Figure A.4.4. 2D HSQC NMR spectra of trans-C6AzoOC4TAB in DMSO-d6 magnified in the 
proton aromatic region from 6.0 ppm to 8.5 ppm and carbon sp2 region from 100 ppm to 130 ppm . 
The x and y axis correspond to the chemical shift of protons and carbon, respectively. The protons 
are labelled as Ha, Hb, Hc and Hd and the carbons are numbered from 1 to 8. The black dotted lines 
represent the carbon-hydrogen single-quantum correlation. 

Ha Hb Hc Hd, Hc’

Hb’Hd’,Ha’

7
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Figure A.4.5. 2D HMBC NMR spectra of trans-C6AzoOC4TAB in DMSO-d6 from 0 to 8.5 ppm 
and magnified in carbon sp region from 140 ppm to 170 ppm. The x and y axis correspond to the 
chemical shift of protons and carbon, respectively. The protons are labelled as Ha, Hb, Hc and Hd 

and the carbons are numbered from 1 to 8. The black dotted lines represent the carbon-hydrogen 
multiple-bond correlation. 

A.4.4 General Synthesis and Characterisation of the precursors 1, 4-alkyl-4'-hydroxyl 
azobenzene. 

Synthesis of 1 (4-alkyl-4'-hydroxyl azobenzene) : In a round-bottom flask (50 mL), the 4-

alkylaniline precursor (6.34 mmol) was dissolved in a 2:1 mixture of Millipore water: 

acetone (6 mL) and hydrochloric acid (32%, 2 mL). The solution was stirred for 30 min 

and kept at 0 °C. Separately, NaNO2 (1 eq.) was dissolved in MilliporeTM water (2 mL), 

cooled to 0 °C, added to the first solution and stirred for 90 min. In a second round-bottom 

flask (50 mL), phenol (1 eq.), NaOH (1 eq.) and Na2CO3 (1 eq.) were dissolved in water 

(15 mL) and stirred at room temperature. To this solution, the resulting diazonium salt 

solution (yellow) was added dropwise ensuring the reaction temperature was kept below 5 

°C with an ice bath. The brown-yellow solution was filtered and the precipitate was 

recuperated and dried overnight at room temperature. A yellow powder was isolated by 

recrystallisation from n-hexane to obtain yields between 46 and 92%.  

4-butyl-4'-hydroxyl azobenzene (C4AzoOH ) 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.94 (t, J = 8.0 Hz, 3H, CH3), 1.30-1.43 (m, 2H, 

CH2), 1.57-1.68 (m, 2H, CH2), 2.67 (t, J = 8.0 Hz, 2H, CH2), 5.92 (s, 1H, OH), 6.98 (d, J = 

Ha Hb Hc Hd

8
1

5

4
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8.0 Hz, 2H, Hd), 7.30 (d, J = 8.0 Hz, 2H, Hc), 7.82 (d, J = 8.0 Hz, 2H, Hb), 7.89 (d, J = 8.0 

Hz, 2H, Ha) ppm.  

13C NMR (CDCl3, 100 MHz, 25 °C): 14.1 (alkyl), 22.5 (alkyl), 31.4 (alkyl), 33.6 (alkyl), 

35.8 (alkyl), 115.9 (sp² azo), 122.7 (sp² azo), 124.2 (sp² azo), 129.2 (sp² azo), 146.1 (quart. 

azo), 147.1 (quart. azo), 150.8 (quart. azo), 158.2 (quart. azo) ppm.  

HRMS (MeOH, m/z-ESI-): Found: 253.1338 [M+H]-. Calculated: 253.1341 [M+H]-.  

FTIR νmax: 3330 (w), 2963 (m), 2938 (s), 2861 (m), 1582 (s), 1464 (s), 1255 (s), 843 (s) 

cm-1.  

M.p.: 75-77 °C. 

4-hexyl-4'-hydroxyl azobenzene (C6AzoOH)  

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.89 (t, J = 6.3 Hz, 3H, CH3), 1.22-1.39 (m, 6H, 

CH2), 1.57-1.69 (m, 2H, CH2), 2.67 (t, J = 7.2 Hz, 2H, CH2), 6.00 (s, 1H, OH), 6.97 (d, J = 

8.0 Hz, 2H, Hd), 7.30 (d, J = 8.0 Hz, 2H, Hc), 7.81 (d, J = 8.0 Hz, 2H, Hb), 7.88 (d, J = 8.0 

Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.2 (alkyl), 22.7 (alkyl), 29.1 (alkyl), 31.4 (alkyl), 

31.8 (alkyl), 36.0 (alkyl), 116.1 (sp² azo), 122.6 (sp² azo), 125.5(sp² azo), 129.3 (sp² azo), 

146.3 (quart. azo), 146.8 (quart. azo), 150.3 (quart. azo), 159.1 (quart. azo) ppm.  

HRMS (MeOH, m/z-ESI+): Found: 283.1817 [M+H]+. Calculated: 283.1810 [M+H]+. 

FTIR νmax: 3184 (w), 2960 (m), 2923 (s), 2852 (m), 1591 (s), 1467 (s), 1255 (s), 837 (s) 

cm-1
. 

M.p.: 74-78 °C. 

4-octyl-4'-hydroxyl azobenzene (C8AzoOH)  

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.88 (t, J = 6.3 Hz, 3H, CH3), 1.19-1.40 (m, 10H, 

CH2), 1.57-1.69 (t, J = 6.0 Hz, 2H, CH2), 2.67 (t, J = 7.2 Hz, 2H, CH2), 5.31 (s, 1H, OH), 

6.96 (d, J = 8.0 Hz, 2H, Hd), 7.30 (d, J = 8.0 Hz, 2H, Hc), 7.79 (d, J = 8.0 Hz, 2H, Hb), 7.86 

(d, J = 8.0 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.2 (alkyl), 22.7 (alkyl), 29.2 (alkyl), 29.3 (alkyl), 

29.5 (alkyl), 31.4 (alkyl), 31.9 (alkyl), 35.9 (alkyl), 115.6 (sp² azo), 122.6 (sp² azo), 124.8 
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(sp² azo), 129.1 (sp² azo), 146.0 (quart. azo), 147.3 (quart. azo), 150.9 (quart. azo), 158.0 

(quart. azo) ppm.  

HRMS (MeOH, m/z-ESI-): Found: 309.1969 [M+H]-. Calculated: 309.1967 [M+H]-. 

FTIR νmax: 3427 (s), 3029 (w), 2958 (m), 2920 (s), 2849 (m), 1591 (s), 1469 (s), 1254 (s), 

836 (s) cm-1.  

M.p.: 74-78 °C. 

A.4.5 General Synthesis and Characterisation of the precursors 2, 4-alkyl-4'-(n-

bromo)alkoxyazobenzene. 

Synthesis of 2, (4-alkyl-4'-(n-bromo)alkoxyazobenzene): In a round-bottom flask (100 

mL), R1AzoOH (10 mmol) was dissolved in acetone (50 mL) at 50 °C. K2CO3 (4 eq.), KI 

(0.05 eq.) and the appropriate dibromoalkane (3 eq.) were added and the mixture was 

refluxed at 65 °C for 2 days. The orange solution was allowed to cool to room temperature 

and the solvent was removed by evaporation. The solid was dissolved in dichloromethane 

(DCM), washed twice with water to remove the KBr salt, dried over MgSO4 and filtered. 

The DCM was evaporated off and the product was recrystallised from cold ethanol. The 

resulting orange crystals were filtered to give yields between 30 and 67%.  

4-butyl-4'-(4-bromo)butoxyazobenzene (C4AzoOC4Br) 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.92 (t, J = 7.3 Hz, 3H, CH3), 1.33-1.42 (m, 2H, 

CH2), 1.60-1.67 (m, 2H, CH2), 1.84-1.94 (m, 2H, CH2), 1.96-2.05 (m, 2H, CH2), 2.67 (t, J 

= 7.8 Hz, 2H, CH2), 3.64 (t, J = 6.6 Hz, 2H, CH2), 4.13 (t, 2H, J = 6.2 Hz, CH2), 7.13 (d, J 

= 8.0 Hz, 2H, Hd), 7.39 (d, J = 8.0 Hz, 2H, Hc), 7.77 (d, J = 8.0 Hz, 2H, Hb), 7.87 (d, J = 

8.0 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.2 (alkyl), 19.0 (alkyl), 22.2 (alkyl), 27.8 (alkyl), 

33.4 (alkyl), 35.1 (alkyl), 56.5 (alkyl), 67.6 (alkyl), 115.5 (sp² azo), 122.7 (sp² azo), 124.9 

(sp² azo), 129.7 (sp² azo), 146.2 (quart. azo), 146.6 (quart. azo), 150.7 (quart. azo), 161.6 

(quart. azo) ppm.  

HRMS (CHCl3, m/z-ESI+): Found: 389.1223 [M+H]+. Calculated: 389.1130 [M+H]+. 

FTIR νmax: 3462 (w), 2965 (br), 1765 (br), 1375 (m), 1464 (m), 1208 (m), 843 (s) cm-1. 

M.p.: 62-64 °C. 
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4-butyl-4'-(6-bromo)hexyloxyazobenzene (C4AzoOC6Br) 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.94 (t, J = 7.4 Hz, 3H, CH3), 1.32-1.45 (m, 2H, 

CH2), 1.50-1.58 (m, 4H, CH2), 1.60-1.70 (m, 2H, CH2), 1.80-1.93 (m, 4H, CH2), 2.68 (t, J 

= 7.6 Hz, 2H, CH2), 3.44 (t, J = 7.0 Hz, 2H, CH2), 4.05 (t, J = 6.3 Hz, 2H, CH2), 6.99 (d, J 

= 8.8 Hz, 2H, 2×CH), 7.30 (d, J = 8.8 Hz, 2H, 2×CH), 7.81 (d, J = 8.8 Hz, 2H, Hb), 7.91 

(d, J = 8.8 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.1 (alkyl), 22.5 (alkyl), 25.4 (alkyl), 28.1 (alkyl), 

29.2 (alkyl), 32.8 (alkyl), 33.6 (alkyl), 33.9 (alkyl), 35.7 (alkyl), 68.2 (alkyl), 114.9 (sp² 

azo), 122.7 (sp² azo), 124.9 (sp² azo), 129.2 (sp² azo), 146.1 (quart. azo), 146.9 (quart. 

azo), 158.4 (quart. azo), 174.4 (quart. azo) ppm.  

HRMS (CHCl3, m/z-ESI+): Found: 417.1550 [M+H]+. Calculated: 417.1541 [M+H]+. 

FTIR νmax: 2943 (br), 2861 (m), 1602 (s), 1582 (s), 1464 (m), 1255 (s), 843 (s) cm-1. 

M.p.: 84-86 °C. 

4-hexyl-4'-(4-bromo)butoxyazobenzene (C6AzoOC4Br) 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.89 (t, J = 7.0 Hz, 3H, CH3), 1.24-1.39 (m, 6H, 

CH2), 1.61-1.72 (m, 2H, CH2), 1.94-2.03 (m, 2H, CH2), 2.05-2.15 (m, 2H, CH2), 2.67 (t, J 

= 7.1 Hz , 2H, CH2), 3.51 (t, J = 5.7 Hz, 2H, CH2), 4.09 (t, J = 5.3 Hz, 2H, CH2), 7.00 (d, J 

= 8.3 Hz, 2H, Hd), 7.30 (d, J = 8.3 Hz, 2H, Hc), 7.81 (d, J = 8.3 Hz, 2H, Hb), 7.91 (d, J = 

8.3 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.2 (alkyl), 22.8 (alkyl), 28.0 (alkyl), 29.1 (alkyl), 

29.5 (alkyl), 31.4 (alkyl), 31.9 (alkyl), 33.5 (alkyl), 36.0 (alkyl), 67.3 (alkyl), 114.8 (sp² 

azo), 122.7 (sp² azo), 124.9 (sp² azo), 129.2 (sp² azo), 146.1 (quart. azo), 147.1 (quart. 

azo), 150.9 (quart. azo), 161.4 (quart. azo), ppm.  

HRMS (CHCl3, m/z-ESI+): Found: 417.1556 [M+H]+. Calculated: 417.1541 [M+H]+. 

FTIR νmax: 2952 (m), 2928 (s), 2856 (m), 1601 (s), 1584 (s), 1469 (m), 1230 (s), 839 (s) 

cm-1. 

M.p.: 77-80 °C. 

 

4-butyl-4'-(2-bromo)ethoxyazobenzene (C8AzoOC2Br) 
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1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.88 (t, J = 7.0 Hz, 3H, CH3), 1.20-1.42 (m, 10H, 

CH2), 1.52-1.71 (m, 2H, CH2), 2.67 (t, J = 7.8 Hz, 2H, CH2), 3.68 (t, J = 6.4 Hz, 2H, CH2), 

4.38 (t, J = 6.4 Hz, 2H, CH2), 7.02 (d, J = 9.0 Hz, 2H, Hd), 7.30 (d, J = 9.0 Hz, 2H, Hc), 

7.81 (d, J = 9.0 Hz, 2H, Hb), 7.92 (d, J = 9.0 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.0 (alkyl), 22.7 (alkyl), 29.0 (alkyl), 29.4 (alkyl), 

29.5 (alkyl), 29.6 (alkyl), 31.5 (alkyl), 32.1 (alkyl), 36.2 (alkyl), 68.7 (alkyl), 116.6 (sp² 

azo), 124.5 (sp² azo), 126.6 (sp² azo), 131.1 (sp² azo), 148.4 (quart. azo), 149.7 (quart. 

azo), 153.2 (quart. azo), 162.8 (quart. azo) ppm.  

HRMS (CHCl3, m/z-ESI+): Found: 417.1541 [M+H]+. Calculated: 417.1541 [M+H]+. 

FTIR νmax: 2958 (m), 2922 (s), 2850 (m), 1601 (s), 1497 (s), 1240 (s), 852 (s) cm-1.  

M.p.: 77-80 °C. 

4-octyl-4'-(6-bromo)hexyloxyazobenzene (C8AzoOC6Br) 

1H NMR (CDCl3, 400 MHz, 25 °C): δ = 0.88 (t, J = 7.1 Hz, 3H, CH3), 1.27-1.32 (m, 8H, 

CH2), 1.51-1.55 (m, 4H, CH2), 1.61-1.63 (m, 2H, CH2), 1.83-1.95 (m, 6H, CH2), 2.67 (t, J 

= 7.5 Hz , 2H, CH2), 3.44 (t, J = 6.7 Hz, 2H, CH2), 4.05 (t, J = 6.4 Hz, 2H, CH2), 6.99 (d, J 

= 8.2 Hz, 2H, Hd), 7.29 (d, J = 8.2 Hz, 2H, Hc), 7.82 (d, J = 8.2 Hz, 2H, Hb), 7.92 (d, J = 

8.2 Hz, 2H, Ha) ppm. 

13C NMR (CDCl3, 100 MHz, 25 °C): 14.3 (alkyl), 22.8 (alkyl), 25.4 (alkyl), 28.1 (alkyl), 

29.2 (alkyl), 29.4 (alkyl), 29.4 (alkyl), 29.6 (alkyl), 31.5 (alkyl), 32.0 (alkyl), 33.9 (alkyl), 

36.0 (alkyl), 68.2 (alkyl), 114.8 (sp² azo), 122.7 (sp² azo), 125.0 (sp² azo), 129.2 (sp² azo), 

146.2 (quart. azo), 146.8 (quart. azo), 150.7 (quart. azo), 161.7 (quart. azo) ppm.  

HRMS (CHCl3, m/z-ESI+): Found: 473.2165 [M+H]+. Calculated: 473.2162 [M+H]+. 

FTIR νmax: 2918 (s), 2854 (m), 1603 (s), 1472 (s), 1245 (s), 844 (s) cm-1.  

M.p.: 79-83 °C. 
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C4AzoOC4TAB 

 

Figure A.4.6. 1H NMR spectrum of C4AzoOC4TAB in DMSO-d6. 

 

 

 

 

Figure A.4.7. 13C NMR spectrum of C4AzoOC4TAB in DMSO-d6. 
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Figure A.4.8. HRMS spectrum of C4AzoOC4TAB in water. 

 

 

 

 

Figure A.4.9. FTIR (ATR method) spectrum of C4AzoOC4TAB at 25 °C. 
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C4AzoOC6TAB 

 

 

Figure A.4.10. 1H NMR spectrum of C4AzoOC6TAB in DMSO-d6. 

. 

 

 

 

 

Figure A.4.11. 13C NMR spectrum of C4AzoOC6TAB in DMSO-d6. 
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Figure A.4.12. HRMS spectrum of C4AzoOC6TAB in water. 

 

 

 

 

Figure A.4.13. FTIR (ATR method) spectrum of C4AzoOC6TAB at 25 °C. 
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C6AzoOC4TAB  

 

Figure A.4.14. 1H NMR spectrum of C6AzoOC4TAB in DMSO-d6. 

 

 

 

 

 

Figure A.4.15. 13C NMR spectrum of C6AzoOC4TAB in DMSO-d6. 
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Figure A.4.16. HRMS spectrum of C6AzoOC4TAB in water. 

 

 

 

 

Figure A.4.17. FTIR (ATR method) spectrum of C6AzoOC4TAB at 25 °C. 
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 C8AzoOC2TAB  

 

Figure A.4.18. 1H NMR spectrum of C8AzoOC2TAB in DMSO-d6. 

 

 

 

 

 

Figure A.4.19. 13C NMR spectrum of C8AzoOC2TAB in DMSO-d6. 
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Figure A.4.20. HRMS spectrum of C8AzoOC2TAB in water. 

 

 

 

Figure A.4.21. FTIR (ATR method) spectrum of C8AzoOC2TAB at 25 °C. 
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C8AzoOC6TAB 

 

Figure A.4.22. 1H NMR spectrum of C8AzoOC6TAB in DMSO-d6. 

 

 

 

 

 

Figure A.4.23. 13C NMR spectrum of C8AzoOC6TAB in DMSO-d6. 
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Figure A.4.24. HRMS spectrum of C8AzoOC6TAB in water. 

 

 

 

 

Figure A.4.25. FTIR (ATR method) spectrum of C8AzoOC6TAB at 25 °C. 
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A.1.5 Chapter 5 

 

Figure A.5.1. Determination of the CMC of C4AzoOC4TAB in water at 20 °C. Variation of (a) 
surface tension and (b) light scattering intensity as a function of concentration. The data points 
show the trend before (trans-form, dark circles) and after UV light irradiation at λex = 365 nm for 5 
min (predominantly cis-form, blue squares). The CMC values are obtained at the intersection 
between the two trends (dashed lines). The error bars show the standard deviation of the mean 
surface tension value obtained over 5 measurements. The solid lines serve only to guide the eye. 

 

 

  

Figure A.5.2. Determination of the CMC of C8AzoOC2TAB in water at 20 °C. Variation of (a) 
surface tension and (b) light scattering intensity as a function of concentration. The data points 
show the trend before (trans-form, dark circles) and after UV light irradiation at λex = 365 nm for 5 
min (predominantly cis-form, blue squares). The CMC values are obtained at the intersection 
between the two trends (dashed lines). The error bars show the standard deviation of the mean 
surface tension value obtained over 5 measurements. The solid lines serve only to guide the eye.  
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Figure A.5.3. Determination of the CMC of C8AzoOC6TAB in water at 20 °C. Variation of (a) 
surface tension and (b) light scattering intensity as a function of concentration. The data points 
show the trend before (trans-form, dark circles) and after UV light irradiation at λex = 365 nm for 5 
min (predominantly cis-form, blue squares). The CMC values are obtained at the intersection 
between the two trends (dashed lines). The error bars show the standard deviation of the mean 
surface tension value obtained over 5 measurements. The solid lines serve only to guide the eye.  

 

 

 

 

Figure A.5.4. Determination of the CMC of C6AzoOC4TAB in water at 25 °C. Variation of (a) 
surface tension and (b) light scattering intensity as a function of concentration. The data points 
show the trend before (trans-form, dark circles) and after UV light irradiation at λex = 365 nm for 5 
min (predominantly cis-form, blue squares). The CMC values are obtained at the intersection 
between the two trends (dashed lines). The error bars show the standard deviation of the mean 
surface tension value obtained over 5 measurements. The solid lines serve only to guide the eye.  
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Table A.5.1. Reported trans- and cis-CMC values of AzoTAB photosurfactants from the literature 
at 20 °C. NR stands for non-reported. 

AzoTABs R1 R2 trans-CMC cis-CMC ∆CMC 

C0AzoOC2TAB 0 2 10.5 a 11.5 a 1a 

C2AzoOC2TAB 2 2 9 a 11.5 a 2.5a 

C2AzoOC4TAB 2 4 4.6 a 10.3 a 5.7a 

C2AzoOC6TAB 2 6 1.6 a 3.2 a 1.6a 

C4AzoOC2TAB 4 2 2.4b 6.0b 3.6b 

C4AzoOC3TAB 4 3 1.7c 4.0c 2.29 b 

C4AzoOC4TAB 4 4 1.2 a 2.7a 1.5a 

C4AzoOC6TAB 4 6 0.4d NR - 

C4AzoOC8TAB 4 8 0.17d NR - 

C4AzoOC10TAB 4 10 0.06d NR - 

C4AzoOC12TAB 4 12 0.02d NR - 

C6AzoOC2TAB 6 2 0.7a  2.1a 1.4a 

C8AzoOC2TAB 8 2 0.3a 0.8a 0.5a 

a From Hayashita et al.
 b From Orihara et al .

c From Chevalier et al. 
d From Zakrevski et al .

 

Figure A.5.5. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) C8AzoOC2TAB and 
(d) C8AzoOC6TAB obtained from SANS data (T = 20 °C), representing trans-isomers at 20 mM 
(purple circle) and 5 mM (red squares). The fitted black solid lines yield the slope of the decay.  
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Table A.4.2. Summary of the parameters obtained for model fitting to the SANS profiles for trans-

AzoTABs. All samples are in D2O at 20 °C. Rg, plot and Rg, fit correspond to the radius of gyration 
calculated from the fitted parameters (Equation 3.22) and the Guinier analysis (Equation 2.21), 
respectively. Xsolv refers to the solvent hydration of micelles, calculated with Equation 3.25. 

trans-AzoTAB Conc. 
(mM) 

Rg,plot (Å) Rg,fit (Å) Xsolv (%) χ² 

C4AzoOC4TAB 
5 

20 
27.8 ± 0.2 
30.1 ± 0.1 

26.8 ± 1.5 
29.0 ± 0.3 

55 ± 4 
26 ± 2 

1.01 
1.00 

C4AzoOC6TAB 
5 

20 
31.8 ± 0.1 
35.9 ± 0.6 

31.6 ± 0.8 
35.2 ± 0.7 

56 ± 3 
24 ± 2 

1.00 
1.21 

C8AzoOC2TAB 
5 

20 
33.8 ± 0.3 
34.0 ± 0.4 

35.0 ± 0.4 
35.1 ± 0.1 

28 ± 2 
24 ± 2 

1.15 
1.41 

C8AzoOC6TAB 
5 

20 
58.5 ± 0.8 
55.9 ± 0.3 

60.0 ± 0.6 
56.7 ± 0.6 

31 ± 2 
20 ± 2 

1.10 
1.42 

C6AzoOC4TAB 
5 

20 
108.7 ± 3.2 
55.5 ± 0.5 

94.4 ± 4.2 
49.0 ± 1.1 

67 ± 4 
56 ± 4 

1.32 
1.45 

 

 

 

 

Figure A.5.6. Fitting of the SANS profile of trans-C8AzoOC6TAB to the Elliptical Cylinder 
Model in D2O (T = 20 °C, 20 mM). The fitted parameters show the formation of elliptical cylinder 
of dimensions of R = 28.8 Å, L = 69.5 Å and H = 162 Å, which are in agreement with the radii 
obtained with trans-C6AzoOC4TAB elliptical cylinder micelles described in this study. 
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Figure A.5.7. Fitting of the SANS profile of trans-C6AzoOC4TAB to the oblate Ellipsoid Model 
in D2O (T = 20 °C, 20 mM). The fitted parameters show the formation of large oblate micelles of 
dimensions of R = 26.5 Å and L = 80.3 Å, which are in agreement with the radii obtained with the 
other AzoTABs described in this study. 

 

 

 

Table A.5.3. Summary of the parameters obtained for model fitting to the SANS profiles for cis-

AzoTABs. All samples are in D2O at 20 °C. Rg, plot and Rg, fit correspond to the radius of gyration 
calculated from the fitted parameters (Equation 3.21) and the Guinier analysis (Equation 3.20), 
respectively. Xsolv refers to the solvent hydration of micelles, calculated with Equation 3.25. 

cis-AzoTAB 
Conc. 
(mM) 

Rg,plot (Å) Rg,fit (Å) Xsolv (%) χ² 

C4AzoOC4TAB 
5 

20 
- 

20.4 ± 0.5 
- 

20.1 ± 0.9 
- 

58 ± 4 
- 

1.32 

C4AzoOC6TAB 
5 

20 
19.8 ± 0.5 
22.9 ± 0.1 

19.1 ± 0.8 
21.1 ± 0.7 

67 ± 4 
35 ± 3 

1.00 
1.01 

C8AzoOC2TAB 
5 

20 
18.0 ± 0.4 
20.3 ± 0.2 

18.1 ± 0.5 
19.9 ± 0.7 

28 ± 2 
17 ± 2 

1.00 
1.51 

C8AzoOC6TAB 
5 

20 
23.8 ± 0.3 
26.8 ± 0.1 

22.7 ± 0.8 
26.4 ± 0.5 

40 ± 3 
21 ± 2 

1.00 
1.05 

C6AzoOC4TAB 20 - - 44 ± 3 1.33 
 

 

 

 

0.01 0.1

1E-3

0.01

0.1

1

10

20 mM

 Ellipsoid Model

I(
q

) 
(c

m
-1
)

q (Å-1)

trans-C6AzoOC4TAB 



Appendix 

xxix 
 

 

Figure A.5.8. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) C8AzoOC2TAB and 
(d) C8AzoOC6TAB obtained from SANS data (T = 20 °C), representing cis-isomers at 20 mM 
(purple circle) and 5 mM (red squares). The fitted black solid lines yield the slope of the decay.  

 

Figure A.5.9. Absorption spectra of C6AzoOC4TAB measured before (red line) and after (black 
line) illumination at λ = 365 nm. The presence of the cis-isomer after the SANS measurement is 
confirmed by the shift of the maximum of absorption from 350 nm to 311 nm 
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Figure A.5.10. Evolution of the aggregation number (Nagg) of AzoTABs at (a) 5 mM and (b) 20 
mM (T = 20 °C). Nagg is obtained from the fitted parameters (radii and solvent permeability) and by 
the calculated volume of a single unimer. The aggregation number represents the number of 
unimers per micelle. 

 

Figure A.5.11. Guinier plot of (a) C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) C8AzoOC2TAB and 
(d) C8AzoOC6TAB obtained from SANS data (T = 60 °C), representing trans-isomers at 20 °C 
(purple circle) and 5 mM (red squares). The fitted black solid lines yield the slope of the decay.  
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Table A.5.4. Summary of the parameters obtained for model fitting to the SANS profiles for trans-

AzoTABs. All samples are in D2O at 60 °C. Rg, plot and Rg, fit correspond to the radius of gyration 
calculated from the fitted parameters (Equation 3.22) and the Guinier analysis (Equation 3.20), 
respectively. Xsolv refers to the solvent hydration of micelles, calculated with Equation 3.25. 

trans-AzoTAB 
Conc. 
(mM) 

Rg,plot (Å) Rg,fit (Å) 
Xsolv 

(%) 
χ² 

C4AzoOC4TAB 
5 

20 
23.3 ± 0.4 
24.8. ± 0.3 

22.8 ± 0.2 
27.4 ± 0.9 

52 ± 2 
29 ± 4 

1.05 
1.35 

C4AzoOC6TAB 
5 

20 
25.6 ± 0.6 
31.3 ± 0.8 

25.7 ± 0.5 
29.8 ± 0.8 

55 ± 3 
23 ± 2 

1.00 
1.12 

C8AzoOC2TAB 
5 

20 
27.1 ± 0.4 
32.7 ± 0.2 

26.4 ± 0.7 
32.6 ± 0.4 

29 ± 2 
28 ± 2 

1.06 
1.17 

C8AzoOC6TAB 
5 

20 
54.3 ± 0.1 
57.0 ± 0.8 

54.8 ± 0.4 
58.3 ± 0.3 

55 ± 2 
46 ± 2 

1.00 
1.42 

C6AzoOC4TAB 20 - - 50 ± 3 1.41 
 

A.1.3  Chapter 6 

A.6.1 Notation 
The wt% notation corresponds to the percentage of mass of sample in solution and is 

given by: 

  ��% =  100 × �������
� ������ +  � ����� !

 (A.6.1) 

 

where msample and msolvent are the mass of sample and solvent in solution, respectively. This 

notation enables AzoTABs with different molecular weight to be compared. Table A.6.1 

shows the conversion between mol L-1 to wt% of concentrations used in this chapter. 
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Table A.6.1. Equivalent wt% to mol L-1 concentration. The molecular weight Mw used for 
conversion was taken to 476.02 g mol-1 and represents the AzoTABs containing 10 carbons in the 
hydrophobic segment (i.e. C4AzoOC6TAB, C8AzoOC2TAB and C6AzoOC4TAB). Conversions 
for C4AzoOC4TAB and C8AzoOC6TAB were calculated with a Mw of 447.19 and 531.28 g mol-1, 
respectively.  

wt% mol L-1 
0.5 10.56 
1.0 21.22 
5.0 110.57 

10.0 233.43 
20.0 525.21 
30.0 900.36 
40.0 1400.56 
50.0 2100.84 

 

A.6.2  Validation of the fits 
 Prior to discussing the nanoscale behaviour of AzoTABs in H2O and the results 

obtained by the fitting, it is to be noted that validation of fits is somehow more complex 

than that of the SANS data. In the Sphere or Ellipsoid models, the ϕdry parameter depends 

on the SLD of the micelles and the scale, which is a multiplying factor (Equation 3.6). The 

volume of the micelles, which comes from the radii, does not affect the ϕdry parameter. 

However, for the Core-Shell Sphere and Core-Shell Ellipsoid models, ϕdry depends on 5 

parameters (Eq. A.6.2): 

 " #$% =  &'��(
� ×  ) |+#,%|-., + /�'012345.

6

7
 (A.6.2) 

with,  

 + #,% =  3�∆: sin #$% − $'3?#$%
$- × 1

$@,-AB�!��- +  #1 − ,%-CB�!��- D7.E (A.6.3) 

 

 where ∆: is the contrast, � the volume, defined as 4/3πAB�!��- CB�!��-  and , is the 

angle between the axis of the ellipsoid and the q vector. The fact that 5 different 

parameters (the scale, the SLD of the core, the SLD of the shell, the volume of the core and 

the volume of the shell) influence ϕdry leads to 1 or more combinations that can match, 

instead of only 2 parameters for the Sphere and Ellipsoid models, which gives here only 

one possible solution. Therefore, the ϕdry parameter was accounted as the volume fraction 

parameter in the Hayter-Penfold Structure Factor from the SASView model. Additionally, 
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due to the strong structure factor S(q) in the SAXS profile of trans- and cis-AzoTABs, 

Guinier analysis is less meaningful and was not performed.  

 

A.6.3  Proof of the Stack Discs model for trans-C8AzoOC6TAB 

 

Figure A.6.1. Screenshot of Sasview highlighting the difference of fits of trans-C8AzoOC6TAB at 
1 wt%, using (a) the Core-Shell Ellipsoid and (b) the Stacked_Disks model. T = 20 °C. 

 
 
 
 
 
 
 
 
 
 
 

(b) Stacked_Disks Model

(a) Ellipsoid  Core-Shell Model
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A.6.4  List of currently recognised LLC phases 

 

Figure A.6.2. LLC phases that are currently recognised. Reproduced from Ref 6.1. 

 

A.6.4  Attempt to fit trans-C4AzoOC4TAB SAXS profiles at high concentration 

 

Figure A.6.3. Screenshot of SasView showing the quality of the fit of trans-C4AzoOC4TAB at 5 
wt% using the Core-Shell Ellipsoid model. The disruption of the residuals suggests that a 
complementary model must be used to fit the data. T = 20 °C. 

 



Appendix 

xxxv 
 

Table A.6.2. Summary of the position of the first diffraction peak of trans-AzoTABs as a function 
of concentration. For trans-C8AzoOC6TAB and trans-C6AzoOC4TAB, the diffraction peaks are 
independent of the concentration and located in the Porod region. 

AzoTABs Concentration (wt%) q* (Å-1) d = 2π /q* (Å) 

C4AzoOC4TAB 

0.5 0.024 262 
1.0 0.027 233 
5.0 0.041 153 
10.0 0.049 128 
15.0 0.053 119 
20.0 0.055 114 

C4AzoOC6TAB 

0.5 0.021 299 

1.0 0.024 262 

5.0 0.033 190 

10.0 0.038 165 

15.0 0.041 153 

20.0 0.044 143 

30.0 0.049 128 

C8AzoOC2TAB 

0.5 0.020 319 
1.0 0.021 298 
5.0 0.033 190 
10.0 0.035 180 
15.0 0.042 150 
20.0 0.045 140 

C8AzoOC6TAB 
15.0 0.135 47 
20.0 0.136 46 
30.0 0.136 46 

C6AzoOC4TAB 10.0 0.262 24 
 

 

Figure A.6.4. Effect of concentration on the SAXS profiles of the trans-C4AzoOC6TAB in H2O 
from 1 wt% to 30 wt% in the (a) log/log scale and (b) lin/log scale for comparison. Inset: 
Magnification of the Porod region. 
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A.6.5  Polarisation of the LLC mesophase for trans-C8AzoOC2TAB at 10 wt% 

 

Figure A.6.5. Polarised optical micrographs of (a, c) trans-C8AzoOC2TAB at 10 wt% and (b, d) 
trans-C4AzoOC4TAB at 30 wt%. The yellow domain turns green upon rotation to 90°C of the 
sample, highlighting the birefringence of LLCs. 

A.5.6  Effect of beam irradiation on the SAXS profile of cis-AzoTABs 

 

Figure A.6.6. Effect of X-ray irradiation on the SAXS profiles of (a) cis-C4AzoOC6TAB at 5 wt% 
and (b) cis-C8AzoOC6TAB at 15 wt% in H2O. The shift of each frame on increasing exposure to 
X-ray irradiation highlights the degradation of the cis-C4AzoOC6TAB. For comparison, cis-

C8AzoOC6TAB at 15 wt% was less affected by X-ray damages. 
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A.6.7  Effect of concentration on the SAXS profile of cis-AzoTABs 

 

Figure A.6.7. Effect of concentration on the SAXS profiles of cis-AzoTABs in H2O at 20 °C. (a) 
C4AzoOC4TAB, (b) C4AzoOC6TAB, (c) C8AzoOC2TAB and (d) C8AzoOC6TAB at 0.5 wt% (red 
squares) and 1 wt% (blue squares). The black lines correspond to fits of the Core-shell Sphere 
model or the Core-Shell Ellipsoid model, as described in the text. A polydispersity distribution of 
0.1 was added to the hydrophobic core (Lcore and Rcore). 

A.6.8  Effect of photoisomerisation on the POM image of cis-AzoTABs 

 

Figure A.6.8. Polarised optical micrographs of (a) trans-C8AzoOC2TAB and (b) cis-

C8AzoOC2TAB at 40 wt% obtained after 10 min of UV light irradiation. The large domain formed 
by the LLC phases melts upon photoisomerisation to give a dark-red isotropic domain. 
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A.6.9  Effect of temperature on the SAXS profiles image of trans-AzoTABs 

 

Figure A.6.9. Effect of temperature on the SAXS profiles of trans-AzoTABs in H2O. (a, b) 
C4AzoOC6TAB. The Porod region (b) is magnified to highlight the behavior of the hump. 
Concentration = 30 wt%. 

A.6.10  Effect of temperature on the stability of LLC phases. 

 

Figure A.6.10. Differential scanning calorimetry thermograms of (a) trans-C4AzoOC6TAB at 30 
wt%, (b) trans-C8AzoOC6TAB at 20 wt%, (c) trans-C8AzoOC2TAB at 30 wt% and (d) trans-

C8AzoOC2TAB at 20 wt%, over the range of 10 to 90 °C. The absence of endothermic event 
highlights the good stability of LLC phases form in this range of temperature. Samples masses 
were ~ 5 mg. Heating rate of 5 °C min-1. 
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A.1.4 Chapter 7 

 

Figure A.7.1. Normalised photoluminescence spectra of (a) trans-C8AzoOC2TAB and (b) cis-

C8AzoOC2TAB in presence of NR (5 µM) at 0.1 mM, 0.5 mM and 5 mM. 

 

Figure A.7.2. Photoluminescence spectra of NR (5 µM) in different solution of CTAB in water. 
The concentration below the CMC (0.5 mM, blue line) shows less intensity than NR in water. 

 

600 650 700 750 800
0.0

0.5

1.0

N
or

m
al

is
ed

 in
te

ns
ity

Wavelength (nm)

 NR in water
 0.1 mM 
 0.5 mM
 5 mM

Conc.
trans-C

8
AzoOC

2
TAB

600 650 700 750 800
0.0

0.5

1.0

N
or

m
al

is
ed

 in
te

ns
ity

Wavelength (nm)

 NR in water
 0.1 mM
 0.5 mM
 5 mM

Conc.
cis-C

8
AzoOC

2
TAB

600 650 700 750 800
0.0

2.0x105

4.0x105

6.0x105

8.0x105

1.0x106

1.2x106

1.4x106

1.6x106

P
ho

to
lu

m
in

es
ce

nc
e

Wavelength (nm)

 CTAB (5 mM)
 Water 
 CTAB (0.5 mM)



Appendix 

xl 
 

 

Figure A.7.3. Photoluminescence spectra of NR (0.5 µM, 1 µM, 10 µM and 15 µM) in 
C8AzoOC2TAB after 5 minutes of blue light irradiation. The intensity of fluorescence is higher 
than cis- C8AzoOC2TAB but lower than trans-C8AzoOC2TAB. 

 

 

 

 

Figure A.7.4. 1H NMR spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-en-1-on 
in CDCl3 at 20 °C. 
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Figure A.7.5. 13C NMR spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-en-1-on 
in CDCl3 at 20 °C. 

 

 

 

Figure A.7.6. HRMS spectra of (E)-3-(4-bromophenyl)-1-(3-methylpyrazin-2-yl)prop-2-en-1-on in 
CHCl3 at 20 °C.  

 


