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Abstract

The work presented in this thesis focuses primarily on aqueous dispersions of 2—-dimensional carbon
nanomaterials, surfactants, and synergistic effects between the two. The carbon nanomaterials
investigated in this work are two oxidised analogues of graphene, known as graphene oxide and
reduced graphene oxide. These materials feature the atomically thin carbon lattice of graphene,
however, it is functionalised with oxygen groups that render the materials hydrophilic, and
thus dispersible in water. Surfactants are incorporated into aqueous dispersions of these carbon
nanomaterials as a facile means to induce specific colloidal effects, such as particle flocculation and

adsorption at interfaces.

The experiments to unpick the complex relationships between surface chemistry, intermolecular
interactions, self-assembly and interfacial thermodynamics for these systems involved a broad
combination of experimental techniques, including small-angle scattering measurements for the
analysis of bulk properties, and a combination of reflectivity and tensiometry measurements to
interrogate interfacial properties. Imaging techniques such as atomic force microscopy and optical
microscopy were also exploited for characterisation purposes. These techniques and their foundational

theory are discussed in Chapter 3.

The first results chapter (Chapter 4), presents a novel method for controlling the dispersion of
graphene oxide and reduced graphene oxide sheets in aqueous solution using light. The method
utilises an oppositely charged, photo-switchable surfactant molecule that readily adheres to the
surfaces of the sheets, causing them to aggregate. The system can then be irradiated with ultraviolet
light, inducing a structural change in the adsorbed surfactant molecules that renders them more
water soluble. A significant proportion of the surfactants subsequently desorb from the sheets,
allowing them to redisperse. The method is completely reversible, as blue light can then be used to

recapture the sheets.

Chapter 5 explores the physical basis for achieving spontaneous adsorption of graphene oxide
sheets at the air—water interface. This effect occurs synergistically by using a cationic surfactant
at ideal ratios with graphene oxide. Adsorption of the surfactant to the sheets results in a surface
active composite that readily locates at the air—water interface over time. The surfactant used is
photo-responsive, providing a mechanistic probe for conflating surfactant chemistry with interfacial
activity. The system is also capable of stabilising oil-in—water emulsions, with much higher efficiency

than either component independently.

A comprehensive study combining a broad array of structurally diverse surfactant and polymer
compounds with aqueous dispersions of graphene oxide and reduced graphene oxide is presented in
Chapter 6. The approach provides a systematic overview of how various compounds that differ in
key chemical aspects will interact with these materials in a bulk aqueous phase. In systems where
surfactant adsorption occurs, evidence of sheet flattening in solution is apparent from the scattering

data, an effect dubbed ‘nano-ironing’. Polymer adsorption to these materials appeared to be more
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entropic in origin compared to the surfactants, favouring interaction with reduced graphene oxide

over graphene oxide to minimise solvent interactions.

The final results chapter (Chapter 7) presents the optimisation of a method for capturing graphene
oxide sheets from aqueous solution by froth flotation. A common cationic surfactant is first deployed
to cause aggregation of the sheets by neutralising their surface charge, and increasing their surface
activity. Ultrasonication is then performed to generate bubbles in the solution that the surfactant-
coated sheets can adhere to, causing them to separate in the form of a concentrated foam or froth

above the bulk solution.

The Appendices present an additional theme that is tangential to the main theme of the thesis.
The theme concerns the self-assembly of two zwitterionic betaine surfactants that spontaneously
form viscoelastic wormlike micelles in solution, and how this structure as well as the properties of
the fluid change when exposed to a variety of scientifically (and industrially) relevant additives. In
Appendix A, the betaine surfactant is mixed with a series of oils, salts and (co-)surfactants, yielding
a rich array of nanostructures including disks, spheres and rods, and even vesicles and branched
wormlike networks. The final structure is hypothesised to be dictated by the specific partitioning of
the additive within the micellar structure. In Appendix B, a more systematic study investigating
changes in the self-assembly and rheology of a slightly shorter chain betaine surfactant in response
to a series of organic additives is shown. Again, the specific partitioning of the additives within
the micelles is key with regards to the internal structure. However, significant differences in fluid
viscosity are also observed when polar additives with resonance stabilising effects were incorporated,
believed to stem from intermolecular interactions between the surfactant and additive that inhibit

the ability of the micelles to break apart and reform.
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Chapter 1

Introduction

1.1 2D carbon nanomaterials

Atomically thin layers of carbon, or ‘graphene’ as they are now better known, have become a
subject of intense interest since their discovery and isolation more than a decade ago.!'? This
sheet-like substrate comes from the very cheap and naturally occurring material graphite, which
is a 3-dimensional assembly of stacked carbon monolayers;® each of these single layers can be
considered a single sheet of graphene, and can be obtained by various methods,? most commonly
the mechanical exfoliation of graphite® and chemical vapour deposition,® both of which are low
yielding. Graphene is almost entirely composed of sp? hybridised carbon atoms arranged in a planar,
honeycomb lattice (Fig. 1.1). As a result of this bonding geometry and surface-wide delocalisation
of electrons, graphene sheets possess extraordinarily high mechanical strength and conductivity.?
These properties make graphene an extremely appealing material for many applications including

electronics, energy storage and composite materials.> 78

However, graphene is extremely hydrophobic, and hence it aggregates in water without the aid
of surfactant or polymer stabilisers.” !> This makes its handling, processing and use in aqueous
systems considerably less practical, as the stabilisers not only increase the expense, but can also
inhibit the action of the sheets themselves. Thus, alternatives to pure graphene are required if
2-dimensional materials are to be practical candidates for solution-based applications.'*15 Such
alternative materials include colloidal suspensions of graphene oxide (GO) and reduced graphene

oxide (rGO), both of which are derivatives of graphene (Fig. 1.1), and dispersible in water.'%17

Graphene oxide is usually produced by the aggressive oxidation of graphite flakes in concentrated
sulfuric acid using potassium permanganate, a process known commonly as the Hummers method.'®
The resultant product is similar to graphene in that it has an underlying sheet-like carbon structure,
however the carbon sheet is functionalised with polar, oxygen-containing groups. These take the form
of carboxylic acid groups located around the periphery of the sheets, and epoxy and hydroxy groups
that appear on the basal plain.!??° These groups make GO sheets much more hydrophilic than
graphene, and give the sheets a large negative surface charge through deprotonation of the periphery

carboxylic acid groups.?"2? Therefore GO readily disperses in water and has an enhanced stability

13



Graphene

Graphene oxide (GO) Reduced graphene oxide (rGO)

Figure 1.1: Exemplar structures of graphene, graphene oxide (GO) and reduced graphene oxide

(rGO).

against flocculation through electrostatic repulsion between sheets. The conductive properties
of graphene are mostly removed by these changes, although electrical conductivity is often not
required in aqueous processing. Thus, GO has its own unique set of potential applications in

2527 and biosensing,'® for which conductivity is

water treatment,?>?* stabilisation of interfaces
non-essential. Reduced graphene oxide is also a useful and promising material that can exist as
a stable aqueous dispersion, and is obtained by the reduction of GO.?"2® During reduction, a
significant proportion of the oxygen functionality is removed, and the resultant product occupies an
intermediate state between graphene and GO. Therefore, without added stabilisers, pure rGO is not
as stable in water as pure GO. However, due to the restoration of aromaticity on the basal plain,
it is much more electrically conductive than GO, and thus is considered to be a viable route to
the large scale production of graphene-like materials through chemical exfoliation.?? GO and rGO
are the central carbon nanomaterials used in this project, and are synthesised using the modified
Hummers’ method that was published by Marcano and co-workers for GO,?° and the hydrazine

reduction method by Li and co-workers to reduce GO into rGO.?!

1.2 Surfactants

Surface active agents or surfactants present another class of material that are of great interest
to the field of physical chemistry due to the unique set of properties they exhibit in solution.
Their high capacity for adsorbing at interfaces, as well as their ability to self-assemble into a
diverse variety of molecular aggregates or micelles, make surfactants extremely useful in applications

associated with stabilisation, encapsulation and nanoscale templating.?! Hence, there is constant
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drive to develop and understand new and improved systems exploiting their properties. The
key characteristic underpinning the behaviour of these molecules is their amphiphilic structure.
Surfactants possess a hydrophilic head-group, and a hydrophobic tail-group (Fig. 1.2). Therefore,
when dissolved in aqueous solution, their adsorption at the interface, be it solid-liquid (i.e. particle—
water), liquid-liquid (i.e. oil-water) or gas-liquid (i.e. air-water), is often energetically favoured
(spontaneous) because the interface allows the surfactant to minimise solvent interactions with their
hydrophobic regions, lowering the interfacial free energy of the system.3?33 Surfactants therefore
have a thermodynamic drive to interact with materials in solution to yield interesting and potentially

useful noncovalent composite materials that spontaneously self-assemble.

Surfactants are typically classed as being cationic, anionic, nonionic or zwitterionic depending on the
nature of the their head-groups (Fig. 1.2), and the introduction of branching or additional carbons to
their tail-groups offers a means to alter their hydrophobicity.3* Therefore, by systematically altering
their key physical characteristics, surfactants provide an almost unlimited library of molecules for
exploring and understanding molecular interactions and self-assembly with a specific material. This
not only provides key chemical insight into the nature and behaviour of the material itself, but also
the ability to tailor and optimise composite systems towards a particular application, mediated by

the choice of surfactant.

Cationic o Anionic

Zwitterionic

OJ\>N+\/\/E\“/\/\/\/\=/\/\/\/\

(o)

Figure 1.2: Exemplar structures of a cationic surfactant (dodecyltrimethylammonium bromide),
anionic surfactant (sodium dodecyl sulphate), nonionic surfactant (Triton X-100) and zwitterionic
surfactant (oleyl amidopropyl betaine) used in this project. The hydrophilic head-groups are shown
in green and hydrophobic tail-groups in red.

1.2.1 Photoswitchable surfactants

An interesting subset of surfactants are so-called photoswitchable surfactant molecules. Due to
the incorporation of a photo-responsive chromophore such as azobenzene, these molecules can

undergo reversible structural reconfigurations, often between a trans and cis geometric isomer,
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depending on the specific illumination conditions.?® For surfactants with these functional groups
incorporated into their tail-groups, this isomerisation is accompanied by marked changes in surfactant
properties, such as altered surface activity and aggregate morphologies, due to the significant
difference in dipole moment between the two isomers.363® This light-induced isomerisation is shown
for a well known cationic photosurfactant, azoTAB (Fig. 1.3), which is used in this project to
enable in situ, photo-responsive control of aqueous GO and rGO dispersions in bulk solution and
at interfaces. Photosurfactants have the added advantage of serving as mechanistic probes for
adsorption phenomena in colloidal systems, as the substantial differences in the physical properties
for the two isomers provides a well-defined reference point for understanding the predominant

chemical interactions that dictate the overall behaviour of a given system.

trans isomer
0.4D

CMC ~1mM
N
|
Blue light 0NN

Br
35D lUV light
CMC ~2mM

N/
D Y SN
Br~

cis isomer

Figure 1.3: Chemical structure of butyl-phenyl-4-diazeno-4-butoxyphenyltrimethylammonium
bromide (azoTAB) and its reversible photo-induced isomerisation between the trans and cis isomers.

1.3 Surface activity of 2D carbon nanomaterials

GO and rGO, like surfactant molecules, are thought of as having amphiphilic structures in which
the periphery of the sheets are hydrophilic, and the basal plain is hydrophobic.3%4? This structural
characteristic to some extent explains why GO is able to locate at interfaces and stabilise oil-in-water
emulsions.?S However, the stability of such emulsions has been found to be strongly pH dependent,
with adsorption of the sheets only occurring when driven by intense sonication or sparging,?”4? and
not significantly impacting interfacial tension.*! In this regard, GO can be thought to be behaving
as a particle, as surfactant adsorption at the interface generally occurs spontaneously without the

need for the external input of energy.

Therefore, the major theme of this thesis involves the incorporation of surfactants with GO and
rGO materials, with the goal of not only gaining a deeper understanding of the bulk and interfacial

behaviour of aqueous GO and rGO dispersions, but also to develop new and effective, interfacially
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active composite materials that synergistically enhance the unique advantages of both GO and
surfactants, overcoming the limitations of each material on their own. The surface activity of
these carbon nanomaterials and how this can be modulated is discussed in detail in the proceeding

chapter.
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Chapter 2

Literature review — Interfacial
properties of graphene oxide:

surfactant or particle?

Graphene oxide (GO) is a two-dimensional material that can be obtained by the oxidation of
graphite.!®30 Research surrounding this material surged after the discovery of graphene,? as GO
was posited to offer a chemical route to scalable graphene production.*?> However, GO itself has
also received considerable research interest due to its own unique properties. The main property
for focused discussion in this review is the amphiphilic nature of GO, and how this relates to its
ability to act as a stabiliser. Several in depth reviews that report on this topic have already been
published.*** However, although GO is clearly capable of stabilising interfaces of various types,
there is little consensus on the underlying thermodynamics, with many literature sources claiming
that GO is surfactant-like in nature, and others stating that it is a Pickering or particle-type
stabiliser. Therefore, this short review aims to highlight and discuss the key literature surrounding
the colloidal and interfacial properties of aqueous GO dispersions, and address whether the material
is more akin to a surfactant or a particle from a fundamental perspective, isolating the possible

reasons for the apparently conflicting results seen in the extant literature.

2.1 Graphene oxide chemistry: variability and aqueous dispersibility

The most commonly accepted structure of GO sheets is a continuous and atomically thin, two-
dimensional array of carbon atoms that is functionalised with epoxy and hydroxy groups on the
carbon basal plain, and carboxy groups around the edges.?%46 As a significant proportion of the
basal plain is believed to still comprise sp? carbon domains,*” these regions of the sheets are thought
to be relatively hydrophobic, whereas the highly acidic edge regions are proposed to be hydrophilic.4°

Therefore, GO is considered to have an amphiphilic structure.?6:40,44

There are several well known synthetic procedures for oxidising bulk graphite to produce GO.%°

The Hummers method is the most commonly used today, and involves reacting natural graphite
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flakes in a mixture of concentrated sulfuric acid and potassium permanganate.'’® Marcano and
co-workers developed a modified version of Hummers’ method that includes a tenth proportion
of concentrated phosphoric acid by volume in addition, and this is seen to improve the oxidation
process.?0 The interlayer spacing between sheets increases as a result of the oxidation process,
resulting in a material commonly called graphite oxide, and water can then be used to exfoliate
individual sheets of GO from this into an aqueous dispersion.*® Due to the variety of chemical
procedures for synthesising GO and the numerous sources of graphite starting materials available, it
can be difficult to make comparisons between many studies with GO, as there is often a high degree
of chemical variability between GO products.?® The key factors that affect the properties of GO,
especially as an aqueous dispersion, are the lateral sizes of the sheets, their level of oxidation and

purity of the dispersion, particularly from small (<200 Da), highly oxidised organic fragments.

The dispersibility of GO and rGO in water has mostly been attributed to its strongly charged nature,
which arises from deprotonation of the peripheral carboxylic acid groups.?"??> The surprisingly
low pK, of these acidic functionalities means that GO retains a negative charge to low pH values.
However, its stability in water is still pH dependent, with highly acidic conditions (pH<1 for
GO) causing the material to aggregate due to protonation, and thus charge neutralisation of the
carboxylate groups.?”% Both GO and rGO exhibit negative zeta potentials in water (Fig. 2.1),
however the difference in magnitude between the zeta potential of GO and rGO is not hugely
significant. Therefore, the differences in their surface charging characteristics does not fully explain
the vast differences in dispersibility observed for GO and rGO in water. For instance, GO can
form stable hydrogels of concentrations as high as 60 mg/mL.%! Following GO reduction with
hydrazine and elevated temperature, the reduced graphene oxide (rGO) suspension is only stable at
concentrations below 0.5 mg/mL.?! Therefore, given the substantial difference in dispersion capacity
for the two materials, the level of oxidation and thus hydrophilicity of the materials is clearly also a
significant contributor to the dispersion of these materials. GO has a substantially higher oxygen

content than rGO, and is therefore much more readily processable in aqueous media.

Another important consideration surrounding GO aqueous stability is the ionic strength of the
solution. Some studies have shown the tendency of GO and rGO to aggregate in the presence of salt
in accordance with classical DLVO theory and the Schulze-Hardy rule.’> > DLVO theory describes
the colloidal stability of particles as a balance between attractive Van der Waals forces and repulsive
electrical double-layer forces that the particles experience when dispersed.?®®® Therefore, when
electrolytes are introduced to the dispersion, the surface charge of the particles becomes shielded and
the electrical double-layer compresses, allowing shorter range attractive Van der Waals interactions
to dominate, causing the particles to aggregate. In addition, the Schulze-Hardy rule states that
the destabilisation of the system by salt is modulated by the counter-ion and its valency;*%% for
GO and rGO the counterions are the cations present in the system. Chowdhury and co-workers
measured the critical coagulation concentrations of 0.01 mg/mL GO at pH 5.5 to be 44 mM with
NaCl and 0.9 mM with CaCly.?® For rGO, the critical coagulation concentration with NaCl was

estimated at 30 mM.?* These are all characteristic of colloidal ‘particles’, and the two-dimensional
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Figure 2.1: (a) Zeta potentials of aqueous GO and chemically converted graphene (rGO) dispersions
from Li et al.?! Reproduced with permission from the Nature Publishing Group. (b) Zeta potentials

of aqueous GO and rGO dispersions from Konkena et al.?> Reproduced with permission from ACS
Publications.

morphology of GO and rGO is believed to add further aid to their aqueous dispersion.®?

Again, it is important to note that an individual batch of GO or rGO can exhibit highly different
chemical variability from the next.*>4” The degree of oxidation for both materials is highly dependent
on reaction conditions such as temperature, reaction time, and amount of oxidant/reductant added.
Therefore, the pH and salt dependent stability of both GO and rGO materials used in one study can
change drastically from those used in another study, and therefore may not be valid for comparison.
A consistent method for charactertising and comparing separate batches of graphene oxides will

thus be essential for the clear understanding and development of these materials.

An alternate perspective on the dispersion of GO in water is the influence of so-called ‘oxidative
debris’. This term is used to describe small structures or ‘fragments’ of highly oxidised carbon
materials (similar to GO), that noncovalently adsorb to the GO surfaces and facilitate their dispersion
by rendering the sheets hydrophilic (Fig. 2.2).°° Washing the GO with base (pH>12) can then
remove the oxidative debris by dissolution, leaving a much darker dispersion of only slightly oxidised
and unstable GO.5! Strangely however, this effect could not be reversed by readjusting the solution
back to neutral conditions. Other studies have attributed the deoxygenation of GO in strongly basic

conditions to chemical reactions that result in the formation of COq (i.e. reduction).5%63

As the syntheses for GO materials include significant quantities of concentrated acids and oxidising
agents, these results emphasise the importance of adequate workup procedures to ensure as much of
the spectator ions or additional products such as oxidative debris are removed as possible. Residual
contaminants clearly can have significant impacts on the dispersion behaviour of GO, and only add
to the difficulty of deciphering the relationship between the highly variable chemical functionality of
GO samples that arise from the various preparation routes and starting materials, along with the

complex physical chemistry of aqueous GO dispersions.
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Figure 2.2: (a) Schematic of a GO sheet with adsorbed chunks of stabilising oxidative debris.
Reproduced with permission from Wiley Online Library.6°

2.2 Graphene oxide interfacial activity

The interfacial and stabilising capabilities of GO are now well known, with much of the pioneering
work coming from the group of Jiaxing Huang at Northwestern University.?%4? The main justification
put forward for this behaviour is that GO sheets are amphiphilic, in a similar fashion to surfactant

44,64 This amphiphilicity is

molecules, and as such their adsorption at interfaces is spontaneous.
considered to be tunable according to three key factors: sheet size, pH and oxidation. Smaller
sheets are considered more hydrophilic because they have a larger edge to plain ratio.5> Conversely,
protonated sheets at low pH and reduced GO sheets are considered more hydrophobic because of

their lower charge densities.%*

Furthermore, at high concentrations (>10 mg/mL), GO has been found to form liquid crystals, a
unique form of self-assembly caused by preferential alignment of the sheets in solution due to volume

exclusion or reduced configurational entropy effects.66-68

Due to the large lateral polydispersity
of GO sheets and their unusual structure, consistently sized aggregates or ‘micelles’ are not really
feasible, and therefore nematic liquid crystals are the only type of self-assembly that has reliably been
observed for GO. This behaviour indicates a more particle-like system again, as many anisotropic
particles are known to form liquid crystalline phases without aggregating into typical molecular

(surfactant-like) self-assembly structures such as micelles.

Thus far, despite GO’s amphiphilic nature and ability to locate at interfaces, evidence indicates
behaviour dominated by particle-like characteristics. Due to its large size, the adsorption of GO at
interfaces is less reversible than is typical for molecular surfactants. This is because the energy input
required to detach or desorb large particles from interfaces is significantly higher than for small
molecules, which constantly redissolve in the bulk solution in a dynamic equilibrium. The additional
adsorption energy for particles would be amplified even more for high aspect ratio materials such
as GO, a concept familiar from the literature on stabilisation of emulsions by clay platelets. In

addition, solid particles do not have to be amphiphilic in order to adsorb at interfaces.®® GO is not
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like Janus particles, which have very clearly defined regions with opposing chemical characteristics.
Even though the basal plain of GO is considered hydrophobic due to small pockets of aromatic
carbon groups, the chemical composition is mostly homogeneous in terms of oxygen functionality.
Therefore, the surface activity of GO more feasibly originates from the much greater minimum
energy required to detach particles from interfaces, which increases dramatically with particle size.

This is more akin to a two-dimensional analogue of a patchy particle.

Furthermore, the liquid crystalline character of GO can be justified by the considerable concentrations
necessary for the aggregation to take effect, rather than the self-assembly of amphiphilic materials.
At sufficiently high concentrations, the sheets are forced to align due to the dense packing in solution:
a particle-like behaviour. Also, much larger sheets have been found to form liquid crystals more

readily by promoting interactions between sheet faces.”0 !

2.2.1 Air-liquid interfaces

Kim and co-workers have shown a method for facilitating the enrichment of GO sheets at the
air-water interface by sparging the dispersion with gas bubbles (Fig. 2.3).4° Ny and COs were used
to similar outcomes, whereby the microscopic bubbles produced by blowing the gas through fritted
glass collected the GO sheets as a flotation process, depositing them at the macroscopic air—water
interface above. The authors claim that the GO sheets would locate at the interface slowly over
time, however due to their large size regimes, diffusion to the interface would be very slow and the

sparging process was simply employed to accelerate their deposition.

Figure 2.3: (a) Schematic of GO sheets enriching at the air—water interface when sparging with
gas bubbles. (b) Brewster-angle microscopy images of the surface of a GO dispersion before and
after sparging with gas bubbles. The bright spots are believed to be GO sheets. Reproduced with
permission from ACS Publications.**

We show later in this thesis however, that GO sheets are too hydrophilic and too strongly charged to
spontaneously adsorb at the air—water interface, and thus posit that in the work described above, air—
water film deposition of GO would not have occurred without the sparging step. Furthermore, Kim
et al. performed surface pressure measurements by compressing the air-water interface between two

barriers and recorded significant increases in surface pressure after the sparging step.? This indicates
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irreversible particle adsorption at the interface, as molecular surfactants tend to re-equilibrate back
into the bulk solution during compression because of their small desorption energy, resulting in a
zero surface pressure effect. In spite of this fact, the authors state that GO adsorption at interfaces

mimics that of molecular amphiphiles.

More recent work has provided additional insight into the adsorption of GO at the gas—liquid
interfaces.”” Bonatout and co-workers observed assembly of GO at the air-water interface by X-ray
reflectivity with increasing surface pressure conditions, claiming adsorption to be spontaneous.”
Measurements were conducted over 5 hours using commercial GO (Sigma), making it difficult to
know the exact properties and purity of the material due to unknown workup procedures. Therefore,
adsorption of the sheets at the interface may have been affected by solvent evaporation over the

long measurement time and potentially impurities in the suspension.

Deposition of rGO thin films has also been reported at the air—water interface by incorporating
background salt to screen charge repulsions, indicating that affinity of these materials at the interface
is tied with their dispersion stability.” Interestingly, unlike GO, rGO has been found not to exhibit
surface pressure effects, believed to be due to the reduced oxygen functionality allowing sheets to
slide over one another because of weaker interactions between sheets.” These recent findings further

support the particle-like behaviour for GO and rGO.

2.2.2 Liquid—liquid interfaces

GO can also effectively accumulate at liquid-liquid interfaces to stabilise oil-in-water emulsions.
This phenomenon was also first noted by Huang’s group using GO to stabilise toluene droplets in
water (Fig. 2.4a-g).26 The attributed surfactant properties of GO are again credited with causing
adsorption of the sheets at the oil-water interface.?643 However, the emulsions were claimed to
be stable for a number of months, corresponding to especially high kinetic stability, not typically
observed for surfactant stabilised emulsions (aside from thermodynamically stable microemulsions).
The emulsions are thus considered to be particle stabilised or Pickering emulsions,”®”” which tend to
much more stable against coalescence due to the higher energies associated with particle desorption
from interfaces, and reduced potential for ripening due to interfacial jamming of particles.%? The

authors claim that in these instances, GO is behaving as a ‘colloidal surfactant’.

A large number of additional studies have been conducted on GO stabilised Pickering emulsions,
exploring factors such as pH,%” sonication” and oil phase polarity.” The dispersed phase can also
be reversed using rGO to form water-in-oil emulsions.?? In the case of pH, emulsification of the
oil has been consistently found to occur more readily in extremely acidic conditions (Fig. 2.4h).27
At pH values around 1, the strong negative surface charge of GO is diminished due to protonation
of the carboxyl groups, and as a result, the material can pack at the interface much more densely
because the interparticle repulsions between sheets are minimised. This has been stated as rendering

26,44, 64

the GO sheets more amphiphilic, increasing their affinity for the oil-water interface. However,

an alternative explanation for the pH dependent stability of GO stabilised emulsions is that the
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low pH conditions simply lower the hydrophilicity of the sheets, and hence they partition to the

interface more readily than when the sheets are strongly charged.

U s o s o e e

Figure 2.4: (a-g) Oil-in—water emulsions made using different concentrations of aqueous GO
dispersion.20 (h) Oil-in—water emulsions generated by vigorous manual shaking of 0.5 mL of toluene
and 0.5 mL of aqueous GO dispersion at different pH values.?” Adapted with permission from ACS
Publications. The oil is toluene in all samples.

The behaviour of GO at liquid interfaces is clearly particulate in nature (Pickering type), and not
surfactant-like, given that emulsions with GO have unprecedented long-term stability and cannot
be phase separated by conventional methods. These features clearly stem from the much stronger
affinity of particles at interfaces. Furthermore, optical microscopy images of GO stabilised emulsion
droplets show large proportions of non-spherical droplets.?”"® Molecular surfactants do not form
non-spherical emulsion droplets due to interfacial forces,®' however, large, anisotropic particles at
the interface are more rigid, and can deform the drop boundaries.®>”" These results again point

towards particle, not surfactant properties for GO behaviour at interfaces.

A method for spontaneously enriching GO sheets at oil-water interfaces has been achieved by using

8284 Tp these experiments, a

surface active polymers to render the sheets more interfacially active.
series of diblock copolymers are solubilised in the oil phase, and rapidly adsorb to the interface with
aqueous GO dispersion and lower the interfacial tension. The GO sheets then interact favourably with
the adsorbed polymer chains and coassemble at the interface to form a film composite. Extraction of

82,83

the aqueous phase causes the interface to buckle (Fig. 2.5), confirming particle-type adsorption

at the interface. Conceptually similar methods for enriching GO at interfaces are explored in this
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Figure 2.5: Buckling of an aqueous GO pendant drop in a toluene continuous phase upon reducing
the drop volume after synergistic adsorption of polymer and GO has occurred at the interface.
Reproduced with permission from ACS Publications.??

thesis using molecular surfactants. Here however, the two materials are both dissolved/dispersed in

the aqueous phase and examined at the air—water interface as well as the oil-water interface.

2.3 Concluding remarks

The path towards understanding the colloidal and interfacial behaviour of aqueous GO dispersions
has seen tremendous progress over the past decade, with numerous breakthrough systems and
methods for exploiting GO in the stabilisation of interfaces. A fundamental description of GO that
properly categorises and explains the true behaviour of the material is still, we believe, elusive.
The current body of literature ascribes molecular surfactant-like characteristics to GO sheets, in
order to justify their interfacial properties. Through the work in this thesis, we will show that GO
behaves as a colloidal particle, and the key question concerning this material should be not ‘is GO
a surfactant or particle?’ but rather ‘in what size regimes does GO behave as a particle, and when

does it behave as a molecule?’
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Chapter 3
Instrumental methodology

In this chapter, descriptions of the major instrumental techniques and their foundational theory are

detailed. Only techniques used extensively in the project are discussed.

3.1 Bulk scattering techniques

3.1.1 Small and ultra-small-angle neutron scattering

Small-angle neutron scattering (SANS) is an experimental technique for analysing the internal
structure of materials based on their interaction with, and subsequent scattering of a neutron beam
(Fig. 3.1). In a SANS measurement, the incident beam trajectory is perpendicular to the sample
(transmission mode), and neutrons scattered by the sample are captured by a position-sensitive
detector, and represented as bright spots on the resulting transduced image of the detector. The
angle at which the neutrons are scattered in relation to the incident beam is characteristic of the
spacing between and orientation of atoms in the sample. Therefore, SANS can be used to determine

the size and shape of particles in dispersion, typically between 1 and 100 nm.®

For a SANS measurement to be meaningful, the wavelength of the incident neutrons must be
smaller than the structures of interest. The nuclei of these structures then essentially can be seen as
point scatterers, and an interference (scattering) pattern is captured by the detector that sums the
constructive (in phase) and destructive (out of phase) interference from all nuclei in the structures.
To account for the wavelength of the incident radiation, the intensity of the scattered neutrons is

typically presented as a function of the momentum transfer or scattering vector, ¢, where:

AT . 0
= —Ssln — .
4= %y

Therefore, the scattering angle, 8, and thus the distances within the sample structure are measured
relative to the wavelength of the incident neutrons, A. The scattering vector is an inverse length

scale (A~1), therefore scattering intensity at lower ¢ values represents larger objects or features.

The extent to which materials scatter radiation is relative to their respective scattering length

densities (SLD). In order to distinguish (contrast) the substrate of interest within a sample, its SLD
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must be sufficiently different from that of its surroundings (i.e. the solvent). Neutrons interact
with the nuclei of atoms, opposed to X-rays which interact with their electron clouds. Therefore,
small-angle scattering experiments performed with neutrons can provide very different insight on
the internal structure of materials compared to an equivalent experiment with X—rays. The neutron
SLD of a molecule or material is dependent on the sum of the neutron scattering lengths (b;) for

the atoms present:
n

S

SLD = =1
Vin

where n is the number of atoms and V,, is the molecular or material volume. The scattering

length density for X-rays is calculated similarly, however rather than using the neutron scattering
length (b;) of a given element, one must instead multiply its atomic number by the radius of
an electron. Neutrons are especially useful for characterising soft matter systems because of the
large difference in neutron scattering length between hydrogen and deuterium (—3.74 and 6.67 fm
respectively). The incoherent scattering cross section of hydrogen is significantly larger than its
coherent scattering cross section, meaning its scattering often counteracts that of the adjacent
carbon, oxygen or nitrogen atom (all of which have positive neutron scattering lenths). Hence, by
selectively substituting hydrogenous components of a sample with their deuterated analogues, it is
possible to control the neutron contrast; this method is known as contrast variation. In this work,

solvent HoO was replaced with DoO for SANS samples to provide contrast.

Curtain detectors
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Figure 3.1: Schematic of a small angle neutron scattering measurement. The detector setup is
representative of Bilby, the time-of-flight SANS instrument at ANSTO which features 4 curtain
detectors in addition to the main rear detector to achieve a large simultaneous g-range. In relation
to the schematic, the derivation of the scattering vector, ¢, is shown in the upper right.

In order to obtain a one-dimensional scattering profile (Fig. 3.2b) from a detector image (Fig. 3.2a),

the data contained within a detector image must be reduced. During this process, the measured
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counts per pixel on the detector as scattered by the sample are radially averaged to produce absolute
intensity profiles. After this, they are then corrected against the neutron wavelength, an empty beam
transmission measurement, and a blocked beam scattering measurement. The sample scattering
is normalised against the sample transmission so that intensities are consistent, irrespective of

measurement time or sample thickness.
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Figure 3.2: (a) A hypothetical two-dimensional detector image produced from a SANS
measurement. Scattering is radially isotropic, and a beam stop is positioned in the center of
the main detector to absorb transmitted neutrons. (b) A one-dimensional scattering profile obtained
from a detector image by reduction of the raw scattering counts.

The SANS instruments used in this project were Bilby®0 and Quokka,?” located at the Australian
Centre for Neutron Scattering, Australian Nuclear Science and Technology Organisation (ANSTO).
Bilby is a time-of-flight SANS instrument that utilises a range of wavelengths (2-20 A in this
project) to yield a large simultaneous g-range, and higher data resolution compared to conventional,
monochromated SANS. Scattering profiles obtained from Bilby are thus an average across some
or all of the wavelengths used. Bilby also includes 4 curtain detectors in addition to the main
detector (Fig. 3.1), which allows the full g-range to be obtained simultaneously. This is achieved by
positioning the main detector far from the sample (18 m) to increase the spacing between small
scattering angles (large length scales), while the curtain detectors are positioned nearer to the
sample (3 and 4 m) to capture neutrons scattered at large angles (small length scales). Quokka is
a monochromatic SANS instrument that utilises a velocity selector to filter neutrons of a specific
wavelength (5 A in this project). Quokka has a single, main detector, and therefore sample scattering
must be measured at multiple detector positions (typically 2 and 14 m in this work) in order to
obtain a broad ¢-range. For both Bilby and Quokka, the detectors are kept under vacuum in large

tanks to minimise scattering from air molecules.

In principle, ultra-small-angle neutron scattering (USANS) is treated the same as SANS in terms of
scattering theory, however it extends the length scale offered by SANS well into the micrometer

regime (up to 10 um). In order to access these extremely low ¢ values, a significantly different
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instrument geometry is required (Fig. 3.3a). USANS measurements presented in this work were

performed using the Kookaburra beamlime at ANSTQ.%8 8

Pre-monochromator
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Figure 3.3: (a) Schematic of the key instrumentation and neutron path for Kookaburra, the
USANS instrument at ANSTO. (b) Combined SANS and USANS scattering data for the same
sample of GO and CTAB surfactant shown in Figure 3.2b.

Kookaburra is a Bonse-Hart diffractometer.?® The instrument is designed to channel neutrons with
ultra-precise wavelength, and includes a premonochromator made from highly oriented pyrolytic
graphite (HOPG), which selectively reflects neutrons approximately 4.74 and 2.37 A in wavelength,
according to its first and second order Bragg reflections respectively. The neutron wavelength used
in this work was 4.74 A, which provides a higher beam intensity than 2.37 Aand thus is more
suitable for weakly scattering samples. The beam then passes through another monochromator
comprising a quintuple array of defect-free, channel-cut Si crystals (Si(111) for 4.74 A neutrons),
before interacting with the sample (Fig. 3.3a). A second array of identical crystals serves to analyse
the small-angle scattering from the sample, by rotating with ultra-high precision to produce a
so-called ‘rocking curve’. Scattering onto the detector is therefore obtained at fixed angles, and can

be translated into the scattering vector (gq).

The size and shape of a particle is predicted from the form factor of the scattering profile,”! denoted
as P(q), which in turn is determined from the scattering pattern on the detector (Fig. 3.2a). The
slope of the form factor in the Guinier region (low ¢) is usually determined by the overall size of the
particles.”> The Porod region (high ¢) typically contains the information about the surface.? %4
Concentrated systems may also exhibit a structure factor, S(g), in which the interactions between
particles become significant.”® In these instances, the scattering pattern may show an additional
peak, characteristic of a particular (favoured) separation. Using the ¢ value at the maximum of this

peak, qpeqk, the associated distance, d, can be calculated using Bragg’s Law:

2T

Apeak

d:
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The scattering intensity after the structure factor peak may decrease at lower ¢ values if the particles
are experiencing repulsive interactions. However, if the interactions are attractive, the particles may
aggregate into larger structures, and the intensity at low ¢ will continue to increase. Modelling
a structure factor also allows determination of the volume fraction of the particles in dispersion,
which relates to the magnitude of the scattering intensity. Therefore, when modelling SANS data
without a significant structure factor, an arbitrary scale factor is instead applied to the form factor
to allow the model to match the intensities obtained from the measurement. Therefore, the general

equation for a scattering profile, I(q), is given by:
I(q) = Scalefactor x P(q)S(q) + background

in which the scale factor equals 1 if S(q) is non-negligible (i.e. deviates significantly from 1).
Coupling particle interactions and orientations (the structure factor) for non-spherical particles
becomes significantly more complex, and as such, the above equation is applicable for spherical
particles. The background is a small scattering contribution from the empty cell and solvent, and
can be subtracted prior to modelling. Form factors in this work were deduced by microscopy for
GO and rGO, and literature results for surfactant systems. Structure factor contributions observed
for charged systems were modelled using the Hayter—Penfold mean spherical approximation.?6-100
An example scattering profile measured using SANS is shown in Figure 3.2b. The structure factor

peak originates from a large background concentration of cationic CTAB micelles.

Samples for SANS and USANS in this work were a combination of surfactant solutions and aqueous
GO or rGO dispersions in D2O. Samples were analysed in 2 and 1 mm pathlength quartz cells for
SANS and USANS respectively. Modelling of scattering data was performed using the software
‘SasView’ (http://www.sasview.org). For all scattering profiles presented throughout this work, solid
symbols represent the raw experimental scattering data, and solid lines are model fits generated
as described in the text. Specific model details and fitting parameters used are described in the
supplementary sections of each results chapter. In all instances, the scattering from either an
empty cell or DoO was subtracted from each data set prior to modelling. Before USANS data
can be combined with SANS data, they must be desmeared, which is a data manipulation process
that accounts for instrument geometry. This was achieved using a specially developed Igor Pro

package. 01

3.1.2 Dynamic and phase analysis light scattering

Light scattering techniques can be used for determining the size of particles in a colloidal suspension
as well as their zeta potential based on their interactions with light. Dynamic light scattering (DLS)
or quasi-elastic light scattering is used for measuring the average size of particles in a dispersion
by detecting fluctuations in the intensity of light scattered by the sample as a function of time.!%?
A laser is directed at the sample and the detector is positioned at a fixed angle in relation to the
incident beam. An angle of 90° is the most conventional because it avoids bias towards certain

particles sizes (Fig. 3.4a).
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Figure 3.4: (a) Schematic of dynamic light scattering from particles in aqueous dispersion measured
at 90°. (b) Temporal fluctuations in scattering intensity for a particle dispersion in liquid. (c)
Exemplar autocorrelation functions exhibited by small (red) and large (blue) particles. The black
lines are models fit to the data.

The fluctuations in scattering intensity (I) occur due to the random diffusion (Brownian motion)
of the particles in dispersion, which causes the number of photons reaching the detector to vary
with time as particles diffuse into and out of the illuminated area, changing their intensities (Fig.
3.4b). The variability in these fluctuations over time is much greater for smaller particles due to
their faster movement by diffusion, and therefore, the decay times for these fluctuations relate to
the diffusion rates and by extension, size. As a result, a correlation (C(7)) between the average
scattered intensity of the particles over increasing time intervals (1) can be made.l% This is known
as an autocorrelation function (Fig. 3.4c), and can be modelled to calculate the particle diffusion
coefficient, D:

C(r) = exp_2Dq2T

where ¢ is the scattering vector or momentum transfer as with SANS, however when using light as

the radiation source the refractive index of the suspending liquid, n, must also be accounted for:

dmn . 0
= —sin—
1= 7N
The diffusion coefficient can then be translated into the effective particle diameter using the

Stokes—Einstein equation:
kT

B 6mn Ry

where kp is Boltzmann’s constant, 7" is absolute temperature (K), 7 is the solvent viscosity and Ry
is the hydrodynamic radius of the particles. This approximation is for spherical particles, although
is believed to work well for colloidal GO and rGO sheets according to a corroborative TEM study;'%4
however, the relationship between the diameter of a sphere and diameter of the platelets in this

study is not quite 1:1 so should be interpreted with caution.
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Scattering intensity increases substantially with particle size according to the power law, dS.
Therefore, solvents must be filtered to remove dust and other large particles that will essentially
dominate the scattering. In addition, samples must be sufficiently dilute so that detected photons are

105 Fyrthermore,

from single scattering events, as multiply scattered photons yield inaccurate results.
sample dilution minimises interparticle attractive interactions which can misleadingly increase
measured particle sizes. A series of sample concentrations should be analysed to account for
these effects by observing where the effective particle diameter for the suspension does not vary
significantly while still maintaining an adequate signal to noise ratio. Hence, further experiments

can then be conducted at optimal particle loadings.

Phase analysis light scattering (PALS) can be used to the measure zeta potential of particles in
dispersion, giving an approximation of their surface charge. The technique is similar in principle to
DLS, however the particles are subjected to an electric field that influences their mobility rather
than purely Brownian motion (Fig. 3.5a), and the scattered light is detected in the forward direction
as a phase shift (Fig. 3.5¢).1% The origin of particle surface charging in solution resides in the
formation of the electrical double layer (Fig. 3.5b). A particle acquires surface charge typically as a
result of ionisation of surface groups by protonation/deprotonation reactions, or due to adsorption
of charged species such as ions or ionic molecules.”® Both phenomena are relevant for aqueous
dispersions of GO and rGO with surfactants. Counter-ions then adsorb to the surface to form a
tightly-bound layer known as the Stern layer. A diffuse layer of ions (predominately counter-ions)
then locate near the Stern layer within a so-called slipping plane (Fig. 3.5b). The Stern layer and
diffuse layer before the slipping plane are collectively known as the electrical double layer. Zeta

potential is measured at the slipping plane (Fig. 3.5b), hence why it is considered an approximation.

-v +ve Electrical double layer

[

PALS Stern Zeta 0 02 04 06 08 1
electrode layer potential Time /s

Particle surface T

aseyd snoanbe j|ng
Phase / radians

Figure 3.5: (a) Schematic of a PALS electrode immersed in aqueous solution and migration of the
particles towards the oppositely charged electrode. (b) Schematic of the electrical double layer for a
negatively charged particle in water. (¢) Hypothetical phase analysis data showing the phase shift
over time for a particle suspension as a results of an applied alternating electric field. The black
line represents the model fit to the data.

The phase change over time of the scattered light (Fig. 3.5c), Q(t), relates to the mobility of
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the particles in response to an alternating electric field, E(t), allowing determination of their

electrophoretic mobility, ug:

Q) — Q(0) = Aqup /0 B(t') dt

where A is the amplitude of the scattered light and ¢ is the scattering vector. A sinusoidal field was
applied for all PALS measurements in this project. The electrophoretic mobility can then be used
to calculate zeta potential, ¢, using the Smoluchowski equation:

Ve C €

NEZE "

where vg is the electrophoretic velocity, E is the electric field strength, € is the dielectric constant
of the suspending liquid (water) and 7 is its viscosity. The Smoluchowski equation is applicable to
large particles where the size of the electrical double layer is small by comparison to the particle
radius (i.e. GO and rGO sheets).
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Figure 3.6: Dynamic light scattering data (a) and phase analysis light scattering data (b) for GO
and rGO at different values of pH.

DLS and PALS measurements in this project were performed using a Brookhaven Nanobrook
Omni with a laser wavelength of 640 nm. All samples comprised GO or rGO with surfactants,
and were measured as aqueous suspensions in 1 cm pathlength polystyrene cuvettes. Ultrapure
water was syringe filtered (0.2 pum) for all DLS samples, and individual measurements consisted of
five, 2 minute runs from which the average was determined. For PALS, a palladium electrode was
carefully immersed in the solution so as not to introduce bubbles. Then, each measurement involved
five consecutive runs comprising at least 20 phase cycles. Again, the average of each run was taken
as the final data point. All DLS and PALS measurements were conducted at 25°C. Figure 3.6
shows DLS and PALS data for GO and rGO, obtained using a spherical particle model to determine

effective diameter, and the Smoluchowski model for calculating zeta potentials.
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3.2 Surface techniques

3.2.1 Pendant drop tensiometry

Pendant drop tensiometry is a technique for determining the surface or interfacial tension of liquids
by analysis of their drop profiles. A measurement is performed by suspending a drop from the end
of a blunt needle of accurately known diameter (Fig. 3.7a). A light source and diffuser enhance
the contrast by creating a silhouette of the drop, after which a high resolution image of the drop is
captured by a digital camera. The image can then be iteratively modelled with the Young-Laplace

equation to calculate the surface tension:

1 1
+ )

AP = y(—
1 T2

where AP is the pressure difference across the curved surface, 1 and 79 are the two radii of the

deformed drop and ~ is the surface or interfacial tension tension.

a I Dispensing system (e.g. syringe)

_Blunt ended needle (cannula)

@ Drop - To computer
Figure 3.7: (a) Schematic of the experimental setup for pendant drop tensiometry. (b) Drop profile

image with key input parameters and iterative fit for the boundaries. Adapted with permission
107
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from Elsevier.

The surface tension of a liquid arises from the reduced opportunity for stabilising interactions of the
molecules at the surface, compared to those in the bulk. Therefore, liquids surrounded by air (or
another immiscible fluid) tend to form a spherical (droplet) shape to minimise these interactions by
reducing their surface area. In order to achieve accurate results, the pendant drop method relies on
adequate deformation of a suspended droplet under gravity to counter-balance the effects of surface
tension.!%” Therefore, gravity serves as the test (applied) force for determining surface tension by
this method, and the drop must be of sufficient volume for the effect of gravity to be significant
(Fig. 3.7b). The Laplace pressure across the interface (AP) is determined with reference to the
hydrostatic pressure, which is the density difference (Ap) between the drop phase, pg, and the
continuous phase, p, multiplied by a gravitational constant. In this work, these media were water
and air respectively, and the densities are specified in the fitting algorithm prior to measurement. In
addition, an accurate value for the diameter of the needle is required in order to spatially calibrate

the imaging system (Fig. 3.7b). Then, by specifying the needle region in the image (Fig. 3.7b), the
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software is able to calibrate pixels with length, allowing simultaneous determination of the drop
radii (r; and rg), volume and surface area. This process is repeated for a number of images over the

course of a measurement to obtain dynamic interfacial tension data. (Fig. 3.8).
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Figure 3.8: Exemplar dynamic surface tension data for a sample of GO and azoTAB. The insets
show the change in shape of the drop over time as the surfactant coated sheets adsorb at the surface.

In this work, tensiometry measurements were performed at room temperature (ca. 25°C) using
a custom-made pendant drop setup with a CMOS camera (Flea3, Point Grey, Richmond, BC,
Canada). All measurements were conducted in air, with the drop contained inside a cuvette to
minimize evaporation. Drop analysis was completed using OpenDrop software.!%” All pendant drop
measurements were performed for a sufficient time to achieve equilibration at the interface (i.e.

where further surface tension changes were insignificant).

3.2.2 X-ray reflectivity

X-ray reflectivity (XRR) is a surface scattering technique for examining the physical and structural
characteristics of thin films and interfaces. Scattering in reflection mode differs from bulk scattering
in that detection occurs only at the angle of incidence (Fig. 3.9), representative of specular reflectivity
(R). This minimises errors caused by surface roughness (deviations in height or thickness of the
reflective layer). To penetrate the sample layer at different depths, the angle of the incident beam is
altered during a measurement. Thus, to ensure reflectivity is measured at specular angles only, the
scattering vector (@) must be treated differently than for bulk scattering to account for the x and y
vectors, in addition to the z vector. Reflectivity is therefore represented as the ratio between the

intensity of the reflected beam at specular angles, I(Q), and the intensity of the incident beam, Ij:

2 —a?— .
r-1Q _ ¢ m‘%_(g)
b g.-Ve-g¢-iB

where ¢, is the critical scattering vector below which the X-ray beam is fully reflected, B is the

absorption coefficient which relates to the density of the surface layer, and ¢ is the root-mean-square
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roughness of the film.

X-rays interact with the electron clouds of atoms, and therefore the scattering power of materials
tends to increase with atomic number (electron density), providing very different contrast to
neutrons.'% The reflectivity measurements performed in this work were of surfactant and GO /surfactant
composites at the air—water interface (Fig. 3.9). Therefore, X-rays were used instead of neutrons
because they provide better contrast for surfactant tails in air, which have a similar neutron

scattering length density (ca. 0 A=2).
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Figure 3.9: Schematic of a reflectivity measurement on the air—water interface for a GO /surfactant
system.

The specular reflectivity of a surface or interface depends on three key parameters: thickness,
roughness and scattering length density. Hence, all can be determined by modelling the reflectivity
data (Fig. 3.10a). The modelling can also distinguish layers within a film if their scattering length
densities are sufficiently different. The data in Figure 3.10a have been fit with a three layer model;
the collective thickness of these layers is approximately 4.5 nm, presumed to comprise a layer of
surfactant tails in air, graphene oxide, and then adsorbed surfactants lying down on the sheets
in solution (Fig. 3.9). For especially thin films (<5 nm) as observed in this work, displaying the
data on a RQ* axis, rather than a log R axis helps to accentuate features in the scattering such
as fringes (Fig. 3.10a). Modelling the data can also be performed to produce a scattering length
density profile (Fig. 3.10b), providing a map of the interface based on the scattering length densities
of each layer within the film. For Figure 3.10b, the plateaus at 0 and 9.35x10~¢ A~2 represent the
scattering length densities of air and water respectively, either side of the surface film. For XRR
measurements, the scattering length density axis can be converted to electron density by dividing

by the radius of an electron.

Surface roughness is a key factor influencing the quality of reflectivity data. Rough surfaces cause
diffuse reflectivity (reflection at non-specular angles) which significantly reduces the strength of
the specular signal and decreases fringe resolution.'?? 110 Therefore, overly rough surfaces are not

suited to reflectivity measurements and must be optimised. Diffuse scattering measured by the
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Figure 3.10: (a) XRR data and model fit for a sample of 0.1 mg/mL GO and 0.2 mM OAPB
surfactant. (b) The corresponding scattering length density profile determined from the model.

detector was partially accounted for by subtracting a background reflectivity curve measured with

the detector at a slightly higher angle than the incident X-ray beam.

All XRR measurements were obtained from GO and surfactant systems at the air—water interface,
and performed using a PANanalytical X-Pert PRO reflectometer (high tension = 45 kV, current =
40 mA) with a radiation wavelength (Cu-K,) of 0.15418 nm. Measurements times were typically
60 minutes at 30°C, during which the incident angle was increased from approximately 0.01 to
0.7 A1 (¢ range). Samples were contained in Langmuir troughs within a closed environment to
minimize evaporation. All reflectivity data was modelled using MOTOFIT,!!! a reflectivity analysis

software package run within the IGOR Pro environment.

3.3 Imaging techniques

3.3.1 Atomic force microscopy

Atomic force microscopy (AFM) is a surface reconstruction technique used to generate topographical
‘images’ of materials, and measure associated forces and mechanical properties.''?> The AFM
exploits the interactions or contact of an atomically sharp tip with a sample surface in order to
generate high-resolution reconstructions (‘images’), and therefore can be used on both conducting
and insulating surfaces, unlike its predecessor the scanning tunnelling microscope.'!3 The tip is
attached to the end of a flexible cantilever that bends in response to the forces it experiences,
generally reflecting changes in surface height (Fig. 3.11a). A piezoelectric actuator rasters the

cantilever and tip across a specified area of the sample surface with sub-nanometer precision.

The reflection of a laser from the back of the cantilever near the tip into a position-sensitive detector
serves as an optical sensor for detecting displacement of the cantilever (Fig. 3.11a), and triggers
complementary responses from the piezoelectric actuator in the z direction. This feedback loop

relieves strain from the back of the cantilever and maintains a constant force between the tip and
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Figure 3.11: (a) Schematic of atomic force microscopy imaging setup. (b) AFM height image of
GO sheets dried onto mica. (c¢) The corresponding height profile for the blue cross section shown in
the image.

sample surface.'™ Changes in the position of the z-piezo are controlled by applied voltages, hence
this electrical input translates to the topographic information for creating a 3—dimensional or height
image. Data is usually represented using a colour gradient to describe differences in sample height
for a given image (Fig. 3.11b,c). AFM can also be used for determining surface forces for a variety
of systems (force spectroscopy) through controlled tip interactions with the substrate,311% however,

these types of measurements were not performed in this work.

AFM is most commonly performed in one of three imaging modes: contact mode, tapping mode or
non-contact mode. Alternating contact or ‘tapping’ mode relies on supplying the cantilever with
a sinusoidal oscillation near its measured resonant frequency to cause vibration of the cantilever.
The tip is then allowed to tap the surface of the sample, offering a gentler approach to imaging
materials compared to contact mode, which involves the tip remaining in constant contact with
the surface.!'4 16 In non-contact mode, the tip remains a few nanometers above the surface to
experience attractive van der Waals forces that are detected for constructing an image. These forces
are substantially weaker than those experienced by the tip during the contact imaging modes.'!”
Hence, non-contact mode is the least commonly used mode of imaging due to its associated technical

challenges.

Since the AFM tip directly probes the surface of a sample to generate images, the tip interactions with
the surface can also give insight on the physical nature of the sample, such as its softness/hardness

(phase imaging). In this process, the AFM measures the phase difference between the supplied
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oscillation at the back of the cantilever and the measured oscillation at the tip, giving information
on how the supplied energy is dissipated by the surface material (elastically or inelastically). The
set-point value, which relates to the strength of the force by which the tip pushes against the sample
surface, must be optimised in order to obtain significant phase contrast between materials.''® In
tapping mode, lower set-point values correspond to stronger forces or firmer pressing of the tip
against the sample surface. An example height image of rGO and its corresponding phase image are
shown in Figure 3.12. Two distinct sheet-like structures are observed in the height image, however
in the phase image the non-porous sheet is almost unnoticeable, implying it is much harder and

likely composed of a different material to the porous sheet.

Height image Phase image

2.32 nm 8.02 deg

0 deg

Figure 3.12: AFM height image and corresponding phase image of rGO dried onto mica.

The AFM instrument utilised in this work was a JPK NanoWizard 3, and was used primarily for
imaging and characterising the morphology and lateral size distribution of the synthesized GO and
rGO materials, as well as providing evidence of surfactant or polymer adsorption on these materials.
All imaging was performed in tapping mode using Bruker NCHV model cantilevers, with resonant
frequencies around 340 kHz, and spring constants between 20 and 80 N/m. The spring constant
describes the stiffness or rigidity of the cantilever, and is an essential quantity when performing force
measurements. Image areas varied from sub-micron to tens of microns depending on sample nature,
and imaging parameters such as set-point value, line rate, and gain (piezo response) were optimised
to obtain the highest resolution possible at 512x512 pixels. Samples for AFM were prepared by

spin-coating a small aliquot of dilute aqueous dispersions of the materials on mica (ProSciTech).

Processing of images to optimise their clarity and obtain height profiles was performed using the
JPK Data Processing software, and involved the subtraction of a polynomial background (no greater
than second order) from each scan line independently to achieve a consistently flat background for
each image. Lateral dimensions for GO and rGO sheets were measured using the software package
Gwyddion (http://gwyddion.net).*t?

39



3.4 Spectroscopic techniques

3.4.1 Ultraviolet—visible spectrophotometry

Ultraviolet—visible spectrophotometry is a molecular spectroscopy technique that measures the
absorption of light by an analyte solution in the ultraviolet (UV) and visible regions of the
electromagnetic spectrum. Conventional instrumentation includes a light source, a monochromator
for controlling wavelength, a sample port and a photo-detector (Fig. 3.13a). The photons that
reach the detector (transmitted intensity, I) are compared to the photons emitted from the light
source (incident intensity, Ip). The photons absorbed can then be related to the concentration of
the sample with Beer’s law:!20

I
A:log70:ecl

where A is the absorbance, € is the molar extinction coefficient, [ is the cell pathlength and c is the

analyte concentration.
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Figure 3.13: (a) Simple schematic of a spectrophotometry measurement for a solution of azoTAB
in the trans configuration. (b) UV spectra of trans azoTAB at different concentrations, with
annotations of the electronic excitations associated with each absorption band. (c¢) An approximate
molecular orbtial energy diagram for the excitations of azobenzene. The two non-bonding orbitals
(n1 and ng) correspond to the lone pairs on the azo nitrogens.?® For simplicity, the non-bonding
orbitals for the oxygen atom have been omitted.

The absorption of light typically results in excitations of bonding and non-bonding electrons into
higher energy orbitals. Therefore spectrophotometry provides insight into bond types and functional
groups within a sample.'?! An example of these absorption bands and their corresponding electronic
excitations are shown for trans azoTAB solutions (Fig. 3.13a,b). Absorption bands occur at shorter
(higher energy) wavelengths for larger energy gaps between orbitals, hence the o — ¢* transition is

assigned to the shortest wavelength absorption band (Fig. 3.13b,c).

UV-visible spectrophotometry measurements in this work were performed using a Cary 60 instrument
from Agilent Technologies. The technique was used to characterise the optical properties of GO and
rGO, monitor transitions between trans and cis azoTAB, create calibration curves and determine

adsorption isotherms for surfactants on GO and rGO sheets. Measurements were typically performed
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across the wavelength range of 200-800 nm in 1 cm pathlength quartz cuvettes. To account for
loss of beam intensity due to reflection and attenuation effects from the analyte and cuvette, the
beam transmittance was first determined in a similar cell containing solvent only, which for these

measurements was always water.
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The aqueous dispersibility of carbon-based nanomaterials, namely
graphene oxide (GO), reduced graphene oxide (rGO) and carbon
nanotubes (CNTSs), can be controlled by light via the photoisomeri-
sation of a photoswitchable surfactant molecule adsorbed to the
surface of these materials. By incorporating a cationic azobenzene
photosurfactant into these systems, GO, rGO and CNT dispersions
can be separated and redispersed on command utilising UV radi-
ation at 365 nm, whereby the surfactant molecules change from
the trans to the cis isomer. This increases their aqueous solubility
and in turn, alters their adsorption affinity for the GO and rGO
sheets such that the ratio of free to adsorbed surfactant molecules
changes significantly, allowing for reversible phase separation of
the colloids. These effects present a unique method for controlling
the dispersion behaviour of two-dimensional nanomaterials using
light as a clean and low energy external stimulus.

Introduction

Graphene and related carbon nanomaterials (CNMs) show
exceptional potential in a vast number of technological appli-
cations, stemming from their leading conductive and mechan-
ical properties." However, the largely hydrophobic nature of
graphene causes it to be colloidally unstable in water without
the aid of surfactant stabilisers,” and hence processing and
deploying it in aqueous systems remains challenging. Conver-
sely, graphene oxide (GO) and reduced graphene oxide (rGO)
sheets present hydrophilic functional groups and bear large
negative surface potentials in water,>* causing them to dis-
perse readily, and making their use in aqueous systems viable.
This important feature, along with the enormous surface area
of GO/rGO sheets have paved the way for the use of these
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materials as excellent stabilisers of oil-water interfaces,”® as
well as promising adsorbents for the treatment of wastewater.”

To enable the scale-up in both synthesis and use of CNMs,
effective methods for their dispersion and recovery from
aqueous systems must be developed. Many GO and rGO com-
posites have been developed with stimulus-responsive pro-
perties that facilitate this process, with a particular focus on
magnetic recovery.® Magnetic GO/rGO composites have been
formulated for the purpose of environmental decontamina-
tion,” although the vast majority focus on covalent tethering of
magnetic particles, limiting the uses of the recovered CNM.
Despite this, the use of external stimuli to control CNM dis-
persion is particularly appealing, and of the possible stimuli,
light is perhaps the ‘cleanest’.

In other soft systems and dispersions, photoswitchable
stabilisers have been used to great effect to control stability
and cause phase separations that enable recovery of materials
from DNA to metal nanoparticles.'”'" Molecular switches that
change their structural configuration - and hence properties -
when exposed to light of a specific wavelength are of great
interest for the development of light-tunable devices and
photo-modulation of dispersion stability."*'* The cationic
surfactant butylphenyl-4-diazeno-4-butoxyphenyl-trimethyl-
ammonium bromide (azoTAB) contains the widely-used azo-
benzene  chromophore, known for its  trans—cis
photoisomerisation when exposed to UV light at ca. 350 nm
(Fig. 1g)."*™'° In this process, the C-N=N-C dihedral angle
changes from 180° to around 11°,"” and the n—n* absorption
band becomes dramatically lower in intensity (Fig. 1h). With
this altered structure comes a significant increase in dipole
moment (typically from ca. 0.4 to 3.5 D) that serves to increase
the aqueous solubility of the surfactant.'®

Here, we utilise a simple photoswitchable surfactant
(azoTAB - chemical and photochemical characterization pro-
vided in ESIY) to reversibly control the stability of carbon nano-
materials, specifically demonstrating the effect for GO, rGO and
CNTs (Fig. 1a-f). By exploring the molecular basis for adsorp-
tion and stabilisation/flocculation effects, we are able to unravel
the complex interplay of charge, mn-stacking and hydrophobic

Nanoscale, 2016, 8, 6969-6974 | 6969
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interactions that determine stability in these systems. These
systems provide new horizons for the deployment and capture
of carbon nanomaterials in aqueous environments, providing
reversible separations at low materials and energy cost.

Results and discussion
Reduced graphene oxide

The dispersibility of CNMs is intimately related to their dimen-
sions, charge and hydrophobicity,”'® and here we start by
investigating the photo-induced phase separation of rGO, the
most ‘graphene like’ of the materials explored. When GO is
chemically or physically reduced to rGO, its innate hydropho-
bicity increases due to the loss of hydrophilic functional
groups, and rGO is therefore generally only metastable in
aqueous conditions.>*”*! When adding a cationic surfactant
that would be expected to adsorb readily to the negative charge
sites on 1GO”* thereby reducing its effective surface potential
and increasing its hydrophobicity, it is thus unsurprising that
the dispersion fully flocculates, even at very low concentrations
of azoTAB in both trans- and cis-dominated isomerisation
states (Fig. 2a and b). By only modest changes in concen-
tration, essentially full dispersion or flocculation can be
achieved (Fig. 2c).

It is important to note here that azobenzene molecules do
not exclusively exist in one isomeric state, but instead equili-
brate to a statistical photostationary state comprising a pro-
portion of both isomers, which varies depending on the
illumination conditions.>*® Upon irradiation with UV light,
the proportion of cis configured molecules increases; for the
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Fig. 2 (a) Samples containing 0.1 mg per mL rGO and the specified
concentrations of azoTAB, 30 minutes after preparation. (b) Identical
samples in which the azoTAB solution was irradiated at 365 nm for
10 minutes before the rGO was added. (c) Quantification of the % of
rGO dispersed for various concentrations of azoTAB, obtained spectro-
photometrically. (d) Phase analysis light scattering data of rGO for
increasing azoTAB concentrations. Measurements could not be con-
ducted in the dashed regions as the rGO dispersion was unstable here.
(e) Adsorption isotherm of azoTAB in trans and cis dominated states
onto rGO. All samples are at pH 11. (f) An image series of the same
0.1 mg per mL rGO dispersion, demonstrating the effects of photo-
isomerisation of the surfactant (1.2 mM).
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surfactant chemistry used in these experiments, the cis isomer
proportion has been shown previously’”*® to be 25% in the
trans-dominated photostationary state that exists in ambient
lighting conditions, and 95% in the cis-dominated photo-
stationary state that exists after equilibration under UV light at
365 nm (assessed by UV-visible spectrophotometric measure-
ments here, see ESIt). For the sake of brevity henceforth we
use the terms trans and cis to refer to the trans-dominated and
cis-dominated states respectively.

As surfactant concentration is increased to the CMC of
azoTAB (1 mM in the trans state and 2 mM in the cis state, see
ESIt) and beyond, the rGO remains fully dispersed. It can also
be observed quantitatively in the azoTAB/rGO adsorption iso-
therm (Fig. 2e) that azoTAB adsorption drops off significantly
at and past these concentrations. This unexpected result indi-
cates that steric stabilisation by further surfactant adsorption
is unlikely to be the effect causing stability of the rGO disper-
sions at high surfactant loadings. Instead, the highly positive
zeta potentials (>30 mV) obtained (Fig. 2d) indicate re-stabilis-
ation by charging of the colloids, presumably via surfactant
adsorption through n-stacking interactions. It has been noted
in previous molecular modelling studies that for small aro-
matics adsorbing to carbon nanotubes, n-stacking interactions
are “the most important ingredient” in adsorption,*® and sub-
stituents play only a minor role.*® This would indicate that the
aromatic core of the azoTAB surfactant used here would experi-
ence favourable interactions with the aromatic regions of the
CNMs. The reduction in adsorbed amount is curious, and may
reflect a reconfiguration of the partitioning within the system
when moving to a 3-state equilibrium (adsorbed, monomeric
and micellised surfactant).

The difference in surfactant concentration of the two
isomers required to induce flocculation of the rGO provides an
accessible window in which the dispersibility of the material
can be reversibly controlled by exploiting the photo-induced
switch of the azobenzene group. By choosing a concentration
between 1 and 2 mM (e.g. 1.2 mM), it can be seen that it is poss-
ible to reversibly flocculate and redisperse the rGO by using
light (Fig. 2f). It is noteworthy that significantly longer illumina-
tion times were required to destabilise the colloid when the rGO
was present compared to Fig. 2b, where the surfactant solutions
were irradiated before the rGO was added, due to added optical
density of the rGO dispersion. Irradiation with blue light
(ca. 450 nm) then served to restabilise the rGO, and although
not required, this process could be accelerated by short bursts
of ultrasonication. The retained stability of the dispersion after
being left overnight shows that the restabilisation is a direct
result of the isomerisation state of the surfactant.

To further characterise the morphology and aggregation of
the carbon nanomaterials, we performed high-resolution
transmission electron microscopy (HR-TEM) of two samples:
rGO (Fig. 3a) and rGO with azoTAB (Fig. 3b). Upon drying the
samples for TEM, the materials are observed in both cases as
large aggregates or clumps at low magnification (see ESIT),
which is unsurprising given the hydrophobic nature of rGO.
However, by observing these aggregates at high resolution

This journal is © The Royal Society of Chemistry 2016
54

Communication

Fig. 3 (a & b) High-resolution TEM images of rGO aggregates prepared
from aqueous samples without (a) and with azoTAB present (b). The
scale bars represent 10 nm. For the rGO only sample, the arrows indicate
the apparent spacing between sheets, which is on average 0.34 nm. The
corresponding selected area electron diffraction (SAED) patterns (c & d)
are shown below the images to which they correspond. The scale bars
represent 3 nm~%, and the numbers are the Miller indices for the inter-
planar and in-plane spacings.

(Fig. 3a and b), there are noticeable differences in the structure
of the aggregates that are formed. When azoTAB is not
present, the rGO sheets aggregate and form curved stacks,
indicating the presence and alignment of graphitic regions,
but also highlighting the presence of defects in the layers. The
average interlayer spacing of these stacks is 0.34 nm, which is
consistent with previous findings.*"*> When azoTAB is present
however, the sheets do not stack uniformly. This suggests that
adsorbed surfactant molecules disrupt the strong =n-stacking
interactions that occur between the naked rGO sheets, point-
ing to a disordered fractal-type aggregation (as confirmed by
small-angle neutron scattering measurements below). These
differences indicate the significance of surfactant adsorption,
and are reinforced by the corresponding selected area electron
diffraction (SAED) patterns (Fig. 3c and d). There is a much
higher degree of paracrystalline order in the rGO sample with
no surfactant, as indicated by the sharp rings in the diffraction
pattern (Fig. 3c). These rings correspond to the interplanar
spacing of 0.34 + 0.02 nm and the in-plane spacings of 0.21 +
0.02 nm and 0.12 + 0.02 nm. The SAED pattern from the rGO/
azoTAB sample (Fig. 3d) shows significantly more diffuse
rings, with only the in-plane spacings present, reaffirming the
absence of stacked sheets. Further information on sample
preparation and image analysis can be found in the ESI.

Carbon nanotubes

It is seen that another hydrophobic CNM in the form of
carbon nanotubes (CNTs) could be dispersed and recovered

Nanoscale, 2016, 8, 6969-6974 | 6971
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Fig. 4 (a) Samples containing 0.05 mg mL™* of CNTs and azoTAB in
trans-dominated (left) and cis-dominated (right) states. These samples
were sonicated for approximately 2 minutes and images were taken
after 1 hour. (b) Quantification of the % of CNTs dispersed for various
concentrations of azoTAB, obtained spectrophotometrically.

using the same method as for rGO above. CNTs do not typi-
cally disperse in water, but have been found to do so with the
aid of surfactant molecules and sonication.*® In the case of
azoTAB, the CNTs are found to disperse well when the surfac-
tant is in the more surface active ¢rans configuration, with dis-
persions achieved at sub-CMC concentrations (0.5 mM),
whereas it can be seen that the cis isomer does not effectively
disperse the CNTs at concentrations below 1.5 mM and they
settle out after only 1 hour (Fig. 4a). When using azoTAB as a
dispersant for CNTs, dispersion was incomplete, with few
systems achieving greater than 50% dispersion (Fig. 4b),
however these results could be significantly improved with
longer sonication times and the experiments performed here
were intended to distinguish the effects of the trans versus cis
configuration. In addition, the highly polydisperse nature of
the multiwalled CNTs used here meant that the separation was
not as ‘clean’ (i.e. complete) as for rGO, and therefore further
studies were not performed.

Graphene oxide

It is unsurprising that on moving to graphene oxide, a hydro-
philic and water-dispersible CNM, that very different behaviour
is seen. Here, the dispersion stability is innately much higher
and it is therefore more challenging to effect destabilisation
through surfactant adsorption. Although significant adsorp-
tion was seen in the isotherm when mixing GO with azoTAB at
pH 3 (Fig. 5c¢), at the surfactant concentrations where rGO floc-
culated, GO is instead stable. Notably, a significant difference
can be observed in the level of adsorption between not only
the trans and cis forms of azoTAB, but also when the photosur-
factant solution is irradiated pre-adsorption to the GO when
compared to UV irradiation of the already-adsorbed trans

6972 | Nanoscale, 2016, 8, 6969-6974

Nanoscale

¥

i

ol N

-25
+{C s d
% -30
g ® Trans-pH3 -’ >
° O Trans-pH 10 & £ [ ]
£ 6@ Cis-pH3 § " < .35+
£ © Cis-pH10 88° ®
-~ ® Transtocis-pH3 ¥ o =
€ ) o § 40
8 ¢ o % ° ')
s * d.w 2 45
= g g % %% %
@ 2 ‘o-Sa¥e N <
- c’—";'—"' 0] ® trans
JEPEL Liie S ® cis
0 -55-

T T T T TTTTT T T T TTTTT T T T T
0.1 1 10 0.1 02 03 04 0.5

azoTAB concentration / mM azoTAB concentration / mM

Fig. 5 (a) Samples comprising 0.2 mg mL™ GO and the specified
concentrations of azoTAB 30 min (0-0.5 mM) or 12 h (1 mM) after
preparation. (b) Identical samples in which the azoTAB was irradiated at
365 nm for 10 minutes before the GO was added. All samples are at
approximately pH 10. (c) Adsorption isotherm of azoTAB photosurfac-
tant onto GO at high (open symbols) and low (solid symbols) pH. The
green data series corresponds to samples that were irradiated with UV
light for 10 minutes after GO was incorporated into the system. (d)
Phase analysis light scattering data showing the change in zeta potential
of GO for increasing concentrations of azoTAB in the trans and cis state.
The dashed line is a guide to the eye.

dominated azoTAB. This result is in line with expectation from
the larger dipole moment and increased solubility of the cis
isomer, which would cause a shift in the dynamic equilibrium
of the system such that the surfactant partitions more into the
bulk solution. The difference in adsorption from isomerisation
pre- versus post-adsorption could indicate that adsorption of
the surfactant to the GO in the trans form means that mole-
cules are somewhat stabilised towards desorption.

When examining the same systems in basic conditions
(pH 10), it was found that higher concentrations of azoTAB
(>0.3 mM) were required to flocculate the GO (Fig. 5a and b). It
can also be seen that flocculation occurred less readily when
the surfactant was in the cis state (Fig. 5b), reinforcing the
notion that light can be used to control the aggregation state
of these systems. Surprisingly, when the same isotherm was
determined at pH 10 (Fig. 5c, hollow symbols) there was no
significant change in the adsorbed amount of surfactant,
suggesting that adsorption is not driven solely by electro-
statics. As discussed previously, this is likely due to favourable
n-stacking interactions between the azobenzene core and aro-
matic regions of the GO sheets, indicated by previous density
functional theory (DFT) studies on carbon nanotubes.”?°
Investigation of the surface charge on the GO sheets showed
that increasing the concentration of azoTAB resulted in a
gradual increase in the zeta potential of the system (Fig. 5d).
This accounts for the destabilisation of the dispersion due to
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insufficient electrical double-layer interactions between sheets.
However, given that the zeta potential of the GO increases only
marginally with added azoTAB, it is clear that charge-based
interactions are not the predominant mode of adsorption in
these systems, and that the interactions due to n-stacking®°
and potentially hydrophobicity are more significant. The
important role of hydrophobic interactions between the tail-
group and carbon nanomaterial in adsorption of surfactants
onto CNMs has been indicated previously;** combined with
the capacity for strong m-stacking interactions, it therefore
becomes clear that in this case, it is likely that tail-group
chemistry is more significant than the surfactant head-group
in determining the level and mode of surfactant adsorption.

SANS analysis

To further explore the aggregation mechanism and mor-
phology induced by interaction of azoTAB with GO and rGO,
small-angle neutron scattering (SANS) was employed, whereby
the effects of surfactant concentration and irradiation on
assembly were analysed. The scattering seen (Fig. 6a—c) is
characteristic of fractal aggregation, where intensity increases
rapidly at low scattering vector g (an inverse length scale), indi-
cating the formation of large structures with poorly defined

® GO trans
® GOcis

® GO frans
® rGOcis

® GO frans
® rGOcis

ql A 0.1

Fig. 6 Small-angle neutron scattering data of GO (0.15 mg mL™) or
rGO (0.1 mg mL™) in 0.25 mM (a), 0.5 mM (b) and 1 mM (c) solutions of
azoTAB. Symbols represent the experimental SANS data and solid lines
are the corresponding theoretical fits. The insets are images of each
measured sample in 2 mm path-length quartz cells. (d) A schematic
showing the proposed formation of fractal aggregates as surfactant
loadings are increased in the trans and cis state. For simplicity, surfactant
molecules are displayed in only one isomeric state rather than the
respective photostationary states.
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morphology; thus a mass fractal model was used to fit these
data. It can be seen that scattering intensity is greater for GO
than rGO systems, and also greater for ¢rans than cis (Fig. 6a—
¢). Given the previous results of the isotherms this is not sur-
prising, as the surfactant molecules were found to have a
higher affinity for GO than rGO, and are responsible for the
majority of the scattered intensity due to their greater contrast
than the CNMs (see ESIf).

By exploring systems where the photosurfactant concen-
tration is changed as well as its isomerisation state (Fig. 6a—c),
it becomes clear that the level of surfactant adsorption is the
key process driving flocculation in these systems (Fig. 6d).
Differences in the fitting parameters from the mass fractal
model used to quantify these data® indicate that the spatially
inhomogeneous flocs become more compacted with increased
surfactant loading. Fractal aggregates are known to be meta-
stable, as at first they possess a large surface area to volume
ratio and then undergo a relaxation towards a more stable con-
figuration.®® By observing these GO/rGO surfactant systems
over time, it can be seen that this is indeed the case (see insets
to (Fig. 6a—c)), as the flocs eventually settle into a more con-
densed network at the bottom of their vessels (see also ESIt);
similar compaction over time of fractal aggregates has been
observed recently in yttrium aluminium garnet systems also
analysed by SANS.?”

Conclusions

In summary, we have shown that by incorporating a photosen-
sitive surfactant molecule with a cationic head-group into
aqueous carbon nanomaterial systems, it is possible to control
the dispersion state of these materials using only light as a
clean and low energy external stimulus. Using photoisomerisa-
tion to subtly shift the equilibrium between free and adsorbed
surfactant, the carbon-based materials can be reversibly dis-
persed and flocculated. Crucially, by exploring a wide range of
conditions including concentration and pH effects, it becomes
clear that charge is not the only factor at play, and that surfac-
tant adsorption occurs also via n-stacking and van der Waals
type interactions. The photo-modulated flocculation of CNMs
provides a facile means of recovering these materials from
solution, enhancing opportunities for their application, pro-
cessing and deployment in aqueous systems.
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Materials

Synthesis of graphene oxide

GO was synthesised from graphite flakes (Sigma, +100 mesh) using the improved Hummers
method described in Marcano et al.! The graphite flakes (1 g) were dispersed in 113 mL of
concentrated sulphuric and phosphoric acids in a 9:1 ratio, both from ChemSupply (>99%).
This mixture was then stirred while potassium permanganate (6 g, Sigma) was added slowly
in small increments. After addition was complete, the temperature was elevated to 50°C
and the reaction was left to stir overnight. The resultant orange/brown mixture was then
cooled to room temperature and poured over ice (ca. 300 mL) with approximately 1 mL
30% w/w hydrogen peroxide. Large particles were removed from the crude reaction mixture
by filtration. The mixture was then centrifuged repeatedly at 4000 rpm with increasing
durations of centrifugation. The supernatant liquid was discarded and replaced with ultrapure
water between each wash cycle. This process was repeated several times. A final gentle
centrifugation step (2000 rpm, 10 minutes) of the product served to remove any particularly
large particles or unreacted graphite and the clean GO in the supernatant was then removed.

This solution was then sonicated for 30 minutes in a bath to maximise exfoliation of the sheets.
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Synthesis of reduced graphene oxide

Reduced GO was synthesised according to the procedure detailed in Li et al.2. A dilute
solution of GO (30 mL, 0.4 mg/mL) made as previously described was put under stirring,
following which 21 uL of hydrazine monohydrate (Sigma, 50% w/w) and 105 uL of aqueous
ammonia (ChemSupply, 28% w/w) was added. The mixture was then left to stir at ca. 80°C
for 90 minutes which yielded a black dispersion. The rGO was then dialysed for 2 days to
minimise salt content using cellulose dialysis tubing (Sigma) which was prepared by immersing
the tubing in ice water for 2.5 hours, followed by 30 minutes in sulfuric acid solution (0.2% v/v)

and then 10 minutes in hot water.

Carbon nanotubes were purchased from PlasmaChem, with a reported purity of >95% and

the number of walls ranging from 3-15.

Synthesis of azoTAB

AzoTAB was synthesised as described previously. The final surfactant was purified by twice
recrystallising from dried absolute ethanol, and was characterised using "H NMR spectroscopy
and electrospray ionisation (ESI) mass spectrometry:
Characterisation: Yield: 9.6 g (42%) 'H NMR: (300 MHz, DMSO-d6, 25°C, TMS): § =0.91
(t, J=7.5 Hz, 3H, CHj3), 1.27-1.39 (m, 2H, CHs), 1.55-1.65 (m, 2H, CHy2), 1.76-1.94 (m, 4H,
2CHy), 2.67 (t, J=7.5 Hz, 2H,CHs), 3.08 (s, 9H, 3CH3), 3.37-3.42 (m, 2H, CHy), 4.15 (t,
J=6.0 Hz, 2H, CHy), 7.14 (d, J=9.0 Hz, 2H, 2CH), 7.39 (d, J=9.0 Hz, 2H, 2CH), 7.77 (d,
J=6.0 Hz, 2H, 2CH), 7.88 (d, J=9.0 Hz, 2H, 2CH).
MS (+ESI): m/z: 368.3 ([M-Br]") — see Fig. S1 below.

AzoTAB has a known molar extinction coefficient of 21.6 x 103 L mol~! cm™!.3 Its critical
micelle concentration (CMC) was found to be 1.2 mM and 2.7 mM in ¢rans- and cis-dominated
photostationary states respectively® and these values compare favourably with the surface

tension data presented below.
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Figure S1: Positive ion electrospray-ionisation mass spectrum of the azoTAB photosurfactant

using cone +35 V.

Characterisation of materials

GO and rGO were characterised by several techniques to ensure the materials were well
defined and not too chemically similar. To examine the shape and appearance of the GO
and rGO as well as the CNTs, atomic force microscopy (AFM) imaging was performed using
a JPK Nanowizard 3 AFM in AC (intermittent contact or ‘tapping’) mode. Dilute samples
(< 0.1 mg/mL) of GO and rGO were deposited on a mica surface and dried by spin coating.
Cantilevers were Bruker NCHV model and had nominal resonant frequencies of 310 kHz, and
spring constants of 20 - 80 N/m. Images were obtained with a set-point force of <0.8 nN and
refined using JPK data processing software. Mica disks used as substrates for AFM imaging
were from ProSciTech (Thuringowa, QLD, Australia) and were freshly cleaved before use.

Refer to the main article for details and images.

Optical properties of GO and rGO were analysed by UV-visible spectrophotometry (Fig.
S2c,d). The spectra for GO exhibited the typical features known for the material*: a
strong absorption maximum at 230 nm due to # — 7* transitions and a noticeable shoulder
at approximately 300 nm due to n — 7* transitions. Similar analysis of rGO saw the
absorption maximum red shift to 260 nm and become significantly broader, as well as baseline
absorbance being much greater across all wavelengths. These differences can be accounted

for by substantial restoring of the aromaticity across the face of the sheets, which will cause
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Figure S2: (a) Image of aqueous GO and rGO suspensions, both 0.2 mg/mL. (b) Raman
spectra for GO and rGO. UV-visible spectra of GO (c) and rGO (d) at various concentrations.

the material to absorb significantly more light, hence the black appearance.

Functional group chemistry of GO and rGO was analysed by Raman spectroscopy using a
Renishaw Invia instrument equipped with a 613 nm argon ion laser for rGO and a 514 nm laser
for GO. GO was dried down to be analysed, meanwhile the rGO was analysed as a 0.2 mg/mL
solution. The spectra resemble those typically found for graphene-like materials®, with strong
G bands at approximately 1580 cm™! as a result of first-order scattering of the Es4 mode and
also strong D bands for each material at around 1350 cm~! which indicates a size reduction
of the in-plane sp? domains, originating from the heavy oxidation process. For rGO, the D
band is level height with the G band which is thought to be a result of the sp? domains being
even further reduced in average size. Pristine graphene does not possess a D band because
the sheets are devoid of any defects®. The significantly greater intensity of GO is most likely

due to its fluorescent properties as well as the measurement being performed on a dry sample.
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Methods

Interconversion between the trans and cis isomers of the azoTAB photosurfactant was examined
by UV-visible spectrophotometry using a Cary 60 instrument from Agilent Technologies across
the wavelength range of 200 - 800 nm using clean quartz cuvettes with 1 cm pathlengths.
Initial trans to cis conversion was analysed by taking a spectrum before and after irradiating
a 0.04 mM solution of the surfactant for 1 minute with a UV lamp. The UV light source

2

used had a radiant power of 19.9 mW cm™ incident at the sample, centred at a wavelength

of 365 nm and with a characteristic FWHM of 22 nm. The blue light source used had a

2

radiant power of 26.4 mW cm™“ incident at the sample, centred at a wavelength of 450

nm and with a characterstic FWHM of 12 nm. The ambient laboratory lighting was from

fluorescent tubes with a typical incident power at the sample of 1 mW cm™2.

Reversion
back to the more favoured trans conformation was then monitored over the course of an hour
in the ambient laboratory light conditions by performing measurements every 2 minutes.
Reversion in complete darkness was assessed in a similar manner, but over 20 hours with
measurements performed hourly. In addition, it is important to note that non-quartz glass
does not effectively transmit all wavelengths of light. However transmittance at 365 nm is not
hindered by the borosilicate glass vials used when experiments were not performed in quartz

vessels (see e.g. http://www.schott.com for the transmission spectrum of the borosilicate

glass containers used here).

To obtain surface tension data, standard solutions of azoTAB photosurfactant in the concentration
range of 0.1-5.0 mM were prepared. Pendant drop tensiometry was then used to measure
the air-water interfacial tension of each solution. This was achieved by suspending a droplet
of the sample solution from a syringe with a known needle diameter of 0.72 mm. To ensure
that there was deformation of the droplets due to gravitational forces, each droplet was made
as large as possible without detaching. A high resolution camera then takes an image of
the droplet, and the interfacial tension is calculated based on the dimensions of the drop, by
balancing the gravitational forces causing deformation with surface tension. This phenomenon

is represented by the Young-Laplace equation for non-spheres:

62



where Ap is the pressure difference across the curved surface, 1 and ry are the two radii of
the deformed drop and -y is the surface or interfacial tension. A full description of this method

is provided in Berry et al.”

Adsorption of the photosurfactant was quantified by UV-visible spectrophotometry. Two
similar series of samples were prepared: one series was exposed to a 365 nm UV lamp for
10 minutes to effect trans— cis photoisomerisation before the GO or rGO was added, and
the other had no UV exposure. A second set of measurements was also carried out on the
previously unexposed samples which were irradiated with UV light for 10 minutes, in order
to see how much surfactant would be released back into the system (desorbed). All samples
were allowed to equilibrate overnight before measurements were made. Corresponding the
measured absorbance values to prepared calibration curves for both isomers of the photosurfactant
were performed to obtain the post-adsorption concentrations of each material (Fig. 77).
In all cases, it was the supernatant solution of each sample that was analysed and the
measurements were performed over a 200 - 800 nm wavelength range in clean, quartz cuvettes
with pathlengths of 1 cm. Any GO or rGO was centrifuged down to ensure that the spectra

obtained were representative of free surfactant only.

63



1.2
— 0.0402 MM b
— 0.0321 mM
—— 0.0240 mM 1.0
] 0.0160 mM o
3] — 0.0079 mM O (5
c c o
© ©
2 2 6]
8 ]
7]
Qo Q 04—
< <
0.2 Absorbance = 24.219 (Concentration) — 0.0003
R’ = 0.9999
0.0 -
T T T T T T T T T T
200 300 400 500 600 700 800 0 10 20 30 20x10°
Wavelength / nm Concentration / mM
1.0
Cc — 0.0979 mM 104 d
— 0.0785mM :
0.8 - —— 0.0585 mM
[} 0.0387 mM |
o —ootsamm | § o8
S o064 =
c O ©
0 o 06—
S [
» 0.4- 8 0.4 —
o) a o
< < Absorbance = 9.9538 (concentration) + 0.0085
0.2 - 0.2 - 2,
. R’=0.9999
0.0 —— = B 0.0+
T T T T T T T T T T T
200 300 400 500 600 700 800 0.00 0.02 0.04 0.06 0.08 0.10
Wavelength / nm Concentration / mM

Figure S3: UV-visible spectrophotometry data of azoTAB in the trans (a) and cis (c)
configuration at several concentrations. The corresponding calibration curve for each data
set is presented to the right of the spectra (b) and (d), by taking the absorbance values at

351 nm and 240 nm respectively.

Zeta potentials of GO/photosurfactant systems were determined by phase analysis light
scattering (PALS) using a Brookhaven Nanobrook Omni. Two series of samples were prepared
at pH 10, one of which was irradiated for 5 minutes with 365 nm UV light before being mixed
with GO. Samples, were prepared in 1 cm pathlength polystyrene cuvettes, and comprised
0.2 mg/mL aqueous GO dispersion and differing concentrations of azoTAB within the range
of 0.1 - 0.5 mM. A palladium PALS electrode was immersed in each sample solution and an
alternating current was applied. Measurements each consisted of 30 cycles and 5 runs, hence
the displayed data points were mean values with error bars representing the standard error
of the mean. The electrophoretic mobilities, ug, were calculated according to light scattered
by each sample which were then translated into zeta potentials, ¢, using the Smoluchowski

equation:

64



where vy is the electrophoretic viscosity, F is the electric field strength, € is the permittivity

and 7 is the viscosity of the medium.

Small-angle neutron scattering (SANS) measurements were made at the Bragg Institute,
Lucas Heights, Australia using the Quokka beamline. Samples were prepared on site using
the equivalent quantity of deuterium oxide, and were analysed in quartz ‘banjo’ cells with
2 mm pathlength and volume of ~ 0.6 cm?® at a constant temperature of 25°C. A single
detector position at 4 m was used with no detector offset, giving an effective g-range of 0.01
- 0.19 A~! and a neutron wavelength of 5 A was used. The scattering from an empty cell
was substracted from the 2D scattering pattern obtained, and this was then radially averaged
under the assumption of radially isotropic scattering. All scattering patterns were modelled

using a mass fractal dimension analysis.®

Additional data

Research involving the use of photo-sensitive compounds must be planned with careful consideration
to ensure that results are not biased by external factors such as light or heat exposure. To
assist with experimental design, a study of the isomerisation kinetics was conducted in which
the changes in the absorption spectrum of the photosurfactant were monitored over time in

response to certain illumination conditions (Fig. S3).
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Figure S4: (a) The change in UV-visible spectrum of the azoTAB photosurfactant following 1
minute of irradiation with UV light at 365 nm. (b) Reversion of azoTAB under ambient light
conditions with changes recorded over a 60 minute time period. (c) Reversion of azoTAB
when subjected to total darkness with changes measured over 20 hours. In both cases (b &
¢), the surfactant has been been irradiated with UV light for 3 minutes following an initial

reading being taken prior to irradiation.

The UV spectra of the cis and trans isomer differ markedly. Irradiation of a dilute solution of
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azoTAB (ca. 0.04 mM) with 365 nm light for 1 minute appeared to be sufficient for maximal
conversion to the cis isomer at this concentration (Fig. S3a), with increased durations of
exposure not causing any further changes in the spectral signature of the surfactant. The
strong 360 nm absorption maximum of the trans isomer, which appears due to 7 — 7*
transitions, is seen to undergo a substantial decrease in absorbance intensity, meanwhile the
absorption band at 430 nm originating from n — 7* transitions slightly increased in intensity.
This is a result of the cis isomer predominating, which is less energetically favourable due to

a significant increase in steric hindrance?.

Light at around 450 nm facilitates conversion back to the trans isomer'?, hence the effects of
exposure to the ambient light conditions of the laboratory were analysed. Fast reversion to
the trans isomer was observed over the course of 1 hour (Fig. S3b). However, when kept in
complete darkness, very minimal reversion was apparent over many hours (Fig. S3c). Hence,
all subsequent experiments involving azoTAB were conducted with as little light exposure as

possible to ensure that the stability of both the cis and trans isomers was maintained.
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Figure S5: Pendant drop tensiometry data of azoTAB photosurfactant before (trans) and

after (cis) irradiation with 365 nm light.

To properly assess the surface activity of azoTAB, surface tension measurements using a

pendant drop apparatus were performed for different concentrations of the surfactant. A

67



significant difference in surface tension was noted before and after UV irradiation of the
surfactant solution, with the non-irradiated form (¢rans) causing a much more rapid decline
in surface tension (Fig. S4). Water has a well known surface tension of 72.8 mN/m at
20°C!. Tt can be seen in Figure S4 that in the absence of UV, a concentration of at least
1 mM azoTAB can reduce the surface tension of water to 37 mN/m before levelling out. With
UV exposure, it does not reach this value until at least 2 mM of surfactant are present. These
values correspond to the critical micelle concentrations for each photoisomer and the difference
can be accounted for by the change in dipole moment associated with isomerisation to the
cts conformation. The cis isomer has a larger dipole moment than the trans, making its tail-
group more soluble. Therefore in this conformation, the surfactant will not adsorb as readily
to the interface and partitions more into the bulk aqueous phase than the trans isomer?.
Interestingly, the cis form does eventually level out at the same surface tension value (ca.
37 mN/m) as the non-irradiated solution. Previous studies state that at higher concentrations,
the solution may need to be irradiated for longer to achieve maximum conversion 19, due to
the strong absorbance of the azobenzene chromophore®. In addition, it is noteworthy that
complete conversion to a particular isomer cannot be achieved due to the system reaching a
so-called ‘photostationary state’, comprising a mixture of both geometric isomers where the
rate of formation of one is now equal to the rate of reversion to the other'. Therefore, as the
concentration of surfactant is increased, so is the amount of trans isomer, despite the solution
being illuminated with UV. Hence the additional, more surface active trans molecules will
invariably increase in number at higher concentrations and by more readily accumulating at
the surface, eventually lower the surface tension of water to the same value as for the trans-

dominated photostationary state.
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Figure S6: (a) Images of 1.5 mL sample vials containing 0.2 mg/mL GO and the specified
concentrations of azoTAB 30 minutes after preparation. (b) Identical samples in which the

azoTAB was irradiated for 5 minutes before the GO was added. All samples are at pH 3.

The physical effects of the photosurfactant on GO are somewhat similar to those previously
observed when GO has been recovered using magnetic surfactants'®, whereby mixing causes
immediate flocculation of the GO (Fig. S5). However, an interesting effect is observed
whereby flocculation using azoTAB causes flotation of the aggregates. This suggests that the
network formed is initially very loosely linked and in terms of GO capture, flotation would
allow for easier recovery of the GO. Also, given the extremely low concentrations of azoTAB
required to cause flocculation, it is obvious that the photosurfactant has a very strong affinity
for GO and hence can be considered a good adsorbate in these systems. However at this pH
(pH =~ 3), there is no discernible difference between cis and trans and destabilisation of the

GO is too immediate and final for photocontrol of the dispersion to be possible.
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365 nm 450 nm
5 min 10 min
365 nm 450 nm
15 min 10 min
365 nm 450 nm

1hr 10 min

Figure S7: (a, b and c) Digital images of a 1.5 mL sample vials, each containing 1.2 mM
of azoTAB and a different concentration of rGO: (a) 0.025 mg/mL, (b) 0.05 mg/mL and (c)
0.1 mg/mL. Initial photos on the far left were taken 2 hours after mixing (¢rans). Each sample
was then irradiated with 365 nm light until a noticeable degree of flocculation could be seen
(5 minutes for a, 15 minutes for b and 1 hour for ¢). Photos were then taken after a further
1 hour of settling and again overnight. The samples were then irradiated for 10 minutes with
450 nm light with photos again taken after 1 hour of equilibration time and overnight. Each
sample was shaken gently by hand between each irradiation step. To assist with redispersion,
short sonication times of 1, 2 and 3 minutes (according to increasing rGO concentrations)

were performed to assist with breaking up the flocs.
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Figure S8: (a & b) Low-magnification TEM images of rGO prepared from an aqueous
suspension. (¢) A high-resolution TEM image of rGO with the corresponding selected area
electron diffraction pattern are shown in (d). (e-h) A similar series for a sample including

azoTAB surfactant. Refer to scale bars for precise size dimensions.

TEM imaging and diffraction was performed at the Monash Centre for Electron Microscopy
using a JEOL JEM-2100F microscope operating at 200 keV. Images were acquired using a
Gatan Ultrascan 1000 (2048x2048). Samples were prepared by depositing dilute aqueous
suspensions (0.05 mg/mL) of rGO and rGO/azoTAB onto lacey carbon grids. For the
rGO/azoTAB sample, the material was twice washed by centrifugation to remove extraneous
surfactant from the bulk solution, thus ensuring higher image quality and minimising contamination.

The high resolution images and diffraction patterns are presented and discussed in the main

paper.
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Figure S9: Digital photographs of 1.5 mL sample vials at specific time intervals. (a) Two
identical samples that contain 0.25 mg/mL of GO and 0.5 mM of azoTAB. The right hand
vial of the series (cis) was irradiated with 365 nm for 10 minutes light prior to the GO being
added. (b) An experimentally similar pair of vials containing 0.1 mg/mL of rGO and 1.5 mM
of azoTAB.
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Tables S1 and S2 show the raw data values for the cis vs trans adsorption isotherm on rGO

in Figure 2c of the main paper.

Table S1: Adsorption details for non-irradiated azoTAB on rGO at pH 11. Cf7 is the initial
surfactant concentration, C,qs is the surfactant concentration following adsorption, I' is the

amount of surfactant adsorbed and % ads. is the percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmol gt % ads.

0.26 0.04 2.24 85.9
0.50 0.20 3.08 60.4
0.75 0.35 3.99 53.4
1.00 0.84 1.55 15.7
1.25 1.09 1.66 13.1
1.49 1.41 0.75 5.2
1.73 1.69 0.32 1.9
2.00 1.92 0.76 3.9
2.98 2.98 0.00 0.0
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Table S2: Adsorption details for azoTAB on rGO at pH 11 when the surfactant solutions were
irradiated for 10 minutes. C7 is the initial surfactant concentration, Cy4s is the surfactant
concentration following adsorption, I' is the amount of surfactant adsorbed and % ads. is the

percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmolg=! % ads.

0.25 0.06 1.96 75.9
0.50 0.27 2.34 46.8
0.75 0.45 2.72 39.0
0.98 0.65 3.19 33.0
1.23 0.89 3.40 27.8
1.49 0.77 7.15 48.5
1.67 0.64 10.15 61.6
2.04 0.60 14.26 70.4
2.78 2.26 5.14 18.4

Tables 4-8 show the raw data values for the adsorption isotherm on GO in Figure 3c of the

main paper.
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Table S3: Adsorption details for non-irradiated azoTAB on GO at pH 3. C7 is the initial
surfactant concentration, C,qs is the surfactant concentration following adsorption, I' is the

amount of surfactant adsorbed and % ads. is the percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmol gt % ads.

0.26 0.01 0.99 96.5
0.50 0.05 1.79 89.2
0.76 0.12 2.56 84.5
1.00 0.18 3.33 82.1
1.26 0.24 4.08 81.2
1.48 0.30 4.72 79.5
1.75 0.42 5.27 76.0
2.00 0.56 5.71 71.8
2.22 0.76 5.95 65.8
2.51 0.92 6.33 63.2
2.71 1.07 6.60 60.4
3.00 1.34 6.59 55.3
3.23 1.48 7.00 54.1
3.48 1.75 6.95 49.8
3.76 2.02 6.96 46.2
4.00 2.17 7.32 45.8
4.25 2.39 7.37 43.8
4.44 2.55 7.52 42.5
4.69 2.79 7.84 40.5
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Table S4: Adsorption details for non-irradiated azoTAB on GO at pH 10. C7 is the initial
surfactant concentration, C,qs is the surfactant concentration following adsorption, I' is the

amount of surfactant adsorbed and % ads. is the percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmol gt % ads.

0.29 0.01 1.13 97.1
0.48 0.01 1.88 97.4
0.77 0.08 2.80 89.8
0.99 0.14 3.42 85.8
1.31 0.24 4.10 81.8
1.49 0.32 4.71 78.6
1.73 0.45 5.03 73.8
1.99 0.66 5.44 66.9
2.23 0.93 5.23 58.3
2.75 1.34 5.44 51.3
3.04 1.64 5.55 46.2
3.22 1.74 6.07 45.9
3.50 1.97 6.00 43.6
4.02 2.50 6.28 37.9
4.27 2.71 6.31 36.5
4.46 2.87 6.17 35.5
4.66 3.00 6.36 35.5
4.67 3.07 6.34 34.2

76



Table S5: Adsorption details for azoTAB on GO at pH 3 when the surfactant solutions were
irradiated for 10 minutes. C7 is the initial surfactant concentration, Cy4s is the surfactant
concentration following adsorption, I' is the amount of surfactant adsorbed and % ads. is the

percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmolg=! % ads.

0.26 0.05 0.83 81.6
0.51 0.21 1.19 58.0
0.75 0.41 1.37 454
1.01 0.59 1.64 41.3
1.24 0.74 1.93 40.2
1.52 0.94 2.23 37.9
1.75 1.23 2.07 30.1
1.99 1.28 2.71 35.4
2.22 1.41 3.10 36.8
2.49 1.63 3.30 34.7
2.73 1.78 3.58 34.8
3.47 2.41 3.96 30.6
3.71 2.60 4.03 30.0
3.97 2.86 3.95 28.1
4.71 3.75 4.38 20.5
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Table S6: Adsorption details for azoTAB on GO at pH 10 when the surfactant solutions were
irradiated for 10 minutes. C7 is the initial surfactant concentration, Cy4s is the surfactant
concentration following adsorption, I' is the amount of surfactant adsorbed and % ads. is the

percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmolg=! % ads.

0.26 0.03 0.91 89.4
0.49 0.13 1.43 73.9
0.74 0.28 1.84 62.3
1.02 0.49 2.10 52.5
1.23 0.64 2.32 48.2
1.49 0.88 2.54 41.0
1.77 1.04 2.90 41.0
2.01 1.15 3.49 42.6
2.22 1.21 3.59 45.7
2.75 1.70 4.17 38.3
3.02 1.92 4.19 36.6
3.26 2.16 4.16 33.8
3.47 2.29 4.27 33.9
4.22 3.00 4.80 28.8
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Table S7: Adsorption details for azoTAB on GO at pH 10 when the surfactant solutions
were irradiated for 10 minutes after being mixed with the GO. C7 is the initial surfactant
concentration, Cy4s is the surfactant concentration following adsorption, I' is the amount of

surfactant adsorbed and % ads. is the percentage of surfactant adsorbed.

Cr/mM Cugs /mM T /mmolg=! % ads.

0.26 0.01 0.99 96.3
0.50 0.12 1.52 75.9
0.76 0.30 1.84 60.6
1.00 0.47 2.15 53.0
1.26 0.61 2.57 51.2
1.48 0.73 3.01 50.6
1.75 0.87 3.47 50.1
2.00 1.00 3.96 49.9
2.22 1.14 4.41 48.9
2.51 1.28 4.89 48.9
2.711 1.41 5.25 48.1
3.00 1.59 5.60 46.9
3.23 1.78 5.79 44.8
3.48 2.11 5.51 39.5
3.76 2.30 5.84 38.8
4.00 2.51 5.97 37.3
4.25 2.78 5.80 34.5
4.44 2.97 5.87 33.2
4.69 3.20 6.14 31.7
4.68 3.20 6.06 31.7
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Figure S10: Small-angle neutron scattering data of GO and rGO 2 mM of azoTAB. All samples
contained either 0.15 mg/mL of GO or 0.1 mg/mL of rGO. The solid points represent the
actual experimental data, meanwhile the trendlines are the corresponding fits to each data
set. The insets are digital images of each sample measured in quartz banjo cells with 2 mm

pathlengths. All cis samples were irradiated with UV light for 10 minutes prior to the
GO/rGO being added.
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Table S8: Table quantifying concentrations and adsorption for samples used for SANS. These
samples can be seen in the insets of Figure S9. The values for adsorption and % adsorption

were estimated using the isotherms presented in the main paper.

Sample C;/mM T /mmolg™! % ads.

0.25 1.1 98

GO 0.49 1.8 97
trans 1.01 3.3 86
1.99 5.6 67

0.25 0.8 88

GO 0.50 1.1 74
cis 0.99 1.6 50

1.96 2.5 40

0.25 1.1 86

rGO 0.51 3.0 60
trans 0.99 2.0 15
2.02 0.2 4

0.25 0.9 76

rGO 0.51 1.1 47
cis 1.01 3.1 33

1.98 7.6 74
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Figure S11: Small-angle neutron scattering data of azoTAB photosurfactant (labelled using
its shorthand structural name ‘B4+’ in this figure), and aqueous graphene oxide and reduced
graphene oxide solutions. Solid symbols represent the data points and the solid lines are the

fits of the data. Experiments were performed at 25 °C and a sample—detector distance of 4 m.

SANS analysis of non-mixed systems (i.e. the pure components) was performed in order to
see the scattering patterns of the ‘blank’ materials (Fig. S10). The fitting parameters for

these samples, as well as the ones presented in the main article are shown in Tables S9 and S10.
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Table S9: Fitting parameters used to describe the scattering patterns of the SANS data with
a mass fractal model. Ciepgep is the correlation length, My;,,. is the mass dimension and R is

the radius of the particles.

Sample Background  Ciengin  Myim. Scale R/ A

GO 0.3 mg/mL 0.019 300 1.6 7.8x107% 130
rGO 0.3 mg/mL 0.020 6.2 1.6 0.03 570
0.25 mM 0.016 167 2.7  38x107% 20

GO/azoTAB 0.5 mM 0.016 170 2.7  2.7x10°% 55
trans 1 mM 0.017 200 2.4  4.4x107% 65

2 mM 0.016 200 2.1  38x107% 65

0.25 mM 0.017 220 24 9.6x107¢% 70

GO/azoTAB 0.5 mM 0.016 858 23  1.1Ix107° 70
cis 1 mM 0.016 1000 1.9 26x107° 75

2 mM 0.016 400 1.6 2.6x107° 70

0.25 mM 0.016 1500 1.9 51x107% 15

rGO/azoTAB 0.5 mM 0.016 150 2.4 57x107% 30
trans 1 mM 0.016 200 20 89x107% 50

2 mM 0.016 300 22  1.6x107% 30

0.25 mM 0.014 220 22  6.8x107% 40

rGO/azoTAB 0.5 mM 0.017 150 2.1 55x107% 50
cis 1 mM 0.015 300 2.0 3.7x107% 30

2 mM 0.015 250 1.8  2.6x107% 45
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Table S10: Fitting parameters used to describe the scattering pattern of azoTAB SANS data

with an ellipsoid model.

C /mM Background Scale factor Temperature / K Charge Radiia,b / A

azoTAB ) 0.01 1 298.15 +2.39 18.2, 39.9
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Surfactant-Enhanced Adsorption of Graphene Oxide for

Improved Emulsification of Oil in Water

Thomas M. McCoy, Stephen A. Holt, Ashley M. Rozario, Toby D. M. Bell, and Rico F. Tabor*

Graphene oxide (GO) can be enriched at the air-water interface by the
adsorption of surfactant molecules to the surfaces of the GO sheets. The
synergism between the surfactant and GO is shown to be responsible for
the improved interfacial performance of the composite through a subtle
balance of surface charge and surface activity. The use of a photoaddress-
able surfactant provides a unique probe for investigating the fundamental
mechanisms that control adsorption, by inducing spatiotemporal modulation
of the surfactant properties by irradiation with light of certain wavelengths.
Tensiometry measurements uncover the interfacial activity of the materials,
whereas X-ray reflectivity serves to independently determine the interfacial
structure and composition. The ratio between the surfactant and GO appears
to be the key factor controlling adsorption, with pH and salt offering addi-
tional finer control of interfacial properties. This synergism between GO
sheets and a surface active small molecule surfactant is utilized to stabilize

means that emulsification or foaming can
be efficiently achieved by utilizing only
small amounts of material compared to
the spherical particles conventionally used
for Pickering emulsification.*”) The 2D
geometry also allows for favorable packing
at interfaces, making their removal more
difficult and thus giving these emulsions
and foams enhanced stability.[®17

Due to the deprotonation of peripheral
carboxylic acid groups, GO sheets bear a
high negative surface charge across the
majority of the pH scale (>pH 1).1012 As
a result, GO tends to remain colloidally
dispersed and only locates at interfaces
through energetic manipulation. For
instance sparging with gas bubbles has

oil-in-water emulsions with unprecedented effectiveness.

1. Introduction

The ability of atomically thin materials to locate at interfaces
and stabilize Pickering-type emulsions and foams with unprec-
edented long-term stability has sparked a promising area of
research in the field of surface science.l! Graphene oxide (GO)
is particularly appealing for this purpose as it can be readily
processed as an aqueous dispersion due to the large propor-
tion of oxygen-containing functional groups that decorate its
carbon lattice.”l The oxygen heteroatoms serve to increase the
aqueous compatibility of the sheets, and the extremely high
surface area arising from the 2D structure of the precursor
graphite is retained. The presence of both the polar oxygen
groups and the nonpolar sp? carbon domains means that GO
sheets are in fact amphiphilic, which greatly increases their
affinity for interfaces such as that between oil and water or air
and water.’] Furthermore, the enormous surface area of GO
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been shown to assist in driving GO sheets

to the air—water interface,’¥ whereas

oil-in-water emulsions stabilized with GO

have been found to form more readily in
extremely acidic conditions (<1).'*! Intense and long sonication
times are also shown to facilitate these processes.["”] Hence, the
development of low energy methods for driving GO to these
interfaces is necessary to increase its commercial viability as a
stabilizer.

Unlike GO, surfactants are small molecules and their
adsorption and desorption at interfaces is typically on micro-
second to second timescales and is spontaneous.'®!”l Hence,
the enhanced long-term stability of GO-stabilized emulsions
likely stems from the higher energy input required to effect
its desorption from the interface, stemming from the substan-
tially larger particle sizes and dimensions. Therefore a system
containing both surfactants and GO may show enhanced
stability. Surfactants have been previously incorporated into
aqueous GO systems to yield appealing characteristics such
as magnetic response,!'® as well as thin film deposition at the
liquid—gas interface.'”) However little research has focused on
improving and understanding interfacial adsorption of these
materials for enhancing their combined stabilizing capacity.
Butylphenyl-4-diazeno-4-butoxyphenyltrimethylammonium
bromide, referred to as azoTAB, contains the widely-used
azobenzene group, known for its trans—cis photoisomeriza-
tion when exposed to UV light at =365 nm (Figure 1a), which
overall causes a shift in the photostationary state (PSS).[20-21]
The surfactant interfacial properties change markedly with
isomerization,?”l hence use of a photosurfactant offers an
easy method for altering the physical chemistry of a system
without introducing extra materials, providing an external
trigger for probing the mechanisms underlying overall system
behavior.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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0.1 mg/mL GO - pH 11.5
0.1 mM azoTAB - pH 5.5
GO + 0.045 mM azoTAB - pH 5.5
GO + 0.07 mM azoTAB - pH 5.5
GO + 0.07 mM azoTAB - pH 11.5
GO + 0.1 mM azoTAB - pH 11.5
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Figure 1. a) Structure of azoTAB and reversible photoisomeriza-
tion between trans and cis isomers. b) Dynamic surface tension for
GO, azoTAB, and mixtures at different pH values. AzoTAB is in the
trans-dominated photostationary state and the GO concentration is
0.1 mg mL™". ¢) Schematic of the pendant drop measurement showing
enrichment of surfactant-coated GO sheets at the interface over time and
increased drop deformation compared to the pure GO solution.

Previously, we utilized azoTAB to effect photocontrol over
the bulk colloidal stability of graphene oxides.?’l In this work,
we precisely monitor the concomitant adsorption of GO and
azoTAB specifically at the air—water interface, and compare the
effects against those of the pure surfactant. In order to under-
stand the complex relationships between the intermolecular
interactions of both species and their combined adsorption at
the air—water interface, we analyze the effects of surfactant and
GO chemistry in terms of hydrophobicity and oxidation of the
graphitic materials, and the two geometric isomers of the sur-
factant, as well as varying solution conditions such as pH and
ionic strength.

2. Results

We begin by exploring the synergism between the photo-
responsive surfactant molecule azoTAB and GO. AzoTAB has

Adv. Mater. Interfaces 2017, 4, 1700803
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a cationic head-group and thus readily adsorbs in solution to
the negatively charged GO, initially through electrostatic attrac-
tion at low concentrations, but also via polar and hydrophobic
interactions at higher surfactant loadings.”)l As surfactants
are inherently surface active due to their amphiphilicity, it is
expected that as well as making the surface potential of GO
more positive due to its cationic head-group, the adsorption
of azoTAB will also cause the sheets to become more surface
active and assist in driving them to the interface. It is also pos-
sible that the surfactant could preferentially adsorb to the inter-
face alone, inhibiting the adsorption of GO. Therefore we seek
to fundamentally understand when or if each situation is occur-
ring in order to design more effective GO Pickering systems.
To assess the adsorption of these materials at the air-water
interface, we utilized pendant drop tensiometry.*

At pH 5.5, a significant decrease in surface tension over
time was seen when GO was present with azoTAB, when com-
pared to pure azoTAB at a similar concentration (Figure 1b).
This observation suggests that synergistic effects between the
two materials occur, and the interface is becoming enriched
with additional surfactant. As azoTAB adsorbs strongly to GO
(shown previously with adsorption datal?¥)), this enhancement
could arise from GO sheets coated with surfactant molecules
adsorbing to the interface, and we explain this in a later sec-
tion. As the surfactant affinity for GO is high due to not only
charge-based interactions, but van der Waals and hydrophobic
forces as well, the concentration of surfactant accumulated at
the interface is consequentially higher as a result of the sheets
adsorbing. GO on its own has no significant effect on the sur-
face tension of water due to its adsorption being apparently
nonspontaneous (Figure 1b), a result that has been noted previ-
ously.?’] Therefore changes in surface tension must be attrib-
uted to surfactant at the interface and not GO.

The proposed mechanism is shown schematically in
Figure 1c, where for a pure GO dispersion the sheets remain in
the bulk solution, however with GO and azoTAB they simulta-
neously diffuse to the interface over time, lowering the surface
tension and resulting in further deformation of the droplet. At
pH 5.5 for an aqueous GO dispersion of 0.1 mg mL~}, sam-
ples were unstable with azoTAB loadings between 0.1 x 107
and 1.0 x 107% m (Figure 2a). This flocculation effect appears to
occur where insufficient charge repulsion between the sheets
exists as to allow them to remain dispersed (Figure 2c), at
which point any surface effects from the composite material
become negligible because the sample is no longer homoge-
neous and the partitioning has changed. Tensiometry measure-
ments conducted for such samples thus showed smaller effects
compared to the pure surfactant at the same concentrations
(Figure 2b). Therefore, the pH of the system was subsequently
elevated moderately to between 8.5 and 11.5, where the sheets
become more stable due to increased deprotonation of the car-
boxylate groups (Figure 2c). The surfactant concentration could
thus be increased further without the GO suspension floccu-
lating (unstable from 0.45 x 1073 to 0.70 X 107 m at these pHs,
Figure 2a), allowing additional control over the system. Images
of the samples are in the Supporting Information.

At pH 8.5 and 9.5 across the same azoTAB concentra-
tion range explored, the combined system does not show an
improved capacity for reducing surface tension compared to

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Phase diagram showing the colloidal stability of aqueous
GO dispersion at varying concentrations of azoTAB for different pH
values. The green regions represent colloidal stability while the red
regions represent colloidal destabilization or flocculation (i.e., leading to
macroscopic phase separation). b) Equilibrium surface tension of pure
azoTAB, and azoTAB with GO at different values of pH. c) Zeta potential
of GO with azoTAB at different values of pH. In all instances azoTAB is
in the trans-dominated photostationary state and the GO concentration
is 0.1 mg mL™".

the pure surfactant (Figure 2b). We suspect this is because
the enhanced stability or greater surface charge of the GO at
these pH values causes the materials to preferentially remain
in the bulk solution in spite of surfactant adsorption. A charge
inversion still occurs at high surfactant loadings, however the
increase to positive zeta potentials is much more sudden com-
pared to pH 5.5 (Figure 2c). For all pH series at high surfactant
concentrations (>1 x 1073 m), the reduced surface activity of the
combined system versus the pure azoTAB system is similarly
due to stabilization of the GO by azoTAB, this time by over-
charging such that they now carry a net positive zeta potential
(Figure 2c). However due to adsorption to the GO surface, the
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amount of free surfactant in these samples is also lower hence
the surface tension is not reduced as much in these instances.
At pH 11.5 however, a substantial difference is seen for certain
surfactant ratios, with the 0.07 x 103 M sample reducing the
surface tension by up to 14 mN m™! (Figure 1b). All pH adjust-
ments were made with NaOH, hence there is a proportion of
Na* ions in the mixture (=3 X 107 M at pH 11.5) which could
serve to screen some of the charge repulsions between the
sheets, reducing their aqueous stability not so far as to cause
flocculation, but allowing them to more effectively adsorb at the
interface. This theory is addressed in more detail later. At high
surfactant concentrations, the pH 11.5 samples conform to the
same trend as the other series. Note that azoTAB is in the trans-
dominated photostationary state for all measurements shown
in Figures 1b and 2.

As stated above, any decreases in surface tension are ascribed
to surfactant adsorption at the air-water interface and not GO.
Therefore the results in Figure 1 do not directly prove that GO
is at the interface. To address this issue, we exploit X-ray reflec-
tivity (XRR), a surface specific technique that distinguishes
materials at interfaces based on their electron densities. By
modeling XRR data, it is possible to determine the number of
distinct layers present and their respective thicknesses,?¢! pro-
viding quantitative structural insight into the materials at the
interface. Comparing the reflectivity of GO/azoTAB to that
of the pure surfactant appears to confirm the hypothesis that
GO was indeed at the interface. A sample with 0.1 mg mL™! of
GO and 0.1 x 1073 M trans azoTAB at pH 10.5 exhibits signifi-
cantly more features in the XRR pattern compared to the cor-
responding sample without the GO (i.e., 0.1 x 1073 M azoTAB,
Figure 3a). At 0.1 X 10 m of azoTAB, the system is signifi-
cantly below the critical micelle concentration (CMC) for the
trans-dominated photostationary state of =1 x 1073 M (see the
Supporting Information), therefore the amount of surfactant
adsorbed at the interface would be low and unevenly distrib-
uted. A lack of uniformity or roughness at the interface causes
the XRR pattern to become more diffuse, accounting for the
lack of features exhibited by this sample. Above the CMC at
1.4 x 10 m azoTAB, a smooth decline of a single fringe is
observed, confirming the presence of additional surfactant and
saturation of the interface (Figure 3a). At 1.4 X 10~ M where GO
is also in the sample, the reflectivity curve again becomes more
diffuse, in line with the hypothesis that less surfactant is at the
interface due to adsorption to the GO sheets (Figure 3a), and
that the sheets are not adsorbing due to overcharging (shown
schematically in Figure 3e). These conclusions are also sup-
ported by the corresponding electron density profiles for these
measurements, where for the higher concentration samples,
the electron density at the interface increases beyond that of
the background water (=0.33 A~3), whereas for the 0.1 x 10 m
sample the profile is essentially featureless indicating a lack
of material at the interface (Figure 3b). The shift in the peak
maximum to a shorter distance from the interface when GO
was also present at 1.4 X 1073 M azoTAB suggests that sur-
factant orientation may be different when the interface is not
fully saturated. A two layer model was applied to these data to
improve the accuracy of the fit, commonly used for surfactants
at the air-water interface due to differences in electron density
between the head and tail groups.l’)
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Figure 3. a) X-ray reflectivity data of samples containing 0.1 mg mL™
GO and/or trans azoTAB at the specified concentrations. The hollow sym-
bols represent the experimental data points and the solid lines are model
fits. b) The corresponding electron density profiles for the results in (a).
Schematic representations of the reflectivity data: c) a pure solution of
negatively charged GO sheets partitioned predominately in the bulk solu-
tion, d) an optimal ratio of azoTAB to GO facilitating adsorption of the
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By far the most feature rich scattering pattern is exhibited
by the sample with GO and azoTAB at 0.1 x 107 m (Figure 3a).
These data were best fit using a three-layer model with layer
thicknesses of 24.6, 8.1, and 8.9 A (see the Supporting Infor-
mation). This is hypothesized to be a thin film formation at
the interface comprising surfactant-GO-surfactant (Figure 3d).
As the surfactant and GO have similar electron densities, it is
difficult to unambiguously differentiate between their respec-
tive scattering (Figure 3b). However the total thickness is again
too great to represent a surfactant monolayer, indicating that
the interface has become enriched with surfactant-coated GO
sheets. The electron density profile obtained from the model fit-
ting suggests that the first layer, corresponding to the shoulder
at =10 A from the interface, is a mixture of air and surfactant
tail-groups. Hence the electron density of this layer is a func-
tion of the volume fraction and density of the surfactant tail-
groups, explaining why the value is significantly lower than that
of the solvent water molecules (0.33 A%). The second layer will
then comprise the volume fractions and densities of the GO
sheets, surfactant head-groups and water, giving a value higher
than that of pure water (maximum at 35 A from the interface).
The electron density of the final layer will thus be a combina-
tion of surfactant adsorbed on the underside of the GO (pre-
sumably lying flat) and water. Again where GO is in solution
on its own, minimal reflectivity is observed, reinforcing that
the sheets do not spontaneously adsorb (Figure 3c), and that
the surfactants are indeed necessary to promote adsorption of
these materials at the interface. The large error bars at high Q
are a result of subtracting a water background from each data
set. The XRR data for the plain aqueous carbon nanomaterials
are available in the Supporting Information, as well as all fit-
ting parameters.

To provide physical evidence of GO at the air-water interface,
various imaging methods and deposition techniques specifi-
cally targeted toward the examination of interfaces were used
(Figure 4). To analyze the GO/azoTAB system in situ at the air—
water interface, we used Brewster-angle microscopy (BAM), a
surface specific imaging technique that distinguishes materials
at the interface based on their refractive indices. At the Brew-
ster angle (53°) no reflection can occur, and as such, any bright
spots in the image can be attributed to materials on the sur-
face. Imaging a pH 10 dispersion of GO using BAM showed
no discernible material at the air—water interface, confirming
the previous results and expectation that the highly charged
sheets remain in dispersion (Figure 4a). However, upon adding
0.05 x 1073 M trans azoTAB, the interface starts to become dec-
orated with bright spots, some of which have the appearance
of jagged sheets (Figure 4b). As surfactant molecules are far
too small to observe by the resolving power of this technique,
these regions are interpreted as GO-based materials. Increasing
the azoTAB concentration to 0.1 X 1073 m, appears to drive more
GO to the surface (Figure 4b), demonstrating the importance of
the surfactant in modulating this process. This experiment is
shown schematically in Figure 4d.

sheets at the air—water interface, and e) a sample with high surfactant
loading showing redispersion of the GO into the bulk and saturation of
the interface with surfactant molecules.
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Figure 4. Brewster-angle microscopy images of the air-water interface for 0.1 mg mL™' aqueous GO dispersion at a) pH 10, and after doping the
same sample with trans azoTAB to concentrations of b) 0.05 x 1073 m, and c) 0.1 x 1073 m. d) Schematic showing the increased enrichment of GO at
the air-water interface with each addition of azoTAB in cross-section (top row) and plan (bottom row) view. €) An optical micrograph of the air—water
interface from a pH 10 solution of 0.1 mg mL™' GO and 0.1 x 10~3 m azoTAB grafted onto a cover slip sputter-coated with copper. Wide-field fluorescence
microscopy images of GO sheets deposited on glass by dip-coating a f) 0.1 mg mL™' GO and g) 0.1 mg mL™" GO with 0.1 x 1073 m azoTAB solution
at pH 10. Darker regions are indicative of fluorescence quenching by GO sheets.

As BAM utilizes optical objectives for imaging, the observed
area is quite large on the scale of GO sheets, and hence their
morphology is difficult to examine. Furthermore, the air—water
interface is a dynamic system and thus in constant motion,
making it difficult to capture a focused image with BAM. To
obtain a more well-defined representation of the air—water
interface, a glass slide sputtered with =20 nm copper (Quorum
Q150T-S sputter coater) was gently placed flat on the surface
of a sample containing 0.1 mg mL™? GO and 0.1 X 103 m
azoTAB and removed, creating a so-called “graft” of the inter-
face. Subsequent imaging of the graft with conventional optical
microscopy showed clearly defined sheet-like domains
about the interface (Figure 4e), suggesting the adsorption of
monolayer GO. These results were reinforced with wide-field
fluorescence microscopy (WFM) using a sample preparation
procedure adapted from Kim et al.?8l The samples were pre-
pared by dipping a glass slide in a similar 0.1 mg mL™ GO and
0.1 X 1073 M azoTAB sample at pH 10, as well as an equivalent
GO sample without azoTAB, and pulling it back out through
the interface, in theory extracting the material deposited there.
The slide is then coated with a thin layer of fluoroscein and
polyvinyl pyrrolidone, and then imaged using a fluorescence
microscope. The GO quenches the fluorescence of the dye, and
hence can be viewed as dark patches in the resultant image.?®!
Very little quenching can be observed for GO alone due to the
sheets being predominately in the bulk rather than at the inter-
face (Figure 4f). However with 0.1 X 10 m azoTAB present,
the sample exhibits significant quenching, suggesting accumu-
lation of GO at the interface (Figure 4g), again reinforcing the
role of the surfactant.

Based on the significant differences in interfacial adsorption
of GO/azoTAB observed when system pH was varied (Figure 1),
it is clear that surface charge is a key factor underlying this
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process. To more thoroughly investigate this idea, the effects of
adding a simple electrolyte, in this case KCl, were examined for
GO and azoTAB at pH 8.5 (Figure 5b), where adsorption of the
materials was previously seen to be minimal owing to increased
colloidal stability of the GO. Taking the 0.1 mg mL™* GO with
0.1 x 107 M azoTAB ratio again, and measuring the surface
tension over time for differing amounts of KCl, it was found
that increasing the KCI concentration assisted in lowering the
surface tension of the mixture (Figure 5a). In colloidal systems,
neutral salts can serve to minimize repulsive forces between
particles by compression of the electrical double-layer.?’! Hence
it is likely that the surface charge of the GO sheets is being
partially screened by added KCI. As such, at pH 10 and above,
where the amount of Na* counterion becomes comparable
with that of the GO and azoTAB (>0.1 x 107> M Na*), it is likely
that these ions are interacting with the GO surface in tandem
with surfactant, contributing to the pH effect. Screening of the
surface charge is also reflected in the zeta potential analyses
(Figure 5c), where the values appear to be less negative at the
low surfactant concentrations compared to the equivalent sam-
ples at pH 8.5 without added salt (Figure le). Adsorption of
the GO/azoTAB composite at the air-water interface was again
indicated by XRR, showing a very similar scattering pattern
as determined previously (thickness 56.9 A). This pattern was
also fit with a three layer model, confirming GO at the interface
(Figure 5d,e).

It is also important to note that the air-water (and indeed
oil-water) interfaces bear a negative surface potential on the
order of tens of millivolts across the pH range explored.30-32
Therefore, the effect of charge neutralization of the GO sheets
through surfactant addition as well as charge screening from
counterions could be expected to reduce the repulsion from the
interface itself, also facilitating GO enrichment. From the zeta
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Figure 5. a) Changes in surface tension over time for samples containing 0.1 mg mL™" GO, 0.1 x 1073 m azoTAB and the specified concentrations
of KCl at pH 8.5. b) Equilibration tensiometry data for pure azoTAB and azoTAB with 0.1 mg mL™" GO, with 3 x 10~% m KC| present. Samples are at
pH 10 for the pure system and pH 8.5 for the mixed system. c) Zeta potentials of 0.1 mg mL™" GO with azoTAB in 3 x 107 m KCl at pH 8.5. d) X-ray
reflectivity data comparing 0.1 x 107> M azoTAB and 5 x 1073 m KCl with an equivalent sample also containing 0.1 mg mL™" of GO. The hollow symbols
represent the experimental data and the solid lines are model fits. e) The corresponding electron density profiles for the results in (d). In all instances

azoTAB is in the trans-dominated PSS.

potential measurements in Figures 2c and 5c, it is apparent
that the GO is still negatively charged at the ratios where most
adsorption occurs (around 0.1 mg mL™! GO with 0.1 x 103 m
azoTAB). Hence the presence of a sufficient proportion of coun-
terions from added electrolyte or base such as to provide addi-
tional screening of the surface charges would also enhance the
adsorption of GO at the interface. Once the repulsion from the
interface is sufficiently overcome, hydrophobic and van der
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Waals interactions become the dominant forces driving adsorp-
tion. Moreover, it is also likely that at high surfactant con-
centrations (>0.7 x 1073 m), the lack of adsorption of the now
positively charged GO sheets may be due to repulsion from
an interface now saturated with cationic surfactant molecules
(Figure 3e).

Having determined that surfactant adsorption drives GO
to the air—water interface, we further investigated the effects
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Figure 6. a) Changes in surface tension over time for GO and 0.1 x 10~ m azoTAB. b,c) Dynamic
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c) the surfactant is in the cis-dominated PSS. d—f) Images of pendant drops for 0.1 mg mL™' GO
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of tuning the surfactant/GO ratio as well
as photoisomerization. Keeping a constant
azoTAB concentration of 0.1 x 107 m, and
incrementally increasing the GO concentra-
tion shows a gradually smaller decline in sur-
face tension as well as the speed at which it
declines (Figure 6a). This indicates that the
amount of surfactant adsorbed to the GO is
clearly significant, as at the 0.4 mg mL™ GO
concentration there is no apparent decline in
surface tension for the first 600 seconds of
the measurement. Whereas at 0.1 mg mL™
GO, where the amount of adsorbed sur-
factant is much greater (=x4), the decline
is almost instantaneous as the sheets are
much more surface active (Figure 6a). An
azoTAB/GO ratio of 0.1 X 107 m azoTAB to
0.1 mg mL™ GO corresponds to a mass ratio
of =0.4 mg azoTAB to 1 mg GO (calculated
precisely for all samples in the Supporting
Information). By taking this same ratio but
increasing the loading of each material, it
was found that the surface effects of GO and
azoTAB could be accentuated by not only
inducing a more rapid decrease in surface
tension, but also by decreasing it to a greater
extent (=57 mN m™ at equilibrium for the
two higher loadings, Figure 6b). The faster
diffusion of the materials to the interface at
the higher loadings is in line with the law of
mass transfer, however the additional low-
ering of surface tension suggests that at the
smaller proportion (0.1 x 107 m azoTAB and
0.1 mg mL™! GO), the interface is not fully
saturated with materials at equilibrium (also
apparent from the BAM images, Figure 4b,c).

Interestingly, when azoTAB is isomerized
to the cis configuration, the drop in surface
tension caused by the GO/azoTAB assembly
is significantly smaller and does not appear
to change noticeably beyond the proportion
of 0.2 x 107 M azoTAB to 0.2 mg mL™ GO
(Figure 6¢). These findings highlight that not
only charge and surfactant ratio are key fac-
tors in governing the interfacial behavior of
this system, but the nature of the surfactant
is also integral. As cis azoTAB has a greater
aqueous solubility than the trans isomer due

and 0.2 x 10 m azoTAB as in (g), over the course
of the measurement. Images were taken d) at the
beginning of the measurement, e) at equilibrium
just before UV illumination, and f) at the end of the
measurement following irradiation. g) Changes in
surface tension over time for samples of GO and
azoTAB at pH 10.5 in response to an external stim-
ulus of 365 nm light after equilibration (dashed lines
indicate commencement of UV irradiation).
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to the much larger dipole moment of the tail-group, its affinity
for the interface is significantly lower.?3l As a result of this
effect, the reduced surface activity observed for the GO/azoTAB
complex could be for two possible reasons: either the amount
of surfactant adsorbed to the GO surface is significantly less,
or the sheets themselves are simply less surface active in spite
of being coated with surfactant, stemming from the decreased
hydrophobicity of the surfactant tail-groups. According to pre-
viously obtained adsorption isotherm data,l?*! the difference in
the adsorbed amount of azoTAB surfactant on the GO should
be negligible at these concentrations, regardless if the sur-
factant has been irradiated or not. Therefore the differences in
surface tension for the surfactant/GO complex based on the
structural configuration of azoTAB can be attributed predomi-
nately to the change in hydrophobicity. This indicates that the
interfacial behavior of these materials is also innately related to
the physical chemistry of the surfactant as well as the bulk solu-
tion conditions, providing additional and more subtle means
for controlling the behavior.

To effect photo-induced control over the interfacial prop-
erties of the system in situ, dynamic surface tension was
monitored for GO/azoTAB during which the response to UV
illumination mid-measurement was also assessed (Figure 6g).
Samples consisted initially of azoTAB in the trans-PSS with and
without GO. For samples with GO, UV illumination (=365 nm)
was started when the sample appeared to be at equilibrium
(i-e., when surface tension was no longer decreasing appre-
ciably). For both concentrations measured (0.1 x 1073 and
0.2 x 1073 M azoTAB with 0.1 mg mL™! GO), a small increase
in surface tension of =2-3 mN m™ was observed immediately
after illumination commenced (Figure 6g). These changes
over time are also evident in the progressive droplet shapes
corresponding to 0.1 mg mL™ GO with 0.2 x 107 m azoTAB
(Figure 6d,e), where at equilibrium (Figure 6e) there is a small
additional deformation of the droplet compared to the initial
drop profile (Figure 6¢), which is then partially reversed fol-
lowing illumination with the UV light (Figure 6f). These out-
comes are clearly a result of the photo-induced isomerization
of azoTAB from the trans to the cis isomer, however they are
significantly less prominent than would be expected based on
the results in Figures 6b,c. Furthermore, irradiating the pure
surfactant solution at 0.2 X 1073 M almost instantly increases the
surface tension dramatically to above >70 mN m™!. Because GO
is macroscopic and a 2D material, the energy barrier to effect
its desorption from the interface is likely to be significantly
higher than the molecular surfactant (thousands of kzT for GO
compared to typically only a few kgT for surfactant molecules).
Hence the effects of photoisomerization may be insufficient to
cause the GO to partition back into the bulk solution. There-
fore, the observed effects of the UV light on the samples with
GO are likely a result of free surfactant desorption from the
interface, or the desorption of only smaller sheets.

To demonstrate the effectiveness of surfactant-enhanced
adsorption of GO at fluid interfaces, we attempted to stabilize
oil-in-water emulsions using the GO/azoTAB combination as
the stabilizer, and toluene as the oil phase. To assist the emul-
sification process, samples were subjected to 30 s periods of
sonication after which they were left overnight before imaging.
Aqueous GO dispersion on its own at pH 10 (0.4 mg mL™)
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showed very little capability for emulsification, with only a very
small layer of droplets forming (Figure 7a). As established due
to the highly charged nature of GO, its dispersion in the bulk
aqueous solvent is thermodynamically favored through sta-
bilizing dipole interactions with water molecules, causing its
adsorption to the air-water interface to be nonspontaneous,
a fact that would also apply to the oil-water interface. Simi-
larly, trans and cis azoTAB at 0.4 x 1073 m (pH 10) also showed
minimal capacity for emulsifying toluene (Figure 7a). The
emulsion layer for the trans azoTAB sample appears to be mar-
ginally thicker than that of the cis sample, which coincides with
the increased surface activity of the trans isomer causing it to
partition more toward the interface than the bulk solution. The
more vivid color of the cis azoTAB solution is a result of the
diminished ability of the cis isomer to absorb light in the near
UV region of the spectrum.B4 Optical microscopy images of
emulsion droplets formed in these samples can be viewed in
the Supporting Information as well as the relative proportions
of the samples that have been emulsified.

Significantly greater stabilization effects are observed when
GO and azoTAB are used concurrently (Figure 7b,c). As con-
firmed by the tensiometry and reflectivity data, the dual system
results in significantly more material at the interface, most
importantly GO. Hence the capacity for emulsification is sub-
stantially higher when both materials are present in the system
when compared to either one individually, again due to the
synergistic effects of the two materials. The emulsion layer
increases in size when the concentrations of each material are
raised (Figure 7b,c), presumably because there is additional
material available for stabilization. However observing the
optical microscopy images of these emulsions and determining
the droplet diameters reveals that for the trans azoTAB/GO
system, the oil droplets become significantly smaller at the
higher material loadings (Figure 7d-g), with the average
diameter decreasing from 45.8 to 14.5 um at the 0.1 x 103 ™
azoTAB:0.1 mg mL™! GO and 0.4 X 1073 M azoTAB:0.4 mg mL!
GO ratios, respectively. As increasing the amount of inter-
face requires energy, this result corresponds to an improved
capacity for stabilization. The same effect is observed in the
cis azoTAB/GO samples (Figure 7h-k), but to a much lower
extent from 35.3 to 29.7 um for the same concentrations. The
peak widths were also found to shorten at the higher mate-
rials loadings, indicating a decrease in droplet polydispersity
(see the Supporting Information). Because the trans isomer is
more surface active, this property is likely mirrored in the self-
assembled composite, hence the trans azoTAB/GO system will
show a greater affinity for the oil-water interface, enhancing
their capacity for dispersion of the oil compared to the equiv-
alent cis system. These findings suggest that it is possible to
control emulsion characteristics based on the choice of sur-
factant. Furthermore, the presence of nonspherical droplets
also indicates that there are particles—in this case GO—located
at the interface;® such droplets cannot arise in emulsions sta-
bilized by labile surfactants alone.>%l The emulsions formed
here can thus be thought to be of the Pickering or Ramsden
type (i.e., particle stabilized).**] Samples below the optimal
GO/azoTAB ratio where the surface activity of the sheets is
too low, and above the optimal ratio where the sheets become
positively charged are shown in the Supporting Information.
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Figure 7. a) “Blank” emulsion samples containing an equal volume of toluene and the specified concentrations of GO, trans and cis azoTAB. Toluene-
in-water emulsions in which the aqueous phase comprises the specified concentrations of GO and b) trans or c) cis azoTAB. Samples were sonicated
for 30 s and left overnight before photographing. d—k) Optical microscopy images of toluene-in-water emulsion droplets with the corresponding his-
tograms of droplet size shown below. (d)—(g) correspond to the trans azoTAB samples (red histograms) while (h)—(k) correspond to the cis azoTAB
samples (blue histograms). All cis azoTAB solutions were irradiated with 365 nm light prior to incorporation of the GO. All samples (blanks included)

were at pH = 10.

In both instances there was minimal emulsification of the
toluene, again reaffirming the significance of the GO/azoTAB
ratio. Additional images of emulsions and droplets as well as a
full table of the parameters extracted from the Gaussian fits are
presented in the Supporting Information.

The conversion of GO to reduced graphene oxide (rGO) did
not appear to increase adsorption to the air-water interface,
but instead seemed to inhibit the process (Figure 8a). Upon
chemical reduction, GO loses much of its oxygen functionality
which causes it to become more hydrophobic.’”! A significant
proportion of the oxidation is retained however, hence rGO
still has a negative surface potential and can be dispersed in
water, although its aqueous stability is greatly diminished.['?]
Therefore it was hypothesized that rGO with azoTAB would
show even greater capacity for adsorbing at the air-water
interface than the azoTAB/GO system. Performing similar

Adv. Mater. Interfaces 2017, 4, 1700803 1700803

tensiometry measurements at high and low pH revealed that
for all surfactant/rGO ratios, the equilibrium surface tension
was higher than that of pure azoTAB at the same concentration
(Figure 8a), suggesting that adsorption at the air-water inter-
face was only occurring for free surfactant molecules and that
adsorption to rGO in the bulk simply depletes the available sur-
factant concentration.

For differing concentrations of azoTAB, rGO displays similar
surface charging behavior with only a minor decrease in the
point of charge inversion to around (0.1-0.2) X 107> m azoTAB
(Figure 8b). However the lack of adsorption of surfactant-coated
rGO sheets as observed when GO was used is curious. We
posit that this could be one of two factors both related to the
increased hydrophobicity of rGO. It is possible that the sur-
factants are adsorbing to hydrophobic rGO sheets via their tail-
groups, meaning the hydrophilic head-groups are in solution,

(9 0f12) © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 8. a) Equilibrium tensiometry data for pure azoTAB and azoTAB
with 0.1 mg mL™" rGO at different values of pH. b) Zeta potentials of
0.1 mg mL™" rGO dispersion with azoTAB at different values of pH. In
all instances azoTAB is in the trans-dominated PSS. c) Emulsion samples
comprising an equal volume of toluene and the specified concentration
of aqueous rGO + azoTAB, 12 h after mixing.

keeping the sheets solvated such that they remain preferentially
in the bulk rather than the air—water interface. Alternatively, the
sheets are largely crumpled in solution and even though the
surfactant molecules can still adsorb to the rGO, the adsorp-
tion of the sheets themselves is inhibited by this morphology.
Small-angle neutron scattering data also has shown that rGO
with azoTAB exhibits fractal aggregation in solution,?3! further
affirming this theory. The rGO sheets may also simply be too
hydrophobic to spontaneously adsorb to the interface. This
behavior could be considered akin to protein folding, where
the hydrophobic regions are also oriented to the interior of
the structure to minimize interactions with the surrounding
solvent.®®! In either case, emulsification was attempted using
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mixtures of rGO and azoTAB, and the results are shown in
Figure 8c. In all samples with rGO present, little to no emul-
sion layer was apparent after samples had been left for 12 h,
indicating that rGO and azoTAB are not effective interfacial sta-
bilizers in the compositions used. Due to the apparent lack of
interfacial adsorption and emulsification, further experiments
were not conducted on rGO systems.

3. Conclusion

A simple and controllable method for enhancing adsorption
of GO at air-water and oil-water interfaces is demonstrated
whereby the addition of small amounts of a cationic surfactant
are added to render the sheets more surface active. The ratio
of surfactant to GO is key in driving this process, as too little
surfactant does not sufficiently negate the surface charge of
the GO, and too much causes overcharging or over-coating of
the sheets, such that in both cases the GO remains in disper-
sion. By using a photoisomerizable surfactant as a mechanistic
probe, subtle information on the system thermodynamics
is obtained. Significant differences in system behavior are
observed depending on the structure of the surfactant, with
cis isomerization greatly diminishing the decline in surface
tension over time, suggesting that hydrophobic forces are
also playing a key role. Interestingly, these effects were not
observed when substituting GO with rGO, which we suspect
is due to significant crumpling of the rGO sheets in solution
due to a much greater proportion of hydrophobic domains,
thus inhibiting adsorption to the interface. Destabilization of
the GO suspension counteracts adsorption at the interface,
hence adjustment to moderately high pH (i.e., pH 10) greatly
enhances the bulk stability of the system, offering a broader
range of control with surfactant concentration. Adding a small
quantity of neutral electrolyte (i.e., KCI) facilitates the adsorp-
tion process by partial screening of the surface charge. By
using X-ray reflectivity, we were able to directly map changes
in the air-water interface and attribute the physical effects
observed with the apparent synergism between the surfactant
and GO. Finally, the efficacy of the combined system was
demonstrated in the stabilization of oil-in-water emulsions,
whereby a substantial improvement in oil dispersion was seen
versus either constituent independently. The system thus uti-
lizes noncovalent self-assembly of the materials, overcoming
the need for synthesizing difficult covalent composite mate-
rials and offering an easy method for achieving interfacial con-
trol and enhanced emulsification of the oil phase. The method
is low energy, requires only very small quantities of materials,
and constitutes an entirely new type of emulsion.

4. Experimental Section

GO was synthesized from graphite flakes (Sigma, +100 mesh) according
to Marcano et al.B% Purification was modified slightly, with 3 cycles of
centrifugation (4000 rpm) performed in ultrapure water only, followed
by 1 week of dialysis using cellulose dialysis tubing (Sigma) to remove
residual salt and acid. The product was kept and characterized as an
aqueous suspension to maintain dispersion stability. Reduction of the
GO followed Li et al.,['? with the resultant suspension also purified by

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dialysis to remove the ammonia and any unreacted hydrazine. AzoTAB
was synthesized as described previously.334% Characterization of these
materials was performed previously and can be found in the Supporting
Information of McCoy et al.[3l Photoresponse of the surfactant for
differing concentrations was assessed by UV-vis spectrophotometry
on a Cary 60 instrument from Agilent Technologies (see the Supporting
Information). Measurements were performed across the wavelength
range of 200-550 nm using a 1 cm pathlength quartz cuvette.

All samples for analysis were prepared by adding of the colloidal
material (i.e., GO or rGO) last to each mixture to avoid any potential
equilibrium biasing. Adjusting of pH was performed by addition of
sodium hydroxide solution (Merck, 299%), with the final pH values
measured using a calibrated pH meter; pH was also measured
individually for each sample using a HACH H135 minilab micro pH
meter (see the Supporting Information). All salt addition experiments
were performed using potassium chloride (Merck, 299.5%) as the
electrolyte. As the properties and thus physical behavior of GO and
rGO can differ markedly depending on their preparation routes, all
samples were made using materials from the same synthesis or batch.
Photoswitching was achieved using a 365 nm UV light source with a
radiant power of 19.9 mW cm™?% samples were irradiated either prior to
addition of the GO or during measuring as specified.

Tensiometry measurements were performed at room temperature
(=25 °C) using a custom-made pendant drop setup. Droplets were
suspended from a blunt needle of accurately known diameter
(0.8192 mm) to a sufficient size such as to cause deformation of
the drop without it detaching before equilibrium was reached. All
measurements were conducted in air, inside a cuvette to minimize
evaporation. Drop analysis was completed using OpenDrop
software.?l All pendant drop measurements were performed for a
minimum of 20 min to allow system equilibration at the interface, and
all reported equilibrium surface tension results (see the Supporting
Information) were obtained by averaging the final 10 data points of each
run. A box smoothing function had been applied to the data series in
Figure 1b.

Zeta potentials for GO and rGO containing samples were determined
by phase analysis light scattering (PALS) on a Brookhaven Nanobrook
Omni. Light scattered by each sample in response to the applied voltage
is detected to determine the electrophoretic mobilities, ug, which are
then used to calculate the zeta potentials, {, using the Smoluchowski
equation

Ve _¢t€
Ug _f_%
where vg is the electrophoretic velocity, E is the electric field strength, €
is the permittivity, and 7 is the viscosity of the medium. Samples were
analyzed in T cm pathlength polystyrene cuvettes in which the palladium
PALS electrode was carefully immersed. Each measurement involved
5 consecutive runs comprising 20 cycles at 25 °C.

XRR measurements of the air-water interface were performed
using a PANanalytical X-Pert PRO reflectometer (high tension = 45 kV,
current = 40 mA) with a radiation wavelength (Cu K,) of 0.15418 nm.
Measurements were 90 min in duration, during which the incident
angle was increased from =0.01 to 0.99 A~' (Q range). The specular
reflectivity was thus observed as a function of the momentum transfer
perpendicular to the sample surface. Samples were contained in
8 cm x 4 cm Langmuir troughs and sealed in a closed environment to
minimize evaporation. The reflectometer enclosure temperature was
=30 °C. All reflectivity data was modeled using MOTOFIT, 28l a reflectivity
analysis software package run from the IGOR Pro environment. Further
details regarding modeling can be found in the Supporting Information.

BAM was performed on the air-water interface using an Accurion
EP4 Imaging Ellipsometer system with a 10x objective lens (Nikon), and
a 658 nm laser light source. Imaging was executed at an incident angle
of 53° (i.e., the Brewster angle). An initial sample comprising a pH 10
aqueous dispersion of GO was imaged, following which two aliquots
of azoTAB were incrementally added to the sample mixture to achieve
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concentrations of 0.05 x 107 and 0.1 x 107 m. Imaging of the air-water
interface was performed shortly after each addition to observe changes
in adsorption with surfactant doping.

Samples imaged by WFM were prepared by dip-coating 22 mm?
glass coverslips in sample solution. Coverslips were initially cleaned
by immersing in chloroform and sonicating for 30 min to remove any
polystyrene coating. The coverlips were then thrice washed with ultrapure
water and dried prior to dipping. Samples comprised either 0.1 mg mL™
of GO or 0.1 mg mL™" of GO with 0.1 x 1073 m azoTAB (both at pH
10), in which the prepared coverslips were vertically immersed =75% of
the way for 2 min. The substrates were then slowly pulled up through
the interface and gently shaken to remove extraneous liquid. Once dry the
samples were prepared for WFM by a method adapted from Kim et al., %]
which involved spin-coating (1 min, 2000 rpm) either 10 or 20 uL of a
solution of 0.5 wt% PVP in ethanol with 1 mg of dissolved fluorescein.
Imaging by WFM was then performed with an Olympus IX81 inverted
fluorescence microscope fitted with a 100x 1.49 NA oil immersion TIRF
objective lens. Samples were excited with 5 mW of 488 nm (blue) laser
and the resulting fluorescence was detected on an Andor iXon EM-CCD.
Regions of 25.6 um? were imaged for 500 ms with the gain held at 200.

Oil-in-water emulsions were prepared with an equal volume of
toluene (Merck, 299.9%) and aqueous sample comprising GO, azoTAB
or both at pH 10. The mixtures were then sonicated for 30 s using a
Branson Digital Sonifier at an amplitude of 10% and left overnight.
Samples for light microscopy were then prepared by extracting a small
amount of mixture from the emulsion layer and depositing it on a glass
slide. A coverslip was then carefully placed over the deposited material
to create a plane of focus. Light microscopy images were taken using a
CCD camera (Flea3, Point Grey, Richmond, BC, Canada) attached to a
Kozo XJP 300 polarizing microscope with a 10x microscope objective
lens. Size analysis of emulsion droplets was done using the Image)
software and only performed on the images featured in the main article.
Further details regarding data analysis can be found in the Supporting
Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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During irradiation, the molecular symmetry of azoTAB becomes notably distorted such that
the two nitrogen atoms are exposed, causing a significant increase in the compound’s dipole

1 This is apparent in the UV

moment (from ca. 0.4-3.5 D for the azobenzene group alone).
spectra for azoTAB, where longer irradiation times significantly decrease the absorbance for the
m — 7* transition (Figs. la-c). It is also evident in Figures la-c that longer irradiation time are
required to fully isomerise an azoTAB solution at higher concentrations due the high absorption
of the azobenzene chromophore.? Interactions with the surrounding aqueous solvent thus occur

more readily, and the surfactant is thereby less driven to the interface.?

Moreover, azoTAB surfactant molecules in water are not entirely in one isomeric state or the
other. Depending on the illumination conditions, the rate of photo-induced isomerisation to one
isomer will eventually equal the rate of reversion to the other isomer and as such, the system
reaches an equilibrium where the proportion of the first isomer can no longer be increased.* The
resultant equilibrium is referred to as a photostationary state which is composed of a specific
mixture of both isomers.> With this is mind it should be mentioned that when we refer to
trans and cis we are implying their respective photostationary states which are 25% cis for the
trans-dominated state and 95% cis for the cis-dominated state.
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Figure S1: UV-visible spectra of a 1 mM (a), 2 mM (b) and 3 mM (c) azoTAB solution after
irradiation with 365 nm light for the specified time periods.

Pendant drop tensiometry measurements involve photographing of a suspended droplet image
profile in which the drop size and volume are determined by pixel correlation of the droplet
against the needle diameter, and the surface tension is determined by solving the Young-Laplace

equation for non-spheres (1) by iteratively fitting the drop profile:

1 1
AP:’Y(E‘F 372)

where AP is the pressure differential across the interface, v is the surface tension and R; and
R, are the droplet radii. As all measurements performed with this technique were conducted in

air as the continuous medium, interfacial tension can be substituted with surface tension.”
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Figure S2: Surface tension data over time for the specified azoTAB concentrations in the trans
(a) and czs (b) configurations.
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Figure S3: (a) Pendant drop tensiometry data of azoTAB photosurfactant before (trans) and
after (cis) irradiation with 365 nm light.

Table 1: Raw data values for the mean surface tensions of azoTAB in water for the trans and

cis isomers at various concentrations.
azoTAB concentration Mean surface tension (mN/m)

(mM) trans cis

0.010 70.5 70.8
0.015 70.8 70.7
0.021 70.5 71.5
0.032 70.5 70.8
0.046 70.5 71.2
0.070 70.6 70.6
0.101 70.0 70.5
0.139 69.8 70.3
0.205 68.4 70.0
0.306 61.6 70.2
0.456 54.5 69.1
0.706 45.6 65.0
1.012 39.5 56.8
1.426 37.3 50.3
2.019 37.2 42.3
3.025 37.5 37.2
4.530 37.1 38.2
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Figure S4: Samples containing 0.1 mg/mL of aqueous GO dispersion with the specified
concentrations of trans azoTAB at approximately pH 5.5, 8.5, 9.5 and 11.5. Samples that
are either unstable or metastable have been marked with an asterisk (*).
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Figure S5: Pendant drop tensiometry data showing changes in surface tension over time for the

samples shown in Fig. 4: 0.1 mg/mL GO dispersions in water with the specified concentrations of
trans azoTAB at pH 5.5 (a), 8.5 (b), 9.5 (c) and 11.5 (d). The measurements span approximately

20 minutes.
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Table 2: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of aqueous GO dispersion with the specified concentrations of trans azoTAB at approximately
pH 5.5, 2.e. with no added base.

azoTAB concentration = Mass ratio Stability = Eq. surface tension pH Zeta potential Conductance

(mM) azoTAB:GO (mN/m) (mV) (1S)

0 0 Stable 69.7 5.3 —38.20 + 1.31 18
0.010 0.048 Stable 70.8 5.4 —24.68 + 1.05 25
0.021 0.093 Stable 71.0 5.3 —24.02 £ 1.29 34
0.045 0.204 Stable 64.7 5.3 —18.77 £ 1.57 50
0.073 0.327 Stable 64.4 5.7 —11.29 + 1.37 57
0.105 0.471 Unstable 68.8 5.9 —21.72 £0.78 75
0.202 0.904 Unstable 71.1 4.8 —0.23 £0.82 110
0.304 1.359 Unstable 67.1 55 15.08 = 0.79 131
0.452 2.054 Unstable 61.4 5.2  28.14 £ 0.53 133
0.706 3.189 Unstable 53.7 5.7 30.85 + 2.08 207
1.005 4.541 Unstable 46.7 5.3 43.82 £ 0.48 269
1.421 6.398 Stable 42.4 5.5  50.17 £ 0.46 329
2.036 9.138 Stable 38.2 5.9 43.78 £ 1.96 412
3.045 13.679 Stable 36.8 6.7 43.01 £+ 2.32 528

Table 3: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of aqueous GO dispersion with the specified concentrations of trans azoTAB at approximately

pH 8.5.
azoTAB concentration = Mass ratio Stability Eq. surface tension pH Zeta potential Conductance

(mM) azoTAB:GO (mN/m) (mV) (1S)

0 0 Stable 71.4 8.5 —38.83 £ 1.16 242
0.011 0.052 Stable 71.4 8.5 —30.93 £ 0.87 250
0.021 0.097 Stable 73.2 8.3 —37.68 £ 0.97 251
0.047 0.215 Stable 73.5 8.6 —39.65 + 1.11 249
0.075 0.336 Stable 72.8 8.5 —46.79 + 0.56 271
0.109 0.494 Stable 68.4 8.7 —40.70 £ 0.75 270
0.203 0.915 Stable 62.2 8.6 —33.65 £ 1.97 299
0.305 1.371 Stable 66.3 8.4 —19.81 + 1.98 306
0.455 2.003 Unstable 66.5 8.2 9.58 + 1.30 352
0.702 3.087 Stable 56.0 8.4 31.73 + 0.98 431
1.010 4.577 Stable 48.0 8.1 32.24 + 1.15 509
1.404 6.353 Stable 42.0 8.3 31.46 + 0.48 552
2.002 9.040 Stable 38.6 8.3 36.81 + 0.36 653
3.023 13.62 Stable 38.6 8.3 39.95 + 1.45 831
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Table 4: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of aqueous GO dispersion with the specified concentrations of trans azoTAB at approximately

pH 9.5.
azoTAB concentration  mass ratio Stability Eq. surface tension pH Zeta potential Conductance

(mM) azoTAB:GO (mN/m) (mV) (1S)

0 0 Stable 70.6 9.62 —44.03 £ 0.74 393
0.01 0.043 Stable 72.2 9.69 —42.07 £+ 1.64 377
0.022 0.097 Stable 72.4 9.63 —34.87 £ 2.12 368
0.048 0.217 Stable 71.6 9.76 —42.39 + 1.42 386
0.071 0.32 Stable 72.0 9.68 —42.62 £ 1.56 379
0.099 0.445 Stable 70.0 9.23 —45.14 + 0.92 410
0.2 0.87 Stable 65.4 9.55 —29.43 £ 2.76 413
0.303 1.342 Stable 65.6 9.6 —25.77 £ 0.78 428
0.452 2.035 Unstable 69.3 9.42 —3.01 £+ 1.07 450
0.712 3.196 Metastable 56.4 0.28 16.57 £ 1.42 494
1.023 4.589 Stable 46.6 9.07 30.2 + 1.28 562
1.404 6.301 Stable 42.0 8.89 36.75 £ 1.3 646
2.012 9.038 Stable 38.9 8.88 29.89 + 1.84 744
2.982 13.448 Stable 38.3 8.93 39.15 + 0.83 879

Table 5: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of aqueous GO dispersion with the specified concentrations of trans azoTAB at approximately

pH 11.5.
azoTAB concentration  Mass ratio Stability = Mean surface tension pH  Zeta potential Conductance

(mM) azoTAB:GO (mN/m) (mV) (pS)

0 0 Stable 70.9 11.8 —41.36 £+ 0.73 3058
0.012 0.052 Stable 70.4 11.8 —34.37 £ 1.12 2838
0.022 0.099 Stable 70.8 11.8 —40.84 £+ 0.70 3117
0.045 0.202 Stable 67.3 11.8 —40.37 £ 0.53 3085
0.072 0.325 Stable 57.9 11.7 —45.97 £ 0.85 2973
0.100 0.446 Stable 62.6 11.8 —41.91 + 1.81 2954
0.204 0.913 Stable 63.6 11.7 —46.85 £ 0.50 2954
0.307 1.378 Stable 64.2 11.7 —37.92 £ 0.56 2788
0.453 2.028 Unstable 67.3 11.6 —8.45 £ 0.92 2679
0.709 3.172 Unstable 56.5 11.5 2455 £ 0.74 2412
1.015 4.542 Stable 47.8 11.7  26.10 £+ 0.86 2891
1.407 6.344 Stable 42.7 11.7  27.02 + 0.74 2808
2.016 8.993 Stable 38.1 11.6 2591 + 1.24 2789
3.031 13.553 Stable 38.0 11.6  26.78 £ 1.09 2636
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Figure S6: (a) Samples containing 0.1 mg/mL of aqueous GO dispersion and 0.1 mM of trans
azoTAB with the specified concentrations of KCI at approximately pH 8.5. (b) Pendant drop
tensiometry data showing changes in surface tension over time for the samples shown in (a). (c)
Phase analysis light scattering data showing changes in zeta potential for the samples shown in
(a), the dashed line has been added as a guide to the eye.
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Table 6: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of agqueous GO dispersion and 0.1 mM of trans azoTAB with the specified concentrations of
KCl at approximately pH 8.5.

GO concentration azoTAB concentration KCI concentration Stability Eq. surface tension Zeta potential Conductance

(mg/mL) (mM) (mM) (mN/m) (mV) (uS)
- 0.10 4.81 - - - -
0.10 0.10 0.17 Stable 63.1 —38.28 + 1.90 346
0.10 0.10 0.54 Stable 68.1 —32.93 + 2.73 438
0.10 0.10 1.06 Stable 66.3 —34.29 + 0.72 593
0.10 0.10 2.04 Stable 60.1 —23.97 + 1.95 887
0.10 0.10 3.01 Metastable 61.2 —25.00 £ 3.34 1182
0.10 0.10 5.04 Metastable 60.5 —29.36 + 1.50 1814
0.10 0.10 10.01 Metastable 61.6 —18.86 + 2.01 2984

Table 7: Raw data values for the mean surface tensions of various concentrations of trans
azoTAB in water with 3 mM of KCI present.
azoTAB concentration Mean surface tension

(mM) (mN/m)
0.011 71.9
0.014 72.1
0.021 71.7
0.031 70.5
0.045 70.5
0.072 70.0
0.100 65.1
0.139 64.0
0.204 58.1
0.303 514
0.453 44 8
0.711 41.0
0.995 39.8
1.414 38.6
2.010 39.2
3.032 38.7
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Figure S8: Pendant drop tensiometry data showing changes in surface tension over time for (a)
trans azoTAB with 3 mM of KC1 added and (b) the samples shown in Fig. 7. Concentrations
featured in the legends refer to the amount of azoTAB.
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Table 8: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of agqueous GO dispersion and 3 mM of KC1 with the specified concentrations of trans azoTAB
at approximately pH 9.

azoTAB concentration  mass ratio KCI concentration Stability Eq. surface tension pH Zeta potential Conductance

(mM) azoTAB:GO (mM) (mN/m) (mV) (1S)

0 0 3.020 Stable 73.1 9.1 —35.59 £ 1.38 1140
0.010 0.044 2.993 Stable 72.8 8.8 —39.82 + 0.86 1213
0.015 0.067 3.020 Stable 72.5 8.8 —22.39 £ 1.00 1205
0.047 0.211 3.014 Stable 71.0 8.6 —27.11 £ 2.00 1254
0.069 0.309 3.013 Stable 64.7 9.0 —31.91+0.76 1190
0.101 0.457 3.006 Stable 62.2 9.1 —25.57 + 1.29 1209
0.200 0.900 3.019 Stable 60.1 8.6 —15.37 + 1.56 1236
0.307 1.413 3.020 Unstable 63.7 8.7 —15.65+ 1.13 1224
0.454 2.046 3.007 Unstable 62.7 9.0 3.77 + 2.08 1212
0.696 3.148 3.009 Metastable 53.9 8.7 2117 +1.19 1284
0.996 4.484 3.032 Stable 45.4 8.7 2212+ 1.13 1279
1.408 6.347 3.008 Stable 40.2 8.7 2454 +0.98 1268
2.004 9.004 3.010 Stable 39.2 8.8 17.16 &+ 1.60 1299
2.986 13.489 3.009 Stable 38.1 8.6 2292+ 0.77 1479

pH | '
6
. ; | ! |
pH !
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- . -
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b

'
i

'
mM 14mM 2m
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0OmM 0.01 mM 0.02mM 0.045 mM 0.07mM 01mM 02mM 03mM 045mM 0.7 mM

Figure S59: (a) Samples containing 0.1 mg/mL of aqueous rGO dispersion and the specified
concentrations of trans azoTAB at approximately pH 6 and pH 9. Samples that are either
unstable or metastable have been marked with an asterisk (*).
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Table 9: Raw data values for various measurements performed on samples containing 0.1 mg/mL
of aqueous rGO dispersion with the specified concentrations of trans azoTAB at approximately

pH 6.
azoTAB concentration  mass ratio Stability Eq. surface tension pH Zeta potential Conductance
(mM) azoTAB:GO (mN/m) (mV) (1S)
0 0 Stable 72.3 6.1 -33.85 £ 0.89 26
0.010 0.044 Stable 71.5 5.5 -39.18 +1.41 30
0.020 0.088 Stable 72.3 5.7 -32.92 + 0.96 37
0.045 0.200 Metastable 73.2 5.9 -11.06 £ 2.33 48
0.071 0.326 Unstable 72.4 6.1 -13.87 £ 0.97 58
0.101 0.453 Unstable 72.2 6.1 7.98 £+ 0.39 72
0.199 0.898 Stable 71.4 55 29.70 + 0.73 96
0.303 1.352 Stable 71.1 5.8 35.10 £+ 0.65 113
0.455 2.040 Stable 63.6 5.7 36.41 + 0.44 141
0.714 3.174 Stable 53.8 5.6 37.40 £ 1.55 190
1.025 4613 Stable 47.2 6.3 44.14 4+ 0.98 250
1.419 6.337 Stable 40.7 6.6 28.41 + 1.68 336
2.034 9.069 Stable 38.4 7.1 42,13 £ 1.22 435
2.709 12.123 Stable 37.6 7.3 42.95 + 1.37 521

Table 10: Raw data values for various measurements performed on samples containing
0.1 mg/mL of aqueous rGO dispersion with the specified concentrations of ¢trans azoTAB at
approximately pH 9.

azoTAB concentration  mass ratio Stability Eq. surface tension pH Zeta potential Conductance

(mM) azoTAB:GO (mN/m) (mV) (1S)

0 0 Stable 1.7 9.4 -35.45 + 1.10 206
0.010 0.045 Stable 71.4 9.2 -33.22 £+ 2.09 212
0.021 0.095 Stable 72.9 9.3 -39.19 £+ 1.09 215
0.045 0.201 Stable 73.3 9.4 -33.79 + 1.96 227
0.070 0.314 Stable 72.3 9.5 -37.11 + 0.68 228
0.103 0.461 Stable 72.9 8.4 -36.54 + 1.06 226
0.203 0.906 Unstable 72.2 8.5 6.19 + 0.89 250
0.307 1.380 Metastable 68.7 89 21.31 +0.53 273
0.455 2.032 Stable 61.6 8.7 22.60 £+ 0.58 318
0.727 3.264 Stable 51.0 85 2559 £+ 0.97 329
1.028 4.601 Stable 46.0 8.3 16.73 £ 0.53 387
1.447 6.476 Stable 40.0 8.4 290.06 4+ 0.98 474
2.038 9.116 Stable 38.1 85 27.33 + 1.52 558
2.712 12.157 Stable 38.5 8.7 34.30 + 0.87 634
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Figure S11: Atomic force microscopy images of GO sheets deposited on glass by dip-coating in
an aqueous dispersion of 0.1 mg/mL GO (a-c) and 0.1 mg/mL GO with 0.1 mM ¢rans azoTAB
(d-f). Solutions were at approximately pH 9. Images were taken on various positions of the

cover slips.

Images by atomic force microscopy (AFM) were gathered on a JPK NanoWizard 3. Imaging
was performed in tapping mode using Bruker NCHV model cantilevers with spring constants
of ca. 42 N/m and nominal resonant frequencies of ca. 350 kHz. Sample preparation was as
described in the main text for wide-field fluorescence (without polymer coating).

From Figure 11, there is little apparent evidence of GO at the interface even when azoTAB is
incorporated. As GO synthesis from bulk graphite flakes results in dispersions with high lateral
polydispersity (submicron to multiple micron sheets), it is possible that upon addition of the
surfactant, the larger sheets are preferentially adsorbing at the interface due to their lower edge
to plane ratio and thus lower aqueous stability.® This hypothesis is supported by the images
in Figures 4b,c and e of the main paper, wherein large (>20 um) GO sheets are predominantly
observed at the interface. Therefore it is likely that the particles are on a size scale unsuitable

for AFM analysis.
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Figure S12: Additional FQM images of GO deposited onto glass cover slips by dip-coating in a
0.1 mg/mL dispersion of GO (a,b,e,f) and a 0.1 mg/mL dispersion of GO with 0.1 mM of trans
azoTAB (c,d,g,h). Images a-d are of samples with 10 uL of the fluorescent layer (see methods

for details) spin-coated on the sample surface and images e-h are of samples with 20 uL spun
on. Solutions were at approximately pH 9 and the total area of each image is 25.6x25.6 ym.
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Figure S13: (a) Sample containing an equal volume of toluene and 0.4 mg/mL of aqueous GO
dispersion at pH 10. (b) Sample containing an equal volume of toluene and 0.4 mM of trans
azo'TAB at approximately pH 10, (c) is a similar sample however the azoTAB has been irradiated
with 365 nm light. The top row represents each sample prior to ultrasonication, the middle row
is immediately after sonication and the bottom row is each sample after being left overnight.
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Figure S14: Optical microscopy images of toluene-in-water emulsion droplets stabilised by
0.4 mg/mL of aqueous GO dispersion (a), 0.4 mM of trans azoTAB (b) and 0.4 mM of cis
azoTAB (c). From left to right images are of the same sample. All samples were at approximately

pH 10 and image areas are image areas are 604.01 by 805.34 ym.
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Figure S15: (a) Sample containing an equal volume of toluene and the specified concentrations
of aqueous GO dispersion and trans azoTAB at pH 10. (b) Similar samples whereby the
azo'TAB solution was irradiated with 365 nm light prior to incorporation of the GO. The top row
represents each sample prior to ultrasonication, the middle row is immediately after sonication
and the bottom row is each sample after being left overnight.
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Figure S16: Optical microscopy images of toluene-in-water emulsion droplets stabilised by
0.1 mg/mL of aqueous GO dispersion and 0.1 mM of trans azoTAB (a), 0.2 mg/mL GO and
0.2 mM trans azoTAB (b), 0.3 mg/mL GO and 0.3 mM trans azoTAB (c) and lastly 0.4 mg/mL
GO and 0.4 mM trans azoTAB (b). From left to right images are of the same sample. All samples

were at approximately pH 10 and image areas are image areas are 604.01 by 805.34 um.
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Figure S17: Optical microscopy images of toluene-in—water emulsion droplets stabilised by
0.1 mg/mL of aqueous GO dispersion and 0.1 mM of cts azoTAB (a), 0.2 mg/mL GO and
0.2 mM cis azoTAB (b), 0.3 mg/mL GO and 0.3 mM cis azoTAB (c) and lastly 0.4 mg/mL
GO and 0.4 mM cis azoTAB (b). All azoTAB solution was irradiated with 365 nm light prior
to incorporation of the GO. From left to right images are of the same sample. All samples were

at approximately pH 10 and image areas are 604.01 by 805.34 pm.
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Table 11: Average diameters of the emulsion droplets and the peak widths for specific
surfactant/GO mixtures based on the Gaussian functions fit to the histograms in the main
paper. Values are shown + one standard deviation.

Azo conc. Isomer GO conc. Average droplet diameter Peak width Emulsion volume
(mM) (mg/mL) (pm) (pm) /Total volume
- - 0.4 - - 0.06
0.4 trans - - - 0.14
0.4 c1s - - - 0.07
0.1 trans 0.1 45.8 + 0.49 13.3 £ 0.89 0.37
0.2 trans 0.2 41.0 + 0.78 8.1 £ 1.21 0.52
0.3 trans 0.3 21.9 £+ 0.36 9.8 + 0.58 0.50
0.4 trans 0.4 14.5 £ 0.24 5.3 + 0.43 0.61
0.1 c1s 0.1 35.3 £ 0.61 12.1 £ 1.02 0.35
0.2 cis 0.2 34.9 + 0.45 11.4 £ 0.75 0.53
0.3 c1s 0.3 30.0 £ 0.41 10.5 £+ 0.67 0.60
0.4 cis 0.4 29.7 £ 0.21 7.5 £ 0.33 0.65
& [5
0.1 mg/mL 0.1 mg/mL
+0.05 mM

- ——

Figure S18: (a-b) Samples containing an equal volume of toluene and the specified concentrations
of aqueous GO dispersion and trans azoTAB at pH 10. The left image of each series represents
each sample prior to ultrasonication, the middle images are immediately after sonication and
the right images are after being left overnight.
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Table 12: Sample compositions and fitting parameters for all XRR samples where SLD is the
scattering length density and BGD is background. Values are representative of the specified
layer from the model.

azoTAB conc. GO/rGO conc. KCI conc. Thickness (&) Roughness (A) SLD
(mM) (mg/mL) (mM) No. of layers Layer 1 2 3 1 2 3 BGD 1 2 3
0.098 0 4.765 2 7.9 18.0 7.2 4.0 3.5 4.37 10.75
0 0.100 0 1 4.6 2.5 4.5 7.96
0 0.099 0 1 1.7 2.6 5.9 8.36
0.045 0.115 0 1 2.4 6.5 2.7 2.14
0.102 0 0 2 16.7 5.2 3.2 4.6 5.5 0.73  9.95
0.103 0.094 0 3 24.6 8.1 89 5.8 53 6.3 7.7 4.15 13.94 1257
0.103 0.101 5.252 3 10.7 17.7 29.0 7.9 65 64 38 1392 912 10.19
1.350 0 0 2 10.5 18.3 3.0 7.9 7.6 539 13.60
1.384 0.100 0 2 16.9 6.9 5.3 5.4 2.2 1250 8.37
1.347 0.098 0 2 17.3 3.9 5.9 5.4 54 1346 6.18
0 0.100 0 1 6.5 2.1 4.2 0.86
0 0.099 0 1 4.1 5.0 7.0 12.68

Table 13: Sample compositions and fitting parameters relating to the kinetics XRR
measurements (Fig. 20) all XRR samples where SLD is the scattering length density and BGD
is background. Values are representative of the specified layer from the model.

Time azoTAB conc. GO conc. Thickness (&) Roughness (A) SLD
(minutes) (mM) (mg/mL) No. of layers Layer 1 2 1 2 BGD 1 2
90 0.209 0.100 2 21.4 15.3 2.8 73 4.1 1.18 10.85
180 0.209 0.100 2 25.2 10.4 4.0 69 73 356 14.36
270 0.209 0.100 2 22.3 8.7 4.2 6.1 69 4.17 6.14

X-ray reflectivity

Taking a sample comprising 0.1 mg/mL of GO and 0.2 mM of trans-azoTAB at pH 10, the
specular reflectivity of the air-water interface was monitored over time (Fig. 20a). To explore a
full Q-range (0.01-0.99 A~1) and achieve reasonable statistics, an individual measurement time
was set at 90 minutes. Hence the measurements do not represent a true approximation of the
adsorption kinetics of the GO/azoTAB, as from greater than ca. 0.3 A1 almost all scattering
was related to the background solvent.

From the initial measurement (90 minutes) to the second measurement (180 minutes), the depth
of the fringe at ca. 0.16 A~! becomes more pronounced indicating that there is more material
at the interface (Fig. 20a). Modelling of the data revealed that the total thickness of this
interfacial film was ca. 35.6 A(see Supporting Information). As azoTAB is only approximately
23 Ain length, more than just a surfactant monolayer must be present at the interface. GO
has a known thickness of approximately 1 nm,® which would account for the remainder of the
thickness. A two layer model was also applied to these data series in which the top layer had an
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Figure S19: X-ray reflectivity data of a 0.1 mg/mL aqueous dispersions of GO and rGO with
and without base. The corresponding electron density profiles for the results are shown in the

bottom graph.

apparent thickness of ca. 25.2 Aand the bottom layer ca. 10.4 A(see Supporting Information),
lending credibility to the theory that the changes indeed result from surfactant-coated GO
sheets at the interface. The sample was irradiated with 365 nm light prior to taking the final
data series (270 minutes) and the film thickness was found to decrease slightly to ca. 31.0 A.
As the azobenzene adopts a bent configuration in its cis form, the molecular length decreases,
which would account for the change observed. This is also evident in the corresponding electron
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Figure S20: (a) X-ray reflectivity data of a 0.1 mg/mL GO dispersion with 0.2 mM ¢rans azoTAB
at pH 10 as a function of time. The sample was irradiated with 365 nm light for 5 minutes
before commencing the final measurement (270 minutes). The hollow symbols represent the
raw data points while the solid lines are model fits. (b) The corresponding electron density
profiles for the results in (a). (c) Schematic representation of the reflectivity data, showing the
increased adsorption of surfactant-coated GO sheets at the air-water interface over time, and
finally conversion of the azoTAB molecules from the frans to the cis isomer upon irradiation
with UV light.

density profile (Fig. 20b), however there does not appear to be desorption of material, based
on the shape of the curve compared to the 180 minute data set. This is unsurprising as larger
structures such as GO would require significantly more energy to desorb from the interface
compared to surfactant molecules. These results are also represented schematically in Figure
20c, showing adsorption of the GO and azoTAB over time followed by photoisomerisation of the
surfactant molecules.
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A diverse range of molecular surfactants and polymers have been incorporated into aqueous graphene
oxide (GO) and reduced graphene oxide (rGO) dispersions in order to understand the complex
relationship between surface chemistry, surface forces and interfacial thermodynamics of these
materials with typical amphiphiles. Surfactant additives were systematically varied in terms of their
charge and hydrophobicity to reveal important structure—function relationships affecting adsorption and
interaction with GO and rGO surfaces. Small-angle (and ultra small-angle) neutron scattering was
employed to examine and monitor the interactions and self-assembly in each system. Charge was found
to be the overriding factor driving adsorption, as cationic surfactants very readily adsorbed to both GO
and rGO, whereas anionic surfactants gave little to no evidence of adsorption despite possessing
hydrophobic tail-groups. Molecules of neutral charge such as nonionic and zwitterionic surfactants as
well as neutral polymers also showed strong affinities for GO and rGO, indicating that dispersion and
dipole (induction polarisation) interactions also play a significant role in adsorption with these materials.

Received 30th April 2018, Modelling the neutron data revealed in many cases a g2 slope in the low g and ultra low g regions,

Accepted 3rd June 2018 indicating that scattering was occurring from large, flat surfaces (lamellae or bilayers), suggesting an
effective flattening of the sheets in dispersion. The results presented thus help to form a roadmap for
the behaviour of GO and rGO with surfactants and polymers, relevant to adsorption, stabilisation,

formulation and coating in aqueous environments as adsorbent and functional materials.
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decontamination;*” the findings put forward in this study are
most significantly applicable to the latter two phenomena.

1 Introduction

Graphene oxide (GO) and reduced graphene oxide (rGO) have
continued to gain considerable research momentum in recent
years owing to their great potential in a wide variety of fields
and applications. Unlike pristine graphene, which is composed
of pure carbon,"”? GO and rGO have the useful benefit of
being processable in aqueous solution due to their chemical
functionalisation with oxygenated groups.®™ This feature, combined
with their exceptional surface area to mass ratio, make GO and
rGO sheets ideal substrates in applications where adsorption is
a central process.”® Such areas include emulsification,”™""
foaming,">™"® coating,'®"® self-assembly'®>" and adsorption/

“School of Chemistry, Monash University, Clayton 3800, VIC, Australia.
E-mail: rico.tabor@monash.edu; Fax: +61 3 9905 4597; Tel: +61 3 9905 4558
b Australian Centre for Neutron Scattering, ANSTO, Lucas Heights 2234, NSW,
Australia
¢ Institut Laue-Langevin, F-38042 Grenoble, France
i Electronic supplementary information (ESI) available: Contains further infor-
mation on models, fitting parameters and sample characterisation. See DOI:
10.1039/c8cp02738b
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GO is highly compatible with water, and as such can form
concentrated dispersions and even hydrogels.>*** The aggressive
oxidation of graphite using the improved Hummers’ method
(used in this work),* results in a large proportion of oxygen
being introduced to the graphene sheets (up to 40% by mass), in
the form of epoxy, hydroxy and carboxy groups.® GO sheets are
thus exceptionally hydrophilic and exhibit large negative surface
potentials in water, readily resulting in their dispersion through
favourable solvation and electrostatic repulsions.>®>” However,
when reduced with hydrazine,” aromaticity on the basal plains of
the sheets is largely restored, and the oxygen content control-
lably decreases down to approximately 20% by mass, resulting in
a material intermediate between graphene and GO in terms of
electrical, mechanical and adsorption properties. Therefore, rtGO
sheets are inherently more hydrophobic, and only form stable
suspensions up to 0.5 mg mL ™', despite retaining significant
negative surface charge.” The effective hydrophilic-lipophilic
balance of these materials is thus a significant factor influencing
their dispersion and adsorption properties,® and realistically
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limits the use of rGO in aqueous applications.”® However,
deposition of rGO from water has been found to be effective in
technological processing, from anti-corrosion layers*®*' to
supercapacitors*>** and batteries.**”

In spite of substantial research into the applications and
chemistry of GO and rGO as adsorbent materials,®®>* a clear
understanding of their physical behaviour and interactions
with small molecules in solution has not been obtained. For
instance, contention exists surrounding the interfacial properties
and surface activity of GO and rGO, specifically on whether
their behaviour is more akin to that of molecular surfactants
or amphiphilic particles, with most works suggesting the
former.>*%**?® Theoretical chemistry computations, including
molecular dynamics, density functional theory and ab initio,
have been performed on model systems of GO and rGO to assist
in understanding their electronic structure, surface chemistry,
and wettability.>”*°~*> However, the relationship between these
important aspects of GO and rGO chemistry, and the way that
these materials interact with myriad organic and inorganic
compounds, remains poorly characterised. Further investiga-
tion of aqueous GO and rGO dispersions with molecular
additives and the key criteria for adsorption are thus required
before the commercialisation and application of these materials
in areas such as industrial wastewater treatment and oil recovery
becomes viable.

In this work, we directly examine the response of aqueous
suspensions of GO and rGO to a variety of carefully selected
molecular surfactants and polymers. Using a combination of
small and ultra-small-angle neutron scattering (SANS and
USANS), we have monitored in situ the interactions and assembly
of these compounds with the carbon nanomaterials at nano and
microscopic length scales. The surfactant additives vary in terms
of their head-group chemistry, in order to understand the effects
of charge sign and hydrophilicity, and tail-groups to control
hydrophobicity and saturation (to explore m-n-stacking effects
with GO/rGO basal plain). Through this systematic variation, the
effects of electrostatic, polarisation and hydrophobic (dispersion
forces) interactions on the adsorption and co-assembly of the
surfactants with both GO and rGO can be compared. Thus, we
are able to gain insight into the fundamental physicochemical
phenomena underpinning the behaviour and basis for GO and
rGO as aqueous adsorbents, so that predictions can be made,
and more effective deployment of these materials in industrial
applications can be achieved.

2 Experimental
Materials

Graphene oxide was synthesised from graphite flakes (Sigma,
+100 mesh) by the improved method of Marcano et al.>®> Minor
modifications to the procedure included an incremental addition
of the potassium permanganate prior to heating the mixture, and
purification by 3 cycles of centrifugation (4000 rpm), redispersing
the particles in ultrapure water only, followed by dialysis for
1 week (cellulose dialysis tubing, 12 800 Da molecular weight
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cut-off, Sigma). The product was kept and characterised as an
aqueous suspension. Reduction of the GO followed Li et al.,’
with the product also purified by dialysis in ultrapure water.
Characterisation of these materials has been performed pre-
viously and can be found in the Electronic Supplementary
Information of McCoy et al.*?

Cetyltrimethylammonium bromide (CTAB, >99%) was from
ChemSupply and dodecyltrimethylammonium bromide (DTAB,
>98%) and tetradecyltrimethylammonium bromide (TTAB,
>98%) were from Sigma. Hexaethylene glycol monododecyl
ether (Cy,E¢), pentaethylene glycol monododecyl ether (C;,Es)
and tetraethylene glycol monododecyl ether (C;,E,), all >98%,
were from Sigma. Triton X-100 (TX-100, >98%) and sodium
dodecyl sulphate (SDS, 90%) were from ChemSupply. Sodium
bis(2-ethylhexyl) sulfosuccinate (AOT, 96%) was from ACROS
Organics. Each of these surfactants were used as received with the
exception of SDS which was recrystallised once from hot ethanol.
Erucyl amidopropyl betaine (EAPB) and oleyl amidopropyl betaine
(OAPB) were synthesised and purified as described previously.**™*®
Polyethylene glycol or oxide (PEG, M, = 400000 ¢ mol ') and
Pluronic F-127 were from Sigma.

Methods

Small-angle neutron scattering (SANS) measurements were
undertaken on two instruments: D11 (Institut Laue-Langevin,
Grenoble, France) and Bilby"” (Australian Centre for Neutron
Scattering, Lucas Heights, Australia). Samples were prepared
using D,0 as the solvent and measured in 2 mm path-length
Hellma cells at room temperature (25 °C). The radially isotropic
raw counts from the detectors were reduced to radially averaged
absolute intensity profiles as a function of the scattering vector,
q, defined as
dn . 0
q=-singy
where 0 is the scattering angle and / is the wavelength of the
incident neutrons. Bilby is a time-of-flight SANS instrument,
hence the instrument utilises a range of wavelengths, in this
case / = 2-20 A, to obtain spatiotemporal information about the
sample. The main detector was positioned 6 m from the samples
while the four curtain detectors were 3 m (left and right
detectors) and 4 m (top and bottom detector), giving a g-range
of approximately 0.002-0.6 A™*. In the process of reduction, the
raw data were normalised against a transmission measurement
and the background was corrected using a blocked beam
measurement. Scaling for absolute intensities was achieved by
accounting for the sample thickness (2 mm) and using an empty
beam measurement. Scattering from an empty cell (for pure
surfactant samples) or D,O sample (for samples containing GO
or rGO) was subtracted prior to modelling data. The D11 SANS
instrument was used to obtain the scattering of the pure GO
dispersions (ILL data citation: DOI: 10.5291/ILL-DATA.9-10-
1309). For D11, two configurations were used with 1 = 10 A,
with a wavelength spread defined by AA/A = 9%, and sample-
detector distances of 1.2 and 8 m, with a detector offset to
provide a g-range of 0.003-0.387 A™*,
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Ultra-small-angle neutron scattering (USANS) measurements
were made using the Kookaburra beamline*®*® at the Australian
Centre for Neutron Scattering, ANSTO. The instrument features a
Bonse-Hart setup in which two parallel arrays of quintuple-
reflection channel-cut silicon crystals serve to monochromate
and analyse the beam.’® A wavelength of 4.74 A was used in these
measurements and depending on run time, could obtain data
over a g-range of 0.00005-0.005 A~ (0.1-10 pum length scales).
Desmearing of the data was then performed using a specially
developed Igor Pro package® before stitching with the relevant
SANS data.

Modelling of scattering data was performed using the soft-
ware ‘SasView’ (http://www.sasview.org). In some instances when
combining SANS and USANS, a scale factor was applied to the
USANS data in order to align with the corresponding SANS data,
made necessary by fluctuations in incident beam intensity and
desmearing effects. For all data presented throughout, symbols
represent the raw experimental scattering data, and solid lines
are model fits generated as described in the text. Vertical error
bars are present in all data sets, but in most instances are too
small to see. All fitting parameters from the models are pre-
sented in the ESIL{ including further details on the models
themselves and modelling procedures.

Atomic force microscopy (AFM) was performed using a JPK
NanoWizard 3. Imaging was carried out in AC mode with Bruker
NCHYV model cantilevers with spring constants of ca. 42 N m™"
and nominal resonant frequencies of ca. 340 kHz. Samples were
prepared by spin-coating (60 s, 2000 rpm) approximately 3-5 pL
of 0.1 mg mL™" GO or rGO onto freshly cleaved mica disks
(ProSciTech). For samples with polymer, the 0.1 mg mL ™' GO or
rGO dispersions also included 0.1 or 0.5 mg mL " of PEG or
Pluronic F127. Images were refined using the JPK Data Proces-
sing software and lateral dimensions for GO and rGO sheets
were measured using Gwyddion (http://gwyddion.net).>>

3 Results and discussion
Graphene oxide and reduced graphene oxide

Small-angle scattering is not a commonly exploited technique
for examining and characterising two-dimensional carbon
nanomaterials. Small-angle X-ray scattering (SAXS) has been
used to characterise graphite oxide (3D stack) prepared by
various known methods,>® however the low electron densities
of the elements make analysing dilute solutions of graphene
oxide (GO, single layer) difficult by SAXS, and the very low
proportion of hydrogen (<2%)> also offers poor contrast using
SANS with solvent contrast variation. In all SANS data sets
presented in this work, 0.1 mg mL ™" of GO or rGO is used, and
the observed scattering from the carbon nanomaterials them-
selves in each case is minimal (Fig. 1a). Atomic force microscopy
(AFM) imaging (in air) revealed monolayer nanosheets (~1 nm
thickness) for both GO and rGO (Fig. 1b-e), with average lateral
sizes of 0.338 and 0.407 pum respectively (Fig. 1f and g). These
materials are therefore within the length regime accessible to
SANS and USANS (1 nm-10 pm). The wrinkling of rGO (Fig. 1c) is
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Fig. 1 (a) SANS data of 0.1 mg mL™* GO and rGO following D,O back-
ground subtractions. Note that the suspensions were diluted with D,O
from concentrated suspensions in H,O. Hence, a D,O background was
subtracted from these data sets rather than an empty cell background, as
the baseline scatter from GO and rGO samples were marginally higher due
to containing approximately 3% H,O. Data for D,O has had scattering from
an empty cell subtracted. Data for GO is offset by multiplication for clarity
(x2). (b and c) AFM height images of GO and rGO dried on mica
respectively. (d and e) Height profiles of GO and rGO respectively where
each cross section corresponds to the dashed blue line on the image
above. (f and g) Histograms of the lateral dimensions of GO and rGO
sheets respectively. Data is binned to 100 nm and n is the total number of
observations.

likely a result of the drying process for imaging. The increased
hydrophobicity of rGO sheets causes them to fold and clump
together through strong m-n-stacking interactions. Large clusters of
rGO could also be observed in some regions of the AFM samples
(see ESLt Fig. S2).

In order to model the scattering for pure aqueous GO
dispersions, a mass fractal model was employed (Fig. 2).>*
The mass fractal model approximates the scattering of spatially
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Fig. 2 SANS data of GO in D,0O at increasing concentrations. Symbols are
raw data points and solid lines are the mass fractal model fits. Inset is the
proposed ‘crumpled’ structure for GO sheet morphology in solution, as
determined by the slope at low g.

inhomogeneous objects according to a power law, allowing
determination of the fractal dimensionality D,, of the material.
This provides a statistical index of how aggregated or structurally
complex the material/assembly is over the measured length scale
(higher fractal dimension corresponds to higher complexity).>*>*
As carbon and oxygen have similar scattering length densities
(6.65 and 5.80 x 10~° A~? respectively) to that of D,O (6.34 x
107° A™?), the scattering contrast for GO originates from the
proportion of hydrogen which is only small in these materials
(<2% by mass).” Therefore, the hydrogen atoms serve as the
scattering ‘building blocks’ or particle radius for the mass fractal
structure, hence, this parameter is treated as negligible (see ESIT for
fitting parameters). The modelling of the GO SANS data reveals
mass fractal dimensions of approximately 2.8 (see ESL T Table S1),
with the slopes at low g being around 3.2 (Fig. 2), indicating that
the sheets have a semi-aggregated, crumpled morphology when
dispersed on their own in aqueous solution.>*®

As scattering from the GO sheets themselves becomes
significantly greater at higher concentrations (Fig. 2), GO and
rGO concentrations of 0.1 mg mL ™" were used in all subsequent
measurements. In this case, scattering contrast for neutrons is
thus expected to arise from the surfactant molecules added to
the aqueous GO and rGO dispersions. The use of surfactants
therefore not only gives insight into molecular interactions with
these carbon nanomaterials for understanding adsorption, but
also allows selective ‘highlighting’ of the sheets. Thus, their
precise morphologies can be determined without convolution
of the data from multiple scattering sources.

Interactions with cationic surfactants

Cationic magnetic surfactants have been shown to destabilise
GO and form noncovalent magneto-responsive composites that can
be used as recoverable materials in wastewater purification.>”
Likewise, a cationic photo-switchable surfactant can be used for
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reversible, light-controllable separation and redispersion of
rGO.*® Cationic surfactants have also even been exploited to
enhance the surface activity of GO sheets and facilitate their
enrichment at interfaces,®® resulting in improved capacity for
emulsion stabilisation,®* and recovery by froth flotation.®>* In
all cases, the positively charged head-group ensures a strong
electrostatic attraction with the negatively charged GO and rGO
sheets, resulting in significant levels of adsorption. Therefore,
we first explored the effects of cationic surfactants in aqueous
dispersions of GO and rGO. For this, a classic and well char-
acterised series of surfactants with trimethylammonium head-
groups was chosen: cetyltrimethylammonium bromide (hexade-
cyltrimethylammonium bromide, CTAB), tetradecyltrimethylam-
monium bromide (TTAB) and dodecyltrimethylammonium
bromide (DTAB). The lengths of the alkyl chains vary from 16,
14 and 12 carbons respectively (Fig. 4d), so that the hydrophobic
contribution to the molecular interactions could also be
assessed.

As cationic surfactants bear an opposing charge to GO and
rGO sheets in solution, there is a propensity for the carbon
materials to flocculate within a specific range of carbon nano-
material : surfactant ratios due to reduction in magnitude of the
interparticle repulsive forces.**®' SANS measurements in situ
may be ineffective or misleading when used on unstable or
inhomogeneous systems. Therefore it was necessary to map the
stability of the colloidal suspension across a broad range of
concentration ratios to uncover where the system was stable/
unstable, and thus determine which sample compositions were
suitable for analysis by SANS.

Stability phase diagrams for DTAB, TTAB and CTAB with GO
were determined (Fig. 3) in which a total of 20 different sample
compositions were assessed for each surfactant (see ESI,T
Fig. S4-S6). Samples were deemed stable if no aggregation could
be observed, metastable if partial aggregation and sedimentation
over 24 hours could be observed, and unstable if the GO was
completely flocculated (Fig. 3a). Depending on the surfactant,
the initial onset of GO aggregation with increasing surfactant
loading was found to occur at lower surfactant concentrations
with increasing tail-group length (Fig. 3b-d, CTAB < TTAB <
DTAB). This effect is likely due to the higher surface activity
associated with the longer tail-groups causing adsorption onto
the GO surfaces and subsequent destabilisation to occur more
readily. In turn, colloidal restabilisation of the GO was also
found to occur at lower surfactant concentrations for the longer
chain molecules (Fig. 3b-d). Stability of the GO at increased
surfactant loadings can be attributed to charge reversal of the
sheets from adsorbed cationic surfactant, such that the materials
are now stabilised through positive charge repulsions.’* As CTAB
is more surface active than TTAB and DTAB, larger quantities
adsorb to the GO sheets, hence the restabilisation effect is
observed at lower surfactant concentrations with increasing tail-
group length. The same can be said for TTAB when compared to
DTAB. Interestingly, this effect also appears to coincide with the
critical micelle concentrations (CMC) for each surfactant (see
ESL, Fig. $3),°*® reaffirming that the behaviour is a hydrophobic
phenomenon. The phase behaviour indicates that hydrophobic
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Fig. 3 (a) Samples of TTAB and GO with phase behaviour specified as

stable, metastable and unstable. (b—d) Stability phase diagrams of aqueous
graphene oxide dispersions with DTAB (b), TTAB (c) and CTAB (d). The green
regions signify stable systems, while the yellow and red regions represent
metastable (partially flocculated) and unstable (flocculated) systems. The
circles signify specific individual samples (see ESI,i Fig. S4-S6) from which
the borders between phases were estimated. The vertical dashed lines mark
the approximate critical micelle concentrations (CMC) for each surfactant as
determined from surface tension measurements (see ESI, T Fig. S3).

interactions (dispersion forces) also play a significant role in
adsorption and interactions within these systems, and that charge
is not the only factor governing the bulk and interfacial properties
of GO in the presence of adsorbing molecules.

With these effects in mind, high DTAB, TTAB and CTAB
concentrations (25 mM) were used with GO and rGO to ensure
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that the samples remained stable for SANS. Samples with DTAB
and TTAB at this concentration were regarded as metastable
(Fig. 3b and c), however the sedimentation of the materials was
slow enough that scattering measurements were still possible.
SANS measurements from pure 25 mM solutions of DTAB,
TTAB and CTAB (i.e. with no GO/rGO present), can be accurately
modelled using an ellipsoid model®® with Hayter-Penfold struc-
ture factor (Fig. 4a).%””"* The fitting yields equatorial radii of 1.7,
2.0 and 2.3 nm, and axial radii of 2.7, 3.2 and 3.8 nm for DTAB,
TTAB and CTAB respectively (see ESI,7 Table S3), concordant
with literature values.”” The increases in micellar radii are due to
the lengths of the surfactant tails,”® and the greater structure
factor contributions for CTAB and TTAB (peaks at medium g,
0.03 A™") can be attributed to the larger volume fractions of
micelles which will form more readily and at lower concentra-
tions for these surfactants than DTAB (see ESLi for details,
Table S3).

When GO and rGO are incorporated with these surfactants
(Fig. 4b and c), substantial differences in scattering in the low ¢
region (0.003-0.02 A™") can be observed compared to the pure
surfactant solutions (Fig. 4a). As ¢ is an inverse length scale,
scattering at lower g values corresponds to larger objects, which
in the context of these systems must be the GO and rGO sheets.
This is a very clear indication of strong interaction between
the surfactant molecules and carbon nanomaterials, as the
scattering from the sheets themselves was found to be negligible
at 0.1 mg mL " (Fig. 1a). Furthermore, the scattering at low g
conforms to a g~ trend, which is indicative of scattering from
flat, planar structures.”*”> Note that this is not seen in the
scattering of pure GO dispersions at any concentration (Fig. 2),
indicating that the surfactant has changed the sheet morphology.
As this trend continues even through the USANS region (Fig. 4f), it
is possible that the surfactants are serving to ‘flatten’ the sheets
and render them rigid, as crumpling of the sheets would result in
an increase in the fractal dimension, and a low q slope greater
than g2, as was shown in Fig. 2. This phenomenon is dubbed
‘nano-ironing’ and could be useful in coatings or deposition
applications where full exploitation of the GO and rGO surface
area would be beneficial.

To model the scattering when both GO/rGO and surfactant
are present, the same mass fractal model was employed to
define the scattering in the low q regions.>® Given that the
scattering contrast in these systems is from the surfactant
molecules, they will serve as the ‘building blocks’ for the mass
fractal structure, and as their adsorption on the sheets will
essentially be in a random arrangement, the mass fractal model
is again an ideal representation for the GO and rGO sheet
morphology. This has been used previously for similar GO/rGO
systems with cationic photosurfactants.*® At 25 mM however
(Fig. 4b and c), the background concentration of micelles is still
significant, therefore the model for the micelles must be
included in the fitting algorithm to accurately fit the medium
g region. Therefore the summation model (a step-wise addition
of the fractal and micelle models) was used to produce the final
fits for these systems (see ESIL, T for more detail, Fig. S7). A final
important consideration when modelling these data is the
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(a—c) SANS data of DTAB, TTAB and CTAB surfactants at 25 mM without carbon nanomaterial present (a), and also with GO (b) and rGO (c).

Concentrations for all carbon nanomaterials were 0.1 mg mL™. The inset in (a) represents a meridional cross-section of the CTAB micelles as determined
from the fitting parameters. (d) Chemical structures of DTAB, TTAB and CTAB. (e) Schematics of cationic surfactant adsorption on GO and rGO. Bromide
anions have been omitted for simplicity. (f) Inclusion of USANS region to GO/CTAB data in b (shaded area). (g) SANS data of 2.5 mM CTAB with GO and rGO.

charge contribution to the scattering from the sheets them-
selves. As GO and rGO are highly charged, a structure factor
contribution arising from interactions between sheets and
micelles could be expected. However at GO and rGO concentra-
tions of 0.1 mg mL ™" (0.01 wt%), the volume fraction of the
sheets is so low that this effect can be regarded as negligible.

Comparing the scattering of the individual surfactants with
GO and rGO, higher scattering intensities are observed in the
low g region as the length of the surfactant tail is increased
(Fig. 4b and c). This observation concurs with the phase
behaviour in Fig. 3, indicating that hydrophobicity influences
the partitioning of the surfactants between the bulk aqueous
phase and the sheet surfaces. Interestingly, when rGO is used,
the overall scattering intensity in the fractal region is lower
when compared to that of GO (Fig. 4b and c). This suggests that
despite hydrophobicity of the surfactants serving to promote
adsorption, a stronger affinity exists for GO than rGO, implying
that electrostatic and dipole interactions are more significant
for adsorption than hydrophobic interactions, as GO is more
strongly charged and has a much greater proportion of oxygen-
containing functional groups than rGO.>° This may also relate
to the nature of the surfactant adsorption on both carbon
nanomaterials. For GO it is possible that the surfactants are
adsorbing via their head-groups with the tails protruding into
solution. As this would unfavourably result in the tail-groups
being exposed to the bulk aqueous solution, another monolayer
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of surfactant adsorbs with the head-groups now on the exterior
of the structure to overcome the reorganisational entropy of
water, collectively resulting in a surfactant bilayer on the
surfaces of the GO sheets (Fig. 4e). Conversely for rGO, because
it is hydrophobic, the surfactants most likely adsorb flat on the
surfaces of the sheets, resulting in adsorbed hemispherical
micelles (Fig. 4e). The adsorption mechanisms cannot be
explicitly determined from the scattering data, however, the
precedent for this theory has been asserted in many adsorption
studies and reviews on quaternary ammonium surfactants at
aqueous solid-liquid interfaces.”®®° Therefore, a larger amount
of surfactant molecules would be adsorbing to GO, resulting in
greater scatter. The fractal dimensions for the rGO systems are
also lower (<2) than the corresponding GO samples (see ESL¥
Table S3), further emphasising that the interactions are weaker
with rGO. It is therefore likely that GO could be superior to rGO
as an aqueous adsorbent, even for certain hydrophobic materi-
als. Similar behaviour for GO and CTAB has been predicted
previously by small-angle X-ray scattering.®’ In all cases, the
bromide counter-ions are likely to be within the vicinity of the
surfactant head-groups either as undissociated moieties or as
loosely bound counter-ions.®* Hence, their contribution to the
assembly and thus scattering, is expected to be minimal.
Reducing the surfactant concentration to 2.5 mM, DTAB and
TTAB destabilised GO and rGO, however CTAB mixtures were
stable (Fig. 3b-d). At the lower concentration, the structure
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factor contribution from the CTAB micelles becomes negligible
due to the lesser volume fraction (Fig. 4g), and they can be
modelled with a simple ellipsoid model (see ESI,i Table S4).
Without obstruction from the large structure factor peak, the
effects of the GO and rGO sheets become clearer, and it can be
seen that scattering with a continuous slope of ¢~ through
medium ¢ is apparent (Fig. 4g). The presence of the sheets
results in depletion of the surfactants available for micellisa-
tion, and adsorption instead occurs along the flat, rigid GO/rGO
surfaces. Again, the intensity through the low g region is higher
for the GO/CTAB system than the rGO/CTAB system, showing
stronger adsorption to the GO. The small shoulders around
0.07 A" are due to a low concentration of CTAB micelles in
each mixture. Unfortunately, even at 2.5 mM CTAB, the
presence of a non-negligible number of background micelles
in the GO and rGO/CTAB mixtures means that a lamellar model
could not be reliably employed to determine the thickness of
the aggregates (see ESL T for further explanation, Fig. S8), and
the hypothesised adsorption mechanism in the two systems is
therefore still only speculative at this stage.

Interactions with anionic surfactants

Similarly to the cationic surfactants analysed, sodium dodecyl
sulphate (SDS) and sodium bis(2-ethylhexyl) sulfosuccinate or
Aerosol-OT (AOT) form ellipsoidal micelles, with large Hayter-
Penfold structure factor peaks being caused by the overall
charge of the aggregates. Hence, data for SDS and AOT were
modelled similarly (see ESIt). However being anionic, SDS and
AOT exhibit the same surface charge as GO and rGO and hence,
are likely to experience charge-based repulsions from the
sheets. Modelling the SANS data for pure SDS and AOT at
25 mM (Fig. 5a) gave equatorial radii of 1.8 and 1.2 nm, and
axial radii of 2.7 and 2.6 nm respectively (see ESI,i Table S5),
similar to literature values.®*"®> The shorter tail-lengths of AOT
account for the lower equatorial radius of the micelles.

The equivalent SANS patterns with GO and rGO included
show very little difference in the scattering to those of the blank
micelles (Fig. 5b and c). Modelling these data was achieved
using very similar fitting parameters (see ESI,¥ Table S5),
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indicating that the micellar compositions of the samples did
not notably change with the addition of GO or rGO. Therefore,
little to none of the surfactant molecules are apparently
adsorbed to the sheets, and are instead forming bulk micelles.
The effect of same charge repulsion is likely the overriding
factor dictating system behaviour here, as the surfactants could
potentially adsorb to the sheets via hydrophobic interactions
through their tail-groups, however the scattering suggests that
the apparent adsorption is minimal, indicating that surface
charge is the more dominant force. As charge interactions are
longer in range,®® this is to be expected. Small increases in
scattering intensity are observable in the low g region for the
GO and rGO samples with both surfactants (Fig. 5b and c),
meaning that perhaps very small quantities of surfactant are
adsorbing. This small effect appears larger in magnitude for
AOT than SDS, which could be due to AOT having a higher
surface activity. Note that the scattering at low g increases
appreciably for pure 25 mM AOT (Fig. 5a). The maximum
aqueous solubility of AOT at room temperature is approxi-
mately 44 mM,* therefore this increase is likely due to critical
scatter from inter-micellar attractions/clustering.

It is also important to note that sulfonate groups have
substantial solvation shells allowing them to interact with
water very strongly.®”®® Therefore, SDS and AOT micelles may
be further stabilised against disaggregation by their hydration
from the bulk water, further inhibiting their adsorption to the
GO and rGO surfaces. The lack of adsorption is thus, likely a
culmination of charge repulsion and strong solvation effects.
As with bromide in the case of the cationic surfactants,
the dissociated sodium counter-ions are presumed to form
an equilibrium between full solvation in the bulk water and
weak electrostatic interactions with the SDS/AOT micelles and
GO/rGO sheets. Hence, their influence in these systems is likely
to be insignificant.

Interactions with nonionic surfactants

When considering nonionic surfactants, the head-groups are
uncharged, so the effects of charge-based interactions with GO
and rGO become negligible. Hence, samples were found to be

a ® SDS 25 mM
® AOT 25 mM

b

-1

1(q)/ cm

GO and @ SDS 25 mM
® AOT 25 mM

rGO and @ SDS 25 mM
® AOT 25 mM

0.01 0.1
ql A

Fig. 5 SANS data for SDS and AOT surfactants at 25 mM without carbon nanomaterial present (a) and with GO (b) and rGO (c). Concentrations for all
carbon nanomaterials were 0.1 mg mL™%. Insets in (a) and (b) are the chemical structures for both surfactants. The inset in (c) represents the meridional
cross-section of the SDS micelles as determined from the fitting parameters.
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stable irrespective of the surfactant loadings. Triton X-100
(TX-100) is a well-known and widely utilised nonionic surfac-
tant with a distribution of 1-20 ethylene oxide units in the
head-group where the mean ethylene oxide number is 9.5, and
a phenyl ring and branching in the tail-group (Fig. 6c, inset). In
water at 10 mM, TX-100 forms squat cylindrical micelles
(Fig. 6a) approximately 8.8 nm in length and 2.1 nm in radius
(see ESI,T Table S6). At the same concentration with GO and
rGO present, the form factor of the TX-100 micelles is still
prevalent, indicating a high presence of background micelles
remaining in the system. Modelling of these systems was
therefore achieved using an additive fit of cylinder and mass
fractal models (see ESIt). As with the cationic surfactants, an
increase in scattering at low q is observed (Fig. 6b). This result
can again be interpreted as surfactant adsorption to the sheets,
as when reducing the concentration of TX-100 from 10 mM to
1 mM, where the micellar contribution to the scattering is
significantly lower, a clear, unmasked increase in scattering
intensity for the systems with GO and rGO can be seen even in
the medium g region (Fig. 6¢). The scattering slopes conform
to g, again indicating scattering from flat surfaces (i.e. the GO
and rGO sheets). The trend continues into the USANS region
indicating large structures, with an additional increase in slope
order to g2 at ultra-low g, most likely from surfactant critical
scatter (Fig. 6a).

Interestingly, there are very few differences in scattering
when using GO versus rGO with TX-100 (Fig. 6b and c). TX-100
has an aromatic phenyl ring, therefore it is likely to experience
strong n-stacking interactions with rGO due to the large restora-
tion of the aromaticity of the basal plain from the reduction
process.” The n-stacking interactions with GO will be compara-
tively weak, however the polarisation interactions between the
TX-100 head-group and GO is much stronger than for rGO.
Consequently, summing the overall interactions for both mate-
rials could result in the net surfactant adsorption reaching
similar levels, accounting for the lack of difference in scattering
for the two materials with TX-100. It is also possible that for both
materials, adsorption is dominated by head-groups interactions,
and as TX-100 is polydisperse, occurs according to the preferred
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head-group lengths (i.e. molecules with shorter ethylene oxide
chains adsorb to rGO and those with longer chains adsorb
to GO).

Therefore, to more systematically investigate the interactions
of nonionic surfactants with GO and rGO, SANS was used to
examine systems in which monodisperse C,E,, surfactants were
used. These surfactants have a specific number (m) of ethylene
oxide units for the head-group and a specific number of carbon
atoms (n) in their tail-group. For these measurements, three
C,E,, surfactants were chosen: hexaethylene glycol monododecyl
ether (Cy,E¢), pentaethylene glycol monododecyl ether (C;,Es)
and tetraethylene glycol monododecyl ether (C,,E,) (Fig. 7a). The
tail-group length (12 carbons) is the same for all three molecules,
however the number of ethylene glycol units varies by one,
significantly altering the hydrophilicity across the series.

The most hydrophilic surfactant of this series, C;,Eq, was
found to form cylindrical micelles (Fig. 7b), with an average
radius of 2.1 nm and length of 10.6 nm (see ESI, Table S7),
concurrent with literature SANS values.?*°° C,,Es was found to
form long, flexible cylinders (or worms) (Fig. 7c),”* 2.1 nm
in radius and C,,E, formed vesicles (Fig. 7d),”> with average
radii of 25.2 nm at 10 mM and 38.3 nm at 1 mM (see ESL¥
Table S12). The sharper form factor resolution for Cy,E, at
1 mM compared to that at 10 mM is due to the difference in
polydispersity for the vesicle radii of each mixture, which were
27.8 and 36.5% respectively (see ESI, T Table S12). Given that the
micelle morphologies and scattering intensities vary so drasti-
cally for each of these surfactants, it is difficult to draw clear
distinctions between the adsorption and interactions with GO
and rGO when altering the surfactant chemistry. However, for
these surfactants, significant differences are evident when
comparing the scattering of mixtures with GO against mixtures
with rGO, an effect which was not observed for TX-100 (Fig. 6).

At 10 mM, C;,E¢ exhibits similar scattering with GO and rGO
to that of TX-100, where there appears to be a high concen-
tration of background cylindrical micelles, and an increase in
intensity at low g due to surfactant adsorbed to the sheets
(Fig. 7b). However unlike TX-100, noticeably higher scattering
occurs in the low g region for the GO system than the rGO system.

R 10 MM TX-100 104% 10 mM TX-100 4« Triton X-100 do~ot!
107 “Jo ® GO+ 10 mM TX-100 ] N\ ® GO +10mMMTX-100 3 Tos
s NN rGO + 10 mM TX-100 ] rGO + 10 MM TX-100 7
- 10 W - 4 s -
1 N 1
£ 2 _| q'2 5 . £ 1 -
S 10 N 2]  ssmm 1 mM TX-100
T 10'- , W, SANS s : 3 ® GO +1mMTX-100
~ ~ . \ b rGO + 1 mM TX-100
=, USANS : = A TX-100 I4.2 nm .
10 - N \
) 0.1 o \ - S
4] \ E \ E ™
10 a b h 9 . b Raae C E————7
10" 10° 10?7 10" 0.01 0.1 0.01 0.1
o —1 2 =1 o —1
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Fig. 6 (a) SANS and USANS data of blank 10 mM TX-100 and 10 mM TX-100 with GO and rGO. (b) SANS region of the data represented by the shaded

area in a. (c) Blank 1 mM TX-100 and 1 mM TX-100 with GO and rGO. The inset in (b) represents the meridional cross-section of the TX-100 cylindrical
micelles as determined from the fitting parameters. Concentrations for all carbon nanomaterials were 0.1 mg mL™%.
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Fig. 7 (a) Chemical structures of Cy5Eg, C15Es and CyE4. (b—d) SANS data of Ci5E¢, CioEs and CyoE4 surfactants (respectively) at 10 mM with and without

GO and rGO (b). (e—g) SANS data of Cy,Ee, C12Es and CioE4 surfactants (respectively) at 1 mM with and without GO and rGO (b). The data in (c), (d) and (g)
include the USANS region. Concentrations for all carbon nanomaterials were 0.1 mg mL™ . The insets in (b), (c), (d) and (g) represent the blank micelle
structures for each surfactant as determined from the fitting parameters while the insets in (e) and (f) are schematics for the lamellar aggregates of the
GO/surfactant systems as determined from the fitting. Data in figures (c), (d) and (g) have been offset by multiplication for clarity: x10 for GO data and

%100 for rGO data.

There is therefore a significantly greater amount of C;,Es
adsorbed to GO than rGO, suggesting that as with the cationic
surfactants, polarisation interactions contribute more strongly
to the adsorption of these molecules than do the hydrophobic
(dispersion) interactions from the surfactant tail-groups.
This effect would also be thermodynamically driven by freeing
water entropy associated with the unfavourable solvation of
hydrocarbons®®* (i.e. the surfactant tails and exclusive carbon
domains of the GO and rGO, which are more substantial for
rGO). Reducing the concentration of Cj,E¢ to 1 mM, the
difference in scattering becomes even more marked, as the
system with rGO appears to conform to the same form factor as
the blank micelle sample at medium g values, whereas the
system with GO has a very different shape, sharply increasing in
intensity at g values below 0.05 A™' (Fig. 7b). The low g
scattering in all instances again follows a slope of g 2, high-
lighting the flattened, sheet-like structure of the GO and rGO
nanosheets. This again reinforces that the surfactants are
acting to flatten the sheets, which is not observed in the naked
GO and rGO dispersions (see ESI,t Table S7). When using 1 mM
Ci,E5, the overall scattering is very similar to that of C;,Es,
with higher adsorption occurring on GO than rGO (Fig. 7f).

This journal is © the Owner Societies 2018

Changes in hydrophobicity therefore have little impact on
molecular interactions of nonionics with GO or rGO. These
findings also reinforce the clear significance of the n-stacking
interaction in the case of TX-100 with rGO. At 10 mM C;,E;, the
scattering from the blank micelles was so large that it obscured
the data with GO and rGO, even in the low g region, hence it is
difficult to draw clear conclusions from the raw scattering.
However, modelling the GO and rGO systems with 10 mM
C1,E5 revealed a steeper medium g slope for GO (g~ '*°) than
rGO (g '*°). As this is the length scale in which wormlike
micelles appear to be locally cylindrical (g ),°> these power
laws suggest greater deviation from the wormlike structure in
the GO system, which would occur if C;,Es adsorption was
occurring more readily to GO than rGO.

The enormous difference in surfactant adsorption on GO
versus rGO can again be justified by the proposed packing
mechanism for the surfactants on each surface (first described
in the cationic section, Fig. 4e). As rGO represents a more
hydrophobic interface, it is feasible to presume the surfactants
may lie flat on the surfaces of the sheets to balance hydrophobic
interactions with van der Waals forces and free water entropy.”*
Conversely, because GO is predominantly hydrophilic, the
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surfactants are likely to be adsorbing primarily via their polar
head-groups, allowing for a much denser packing arrangement
in the form of surfactant bilayers.”®®” This hypothesis is sup-
ported further by modelling the results for C;,E¢ and C;,E5 at
1 mM with GO and rGO (see ESI, Tables S8 and S11). In the
cases with GO, the background micelle concentrations are
clearly tiny, therefore modelling these data using exclusively
a lamellar model becomes possible because there is now a
well-defined upturn in the sample scattering in line with the
background scattering (high g, 0.2-0.4 A™"). The lamellar model
allows determination of the average thicknesses of the aggre-
gates based on this upturn,”* which for GO/C,,E¢ and GO/Cy,E5
were found to be 9.6 and 9.8 nm respectively (Fig. 7e and f).
These thicknesses are much greater than the 1 nm thickness for
GO sheets confirmed by AFM (Fig. 1b and d), and given that the
molecular length for C;,E, is approximately 3.9 nm,’® suggests a
structure comprised of a GO sheet sandwiched between two
surfactant bilayers, with significant overlap occurring between
the tail-group regions (Fig. 7e and f insets). The lack of any Bragg
peaks corresponding to bilayer spacings also indicates that these
aggregates contain only a single sheet, and are thus, not multiply
stacked. However, stacking of this nature may be possible at
higher loadings of GO, and is also more credible for nonionic
surfactants due to the absence of electrostatic repulsions, which
would occur in the cases of the cationic surfactants. In the
equivalent cases with rGO, the amount of surfactant forming
micelles is apparently still too high to allow meaningful use of
the lamellar model (Fig. 7e and f), and were therefore fit with
additive models of micelles and mass fractals (see ESIt). This
also concurs with the hypothesis for surfactant adsorption
mechanism, as if the surfactants adsorbed lying down on the
rGO surfaces to form hemispherical micelles (Fig. 4e), the
amount of surfactant adsorbed would be much lower and the
scattering would be weaker, as is evident. In addition, subse-
quent stacking between multiple rGO sheets as is predicted for
GO, would be geometrically unfavourable.

Lastly in the C,E,, series, the interactions of C;,E, with GO
and rGO were analysed by SANS (Fig. 7d and g). C;,E, is known
to form large multilamellar vesicles,”>°® and therefore the
scattering from these mixtures was very strong, even for the
pure surfactant samples. Hence, clear differences in the inten-
sity of the scattering for these systems are difficult to interpret
unambiguously. However, differences in the scattering form
factors are apparent and give some physical insight into the
interactions. These data, including the blank surfactants
(which likely contain a mixture of vesicles, evidenced by the
SANS data, and lamellae, evidenced by the USANS data),'?***
were modelled using the addition of mass fractal and vesicle
models (see ESIT). At 10 mM Cj,E,, the pure surfactant solution
has only a subtle vesicle form factor due to a high degree of
polydispersity in the radius of the vesicles (see ESIT). However,
with rGO incorporated in the system, the polydispersity
decreases significantly from 36.5% to 22.4%, resulting in a much
sharper peak at 0.01 A~* (Fig. 7d). This effect is interpreted as a
depletion in the amount of surfactant available for micellisa-
tion due to adsorption on the rGO sheets, as decreasing the
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concentration of the pure C;,E, solution to 1 mM also resulted
in a much more well-defined vesicle form factor (Fig. 7g). For GO
with C;,E4 at 10 mM (Fig. 7d), the co-assembly of the surfactants
and sheets may also be resulting in stacked bilayers as was
inferred for GO with C;,Es and Cy,Es. In this case, the aggregates
may dominate the scattering, masking the form factor for the
vesicles.

At 1 mM Cy,E,, the clear vesicle form factor observed in the
pure surfactant solution is almost totally lost when GO and rGO
are added, indicating adsorption of the majority of surfactant
molecules onto the sheets (Fig. 7g). However, the vesicle form
factor is still slightly apparent in the rGO scattering, but not
in the GO scattering, suggesting that a larger proportion of
molecules are adsorbing in the case of GO. This is an interest-
ing result, as the hydrophilicity of C;,E, is significantly lower
than that of C;,E¢ and C;,Es. However, the effect of dipole
interactions and packing arrangement on the sheet surfaces
still appear to be more significant contributors to adsorption
than surfactant hydrophobicity. Scattering again conforms to a
slope of ¢~ 2, indicating flat surfaces (Fig. 7g). Nonionic surfac-
tants may therefore offer useful alternatives for GO and rGO
‘nano-ironing’, as well as the spontaneous assembly of lamellar
liquid crystals based on carbon nanomaterials which may be
useful in optical applications and nano-templating.

Interactions with zwitterionic surfactants

Zwitterionic surfactants also have an overall charge of zero,
however unlike nonionic surfactants, there are formal charge
groups associated with the surfactant heads. Erucyl amidopropyl
betaine (EAPB) and oleyl amidopropyl betaine (OAPB) are environ-
mentally friendly zwitterionic surfactants that have 22 and 18
carbons in their alkyl chains respectively (Fig. 8a)."*°> These types
of surfactants form complex fluids, stemming from their ability to
spontaneously self-assemble into viscoelastic wormlike micelles,”®
and hence are commonly used in personal care products also
because of their biocompatibilty.'®® SANS data from the pure,
10 mM surfactant solutions (Fig. 8b) were thus fit using a flexible
cylinder model,'%*'** revealing ‘worm’ radii of 2.9 and 2.2 nm for
EAPB and OAPB respectively (see ESLf Table S13). The higher
surface activity of EAPB from the longer tail-group results in a
lower CMC, and hence, a higher volume fraction of worms
compared to OAPB. Therefore, scattering intensity is greater for
EAPB (Fig. 8b). Furthermore, the larger scattering volume/cross-
section of the C22 chain would also significantly contribute to the
greater intensity.

The one-dimensional elongation of wormlike micelles
results in a low g scattering slope of g~ * for the pure surfactants
solutions (Fig. 8b).®® However, with GO and rGO added, the low
g slope in all cases becomes approximately g 2 (Fig. 8c and d),
indicating the wormlike system has evolved to a planar mor-
phology. Therefore, as in the previous instances with cationic
and nonionic surfactants, it appears that the zwitterionic
betaine surfactants also have a high affinity for the sheet-like
materials, and are adsorbing to the planar faces of the GO and
rGO. The trend continues well into the USANS region (Fig. 8e),
showing continuous aggregation of the surfactants on the
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Fig. 8 (a) Chemical structures of erucyl amidopropy!l betaine (EAPB) and

oleyl amidopropyl betaine (OAPB). (b—d) SANS data for EAPB and OAPB

surfactants at 10 mM without carbon nanomaterial present (b), and also with GO (c) and rGO (d) at 0.1 mg mL™. The inset in (b) represents the OAPB
wormlike micelles as determined by the fitting parameters. (e) Inclusion of USANS region to GO/betaine data in (c), i.e. the shaded area. Data in this figure
have been offset by multiplication (EAPB x10) for clarity (f) SANS data of pure 1 mM OAPB, and also with GO and rGO present at 0.1 mg mL™. (g) SANS

data of GO with 0.1 mM EAPB and OAPB.

surfaces of the sheets. At 10 mM EAPB and OAPB, for both GO
and rGO, the adsorption appears to be slightly stronger for
EAPB than OAPB. This is likely due to the higher surface activity
of EAPB causing it to partition more to the interface with GO
and rGO, however the difference is only minor and likely also
relates to the scattering length densities of the surfactants,
which will be lower for EAPB, giving higher contrast with D,0O
(neutron scattering length densities for protium ca. —3.74 and
deuterium ca. 6.67 x 107° A7),

Moreover, the differences in the scattering of GO and rGO
with both surfactants seem insignificant (Fig. 8¢ and d). The
likely explanation for the lack of difference for the two materials
may reside in the chemical complexity of these particular
surfactants as well as the fact that the extra long tail-groups
render them very hydrophobic. Being zwitterionic, the effects
of the charge groups become reduced due to self-screening,
however they, along with the amide group further towards the
center of the molecule (Fig. 8a), will still experience strong polar
interactions with their surroundings. In addition, these surfac-
tants have an unsaturated group in their alkyl tails, meaning that
similar to TX-100, n-stacking interactions may also contribute.
Coupling the m-stacking interactions with the long 18 and 22
carbon tail-groups, these molecules will exhibit much stronger
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hydrophobic interactions than the previous surfactants examined.
Therefore overall, the attractive forces arising from both the dipole
and very strong hydrophobic interactions mean that surfactant-
surfactant interactions dominate in the case of these long-chain
betaines.'®'% Hence, these surfactants readily form bilayers and
can be considered lipid-like molecules. As a result, these surfac-
tants are likely to form bilayers on both GO and rGO irrespective of
their chemical nature because of overriding surfactant-surfactant
interactions.

When reducing the concentration of OAPB to 1 mM, differ-
ences in the amount of scattering when mixed with GO and rGO
were also negligible (Fig. 8f). As one might expect the partition-
ing between bulk and adsorbed surfactant to be different at
lower concentrations, this outcome reinforces the hypothesis
that for these lipid-like surfactants, intermolecular interactions
between surfactant molecules are likely dominating. Bilayer
formation on the GO and rGO surfaces is thus the favourable
adsorption assembly, and therefore the effects of the carbon
nanomaterials become less significant. Equivalent samples
with EAPB at 1 mM were unstable, possibly because at this
concentration the amount of surfactant is not enough to
form bilayers on the sheets, and they instead become hydro-
phobic, resulting in aggregation. Hence, these samples were
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not amenable to analysis with SANS. A comparison between the
two surfactants could however be made when reducing the
surfactant concentration to 0.1 mM (Fig. 8g). The scattering
with GO was found to be substantially stronger for EAPB than
OAPB, showing that hydrophobicity does have a notable con-
tribution to the interactions and adsorption of small molecules
with these carbon nanomaterials.

Interactions with polymers

Block co-polymers have been used with GO to enhance surface
activity,'®”'°® as well as assist with dispersion of carbon nano-
tubes.'®'* For the final additive class of this study, the inter-
actions of two model polymers with aqueous dispersions of GO
and rGO were explored using SANS. Two common polymers were
chosen: polyethylene glycol (PEG) and Pluronic F127, which is a
widely used triblock co-polymer (structures shown in Fig. 9a).
Dispersed in water on their own, PEG and Pluronic F127 give
fairly weak scattering, however the scattering of PEG is stronger than
the scattering of Pluronic F127 (Fig. 9a). The reason behind this
result is that the PEG chains are much larger, and in solution follow
an essentially ‘random walk’ or Gaussian coil,""" whereas Pluronic
F127 self-assembles into loosely aggregated, highly hydrated
spherical micelles."*>*** These patterns were fit with unified power
models to determine their radii of gyration (for polymers, this relates
to the interactions between chains and monomers as well as
size),"* "> which were 22.2 and 4.0 nm for PEG and Pluronic
F127 respectively (see ESL{ Table S14), indicating that PEG units
are more dispersed with longer contour lengths. Both polymers are
intrinsically hydrophilic, however Pluronic F127 is also amphiphilic
because of its methylated central block, driving micellisation. There-
fore, the scattering data for Pluronic F127 in Fig. 9a can also be fit
with a spheres model (see ESL Fig. S11),"'® revealing spherical
micelles of approximately 4.0 nm in radius (see ESL Table S15), the
same as the radius of gyration, which is to be expected for spheres.

For both polymers, the scattering intensities increased with
the inclusion of GO and rGO. This increase was only very slight
with GO (Fig. 9b), indicating minimal interactions between the
materials. However contrary to any of the surfactant systems,
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both polymers displayed a significantly higher affinity for
rGO (Fig. 9¢). The unified power model also gives good approxi-
mation for the scattering from fractal aggregates (such as GO
and rGO sheets),""" therefore is also valid for the combined
polymer/GO and rGO systems. The radius of gyration for PEG
and Pluronic F127 with rGO increased to 36.3 and 26.7 nm
respectively (see ESI,T Table S14), which translates to a 567.5%
increase for Pluronic F127. Pluronic F127 is therefore most
likely changing from spherical micelles in the pure polymer
solution to unravelled, adsorbed polymer chains on the surfaces
of the sheets. These effects are most likely thermodynamically
driven, and can be explained by the solvation of these materials
by water molecules. As both polymers are hydrophilic and GO is
also hydrophilic, there is little entropic gain in their co-assembly
with regards to the solvent water molecules, as both the poly-
mers and GO have favourable polar interaction sites with which
water can interact. Therefore, the materials will mostly remain
solvated in the bulk rather than adsorbing to each other.
However, because rGO is hydrophobic, the adsorption of the
polymers (especially Pluronic F127) will serve to free water
molecules that are unfavourably oriented at the interfaces with
the rGO sheets.''” This outcome would correspond to an
increase in entropy, and hence would be thermodynamically
favoured. The adsorption of the polymer onto rGO is thus
greater, accounting for the higher scattering of the rGO/polymer
systems compared to the GO/polymer systems.

To corroborate the scattering data and the conclusions
drawn from them, atomic force microscopy (AFM) imaging
was performed on these systems to see if physical evidence
for the adsorption of the polymers could be observed. Without
GO or rGO added, PEG appeared to form small aggregates when
dried onto the surface of mica, whereas Pluronic F127 appeared
to spread over the mica surface (Fig. 10a and d). These results
suggest a higher adsorption affinity for Pluronic F127 than PEG
on mica. With GO and rGO added, the deposited materials do
appear to show adsorbed polymer on the surfaces of the sheets
(Fig. 10b, c, e and f). In the samples with rGO, almost all of the
polymer material appears to be co-located on to the sheets

Q  Pluronic F127 cx b GOand e PEG15mgmL |[¢ rGOand e PEG 1.5mg/mL
- 1< - ® F12715mg/mL o & ® F127 1.5 mg/mL
|E E H,{,o\/\Ho)\/H,o\/\]\w E E &%3\\
o 7 100 65 100 7] 5‘ 1 &b
> ] “s\\e PEG 1 - N
o T 0. H 7 S -
R N \/\l;o/ - \.\ -
% e !
B = % T
] e PEG 1.5 mg/mL : 2 .
1 ® F127 1.5 mg/mL § 1C
IIIIIII T T IIIIIII T T IIIIIII L] IIIIIII T L] IIIIIII T L] IIIIIII T L]
0.01 .—q 0. 0.01 .4 01 0.01 .4 0.
q/A q/A q/A

Fig. 9 SANS data for PEG (M, = 400 000 g mol™) and Pluronic F127 at 1.5 mg mL~* without carbon nanomaterial present (a) and with GO (b) and rGO
(c). Concentrations for all carbon nanomaterials were 0.1 mg mL™.. Insets to (a) are chemical structures of each polymer.
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Fig. 10 AFM images of 0.1 mg mL™* of polymer with or without 0.1 mg mL™* GO or rGO in dispersion: (a—c) AFM height images of PEG (a) with GO
(b) and rGO (c). (d—f) AFM height images of Pluronic F127 (d) with GO (e) and rGO (f). Height profiles corresponding to the dashed yellow cross sections
are shown below each respective image. Samples were dried onto mica substrate.

rather than the background mica (Fig. 10c and f), reasserting
the strong co-assembly indicated by the scattering with rGO
and both polymers (Fig. 9¢). While some polymer adsorption is
evident for the samples with GO, the effect is not quite as clear,
especially in the case of Pluronic F127 (Fig. 10b and e), again
supporting the scattering data (Fig. 9b). When increasing the
amount of polymer in these mixtures by a factor of 5 and
imaging by AFM, it was found that the addition of rGO
completely disrupted the fractal aggregation exhibited by the
pure polymers at this loading, whereas GO caused only partially
disrupted aggregation (see ESL,t Fig. S12). This again indicates
stronger interactions with rGO than GO, and suggests that the
design of composite materials comprising polymers and carbon
nanomaterials may be more effective when rGO is used. It must
be noted that as these are dried samples, they are only
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indicative of the solution behaviour and must be interpreted
with caution.

4 Conclusions

A range of surfactants that were systematically varied in specific
physical properties such as charge and hydrophobicity were
added to aqueous dispersions of monolayer graphene oxide
(GO) and reduced graphene oxide (rGO). Small and ultra-small-
angle neutron scattering (SANS and USANS) were used to
monitor the self-assembly within these systems, giving insight
into the adsorption and interactions between the surfactants
and carbon nanomaterials. Electrostatic interactions were
found to be the most dominant forces in these systems, as
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cationic surfactants showed very high affinity for GO and rGO,
whereas anionic surfactants exhibited almost no adsorption.
Nonionic and zwitterionic surfactants also adsorbed strongly to
both materials, suggesting however that charge is not the sole
factor driving adsorption, and that dipole and hydrophobic
interactions are also strong contributors to their assembly.
Lastly, two neutral polymers, one of which was completely
hydrophilic and the other amphiphilic, were mixed with GO
and rGO, both showing moderate or weak interactions that were
apparently entropic in origin as evidenced by higher adsorption
to rGO than GO. This indicates that additives do not have to be
amphiphilic in order to adsorb to aqueous carbon nanomater-
ials, and in certain circumstances is thermodynamically driven.

Interestingly, when comparing the behaviour of GO and rGO, in
most cases, greater scattering was evident in systems with GO,
indicating higher levels of adsorption. This suggests that dipole
interactions are typically more significant than hydrophobic effects
with relation to adsorption of amphiphiles on these materials. To
account for this observation, we propose a differing adsorption
mechanism for surfactants on GO versus rGO. With GO, we believe
that surfactants are adsorbing via their head-groups due to the
stronger dipole interactions, and as a result, form a densely packed
surfactant bilayer along the surface of the GO sheets. This structure
is clearly apparent when using nonionic surfactants, and these
bilayers could then stack with multiple sheets to form lamellae
(liquid crystals) due to the absence of charge repulsion between
surfactant layers. For rGO however, because the sheets are inherently
more hydrophobic, the surfactants are more likely to lie flat on the
surface because of stronger hydrophobic interactions (i.e. entropic
effects arising from water structuring),” resulting in hemispherical
micelles.”®*”® Thus, the amount of surfactant adsorbed to GO is
greater due to the denser packing arrangement. Surfactants that
were more hydrophobic also appeared to adsorb more readily than
equivalent surfactants with shorter tail-groups, presumably due to
increased surface active partitioning.

Where surfactant adsorption was evident, the scattering at low g
(the fractal region) often followed a trend of g~ 2, indicating scatter-
ing from flat surfaces. The surfactants therefore were effectively
flattening the GO and rGO sheets in solution (nano-ironing). Hence,
these composite systems could also be useful in materials coatings
where the surfactants serve to maximise the carbon nanomaterial
surface area. The overall results collectively provide a broader under-
standing of the nature of molecular interactions with aqueous GO
and rGO nanosheets, and may assist with the effective utilisation of
these materials in adsorption, stabilisation and environmental
applications where synergism can be used to enhance effectiveness
and develop new routes to diverse, chemically functional systems.
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This document contains additional figures used for interpretation as well as analysis for the
findings presented in the main paper. All fitting parameters used in modelling the SANS/USANS
data presented in the main paper are shown as well as explanations for model choice, alternative
model considerations and model equations.

Table S1: Mass fractal fitting parameters for graphene oxide (GO) at different concentrations.
GO concentration Scale Radius Mass fractal Cutoff length

mg/mL dimension nm
0.2 1.38x1077 - 2.85 37.6
7.76x10~7 - 2.81 46.3

1.40x10° - 2.87 41.7

3.39x10° - 2.85 46.5

10 6.69x107° - 2.85 46.2

Aqueous graphene oxide (GO) suspensions were modelled with the mass fractal approximation
developed by Mildner and Hall:*

I(q) = scale x P(q)S(q) + background
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P(q) = F(qR)?

3[sin(z) — zcos(z)]
3

F(z) =

I(D,, — 1)¢P»=1 sin](D,, — 1)tan=1(q¢)]

S0 = ey ]

The parameter, R, represents the scattering building blocks for the fractal and D,, is the mass
fractal dimension, which must be a value between 0 and 6, and depicts the fractal complexity
of the aggregate. The parameter, {, is the cut-off length which relates to the overall size of
the structures. A more detailed description of the mass fractal model and why it was chosen is
discussed in the main paper.

Figure S1: Additional AFM height images of GO (a-c) and rGO (d-f) dried on mica.
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Figure S2: (a) AFM height image of a cluster of rGO dried on mica. (b) The corresponding
AFM amplitude image.

-1

Surface tension / mN m

0.1 1 10
Surfactant concentration / mM

Figure S3: Surface tension data for the cationic surfactants dodecyltrimethylammonium bromide
(DTAB), tetradecyltrimethylammonium bromide (TTAB) and cetyltrimethylammonium
bromide (CTAB). Measurements were carried out on a custom-made pendant drop apparatus

using OpenDrop analysis software.?
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Figure S4: Sample images of GO at various concentrations with the specified concentrations of
DTAB added. Used in determining stability phase diagram in main paper.
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Figure S5: Sample images of GO at various concentrations with the specified concentrations of
TTAB added. Used in determining stability phase diagram in main paper.
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Figure S6: Sample images of GO at various concentrations with the specified concentrations of
CTAB added. Used in determining stability phase diagram in main paper.
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Figure S7: Step-wise process to fitting a summation model to a data set; in this example 25 mM
CTAB with 0.1 mg/mL GO: (a) Mass fractal model fit to original SANS/USANS data (low g,
fractal region). (b) The mass fractal fit is subtracted from the data and a core-shell ellipsoid
model with Hayter-Penfold structure factor is used to fit the new data set (medium g, micelle
region). (c) The sum of the mass fractal and ellipsoid models represents the final fit for the

original data.

Modelling of systems with cationic and anionic surfactant was done using a core-shell ellipsoid
model®>* with inclusion of a Hayter-Penfold structure factor for charged particles.>® A core-
shell rather than a solid model was used, as in SasView, the core-shell model performed more
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accurately in tandem with the structure factor than did the solid ellipsoid model.}® The core-
shell model differs in that there are separate terms for the distances from the micelle core to
inner shell boundary, and the inner shell boundary to the outer shell boundary (:.e. interface
with solvent), each of which have their own respective scattering length densities. The addition
of these two lengths would equal the particle radius for the solid ellipsoid model. Note than
in all data modelling using the core-shell ellipsoid model, the thickness of the shell was set to

0, hence the model was made to behave the same as the solid ellipsoid model, which is as follows:

scale

P(g,0) = = £2(q) + background
where
3(Ap)V singr(Rq, Ry, )] — qr cos[qr(Rq, Ry, )]
f@)= 47(Ra, Ry )]?
and

7(Rq, Ry, @) = [R? sin® a + R? cos® a]'/?

The two radii, R, and Rj, represent the radius along the perpendicular rotational and longitudinal
axes of the cylinder ellipsoid respectively. « is the angle between the ellipsoidal axis and the
scattering vector g. The Hayter-Penfold structure factor, S(g), is used in conjunction with
the ellipsoid form factor and approximates the effects of charge-based interactions between the

micelles, where the ¢ vector is defined as:

For all cationic systems with structure factor contributions, the summation model method
involving the addition of a mass fractal model for the low g region, and the core-shell ellipsoid
fit with Hayter-Penfold structure factor for the medium g (micelle) region, to define the overall
scattering (Fig. S7). This is because the SasView environment does not have the capacity to
simultaneously manage two models as well as a structure factor contribution.
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Figure S8: Similar step-wise process as presented for fitting a summation model to the 256 mM
CTAB with 0.1 mg/mL GO data set, however in this case we substitute the mass fractal model
with a lamellar model. (a) Lamellar model fit to original SANS/USANS data. (b) The lamellar
fit is subtracted from the data and a core-shell ellipsoid model with Hayter-Penfold structure
factor is used to fit the new data set (medium g, micelle region). (c) The sum of the lamellar
and ellipsoid models represents the final fit for the original data.

Because the scattering in the low and ultra-low g region conforms to a slope of ¢~2, indicating
flat surfaces, a lamellar or bilayers model can also be used to define this region (Fig. S8). The
lamellar model is from Berghausen.!’ The scattering intensity is given by the following equation:

P(q)
dq?

I(q) =27
where the form factor is given by:

2
P(q) = 2?;’ (1 - cos(g8))

In both equations, d is the bilayer thickness in A. For all modelling, the scattering length density
(A=2) of the scatterer and solvent are taken into account and are represented in the equations
as p, with the difference or ‘contrast’ being Ap. Unfortunately however, use of the lamellar
model does not generate reliable parameters from the modelling of these systems due to the
contribution of micelle form and structure factor to the scattering being so prominent. This
effect thus masks the true thickness of the aggregates, defined by the point of upturn in the

scattering from the background to ¢ 2

, meaning the lamellar modelling for low ¢ becomes a
balancing exchange between the input scale factor and thickness. Note the error margin for
thickness int the provided fit is 2.5 nm, greater than the calculated thickness of 1.1 nm (Table

S52. Therefore the lamellar model can not be meaningfully used in systems where a significant
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concentration of background micelles are present, and the mass fractal model thus provides a
more useful representation of the data.

Table S2: Fitting parameters for the lamellar and core-shell ellipsoid models applied to the
25 mM CTAB with 0.1 mg/mL GO data set (Fig. S8).

Surfactant Concentration Scale Bilayer thickness Rg; Ra.. Volume fraction Charge Salt concentration
mM nm nm nm % e~ mM
CTAB 25 2.80%x1073 1.1£2.5 2.4 3.7 0.73 49.0 5.24

Table S3: Fitting parameters for cationic surfactants. Aside from pure surfactant solutions,
all data are fit using a combination of mass fractal and ellipsoid models with Hayter-Penfold
structure factor. Ry and R, are the equatorial and axial radii of the micelles respectively.
Scattering length densities of the solvent (D-O) and micelles were kept constant at 6.3 and 1
x10~% A~2 respectively.

Carbon Surfactant Concentration Scale Mass fractal Cutoff length R.,. Ra,. Volume fraction Charge Salt concentration

nanomaterial mM dimension nm nm nm % e~ mM
- DTAB 25 - - - 1.7 2.7 0.34 9.4 5.34

- TTAB 25 - - - 2.0 32 0.79 14.6 1.20

- CTAB 25 - - - 23 38 0.96 21.6 0.12
GO DTAB 25 4.45%10 * 1.87 1500 1.9 15 0.43 7.2 0.02
GO TTAB 25 8.38x107* 1.77 2000 21 28 0.60 24.1 1.43
GO CTAB 25 5.95x10% 1.98 100000 24 36 0.72 49.1 4.83
rGO DTAB 25 4.00x10~* 1.71 4000 22 12 0.44 10.8 1.37
rGO TTAB 25 4.84x107*% 1.76 3000 21 28 0.64 18.1 0.12
GO CTAB 25 6.04x10% 1.79 5652.2 24 34 0.80 25.9 0.17

Table S4: Fitting parameters for 2.5 mM CTAB samples. Aside from blank 2.5 mM CTAB, all
data are fit using a sum of mass fractal and ellipsoid models. At this surfactant concentration,
no structure factor was required. R, and R, are the equatorial and axial radii of the micelles
respectively. Scattering length densities of the solvent (D,O) and micelles were kept constant
at 6.3 and 1 x10~% A2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Rgq  Rae.
nanomaterial mM nm dimension nm nm nm
- CTAB 2.5 - - - - 1.09x1073 3.1 1.8

GO CTAB 2.5 2.74x107* 5.1 2.14 39.1 1.11x107% 2.7 1.0
rGO CTAB 2.5 1.66x10~* 4.8 2.07 63.7 1.03x10~3% 3.0 1.4
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Table S5: Ellipsoid model fitting parameters with Hayter-Penfold structure factor for anionic
surfactants. R., and R,; are the equatorial and axial radii of the micelles respectively.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and
1 x107% A2 respectively.

Carbon Surfactant Concentration Req. Rae. Volume fraction Charge Salt concentration

Nanomaterial mM nm nm % e” mM
- SDS 25 1.8 2.7 0.52 12.6 1.16

- AOT 25 1.2 2.6 0.81 14.9 1.86

GO SDS 25 1.7 2.6 0.48 12.2 1.35

GO AQOT 25 1.2 2.5 0.73 19.7 6.15
rGO SDS 25 1.7 2.7 0.49 17.4 1.98
rGO AOT 25 1.2 2.5 0.72 20.0 6.56

Table S6: Fitting parameters for Triton X-100. Aside from the pure surfactant samples, all
data are fit using a sum of mass fractal and cylinder models. R,y and R, are the equatorial
and axial radii of the micelles respectively. Scattering length densities of the solvent (D,O) and
micelles were kept constant at 6.3 and 1 x10~% A2 respectively.

Carbon Surfactant  Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length

nanomaterial mM nm dimension nm nm nm
- Triton X-100 10 - - - 6.23x1073 2.1 8.8

GO Triton X-100 10 6.93x10* - 1.68 20000.0 4.59%x1072 2.2 7.4
GO Triton X-100 10 5.30x107% 1.0 1.70 100.0 4.80x1073 2.3 7.4

- Triton X-100 1 - - - - 4.06x10~% 2.3 7.4

GO Triton X-100 1 8.32x107° 7.0 2.03 50.0 4.23x107* 2.7 2.8
rGO Triton X-100 1 6.53x10°° 4.8 2.11 53.7 1.94x1073 2.8 0.5

The rod/cylinder (or ellipsoid) model used in modelling data with TX-100 was from Feigin and
Svergun,'? follows the same principles as the ellipsoid model and is explained in detail above.
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Figure S9: SANS data for 0.1 mg/mL GO and rGO with 0.1 mM Triton X-100. The data for
rGO has been offset for clarity.

Table S7: Fitting parameters for C19Eg with GO and rGO. These data were fit using cylinder
models for the pure surfactant samples, and a sum of mass fractal and cylinder models where
carbon nanomaterials and surfactants were present. Scattering length densities of the solvent

(D;0) and micelles were kept constant at 6.3 and 1 x10~® A2 respectively.
Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length

nanomaterial mM nm dimension nm nm nm
- C12Es 10 - - - - 5.61x103 2.1 10.6

GO C12Es 10 1.19x1073 1.5 1.73 1000.0 4.94x107% 3.0 3.2
rGO C12Es 10 5.05x1075 1.7 1.98 9845.0 6.27x1073 2.0 8.9

- C12E¢ 1 - - - - 6.51x10~4 1.8 8.5

rGO C12Es 1 4,15x107° - 1.99 2118 5.33x107% 1.6 9.2

Table S8: Fitting parameters for 1 mM Ci3Eg with GO. This data set was fit using a sum of
lamellar and cylinder models. Scattering length densities of the solvent (D-O) and micelles were
kept constant at 6.3 and 1 x10~5 A2 respectively.

Carbon Surfactant Concentration Scale 1 Radius Length Scale 2 Thickness
nanomaterial mM nm nm nm
GO C12Eg 1 7.02x1073 0.4 3.5 1.59%107* 9.6
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Table S9: Flexible cylinder fitting parameters for pure Ci2E5 samples. At 10 mM, a two-power
law model was also used to fit the USANS region. Scattering length densities of the solvent

(D;0) and micelles were kept constant at 6.3 and 1 x10~% A2 respectively.
Surfactant Concentration Scale 1 Lower ¢ Higher ¢ Crossover point Scale 2 Radius Length Kuhn length

mM power power A1 nm nm nm
C12Es 10 5.48x10~* 1.64 0.41 6.30x10* 5.47x10°3 2.1 207.9 26.9
C12Es 1 - - - - 5.12x10~% 1.8 103.3 11.7

The flexible cylinder or'worm’ model is presented in Pederson et al:'2

IWC'(q1 L) b7 RC’S) = CAp'%nMSWC(qi L7b)PC'S(q1 RC'S)

Where c is the surfactant concentration, M is the molecular weight of the micelles and Sw¢(g, L, b)
represents the scattering function of a semi-flexible chain without volume effects in which L/b
is the number of statistical segments in the chain:

SWC’(q7 L: b) = [(1 - X(q7 L: b))Schain(q1 L: b) + X(q7 L: b)Srod(q7 L)] F(q1 L: b)

Chen et al included corrections to the formula by accounting for intermicellar interactions by
including the parameter in the following equation,'? which is currently used in modelling flexible

cylinders in SasView:

Feorr(@) w(gRg)[1.22(qRg) ~1/%5% 1 0.4288(qRg)~%/*5% — 1.651(qRg) ™3/

Table S10: Fitting parameters for CioEs with GO and rGO. Data were fit using a sum of
mass fractal and flexible cylinder models. Scattering length densities of the solvent (D-O) and

micelles were kept constant at 6.3 and 1 x10~% A2 respectively.
Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Length Kuhn length

nanomaterial mM nm dimension nm nm nm nm
GO Ci2Es 10 7.21x107* - 1.88 2217.2 4.01x1073 2.1 269.1 20.5
GO Ci2Es 10 6.50x1075 - 2.12 6000.0 5.22x1073 2.1 165.4 28.6
GO Ci2Es 1 4.64x107* - 1.64 625.5 1.63x107° 3.9 100.0 6.8
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Table S11: Fitting parameters for 1 mM Ci3Es with GO. This data set was fit using a sum
of lamellar and flexible cylinder models. Scattering length densities of the solvent (D-QO) and
micelles were kept constant at 6.3 and 1 x10~% A2 respectively.

Carbon Surfactant Concentration Scale 1 Radius Length Scale 2 Thickness
nanomaterial mM nm nm nm
GO C12E5 1 2.61x1073 0.8 1.5 2.18x107* 9.8

Table S12: Fitting parameters for C15E, with GO and rGO. All data including pure surfactant
samples were fit using a sum of mass fractal and vesicle models. Scattering length densities of
the solvent (D»0O) and micelles were kept constant at 6.3 and 1 x107° A2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Volume fraction Radius Polydispersity of Thickness

nanomaterial mM nm dimension nm % nm radius % nm
- C12E4 10 1.83x10 3 1.6 2.02 466.1 0.12 25.1 36.5 4.8

GO C12Es 10 1.39x1073 2.7 2.12 832.9 0.38 30.8 47.2 1.4
GO C12Es 10 5.45x10~4 - 2.16 719.9 0.31 33.0 22.4 3.5

- C12Es 1 4.41x1076 - 2.41 2048.6 0.04 38.3 27.8 3.8

GO C1oEs 1 3.51x1074 8.3 2.10 1281.6 0.07 4.1 10.4 0.4
GO C12E4 1 4.35x107° 4.2 2.36 3892.2 0.11 15.5 47.1 0.6

The model providing the form factor, P(g), for a unilamellar vesicle is from Guinier and

t,14

Fourne and is represented by the following:

2
P(q):b’cale 3Vi(p1 Pz)Jl(qR1)+3V2(P2 Psolv)J1(qR2) \ background

Vshell (gR)1 (gR)2

Where Vipen is the volume of the shell, Vi is the volume of the core and V5 is the total
volume. R; is the radius of the core and R; is the radius from the core to the shell in A.
Ji = (sinz — z cosz)/z2. Polydispersity for vesicle radius was also included in the fitting

algorithm for Cy5E, systems.
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Figure 5S10: SANS data for 0.1 mM Cj2Eg (a), 0.1 mM Ci2E5 (b) and 0.1 mM C;2E4 (c) with
0.1 mg/mL GO and rGO. The data for GO and rGO has been offset by multiplication for clarity.

Table S13: Fitting parameters for erucyl amidopropyl betaine (EAPB) and oleyl amidopropyl
betaine (OAPB). Aside from the pure surfactant samples, all data are fit using a sum of mass
fractal and flexible cylinder models. Radius is the cross-sectional radius of the wormlike micelles
and Kuhn length is the apparent length over which the wormlike structures appear rigid.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and
1 x10~% A2 respectively.

Carbon Surfactant Concentration Scale 1 Particle radius Mass fractal Cutoff length Scale 2 Radius Kuhn length Length

nanomaterial mM nm dimension nm nm nm nm
OAPB 10 - - - - 5.00x1073 2.2 74.6 126.3
- EAPB 10 - - - - 9.43x1073 2.9 38.5 34.9
GO OAPB 10 9.52x1074 2.6 2.0 1341.4 3.24x1073 1.9 59.8 847.3
GO OAPB 10 3.02x107% 1.0 2.0 500.0 3.58x1073 2.2 29.3 4,626.1
GO EAPB 10 1.37x1073 2.0 2.0 4264.8 1.54x1073 2.8 15.6 10000.0
GO EAPB 10 8.17x107* 1.8 2.0 44.6 3.22x1073 2.9 61.3 245.0
- OAPB 1 - - - - 4.02x10~* 2.4 54.6 218.6
GO OAPB 1 1.82x107* 6.5 2.0 79.0 4.82x10~* 1.4 34.0 136.0
GO OAPB 1 2.15x107% 6.6 2.0 200.0 6.74x107% 0.9 39.2 100.3
GO OAPB 0.1 - - - - - - . -
GO EAPB 0.1 7.47x1076 - 2.4 35.8 - - - -

Modelling for samples with EAPB and OAPB was carried out using the same flexible cylinder
model as for C15Es.
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Table S14: First level unified power model fitting parameters for polyethylene glycol (PEG) and
Pluronic F127 polymer samples. R, is the radius of gyration of the aggregates while power, B;
and G; are parameters of the Debye equation.

Carbon Polymer Concentration R; Power B; G;
Nanomaterial mg/mL nm cm ! cm!
- PEG 1.5 22.2 1.80 0.008 595

- Pluronic F127 1.5 4.0 0.10 1.787 2.7

GO PEG 1.5 152 1.37 0.007 8.1

GO Pluronic F127 1.5 10.7 1.34 0.032 8.0
rGO PEG 1.5 36.3 1.54 0.036 547.1
rGO Pluronic F127 1.5 26.7 1.20 0.094 124.2

For polymer and GO/rGO systems, a unified power model was employed to approximate the
scattering of the mass fractal clusters (z.e. the GO and rGO sheets) and random coils (z.e.
the polymers) in situ.!>!® This model uses multiple exponential or power laws (referred to as
levels) to define the scattering of a variety of particle types and is ideal for mass fractal systems.
The function for calculating scattering intensity is:

2

N R2. ?R2,, 1
I(gq) = background + Z G; e:z:p(—q )+ B, emp(—%)(q—*)ﬂ
i=1 i
where
* ngi :|3
=g |er
% =4 [ I 76 )

Each level is represented by one of the following parameters: G;, Ry, B; and P,.
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Figure S11: SANS data for pure 1.5 mg/mL Pluronic F127 modelled using a spheres model
instead of a unified power model.

Table S15: Sphere model fitting parameters for pure Pluronic F127 polymer. Scattering
length densities of the solvent (D;O) and micelles were kept constant at 6.3 and 1 x10°°
A2 respectively.

Carbon Polymer Concentration Radius
Nanomaterial mg/mL nm
- Pluronic F127 1.5 4.0

Details for the sphere model used to fit 1.5 mg/mL Pluronic F127 is from Guinier and Fournet.*
The equation for the scattering intensity, I(g), as a function of the scattering vector, g, for

spheres is as follows:

I(g) = sc;le 3V(Ap)(sin((qq72)3— gr cos(gr))1?

+ background

Where V is the volume of the scatterer, r is the radius of the sphere in A, scale is the volume
fraction, Ap is the contrast (difference in scattering length density between the solvent and

scatterer) and the background is in cm L.
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Figure S12: AFM images of 0.1 mg/mL of polymer with or without 0.1 mg/mL GO or rGO
dispersions: (a) AFM height images of PEG (a) with GO (b) and rGO (c). AFM height images of
pluronic F127 (d) with GO (e) and rGO (f). Height profiles corresponding to the dashed yellow
cross sections are shown below each respective image. Higher magnification images correspond

to the area inside the orange boxes. Samples are dried on mica substrate.
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Figure S13: SANS data demonstrating the change in slope from ¢ 2 (crumpled fractal sheets)
for pure aqueous GO dispersion at 10 mg/mL to ¢ 2 (flat surfaces) with the inclusion of either a
cationic (CTAB), zwitterionic (OAPB) or nonionic (TX-100) surfactant. Concentration of GO

in samples with surfactant is 0.1 mg/mL. The data set with 10 mg/mL GO has been offset by
multiplication (x5) for clarity.
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ABSTRACT

In this work, it is shown that graphene oxide (GO) sheets can be effectively recovered from aqueous
solution by a simple froth flotation method. Small amounts of cetyltrimethylammonium bromide (CTAB)
are added to assist with flocculating and driving the GO to the air—water interface, then ultrasonication is
employed to form a foam that entrains the GO. The surfactant is essential in this process by firstly
destabilising the GO dispersion through surface charge neutralisation, allowing the particles to aggre-
gate. Furthermore, the hydrophobic component of the adsorbed surfactant molecules enhances
adsorption of the GO at the air—water interface. Positioning the sonicator tip precisely at the air—water
interface is crucial for foam formation by ensuring air bubbles are entrained into the sample. The nature
of the foam can also be manipulated by altering the sonication intensity or by incorporating additional
surfactant additives. At ideal GO:CTAB ratios, almost full removal ( >99%) of the GO from an aqueous
dispersion is achieved, with minimal overall change in the particle size distribution of the GO. It is shown
that this process can also be used when GO is employed as an adsorbent for removing toxic metals and

organic species from aqueous solution.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Froth flotation is an efficient and low energy separation tech-
nique that is widely used in industry for the selective removal of
materials from water, being commonly employed in areas such as
minerals processing [1,2] and wastewater treatment [3]. This
technique involves bubbles rising through an aqueous mixture, and
exploits differences in the attachment efficiencies of the materials
at the air—water interface, to enable their selective separation [4,5].
Froth flotation can be used on a broad variety of materials, from
molecules to colloidal particles, and is exceptional in its ability to
deal with large industrial fluid volumes. The fact that bubbles are of
low density and rise rapidly means that fast, low energy mixing and
separation occur within a vessel [6]. Furthermore, the entrainment
of materials in a concentrated froth or foam that floats on top of the
aqueous subphase enables easy collection simply by skimming or
spilling over of the froth, unlike separation of particulates through
sedimentation. Hence froth flotation is a comparatively efficient
and effective separation technique with excellent economical value

* Corresponding author.
E-mail address: rico.tabor@monash.edu (R.F. Tabor).

https://doi.org/10.1016/j.carbon.2018.04.032
0008-6223/© 2018 Elsevier Ltd. All rights reserved.
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[7].

Likewise, the interest surrounding graphene oxide (GO), an
atomically thin material derived from the graphite carbon lattice,
has soared in recent years [8]. Unlike pristine graphene, GO has a
rich composition of oxygen-containing functional groups which
serve to make the material hydrophilic [9,10], hence GO has po-
tential in aqueous applications such as adsorbents for water
treatment or mineral extraction where the use of pristine graphene
would be impractical. However, of paramount importance to its
deployment is the efficient removal of the GO itself from water for
its use as an adsorbent to be industrially viable; a method such as
froth flotation to enable this would be ideal. Membrane filtration
could also be a useful method for recovering GO from water, as
filters with nanoscale pore sizes are commercially ubiquitous and
would easily capture large GO sheets. However, filters for the in-
dustrial scale do not typically have pore sizes below 1 um, due to
significant decreases in the rate of diffusion [11]. As such it is
possible that the majority of sub-micron sheets may not be
captured by the membrane. Furthermore, particles with potentially
large lateral dimensions like GO sheets can very quickly result in
pore blocking, which may render the filter ineffective [12]. Accu-
mulation of matter on the membrane can also eventually lead to
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fouling which can negatively impact the performance of the filter
and reduce its lifespan [13]. Membrane filters therefore have the
disadvantage of requiring constant upkeep, whereas froth flotation
relies only on the surface chemistry.

GO sheets have been shown to exhibit surfactant-like properties
and adsorb at a variety of interfaces including air—liquid [14]. This
effect has been attributed to the amphiphilic character of the
sheets, with the hydrophobicity being greater on their basal plane
[15—18]. Therefore the entrainment of GO particles within a foam
should be readily achievable. However, GO sheets in water exhibit a
strong negative surface potential as a result of readily deprotonated
carboxylic groups around their periphery, thus the sheets are
highly stabilised against aggregation through electrostatic inter-
particle repulsions [19,20]. Because of this effect, we have shown
recently that clean GO sheets do not spontaneously adsorb at in-
terfaces, and remain favourably solvated in the bulk water [14].
Therefore, GO must be rendered surface active, which can be ach-
ieved by employing a surface active ‘collector’ [14], such as a sur-
factant molecule, to enhance the foamability of GO and facilitate its
recovery via froth flotation.

The addition of surfactants to colloidal dispersions of hydro-
philic silica particles has been identified as a pathway to boosting
the foamability of the particles [21—24]. The physical basis for this
phenomenon is that the surfactant molecules adsorb to the surfaces
of the particles, increasing their hydrophobicity such that the par-
ticles and surfactants then collectively adsorb to the air—water
interface [25,26]. Foams stabilised by solid particles are known as
‘Pickering’ [27] (or ‘Ramsden’) [28] foams, and are a well estab-
lished commodity in colloid science. As GO sheets are microscopic
in size (and particulate in nature), foams stabilised by GO are of the
Pickering variety [29]. Particle-stabilised foams show unprece-
dented stability due to their high desorption energy from the sur-
faces of the bubbles [30,31]; this effect is amplified when high
aspect ratio nanosheets are used [32,33]. Therefore, utilising GO in
the stabilisation of foams can be expected to offer enhanced sta-
bility to coalescence or collapse of the foam. The process of sta-
bilising a foam however, as with emulsions, relies on the presence
of a surface active or surface adsorbed component, hence the
importance of surfactant inclusion in the case of GO systems.

In this work, we develop and explore a recovery method for GO
from aqueous solution by capturing the sheets within a foam
network. Cetyltrimethylammonium bromide (CTAB) surfactant is
incorporated to facilitate this process, and the synergistic effects of
the two components are investigated to understand the key factors
driving foam formation. Previous work has reported the separation
of carbon nanoribbons by froth flotation [34]; however, the focus
was on statistical analysis and modeling of the separation. Our
work focuses on the fundamental physical chemistry of the foam-
ing phenomenon for GO nanosheets, and optimising the recovery
process such that maximal capture is achieved in the most efficient
way. CTAB has been used as an aid for GO synthetic procedures
[35,36]. Other studies on foam preparation using two-dimensional
carbon nanomaterials involve high energy and low yielding tech-
niques such as freeze drying [37,38], chemical vapour deposition
[39] and electrochemistry [40], therefore a facile and thermody-
namically driven foaming process may improve the feasibility of GO
use at larger scales.

2. Experimental

Graphene oxide was synthesised from graphite flakes (Sigma, +
100 mesh) according to the improved Hummers' method of Mar-
cano et al. [41] Changes to the procedure include an incremental
addition of the potassium permanganate prior to heating the
mixture, and purification by dialysis for 1 week (cellulose dialysis

tubing, 14 kDa molecular weight cutoff, Sigma) after an initial 3
cycles of centrifugation (4000 rpm), in which redispersion of the
GO in ultrapure water was undertaken. The product was kept and
characterised in aqueous suspension at all times.

Flotation and foaming of the GO was achieved by ultrasonication
using a Branson 450 Digital Sonifier (20 kHz frequency, 400 W max
power). A specified concentration of cetyltrimethylammonium
bromide (ChemSupply, >95%) was added to the GO dispersion then
mixed initially by gentle shaking. For froth flotation, the tip of the
ultrasonic probe was then positioned precisely at the air—liquid
interface of each sample. Sonication amplitudes were then varied
between 10%, 30% and 50% of the maximum amplitude for the
microtip used, corresponding to energy inputs of 0.79, 2.55 and
4,05 W/cm? for this instrument (see Supplementary Data for cal-
culations), and the total sonication time kept constant at 30s.
Characterisation of the resultant foams by light microscopy imag-
ing was conducted using a Kozo XJP-300 polarizing microscope
with a 4x magnification microscope objective lens and an attached
CCD camera (Flea3, Point Grey, Richmond, BC, Canada). Foam ma-
terial was moved by spatula onto a glass slide after which a cover
slip was gently mounted to create an even plane of focus for im-
aging. Cocamidopropyl betaine (CAPB) was obtained from Aussie
Soap Supplies as a 35% solution in water by mass.

Zeta potentials of GO/CTAB systems were measured by phase
analysis light scattering using a Brookhaven Nanobrook Omni. Data
points were averaged from 5 measurements for each sample with
each measurement comprising 20 phase cycles at 25°C. The
palladium electrode was immersed carefully to ensure no bubbles
were created and cuvettes were made from polystyrene with
pathlengths of 1.0 cm. Zeta potentials, {, were determined accord-
ing to the Smoluchowski approximation:

where ug is the electrophoretic mobility, vg is the electrophoretic
velocity, E is the electric field strength, ¢ is the permittivity and 7 is
the viscosity of the medium.

Atomic force microscopy characterisation of the GO before and
after being subjected to the flotation process was performed using a
JPK NanoWizard 3. Samples were prepared by spin coating a small
aliquot ( <5 pL) of diluted GO dispersion (0.1 mg/mL) onto a freshly
cleaved mica disk (ProSciTech) for 1 min (2000 rpm). Images were
50 pm? in area and obtained in tapping mode with a set-point value
around 0.6V and a line rate of less than 0.5 Hz. Cantilevers were
Bruker NCHV model with nominal spring constants of 20—80 N/m
and resonant frequencies around 320 kHz. The images were refined
using the JPK data processing software, however analysis of indi-
vidual sheet lateral dimensions were performed using Gwyddion
software [42]. Post-flotation GO was purified of surfactant by
initially redispersing the foam in 1M HCI and centrifuging at
8000 rpm for 15 min. The GO was then washed twice in a 50/50
mixture of water and ethanol with further centrifugation to remove
as much CTAB as possible. Final redispersion of the GO was in ul-
trapure water only.

Quantification of cadmium chloride (BDH Chemicals, >99.5%)
removal was performed using atomic absorption spectroscopy
(AAS) on a GBC Scientific Equipment XplorAA with an
air—acetylene flame ionisation detector. The instrument was fitted
with a Cadmium element lamp and analysis was performed at a
wavelength of 228.8 nm with a slit width of 0.5nm. Caffeine
(Sigma, >99.5%) removal was monitored by UV—visible spectro-
photometry on a Cary 60 instrument from Agilent Technologies in
1cm path-length quartz cuvettes across the wavelength range
200—350 nm. All samples were prepared by adding the specific
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adsorbate to the GO dispersion followed by CTAB, and then per-
forming the flotation step. The remaining liquid beneath the foam
was then filtered (0.4 pm syringe filters) to remove any large ag-
gregates or GO, and diluted as required before measuring. The
precise quantities of cadmium and caffeine remaining in solution
were then calculated by comparing the results with the determined
calibration curves for each compound (see Supplementary Data).

3. Results and discussion

The process of froth flotation relies on the attachment of ma-
terials to bubbles in order to cause their separation from a bulk
aqueous solution or dispersion. Therefore, as GO is intrinsically
hydrophilic and stable to aggregation through strong electrical
double-layer repulsions, the simple act of bubbling a gas through a
GO suspension does not result in the formation of a GO-stabilised
foam [18]. Therefore, a change to the system is required to drive
the GO to the air—water interface. As has been previously shown, a
cationic photosurfactant (azoTAB) with a trimethylammonium
headgroup has a very strong affinity for GO sheets through opposite
charge attraction and can induce their flocculation [43]. Addition of
the same surfactant was also found to result in spontaneous
adsorption of the GO sheets at air—water and oil—water interfaces
due to enhanced surface activity from GO/surfactant synergism
[14]. Therefore, cetyltrimethylammonium bromide (CTAB), a com-
mon and inexpensive cationic surfactant and analogue of azoTAB,
was chosen to mediate the removal of GO from aqueous systems by
froth flotation. Strong interactions and self-assembly between CTAB
and GO have also been proven by Meng and co-workers [44].

We started by exploring different ratios of CTAB and GO to find
the optimum concentration range in which to perform flotation.
CTAB has been previously found to cause gelation of GO at small
CTAB additions when GO is at 5 mg/mL [45]. Therefore, to properly
assess the phase behaviour of the two materials and avoid gelation,
two constant GO concentrations of 0.2 and 1 mg/mL were exam-
ined as a function of different CTAB concentrations. It was found
that bulk effects such as flocculation for a given amount of sur-
factant changed when comparing the two GO concentrations, and
are therefore not arbitrarily defined. Rather, a specific mass ratio of
GO to CTAB was required to induce flocculation, indicating an
adsorption phenomenon and shown clearly by the differing
crossover points for GO zeta potentials at both concentrations
(Fig. 1c). Below GO:CTAB mass ratios of 5:1 w/w (see
Supplementary Data), the amount of CTAB present is insufficient to
cause complete destabilisation of the GO dispersion (Fig. 1a). The
zeta potential measurements indicate that the surface is still
negatively charged at these concentrations (Fig. 1c¢), hence the GO
will remain in dispersion by electrostatic repulsion, instead of
assembling at the air—water interface. Above GO:CTAB mass ratios
of 1:2.5 w/w, the amount of CTAB added is high enough to invert
the charge on the GO such that it is now stabilised by net positive
charge repulsions, again confirmed by zeta potential measure-
ments (Fig. 1c), an effect which was also noted previously for the
azoTAB photosurfactant with GO dispersions [14,43].

Flocculation of GO appears to be central to successful foam
formation, as only within the specified mass ratios of 5:1 and 1:2.5
w/w (GO:CTAB), where the colloidal materials had an overall
charge near zero, was flotation successfully achieved (Fig. 1a).
Outside of this range, the vast majority of GO remained in disper-
sion; however, within this region, close to full recovery ( >99%) of
the GO was obtained post-sonication (Fig. 1b). The results suggest
that the efficacy of GO foam stabilisation is predicated on the GO
sheets being able to densely pack at the air—water interface and
inhibit the escape of gas molecules, which is a reasonable conclu-
sion given the much faster diffusion rate of gases compared to oils
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Fig. 1. (a) Samples containing 1 mg/mL GO and the specified concentrations of CTAB
after ultrasonication for 2 x 30's at 10% amplitude. (b) UV—visible spectrophotometry
data of the bulk solution for these samples showing the percentage of GO still in
dispersion. (c) Phase analysis light scattering data for the two fixed concentrations of
GO with varying concentrations of CTAB. The dashed lines have been added as guides
to the eye. (A colour version of this figure can be viewed online.)

in emulsion droplets. Conversely, aggregation of the GO alone does
not appear to be adequate for foam formation to occur, as
attempting the same experiment when destabilising the GO with
500 mM NaCl did not result in a stable foam (see Supplementary
data). This observation emphasises the importance of the hydro-
phobicity imparted by the adsorbed surfactant molecules as well as
charge neutralisation, and that the surface activity of the GO itself is
insufficient when it comes to foam formation. A similar observation
was made for silica nanoparticle/surfactant mixtures, with floccu-
lated materials of increased hydrophobicity from adsorbed sur-
factant resulting in the best foams [25]. Flocculation was also found
to be a prerequisite for the noncovalent magnetic recovery of GO



TM. McCoy et al. / Carbon 135 (2018) 164—170 167

from water, again with cationic materials added in order to over-
come the electrostatic stabilisation of the GO sheets, allowing their
capture from solution using a magnet [46,47].

The sonication step is vital in the GO recovery process and fulfils
two essential functions: firstly it generates air—water interface in
the form of microscopic air bubbles that the GO/CTAB can adsorb to,
but secondly it shears the GO aggregates and in doing so promotes
higher surface area, allowing the sheets to more effectively stabilise
the interfaces present within the foam network. It is important to
note that in the samples from Fig. 1a, ultrasonication has assisted in
causing the GO/CTAB composites to float by producing an adequate
amount of entrapped microbubbles within the flocculated mate-
rials; however, they are not actually in the form of a conventional
foam. This is because an ultrasonication amplitude of 10% (with the
Branson 450 Digital Sonifier) is not energetically sufficient to bring
about the evolution of a genuine (macroscopic) foam.

Upon increasing the sonication intensity to 30% (defined in
Experimental), for an optimal GO/CTAB ratio (1 mg/mL GO, 2 mM
CTAB), a distinct foam layer above the bulk solution can be
observed (Fig. 2a). This outcome highlights that shearing of the GO
is essential in forming a foam, as it is again clear that when soni-
cating a similar sample at an intensity of 10%, the GO sheets have
not been adequately disaggregated (Fig. 2a). Thus, the material has
remained in the solution as a hydrophobic agglomerate. Increasing
the intensity further to 50% caused the volume of the foam to
approximately double, most likely because the higher energy input
forces more air through the system (Fig. 2a). The likely explanation
for the differences in foam volume fractions with increasing soni-
cation intensities is that the higher shear energies not only create
more interface, but also aid in overcoming the high energy barrier
for adsorption of these particles, a factor that has also been
observed in Pickering emulsification with GO [48,49].

From obtained light microscopy images (Fig. 2c—f), it is clear
that dense clusters of particulate matter comprising aggregated GO
sheets are accumulating at the foam lamellae, preventing thin film
drainage and rupture of the intervening liquid layer. This reinforces
the effectiveness of the system as an interfacial stabiliser and ex-
emplifies the significantly improved surface activity of the GO
sheets when the surfactant is present. One limitation of this system
lies in the toxic nature of CTAB [50,51], which would likely prevent
its use in environmental applications, therefore other eco-friendly
surfactants should be considered for the commercial viability of
this methodology. Cocamidopropyl betaine (CAPB) is one of the
most commonly used surfactants in personal care products due to
its excellent foaming properties [52], and here we incorporate it
into our GO/CTAB system to explore potential alternatives as well as
probe further physical mechanisms underlying the behaviour of the
system.

With 1 mM CAPB added to the same GO/CTAB mixture, little
difference is observed for the foams with the naked eye (Fig. 2b).
However, by light microscopy, significantly smaller bubbles are
observed within the foam for the 30% sonication amplitude
(Fig. 2d). This outcome indicates a significant enhancement in the
stabilising capacity of the system, as the Young-Laplace pressure
inside smaller bubbles is substantially greater, which usually causes
them to ‘ripen’ into larger bubbles [53,54]. This result suggests that
there may be additional synergism between the two surfactants
and the GO. The CAPB is likely further lowering the surface tension
of the system, giving increased capacity for foam stabilisation. In
contrast, at 50% amplitude (Fig. 2f), the bubbles are much larger and
the difference compared to the equivalent sample with GO/CTAB
only (Fig. 2e) is negligible. It is possible that at the higher intensity,
the energy input is too large such that even with the CAPB present,
smaller bubbles can not be stabilised due to the increased volume
of air being pushed through the sample. The results do suggest
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Fig. 2. (a) Samples containing 2 mM CTAB and 1 mg/mL GO after being subjected to 10,
30 and 50% amplitudes (defined in Experimental section) of ultrasonication. (b) Similar
samples with 1 mM CAPB also added. (c—f) Light microscopy images of the foam layers
formed after sonication: (c) 2 mM CTAB at 30%, (d) 2 mM CTAB with 1 mM CAPB at 30%,
(e) 2mM CTAB at 50% and (f) 2mM CTAB with 1 mM CAPB at 50%. (g) Schematic
showing ideal tip position for GO foam formation via ultrasonication. (A colour version
of this figure can be viewed online.)

however that surfactant choice as well as surfactant mixtures may
offer grounds for control of GO/surfactant foam properties as well
as enhanced foam stability.

It is critical to note that foaming of the GO/CTAB is strongly
dependent on the position of the sonicator tip within the sample.
When the sonicator tip is arranged precisely at the air—water
interface, air from the atmosphere is entrained into the sample,
providing the gas—liquid interface with which the GO/CTAB com-
posites can interact. If the probe is immersed too far below the
surface of the sample, the shear field generated by from the tip will
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only serve to mix the sample without incorporating bubbles,
leaving the GO in the solution. This effect is shown schematically in
Fig. 2g.

With ultrasonication being a high energy and potentially
destructive technique, the question is raised as to whether the GO
sheets are still intact following the recovery process. Atomic force
microscopy was used to image directly the sheets before (Fig. 3b)
and after (Fig. 3d) froth flotation. For the sample before ultra-
sonication, the GO was extracted from the pure dispersion (Fig. 3a).
For the sample after ultrasonication, the GO was mixed with CTAB
at the optimal ratio (1 mg/mL GO, 2 mM CTAB) and subjected to
ultrasonication at 50% (Fig. 3c). The foam was then manually
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Fig. 3. (a) A 1 mg/mL aqueous dispersion of GO. (b) An AFM height image of GO
prepared from the clean GO dispersion in (a). (c) A 1 mg/mL sample of GO with 2 mM
CTAB after being ultrasonicated for 30 s at 50% amplitude. (d) An AFM height image of
the GO extracted from the foam in (c). (e & f) Histograms of the lateral size dimensions
of GO before (e) and after (f) foaming with ultrasonication. (A colour version of this
figure can be viewed online.)
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removed and the GO isolated by washing out the CTAB (see
Experimental section). The much larger GO sheets (>5um) did
appear to become fragmented during the sonication process;
however, the average sheet width only decreased marginally from
1.86 um to 1.33 pm, indicating that the GO can be recovered in a
reusable form. Moreover, the comminution of the GO could also be
expected to be much lower using a sonication amplitude of 30% (or
a shorter sonication time) which was also adequate for foam for-
mation (Fig. 2a and b), instead of the 50% used in this analysis. A
higher magnification AFM image is available for Fig. 3d in the
Supplementary Data, which clearly shows no disruption of the two-
dimensional sheet morphology from the sonication process.

The size reduction of the sheets following froth flotation does
imply that the adsorbed CTAB may be allowing the sheets to frag-
ment more easily, perhaps by making them more rigid such that
they are less able to accommodate the mechanical stresses induced
by the sonication step. However, this does not appear to be the case
as sonicating pure suspensions of GO also resulted in the larger
sheets being fragmented into smaller sheets (see Supplementary
Data). This effect was even observed at 10% sonication amplitude,
indicating that the larger sheets are incredibly fragile and adsorp-
tion of the CTAB is neither inhibiting nor promoting sheet frag-
mentation. Ultrasonication has in fact been used as a method for
controlling lateral sizes of GO sheets [55,56]. Interestingly, in the
AFM image taken after foaming (Fig. 3d), the sheets have deposited
in an adjoining fashion which is not seen in the images where the
GO dispersions where sonicated without CTAB (see Supplementary
Data). This is likely due to the charge neutralisation effects of the
surfactant, and reinforces why the combined system is essential for
foam stabilisation and flotation.

Lastly, as an initial test of the potential for this recovery method
to be used in environmental applications, the GO/CTAB system was
utilised in the decontamination of a model inorganic and organic
toxin from water. GO has been found to be a highly effective
adsorbent material for toxic metal ions in water as these ions are
believed to have a strong affinity for GO due to their opposing
charge [39,57]. Divalent metal ions are also thought to complex
with the peripheral carboxylate groups on GO via a bidentate
chelation mechanism [58,59]. For this study, cadmium ions were
added to GO/CTAB mixtures (1 mg/mL GO, 2 mM CTAB) and then
the flotation procedure was carried out at a 30% sonication intensity
(Fig. 4c). The amount of Cd*>* ions removed was proportionally
similar regardless of the initial concentration, with approximately
32.9 ppm removed from the sample with the lowest doping (1 mM)
and 109.9 ppm removed from the sample with the highest doping
(3 mM) (Fig. 4e). Lowering the amount of CTAB to 1 mM resulted in
an increase in the amount removed in all instances (137.5 ppm of
Cd?* at higher doping). This suggests that the CTAB molecules and
Cd** jons are competing for adsorption sites on the GO surface. As
both bear a positive charge, it is likely that this arises from
competition for the peripheral carboxylate groups. A small
decrease in the volume of the foams was also observed upon
halving the CTAB concentration (Fig. 4a,c). Furthermore, the
incorporation of cadmium did not appear to impede the formation
of the foams.

The removal of a model organic compound, caffeine, was also
attempted using GO/CTAB (1 mg/mL GO, 1 or 2mM CTAB) and
employing froth flotation as the recovery mechanism (Fig. 4b,d).
Caffeine displayed a fairly weak adsorption affinity for GO, with
only as much as 95.2 ppm being removed at the highest caffeine
doping (Fig. 4f). In addition, no improvement was observed for the
lower CTAB concentration, suggesting a different adsorption
mechanism to cadmium. Caffeine is a highly water soluble and
neutrally charged compound, therefore, its interaction with GO is
likely to be weak, via polar and van der Waals forces. Caffeine also
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Fig. 4. (a & b) Flotation samples containing the specified concentrations of cadmium
(a) and caffeine (b) and 1 mM CTAB. (¢ & d) Similar samples but with 2 mM CTAB. All
samples contained 1 mg/mL GO. (e & f) The amounts (in ppm) of cadmium (e) and
caffeine (f) removed from these samples by froth flotation. (A colour version of this
figure can be viewed online.)

did not hinder the foaming of the GO/CTAB composites. While the
amounts of captured cadmium and caffeine presented here are
quite modest, the results still show potential for the use of this
system in environmental decontamination as well as revealing
important information regarding which toxins are feasible for
capture. Optimising the materials loadings as well as the adsorption
time could improve the results dramatically.

4. Conclusion

Graphene oxide nanosheets can be easily separated from
aqueous solution using a facile froth flotation method involving the
addition of CTAB surfactant and ultrasonication. As the adsorption
of GO sheets at the air—water interface is non-spontaneous due to
their high negative surface charge, the surfactant plays a critical
role in the recovery of GO by neutralising the charge of the sheets,
and promoting surface activity through GO/surfactant synergism.
The surfactant-coated GO sheets then possess a much greater af-
finity for the air—water interface and as such can be entrained in a
concentrated foam above the bulk solution. Ultrasonication of
sufficient intensity applied directly at the surface of the suspension
facilitates foam formation by shearing the GO and forcing air
bubbles through the liquid which are then stabilised by the GO/
CTAB composites. Flocculation is essential in this process by

allowing adequate packing of GO at the interface, hence the ratio of
CTAB to GO must be optimised for foamability. Too little CTAB will
not destabilise the GO suspension, and too much CTAB causes
restabilisation by overcharging such that in both instances the GO
remains in dispersion. At optimal ratios, almost full recovery of the
GO is attained and thus, this system represents an easy and
potentially industrially viable procedure for capturing GO from
water, or making GO-stabilised foams without complex instru-
mentation or extreme system conditions.

These results indicate that low-energy separation of GO from
aqueous systems can be achieved at low cost using ‘conventional’
technologies, provided suitable optimisation and additives (col-
lectors) are used. This process can be used to recover GO when it is
employed as an adsorbent for capturing toxic metals or organic
species, again indicating future potential for GO in low-cost, large-
scale treatment of water.
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Figure S1: (a) UV-visible spectrophotometry data of aqueous graphene oxide dispersions at the
specified concentrations. (b) Calibration curve corresponding to the data in (a). Absorbance

values are taken at the wavelength of maximum absorption (228 nm).
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Table 1: Calorimetric measurements for determination of the sonication power delivered by the
Branson 450 Digital Sonifier at the programmed instrument amplitudes of 10%, 30% and 50%,
for 3 mL foam samples.

Sonication Mass HoO Tinitiat Tfina AT  Sonication Total power Power delivered

amplitude (g) (°C) (°C) (°C)  time (s) (W) (W/cm?)
10% 3.0196 23.7 29.4 5.7 30 2.40 0.79
30% 3.0236 23.7 42.0 18.3 30 7.71 2.55
50% 3.0194 23.7 52.8  29.1 30 12.24 4.05

Exemplar calculation for the power delivered by the Branson 450 Digital Sonifier at the 50%
sonication amplitude:

0= mcAT Ly
t
3.0194 x 4.18 x 29.1
Q= +3.0194 = 4.05 W/cm?

30

where ) is the heat energy, m is the sample mass, ¢ is the specific heat capacity of water, AT
is the change in temperature, t is the sonication time and V is the sample volume.

0.01 0.02 . 005 0.075 0.1 0.2 0.3 0.5 . 10 20
mM mM mM mM mM mM mM mM mM mM mM mM mM mM

Figure S2: Samples containing 0.2 and 1 mg/mL of GO and varying concentrations of CTAB
used for phase analysis light scattering.
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Table 2: Compositions and PALS results for 0.2 mg/mL samples in Fig. S2.
CTAB concentration GO:CTAB Zeta potential Conductance

mM mg:mg mV us
0.014 39.492 —46.5 + 1.2 324
0.025 21.599 —39.1 £ 23 313
0.029 18.445 —374 £ 2.1 329
0.045 11.588 —419 £ 1.0 324
0.081 6.869 —47.14+ 1.8 328
0.109 5.033 —11.4 £ 0.7 233
0.200 2.742 —16.8 £ 0.4 433
0.300 1.801 5.7 £ 0.5 460
0.498 1.096 14.0 + 1.7 356
0.750 0.732 197+ 15 492
1.005 0.541 146 £ 0.6 516
2.244 0.243 33.1 £0.3 595
4.161 0.132 39.2 £ 0.5 723
10.236 0.053 56.4 £ 1.6 902
20.851 0.026 62.8 + 2.1 1264
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Table 3: Compositions and PALS results for 1 mg/mL samples in Fig. S2.
CTAB concentration GO:CTAB Zeta potential Conductance

mM mg:mg mV us
0.015 179.296 —-14.7+ 1.1 766
0.022 120.884 —34.2 4+ 3.6 775
0.030 89.170 —16.2 £ 0.9 10.85
0.055 47.838 —11.7+ 0.8 1131
0.075 35.909 —6.6 £ 1.0 1068
0.105 25.279 —10.5 £ 0.6 1087
0.203 12.903 —12.0 £ 0.9 1137
0.295 9.027 —15.1 £1.2 948
0.516 5.227 —8.2+0.6 1275
0.796 3.365 —10.7 £ 1.0 1501
1.040 2.566 —3.7+£ 0.6 1628
1.928 1.388 85+ 1.2 682
5.851 0.414 9.1 £04 1873
10.345 0.257 20.0 £ 1.3 2217
18.537 0.137 15.0 £ 1.2 2545
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Figure S3: Additional light microscopy images of GO/CTAB foams at different sonication
intensities with and without CAPB (x4 magnification objective).
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Figure S4: (a) AFM height image of GO sheets after recovery by foam entrainment (from the
main paper). (b) Higher magnification AFM image of the area within the yellow box, more
clearly showing the retained two-dimensional morphology of the sheets post-sonication.
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Figure S5: (a-c) AFM height images of GO sheets dried onto mica after sonication at 10%
(a), 30% (b) and 50% (c) amplitudes on the Branson Digital Sonifier, with corresponding size
histograms shown below. Mean size values were determined from the Gaussian fits and n

represents the number of sheets analysed. All images are 50x50 ym.

Figure S6: Sample containing 1 mg/mL GO and 500 mM NaCl after attempting froth flotation.
Sonication was performed at an amplitude of 30% for 30 seconds.
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Figure 37: Flotation samples with varying concentrations of cadmium and caffeine at different
stages of the recovery process.
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Table 4: Samples compositions and amount of Cd?* removed as measured by AAS.

Conc. GO Conc. CTAB Conc. Cd?T Cd?* removed %
mg/mL mM ppm ppm Cd?* removed
0.93 1.91 109.5 32.9 30.0
0.98 1.99 224.4 67.4 30.0
0.98 1.99 335.1 109.9 32.8
0.98 0.98 115.8 38.3 33.0
1.00 1.00 227.6 84.1 37.0
1.00 0.98 334.1 137.5 41.1
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Figure 59: (a) UV-visible spectrophotometry calibration data of caffeine in aqueous solution.
(b) The corresponding calibration curve for the data in (a), used for determining unknown

quantities of caffeine in solution.

Table 5: Samples compositions and amount of caffeine removed as measured by

spectrophotometry.
Conc. GO Conc. CTAB Conc. Caffeine Caffeine removed %
mg/mL mM ppm pPpm Caffeine removed
1.00 2.01 197.7 12.7 6.4
1.02 1.88 373.0 55.7 14.9
0.98 1.92 584.8 95.2 16.3
0.97 0.91 199.3 13.8 6.9
0.99 0.99 399.5 62.0 15.5
0.99 1.15 596.3 82.5 13.8
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Chapter 8

Conclusions and future directions

This project has explored a significant number of aqueous systems comprising graphene oxide (GO)
or reduced graphene oxide (rGO) with surfactants. The research focuses on understanding and
controlling the bulk dispersion properties and adsorption of these materials at interfaces, in order
to develop new and improved methods for the control and application of carbon nanomaterials
in aqueous systems. To achieve these outcomes, novel systems of GO and rGO with a variety
of surfactants that differ in fundamental physical properties, such as charge and hydrophobicity,
were formulated and investigated to develop important structure—function relationships for these
materials. The use of both GO and rGO, as well as the careful selection of surfactant molecules,
allowed the key factors affecting stability of the graphene oxides as aqueous dispersions, as well as

their adsorption at interfaces in response to surfactant additives, to be addressed.

A large combination of techniques were utilised in the project, so that a conceptual link between
the observed behaviour for these systems and the underlying physical chemistry governing that
behaviour could be obtained. Small-angle neutron scattering, zeta potential measurements and
adsorption isotherms provided key insight into interactions, assembly and stability of the materials
in bulk aqueous phases. In contrast, X-ray reflectivity and surface tension measurements gave
information on adsorption at the air—water interface, so that clear distinctions relating to interfacial
phenomena could be drawn. Finally, the use of imaging techniques such as atomic force microscopy

and optical microscopy provided complementary, physical characterisation of the materials.

Cationic surfactants were found to readily adsorb to GO and rGO sheets in solution by electrostatic
attraction. Above critical surfactant concentrations, the sheets are seen to aggregate in solution
due to insufficient charge repulsion between sheets to maintain stability. The pH of the solution
plays a significant role in this phenomenon, with larger surfactant concentrations required to
destabilise the suspensions at high pH compared to low pH. This is explained by basic conditions
facilitating deprotonation of the GO and rGO carboxylic groups, thus resulting in greater negative
surface potentials. Further addition of cationic surfactant can cause restabilisation of the sheets
by reversing the charge to a great enough magnitude that they now experience stabilising positive

charge repulsions.
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By using a photoswitchable cationic surfactant, it was possible to directly probe how the hydrophilic—
hydrophobic nature of the surfactant molecules influenced their adsorption to GO and rGO.
Photoswitching the surfactant from the trans isomer to the more hydrophilic cis isomer resulted
in a significantly smaller proportion of the surfactants adsorbing to the sheets, indicating that
electrostatics are not the only interactions contributing to adsorption in these systems. This
photoswitching mechanism can be used to reversibly capture and redisperse the carbon nanomaterials
by altering the adsorbed amount of surfactant; the method is more effective for rGO than GO due to
its much more sharply defined stability boundary in water (arising from its greater hydrophobicity),

which provides a more distinct boundary between dispersed and flocculated states.

Nonionic and zwitterionic surfactant also adsorb readily to GO and rGO, confirming the significance
of polarisation and hydrophobic interactions in these systems. Anionic surfactants appear to be
the only surfactant class that does not appreciably adsorb to these materials, owing to their like
charge repulsions with GO and rGO. This suggests that long-range electrostatics are the dominant
forces influencing the adsorption of small molecules with GO and rGO. In all cases where surfactant
adsorption is apparent irrespective of surfactant class, small-angle neutron scattering measurements
imply that the adsorption mechanism is likely different on GO sheets compared to rGO sheets, given
that significantly greater scattering intensities are observed for GO /surfactant systems compared
to equivalent rGO /surfactant systems. With GO sheets, the surfactant molecules are believed to
adsorb via their head-groups due to strong polarisation interactions with the oxygen-containing
moieties. At high surfactant loadings, this results in the formation of surfactant bilayers on the
surfaces of the GO sheets in order to prevent solvation of the tail-groups. With rGO however,
the surfactants are presumed to adsorb lying flat so that the tail-groups can interact with the
hydrophobic domains, resulting in hemispherical micelles on the surfaces of rGO. Therefore, the
surfactant adsorption capacity for rGO compared to GO is much lower, explaining the differences in
scattering. Interestingly, the scattering patterns also indicate that surfactant adsorption on these
materials changes the morphology of the sheets in solution from crumpled to flat; a phenomenon we

have dubbed ‘nano-ironing’.

The same cationic photosurfactant mentioned earlier can also be used to effect the spontaneous
adsorption of GO at the air-water interface. This behaviour arises due to the surfactant molecules
adsorbing to the GO sheets, progressively neutralising the surface charge and rendering the sheets
more hydrophobic. As a result, the dispersion of GO in the bulk solution becomes less favourable,
and the sheets are thermodynamically driven to the interface where they experience more favourable
interactions. This behaviour lowers the surface tension of water by significantly greater margins
than the pure surfactant solutions, implying that the combined adsorption of the surfactant-coated
GO sheets results in greater concentrations at the interface. The ratio between the surfactant and
GO is the major parameter controlling this behaviour, as too little surfactant does not enhance the
surface activity of the sheets sufficiently to drive them to the interface, and too much surfactant
causes either aggregation or charge reversal of the sheets. In these instances, the GO remains in the

bulk solution rather than migrating to the surface.
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Interestingly, allowing GO sheets coated with the photosurfactant to adsorb at the air—water interface
and then irradiating them with UV light to make the surfactant molecules more hydrophilic does
not result in desorption and redispersion of the sheets back into the bulk aqueous phase. This
demonstrates the high adsorption energy of GO at the interface, reinforcing the appeal for using
high aspect ratio nanosheets to stabilise interfaces with greater efficacy. For interfacial applications,
GO is found to be far more effective than rGO, as surfactant addition to aqueous dispersions of
rGO does not promote interfacial activity. As rGO is significantly more hydrophobic than GO, it is
hypothesised that the different surfactant adsorption mechanism on rGO as well as their greater

propensity to crumple in solution may be the main factors hindering its adsorption at interfaces.

This synergistic surface activity is also exhibited in GO systems with nonionic and zwitterionic
surfactants, but not anionic surfactants. Again, surfactant to GO ratio is found to be the overriding
criterion influencing adsorption of the composite materials at the interface, with excess surfactant
serving to inhibit the adsorption of GO at the interface. This is believed to arise from the
hypothesised adsorption mechanism for surfactants on GO, whereby at high surfactant loadings the
molecules assemble into organised bilayers at the surfaces of the sheets. This fully internalises the
hydrophobic regions of the surfactant molecules, and subsequently, the composite material changes
from hydrophobic back to hydrophilic. Thus it thermodynamically favours the bulk solution over

the interface.

The addition of small quantities of salt to GO /surfactant mixtures, especially in systems where
nonionic surfactants are being used, significantly enhances the adsorption of the composite material
at the interface. Mechanistically this occurs because the salt ions in solution act to screen the
surface charge of the GO sheets, reducing their colloidal stability and allowing them to pack more
readily and densely at the air—water interface. The hydrophobicity of the surfactant is also found to
greatly increase interfacial activity, as GO composites produced with long-chain betaine surfactants
exhibited the highest interfacial activity at the lowest loadings of materials. These results offer

many avenues via which to control the interfacial properties of GO in aqueous systems.

Having established the physical basis for achieving spontaneous adsorption of GO sheets at the
air—water interface using surfactants, the combined and optimised systems are then used to create
emulsions and foams with enhanced stability. The composite materials show significantly greater
capacities for stabilising oil-in—water emulsions than the GO or surfactants alone at similar loadings,
clearly demonstrating the synergism between the two types of materials. GO sheets flocculated by
surfactants can also be efficiently recovered from aqueous solution by froth flotation due to their
capacity to stabilise foams. Again the increased surface activity of the sheets brought about by the
adsorbed surfactant molecules is the essential factor enabling this outcome. Overall, the results
provide broad insight into the physical chemistry and thermodynamics of two-dimensional carbon
nanomaterials as both stabilisers and adsorbent materials. The findings can be used to inform the

design and formulation of novel, noncovalent composite materials mediated by surfactants, that are
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capable of stabilising emulsions and foams with improved efficiency.

Further research to consolidate the bulk properties and self-assembly aspects of GO and rGO
behaviour could involve additional small-angle scattering measurements at higher concentrations
of the carbon nanomaterials and surfactants. All measurements performed so far contained only
0.1 mg/mL of GO or rGO in water (0.01% by weight), i.e. very dilute dispersions. Therefore,
significantly increasing the concentrations may yield liquid crystalline character by causing stacking
between surfactant-coated sheets. This type of aggregation would be evident in the scattering data
as a distinct peak, characteristic of the spacing between sheets. Such an observation would also
reassert the importance of the surfactant-induced flattening (nano-ironing) of GO and rGO sheets

in solution, as this effect would enhance stacking.

To understand more fundamentally the interactions between molecular surfactants with GO and
rGO surfaces, theoretical simulations incorporating a combination of density functional theory and
ab initio calculations could shed light on the dominant forces and preferred surfactant orientations.
This may also allow an understanding of how the specific functional groups of GO and rGO influence
surfactant adsorption, and could help inform surfactant choice for improving the surface activity
of the materials. A thorough study of specific ion effects on aqueous dispersions of GO and rGO
should be performed, using a combination of simple and hydrophobic salts. This may clarify whether
these materials follow Schulze-Hardy and Hofmeister behaviour with regards to their aggregation
in solution, and could more clearly elucidate the effects of surfactant head-group chemistry when

designing composite materials.

The use of additional surface techniques could also be exploited to complement the results of the
bulk scattering measurements by more precisely examining the adsorption mechanisms of surfactant
molecules on GO and rGO. These measurements would have to be performed in situ, and would
involve the deposition of a film of GO or rGO on a surface, then immersing it in surfactant solutions
of varying concentrations. Neutron reflectivity measurements could then be performed to see if
differences in the adsorbed surfactant layer are present when using GO versus rGO, as neutrons
would provide sufficient contrast for hydrogenated surfactants in solution. In addition, atomic force
microscopy (AFM) imaging of similar samples in water could confirm the physical nature of the
surfactant adsorption, whether it takes the form of a continuous bilayer or adsorbed micelles. Force-
mapping and repeating images with increased tip force (set-point) could provide complementary
information about the surfactant layer and breakthrough forces, to understand surfactant packing

and rigidity.

The key to obtaining reliable results for these measurements will be ensuring that deposition of
the GO and rGO films on the substrate is uniform. As surfactant layers are typically quite thin
(on the order of nanometers), surface roughness of the film must be minimal in order to obtain
meaningful data. Furthermore, this would allow larger areas to be imaged using the AFM, as defects

or large changes in height of the surface would also mask observation of the adsorbed surfactant.
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Optimisation of this process would likely be necessary by trialling various substrates on which
to deposit the GO and rGO, such as gold, mica or glass, then characterising the surface before
the surfactant solution is added. This may uncover the preferred substrate for conformal (flat)

deposition of the sheets, making reflectivity and AFM measurements feasible.

The scope of this thesis has focused primarily on more fundamental physical and chemical aspects of
these materials at interfaces and in the bulk aqueous phase. To develop this work further, attempts
to utilise these composite materials for industrial applications would also be valuable. Applications
that would benefit from the high surface area and water dispersibility of GO and rGO, as well as
their enhanced surface activity when mixed with surfactant molecules could include encapsulation
and coating phenomena. Encapsulation for the recovery of oil and processing of minerals are
possible areas of use for these systems, given their ability to effectively stabilise emulsions and
foams. The testing and optimisation of GO /surfactant composites in the emulsification of crude
oil would be essential for oil recovery. For minerals processing, the capture of metal ions would
need to be investigated, as well as mechanisms for their release. Therefore, in addition to the
photo-switchable surfactant examined in this work, surfactants that are responsive to other stimuli
such as temperature, pH and shear should also be investigated. Here, GO could potentially provide
an additional, practical means for modifying the system stability. Such findings would provide
new opportunities for the development of ‘smart’ colloidal materials, and aid in the application of

aqueous systems based around GO, rGO and surfactants.
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ABSTRACT: Solutions of extended, flexible cylindrical micelles, often
known as wormlike micelles, have great potential as the base for viscoelastic
complex fluids in oil recovery, drilling, and lubrication. Here, we study the
morphology and nanostructural characteristics of a model wormlike
micellar fluid formed from erucyl amidopropyl betaine (EAPB) in water
as a function of a diverse range of additives relevant to complex fluid
formulation. The wormlike micellar dispersions are extremely oleo-
responsive, with even as little as 0.1% hydrocarbon oil causing a significant
disruption of the network and a decrease in zero-shear viscosity of around
100-fold. Simple salts have little effect on the local structure of the wormlike
micelles but result in the formation of fractal networks at larger length
scales, whereas even tiny amounts of small organic species such as phenol
can cause unexpected phase transitions. When forming mixtures with other

CTAB Qil

surfactants, a vast array of self-assembled structures are formed, from spheres to ellipsoids, lamellae, and vesicles, offering the

ultimate sensitivity in designing formulations with specific nanostructural characteristics.

B INTRODUCTION

Complex fluids are multicomponent materials generally
containing a mixture of surfactants, polymers, and/or particles
and exhibiting nonlinear viscosity behavior. The complex
internal nano- and microstructures present, along with the
interactions experienced by the different colloids, result in fluid
mixtures with unique rheology, generally resulting in both
viscous and elastic regimes, i.e., Viscoelasticity.1 Because of their
ability to change viscosity depending on flow or shear
conditions, complex fluids have found many applications in
the energy industry, including drilling and fracking fluids.”

An especially important class of complex fluids are based
upon wormlike (or threadlike) micellar solutions. These
structures arise from the elongation of micelles due to favorable
packing conditions whereby the spontaneous curvature of the
end caps is significantly higher than that of the cylindrical body
of the micelle.” Growth of the micelle is thus thermodynami-
cally more favored in the longitudinal axis in order to minimize
the number of end caps, resulting in long, flexible, cylindrical
structures (worms).3 These structures are sometimes consid-
ered to be equivalent to dynamic noncovalent polymers as a
result of their structure and properties. Beyond a particular
concentration, ¢*, wormlike micelles form an entangled
network (not unlike conventional macromolecular polymers
past their overlap concentration) with viscoelastic properties.*
Factors that contribute to forming aggregates of this nature

W ACS Publications © 2016 American Chemical Society
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include the molecular geometry of the amphiphiles involved,
addition of salt to screen interheadgroup repulsion,” and the
addition of hydrotropes that intercalate between surfactant
monomers.”” These micellar materials have been studied
extensively, with several recent reviews covering their phase
behavior and structural and rheological properties.”*~"

A vparticularly interesting and industrially relevant class of
surfactants that are known to form wormlike micelles are the
zwitterionic betaine surfactants, which contain quaternary
ammonium and carboxylate ions in the surfactant headgroup
and are commonly used in personal care products owing to
their nonhazardous and biodegradable nature.'" Wormlike
micelles arising from solutions of long-alkyl-tail betaine
surfactants have been explored previously, notably by the
groups of Raghavan and Feng.’™'* Thus, although the
rheology of these micelles has been thoroughly investigated,
questions remain about their microstructure, particularly in
mixed systems. Kumar and co-workers investigated the internal
structure and rheology of a particular long-chain betaine, erucyl
amidopropyl betaine (EAPB), as a pure surfactant and also as a
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function of organic salt additives, characterizing the fluids as
elastic gels at and near room temperature.'” Their investigation
included the rheology of low-concentration systems
(0.8—25 mM, 0.04—1.2 wt %) along with small-angle neutron
scattering (SANS) of EAPB in water at higher concentrations
of 2.4—7.2 wt %, where fully developed wormlike micelles are
seen. However, these data did not include a sufficient g range to
determine the persistence length of the micelles, the apparent
length over which the micelles appear rigid, and so some
fundamental questions remain.

Central to complex fluid research and its implementation is
the ability to control the viscosity and flow properties. A
particularly appealing characteristic for complex fluids based on
wormlike micelles is the opportunity to induce a response to an
internal or external stimulus.'” Examples of materials that
exhibit temperature-,'®'” CO,-,'*7*" light-,>'"** or pH-
responsive” ¥ rheological properties have been shown, with
zwitterionic surfactants exhibiting the latter. Furthermore, the
effect of particulate additives such as silica nanoparticles on
wormlike micellar fluids has been investigated and was found to
increase the system viscosity and lower the entanglement
concentration.”””” Such particles can also be used as tracer
probes to analyze the microrheology of complex fluids."”**’
Also, Shibaev and co-workers elegantly demonstrated that the
addition of oil to a wormlike micelle solution of potassium
oleate micelles facilitated the evolution to a microemulsion
state, with an accompanying decrease in viscosity.30 However, a
more thorough investigation of how different types of additives
can affect wormlike systems is needed to unearth new ways of
controlling and fine-tuning these materials.

Here, we explore the internal nano- and microstructural
properties of complex fluids based on solutions of erucyl
amidopropyl betaine (docosen-13-yl amidopropyldimethyl
betaine, EAPB, Figure la) when additives comprising a
model oil, small organic molecules, and various salts and
surfactants are incorporated. These materials are chosen to
cover a diverse range of molecular geometries and chemistries
in order to probe the fundamental self-assembly phenomena
associated with the wormlike aggregation of betaine surfactants.
A combination of small-angle and ultra-small-angle neutron
scattering (SANS and USANS) are used along with viscometry
to uncover the structural reasons for the unique behavior of
these materials and the evolution of their internal nanostructure
and self-assembly.

B MATERIALS AND METHODS

Materials. Erucyl amidopropyl betaine (docosen-13-yl
amidopropyldimethyl betaine, EAPB, Figure la) was synthe-
sized and purified as described previously.m’g’1 The molecule as
synthesized has a molar mass of 480.76 g/mol. Toluene and
phenol (spectroscopic grade) were from Merck (Darmstadt,
Germany) and used as received. Deuterium oxide (D,O,
99.8 atom % D) was from Merck and used as received. All salts
(sodium chloride, calcium chloride dihydrate, and tetra-n-
butylammonium bromide) were ACS reagent grade from
Merck and used as received. Sodium acetate was also used but
was from BDH Chemicals (>98%). Finally, surfactants sodium
dodecylsulfate, cetyltrimethylammonium bromide, poly-
(ethylene glycol)-p-(1,1,3,3-tetramethylbutyl)-phenyl ether
(Triton X-100), and sodium bis(ethylhexyl) sulfosuccinate
(Aerosol-OT), all laboratory grade (>90%), were from
ChemSupply, Australia and used as received.
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Figure 1. (a) Chemical structure of erucyl amidopropyl betaine
(docosen-13-yl amidopropyldimethyl betaine, EAPB). (b) SANS and
USANS spectra for solutions of EAPB in D,O at the specified
concentrations (by mass). Symbols are experimental scattering data,
and solid lines are model fits generated as described in the text. Data
sets are vertically offset by multiplication for clarity. The dotted,
dashed, and dotted—dashed lines represent characteristic slopes of g/,
q7% and g~* respectively. (c) Schematic representation of the physical
meaning of the persistence length, I, when applied to wormlike
micelles.
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Methods. SANS. Small-angle neutron scattering (SANS)
measurements were made on the Quokka beamline at the
Australian Centre for Neutron Scattering, Australian Nuclear
Science and Technology Organisation (ANSTO), Lucas
Heights, NSW, Australia.”” Samples were prepared using D,0
as the solvent and transferred to 2-mm path-length cells with 1-
mm-thick quartz windows for analysis. Temperature control
was achieved using a recirculating water bath with a
characteristic precision of +0.05 °C. Throughout the measure-
ments, temperature was recorded using a thermocouple placed
in one of the sample holders to ensure accuracy at the sample
position in the instrument. Data were reduced from the raw
counts over a two-dimensional area detector to a radially
averaged absolute intensity versus the scattering vector g,
assuming radially isotropic scattering, where g is defined as

4n 0

q= —sin —

A 2 1)
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wherein A is the wavelength of the incident neutron beam and 8
is the scattering angle. The g range is defined by the instrument
configurations and the size of the detector. For these
experiments, an incident neutron wavelength of 1 = 5 A
(AA/4 = 10) was used as obtained by a mechanical velocity
selector, with two sample—detector distances of 2 and 14 m,
giving a q range of 0.005—0.400 A™". To reduce the raw counts
on the detector to a normalized intensity, the response of each
detector pixel was calibrated to the signal from a flat isotropic
scatterer, and then the scattering from an empty quartz SANS
cell was subtracted. The radial average of the intensity
expressed as a function of g could then be obtained using the
instrument configuration and detector response. The absolute
intensity scaling was obtained by normalizing for the sample
thickness (2 mm) and comparing the intensity to that of an
empty beam measurement.

USANS. Ultra-small-angle neutron scattering (USANS)
measurements were made on the Kookaburra beamline at the
Australian Centre for Neutron Scattering, ANSTO.> This
instrument is a Bonse-Hart configuration rocking-axis neutron
spectrometer using two sets of identical, five-reflection,
channel-cut silicon single crystals that act as the mono-
chromator and analyzer. The crystals are arranged in a
nondispersive paralle]l geometry such that they experience
Bragg reflection conditions. For these experiments, an incident
neutron wavelength of 4.74 A was used. Rocking curve profiles
were obtained by rotating the analyzer crystal away from the
aligned peak position (in which the undeviated neutrons are
reflected directly into the detector) and measuring the neutron
intensity as a function of the scattering vector, g, as defined
above. The total available g range was ~10™° A™' < ¢ < 1072
A™!, although in practice this was limited at high g by the
intensity of sample scattering for certain samples. USANS data
were desmeared in Igor Pro using the macro package for this
purpose developed by Kline.**

SANS and USANS data were combined and concurrently
fitted using the SASView software (http://www.sasview.org).
Details regarding the models and their equations as well as
fitting parameters can be viewed in the Supporting Information.

Viscometry. Viscometry measurements were performed
using a RheoStress 6000 rheometer (Thermo Scientific
HAAKE, Germany) equipped with a double-gap coaxial
cylinder measuring system (outer cylinder diameter 21.7 mm,
inner cylinder diameter 18 mm, height 55 mm).

B RESULTS AND DISCUSSION

Wormlike EAPB Solutions in Water. Previous inves-
tigations of EAPB in water have focused on the rheology of the
systems as a function of concentration and additives, with
small-angle scattering conducted at high concentrations
(24 wt % and greater)."” Here, we explore lower concen-
trations to understand the behavior of EAPB at low loadings
and the structural evolution of the micellar fluid. Scattering data
of EAPB as a function of concentration is shown in Figure 1b.
Interestingly, at even the lowest concentration measured
(0.05 wt %, 1 mM), wormlike micelles are produced with a
radius of approximately 2.9 nm (Supporting Information),
which correlates well with the length of a 22-carbon erucyl
chain (2.93 nm from the Tanford equation®). This is readily
detected from the tendency toward a slope of q~' at
intermediate q values, before a change in slope to ~g~* at
low g values.”™”” For higher concentrations, this change in
slope is lower in g than can be detected by SANS, indicating an
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increase in the persistence length and thus scattering from one-
dimensional extended objects.”® The slope and functional form
of the scattering at lower g values is obtained from ultra-small-
angle neutron scattering (USANS) of the sample. Unfortu-
nately, the lowest concentrations are not amenable to USANS
because of their low scattering cross-section, and the contour
lengths for these aggregates at higher concentration are too
large to even be accurately measured by USANS. This implies
overall sizes greater than the maximum accessible by USANS,
which in these experiments is d = 27/q,,;, & 15 ym.

However, at concentrations of 1 wt % and above, USANS
can be performed, obtaining data with reasonable statistics
(Figure 1b) showing a characteristic steepening in slope at a
specific q value. This value is generally understood to
correspond to the persistence length (Kuhn length), that is,
the length scale at which the scattering switches from
representing essentially rigid rods (at high q) to a flexible
chain more akin to a polymer solution at low ¢.°**” For EAPB
at a concentration of 2 wt %, the point at which the slope
changes indicates an apparent Kuhn length of around 150 nm, a
surprisingly large value indicating rather rigid micelles.
However, at 0.05 wt %, the scattering curve conforms to the
steeper slope at much higher values of g indicating that the
value of the persistence length is lower and the micelles are
more flexible. This result is not unexpected because it has been
found previously using a variety of experimental techniques that
the persistence length tends to increase significantly with
surfactant concentration.””*® For ionic surfactants whose
micelles can be rendered wormlike through the addition of
salt (such as cetyltrimethylammonium bromide in the presence
of potassium bromide),”** the rigidity of the micelles and
hence the Kuhn length is intimately linked to the amount of salt
added and generally takes values of 30—60 nm. However, for
the zwitterionic surfactant used here, the relationship between
solution conditions such as ionic strength and salt valency is
less clear. These data can be modeled using a theory for flexible
cylindrical micelles,*® and this model was updated by Chen et
al¥’ to incorporate intermicellar interactions. However, it is
notable for the scattering data for EAPB at 2 wt % that the
slope fit at low g is not perfect, indicating a departure from the
structure predicted by this model. Chen et al. noted that the
slope at low g and the crossover point were most sensitive to
surfactant concentration and solution conditions for the
systems they studied, and in general their systems had much
lower Kuhn lengths than appear to be predicted in the present
work.”” Tt is therefore possible that the change in slope for
these data is in fact indicative of a change to a gel-like regime,ArO
which is discussed in detail in the sections below.

Mixtures of Wormlike EAPB Solutions with Oil. The
addition of even very small amounts of an aromatic
hydrocarbon oil, toluene, causes a significant change in the
properties and microstructure of EAPB in water. For only
0.1 wt % oil added to a 1 wt % EAPB solution, the small-angle
scattering data show an increase in slope at low q compared to
the pure surfactant system (Figure 2a). This appears to indicate
a significant amount of surface scattering without phase
separation, indicating areas of bilayer-like aggregation.”" This
is consistent with the formation of thin, flat, disclike micellar
structures in which the thickness is typically a few nanometers
(5—10 nm) and the length, which appears to be concentration-
dependent, is greater than 100 nm (Supporting Information).
For these samples, the USANS proves crucial because the
lowest q scattering indicates that in fact at low oil volume
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Figure 2. (a) SANS and USANS spectra for 1 wt % EAPB with
different concentrations of a model oil (toluene) added, in D,O.
Symbols are experimental scattering data, and solid lines are model fits
generated as described in the text. Data sets are vertically offset by
multiplication for clarity. (b) Dynamic viscosity data for solutions of
EAPB (1 wt %) with a model oil (toluene) added. It should be noted
that eventual phase separation occurred for samples with more than
0.5% added oil.

fractions the addition of oil results in the emergence of a binary
aggregate system, comprising worms as well as these small
disclike structures. Hence the data can be fit using a linear
combination of flexible cylinders plus disclike micelles
(Supporting Information), with an approximately equal volume
ratio at 0.1 wt % added toluene. At a higher oil loading of
0.5 wt %, the ratio of discs is much higher (82% by volume),
and at 1 wt % added oil, the sample underwent very slow
microphase separation to eventually reject excess oil as droplets
that were stabilized as a fine emulsion.

Unsurprisingly, this abrupt microstructural change is
accompanied by a significant decrease in fluid viscosity (Figure
2b), even with very small amounts of oil added (0.1%). In line
with previous studies, we find that EAPB solutions have shear-
dependent viscosity, and the addition of 0.1 wt % toluene
results in a nearly 100-fold decrease in the apparent zero-shear

viscosity when compared to that of pure EAPB at the same
concentration. This effect is presumably a result of the system
switching from an entangled wormlike network to a mixture of
worms and discs in which the remaining worms are below their
entanglement concentration. Once 0.3 wt % oil has been added,
the viscosity is close to that of water and is essentially
independent of shear rate, indicating a dispersion of
(comparatively) small micelles. Interestingly, at higher oil
loadings, the viscosity increases again. This behavior is also
consistent with the formation of phase-separated (macro)-
emulsion droplets; complex emulsions are known to have
higher viscosities than their parent liquids and experience shear-
dependent viscous behavior.*

Because toluene is an aromatic hydrocarbon, it is expected to
partition into the hydrophobic micelle interior. Here it may
intercalate between surfactant chains, potentially experiencing
favorable stacking interactions with the 7 bonding orbitals of
the unsaturated cis double bond within the EAPB tail group.
This intercalation would result in an increase in the effective
tailgroup volume (equally interpreted as an increase in
surfactant critical packing parameter), driving the formation
of lower-curvature surfaces, in this case, disclike micelles. A
similar structural evolution for a different wormlike system was
recently noted by Shibaev and co-workers, where worms
transitioned into classical spherical microemulsion droplets
upon addition of a linear hydrocarbon oil.** However, in the
case of EAPB, the emulsification results in discs instead of
droplets, which are a considerably rarer form of surfactant self-
assembly.” This unique pathway presumably results from the
packing conditions and the specific location of toluene within
the self-assembled structure. Disc formation has been seen
previously in dual-surfactant systems wherein a mixture of
single-chain cationic and anionic surfactants formed disclike
aggregates whereby the high curvature at the edges required for
discs was facilitated by having one of the surfactants present in
slight excess.”” The excess surfactant invariably forms the edges
of the micelles, with intermolecular spacing between head-
groups increasing as a result of electrostatic repulsion, which in
turn allows for much greater curvature. However, where both
surfactants coexist, the structure is flat as a result of denser
packing. Therefore, it is likely that toluene impacts the
assembly of EAPB in a similar way, with excess oil accumulating
at the edges. This is also supported by the fact that the
proportion of discs in the system increased with the addition of
toluene whereas the lateral length of the discs decreased
(Supporting Information) so as to promote the formation of
more edge regions.

Phenol is structurally rather similar to toluene and is widely
used in industrial fluids and biological extractions.”* The
addition of small amounts of phenol to EAPB wormlike
micellar fluids was found to transform the wormlike aggregates
present in pure EAPB systems into lamellar or bilayer
aggregates (Figure 3). Small-angle scattering from lamellar
structures gives a well-defined characteristic slope of g that
continues to increase in intensity, indicating scattering from the
surface of flat, two-dimensional “sheets”.*" This is apparent in
the scattering data for EAPB with phenol where even at
ultralow ¢ the data conforms to this slope. At very small added
amounts of phenol (0.1 wt %), the SANS data show significant
deviation from the pure wormlike signature, suggesting a mixed
system comprising both worms and bilayers. However, because
of the inherently challenging nature of fitting mixed systems
where a simple additive relationship between two models does

DOI: 10.1021/acs.langmuir.6b01735
Langmuir 2016, 32, 12423—-12433

191



Langmuir
< > SANS
o USANS = >
1% EAPB + @ No additive
P - v — ® Phenol 0.1%
| ...\.\q \\_/i ® Phenol 1%
10 I =D ® Phenol 2%
~ [Cﬂ
10"
‘TE
8 -
5 10
g
S
= 10°
10"
10°
10°
IIIIIIII T IIIIIIII T IIIIIIII T IIIIIIII L
10* 10° 102 10"
g/ A"

Figure 3. SANS and USANS spectra for solutions with 1% EAPB in
D,0 and the specified concentrations of added phenol (by mass).
Symbols are experimental scattering data, and solid lines are model fits
generated as described in the text. Data sets are vertically offset by
multiplication for clarity. The dotted—dashed and dotted lines have
been added to indicate the characteristic slopes of each pattern and
represent q > and q *, respectively. The schematic insets have been
added to show the structural evolution of the system from pure worms
to pure bilayers; the precise location of phenol within the structures is
not indicated.

not appear to be obeyed, these data have not been fitted. When
increasing the additive loading of phenol to equal and higher
weight percentages to that of EAPB (>1%), the data appears to
be indicative of a pure lamellar system and can be accurately fit
using a model for noninteracting bilayer sheets. Note the
absence of a characteristic Bragg peak in these data, suggesting
unoriented bilayer fragments rather than a paracrystalline
stack. ™

Previously it was found that doping aqueous solutions of the
cationic surfactant cetyltrimethylammonium bromide (CTAB)
with p-ethyl phenol resulted in the structural evolution of the
system from spheres to worms and other structures.*’
However, transition to a lamellar phase from a pre-existing
solution of wormlike micelles may be useful in templating
layered materials or the design of modifiable synthetic bilayer
membranes based on complex fluids.*”** Because the phenol
molecules are neutral and only sparingly surface-active, they will
likely partition into the interior of the micelles as with toluene,
significantly increasing the volume of the hydrophobic region
and hence increasing the effective critical packing parameter.
Because EAPB is zwitterionic, the headgroup is self-screening,
meaning that the effective area per molecule at the interface is
significantly smaller when compared to that of CTAB.'**
Therefore, the intercalation of small molecules into the micelle
core increases the critical packing parameter, explaining why
the self-assembly of the system is driven to reduce the curvature
of the aggregates, resulting in larger, planar bilayer structures.

192

Also, because phenol is more water-soluble than toluene and
marginally surface-active, we believe that these molecules
preferentially locate further toward the exterior of the micelles
when compared to the completely nonpolar toluene. This is
best visualized as a partitioning among the micelle core,
headgroup area, and bulk solvent. This could mean that the
molecular packing at the interface is denser, which would
explain why the addition of phenol results in a continuous
bilayer instead of discs. To explore the precise location of
phenol and toluene in these samples, a contrast variation SANS
experiment could be used, though this would require the
deuteration of one or more components.

Mixtures of Wormlike EAPB Solutions with Salt.
Wormlike micellar growth in aqueous solution can be
promoted for ionic surfactants when simple salts are
incorporated, with common examples being cetyltrimethgrlam-
monium bromide (CTAB) with potassium bromide™” and
sodium dodecyl sulfate (SDS) with sodium chloride or sodium
bromide.””*" The mechanistic rationale dictating this behavior
is that the excess counterions present act to shield the charge
repulsions between the surfactant headgroups, facilitating closer
packing and hence a higher end-cap energy, causing the
surfactant aggregates to extend in one dimension in order to
minimize their free energy.’

However, the effects of salts on zwitterionic surfactants that
spontaneously form wormlike micelles are not so completely
understood. Indeed, the expectation is that any effects should
be rather minimal because the amphoteric molecules are
conceptually more like nonionic surfactants. Here, we explore
the effect of adding a variety of electrolytes with different
valency and hydrophobicity to the already wormlike network of
EAPB and monitor the structural evolution using combined
SANS and USANS (Figure 4). The specific salts investigated
are sodium chloride (NaCl), calcium chloride (CaCl,), sodium
acetate (CH;COONa), and tetrabutylammonium bromide (n-
Bu,NBr). The salt concentrations chosen span the typical
amounts added to induce structural evolution in micellar
systems.”’

At the concentrations measured, little change in the
scattering pattern is observed within the SANS g range
(0.003—0.400 A™") for each electrolyte added. Fitting using
the flexible cylinder model therefore accurately describes the
data within these regions, indicating that salt causes little to no
deviation in the local micellar aggregation of EAPB. That is, the
worm radius is essentially unchanged. This is perhaps
unsurprising because the zwitterionic betaine headgroup is to
a large extent self-screening, and the net neutral charge means
that it behaves somewhat more like a nonionic surfactant under
most circumstances. Hence, further screening of the charge
repulsions by the addition of excess salt could be expected to
have little effect, accounting for the lack of structural evolution
of the micelles on addition of salt, regardless of ion valency or
hydrophobicity.

In the majority of samples measured, however, an increase in
the slope of the intensity as a function of g in the USANS
region (3 X 107°=3 X 107 A™") from q > to q* is observed
(Figure 4), as are significant decreases in the calculated values
for the persistence length (Supporting Information). Again, this
indicates that USANS is in fact crucial in forming a thorough
picture of the structural evolution of these systems because the
local micellar behavior (on SANS length scales, i.e., up to ~100
nm) is independent of the salt concentration. For sodium
chloride, the addition of 0.2 wt % salt induced a slope of g~* at

DOI: 10.1021/acs.langmuir.6b01735
Langmuir 2016, 32, 12423—-12433



Langmuir
» SANS
USANS <
1% EAPB + @ No additive
17 ..
10 ") \,\ q_z ® CaCl, 1%
10 ®e "~ ® NaCl 0.2%
“\ “ ® CH;COONa 0.2%
o 5
1015_ [ ] [ ® TBAB 1%
e
N 0e o ® TBAB 2%
. ~.. s\t o

10* 10° 10% 10"

g/ A"

Figure 4. (a) SANS and USANS spectra for solutions with 1% EAPB
in D,O and the specified concentrations of added electrolyte (by
mass). Symbols are experimental scattering data, and solid lines are
model fits generated as described in the text. Data sets are vertically
offset by multiplication for clarity. The dotted, dashed, and dotted—
dashed lines have been added to indicate the characteristic slopes of
each pattern and are labeled according to their respective gradients:
97, g% g% and g* The inset has been added to indicate that the
samples contain wormlike structures.

low g. Such a slope at low values of g is often interpreted as
accompanying phase separation,”” but it can also be indicative
of the formation of a gel-like network with fractal character-
istics.*” Notably here, the addition of 0.2 wt % NaCl did not
induce obvious phase separation, with the sample remaining
clear and optically isotropic, but the addition of 1.0 wt % NaCl
did result in phase separation, wherein a dense gel-like EAPB-
rich phase separated as a supernatant above an inviscid excess
water phase. Interestingly, for calcium chloride at 1 wt %, the
sample remained apparently stable, although the scattering at
low q in the USANS region again has a slope of g, indicating a
microstructural change on addition of the salt.*” Because only a
few concentrations were investigated for these systems, clear
trends in salt addition cannot be deduced. However, it is clear
from the USANS data and the appearance of the samples that
the impact is significant.

Cardiel et al. recently noted that the inclusion of hydrotropic
salts in wormlike systems can promote the formation of larger
aggregates that are visible only in the q range measurable by
USANS and that these structures cannot be accurately fit using
a worm model. Instead, the data in this region can be fit using a
fractal model, indicating that the resultant structures comprise
large, branched domains (i.e, a wormlike micellar network).*
These inferences are backed up by very compelling electron
microscopy images of the networked micelles. For the samples
of EAPB with added salts presented in the current work, the
absence of turbidity or cloudiness in these samples eliminates
critical scattering due to the precipitation or phase separation of
the components as a cause of the increase in g slope, adding
credibility to the formation of a fractal network. Chu et al.
recently showed that a related sulfobetaine surfactant forms
similar branched wormlike networks,” again suggesting that
this mechanism applies here also.

The exception to the trends noted above arises from addition
of a hydrophobic electrolyte in the form of tetra-n-
butylammonium bromide (TBAB). At a loading of 1 wt % of
this salt, the same g fractal network formation described
above is seen. However, at 2 wt % TBAB, the system appears to
maintain the characteristic wormlike scattering pattern even at
ultralow values of q (Figure 4) and can be consistently fit with
the flexible cylindrical micelles model. At this concentration, it
is plausible that packing and energy conditions change as a
result of the partitioning of the hydrophobic salt into the
headgroup region of the micelles or even that the amount of
salt added is high enough to more effectively result in capping
of the worms, hence branching of the micelles is not necessary.
Another potential effect is that the tetrabutylammonium ion is
sufficiently hydrophobic such that it can be sequestered inside
the micellar core at high concentrations, and such a distribution
means that it less effectively participates in the formation of the
gelled network as seen for the simpler salts. Such an effect is
not without precedent because it was recently shown that
alkylammonium counterions can penetrate surfactant self-
assemblies and change their curvature.’® Indeed, TBAB is
used as a phase-transfer catalyst because it exhibits exactly this
behavior. However, because of the limited number of
concentrations measured here, the specifics of these transitions
cannot be claimed and interpretations must be taken with
caution. Nonetheless, these data do mark the particular
hydrophobic ion as worthy of further investigation as a
structure-directing additive in wormlike systems.

Mixtures of Wormlike EAPB Solutions with Other
Surfactants. Unlike the addition of salt, surfactant additives
appear to cause significant changes in the local nanostructure of
EAPB aggregates. The equilibrium self-assembled structures
depend largely on the nature of the added surfactant, in terms
of its headgroup charge and tailgroup structure (i.e., molecular
geometry and critical packing parameter). Interactions between
EAPB and the added surfactant are found to disrupt the
elongated aggregation occurring in wormlike micelles, giving
rise to a broad series of shapes including rods/cylinders,
spheres, and ellipsoids (Figure S), which are discussed in detail
below. The emergence of these different microstructures can be
explained by synergistic effects from having multiple surfactant
species present, which in turn has a significant impact on the
critical packing parameter at the interface. The critical packing
parameter, P¥, of surfactants is dependent on the volume of the
surfactant tailgroup (V,), the length of the tailgroup (J,), and
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the effective area per molecule at the interface (Ahg), as defined
by Israelachvili:*®

V

- l A )

For wormlike micelles, the critical packing parameter is
typically 1/3 < P* < 1/2. Surfactant synergism and its effect
on surfactant micellization is a well-known phenomenon, with
major contributing factors being intermolecular interactions
and thermodynamics.”*™>* For pure EAPB, the area per
headgroup from surface tension data was calculated by Feng
etal."* as 36 A% Using the bulk density of erucic acid provides a
tailgroup molecular volume of 594 A’ Using Tanford’s
equation” for the molecular length of a hydrocarbon (not
accounting for the unsaturation that would likely have little
effect) gives a value of 29 A. Thus, the critical packing
parameter for EAPB is calculated to be P* = 0.56, which seems
a little high for the formation of wormlike micelles. It could be
that the packing in a planar interfacial film is different from that

P*
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in a micelle, and thus the area per headgroup calculated from
surface tension data is an underestimate. It has also been widely
noted that packing parameters are rarely absolute (or indeed
absolutely obeyed) and therefore are best taken as a guide.”

The addition of a charged cosurfactant in the form of the
anionic sodium dodecylsulfate (SDS) caused a change in the
structure of EAPB aggregates from worms to ellipsoids when an
equal mass percentage of both surfactants was present (Figure
S). The change in structure is likely due to the formation of
mixed micelles of the two surfactants. Because SDS has a
charged headgroup, the spacing between molecules at the
interface will likely experience a net increase due to electrostatic
repulsions. The critical packing parameter for SDS is calculated
to be P* = 0.38 using surface tension data® and the Tanford
formulas for tailgroup length and volume. Thus, at mass
fractions of 1 wt % SDS and 1 wt % EAPB (a molar ratio of
1.66:1), the effective critical packing parameter for the mixture
can be calculated using a weighted average as P* = 0.45, lower
than that for pure EAPB in line with expectation. Interestingly,
the intermediate state where a lower molar ratio of 0.33:1
(SDS/EAPB) was used did not form a stable phase, producing
instead a cloudy dispersion that was kinetically stable. This
sample showed characteristic g~ scattering, potentially
indicating bilayer-type structures before eventually resolving
into two separate phases. At higher molar ratios of SDS, the
system was restabilized and remained clear and isotropic.

When adding a cationic surfactant, cetyltrimethylammonium
bromide (CTAB), to EAPB, an equal mass ratio with EAPB
(molar ratio 1.32:1 CTAB/EAPB) formed spherical micelles
(Figure S). The calculated packing parameter for CTAB, P* =
0.39, from surface tension data®’ is essentially equal to that of
SDS, but in this instance, the increase in curvature for the
mixed system is even more extreme. The effective critical
packing parameter of the mixed system is P* = 0.46, again
lower than for pure EAPB, suggesting a change to higher-
curvature structures. However, this does not explicitly predict
the formation of spheres. This may result from a higher
effective charge at the micelle interface due to the higher
dissociation of CTAB because SDS is notoriously poorly
dissociated in micelles (as few as 20% of the surfactant
molecules may be dissociated in pure SDS micelles).”’ At a
lower molar ratio of 0.26:1 (CTAB/EAPB), a thermodynami-
cally stable dispersion of short, cylindrical rodlike micelles
forms—a logical intermediate state between worms and
spheres—and for this state, the effective critical packing
parameter of the mixture would be P* = 0.53. Interestingly,
however, the USANS data also suggests that large spherical
structures, most likely vesicles, are also present in this lower
molar ratio sample based on the g~* slope in this region as well
as the final downturn at the lowest values of g. Hence, the
surfactant ratio is clearly of importance in determining the
structures and uniformity in these systems. It is noteworthy that
in micelles containing a mixture of ionic surfactants the area per
headgroup may change in a nonadditive fashion, which has not
been accounted for here. Furthermore, in these betaine
surfactants the position of the cation is further toward the
micelle interior than the anion, which will also likely affect the
positioning of the cosurfactant and thus influence micelle
structure. Hence, as stated previously, values for the packing
parameter should be taken as a guide only.

Mixing the amphoteric EAPB with a nonionic surfactant,
Triton X-100 (TX-100, poly(ethylene glycol)-p-(1,1,3,3-
tetramethylbutyl)-phenyl ether), the difference in structures is
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not as profound. Equal mass percentages of TX-100 and EAPB
(corresponding to a molar ratio of 0.74:1) resulted in rodlike or
cylindrical micelles approximately 10 nm in length (Figure S).
Because TX-100 has a nonionic headgroup, the effective area
per molecule at the interface will be lower because of a lack of
charge repulsions, and the bulky phenyl ring and two
quaternary carbon atoms in the tailgroup give the hydrophobic
region a larger volume. The critical packing parameter of TX-
100 is P* = 0.33, so the effective critical packing parameter of
the mixture is again around P* = 0.46.

Particularly rich and interesting aggregate morphology is
seen when mixing EAPB with a surfactant that has an extremely
bulky tailgroup. Aerosol-OT (AOT, sodium bis(ethylhexyl)
sulfosuccinate) is a branched, dichain surfactant that is widely
employed for its ability to form phases with inverse curvature
(ie., inverse micelles and water-in-oil microemulsions).®*
When AOT is added to aqueous EAPB solutions in water, the
wormlike network is seen to progressively evolve into vesicles
as the concentration of AOT is increased (Figure 6). At lower
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Figure 6. SANS spectra for solutions with 1% EAPB in D,0 and the
specified concentrations of added AOT surfactant (by mass). Symbols
are experimental scattering data, and solid lines are model fits
generated as described in the text. Data sets are vertically offset by
multiplication for clarity. The dotted, dashed, and dotted—dashed lines
have been added to indicate the characteristic slopes of each pattern
and are labeled according to their respective gradients: ¢°, g% q >, and
q~*. The schematic insets have been added to show the structural
evolution of the system from pure worms to pure vesicles.

loadings of AOT (0.1—1 wt %), SANS analysis suggests that the
two surfactants form a mixed system that may include
quantities of worms, vesicles, and other weakly interacting
bilayer structures. This is further enforced by the slope at low g
changing markedly from q~' to q~°, indicating the formation of
larger structures above the resolution limit of the technique.
This would also explain the cloudy appearance of these
samples, which appear to be undergoing a microphase

separation that takes weeks to fully resolve. However, when
the mass proportion of AOT is double that of EAPB (i.e,
2 wt %), the sample becomes clear again and the scattering
pattern can be very precisely fit using a vesicle model, indicating
the presence of a pure vesicle system (Figure 6). The q° slope
at low q also suggests that the vesicles do not grow larger than
the calculated diameter of 16 nm (bilayer thickness of
approximately 2.3 nm, see Supporting Information). Sponta-
neous vesicle formation has been previously observed in mixed
surfactant systems,”> with theoretical modeling based on
curvature energy affirming that the assembly tends to result
in a preferred size.”” Recently, Fan et al. discovered a similar
worm-to-vesicle transition for a straight-chain betaine surfactant
when mixed with SDS,%” so this behavior is not entirely
unexpected. The critical packing parameter of AOT has been
reported previously®® as P* = 110, indicating its strong
preference for inverse-curvature phases. The effective critical
packing parameter for the vesicle-forming mixture here is
therefore calculated to be P* = 0.84, correlating with the small
vesicles produced.

Because AOT has two alkyl chains, both of which have ethyl
branches, the volume of the hydrophobic region is significantly
higher. This would result in the AOT and EAPB molecules
finding a mutual packing condition, rendering them unable to
achieve the surface curvature required for wormlike micelles.
Therefore, the surfactant molecules aggregate into vesicles that
have an increased packing parameter (1/2 < P* < 1) and a
higher surface curvature. The anionic charge of the AOT
headgroups may also have a role to play, and the eventual
calculated critical packing parameter for the mixed system of
P* = 0.84 may explain why the system forms vesicles instead of
bilayers. In two-component vesicle systems, an asymmetric
arrangement of the molecules is favored both energetically and
entropically to lower the aggregation number.”” Furthermore,
the distribution of one surfactant occurring more so toward the
outside of the vesicle is favored by having a larger headgroup
size and area,”° which for this system would be AOT.
Therefore, the ratio of EAPB to AOT is essential in this
process, and a specific ratio is vital for the formation of vesicle-
type nanostructures. In this case, 2 wt % AOT to 1 wt % EAPB,
which corresponds to a molar ratio of 2.16:1 AOT/EAPB, is
the ideal ratio. At these remarkably small vesicle sizes, we
expect the AOT molecules to geometrically favor locating at the
interior membrane of the vesicles as a result of their bulkier
tailgroups that favor inverse curvature. This system of curiously
small vesicles may be useful as a vector for the capture of water-
soluble toxins or drug-delivery vessels, whereby the doping of a
particular surfactant can serve as the release mechanism by
causing a change in the aggregate structure. Dynamic light
scattering of the sample corroborates the SANS investigation,
finding a peak at a hydrodynamic diameter of 20 nm, in good
agreement with the 16 nm shell diameter obtained from SANS
(Supporting Information).

B CONCLUSIONS

Aqueous solutions of zwitterionic surfactant erucyl amidoprop-
yl betaine (EAPB) form wormlike micellar aggregates at weight
percentages of as low as 0.05% (corresponding to a
concentration of 1 mM). Small-angle neutron scattering
(SANS) can be effectively employed to elucidate the internal
nanostructure within the system. Accessing lower scattering
vectors through the application of ultra-small-angle neutron
scattering (USANS) proves to be vital to understanding larger-
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scale phenomena such as the persistence lengths of the worms
and the formation of fractal networks.

Through the combination of EAPB with carefully chosen
additives designed to affect the self-assembly behavior in diverse
ways, a vast array of structures are observed. Small amounts of
oil (toluene) drastically reduce the viscosity of the EAPB
solutions, which is accompanied by the formation of disclike
structures. The addition of neutral salts appears to have a
minimal effect on the local EAPB micelle structure regardless of
ion valence or hydrophobicity, although at the larger length
scales probed by USANS the salt-dependent formation of
fractal wormlike micellar networks* is seen.

Much more significant structural changes can be achieved on
mixing surfactant additives into EAPB solutions, resulting in
complete structural evolution from worms to an array of other
nanostructures depending on the surfactant loadings, due to
synergistic effects that alter surfactant packing. Regardless of
surfactant headgroup chemistry, from nonionic to anionic and
cationic additives, it is seen that molecular geometry is more
important in determining the eventual self-assembled structures
of these mixed systems. A range of assembly geometries from
small spheres to ellipses, rods, and even small, highly curved
vesicles are found and can be contextualized by calculating the
effective critical packing parameter of the system. These
findings present new methods for controlling the internal
nanostructure of wormlike micelles and provide fundamental
insight into the self-assembly phenomena that result. The
ability to finely tune self-assembly, particularly for these
viscoelastic fluids, has important implications for their use in
oil recovery, drilling lubricants, and machining fluids.
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This document contains the specific details regarding the fitting parameters used in

modelling the SANS/USANS data presented in the main paper.

Table S1: Fitted parameters and sample compositions for SANS/USANS investigation of
EAPB with surfactant and salt additives. The fitted parameters are the persistence (Kuhn)
length [,, the worm radius R,orm, sphere radius Rgppere, rod radius Rgppere, rod length
lyod, vesicle radius Rycgice, the axial and equatorial radii of ellipsoids R4 eyips. and Rp citips.
respectively and the lamellae/vesicle thickness. Samples marked with an asterisk include
USANS data in the main paper. Typical fitted uncertainties are [, =4 nm, Ry = 1 nm,
Rophere £ 3 nm, Ra cips. £ 0.5 nm and Rp cpips. = 5 nm. Also included are the calculated
values for the radius of gyration for wormlike and rodlike micelles, R,.

Sample EAPB Additive Sample Model* 1, loda Ruworm Ry Rroa Rsphere Raenips. RBetips. Rvesiie Thickness

(lddlthC wt % wt % appearance nm nm nm nm nm nm nm nm nm nm
- 0.05 Clear W 29 21
- 0.25 Clear w 29 21
- 0.50 Clear W 29 21
- 1.00 Clear w 29 21
-k 2.00 Clear W 150 27 19
Toluene 1.00 0.1 Clear W+E 40 2.3 1.6 2.7 107
Toluene 1.00 0.3 Clear E 4.0 65
Toluene 1.00 0.5 Cloudy W+E 40 26 1.8 4.6 96
Toluene 1.00 1.0 Cloudy E 4.8 65
¥ 1.00 - Clear w 400 2.8 2.0
CaCly* 1.00 1.0 Clear w 150 28 20
NaCl* 1.00 0.2 Clear w 34.6 28 20
SDS 1.00 0.2 Cloudy w 8.2 2.7 19
SDS 1.00 1.0 Clear E 2.3 4.3
AOT 1.00 0.1 Cloudy
AOT 1.00 0.2 Cloudy
AOT 1.00 1.0 Cloudy
AOT 1.00 2.0 Clear AY 8.1 2.3
CTAB* 1.00 0.2 Clear R 33.6 1.9 2.7
CTAB* 1.00 1.0 Clear S 2.3
Triton* 1.00 0.2 Clear W 85.5 29 21
Triton 1.00 1.0 Clear R 10 1.7 24
Phenol 1.00 0.1 Cloudy
Phenol* 1.00 1.0 Cloudy L 3.4
Phenol 1.00 2.0 Cloudy L 3.2
CH3COONa*  1.00 0.2 Clear w 55.6 28 20
TBAB* 1.00 1.0 Clear w 60 27 1.9
TBAB* 1.00 2.0 Clear w 100 2.7 19

¢ W = ‘worm’ model, S = sphere, E = ellipsoid, V = vesicle, R = rod, L. = lamellar.
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Details in relation to the spherical and vesicle models can be found in Guinier and Fournet
(1955)."' The equation for the scattering intensity, /(q), as a function of the scattering vector,

q, of spheres is as follows:

scale [3V (Ap)(sin(gr) — gr cos(qr)) ?

="y (ar?

+ bkg

Where V is the volume of the scatterer, r is the radius of the sphere in A, scale is the volume
fraction, Ap is the contrast (difference in scattering length density between the solvent and
scatterer) and bkg is the background (em™!). Similarly, the model providing the form factor,

P(q), for a unilamellar vesicle is similarly represented by the following:

scale [3Vi(p1 — p2)Ji(qRy) | 3Va(p2 — psorn) J1(qR2)]”
Visheu (qR)l (qR)z

P(q) = + bkg

Where Vi is the volume of the shell, V; is the volume of the core and V5 is the total
volume. Ry is the radius of the core and R; is the radius from the core to the shell in A.

Ji = (sinz — z cosz)/x?. The ellipsoid model or rods/cylinder model was from Feigin and

Svergun (1987):2

P(g, @) = Sc{jlefQ(q) + kg
where
_ 3(Ap)V sin(qr(R,, Ry, )] — qr cos[qr(Rq, Ry, o)
fo= (B, B )7
and

7(Rq, Ry, @) = [R? sin® a + R? cos? a]'/?

The two radii, R, and R;, represent the radius along the rotational and longitudinal axes

of the ellipsoid respectively and are perpendicular to each other. « is the angle between the
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ellipsoidal axis and the scattering vector q.

The ‘worm’ model is detailed in Pederson et al,® with the following general equation:

Iwel(q, L,b, Res) = cApl, M Swel(q, L,b)Pos(q, Res)

Where ¢ is the surfactant concentration, M is the molecular weight of the micelles and
Swe(q, L, b) represents the scattering function of a semi-flexible chain without volume effects

in which L/b is the number of statistical segments in the chain :

SWC(Q, L7 b) = [(1 - X(Q7 La b))Schain(q7 L7 b) + X((L Lv b)ST0d<Q7 L)] F(qa L7 b)

Chen et al* included corrections to the formula by accounting for intermicellar interactions
by including the parameter in the following equation, which is currently used in modelling

flexible cylinders in SasView:

Feorr(q) w(qRG)[1.22(qRe) /085 4 0.4288(qRe)~%/*%% — 1.651(qRg) /5%

A final parameter, the gyration radius Iz,, was determined for the wormlike materials based

on their cross-sectional radii, r,, using the following formula:®

Tzs
R, =

V2
Lastly, the lamellar model was from Berghausen et al® for which the scattering intensity is

given by:

where the form factor is given by:
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20 p?

P(q) (1 — cos(gd))

In both equations, d is the bilayer thickness in A. For all modelling, the scattering length
density (A=2) of the scatterer and solvent are taken into account and are represented in the

equations as p, with the difference or ‘contrast’ being Ap.

As a follow up to the SANS results depicting the presence of vesicles in the 1% EAPB to
2% AOT system, dynamic light scattering (DLS) was performed on a similarly prepared
sample in HoO. The solvent was filtered before mixing to remove traces of dust and the
sample analysed using a Brookhaven NanoBrook Omni. Measurements were conducted at
25°C, with scattering intensity from a 640 nm laser measured at the 90° detector position.
Particle sizing was then performed on the resultant correlation functions using a ‘thin shells’

model.

The mean effective diameter determined for the vesicles by DLS was approximately 42.45 nm
(Fig. Sla), a significantly larger radius than that determined by SANS (16 nm). Analysis
of the multi-modal size distribution revealed that in the sample two independent particle
sizes exist, one at approximately 20 nm and the other at around 200 nm (Fig. S1b). The
presence of the larger size particles explains why the average diameter was much higher than
expected based on the SANS results. However, the high intensity peak at 20 nm in the
multi-modal data strongly supports the results obtained from SANS. Scattering intensity
is known to increase exponentially with particle size, so the fact that the smaller particles
have a higher intensity suggests that this is by far the most prevalent species. Analysing
the size distribution according to number instead of intensity confirmed this point, as the
larger group was seen to disappear entirely in this instance (Fig. Slc). The slightly greater
diameter calculated by DLS is most likely due to incorporation of the electrical double-layer

thickness. The nature of the larger particles is unknown, as particles of this size are beyond
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the regime accessible to SANS (2-100 nm) and USANS was unfortunately not performed on
this mixture. However, they are likely to be a small proportion of larger vesicles that may

be removed by optimising the system to a more precise EAPB to AOT ratio.
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Figure S1: (a) Autocorrelation functions for an aqueous sample of 1 wt% EAPB and 2 wt%
AOT. The mean effective diameter for the 3 runs is shown in the corner. (b) Multi-modal
size distribution data based on intensity determined from the correlation functions in (a).

(c¢) Multi-modal size distribution data determined by number. The inset is an enlargement
of the grey-shaded area.
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Appendix B

The effects of small molecule organic
additives on the self-assembly and

rheology of betaine wormlike micellar
fluids

Published: Thomas M. McCoy, Joshua P. King, Jackson E. Moore, Veena T. Kelleppan, Anna V.
Sokolova, Liliana de Campo, Madhura Manohar, Tamim A. Darwish and Rico F. Tabor, The effects
of small molecule organic additives on the self-assembly and rheology of betaine wormlike micellar
fluids. J. Colloid Interface Sci., 2019, 534, 518-532.
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ABSTRACT

A model zwitterionic surfactant, oleyl amidopropyl betaine (OAPB), that spontaneously forms viscoelastic
wormlike micelles in aqueous solution is mixed with a variety of structurally diverse organic additives.
By systematically varying the nature of these additives, insight into the effects of their aromaticity and
polarity on the bulk assembly and fluid behaviour of these micelles is gained by the complementary
use of small-angle neutron scattering and viscosity measurements. Inclusion of non-polar additives
causes the wormlike aggregates to transition into microemulsions above a critical additive concentration;
the precise partitioning within the micelle is determined using contrast variation. Alternatively, polar
additives do not appear to cause evolution from the wormlike structure, but instead influence the fluid
rheology, with some serving to significantly increase viscosity above that of the pure surfactant solution.
Addition of these molecules is accompanied by an increase in fluid viscosity when the oxygenated group
of the additive is resonance stabilised or acidic. This effect is thought to be a result of surfactant-additive
synergism, in which charge screening of the surfactant head-groups causes stronger attractions between
molecules, increasing the scission energy of the micelles (i.e. reducing their ability to break apart and
reform). Further doping of acidic additives past a critical concentration causes phase separation of the
wormlike mixtures. According to ultra-small-angle neutron scattering measurements, the incorporation
of all additives (polar or non-polar, aromatic or non-aromatic) results in the formation of ‘branched’
wormlike networks. These findings emphasise the significant impact of impurities or additives on the
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properties of aqueous wormlike micellar systems formed by zwitterionic surfactants, and could also
inform selection of solutes for controlling fluid rheology.

Crown Copyright © 2018 Published by Elsevier Inc. All rights reserved.

1. Introduction

Wormlike micelles (WLMs) are an important form of surfactant
self-assembly, as the elongated architecture of these aggregates
results in interesting and useful bulk rheological properties [1-3].
Above a critical entanglement or overlap concentration, C, solu-
tions of WLMs exhibit huge increases in viscosity, with the resul-
tant fluids having the ability to both store (elastically) and
dissipate (viscously) energy in response to shear strain [4-6].
Therefore, WLMs represent an important class of viscoelastic com-
plex fluids, and as such, have been applied as fracturing fluids for
oil recovery [7,8], drag-reducing agents [9-11] and thickeners for
household products [12,13].

Wormlike aggregation occurs due to the large energy difference
between the end-caps and cylindrical body of the micelles [14].
Because the end-caps have a much higher spontaneous curvature
than the ‘body’ of the micelles, there is a significantly greater
energy penalty associated with their formation [15]. Hence, the
surfactants favour unidirectional elongation of the micelle, which
ultimately serves to reduce the number of end-caps required.
The resultant structure is a long, flexible cylinder or ‘worm’. This
effect is controlled by the molecular geometry of the surfactants,
and a prediction of the assembly morphology can be made using
the surfactant packing parameter, P*:

.V
P Olc
where Vis the volume of the surfactant tail-group, Ao is the effective
area of the surfactant head-group and [ is the length of the tail-
group [16]. WLMs are expected to form for values within the range
of 1 <P <1[17]. The packing parameter, however, is limited in its
effectiveness to predict the self-assembly of many surfactant sys-
tems due to its inability to account explicitly for intermolecular
interactions and thermodynamics, both of which are focal points
of this study.

Due to their enormous length and flexibility, and the physical
properties that stem from these characteristics, WLMs are consid-
ered akin to polymer solutions. However, being noncovalent aggre-
gates, a clear advantage of WLMs over polymers arises from the
fact that they can break apart and reform [18,19]. This dynamic
behaviour means that in the context of drag reduction or hydraulic
fracturing, unlike polymers, WLMs will constantly reassemble fol-
lowing deformation or disaggregation caused by flow or shear
strain [20]. Surfactants in these applications therefore have the
potential to be recyclable because the microstructure can be spon-
taneously reformed. In addition, the self-assembling nature of sur-
factant molecules provides an avenue for altering fluid properties
in response to simple additives [21]. For instance, in fracturing flu-
ids for oil recovery, the low interfacial tension of wormlike micellar
solutions facilitates flow and penetration of the mixture through
the porous media, while the high viscosity enables suspension of
large microparticles such as sand proppant [22-24]. However,
when the surfactants encounter the oil hydrocarbons they convert
into microemulsions, not only encapsulating the oil, but signifi-
cantly lowering the viscosity, allowing highly efficient fluid with-
drawal compared to polymeric fracturing fluids [7,25].

Lastly, an interesting and emerging class of WLMs are zwitteri-
onic betaine surfactant molecules. Because betaines possess a pos-
itive (ammonium) and negative (carboxylate) charge in their head-

groups, they are able to form WLMs as single components through
self-screening effects [26,27]. Conversely, ionic surfactants often
require added electrolytes or high surfactant concentrations to
enable sufficient proximity of the like-charged head-groups for
packing into WLMs [28-32]. In addition, betaine surfactants have
the advantage of low toxicity [33], adding appeal for their use in
the aforementioned applications, particularly household products
and cosmetics, in which cocamidopropyl betaine is already widely
used [34,35].

Previously we have shown that erucyl amidopropyl betaine
undergoes structural transitions from WLMs to a broad variety of
molecular aggregates upon addition of oil, salts and surfactants
[36]. Herein, we characterise and assess samples of oleyl amido-
propyl betaine (OAPB) - a significant component of cocamido-
propyl betaine [35] - with simple organic additives using
complementary SANS and viscosity measurements. By correlating
these techniques, insight into the factors that affect self-assembly
and structure-function relationships in these systems is gained.
The organic additives are adjusted systematically to specifically
investigate the effects of aromaticity and polarity on the structure
and physical chemistry of OAPB WLMs. Non-polar additives effect
transitions of the WLMs into microemulsion droplets, whereas
polar additives do not alter the wormlike self-assembly, however
do cause marked changes in fluid rheology. The additives and OAPB
surfactant are shown in Fig. 1 and their key physicochemical prop-
erties are presented in Tables S1 and S2 of the Supplementary
material.

Surfactant:
Oleyl amidopropyl betaine

H
|
N

.OJOJ\>N</\/ \n/\/\/\/\z/\/\/\/\

o

Organic additives:

Heptane
/\/\/\
0.034 mM
Methylcyclo- p-xylene
hexane Toluene
0.030 mM 6.22 mM
1.74 mM

Cyclohexanol Phenol
O/ou : OH
359.4 mM 894.7 mM

Benzoic acid Salicylic acid

Benzyl alcohol

©/\OH OH OH
OH

323.7 mM 24.6 mM 14.5 mM

Fig. 1. Summary of the OAPB surfactant and small molecule organic additives used
in this study. The respective aqueous solubilities (20-25 °C) of each additive are
shown below their structures.
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2. Experimental
2.1. Materials

Oleyl amidopropyl betaine (OAPB) was synthesised and purified
as described previously [37]. Deuterated OAPB (OAPB-D33) was
synthesised at the National Deuteration Facility, Australian Nuclear
Science and Technology Organisation (ANSTO), following a modifi-
cation of the procedure by Feng et al. [38]. D33-oleic acid was first
synthesised according to Darwish et al. [39], after which 1g
(3.17 mmol) was added to a 25 mL round bottom flask with molec-
ular sieves. Excess dimethylpropane diamine (10 eq.) was then
added, followed by sodium fluoride catalyst (20 mg). The reaction
was heated to reflux for 16 h at 160 °C under an inert atmosphere.
The mixture was then cooled, and the molecular sieves were
removed by suction filtration and washed with methanol (30 mL,
x2). The filtrate was reduced under pressure to remove solvent
and unreacted amine. The crude viscous compound (slightly yel-
low) was then loaded to a silica gel column and eluted with a gra-
dient of n-hexane:ethyl acetate (1:1) to ethyl acetate:methanol
(1:1). A clear waxy compound was obtained (300 mg, 24%), con-
firmed to be the oleic amide (see Supplementary Material).

The oleic amide (300 mg, 0.75 mmol) was dissolved in 25 mL of
ethanol, and sodium chloroacetate (1.2 eq.) was added to the solu-
tion, followed by 5 mL deionised water. The mixture was heated at
reflux for 16 h to yield the final OAPB product. The solvent was
then removed and the product was purified and desalted using
flash column chromatography (eluent: gradient ethyl acetate:hex-
ane 1:1). The pure product was obtained as a clear waxy compound
(200 mg, 58%). Characterisation by NMR and mass spectrometry
are available in the Supplementary Material.

All organic additives were ACS reagent grade (>99%) and used
as received. Heptane, methylcyclohexane, p-xylene, benzyl alcohol
and benzoic acid were from Sigma. Toluene and phenol were from
Merck. Cyclohexanol was from UNILAB and salicylic acid was from
BDH Chemicals. Deuterium oxide (D,0, 99.8 atom % D) and p-
xylene-D10 (99.0 atom % D) were from Sigma.

2.2. Methods

Small-angle neutron scattering (SANS) measurements were
conducted on the Bilby beamline [40] at the Australian Centre for
Neutron Scattering, ANSTO. Samples were dissolved in D,0, with
measurements performed at 25°C in 2 mm path-length, quartz
Hellma cells. The raw scattering counts from the detectors were
radially isotropic, and normalising against a blocked beam and
transmission measurement, were reduced to average absolute
intensity profiles as a function of the momentum transfer or scat-
tering vector, ¢, defined as
q= an sing

A 2

where 0 is the scattering angle and / is the wavelength of the inci-
dent neutrons (2-18 A). The main detector was positioned 18 m
from the samples while the four curtain detectors were 4 m (left
and right detectors) and 5 m (top and bottom detectors), providing
a g-range of approximately 0.0015-0.33 A~!. Absolute intensities
were scaled according to the sample thicknesses (2 mm) and using
an empty beam measurement. Lastly, the scattering from an empty
cell was subtracted from all data sets prior to modelling.

Ultra-small-angle neutron scattering (USANS) measurements
were made using the Kookaburra beamline [41,42] at the Aus-
tralian Centre for Neutron Scattering, ANSTO. The instrument fea-
tures a Bonse-Hart setup in which two parallel arrays (one
rotational) of quintuple-reflection channel-cut silicon crystals
monochromate and analyse the beam [43]. A neutron wavelength
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of 4.74 A was used in these measurements, obtaining a maximum
g-range of 0.00005-0.005 A~! (0.1-10 um length scales). Due to
the limited scattering counts for these samples, all USANS mea-
surements are presented as absolute intensity scaled data without
desmearing to reduce noise.

Modelling of all scattering data was performed using the soft-
ware ‘SasView’ (http://www.sasview.org). For all data presented
throughout, symbols represent the experimental scattering data,
and solid lines are the model fits generated as described. All fitting
parameters from the models are presented in the Supplementary
Material. For modelling all USANS data, a custom slit smear value
of 0.0586 A~ for slit height was incorporated into the fitting algo-
rithm to correct for smearing conditions.

Rheological measurements were performed using an Anton
Paar MCR 302 rheometer fitted with double gap geometry. The
temperature was controlled at 25°C and samples were allowed
to equilibrate to room temperature for at least one hour prior to
the measurement. Viscosity sweeps were run between shear rates
of 0.01-100 s~'. For phenol additive samples, amplitude sweeps
were run between 0.01-100% shear strain at a constant angular
frequency of 10 rad-s~!. Subsequent frequency sweeps were taken
in the angular frequency range between 0.1-100 rad-s~! at a con-
stant shear strain of 0.1% selected from the linear viscoelastic
region. All samples were subjected to a pre-shear procedure in
which samples were sheared for several minutes in order to
remove any air bubbles and homogenise the sample prior to anal-
ysis. All samples were measured in triplicate and error bars corre-
spond to the standard deviation.

3. Results and discussion
3.1. Pure oleyl amidopropyl betaine

Oleyl amidopropyl betaine (OAPB) is a zwitterionic surfactant in
which the hydrophilic head-group consists of a carboxylate anion
and quaternary ammonium cation (betaine), which are linked to
an amido group via a propyl spacer, and the hydrophobic tail-
group is a C18 alkyl chain with a cis monounsaturation between
carbons 9 and 10 (Fig. 2a). In aqueous solution, OAPB sponta-
neously self-assembles into wormlike micelles (WLMs) at concen-
trations as low as 0.1 mM [37,44]. This behaviour is confirmed by
additional small-angle neutron scattering (SANS) measurements
(Fig. 2b), where samples up to 10 mM OAPB can be accurately
modelled using an analytical model for the scattering from the
flexible cylinders [45]. The model accounts for the cross-sectional
radius of the worms, and the Kuhn or persistence length, which
describes the length-scale over which the worms are locally rigid.
The slight increase in gradient in the Guinier region (low q) from
q! to g1 relates to this characteristic, as a conventional cylindri-
cal micelle or ‘rod’ would typically show a continuous low g slope
of g~ [46-48], given that the Kuhn length and contour (overall)
length of the micelles would be equivalent. The contour lengths
of these structures can typically be on the order of microns accord-
ing to cryo-transmission electron microscopy (cryo-TEM) imaging
[49,50], hence this parameter 1is inaccessible to SANS
(d =2m/q,,, ~ 400 nm, for these measurements) and values for
length reported in the Supplementary Material must therefore be
taken as theoretical minimum contour lengths.

At the lowest OAPB concentration measured (1 mM), the scat-
tering data lacks the distinct g~* turnover in the Porod (high q,
0.1 A~") region, which relates to the cross-section/curvature of
the micelles (Fig. 2b). There are likely a number of factors con-
tributing to this effect: firstly, the Kuhn length is marginally lower
at 1 mM OAPB (63.9 nm) compared to 5 and 10 mM (67.9 and
80.4 nm respectively; see SI, Table S3), indicating less rigid worms.
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Fig. 2. (a) Chemical structure of oleyl amidopropyl betaine (OAPB). (b) SANS data of
pure OAPB solutions in D,0 at different concentrations. Data for 20 and 50 mM have
been offset by multiplication (x2.5) for clarity. The inset is a schematic of the
internal wormlike structure as predicted from the fitting. (c) Dynamic viscosity data
for similar solutions of OAPB in water.

This result is expected, as higher concentrations often lead to den-
ser packing of the surfactant molecules in the micelles and longer
wormlike contour lengths [28,51,52], which would cause the scat-
tering to conform to the steeper slope at lower g values. Similar
effects have been observed with ionic surfactants forming worm-
like micelles in the presence of added salts, where increases in
ionic strength not only served to promote wormlike aggregation,
but also led to increases in Kuhn length by charge-screening
[30,32,53,54|. The flexibility of wormlike micelles is therefore
intrinsically linked to the intermolecular surfactant spacing, and
as OAPB is zwitterionic, its self-screening nature results in a closer
packing arrangement, which is further reinforced by the decrease
in worm radius from 2.6 to 2.1 nm at 1 and 20 mM respectively
(see SI, Table S3). The influence of these interactions was incorpo-
rated into the flexible cylinder model by Chen and co-workers [51].

The other factors causing the different form factor of the 1 mM
OAPB sample are most likely the absence of volume effects, and
weak intermicellar interactions (i.e. a structure factor contribu-
tion), both of which would increase scattering intensity at high q.
The length of the surfactant chain with the cis double bond accord-
ing to the Tanford equation is approximately 2.4 nm [55], in good
agreement with the SANS results and suggesting moderate inter-
digitation of the tail-groups in the micelle interior at the higher
concentrations.

At 20 and 50 mM, scattering from the OAPB micelles conforms
more to a cylindrical (rod-like) form factor (Fig. 2b), and hence
was more accurately approximated using a cylinders (rigid) model
(see SI, Table S3) [56]. This transition is counter-intuitive based on
the previously asserted premise that increasing the surfactant con-
centration facilitates wormlike aggregation in these systems. The
most probable explanation for the change in scattering shape at
these concentrations, is that there is now a sufficient volume frac-
tion of surfactant present to introduce an additional structure fac-
tor contribution to the scattering, resulting from intermicellar
interactions [57,58]. As the original model was designed for dilute
polymer solutions, the corrections implemented by Chen and co-
workers [51] may therefore not be able to account for all intermi-
cellar interactions of wormlike micelles, and a modelling approach
which includes an additional structure factor contribution may be
required to accurately describe the scattering of OAPB at high con-
centrations (=20 mM). As this study is focused on the effects of
organic additives on the properties of OAPB wormlike micelles,
all subsequent measurements were conducted with an OAPB con-
centration of 10 mM, so that the scattering data and additive
response was not obscured by additional factors. Furthermore at
10 mM OAPB, the dynamic viscosity of the wormlike mixture is
only marginally higher than that of pure water (0.89 mPa-s at
25 °C), implying that the worms are well below their critical entan-
glement concentration (Fig. 2c). Therefore at this surfactant con-
centration, any increases in fluid viscosity can also be attributed
to the effects of the additives.

3.2. OAPB with heptane

The first additive explored in this study was the straight-chain
hydrocarbon, heptane (C;H;g, Fig. 3). Incorporation of heptane at
a 0.5:1 M ratio (heptane:OAPB) did not cause any deviation from
the wormlike structure. The Kuhn length was found to increase
from 80.4 nm for 10 mM OAPB, to 97.9 nm with 5 mM heptane
added (see Supplementary Material, Table S4), suggesting that
the oil was intercalating between the surfactant tail-groups, ren-
dering the worms more rigid. As heptane is immiscible with water,
this is a reasonable conclusion. At an equimolar concentration of
OAPB and heptane, the scattering conforms to a shallower slope
at low q, decreasing approximately from q-! to g=°%. Since g1 is
representative of scattering from cylindrical objects, and q° is rep-
resentative of scattering from spherical objects [47], a low q slope
of q~°% is most likely indicative of a transitional composition
between the two geometries. This was confirmed by the single
structure models being ineffective for describing the data, and
use of a power-law alone does not provide significant insight for
the system. Therefore, the equimolar mixture of OAPB and heptane
is presumed to comprise a combination of wormlike and spherical
micelles, and as such, these data were accurately modelled using a
linear addition of flexible cylinders and spheres models (see Sup-
plementary Material, Table S4). Previous work has suggested that
a transitional structure of adjoined spheres in a type of ‘pearl neck-
lace’ aggregate is unfavoured for small amphiphilic molecules,
hence, they can exist simultaneously in a mixture, but tend to
adopt one shape or the other [3,59]. This phenomenon has also
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Fig. 3. SANS data from 10 mM OAPB with the specified concentrations of n-
heptane. Data have been offset by multiplication for clarity (x5, x20, x100 and
%x500). Insets show a schematic of the microemulsion droplet structure and its
diameter as determined from the fitting (bottom left) and the chemical structure of
n-heptane.

been observed with cryo-TEM, in which mixtures of surface active
polymers and nonionic surfactants self-assembled into discrete
flexible cylinders and spheres [50,60-62].

At higher concentrations of heptane (15 and 20 mM) where the
oil is in excess (1.5:1 and 2:1, heptane:OAPB), evolution into spher-
ical micelles approximately 7.7 nm in diameter occurs (Fig. 3), to
reconfigure the system to a new thermodynamic minimum in
the form of a microemulsion where the oil is accommodated in
the cores of spherical droplets. These data are modelled using a
classical spheres model [63], and the radial polydispersity of these
droplets is around 11% (see Supplementary Material, Table S4),
indicating a fairly uniform size distribution, characteristic of a
microemulsion. Given that heptane is non-polar and comparatively
insoluble in water (see Supplementary Material, Table S2) [64], this
is an expected transition pathway. Transitions from WLMs to
microemulsion droplets have been observed in many surfactant
systems [65-71], and Shibaev and co-workers have proposed a
mechanism for this process by which the energetically costly, high
curvature end-caps of the worms act as seed points for the forma-
tion of these droplets [72]. Swollen end-caps on WLMs have again
been observed by cryo-TEM [50,60,73].

This theory would support the aforementioned hypothesis of
wormlike and spherical micelles co-existing in the equimolar, tran-
sitional sample of OAPB and heptane, as uptake of the oil in this
manner would result in significant swelling of the end-caps that
would eventually have to disconnect from the worms in order for
more oil to be encapsulated. This cycle would thus continue until
enough oil had been absorbed such that a complete structural evo-
lution to droplets had occurred. Furthermore, due to this change in
structure and the resultant disentanglement of the wormlike net-
work, WLM solutions are found to undergo enormous decreases
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in fluid viscosity following exposure to oil [36,74,75]. This effect
is negligible for OAPB with heptane (see Supplementary Material,
Fig. S1), as at this surfactant concentration the dynamic viscosity
of the fluid is already minimal. However, with this responsiveness
in mind combined with the surfactant’s eco-compatibility, OAPB
could potentially be a competitive compound for use in oil fields,
given that it is shown here to encapsulate essentially double the
amount of oil per molecule of surfactant. It should be noted that
above 20 mM heptane, excess oil was expelled as macroscopic dro-
plets, indicating that the system is no longer in a stable microemul-
sion region.

3.3. OAPB with methylcyclohexane, toluene and cyclohexanol

The next additive to be explored with OAPB was methylcyclo-
hexane (C;Hq4, Fig. 4a), a cyclic analogue of heptane. Similar to
heptane, initial doping of methylcyclohexane into a 10 mM OAPB
solution does not alter the wormlike structure of OAPB (Fig. 4a).
Interestingly, at the equimolar concentration of 10 mM OAPB and
methylcyclohexane, a decrease in low g slope steepness is not
apparent as was the case with the equivalent heptane sample. This
suggests that the system is not yet in a transitional state of co-
existing worms and spheres. Noticeably however, the predicted
Kuhn length for the worms in this mixture is 186.3 nm (see Supple-
mentary Material, Table S5), a remarkably high number implying
especially stiff worms from the incorporation of the additive. The
oil is likely intercalating between surfactant tail-groups resulting
in a dense packing arrangement and therefore, highly rigid worms.
The sample therefore is likely to be very near the boundary where
transition to a microemulsion begins. At 15 mM methylcyclohex-
ane, complete evolution of wormlike OAPB into a microemulsion
is evident, with a drop radius of 4.6 nm and polydispersity around
10.5% (see Supplementary Material, Table S5). Again dissimilar to
heptane, a sample containing 30 mM methylcyclohexane was
amenable to measurement by SANS, since a clear phase separation
was not yet present. This demonstrates a higher capacity for solu-
bilisation of methylcyclohexane compared to heptane, suggesting
that cyclic compounds may be captured with greater effectiveness
due to more efficient packing. This effect may also simply be
related to the molecular volume of the additives, which is lower
for the cyclic compound. However, given that the microemulsion
droplets of OAPB with methylcyclohexane swell to a greater size
(R=5.1 nm) compared to those with heptane (R=3.9 nm), the
hypothesis of more efficient molecular packing for the cyclic addi-
tive is more feasible. The small upturn in the scattering data at
lowest q for the 30 mM methylcyclohexane sample is an indication
of critical scatter from large objects, presumably clustering of the
droplets near a phase boundary.

Of all the non-polar additives examined in this study, the most
distinctive self-assembly behaviour occurs with the incorporation
of toluene (C;Hsg, Fig. 4b), the aromatic equivalent of methylcyclo-
hexane, into OAPB WLMs. Similar to the previous hydrocarbon
additives, the Kuhn length and radius of the worms increases with
the addition of toluene until a critical point where the system col-
lapses into a microemulsion (see Supplementary Material,
Table S6). Unlike heptane and methylcyclohexane with 10 mM
OAPB, which both shared transitions into microemulsions at addi-
tive concentrations of 15 mM, for toluene this occurred at approx-
imately 30 mM. Moreover, where heptane and methylcyclohexane
showed excess oil at 30 mM, toluene appeared fully dissolved even
at a concentration of 50 mM (x5 the amount of OAPB). Therefore,
the molecular packing and solubilisation of toluene with OAPB is
clearly significantly more efficient than the other oils.

The main chemical distinction with toluene versus heptane and
methylcyclohexane is its aromaticity, which results in toluene
being planar and having a small dipole moment (0.36 D). We
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Fig. 4. (a-c) SANS data of 10 mM OAPB with the specified concentrations of methylcyclohexane (a), toluene (b) and cyclohexanol (c). Data have been offset by multiplication

for clarity (x5, x20, x100, x500 and x2000). Insets show the chemical structures of each additive.

expect that these features impact the co-assembly of toluene with
OAPB in two ways: firstly, the aromaticity promotes 7-7 stacking
between toluene molecules, which would allow them to pack more
densely in the micelle core. But secondly, the aromaticity and small
dipole moment would also allow more favourable partitioning fur-
ther towards the micelle exterior through similar n-7 stacking
interactions with the cis-unsaturated groups in the center of the
OAPB tails. Such behaviour would facilitate the uptake of addi-
tional additive, accounting for the higher concentration of toluene
required to effect transition of the wormlike network into
microemulsion droplets, as well as the larger size of the droplets
(R=6.5nm for 50 mM toluene compared to 5.1 nm for 30 mM
methylcyclohexane, see Supplementary Material Tables S5 and
S6). In addition, toluene has a reported aqueous solubility of
around 6.22 mM at 25°C [64], meaning a greater proportion of
the additive will partition into the bulk aqueous phase. Similar
behaviour has been ascribed to the formation of disc-like micelles
in systems of toluene with erucyl amidopropyl betaine [36], a more
lipid-like homologue of OAPB with a C22 tail-group. It is worth
noting that the procedure for synthesising the erucyl surfactant
in the study did not include a desalting step [38], hence an equimo-
lar concentration of NaCl would be present to partially screen
repulsions between the surfactant head-groups, which combined
with the longer tail-group may explain why the addition of toluene
resulted in a transition from worms to disks rather than globular
micelles as observed in this work. Again, unsurprisingly the inclu-
sion of methylcyclohexane and toluene did not cause any marked
changes in fluid viscosity (see Supplementary Material, Fig. S2a,b).

The last additive explored in this particular series was cyclohex-
anol (CgH;;0OH, Fig. 4c), a non-aromatic compound similar to
methylcyclohexane and toluene but with a hydroxyl group instead
of a methyl group attached to the ring, making the compound
slightly polar (1.85 D). Unlike the other additives described thus
far, the addition of cyclohexanol causes little to no deviation from
the wormlike scattering form factor of OAPB, even at a concentra-
tions of 50 and 100 mM (Fig. 4c). This indicates that the morphol-
ogy of the micelles has not changed from flexible cylinders
following the solubilisation of the alcohol, a phenomenon that

has also been noted by Hoffman and Ebert [66]. Being a polar mole-
cule and soluble in water up to around 0.35 M at room tempera-
ture (see Supplementary Material, Table S2), cyclohexanol is
likely to form an equilibrium between integration into the OAPB
micelles and dissolution in the bulk water. Therefore, the obvious
explanation for the lack of structural change with cyclohexanol is
that the additive is partitioning more towards the micelle exterior,
so that it can interact more favourably with the surfactant head-
groups through induction polarisation interactions, as well as
becoming partially solvated by the bulk water molecules. Since
the volume of the hydrophobic micellar cores will not significantly
increase by this partitioning, the micelles can remain wormlike
rather than having to convert to a spherical morphology in order
to entrain the additive.

Of particular interest regarding the addition of cyclohexanol,
are the large, incremental decreases in Kuhn length of the OAPB
WLMs with each increase in the additive concentration (see Sup-
plementary Material, Table S7). For pure 10 mM OAPB, the Kuhn
length of the worms is 80.4 nm as determined from the fitting,
however with a 100 mM concentration of cyclohexanol present,
the Kuhn length decreases to approximately 44.8 nm. This effect
is subtly evident from the scattering data by the changes in inflec-
tion points to higher q values with increasing cyclohexanol concen-
tration (Fig. 4c), and implies that the worms are much more
flexible. Furthermore, the changes provide additional evidence that
the additive is locating in the micellar structure, rather than just
dissolving in the aqueous solution. The increases in flexibility of
the worms with addition of cyclohexanol are rather counter-
intuitive, as intercalation of additives usually causes WLMs to stif-
fen [14,30,53], as with the non-polar additives explored. The solva-
tion of the hydroxyl group of cyclohexanol may serve to increase
the spacing between the OAPB head-groups, which is why a small
decrease in the worm radii from 2.3 to 2.1 nm, a higher curvature
state, is also observed (see Supplementary Material, Table S7).
Curiously, the addition of cyclohexanol did not cause a significant
increase in the viscosity of 10 mM OAPB (see Supplementary Mate-
rial, Fig. S2¢), which could be expected given that intercalation of
the additive would translate to greater contour lengths for the
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worms. They may still simply be too short to entangle even with
the uptake of the additive or the effect is offset by the increased
flexibility of the worms.

3.4. OAPB with p-xylene: neutron contrast variation

To more thoroughly investigate the internal structure of the
microemulsions formed by addition of the non-polar organic addi-
tives to OAPB wormlike solutions, a contrast variation experiment

and Interface Science 534 (2019) 518-532

was undertaken with p-xylene as the additive (Fig. 5). By selec-
tively deuterating the various components of the mixture (i.e. the
surfactant and the additive), it is possible to mask their contribu-
tion to the overall sample scatter by rendering their scattering
length densities similar to that of D,O (ca. 6.35 x 1076 A=2), thus
specifically highlighting the scattering from the other component
(Fig. 5e). By comparing this to the scattering from the fully
hydrogenated compounds, it is possible to determine where
each component is enriching within the micelle structure. For
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Fig. 5. (a—c) SANS data of 10 mM OAPB with p-xylene (a), 10 mM OAPB with p-xylene-D10 (b) and 10 mM OAPB-D33 with p-xylene (c) at the specified concentrations of
added p-xylene and p-xylene-D10. Data have been offset by multiplication for clarity (x5, x20, x100, x500 and x2000). Insets below the figure legends are the chemical
structures for p-xylene and p-xylene-D10, while the insets in the lower left corners are schematics for the microemulsion droplets based on the three contrast conditions and

fitting parameters. (d) Schematic showing the contrast variation for neutrons (bas

ed on scattering length density) of the microemulsion droplets with deuteration of the

different components. (e) Chemical structures of OAPB/OAPB-D33 and p-xylene/p-xylene-D10, and their neutron scattering contrasts in D,0.
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microemulsions, this usually corresponds to the core (interior) or
shell (exterior) of the droplets, and allows a more precise determi-
nation of the parameters for each [76,77]. The contrast variation
concept by selective deuteration in relation to the core-shell struc-
ture of a microemulsion droplet is shown schematically for OAPB
and p-xylene in D,0 in Fig. 5d.

Similarly to toluene, p-xylene is aromatic; however, the full
transition to microemulsion droplets when incorporating p-
xylene with 10 mM OAPB becomes evident at only 15 mM p-
xylene (Fig. 5a), similar to heptane and methylcyclohexane (Figs. 3
and 4a), but approximately half that of toluene (Fig. 4b). It can be
speculated that the presence of the second methyl group in the
para (opposite) position for p-xylene may be serving to negate
the effects of the aromatic ring that dominated for toluene, as
the difference in transition concentration is much greater than
the difference in aqueous solubility for the two compounds (see
Supplementary Material, Table 2) [64]. This may be a combination
of steric hindrance due to the increased volume of p-xylene from
the second methyl group, and nullification of the small dipole
moment for toluene (see Supplementary Material, Table 2), both
of which could inhibit favourable interactions of the additive mole-
cule with the surfactant tail-group unsaturation. Therefore, p-
xylene may be locating solely in the interior of the droplets, limit-
ing its uptake capacity.

Using deuterated p-xylene (p-xylene-D10), it is possible to more
clearly detect the partitioning of the additive within the micelle
structure. The replacement of p-xylene with p-xylene-D10 in
10 mM OAPB solutions yields resolving of the peak at around
0.1 A~ for the higher additive concentrations (Fig. 5b). As the scat-
tering contrast results only from the surfactant molecules in this
instance, modelling of these data gives an approximation of the
shell thickness using a core-shell model [63]. The core-shell model
differentiates scattering from the micelle interior and exterior by
assigning different scattering length densities to each region. In
the case of OAPB with p-xylene-D10, the scattering length density
of the micelle core becomes much greater (ca. 5.5 x 1076 A=2), con-
firming enrichment of the additive in the micelle interior (see Sup-
plementary Material, Table S9). This is further supported by
modelling, which reveals that the radius of the micelle cores
increases from 2.1 to 3.7nm at 15 and 30 mM p-xylene-D10
respectively, whereas the shell thickness only increases slightly
from 2.9 to 3.2 nm at these additive concentrations (see Supple-
mentary Material, Table S9). The shell thicknesses determined here
would be around the same length as a molecule of OAPB, given that
the length of the C18 tail-group with monounsaturation is approx-
imately 2.4 nm from the Tanford equation [55]. Hence, there is
most likely only a modest amount of p-xylene intercalating
between the ends of the surfactant tail-groups.

Using OAPB with deuterated tails (OAPB-D33), the scattering
length density of the surfactant tail group becomes approximately
5.9 x 1075 A=2 (see Supplementary Material, Table S1). The scatter-
ing contrast now arises from the hydrogenated p-xylene, and
hence becomes characteristic of the micelle core. Therefore, with
negligible contrast for the droplet shell, these data were fit using
the homogeneous spheres model [63], rather than the core-shell
model. The overall scattering intensities of these samples were
much lower because of the reduced contribution from the surfac-
tants (Fig. 5¢). But more noticeably, the samples now do not appear
to start transitioning to microemulsions until the concentration of
p-xylene exceeds 20 mM. A possible explanation for this difference
may stem from a change in the surfactant properties due to the
deuteration of the tail-group. Replacement with deuterium can
alter the polarisation and molecular packing of a compound [78],
therefore the phase boundary may have moved. Crucially, there
is no droplet shell peak at high g, which further asserts the absence
of additive molecules partitioning between the surfactant mole-

cules. This is reinforced by modelling the scattering data, which
shows that for 30 mM p-xylene with 10 mM OAPB-D33, the aver-
age radius of the droplets is around 5.2 nm with a polydispersity
of 15.9% (see Supplementary Material, Table S10), compared to
when the hydrogenated OAPB was used which shows an average
diameter of 6.2 nm and a polydispersity of 10.8% (see Supplemen-
tary Material, Table S8). This leaves an overall size difference of
2.0 nm; however because the surfactant head-group is hydro-
genated, a small contrast step could arise there, which is why the
difference in radius may be smaller than expected based on the
3.2 nm thickness determined from the deuterated additive con-
trast (Fig. 5b). The surfactant head-groups will be solvated by the
bulk D,0, thus this effect would be small.

For the 30 mM p-xylene and 10 mM OAPB-D33 mixture, a sub-
stantial increase in scattering intensity at low g occurs (Fig. 5c),
indicative of critical scatter. This could be due to expelled oil, how-
ever the equivalent mixtures for the other contrasts did not exhibit
this effect (Fig. 5a,b). The scattering of 10 mM OAPB-D33 without
any additive diverges from the flexible cylinders model at lowest
q also, increasing to an approximate slope of g3 (Fig. 5¢). For this
sample, the increase is most likely a result of critical scatter arising
from undissolved surfactant, possibly due to the deuteration of the
tail-group causing a change in surfactant solubility and molecular
packing [78]. Therefore, the p-xylene may initially be serving to co-
solubilise the surfactant until additive concentrations of 20 mM
and above are reached, after which the large excess of p-xylene
may be causing another type of critical separation as a result of
the microemulsion transition, again resulting in a steeper gradient
at low q. This agrees with the higher transition concentration of p-
xylene for the deuterated OAPB.

3.5. OAPB with phenol

The second polar additive explored in this study was phenol
(CeHsOH, Fig. 6a), the aromatic analogue of cyclohexanol. Similarly
to cyclohexanol, SANS measurements of 10 mM OAPB with
increasing quantities of phenol exhibit only very subtle changes
in their scattering (Fig. 6a), which can be readily described by
the flexible cylinder model [45,51], indicating that the micelles
are remaining wormlike in nature. As with cyclohexanol, mod-
elling reveals significant decreases in the Kuhn length of the
worms, from 80.4 nm without phenol to approximately 43.1 nm
with 30 mM phenol (see Supplementary Material, Table S11), indi-
cating significantly more flexible worms. As for cyclohexanol, it is
likely that the polar phenol molecules partition into the micelle
exterior and serve to divide the surfactant head-groups, giving
the micelles a more fluid character. For phenol, the Kuhn length
of the OAPB worms was found to decrease much more rapidly with
each additive increment compared to cyclohexanol, which only
showed a drop in Kuhn length to 44.8 nm at 100 mM cyclohexanol
(see Supplementary Material, Table S7). It is plausible that phenol
interacts more strongly with the surfactant head-groups than
cyclohexanol, causing a greater proportion of the additive to parti-
tion into the micelle structure, opposed to cyclohexanol where the
majority of the additive is partitioning into the bulk aqueous solu-
tion [66].

The mechanism we propose to account for this behaviour
relates to the aromaticity of phenol (and lack of aromaticity for
cyclohexanol), and the resonance structures that stem from this
property. Due to the resonance stabilising effect of the aromatic
ring, phenol is significantly more acidic than cyclohexanol, with a
pK, of around 10 rather than 16 (see Supplementary Material,
Table S2). Therefore, we expect that a proportion of phenol mole-
cules are likely to deprotonate in the solution, resulting in stronger
interactions with the zwitterionic betaine head-groups. This is
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Fig. 6. (a) SANS data of 10 mM OAPB with the specified concentrations of phenol.
Data have been offset by multiplication for clarity (x5, x20 and x100). The inset is
the chemical structure of phenol. (b) Dynamic viscosity data for similar solutions of
OAPB with phenol in water. (c) Corresponding oscillatory shear frequency sweeps
showing the storage (G') and loss (G”) moduli versus angular frequency for 10 mM
OAPB with 20 and 30 mM phenol.

shown schematically in Fig. 7b, where the phenol molecules are
presumed to orient with their aromatic rings towards the interior
of the micelles, allowing these electronegative molecules to opti-
mally interact electrostatically with the quaternary ammonium
groups in OAPB. In addition, the hydroxyl groups can participate
in proton exchange with the carboxylate moieties on OAPB while
also being solvated by the bulk water. It must be noted that solu-
tion conditions for these experiments would be around pH 7 (i.e. no
added acid or base), which is below the pK, of phenol (ca. 10).
However, the carboxylate constituent on the OAPB head-group
could act as a weak conjugate base, facilitating deprotonation as
well as hydrogen bonding with the phenol hydroxyl groups when
co-assembled in the micelle structure. As cyclohexanol will not
exhibit these effects due to the lack of resonance stability, its polar-
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Fig. 7. (a) Samples containing 10 mM OAPB and the specified concentrations of
phenol. The cloudy samples (40 and 50 mM phenol) were mixed manually
immediately before photographing. The image on the far right is the same sample
of 10 mM OAPB with 50 mM phenol, showing the eventual liquid-liquid phase
separation that occurs after sufficient time (see yellowish layer around meniscus).
(b) Schematic of the proposed mechanism for charge screening by phenol
intercalation between OAPB head-groups at the ideal ratio of 2:1 (additive:surfac-
tant). The pale red regions depict the interactions of the deprotonated phenol
molecules with the quaternary ammonium in the OAPB head-groups, and ‘R’
denotes the Cg=Cg tail of OAPB (Fig. 2a). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

isation interactions with the OAPB head-groups will be much
weaker, hence it does not partition as readily into the micelles as
does phenol, despite its aqueous solubility being much lower
(see Supplementary Material, Table S2). This mechanism is similar
in concept to salt screening in ionic surfactant systems, which usu-
ally leads to greater Kuhn lengths [30,32,53,54]. However, because
OAPB is self-screening and phenol possesses a comparatively bulky
aromatic ring, the surfactant molecules may be unable to pack
more densely despite the charge screening effects from the addi-
tive, which may be why the Kuhn length in these systems instead
decreases with the doping of phenol.

Interestingly, the addition of phenol also causes substantial
increases in the dynamic viscosity of 10 mM OAPB in water
(Fig. 6b), an effect that was not induced by cyclohexanol. At
10 mM phenol, where the surfactant:additive ratio is 1:1, viscosity
is essentially unchanged. However, at 20 mM phenol, a significant
increase in viscosity (ca. x15 at zero shear) can be observed. At the
higher phenol loading, a greater proportion of the additive will par-
tition into the micelle, indicating that synergistic effects between
the additive and surfactant molecules are dominant. This likely
arises from the proposed partitioning and interaction mechanism
of phenol with OAPB (Fig. 7b), where the resonance effect of phenol
and the stronger polarisation interactions that occur as a result act
to screen the charge between the micelle head-groups. Hence, the
intercalation of phenol could be rendering the surfactant more
nonionic in nature. Consequentially, attractive interactions
between individual molecules within the micelles become more
prevalent in the system. Similar mechanistic rationales have been
attributed to the formation of viscoelastic WLMs in cationic solu-
tions of cetyltrimethylammonium bromide with phenol and p-
ethyl phenol [79-81]. We believe that this implication results in
two significant changes in the bulk properties of the fluid: firstly,
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because the micelles are rendered more flexible they will entangle
more readily, but secondly, the stronger interactions between the
surfactant and additive molecules means that the micelles will
not be as susceptible to disaggregating and reforming as they
manoeuvre past each other. This is a higher energy barrier for scis-
sion, and corresponds to greater relaxation times for WLMs. Both
of these effects would manifest by raising the overall fluid viscosity
[19,18].

Increasing the phenol concentration from 20 to 30 mM reduced
the dynamic viscosity of 10 mM OAPB in water (Fig. 6b), suggesting
that there is an optimal surfactant:additive ratio for enhancing the
fluid viscosity. Both mixtures exhibit shear-thinning behaviour,
presumably due to shear induced alignment of the worms in solu-
tion [4,6,14]. However, by observing the storage and loss moduli
(G' and G” respectively) of these samples as a function of angular
frequency (Fig. 6¢), it can be seen that the 20 mM phenol sample
is more wormlike in nature than the sample with 30 mM phenol.
This characteristic is represented by the closeness of the storage
and loss moduli in the middle region of the frequency sweep:
[82-84]| for 20 mM phenol the two moduli overlap, whereas for
30 mM phenol there is a noticeable gap (Fig. 6¢). This suggests that
beyond a certain additive amount, phenol may start to induce a
change in the aggregation from worms to a different self-
assembled structure that is less viscoelastic in nature. Again, this
change is attributed to the charge screening interaction mecha-
nism between the polar phenol molecules and surfactant head-
groups (Fig. 7b), as the effects would act in a cumulative manner
with increasing the additive loading.

Further doping of phenol to concentrations of 40 and 50 mM
resulted in clouding and eventual phase separation of the mixture
(Fig. 7a). This behaviour is similar in nature to the cloud point phe-
nomenon, whereby the solution demixes into a surfactant-rich and
surfactant-poor phase above a critical temperature [21]. Cloud
points are commonly exhibited by nonionic surfactants as they
tend to have stronger attractive interactions due to their lack of
charge [85]. Raghavan and co-workers documented similar beha-
viour for a wormlike micellar system comprising a cationic surfac-
tant and the polar aromatic salt sodium tosylate, attributing phase
separation in these mixtures to lower cloud points with additive
doping [86]. Initially, the additive increased the solution viscosity,
however, further addition of the additive caused the viscosity to
decrease until the sample eventually phase separated. They attrib-
uted these effects to branching of the worms. It is possible that
similar behaviour is occurring in the case of phenol and OAPB at
higher additive concentrations, and that the decrease in viscosity
for 10 mM OAPB with 30 mM phenol compared to 20 mM phenol
marks the onset of this transition. This clouding result does reaf-
firm the proposed surfactant-additive interaction mechanism
(Fig. 7b), in which the intercalation of the resonance stabilised phe-
nol molecules screens the charging across the micelle exterior. The
OAPB micelles thus become more nonionic in nature, allowing
stronger intermicellar interactions that can cause increased viscos-
ity, but potentially causing phase separation.

3.6. OAPB with benzyl alcohol, benzoic acid and salicylic acid

To further contextualise the different behaviour of phenol and
cyclohexanol addition to OAPB WLMs, a complementary series of
polar, aromatic additives were incorporated into aqueous OAPB
solution: benzyl alcohol, benzoic acid and salicylic acid (Fig. 8a-
c). As with the previous polar additives, no deviation from worm-
like structure was apparent from the scattering alone, aside from
10 mM OAPB with 10 mM salicylic acid, which appeared to consist
of smaller rod-like micelles or cylinders (Fig. 8c). Therefore, it is
clear that these additives partition into the micelle structure in a
similar fashion to phenol and cyclohexanol, likely locating between

the OAPB head-groups. Benzyl alcohol with OAPB gives very simi-
lar effects to cyclohexanol, where the additive can be included at
high loadings (up to 100 mM), without causing phase separation
or changing the dynamic viscosity of the mixture (Fig. 8a,d). The
Kuhn length of the worms also decreases incrementally with ben-
zyl alcohol addition, down to around 51.3 nm at 100 mM benzyl
alcohol (see Supplementary Material, Table S12). Therefore, a sim-
ilar partitioning equilibrium as with cyclohexanol is expected,
whereby a small proportion of the benzyl alcohol molecules co-
assemble with the surfactant, forcing the OAPB head-groups fur-
ther apart and rendering the worms less rigid, where the rest of
the additive is dissolved in the bulk solution. Despite benzyl alco-
hol being aromatic, the hydroxyl group is not acidic due to the res-
onance effect, and resultant charge interactions with the OAPB
head-groups do not occur. Hence, the viscosity of the mixtures
does not increase due to stronger intermicellar attractive forces.

Addition of benzoic acid and salicylic acid to 10 mM OAPB
yielded physical behaviour more alike that of phenol, causing large
increases in the dynamic viscosity of the fluid until further doping
of the additives resulted in phase separation (Fig. 8b,c,e,f and Sup-
plementary Material Fig. S4). At 5mM benzoic acid, a slight
increase in the dynamic viscosity of 10 mM OAPB in water is seen,
followed by a significant increase (ca. x10) at 10 mM (Fig. 8e). For
salicylic acid at 5 mM, a much greater increase in viscosity at low
shear compared to 5 and 10 mM benzoic acid with 10 mM OAPB
was recorded, with the highest viscosity (ca. x10 that of pure
10 mM OAPB) of all samples obtained in this study (Fig. 8f). Simi-
larly to phenol at higher loadings ( >30 mM), increasing the con-
centration of salicylic acid to 10 mM caused a decrease in
viscosity (Fig. 8f). Based on the scattering data, this is presumably
because the system had appeared to change to shorter cylindrical
micelles that do not entangle as easily (Fig. 8c). These viscosity
effects are significantly greater than were observed for the
10 mM phenol sample, suggesting more prevalent surfactant-ad-
ditive synergism for benzoic and salicylic acid with OAPB com-
pared to phenol. Salicylic acid also phase separated the
surfactant at a lower additive concentration of 20 mM (see Supple-
mentary Material, Fig. S4), where this was only first evident for
phenol at 40 mM. Therefore, it is clear that the viscosity and phase
separation effects are intrinsically linked to the acidity of the addi-
tives (salicylic acid > benzoic acid > phenol).

Salicylic acid is the most acidic additive of the series, with a pK,
of approximately 3.0, due to the additional resonance stability pro-
vided by the ortho hydroxyl group, followed then by benzoic acid
with a pK, of approximately 4.2 (see Supplementary Material,
Table S2). The mechanism by which these molecules intercalate
and interact with the OAPB head-groups is thus expected to be
similar to that proposed for phenol, where the deprotonated/reso-
nance additive molecules partition into the micelle exterior to
favourably interact with the surfactant head-groups through polar-
isation interactions (Fig. 7b). The charge of the OAPB head-groups
then becomes shielded and as a result, attractive intermolecular
interactions become more prevalent due to reduced charge repul-
sions meaning the micelles are less likely to break apart. Hence, the
overall viscosity of the system increases because the relaxation
pathway by molecular reorganisation (scission) becomes less ener-
getically favourable. This effect will be amplified for benzoic and
salicylic acid due to their greater propensity to proton donate
and form resonance structures, which is why larger changes in
the rheology of OAPB WLMs are observed with lower concentra-
tions of these compounds compared to phenol. As benzyl alcohol
and cyclohexanol lack this key characteristic, their presence in
the micelle structure does not modify the electron density across
the interface and promote the interactions that result in higher
fluid viscosities. Previous work involving doping of surfactant solu-
tions with sodium salts of benzoic and salicylic acid, as well as
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other polar aromatic molecules, arrived at similar mechanistic con-
clusions as this study, crediting resonance effects in the additives
with leading to the enhanced viscoelasticity of WLMs through sur-
factant-additive synergism; [5,81,86-91] however, these studies
were again confined to cationic surfactant systems. The present
work appears to be unique not only by its utilisation of a zwitteri-
onic surfactant, but also in that it demonstrates a detailed physical
basis for enhancing the viscosity of dilute aqueous solutions of pre-
existing WLMs, rather than attempting to promote wormlike tran-
sition from simpler micelle morphologies by packing alterations.
Unlike the viscoelastic systems of OAPB with phenol and ben-
zoic acid (Figs. 6b and 8e), mixtures with salicylic acid appear to
exhibit shear-thinning behaviour instantaneously (i.e. at minimal
shear rates), rather than having to overcome a critical shear rate
or apparent yielding point (Fig. 8f). This suggests that OAPB with
salicylic acid has a lower degree of entanglement than similar mix-
tures with phenol and benzoic acid, allowing the micelles to align
at lower shear rates. This behaviour would also tie in with why the
worms appear to evolve into shorter cylindrical micelles at the
higher salicylic acid loading (Fig. 8c). Shorter worms would be
expected to align much more easily due to a lower degree of entan-
glement, hence the immediate responsiveness of the OAPB/sali-
cylic acid mixtures to the shear stimulus. This likely arises from
the much higher acidity of salicylic acid compared to phenol and
benzoic acid, which causes it to more strongly induce the charge
screening effect between the surfactant head-groups and move
the phase boundary. The transition towards phase separation
therefore most likely involves the additive molecules locating
prefentially at the high curvature end-caps of the micelles. Parti-
tioning of this nature would correspond to a lower energy for
end-cap formation, translating to shorter worms and reduced vis-
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cosity. Attractive intermicellar interactions may contribute to why
the system of 10 mM salicylic acid with 10 mM OAPB is more vis-
cous than the pure 10 mM surfactant solution (Fig. 8f), despite
clearly containing shorter micelles.

3.7. USANS: OAPB branched networks

Ultra-small-angle neutron scattering operates down to extre-
mely low q values, shedding light on the microstructure of materi-
als (d = 2m/q,,;,, = 15 pum, for these measurements). Because these
samples were more weakly scattering than is ideal for USANS, the
data are presented as absolute intensity plots without desmearing
(accounting for instrument geometry) to reduce noise. To correct
for smearing, a custom slit smear height of 0.0586 A~! was incor-
porated into the modelling. These data were modelled with two-
power law functions; the crossover point marks the point of inflec-
tion of the scattering fit to the second slope exponent. For pure
OAPB at 10 mM, the low q values (higher g values for USANS) fol-
low a slope of approximately g—'* (Fig. 9a). A slope of q—>/3 is asso-
ciated with a random self-avoiding walk [92], a characteristic of
ideal, non-interacting polymers and WLMs, which is likely the
behaviour being exhibited by OAPB at this concentration. The scat-
tering intensity then appears to flatten at a crossover point of
9.82 x 10 A~' (640 nm), indicating that the worms do not extend
to length scales beyond this value. At 50 mM, the scattering exhi-
bits a shallower slope, meaning smaller or higher curvature objects
such as spheres or ellipsoids [47]. But as with the equivalent SANS
measurement at this concentration (Fig. 2b), the data may be
obscured by interactions that are unaccounted for in these models.
The small upturn in the slope at ultra-low q could be implicit of a
higher order structure at very large length scales.
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Fig. 9. (a-f) USANS data of pure OAPB at 10 mM and 50 mM (a), and 10 mM OAPB with the specified concentrations of benzyl alcohol (b), benzoic acid and salicylic acid (c),
phenol (d), toluene (e) and cyclohexanol (f). Data have been offset by multiplication for clarity (x5 and x20). Slopes are presented as approximate integers and half integers
based on the custom slit smear height of 0.0586 A~'. The precise slopes determined from the fitting are in Table S14 of the Supporting Information.

For 10 mM OAPB with additives present, rather than tapering
off as was the case with the pure surfactant solution, the scattering
at ultra-low q tends to conform to much higher slope values (Fig. 9-
b-f). High scattering exponents such as g3 or g~ are characteristic
of fractal aggregates, which are self-consistent structures that are
chaotic (essentially random) in their aggregation [93,94]. A well
known phenomenon in wormlike micellar systems is the entropy
driven formation of ‘branched’ networks, whereby the micelles
form junctions with other micelle bodies in order to overcome
the energy penalty of creating end-caps [3,14,15,61]. This phe-
nomenon has also been proven by cryo-TEM [50]. However, scat-
tering measurements allow for a statistical comparison of the
network characteristics, and the size regime for these types of sys-
tems is accessible only to USANS (or USAXS).

Mechanistically, the amount of additive appears to be intrinsi-
cally linked to the formation of junctions in these systems, as
increases in additive concentration tended to result in shifts to
higher power laws at ultra-low q. The exponent relates to the com-
plexity of the fractal [93,94], thus, higher slopes likely indicate
increased branching in the wormlike network. The exception to
this behaviour was toluene (Fig. 9e), which shows a minimal
change in gradient from g=2° at 5 mM toluene to g—2® at 20 mM
toluene, suggesting little change in the system microstructure. Fur-
thermore the crossover points appear to be shifting to lower q val-
ues, suggesting that the additives are also causing elongation of the
worms. Another exception to these trends is the sample of 10 mM
OAPB with 30 mM phenol (Fig. 9d). This mixture instead conforms
to a slope of around g2, which could be indicative of large lamellae
or bilayer structures [46,95]. However, it is more feasible that the
system is evolving to a lower order fractal that eventually transi-
tions into shorter cylindrical micelles or rods as observed for sali-
cylic acid (Fig. 8c), hence why a decrease in viscosity and eventual
phase separation was observed at higher phenol concentrations
(Figs. 6b and 7a). This hypothesis would also align with the forma-
tion of the branched network Raghavan and co-workers proposed
for their system of cationic surfactant and sodium tosylate [86].

At low g, before the crossover points to branched networks,
scattering slopes of all samples with additive included are approx-
imately between ¢! and ¢~'?, indicating cylindrical or wormlike
networks. The mixture of 10 mM benzyl alcohol with 10 mM OAPB
was the only sample that could be modelled with a single power
law (ca. g~ 1), indicating an absence of branching (Fig. 9b). It is clear
that this particular additive is indeed incorporating into the
micelle structure, as the g—! slope continues down to ultra-low g,
whereas for the equivalent sample without the additive, a ten-
dency to a gradient of q° at low q was seen (Fig. 9a). However, as
mentioned previously, it is likely that a proportion of this additive
is also dissolved in the bulk aqueous solvent due to weaker inter-
actions with the surfactant head-groups. Therefore, a larger
amount of benzyl alcohol must be added to cause branching of
the OAPB micelles. The same could be said for 10 mM cyclohex-
anol, as the scattering from this sample was considerably weaker
and noisier even than pure 10 mM OAPB, potentially due to greater
solvation from the bulk D,0. Hence, this data set has been omitted
since a model could not be reliably employed.

Curiously, the evidence of branching in these systems implies
that the formation of a branched, wormlike network is not
strongly related to the overall viscosity of the system, as all addi-
tives caused this property. Contrary to entanglement, branching
has in fact been thought to cause decreases in viscosity, as the
junctions can slide along the shaft, providing an additional path-
way to relaxation [1,14,96-99]. These findings support that
branching (and even elongation) of the worms does not necessar-
ily tie in with increased viscosity, and that the changes in reptation
and scission capabilities, as well as intermicellar interactions
brought about by synergistic effects between the additive and sur-
factant head-groups are the key factors influencing viscosity in
these systems. The full list of USANS samples and their precise
two-power law fitting parameters are presented in Table S14 of
the Supplementary Material. Note, the values for the crossover
points and power laws may not appear exactly as one would
deduce by observing the data; this is again due to the lack of
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desmearing, but is accounted for in the fitting by inclusion of the
custom slit smear height.

4. Conclusions

The effects of a variety of organic additives on the formation of
zwitterionic wormlike micelles has been systematically explored
using a combination of small-angle neutron scattering and viscos-
ity measurements. Without additives present, the zwitterionic sur-
factant oleyl amidopropyl betaine (OAPB) spontaneously forms
wormlike micelles in aqueous solution, however at concentrations
as high as 20 mM, the system shows no evidence of viscoelasticity,
with a zero shear viscosity only slightly higher than water.

When incorporating non-polar hydrocarbon additives into the
wormlike network, a structural ‘collapse’ into microemulsion dro-
plets was observed at a critical concentration or phase boundary
due to enrichment into the micellar cores, an effect that was con-
firmed by contrast variation scattering measurements. For most of
these additives, this effect occurred at approximately a surfactant:
additive ratio of 1:1.5, with the exception of toluene, which
required triple the amount in order to induce the microemulsion
transition. This result is attributed to a different partitioning
within the micelle structure, driven by favourable -7 stacking
interactions with the unsaturated group in the OAPB tail.

Where polar additives were included, little deviation from the
wormlike geometry was apparent, however significant differences
in worm properties could be observed. We infer that polar addi-
tives intercalate between the surfactant head-groups and render
the worms more flexible, presumably by reducing surfactant pack-
ing density. For cyclohexanol and benzyl alcohol, two polar addi-
tives in which the hydroxyl groups are not resonance stabilised,
no changes in the fluid viscosity were recorded. However, in the
cases of phenol, benzoic acid and salicylic acid, where the
oxygen-containing functional groups are part of the aromatic delo-
calisation, significant increases in fluid viscosity are apparent. We
interpret this change in fluid behaviour as arising from the higher
propensity of these compounds to proton donate, which results in
additional screening of the charge associated with each surfactant
head-group.

Ultra-small-angle neutron scattering of these systems revealed
a significant increase to higher magnitude gradients at low g
(= q2°). This typically indicates formation of fractal aggregates
or ‘branched’ networks in the context of wormlike systems, an
effect not seen for the pure surfactant solutions. This change how-
ever, was often not accompanied by an increase in fluid viscosity,
implying that the improved viscoelastic behaviour of the system
with the acidic additives did not necessarily stem from the devel-
opment of a branched network. Rather, the enhanced viscosity is
believed to be caused by charge screening between the surfactant
head-groups imparted by the additive molecules which results in a
higher micelle scission energy, limiting the micelle ability to break
and reform, further promoting entanglement [18,19].

The results presented in this work provide insight into the
response of zwitterionic wormlike micellar systems to organic
additives, and how certain additives may counteract or comple-
ment desired effects on solution texture. Potential applications of
this insight could include efficient and environmentally friendly
materials for oil recovery and designed thickening or thinning
mechanisms for complex fluids based on wormlike micelles.
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This document includes all details and fitting parameters used in the modelling of the SANS
and USANS data presented in the main paper, as well as characterisation details for the
deuterated surfactant. The SasView models used for fitting SANS data include: flexible cylinders
(worms),2 cylinders (rods),® spheres and core-shell spheres.* For USANS data modelling was
achieved using power laws. A summary of the physicochemical properties for each organic
additive are present in Table S2.

Table S1: Chemical properties of oleyl amidopropyl betaine (OAPB) and deuterated oleyl
amidopropyl betaine (D33-OAPB). Note the significant difference in scattering length density
(SLD) for the hydrogenated and deuterated tail-groups.

Surfactant Appearance Chemical formula Molecular weight SLD (tail)
g/mol B2 x1076
OAPB Waxy yellow solid CosHysO3Ns5 424.66 0.078
D33-OAPB Waxy colourless solid  CosHi5D3303N5 457.57 5.936
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H NMR and mass spectrometry characterisation of D33-OAPB

Intermediate product: D33-N-(3-(dimethylamino)propyl)oleamide

1H NMR (400 MHz, CDCIl3): 2H NMR (60 MHz, CDCl;): § 5.29, 2.03, 1.87, 1.45, 1.13, 0.73 ppm;
13C NMR (100.6 MHz, CDCl3): § 174.3 (CO), 129.7 (C=CH), 57.8 (CH,), 45.3 (CH; x2), 38.5
(CH,), 26.5 (CH;) ppm

Electrospray mass spectrum (+ve) m/z: Dss chain predicted: 400.57 [M+H]", found: 400.62
[M+H]" with isotopic distribution Dss: 2.7%, Dsa: 30%, Dai: 27%, Dso: 23%, Dag: 11%

Final product: D33-2-(dimethyl(3-oleamidopropyl)ammonio)acetate

'H NMR (400 MHz, CDCl3): 8.06 (d, 1H), 5.27 (s, 1H), 3.59 (s, 2H), 3.20 (s, 6H), 1.93 (s,
2H); 2H NMR (60 MHz, CDCl3): § 5.30, 1.89, 1.16, 0.76 ppm; 3C NMR (100.6 MHz, CDCl3):
§ 174.3 (CO), 166.25 (CO), 129.6 (C=CH), 64.89 (CH,), 62.97 (CH,) 50.18 (CH; x2), 36.19
(CH,), 23.10 (CH3) ppm

Electrospray mass spectrum (+ve) m/z: Predicted 480.85 [M+Na] ", found: D33: 480.6 [M+Na] ™"
with iSOtOpiC distribution D331 2.9%, D323 28%, D3]_I 30%, D301 23%, D291 11%

Table S2: Physicochemical properties for all organic additives used in this study. The reported
solubilities are at approximately 25°C, and for the hydrocarbon additives were determined by
gas chromatography.>®

Additive Appearance Molecular weight Density Aqueous solubilty pKe Dipole moment  Aromaticity SLD
g/mol g/mL mM D A2 %1070
Heptane liquid 100.21 0.68 0.034 50 0.0 Non-aromatic —0.80
Methylcyclohexane liquid 98.19 0.77 0.030 50 0.0 Non-aromatic —0.36
Toluene liquid 92.14 0.87 6.22 41 0.36 Aromatic 1.09
p-xylene liquid 106.16 0.86 1.74 41 0.0 Aromatic 0.90
p-xylene-D10 liquid 116.23 0.95 - 41 0.0 Aromatic 6.21
Cyclohexanol solid 100.16 0.96 359.4 16 1.85 Non-aromatic 0.05
Phenol solid 94.11 1.07 894.7 10 1.22 Aromatic 1.45
Benzyl alcohol liquid 108.14 1.04 323.7 15.4 1.67 Aromatic 1.25
Benzoic acid solid 122.12 1.27 24.6 4.2 1.72 Aromatic 1.76
Salicylic acid solid 138.12 1.44 14.5 3.0, 13.8 2.65 Aromatic 1.81
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Table S3: SANS fitting parameters for pure OAPB solutions at different concentrations, using
either a flexible cylinder (worms) model or cylinder (rods) model. Scattering length densities
of the solvent (D;0O) and micelles were kept constant at 6.3 and 1x10~% A~2 respectively. A

polydispersity value of 10% was applied to the radius of the worms and cylinders.
[OAPB] Model Length Kuhn length Radius

mM nm nm nm
1 Worms 239.4 63.9 2.6
5 Worms 357.2 67.9 2.3
10 Worms 321.5 80.4 2.3
20 Cylinders  61.0 - 2.1
50 Cylinders  54.4 - 2.1

Table S4: SANS fitting parameters for OAPB with different concentrations of m-heptane.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and
1x10~% A2 respectively. A polydispersity value of 10% was applied to the radius of the worms
(Rworms). The polydispersity for the radius of spheres (Rspheres) Was determined from the
fitting algorithm. For modelling the sample with 10 mM heptane, an additive model of spheres
and worms was used in which the polydispersity of all radii was set to 15%.

[OAPB] Additive [Additive] Model Rspheres Polydispersity Length Kuhn length Ruworms
mM mM nm spheres % nm nm nm
10 - - Worms - - 321.5 80.4 2.3
10 Heptane 5 Worms - - 227.8 97.9 2.4
10 Heptane 10 Spheres + Worms 3.1 - 157.3 91.1 2.5
10 Heptane 15 Spheres 3.9 10.9 - - -
10 Heptane 20 Spheres 3.9 11.1 - - -
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Figure S1: Dynamic viscosity data for solutions of OAPB with n-heptane in water. The inset

is the chemical structure of n-heptane.

Table Sb: SANS fitting parameters for OAPB with different concentrations of
methylcyclohexane. Scattering length densities of the solvent (D»O) and micelles were kept
constant at 6.3 and 1x10~% A~2 respectively. A polydispersity value of 10% was applied to
the radius of the worms (Ryorms). The polydispersity for the radius of spheres (Rspheres) Was

determined from the fitting algorithm.

[CAPB] Additive [Additive] Model Rgpreres Polydispersity Length Kuhn length Ruyorms

mM mM nm spheres % nm nm nm
10 - - Worms - - 321.5 80.4 2.3
10 Methylcyclohexane 5 Worms - - 345.4 85.7 2.4
10 Methylcyclohexane 10 Worms - - 305.2 186.3 2.5
10 Methylcyclohexane 15 Spheres 4.6 10.4 - - -
10 Methylcyclohexane 20 Spheres 4.5 10.3 - - -
10 Methylcyclohexane 30 Spheres 5.1 10.6 - - -
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Table S6: SANS fitting parameters for OAPB with different concentrations of toluene. Scattering
length densities of the solvent (D;O) and micelles were kept constant at 6.3 and 1x10 A2
respectively. A polydispersity value of 10% was applied to the radius of the worms (Ruyorms)-
The polydispersity for the radius of spheres (Rspheres) was determined from the fitting algorithm.
[OAPB] Additive [Additive] Model Rgpheres Polydispersity Length Kuhn length Ruyorms

mM mM nm spheres % nm nm nm
10 - - Worms - - 3215 80.4 2.3
10 Toluene 5 Worms - - 378.4 80.4 2.3
10 Toluene 10 Worms - - 441.1 82.6 2.4
10 Toluene 20 Worms - - 997.4 99.7 2.7
10 Toluene 30 Spheres 5.0 11.0 - - -
10 Toluene 50 Spheres 6.5 10.9 - - -

Table S7: SANS fitting parameters for OAPB with different concentrations of cyclohexanol.

Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and

1x10-6 A2 respectively. A polydispersity value of 10% was applied to the radius of the worms.
[OAPB] Additive [Additive] Model Length Kuhn length Radius

mM mM nm nm nm
10 - - Worms  321.5 80.4 2.3
10 Cyclohexanol 10 Worms  311.2 74.4 2.3
10 Cyclohexanol 20 Worms  365.5 73.3 2.3
10 Cyclohexanol 50 Worms  373.6 62.7 2.2
10 Cyclohexanol 100 Worms  367.7 448 2.1

10 mM OAPB + —&— No additive 10 mM OAPB + —A— No additive
—A— 5 mM toluene —A— 10 mM cyclohexanol
b —— 20mM toluene | C —A— 50 mM cyclohexanol

Cr

10 mM OAPB + —— No additive
10 mM methylcyclohexane
a —4— 20 mM methylcyclohexane

-
N
|

10

Viscosity / mPa.s

0.1 1 . 10 0.1 1 \ 10 0.1 1 ; 10
Shearrate /s Shearrate /s Shearrate /s

Figure S2: (a-c) Dynamic viscosity data for solutions of OAPB with methylcyclohexane (a),
toluene (b) and cyclohexanol (c) in water. Insets are the chemical structures of each additive.
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Table S8: SANS fitting parameters for OAPB with different concentrations of p-xylene.
Scattering length densities of the solvent (D»O) and micelles were kept constant at 6.3 and
1x10-% A2 respectively. A polydispersity value of 10% was applied to the radius of the worms
(Rworms). The polydispersity for the radius of spheres (Rspheres) Was determined from the
fitting algorithm.

[OAPB] Additive [Additive] Model Rgpheres Polydispersity Length Kuhn length Ruorms

mM mM nm spheres % nm nm nm
10 - - Worms - - 321.5 80.4 2.3
10 p-Xylene 5 Worms - - 402.0 84.2 2.4
10 p-Xylene 10 Worms - - 332.3 96.3 2.7
10 p-Xylene 15 Spheres 4.5 10.1 - - -
10 p-Xylene 20 Spheres 5.0 9.8 - - -
10 p-Xylene 30 Spheres 6.2 10.8 - - -

Table S9: SANS fitting parameters for OAPB with different concentrations of p-xylene-D10.
Scattering length densities of the solvent (D»O) and micelle shells were kept constant at 6.3 and
1x10~% A2 respectively. Due to the difference in SLD of the deuterated p-xylene (Table 2),
samples with a spherical form factor were modelled with a core—shell sphere model instead of a
standard sphere model, as with the other systems. Therefore, calculation of the scattering length
density for the micelle core (SLD core) was included in the fitting algorithm. A polydispersity
value of 10% was applied to the radius of the worms (Ryorms). No polydispersity was included
in data modelled with core—shell spheres.

[OAPB] Additive [Additive] Model Reore Shell thickness SLD core Length Kuhn length Ryorms

mM mM nm nm x1078 A=2  nm nm nm
10 - - Worms - - - 321.5 80.4 2.3
10 p-Xylene-D10 5 Worms - - 279.7 82.7 2.5
10 p-Xylene-D10 10 Worms - - 285.3 92.2 2.9
10 p-Xylene-D10 15 Core-shell spheres 2.1 2.9 4.65 -

10 p-Xylene-D10 20 Core-shell spheres 2.7 3.0 5.48 -

10 p-Xylene-D10 30 Core-shell spheres 3.7 3.2 5.47 -
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Table S10: SANS fitting parameters for d-OAPB with different concentrations of p-xylene.
Scattering length densities of the solvent (D»O) and micelles were kept constant at 6.3 and
1x10~% A2 respectively. No polydispersity was applied to the radius of the worms or cylinders.
The polydispersity for the radius of spheres (Rspheres) in the 30 mM p-xylene data set was

determined from the fitting algorithm.
[D33-OAPB| Additive [Additive] Model Rspheres Polydispersity Length  Kuhn length Radius

mM mM nm spheres % nm nm nm
10 - - Worms - - 609510.0 40.0 4.1
10 p-Xylene 5 Worms - - 84020.0 48.2 3.5
10 p-Xylene 10 Worms - - 5463.7 65.1 3.3
10 p-Xylene 15 Worms - - 4841.8 T1.7 3.3
10 p-Xylene 20 Cylinders - - 321.7 - 3.2
10 p-Xylene 30 Spheres 5.2 15.9 - - -

81 10 mM OAPB + —A— No additive
- —A— 5 mM p-xylene
—A— 10 mM p-xylene

Viscosity / mPa.s

0.1 1 » 10
Shearrate /s

Figure 33: Dynamic viscosity data for solutions of OAPB with p-xylene in water. The inset is
the chemical structure of p-xylene.
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Table S11: SANS fitting parameters for OAPB with different concentrations of phenol.
Scattering length densities of the solvent (D»O) and micelles were kept constant at 6.3 and

1x10~% A2 respectively. A polydispersity value of 10% was applied to the radius of the worms.
[OAPB] Additive [Additive] Model Length Kuhn length Radius

mM mM nm nm nm
10 - - Worms  321.5 80.4 2.3
10 Phenol 10 Worms  445.9 73.4 2.3
10 Phenol 20 Worms  382.4 71.6 2.3
10 Phenol 30 Worms  422.5 43.1 2.2

Table S12: SANS fitting parameters for OAPB with different concentrations of benzyl alcohol.
Scattering length densities of the solvent (D2O) and micelles were kept constant at 6.3 and

1x10~% A2 respectively. A polydispersity value of 10% was applied to the radius of the worms.
[OAPB] Additive [Additive] Model Length Kuhn length Radius

mM mM nm nm nm
10 - - Worms 3215 80.4 2.3
10 Benzyl alcohol 10 Worms  289.5 72.1 2.3
10 Benzyl alcohol 20 Worms  387.3 72.5 2.2
10 Benzyl alcohol 50 Worms  350.1 64.2 2.2
10 Benzyl alcohol 100 Worms  348.7 51.3 2.1

Table S13: SANS fitting parameters for OAPB with different concentrations of benzoic acid and
salicylic acid. Scattering length densities of the solvent (D,O) and micelles were kept constant
at 6.3 and 1x10~% A2 respectively. A polydispersity value of 10% was applied to the radius of

the worms.
[OAPB] Additive [Additive] = Model  Length Kuhn length Radius
mM mM nm nm nm
10 - - Worms 321.5 80.4 2.3
10 Benzoic acid 5 Worms 375.0 76.9 2.3
10 Benzoic acid 10 Worms 370.0 74.9 2.3
10 Salicylic acid 5 Worms 412.6 71.2 2.3
10 Salicylic acid 10 Cylinders 127.1 - 2.1
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a 10mM OAPB + Benzoicacid b 10 mM OAPB + Salicylic acid

Figure S4: Samples containing 10 mM OAPB and the specified concentrations of benzoic acid
(a) and salicylic acid (b).

Table S14: USANS two-power law fitting parameters for OAPB with different concentrations of

the specified organic additives. In all instances, background was omitted from the fitting (i.e.

set to 0). Note: a single power law was used to model the sample with 10 mM benzyl alcohol.
[OAPB] Additive [Additive] Lower ¢ Higher ¢ Crossover point

mM mM power power A1 x10*
10 - - 0.16 1.35 9.82
50 - - 3.34 0.50 3.05
10 Phenol 10 2.90 1.05 3.43
10 Phenol 20 3.44 1.07 3.44
10 Phenol 30 2.16 1.43 6.08
10 Cyclohexanol 50 3.03 1.31 4.53
10 Cyclohexanol 100 3.99 1.26 2.15
10 Toluene 5 2.92 0.99 3.23
10 Toluene 20 2.82 1.11 5.96
10 Benzyl alcohol 10 - 0.96 -
10 Benzyl alcohol 50 3.17 1.02 2.86
10 Benzyl alcohol 100 3.83 0.89 1.57
10 Benzoic acid 5 2.67 1.32 3.79
10 Benzoic acid 10 2.86 1.36 3.49
10 Salicylic 5 2.64 1.20 3.74
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