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Responsive complex fluids based on nanostructures (e.g., micelles, vesicles and
nanoparticles) have received considerable attention recently. The ability of these
materials to be tuned by light or heat can have many potential applications in the areas of
drug delivery, coatings, sensors, or microfluidic valves and dampers. However, most
current photoresponsive and thermoresponsive formulations require the synthesis of
complex organic molecules, and this prevents them from being used widely for
commercial applications. In this dissertation, we seek to develop new classes of
photoresponsive (PR) and thermoresponsive (TR) nanostructures based on commercially

available, inexpensive precursors.

In the first part of this study, we report a new PR fluid based on light-activated
nanoparticle assembly. Our system consists of disk-like nanoparticles of laponite along
with a surfactant stabilizer (Pluronic F127) and the photoacid generator (PAG),
diphenyliodonium-2-carboxylate monohydrate. Initially, the nanoparticles are sterically
stabilized by the surfactant and the result is a stable, low-viscosity dispersion. Upon UV

irradiation, the PAG gets photolyzed, lowering the pH by about 3 units. In turn, the



stabilizing surfactant is displaced from the negatively charged faces of the nanoparticle
disks while the edges of the disks become positively charged. The particles are thereby
induced to assemble into a 3-dimensional “house-of-cards” network that extends through
the sample volume. The net result is a light-induced sol to gel transition, i.e., from a low,
water-like viscosity to an infinite viscosity and yield stress. The yield stress of the
photogel is sufficiently high to support the weight of small objects. The gel can be
converted back to a sol by either increasing the pH or the surfactant content. Evidence for
the above mechanism is provided from a variety of techniques, including small-angle

neutron scattering (SANS).

In the second part of this study, we demonstrate that laponite/PF127 mixtures also
show thermogelling, i.e., the fluids transform from low viscosity sols to stiff gels upon
heating above a critical temperature. This phenomenon is reversible and it requires the
presence of sufficient amounts of both components. At room temperature, PF127 adsorbs
onto laponite disks and stabilizes them by steric repulsion. Upon heating, the PF127 layer
on the disks becomes thicker, and more importantly, PF127 micelles in the bulk solution
grow significantly. Evidence for the growth of micelles is presented from SANS
modeling and from transmission electron microscopy (TEM). At a distinct temperature,
we believe the micelles induce depletion flocculation of the laponite particles into a gel
network. Interestingly, if the PF127 concentration is increased further, the thermogelling
is eliminated — this is suggested to be due to the micelles providing depletion stabilization

of the particles.
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Chapter 1

Introduction and Overview

1.1 Problem Description and Motivation

Recently, there has been considerable interest in complex fluids that can be
controlled by external stimuli such as heat, pH, electric fields, magnetic fields, and light.
Responsive systems may be useful in applications such as drug delivery, wound healing,
cancer therapy, sensors, microfluidics or MEMS devices, paints, coatings, personal care
products, and traditional mechanical engineering applications like dampers, shock
absorbers, and brakes'”. Light is a special stimuli which can be directed at a specific
point with resolution of a few microns or less. Thus, light-responsive fluids (PR fluids)
may be particularly suited for microscale or nanoscale applications, such as in
microfluidic devices. Thermo-responsive fluids (TR fluids), on the other hand, will be
particularly suited for heat-related applications, such as baking paints, coatings, personal

care products and fire fighting agents.

Currently, light-responsive formulations have been developed in the lab, but these
have not translated into a wide range of commercial applications yet. The underlying
reason for this is that most light-responsive materials are based on complex organic
molecules,® which have to be synthesized and purified by elaborate procedures. Even in
the case of thermo-responsive fluids, complex molecules requiring synthesis are often

used. Organic synthesis can be both labor-intensive and costly, which is often a deterrent



to widespread investigation in research labs, both industrial and academic. So our
motivation here is to make light-responsive and thermo-responsive fluids based on
inexpensive commercially available materials, and thus our work could open up the study

of PR and TR fluids to many more academic and industrial researchers.

1.2 Our Approach
In this dissertation, we are interested in developing new classes of
photoresponsive and thermoresponsive systems based on commercially available,

inexpensive molecules and particles.

(a) Sol: water-like (b) Gel: solid-like
(low viscosity) (infinite viscosity)

A
particles st{bilized particles connected
and unconnected into a network

Figure 1.1. Photogelling fluid described in Chapter 3 based on a mixture of laponite
nanoparticles, the amphiphilic polymer, PF127 and a photoacid generator, PAG. Initially
(a), the particles are unconnected and the system is a low viscosity fluid. After UV
irradiation (b), the particles assemble into a 3-D network, and accordingly the sample
becomes a stiff gel that can hold its weight in the inverted vial.

In Chapter 3, we describe the photoresponsive system depicted in Figure 1.1. This

is a photorheological (PR) fluid, i.e., one that undergoes changes in its rheological or



flow properties (such as viscosity) upon irradiation with light. The concept underlying
this class of PR fluids is light-activated assembly of a type of nanoparticles called
laponite. Initially (before irradiation), as shown in Figure 1.1(a), the sample is a low-
viscosity aqueous fluid that flows easily upon tilting the vial. In this state, the laponite
nanoparticles, shown as disks, are unconnected and form a stable dispersion. Upon UV
irradiation, the nanoparticles are induced to assemble into a 3-dimensional (3-D) volume-
filling network, as shown in Figure 1.1(b). In turn, the sample is transformed into a gel of
infinite viscosity and appreciable yield stress (~ 30 Pa) — this is indicated by the fact that
the gel holds its weight in the vial. The mechanism behind the PR effect in this fluid will
be discussed in Chapter 3; note that the other components in the system are a photo-acid

generator (PAG) and an amphiphilic polymer, Pluronic F127 (PF127).

It is useful to contrast the above PR fluid with those developed previously in our
lab and elsewhere. Firstly, as mentioned previously, PR fluids developed by others tend
to rely on new organic molecules such as photoresponsive surfactants or polymers
containing azobenzene units that have to be synthesized specifically for this purpose.®” In
contrast, the three components of our PR fluid (laponite, PF127, PAG) are all
commercially available and quite inexpensive. Thus, it is easy for other researchers to
replicate our results and focus on finding applications for these fluids. Simple, low-cost
approaches to PR fluids have been a point of emphasis in our lab and we have previously
reported two such systems, one a photothinning one'® and the other a photogelling one'".
Both are based on commercial surfactants and organic acids, and in both cases, the PR

effect was due to light-induced changes in the length of surfactant aggregates called



“wormlike micelles”. However, while significant changes in viscosity were reported, the
high-viscosity state in those systems were not “true” gels, i.e., they did not have a finite
yield stress. In the present case, we are able to achieve a true sol-to-gel transition (Figure
1.1b), which is thus an improvement over earlier work from our lab. Moreover, the PR
effect in our case is due to nanoparticle assembly, not transitions in the sizes of micellar

structures — 1.e., an entirely different concept.

During our work with the above photoresponsive nanoparticle system,
interestingly enough we found that similar systems (mixtures of laponite and PF127) are
also thermo-responsive. That is, the initial low-viscosity sols gelled upon heating to about
60°C and the gels reverted to sols upon cooling. We will probe the underlying
mechanism for such thermogelling of these nanoparticle dispersions in Chapter 4. As we
shall see, the responsiveness again comes from the self-assembly of the nanoparticles, but

the causes for nanoparticle assembly are very different.

The significance of this work is in the development of new stimuli-responsive
nanostructured materials that do not have the limitations inherent in existing systems. We
hope that the availability of simple and elegant stimuli-responsive formulations, based on
commercially available nanoparticles and amphiphiles, will prove beneficial to
researchers, both in academia and industry. The new directions we have set forth in this
thesis will hopefully be explored further by other researchers, and we hope that it will
eventually culminate in practical applications for stimul-responsive systems in both

existing as well as emerging technologies.



Chapter 2

Background

This dissertation is concerned with photoresponsive and thermoresponsive nanostructures.
In this chapter, we will discuss the basics of laponite nanoparticles and certain
photoresponsive molecules. We then describe the techniques that we will use to study
these types of structures, such as rheology, small-angle neutron scattering (SANS), and

dynamic light scattering (DLS).

2.1. Laponite and its Aqueous Gels
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Figure 2.1. (a) Schematic of a single laponite nanoparticle. (b) The origin of permanent
negative charge on these particles.'”

Laponite is a synthetic clay that exists as disklike nanoparticles with a diameter of

25 nm diameter and a thickness of 0.92 nm (Figure 2.1a).'” The “ideal” laponite



composition is H,SisMg;0,,, which results in an “ideal” net charge of
[2(+2)+4(+4)+2(+3)+12(-2)] = 0. However, the real composition involves isomorphic
substitution of Li" for some Mg®" in the octahedral sheet (Figure 2.1b). Due to this
substitution, there are fewer positive charges to neutralize the negative charges and a
large permanent negative charge results on the face of the disks at all pH (see also Figure
2.2)."* The edges of the platelets, in contrast, have a charge that is pH dependent due to
the presence of amphoteric groups: Mg-OH, Li-OH and Si-OH. These surface groups can
be protonated or deprotonated depending on the pH of the surrounding solution. While
Mg-OH and Li-OH are positively charged below pH 9, Si-OH (silanol) groups are
negatively charged. Thus, below pH 9, the edges of laponite platelets are positively

charged while above pH 9 the edges are negatively charged.'*"
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Figure 2.2. Source of negative charges on the surfaces and edges of laponite platelets.'

When laponite particles are added to water at concentrations exceeding ca. 3 wt%,

they can form gels in two different ways. First, at a pH lower than 9, laponite forms an



interconnected card-house (or “house of cards™) structure, which is similar to a 3-D
flocculated network formed by other particles. This causes the aqueous dispersion to
become a stiff, elastic gel. Incidentally, all dispersions of laponite start out as low-
viscosity liquids but the card-house gel is formed upon aging for about 24 h. The
mechanism behind the card-house structure is believed to be the electrostatic interactions
between the negatively charged platelet faces and the positively charged platelet edges, as

shown in Figure 2.3.

Figure 2.3. Schematic of a card-house gel formed by laponite particles in water.'®

At pH higher than 9, aqueous dispersions of laponite will age into “repulsion
gels” due to strong electrostatic repulsions between the particles. Note that at these pH,
the entire particle has a strong negative charge. If this charge is unscreened, i.e., at low
salt concentrations, the electrostatic double layers surrounding the particles will overlap,
and these overlapping shells will pervade the volume. This is believed to give rise to the

repulsion gels.



2.2. Pluronic Copolymers
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Figure 2.4. Molecular structure and composition grid for Pluronic® copolymers.'®

Pluronic® refers to a class of triblock copolymers of the form PEO-PPO-PEO,
where PEO stands for polyethylene oxide and PPO refers to polypropylene oxide (Figure
2.4). Among the two, PEO is relatively hydrophilic and PPO is hydrophobic. Thus,
Pluronic copolymers have amphiphilic properties and are popular in industry as
formulation aids. The Pluronic grid (Figure 2.4) is a graphic presentation of the series of
available copolymer products: it plots the molecular weight of the hydrophobe (PPO)
against the wt% of the hydrophile (PEO). The grid also clarifies the use of letter-number
combinations to identify products of the series. The alphabetical designation explains the
physical form of the product: ‘L’ for liquids, ‘P’ for pastes, ‘F’ for solid forms. The first
digit (two digits in a 3-digit number) in the numerical designation, multiplied by 300,

indicates the approximate molecular weight of the PPO segment. The last digit, when



multiplied by 10, indicates the approximate PEO content in the molecule. Taking the
example of Pluronic F127 (PF127), the molecular weight of its PPO is ~ 3600 (12 x 300)
and the wt% of PEO is ~ 70% (7 x 10). When these polymers are combined with particles
such as laponite, the hydrophobic PPO segment adsorbs on the laponite surface while the
hydrophilic PEO segments extend into the aqueous phase.'” As a result, the PEO
segments will impart steric stability to the particles. This is indeed the case with laponite,
as we shall see in Chapter 3 — neither the card-house gel nor the repulsion gel of laponite

forms when PF127 is added to the water.'®

2.3. Photoacid Generators

Photoacid generators (PAGs) are organic molecules that can generate acid
moieties upon irradiation at certain wavelengths of light. In Chapter 3, we have used
diphenyliodonium-2-carboxylate monohydrate, a PAG that has a relatively high solubility
in water. When this PAG is irradiated with UV light, it dissociates into benzoic acid and
iodobenzene (see Figure 3.1 in Chapter 3)."” Note that one of these compounds is polar
with a carboxylate (COOH) group while the other is hydrophobic. The ionization of the

+ . . . . .
carboxylate releases H' ions, meaning a reduction in solution pH.

2.4. Characterization Technique — I: Rheology

Rheology is formally defined as the study of deformation and flow in materials.*’
Rheological measurements are useful in characterizing complex fluids and they help to
correlate the microstructure to the macroscopic flow properties of the material.”' These

measurements are typically performed under steady or dynamic shear. In the case of



steady shear, the sample is subjected to a constant shear-rate y and the response is
measured as a shear-stress 0. The ratio of shear stress to shear rate is the (apparent)
viscosity 7. A plot of 7 vs. shear rate is called the flow curve of the material. Several
fluids show a Newtonian behavior in their flow curve at low shear rates i.e., in this
regime, the viscosity is independent of shear rate. The viscosity in this region is the zero-

shear viscosity 70, and it corresponds to the viscosity in the limit of 5 — 0.

Rheological experiments can also be conducted in dynamic or oscillatory shear,

where a sinusoidal strain y =y, sin(wf) is applied to the sample. Here p is the

strain-amplitude (i.e. the maximum applied deformation) and @ is the frequency of the
oscillations. The sample response will be in the form of a sinusoidal stress

o =o,sin(wt + ), which is shifted by a phase angle o relative to the strain waveform.

The stress can be decomposed into two components using trigonometric identities, the

first in-phase with the sinusoidal strain, and the second out-of-phase by 90°:

o=y, [G’(a)) sin (@t )+ G"(w) cos(a)t)} (2.1)

where G’ is the Elastic or Storage Modulus and G” is the Viscous or Loss Modulus. The

dynamic experiment ultimately yields plots of G' and G" as functions of @ (usually
plotted on a double-log scale), which are collectively called the frequency spectrum of
the material. Such a plot is important because it shows how the viscoelasticity of the

. . . . . . . . . 20
material varies with timescale, which in turn is a signature of the microstructure.

10



The physical interpretation of G’ and G"” are as follows. The elastic modulus G’ is
obtained from the in-phase component of the stress and provides information about the
elastic nature of the material. Since elastic behavior implies the storage of deformational
energy, G'is also called the storage modulus. The viscous modulus G”, on the other hand,
is the out-of-phase component of the stress, and it characterizes the viscous nature of the
material. Since viscous deformation results in the dissipation of energy, G” is also known
as the loss modulus. For G' and G"” to be meaningful, the dynamic experiments are done
in the “linear viscoelastic” or LVE regime,”* which means the stress is linearly related to
the strain. In that case, G' and G" will be independent of strain amplitude and will be

functions only of the frequency @ — the moduli will then be true material properties.

An important advantage of dynamic rheology is that it enables the
characterization of a material without disrupting its structure in the process. The net
deformation on the sample is minimal, because only small-amplitude strains are used
(within the LVE regime). As a result, the linear viscoelastic moduli reflect the
microstructure in the sample at rest.”” In contrast, steady-shear rheology measures
material properties under flow conditions, which means relatively large deformations.
We can therefore correlate dynamic rheological parameters to static microstructures and

steady-shear measurements to flow-induced changes in the microstructure.

2.5. Characterization Technique — I1: SANS

Scattering techniques are invaluable probes of micro- and nanostructure in

materials®. Their basic principle is that the intensity of scattered radiation from a
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structured fluid is a function of the size, shape, and interactions of the “particles” present.
Small-angle neutron scattering (SANS) is the technique of choice in studying our samples
as it probes structure over size scales ~ a few nm. In SANS, the contrast between the
solvent and the “particles” is achieved by switching the hydrogen in the solvent with
deuterium, e.g., using D,O instead of H,O. SANS requires a nuclear reactor to generate
neutrons and we are fortunate to have one of the premier SANS facilities nearby at the

National Institute of Standards and Technology (NIST) in Gaithersburg, MD.

2-D detector

collimation line

iy

!E ,!'_""‘__:l

neutron guide

velocity selector

Figure 2.5. Schematic of a SANS experiment (adapted from www.gkss.de).

The basic geometry of a SANS experiment is shown in Figure 2.8. Neutrons from
a nuclear reactor pass through a velocity selector set for a particular wavelength and
wavelength spread. These neutrons then pass through several collimating lenses and into
the sample placed in the sample chamber. The neutrons scattered by the sample are
collected on a 2-D detector. Using calibration standards, this 2-D data is corrected and
placed on an absolute scale. It is then converted into a plot of scattered intensity / vs.

wave vector ¢ by spherical averaging. The wave vector is defined as™:
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q= 47ﬂsin (gj (2.2)

Here, A4 is the wavelength of the incident radiation and @ is the scattering angle. Thus, ¢
can be considered an inverse length scale, with high ¢ corresponding to small structures,

and vice versa.

2.6 Characterization Technique — 111: DLS

Static scattering techniques such as SANS provide information about the
quiescent structure. Dynamic scattering techniques have a complementary role in that
they probe structural relaxations and dynamics. In particular, dynamic light scattering
(DLS) probes the Brownian motion of particles in a fluid. This method can give a reliable
estimate of particle size under certain limiting conditions. In a DLS experiment, the
fluctuating intensity of light scattered from the sample is recorded at a certain angle 6.
The fluctuations are then analyzed to yield the intensity autocorrelation function g(z)(q, 7)

as a function of the correlation time 7:2*

(2) — <[(q’t)1(q’t + T)>
g7(gq,7) <](q,t)2>

(2.3)

Note that in light scattering, the definition of the scattering vector is slightly modified as:

q= 4%m (g] (2.4)

where n is the refractive index of the medium (the wavelength of light through the

medium is thus A/n). Thus, in DLS, relaxation is measured at length scales of ¢ .
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The measured intensity autocorrelation function g?(g, 7) can be converted into an

electric field autocorrelation function g""(g, 7) through the Siegert relation:**

2
g?(q.0) =1+ f|g"(q.7) (2.5)
Here, f'is an adjustable parameter called the coherence factor that depends on instrument
geometry. For a dilute solution of monodisperse spherical particles, g'"(g, 7) is a single

exponential decay determined by the translational diffusion coefficient of the particle D:
g"(¢.1)=exp(-Dq’z) (2:6)

From the measured D, the particle size can be obtained by the Stokes-Einstein equation:

D= k,T
67nR,

(2.7)

where kg is the Boltzmann constant, 7" the absolute temperature and 7 the viscosity of the
solvent (assumed to be a Newtonian liquid). The size obtained from DLS is the

hydrodynamic radius Ry, i.e., the bare particle size along with any solvation layer.
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Chapter 3

Photogelling Behavior of Nanoparticle Dispersions

The results presented in this chapter have been published in the following journal article:
Kunshan Sun, Rakesh Kumar, Daniel E. Falvey and Srinivasa R. Raghavan,
“Photogelling colloidal dispersions based on light-activated assembly of nanoparticles.”

Journal of the American Chemical Society, 131, 7135-7141 (2009).

3.1 Introduction

Numerous research group®®'?*3? have been interested in creating fluids whose
rheological properties, such as viscosity, can be tuned by irradiation with light (for
reviews, see®>*?*). Such photorheological (PR) fluids'®* could be particularly attractive
for creating microvalves or flow sensors within microfluidic systems. Indeed, compared
to other external stimuli such as heat or magnetic fields, light does offer distinct
advantages in microscale applications — notably, in its ability to be directed at a precise
spot with micron-level resolution. For PR fluids to be used widely, researchers need to be
able to create them at will — preferably from inexpensive and commercially available
components. However, most of the PR systems developed to-date have been based on

complex organic molecules, such as photoresponsive surfactants,*™’ polymers,”*" or

273132 most of which are not commercially available and whose synthesis

gelators,
demands considerable skill in organic chemistry. There is a need for simpler approaches

to making PR fluids, and this has been the focus of our work.
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Recently, we have demonstrated two sets of PR fluids, a photothinning one'® and
a photogelling one,'" both of which are based on simple, widely available molecules.
Both fluids employ the photoisomerizable organic molecule, trans-ortho-methoxy-
cinnamic acid (OMCA). The photothinning fluid combines OMCA with a conventional
cationic surfactant.'® In this case, UV irradiation of the fluid causes a substantial decrease
in viscosity (factors of 1000 to 10,000). The photogelling fluid combines OMCA with a
zwitterionic surfactant and in this case, the fluid viscosity increases dramatically upon
UV irradiation.'" The mechanisms for the photorheological effects in both systems
involve changes in the length of cylindrical (“wormlike”) micelles. When the micelles are
short, the viscosity is low; conversely, long micellar chains entangle with each other to
give a high viscosity. The micelle length, in turn, is modulated by the binding tendency of
the OMCA isomer (trans vs. cis). In both the above systems, the light-induced viscosity
change is not reversible by irradiation with a different wavelength of light, but it is
reversible by changing the system composition. Despite this limitation, our studies have
shown that significant light-induced rheological changes are indeed possible in very

simple systems.

In this paper, we report a new class of PR fluids based on an entirely different
concept compared to the one discussed above. The key ingredient in our present fluids
are nanoscale particles of the synthetic clay, laponite (Figure 3.1a).'>'>'®*  These
particles are initially dispersed in water as individual, unconnected disks, thus forming a
low-viscosity fluid. Upon irradiation with UV light, the particles are induced to assemble

into a 3-dimensional network that pervades the sample volume. The resulting aqueous gel
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has an infinite viscosity and a yield stress. In effect, our system shows a light-induced
sol-gel transition, with the gel being held by physical (electrostatic) bonds. The gel can be
converted back to a sol by changing the pH, but not by irradiation with a different

wavelength of light.

(a) Laponite
edge charge = + or—
depending on the pH

F =
(b) PF127
PPO
PEO
PEO
(c) PAG
> 0., OH |
C_O ‘HzO
uv
o S SEXS
Benzoic lodo-
Acid benzene

Figure 3.1. The three components of the photorheological (PR) fluids described in this
paper. (a) laponite nanoparticles; (b) the triblock copolymer, Pluronic F127 (PF127); and
(c) the photoacid generator (PAG), diphenyliodonium-2-carboxylate monohydrate. Upon
UV irradiation, the PAG gets photolysed into benzoic acid and iodobenzene.

How does this work? In addition to the laponite, the fluids have two other
components (Figure 3.1b, 3.1c¢): the nonionic surfactant, Pluronic F127 (PF127), and the

photoacid generator, diphenyliodonium-2-carboxylate monohydrate (abbreviated as
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‘PAG’ henceforth). Each of these components has a key role to play. PF127 is well-
known to be a stabilizing surfactant for laponite particles: it adsorbs on the particle faces
and provides steric stabilization.'” Photoacid generators (PAGs) are commercially
available organic molecules that have a key property: when irradiated with UV light, the
molecules are photolysed, with one of their photoproducts being an acidic moiety.'*>*>°
As a result, the solution pH drops by an amount proportional to the PAG concentration
(this can be as much as 3 pH units). While a variety of PAGs are available, the PAG

chosen here has a relatively high solubility in water.'*"’

Briefly, the mechanism behind the photogelling is as follows: initially, the
particles are in a stable dispersion at pH 10 as they are covered by PF127 molecules. At
this stage, both the particle edges and faces are negatively charged. Upon UV irradiation,
the pH drops and this induces the charge on the particle edges to transform from negative
to positive.'”?* At the same time, the PF127 desorbs from the particle faces and forms
micelles in solution. The positively charged particle edges then come in contact with the
negatively charged particle faces and this leads to a connected network of particles

. - 12,15,16,33
(called a “house-of-cards™ structure in the literature = ™

). Support for the above
mechanism is provided by a series of systematic experiments along with data from

dynamic light scattering (DLS) and small-angle neutron scattering (SANS).
In closing this section, it is worth reiterating that the three components of the

present PR fluids (i.e., laponite, PAG, and PF127) are all commercially available and

relatively inexpensive. Thus, our results can be replicated easily by other researchers,
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especially those who have an interest in putting PR fluids to use in microscale
applications. Secondly, it is worth pointing out the analogy between our PR system with
existing electrorheological (ER) fluids® and magnetorheological (MR) fluids®®. ER and
MR fluids are those whose rheology can be modulated by external electric or magnetic
fields, respectively. Both types of fluids are dispersions of micron-sized particles in a
solvent; in the “off” state, the particles are unconnected and the sample is of low
viscosity, whereas when the field is switched on, the particles get connected into a
network and the sample develops a yield stress.”*® The same mechanism underlies the
behavior of our PR system as well. To our knowledge this is the first demonstration of a

nanoparticle-based photorheological fluid.

3.2 Experimental Section

Materials. Laponite RD was obtained from Southern Clay Products. The nanoparticles
are disklike with a diameter of 25 nm and a thickness of 0.92 nm. Pluronic F127 (PF127)
was reagent grade and was purchased from Sigma Aldrich. The material is a triblock
copolymer of the form PEO-PPO-PEO, where PEO refers to poly(ethylene oxide) and
PPO to poly(propylene oxide). The percentages of PEO and PPO are ~ 70% and 30%
respectively and the overall molecular weight is 12 kDa. The PAG, diphenyliodonium-2-
carboxylate monohydrate, was purchased from TCI America (purity > 98%). Ultra-pure
deionized water from a Millipore water-purification system was used in preparing
samples for rheological characterization, while D20 (99.95% deuterated, from

Cambridge Isotopes) was used for the SANS studies.
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Sample Preparation. Dispersions of laponite particles were prepared by adding the
particles to water, followed by vortex mixing for 5 min. A Branson 1510 sonicator was
then used for 1 h at 40 kHz to fully disperse the particles. Weighted quantities of PF127
were then added to the laponite dispersions and the mixture was stirred for 1 h using a
magnetic stirrer bar. Thereafter, weighted quantities of the PAG were added to the
dispersion. Samples were stirred continuously overnight to fully dissolve the PAG and to

ensure that the final sample was completely homogeneous.

Sample Response Before and After UV Irradiation. Laponite/PF127/PAG samples
were irradiated with UV light from an Oriel 200 W mercury arc lamp. A dichroic beam
turner with a mirror reflectance range of 280 to 400 nm was used to access the UV range
of the emitted light. Samples (5-15 mL) were placed in a 20 mL vial with a quartz cover
and irradiation was done for a specific duration under stirring. Alternately, 1 mL samples
were placed in a 3 mL vial with a quartz cover and irradiation was done without stirring.
Irradiated samples did not undergo any changes when stored under ambient conditions,

which facilitated subsequent tests using techniques such as rheology and SANS.

Rheological Studies. Steady and dynamic rheological experiments were performed on
an AR2000 stress controlled rheometer (TA Instruments, Newark, DE). Samples were
run at 25°C on a cone-and-plate geometry (40-mm diameter, 4° cone angle) or a couette
geometry (rotor of radius 14 mm and height 42 mm, and cup of radius 15 mm). To

minimize loading effects on the gel samples, experiments were performed 1 h after
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loading. Dynamic frequency spectra were obtained in the linear viscoelastic regime of

each sample, as determined by dynamic stress-sweep experiments.

Dynamic Light Scattering (DLS). DLS measurements were made on a Photocor-FC
light scattering instrument with a 5 mW laser light source at 633 nm with a scattering
angle of 90°. A logarithmic correlator was used to measure the intensity autocorrelation
function, from which the hydrodynamic radius was obtained by analysis using the

method of cumulants coupled with the Stokes-Einstein equation.

Small Angle Neutron Scattering (SANS). SANS measurements were made on the
NG-7 (30 m) beamline at NIST. Neutrons with a wavelength of 6 A were selected. Three
sample-detector distances of 1, 4 and 13 m were used to probe wave vectors from 0.004
to 0.4 A-1. Samples were studied in 2 mm quartz cells at 25°C. Scattering spectra were

corrected and placed on an absolute scale using calibration standards provided by NIST.

SANS Modeling. The SANS intensity /(g) from a structured fluid containing r, particles

per unit volume can be expressed in the following manner:

I(q)=n,-P(q)-5(q) (3.1
where P(q) is the form factor and S(q) the structure factor. P(q) is the scattering that
arises from intra-particle interference, which is a function of the particle size and shape.
S(q) arises from inter-particle interactions and reflects the spatial arrangement of particles.
When the particles are in dilute solution or are non-interacting, the structure factor S(gq)

— 1 and the intensity /(g) can be modeled purely in terms of the form factor P(g). When
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particles form networks, S(q) is no longer equal to 1 and we need to fit data considering
both form and structure factors. In this study, we have used two form factor models

(core-shell disks, spheres) and a structure factor model for fractal networks.

Form factor for core-shell spheres®’

| 3J, (gpr 3J, (gr
PG P ar)ar s Plar) = (o) s
f(r) _ (z+ Z“ f[ r( 1)x:| In which, x = é z= siz -1, 5= }Zgis the polydispersity.
avg
Parameters:
<V,> = average volume of sphere
Vm = volume of the sphere 39
r = overall radius (coret+shell) (3-2)

pr =radius of core

p. = scattering length density of the core

ps = scattering length density of the shell

Psolvy = scattering length density of the solvent

flr) = Schulz distribution for the polydispersity of the radius
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Form factor for core-shell disks'’

Pl (R ) F (@) o -4 =)
P Where n (R ) _ 2
P

Flg)=—[sin6d6 Vip-

)"

sinf g( H, +2AH)(co0s0)/2] 2, (R, +AR)sin| sinf H, (cos6) /2] 27, R, sin6]|
pu) o(H, +200)(c0s8)/2 (R, +AR)sind ilera) gH,(c0s6)/2 R sin®

4

in which J,(x)= Sinx—xcosx fcosx (3.3)
X
Parameters (Core): Parameters (Shell):
<V,> = average volume of core AR = shell thickness on the edge
¥V}, = volume of core AH = shell thickness on the face
R, = radius of core = 25 nm p1 = scattering length density of the shell
H,, = thickness of core = 0.9 nm
pp = scattering length density of the core
n(R,) = log-normal distribution for the Parameters (Other):
polydispersity of particle radius V', = total volume of particle core and shell

Psoly = scattering length density of the solvent

Fractal structure factor™

D sin l
S, (q)=1+—[7 1" ex (/) sin(al),, (3.4)
o £
Parameters:
D = fractal dimension ro = effective radius of the particles
¢ = correlation length | = distance between particles
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3.3. Results and Discussion

(a) Sol: water-like (b) Gel: solid-like
(low viscosity) (infinite viscosity)

N
particles st{bilized particles connected
and unconnected into a network

Figure 3.2. Photogelling of a 3% laponite + 3.6% PF127 + 13 mM PAG sample. Initially
(a), the sample is a low-viscosity fluid: the particles are unconnected and stabilized by the
adsorbed PF127. Upon UV irradiation (b), the particles assemble into a ‘“card-house”
network, causing the fluid to gel. In this case, the PF127 no longer covers the particle
surface; instead it forms discrete micelles in solution. Note that the photogel holds its
weight in the inverted vial and the stirrer bar is trapped in it.

Photogelling: Rheological Studies. Our photogelling samples are mixtures of laponite,
PF127, and PAG in deionized water. Figure 3.2 shows photographs of a sample of 3%
laponite together with 3.6% of PF127 and 13 mM of PAG. Initially, such dispersions are
stable, low-viscosity sols. It is known that PF127 (Figure 3.1b) imparts steric stabilization
to laponite dispersions: as indicated by the schematic in Figure 3.2a, the hydrophobic
PPO segment of PF127 (shown in red) adsorbs onto the faces of the particles while the
hydrophilic PEO segments (shown in blue) stretch out into the water.'” The addition of
the PAG has no effect on dispersion stability or the sample viscosity: samples remain

unchanged for months. The above laponite/PF127/PAG sample is then subjected to UV

light, whereupon the PAG is photolyzed to benzoic acid and iodobenzene (Figure
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3.1¢)."* The macroscopic outcome of UV irradiation for 20 min is shown by the
photograph in Figure 3.2b: the low-viscosity sol has been transformed into a strong gel
that holds its weight in the inverted vial. Note that the stirrer bar remains trapped in the

gel.

(a) Before UV lrradiation (b) After UV Irradiation
: e )‘,"_' 103 =3
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Figure 3.3. Dynamic rheology of a 1.4% laponite + 1.7% PF127 + 13 mM PAG sample
(a) before and (b) after 15 minutes of UV irradiation. Before UV irradiation, the sample
shows a purely viscous response, characteristic of a liquid. After irradiation, the sample
response is purely elastic and characteristic of a gel. The gel modulus is about 300 Pa.

To quantify the light-induced changes in rheological properties, we first turned to
dynamic rheology. Figure 3.3 shows typical dynamic rheological data (elastic modulus G’
and viscous modulus G” as functions of frequency ®) for a sample before and after UV
irradiation. The sample contains 1.4% laponite, 1.7% PF127 and 13 mM PAG. Before
UV irradiation, the response of the sample is that of a purely viscous sol: G” > G', with
both G’ and G” being strong functions of frequency.”’ On the other hand, after 15 min of

UV irradiation, the sample has been drastically altered: its response is now purely elastic,
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as is characteristic of a permanent gel. That is, G' >> G”, with both moduli being

independent of frequency.”® The gel modulus Go is the value of the elastic modulus G’ as

the frequency @ =0 and is ~ 300 Pa. Thus, a light-induced sol-gel transition is confirmed

by the dynamic rheological data.

30 Pa
|
10° 20 min UV \J
1o ®
g 10° [.00000000000,
o 15 min e
= 102 % °
=
‘w107 ®
@]
S 100
= 1 12 min
10- 0000000000000
102 E_Before UV
200000000
| IIIIIII| | IIIIIII| | IIIIIII| L Liain

10?2 107 100 107 102 ©

Shear stress (Pa)

Figure 3.4. Steady-shear rheology of a 3% Laponite + 3.6% PF127 + 13 mM PAG
sample before and after UV irradiation for various periods of time. The sample switches
from a low-viscosity, Newtonian fluid to a strong gel with progressive irradiation. The
final gel has a yield stress of ~ 30 Pa, which is sufficient to hold the weight of a pen.

Figure 3.4 shows steady-shear rheological data (viscosity vs. shear stress) on a
photogelling sample. The data also simultaneously illustrates the time-dependence of the
light-induced changes. The sample is 3% laponite + 3.6% PF127 + 13 mM PAG (same as
in Figure 3.2). Before UV irradiation, the sample is a Newtonian liquid with a low
viscosity of 4.4 mPa.s (i.e., about 4 times the viscosity of the solvent, water). After 12

min of irradiation, the zero-shear viscosity 7 (i.e., the viscosity at low shear-stresses or
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shear-rates) is increased by a factor of ~ 20 and the sample shows weak shear-thinning.
By the 15 min mark, 770 has been further increased by another four orders of magnitude
and the sample becomes strongly shear-thinning. After 20 min, 7 is essentially infinite at
low stresses (i.e., the sample is a gel). The sample has a finite yield stress of about 30 Pa:
this is the value of the stress at which the viscosity begins to plummet (see arrow, note
this is an approximate value). Note that this yield stress is high enough to support the
weight of an embedded pen, as shown by the photograph in Figure 3.4. We should point
out here that the rate of photogelling is limited by the rate of absorption of UV light by
the sample (PAG photolysis itself occurs in nanoseconds®®). Thus, photogelling can be

hastened by using higher intensity lamps and/or smaller sample volumes (path

lengths).'!"!
(a) Effect of PAG concentration (b) Effect of laponite concentration
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Figure 3.5. (a) Effect of PAG concentration on photogelling. Steady-shear data are
shown for samples containing 1.4% laponite + 1.7% PF127 + various amounts of PAG
before and after 15 min of UV irradiation. (b) Effect of laponite concentration on
photogelling. Steady-shear data before and after UV irradiation for 20 min are shown for
samples containing 13 mM PAG with various amount of laponite + PF127. In both cases,
data before UV are shown using unfilled symbols and after UV with filled symbols.

27



We now describe how the extent of photogelling varies with sample composition.
First, Figure 3.5a shows the effect of PAG concentration. As stated earlier, addition of
PAG has no influence on the initial viscosity of laponite+PF127 dispersions; thus, the
initial viscosities for 1.9, 5.6, and 13 mM PAG overlap (the intial pH in all cases is about
9.6-9.8). However, the amount of PAG does influence the photogelling. If the PAG
concentration is very low (1.9 mM), no light-induced viscosity increase is seen and the
data before and after irradiation are identical. For moderate amounts of PAG (5.6 mM),
the viscosity increases appreciably upon exposure to light. Finally, with sufficiently high
PAG amounts (13 mM), the full extent of photogelling occurs. Further addition of PAG
beyond 13 mM did not increase the yield stress of the photogel. Note that the higher the
PAG concentration, the lower the pH after irradiation: the pH values were 8.5, 7.8 and
7.4, respectively, for 1.9, 5.6, and 13 mM PAG. The light-induced reduction in pH is one

key aspect in the mechanism for photogelling, as will be discussed later.

The strength of the photogel can also be modulated by varying the concentration
of laponite particles. Figure 3.5b shows rheology data before and after UV irradiation for
3 samples, all containing 13 mM of PAG. The laponite concentration is varied from 1.4%
to 3% to 5% and the PF127 concentration is proportionately increased to keep the
particles stable initially. With increasing laponite, the initial viscosity of the sample is
marginally higher, while the sample response remains Newtonian in all cases. All three

samples are gelled by exposure to UV, with the yield stress of the photogel increasing
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from 3 Pa for the 1.4% sample to 30 Pa for the 3% sample and finally to 100 Pa for the

5% laponite sample.

(a) 1.9 mM PAG (b) 5.6 MM PAG (c) 13 mM PAG
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Figure 3.6. SANS scattering spectra (intensity / vs. wave-vector ¢) for samples
containing 1.4% laponite + 1.7% PF127 and with three different PAG concentrations.
Data before UV irradiation are shown as red symbols and that after 15 min of UV
irradiation are shown as violet symbols. For the 13 mM PAG sample, the data before and
after UV are fit to models as described in the text, and the model fits are shown as solid
lines.

Photogelling: SANS Studies. The results so far provide clear experimental evidence for
photogelling in laponite/PF127/PAG samples. We can attribute this effect to a transition
from unconnected laponite particles before irradiation to a 3-D network of the same
particles after irradiation, as shown by Figure 3.2. To substantiate this mechanism, we
first resorted to SANS. Samples were made in D,O to attain the required contrast
between the structures of interest and the solvent: these samples were visually and
rheologically identical to those in H,O. Figure 3.6 shows SANS spectra (I vs. g) for 1.4%
Laponite+1.7% PF127 dispersions at three different PAG concentrations: 1.9, 5.6 and 13

mM. Data are provided both before and after UV irradiation. Before irradiation, the data
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are identical at the three PAG concentrations, which is consistent with the rheological
data in Figure 3.5a. In all cases, the scattering intensity shows a plateau at low-g, which
suggests that there is no large-scale particle aggregation, i.e., the laponite particles are
initially well-dispersed. After irradiation, a significant rise in low-q scattering intensity is
seen for the samples that photogel (5.6 and 13 mM PAG). In comparison, there is no
increase in low-q scattering intensity for the 1.9 mM PAG sample that does not photogel
as per Figure 3.5a. A rise in low-¢ intensity signifies growth of large structures and/or
attractive interparticle interactions.”” Thus, we can directly infer a change from

unconnected to connected particles even without the benefit of insights from modeling.

Table 3.1. Key parameters of SANS modeling for 1.4% laponite + 1.7% PF127 + 13 mM
PAG before and after 15 min UV irradiation.

Parameters Before UV After UV
Edge shell thickness (nm) 0.5£0.016 0+ 0.015
Face shell thickness (nm) 1.5+ 0.002 0.3 +0.009
Micelle core diameter (nm) 1.6 £0.013 12 +£0.056
Micelle shell thickness (nm) 0.4 +0.008 2+0.015
Fractal dimension None 2+0.02

We have also fit models to the SANS data in Figure 3.6¢. Details of the models
used are provided in the Experimental Section (eq 3.1-3.4). Important model parameters
are listed in table 3.1. For the initial system of stabilized particles, we model the laponite
covered by PF127 as core-shell disks, as has been done by Nelson and Cosgrove.'” The
laponite core is fixed to have a diameter of 25 nm and a thickness of 0.9 nm while the
dimensions of the PF127 shell are obtained from model fitting: shell thicknesses of 1.5
nm over the particle face and 0.5 nm over the particle edge are obtained. All these

17,41

dimensions are consistent with previous reports. In addition to the stabilized particles,
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the presence of discrete micelles of PF127 in the solution must also be included in the
model."” Again, consistent with the literature, these molecules are considered to be core-
shell spheres with a PPO core and a PEO shell.** From the model fit,”” a core diameter of
1.6 nm and a shell thickness of 0.4 nm are estimated for these micelles. Note that no
structure factor needs to be included to model the system before UV; our model only
takes into account the form factors of the PF127-covered laponite particles and of the free
PF127 micelles. The fact that a structure factor is not needed confirms our assumption

that the particles are discrete and experience no significant long-range interactions.”

Next, we consider the same system after UV irradiation, i.e., after it has
undergone photogelling. In this case, the particles are expected to be connected into a
volume-filling network. We therefore include a fractal structure factor’”** in the model
for the laponite particles, in addition to the form factors from above (i.e., core-shell disks
for the particles, core-shell spheres for the PF127 molecules/micelles). From the model fit,
we obtain a fractal dimension of 2 for the laponite gel, consistent with the findings of
Pignon ef al.*® With regard to the particles, the shell dimensions are reduced to near zero,
indicating that the particles are mostly just the laponite core; i.e., the PF127 is no longer
adsorbed on the particles. The desorbed PF127 forms micelles in solution having a core
diameter of 12 nm and a shell thickness of 2 nm. The larger dimensions for the micelles
following UV indicate that they are composed of numerous PF127 chains; also, they
likely encapsulate the hydrophobic byproduct of the photolysis (iodobenzene) in their

core. All in all, SANS modeling provides numerous insights which are used below in

formulating a detailed photogelling mechanism.
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Figure 3.7. Mechanism for photogelling. Initially, laponite disks are stabilized by PF127,
with the hydrophobic PPO portion (red segment) of PF127 adsorbed on the particles and
the hydrophilic PEO portions (blue) extending into water. Upon UV irradiation, the PAG
splits into benzoic acid and iodobenzene. The PF127 desorbs from the laponite and forms
micelles in solution, taking up the hydrophobic iodobenzene. The lowering of pH by the
benzoic acid causes the particle edges to turn positive. In turn, the particles assemble into
a network due to interactions between the positive edges and the negative faces.

Photogelling: Mechanism. We now put forth a mechanism for photogelling, illustrated
in Figure 3.7, starting from molecular events and correlating these to structural
transitions. Initially (before irradiation), we have a sol of laponite/PF127/PAG, with the
particles stabilized and unconnected. Upon UV irradiation, we end up with a gel, with the
laponite particles connected into a network. How does UV light transform the sol into a

gel? The only light-sensitive component of the system is the PAG, and PAG photolysis

gives rise to benzoic acid and iodobenzene (Figure 3.1¢)."”*> An obvious question then is
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whether addition of benzoic acid and iodobenzene to a laponite/PF127 sol can convert it
into a gel. We have tested this, and the results are schematically captured in Figure 3.8a.
As an example, consider a stable sol of 1.4% laponite and 1.7% PF127. If benzoic acid
alone or iodobenzene alone are added to this sample, no gelling occurs regardless of the
concentration of the additives. On the other hand, if 13 mM of benzoic acid and
iodobenzene are both added, gelling does occur — this indicates that each component of

PAG photolysis has a crucial role to play.

A key related insight into laponite particles is that, as pH drops below 9, laponite

15,33

particle edges acquire a positive charge, which allows their interactions with

negatively charged faces and leads to a network of particles. Such a network is called a

12,15,16,33
“house-of-cards™ gel. ™™™

In our system, we believe the photolysis products of the
PAG work in tandem to drive a transition from a sol to a house-of-cards gel. In particular,
the iodobezene drives the PF127 molecules off the laponite particles, while the benzoic
acid lowers the solution pH from ~ 10 to ~ 8 and thereby make the laponite edges
positively charged. Both these events are depicted in Figure 3.7. Note that iodobenzene is
hydrophobic, and while a few molecules may adsorb on the laponite, most will get
solubilized in PF127 micelles (also depicted in Figure 3.7). In either case, PF127 that was
previously adsorbed will be driven into solution in the form of micelles. The absence of
the steric barrier provided by PF127 will allow the negatively charged laponite faces to

interact with the positively charged laponite edges and form a house-of-cards gel,'*'>'%**

as shown in the right-hand panel of Figure 3.7.
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Many disparate pieces of evidence have been used to put together the above
mechanism. Some have been mentioned earlier: e.g., the drop in sample pH upon UV
irradiation was discussed in the context of Figure 3.5a; also, the parameters from SANS
modeling are consistent with the desorption of PF127 from the laponite particles upon
UV irradiation. Further support is provided a study on iodobenzene addition to a solution
of PF127. While iodobenzene is not soluble in pure water, it does get solubilized in the
presence of PF127. In fact, we have found that iodobenzene induces PF127 micelles: e.g.,
a 1.7% PF127 solution gave no indication of micelles by DLS whereas upon addition of
13 mM iodobenzene, micelles with a diameter of 28 nm were measured in the solution by
DLS. This result implies that it is possible for the PF127 adsorbed on laponite to desorb
and form micelles when iodobenzene is added. Again, note that desorption of PF127
from the particles is not sufficient for gelling: the pH must also be reduced to alter the
charge on the particle edges. Such a pH reduction can be induced by benzoic acid, which
explains the results of Figure 3.8a. Note that benzoic acid is not unique in this context:

any other acid like HCI can also be used to lower the pH and thereby cause gelation.
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Figure 3.8. Schematics of experiments that give insight into the photogelling mechanism.
(a) A sol of laponite+PF127 can be gelled if both iodobenzene and benzoic acid are
added, but not if only one of the two are added. (b) A gel of laponite+PF127+PAG can be
liquefied (ungelled) by either adding more PF127 or by increasing the pH. The former
can be gelled again by adding more iodobenzene. The sols are also temperature sensitive

and can be gelled by heating to 70° C.

Finally, we should mention that a photogelled laponite/PF127/PAG sample can be
ungelled (converted back to a low-viscosity fluid) in a couple of different ways (Figure
3.8b), both of which are consistent with the above mechanism. First, adding more PF127
to a photogel will ungel it, and if iodobenzene is subsequently added, the solution can be
gelled again. This result means that if PF127 is replenished on the particle surface, there
will be no gel; if the new PF127 is driven off the particles by fresh iodobenzene, the gel

will form again. Second, the photogel can be ungelled by increasing the pH back to ~ 10,
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e.g., by adding NaOH or other bases. This result confirms the key role of pH in ensuring
positively charged particle edges, which are needed for gelation."”” Intriguingly, this
means that our system is not only responsive to light but also to a different stimulus, pH.
In fact, the same system is also responsive to temperature: the sol generated by an
increase in pH can also be gelled by heating the sample to > 70°C (Figure 3.8b). The
temperature-response is not fully understood and is being investigated in more detail.
Nevertheless, it is striking that a single complex fluid can show sensitivity to a variety of

commonly studied stimuli: light, pH and temperature.

3.4. Conclusions

We have demonstrated UV-induced photogelling in laponite/PF127/PAG
mixtures. Initially, the PF127 is adsorbed on the faces of laponite particles, which
sterically stabilizes them from aggregation. Upon UV irradiation, the PAG is photolyzed
into benzoic acid and iodobenzene. The formation of benzoic acid drops the solution pH
from 10 to 8, which in turn makes the particle edges positively charged. The iodobezene,
on the other hand, drives the PF127 off the particle faces and into solution where the
PF127 forms micelles with iodobenzene in its cores. This frees up the particle edges (+)
and faces (—) for interaction, which drives the assembly of a house-of-cards network. The
water-like sol is thus transformed into a stiff elastic gel having a sufficient yield stress to

hold its own weight or the weight of small embedded objects.
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Chapter 4

Reversible Thermogelling of Nanoparticle Dispersions

4.1. Introduction

Temperature is a variable that can profoundly affect the rheology of complex

fluids. The majority of structured complex fluids, including polymer solutions and gels*"

48 49-52

, wormlike micellar solutions*~?, supramolecular gels™, and nanoparticle dispersions™
etc. show a decrease in their rheological properties upon heating. The decrease could
occur progressively and steadily with increasing temperature, as is the case for many
polymer solutions, or it could be abrupt (akin to melting), as is the case for an aqueous

gel of gelatin (Jello®), for example. In comparison, the opposite behavior, i.e., an

increase in rheological properties with heating, is observed in only a few systems,

55-57 58,59

including some based on polymers, surfactants,” or other hybrid supramolecules®.

In some of these cases, the fluid viscosity shows a finite increase over a range of
temperatures, and this behavior is termed thermo-thickening. Alternately, the system can
show a true liquid-to-solid (sol-gel) transition upon heating and such behavior is referred

to as thermogelling.

Thermogelling fluids can have applications in areas such as heat-baked paints and

coatings”', drug delivery and cancer therapy’>®, microfluidics® and capillary

64-67

electrophoresis®*®’, and in fire-fighting®. In the case of biomedical applications such as
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drug delivery, the utility of thermogelling fluids is if they can be injected as thin solutions
at room temperature but would rapidly form gels at body temperature®® — the gelation
would then serve to localize an embedded drug. In fire-fighting, a product termed
Thermo-Gel® has been commercialized®™ — basically water containing a thermogelling
agent — has proven to be more effective at putting out fires because of its ability to
undergo gelling with heat. Apart from applications, thermogelling is also an intriguing

phenomenon because it is so counter-intuitive and rare — and therefore worthy of study.

During the course of our studies in Chapter 3, we found that mixtures of laponite
and the triblock copolymer, Pluronic F127 (PF127) can show thermogelling. This
Chapter describes a detailed investigation into this phenomenon. To recap the details of
the system, laponite is a synthetic clay that exists as nanoscale disks, 25 nm in diameter
and 0.9 nm in thickness. PF127 is well-known to provide steric stabilization to laponite
particles. Interestingly, PF127 on its own in water exhibits thermogelling, but only in
concentrated solutions (> 15 wt%)®. This is known to involve a transition from small
discrete micelles of PF127 at low temperatures to an ordered cubic phase of larger
micelles at high temperatures®. In the systems studied here, the PF127 is present at much
lower concentrations (~ 1-6 wt%) and does not undergo thermogelling on its own.
Dispersions of laponite in water with no additives also do not show thermogelling.
However, aqueous mixtures of a few wt% each of laponite and PF127 undergo a sharp
gelation upon heating. The phenomenon is robust, occurring also in the presence of inert

additives, such as pigment particles. It is reversible, i.e., the sample reverts to a sol upon
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cooling. The likely mechanism for thermogelling involves depletion flocculation of

laponite particles induced by PF127 micelles.

4.2. Experimental Section

Materials. Laponite RD was obtained from Southern Clay Products. The nanoparticles
are disklike with a diameter of 25 nm and a thickness of 0.92 nm. Pluronic F127 (PF127)
was reagent grade and was purchased from Sigma Aldrich. The material is a triblock
copolymer of the form PEO-PPO-PEO, where PEO refers to poly(ethylene oxide) and
PPO to poly(propylene oxide). The percentages of PEO and PPO are ~ 70% and 30%
respectively and the overall molecular weight is 12 kDa, leading to an approximate
formula of (EO);06(PO)70(EO) 06. Ultra-pure deionized water from a Millipore water-
purification system was used in preparing samples for rheological characterization, while
D,0 (99.95% deuterated, from Cambridge Isotopes) was used for the SANS studies. The

titania (T10,) pigment particles were a gift from Sherwin Williams Co.

Sample Preparation. Dispersions of laponite particles were prepared by adding the
particles to deionized water, followed by vortex mixing for 5 min. A Branson 1510
sonicator was then used for 1 h at 40 kHz to fully disperse the particles. Weighed
quantities of PF127 were then added to the laponite dispersions and the mixture was
stirred continuously overnight to ensure that the final sample was completely
homogeneous. The pH value is ~10. For samples containing TiO,, the latter particles

were added to the laponite-PF127 dispersion and vortexed to get a homogeneous sample.
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Rheological Studies. Steady and dynamic rheological experiments were performed on
an AR2000 stress controlled rheometer (TA Instruments, Newark, DE). Samples were
run on a cone-and-plate geometry (40 mm diameter, 4° cone angle) or a Couette
geometry (rotor of radius 14 mm and height 42 mm, cup of radius 15 mm). For
experiments at different temperatures, experiments were performed 20 min after
equilibrating the loaded sample to the desired temperature. Dynamic frequency spectra
were obtained in the linear viscoelastic regime of each sample, as determined by dynamic

strain-sweep experiments.

Small Angle Neutron Scattering (SANS). SANS measurements were made on the
NG-7 (30 m) beamline at NIST in Gaithersburg, MD. Neutrons with a wavelength of 6 A
were selected. Three sample-detector distances of 1, 4 and 13 m were used to probe wave
vectors from 0.004 to 0.4 A-1. Samples were studied in 2 mm quartz cells at 25°C and
80°C. Scattering spectra were corrected and placed on an absolute scale using calibration

standards provided by NIST.

Transmission Electron Microscopy (TEM). TEM was conducted on a Jeol JEM 2100
microscope at 80 KeV. The staining agent, uranyl acetate (UA) (from Sigma-Aldrich),
was dissolved in water to form a 1% stock solution. 1 pL of the laponite/PF127 sample
was applied on a carbon/formvar coated copper grid, which was then dried at room
temperature and 80°C. The dried TEM grid was then stained with a drop of the 1% UA

solution and air-dried before imaging.
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4.3. Results and Discussion

Laponite + Laponite + Laponite +
PF127 + TiO, EF127 PF127 + TiO,

| EmET

Laponite +
PF127

(a) Sols at 25°C: water-like (low viscosity) (b) Gels at 70°C: solid-like (infinite viscosity)

Figure 4.1. Thermogelling of a 3% laponite + 3.6% PF127 sample, both in its neat form
as well as in conjunction with 40% of TiO, pigment particles. At room temperature or
25°C (a), the samples are low-viscosity, freely flowing fluids. At 70°C (b), both samples
are transformed into gels. Note that the thermogels hold their weight in the inverted vials,
indicating substantial yield stresses.

Thermogelling: Rheological Studies. First we describe visual observations of
thermogelling. Our samples are mixtures of laponite and PF127 in deionized water.
Figure 4.1a shows a photograph of a sample of 3% laponite and 3.6% PF127. At room
temperature, the dispersion is a low-viscosity sol that flows freely in the vial. It is known
that PF127 imparts steric stabilization to laponite particles, ensuring that the particles do
not flocculate or aggregate' . Such sols remain unchanged even months after preparation.
Next, in Figure 4.1b, the same sample is photographed while being held in a water bath at

70°C. The sample has been transformed into a gel at this higher temperature, as shown by

its ability to hold its weight in the inverted vial. Note that the sample has a bluish hue but
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is homogeneous. The stirrer bar can be clearly seen to be trapped in the gel. No evidence

of liquid crystalline behavior (e.g., optical birefringence) was observed in the gel state.

The above thermogelling is robust and reproducible. The phenomenon is observed
over a range of laponite and PF127 concentrations (see below). The addition of inert
particles or polymers does not alter the behavior. For example, we considered titania
(TiO,) pigment particles, which are routinely used in a variety of paints and coatings,
including heat-baked coatings that are applied at high temperatures®’. Could a coating be
formulated with laponite and PF127 to control its high-temperature rheology? Figure 4.1
shows the same laponite/PF127 sample with 40% (w/w) of TiO,. At low temperatures,
the mixture is a homogeneous, stable, and freely flowing dispersion — note the white
color of the sample due to the high concentration of the pigment. At 70°C, the same
sample has been transformed into a gel, much like its pigment-free counterpart. This
behavior suggests that laponite/PF127 mixtures can indeed be used as high-temperature
rheology-modifying agents — at the same time, they will have little effect on the rheology

at room-temperature.

We conducted rheological studies to quantify the temperature-induced changes in
the above sample. Figure 4.2a shows its dynamic rheology (elastic modulus G' and
viscous modulus G" as functions of frequency w) at 25 and 70°C. At 25°C, the response
is liquid-like: G” > G', with both G’ and G” being strong functions of frequency.”” On the
other hand, the response at 70°C is solid-like: G’ >> G", with both moduli independent of

frequency.”® The latter response is typical of a permanent gel. The frequency-independent
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value of G’ can be termed the gel modulus Gy and it is ~ 200 Pa. Thus, dynamic rheology

confirms the thermogelling transition in this sample.
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Figure 4.2. Dynamic rheology of a 3% laponite + 3.6% PF127 sample at (a) 25°C and (b)
70°C. At 25°C, the sample shows a viscous response, characteristic of a liquid. At 70°C,
the sample response is elastic and characteristic of a gel.
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Figure 4.3. Steady-shear rheology of a 3% Laponite + 3.6% PF127 sample at different
temperatures. Around 65°C, the sample abruptly transforms from a low-viscosity,
Newtonian fluid to a gel-like sample having a yield stress (marked by arrows).
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Figure 4.3 shows steady-shear rheological data (viscosity vs. shear stress) on the
above sample over a range of temperatures between 25 and 70°C. At 25 °C, the sample is
a Newtonian liquid with a viscosity of 4 mPa.s (i.e., about 4 times the viscosity of the
solvent, water). At 50°C and 55°C, the sample remains Newtonian and with about the
same viscosity. Around the 60°C mark, the viscosity begins to show a modest increase
(by a factor of ~ 20). Further heating to 65°C causes a sharp change in the rheology as the
sample transforms from a liquid to a gel or yield-stress fluid (Bingham plastic). The
viscosity is found to be essentially infinite at low stresses below the yield stress, which is
10 Pa at this temperature (arrow). Above the yield stress, the viscosity plummets by
several orders of magnitude. A further increase in temperature to 70°C causes an increase
in the yield stress to about 35 Pa. Together, the data show that thermogelling is a sharp

change in the sample at a distinct temperature.

The sharp thermogelling transition in laponite/PF127 mixtures is distinctly
reminiscent of the thermogelling in neat PF127% — however, as mentioned in the
Introduction, the latter occurs only at much higher PF127 concentrations than those used
here. The thermogelling of neat PF127 reflects the formation of a cubic phase of close-

packed spherical micelles®”

. We will show that the phenomenon seen here is of a very
different nature. In particular, thermogelling in laponite/PF127 mixtures requires that
both the components be present at appropriate concentrations. This fact is brought out by

the results in Figures 4.4 and 4.5, which are rheological plots for different compositions

of the above mixtures at low and high temperatures.
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Figure 4.4. Effect of laponite concentration on thermogelling. Steady-shear data at 25°C
and high temperatures are shown for samples containing 1.7% PF127 and varying
amounts of laponite. Data at 25°C are shown using unfilled symbols and those at high
temperatures are shown with filled symbols. Thermogelling occurs only for laponite
concentrations above a minimum value.

Figure 4.4 shows the effect of laponite concentration on the thermogelling, which
is studied at a constant PF127 content of 1.7%. All samples are thin, Newtonian liquids at
low temperatures. If the laponite concentration is too low, e.g., 0.5%, no temperature-
induced viscosity increase is seen — in fact, the viscosity at 80°C is slightly lower than
that at 25°C. At a higher laponite amount of 1.4%, the system gels at 75°C with a yield
stress of 2 Pa. Further increase Laponite to 3% reduces the gelling temperature to 65°C
while the yield stress increases to 4 Pa. Thus, a minimum amount of laponite needs to be

present for thermogelling. The lack of thermogelling at zero laponite or low amounts of

laponite is clear evidence that the phenomenon is not simply due to the PF127.
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Figure 4.5. Effect of PF127 concentration on thermogelling. Steady-shear data are shown
for samples containing 1.4% laponite and varying amounts of PF127 at 25°C and high
temperatures. Thermogelling occurs only at intermediate PF127 concentrations (panel B);
it does not occur either at lower or higher concentrations of PF127.

The effect of PF127 concentration at constant laponite (1.4%) is even more
interesting, as shown by the three panels in Figure 4.5. No thermogelling is seen for low
amounts of PF127, e.g., 0.6% — the viscosity of this sample is again slightly lower at
80°C than at room temperature (Figure 4.5a). When the PF127 is increased to 1.2% or
1.7%, thermogelling does occur (Figure 4.5b). Both samples gel at 75°C, with the yield
stress being slightly higher for the 1.7% sample. Thus, PF127 also needs to be present at
a minimum level for thermogelling to occur. However, the more intriguing result is that
shown by Figure 4.5¢ for an even higher PF127 content of 3.6%. In this case, the sample
does not gel upon heating. We have reproduced this result many times, and the same
holds true for even higher PF127 amounts (e.g., 5% or 7%). Taking the results in order at
a temperature of ~ 75°C, we see that adding PF127 to laponite initially gives a sol, then a
gel, and finally a sol again as the PF127 content is increased. Any postulated mechanism

for thermogelling has to explain this unusual result.

46



(a) Non-thermogelling sample (b) Thermogelling sample

0.5% Lap+ 0.6% PF127 1.4% Lap+1.7% PF127
—~ 102 [ OR.80°C i
£ Z -
‘9/ - -
— 10" & =
> B -
g 100 3 \
E F - |
107 & | N
El ll|||l|| 1 llllHlJ . E ||||\||| | |I|||\|| 111
102 10" 102 101
Wave vector, q (A™) Wave vector, q (A™)

Figure 4.6. SANS scattering spectra (intensity / vs. wave-vector g) at 25 and 80°C for
samples containing (a) 0.5% laponite + 0.6% PF127 and (b) 1.4% laponite +1.7% PF127.
The data are fit to models (see text), and the model fits are shown as solid lines.

Thermo-gelling: SANS Studies. To gain insight into the thermogelling mechanism, we
turned to SANS. Samples were made in D,O to attain the required contrast between the
structures of interest and the solvent: these samples were identical to those in water.
Figure 4.6 shows SANS spectra (I vs. g) for two samples at 25°C and 80°C. The first
contains 0.5% laponite and 0.6% PF127 — this sample does not show thermogelling
because the laponite and PF127 concentrations are low. The second sample, which
contains 1.4% laponite and 1.7% PF127, does exhibit thermogelling at 75°C. Both
samples exhibit similar features. At 25°C, the intensity / shows a plateau at low ¢, which
suggests that the laponite particles are well-dispersed and stable. At 80°C, a significant
rise in / at low g is seen for both samples. The only difference is that / seems to be

tapering out for the non-thermogelling sample, whereas the I for the thermogelling one
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continues to increase (diverges). Generally, an increase in [ at low ¢ signifies growth of

large structures and/or attractive interactions between the particles.”

Table 4.1. Key parameters of SANS modeling for 0.5% laponite + 0.6% PF127 and 1.4%

laponite + 1.7% PF127 at 25°C and 80°C.

0.5% lap + 0.6% PF127 | 1.4% lap + 1.7% PF127
Parameters 25°C 80°C 25°C 80°C
Edge shell thickness (nm) 1.6 £0.013 | 2.8 £0.027 | 1.6 £0.007 | 2.8 £0.019
Face shell thickness (nm) 1.6 £0.001 | 5.4 +£0.006 | 1.6 £0.001 | 5.4 +£0.004
Micelle core diameter (nm) 1.6 £0.005 | 7.6 £0.004 | 1.6 £0.003 | 7.6 £0.004
Micelle shell thickness (nm) | 0.4 £0.003 | 2.2 £0.003 | 0.4 £0.002 | 2.2 +0.002
Cluster size (nm) None 22.4 +£0.066 | None 907 +£59.8

To model the SANS data, we make the following assumptions. The structures
present in the samples will be: (a) laponite disks covered with adsorbed PF127; and (b)
spherical PF127 micelles in the bulk. Initially, the disks will be distinct and unaggregated.
Thus, the system can be modeled based on the form factors for core-shell disks (eq 3.2)
and core-shell micelles (eq 3.3). The laponite core is fixed to have a diameter of 25 nm
and a thickness of 0.9 nm. From model fitting, we find that the PF127 shell is 1.6 nm
thick over both the particle face and edge. The micelles of PF127 are found to have a
PPO core of 1.6 nm diameter and a PEO shell of 0.4 nm thickness. With these

parameters, we are able to fit the data for both samples at 25°C, the only difference being

the particle and micelle volume fractions.

To model the data at 80°C, we will need to also account for clustering of the

39,40

particles, for which we have included a fractal structure factor in addition to the two

above form factors. From the model fits at 80°C, we find that the shell of PF127 on the
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laponite particles is thicker (5.4 nm over the face, 2.8 nm over the edge). The PF127
micelles are also larger, with a core diameter of 7.6 nm and a shell thickness of 2.2 nm.
All the above numbers were used to fit both sets of data. Finally, from the structure factor,
we obtain a correlation length, which roughly corresponds to a cluster size: this is 22.4
nm for the non-thermogelling sample and 907 nm for the thermogelling one. A fractal
dimension of 2.6, consistent with diffusion-limited aggregation is also found for this case.
Important model parameters are listed in Table 4.1. Thus, the modeling confirms
clustered particles in the thermogelled sample, and it also indicates larger PF127 micelles
and thicker adsorbed layers of PF127 in both samples. Increase of PF127 micelle size
with temperature is well-known in the literature and it is believed to occur because the

PPO portions of the triblock become more hydrophobic due to dehydration upon heating.
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Figure 4.7. TEM images corresponding to a 0.5% laponite + 0.6% PF127 sample at 25°C
(left) and 80°C (right). The images are stained with uranyl acetate. The image on the right
shows a large number of PF127 micelles.

Thermogelling: TEM Studies. Further evidence for PF127 micellar growth with
temperature is obtained from TEM analysis of our samples. These experiments had to be
conducted with a dilute mixture of laponite and PF127 to allow structural details to be
resolved. We therefore worked with a sample of 0.5% laponite + 0.6% PF127 and we
used uranyl acetate as a negative stain. As described in the Experimental Section, our
procedure involved placing a drop of the sample on a TEM grid and drying at either 25°C
or 80°C, followed by staining. (During the drying process, the concentrations in solution
would increase and possibly fall within the thermogelling range.) The image in Figure 4.7

corresponding to the 80°C sample appears to reveal numerous PF127 micelles of ~ 10 nm
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in diameter, which is consistent with the SANS results. In comparison, the image
corresponding to the 25°C sample is featureless. It is not possible to resolve individual
laponite particles in any of the images, possibly because the disks are less than a
nanometer in thickness. The TEM results confirm that relatively large PF127 micelles are
present in the sample at high temperature and that these micelles occupy a considerable

volume fraction.

Thermogelling: Mechanism. There are three possible explanations for thermogelling in
laponite/PF127 mixtures. The first is that the laponite particles lose their stabilizing layer
of PF127 upon heating, which leads to flocculation. However, it is not clear why the
PF127 would desorb from the particles at high temperatures, especially since the
increased hydrophobicity of the PPO segment would promote adsorption. Indeed, SANS
modeling suggests that the PF127 layer on the particle becomes thicker, not thinner, with
heating. Moreover, if thermogelling was due to direct contact between laponite disks, it

should be promoted at low PF127 concentrations, but that is not the case (Figure 4.5).

A second possibility is that the laponite disks remain covered with a layer of
PF127, but that these surface layers become “sticky” upon heating. Such “stickiness” or
attractive interactions between adjacent particles may arise due to the hydrophobicity of
the PPO segments at high temperatures. For example, the stickiness may correspond to a
bridging interaction between particles. However, bridging is expected to be favored at
low PF127 concentrations, which correspond to the particles being incompletely

covered’'. The results, however, show a different trend (Figure 4.5). Also, there is no
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evidence that PF127 chains or micelles become sticky (aggregate) upon heating — indeed,

large numbers of PF127 micelles co-exist in stable fashion at high temperatures.

A third possibility is that the thermogelling occurs due to depletion flocculation.,
which is an osmotic effect caused by non-interacting polymers. Consider laponite
particles stabilized by a layer of PF127. In a thermogelling sample at ~ 75°C, the
particles will co-exist with a large volume fraction of PF127 micelles having a size of
about 10 nm. When the particles approach each other by Brownian motion to a distance
less than 10 nm, the micelles will be depleted in the zone between the particles. The
higher concentration of micelles in the bulk will then force the particles together, causing
flocculation. This is an osmotic effect, and it does not presuppose any direct interaction
between the micelles and the particles. The interaction potential is enhanced by having
more micelles of sufficient size and the range of the interaction is set by the micelle size.
As seen from SANS and TEM, PF127 micelles grow with heating due to the increased
hydrophobicity of the PPO segments. Thus, the sample gels at high temperatures because
it is only then that the micelles are large enough. The micelles being large is not
sufficient; there must also be enough particles such that the average spacing between the
particles is not too high. Accordingly, a depletion mechanism can explain a number of

key features of the observed thermogelling.

The other crucial experimental fact that can be explained by a depletion-based

mechanism is the restabilization observed at higher PF127 loadings. Such an effect is

known in the literature and is referred to as depletion stabilization’'. In the present
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context, it occurs when the volume fraction of micelles becomes so high that the micelles
interfere with the close approach of the particles so as to prevent their flocculation. Note
that depletion flocculation of emulsions and particles due to surfactant micelles have been
reported in the literature’>. Depletion stabilization has also been reported in some

73,74

mixtures of particles and non-adsorbing polymers and we believe it is the most

reasonable explanation for our results.

4.4. Conclusions

We have demonstrated thermo-gelling in laponite/PF127 mixtures. At room
temperature, PF127 adsorbs onto laponite disks and stabilizes them by steric repulsion.
Upon heating, the PF127 layer on the disks becomes thicker, and more importantly,
PF127 micelles in the bulk solution grow significantly. At a distinct temperature, the
micelles induce depletion flocculation of the laponite particles into a gel network. Such
thermogelling occurs only if there is sufficient PF127 (and hence its large micelles) as
well as a sufficient concentration of the laponite. However, if the PF127 concentration is
increased further, the thermogelling is eliminated — this is suggested to be due to the

micelles providing depletion stabilization of the particles.
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Chapter 5

Conclusions and Recommendations

5.1. Conclusions

Responsive complex fluids based on nanostructures (e.g., micelles, vesicles and
nanoparticles) have many potential applications, such as sensors, microfluidics or MEMS
devices, paints, coatings, and personal care products. However, most of these fluids
require molecules made by complex synthesis, which has prevented them from wide use
in industry and laboratories. In this dissertation, we have developed new classes of
photoresponsive (PR) and thermoresponsive (TR) nanostructures based on commercially

available, inexpensive molecules and nanoparticles.

We have developed a new PR fluid based on light-activated nanoparticle
assembly, which is reported in Chapter 3. Our system consists of disk-like nanoparticles
of laponite along with a surfactant stabilizer (Pluronic F127) and the photoacid generator
(PAG), diphenyliodonium-2-carboxylate monohydrate. Initially, the nanoparticles are
sterically stabilized by the surfactant and the result is a stable, low-viscosity dispersion.
Upon UV irradiation, the PAG gets photolyzed, lowering the pH by about 3 units. In turn,
the stabilizing surfactant is displaced from the negatively charged faces of the
nanoparticle disks while the edges of the disks become positively charged. The particles

are thereby induced to assemble into a 3-dimensional “house-of-cards” network that
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extends through the sample volume. The net result is a light-induced sol to gel transition,
i.e., from a low, water-like viscosity to an infinite viscosity and yield stress. The yield
stress of the photogel is sufficiently high to support the weight of small objects. The gel
can be converted back to a sol by either increasing the pH or the surfactant content.
Evidences from a series of experiments along with techniques, including steady and
dynamic rheology, small-angle neutron scattering (SANS) are used to illustrate what

happened in the system.

In Chapter 4, we have demonstrated a system (laponite + PF127) similar to the
photo-gelling nanoparticles dispersion is also a thermo-gelling system. The system has a
low viscosity like water at room temperature, but will become a gel at high temperatures
like 70°C. The system can revert back to the original viscosity by cooling. The
underlying behavior is also laponite nanoparticles self-assembly, but the mechanism for
nanoparticles assembly is very different. At room temperature, similar to the photo-
gelling system, PF127 stabilizes the laponite dispersion by steric repulsion. At high
temperatures, PF127 will form big micelles and fill up the volume. Then the laponite
nanoparticles will form clusters due to depletion flocculation. The continuous increase of
PF127 size with temperature has led to the abrupt viscosity increase in steady rheology,
which has similarity to the pure PF127 thermo-gelling happening at much higher
concentration. More PF127 than optimal will lead to no thermo-gelling behavior, which
further proves the depletion flocculation mechanism. TEM images are also shown here

for further support.

55



5.2. Recommendations for Future Work

The photoacid generator (PAG) we used in Chapter 3 undergoes irreversible
dissociation upon UV exposure. If we were to use a photo-reversible PAG, the viscosity
changes could be reversed by light irradiation at a different wavelenth. However, such a
reversible PAG is not commercially available. However, there is a commercially
available photobase generator MGC and we have used it to create a new class of PR
fluids that show a significant, but reversible drop in viscosity upon UV irradiation.

Possible mechanism is related to reverse worm-like micelles length change.

The system is composed of soy lecithin, water, cyclohexane and MGC. Soy
lecithin/water/cyclohexane is well known to form reverse worm-like micelles in certain
range of water to lecithin ratio”>. MGC as shown in Figure 5.1 has the following property:
upon UV irradiation MGC dissociates, causing an increase in the pH of aqueous solutions,

but once UV exposure is stopped, MGC automatically reverts back to its undissociated

form’®.
H;C\".cHa /CHS
HyC—N

O UV (280 - 400 nm)

H,C fiz CH;
N Q o4 { + OH-

HsC' LI : N

O Automatic CH,

MGC Ionic Form

Figure 5.1. Photolysis of MGC, a photobase generator (PBG). Upon UV irradiation, the
molecule dissociates and releases OH . After UV, it will automatically reverse back.
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Figure 5.2 shows UV response of 100mM lecithin+600mM water+0.48mM MGC
in cyclohexane. Pictures are taken 1 second after inverting the vials. The sample is
initially of gel-like behavior, which flows down very slowly in a 20ml vial, initially even
not noticeable, and trap stir bar. Figure 5.2a shows the 20ml vial 1 second after inverting.
After 1 minute UV irradiation, the sample shows runny low viscosity. Figure 5.2b shows
the irradiated sample in the small vial 1 second after inverting. 10 minutes later, the
sample goes back to its original viscosity. Figure 5.2c shows such a sample 1 second after

inverting the small vial.

(@) (b) (©)

Figure 5.2. UV response of 100mM lecithint600mM water+0.48mM MGC in
cyclohexane. Pictures are taken 1 second after inverting the vials.

Due to the reversible nature, rheology data are difficult to be obtained. Current
after UV rheology data is significantly lower than the visual observation. More rheology
studies about influence of different components in the system and also further

investigation into the possible mechanism should be done to make this a complete work.
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