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ABSTRACT

Polymers and surfactants are often employed together in a wide range of formulations,
such as paints, foodstuffs, pharmaceuticals and in detergency. Using the polymers
and the surfactants together in a formulation provides additional or modulated
physicochemical properties required for certain applications. Therefore, a good
knowledge of the properties of these components and the interactions between each
in mixtures ensures that formulation is more of an engineered approach than a “black”

art.

In this thesis, the interactions between polymers and small molecules were probed in
various states: solution, gel and foam. The main techniques used were tensiometry,

diffusion NMR and small-angle neutron scattering (SANS).

The experiments involved investigating the competitive interactions between Pluronic
P123 and small molecule surfactants, SMS, (sodium dodecylsulfate, SDS or
C12S04Na, dodecyltrimethylammonium bromide, C12TAB and polyoxyethylene (23)
lauryl ether, Brij 35) in the presence of alcohols (ethanol, hexanol and decanol). The
composition of the mixed micelles formed was found to be sensitive to the nature of
the alcohol present in the system.

Gelation from Pluronic P123, F108 and their mixtures was also investigated. P123
showed very interesting changes in its phase behaviour as both temperature and
polymer concentration were varied. Whilst for F108, the phase behaviour remained
largely unchanged, insensitive to any variation in concentration and temperature. The
phase behaviour of gels from mixtures of both Pluronics showed dependence on the

Pluronic ratio in the mixture and the temperature.

Finally, in-situ investigations of wet and dry foams stabilised by SMS (alkyl sulfates
and alkyl bromides) and mixtures of polymers (P123, poly(vinylpyrrolidone), PVP) with
the SMS were performed using SANS. SANS was deployed to probe the structure of
the surfactant and/or polymer at the foam air/water interface. Data analysis and
modelling suggested the presence of an interfacial structure comprising
paracrystalline stacks (around five layers) of adsorbed surfactant and/or polymer
layers interspersed with water layers. The thickness of these layers was found to be
sensitive to the SMS architecture (hydrocarbon chain length) and to the strength of

the interactions between the polymers and the SMS in the mixtures case.
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Chapter 1

1. Introduction

1.1 Polymer and surfactants in formulation

Formulation is an important aspect of many industrial and technological products, and
the driver of the “nanotechnology revolution”. There is an ever-increasing need for
tailored formulations and products with special properties for controlled release and
delivery. In formulation science, surfactants are often employed for emulsion
stabilisation, detergency, solubilisation, thickening and emolliency, while polymers are
used for better control over the system viscosity and consistency. In many cases,
mixed polymer and surfactant systems perform much better than single surfactants or
polymers due to the interactions between the components.

One main class of studies has been to focus on understanding the interactions
between polymers and surfactants in solution. Techniques like surface tension,'3
viscosity*® and conductivity’-® have been used to quantify the amounts of surfactant
associating or interacting with the polymer. A more detailed understanding of the
structure and the morphology of the mixed systems in solution was obtained by
neutron scattering,®'? nuclear magnetic resonance®*!®> and fluorescence
spectroscopy.t6-1® Most of these studies have concluded that some surfactants do

not interact at all with the polymers while others interact significantly.

To illustrate the complexity of these systems, Barbosa et al.'® studied the interactions
between polyethylene oxide (PEO) and C12SOsNa in bulk as a function of different
simple ionic cosolutes, such as, NaCl, Na2SO4 and Li2SO4 and more complex ones
as Naz[Fe(CN3)NO] and Nas[Co(NO)e] using isothermal titration calorimetry (ITC) and
small-angle X-ray scattering (SAXS).

The authors showed that at low surfactant concentrations, there are no significant
interactions between the surfactant and the polymer. This was not the case at higher
surfactant concentrations, where it was shown that the interactions yielded more
stable micelles in which the EO groups are solubilized in the headgroup region of the
micelle. The addition of the simple cosolutes had no impact on the interactions,
however, the addition of the more complex ones led to the absence of any interactions
between the polymer and the surfactant.
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Nambam et al?® have investigated the effect of adding non-ionic
(nonylphenolethoxylate, NP 9) and ionic surfactants (sodium dodecylsulfate,
C12S04Na and cetyltrimethylammonium bromide, Ci16TAB) on the self-assembly of
PEO-PPO-PEO triblock copolymers (F108, PEO12s8-PPOss4-PEOQO128) and consequently
its rheological behaviour. The authors concluded that the addition of C12SO4Na has
significantly reduced the viscoelastic properties of F108, where no changes were
recorded in the presence of NP 9 and CTAB. This strong effect of the C12SO4Na was
related to the strong electrostatic barrier induced by the C12SOsNa at the micellar

interface which restricts the self-assembly and the growth of the F108 micelles.

The interactions between the triblock copolymer Pluronic® P123 (PEO20-PPO7o-
PEO20) micelles and C12SOsNa have been investigated by Kumar et al.?* using
tensiometry and diffusion NMR. The authors observed Ci12SOsNa concentration
dependant interactions between both components. At low and intermediate
concentrations of Ci12SOsNa, strong interactions between P123 micelles and
C12S04Na. However, in the presence of high concentrations of C12SOsNa, weaker
interactions were observed. This was attributed to the disruption of the polymer
network caused by the high concentration of C12SOsNa.

Surface tension and viscosity measurements were utilised by Banipal et al.?? to study
the interactions between the mixed micelles of Pluronic® F68 (PEO7s-PPO29-PEO7s),
P123 and the cationic surfactants; dodecyltrimethylammonium bromide, Ci12TAB,
tetradecyltrimethylammonium bromide, Ci14aTAB and CisTAB. The authors have
concluded that both P123 and F68 showed weak interactions with all the cationic
surfactants mentioned earlier. These weak interactions could be accounted for by two
possible explanations. The first being the large size of the head group where it shields
the hydrophobic core, and suppress the presence of the polymer at the hydrocarbon-
water interface. The second explanation is related to the electrostatic repulsion as a
result of a slight positive charge present on the polymer, originating from the
protonation of the ether oxygen in the PEO chains.?324
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The nature of the interactions between polymers and surfactants has shown to be of
importance for potential drug delivery mechanisms by Mondal et al.?® by using
dynamic light scattering (DLS), isothermal titration calorimetry (ITC) and fluorescence
spectroscopy. A cationic phenazinium dye, phenosafranin, was used as a model drug
with Pluronic® F127 (PEO-PPO-PEO) without and with C12S0O4Na, where the latter
formed mixed micelles with F127. It was found that in the presence of C12SO4Na at
low concentrations, the fraction of the dye bound to F127 is significantly increased, up
to 58 %. Furthermore, the binding constant estimated from the ITC measurements
supports this finding. The explanation behind this was attributed to the penetration of
the dye to the more hydrophobic core of the mixed micelle system, if compared to the
F127 micelles alone.

It is then critical to understand the driving mechanisms behind these interactions, this
would allow formulators to optimise any synergies if present and also understand the
effect of any other additives to the formulation on its overall performance. For
example, while formulating personal care products such as shampoos and shower
gels, controlling the key properties such as appearance, ease of application,
distribution on the skin or hair, shear thinning behaviour of the liquid is often achieved

by mixing several polymers and surfactants.

The interactions between polymers and surfactants have been widely studied in
solution, however the literature concerned with drawing a detailed understanding of
the interactions between polymers and surfactants in other challenging, yet very

relevant environments, such as foams and gels, is less developed.

Petkova et al.?6?” have investigated the interactions between the cationic
poly(vinylamine) PVA, the non-ionic poly(N-vinyl-formamide) PVFA and the anionic
C12S04Na, the cationic C12TAB and the non-ionic Brij 35 (C12EOz23) on foam stability
(time taken for the foam to collapse) and “foaminess” (measured height of the foam) .
The authors showed that the systems composed of C12SOsNa and PVA demonstrated
strong interactions illustrated by a significant decrease in the foamability but higher
foam stability when compared to the C12SO4Na foam in the absence of the polymer.
This decrease in foamability was related to the synergistic interactions between the
polymer and the surfactant which resulted in a decrease in the concentration of the

unbound C12SO4Na monomer, due to its strong binding to the polymer.

3
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The effect of the interactions between polymers and surfactants on the structures
formed at a dynamic air/water interface has been studied by Angus-Smyth et al.? The
systems investigated comprised PEO, C12SO4Na and C14TAB and were studied using
ellipsometry and neutron reflectivity (NR).The authors co-modeled the NR and
ellipsometry data to elucidate the mechanism by which the polymer, the surfactants
and their mixtures adsorb at the air/water interface. It was concluded that for
PEO/C14TAB systems, the polymer adsorption drops significantly (to zero) over a
narrow range of Ci14TAB, while for PEO/C12SOsNa systems, the inhibition of the
polymer adsorption was more gradual.

Pluronic gels are known to be very versatile and possess a possibility of wide range
of applications especially in drug delivery, hence the importance of understanding their
concentration and temperature dependence. By using rheology and small-angle
scattering (SAS), Newby et al.?® studied the structure and the shear alignment of
mixtures of P123 and P85 (PEO25-PPO40-PEO25) at different temperatures and
concentrations. Gel structures from these polymers and their mixtures showed a range
of structures as face-centred cubic (fcc) and hexagonally close packed (hcp). The
authors also reported that the cubic gels from these Pluronic mixtures have an
enhanced stability in the high concentration region, in contrast to lesser stable
systems; P123/F127.30
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1.2 Aims
The aim of this project is to help optimise formulations by understanding the
synergistic and the competitive interactions between polymers and surfactants in

solution and in more complex formulations such as foams and gels.

1.3 Project overview

A wide range of systems comprising mainly the polymeric surfactant Pluronic® and
small molecule surfactants have been studied in this thesis. A more specific
introduction of the relevant literature is given at the beginning of every chapter. The
chapters are structured as research papers, and they have been either published3,
submitted for publication®2 or in preparation to be submitted to journals.

Chapter 2 explores the interactions between the widely used triblock copolymer
Pluronic® P123 and small molecule surfactants (SMS) such as the anionic sodium
dodecylsulfate (C12SOsNa), the cationic dodecyltrimethylammonium bromide
(C12TAB) and the non-ionic Brij 35 (C12EO23) in the presence of short, medium and
long -chain alcohols. A number of techniques was used. Tensiometry was used to
determine critical micelle and aggregate concentrations along with understanding the
surface properties of the single systems and the mixtures. Pulsed gradient spin-echo
nuclear magnetic resonance (PGSE-NMR) was used to understand the partitioning of
the alcohols and how perturbation of the local structure could drive or control the
interactions. Finally, small-angle neutron scattering (SANS) was used to derive
detailed structural and morphological information of the mixed micelles from P123,
SMS and the alcohols.

Chapter 3 investigates the same class of polymers but at higher concentrations,
specifically gelation from Pluronic® P123 (30% PEO), F108 (PEO128-PPOs4-PEO12s,
80% PEO) and their mixtures. SANS was used to probe the gel structures as a
function of both polymer concentrations/ratio and temperature. To our knowledge, this
was the first time gels from Pluronic® F108 and P123 mixtures have been investigated
extensively by neutron scattering. Most of the previous studies have focused on gels
from mixtures of Pluronics with medium and high lipophilicity due to the stabilised gel
structures obtained. In this chapter, several gel structures were observed (body
centred cubic, face centred cubic, hexagonally closed packed and lamellar). These
structures showed interesting stabilisation/destabilisation dependant on the Pluronic

ratio and temperature changed.
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In Chapter 4, we extend the work to include more challenging systems: foams
stabilised by SMS. In this study, foams were stabilised by a homologous series of
surfactants; alkyl sulfate and alkyl bromide based surfactants. It is well-established
that the architecture of the surfactant has a significant contribution to the foam
performance (foamability, foam stability, etc.). However, a better understanding of the
self-assembly of these surfactants at the foam air/water interface is needed.
Tensiometry was used again to determine the CMC of the surfactants and surface
activity in solution while SANS was employed to probe the surfactant structure at the
foam air/water interface. Here, one of the main challenges of investigating these
systems beside the complexity of the foam as a system, was the SANS sample
environment needed to study these foams. A Perspex foam column was used instead
of the usual SANS sample environment as sample changer.

As foams in practical applications are often stabilised by mixtures of polymers and
surfactants, the interactions between polymers and SMS in foams have been explored
in Chapter 5. Tensiometry was once more used to determine surface characterises in
P123, poly(vinyl pyrrolidone) (PVP), Cs and Ci2 SMS systems, while SANS was used
to probe the effect of these interactions on the polymer/surfactant structure at the foam

air/water interface.

Conclusions drawn from these studies and recommendations for future work for areas
that has shown to be interesting have been summarised in Chapter 6. Extra data and
figures have been included in this thesis under several Appendices (A to C).
Tensiometry, PGSE-NMR and SANS techniques have been described in Appendix D.

Finally, the manuscripts of the published work have been included in Appendix E.
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Chapter 2

2. Probing competitive interactions in quaternary formulations

2.1 Abstract

The interaction of amphiphilic block copolymers of the poly(ethylene oxide)—
poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) group with small
molecule surfactants may be “tuned” by the presence of selected alcohols, with strong
interactions leading to substantial changes in (mixed) micelle morphology, whilst
weaker interactions lead to coexisting micelle types. The nature and the strength of
the interactions between Pluronic P123 (EO20PO70EO20) and small molecule
surfactants (anionic sodium dodecylsulfate, SDS, Ci12SO4Na), (cationic
dodecyltrimethylammonium bromide, C12TAB) and (non-ionic polyoxyethylene (23)
lauryl ether, Brij 35, C12EO230H) is expected to depend on the partitioning of the short,
medium and long chain alcohols (ethanol, hexanol and decanol ,respectively) and was
probed using tensiometry, pulsed-gradient spin-echo nuclear magnetic resonance
(PGSE-NMR) and small-angle neutron scattering (SANS).

The SANS data for agueous P123 solutions with added alcohols were well described
by a charged spherical core/shell model for the micelle morphology. The addition of
the surfactants led to significantly smaller, oblate elliptical mixed micelles in the
absence of alcohols. Addition of ethanol to these systems led to a decrease in the
micelle size, whereas larger micelles were observed upon addition of the longer chain
alcohols. PGSE-NMR studies provided complementary estimates of the micelle

composition, and the partitioning of the various components into the micelle.

11
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2.2 Introduction

Amphiphilic molecules, commonly known as surfactants, form discrete aggregates,
called micelles above the critical micelle concentration (CMC). A widely studied and
practically relevant series of surfactants is the water soluble triblock copolymer group
made up of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO), denoted as
(PEOn-PPOm-PEOR), commercially known as Pluronic (BASF), Synperonic (Croda) or
Poloxamers (ICI).}~” The CMC is sensitive to the composition of the Pluronic and
various grades are available. It has been well established that Pluronics form
temperature sensitive micelles that adopt a core-shell morphology, where the more
hydrophobic domain (PPO) forms the core and the hydrophilic domain (PEO) forms
the hydrophilic corona, i.e. the shell .12

In practical applications, it is usual that polymer-surfactant mixtures are employed as
these often have improved properties derived by complex formulation; the addition of
ionic/non-ionic surfactants to such polymeric surfactant solutions. The improvement
in performance arises due to the synergistic (or antagonistic) interactions between the
various surfactants.’®* A considerable number of studies have focused on determining
the onset of the micellization process and the composition/morphology of the mixed
micelles formed,®14-16 though theoretical modelling is limited to systems that are

considerably more simple than generally encountered in “real-life’ formulations.1’18

The interactions of small molecule surfactants with Pluronics are of relevance to their
numerous pharmaceutical, domestic, technological and industrial applications.
Mixtures of small molecules surfactant with Pluronic have previously been
examined®'®20 as has the effect of alcohols.'1321 To our knowledge, there have
been far fewer studies of the quaternary systems, Pluronic/small molecule

surfactants/alcohol/water, at least in non (micro) emulsion systems.

Previously, the interaction between the homopolymer polyvinylpyrrolidone (PVP) and
SDS in the presence of ethanol was quantified,'® and subsequently Pluronic P123 and
sodium dodecylsulfate (SDS) in the presence of ethanol.'! A range of techniques
were employed including small-angle neutron scattering (SANS), surface tension and
spectrofluorometry. Synergistic interactions between the SDS and P123 were

observed, these interactions were characterised by the adsorption of the SDS into the

12
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PPO core. It was also observed that addition of ethanol to both P123 and SDS
solubilized the PPO core, increasing the CMC of P123, and that reducing the dielectric

constant of the solvent led to the formation of smaller micelles in both cases.®11.19

Against this background, the present study was undertaken to quantify the effect of
short (ethanol), medium (hexanol) and long (decanol) chain alcohols, ionic/non-ionic
surfactants comprising dodecyl chain and different head group sizes (anionic SDS,
cationic C12TAB and non-ionic Brij 35) on the micellar structure of one specific
Pluronic, P123. These effects were investigated using SANS, pulsed-gradient spin-
echo nuclear magnetic resonance spectroscopy (PGSE-NMR) and surface tension
measurements. The aim is to quantify the interactions between the Pluronic and the
small molecule and to elaborate the dependence on the presence of the added
alcohol, and demonstrate how the partitioning of the alcohol will drive the interaction

between the surfactants.

2.3 Experimental

2.3.1 Materials

Pluronic P123, PEO20-PPQO70-PEOz20, average Mn~5800 g mol? (Sigma Aldrich) was
used as received. Sodium dodecylsulfate (SDS) (Sigma Aldrich, purity 98.5%),
dodecyltrimethylammonium bromide (C12TAB) (Aldrich, purity 98%), polyoxyethylene
(23) lauryl ether (Brij 35) (Aldrich, 98.5%) were all used as received. Deuterated SDS
(d-SDS) and C12TAB (d-C12TAB) for SANS experiments were purchased from Sigma
Aldrich (99.9%) and used as received. Ethanol, hexanol and decanol, all protonated
(Fisher Scientific), deuterium oxide (Sigma Aldrich, 99.9%) were used as received.
Regarding materials purity, there was no evidence of any impurity in surface tension
data (manifest as pre-CMC minima or incorrect CMC values). Furthermore, PGSE-
NMR measurements showed no cause to suggest that there were impurities present.
2.3.2 Methods

2.3.2.1 Surface Tension

The surface tension measurements of pure and the mixed systems were carried out
using a maximum bubble pressure tensiometer (SITA science on-line t60, Germany),
calibrated by reference to deionized water. Surface tension was recorded at a bubble

life time of value 10 s. All measurements were taken at 25 + 1°C.
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2.3.2.2 Small-angle neutron scattering (SANS)

SANS measurements were performed at 25°C on the fixed-geometry, time of flight
LOQ diffractometer (ISIS Spallation Neutron Source, Oxfordshire, UK). Neutron
wavelengths spanning 2.2-10 A were used to access a Q range (Q = 417 sin (6/2)/A)
of approximately 0.008-0.25 Al (25 Hz), with a fixed sample-detector distance of
4.1 m.

The samples were contained in 1 mm path length, UV-spectrophotometer grade,
guartz cuvettes (Hellma) and mounted in aluminium holders on top of an enclosed,
computer-controlled, sample chamber. Temperature control was achieved through the
use of a thermostatted circulating bath pumping fluid through the base of the sample
chamber. Under these conditions a temperature stability of better than + 0.5°C can be

achieved. Experimental measuring times were approximately 40 min.

All scattering data were normalised for the sample transmission and the incident
wavelength distribution, corrected for instrumental and sample backgrounds using a
quartz cell filled with D20 (this also removes the incoherent instrumental background
arising from vacuum windows, etc.), and corrected for the linearity and efficiency of
the detector response using the instrument specific software package. The data were
put onto an absolute scale using a well-characterized partially deuterated polystyrene

blend standard sample.

The intensity of the scattered radiation, 1(Q), as a function of the wavevector, is given

by :
1Q) = NmVTrZL(Ap)ZP(Q)S(Q) + Binc (2.1)

where P(Q) describes the morphology of the scattering species, S(Q) describes the
spatial arrangement of the micelles in solution, Nm is the number of micelles per unit
volume, Vm is the volume of the micelle, Ap is the difference between the neutron
scattering length density of the micelle and the solvent and Binc is the incoherent

background scattering.

Assuming there are three discrete regions; core, shell and the continuous solvent, the
macroscopic scattering cross section is given as the particle number density multiplied

by the square of the single-particle form factor, P(Q):
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3j; (QR4) 3j1 (QR 3j1(QR4)
P(Q) =N [(ps— pc)Va hQTA + (pg — Pc)Va+s ( 1QRB 2 — hQRAA )]2 (2.2)

where N is the number of core-shell particles per unit volume of solution, pa is the
scattering length density for the core, ps is the scattering length density for the shell,
pc is the scattering length density for the solvent, Va is the specific volume in the core,
Vs is the specific volume in the shell and Va+s is the volumes of the core and that of
the shell.??

The first part of the equation is the contribution to the differential cross section from
the core with the relevant scattering length density difference between the core and
the solvent. The second part of the equation is the shell contribution (Ra and Rs) to

the scattering (j1 is the first order spherical Bessel function of the first kind).??

The S(Q) used in the fitting routine is the rescaled mean spherical approximation
(RMSA) provided by Hayter et al.?324 for spheres of given micellar concentration,
charge and ionic strength, incorporating refinements for low-volume fractions and a

penetrating ionic background.

The data were fitted using the SasView analysis program.?® The software is open
source and has been developed by major neutron scattering facilities; ISIS, ILL and
NIST. The morphology of the micelle adopted for P123 here follows a model for that
of a charged patrticle with core-shell morphology. The shell may also contain solvent
and/or the added surfactant or alcohol, so an intermediate scattering length density
(SLD) between that of the core and solvent could be used. In some cases e.g.,
P123/small molecule surfactant mixed micelles, we invoke a slightly simpler model of
a charged solid ellipsoidal micelle (i.e. no shell) as there are no signature of the shell
(a bump at high Q) in the data. A detailed structure of the core-shell micelle is not
required as it will be difficult to extract meaningful information without over

parameterising the fit.

It should be also noted that for anisotropic particles such as ellipsoids, there is a
numerical integration over the particle orientation. Given that Pluronic micelles are
known to be slightly polydisperse,?-?7 a polydispersity parameter was included in the

fitting routine and for most of the samples, it was set at 0.15.
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The mixed micelle has been treated as a two-component (P123 and small molecule
surfactant, SMS) surfactant system.?® The volume of this mixed micelle having

aggregation number, N, is calculated by:
Vin = N(x1 vsys + (1 — X1)Vp123) (2.3)

where xi1 is the mole fraction of SMS in the mixed micelle. Vsms and Vpi23 are the

molecular volumes of SMS and P123, respectively.

The micelle composition was extracted from the SANS data without any data fitting,®
from the ratio of the intensities of scattering R(Q) obtained with h- and d-SMS at the

same composition via:

JR@)-1 -
VfSMS :< (WR(Q)-1)(pp123—PD20) ) (24)

(Ph—sms—Pp123)—VR(Q)(Pa-smMs—PP123

where

h—SMS.P123 _ph—SMS.P123
(@) =72 (2.5)
1(Q)4-SMS.P123 —BgL_CSMS‘Plzg

For the P123-Brij 35 mixed micelles, the micelle composition was not extracted using

the same method as it was not possible to obtain deuterated Brij 35.

2.3.2.3 Pulsed-gradient spin echo nuclear magnetic resonance (PGSE-NMR)

PGSE-NMR (diffusion NMR) experiments were carried out at 25°C on a 400MHz
Bruker FT NMR spectrometer. The gradient pulse duration (&) was set to 1 ms and
the magnetic field gradient (G) was varied from 5 to 500 G/cm. The diffusion time (A)
was set to 300 ms. Further information on PGSE-NMR may be found in reference 29.
Eight scans were accumulated over sixteen gradient steps. The self-diffusion

coefficient was extracted by using CORE.3°

The partitioning of the alcohol and small molecule surfactant may be easily quantified
by diffusion NMR measurements since the measured self-diffusion coefficient is an
average value containing contributions from the monomeric and micellized surfactant,
weighted by the respective concentrations. This is equivalent to the fractional time
spent by each molecule in a given environment, and is frequently expressed in terms

of the fractional micelle composition, pfi23,. 3
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PP123 _ ..P123 P123 p123 P123
D - pmicelleDmicelle + (1 - pmicezle)Dmonomer (2-6)

P123

micelle 1S the micelle self-

Where DF123 js the measured self-diffusion coefficient, D

diffusion coefficient and DE123 .. is the self-diffusion coefficient of P123 monomers.

—-OH
ee

A similar analysis®! to extract the partitioning of the alcohol (pR;2") and the small

molecule surfactant, may be conducted as shown in equation 2.7, where Djcelte IS

R-OH
micelle

the measured self-diffusion coefficient, D is the micelle self-diffusion coefficient

R—-OH
free

after alcohol solubilisation and D is the free alcohol self-diffusion coefficient.

pR-OH_pR—-OH
pR—OH _ free micelle (2 7)
r - R-OH .
f ee Dfree _Dmicelle

Hence from a single PGSE-NMR measurement, prc2" and p2123,. can be obtained.

2.4 Results and Discussion

2.4.1 Onset of Micellization

Surface tension is a particularly convenient experimental technique to determine the
onset of micellization. However, for complex systems e.g. mixtures of
surfactants/water, the discontinuities in the surface tension may be at least initially
counterintuitive. For example, when one dilutes a binary surfactant/water system
through its CMC, does the experimental design maintain a fixed ratio of two
surfactants or a fixed concentration of one of the materials? The surface tension
curves would be quite different, as the system would evolve from mixed micelles to
none or mixed to pure. This is especially important when there is a hydrophobic
component present. It should also be noted that surface tension is a measure of the
surface properties, hence, the difficulty of designing an experiment investigating bulk
characteristics and competitive interactions. Accordingly, selections of behaviours are

presented in Figure 2.1.
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Figure 2.1, compiles several approaches we have used to design surface tension
experiments. If we dilute P123 in simple aqueous solvent (open circles), there is
clearly one break point in the curve yielding CMC = 0.1 wt%. In the presence of SDS,
keeping [P123] = 0.5 wt% (filled grey circles), several behaviours that are insensitive
to the presence of ethanol can be noticed. Three different SDS concentration regions
can be distinguished, for low SDS concentrations, (up to 1 mM), the surface tension
remains unaffected by the SDS concentration and remains dominantly controlled by
the P123; over an intermediate SDS concentration, (1 mM to 10 mM), the surface
tension increases sharply to a plateau, upon further increase of SDS concentration,

the surface tension again decreases.

As outlined in Table 2.1, the CMC of pure SDS is 7.9 mM which agrees well with
earlier reported data.3?-2* In the presence of 0.5 wt% of the polymer, the CMC of SDS
is significantly lowered from 7.9 mM to 1.2 mM as shown in Table 2.1, such decrease
in the CMC could be understood as the aggregation of the SDS on the polymer.
Outlined in Table 2.2, is the surface tension data from C12TAB based systems.

In the presence of ethanol, the CMC and the surface tension of SDS (filled squares,
Figure 2.1) is also remarkably reduced, confirming that the micellization is promoted
by the presence of ethanol: the cosurfactant effect. In the presence of 10 wt% ethanol,
the P123 surface tension curve (filled circles, Figure 2.1), shows one break in the
curve yielding a CMC of = 0.6 wt%, which in comparison to the CMC of the simpler
P123 solution, = 0.1 wt%, confirms that the micellization process is unfavoured (the

CMC increases) as the solvent is less hydrophobic.

System Description CMC or CAC
SDS/water 7.9 mM
SDS/0.5 wt% P123-water 1.2 mM
SDS/10 wt% ethanol 4.5 mM
P123/water 0.1 wt%
P123/10 wt% ethanol 0.6 wt%
P123/50 mM SDS-water 0.3 wt%
P123/50 mM SDS/10 wt% ethanol | 0.6 wt%

Table 2.1 Surface tension derived CMC/critical aggregate concentration (CAC)
values as a function of P123, SDS and ethanol concentration in water.
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System Description CMC or CAC
Ci12TAB/water 15.0 mM
C12TAB/0.5 wt% P123-water 3.70 mM
C12TAB/10 wt% ethanol 12.0 mM
P123/water 0.10 wt%
P123/10 wt% ethanol 0.60 wt%
P123/50 mM Ci12TAB-water 0.04 wt%
P123/50mM C12TAB/10 wt% ethanol | 0.10 wt%

Table 2.2 Surface tension derived CMC/critical aggregate concentration (CAC)
values as a function of P123, C12TAB and ethanol concentration in water.

When the concentration of SDS/ethanol is kept constant (open diamonds, Figure 2.1),
a decrease in surface tension is observed by increasing the P123 concentration as
the less surface active species (small molecule surfactant and ethanol) are being

stripped from the surface and it is being replaced with more active ones, P123.

While if we keep a fixed SDS/hexanol concentration, the surface tension increases by
increasing the P123 concentration as it has a lower surface activity compared to the

SDS/hexanol and water mixture (Appendix A).
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Figure 2.1 Surface tension as a function of surfactant concentration: open

squares = [SDS/water], filled squares = [SDS + constant ethanol concentration
of 10 wt% in water].

Open diamonds =[P123 + constant SDS and ethanol concentration of 50 mM &

10 wt% in water], filled diamonds = [P123 + constant SDS concentration of
50 mM in water].

Open triangles =[P123 + SDS in water], filled triangles = [P123 + SDS + constant
ethanol concentration, 10 wt% in water].

Grey open circles across the SDS axis = [SDS + constant P123 concentration of
0.5wt% in water], grey filled circles across the SDS axis = [SDS + constant P123
and ethanol concentration of 0.5 wt% & 10 wt% ethanol in water].

Open circles = [P123/water], filled circles

= [P123 + constant ethanol
concentration of 10 wt% in water].
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Changes in the system along the concentration range of ternary mixtures of P123 or
small molecule surfactant and the hydrophobic alcohols (hexanol and decanol) in
water, where the alcohol is kept constant, are quite significant. Below the CMC, where
surfactant monomers only are present, the alcohol solubilisation is lower and the
alcohol phase separates out of the solution. This phase behaviour and the maximum
solubilisation of the alcohol, within the context of previously published SANS
datall3536 were the defining rules for the alcohol concentration selection in the P123

in the aqueous P123 and P123-small molecule surfactant mixtures.

The interactions contributing to the formation of the mixed micelles can be described
as synergistic or antagonistic in terms of the change in the CMC. We use the terms in
a more general sense. In these quaternary systems investigated, interactions with
varying strengths between the surfactants were observed for SDS-P123, C12TAB-
P123 and Brij 35-P123 in water and water/alcohol mixtures. These interactions are
observed as the small surfactant molecules are being included between the Pluronic
molecules. The size and shape of the self- assembled structure is dictated by these
interactions. SANS has been used to quantify these structures, and again only

illustrative data are presented.

2.4.2 Effect of alcohol on Pluronic micelle structure

Scattering profiles for 5 wt% Pluronic P123 above the CMC are shown in Figure 2.2.
The scattering profile of 5 wt% P123 in D20 yields considerable scattering intensity
with a noticeable “bump” around Q = 0.09 A1, reflecting a sharp discontinuity in the
scattering length density profile across the micelle indicative of the well-defined core
and corona regions. Fitting the data to the core-shell model described earlier shows
that the P123 micelles are slightly polydisperse with a spherical core of 57 A + 1 and
corona of 14 A + 0.5 with the latter adopting Gaussian statistics.26

Given that the CMC of P123 increases in the presence of ethanol, it is more likely that
this decreasing intensity at low Q after the addition of 10 wt% ethanol, Figure 2.2, is
due to the reduction of the number and/or the volume of the micelle and/or a change
in the interaction between the micelles via the structure factor. This could be simply
attributed to the fact that the ethanol/water mixture solubilises the hydrophobic PPO
core more than pure water 3637, changing the effective HLB of the surfactant. Support

(albeit indirect) arises from an interpretation of the micellar volume fraction parameter
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extracted from the Hayter-Penfold fit, in that all attempts to describe the data with a
volume fraction greater than 0.05 (in essence, the mass fractions of the Pluronic plus
the solubilised alcohol) led to poor fits. It was concluded therefore, that the ethanol
displaces the water in the EO-rich shell, thereby not significantly increasing the
fraction of the micelle bounded material.

100 1-¢
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0.01 01
Wavevector, Q/A!

Figure 2.2 SANS from 5 wt% P123 solutions as a function of alcohol
concentration; circles [alcohol] = 0 wt%, squares [ethanol] = 10 wt%, triangles
[hexanol] = 1 wt% and diamonds [decanol] = 0.1 wt%. The inset shows the
structure factor S(Q) extracted from the fit of the same data in the same symbols

order of the main graph. Solid lines are fits to the core-shell model, see Table
2.3.

By contrast, in the case of 1 wt% hexanol and 0.1 wt% decanol, the scattering intensity
at low Q increases reflecting the presence of more and/or larger micelles as the
hydrophobic alcohol is incorporated into the micellar core. Making the reasonable
assumption that the hydroxyl group is present at the core/corona interface to maintain
its hydration, the modelling shows that this drives the formation of a larger micelle.
The slight shift of the structure factor, extracted from the fit (inset in Figure 2.2) towards
higher Q values is indicative of the decreasing distance between the micelles
associated with the increase in the micelle size. The key parameters, extracted from
the fitting, are listed in Table 2.3.
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The SLD for the solvent (D20) was kept constant in the fitting routine for most of the
samples at 6.39 x 10% A2, but was adjusted accordingly using the partitioning values
extracted from PGSE-NMR data analysis. For example, the samples containing
10 wt% ethanol, where PGSE-NMR has shown that 2.5 % only remains unbound in
the solvent, the SLD of the solvent (D20 and some fraction of the h-ethanol) and the
core (PPO and the remaining fraction of h-ethanol) were included in the fitting routine
based on some simple assumptions: (i) all the ethanol partitions into the core (ii) all
the ethanol partitions into the shell and (iii) some distribution of the ethanol between
the core and the shell. For each simulation, the SLD of the appropriate region was
estimated based on the composition, and this value is used as an input parameter
(“as a best guess”) or occasionally held constant in the fitting routine. Based on this
analysis, we conclude that the majority of the ethanol is located in the shell of the
micelle. PGSE-NMR has also shown that both hexanol and decanol partition into the
micelle, but in these cases, due to their low concentration, the change in the solvent

SLD was negligible.

Figure 2.2 also shows the effect of hexanol on the aggregation behaviour of the P123
micelle. Addition of 1 wt% hexanol resulted in a large increase in the scattering
intensity at low Q. The linearity observed in the low Q region is suggestive of ellipsoidal
micelles.?538 Data fitting suggests the formation of prolate ellipsoidal micelles with
major axis of 160 A and a minor axis of 55 A. Key fitting parameters are listed in Table
2.3.
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The material-balance equations, described by Slawecki et al.3® allow us to quantify
the composition of the core and shell of the P123 micelle in D20 using the SANS data.
There were 5-6 D20 molecules per EO monomer in the shell. The aggregation
number, 110 £ 5, is in good agreement with other reported values from data previously
fitted to the Pedersen model for Pluronics in solution®® at the same polymer
concentration and temperature, 5 wt% and 25°C.1136 Percentage of EO monomers
inside the PO core was found to be = 3 % which agrees with the simple understanding

of a core shell model, where both regions are well defined.

Self-diffusion coefficients obtained by PGSE-NMR were used to determine values of
poi, (free fraction of alcohol not solubilised the micelles) as shown in equation 2.7.
Applying the values obtained for pJt to the mass balance equation, one may correct
to a first assumption that 50 %, 15 % and 3 % of these micelle volumes are the
solubilized alcohols, giving an estimate of the aggregation number of 60, 200 and 160
for micelles with ethanol, hexanol and decanol, respectively. These estimates of the

aggregation numbers are entirely consistent with the measured P123 diffusion rates.

Alcohol concentration Owt% | 10 wt% 1 wt% 0.1 wt%
Ethanol Hexanol Decanol
Core radius (1, A) 57 50 a:166/b:55 60
Shell thickness (0.5, A) 14 13.5 -- 13
Volume fraction of hard spheres 0.05 0.05 0.05 0.05
(x0.001)
Volume of the micelles (nm?), Vmic | 1500 1100 2100 1600
Free alcohol fraction, poi., from | ----- 0.25 0.03 0
NMR
Aggregation number, Nagg (= 5) 110 60' 200 160
Micelles number density,n, 3.5 4.7 2.0 3.2
10 cm

i: Similar aggregation numbers for P123 with ethanol have been reported by Jangher et al.l?,
Alexander et al. *¢ and Soni et al.**.
ii- Micelles number density value is in good agreement with the values reported by Manet et al.*2.

Table 2.3 Fitting parameters for 5 wt% P123 as a function of alcohol concentration at
25°C (from SANS and PGSE-NMR).
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Significant changes in micelle morphology are observed when small molecule
surfactants are added to the P123/alcohol systems. Take for example the SDS case,
on addition of 50 mM SDS to the 5 wt% P123 aqueous and alcohol/aqueous solutions,
in Figure 2.3, SANS data show significant loss in the scattering intensity and the
emergence of correlation peaks at higher Q values which together indicates the

formation of smaller, mixed, charged micelles.

Adding the SDS resulted in the loss of the “bump” at = 0.09 A1, The addition of the
ethanol to the P123/SDS mixed micelle led to a slight decrease in the scattering
intensity with no significant change in the position of the correlation peak. As shown
previously in Figure 2.2, the hydrophobicity of the micellar core increases by
increasing the hydrophobicity of the alcohols, evident by the increase in the scattering
intensity, along with a shift in the correlation peak toward the lower Q region indicating
the formation of larger aggregates, Table 2.4. The scattering from these mixed
micelles were fitted using a form factor describing the micelle as an oblate ellipsoid
with a charged structure factor as calculated by Hayter and Penfold. The key

parameters are listed in Table 2.4.

It is widely accepted that SDS absorbs into the PPO core as the interaction between
SDS and the hydrophobic PPO block of P123 is stronger than that between SDS and
the hydrophilic PEO block where it renders the core less hydrophobic.1®% Jansson et
al.*® showed that at low SDS/P123 mole ratios, the principle structure is a P123 micelle
with co-micellised SDS. At higher SDS/P123 mole ratios, P123 micelles are broken
up, forming SDS-rich micelles co-micellised with few P123 molecules.

Alcohol concentration 0 wt% |10 wt% 1 wt% 0.1 wt%
Ethanol Hexanol | Decanol
Radius A, polar (0.5,A) 17 17 21 19
Radius B, equatorial (1, A) 39 37 46 39
Volume fraction of hard spheres 0.05 0.05 0.06 0.06
(x0.001)
Volume of the micelles (hm?3), Vimic | 110 95 185 120
Mixed micelle aggregation 12 10 20 13
number, Nagg (£ 5)
Micelles number density,n, 5.9 5.2 3.2 50
10 cm®

Table 2.4 SANS parameters for 5 wt% P123- 50 mM h-SDS as a function of alcohol

concentration at 25°C.
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Figure 2.3 SANS from 5 wt% P123 solutions + 50 mM h-SDS as a function of
alcohol chain length; circles [alcohol] = 0 wt% and [h-SDS] = 0 mM, squares
[alcohol] =0wt%, triangles [ethanol] = 10 wt%, diamonds [hexanol] =1 wt% and

hexagons, [decanol] = 0.1 wt%. Solid lines correspond to model fits as
discussed in the text.
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Figure 2.4 SANS from 5 wt% P123 solutions as a function of small molecule
surfactant head group size; circles [SMS] = 0 mM, squares [h-SDS] = 50 mM,
triangles [h-C12TAB] = 50 mM, and diamonds [Brij 35] = 50 mM.

One could envisage a situation where the bulkiness of the head group of the small
molecule or its charge density would control the size and the hydration level of the
mixed micelle, summarised in Table 2.5. SANS data shown in Figure 2.4, shows the
effect of the head group size on the scattering intensity. The mixed micelle
aggregation number shows variations with changing the small molecule surfactant
charge. For the P123/SDS system, the aggregation number decreases after adding
SDS to the block copolymer (Nagg = 12 * 5),11:151644 which is expected as the head
group (SOsNa*) forms small curved surfaces, whereas in the P123/C12TAB system,
the C12TAB (N(CH3)3Br) is likely to be less charged where the degree of counterion
dissociation is less, hence the decrease in the curvature and the formation of larger
structures (Nagg = 20 = 5). Upon introducing a non-ionic surfactant, Brij 35, there is a
further decrease in the charge which forms even larger structures (Nagg = 25 = 5). For
comparison, the dimensions expressed in terms of the volume of the pure components
micelles are; SDS® — 35 nm?3, C12TAB*® — 40 nm?3, Brij 35% — 275 nm?3 whilst P123 —
1500 nm?2 (See Table 2.5).
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Surfactant SDS | C12TAB | Brij 35
Radius A, polar (0.5,A) 17 23 26
Radius B, equatorial (1, A) 39 45 45
Volume fraction of hard spheres(+0.001) |0.06 0.06 0.09
Volume of the micelles (nm?3), Vmic 110 195 210
Mixed micelle aggregation number,(x5) | 12 20 25
Micelles number density,n,101” cm 5.9 3.1 4.3

Table 2.5 SANS parameters for 5wt% P123 as a function of 50 mM h-surfactants
in D20 at 25°C.

Figure 2.5 shows the variations in the scattering data at lower P123 and small
molecule surfactant concentrations but at identical P123/surfactant ratio and above
CMChixed. Studying these systems at lower concentrations yields more insight about
the shape of the aggregates formed and the nature of the interactions between the
surfactants. At low SDS concentrations, 5 mM, there is significantly less scattering
intensity indicating the presence of small, charged micelles as a result of the strong
adsorption of the SDS into the PPO core and the synergistic interaction between SDS
and P123. On increasing the head group size of the surfactant, i.e. C12TAB, the
scattering intensity is recovered where the micelle also regains its core-shell
morphology demonstrating antagonistic interactions between both surfactants. Upon
a further increase in the head group size; Brij 35, the scattering pattern adopts a slope
of —2 at high Q confirming the formation of a mixed oblate elliptical micelle. The
synergistic interactions between P123 and Brij 35 as reported earlier,*4® occurs as
both surfactants have hydrated EO chains when in contact with water, which results
in a full miscibility of both surfactants in the mixed micelle. The antagonistic
interactions between P123 and Ci2TAB could be accounted for by two possible
explanations. The first being the large size of the head group where it shields the
hydrophobic core, and suppress the presence of the polymer at the hydrocarbon-
water interface. The second explanation is related to the electrostatic repulsion as a
result of a slight positive charge present on the polymer, originating from the
protonation of the ether oxygen in the PEO chains.*>%° Significant SANS parameters
are presented in Table 2.6.
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Figure 2.5 SANS from 0.5 wt% P123 solutions as a function of SMS head group
size; circles [surfactant] = 0 mM, squares [h-SDS] = 5mM, triangles [h-C12TAB]

=5 mM, and diamonds [Brij 35] =5 mM.

Surfactant No SMS added | C12TAB | Brij 35
Radius A (x1, A) 57 42 23
Thickness/Radius B (+1, A) 17 12 51
Volume fraction of hard spheres (£0.001) 0.005 0.005 0.01
Volume of the micelles (nm?3) 1500 860 250
Micelles number density, n, 10 cm3 3.3 5.8 40
Mixed micelle aggregation number (+ 5) 130" 88 26

iii: Results in good agreement with Jangher et al.}! and Bhattacharjee et al.?®

Table 2.6 SANS parameters for 0.5wt% P123 as a function of 5 mM h-surfactants

in D20 at 25°C.
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2.4.3 Determination of micelle composition

Contrast variation experiments have also been used to separate the scattering from
the P123 and the small molecule surfactants; the use of d-surfactants in D20 renders
them invisible. In the case of h-P123/d-SDS/D20, shown in Figure 2.6, SDS is invisible
and the scattering intensity observed arises predominantly from P123. In the h-
P123/h-SDS/D20 case, both surfactants are visible and hence the stronger scattering
intensity observed. h-P123/h-C12TAB/D20 system, Figure 2.7, shows higher intensity
profiles than the h-SDS case and a signature of a structure adopting core-shell
morphology.

A crude estimate of the SDS and C12TAB fraction (Vfsys) presented as a, within the
aggregate could be extracted from the SANS measurements without any data fitting
from the ratio of the scattering intensities, R(Q), obtained with h and d-surfactants at
the same composition, equation 2.4. For 0.5 wt% P123-5 mM SDS, a(SDS) =31 (£ 5)
%,*! and for 0.5 wt% P123-5 mM C12TAB, a(C12TAB) = 11 (£ 5) %.

These findings agree with the data extracted from the fitting where SDS had the
strongest interaction with P123 as discussed earlier, and it forms up to 30% of the
mixed micelle structure, where in the weakest interaction case (P123-C12TAB), the

small molecule surfactant makes up 11% only of the mixed micelle structure.
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Figure 2.6 SANS from 0.5 wt% P123 and 5 mM [h-SDS] = empty circles, 5 mM [d-
SDS] =filled circles in D20. Error bars have been removed for clarity.
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Figure 2.7 SANS from 0.5 wt % P123 and 5 mM [h-C12TAB] = empty squares, 5
mM [d-C12TAB] =filled squares in D20.
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Applying the same analysis to these systems in the presence of alcohols, provides a
further understanding to the role of the solvent partitioning in controlling the
interactions, Table 2.7. When 1 wt% ethanol is added to the mixed system of C1.TAB
and P123, the subtle effect of ethanol becomes greater, yielding a higher C12TAB
fraction (a(C12TAB) =35(x 5) %) in comparison to the P123-C12TAB in D20 case, a
(C12TAB) = 11(£ 5) %.

Adding 1 wt% ethanol to the P123-SDS system, (a(SDS) = 28(x+ 5) %), the P123-SDS
effect wins over the effect of the ethanol, without showing any significant changes in
the SDS fraction.

The P123-SDS effect still wins over the further increase in the hydrophobicity of the
alcohol, as the fraction of SDS does not change significantly. However, the alcohols
effect still wins over the P123-C12TAB effect, where the fraction of C12TAB shows a

noticeable change, Table 2.7.

System description | Owt% | 1 wt% ethanol | 0.1 wt% hexanol | 0.01 wt% decanol
0.5wt% P123/5 mM 31 28 30 31

SDS

0.5wt% P123/5 mM 11 35 31 14
C1,TAB

Table 2.7 Mixed micelle composition in terms of small molecule surfactant
fraction, a (£5) %, as a function of alcohol concentration.

The model developed by Nagarajan®! and Nikas et al.>? for mixed, charged surfactant
micelles allows us to frame the discussion on the effect of the added alcohol on the
mechanisms driving the interactions in these systems. The model states that the free
energy of formation for mixed aggregates has a number of contributing terms: the
deformation of the surfactant tail as it conforms to packing requirements within the
micellar core; the energy of forming the aggregate core/solvent interface which
depends on the aggregation number and the presence of any alcohol; and a term that
accounts for the headgroup interactions over the micellar surface, again defined by
the composition of this region. Further terms must be included to account for the free
energy of the polymer, including any change in entropy induced by the different
packing of the polymer within the mixed micelle compared to the pure micelle, plus
any changes induced in the interfacial energy terms due to the displacement of solvent

by polymer in the micellar shell.

32



Chapter 2. Probing competitive interactions in quaternary formulations

Making the assumption that the interfacial tension of the aggregate core/continuous
phase follows the same trend as the surface tension of the bulk solution, the energy
required to produce the interface decreases on addition of alcohol, favouring micelle
formation: the CMCs of SDS and Ci12TAB decrease with added alcohols. The term
which considers the ionic headgroup interactions is a complex one, which cannot be
estimated simply. A number of factors come into play in determining the energies of
the headgroup interactions, including the dielectric constant, Debye length, the radius
of the micelle and the presence of the polymer. For instance, the dielectric constant
of the solution decreases in the presence of alcohol, which in turn influences the
various charge effects such as counterion dissociation (hence the size and shape of
the micelle), changes in the level of hydration of the ethylene oxide (EO) groups, as
well as composition dependent micelle/solvent interfacial tension. Work is on-going to
identify and model the magnitudes of these various effects, but a first step in this
process is the determination of the polymer/small molecule surfactant micelle

dimensions. It is hoped that this work will stimulate further effort on this area.
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2.5 Conclusions

The effect of small molecule surfactants and alcohols on the aggregation behaviour
of Pluronic P123 has been widely studied due to their extensive use in industry.~’
Aqueous/alcohol mixtures comprising the polymeric (Pluronic) surfactant P123,
anionic SDS, cationic C12TAB and non-ionic Brij 35 have been characterised by using
tensiometry, PGSE-NMR and SANS. The results are presented firstly in terms of the
ternary systems: (i) interaction between P123 in the presence of alcohols; (ii)
interaction between P123 in the presence of surfactants; and (iii) the quaternary

system.

The partitioning in the micelle has been quantified by PGSE-NMR where it also shows
that larger aggregates with slow diffusion rates were formed after adding hexanol and
decanol and faster diffusing aggregates were formed after the addition of ethanol. The

partitioning is in good agreement with the literature values.3>4!

The micelle size decreases with the addition of ethanol, but increases with both
hexanol and decanol. The micelle shape is spherical in the absence of any alcohol,
and interestingly, remains so in the presence of ethanol and decanol, but forms prolate
micelles in the presence of hexanol. We suggest this is a balance between the site
and degree of alcohol solubilisation: ethanol is located in the outer shell of the Pluronic
micelle, the more hydrophobic hexanol and decanol are solubilised into the core.

The scattering data clearly report on micelle disruption by the small molecule
surfactants. By comparing the relative changes in the scattering profiles, we found
that SDS has the strongest interaction with P123,1%43 followed by Brij 35 and then

C12TAB which showed the weakest interaction.49-50
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The addition of the alcohols to the Pluronic/small molecule surfactant solution has
introduced further changes to the mixed micelle composition. The effects of the
alcohol have been compared with the effect of mixing the pure surfactants, in terms
of the micelle composition. For (the dilute) Pluronic/SDS cases, adding the different
alcohols has little effect on the micelle composition, suggesting that there is a strong
interaction between SDS and P123. For systems comprising P123 and C12TAB, the
C12TAB micelle mole fraction increases for all cases of alcohol, indicative of a weaker
interaction between the small molecule surfactant and the Pluronic (consistent with
the relative changes in CMC). This work has allowed us to extend our understanding
of the interactions between different surfactants and will direct the design of further

experiments where more complex systems will be investigated.
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Chapter 3

3. Temperature and concentration induced gelation of triblock copolymers as
viewed by SANS

3.1 Abstract

The structure and the phase behaviour of gels from triblock copolymers Pluronic P123
and F108 and their mixtures in deuterium oxide have been studied using small-angle
neutron scattering (SANS) as a function of temperature and concentration. SANS data
showed that for systems below the critical gelation concentration/temperature (CGC
and CGT), significant inter-particle interactions were present, represented by strong
structure factor peaks. When gels were formed (above the CGC and the CGT),
diffraction peaks were observed, indicating ordering of the micelles. P123 gel structure
was found to be dominated by multiple phases, but for some of the conditions studied,
body centred cubic (bcc), hexagonally close packed (hcp) and lamellar structures
were observed. F108 structure stayed largely of a bcc nature and did not show any
changes as the temperature increased. The addition of small amounts of F108 (25%)
to P123 systems, resulted in the destabilisation of lamellar phases, and hcp structures
were favoured. As the relative amount of F108 was increased (50% and 75%), face

centred cubic (fcc) and bcc structures were observed.
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3.2 Introduction

Amphiphilic block copolymers of the poly (ethylene oxide)—poly (propylene oxide)-poly
(ethylene oxide) (PEO-PPO-PEO) group, commonly known as Pluronic® (BASF) or
Poloxamer (ICl), are widely used in numerous formulations, especially the
pharmaceutical, consumer and technological areas. These polymers have received
considerable interest due to their low toxicity profiles and colloidal behaviour.}
Pluronic solubility has shown sensitivity to temperature changes via the critical micelle
temperature (CMT), which consequently affects its self-assembly, micelle size and

structure.>’

We have previously probed the interactions between P123 micelles, small molecule
surfactants (SMS) and alcohols, where we demonstrated that the partitioning of both
the SMS and the alcohol between the hydrophilic PEO corona and the hydrophobic
PPO core, plays a significant role in controlling the P123 micelle size and shape
(Chapter 2). Furthermore, the charge and the size of the headgroup of the SMS affects

the size and the shape of the mixed micelle.®°

At sufficiently high concentrations, Pluronics have been reported to form lyotropic
liquid crystal phases, evidenced by a high viscosity hydrogel type behaviour.10-14
Hydrogels formed by these polymers have been the focus of many studies due to their
sol-gel transition induced by several stimuli as temperature, pH and light. This makes
them attractive for applications in drug delivery systems, bio-adhesives manufacturing

and personal care products given their high biocompatibility.1516

Most hydrogels are formed as a result of the swelling of a network of covalently cross-
linked polymer chains above a so called critical gelation concentration (CGC). The
mechanism of gelation of triblock copolymers investigated here is through the
formation of reversible entanglements between the coronae of neighbouring
micelles.!” These reversible entanglements are due to the absence of the previously
mentioned covalent cross linking between the micelles, and as a result of these
reversible mechanisms, the systems are quite versatile and could interchange from
simple structures such as spherical micelles into more complex thermosensitive

structures (cubic, lamellar, etc.).12131819
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Most of the Pluronic gel applications, especially the pharmaceutical and
pharmacological applications, are temperature sensitive and it is very important to be
able to “tune” and quantify the CMT and the critical gelation temperature (CGT). Such
tuning could be achieved with more than one approach. Pragatheeswaran et al.?° and
Gilbert et al.?* have reported changes in the CMT and the CGC of Pluronic F127 in
the presence of the homopolymer poly(ethylene oxide) (PEO) with different chain
lengths and concentrations. The authors demonstrated that the CMT of F127 always
decreases in the presence of PEO irrespective of the homopolymer chain length.
While a loss or a delay in the gelation for the same Pluronic was observed in the
presence of high molecular weight PEO due to the formation of micellar clusters with
heterogeneity of size, leading to a hindering effect on the micellar ordering.

Jiang et al.?? investigated the effect of the physiologically relevant additives such as
the inorganic salts sodium chloride (NaCl) and calcium chloride (CaCl2) on F127 gel.
The authors have shown that as the salt concentration increases, a slight decrease in
the CGT was observed. They attributed this to the higher affinity of the water
molecules to the salt ions, if compared with the affinity of the water molecules to the

polymer.

Pluronic gels have been extensively studied before, but far fewer studies have focused
on the changes observed in the structure and the gelation behaviour of Pluronic binary
mixtures as a function of temperature. Artzner et al.’® have investigated the
interactions between P85 and F88 (both with similar PPO block, but different PEO
chains, (Appendix B) in solution and gel state by differential scanning calorimetry
(DSC), small-angle X-ray scattering (SAXS) and rheology. For P85 gels, a multiple
phase of face-centred cubic phase (fcc) and hexagonally close packed (hcp) was
observed at the CGT, while for F88, a single phase of body-centred cube (bcc) was
reported. Mixtures from both polymers at different ratios yielded phases that were
mainly dominated by the structure of F88 (bcc). A cartoon presentation of these

phases is shown in Figure 3.1.
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(a) * (b)

£

(©) (d)

Figure 3.1 Schematic drawings of the (a) micellar, (b) cubic, (c) hexagonal and
(d) lamellar structures from triblock copolymers in water.?3

Gels formed by mixtures of P123 and F127 with different ratios have been studied by
Chaibundit et al.?* by light scattering, polarised microscopy and rheology at different
temperatures. The authors concluded that the CGC increases as the P123 ratio
increases. They also reported some insight into the structures formed by the gels,
where mainly two structures were observed (cubic and hexagonal) verified by the
presence of birefringence (for hexagonal sturctures) when examined by polarized light

microscopy as a function of temperature.

Newby et al.1® have used rheo-SAS (combined rheology and small-angle scattering)
to study the structure and the shear alignment of P123 and P85 mixtures at different
temperatures. The authors investigated the gel structures from these polymers and
their mixtures at 50/50 ratio; 50/50 mixtures at 35 wt% showed a crystalline structure
of fcc at 36°C and upon increasing the temperature to 70°C, the structure observed
changed to hcp. This behaviour was also observed for other concentrations of the
50/50 mixtures, however the temperature at which fcc structure was observed varied
with concentration. The authors also reported that the cubic gels from these Pluronic
mixtures have an enhanced stability in the high concentration region, in contrast to
lesser stable systems; P123/F127.%
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More recently, Oshiro et al.?® studied the gelation behaviour of Pluronic F127 (PPO:
PEO is 1:3) and L81 (intermediate lyophilicty, PPO: PEO is 7:1) single systems and
binary mixtures, where the mixtures showed a decrease in the CGT compared to the
single components. They also reported on the structure of gel, where for F127, the
structure was found to be lamellar at 25°C and for all the mixture ratios with L81, the
structure of the gel remained lamellar at this temperature, while changes in the
structure (lamellar to hexagonal) were observed for systems at 37°C.

Against this background, a series of gels formed from P123 and F108 and their
mixtures at different ratios of P123:F108, concentrations and temperatures were
studied by SANS. In contrast to the conclusions reported in previous studies of gels
from Pluronics with similar PPO blocks, but different PEO chains e.g. P123 and F127,
where it was found that longer PEO chain destabilises the cubic phase,'324 we have
observed the opposite for the majority of our systems in terms of the structures formed
and the stability of the phases, however similarities in the gelation temperature
changes as the system composition changes were noted. To our knowledge, there
has been no other study on the properties and the structure of the gels from mixtures
of P123 and F108.

3.3 Experimental

3.3.1 Materials

Pluronic P123 (30% PEO), PEO20-PPO70-PEO20, average molecular weight of
5800 gmol* and Pluronic F108 (80% PEO), PEO128-PPOs4-PEQ128, average
molecular weight of 14800 g mol* (Aldrich) were used as received.

3.3.1.1 Sample preparation

All samples were prepared in D20 at concentrations 20-40 wt%. Polymers were
dissolved in D20 using a rotary mixer placed in a cold room at 4°C and were then left
to equilibrate for at least 24 hours at the same temperature. Three hybrids (H) of
P123:F108 were prepared at three different ratios (75:25, 50:50 and 25:75) and
concentrations (20, 30 and 40 wt %).
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3.3.2 Methods
3.3.2.1 Small-angle neutron scattering (SANS)

SANS measurements were performed on the fixed-geometry, time of flight LOQ
diffractometer (ISIS Spallation Neutron Source, Oxfordshire, UK). Neutron
wavelengths spanning 2.2-10 A were used to access a Q range (Q = 41 sin (6/2)/A)
of approximately 0.008-0.25 Al (25 Hz), with a fixed sample-detector distance of
4.1 m.

The samples were contained in 1 mm path length, UV-spectrophotometer grade,
guartz cuvettes (Hellma) and then kept at 4°C (below the CGT) overnight in order to
remove any shear induced crystalline structural changes (sample loading in the cell
was done using syringes). The samples were then mounted in standard aluminium
holders on top of an enclosed, computer-controlled, sample chamber. Scattering was
recorded at temperatures spanning 10-70°C with equilibration time of at least 2 hours
before the scattering was recorded at a specified temperature. Temperature control
was achieved through the use of a thermostatted circulating bath pumping fluid
through the base of the sample chamber. Under these conditions a temperature
stability of better than + 0.5°C can be achieved. Experimental measuring times were

approximately 20 min.

All scattering data were normalised for the sample transmission and the incident
wavelength distribution, corrected for instrumental and sample backgrounds using a
quartz cell filled with D20 (this also removes the incoherent instrumental background
arising from vacuum windows, etc.), and corrected for the linearity and efficiency of
the detector response using the instrument specific software package. The data were
put onto an absolute scale using a well characterized partially deuterated polystyrene

blend standard sample.
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3.4 Results and Discussion

3.4.1 Analysis of SANS data

As mentioned earlier, it is well established that Pluronic gels can adopt several
ordered phases such as hexagonal, lamellar and cubic structures. Table 3.1 shows
the theoretical peak positions for most of these common structures along with the
related positions to the main scattering peak. The relevant d-spacing, could be
calculated from d = 211/Q, where Q is the position of the first peak. The crystal lattice
parameter, a, for cubic phases, where a = b = ¢, for fcc and bcc, could be calculated
from the d-spacing related to the first scattering peak (dnk) as shown in equation 3.1.%°
In addition, the term representing the distance between adjacent micelles centres
(Dns) in cubic phases could be estimated from the first peak position using equation
3.2.27

The a parameter however is treated differently in the hcp systems and is equal to 2r,
r being the radius of the micelle. Also for hcp structures, another important parameter
is ¢, which is the distance between the centres of two micelles in the structure. Both
parameters a and c, could be related by equation 3.3. The c/a ratio determines the
origin of the hcp phase, e.g. if the value is equal to V(8/3), this means that the hcp

phase is derived from the organization of the spherical micelles.®

a = (h2 + k2 + )24, (3.1)
/6
Dys = 22 3.2)
_ (a? | ¢? 1/2
2r=a = (? + T) (33)
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Unit all Order of diffraction peak
1 2 3 4 5 6 7 8

Simple cubic | 1.000 | 1.414 | 1.733 | 2.000 | 2.237 | 2.450 | 2.832 | 3.000
(100) | (110) | (111) | (200) | (210) | (211) | (220) | (221)
Face centred | 1.000 | 1.154 | 1.631 | 1.919 | 2.000 | 2.304 | 2.638 | 2.583

cubic (111) | (200) | (220) | (311) | (222) | (400) | (331) | (420)
Body centred | 1.000 | 1.414 | 1.733 | 2.000 | 2.450 | 2.652 | 2.832 | 3.000
cubic (110) | (200) | (211) | (200) | (222) | (321) | (400) | (330)

Hexagonally | 1.000 | 1.733 | 2.000 | 2.645 | 3.000 | 3.460 | 3.703 4.000
close-packed (20) (12) (20) (22) (30) (22) (32) (40)
Lamellae 1.000 | 2.000 | 3.000 | 4.000 | 5.000 | 6.000 | 7.000 8.000

Table 3.1 The relative peak positions, allowing for systematic absences,
characterising some selected unit cells. The figures in brackets are the hkl
indices of the reflection.

3.4.2 Phase behaviour of 20 wt% P123

For the measurements performed at 10°C, the data, Figure 3.2, shows typical
scattering behaviour from core-shell systems that has been observed before by small-
angle scattering from Pluronic micelles in solution.828-31 The core-shell structure
typically presents itself in the data in the form of the “bump” at mid Q, as a result of
the difference in the contrast terms between the core and the shell. Between 20-50°C,
the phase behaviour is largely micellar and the scattering data suggests the presence
of significant inter-micelle interactions characterised by the strong presence of the
structure factor peak at = 0.03 Al. The data at temperatures > 50°C show a different
scattering behaviour i.e. very strong scattering intensity if compared with
measurements performed at lower temperatures indicative of a phase

changel/transition.

The data at 70°C, is characterised by the emergence of a maximum at very low Q
(0.013 A1, d-spacing of = 475 A). The most compelling explanation to these significant
changes in the scattering behaviour is that the higher temperatures, at least for these
systems, induces a significant change in the structure. This may be attributed to a
transition from spherical micelles to large cylindrical structures that are filling all the
available volume. At 60°C, the peaks observed are not as well defined if compared

with the case at 70°C; as the temperature increases, they become well defined.

49



Chapter 3. Temperature and concentration induced gelation of triblock
copolymers as viewed by SANS

That said, none of these peaks at both 60°C and 70°C are as well defined as a typical
Bragg peak, hence indexing it to a certain structure, Table 3.1, was not possible which
indicates the absence of any micellar ordering.
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Figure 3.2 SANS from 20 wt% P123 as a function of temperature in D20.The inset
shows the transition in the structure observed at 55°C and 65°C.

3.4.3 Phase behaviour of 30 wt% P123

At 30 wt% P123, the micellar phase is only observed at 10°C. For samples studied
between 15-55°C, the data is characterised by the presence of strong Bragg peaks
that slightly change position across the wavevector as a function of temperature
(0.0423-0.0357 A1) corresponding to d-spacing values of 150 A and 175 A
respectively, Figure 3.3. The presence of these Bragg peaks is a signature of the
macroscopic formation of the gel occurring as a result of the hard-sphere
crystallisation of micelles.®?> At mid and high Q, the data shows up to two and
occasionally three more orders of diffraction peaks that also change positions across
the wavevector. It was not possible to observe more order of peaks at higher Q values

due to the limited Q range of the instrument.
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The peaks observed for 30 wt % P123 at 18°C, 20°C and 22°C are consistent with a
bcc structure (1(110), 1.733(211), 2.000(220), 2.450(222)), similar to what have been
reported for P123 previously at similar concentrations and temperatures.'34
However, the expected 1.414 (200) peak from a bcc structure could not be identified
in this case, this is most probably due to defects in the crystalline structure. The
parameters of the bcc phase (volume, micelle size, Dus and d-spacing) did not vary,
which is possibly due to the small difference in the temperature range at which the

structure was observed, Table 3.2.

Between 22°C and 45°C, the structure remains largely multiphasic. This agrees with
the previous work done by Wanka et al.®® where multiple phases from P123 gels have
been reported at 20 and 30 wt% P123 at temperatures above 40°C. At 50°C and 55°C,
the peaks were attributed to lamellar structures (1.000, 2.000). Lamellar ordering from
Pluronics have been reported before for F127 and P123 but at higher concentrations,
> 60 wt%, for the latter.2>33 At temperatures = 60°C, there is now less defined, weaker
Bragg peaks at mid and high Q, indicative of the presence of a less ordered structure
but with a strong structure factor. This could be attributed to the thermal breakdown
of the gel as the temperature increases, as a result, the periodic ordering observed at

lower temperatures is lost.
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Figure 3.3 SANS from 30 wt% P123 as a function of temperature in D20. The
inset shows the transition in the structure observed between 15°C and 65°C.

System d@A) |a(d) |[c(A) |Volume(x 103A3)
30 wt%, 18°C 148 210 210 925
30 wt%, 20°C 148 210 210 925
30 wt%, 22°C 148 210 210 925

Table 3.2 bcc structure parameters of gels from P123 at 30 wt% as a function of

temperature in D20.
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3.4.4 Phase behaviour of 40 wt% P123

At 40 wt% P123, the micellar phase observed previously at lower temperatures, 10°C,
is no longer seen. Bragg peaks were observed over all the temperature range (10°C
to 70°C), Figure 3.4. In contrast to the 30 wt% case, the Bragg peaks do not lose their
intensity or their definition as the temperature increases, indicating an enhanced
resistance of the structure to temperature. The change in the Bragg peak positions
and intensity as a function of temperature is however more pronounced in this case
compared to the 30 wt% P123 case. This shift in the peak positions towards lower Q
is indicative of larger structures. The Bragg peaks correspond to a d-spacing range
between 130 A and 195 A for gels at 10°C and 70°C, respectively.

Pluronics are known to show an increase in micellar size with temperature.®* This
explains the observed increase in the d-spacing values. These changes in d-spacing
cannot however be interpreted without relating them to the sharp changes in the
structure of the gel; the structure starts with a multiple phase with fractions of bcc
between 10°C and 25°C, and as the temperature increases (30°C to 50°C), it changes
to hcp with d-spacing of 146 A and 158 A respectively. The multiple phase/bcce to hep
transition is most probably related to the changes in the micelle shape from spherical

to elongated.

In order to determine the volume of the hcp, one would need an estimate of the radius
of the micelle at the relevant temperatures, this is indeed possible using SANS or
dynamic light scattering (DLS). However, this is an unrealistic approach in the case of
gels, the concentration being very high, it is not possible to perform these
measurements on DLS, as for SANS, fitting the data to a core shell model will not be
suitable, given also the significant inter-particle interaction, which renders the
structure factor, S(Q), term significant. The S(Q) used in the core-shell model is valid

only for solutions with low volume fraction of particles.
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At temperatures > 50°C, the structure now shows lamellar behaviour as seen with the
30 wt% P123 case, with a strong increase in the d-spacing values =195 A. A phase
diagram of P123 is shown in Figure 3.5. The dynamics behind the transition from one
phase to another as the temperature, concentration and system composition are

varied will be discussed in detail in a later section.
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Figure 3.4 SANS from 40 wt% P123 as a function of temperature in D20.
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Figure 3.5 Phase diagram of P123
3.4.5 Phase behaviour of F108

In contrast to P123, F108 gels possess mainly two structures, micellar (above the
CMT) and cubic gels. For 20 wt% F108 at 10-20°C, the scattering shows that no
micelles are present, as those temperatures are below the CMT for F108, Figure 3.6.
As the temperature increases, 20-25°C, typical scattering behaviours from surfactant
micelles are observed. However, they do not seem to be well defined core-shell
systems as P123 based micelles. At temperatures > 25°C, gels with cubic structures
are formed and interestingly the structure remains largely so, regardless of any
temperature variations up to 70°C. bcc/fcc structures have been previously reported
from F127,3% however, no previous SANS studies have focused on the structures of
the gels from F108.
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Figure 3.6 SANS from 20 wt% F108 as a function of temperature in D20.

At 30 wt% F108, between 10°C and 22°C, scattering from micelles is observed with
similar features as in the 20 wt% case, Figure 3.7. Above 22°C, cubic gels are
observed. At 40 wt%, the only difference noticed from the previous concentrations, is
that scattering from micelles in solution is no longer observed at any temperatures,
Figure 3.8. This is similar to the scattering behaviour from 40 wt% P123 and quite
expected, given that the concentration of the polymer is now very high. A phase

diagram summarising the structures observed is shown in Figure 3.9.

In regards to the nature of the gel structure, it is worth mentioning that the slight shift
of the Bragg peak towards lower Q has yielded subtle changes in the lattice
parameters, especially in the 20 wt% case, which eventually had some impact on the

volume of the lattice. The changes in these parameters are shown in Table 3.3.
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Figure 3.7 SANS from 30 wt% F108 as a function of temperature in D20.

If compared with the parameters obtained for P123 systems, Table 3.2, gels from
F108 show quite a different behaviour. In pure P123 systems, where bcc was
observed, no change in either the lattice parameter a or in the volume of the lattice as
a function of temperature (18-22°C) or the concentration was observed. However, the
effect of temperature/concentration variations is evident in F108 gels. This could be
analysed by several approaches. (i) For 20 wt% F108 systems, the a parameter is
directly affected by the temperature, and as the temperature increases, the parameter
value increases with a subsequent increase in the volume of the lattice. This is
accompanied by an expected increase in the Dus. (ii) The a parameter decreases as
the concentration of the Pluronic increases, for instance, at 30°C, 20 wt% F108 shows
an a parameter of 238 A, for 30 wt % it shows 220 A and 215 A for 40 wt %.

This decrease in the a parameter could be attributed to the relation between the
concentration of the polymer and the space available in the lattice to accommodate
more micelles. (iii) Finally, the space availability and the difference in the structure
geometry can also be observed through the changes in Dus. For 20 wt% F108 at 30°C,
the Dus starts at 206 A, and as the temperature increases, the Dus increases as

expected for Pluronics which are very sensitive to temperature.
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What is more interesting however, is the change in the same parameter as the
concentration of the same Pluronic increases at a constant temperature (30°C), e.g.
30 wt%. The Dws is now at smaller value (193 A), the value further decreases as the
concentration goes to 40 wt% (185 A). This again could be related to the space
constrain and to the presence of more ordered lattices at higher concentrations, not

allowing the micelle to retain its full dimensions.

The effect of the concentration on packing capacity is more obvious in the F108 case
than the P123 case is possibly due to the difference in the thickness of the PEO corona
between both Pluronics, which is larger for F108. One would expect that as the
number of the F108 micelles increases, the PEO chains cannot be fully extended, and
the overall dimension of the micellar structure would change leading decrease in the

micelle radius.
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Figure 3.8 SANS from 40 wt% F108 as a function of temperature in D20.
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System a (A) | Volume(x 10°A3) | Dus (A)
20 wt%, 30°C 238 13.8 206
20 wt%, 40°C 242 14.1 210
20 wt%, 50°C 242 14.1 210
20 wt%, 60°C 245 14.7 213
20 wt%, 70°C 220 10.6 193
30 wt%, 30°C 220 10.6 193
30 wt%, 70°C 220 10.6 193
40 wt%, 30°C 215 9.90 186
40 wt%, 70°C 217 10.2 189

Table 3.3 Structure parameters of bcc gels from F108 at different concentrations

and temperatures in D20.
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3.4.6 P123/F108 mixtures in D20
3.4.6.1 Phase behaviour of Hybrid 1(H1), P123:F108 (75:25) at 20 wt% and 30 wt%

Figure 3.10 shows the scattering from the mixed micelles at 20 wt% at different
temperatures, and as the majority of the system is comprised of P123 (75%), the
similarities between the scattering behaviour from H1 and P123 at the same
concentration are not unexpected. These systems also exhibit a strong structure

factor peak indicating significant inter-particle interactions.

At 30 wt% Hybrid 1 (H1), Figure 3.11, the scattering shows similar micellar behaviour
as in the 20 wt% H1 case, Figure 3.10. This differs from the scattering from P123 at
the same concentrations. Indeed, the P123 concentration in the mixture is at
22.5 wt%, but one would still expect the overall polymer concentration to induce
gelation and ordering.
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Figure 3.10 SANS from 20 wt% H1 as a function of temperature in D20.
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Figure 3.11 SANS from 30 wt% H1 as a function of temperature in D20.
3.4.6.2 Phase behaviour of Hybrid 1(H1), P123:F108 (75:25) at 40 wt%

The effect of F108 on the system is more significant in this case than the lower
concentrations. If we draw a detailed comparison between the scattering behaviour
from 30 wt% P123 and this hybrid, sharp changes in the crystalline structures are
observed. These changes are presented, Figure 3.12 and in the phase diagram,
Figure 3.13. As previously mentioned, the 30 wt% P123 phase behaviour was micellar
only at 10°C, above this temperature, gelation occurred. At 15-22°C, a multiple phase
and bcc were observed, but at higher temperatures, the structure was interchanging

between what seemed to be largely multiphasic and lamellar structures.

The scattering behaviour from this hybrid is dominated by the presence of micelles up
to 22°C (CGT increased), as the temperature increases (>22°C), a hcp structure

presence is strongly evident, and this structure up to 65°C.
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At 70°C, a loss of the ordering is observed, again, indicating some thermal breakdown
of the gel structure. These observations show that the addition of small amounts of
Pluronic with similar PPO but longer PEO chains (F108) contributed to the increase in
the critical gelation temperature. This was accompanied by the destabilisation of the
P123 lamellar structures (in both cases, 30 and 40 wt %) in favour of the hcp. This is
possibly due to the steric constraints induced by the longer PEO chain leading to softer

interactions between the micelles.
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Figure 3.12 SANS from 40 wt% H1 as a function of temperature in D20.
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Figure 3.13 Phase diagram of Hybrid 1, P123:F108 (75:25)

3.4.6.3 Phase behaviour of Hybrid 2 (H2); P123:F108 (50:50) at 20 wt%

Of main interest here is the emergence of fcc structure relative peaks at 0.0298 A1,
0.048 A1 and 0.0548 Al in the SANS data, Figure 3.14, at temperatures above 20°C.
This is a rather interesting observation, given that neither 10 wt% P123 nor 10 wt%
F108 (at least at low to medium temperatures) has shown to form any gels previously,
these observation are indeed as a result of the overall concentration of the polymer,
rather than an individual control of the structure by one of the two polymers as was
the case in Hybrid 1. These previous observations are strongly suggesting that the
difference in the PEO chain between both P123 and F108 is the reason behind the
formation of the fcc structures. The structure showed minimal sensitivity to the
temperature and the lattice parameter remained unchanged as the temperature
increased; d-spacing of 215 A and a of 375 A. Figure 3.15 shows the phase diagram

obtained with H2 at 20 wt%, where the critical gelation temperature is > 20°C.
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One would expect that a structure favouring an fcc arrangement, would be of micelles
with a large PPO core and a short PEO shell, behaving like a polymer brush, exhibiting
a short range repulsion. This is not the case here, as the shell is expected to comprise
both long and short PEO chains. Further investigations are needed to obtain a detailed
structure of both the core and shell to deduce the dynamics behind the fcc structure

formation in gels from this specific hybrid.
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Figure 3.14 SANS from 20 wt% H2 as a function of temperature in D20.
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Figure 3.15 Phase diagram of Hybrid 2, P123:F108 (50:50)

3.4.6.4 Phase behaviour of Hybrid 2 (H2); P123:F108 (50:50) at 30 and 40 wt%
Similarly to Hybrid 3 (Figures 3.17 and 3.18), Hybrid 2 at 30 and 40 wt% gel structure
seems to be largely cubic. This is very similar to F108 behaviour only at all
temperatures. This highlights the dominant effect of F108 on the overall structure even
at a 50:50 polymer ratio. However, a more interesting observation is that at these
higher polymer concentration, the structure is now of a bcc nature not an fcc as in the
20 wt% case. The lattice parameters, Table 3.4, shows the same trend of pure F108

systems with bcc structures.
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System a(A) | Volume(x 106 A% | Dys (A)
30 wt%, 30°C 255 16.5 220
30 wt%, 70°C 260 17.5 225
40 wt%, 30°C 240 13.8 205
40 wt%, 65°C 250 15.6 220

Table 3.4 bcc structure parameters of H2 gels as a function of concentration
and temperature in D20.

This fcc to bece transition is most probably due to the changes in the packing efficiency
as the concentration and the temperature increases, with a subsequent space
constraint in the arrangement of the micelles. This is again similar to the features
observed for pure F108 systems. fcc to bcc transitions have been previously reported
by Liu et al. for F127/B20-5000 (EO4sB0O14EQu45)%® and for polystyrene-polyisoprene
(PS-PI) block copolymers by McConnell et al.® These authors have noted that the
transition depend greatly on which morphology yield the most stable cubic phase. This
was found to be determined by the repulsive force between the solvated chains that

forms the micellar corona.
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3.4.6.5 Phase behaviour of Hybrid 3 (H3); P123:F108 (25:75)

At 20 wt%, Hybrid 3 exhibited similar structure behaviour to Hybrid 2 at the same
concentration, Figure 3.16, where the only noticeable difference is the increase in the
CGT (25°C) if compared to the Hybrid 2 case (20°C). At 20 wt% at temperatures above
the CGT (e.g. at 30°C) we still observe the fcc structure, a = 350 A. This is also very
similar to the lattice parameters from the fcc structure observed in the 20 wt% H2 case
at the same temperature.

These general observations regarding the change in the CGT and the similarities in
the gel structure could be extended to the 30 and the 40 wt% case. For 30 wt%, the
CGT has been lowered from =18°C in Hybrid 2 to =10°C in Hybrid 3. While for 40 wt%,
gelation was observed at temperatures as low as 10°C, in a very similar behaviour as
40 wt% Hybrid 2. In regards to the gel structure, it also remained bcc, insensitive to
the overall concentration and temperatures. SANS data and the phase diagram are
shown in Figures 3.18 and 3.19.
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Figure 3.16 SANS from 20 wt% H3 as a function of temperature in D20.
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3.5 Conclusions

Small-angle neutron scattering has been used to probe the local structures of
solutions and gels from Pluronic P123, F108 and their mixtures. The data from gels
showed strong Bragg peaks (reflections) with up to three orders and this data was
analysed with respect to peak positions. It was found that heating the samples induced
different structural arrangements in almost all the samples and gelation was observed.
In gels formed with low polymer concentrations, at low temperatures, spherical
micelles were observed. As the temperature increased, these micelles tended to form
cubic and hexagonal crystals. This transition in the structure depended significantly

on the composition of the micelle.

Pure P123 systems, at low concentrations (20 wt%) did not show gelation at any
temperature. However, at higher concentrations (30 and 40 wt%), gelation was
observed and the structure transitioned from micellar to cubic (only in 30 wt%) to
hexagonal and then finally to lamellar. For pure F108 systems, the structure was
micellar at low temperatures and concentrations, but largely of bcc nature when the

concentration and the temperature increased.

Investigating the structures obtained from mixed Pluronic systems revealed that when
P123 is the main component in the mixture, the scattering behaviour of the mixture is
similar to the P123 on its own. However, in 40 wt% mixture, the data showed only
micellar behaviour up to 25°C, in contrast to the P123 behaviour on its own at the
same concentration in the mixture, where it showed a multiphase and bcc behaviour
over a wide range of temperatures. The data also showed destabilisation of the
lamellar phase of pure P123 systems, and hcp structures were favoured instead.
Interestingly, in mixtures of 50:50 P123:F108 gels, the data showed that the structure
seems to be dominated by F108, where it showed an fcc structure for lower
concentrations and bcc dominated systems at higher ones. This behaviour was also
observed in mixtures of 25:75 P123:F108 gels.
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In conclusion, this work shows that adding P123 to F108 systems did not show any
destabilisation of the cubic phase as was reported before with F127 and P123.%4
However, the cubic phase only transitioned from fcc to bcc as a function of the overall
polymer concentration. These observations helped us draw up ways in which the
structural behaviour of the gels could be controlled and modified, eventually leading

to controlling the rheological properties of the gels.
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Chapter 4

4. Probing the interfacial structure of small molecule surfactants stabilised air-
in-water foams

4.1 Abstract

Small-angle neutron scattering has been used to probe the interfacial structure of
foams stabilised by small molecule surfactants at concentrations well below their
critical micelle concentration. The data for wet foams showed a pronounced Q*
dependence at low Q and noticeable inflexions over the mid Q range. These features
were found to be dependent on the surfactant structure (mainly the alkyl chain length)
with inflexions changing position along the measured Q range. Foams stabilised by
sodium dodecylsulfate were allowed to drain and the induced changes in the
scattering intensity and peak positions were recorded. Characteristic features in the
data such as new peaks attributed to the formation of micellar structure were
observed, the position of which varied with the level of drainage. These inflexions
suggests a novel interfacial structure at the air/water interface, and the data was
successfully fitted to a model consisting of paracrystalline stacks of adsorbed

surfactant layers, a structure that we believe is induced by the foams interface.
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4.1 Introduction

Foams are systems comprising concentrated dispersions of gas bubbles in a
continuous aqueous phase, and are widely encountered as precursors in a number
of applications, e.g. medical,%? insulation materials,® cosmetic* and firefighting.>
There has also been a recent growing interest in these systems for their applications
in food industries.®’ For the majority of foams, the aqueous phases contain
surfactants or proteins, which act as stabilisers. Of main interest here is the structure
and performance of these foams and their dependence on the assembly of small

molecule surfactants at the air-liquid interface.

Physicochemical properties of the foams such as ionic strength, pH, and temperature
significantly affect the interfacial behaviour of the foaming agents or stabilisers
(surfactants). It is well established that surfactants and their blends are of crucial
importance to foam formulations.21° In the absence of surfactants, a foam will
catastrophically coalesce and collapse,'**? whereas in their presence, the interface
is efficiently stabilised by the monomer adsorption at the air-water interface as
evidenced by changes to the surface tension, surface shear viscosity and surface

elasticity.®

Foams, like any other lyophobic systems are thermodynamically unstable due to their
high interfacial energy. This energy promotes processes that eventually lead to foam
coarsening and destruction. Foam destruction can occur via a number of processes:
bubble coalescence as a result of drainage and film thinning; Ostwald ripening driven
by the diffusion of gas across thin films from smaller to larger bubbles; and by

drainage due to gravity or surface tension gradients.'*

It is well-established that surfactants form micelles in the bulk above their critical
micelle concentration (CMC), above which there are substantial changes in solution
properties.’>18 In the case of foams, Petkova et al.1? have determined a “transitional
concentration” above which, foams were found to be stable, these concentrations
being 10-30 times below the CMC for the surfactants studied (sodium dodecylsulfate,

dodecyltrimethylammonium bromide and Brij 35).
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Partially hydrophobic colloidal silica particles have also been shown to adsorb at the
air-water interface where it was found that these particles form a “colloidal armour”
at the interface that stabilises the foams for durations up to months.12° Most of the
recent studies have focused on the process of foaming and foam stabilization using
traditional measurements (foam half-life, bubble size measurement, etc.), but far
fewer studies have investigated the complex interfacial structure formed by these

molecules, within macroscopic foam and/or single foam films.

Neutron and X-ray reflectivity have been used extensively to quantify the gas-liquid
interface, but on planar interfaces, and not under dynamic conditions relevant to
the foam.?122 There also have been a number of small angle scattering studies on
foams, 23-25 illustrating the viability of the technique, but the conclusions have been
largely qualitative and are yet to improve the understanding of the assembly of

stabiliser at the air-water interface.

Axelos et al.?* studied a series of wet and dry foams generated with a series of
surfactants with varying concentrations using SANS. Under steady state foaming
conditions, a pronounced Q* dependence was observed with a number of peaks
varying in shape and position depending on the drainage conditions. These peaks
were attributed to the surfactant in the liquid in the walls for the wet foams (the systems

studied were above the CMC) and to parallel air/water interfaces for dry foams.

Ropers et al®® along with the previous authors studied hexadecyltrimethylammonium
bromide (CTAB), and polysaccharide/CTAB complex stabilised free draining foams by
SANS. A different approach towards data interpretation was used and the data were
analysed from both scattering and reflectivity points of view. They concluded that the
polysaccharide addition yields a shift in the peak position towards lower Q values
attributed to the film thickness. It was also postulated that this shift is insensitive to the
drainage duration and that the emergence of another peak was the result of a thicker

liquid film.
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Micheau et al.?®6 have investigated foams from the pH sensitive nonaoxyethylene
oleylether carboxylic acid, where their modelling and analysis was shaped by the work
of Axelos and co-workers. Similar SANS data features were observed and they
concluded that the oscillations in the data originates from the reflectivity of neutrons
from the thin liquid films within the foam. The thickness of these liquid films was found
to be sensitive to pH and surface charge. However, it was not entirely clear how the
contribution of micelles and lamellar structures on the observed scattering was taken
into account. The concentration of surfactant in the samples under investigation being
well above the CMC, such structures (micelles and foam-induced surfactant lamellae)
are expected to be present and would give rise to significant scattering in the Q region
where those features are discussed. In addition, the dynamics behind the presence of

two parallel air/liquid interfaces remains unclear.

Fameau et al.?’ have studied a series of foams stabilised by thermo-sensitive fatty
acids (12-hydroxy-stearic acid, 12-HSA) using SANS amongst other techniques,
where they compared scattering data from bulk solution and the foams (wet and dry).
A series of Bragg peaks were observed at different Q positions, which they attributed
to the presence of multilamellar tubular arrangement of the fatty acid bilayers in the
foam. They have also studied these systems at different H2O/D20O compositions from
both scattering and reflectivity points of view, utilising contrast variation. They found
that for a reflectivity experiment, as the H20 content increases, the position of the
peaks shift, and for a SANS experiment, when the H20 content increases, no shift in
the peaks were observed but only a decrease in the scattering intensity was recorded.
Based on these findings, the authors have demonstrated that the SANS signal
originates from tubes present in the liquid foam and eliminated the possibility of the

signal originating from the reflectivity of neutrons at the air/water interface.

Hurcom et al.?® have previously successfully used small-angle neutron scattering to
study air-in-water foams stabilised by a series of Pluronic block copolymers at different

concentrations below and above the CMC.
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Similar SANS features were observed for all the foams for all systems. The data below
the CMC was interpreted and modelled as a paracrsytalline stack of polymeric
surfactant lamellae at the air/water interface. The thickness of these layers was found
to be dependent on the EO and PO block characteristics and the overall molecular

weight of the polymer.

The quantity and the stability of foams stabilised by surfactants have been proven to
be closely linked to the surfactant alkyl chain length as this introduces a balance
between the solubility and surface activity.??3° Against this background, this work has
been performed to extend the study to different amphiphilic molecules, comprising two
homologous series of small molecule surfactants (SMS); alkyl sulfates
(CnH2n+1S04Na) and alkyl bromides (CnH2n+1TABT). The study was carried out at half
their CMC measured by surface tension, Figure C.1, C.2 (Appendix C), Table 4.1 and
4.2, (in excellent agreement with literature3%3?), the surfactant concentrations within

the water films is hence assumed too dilute to contain any micelles.
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4.2 Experimental

4.2.1 Materials

Homologous series of ionic surfactants were used as received, as listed in Tables 4.1
and 4.2. Solutions for SANS experiments were prepared in deuterated water (99.9%,
Sigma Aldrich). Deuterated sodium dodecylsulfate (d-SDS or d-C12SO0a),
dodecyltrimethylammonium bromide (d-Ci2h-TAB), were synthesised by ISIS
deuteration facility and have been used as received. Regarding materials purity, there
was no evidence of any impurity in surface tension data (manifest as pre-CMC minima

or incorrect CMC values).

SMS description Chemical formula MW CMC | Presented as
(gmol?) | (mM)

Sodium n-octylsulfate CH3(CH2);0S0:Na 232.3 100 CsSOsNa

Sodium decylsulfate CH3(CH2)s0S0O:Na 260.3 32.0 C10S0OsNa

Sodium dodecylsulfate CH3(CH2)110S03Na 288.4 7.90 C12S0sNa

Sodium tetradecylsulfate CH3(CH2)130S0sNa 316.4 2.20 C14SO4Na

Sodium hexadecylsulfate CH3(CH2)150503N& 344.5 0.90 C16S0sNa

Table 4.1 Chemical formula, approximate molecular weight and the measured
CMC values of alkyl sulfate small molecule surfactants used in this work.
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SMS description Chemical formula MW CMC | Presented
(gmol?) | (mM) | as

Trimethyloctylammonium CH3(CH2)7N(CHz3)3Br 252.3 145 CsTAB

bromide

Decyltrimethylammonium CH3(CH2)oN(CHzs)3Br 280.3 59.0 C10TAB

bromide

Dodecyltrimethylammonium CH3(CH2)11N(CHz3)3Br 308.3 14.5 C1.TAB
bromide

Tetradecyltrimethylammonium | CHs3(CH2)1sN(CHzs)sBr 336.4 3.70 C14TAB
bromide

Hexadecyltrimethylammonium | CHs(CH2)1sN(CH3)3Br 364.4 1.10 CiTAB
bromide

Table 4.2 Chemical formula, approximate molecular weight and the measured
CMC values of alkyl bromide small molecule surfactants used in this work.

4.2.2 Methods

4.2.2.1 Tensiometry

Surface tension measurements were carried out using a maximum bubble pressure
tensiometer (SITA science on-line t60, Germany), calibrated by reference to de-
ionized water. Surface tension was recorded at a bubble lifetimes of 10 seconds. All
measurements were taken at 25 + 1°C.

4.2.2.2 Small-angle neutron scattering (SANS):

In all the experiments, the foam was generated by pushing nitrogen gas through a 20
pum frit (A) at the base of a Perspex column (height of 25 cm, diameter of 4.6 cm)
which contains approximately 50 ml of the surfactant solution. A2 cm wide groove has
been removed and covered with aluminium foil to allow the neutrons to cross the
sample. The neutron beam impinges on the aluminium foil between (B) and (C) behind
which the Perspex has been partially removed. For stable foams, the reservoir (D)
collects the foam sample and returns it to the base via the plastic tube at (E). The cell
could also be equipped with controlled heating set up (heating jacket) at (F) and (G),
however it has not been used in this study. The wet foams were studied in which
continuous airflow (0.4 L/hour) produces constantly regenerated foam. As such, the
bubbles appear spherical and are separated by thick lamella walls. All experiments

were performed at room temperature.
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SANS experiments were performed on either (i) the time of flight (a) LOQ and (b)
SANS2d diffractometers at the ISIS pulsed spallation neutron source, Rutherford
Appleton Laboratory, Didcot, UK. A range defined by Q= (4m/A) sin (6/2) between
0.009 and =2 0.5 A1 (LOQ) and 0.005 and = 0.3 A1 (SANS2d) was obtained by using
neutron wavelengths (A) spanning 2.2 to 10.0 A with a fixed detector distance of 4 m
(LOQ) and 1.75 to 16.5 A with a fixed detector distance of 4 m (SANS2d), or (ii) steady-
state reactor sources at (a) D11 diffractometer at the ILL, Grenoble where a Q range
is selected by choosing three instrument settings at a constant neutron wavelength
(A) of 8 A (ILL) and sample detector distance of 1.2, 8 and 39 m and (b) KWS-1
diffractometer at the Jilich Centre for Neutron Science at FRM II, Garching, using

three detector distances (2, 8 and 20 m) and a neutron wavelength of 5 A.

Experimental measurement times were between 5-10 minutes (LOQ and SANS2d)
and between 20-30 minutes (MLZ and ILL, this was a little longer as three detector
distances were used with no hysteresis). All scattering data were (a) normalized for
the sample transmission, (b) background corrected using the empty foam cell and, (c)
corrected for the linearity and efficiency of the detector response using the instrument
specific software package and the scattering from a polystyrene blend taped to the

front of the foam cell, Figure 4.1.
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Figure 4.1 SANS sample environment for studying foams.?®

4.3 Results and Discussion

4.3.1 SANS from foams stabilised by small molecule surfactants

The scattering in these systems may arise from (a) any structure normal to the
air/water interface, which would follow an approximate Q* dependence given that
these interfaces are not perfectly flat, (b) any in plane structure normal to the interface,
(c) fluctuations in the composition of the interfaces parallel to the beam, (d) structures
that would be present in the liquid junctions between the bubbles, this may resemble
the ‘bulk solutions’ at appropriate concentration, and (e) in the aged polyhedral foams,
the long almost cylindrical regions at the junction of bubbles associated with the
plateau borders.

Representative data are presented in Figure 4.2 (recorded on D11) from continually
generated foams from SMS. The data shows a number of features; the pronounced
Q“dependence at low Q, characteristic of the Porod scattering from a smooth surface
with a large radius. Over the mid Q range, there are noticeable inflexions or “bumps”
around 0.0365 A for C12SO4Na corresponding to d-spacing (2r/Qpeax) of 170 A, whilst
for the C12TAB case, the inflexion occurs at 0.035 A corresponding to a spacing of
195 A.
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At high Q, the data decays into an incoherent background scattering that varies from
one system to another depending on the amount of the sample in the beam. It is worth
mentioning that the SANS data were obtained reproducibly for the C12SO4Na foam
from all the four different diffractometers used in this study, and were all in excellent
agreement in terms of features and peak positions, (Appendix C, Figures C.3 and
C.4).

It should also be stressed again that the systems studied here are at concentrations
significantly below their CMC, thus no (solution like) micelles are present, and the
peaks do not arise from the micellar form factor. The scattering arising from C12SOsNa
solution above the CMC is shown in Figure 4.3.
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Figure 4.2 SANS from foams stabilised with 4 mM C12SO4Na’SDS’, (circles) and
7 mM C12TAB (diamonds) in D20. Typical Q* dependence is presented as a solid
line. Data have been shifted vertically for clarity.
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4.3.2 SANS from draining and drained foams

We have also performed neutron scattering experiments to investigate foams
stabilised by C12SO4sNa at three different drainage conditions, as shown in Figure 4.3
(recorded on D11). Upon draining, very well defined peaks emerge with maxima at Q
= 0.015 A"t and 0.042 A,

At low Q, one could interpret the maxima at Q = 0.015 A as indicating the presence
of a lamellar ordering of the C12SO4Na between the walls, and postulate that it is foam
induced. There are significant similarities in the foam scattering and the solution
scattering where C > CMC, as shown in Table 4.3 and Figure C.6. Therefore, the
scattering is dominated by the solution in the film borders.

System Description Qpeak 1 (A1) | Qpeak 2 (A1)
4 mM C12SOsNa (foam) -- 0.038
C12,S0OsNa — draining 0.016 0.042
C12,SO4sNa — drained 0.018 0.045

10 mM C1,SO4Na (foam) 0.017 0.044

10 mM C12S04Na (solution) 0.040 -

15 mM C12SO4Na 0.040 --

20 mM C1,SO4Na 0.045 --

30 mM C1,SO4Na 0.047 --

Table 4.3 Positions of first and second maxima in the scattering data from
C12S0OsNa foams at different air flow conditions/concentrations, and correlation
peak positions from C12SOsNa micelles in solution at different concentrations.

Lamellar Bragg peaks have been previously reported for emulsions stabilised by
Pluronic L92,% and recently in foams as discussed earlier by Fameau et al.?”:34, where
these peaks were noted but not discussed. Ederth et al.®® used neutron reflectivity
(NR) to monitor aerosol-OT (AOT) the structure of draining foam films. The authors
observed weak Bragg peaks, which have been attributed to a lamellar structure of
AOT bilayers in the foam films. This weak intensity profile of the Bragg peaks has
been related to the small number of layers of AOT that contributes to the scattering in
the films, films inhomogeneities and the presence of other structures such as disk like

micelles or discontinuous bilayers.
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Micellar layering in films stabilised by C12SOsNa at concentrations above the CMC
has been studied previously by Lee et al.®® using a white (polychromatic) reflected
light. Layer transitions were observed based on C12SOsNa concentration as a function
of draining time, where the highest C12SO4Na concentration (0.06 M) underwent a
three micellar layer to two micellar layer transition. The lowest studied concentration
(0.03 M), transitioned from one micellar layer to a film without any micelles. This
agrees with our observations i.e. there is a significant contribution to the overall
scattering from the surfactant micelles in the agueous film forming the lamellae of the
bubble (in both free drainage foams and foams stabilised by C12SOsNa above the
CMC). These findings are in good agreement with those of Fameau and co-authors?’
and with what we have observed previously for polymeric surfactant stabilised

foams.28
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Figure 4.3 SANS from foams stabilised by Ci2SOsNa at different air flow
conditions compared to foams stabilised by 10 mM C12SOsNa (above the CMC).
Data have been shifted vertically for clarity.
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As the foam drains, we observe significant changes in the scattering patterns, Figure
C.7. The emergence of the asymmetric scattering “spikes” on the right is a signature
of the transition from spherical (curved bubble walls) to polyhedral bubbles (flat single
films26:37) as the liquid fraction in the foam decreases. These drainage conditions also
explain the observed weaker scattering intensity at the low Q region.

The inflexions observed in Figures 4.2 and 4.3 indicate the presence of regular
structures. We propose these are not related to the total film thickness as suggested
by Axelos?* or most recently Micheau et al.?® The d-spacing values are too small to
represent the thickness of the films as the foams studied here are in wet conditions;
continuously generated and the bubble lamellae is expected to be of micrometer size.
This assumption represents a major difference between our analysis and those of the
French groups.?#2637 |t is also worth mentioning, that the SANS behaviour was
recorded from the C12SOsNa foams at different airflow conditions and heights in the

Prespex column, and no significant change in the scattering behaviour was recorded.
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4.3.3 SANS data analysis and modelling

A simple approach to adopt towards the visualization of data with a strong Q-#is Porod
plots; Q*(Q) vs. Q, Figure C.4. This entirely removes the Q* dependence from the
data and emphasises any other features observed in the data, i.e. the peaks.
However, such approach only emphasises the existing peaks and their dimensions
without providing any further detailed structure information, hence a more evolved

approach towards the analysis was devised.

We employed a model of the air/water interface that comprises a paracrystalline stack
of M thin surfactant/water layers (number of stacks), of thickness L, separation D and
diffuseness T (the variation in interface structure perpendicular to the interface; an
ideal interface will have zero diffuseness).383° To this, a Q" term is added to account
for the scattering from the smooth air/water interface. To limit the functionality of the

fit, the diffuseness T has been constrained to 0.01.
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Figure 4.4 Cartoon of the paracrystalline stack model of the adsorbed SMS
layers at the air/water interface. L is the layer thickness and D defines the
separation.

Typical starting values for the heterogeneity of L and D are o(L)/L and o(D)/D = 0.2,
though these values have shown to have a negligible effect on the overall quality of
the fit within reasonable bounds. The scattering length densities (contrast) of the
various materials is such that in D20, the scattering arises equally from the air—D20
and surfactant—D20 interfaces, and any further deconvolution of the data is not

feasible, at least in these systems.
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To explore the validity of our assumptions, the paracrystalline stack model*®3° has
also been used to define the nature of the peaks around mid Q. By neglecting any
contribution from solution surface scattering, the model adopts a thin layer of water of
thickness L parallel to the air/water interface, one can simulate the expected
oscillations from such layers from a neutron scattering perspective via (sin?(QL/2)/Q*
vs Q), which are very similar to the cos (QL) Kiessig fringes observed by neutron

reflectivity from thin interfaces.*°

A range of film thicknesses was employed and for clarity purposes, exemplar data
only have been presented in Figure 4.5, (the full simulations have been presented in
Figure C.8). The simulations have been generated for heterogeneous film thicknesses
(averaged over a thickness of 50-150 A and 180-220 A with steps of 10 A).

The form of the data, and the maxima observed in the foam scattering data, clearly
does not correspond to any of the features or the peak positions observed in the
scattering behaviour in Figure 4.2, contrary to the observations recorded by Ropers

et al., where there was an overlap between the reflectivity simulated peaks and the

peaks from the liquid films in their drained foams.
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Figure 4.5 Simulated SANS from films of thickness (50-150 A) with 10 A
increments (dashed line), from films of thickness (180-220 A) with 10 A
increments (solid line) using the paracrystalline model, and SANS from foam
stabilised with 7 mM C12TAB (diamonds) in D20 for comparison. Data have been
shifted vertically for clarity.
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4.3.4 Effect of chain length on peak positions

As the small molecule surfactant hydrophobic chain length increases, subtle changes
in the peak positions towards higher Q can be observed. This could be seen in both
Figures 4.6 (alkyl sulfate series) and 4.7 (alkyl bromide series). As shown in these
figures, the paracrystalline stack model seems to fit the data very well. The changes
observed in the scattering data, mainly the subtle shift of the peak position towards
higher Q was found to be sensitive to thickness L and the molecular structure of the
small molecule surfactant. The thickness L (bilayer of surfactant) value was estimated
by calculating the critical chain length (A) of the surfactant (1.5 + (1.26 x Nc) x 2)),
where N¢ is the number of carbon atoms in the alkyl chain. The value of M (hnumber of
layers) was found to produce suitable fits at small values (~5), while larger values did
not significantly improve the quality of the fit. Significant parameters from the fit are
presented in Table 4.4.

System Description |L (A)+2 |M | D (A) 5 | Qpeak (A1) | d-spacing (A)
50 mM CsSOsNa 26 5 185 0.033 190
16 mM C10S0O4 Na 30 5 180 0.035 180
4 mM Ci12SOsNa 36 5 185 0.038 165
72 mM CsTAB 26 5 185 0.034 187
29 mM C10TAB 30 5 180 0.035 185
7 mM C12TAB 40 5 185 0.037 180
1.8 mM C14TAB 50 5 185 0.038 175

Table 4.4 Fit parameters to the scattering from small molecule surfactant
stabilised foams at different concentrations below their CMC.

The relationship between the separation, D, from the model and the d-spacing does
not seem to be straightforward. One would expect a closer agreement between both
values, however, the d-spacing appears to be more sensitive to the chain length; as
the chain length increases, the spacing between the layer decreases. The most
compelling explanation is that the separation does not strictly correspond to the value
of the spacing between the surfactant layers, but to a value that seems to include the
dimensions from the surfactant structure as well. The SANS data from the alkyl
bromides series also shows similar features as the alkyl sulfates, however, the
changes in the peak position as a function of the chain length, seems to be more

obvious in this case when compared to the alkyl sulfates.
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As for the validity and sensitivity of model parameters, fitting one set of data with the
parameters from another did not yield any suitable fits. For example, Figure 4.7 shows
the SANS data and fits from trimethyloctylammonium bromide (CsTAB) and
dodecyltrimethylammonium bromide (C12TAB), where the parameters used to fit the
data from CsTAB does not suitably fit the data from C12TAB and vice versa.
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Figure 4.6 SANS from foams stabilised with 50 mM CsSOasNa (circles), 16 mM
C10S0sNa (triangles) and 4 mM C12SO4Na (diamonds). Solid lines are fits to the
paracystalline model described in the text. Data have been shifted vertically for
clarity. Dotted lines are a guide to the eye.
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Figure 4.7 SANS from foams stabilised with 72 mM CsTAB (circles), 29 mM
C10TAB (triangles) and 7 mM C12TAB (diamonds) and 1.8 mM C14TAB (hexagons)

in D20. Solid lines are fits to the paracrystalline model described in the text.
Data have been shifted vertically for clarity. Dotted lines are a guide to the eye.
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Figure 4.8 SANS from foams stabilised with 72 mM CsTAB (circles) and 7 mM
C12TAB (diamonds). Solid lines are fits to the paracystalline model described in
the text. Data have been shifted vertically for clarity.
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4.4 Conclusions

Wet foams stabilised by small molecule surfactants have been characterised using
small-angle neutron scattering. The data showed a strong Q* dependence and a
series of inflexions over the mid Q range which was interpreted as a paracrystalline
stack of small molecule surfactant layers. Data fitting revealed that the thickness of
the stacks, L, was sensitive to the surfactant chain length. However, other parameters
such as the separation, D showed limited sensitivity to the surfactant chain length and
in most of the cases was estimated to be = 185 A. When comparing both the D value
and the d-spacing value, one can establish that D is a term (at least for these systems)
that includes the contributions from the surfactant structure and does not corresponds

to a discreet, defined water film between the surfactant layers.

There is still a debate as to whether these inflexions arise from the film thickness of
the bubbles (160-180 A). However, in this work, wet foams were studied and were
continually generated; hence, the bubble lamellae were estimated to be of
micrometres in size and clearly visible to the eye. Moreover, previous neutron
reflectivity (NR) experiments has shown the presence of lamellar ordering of aerosol-
OT at the foam air/water interface.3® Furthermore, SANS simulations, in a very similar
approach to NR, were generated for films of varying thickness. The form of the data
and the position of the inflexions was found not to match the scattering behaviour of

the foams investigated here.
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Chapter 5

5. The interfacial structure of air-in-water foams stabilised by polymer and
small molecule surfactants mixtures

5.1 Abstract

Small-angle neutron scattering has been used to investigate foams stabilised by
polymer-small molecule surfactant (alkyl sulfates and alkyl bromides) mixtures below
the critical micelle concentration. The data showed a typical Q* dependence, along
with a series of inflexions at mid Q that has been attributed to paracrystalline stack of
the polymer and surfactant at the foam air/water interface. The strength of the
interactions between the polymers and the small molecule surfactants was shown to
control the thickness of these layers. For weakly interacting systems, e.g. P123 and
C12TAB, there were no changes observed in the dimensions of the surfactant layers.
For systems showing strong interactions, e.g. P123 and C12SOsNa, the surfactant
layers became thinner and the spacing between the surfactant layers increased.
Mixtures of the homopolymer PVP and C12SOsNa were also investigated, and it was
demonstrated that the presence of the PVP did not affect the C12SOsNa interfacial

structure.
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5.2 Introduction

Polymer-surfactant stabilised foams are of growing interest for a wide range of
products in different industries, such as paper, foodstuffs, home, personal care and
pharmaceutical industries either because the foam is an end product (foodstuffs) or
encountered during the manufacturing process (e.g. paper).’® The ability to
understand and control the interactions between the polymers and the surfactants
provides new insights into controlling the foaming properties of these systems, and
eventually, optimizing the performance of the formulation. The interactions between
polymers and surfactants in the bulk solutions have been extensively investigated and
are relatively well understood.>-1° But far less is known of how these interactions affect

the foam properties (foamability, foam stability, etc.) and interfacial structures.

In general, binary mixtures of polymers and surfactants have been investigated and
discussed in terms of the strength of the interactions between the surfactant and the
polymer chains. Numerous reviews exist on this topic.!*"1®> These interactions are
hydrophobic or electrostatic in nature, depending on the chemical composition of the
two components. The surfactant structure in these complexes could be of monomeric
or micellar nature depending on several factors such as the surfactant/polymer
concentration, the presence of any additives and the conditions of the solution being
studied. Prasad et al.'® have investigated a series of samples comprising the
homopolymer polyvinypyrrolidone (PVP, molecular weight of 40,000 gmol?) and the
anionic surfactant sodium dodecylsulfate (C12SOsNa or SDS) using tensiometry,
conductometry, microcalorimetry and dynamic light scattering (DLS). The authors
concluded that the presence of PVP impacted the surfactant self-aggregation
behavior at concentrations lower than its aqueous critical micelle concentration (CMC)
demonstrating the presence of interactions between the polymer and the surfactant.
The polymer is “saturated” when the prevailing unimer concentration exceeds the

CMC, and free micelles form in solution.

The interactions between polyethylene oxide (PEO) and C12SO4Na in the bulk have
been studied by Barbosa and coauthors!’ as a function of different simple ionic
cosolutes, such as, NaCl, Na2SOs4 and Li2SOs4 and more complex ones as
Naz[Fe(CN3)NO] and Nasz[Co(NO)s] using isothermal titration calorimetry (ITC) and
small-angle X-ray scattering (SAXS).
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The authors showed that at low surfactant concentrations, there are no significant
interactions between the surfactant and the polymer. This was not the case at higher
surfactant concentrations, where it was shown that the interactions yielded more
stable micelles in which the EO groups are solubilized in the headgroup region of the
micelle. The addition the simple cosolutes had no impact on the interactions, however,
the addition of the more complex ones lead to the absence of any interactions between
the polymer and the surfactant.

Most of these recent studies on polymer and/or surfactant complexes, have been
performed under static conditions,'823 postulating about the composition and the
structure of these adsorbed layers at the interface. Also, most of these studies have
investigated these systems at conditions close to equilibrium, where in a practical
application, these systems are often used at conditions that are far from equilibrium.
Far fewer of these studies have investigated foams stabilised by these complexes,
where the conclusions were largely qualitative and a detailed understanding of the

foam induced interface is yet to be drawn.

Generally speaking, the interactions between polymers and surfactants in the bulk are
expected to drive the structure and the composition of the layers adsorbed at the
air/water interface. Few studies have focused on the relationship between such
adsorbed layers and the foam’s stability (time taken for the foam to collapse) and
“foaminess” (measured height of the foam). Petkova et al.?* have investigated the
interactions between the cationic poly(vinylamine) PVA, the non-ionic poly(N-vinyl-
formamide) PVFA and the anionic C12S04Na, the cationic dodecyltrimethylammonium
bromide (C12TAB) and the non-ionic Brij 35 (C12EO23). The authors demonstrated that
systems comprising C12SOsNa and PVA showed strong interactions illustrated by a
remarkable decrease in the foamability but higher foam stability when compared to
the Ci12SO4Na foam on its own. This decrease in foamability was related to the
synergistic interactions between the polymer and the surfactant which resulted in a
decrease in the concentration of the unbound C12SO4Na monomer, due to its strong
binding to the polymer.
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The weakly interacting systems of C12SOsNa + PVFA, C12TAB + PVA and C12TAB +
PVFA showed enhanced foamability and foaminess. This was attributed to a
combination of mechanisms; the fast surfactant adsorption on the solution surface
promoting foaming, and the strong steric repulsion by the surface active surfactant-

polymer complex formed in the static foams, stabilising them.

Neutron techniques have a proven ability to probe the adsorption of molecules at
interfaces, and have contributed significantly to the understanding of the structure-
activity relationships of interfacially bound species. In the case of foam related
systems, neutron and X-ray reflectivity have been used extensively to quantify the
gas-liquid interface, but quasi-exclusively on planar interfaces, and not under

conditions relevant to the foam.18.20.25

The most recent work by Angus-Smyth et al.?> on the dynamic adsorption of weakly
interacting polymer/surfactant mixtures at the air/water interface provided detailed
insights about the composition of the adsorbed layers. These mixtures comprised
PEO, Ci12SOsNa and tetradecyltrimethylammonium bromide (Ci4TAB) and were
studied using ellipsometry and neutron reflectivity (NR). The authors created the
dynamic conditions by using an overflowing cylinder, where the liquid containing the
polymer and surfactant mixtures was forced up the inner cylinder by a gravity feed,
the overflow was collected in the outer cylinder and recirculated by a pump. The
authors co-modeled the NR and ellipsometry data to elucidate the mechanism by
which the polymer, the surfactants and their mixtures adsorb at the air/water interface.
It was concluded that for PEO/C14TAB systems, the polymer adsorption drops
significantly (to zero) over a narrow range of Ci4TAB, while for PEO/C12SOsNa

systems, the inhibition of the polymer adsorption was more gradual.

NR has been used by Ederth et al.?6 to monitor the structure of draining Aerosol-OT
(AOT) foam films. The authors have observed weak Bragg peaks which have been
attributed to a lamellar structure of AOT bilayers in the foam films. This weak intensity
profile of the Bragg peaks has been related to the small number of layers of AOT that
contributes to the scattering in the films, films inhomogeneities and the presence of

other structures such like micelles or discontinuous bilayers.
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These conclusions were in very good agreement with the results from our previous
study on polymeric surfactant stabilised foams using small-angle neutron scattering
(SANS) 27 and with the studies on small molecule surfactants (SMS) stabilised foams

in Chapter 4.

In that latter study, we investigated foams stabilised by SMS below their CMC, the
data showed a pronounced Q* dependence and a series of inflexions over the mid Q
range. These inflexions were attributed to a paracrystalline stack of SMS bilayers,
where the position of these inflexions was found to be sensitive to the surfactant
structure (headgroup size and chain length). Data fitted to a model of paracrystalline
stack of surfactants in which the thickness of the surfactant layer, spacing between
the layers and the number of these layers were taken into account (Chapter 4, Figure
4.5). Upon draining these foams, micellar like scattering was observed which was
attributed to the presence of solution like micelles in the foam films, this was
postulated to occur due to the sensitivity of the paracrystalline stacks to the water

content within the foam films.

In this Chapter, we extend our study on the interfacial structure of polymers and SMS
stabilised foams using tensiometry and SANS. The systems investigated here
comprised the following: (a) pure surfactant systems of the anionic sodium octylsufalte
(CsSOsNa) and sodium dodecyl sulfate (C12SOsNa) ,the  cationic
trimethyloctylammonium bromide (CsTAB) and dodecyltrimethylammonium bromide
(C12TAB) and the non-ionic polymeric surfactant Pluronic® P123, (b) mixtures of P123
+ CsS04Na, P123 + CsTAB and P123 + C12S04Na, P123 + C12TAB and (c) mixtures
of C12SOsNa and PVP-40, at concentrations below the respective CMC or critical
aggregation concentration (CAC), and all with relatively similar surface activity. To our
knowledge, this is the first time that the interfacial structure of foams stabilised by

mixtures of polymers and surfactants have been extensively studied by SANS.
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5.3 Experimental

5.3.1 Materials

The small molecule surfactant sodium octylsulfate (CsSOsNa, 99 %) was purchased
from Alfa-Aesar and was used as received. Trimethyloctylammonium bromide
(CsTAB, 98 %), dodecyltrimethylammonium bromide (C12TAB, 99 %), sodium
dodecylsulfate (SDS, C12SOsNa, 98 %), polyvinylpyrrolidone (PVP-40, average mol
wt. 40,000 g molt) and Pluronic® P123 (mol wt. 5800 g mol?') were all purchased
from Sigma Aldrich (UK) and were all used as received. For the SANS experiments,
the samples were prepared in deuterium oxide (99.9 %, Sigma Aldrich). All the

polymers and surfactants used in this work were protonated.

5.3.2 Methods
5.3.2.1 Tensiometry

Surface tension measurements were carried out using a maximum bubble pressure
tensiometer (SITA science on-line t60, Germany), calibrated by reference to de-
ionized water. Surface tension was recorded at a bubble lifetimes of 10 seconds. All

measurements were taken at 25 + 1°C.

5.3.2.2 SANS

In all the experiments, the foam was generated by pushing nitrogen gas through a frit
at the base of a Perspex column (height of 25 cm) which contains approximately 50 ml
of the surfactant solution. A 2 cm wide groove has been removed and covered with
aluminium foil to allow the neutrons to cross the sample (detailed description of the

foam cell components has been included in Chapter 4).

SANS experiments were performed on either (i) the time of flight SANS2d
diffractometer at the ISIS pulsed spallation neutron source, Rutherford Appleton
Laboratory, Didcot, UK. A Q range defined by Q= (41/A) sin (6/2) between 0.004 and
> 0.6 Al was obtained by using neutron wavelengths (A) spanning 1.75 to 16.5 A with
a fixed detector distance of 4 m, or (ii) at the D11 diffractometer at the steady state
reactor source, ILL, Grenoble where a Q range is selected by choosing three
instrument settings at a constant neutron wavelength (A) of 8 A and sample detector
distance of 1.2, 8 and 39 m.
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All scattering data were (a) normalized for the sample transmission, (b) background
corrected using the empty foam cell and (c) corrected for the linearity and efficiency
of the detector response using the instrument specific software package and the

scattering from a polystyrene blend taped to the front of the foam cell.

5.4 Results and Discussion

5.4.1 Surface properties

Surface properties of the SMS, P123 and their mixtures have been characterised by
measuring their surface tension. In Figure 5.1, the data shows surface tension vs.
concentration for the pure systems of CsSOsNa and C12SOsNa. The data exhibits a
typical surface tension behaviour for pure surfactants, where by increasing the
surfactant concentration, the surface tension is lowered, as the systems goes from a
surface tension of = 71 mN/m to a system where the interface is saturated with the
surfactant (= 35 mN/m) along with the formation of the micelles in bulk. An important
feature of this transition is presented as a “break point”, indicative of the surfactant
CMC. The data from this group also shows a similar surface activity behaviour, for
example, at concentrations half their CMC (50 mM for CsSOsNa) and (4 mM
C12S0sNa), Table 5.1 and 5.2, the surface tension value is almost of equal value of =
40 mN/m. Similar features were observed from CsTAB and C12TAB systems, Figure
5.2, where the position of the break point also varied significantly with hydrocarbon
chain length, however, the surface activity shows a different behaviour, i.e. C12TAB is

more surface active.
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Figure 5.1 Surface tension as a function of CsSOsNa (circles) and C12SOsNa
(diamonds) concentration in water.
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Figure 5.2 Surface tension as a function of CsTAB (circles) and Ci2TAB
(diamonds) concentration in water.
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This could possibly be attributed to the large size of the headgroup (if compared to
the size of sulfate group) and its effect on the degree of counterion binding which
eventually affects the surfactant’s surface activity profile.

Surfactant | CMC (mM) | CMC from literature (mM)
CsSOsNa 100 11028
C12S04Na 7.9 8.029-31

Table 5.1 Critical micelle concentration from Cs and Ci2 alkyl sulfate surfactants
in water.

Surfactant | CMC (mM) | CMC from literature (mM)
CsTAB 145 1402832
C12TAB 14.5 15.528.33-35

Table 5.2 Critical micelle concentration from Cs and Ci2 alkyl bromide
surfactants in water.

5.4.1.1 Surface tension from SMS and P123 mixtures in water

Moving to the binary mixture cases, a far more interesting surface behaviour in
comparison with the single surfactant systems can be observed. Figure 5.3 and 5.4,
shows the surface tension data from CsSOsNa, C12SOsNa and CsTAB, Ci2TAB
respectively in the presence of 0.025 wt% P123 (below the CMC, = 0.05 wt%) in water.
These interesting features includes the appearance of maxima in the surface tension
data. The P123 + CsSOsNa system (Figure 5.3) at low SMS concentration, the data
shows a plateau where the system in this region is dominated by the P123 monomers,
as the SMS concentration increases, the surface tension decreases (between 40 and

60 mM), indicating the formation of species more surface active than P123.

With higher SMS concentration, the data now shows a maxima, indicating that the
surface is now stripped of the more surface active species, and replaced again by less
surface active species. At concentrations higher than 120 mM, the data shows a

plateau again, but in this region, it is dominated by the SMS.

110



Chapter 5. The interfacial structure of air-in-water foams stabilised by polymer
and small molecule surfactants mixtures

50 T
48-3
44—3
42-3

38 1

Surface tension (MN/m)

36 1

34 1

0.01 0.1 1 10 100

C,H,..,S0, Na'concentration (mM)

n' 2n+l

Figure 5.3 Surface tension as a function of CsSOsNa (squares) and C12SOsNa
(diamonds) concentration in 0.025 wt% P123 and water.

In the P123 + C12SOsNa case, the data follows the same trend, however some
differences are observed, for example, the concentration range at which the maxima
is observed is now between 1 and 11 mM of C12SOsNa in comparison with 65 and
105 mM for the CsSOaNa case. The surface tension at the maximum is = 46 mN/m in
comparison to = 38 mN/m in the P123 + CsSO4Na.

These are very interesting observations, especially when considering that both
CsSOsNa and Ci12SOsNa show a similar surface behaviour, £ 2.0 mN/m, at the
concentrations in which the surface tension was measured without the presence of
any P123.

Surface tension is a measure of the surface properties, hence it is difficult to design
an experiment that investigates both the surface and the bulk characteristics. Hence,
relating these changes observed earlier in the surface tension behaviour to the nature
of the interactions, whether synergistic or antagonistic, between P123 and the SMS,

is not that straightforward, especially when both are surface active.
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In the P123 + C,TAB case, abrupt changes in surface tension are only observed in
the Ci2 case, where only one minimum in the surface tension, = 31 mN/m, is observed.
As the C12TAB concentration increases, the interface is being replaced by more
surface active complex as the SMS concentration increases. The data shows again a
plateau as the SMS dominates the interface. For the P123 + CsTAB case, the surface
tension data does not show such abrupt changes, but behaves in a similar fashion to
the pure CsTAB. In all cases, the concentration at which the surface tension begins to
show these features, has been identified here as the critical aggregate concentration
(CAC) and summarised in Table 5.3 and 5.4. For clarity, the CMC values of pure SMS
have been also included in Table 5.3.
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Figure 5.4 Surface tension as a function of CsTAB (circles) and Ci12TAB
(diamonds) in 0.025 wt% P123 and water.
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System description | CMC (mM) | Surface tension (mN/m)
CsSOsNa 100 38.6
C12S0sNa 7.90 39.0
CsTAB 145 48.6
Ci12TAB 145 37.7

Table 5.3 Critical micelle concentration (CMC), and the surface tension of SMS
at the CMC in water.

System description | CAC (mM) | Surface tension (mN/m)
P123 + CsSO4Na 35 34.6
P123 + C12SO4Na 0.2 36.0
P123 + CsTAB 25 35.8
P123 + C12TAB 2.0 35.5

Table 5.4 Critical aggregation concentration (CAC) and the surface tension of
SMS with 0.025 wt% P123 at the CAC in water.

As stated earlier, the interactions between P123 and SMS have been studied before,
(this also includes the work in chapter 2), where generally, the modelling was largely
applied on systems where mixed micelles were present. To our knowledge, no studies
have investigated P123-SMS complexes below the CAC or the CMChixed, Where only
surfactant monomers are expected to be present. Here, we extend the study
described in Chapter 2 on mixed micellar systems, where P123 was found to interact
strongly with C12SO4Na and P123 showed weak interactions with C12TAB.
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5.4.1.2 Surface tension from C12SO4Na and PVP-40 mixtures in water

Surface tension profiles from PVP and C12SO4Na mixtures are presented in Figure
5.5, where the surface behaviour of C12SOs4Na in the presence of three different
concentrations of PVP (0.01, 0.1 and 1 wt%) was recorded. Interactions between PVP
and C12SOsNa have been reported before,®36-38 where at high enough polymer
concentration (typically = 0.5 wt%), two “break points” in the surface tension data were
observed. These break points were related to the CAC of C12SOsNa and the formation

of free micelles in bulk.

In the absence of any polymers, the CMC of C12SO4Na is 7.9 mM (Figure 5.1). In the
presence of 0.01 and 0.1 wt% PVP, we can only observe one break point for the
surfactant at 10 mM and 11 mM, respectively. This change in the CMC/CAC signals
the presence of strong interactions between the polymer and the surfactant. A better
understanding of the changes occurring in the interface and the bulk in the PVP-
C12S04Na systems could be derived in the presence of 1 wt% PVP. There are now
more than one break point as has been reported before in the 0.5 wt% PVP case. The
first break point CAC (1) is at 2 mM. This break point is believed to be related to the
CAC of the C12SOsNa where it forms polymer-surfactant aggregates in the bulk and
at the interface. As the concentration of the surfactant increases, the surface tension
decreases as the system becomes dominated by the surfactant, another break point
CAC (2) is observed at 45 mM, where free C12SO4Na micelles start to from in solution

along with the surfactant monomers saturating the interface.637
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Figure 5.5 Surface tension as a function of C12SOsNa in 0.01 wt% PVP (circles),
0.1 wt% PVP (hexagons) and 1 wt% PVP (diamonds) in water.

Several previous studies have studied the relationship between the foamability, foam
stability and the surface behaviour of polymer surfactant mixtures.?43%41 Here, the
technique is used to compliment to the SANS measurements. Surface tension has
helped identify some peculiar surface tension behaviour and also CMC and CAC. This
dictated the samples to be studied by SANS, at concentrations well below (half) the

CAC of each mixture, so no solution-like micelles would be present in the foam films.
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5.4.2 SANS from air-in-water foams stabilised by P123-SMS

5.4.2.1 Foams stabilised by P123 —Cg SMS

The scattering in these systems may arise from: (a) any structure normal to the
air/water interface, which would follow an approximate Q* dependence given that
these interfaces are not perfectly flat; (b) any in plane structure normal to the interface;
(c) fluctuations in the composition of the interfaces parallel to the beam; (d) structures
that would be present in the liquid junctions between the bubbles, this may resemble
the ‘bulk solutions’ at appropriate concentration; and (e) in the aged polyhedral foams,
the long almost cylindrical regions at the junction of bubbles associated with the

plateau borders.

SANS data (recorded on D11) from foams stabilised by 0.025 wt% P123, 50 mM
CsSOsNa and their mixture; P123 + CsSOs4Na at concentrations below the CAC
(0.025 wt% P123 and 15 mM CsSOsNa) are shown in Figure 5.6. The data shows the
same pronounced Q* dependence observed previously from foams stabilised by

polymeric surfactants?” and small molecule surfactants (chapter 4).

For the P123, at mid Q, the data show an inflexion at Q = 0.0357 A corresponding to
a d-spacing (217/Q) of 178 A + 5. In the CeSOsNa case, the inflexion is present at Q =
0.0330 A which corresponds to a d-spacing of 195 A + 5. In the mixture case, the d-
spacing is of an intermediate value (185 A + 5). These inflexions could be highlighted
through plotting the data in Porod plot, 1(Q)*Q* vs Q, Figure 5.7. In Chapter 4, it was
shown that these peaks observed at mid Q corresponds to a multi-layer structure of
the SMS at the air/water interface. This is a structure that we believe to be induced at

the air/water interface by the foam.
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Figure 5.6 SANS from foams stabilised by 0.025 wt% P123 (circles), 50 mM
CsS0OsNa (diamonds) and 0.025 wt% P123 + 15 mM CsSOsNa (hexagons). Data
have been shifted vertically for clarity.
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Figure 5.7 Plot of I(Q%) vs. Q for foams stabilised by 0.025 wt% P123 (circles),
50 mM CgSOasNa (diamonds) and 0.025 wt% P123 + 15 mM CsSOasNa (hexagons).
Data have been shifted vertically for clarity. Dashed lines are a guide to the eye.

The Porod plot, Figure 5.7, also highlights the presence of a higher order inflexion for
the P123 at lower Q, = 0.017 A-L. This higher order peak corresponds to a d-spacing
value of = 370 A. This value is almost double the value of the second order inflexion
observed at Q =0.0357 AL, This might be related to the arrangement of the multilayers
in a quite possibly discontinued or heterogeneous lamellar fashion. For a perfectly
lamellar structure, one would expect to see a regular reflection (n=1, n=2, n=3),
however, the differences observed in the peak positions implies that the structure is
not perfectly lamellar. This small change observed in the peak position from the foam
stabilised by P123 + CsSOsNa mixture indicates that there are weak interactions
between the polymer and the surfactant. This suggests that the multilayer is formed
mainly of the P123 (given its high molecular weight) with coexisting CsSOsNa

monomers, without changing any of the P123 layers dimensions.
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A similar conclusion maybe derived from the P123, CsTAB and their mixture. As
presented in Figures 5.8 and 5.9, the data adopts similar features, where the peak
positions from foams stabilised by the P123 + CsTAB - at concentrations below the
CAC (0.025 wt% P123 + 15 mM CgTAB) ,corresponds to a d-spacing value of 180 A.
This is also an intermediate value if compared to the pure CsTAB (185 A) and P123
(178 A) systems. By following the same assumption that the layers are mainly
comprised of P123 layers, one can come to a similar conclusion in which the
interactions between P123 and CsTAB are weak and that the CsTAB monomers are

embedded in the P123 layers without changing its dimensions.
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Figure 5.8 SANS from foams stabilised by 0.025 wt% P123 (circles), 72 mM
CsTAB (diamonds) and 0.025 wt% P123 + 15 mM CsTAB (hexagons). Data have
been shifted vertically for clarity.
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Figure 5.9 Plot of I1(Q% vs. Q for foams stabilised by 0.025 wt% P123 (circles), 72
mM CsTAB (diamonds) and 0.025 wt% P123 + 15 mM CsTAB (hexagons). Data have
been shifted vertically for clarity. Dashed lines are a guide to the eye.

5.4.2.2 SANS from foams stabilised by P123-C1> SMS

The effect of the strength of the interactions between P123 and Ci2-based SMS on the
foam interfacial structure is more evident here if compared with the Cs case. Figure 5.10
presents the SANS data (SANS2d) from foams stabilised by 0.025 wt% P123, 4 mM
C12S04Na and their mixture at concentrations below the CAC (0.025 wt% P123 + 0.1 mM
C12S04Na). The data recorded from P123 on SANS2d shows the same features as the
data recorded for the same polymer at the same concentration, 0.025 wt% on D11. The
peak positions obtained from both diffractometers are also in good agreement. The P123
from SANS2d showed the higher order peak at = 0.0180 A corresponding to a d-spacing
value of =350 A (370 A, D11) and the second order peak at Q = 0.0332 A corresponding
to a d-spacing value of = 185 A (175 A ,D11).
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Figure 5.10 SANS from foams stabilised by 0.025 wt% P123 (circles), 4 mM
C12S0sNa (diamonds) and 0.025 wt% P123 + 0.1 mM C12SO4Na (hexagons). Data
have been shifted vertically for clarity.

Data recorded for 4 mM C12SOsNa foams, showed one peak at mid Q (0.0340 A, d-
spacing of 185 A). Whilst adding C12SO4Na, even at concentrations as low as 0.1 mM,
has shown a significant impact on the P123 peaks positions. For example, the peak
at low Q, now corresponds to a d-spacing value of = 380 A, where the peak at mid Q

corresponds to a d-spacing value of = 205 A.

Using our previous knowledge of the strong interactions between the P123 and
C12S0a4Na, this increase in both d-spacing values suggests the formation of a new
polymer-surfactant structure at the air/water interface, in which the surfactant is
adsorbed on the PPO monomers of the P123, forming a thinner mixed surfactant
layer, resulting in a larger spacing between these layer. The same approach for data
presentation has been followed as before and Porod plots have been used to highlight

the peaks at low and mid Q, Figure 5.11.
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Figure 5.11 Plot of I(Q%) vs. Q for foams stabilised by 0.025 wt% P123 (circles),
4 mM C12SO4Na (diamonds) and 0.025 wt% P123 + 0.1 mM C12SOsNa (hexagons).

Lines are aguide to the eye. Data have been shifted vertically for clarity. Dashed
lines are a guide to the eye.

On the other hand, in the 7 mM C12TAB case, the peak position corresponds to a d-
spacing value of = 185 A, whereas for the foams from systems comprising P123 and
C12TAB, Figure 5.12 and 5.13, P123 peaks at low and mid Q remains at the same
position after the addition of 0.1 mM C12TAB. This finding follows the observations
noted from the P123 + CsTAB case, in which no changes in the P123 peak positions
was observed after adding up to 15 mM of CsTAB. This also indicates that the P123
multi-layers thickness remains unchanged in the presence of the C12TAB due to the
weak interactions between both components. These weak interactions between the
polymer and the surfactant could be attributed to the electrostatic repulsion as a result
of a slight positive charge present on the polymer, originating from the protonation of
the ether oxygen in the PEO chains.#?43 A summary of the peak positions and d-
spacing values are presented in Table 5.3.
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Figure 5.12 SANS from foams stabilised by 0.025 wt% P123 (circles), 7 mM
C12TAB (diamonds) and 0.025 wt% P123 + 0.1 mM C12TAB (hexagons).
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Figure 5.13 Plot of I(Q%) vs. Q for foams stabilised by 0.025 wt% P123 (circles),
7 mM C12TAB (diamonds) and 0.025 wt% P123 + 0.1 mM Ci12TAB (hexagons).
Lines are a guide to the eye. Data have been shifted vertically for clarity.
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System description d-spacing, 5 (A)
0.025 wt% P123 (D11) 378 178
50 mM CgSOsNa 195
0.025 wt% P123 + 15 mM CsSO4sNa 185

72 mM CsTAB 185
0.025 wt% P123 + 15 mM CsTAB 180
0.025 wt% P123 (SANS2d) 350 185
4 mM C12S0OsNa 185
0.025 wt% P123 + 0.1 mM C12SO4Na 205

7 mM C12TAB 185
0.025 wt% P123 + 0.1 mM C12TAB 185

Table 5.5 d-spacing values (A) from SANS as a function of P123 and SMS peaks
at mid Q. For pure P123 systems (from ILL and SANS2d), both orders of spacing
are presented. d-spacing values from the mixtures corresponds to the mid Q
peaks attributed to the P123 multilayers.

5.4.2.3 SANS from foams stabilised by PVP-C12SOsNa

The findings from the surface tension data of PVP-C12SOsNa allowed us to extend the
SANS study to include further systems including these mixtures at concentrations
above the CAC (1); 2 mM (at least for the 1 wt% PVP system). We have investigated
the interfacial structure of foams stabilised by 4 mM C12SOsNa and 0.01 wt%, 0.1 wt%
and 1 wt% PVP. The scattering behaviour (SANS2d) is presented in Figure 5.14.
There are several features to be highlighted in the data: (a) the peak position of the
C12S04Na; being the surface active component, seems to be insensitive to the PVP
presence at all the concentrations studied; (b) as the concentration of the polymer
increases, there is a significant contribution of the polymer in solution (present in the
foam films) to the scattering. This is obvious in the Q range of 0.05 A1 —0.15 Alin
the Porod plots, Figure 5.15. This agrees with previous observations from foams

stabilised by a high concentration of Pluronics.?’
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Figure 5.14 SANS from foams stabilised by 4 mM C12SOsNa (diamonds), 4 mM
C12S0Os4Na + 0.01 wt% PVP (triangles), 0.1 wt% PVP (hexagons) and 1 wt% PVP
(circles). Data have been shifted vertically for clarity.
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Figure 5.15 Plot of 1(Q% vs. Q for foams stabilised by 4 mM Ci12SOsNa
(diamonds), 4 mM C12SO4Na + 0.01 wt% PVP (triangles), 0.1 wt% PVP (hexagons)
and 1 wt% PVP (circles). Lines are a guide to the eye. Data have been shifted
vertically for clarity. Dashed lines are a guide to the eye.

The absence of changes in peak position of the C12SO4Na in the presence of PVP,
indicates that there are no changes to the surfactant structure at the air/water
interface. This agrees well with the observations recorded by Prucell et al.** where
they have used NR to study PVP-Ci12SOasNa structure at the air/water interface. The
authors concluded that there was no substantial effect from the PVP on the thickness

of the C12SO4Na interfacial layer at any polymer concentration.

The explanation behind this could be derived again from the system’s behaviour in
bulk and its effect on the structure at the air/water interface. Prasad et al.'® have
observed three break points in the surface tension data, in which one of them was
attributed to the interface being stripped of both the PVP and the C12SOsNa, up to a
point where the binding of the C12SO4Na to the PVP is complete.
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5.5 Conclusions

A series of foams stabilised by polymer-surfactant mixtures have been investigated
by small-angle neutron scattering. The data revealed the presence of an interfacial
structure of multi-layers of polymer + surfactant presented by a series of inflexions at
mid Q. It was shown that the nature of the interactions between the polymers and the
surfactants had control over the dimensions of these multi-layers. There were only
weak interactions observed between Pluronic P123 and CsSOsNa, CsTAB and
C12TAB at concentrations below the critical aggregate concentration (CAC). This was
reflected on the foam SANS data by the absence of any significant change in the

positions of the inflexions across the Q range.

In the strongly interacting system of P123 + C12S0O4Na, there was a noticeable shift in
the inflexions position towards lower Q, indicating a change in the interfacial structure
(mainly the thickness), presented by an increase of the d-spacing value from P123
system (185 A to 205 A). This is believed to occur as result of strong interactions
between P123 and C12SOa4Na, in which the small molecule surfactant adsorbs onto
the P123 monomer, reducing its dimensions. We hypothesize that this will also reduce
the thickness of the surfactant layers observed by SANS at the foam air/water

interface, hence the increase in the d-spacing values.

Foams comprising PVP and Ci12SOsNa were also investigated by SANS and
tensiometry. The surface tension data revealed CAC that shown dependence on the
amount of the polymer present in the system. Systems comprising the polymer and
surfactant at concentrations above the CAC (1) were then studied by SANS. The peak
positions from C12SO4Na did not show any sensitivity to the presence of the PVP in
the system, and the peak observed from the mixture remained in the same position
as the peak from the surfactant on its own. Whereas, at high polymer concentrations,
there was a noticeable contribution of the polymer in solution (in the foam films) to the

scattering.
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Chapter 6

6. Summary and recommendations for further work

6.1 Summary

Solutions, gels and foams comprising polymers, small molecules and their mixtures
have been investigated. Our primary focus was on foams stabilised by small molecule
surfactants (SMS), but their study necessitated the characterisation of solution
interactions first, Chapter 2.

In Chapter 2, the experiments focused on the interactions present in agueous mixtures
of Pluronic P123, (SMS) and alcohols (short, medium and long chain). Tensiometry,
PGSE-NMR and SANS were used to characterise these systems. Tensiometry
provided an insight into the surface properties and behaviour of these systems while
self-diffusion coefficients from PGSE-NMR allowed us to estimate the partitioning of
the alcohols in the P123 micelles, which eventually helped us understand the role of
the alcohols in driving the interactions between P123 and SMS. Ethanol was found to
partition mainly in the shell of the micelle forming smaller micelles, while both hexanol

and decanol partitioned in the core.

Adding SMS such as C12S04Na, C12TAB and Brij 35 to P123 has caused a disruption
in the P123 micelle structures, yielding smaller mixed micelles as confirmed by SANS.
C12S04Na was found to have the strongest interaction with P123, followed by Brij 35
then C12TAB. Using contrast variation in SANS experiments, the presence of the
alcohols in the mixed surfactant systems was shown to impact the strength of the
interactions for P123 and C12TAB, the C12TAB micelle mole fraction increases for all
cases of alcohol, indicative of a weaker interaction between the SMS and the Pluronic
(consistent with the relative changes in CMC). No significant changes in the fraction
of C12S04Na in the mixed system were observed in the P123 + C12SO4Na case in the
presence of alcohols, this is indicative of the strong interactions between both. This
analysis was not possible to perform on P123 + Brij 35 due to the unavailability of a
deuterated form of Brij 35.

While studying the solution interactions, some interesting behaviour from P123 at high
concentrations was observed. We then decided to extend the study to include the
investigation of gels from Pluronic P123, F108 and their mixtures, Chapter 3. Of main
interest here was the microstructure of the gels and the changes observed in the

microstructure as a function of temperature and Pluronic concentrations.
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The investigations were performed using SANS, where a series of Bragg peaks were
recorded indicative of micellar ordering. P123 showed different gel structures
(hexagonally close packed (hcp), body-centred cubic (bcc), lamellar and multiphase)

by changing concentration and temperature.

Whilst for F108 gels, only bcc was observed and it showed insensitivity to both the
concentration and temperature changes. Gels from P123/F108 mixtures showed a
very interesting behaviour, where P123 did not destabilise the cubic structure as
observed before for P123/F127 gels. The structures observed from the mixture cases
were largely cubic (bcc and face-centred cubic, fcc) and hcp. These transitions were
suggested to be closely related to the micelle composition, especially the PEO chain

length and its effect on the packing of the micelles.

Chapter 4 involved investigating foams stabilised by a range of SMS (C,SO4Na and
CnTAB) using tensiometry and SANS. In this study, wet and dry foams were studied.
Wet foams stabilised by surfactants below the CMC showed a pronounced Q*
dependence, with a series of inflexions at mid Q. Data analysis and modelling was
pursued and the results suggested that the inflexions at mid Q corresponds to an
interface comprising multi-layered structure of SMS rich and water rich layers.
Investigating dry foams allowed us to study the changes in the multi-layer structure,
inflexions with different features and positions across the wavevector appeared in the
data. This was attributed to the strong presence of micelles and discontinuous layers
of surfactants in the film. Comparing the dry foam SANS data with wet foams stabilised
with SMS at concentrations above the CMC supports this conclusion, given that the
features are largely similar in both cases.

Finally, foam from mixtures of PVP-40, P123 and SMS (CsSO4Na, CsTAB, C12SOsNa
and C12TAB) were investigated, Chapter 5. Tensiometry and SANS were once more
employed. Using our previous knowledge of the interactions between these polymers
and surfactants along with the previous data interpretation of foams stabilised by SMS
on their own, it was possible to correlate between the interactions occurring in the
polymer-surfactant systems in bulk and the multi-layered structure observed at the
foam air/water interface. In the weakly interacting systems (P123 + CsTAB, P123 +
CsS0OsNa and P123 + C12TAB), no change in the inflexion position at mid Q was

observed.
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The strongly interacting system (P123+ C12SOsNa) showed a noticeable shift in the
inflexion position towards lower Q, indicating the presence of larger spacing between

the multi-layers, i.e. the formation of thinner surfactant layers.

Neutron reflectivity (NR) was previously used to investigate the widely studied system;
PVP-40 and Ci12SOsNa at equilibrium. The experiments have not revealed any
interesting structures at the air/water interface. This is a very similar conclusion to ours
(in terms of the changes observed in the surfactant multi-layered structure as the
polymer concentration increased). Where SANS was used to study foams stabilised
by the same systems, and no change in the position of the inflexion was observed,
but instead, as the polymer concentration increased, there was an expected significant

contribution to the scattering from the polymer in the foam films (solution scattering).
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6.2 Recommendations for further work

The main focus of this thesis was to try to understand and control the interactions
between polymers and small molecules in order eventually to reach a robust
formulation. The systems investigated here mainly comprised three or four
components, where in real-life formulations, the number of components is far more
than three or four. However, understanding the fundamentals of the interactions on a
smaller scale has always shown to be of crucial importance in any pre-formulation

process.

The investigations of mixed systems in solution in this thesis have focused exclusively
on the interactions between P123, SMS in the presence of alcohols. An area of further
work would be to start introducing or replacing components to the systems.
Micellization of Pluronic in the presence of several NSAIDS (non-steroidal anti-
inflammatory drugs) has been investigated, but the encapsulation efficiency, release
profile and mechanisms in the presence of physiologically relevant media remains not
very well understood. Another area worth pursuing would be the possibility of using a
well-controlled system like P123-SMS-alcohols to stabilise and optimise more

complex systems such as emulsions, gels, paints, etc.

When Pluronic gels in this thesis were investigated, this was mainly focused on
understanding the microstructure of the gels using SANS. It will be of definite interest
to study the rheological, physicochemical properties of the single components and
their mixtures. Understanding these properties along with a detailed understanding of
the gels microstructures is expected to assist any further work, especially in
biomedical applications and drug delivery, where the latter could be investigated using
the techniques used in this thesis such as PGSE-NMR and SANS.

The interfacial structure of the foams was shown to be influenced by the surfactant
architecture and the nature of the interactions between the polymers and surfactants.
This could be extended to include investigating more challenging systems, such as
particle stabilised foams, where the particles arrangement at the interface will be very
interesting to probe. The possibility of using SANS to study these systems has been
validated, however another approach towards the sample environment design was

realised.
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Particle stabilised foams are most stable and reproducible when prepared by strong
mixing rather than pushing air through the sample as in the case of surfactant
stabilised foams. The new sample environment should then have an airflow supply (to
prevent any drainage if wet foams are of interest) and also a very powerful mixer to
generate stable foams. Designing a new foam cell with these features, is indeed
feasible, but will be very challenging.

Foaming of denatured proteins is an area of increasing interest due to its wide
applications in food industry (e.g. beer foams and meringue from egg whites). The
mechanism by which these foams are stabilised is widely accepted to be related to
either the high hydrophobicity or the increased viscosity of the denatured protein. A
better and detailed understanding of these mechanisms would be an area worth
pursuing. SANS will also be a very powerful technique to probe the local protein
structure at the interface, which will eventually help have better control over these

foams.
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Appendix A

The following graphs are in support of the data presented and discussed in Chapter 2
(p.7).

1. Determination of CMC by surface tension data:

Surface tension data for surfactants mixtures in ethanol were presented in Chapter 2,
please see Figure 2.1 and Tables 2.1 and 2.2, here we present a collective
representation of the surface tension data in hexanol and decanol, Figure A.1 and A.2.
The behaviour of the P123-SDS systems in hexanol shows a different surface
behaviour due the nature of the hexanol surface activity. This can be shown by how
the surface tension changes while going from a pure SDS/hexanol system to a mixed
system of P123/SDS/hexanol in water system, or, by having a constant hexanol in
water concentration and diluting pure SDS or pure P123 systems, where below the

CMC of both surfactants, the mixture phase separates.
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Figure A.1 Surface tension as a function of surfactant concentration: open

squares = [SDS/water], filled squares = [SDS + constant hexanol concentration
of 1 wt% in water].

Open diamonds =[P123 + constant SDS and hexanol concentration of 50 mM &
1 wt% in water].

Open triangles =[P123 + SDS in water], open circles = [P123/water], filled circles
=[P123 + constant hexanol concentration of 1 wt% in water].
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Figure A.2 Surface tension as a function of surfactant concentration: open

squares = [SDS/water], filled squares = [SDS + constant decanol concentration
of 0.1 wt% in water].

Open diamonds = [P123 + constant SDS and decanol concentration of 50 mM &
0.1 wt% in water].

Open triangles =[P123 + SDS in water], open circles = [P123/water], filled circles
=[P123 + constant decanol concentration of 0.1 wt% in water].
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2. Investigating micelle structure using SANS:

The material balance equations helps in understanding the details of the probed
structures by SANS. The micelle is considered as a model formed of a core containing
PO and a fraction, f, of the EO chains, and the shell contains the remaining fractions
of the EO (1-f). Moreover, we can assume that the D20 is present in the core and in
the shell to hydrate the EO blocks. If we can also assume that there are ya D20
molecules per EO monomer in the core (region A) and ys D20 molecules per EO
monomer in the shell (region B). The aggregation number, Nagg, is defined as the
number of P123 molecules per micelle and note that there are 70 PO monomers per

block and 40 EO monomers per macromolecule. Results are shown in Figure A.3.

7,840 PO monomers
132 EO monomers
212 D,O molecules

Shell regi

4,347 EO monomers
25,386 D,0O molecules
i 6.4x 106 A2
: 484x10% A2
i 4x 107 A2
Rowsk®  Ir..-7A

>

Figure A.1 P123 core-shell density model for SANS
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Figure A.2 SANS from 0.5 wt% P123 solutions as a function of alcohol
concentration; circles [alcohol] = 0 wt%, squares [ethanol] = 1 wt%, triangles
[hexanol] = 0.1 wt% and diamonds [decanol] = 0.01 wt%. Solid lines are fits to
the core-shell model, see Table A.1. Error bars have been removed for clarity.

Alcohol concentration (wt%) Owt% | 1wt% | 0.1wt% | 0.01 wt%
Ethanol | hexanol | decanol
Core radius (0.5, A) 57 50 59 59
Shell thickness (+1, A) 17 13 11 14
Volume fraction of hard spheres | 0.005 0.004 0.005 0.005
(£0.001)
Volume of the micelles (nm?3),Vmic 1500 1300 1430 1650
Micelles number density,n,10'° cm-3 3.3 4.6 3.5 3.0

Table A.1 SANS parameters for 0.5 wt% P123 as a function of alcohol

concentration at 25°C.
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Figure A.3 SANS from 5 wt% P123 solutions + 50 mM h-C12TAB as a function of
alcohol chain length; circles [alcohol] = 0 wt%, squares [ethanol] = 10 wt%,
hexagons [hexanol] = 1 wt% and diamonds [decanol] = 0.1 wt%. Solid lines
correspond to model fits as discussed in the text. Error bars have been removed
for clarity.

Alcohol concentration (wt%) Owt% | 10 wt% 1 wt% 0.1 wt%
Ethanol | hexanol | decanol
Radius A (+1, A) 23 20 30 27
Radius B (+1, A) 49 45 52 48
Volume fraction of hard spheres| 0.06 0.05 0.06 0.06
(x0.001)
Volume of the micelles (nm?3),Vmic 195 169 339 260
Micelles number density,n,10'” cm™3 3.1 3.0 1.7 2.3
Mixed micelle aggregation number, 20 17 35 26
(*5)

Table A.2 SANS parameters for 5 wt% P123- 50 mM h-C12TAB as a function of
alcohol concentration at 25°C.
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Figure A.4 SANS from 5 wt% P123 solutions + 50 mM Brij 35 as a function of
alcohol chain length; circles [alcohol] = 0 wt%, squares [ethanol] = 10 wt%,
hexagons [hexanol] = 1 wt% and diamonds [decanol] = 0.1 wt%. Solid lines
correspond to model fits as discussed in the text. Error bars have been removed

for clarity.

Alcohol concentration (wt%) Owt% | 10 wt% 1 wt% 0.1 wt%
Ethanol | hexanol | decanol

Radius A (+1, A) 24 24 30 27

Radius B (x1, A) 44 40 47 46

Volume fraction of hard spheres| 0.10 0.09 0.10 0.10

(x0.001)

Volume of the micelles (nm?3) ,Vmic 210 170 270 220

Micelles number density,n,10'” cm™3 4.3 5.2 3.3 4.1

Mixed micelle aggregation number, 25 15 30 30

(*5)

Table A.3 SANS parameters for 5 wt% P123 - 50 mM Brij 35 as a function of

alcohol concentration at 25°C.
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Figure A.5 SANS from 0.5 wt% P123 solutions and 1 wt% ethanol as a function
of small molecule surfactant head group size; circles [surfactant] = 0 mM,
squares [h-SDS] = 5 mM, triangles [h-C12TAB] =5 mM, and diamonds [Brij 35] =
5 mM. Error bars have been removed for clarity.

Surfactant h-C12TAB | Brij 35
Radius A (1, A) 40 25
Thickness/Radius B (1, A) 10 50
VVolume fraction of hard spheres (£0.001) 0.005 0.010
Volume of the micelles (nm?),Vmic 525 230
Micelles number density,n,10'6 cm-3 1.9 4.2
Mixed micelle aggregation number (£5) 80 25

Table A.4 SANS parameters for 0.5wt% P123 as a function of 5mM h-surfactants
in 1 wt% ethanol and D20 at 25°C.
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Figure A.6 SANS from 0.5 wt% P123 solutions and 0.1 wt% hexanol as a function
of small molecule surfactant head group size; circles [surfactant] = 0 mM,
squares [h-SDS] = 5 mM, triangles [h-C12TAB] =5 mM, and diamonds [Brij 35] =
5 mM. Error bars have been removed for clarity.

Surfactant h-C12TAB | Brij 35
Radius A (+1, A) 48 23
Thickness/Radius B (x1, A) 13 53
Volume fraction of hard spheres (+0.001) 0.006 0.010
Volume of the micelles (nm?3),Vmic 950 270
Micelles number density,n,10 16 cm 0.6 3.7
Mixed micelle aggregation number (£5) 95 30

Table A.5 SANS parameters for 0.5wt% P123 as a function of 5mM h-surfactants
in 0.1 wt% hexanol and D20 25°C.
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Figure A.7 SANS from 0.5 wt% P123 solutions and 0.01 wt% decanol as a
function of small molecule surfactant head group size; circles [surfactant] = 0
mM, squares [h-SDS] = 5mM, triangles [h-C12TAB] =5 mM, and diamonds [Brij
35] =5 mM. Error bars have been removed for clarity.

Surfactant h-C12TAB | Brij 35
Radius A (1, A) 50 24
Thickness/Radius B (1, A) 10 51
VVolume fraction of hard spheres (£0.001) 0.006 0.01
Volume of the micelles (nm?3),Vmic 905 260
Micelles number density,n,10'6 cm-3 0.6 3.8
Mixed micelle aggregation number (£5) 90 27

Table A.6 SANS parameters for 0.5wt% P123 as afunction of 5mM h-surfactants
in 0.01 wt% decanol and D20 25°C.
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The following graph is in support of the data presented and discussed in Chapter 3
(p.37)
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Figure B.1 Molecular weight ranges of the hydrophobe vs. the percentage of
hydrophile of the block copolymer. Adapted from Alexandridis et al.t
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The following graphs are in support of the data presented and discussed in Chapter 4
(p.71)
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Figure C.1 Surface tension as a function of CnH2n+1SO4Na* concentration in
water; Cs [circles], Cio [squares], Ci2 [hexagons], Cas [triangles up] and Cis
[triangles down].
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Figure C.2 Surface tension as a function of CaH2n+1TAB concentration in water;
Cs [circles], Cio [squares], Ci2 [hexagons], Cis [triangles up], C16 [triangles
down] and Cis[diamonds].
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Figure C.3 SANS from foams stabilised with 4 mM h-SDSin D-O recorded from different
diffractometers. Data have been shifted vertically for clarity.
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Figure C.4 Plot of I(Q% vs. Q for foams stabilised with 4 mM h-SDS in D20
recorded from different diffractometers, following the same order of
instruments labelling as in Figure C.3. Data have been shifted vertically for
clarity.
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Figure C.5 Transition in the foam structure from spherical (left) to polyhedral
(right) as a function of time
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Figure C.6 SANS as a function of Ci12SOsNa concentration in D20; 10 mM
(circles), 15 mM (triangles), 20 mM (squares) and 30 mM (diamonds).
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Figure C.7 SANS patterns as foam stabilised by C12SOsNa at different drainage
conditions evolves from wet to dry (top to bottom). All patterns presented are
from the data collected in the Q range between 0.007 A1 and 0.07 AL,
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Figure C.8 Simulated SANS from films of thickness; 50 A (sold lines), 100 A
(long dashed line), 200 A (short dashed line) and 300 A (dotted line).
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Figure C.9 SANS from foams stabilised with 4 mM h-C12SOaNa (circles) in D20,
4 mM h-C12SOsNa in 50:50 D20:H20 (hexagons), 4 mM d- C12SOsNa in 50:50
D20:H20 (triangles) and 4 mM d- C12SOa4Na in null reflecting water (NRW). The h-
C12S0OsNa in D20 data have been shifted vertically by a factor of 4 for clarity.
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D.1 Maximum bubble pressure tensiometry
Maximum bubble pressure is a very useful way to measure the surface tension. The
bubble pressure tensiometer produces air bubbles at a constant controlled rate
through a capillary with a known radius. When the air bubble is produced in the sample
at the tip of the capillary, the curvature initially increases, to the point where a
maximum in the pressure is observed, then the bubble curvature increases
exponentially with time and the pressure inside decreases. Finally, the bubble is
removed from the capillary and another cycle starts. At the maximum pressure, the
radius of the bubble’s curvature is equal to the radius of the capillary and surface
tension (o) could be calculated from the Young-Laplace equation:

o = (marpol (D.1)
Where pmax is the maximum pressure inside the bubble, p. is the hydrostatic pressure

at the tip of the capillary and r is the radius of the capillary.
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D.2 Pulsed-gradient spin echo nuclear magnetic resonance, PGSE-NMR

NMR spectroscopy is a widely studied technique and several textbooks offer detailed
description of the theory and the technique,! only selected theory and experimental
methods that are relevant to this thesis are covered. The NMR principle is based on
the spin of the atomic nuclei in an external magnetic field. When a nuclei possess an
odd number of protons and/or neutrons, a magnetic dipole is generated along the spin
axis, its intrinsic magnitude is called the nuclear magnetic moment, p. After the
application of an external magnetic field, B, magnetic moments precess around the z-
axis. The z-axis is defined in the direction of the magnetic field. The energy, E, of a

magnetic dipole in the magnetic field is:
E = —uB (D.1)

Diffusion of a molecule occurs as a result of its random movement in a medium
controlled by thermal fluctuations. Measuring diffusion coefficients is very important
in studying multicomponent systems as the interactions between two molecules in
solution will lead to a correlation between the diffusion rates. Several factors may
affect the diffusion of molecules and particles in solution, including molecular weight,
viscosity and temperature. The diffusion coefficient, D, of a particle in solution could
be related to the factors above using the Stokes—Einstein equation:

kgT

D =
Ir

(D.2)

Where kg is the Boltzmann constant, T is the temperature and fr is the friction factor.

The friction factor for a spherical particle is given by:

fr = 6mRy (D-3)
Where 1 is the solvent viscosity and R+ is the particle’s hydrodynamic radius.

PSGE-NMR?%* was used to measure the diffusion coefficients of Pluronic and its

mixed micelles in this thesis. The spin echo sequence is shown in Figure D.1.
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Figure D.1 Schematic of the pulsed-gradient spin echo (PGSE) NMR. Adapted
from Zhang et al.®

This PGSE sequence combines a series of radiofrequency (RF) pulses and magnetic
field gradients that contains spatial information. As shown in Figure D.1, the
magnetisation is tipped into the xy plane by a 90° RF pulse. A field gradient pulse is
then applied to disperse the magnetisation (by inducing a phase shift in the spin
states), this dispersion depends on the strength (G) and duration (&) of the pulse. After
a period of time, A/2, (A being the period in which the spins are assumed to diffuse) a
180° RF pulse is applied to invert the dispersed magnetisation such that after a period
of A, the magnetisation is the negative of what it was following the gradient pulse. At

this point, a second field gradient pulse is applied to refocus the signal.

This refocusing will only be achieved for the spin nuclei who were static during the
measurement, and in this case, the intensity of the spin echo will not change. On the
other hand, if the nuclei were diffusing during the measurement, refocusing of the spin
nuclei will not be achieved by the second gradient pulse and the intensity of the spin

echo will decrease.

The PGSE-NMR data was fitted and analysed using CORE.%” The program relies on
the assumptions that (i) the band shape for each specific component in the sample
will be the same throughout a pulsed field gradient experiment and (ii) the band shape
will attenuate by the same relative amount as the field gradient pulse parameters are
changed. Thus, CORE evaluates the experimental data in two dimensions by a global
least-squares fit, yielding band shapes and estimations of the diffusion coefficients for

each species in the sample, Figure D.2.
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Figure D.2 : COmponent REsolved (CORE) analysis of the diffusion of 5wt%
Pluronic P123+50 mM h-C12TAB in D20 at 25°C; (a) original spectrum (b)
calculated fit after masking HOD peak (c) residuals (d) SMS rich component +
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D.3 Small Angle Neutron Scattering (SANS)

Neutrons are about 10° times smaller than the average distance between nuclei, they
are uncharged particles that are scattering by short-range repulsive interactions with
atomic nuclei. This renders them with very good penetration of most material without
causing any damage to their structure. Hence, SANS is a very powerful technique to
probe the structure and properties of a wide range of systems, including colloids and

polymers.

A schematic representation of a SANS experiment is presented in Figure D.3. The
scattering vector, Q, is a very important term in SANS. Q is the difference between

the incident (ki) and scattered (ks) wave vectors:
. (8
Q =10l =lks —k;i| = 47ﬂnsm (E) (D.4)

Where n is the neutron refractive index, which is approximately equal to unity, and 6
is the scattering angle.

e
> k -
Source k, Sample P pom—
(1] : f 7_,,<-*"’_74'|‘ 26
i U
} cident beam Attenuated transmitted
beam
- > >
Wave vector: q= k

Figure D.3 Schematic of a scattering experiment. Adapted from Grillo et al. 8

164



Appendix D. Experimental techniques

During a SANS experiment, the intensity of scattering is recorded as a function of the
wavevector. For homogenous isotropic scatterers, e.g. spherical particles, the
intensity, 1(Q) could be given as:

1(Q) = NV2(4p)?P(Q)S(Q) + Binc (D.5)

where N is the number of particles per unit volume, V is the volume of the patrticles,
Ap is the contrast in the scattering length density between a particle and the solvent,
P(Q) is the form factor and S(Q) is the structure factor and Binc is the incoherent

background scattering.

The interactions between neutron and the nucleus controls the way the neutrons
scatters. The strength of these interactions is given by the neutron scattering length
of a nucleus, b. The calculation of b is not trivial and its values are determined and
calculated experimentally. The scattering power of a substance defines a very
important term, the scattering length density (SLD), this is a key parameter that
determines whether or not this substance will be visible to the neutrons. The SLD from
a molecule, pn, can be calculated:

__ 6Ny
M

Pn Xb; (D.6)

where & is the bulk density of the molecule, Na is the Avogadros number, M is the
molecular weight of the molecule and biis the coherent neutron scattering length of

the nucleus i.

A particular powerful approach in SANS experiments is contrast variation. This uses
the significant difference in the SLD between hydrogen (*H) and deuterium (?D), where
if possible, the hydrogen in a molecule is substituted with deuterium. Therefore, it is
possible to change the SLD of the molecule in a multi-component system so it
matches that of its surrounding medium, making it “invisible” to the neutrons, Figure
D.4.
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(b)

Core

Figure D.4 An example of contrast variation in a core-shell system: (a) h-core,
d-shell and d-solvent, (b): d-core, h-shell and d-solvent and (c): h-core, h-shell

Shell

and d-solvent. Adapted from Hollamby et al.®
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Hypothesis: The interaction of amphiphilic block copolymers of the poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) group with small molecule surfactants may be “tuned” by
the presence of selected alcohols, with strong interactions leading to substantial changes in (mixed)
micelle morphology, whilst weaker interactions lead to coexisting micelle types.
Experiments: The nature and the strength of the interactions between Pluronic P123 (EO,oP0O-0EO20) and
small molecule surfactants (anionic sodium dodecylsulfate, SDS, C;,S04Na), (cationic dodecyltrimethy-
lammonium bromide, C;,TAB) and (non-ionic polyoxyethylene(23)lauryl ether, Brij 35, C;,EO,30H) is
expected to depend on the partitioning of the short, medium and long chain alcohols (ethanol, hexanol
and decanol respectively) and was probed using tensiometry, pulsed-gradient spin-echo nuclear
magnetic resonance (PGSE-NMR) and small-angle neutron scattering (SANS).
Findings: The SANS data for aqueous P123 solutions with added alcohols were well described by a
charged spherical core/shell model for the micelle morphology. The addition of the surfactants led to sig-
nificantly smaller, oblate elliptical mixed micelles in the absence of alcohols. Addition of ethanol to these
systems led to a decrease in the micelle size, whereas larger micelles were observed upon addition of the
longer chain alcohols. NMR studies provided complementary estimates of the micelle composition, and
the partitioning of the various components into the micelle.
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1. Introduction

Amphiphilic molecules, commonly known as surfactants, form
discrete aggregates, called micelles above the critical micelle con-
centration (CMC). A widely studied and practically relevant series
of surfactants is the water soluble triblock copolymer group made
up of poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO),
denoted as (PEO,-PPO,,.PEO,), commercially known as Pluronic
(BASF), Synperonic (Croda) or Poloxamers (ICI) [1-7]. The CMC is
sensitive to the chemical composition of the Pluronic and various
grades are available. It has been well established that Pluronics
form temperature sensitive micelles that adopt a core-shell mor-
phology, where the more hydrophobic domain (PPO) forms the
core and the hydrophilic domain (PEO) forms the hydrophilic coro-
na, i.e. the shell [8-12].

In practical applications, it is usual that polymer-surfactant
mixtures are employed as these often have improved properties
derived by complex formulation; the addition of ionic/non-ionic
surfactants to such polymeric surfactant solutions. The improve-
ment in performance arises due to the synergistic or antagonistic
interactions between the various surfactants [13]. A considerable
number of studies have focused on determining the onset of the
micellization process and the composition/morphology of the
mixed micelles formed [9,14-16], though theoretical modelling is
limited to systems that are considerably more simple than gener-
ally encountered in ‘real-life’ formulations [17,18] .

The interactions of small molecule surfactants with Pluronic are
of relevance to their numerous pharmaceutical, domestic, techno-
logical and industrial applications. Mixtures of small molecules
surfactant with Pluronic have previously been examined
[6,19,20] as has the effect of alcohols [11,13,21]. To our knowledge,
there have been far fewer studies of the quaternary systems,
Pluronic/small molecule surfactants/alcohol/water, at least in non
(micro) emulsion systems.

Previously, we quantified the interaction between the
homopolymer polyvinylpyrrolidone (PVP) and SDS in the presence
of ethanol [13], and subsequently Pluronic P123 and sodium
dodecylsulfate (SDS) in the presence of ethanol [11]. A range of
techniques were employed including small-angle neutron scatter-
ing (SANS), surface tension and spectrofluorometry. Synergistic
interactions between the SDS and P123 were observed, these inter-
actions were characterised by the adsorption of the SDS into the
PPO core. It was also observed that addition of ethanol to both
P123 and SDS solubilised the PPO core, increasing the CMC of
P123, and that reducing the dielectric constant of the solvent led
to the formation of smaller micelles in both cases [6,11,19].

Against this background, the present study was undertaken to
quantify the effect of short (ethanol), medium (hexanol) and long
(decanol) chain alcohols, ionic/non-ionic surfactants comprising
dodecyl chain and different head group sizes (anionic SDS, cationic
C12TAB and non-ionic Brij 35) on the micellar structure of one
specific Pluronic, P123. These effects were investigated using
SANS, pulsed-gradient spin-echo nuclear magnetic resonance spec-
troscopy (PGSE-NMR) and surface tension measurements. The aim
is to quantify the interactions between the Pluronic and the small
molecule and to elaborate the dependence on the presence of the
added alcohol, and demonstrate how the partitioning of the alco-
hol will drive the interaction between the surfactants.

2. Experimental

2.1. Materials

Pluronic P123, PEO,-PPO7o-PEO,, average M, ~ 5800 g mol~!
(Aldrich) was used as received. Sodium dodecylsulfate (SDS)

(Aldrich, purity 98.5%), dodecyltrimethylammonium bromide
(C1,TAB) (Aldrich, purity 98%), polyoxyethylene (23) lauryl ether
(Brij 35) (Aldrich) were all used as received. Deuterated SDS
(d-SDS) and C;,TAB (d-C;,TAB) for SANS experiments were pur-
chased from Aldrich (99.9%) and used as received. Ethanol, hexanol
and decanol, all protonated (Fisher Scientific), deuterium oxide
(Aldrich, 99.9%) were used as received.

2.2. Methods

2.2.1. Surface tension

The surface tension measurements of pure and the mixed sys-
tems were carried out using a maximum bubble pressure ten-
siometer (SITA science on-line t60, Germany), calibrated by
reference to de-ionised water. Surface tension was recorded at a
bubble life time of value 10s. All measurements were taken at
25+1°C

2.2.2. Small-angle neutron scattering

SANS measurements were performed at 25°C on the
fixed-geometry, time of flight LOQ diffractometer (ISIS Spallation
Neutron Source, Oxfordshire, UK). Neutron wavelengths spanning
2.2-10 A were used to access a Q range (Q=4mn sin(0/2)/2) of

approximately  0.008-0.25A~! (25Hz), with a fixed
sample-detector distance of 4.1 m.
The samples were contained in 1mm path length,

UV-spectrophotometer grade, quartz cuvettes (Hellma) and
mounted in aluminium holders on top of an enclosed,
computer-controlled, sample chamber. Temperature control was
achieved through the use of a thermostatted circulating bath pump-
ing fluid through the base of the sample chamber. Under these con-
ditions a temperature stability of better than +0.5°C can be
achieved. Experimental measuring times were approximately
40 min.

All scattering data were normalised for the sample transmission
and the incident wavelength distribution, corrected for instrumen-
tal and sample backgrounds using a quartz cell filled with D,0 (this
also removes the incoherent instrumental background arising from
vacuum windows, etc.), and corrected for the linearity and effi-
ciency of the detector response using the instrument specific soft-
ware package. The data were put onto an absolute scale using a
well characterised partially deuterated polystyrene blend standard
sample.

The intensity of the scattered radiation, I(Q), as a function of the
wave vector, Q, is given by:

1(Q) = NuV7,(Ap)*P(Q)S(Q) + Bine, 1)

where P(Q) describes the morphology of the scattering species, S(Q)
describes the spatial arrangement of the micelles in solution, Ny, is
the number of micelles per unit volume, V,, is the volume of the
micelle, Ap is the difference between the neutron scattering length
density of the micelle and the solvent and By, is the incoherent
background scattering.

Assuming there are three discrete regions; core, shell and the
continuous solvent, the macroscopic scattering cross section is
given as the particle number density multiplied by the square of
the single-particle form factor, P(Q):

_ 3@ 3/ (QRs) 3/, (QRW)\ 1
PQ) = N[(ps — pVa TG+ s~ polViaa (Figg - )|
@)

where N is the number of core-shell particles per unit volume of
solution, p, is the scattering length density for the core, pp is the
scattering length density for the shell, pc is the scattering length
density for the solvent, V, is the specific volume in the core, V3 is
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the specific volume in the shell and Vj.p is the volumes of the core
and that of the shell [22].

The first part of the equation is the contribution to the differen-
tial cross section from the core with the relevant scattering length
density difference that between the core and the solvent. The sec-
ond part of the equation is the shell contribution (R4 and Rp) to the
scattering (j, is the first order spherical bessel function of the first
kind) [22].

The S(Q) used in the fitting routine is the rescaled mean spher-
ical approximation (RMSA) provided by Hayter et al. [23,24] for
spheres of given micellar concentration, charge and ionic strength,
incorporating refinements for low-volume fractions and a pene-
trating ionic background.

The data were fitted using the SasView analysis program [25].
The software is open source and has been developed by major neu-
tron scattering facilities; ISIS, ILL and NIST. The morphology of the
micelle adopted for P123 here follows a model for that of a charged
particle with core shell morphology. The shell may also contain
solvent and/or the added surfactant or alcohol, so an intermediate
scattering length density (SLD) between that of the core and sol-
vent could be used. In some cases e.g., P123/small molecule surfac-
tant mixed micelles, we invoke a slightly simpler model of a
charged solid ellipsoidal micelle (i.e. no shell) as there are no sig-
nature of the shell (a bump at high Q) in the data. A detailed struc-
ture of the core-shell micelle is not required as it will be difficult to
extract meaningful information without over parameterising the
fit. It should be also noted that for anisotropic particles such as
ellipsoids, there is a numerical integration over the particle orien-
tation. Given that Pluronic micelles are known to be slightly poly-
disperse [26,27], a polydispersity parameter was included in the
fitting routine and for most of the samples, it was set at 0.15.

The mixed micelle has been treated as a two component (P123
and small molecule surfactant, SMS) surfactant system [28]. The
volume of this mixed micelle having aggregation number, N, is cal-
culated by:

Vin = N(X1 Usms + (1 — X1) Up123) 3)

where x; is the mole fraction of SMS in the mixed micelle. vsys and
Up123 are the molecular volumes of SMS and P123 respectively. The
micelle composition was extracted from the SANS data without any
data fitting [6], from the ratio of the intensities of scattering R(Q)
obtained with h- and d-SMS at the same composition via:

(VRQ = 1)(Prizs — Prao) )> @
(Pn_sus — Pp123) — VR(Q)(Pa_sms — Pp123

VfSMS = (

where

h—-SMS.P123 h—SMS.P123
I(Q) — Binc.

d—-SMS.P123 d—SMS.P123
I(Q) - Binc.

R(Q) =

For the P123-Brij 35 mixed micelles, the micelle composition
was not extracted using the same method as it was not possible
to obtain deuterated Brij 35.

2.2.3. Pulsed-Gradient Spin Echo Nuclear Magnetic Resonance (PGSE-
NMR)

PGSE-NMR (diffusion NMR) experiments were carried out at
25°C on a 400 MHz Bruker FT NMR spectrometer. The gradient
pulse duration (3) was set to 1 ms and the magnetic field gradient
(G) was varied from 5 to 500 G/cm. The diffusion time (4) was set
to 300 ms. Further information on PGSE-NMR may be found in ref-
erence [29]. 8 scans were accumulated over 16 gradient steps. The
self-diffusion coefficient was extracted by using CORE [30].

The partitioning of the alcohol and small molecule surfactant
may be easily quantified by NMR diffusion measurements since
the measured self-diffusion coefficient is an average value

containing contributions from the monomeric and micellized sur-
factant, weighted by the respective concentrations. This is equiva-
lent to the fractional time spent by each molecule in a given
environment, and is frequently expressed in terms of the fractional

micelle composition, pPi23, [31]:

BP123 _ plr;]iggleDP123 + (1 _ pP123 )DP123 (5)

micelle micelle )~ monomer
P123 -
micelle 1S

self-diffusion coefficient and D23 = is the

where D' js the measured self-diffusion coefficient, D
the micelle
self-diffusion coefficient of P123 monomers.

A similar analysis [31] to extract the partitioning of the alcohol
(Pf2") and the small molecule surfactant, may be conducted as
shown in Eq. (6), where Dy;cpe is the measured self-diffusion coef-

ficient, D% 21 is the micelle self-diffusion coefficient after alcohol
solubilisation and Df,”" is the free alcohol self-diffusion
coefficient.
R—OH R—OH
R-OH __ D ree Dmicelle 6
Piree” = preom ) - (6)
free  — micelle

Hence from a single PGSE-NMR measurement, pf,® and p,i23,
can be obtained.

3. Results and discussion
3.1. Onset of micellization

Surface tension is a particularly convenient experimental tech-
nique to determine the onset of micellization. However, for
complex systems e.g. mixtures of surfactants/water, the disconti-
nuities in the surface tension may be at least initially counterintu-
itive. For example, when one dilutes a binary surfactant/water
system through its CMC, does the experimental design maintain
a fixed ratio of two surfactants or a fixed concentration of one of
the materials. The surface tension curves would be quite different,
as the system would evolve from mixed micelles to none or mixed
to pure. This is especially important when there is a hydrophobic
component present. It also should be noted that surface tension
is a measure of the surface properties, hence, the difficulty of
designing an experiment investigating bulk characteristics and
competitive interactions. Accordingly, selections of behaviours
are presented in Fig. 1.

Fig. 1, compiles several approaches we have used to design sur-
face tension experiments. Focusing on the SDS case, which is more
interesting, if we dilute P123 in simple aqueous solvent (open cir-
cles), there is clearly one break point in the curve yielding CMC
~0.1 wt%. In the presence of SDS, keeping [P123] = 0.5 wt% (filled
grey circles), several behaviours that are insensitive to the ethanol
presence can be noticed. Three different SDS concentration regions
can be distinguished, for low SDS concentrations, up to 1 mM, the
surface tension remains unaffected by the SDS and remains domi-
nantly controlled by the P123; over an intermediate SDS concen-
tration, up to 10 mM, the surface tension increases sharply to a
plateau, upon further increase of SDS concentration, the surface
tension again decreases.

As outlined in Table 1a, the CMC of pure SDS (empty squares) is
7.9 mM which agrees well with earlier reported data [32-34]. In
the presence of 0.5 wt% of the polymer, the CMC of SDS is lowered
significantly from 7.9 mM to 1.2 mM, such decrease in the CMC
could be understood as the aggregation of the SDS on the polymer
(See Table 1b).

In the presence of ethanol, the CMC and the surface tension of
SDS (filled squares) is also remarkably reduced, confirming that
the micellization is promoted by the presence of ethanol- the
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Fig. 1. Surface tension as a function of surfactant concentration: open squares,
O = [SDS/water], filled squares, B = [SDS + constant ethanol concentration, 10 wt%
in water], open diamonds, ¢ =[P123 + constant SDS and ethanol concentration,
50 mM & 10 wt% in water], filled diamonds, 4 = [P123 + constant SDS concentration,
50 mM in water], open triangles, A =[P123+SDS in water], filled triangles,
A =[P123 + SDS + constant ethanol concentration, 10 wt% in water], grey open
circles across the SDS axis, @ =[SDS + constant P123 concentration, 0.5 wt% in
water]/grey filled circles across the SDS axis, @ = [SDS + constant P123 and ethanol
concentration, 0.5 wt% & 10 wt% ethanol in water], open circles, O = [P123/water],
filled circles, ® = [P123 + constant ethanol concentration, 10 wt% in water].

Table 1a
Surface tension derived CMC/critical aggregate concentration (CAC) values as a
function of P123, SDS and ethanol concentration in water.

System CMC or CAC
SDS/water 7.9 mM
SDS/0.5 wt% P123-water 1.2 mM
SDS/10 wt% ethanol 4.5 mM
P123/water 0.1 wt%
P123/10 wt% ethanol 0.6 wt%
P123/50 mM SDS-water 0.3 wt%
P123/50 mM SDS-10 wt% ethanol 0.6 wt%

Table 1b
Surface tension derived CMC/critical aggregate concentration (CAC) values as a
function of P123, C;,TAB and ethanol concentration in water.

System CMC or CAC
C;,TAB/water 15 mM
C1,TAB/0.5 wt% P123-water 3.7 mM
C1,TAB/10 wt% ethanol 12 mM
P123/water 0.1 wt%
P123/10 wt% ethanol 0.6 wt%
P123/50 mM C;,TAB-water 0.04 wt%
P123/50 mM C;,TAB-10 wt% ethanol 0.1 wt%

cosurfactant effect. In the presence of 10 wt% ethanol, the P123
surface tension curve (filled circles), shows one break in the curve
yielding a CMC of ~0.6 wt%, which in comparison to the CMC of the
simpler P123 solution, ~0.1 wt%, confirms that the micellization
process is unfavoured (the CMC increases) as the solvent is less
hydrophobic.

When a fixed concentration of SDS/ethanol is kept (open dia-
monds), a decrease in surface tension is observed by increasing
the P123 concentration as the less surface active species (small
molecule surfactant and ethanol) are being stripped from the

surface and it is being replaced with more active ones, P123.
Whilst if we keep a fixed SDS/hexanol concentration, the surface
tension increases by increasing the P123 concentration as it has a
lower surface activity compared to the SDS/hexanol and water
mixture (Supplementary material).

Changes in the system along the concentration range of ternary
mixtures of P123 or small molecule surfactant and the hydropho-
bic alcohols (hexanol and decanol) in water, where the alcohol is
kept constant, are quite significant. Below the CMC, where surfac-
tant monomers only are present, the alcohol solubilisation is lower
and the alcohol phase separates out of the solution. This phase
behaviour and the maximum solubilisation of the alcohol, within
the context of previously published SANS data [11,35,36] were
the defining rules for alcohol concentration selection in the aque-
ous P123 and P123-small molecule surfactant mixtures.

The interactions contributing to the formation of the mixed
micelles can be described as synergistic or antagonistic in terms
of the change in the CMC. We use the terms in a more general
sense. In these quaternary systems investigated, interactions with
varying strengths between the surfactants were observed for
SDS-P123, C;,TAB-P123 and Brij 35-P123 in water and water/alco-
hol mixtures. These interactions are observed as the small surfac-
tant molecules are being included in between the Pluronic
molecules. The size and shape of the self- assembled structure is
dictated by these interactions. SANS has been used to quantify
these structures, and again illustrative data are presented.

3.2. Effect of alcohols on the pluronic micelle structure

Scattering profiles for 5 wt% Pluronic P123 above the CMC are
shown in Fig. 2. The scattering profile of 5 wt% P123 in D,0 yields
considerable scattering intensity with a noticeable “bump” around
Q=0.09 A7, reflecting a sharp discontinuity in the scattering
length density profile across the micelle indicative of the
well-defined core and corona regions. Fitting the data to the
core-shell model described earlier shows that the P123 micelles
are slightly polydisperse with a spherical core of 57 A+ 1 and cor-
ona 14 A £ 0.5 with the latter adopting Gaussian statistics [26].

Given that the CMC of P123 increases in the presence of ethanol,
it is more likely that this decreasing intensity at low Q after the
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Fig. 2. SANS from 5 wt% P123 solutions as a function of alcohol concentration;
black circles, ®, [alcohol]=0wt%, red squares, W, [ethanol] =10 wt%, green
triangles, A, [hexanol] =1 wt% and orange diamonds, ¢, [decanol] = 0.1 wt%. The
inset shows the structure factor S(Q) extracted from the fit of the same data in the
same colouring order of the main graph. Solid lines are fits to the core-shell model,
see Table 2. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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addition of 10 wt% ethanol, Fig. 2, is due to the reduction of the
number and/or the volume of the micelle and/or a change in the
interaction between the micelles via the structure factor. This
could be simply attributed to the fact that the ethanol/water mix-
ture solubilises the hydrophobic PPO core more than pure water
[36,37], changing the effective HLB of the surfactant. Support
(albeit indirect) arises from an interpretation of the micellar vol-
ume fraction parameter extracted from the Hayter-Penfold fit, in
that all attempts to describe the data with a volume fraction
greater than 0.05 (in essence, the mass fractions of the Pluronic
plus the solubilised alcohol) led to poor fits. It was concluded
therefore, that the ethanol displaces the water in the EO-rich shell,
thereby not significantly increasing the fraction of the micelle
bounded material.

By contrast, in the case of 1 wt% hexanol and 0.1 wt% decanol,
the scattering intensity at low Q increases reflecting the presence
of more and/or larger micelles as the hydrophobic alcohol is incor-
porated into the micellar core. Making the reasonable assumption
that the hydroxyl group is present at the core/corona interface to
maintain its hydration, the modelling shows that this drives the
formation of a larger micelle. The slight shift of the structure factor,
extracted from the fit (inset in Fig. 2) towards higher Q values is
indicative of the decreasing distance between the micelles associ-
ated with the increase in the micelle size. The key parameters,
extracted from the fitting, are listed in Table 2.

The SLD for the solvent (D,0O) was kept constant in the fitting
routine for most of the samples at 6.39 x 10°°A~2, but was
adjusted accordingly using the partitioning values extracted from
PGSE-NMR data analysis. For example, the samples containing
10 wt% ethanol, where PGSE-NMR has shown that 2.5% only
remains unbound in the solvent, the SLD of the solvent (D,0 and
some fraction of the h-ethanol) and the core (PPO and the remain-
ing fraction of h-ethanol) were included in the fitting routine based
on some simple assumptions; (i) all the ethanol partitions into the
core, (ii) all the ethanol partitions into the shell, (iii) some distribu-
tion of the ethanol between the core and the shell. For each simu-
lation, the SLD of the appropriate region was estimated based on
the composition, and this value is used as an input parameter
(“guess™) or occasionally held constant in the fitting routine.
Based on this analysis, we conclude that the majority of the etha-
nol is located in the shell of the micelle. PGSE-NMR has also shown
that both hexanol and decanol partition into the micelle, but in
these cases, due to their low concentration, the change in the sol-
vent SLD was negligible.

Table 2
Fitting parameters for 5 wt% P123 as a function of alcohol concentration at 25 °C
(from SANS and PGSE-NMR).

Alcohol concentration (wt%) Owt% 10 wt% 1wt% 0.1 wt%
Ethanol Hexanol Decanol
Core radius (1, A) 57 50 a: 160/ 60
b:55

Shell thickness (0.5, A) 14 13.5 - 13

Volume fraction of hard 0.05 0.05 0.05 0.05
spheres(+0.001)

Volume of the micelles 1500 1100 2100 1600
(nmg)v Vmic

Free alcohol fraction,pft, - 0.25 0.03 0
from NMR

Aggregation number, Nggg 110 60° 200 160
(5),

Micelles number density,n, ~ 3.5" 4.7 2.0 3.2
106 cm—3

2 Similar aggregation numbers for P123 with ethanol have been reported by
Jangher et al. [11], Alexander et al. [36] and Soni et al. [41].

> Micelles number density value is in good agreement with the values reported
by Manet et al. [42].

Fig. 2 also shows the effect of hexanol on the aggregation beha-
viour of the P123 micelle. Addition of 1wt% hexanol resulted in a
large increase in the scattering intensity at low Q. The linearity
observed in the low Q region is suggestive of the ellipsoidal
micelles [35,38]. Data fitting suggests the formation of prolate
ellipsoidal micelles with major axis of 160 A and a minor axis of
55 A. Key fitting parameters are listed in Table 2.

The material-balance equations, described by Slawecki et al.
[39] allow us to quantify the composition of the core and shell of
the P123 micelle in D,0 using the SANS data. There were 5-6
D,0 molecules per EO monomer in the shell. The aggregation num-
ber, 110 £ 5, is in good agreement with other reported values from
data previously fitted to the Pedersen model for Pluronics in solu-
tion [40] at the same polymer concentration and temperature,
5wt% [11,36]. Percentage of EO monomers inside the PO core
was found to be 2.96% which agrees with the simple understanding
of a core shell model, where both regions are well defined.

Self-diffusion coefficients obtained by PGSE-NMR were used to
determine values of pﬁ;, (free fraction of alcohol not solubilised
the micelles) as shown in Eq. (6). Applying the values obtained
for pf%'e to the mass balance equation, one may correct to a first
assumption that 50%, 15% and 3% of these micelle volumes are
the solubilised alcohols, giving an estimate of the aggregation
number of 60, 200 and 160 for micelles with ethanol, hexanol
and decanol respectively. These estimates of the aggregation num-
bers are entirely consistent with the measured P123 diffusion
rates.

Significant changes in micelle morphology are observed when
small molecule surfactants are added to the P123/alcohol systems.
Take for example the SDS case, on addition of 50 mM SDS to the
5 wt% P123 aqueous and alcohol/aqueous solutions, Fig. 3, SANS
data show significant loss in the scattering intensity and the emer-
gence of correlation peaks at higher Q values which together indi-
cates the formation of smaller, mixed, charged micelles.

Adding the SDS has resulted in the loss of the “bump” at
~0.09 A~'. The addition of the ethanol to the P123/SDS mixed
micelle led to a slight decrease in the scattering intensity with
no significant change in the position of the correlation peak. As
shown previously in Fig. 2, the hydrophobicity of the micellar core

100 A

N
o
1

Intensity, 1(Q)/cm™

0.1 4

0.01 0.1
Wavevector, Q/A™

Fig. 3. SANS from 5 wt% P123 solutions + 50 mM h-SDS as a function of alcohol
chain length; black circles, @, [alcohol] = 0 wt% and [h-SDS]=0 mM, red squares, H,
[alcohol] = 0 wt%, green triangles, A, [ethanol] =10 wt%, orange diamonds, @,
[hexanol] = 1 wt% and blue hexagons, @, [decanol] = 0.1 wt%. Solid lines correspond
to model fits as discussed in the text. Data above Q = 0.15 A~! have been omitted for
clarity. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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increases by increasing the hydrophobicity of the alcohols, evident
by the increase in the scattering intensity, along with a shift in the
correlation peak towards the lower Q region indicating the forma-
tion of larger aggregates, Table 3. The scattering from these mixed
micelles were fitted using a form factor describing the micelle as
an oblate ellipsoid with a charged structure factor as calculated
by Hayter and Penfold. The key parameters are listed in Table 3.

It is widely accepted that SDS absorbs into the PPO core as the
interaction between SDS and the hydrophobic PPO block of P123 is
stronger than that between SDS and the hydrophilic PEO block
where it renders the core less hydrophobic [15,16]. Jansson et al.
[43] showed that at low SDS/P123 mol ratios, the principle struc-
ture is a P123 micelle with co-micellised SDS. At higher
SDS/P123 mol ratios, P123 micelles are broken up, forming
SDS-rich micelles co-micellised with few P123 molecules.

One could envisage a situation where the bulkiness of the head
group of the small molecule or its charge density would control the
size and the hydration level of the mixed micelle, Table 4. SANS
data, Fig. 4 shows the effect of the head group size on the scattering
intensity. The mixed micelle aggregation number shows variations
with changing the small molecule surfactant charge. For the
P123/SDS system, the aggregation number decreases after adding
SDS to the block copolymer (Nagg=12+5) [11,15,16,44], which
is expected as the head group (SO4Na*) is forming small curved
surfaces, whereas in the P123/C;,TAB system, the C;,TAB
(N(CHs3)3Br™) is likely to be less charged where the degree of
counter-ion dissociation is less, hence the decrease in the curva-
ture and the formation of larger structures (Nagg =20 +5). Upon
introducing a non-ionic surfactant, Brij 35, there is a further
decrease in the charge which forms even bigger structures
(Nagg=25+5). For comparison, the dimensions expressed in
terms of the volume of the pure component micelles are; SDS-
35nm>? [19], C;,TAB-40nm> [45]; Brij-275nm> [46] whilst
P123-1500 nm?) (see Table 5).

Fig. 5 shows the variations in the scattering data at lower P123
and small molecule surfactant concentrations but at identical
P123/surfactant ratio and above CMCjixeq. Studying these systems
at lower concentrations yields more insight about the shape of the
aggregates formed and the nature of the interactions between the
surfactants. At low SDS concentrations, 5 mM, there is significantly

Table 3
SANS parameters for 5wt% P123-50 mM h-SDS as a function of alcohol
concentration.

Alcohol concentration owt% 10wtk 1wtk 0.1 wt%

(wt%/v) Ethanol Hexanol Decanol

Radius A, polar (0.5, A) 17 17 21 19

Radius B, equatorial (+1, A) 39 37 46 39

Volume fraction of hard 0.06 0.05 0.06 0.06
spheres (+0.001)

Volume of the micelles (nm?) 110 95 185 120

Mixed micelle aggregation 12 10 20 13
number (£5)

Micelles number density, n, 5.9 5.2 3.2 5.0
10" cm™3

Table 4
SANS parameters for 5 wt% P123 as a function of 50 mM h-surfactants in D,0.

Surfactant SDS C;,TAB Brij 35

Radius A, polar (0.5, A) 17 23 26

Radius B, equatorial (1, A) 39 45 45

Volume fraction of hard spheres (+0.001) 0.06 0.06 0.09

Volume of the micelles (nm?) 110 195 210

Mixed micelle aggregation number, +5 12 20 25

Micelles number density,n, 10'7 cm—> 59 3.1 43

100 4

Intensity,l(Q)/cm™

Wavevector, Q/A-1

Fig. 4. SANS from 5 wt% P123 solutions as a function of small molecule surfactant
head group size; black circles, ®, [surfactant]=0mM, red squares, M,
[h-SDS] = 50 mM, green triangles, A, [h-C;,TAB] =50 mM, orange diamonds, ¢,
[Brij 35] =50 mM. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Table 5
SANS parameters for 0.5 wt% P123 as a function of 5 mM h-surfactants in D,0.

Surfactant No SMS added C;,TAB Brij 35
Radius A (1, A) 57 42 23
Thickness/Radius B (1, A) 17 12 51
Volume fraction of hard spheres (+0.001) 0.005 0.005 0.01
Volume of the micelles (nm?) 1500 860 250
Micelles number density, n, 10'> cm™3 33 5.8 40
Mixed micelle aggregation number (+5)  130° 88 26

2 Result is in good agreement with Jangher et al. [11] and Bhattacharjee et al.
[26].

Intensity, 1(Q)/cm"1

o
=
L

Wavevector, Q/A-1

Fig. 5. SANS from 0.5 wt% P123 solutions as a function small molecule surfactant
head group size; black circles, ®, [surfactant]=0mM, red squares, WM,
[h-SDS] = 5 mM, green triangles, A, [h-C;,TAB] =5 mM, orange diamonds, ¢, [Brij
35] =5 mM. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

less scattering intensity indicating the presence of small, charged
micelles as a result of the strong adsorption of the SDS into the
PPO core and the synergistic interaction between SDS and P123.
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On increasing the head group size of the surfactant, i.e. C;,TAB, the
scattering intensity is recovered where the micelle also regains its
core-shell morphology demonstrating antagonistic interactions
between both surfactants. Upon a further increase in the head
group size; Brij 35, the scattering pattern adopts a slope of —2 at
high Q confirming the formation of a mixed oblate elliptical
micelle. The synergistic interactions between P123 and Brij 35 as
reported in earlier reports [47,48], occurs as both surfactants have
hydrated EO chains when in contact with water, which results in a
full miscibility of both surfactants in the mixed micelle. The antag-
onistic interactions between P123 and C;,TAB could be related to
two possible explanations. The first being the large size of the head
group where it shields the hydrophobic core, and suppress the
presence of the polymer at the hydrocarbon-water interface. The
second explanation is related to the electrostatic repulsion as a
result of a slight positive charge present on the polymer, originat-
ing from the protonation of the ether oxygen in the PEO chains
[49,50].

3.3. Determination of the micelle composition

Contrast variation experiments have also been used to separate
the scattering from the P123 and the small molecule surfactants;
the use of d-surfactants in D,0 renders them invisible. In the case
of h-P123/d-SDS/D,0, Fig. 6a, SDS is invisible and the scattering
intensity observed arises predominantly from P123. In the
h-P123/h-SDS/D,0 case, both surfactants are visible and hence
the stronger scattering intensity observed. h-P123/h-C;,TAB/D,0
system, Fig. 6b, shows a higher intensity profiles than the h-SDS
case and a signature of a structure adopting core-shell
morphology.

A crude estimate of the SDS and C;,TAB fraction (Vfsys) pre-
sented as o, within the aggregate could be extracted from the
SANS measurements without any data fitting from the ratio of
the scattering intensities, R(Q), obtained with h and d-surfactants
at the same composition, Eq. (4). For 0.5 wt% P123-5 mM SDS,
a(SDS)=31 (£5)% [11], and for 0.5wt% P123-5mM C;,TAB,
o(C12TAB) = 11 (£5)%.

These findings agree with the data extracted from the fitting
where SDS had the strongest interaction with P123 as discussed
earlier, and it forms up to 30% of the mixed micelle structure,
where in the weakest interaction case (P123-C;,TAB), the small
molecule surfactant makes up 11% only of the mixed micelle
structure.

10
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Intensity, 1(Q)/cm™

©
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0.01

Wave vector, Q/A-1

Fig. 6a. SANS from 0.5 wt% P123 and [5 mM h-SDS] = empty circles (O), [5 mM
d-SDS] = filled circles (@) in D,0.

Intensity, 1(Q)/cm™

4
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Wavevector, Q/A-1

Fig. 6b. SANS from 0.5 wt% P123 and [5 mM h-C;,TAB] = empty squares (OJ), [5 mM
d-C;,TAB] = filled squares (M) in D>0.

Drawing the same analysis to these systems in the presence of
alcohols, provides a further understanding to the role of the solvent
partitioning in controlling the interactions, Table 6. When 1 wt%
ethanol is added to the mixed system of C;,TAB and P123, the sub-
tle effect of ethanol becomes greater, yielding a higher C;,TAB frac-
tion (o(C12,TAB) = 35(+5)%) in comparison to the P123 + C;,TAB in
D,0 case, o(C;,TAB) = 11(5)%.

Adding ethanol with the same concentration to the P123 + SDS
system, (o(SDS)=28(+5)%), the P123 + SDS effect wins over the
effect of the ethanol, without showing any significant changes in
the SDS fraction.

The P123 + SDS effect still wins over the further increase in the
hydrophobicity of the alcohol, as the fraction of SDS does not
change significantly. However, the alcohols effect still wins over
the P123 + C;,TAB effect, where the fraction of C;,TAB shows a
noticeable change, Table 6.

The model developed by Nagarajan [51] and Nikas et al. [52] for
mixed, charged surfactant micelles allows us to frame the discus-
sion on the effect of the added alcohol on the mechanisms driving
the interactions in these systems. The model states that the free
energy of formation for mixed aggregates has a number of con-
tributing terms - the deformation of the surfactant tail as it con-
forms to packing requirements within the micellar core, the
energy of forming the aggregate core/solvent interface which
depends on the aggregation number and the presence of any alco-
hol, and a term that accounts for the headgroup interactions over
the micellar surface, again defined by the composition of this
region. Further terms must be included to account for the free
energy of the polymer, including any change in entropy induced
by the different packing of the polymer within the mixed micelle
compared to the pure micelle, plus any changes induced in the
interfacial energy terms due to the displacement of solvent by
polymer in the micellar shell.

Table 6
Mixed micelle composition in terms of small molecule surfactant fraction, o (+5)%, as
a function of alcohol concentration.

System description 0 wt% 1 wt% 0.1 wt% 0.01 wt%
alcohol ethanol hexanol decanol
0.5 wt% P123/5mM 31 28 30 31
SDS
0.5 wts P123/5mM 11 35 21 14
C1,TAB
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Making the assumption that the interfacial tension of the aggre-
gate core/continuous phase follows the same trend as the surface
tension of the bulk solution, the energy required to produce the
interface decreases on addition of alcohol, favouring micelle for-
mation - the CMCs of SDS and C;,TAB decrease with added alco-
hols. The term which considers the ionic headgroup interactions
is a complex one, which cannot be estimated simply. A number
of factors come into play in determining the energies of the head-
group interactions, including the dielectric constant, Debye length,
the radius of the micelle and the presence of the polymer. For
instance, the dielectric constant of the solution decreases in the
presence of alcohol, which in turn influences the various charge
effects such as counterion dissociation (hence the size and shape
of the micelle), changes in the level of hydration of the ethylene
oxide (EO) groups, as well as composition dependent micelle/
solvent interfacial tension. Work is on-going to identify and model
the magnitudes of these various effects, but a first step in this pro-
cess is the determination of the polymer/small molecule surfactant
micelle dimensions. It is hoped that this paper will stimulate fur-
ther effort on this area.

4. Conclusions

The effect of small molecule surfactants and alcohols on the
aggregation behaviour of Pluronic P123 has been widely studied
due to their extensive use in industry [1-7]. Aqueous/alcohol mix-
tures comprising the polymeric (Pluronic) surfactant P123, anionic
SDS, cationic C1,TAB and non-ionic Brij 35 have been characterised
by using tensiometry, PGSE-NMR and SANS. The results are pre-
sented firstly in terms of the ternary systems, (i) Interaction
between P123 in the presence of alcohols; (ii) Interaction P123 in
the presence of surfactants and (iii) The quaternary system.

4.1. Interaction between P123 in the presence of alcohols

The partitioning in the micelle has been quantified by
PGSE-NMR where it also shows that larger aggregates with slow
diffusion rates were formed after adding hexanol and decanol
and faster diffusing aggregates were formed after the addition of
ethanol. The partitioning is in good agreement with the literature
values [35,41].

The micelle size decreases with the addition of ethanol, but
increases with both hexanol and decanol. The micelle shape is
spherical in the absence of any alcohol, and interestingly, remains
so in the presence of ethanol and decanol, but forms prolate
micelles in the presence of hexanol. We suggest this is a balance
between the site and degree of alcohol solubilisation - ethanol is
located in the outer shell of the Pluronic micelle, the more
hydrophobic hexanol and decanol are solubilised into the core.

4.2. Interaction between P123 in the presence of surfactants

The scattering data clearly report on micelle disruption by the
small molecule surfactants. By comparing the relative changes in
the scattering profiles, we found that SDS has the strongest inter-
action with P123 [11,43], followed by Brij 35 and then C;,TAB
which showed the weakest interaction [49,50].

4.3. Interaction between P123 in the presence of both alcohols and
surfactants

The addition of the alcohols to the Pluronic/small molecule sur-
factant solution has introduced further changes to the mixed
micelle composition. The effects of the alcohol have been com-
pared with the effect of mixing the pure surfactants, in terms of

the micelle composition. For (the dilute) Pluronic/SDS cases, add-
ing the different alcohols has little effect on the micelle composi-
tion, suggesting that there is a strong interaction between SDS
and P123. For systems comprising P123 and C;,TAB, the C;,TAB
micelle mole fraction increases for all cases of alcohol, indicative
of a weaker interaction between the small molecule surfactant
and the Pluronic (consistent with the relative changes in CMC).

This work has allowed us to extend our understanding of the
interactions between different surfactants and will direct the
design of further experiments where more complex systems will
be investigated.
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1. Introduction

Surfactant solutions have been a subject of many investigations
[1-7]. Surfactants self-assemble in aqueous solutions to form a
wide variety of aggregated structures and many techniques have
been developed to study these structures, most based on determin-
ing the shape/size of the micelles formed, and their critical micelle
concentration. The latter gives an idea of the strength and nature of
the interaction between the surfactants in the solution. Here, sur-
face tension, fluorescence, small-angle neutron scattering (SANS),
pulsed-gradient spin-echo NMR (PGSE-NMR) spectroscopy and
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electron paramagnetic resonance spectroscopy (EPR) have been
employed to provide a detailed insight into one interesting system,
a mixture of a charged, hydrocarbon surfactant and a non-charged,
fluorocarbon surfactant.

Hydrocarbon surfactant micelle systems have been extensively
studied [3-6], however there are far fewer studies on fluorinated
and partially fluorinated surfactant micelles, even though the lat-
ter material possess many unique features, especially increased
surface activity and hydrophobicity [7-10]. The miscibility of
fluorocarbon and hydrocarbon surfactants often presents a chal-
lenge to formulation. In this study, we are concerned with the
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Fig. 1. (a) Surface tension measurements as a function of total concentration for (open triangles) acigrap = 1, (closed triangles) acieras =0, (0pen squares) ocierap =0.15, (open
diamonds) acieras =0.33, (closed squares) acigras =0.2, and (open circles) acigrag =0.5. (b) The critical micelle concentration, CMC, as a function of C;6TAB mole fraction
determined by pyrene solubilisation (open circles) and surface tension (closed circles). Literature CMC values for the pure surfactants are also plotted, (open triangles).
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of 16-DSE in C;4TAB/FSN-100 mixtures, as a function of C;¢TAB solution mole fraction at a total surfactant concentration of 20 mM (open triangles) and 50 mM (open circles).

aggregation of C;gTAB as the model hydrocarbon surfactant and 2. Materials and methods

FSN-100 as a model fluorocarbon surfactant; C;6TAB has been

well-characterised [3,11], whereas FSN-100 has been less well 2.1. Materials

studied, but interestingly, it exhibits two CMC values in aque-

ous solution, indicating a rather more complex micellisation Cetyltrimethyl ammonium bromide (C1¢TAB) and Zonyl FSN-
process [8,10]. 100 fluorosurfactant, 16-doxyl stearic acid methyl ester (16-DSE)
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Fig. 3. (a) Small angle neutron scattering as a function of C;sTAB mole fraction, (open triangles) acierag = 1, (closed triangles) acieras =0, (open circles) acigrap = 0.2. The solid
line represents the calculated numerical average of the two pure surfactant data sets, scaled to an appropriate concentration. (b) Small angle neutron scattering as a function
of C16TAB mole fraction, (open triangles) acisrap = 1, (closed triangles) acigrap =0, (closed squares) acigrag = 0.2, (open diamonds) acierag = 0.4, (open circles) acigrag = 0.6,
(stars) acigtas = 0.8. Fits are included as solid line. Data are offset by a factor of 3 for clarity.

spin-probe and pyrene fluorescent probe were purchased from
Sigma-Aldrich and used as received. The solvent was D,0 in the
SANS and PGSE-NMR, and deionized water in the surface ten-
sion, fluorescence and EPR measurements. Acetone (Aldrich) and
ethanol (Aldrich) were used as solvents for the stock pyrene and
16-DSE solutions.

2.2. Surface tension

Surface tension measurements were carried out at room tem-
perature and using LAUDA Drop Volume Tensiometer (TVT1). In
this instrument, the volume of a drop that detaches from a capil-
lary is determined. By increasing the volume of the drop, its weight
increases until it reaches a critical value at which it cannot be coun-
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terbalanced by the surface tension. The force balance at the drop
results in the following relation for the surface tension, Eq. (1).

o = VgApF/2mreap (1)

where o =interfacial tension, V=drop volume, g = acceleration con-
stant, Ap=difference of the densities of both adjacent phases,
F=correlation factor, and rc,p =radius of the capillary.

2.3. Fluorescence

All solutions have been prepared from stock solutions by
addition of surfactant stock solutions in distilled water to vials
containing the pyrene probe. The pyrene concentration was kept
constant at 2 x 106 M by addition of 0.01 ml of acetone containing
pyrene stock solution to empty glass vials and subsequent evap-
oration of the acetone before addition of the aqueous surfactant
solution. Photophysical data were obtained on a JobinYvon-Horiba
Fluorolog spectrometer fitted with a JY TBX photodetection mod-
ule. All spectra were recorded using an excitation wavelength of
340 nm. All samples have been measured at room temperature.
CMCs were determined by the breakpoints in the concentration
dependent ratio of the third to first vibronic peak, known as the
13/11 ratio.

2.4. Small-angle neutron scattering

The SANS measurements were performed as detailed previ-
ously [12] on the fixed-geometry, time-of-flight LOQ diffractometer
(ISIS Spallation Neutron Source, Oxfordshire, UK). All measure-
ments were carried out at 25°C. Experimental measuring times
were between 40 and 80 min. All scattering data were normalised
for the sample transmission and incident wavelength distribu-
tion, corrected for instrumental and sample backgrounds using
an empty quartz cell, and for the linearity and efficiency of the
detector response. The data were put onto an absolute scale using
a well-characterised partially-deuterated polystyrene-blend stan-
dard sample.

2.4.1. SANS data fitting and analysis
The intensity of scattered radiation, I (Q), as a function of the
wave-vector, Q, is given by;

Isur. (Q) = [S(Q)IF(Q)* + IF(Q)I* = IF(Q)I?] + Binc )

where in the case of a core-shell morphology F (Q)is represented
as,

F(Q)=V1(p1—p2)Fo(QR1)+ V2 (p2 — po)Fo (QRz). The first
term represents the scattering from the core (subscript 1)
and the second, the polar shell (subscript 2). V; :4/37TR13 and
Fo (QR) = 3j;(QR)/QR, (j; is the first-order spherical Bessel func-
tion). S(Q) represents the spatial arrangement of the micelles
in solution and n the micelle number density. p; is the neutron
scattering length density of the micellar core (subscript 1), the
polar shell (subscript 2) and the solvent (subscript 0). These
constants are combined into a single fittable parameter used to
“scale” the model intensity to the absolute value. Post-fitting, this
scalar is recalculated using the parameters describing the micelle
morphology/composition and the molar concentration of micelles
to validate the fit. The calculated and observed values should lie
within ~10%.

The model of the micelle adopted here is that of a charged
particle with an elliptical core-shell morphology. In the model
the average volume per headgroup average tail volume and their
average scattering length densities are input as constants, calcu-
lated assuming the composition of the micelle is the same as the
solution composition. For C1gTAB, pcisTaBhead =24 x 1076 A=2 and

volume 412 A3. For the FSN-100, pgsnhead =0.6 x 1076 A-2 and vol-
ume 2000 A3. The bromide ion dissociation in the C;5TAB case does
however, significantly affect the charge on the micelle and hence
the structure factor S(Q), a point we return to later in the discussion.
The average core scattering length density is also similarly calcu-
lated, with pcigraptail = —0-4 x 1076 A=2 and volume 460 A3 whereas
PrsNtail = 2.0 x 1076 A=2 and volume 295 A3.

The structure factor S(Q) was calculated using the Hayter and
Penfold [13] for spheres of a given micellar concentration, charge
and ionic strength, incorporating refinements for low volume frac-
tions and a penetrating ionic background. Various approaches to
parameterising the structure factor were adopted based on known
or measured estimates of the micelle size and surfactant concentra-
tion to calculate the hard sphere volume fraction, charge and Debye
length. We have shown that this method of calculating the structure
factor, which assumes spherical particles, remains valid for dilute,
isotropic samples of micelles with small degrees of ellipticity, as is
the case here [14,15].

For the SANS analysis, the hard sphere volume fraction was fixed
at 0.02, calculated from the total surfactant concentration (assum-
ing a mass density of 1gcm~3). Starting values for the charge (20)
and Debye length were estimated based on typical values for ionic
surfactants [14], and scaled according to C1gTAB mole fraction. The
S(Q) parameters were refined during the fitting process to obtain
the best fit parameters for P(Q).

The fitting of SANS data is insensitive to the headgroup region,
the shell comprising the various headgroups and associated water.
The prevailing shell scattering length density is calculated from
the average headgroup scattering length density and their hydra-
tion, given p = @water Pwater + (1 — @water) Pheadgroups- SINC€Pwater =
Viwater/ Vshell, the parameters Viater and Vipey are strongly coupled
and not amenable to fitting. We adopt the approach of fixing ¢water
at the EPR determined value that inter alia, defines the shell vol-
ume (thickness). The scattering length density of the hydrated shell
region is then (re-) calculated within the analysis software, based
on Qwater fwater- Hence, constraining this value eliminates the trial-
and-error aspectsrequired in previous work to find the overall “best
fit” value of @water fwater due to local minima in the least-squares
fits [14].

2.5. PGSE-NMR spectroscopy

Pulsed-Gradient Spin-Echo (PGSE-) NMR measurements were
performed on a Bruker AMX400 NMR spectrometer operating at
400MHz ('H) using a stimulated echo sequence. All the exper-
iments were run at 25°C using the standard heating/cooling
system of the spectrometer to an accuracy of 0.3 °C. All solutions
were prepared from stock solutions using D,0, and 0.6 ml were
transferred to 5mm o.d. NMR tubes (Willmad NMR tubes form
Sigma-Aldrich).

The self-diffusion coefficient, Ds, was deduced by fitting the
attenuation of the integral for a chosen peak to Eq. (3).

A(8,G, A) = Agexp(—k x Ds) (3)

where A is the signal intensity in the presence and absence (0) of the
field gradients, and k = —y2G2§2 (A - 8/3), where yis the magne-
togyric ratio, A the diffusion time, § the gradient pulse length, and
o the ramp time, and G is the gradient field strength [16].
Association and complexation processes can both be extracted
from an analysis of the self-diffusion coefficientsDs. In case of micel-
lization studies, the attenuation function observed in the 'H NMR
spectra corresponded to the methylene resonance associated to
—(CH;)x- of the inner part of the hydrocarbon chains related to the
broad peak between d=1.11-1.20 ppm and thus, reflects the time-
average population-weighted average mobility of the monomeric
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and micellized surfactant. In case of complexation, the attenuation
function was recorded from the peak corresponding to the methy-
lene in the spacer (singlet at d=5.36 ppm) and again, reflected the
time-average population-weighted average mobility of monomeric
and micellised surfactant.

2.6. EPR spectroscopy

To prepare samples for EPR, 16-DSE (0.01 M) was prepared by
dissolving the appropriate amount in 2ml of ethanol and then
0.02 ml of the solution transferred into a separate glass vial. After
allowing for ethanol evaporation, 1.0 ml of the sample was added
to the vial and mixed for at least 1 h to give a final spin-probe con-
centration at 2 x 1074#M and to ensure that the probe has been
incorporated into the micelle solutions.

Experimental details for the EPR measurements are also iden-
tical to those described previously [15] and only brief details are
repeated here. These non-degassed samples were sealed with a
gas-oxygen torch into melting point capillaries, which were housed
within a quartz EPR tube for the measurements. The temperature
was controlled to +0.2K by a Bruker Variable Temperature Unit
BVT 2000. Five spectra were taken at X-band on a Bruker ESP-300
spectrometer.

2.6.1. EPR lineshape fitting and analysis

The lineshapes were fitted to a Voigt approximation to separate
the Gaussian and Lorentzian components of the spectral lines and
to locate the resonance fields of the three EPR lines arising from the
nitroxide radical to a precision of a few mG. Rotational correlation
times are computed from the overall linewidth of the centre line
and the peak-to-peak heights of the three lines and corrected for
inhomogeneous broadening using the procedure outlined by Bales
[12,15].

The separation A+ of the low and centre lines (M; =+1 and M; =0)
is directly related to the polarity index H (25°C), defined as the
molar ratio of OH groups in a given volume relative to water (Eq.
(4)).H(25°C) therefore corresponds to the volume fraction of water
in the polar shell, fyqer, and may be used to constrain the SANS
fitting.

H(25°C) = (A+ - 14.21) /1.52 (4)
3. Results and discussion
3.1. Critical micelle concentration (CMC) determinations

Surface tension measurements have been carried out for a range
of solution compositions expressed as a function of C;5TAB (solu-
tion) mole fraction. The raw are included in Supplemental section
(Figs.S1 and S2), but representative data are included in Fig. 1a. The
two limits correspond to the single component species, for which
our CMC values (C;6TAB=0.8 x 10~%M, FSN-100=6.8 x 10~> M)
are in excellent agreement with literature ones [6,8], (Supple-
mental Fig. S1). FSN-100 shows two break points (6.8 x 107> M,
1.0 x 10-3 M) again as observed previously [8], these have previ-
ously been ascribed to pre-association and micellization processes.
As may be seen for FSN-100 rich mixtures, there are still two break
points, but at higher ac1g1ag, Only one prevails.

The CMC vs acigrap behaviour in Fig. 1b shows a number
of distinct features, in particular, significant regions where the
CMC is greater than would be predicted by an ideal mixing
approach. Therefore, there are specific interactions between the
two molecules, and these are strongly antagonistic. What is sur-
prising in this system is the presence of a region of apparent ideality
around 0.5 > acqg7ag > 0.7. Such increases in CMC, crucially to a con-
centration of one of the species to a value greater than its single

component CMC, as around 0.2 < oc167ag <0.4 emphasises a loss
of surfactant activity and the presence of a substantially differ-
ent micellization process. Clearly, further analysis of the micelle
composition and size/shape is warranted.

Surface tension detects changes in the surface composition,
which generally reflects the prevailing solution structure. To pro-
vide a contrasting measure of the CMC, pyrene solubilisation has
alsobeen used. The two curves show remarkable similarity (Fig. 1b),
indicating that there is indeed some unusual micellization process
occurring in this system.

3.2. Electron paramagnetic resonance spectroscopy (EPR)
measurements

In order to constrain various parameters in the analysis of
the scattering data (the next section), EPR was used to quantify
the hydration of the micelle headgroup region. The EPR tech-
nique introduces a very small amount of nitroxide free radical as
a spin probe (in this case, 16-DSE) into the micelle and by mea-
suring the hyperfine coupling constant, the micelle structure can
be estimated. The data in this experiment were also recorded at
two different total surfactant concentrations (20 mM and 50 mM)
to assess whether the micelle structure undergoes a significant
change with total concentration.

The hyperfine coupling constant from the EPR measurements
are plotted versus C1gTAB mole fraction in Fig. 2a. It is obvious
that there is a greater degree of water (52%) associated with the
FSN-100 headgroup, presumably because of the larger headgroup
providing a greater volume for water penetration. The C;gTAB is
a smaller, spherical structure and the predicted value for ¢y,q at
50 mM would be calculated from Eq. (5) is 0.30, in fair agreement
with the experimental value (0.32) (Table 1). Calculation of the
estimate for FSN-100 is less precise due to the uncertainty in the
headgroup structure, but again the calculated value (0.53) is in good
agreement with the experimental one (0.52).

(gn(R +oPX - gm@x) ~ Nags. Vcrns

- (5)

(b _ Vshell - Vheadgruups
H20 —
Vsnel (gn(R +oPX - gwmx)

The headgroup region of the cationic micelle is densely pop-
ulated with the spherical, cationic headgroups and accordingly,
the spin-probe will experience a relatively viscous environment
(Fig. 2b). By contrast the non-ionic micelle headgroup region will
be populated by fairly large, oligomeric sterically hindering head-
groups and accordingly, the spin-probe will also experience a
viscous environment. These features are not that sensitive to the
aggregation number.

For each cationic molecule (C1gTAB) that is removed from the
mixed headgroup region, by the mixing of the cationic and non-
ionic headgroups, there will be a change in amount of water
equivalent to the difference in the respective headgroup volumes,
consistent with the change in aggregation number. This is seen as
the largely linear dependence of hydration (Fig. 2a) as a function
of CTAB mole fraction. Interestingly, the spin-probe experiences
a more mobile, a less viscous environment (Fig. 2b), between the
two single surfactant extremes, as evidenced by the minimum in
the rotational correlation time, a minimum in the viscosity.

EPR experiment provides an additional characterisation of the
micelle via the rotational correlation time (t.) which is a measure
of the dynamics with the micelle and the micelle tumbling itself
(Fig. 2b).

The two single component micelles have a similar microvis-
cosity and there is a pronounced minimum in t.cross the entire
mole fraction range, consistent with a decrease in local viscosity
experienced by the probe.

It is customary to separate the dynamics of the spin probe
within the micelle 7gejative to that of the micelle itself Tpiceye in
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Table 1

Experimental values for volume fraction of water in the polar shell ($H,0) using EPR, in the single surfactant solutions and mixtures at two different total surfactant

concentration.

shell

C16TAB/M FSN-100/M Exp.die) 50 mM/(+ 0.2) Exp.dirsy (20 mM/(+0.2)
0 1 0.52 052
0.15 0.85 0.50 0.50
02 038 050 050
033 0.67 0.48 -
0.4 0.6 047 -
05 05 0.46 047
0.6 04 045 -
038 0.2 037 -
09 0.1 037 0.40
1 0 032 035

order to comment on the microviscosity of the headgroup region.
We use the SANS estimate of the size to obtain t;ceeto arrive at
TRelative» Which is over-plotted in Fig. 2b, for selected data points
[17]. Clearly, as expected, the T.gected has little impact on the
appearance. There is still a pronounced minimum in microviscosity
as a function of C;gTAB mole fraction.

The microviscosity does not show any obvious dependence of
Nagg as curvature, being largely defined by the numbers, and bulk-
iness of the headgroups, modulated by the prevailing degree of
hydration. There is a clearly an opposite influence of the smaller TAB
headgroup and the bulky, but hydrated ethylene oxide headgroup
of the FSN-100.

3.3. Small- angle neutron scattering (SANS) studies

One mechanism by which apparent antagonistic micellization
may occur is the coexistence of multiple types of micelles. There-
fore, SANS was carried out to test this hypothesis and to quantify
the size/shape of the micelles as a function of solution composition.

SANS measurements were performed on a single component
C16TAB and FSN-100 as well as selected C;gTAB/FSN-100 mixtures
at specific C;gTAB mole fractions, in order to detect micelle shape
and size corresponding to the features in the CMC plot. Fig. 3a illus-
trates the approach adopted to test the hypothesis that two micelle
types coexist. The figure shows the data from C;5TAB and FSN-100
alone, plus the measured data for ocigrag =0.2, where the CMC
shows a significant departure from ideality. The solid line repre-
sents the calculated numerical average of the two pure surfactant
data sets, scaled to an appropriate concentration. As can be seen
this calculated data set is not in agreement with the experimental
data for acqgrag =0.2. This clearly shows that we do not have two
populations of FSN and C;5TAB micelles, and therefore that mixed
micelles must be present. This has been demonstrated for other
sample compositions in Supplemental section (Figs. S3 and S4).

Fig. 3b shows the SANS data for the single components and
four mixtures. The scattering curves are a composite of the form
factor describing the size and the shape, and the structure factor
describing the electrostatic interaction between micelles.

The scattering from ionic surfactant micelles possess an oscil-
latory structure factor which will lead to reduction in intensity at
low Q and “bumps” at higher Q. These features are not expected in

Table 2

the scattering from a non-ionic micelle, at least at moderate con-
centrations. This simple interpretation accounts for many of the
gross features in the data, in particular, the most striking differ-
ence in the curve from FSN-100 compared with all other mixtures.
Expressed differently, once C;4TAB is added to the solution, the
micelles show less variance in structure, and more similarity with
the pure C1¢TAB. As predicted, the scattering intensity decreases at
low Q as the C;5TAB mole fraction increases, with shoulders around
Q=0.06 A becoming more pronounced.

Therefore, we conclude that coexisting population of pure
micelles do not exist, and the next challenge is to characterize, in
detail, the structure of the mixed micelles formed.

Considering the fit for the single component surfactant solu-
tions, the data have been fitted to a model describing the micelle
morphology as globular, with a varying degree of ionic character.
In both cases, constants have been applied to the analysis; specif-
ically, using the known chemical structure, concentration molar
volumes, dimensions and scattering length densities, in constrain-
ing with the known concentrations and the experimental values of
the degree of hydration from EPR (Table 1). The fitting parameters
that are allowed to freely float are the ellipticity, the charge and the
incoherent background.

From Table 2, describing the fit for the single components and
the mixtures parameters, reflect what is also evident from the data,
namely that the mixtures are strongly characterised by the ionic
C16TAB component. The aggregation numbers have been calculated
via equation (6), the ratio of the core volume divided by a simple
weighted value of the effective tail volume, this assumes that the
micelle composition is identical to the solution one. In addition, the
aggregation number of FSN-100 micelles is a little smaller than the
literature value [10], whereas C;sTAB micelle aggregation number
is in a good agreement with the literature one [18].

4 3
Vcore _ 3 TTRcoreX

Nigo =
R

(6)

- tail tail
actaBVag + (1 = o)crasVieN_100

where, Nagg. Is the aggregation number, X is the ellipticity, Rcore
is the core radius, Vi is the surfactant tail volume, Ve is the
surfactant core volume.

The model assumes a single micelle type and the success of this
approachin describing the data suggests that either a single micelle

Parameters describing the fits of SANS data from Cy6TAB, FSN-100, and their mixtures as a function of C;¢TAB mole fraction using a model that describes the micelle as a

globular elliptical with some ionic character.

C16TAB mole fraction Reore/A Shell thickness (+£5)/A Ellipticity, X Vi(ary)Vcore Nagg (%)
0 133 24 1.5 0.8 65
0.2 27.8 12 1.1 0.9 310
0.4 27.8 11 1.0 0.9 250
0.6 26.2 10 1.0 0.9 190
0.8 21.6 10 1.1 1.0 140
1.0 25.8 8.0 0.85 0.9 135
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type is indeed present or any coexisting population of micelles are
not substantially different. As a complimentary approach, PGSE-
NMR was employed to provide more information about micelle
structures.

3.4. PGSE- NMR spectroscopy studies

In this experiment, the measured diffusion coefficient is a
weighted value of the non-micellised and micellised components.
One would expect that if a coexisting micelle population were
present, coupled with varying levels of non-micellised surfactant,
the diffusion coefficient of the C;sTAB and FSN-100 would be quite
different. Clearly, they are not (Supplemental Fig. S5), again, con-
sistent with the SANS conclusion that these two surfactants mix,
further, the diffusion coefficient values are mutually comparable
consistent with the relative volumes of the respective micelles, also
suggest that the solution composition is the same as the micellar
one.

4. Conclusions

Mixed micelles of cationic C;gTAB and non-ionic FSN-100 sur-
factants have been studied by various techniques. The data show
that the two surfactants mix nonideally with CMCs higher than pre-
dicted for ideal mixtures whilst some concentrations show a degree
of ideality. This behaviour confirms that there is a substantially dif-
ferent micellization process across a range of compositions. It is
clear that from SANS data the mixed micelles are strongly charac-
terised by the C;sTAB component, and micelles have less variable in
structure when different amount of C;gTAB was added to the solu-
tion. With increasing C;¢TAB mole fraction, there is a reduction in
the amount of water present in the headgroup region. Furthermore,
combining resulted data from several techniques has been used to
conduct a full picture of the micellar system of C;3TAB, FSN-100
and their mixtures.
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