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Monodispersed microgels composed of poly-acrylic acid (PAAc) and poly(N-
isopropylacrylamide) (PNIPAM) interpenetrating networks were synthesized by 2-step
method with first preparing PNIPAM microgel and then polymerizing acrylic acid that
interpenetrates into the PNIPAM network. The semi-dilute aqueous solutions of the
PNIPAM-PAAC IPN microgels exhibit an inverse thermo-reversible gelation.
Furthermore, IPN microgels undergo the reversible volume phase transitions in response
to both pH and temperature changes associated to PAAc and PNIPAM, respectively.
Three applications based on this novel hydrogel system are presented: a rich phase
diagram that opens a door for fundamental study of phase behavior of colloidal systems, a
thermally induced viscosity change, and in situ hydrogel formation for controlled drug

release.

Clay-polymer hydrogel composites have been synthesized based on PNIPAM
gels containing 0.25 to 4 wt% of the expandable smectic clay Na-montmorillonite layered
silicates (Na-MLS). For Na-MLS concentrations ranging from 2.0 to 3.2 wt%, the
composite gels have larger swelling ratio and stronger mechanical strength than those for
a pure PNIPAM. The presence of Na-MLS does not affect the value of the lower critical

solution temperature (LCST) of the PNIPAM.

Surfactant-free hydroxypropyl cellulose (HPC) microgels have been synthesized

in salt solution. In a narrow sodium chloride concentration range from 1.3 to 1.4 M, HPC



chains can self-associate into colloidal particles at room temperature. The microgel
particles were then obtained in situ by bonding self-associated HPC chains at 23 °C using
divinyl sulfone as a cross-linker. The volume phase transition of the resultant HPC
microgels has been studied as a function of temperature at various salt concentrations. A
theoretical model based on Flory-Huggins free energy consideration has been used to

explain the experimental results.

Self-association behavior and conformation variation of long chain branched
(LCB) poly (2-ethyloxazoline) (PEOx) with a CH3-(CH,)17 (C1) modified surface are
investigated using light scattering techniques in various solvents. The polymer critical
aggregation concentration (cac) strongly depends on solvent polarity, decreasing as the

solvent becomes more hydrophobic.
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CHAPTER 1

INTRODUCTION

The subject of colloid science covers an extremely broad range of seemingly different
systems. What these systems have in common are their constituent units: small objects that have
at least one characteristic dimension in the range of 1 nm to 1 micron. These objects are usually
referred to as colloidal particles, which have long been used as the major components of
industrial products such as foods, inks, paints, coatings, papers, cosmetics, biomedical materials,
photographic films, and rheological fluids. '* They are also frequently seen and studied in
materials science, chemistry, and biology. Notable examples include slurries, clays, minerals,
aerosols, or foams in materials science, macromolecules (including dendrimers), aggregates of
surfactant molecules, semiconductor nanocrystallites, silica colloids, or polymer latexes in

chemistry, and proteins, viruses, bacteria, or cells in biology.

As a special member of the colloidal family, microgels are cross-linked particles that are
swollen in a good solvent and exhibit behavior ranging from that of polymer solutions to that of
hard spheres.”” In this dissertation, the synthesis and light scattering study of a series of
nanostructured materials including poly(N-isopropylacrylamide) (PNIPAM) / poly(acrylic acid)
(PAAc) interpenetrating polymer networks (IPN) microgel, PNIPAM/Na-MLS (sodium
montmorillonite layered silicates) nanocomposites, FDA approved natural material
hydroxypropyl cellulose (HPC) microgels and long chain branched polymer poly(2-
ethyloxazoline) are illustrated. The dissertation is composed of seven chapters, in which chapters

2-7 are briefly described as follows:



The fundamental theory and application of laser light scattering technique are illustrated
in chapter 2. The characterization of colloidal particles are normally being approached by two
categories of laser light scattering techniques: 1) measurement of the time-average scattered
intensity </ > of photon counts <n > and 2) the fluctuation of I(¢) or n(¢) with time. These two
measurements are referred to as static light scattering (elastic, non-absorption) SLS and dynamic
(quasi-elastic) light scattering DLS, respectively. The colloidal particle’s transitional diffusion
coefficient (D), relaxation rate (I'), hydrodynamic radius can be determined by DLS. In contrast,
the static light scattering SLS is used to measure the time-average scattered intensity at different
angles and concentrations, with which the physical parameters of macromolecules such as the
weight-average molecular weight (Mw), the z-average root-mean-square radius of gyration <Rg>
and the second-order virial coefficient (A,) could be determined.

Hydrogels containing two interpenetrating polymer networks (IPN) have attracted an
intensive investigation.® This is because an IPN hydrogel usually exhibits properties that a
hydrogel with the random co-polymerization of two monomers does not have. For example, the
IPN of poly(acrylic acid) (PAAc) and polyacrylamide (PAAM) undergoes the volume phase
transition driven by cooperative “zipping” interactions between the molecules which result from
hydrogen bonding. ® In addition to the improved mechanical properties which usually come from
the reinforcement between two interpenetrating networks,” an IPN hydrogel can have a preferred
direction for swelling by pre-stressing one of them (poly-N-isopropylacrylamide (PNIPAM))
before the gelation of the other one (polyacrylamide (PAAM)) takes place. ' A well-designed
hydrogel with an IPN structure shows an upper critical solution temperature without a volume

11
change.



Two polymer chain networks in an IPN gel can be sensitive independently to two

different external stimuli. Such hydrogels have been employed for controlled drug delivery. '

0 15-20
C and has been used

The PNIPAM gel undergoes the volume phase transition at T.=34
often as one of the components in an IPN gel. Its phase transition temperature remains the same
if the PNIPAM is incorporated in an IPN matrix. However, the random copolymerization results
in shifting T, depending on the hydrophilic/hydrophobic moieties of the co-monomer. '*

IPN microgel particles have been synthesized because they are more effective as delivery
systems than macroscopic gels for agrochemical or medical applications. ' A comparison of the
swelling behavior of the random P(AAc-co-AAm) particles and PAAc/PAAm IPN microgels has
been made using temperature and pH as the triggers. *' Jones and Lyon, on the other hand,
showed multiresponsive core-shell microgels that consist of a weakly interpenetrating polymer
network core and a shell *. These microgels were prepared by precipitation polymerization at
70 °C in aqueous media. In the synthesis of the shell polymer, the collapsed particles serve as
nuclei for further polymerization, thereby resulting in preferential growth of the existing particles
over the nucleation of new ones. **

In Chapter 3, a method to synthesize an IPN microgel of PNIPAM/PAACc is presented. I
extended Jones and Lyon’s method by controlling reaction time so that the reaction was stopped
once the interpenetrating network was formed at room temperature. ** I present the synthesis and
light scattering characterization of these microgels, which displays the same T, as the PNIPAM
but shrinks less than the PNIPAM above T.. The semi-dilute aqueous solutions of the
PNIPAM-PAAc IPN microgels exhibit unusually inverse thermo-reversible gelation. In contrast
to polymer solutions of poly(NIPAM-co-AAc) that have the inverse thermo-reversible gelation,

326 5ur system can self-assemble into an ordered structure, displaying bright colors. Three



applications based on this novel hydrogel system are presented: a rich phase diagram that opens
a door for fundamental study of phase behavior of colloidal systems, a thermally induced
viscosity change, and in situ hydrogel formation for controlled drug release.

Gels are crosslinked polymer networks swollen in a liquid medium. The liquid inside the
gel allows diffusion of some solute molecules, while the polymer network serves as a matrix to
hold the liquid together. Swelling and mechanical properties of PNIPAM gels have been

27-29

investigated intensively. It has been found that increasing crosslinker concentration can

enhance PNIPAM mechanical strength. ** However, a large amount of crosslinkers could result

31-32 It

in the shift of the volume transition temperature and in the reduction of swelling capability.
is well known that the properties of gels can be significantly enhanced by incorporation of
inorganic ordered systems, in particular clays, into the gels. *>® As a model system, sodium

montmorillonite layered silicates (Na-MLS) is widely used as an additive for plastics to improve

their physical properties. The chemical structure of the Na-MLS has been reported. *’

It has been found that incorporating clay into poly(acrylamide) gel enhanced the gel
elastic modulus while exhibiting no significant improvement to its swelling ability. **
PNIPAM/Na-MLS composite materials have been made with high Na-MLS concentrations
(above 3.5 wt%) and their swelling behavior as a function of temperature has been studied. *°
However, despite the potential of low content Na-MLS (less than 3.5 w%) on the swelling ratio,
the volume phase transition temperature and shear modulus of the PNIPAM gel has not been

investigated so far. In chapter 4, we present the results of the swelling and elastic properties of a

series of PNIPAM composites with Na-MLS concentrations ranging from 0.25 w% to 4.0 w%.



The volume phase transition in polymer gels can be induced by many external stimuli such

19-3% Hydroxypropyl

as temperature, solvent composition, light, electric field, and pH value.
cellulose (HPC), one of the thermally responsive gels similar to the poly(N-isopropylacrylamide)
(PNIPAM), has received considerable attention because of its biocompatibility. 394 Bulk HPC
hydrogels and its derivatives with various forms including homogeneous gel, porous gel, and gel
beads have been extensively studied. **** Our group has reported the synthesis of HPC microgel
particles ** using a precipitation polymerization method. For polymer chains like the HPC that
contain both hydrophobic and hydrophilic portions, changing the properties of the solvent by
other ways may also induce self-association, leading to the formation of colloidal particle
aggregates. It is known that addition of salt can lower the phase transition temperature in ionic

and nonionic gels. ***" This effect is caused by the competing interactions between salt and

water and between water and polymer chains.

In chapter 5, I show that HPC microgel particles have been synthesized at room
temperature by adding salt into HPC-water solution. In contrast to a previous method ** that
requires one to heat a HPC-water solution above the low critical solution temperature (LCST) of
the HPC at about 41°C, the current method is to first reduce the LCST of HPC polymer chains
from 41°C to room temperature by adding salt into the HPC-water solution and then to bond
HPC globules without surfactant at room temperature. These microgels may be used as building

22, 4 .
** and as carriers for controlled drug

blocks for the formation of nanoparticle networks
delivery. The volume phase transition of the resultant microgels has been investigated using light

scattering techniques. The results have been discussed in terms of Flory-Huggins swelling

equilibrium of gels and compared with the previous study of bulk PNIPAM gels. */



A new architectural class of polymeric materials known as dendritic materials, including
dendrimers and their more readily accessible but less structurally-defined counterparts known as
hyperbranched polymers (HBPs) and long chain branched polymers (LCBPs) have received a
great deal of interest in the last decade. *° Work on dendrimers, HBPs and LCBPs has
primarily focused on their synthesis and chemical modification with an eye toward micelle
mimics, nanoscale building blocks and drug-delivery agents.’’® At the same time, intensive
efforts have been made to study fundamental properties of these macromolecules using various
analytic tools including NMR, > rheology, ® small angle neutron scattering and light scattering,

1- . . 4 .
61-63 atomic force microscopy, % TEM, ® fluorescence Probing. 66

The effect of solvent quality on dendrimer conformation has been investigated and it was
found that the average dimension of dendrimers has a small but significant dependence on the
solvent quality, which consequently leads to large variations of average segment density. *¢7%
Recently, a novel CH3-(CHy);7 surface modified LCB-poly (2-ethyloxazoline) (PEOx) polymer,
was synthesized using a cationic polymerization method With the internal tertiary amide
functional group on repeat ethyloxazoline units and external C;s chains, it possesses a
hydrophilic core and a hydrophobic shell. The grafted hydrophobic C;g chains aim to act as a
smart arm to move intelligently according to solvent environment. This unique architecture may
provide us a model system to study solvent quality effect on LCBP conformation and its self-
association in different solvents. The study may lead to not only better understanding of self-

association of macromolecules in general, but also to potential applications in the fields of

nanoscale catalysts, reactors, and controlled drug delivery.



Self-association is a well-known self-assembling phenomenon often found in diblock or

triblock copolymer/solvent systems, 7

where the selective solvent to specific polymer blocks
can lead to the formation of nanoparticles of chain aggregates without precipitation. Linear
polymer self-association processes and mechanisms have been well studied. For example, it was
found that in concentrated solutions, neutral poly (N-isopropylacrylamide) (PNIPAM)
homopolymer chains self-associate above their lower critical solution temperature (LCST,

' In these

~32°C) to stable aggregates instead of undergoing the expected precipitation.
processes, chain collapse accompanied chain association, forming stable aggregates of different
sizes at different temperatures and concentrations. Our previous studies revealed that the driving
force leading to hydropropylcellulose (HPC) self-association results from hydrophobic attraction
between hydrophobic moieties of HPC linear chains when water becomes a poor solvent above
the LCST of the HPC. ** It is thus reasonable to rationalize that, for the hyper-branched polymers

containing both hydrophobic and hydrophilic portions, changing the properties of the solvent

may induce self-association, leading to the formation of stable LCBP aggregates.

In chapter 6, light scattering techniques were used to study the LCBP self-associate
processes because the scattering light intensity is very sensitive to particle size. I demonstrated
that long chain branched-PEOx can self-associate at different critical aggregation concentrations
(cac) and form metastable aggregates in ethanol, methanol and tetrahydrofuran. The cac depends
strongly on solvent polarity. Below the cac, static light scattering measurements revealed
properties of individual long chain branched-PEOx macromolecules including its molar mass
and second virial coefficient. Heating a dilute long chain branched-PEOx ethanol solution to
higher temperatures leads to significant shrinkage of the hydrodynamic radius of the

macromolecules.



In chapter 7, the main conclusions of the dissertation are summarized.
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CHAPTER 2

THEORETICAL BACKGROUND OF LASER LIGHT SCATTERING

2.1 INTRODUCTION
The field of light scattering is a well-studied, detailed scientific discipline on which a lot
of information has been published. Lord Rayleigh first described the science of light scattering
at the end of the 19" century, experiments in the field have proceeded thereafter within the
limitations of the technology. When monochromatic, polarized lasers became available in the
early 1970s, laser light scattering (LLS) technology began to be applied to practical instruments
for research and industrial use. In contrast to the well known analytical tools such as
Fluorescence, Phosphorescence and Raman spectroscopy, the fundamentals of LLS is based on
the elastic light scattering where the frequency of the scattering light is the same as the incident
light. When a coherent laser beam passes through a dilute colloidal dispersion, the incident light
will be scattered by the dispersed particles in all of the directions. The scattered light intensity at
different angles, as well as its time correlation function, is related to the particle size, size
distribution, molar mass and conformations in the solution. The characterization of colloidal
particles are normally being approached by two categories of laser light scattering techniques: 1)
measurement of the time-average scattered intensity </ > of photon counts <n > and 2) the
fluctuation of I(¢) or n(f) with time. These two measurements are referred to as static (elastic,
non-absorption) SLS and dynamic (quasi-elastic) light scattering DLS, respectively.
Assume that the particles are at rest in the solution, there will be no discrimination of the
scattered light intensity in each direction and the value of scattering light intensity should be

independent of time. In fact, however, all the particles or scatterers in solution are undergoing
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constant Brownian motion. This Brownian motion leads to a fluctuation of the scattered intensity
pattern. The fluctuation rate can be related to different kinds of relaxation processes such as
diffusion (transition and rotation) and internal motions of the macromolecules. Faster relaxation
process may lead to the faster intensity fluctuation.

The measurement interest of dynamic light scattering DLS is the intensity fluctuation,
which is essentially caused by the Doppler effect. When an incident light is scattered by a
moving macromolecule or particle, the frequency of the scattered light will be slightly higher or
lower than that of the incident light, depending on the relative velocity between the detected
particle and the detector. As a result, the frequency distribution of the scattered light will be
slightly broader than that of the incident light. DLS is technically known as quasi-elastic light
scattering QELS. Compared with the incident light frequency (10" Hz), the scattered light
frequency broadening (10°-10” Hz) is very small and very hard to be detected in the frequency
domain. Nonetheless, it could be accurately recorded in the time domain through a time
correlation function. For this reason, dynamic light scattering is sometimes referred to as photon
correlation spectroscopy (PCS). The colloidal particle’s translational diffusion coefficient (D),
relaxation rate (I'), hydrodynamic radius can be determined by DLS. In contrast, the static light
scattering SLS is used to measure the time-average scattered intensity at different angles and
concentrations, with which we may calculate other physical parameters of macromolecules: the
weight-average molecular weight (Mw), the z-average root-mean-square radius of gyration

<Rg2>1/2

, (simply Rg), and the second-order virial coefficient (A,).
Laser light scattering LLS, especially dynamic light scattering DLS, has evolved from a

very special instrument for fundamental research work to a routine analytical tool in polymer

laboratories during the past two decades. It is even used as a quality-control device in
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production lines. Commercially available LLS instruments are normally capable of making both
static and dynamic measurements simultaneously to study colloidal particles or macromolecules

in solutions, as well as in gels and viscous media.

2.2 STATIC LASER LIGHT SCATTERING '~

In practice, two interferences should be considered for static light scattering
measurement for macromolecules or particles dispersion: 1) the intra-particle interference arising
from different parts of a larger particle (dimension > A/10), whereas the intra-particle
interference from small particles (dimension < A/10) may be neglected. 2) The inter-particle

interference. For dilute solutions, the inter-particle interference could be neglected. Rayleigh

. . . S Ir? .
ratio is an important concept in SLS which is defined asR:I—, where I is the scattered

intensity per unit scattering volume, Iy is the incident light intensity, and r is the average distance
between the scatterers and the observer. Thus, the dimension of the Rayleigh ratio R is the
reciprocal of the dimension of length. Based on the electromagnetic principle and concentration

fluctuation theory, we can get the excess Rayleigh ratio of the dilute solution (Rexcess) *:

I 4x*n* dn kTC
Rexcess === = 4 (_)2 (2_2)
I, Ao dc” oOIl/oC

Where lexcess (Zlsolution-Tsolvent) 1S the net scattering intensity of the solute by subtracting the
intensity of solvent from that of the solution, and n, 4y, C, k, T, II are the colloidal solution
refractive index, the incident light wavelength, the solute concentration, the Boltzmann constant,
the absolute temperature and the osmotic pressure, respectively.

For dilute macromolecule or particle solutions, the relationship of the osmotic pressure

and colloidal concentration can be written as °
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IT NiT

— = 1+A4CM +... 2-3

Y, (1+ 4, ) (2-3)
Thus, o = NokT 1+24,M +..) (2-4)

oC
where Ny, M, and A, are the Avogadro’s number, the weight-average molecular weight, and the
second order virial coefficient, respectively. By substitution of equation (2-4) into equation (2-

2), the excess Rayleigh ratio R...;s can be express as:

Ar’n? (@)2 CM

excess = 4 (2'5)
NyA,” dc” 1+24,CM +...

For a particular colloidal solution and incident laser, 4n*n*(dn/dC)* (Noko') is a constant and can
be represented by a single parameter K, thus (2-5) transforms to:

K—C:L+2A2C+... (2-6)
R M

For larger macromolecules or colloidal particles, a construction factor should be introduced.
Here, P(0) is defined as an angular scattering function

_RO) _ Lo po ]
P(@)_R(O) 1 3q <R, > (2-7)

where g=4mn sin(0/2)/2 is the magnitude of the scattering vector, <Rg2> is the mean square of the

radius of gyration. Thus,

KC _ 1 |
R(O) MP(O)

24,C+... (2-8)

As concentration C approaching to 0,
R(0)= KCMP(6) = KCM[1-(1/3)q" < Rg2 >+..]

R(O) 1 )
) o M-2¢* <R >, +. 2-9
XC [ 39 . >+ (2-9)
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When q2<Rg2> <<1, omitting the higher order (>2) terms in series, we get

%:Miﬂ%qz <R, >.1+24,C (2-10)

This is the basic equation of static light scattering SLS and is frequently shown in the literature,

*7 in which the molar mass is the weight-average M = ZC,.M ; /ZC,. ; and the mean square

radius of gyration is the z average < R g2 > = ZCiM R, ,iz / ZC,.M ;. It should be noted that the

Equation (2-10) is valid under the restriction that the polymer solution exhibits no adsorption, no
fluorescence, and no depolarized scattering. It can be seen that when R(6) is measured at a series
of C and ¢, we are able to determine <Rg2>Z from the slope of [KC/R(0)].—o versus ¢°; 4> from
the slope of [KC/R()]o—0 versus C; and My, from [KC/R(6)].—0, k—o. In practice, the Rayleigh
ratio is determined by measuring the scattering intensity of polymer solution, background solvent
and a standard solvent such as benzene or toluene, as shown in the following equation:

10).,  —1(0)

solution

solvent nsulvent V4 2_1 1
16 ( ) (2-11)

n

R,(0)=R,’(0)

s tandard s tan dard

The subscript “vv”” means both the incident and the scattered light are vertically polarized; / and
n are, respectively, the time-averaged scattering intensity and the refractive index. The term
(Msolvent/Mstandard)’ 1S a refraction correction for the scattering volume and vy is a constant between 1
and 2, depending on the detection geometry of the light scattering instrument, because we should

compare the same scattering volumes from the solution and the reference standard.

2.3 DYNAMIC LASER LIGHT SCATTERING
The relation of interest in dynamic light scattering is the fluctuation of the scattered

intensity with time t, caused by the particle Brownian motion. *° The motion of the particles
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includes transitional, rotational or internal motion. The moving macromolecules or particles
scatter the incident light passing through the macromolecules or particles and result in two main
effects: the fluctuation of the scattered intensity and the broadening of the frequency distribution.
In frequency domain, the frequency shift of the scattered light is very difficult to precisely detect,
because the frequency broadening (10°-10” Hz) is much smaller than the incident light frequency
(10" Hz). However, in the time domain, the fluctuation of the scattered intensity is closely
related to the frequency broadening and can be sensed by a highly sensitive and fast response
photodiode detector. It is equally efficient to have either the fluctuation of the scattered intensity
or the frequency broadening because the two effects are related to each other. The most
commonly used method in quasi-elastic light scattering (QELS) is the digital technique of photon
correction spectroscopy (or optical mixing), which measures the intensity fluctuation of the
scattered light in the time domain. There are two basic forms of the optical mixing: heterodyne
and homodyne (self-beating). Heterodyne mixing is the mixture of the scattered light with a
reference beam (local oscillator), which has a constant frequency same as the incident light beam.
Self-beating model, however, the scattering light is not mixed with a reference signal but directly
being detected. The DLS theory illustrated in the following paragraphs is based on the self-
beating intensity-intensity time correction spectroscopy.

The Siegert relation is an important equation in DLS. When the scattered field is a
Gaussian process, the correlation functions g""(t) and g®(t) are connected through the Siegert

)
relation

g2 =1+g" (2-12)
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where g)(t) = [<E(0)E*(t)> / <E(0)E*(0)>] and g?(t) = [<I(0)I(t)> / <I(0)>’] are the
normalized field-field and normalized intensity-intensity autocorrelation functions, respectively.
Thus, the intensity-intensity time autocorrelation function becomes

G(t) = <10)I(t)> = <I(0)>*g?(t) = <I(0)>"[1 +| g(1) '] (2-13)
The significance of introducing g(z)(t) and G?(t) is that G?(t) and <I(0)> can be measured
experimentally. Since the detection area cannot be zero in practice, the scattered light is not
purely coherent and an instrument parameter,  (<1), is introduced into equation (2-13)

GO =A[L+B] e (0] (2-14)
where A(=<I(0)>?) is the measurement baseline, t is the decay time, and B is the parameter
depending on the coherence of the detection optics. In Equation (2-13), I(¢) is the scattered
intensity, or photon counts, at time t, it includes the contributions from both the solvent and the
solute. Therefore,

G2(t) = <I0)(t)> = < [Tsorvent(0) + Lsoruie(0) ][ Isotvent(t) + Lsore(t)]> and equation (2-12) becomes

1 L e
G(Z) (t) = A{l + ﬂ[m | gsolvent(l) ’ +ﬂ | gsolute(l) (t) |]2} (2_15)

solution solution

where all the cross terms disappear since the light scattered by solvent molecules and solute

particles are not correlated. It should be noted that |g_, ‘| decays much faster than

| 2. (2)| because small solvent molecules diffuse faster than particles do. Thus, after a very

short delay time, equation (2-13) becomes '

I te
GO ()= A1+ B2y | g " O 1= A1+ B, | € 1 (2-16)

solution
where Bapp = B solue / 1 Solution)z. For a dilute solution, the scattered intensity from solvent
molecules could become appreciable, 1.e., I soue < I solution, SO that the apparent coherence Bapp

would be even lower, i.e., G®)(0) appears to have a lower value than expected. We should be
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aware of this situation, especially for the weakly scattered, dilute, and low molar mass polymer
solutions. For example, if 7 soiute = { solvent, Papp=P/4. It should be noted that B is constant for each
particular optical geometry of the scattering instrument. In fact, / solute can be estimated from
Bapp (certainly 7 solute can be measured in static LLS by comparing the scattered intensity of
solution and solvent.) if the values of B at different scattering angles have been pre-calibrated
with a narrowly distributed latex standard whose scattering intensity is much stronger than water
(solvent).

Now we will see how to get the information about the motion of the particles from the
measured intensity-intensity time correlation function GP(). Generally, the relaxation of | g(l) @)
includes both diffusion (translation and rotation) and internal motions. Let us only consider the
transitional diffusion relaxation of the particles. For monodisperse, spherical scatterers, [g" (7)| is
theoretically represented as an exponential decay function:

g 0=Ge" (2-17)
where G and /" are the factor of proportionality and the line-width, respectively and
I'= 1., the characteristic decay time representing the rate of dynamic relaxation in self-beating.
For a polydisperse polymer sample with a continuous distribution of molar

mass M, equation (2-17) may be generalized as
FalOIS IC?(F)?”dF (2-18)
0

where G(I') is the line-width distribution and G(/))d/" is the statistic weight of the particles or
macromolecules which possess line-width /" . By using a Laplace inversion program, CONTIN,
11,12

the normalized distribution function of the characteristic line width G(I") was obtained. For a

dilute solution, /"measured at a finite scattering angle is related to C and g by
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£2=D(1+1<d0)(1+fq2 <R >)) (2-19)

q
where D is the transitional diffusion coefficient of the solute molecule at C — 0, k; is the
diffusion second virial coefficient, and f is a dimensionless parameter depending on polymer
chain structure and solvent (For polymers with flexible chains in a good solvent, f is between 0.1
and 0.2). Hence, for small C and ¢, D is around /7/g2. It should be noted that by the definition of
|g(l) @), GD) = qu([), the translational diffusion coefficient distribution, is an intensity

distribution. And, since |g(1) (¢)| approaches unity as t—0, we have

<EW)E*(1t—0)>
<E()E*(0)>

|g()(t—>0)|= = [G(D)dr =[ G(D)dD =1

Here, the average diffusion coefficient <D> is defined as
<D >=[G(D)DdD (2-20)
0

Further, the transitional diffusion coefficient D may be related to the molecular friction factor f°
through the Stokes-Einstein relation
D = kgTlf (2-21)
where kp and T are the Boltzmann constant and the absolute temperature, respectively.
For a hard sphere with a radius of R, /= 6nyR, where # is the viscosity of the solvent.

For a polymer coil, R is replaced by its hydrodynamic radius Ry, so that

Rh— k,T

= 2-22
67nD ( )

In dynamic light scattering, translational motion of macromolecules or particles within size range

of 1-1,000 nm can be measured. The characteristic time (tc) of dynamic relaxation in self-
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beating, which includes transitional, rotational, and internal motion, could very from seconds to
tens of nanoseconds.

Dynamic LLS plays a very important role in particle sizing. 47,10

In a dilute dispersion,
if the colloidal particles are spherical, or in other words, in the absence of rotational and internal
motions, G(I') can be converted to the hydrodynamic size distribution f{Ry). All the parameters
in the conversion are either well-known constants or precisely measurable by the other methods.
Therefore, particle sizing based on dynamic LLS can be considered as an absolute method

without calibration. This is why dynamic LLS is so successful in particle sizing and many

commercial instruments have been developed using the dynamic LLS principle.

2.4 LLS INSTRUMENTATION

A commercial laser light scattering (LLS) spectrometer (ALV/DLS/SLS-5000) equipped
with an ALV-5000 digital time correlator was used with a Helium-Neon laser (Uniphase 1145P,
output power of 22mW and wavelength of 632.8 nm) as the light source (Figure 2.1). The
incident light was vertically polarized with respect to the scattering plane and the light intensity
was regulated with a beam attenuator (Newport M-925B). The scattered light was transmitted
through a very thin(~ 40 um in diameter) optical fiber leading to an active, quenched, avalanche
photo diode (APD) as the detector. As a result, the coherent factor B in dynamic laser light
scattering was about 0.98. The avalanche photo diode has a sensitivity of 2 orders higher than
that of a normal photon multiplier tube (PMT), while its dark count increases no more than 10
times. Thus, a 22-mW laser could have a measured count rate similar to a 400 mW laser for a

normal PM tube. For DLS experiments in this dissertation, the standard deviation of every
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measurement of hydrodynamic radius (R;) can be automatically calculated and is below 1%.

schematic setup of the LLS is given in Figure 2.1.

2__,_;-'—'__ —\-\_\_\_\
i g
Sample: Ceil To Photodetector
Vet of Index-of-
Refraction-Matching Single-Mode Optical Fibera
s __Liquid Folarizing

|, - -~ Filter

Hevle Lasar e L

Photodetectar

Figure 2.1 Schematic Setup of the Laser Light Scattering Instrument

Figure 2.2 A commercial ALV/DLS/SLS-5000 laser light scattering (LLS).
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CHAPTER 3

SYNTHESIS AND STUDY OF INTERPENETRATING POLYMER NETWORK (IPN)

NANOPARTICLES IN WATER '

3.1 INTRODUCTION

Hydrogels containing two interpenetrating polymer networks (IPN) have attracted an
intensive investigation.” This is because an IPN hydrogel usually exhibits properties that a
hydrogel with the random co-polymerization of two monomers does not have. For example, the
IPN of poly(acrylic acid) (PAAc) and polyacrylamide (PAAM) undergoes the volume phase
transition driven by cooperative “zipping” interactions between the molecules which result from
hydrogen bonding. > In addition to the improved mechanical properties which usually come from
the reinforcement between two interpenetrating networks,’ an IPN hydrogel can have a preferred
direction for swelling by pre-stressing one of them (poly-N-isopropylacrylamide (PNIPAM))
before the gelation of the other one (polyacrylamide (PAAM)) takes place. * A well-designed
hydrogel with an IPN structure shows an upper critical solution temperature without a volume
change. ’

Two polymer chain networks in an IPN gel can be sensitive independently to two
different external stimuli. Such hydrogels have been employed for controlled drug delivery. ®®

C %! and has been used often

The PNIPAM gel undergoes the volume phase transition at T.=34
as one of the components in a IPN gel. Its phase transition temperature remains the same if the

PNIPAM is incorporated in an IPN matrix. However, the random copolymerization results in

shifting T, depending on the hydrophilic/hydrophobicity of the co-monomer. *
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IPN microgel particles have been synthesized because they are more effective as delivery
systems than macroscopic gels for agrochemical or medical applications. > A comparison of the
swelling behavior of the random P(AAc-co-AAm) particles and PAAc/PAAm IPN microgels has
been made using temperature and pH as the triggers. > Jones and Lyon, on the other hand,
showed multiresponsive core-shell microgels that consist of a weakly interpenetrating polymer

1 '°. These microgels were prepared by precipitation polymerization at

network core and a shel
70 °C in aqueous media. In the synthesis of the shell polymer, the collapsed particles serve as
nuclei for further polymerization, thereby resulting in preferential growth of the existing particles
over the nucleation of new ones. '°

Here we show a method to synthesize an IPN microgel of PNIPAM/PAAc. We extended
Jones and Lyon’s method by controlling reaction time so that the reaction was stopped once the
interpenetrating network was formed at room temperature. ' We present the synthesis and light
scattering characterization of these microgels, which displays the same T, as the PNIPAM but
shrinks less than the PNIPAM above T.. The semi-dilute aqueous solutions of the PNIPAM-
PAAc IPN microgels exhibit unusually inverse thermo-reversible gelation. In contrast to
polymer solutions of poly(NIPAM-co-AAc) that have the inverse thermo-reversible gelation, '’
2 our system can self-assemble into an ordered structure, displaying bright colors. Three
applications based on this novel hydrogel system are presented: a rich phase diagram that opens

a door for fundamental study of phase behavior of colloidal systems, a thermally induced

viscosity change, and in situ hydrogel formation for controlled drug release.

3.2 EXPERIMENTAL
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Materials: N-isopropylacrylamide was purchased from Polysciences, Inc. Dodecyl sulfate,
sodium salt 98%; potassium persulfate; acrylic acid 99%; and N,N’-methylenebisacrylamide
99% were purchased from Aldrich. TEMED; ammonium persulfate were bought from Bio-Rad
Laboratories. Water for sample preparation was distilled and deionized to a resistance of 18.2

MQ by a MILLIPORE system, and filtered through a 0.22um filter to remove particulate matter.

PNIPAM Microgel Preparation: The polymerization of NIPAM was carried out in a flask
equipped with a magnetic stirrer and a nitrogen feed: 3.8 g N-isopropylacrylamide, 0.066 g N,
N’-methylenebisacrylamide and 0.15 g sodium dodecyl sulfate (SDS) were dissolved in 240 g
distilled water under continuous stirring for one hour. The solution was nitrogen purged for 40
min before being placed into 70°C hot bath. Potassium persulfate (0.166 grams), which was
dissolved in 20 ml water, was then added to initiate the emulsion polymerization. The reaction
last for 4 hours under nitrogen atmosphere, and temperature was kept at (70+0.5) °C throughout.
The final PNIPAM microgel size can be well regulated by controlling the amount of surfactant:
the smaller nanoparticle size can be achieved by using large amount of emulsifier SDS. I
prepared two sized of PNIPAM nanoparticles (hydrodynamic radius Rh are 121 nm and 170 nm,

respectively) for the next step IPN synthesis.

All PNIPAM particles were purified via dialysis (Spectra/Por 7 dialysis membrane,
MWCO 10°000, VWR) against frequent changes of stirring H,O for 2 weeks at room
temperature. The final PNIPAM microgel concentrations were adjusted to 1.35 x10 g/ml for

both.

IPN Microgel Synthesis: The preparation of IPN nanoparticle is based on the above PNIPAM

microgels: 35 g PNIPAM microgel solution was diluted ten times with distilled water. 0.5 g N,
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N’-methylenebisacrylamide and 2.3 g acrylic acid were then added. The solution was deaerated
for 1 hour with nitrogen bubbling. The initiators (0.2 g ammonium persulfate) and accelerator
(0.2 g TEMED) were separately dissolved in water and added rapidly to the solution, making the
final solution volume into 370 ml. The reaction last for 120 min under nitrogen atmosphere, and
temperature was well regulated at (21+1) °C with a water bath. To gather reaction kinetic
information, 10 ml aliquot solution was taken from reaction container at different time since
reaction started; all aliquots were dialyzed for future DLS analysis. For the reason I will give
later in this dissertation, the resultant nanoparticle has the structure of PNIPAM-PAAc

interpenetrating network (IPN), rather than PNIPAM-PAAc core-shell structure.

Turbidity Measurement: Absorbance measurements (wavelengths from 200 to 1100 nm) were

made on an Agilent 8453 UV-Vis Spectrometer with a 1-cm optical path length quartz cell.

3.3 RESULTS AND DISCUSSIONS

Both the PNIPAM and IPN particles presented here were prepared by precipitation
polymerization in aqueous media. A detailed description and explanation about PNIPAM
nanoparticles synthesis may be found elsewhere. *' The second step IPN formation is possible
because the polymerization of acrylic acid may occur within each PNIPAM nanoparticle interior.
PNIPAM nanoparticles shrank slightly under the electrolyte effects from acrylic acid, but they
are still swollen enough at 21°C (below LCST) in aqueous media allowing the acrylic acid
monomers exist within their interior. During the reaction, every single PNIPAM nanoparticle
served as a skeleton for the polymerization of acrylic acid, thereby resulting in preferential
growth of the existing particles over the nucleation of new ones. To collect the kinetic

information of the reaction, 10 ml of aliquot solution was taken from the reaction container at the
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time of 40 min, 80 min, 100 min and 120 min, respectively. All these aliquot solutions were
purified via dialysis against frequent changes of stirring H,O for 2 weeks at room temperature,
and the samples were then diluted to 5x10° g/ml with distilled water for dynamic light scattering

analysis. The solution concentrations indicated here are all based on the PNIPAM solid content.

210

2004 —e— PNIPA based IPN

] particle growing profile
190 = e

| R Fitting curve

180 -
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150 -
140 <
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Figure 3.1. Hydrodynamic radius Ry, variation of the particles during IPN synthesis. The samples
were taken at different reaction moment, and dialyzed for 2 weeks to remove monomers and
small molecules. For DLS measurements, all the samples are of the same concentration of
5.0x10"° g/ml based on NIPAM solid content, and pH values were regulated between 6.5-7.0.

As the PAAc gradually interpenetrated into the particles, the polymer content of the solutions
will increase correspondingly, but it had little effect on the measurement of particle

hydrodynamic radius. The particle size variation as a function of reaction time is shown in Fig
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3.1, measured by dynamic light scattering (DLS). Based on the PNIPAM nanoparticles with
hydrodynamic radius of 121 nm at 21°C, the Ry, increased little during the first one hour, but
dramatically in the following 60 minutes, and further reaction for 10 more minutes lead to the
precipitation. The collected data can be well represented by an equation of Ry~ 119.1+1.77¢"",
where the characterization time © = 31 min. I found that the IPN growing speed varies much
based on the different size of PNIPAM nanoparticles and reaction temperature. For example, the
precipitation of IPN occurred at 60 minutes based on the Ry, = 170 nm PNIPAM nanoparticles,
providing all the other reaction parameters are kept the same as described above. Raising

temperature also results in a faster kinetics.

254 ——— 10 mins
—30 mins
. \ 50 mins
= 204 ——— 70 mins
< 90 mins
e ——— 110 mins
N 15
A
Q
w 1.0
0.5~
0.0 T T T T v T ¥ ] v J
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Figure 3.2. Turbidity change of reacting solution during IPN synthesis, as measured by UV/Vis
spectrometer. The absorption wavelength is ranged from 290 nm to 500 nm.
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Visual observation revealed that the solution turns from translucent to blurred blue to
white and finally to precipitation during the IPN growth, based on Ry, = 121 nm PNIPAM
nanoparticle as skeleton. The turbidity variation measured by UV/Vis spectrometer as a function
of reaction time is shown in Fig 3.2. Since the continuous reaction for 130 minutes will lead to

the precipitation as illustrated, we stopped the reaction at 120 min.

For a single PNIPAM nanoparticle, there is a higher -CONH- group density in its interior
than its surface before the reaction start, therefore the interaction of the ~-COOH of acrylic acid
and —CONH- of PNIPAM, in the form of monomeric or dimeric hydrogen bonding, ** would be
stronger within individual PNIPAM. It is thus reasonable to assume that the polymerization of
acrylic acid was primarily happened within each single PNIPAM nanoparticle at the initial phase
of the reaction. As the hydrophilic PAA gradually interpenetrated into the PNIPAM skeleton, the
IPN nanoparticles would be enlarged due to the increased water absorbing ability. Later reaction
mainly happened on the IPN nanoparticles surface where there has much more un-reacted acrylic
acid monomers available, and result in the fast growing of the particle size. The nanoparticles
therefore underwent the structure change from PNIPAM to IPN and finally to IPN-PAAc core-
shell throughout the reaction. The mechanism for the IPN synthesis is schematically shown in
Figure 3.3. To demonstrate the importance of hydrogen bonding for the IPN formation and
growth, sodium acrylate was used to replace acrylic acid as the interpenetrating reagent. As a
consequence, there is no turbidity or particle size change within 4 hours, monitored by UV/Vis

spectrometry and dynamic light scattering.
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(a)

(c) (d)

o /

Figure 3.3. IPN nanoparticle synthesis: (a) pure PNIPAM nanoparticle; (b) shrinked PNIPAM
nanoparticle under the effect of electrolyte acrylic acid, the red dots stand for the acrylic acid
monomers; the hydrogen bonding between PNIPAM and acrylic acid was represented by the dot
line as indicated in the enlarged chemical structure; (c) polymerization of the acrylic acid; (d)
final IPN nanoparticle.

3.3.1. Comparison of PNIPAM and IPN. PNIPAM and IPN nanoparticles were characterized
and compared using dynamic and static light scattering. Both PNIPAM and IPN nanoparticles
were diluted to 5.0x10® g/ml with distilled water, and pH values were measured around 6.5-7.0
for all samples. The nanoparticles size and distribution are shown in Fig 3.4, measured by
dynamic light scattering, in which the PNIPAM nanoparticles were very narrowly distributed
with Ry, around 121 nm, IPN nanoparticles were also narrowly distributed around 202 nm. The

calculated polydispersities PD.I for PNIPAM and IPN were 1.068 and 1.07, respectively, PD.I is

referred as 1+ where I is the average line width and p, ZJ:O G(D)(D-<D>)*dD,D =

b
<>
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K,T

———— . Increased particle size and their narrow distribution demonstrate that PAAc
6z <R, >

interpenetrated into the PNIPAM nanoparticles and the nucleation of new particles during IPN

synthesis is negligible.
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Figure 3.4. Size distributions of IPN microgel and its precursor PNIPAM nanoparticles, as
measured by dynamic light scattering.
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Figure 3.5. Zimm plot of static light scattering for (a) PNIPAM nanoparticles; (b) IPN
nanoparticles. Sample concentration varies from 2.5x10° g/ml to 1.0x10” g/ml for both.
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Static light scattering was carried out for the pure PNIPAM aqueous solution at 25°C, with
sample concentration varies from 2.5x10° g/ml to 1.0x10™ g/ml. The value of dn/dc used here is
0.166 cm’/g, measured by a refractometer. Fig 3.5(a) shows the Zimm plot of PNIPAM particles
aqueous solution. From the extrapolation of KC/R,(q) in Eq (2-10) to the zero angle and zero
concentration, the molar mass My, the second virial coefficient A,, and the radius of gyration
<Rg> are determined to be 8.14x10” g/mol, 8.90x10™ mol*cm®/g®, and 98 nm, respectively. By
combining DLS and SLS results, the ratio of <R,>/<R;> was found to be 0.80, which is close to
the theoretical value of (3/5)"* for uniform hard spheres. The density of pure PNIPAM
nanoparticle (p) in water may be estimated according to the relation 4/3*1R’>p=M,/Na, where R
is Ry from DLS, the molar mass, M, is M, from SLS, and N4 is Avogadro’s number. Thus the
calculated average polymer density in each PNIPAM sphere is about 1.82 x107 g/cm’ at 25°C in

water.

From Zimm plot of static light scattering for IPN microgel shown in Fig 3.5(b), we got the
molar mass My, and the radius of gyration <R,> and second virial coefficient A, were 2.341x10"
g/mol and 143.6 nm and 9.496 x 10” cm’/g?, respectively. The value of dn/dc used here is 0.102
cm’/g. The increased A, demonstrate that IPN nanoparticle is more hydrophilic than its PNIPAM
precursor. Since PAA exhibits more hydrophilic than PNIPAM at neutral environment, IPN
nanoparticles thus have more water content than pure PNIPAM nanoparticles. By combining
DLS and SLS results, the ratio of <R,>/<Ry> was found to be 0.71. It suggests that the polymers
are uniformly distributed. The average density of this IPN nanoparticle (p) was calculated with
the method introduced above, it is about 1.13 x10? g/cm’ at 25°C in water. The detailed

comparison data between PNIPAM and IPN nanoparticle are listed in the Table 3.1.
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Table 3.1.

PNIPAM and IPN microgels comparison summary.

R, |R; |RJRy | A, Mw Density | PNIPA:PA | LCST
A ratio
(nm) | (nm) | (a.u) | (mol*cm’/g”) | (g/mol) (g/em’)
PNIPA | 121 [98 [0.81 |[8.9x10° 8.137x10" | 1.82x10™ | 1 34°C
Nothing
IPN 202 [ 143 [0.71 |9.5x107 2.341x10° | 1.13x107 | 1:1.88 34°C

The weight ratio of PAA to PNIPAM in each IPN nanoparticle was determined to be

1.88:1, calculated from the IPN M, 2.34x10* g/mol, which is 2.88 times of pure PNIPA

8.137x107 g/mol. The value is very close to what we measured by evaporation method 1.82:1. If

the reaction goes for longer, the ratio will increase correspondingly.

36




Rh /nm

220

200 =

= = 5\5
o \E
- h-|
180 - P ] ]
160 < :
140 4
120_. o ] D\
100 4 D\
80 0
4 —O— PNIPAm particle \
60 - Conc. 1E-5 g/ml A
20 1 —=— IPN Conc. 2.88E-5 g/ml P H——o—g o
20 <
I v I v I v I — I v I v I
15 20 25 30 35 40 45

Property of Their Semi-dilute Solution.

Temp. /°C

Figure 3.6. Temperature induced phase transition for PNIPAM and IPN nanoparticles.

3.3.2. Temperature Induced Phase Transition of IPN Microgels and the Thermothickening

5x10 g/ml), the interaction between particles can be neglected; DLS was used to monitor the
particle size variation against temperature. From Fig 3.6 we can see the IPN has approximately
the same LCST 32~34°C as pure PNIPAM. Such property is remarkably different from poly
(AA-co-NIPAM), which always brings the LCST of NIPAM to higher temperature. > The
comparison of their Ry, below and above LCST shows that the IPN shrinkage ratio 0.84 is much
bigger than that of PNIPA 0.37. It is rationalized by assuming the hydrophilic PAA within IPN

nanoparticle hindered the further shrinking force from PNIPA skeleton. We also observed that
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the semi-diluted IPN aqueous solution (conc. 2.5% g/ml) exhibited unusual thermothickening
phenomenon at pH above 5. Different from graft copolymer containing p(acrylic acid) backbone
and p(NIPAM) side chains of which the semi-diluted solution viscosity increase took long time

and not to the much extent, 24

the IPN semi-diluted solution responded very fast to the
environment temperature increase and the viscosity enhancement was also tremendous. For
example, when the solution was set in 40°C hot bath for 10 seconds, the viscosity of IPN solution
enhanced to such an extent that the whole solution could be set upside down. Fig 3.7 shows the
comparison of IPN semi-diluted solution at room temperature (left) and 40°C (right). This
thermothickening behavior can be explained by the inter-particles hydrophobic attraction of

PNIPAM on the IPN surface when the temperature increased above the LCST of PNIPAM 34°C.

More detailed study about the rheological property of this IPN solution will be published

elsewhere.

Figure 3.7. Images of IPN semi-dilute aqueous solution below and above the LCST of PNIPAM
(~34°C).

38



3.3.3. pH Induced Volume Phase Transition. It is reasonable to anticipate that this IPN
nanoparticle possesses pH sensitivity due to the large amount of interpenetrated PAA. The Ry,
variation of IPN and PNIPAM nanoparticles as a function of pH is shown in Fig 3.8, measured
by dynamic light scattering. The pH for all solutions were adjusted using hydrochloric acid and
sodium hydroxide and the concentrations for all solutions were 5x10° g/ml. DLS detector was
set at 90° relative to the incident light and temperature was controlled at 21°C for all
measurement. As shown in Fig 3.8, there was a sharp drop of Ry, for IPN nanoparticles from 200
nm to 165 nm as the pH went from 5 to 4. In the pH range of 5-10, the particle Ry slightly
fluctuated around 200 nm without aggregation demonstrated by the constant scattering light
intensity. It is well known that PAA is mainly in ionic state when the environment pH is above
its pKa 4.7, and exhibits much more hydrophilic property than its molecular counterpart which
was dominant when the environment pH below the pKa. Therefore, as the pH < 4.7, the IPN
became more hydrophobic and forced water out from its interior, rendering sharp decrease of
particle size. However, with pH insensitive PNIPAM as skeleton, the shrinkage of the particle is
limited. It’s interesting to note that the extent of pH induced IPN shrinkage is about the same as
the temperature induced IPN particle shrinkage, both from 200 nm to around 160 nm. As
expected, there is no particle size variation observed for PNIPAM nanoparticles in the pH range

of 4-10, the little drop occurred at pH=2 are due to the electrolyte effect.
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Figure 3.8. pH induced phase transition for PNIPAM and IPN nanoparticles.

The comparison of IPN nanoparticles size distributions at pH 4 and 7 are shown in Figure 3.9,
we found the IPN nanoparticles have narrower dispersion at pH 4 than 7. It indicated that the
nanoparticles tend to get more uniform size distribution after the shrinkage. The PD. I for IPN

microgel at pH 4 and 7 are 1.02 and 1.07, respectively.
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Figure 3.9. Size distributions of IPN nanoparticles at different pH environments.

3.3.4 Phase Diagram of Semi-dilute IPN Nanoparticle Solution. The aqueous solutions of the
IPN nanoparticles exhibit rich phase behavior as shown in Figure 3.10 (a), determined by
combining visual inspection, turbidity and viscosity measurements. The phase behavior has been
divided into six areas with typical optical appearances as shown in Figure 3.10 (b). At low

polymer concentrations (< 2.2x107 g/ml, Area A), the IPN dispersions appear translucent and

12
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100
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flow easily. The IPN nanoparticles are fully swollen.
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Figure 3.10. The phase behavior of the PNIPAM-PAAc IPN nanoparticles in water. (a) The
temperature-concentration phase diagram. There are six areas: (A) a homogeneous colloidal
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fluid, (B) a phase-separated colloidal fluid, (C) a colloidal crystal phase, (D) a colloidal glass, (E)
a colloidal gel, and (F) a phase-separated colloidal gel. (b) Representative pictures of each phase.
The hydrodynamic radii of the PNIPAM and IPN particles are 125 nm and 155 nm, respectively.

The weight ratio of PNIPA to PAA is 2:1, determined by both evaporation method and static

light scattering.

Upon increasing the temperature, the particle size shrinks and the dispersions enter into a phase-

separated area (Area B). In the intermediate polymer concentration range (between 2.2 and

3.0x107 g/ml, Area C), the IPN dispersions are colloidal crystal fluids at room temperature.

These crystals are easy to observe due to their iridescent patterns caused by Bragg diffraction. *

Constructive interference occurs if the Bragg condition, 2ndsin@ = mA, is satisfied, where d, 4,

n, A, and m are the lattice spacing, the diffraction angle, the refractive index of the gel medium,

the wavelength of light in vacuum and an integer, respectively. In a high polymer concentration

range (between 3.0x107 and 4.0x10” g/ml, Area D), the IPN dispersions are colloidal glass

fluids that are viscous fluids and exhibit a homogeneous color due to a short-range order. ** At

very high polymer concentrations (>4x10? g/ml, area D) at room temperature, the IPN

dispersions become colloidal gels. At higher temperatures, the gels become white and opaque

(Area F).
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Figure 3.11. Temperature-dependent viscosity. Viscosities of aqueous solutions of IPN (C=1.97
w%), IPN (C= 3.27 w%) and PNIPAM (C=3.27 wt%) were measured as a function of
temperature using a Brookfield Viscometer. The hydrodynamic radii of the PNIPAM and IPN
particles are 125 nm and 155 nm, respectively. The weight ratio of PNIPAM to PAAc is 2:1,
determined by both evaporation method and static light scattering.

The inverse thermo-reversible gelation occurs in a broad polymer concentration above
2.5x107 g/ml. That is, when the system is heated to above the gelation temperature Ty, it
undergoes a transformation from a low-viscous fluid to a gel. This behavior is completely
reversible. A typical temperature-dependent viscosity of an IPN nanoparticle aqueous solution
(3.27 wt %) is presented in Figure 3.11 in comparison with that for a PNIPA nanoparticle

dispersion with the same polymer concentration with a heating rate of 2°C /5mins. The viscosity

was measured using a Brookfield viscometer with a shear rate of 100 rpm. The viscosity data
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obtained with various heating rates between 1 and 5 °C/5mins were the same, indicating that the
associative phenomenon is rather fast.

The viscosity of the PNIPAM nanoparticle dispersion (C=3.27 wt %) was observed to
decrease as the temperature increased and reached a plateau above 32°C. This was due to the
increase of the mobility of individual particles and the gradually shrinking particle size with the
increasing temperature. In comparison, the IPN nanoparticle dispersion (C=3.27 wt %) exhibited
behavior similar to the PNIPAM dispersion below 32 °C. However, when the temperature
reached 32.5°C, the viscosity drastically increased and jumped beyond our viscometer’s
measurement range. Visual inspection revealed that the dispersion in the test tube was
physically gelled and could not flow even the tube was set upside down. The thermally induced
viscosity change can be tuned by changing polymer concentration. The IPN dispersion with a
lower polymer concentration (C<2.5x107 g/ml) exhibits a viscosity enhancement but without
gelling, as shown in Figure 3.11.

The gelation of the IPN dispersion at T>T, is caused by the attractive interactions
between particles. At room temperature, PNIPAM particles are in the swollen state and they
contain 97% water by volume. The van der Waals attraction between colloidal particles is
negligible due to the close match in the Hamaker constants of the particle and the water. > The
reduced osmotic second virial coefficient exhibits a sharp change at the volume transition
temperature, beyond which it turns negative, indicating an increase in the van der Waals
attraction as the particles collapse. Thermodynamic calculation indicates that the reduced
interaction potential energy between nanoparticles increases by over six orders of magnitude as
temperature changes from 24°C to 36 °C, with the sharpest increase near the volume transition

temperature of 34 °C. *® The gelation is therefore achieved by the balance between van der Waal
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interaction between PNIPAM networks and the ionic repulsion of the PAAc networks in the IPN

particles.
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Figure 3.12. A cumulative release of model drugs from an in situ-formed gel depot. The dyes
with molecular weights of 40, 70, 500 and 2000 k Daltons are mixed with 5.25 wt % IPN
dispersion at room temperature, respectively. The weight ratio of PNIPAM to PAA is 1:0.13 and
the IPN particle size is 111 nm at room temperature. The release was measured after the IPN
formed a gel in 37°C PBS.

3.3.5 Physically Crosslinked IPN Microgels Network for Drug Delivery. One of the key
applications of this novel hydrogel nanoparticle dispersion is in the area of controlled drug
delivery. The mixture of the IPN nanoparticles and drugs can be prepared as an aqueous solution
below the gelation temperature to form a drug delivery liquid. This liquid could be administrated

into a warm-blooded animal which forms in situ a gelled drug depot since body temperature will

be above the gelation temperature of the IPN dispersion. The drug can be entrapped inside a
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hydrogel by solution mixing without chemical reaction. In contrast to hydrogels obtained from
polymer solutions with inverse thermoreversible gelation *°, the hydrogel formed with our
nanoparticle dispersions has unique two-level structural hierarchy: the primary network consists
of crosslinked polymer chains inside each nanoparticle, while the secondary network is a
crosslinked system of the nanoparticles. The drug could be entrapped either between the
particles or inside each particle.

As a demonstration, we used dextran with different molecular weights as a model drug
and mixed them with an IPN nanoparticle dispersion with a polymer concentration at 5.25 wt%.
At room temperature, the dispersion is a viscous fluid can be mixed with a dextran solution very
thoroughly. The drug-dispersion mixture was then heated to 37 °C at which point the dispersion
becomes a gel. This gel was then taken out from the tube and immersed into a PBS solution at
37 °C. The cumulative drug release from the gel was measured using a UV-Visible
spectrophotometer as a function of time as shown in Figure 3.12. It is clear that the molecules
with smaller molecular weights diffuse out faster than those of higher molecular weights. The
release rates slowed down gradually for 70K, 500K and 2M drug analogs in the order of their
molecular weights. The drug molecules here were entrapped between IPN nanoparticles,
permitting the release of molecules with very large molecular weight of 2M. It is noted that the
polymer concentration used in the release experiment is about 10 times smaller than that used in

a polymer solution system. *’

3.4 CONCLUSION

Monodisperse IPN nanoparticles composed of poly-acrylic acid (PAA) and poly(N-

isopropylacrylamide) (PNIPAM) interpenetrating networks are for the first time synthesized. The
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kinetics of IPN formation is obtained by measuring the turbidity variation and particle
hydrodynamic radius change as a function of time. Individual IPN and PNIPAM nanoparticles
are studied and compared using both dynamic and static light scattering techniques. The
semidilute IPN nanoparticle dispersion possesses the advantage of thermosensitive property. The
single IPN nanoparticle exhibits a relatively high equilibrium water content and also showed the
multiple and reversible sensitivity to both pH and temperature. This system exhibits a very rich
phase behavior including a colloidal crystalline phase in which the system displays iridescent
colors, and an inverse thermoreversible gelation for polymer concentrations above 2.5x107
g/mL. The gelation is achieved by the balance between van der Waal’s interaction between
PNIPAM networks and the ionic repulsion of the PAA networks in the IPN particles. The drug
has been loaded into a hydrogel by mixing the solutions below the gelation temperature, and was

released from the gel depot above T,.
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CHAPTER 4
SWELLING AND MECHANICAL BEHAVIOR OF POLY (V-
ISOPROPYLACRYLAMIDE)/Na-MONTMORILLONITE LAYERED SILICATES

COMPOSITE GEL '*

4.1 INTRODUCTION

Gels are crosslinked polymer networks swollen in a liquid medium. The liquid inside the
gel allows diffusion of some solute molecules, while the polymer network serves as a matrix to
hold the liquid together. Poly(N-isopropylacrylamide) (PNIPAM) gel is a temperature sensitive
gel exhibiting the volume phase transition at approximately 34°C **. Below this volume phase
transition temperature, T, the gel swells and it shrinks as the temperature is raised. On the other
hand, un-crosslinked PNIPAM polymer chains in water exhibit the low critical solution
temperature (LCST) behavior. The temperature sensitivity of the PNIPAM gel has attracted a
considerable attention in the recent years due to both fundamental and technological interests .
The PNIPAM and its derivatives have potential applications for controlled drug delivery,
chemical separation, sensors and actuators.

Swelling and mechanical properties of PNIPAM gels have been investigated intensively.
3 1213 1t has been found that increasing crosslinker concentration can enhance PNIPAM
mechanical strength. '* However, a large amount of crosslinkers could result in the shift of the
volume transition temperature and in the reduction of swelling capability.">'° It is well known

that the properties of gels can be significantly enhanced by incorporation of inorganic ordered

$ Reproduced with permission from [Xia, X., Yih, M.J., Dsouza, N., Hu, Z., Polymer, 2003, 44,
3387]. Copyright [2003] Polymer.
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systems, in particular clays, into the gels '"?°. As a model system, sodium montmorillonite
layered silicates (Na-MLS) is widely used as an additive for plastics to improve their physical
properties. The chemical structure of the Na-MLS has been reported. *'

It has been found that the incorporating clay into poly(acrylamide) gel enhanced the gel
elastic modulus while exhibited no significant improvement to its swelling ability. '
PNIPAM/Na-MLS composite materials have been made with high Na-MLS concentrations
(above 3.5 wt%) and their swelling behavior as a function of temperature has been studied.
However, the potential of low content Na-MLS (less than 3.5 w%) on the swelling ratio, the
volume phase transition temperature and shear modulus of the PNIPA gel has not been

investigated so far. In this article, we present the results of the swelling and elastic properties of

a series of PNIPAM composites with Na-MLS concentrations ranging from 0.25 w% to 4.0 w%.

4.2 EXPERIMENTAL

Sample Preparation: The gels were prepared by free radical copolymerization of monomers in
aqueous suspensions of Na-MLS (Southern Clay Products, Texas). A series of gel disks and
filaments were made, respectively, for shear modulus and swelling ratio measurements. 0.2 g
Na-MLS was first suspended in 20 ml water thoroughly under ultrasonic irradiation. Then, 1.56
g N-isopropylacrylamide (NIPAM), 26.6 mg methylene-bis-acrylamide (BIS) as crosslinker, and
48ul tetra-methyl-ethylene-diamine as an accelerator were dissolved in 20 ml Na-MLS water
suspension at 21°C. The solution was bubbled with nitrogen gas for 30 minutes to remove
dissolved oxygen. The polymerization was initiated by adding 8 mg ammonium persulfate
(APS). Three micro-liter glass capillaries with an inner diameter of 0.269 mm were inserted into

the solution. The solution climbed along the capillary tubing due to the high surface tension.
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After 24 hours, the micro capillaries were drawn out carefully from gelled PNIPAM. The
PNIPAM filaments were obtained by carefully breaking the capillaries in de-ionized water. To
make the transparent PNIPAM gel filaments more easily identified, they were dyed with brilliant
blue, which stick to the filament surface without changing the gel properties. The gel disks were
made in the glass test vials having a diameter of 2.54 cm. The synthetic chemical compositions
were the same as described above. The vial was then broken carefully and a thin copper thread
was used to cut the gel into a series of 1 mm-thick disks. The gel disks were kept in distilled
water for the shear modulus measurement. The same procedure was used to prepare pure
PNIPAM gel and other Na-MLS/PNIPAM gel composites with Na-MLS concentration ranging
from 0.25 to 4.0 wt%. The composition and properties of Na-MLS/PNIPAM composites are
listed in Table 4.1. For swelling ratio measurements, the use of filaments can substantially

reduce the waiting period.

Table 4.1. Composition and characterization results for Na-MLS/PNIPAM samples, in which
NIPA, BIS, APS and water amounts were 1.56 gram, 0.0266 gram, 0.048 ml and 20 grams for all
the samples preparation.

Sample | Na-MLS Na-MLS Al /l, d/d, Shear

(gram) percentage in the (AU (A.U) modulus
sample (W%) (Pa)

1 - - 0.535 1.122 1882

2 0.05 0.25 - 1.194 1067

3 0.1 0.5 0.563 1.208 865

4 0.2 1.0 0.564 1.187 1198

5 0.3 1.5 0.622 - 1565
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6 0.4 2.0 0.494 1.171 2097

7 0.5 2.5 0.43 1.151 2699
8 0.6 3.0 0.351 1.127 3304
9 0.8 4.0 - 1.098 4316

Shear Modulus Measurements: A Paar Physica UDS200 rheometer and a 25mm parallel plate
were used for shear modulus measurements. Torque amplitude sweeps were first conducted in
order to determine the linear elastic region. The torque amplitude ranged from 0 to 1 mN*m and
frequency was kept at 1 Hz for all the measurements. The sample was placed very carefully into
the rheometer to prevent the disruption of the gel structure. Measurements were commenced
after a waiting time of 10 min. Following this procedure, we were able to obtain reproducible
results. The relative compression of the samples was in the range from 1.0 to ca. 0.5. Values of
the elastic modulus G were calculated from the formula: t = G*y, where 1 is shear stress and v is
the shear strain of a sample. G was calculated from the slope of the linear region of the stress-

strain plot.

4.3 RESULTS AND DISCUSSION

The level of homogenous distribution of the Na-MLS platelets within the PNIPAM matrix
is first determined using polarized optical microscopy. The presence of water limits our use of X-
ray diffraction (XRD) and Transmission electron microscopy (TEM). When the montmorillonite
is mixed with water, two dispersions have been commonly identified: the exfoliated (when the

basal interlayer of the montmorillonite is completely disrupted) and intercalated (when the
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interlayer basal spacing increases relative to the original montmorillonite). In our earlier paper *
we have demonstrated that even when Na-MLS is exfoliated, the individual clay platelets form
aggregates where the face of one platelet has a face-face interaction with others at its edge. This
leads to the increase of clay domain size with concentration. XRD and TEM measurement have
confirmed that exfoliated dispersions show a sign of aggregation similar to clay + water
suspensions. * In aggregation, two or more particles clump together, touching only at certain

points. The aggregated clays retain their identity but move kinetically as a single unit. **

-

Figure 4.1. Optical images of composite gels by Axioplan polarizing optical microscope. (a)
pure PNIPAM, (b) 0.5 w%, (¢) 1.5 w%, and (d) 2.0 w% Na-MLS/PNIPAM composite gels.
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Here, optical microscopy images for different concentration of Na-MLS/PNIPAM
composites show the same phenomenon in Figure 4.1. With increasing clay concentration, the
average platelet size varied from 1 to 5 um gradually as the concentration of Na-MLS increased
from 0.5 wt% to 2.0 wt%, and an average agglomerate separation of 10, 4 and 3 pum was
observed for 0.5, 1.5, 2.0 wt% Na-nanocomposites, respectively. It revealed that Na-MLS tends
to form larger aggregates in a PNIPAM gel matrix when its concentration above 1.5 w%. In the
low Na-MLS concentration ranging from 0 to 1.5 w%, the small Na-MLS aggregates are well
dispersed inside PNIPAM matrix as suggested by the evenly distributed small black dots in
Figure 4.1 (b) and (c). When the Na-MLS concentration reached 2 w%, larger aggregates were
formed as indicated by the increased concentration and dimensions of the black dots in Figure
4.1 (d). This morphology will be related to the swelling and mechanical properties of the gels.
Increased turbidity of samples having more than 2% clay prevented optical analysis of the

samples with higher clay concentrations.
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Figure 4.2. Swelling ratio (d/d,) for the PNIPAM gel and its composites at 23°C, where d is the
equilibrium gel filament diameter and d, is the capillary diameter. The shear moduli of Na-
MLS/PNIPAM composites are also shown in the figure, measured at 23°C.

Figure 4.2 shows the equilibrium swelling ratio d/d, and shear modulus of gel
composites as a function of Na-MLS concentration at 21°C, where d and d, are, respectively, the
diameter of the filaments in water at room temperature and the inner diameter of the capillary
tubing. The value of d/d, increased sharply from 1.12 of pure PNIPAM to the highest value 1.2
of 0.5 w% Na-MLS incorporated composite. In this low Na-MLS concentration range, Na-MLS
are easily ionized and evenly distributed in the PNIPAM gel. This enhances the hydrophilicity of

PNIPAM gel and makes it swell more. However, in the higher Na-MLS concentrations above 1.0
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w%, the d/d, deceases linearly with the increasing of Na-MLS concentration. This is partly due
to the strong binding of sodium cations to the negatively charged MLS associates. These
counter-ions are not free and cannot contribute to the osmotic pressure, resulting in the shrinkage
of the gel.

Let us now discuss the mechanical properties of the gel composites. The dependence of
the shear modulus G on the Na-MLS concentration is also shown in Figure 4.2. Adding Na-MLS
in the region of small concentrations leads to the decrease of the G values from 1880 Pa of the
pure PNIPAM to the minimum 865 Pa of 0.5 wt% Na-MLS composite. Further increase of Na-
MLS concentration from 0.5 to 4.0 wt% is accompanied by the increase of the shear modulus
from 865 Pa to 4320 Pa. Clearly, below 0.5 wt%, the Na-MLS are well separated and their
hydrophilic property plays a major role. Above 0.5 wt%, the Na-MLS is associated to strengthen
the gel network, resulting in the increase of the shear modulus. Specially, we have identified a
narrow Na-MLS concentration ranging from 2.0 to 3.2wt%. In this range, the gel has larger
swelling ratio and stronger mechanical strength than those for a pure PNIPAM, this is a
significant result because an increase in swelling ratio is usually accompanied by a decrease in

shear modulus for a non-composite gel.
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Figure 4.3. Temperature dependence phase transition of the PNIPAM gel and its composite with
up to 4.0 wt% of Na-MLS in water, in which 4 stands for pure PNIPAM; [ for PNIPAM +

.5% Na-MLS; O for PNIPAM + 1% Na-MLS; =) for PNIPAM + 2% Na-MLS; A for PNIPAM
+2.5% Na-MLS; ® for PNIPAM + 3% Na-MLS; ¥ for PNIPAM + 4% Na-MLS.

The temperature induced-volume phase transitions were tested for all Na-
MLS/PNIPAM composites in water. The Na-MLS/PNIPAM filaments in water were heated
gradually from 21°C to 39°C using a home made temperature controller with an accuracy of
0.5°C. The lengths of the filaments were measured at each temperature after it reaches the
equilibrium value about 2 hours. Volume variation of the gel filament is represented by the
change of //lo, where /o is the length of filament when it is formed in the capillary tubing, and

the / is temperature dependent length. Typical temperature induced volume phase transition
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curves of pure PNIPAM gel filament and its composites, with up to 4.0 w% of Na-MLS, are
shown in Figure 4.3. By comparing these curves it is apparent that the T, (~34°C) of the neutral
PNIPAM gel in water is unaffected by the presence of Na-MLS in the concentration ranging
from 0 to 4.0%. It is well known that increasing the cross-linker concentration could
substantially increase the gel mechanical strength, however, it could also bring the T, to a slight
higher temperature. >

It can be seen that the presence of Na-MLS in neutral PNIPAM gels hinders the degree of
the temperature-induced shrinkage at the T, in water. This effect is more pronounced for the gels
with higher Na-MLS content (above 4.0 w%). The plausible explanation is that the charged MLS
start to sterically obstruct and electrically repulse one another. The strong collapse force of the
PNIPAM gel is consequently being weakened.

The changes of the filament length Al/lo for the PNIPAM gel and its composites are
compared and shown in Figure 4.4, where Al is the filament length difference below and above
the T, (~34°C) and /o is the equilibrium filament length at 22°C. This parameter is defined to
numerically represent the extent of gel volume change induced by the temperature at the T. It is
interesting to observe that the volume change of the PNIPAM is increased first by Na-MLS
additives in the range of 0-1.5 wt%, and then decreased linearly as more Na-MLS are
incorporated. The extent of gel volume change at the T is the balance of competition between
two contradictory driving forces: one is increased hydrophilicity arising from the well-dispersed
Na-MLS, and the other is the strong self-association tendency from increasing amount of Na-
MLS. This phenomenon is well explained by the morphology of the Na-MLS shown in Figure
4.1. At low additive concentration below 1.5 w%, the contribution from well-separated small Na-

MLS aggregates is dominant as shown in Figure 4.1 (b) and (c). It therefore leads to the
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enhanced volume change. As Na-MLS concentration increased above 1.5 w%, however, the self-

associate force of MLS is overwhelming and causes a reduction in the volume change.

0.6 -

Alllo (A.U.)
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B Gel filament length change ratio

1 N 1 N
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Na-MLS content (Wt%0)

Dr. Z.Hu

Figure 4.4. The relative size change (A4//l,) over the volume phase transition temperature for the
PNIPAM gel and its composites, where A/ and /o are the filament length difference between
22°C and 37°C and equilibrium filaments length at 22°C, respectively.
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Figure 4.5. pH sensitivity of NIPA-SA copolymer *°, pure PNIPAM and Na-MLS/PNIPAM
composite gels. The weight ratios of NIPA to SA in NIPA-SA copolymer and PNIPAM to Na-
MLS in Na-MLS/PNIPAM composite are 1/0.048 and 1/0.385, respectively.

It has been reported that the copolymer gels comprising N-isopropylacrylamide (NIPA)
and sodium acrylate (SA) are sensitive to a pH change *°. The Na-MLS/PNIPAM composites,
however, exhibit no such sensitivity to pH conditions. The swelling ration d/d, was kept almost
constant as the pH environment changes from 2 to 10 at 21°C as shown in Figure 4.5. This
suggests that Na-MLS is physically entrapped rather than chemically bonded into the gel

network.
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4.4 CONCLUSION

Clay-polymer hydrogel composites have been synthesized based on poly(N-
isopropylacrylamide) (PNIPAM) gels containing 0.25 to 4 wt% of the expandable smectic clay
Na-montmorillonite layered silicates (Na-MLS). Their structure and property relationship has
been investigated combining measurements of morphology, shear modulus, and swelling ratio as
a function of temperature and Na-MLS concentration. Specifically, a polarized optical
microscopy study has revealed that Na-MLS form aggregates in the PNIPAM gel and the size of
aggregates increases with Na-MLS concentration. Incorporation of Na-MLS clay into a neutral
PNIPAM network improves the gel mechanical properties, while does not change its volume
phase transition temperature. The shear modulus of the gel composite first decreases and then
increases with the increasing Na-MLS concentration, exhibiting a distinct minimum. In Na-MLS
additive concentrations ranging from 2.0 to 3.2 w%, both swelling ratio and shear modulus of the
composite gels have been improved comparing with the pure PNIPAM gel. The difference in gel
volume below and above T, can be enhanced by adding small amount of Na-MLS (<1.5 w%).
The composite gel does not response to the pH change, indicating that Na-MLS is physically

entrapped inside the gel matrix.
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CHAPTER 5
FORMATION AND VOLUME PHASE TRANSITION OF HYDROXYPROPYL

CELLULOSE MICROGELS IN SALT SOLUTION '*

5.1 INTRODUCTION

The volume phase transition in polymer gels can be induced by many external stimuli such
as temperature, solvent composition, light, electric field, and pH value.”” Hydroxypropyl
cellulose (HPC), one of the thermally responsive gels similar to the poly(N-isopropylacrylamide)
(PNIPAM), > has received considerable attention because of its biocompatibility. > Bulk HPC
hydrogels and its derivatives with various forms including homogeneous gel, porous gel, and gel
beads have been extensively studied. ® Our group has reported the synthesis of HPC microgel

%11 ysing a precipitation polymerization method. For polymer chains like the HPC that

particles
contain both hydrophobic and hydrophilic portions, changing the properties of the solvent by
other ways may also induce self-association, leading to the formation of colloidal particle
aggregates. It is known that addition of salt can lower the phase transition temperature in ionic

12-14

and nonionic gels. This effect is caused by the competing interactions between salt and

water and between water and polymer chains.

Here we show that HPC microgel particles have been synthesized at room temperature by
adding salt into HPC-water solution. In contrast to a previous method '° that requires to heat
HPC-water solution above the low critical solution temperature (LCST) of the HPC at about

41°C, the current method is to first reduce the LCST of HPC polymer chains from 41°C to room

$ Reproduced with permission from [Xia, X., Tang, S., Lu, X., Hu, Z. Macromolecules 2003, 36,
3695] Copyright [2003] American Chemical Society.
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temperature by adding salt into the HPC-water solution and then to bond HPC globules without
surfactant at room temperature. These microgels may be used as building blocks for the

formation of nanoparticle networks '>'°

and as carriers for controlled drug delivery. The volume
phase transition of the resultant microgels has been investigated using light scattering techniques.

The results have been discussed in terms of Flory-Huggins swelling equilibrium of gels and

compared with the previous study of bulk PNIPAM gels. !’

5.2 EXPERIMENTAL

Materials: Dry hydroxypropyl cellulose (HPC) powder (average M, = 1.0 x 10°), divinyl
sulfone (DVS), sodium hydroxide (NaOH) pellets, and sodium chloride (NaCl) were purchased
from Aldrich Chemical Co. and used as received. The substitution level of the HPC polymer for
this study was MS = 3.9, where MS is the average number of molecules of propylene oxide
combined per anhydroglucose unit. ° Water for all reactions, solution preparation, and polymer
purification was distilled and purified to a resistance of 18 MQ using a Millipore system and

filtered through a 0.22 #m filter to remove particulate matter.

HPC Microgel Synthesis: 0.5 g of HPC powder was mixed in 99.5 g of water to form 0.5 wt %
HPC solution by gentle stirring for a week to ensure it thoroughly dissolved. We first prepared
HPC polymer solution (5 g of 0.5 wt % HPC) and NaCl solution (3.80 g (0.065 mol) of sodium
chloride in 45 mL of distilled water). Then NaCl solution was injected to the polymer solution
using a pipet. After mixing completely, the color of the HPC solution changed from clear to light
blue, indicating the formation of HPC colloids. Then 0.075 g of cross-linker divinyl sulfone

(DVS) was added to the HPC/NaCl solution. After 2 h, 0.25 g of 2 M NaOH solution was added
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to make the pH value of HPC/NaCl solution equal to 12. The cross-linking reaction between
DVS and HPC colloids was carried out for 24 h. The resultant microgels were then dialyzed for 1
week to remove NaCl and NaOH. The same procedure was used to prepare a series of HPC
microgels with polymer concentrations ranging from 0.03 to 0.1wt % at various sodium chloride

concentrations.

LCST Determination: The lower critical solution temperature (LCST) of un-cross-linked HPC
polymer chains at various salt concentrations was determined by measuring the scattering
intensity at 90° scattering angle. Here HPC (1000 ppm) was dissolved in a given concentration of
a sodium chloride solution at 15°C. The cell holder in light scattering apparatus was thermally
controlled using a refrigerating circulator. The temperature was gradually raised from 15 to 45°C
by turning on the heater. The LCST of the HPC in a salt chloride solution was defined as the

temperature at which scattering light intensity exhibits a sharp rise.
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Figure 5.1. The LCST of un-cross-linked HPC decreases with increasing sodium chloride
concentration, where the LCST was obtained from the midpoint of the sharpest light scattering
intensity change.

5.3 RESULTS AND DISCUSSION

5.3.1. Synthesis of HPC Microgels in Salt Solution. The LCST of the HPC is plotted against
NaCl concentration as shown in Figure 4.1. A linear relationship is obtained between the two,
indicating that an increase of sodium chloride lowers the LCST of the HPC solution. It is known

that the pure HPC is more soluble in water at the temperatures below LCST (~41°C) than it is at
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the temperatures above the LCST. Here adding NaCl apparently weakens the hydrogen

bonding between HPC and water, leading the LCST of the HPC to a lower temperature.

Our experiment demonstrated that HPC colloids can form at room temperature only within a
narrow sodium chloride concentration ranging from 1.3 to 1.4 M. Below 1.3 M, HPC hydrophilic
property is dominant, and HPC chains unable to form globules. Above 1.4 M, HPC colloids can
grow bigger through hydrophobic interaction and eventually lead to precipitation. After finding
the relationship between the LCST and the salt concentration, we carried out the experiment to
synthesize surfactant free HPC microgels by cross-linking the self-associated chains in salt

solution using divinyl sulfone at pH = 12 at room temperature.

It is found that three reaction factors affect the final HPC microgel particle size and size
distribution: polymer concentration, salt concentration, and reaction temperature. Let us keep
HPC concentration at 0.03 wt %, while changing the NaCl concentration from 1.4 to 1.3 M. As
shown in Figure 5.2 (a), the higher NaCl concentration leads to the smaller average radii <Rp> of
the microgels. The main Ry, peak positions for microgels synthesized in 1.4, 1.35, and 1.3 M
NaCl solutions are 540, 570, and 830 nm, respectively. This suggests that more compact
microgels were formed in higher salt concentrations. Furthermore, the radius distribution
becomes broader with the increase of the salt concentration. PDI for the HPC microgels
synthesized at 1.40, 1.35, and 1.30 M NaCl solutions are calculated respectively to be 1.5, 1.3,
and 1.2. This indicates lowering NaCl concentration tends to form narrower size distribution.
The formed globules are apt to precipitate as their density getting higher, while the steric effect

from less condensed globules help to stabilize the colloidal dispersion. When NaCl concentration
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was increased above 1.4 M, however, the steric effect could no longer be strong enough to

balance the precipitation force contributed from the growing population of larger particles.
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Figure 5.2(a) Hydrodynamic radius distributions (f{Ry)) of HPC microgel particles (C = 5.0 x 10
> g/mL) in deionized water at 23.5°C. The HPC microgels were prepared in various NaCl

concentrations, while the HPC polymer chains concentration and reaction temperature were kept
at 0.03 wt % and 23.5°C, respectively.
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Figure 5.2. Hydrodynamic radius distributions (f{Ry,)) of HPC microgel particles (C = 5.0 x 10”
g/mL) in deionized water at 23.5°C (b) The HPC microgels were made at 23.5°C in various HPC
polymer concentrations, while NaCl concentration was kept at 1.4 M. (c) The HPC microgels
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were made at different temperatures, while HPC polymer concentration and NaCl concentrations
were kept at 0.03% and 1.4 M.

The HPC microgel size distribution was then investigated as HPC concentration was varied
from 0.03 to 0.1 wt %, while the NaCl concentration and the reaction temperature were kept at
1.4 M and 23.5°C, respectively. Figure 4.2 (b) shows hydrodynamic radius distributions (f{Ry))
of resultant HPC microgels (C = 5 x 10~ g/mL). The average radii <R,> of the microgels show
no significant change: 470 nm for 0.1 wt % HPC, 480 nm for 0.05 wt % HPC, and 540 nm for
0.03 wt % HPC. However, the radius distribution becomes narrower with the increase of HPC
concentration. The PDI values for 0.03, 0.05, and 0.1 wt % HPC are 1.5, 1.3, and 1.3,

respectively.

Figure 5.2 (c¢) shows the HPC microgel size distribution at different reaction temperatures.
Here polymer and sodium chloride concentrations are kept at 0.03 wt % and 1.4 M. The reaction
temperatures selected here are higher than the LCST of the HPC in 1.4 M NaCl solution
(~20.5°C) by 1, 2, and 3°C, respectively. As shown in Figure 5.2 (¢), the particle size does not
change significantly and are 470, 470, and 540 nm for 21.5, 22.5, and 23.5 ” C, respectively.
However, the size distribution becomes narrower as A7 = T - LCST decreases. As AT increases,
the salt association becomes faster so that polymer chains do not have time to relax themselves to

the most favorable states. As a result, the particle size distribution becomes broader.
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Figure 5.3. Sodium chloride induced HPC microgel particles (C = 5.0 x 10 g/mL) volume
phase transition at 23.5°C. The hydrodynamic radius was measured by dynamic light scattering.

5.3.2. The Volume Phase Transition of HPC Microgels. Like its polymer chain counterpart, the
resultant surfactant-free HPC microgels exhibit both the temperature and salt sensitive volume
phase transition behaviors. The average hydrodynamic radius of HPC microgels (synthesized at
23.5°C with polymer and salt concentration 0.1 wt % and 1.4 M, respectively) is plotted as a
function of salt concentration at 23.5°C as shown in Figure 5.3. The HPC microgel
hydrodynamic radius Ry, dropped from 470 to 160 nm as the environment was changed from pure
water to 1.4 M salt concentration. The critical sodium chloride concentration, C,, is defined as
the one that causes the sharpest change in gel volume. We found the C, for HPC microgels is

also between 1.3 and 1.4 M, similar to the value that we obtained for HPC chains. This suggests
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that salt-induced volume change at room temperature and temperature-induced volume change in

water are closely related.

The <Ry> of HPC microgels plotted against temperature at various sodium chloride
concentrations are shown in Figure 5.4. It can be seen that, at each sodium chloride
concentration, the Ry, of the gel sharply decreases at a certain temperature, which agrees well
with the LCST of un-cross-linked HPC chains at different NaCl concentrations. As NaCl

concentration increases, the volume transition temperature decreases.
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Figure 5.4. Temperature-induced volume phase transition of HPC microgel particles (C = 5.0 x
10” g/mL) under different sodium chloride concentrations. The solid lines are the theoretical
fitting curves based on the mean-field theory.
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Let us turn our attention to understanding experimental results in Figure 5.4 in terms of

22-23

Flory-Huggins free energy theory. According to this mean-field theory, an equation relating

the equilibrium concentration of a gel to the temperature can be written as '’

AH-TAS AF _
T T

¢ ¢ 1/3] 2 21n(1 P)

9 9 ¢ ¢’

)

—

where ¢ is the volume fraction of polymer network, AF is the free energy difference, and AH and
AS are the corresponding enthalpy and entropy, respectively. v is the total number of chains in
the gel, w the molar volume of the solvent, k& the Boltzmann constant, 7 the absolute temperature,

N Avogadro's number, and f'the number of counterions per chain.

In this work, f'is zero because of the neutral property of HPC chains. The volume fraction
of gels $is varied on the basis of different salt concentrations. AF can be expressed as AF = AF)
+ AF| + AF,, 24 where AF) is the change of the free energy of chains in pure water, AF is the
change of the free energy due to the disturbance of structured water molecules by salt, and AF; is
the free energy change due to the disturbing or inducing the contacts of ionic polymer chains by
hydrated ions. Since there is no ion in the HPC polymer chains, AF;, is neglected. AF; is

approximately represented as **

AF, = aC 3)

where wis a material constant. AF)y = AH-TAS, Combining eqgs 2 and 3, we obtain
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The values of ¥, are calculated from the equilibrium swelling ratio of microgels at room
temperature. They are 0.038, 0.050, 0.081, and 0.13 respectively for pure water, 0.5, 1.0, and 1.5
M NaCl solutions. The value of v is 4.0 x 10** I'", estimated from the molar ratio (as initial
concentration) between DVS cross-linker and HPC polymer. In equation (6), Y is a function of
volume fraction ¢ and ¢y, it thus related to the particle size <R,>. AH, AS, and = are varied to fit
the <Ry> vs T curves for HPC microgels in Figure 5.4 and are found to be -5.56 x 107% J
(average error 6%), -1.76 x 102 7K (average error 6%), and 27.9 x 10%° I/M (average error
11%), respectively. The theoretical curves are shown in Figure 4 as solid lines and are in good
agreement with the experimental data. It is noted that our AH and AS values are very close to
those (AH = -5.4 x 10™"® J and AS = -1.8 x 10° J K™') obtained for PNIPAM bulk gels,'® even

though HPC and PNIPAM have different chemical structures and different volume phase
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transition temperatures in water. There are some discrepancies between the prediction of Eq 6
and the experimental results. This may be due to oversimplification of the theoretical modeling.

For example, the effects of loops and free branches have not been considered.

5.4 CONCLUSION

Surfactant-free HPC microgels have been synthesized by chemically cross-linking
hydroxypropyl cellulose (HPC) linear macromolecules. The controllable synthesis parameters-
salt concentration, HPC concentration, and reaction temperature-were varied to determine the
effects on the size and size distribution of the microgels as monitored using dynamic laser light
scattering techniques. It is found that the microgels can form at room temperature within a
narrow NaCl concentration range from 1.3 to 1.4 M. As the HPC concentration increases from
0.03 to 0.1 wt %, or temperature varied from 23.5 to 21.5 ° C, or sodium chloride concentrations
decreased from 1.4 to 1.3 M, the particle size distribution of resultant HPC micrgels become
narrower. The formation of microgels may be explained by the breakdown of hydrogen bonding
between water and HPC chain with the addition of electrolyte. The fitting curves based on the

Flory-Huggins mean-field theory are in good agreement with the experimental results.
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CHAPTER 6
LIGHT SCATTERING STUDY OF SELF-ASSOCIATION BEHAVIOR OF LONG CHAIN

BRANCHED POLY(2-ETHYLOXAZOLINE) IN SOLVENTS '*

6.1 INTRODUCTION
A new architectural class of polymeric materials known as dendritic materials, including
dendrimers and their more readily accessible but less structurally-defined counterparts known as
hyperbranched polymers (HBPs) and long chain branched polymers (LCBPs) have received a
great deal of interest in the last decade. ** Work on dendrimers, HBPs and LCBPs have
primarily focused on their synthesis and chemical modification with an eye toward micelle
mimics, nanoscale building blocks and drug-delivery agents. *'* At the same time, intensive
efforts have been made to study fundamental properties of these macromolecules using various
analytic tools including NMR, '' rheology, '* small angle neutron scattering and light scattering,
1315 atomic force microscopy, '® TEM, '’ fluorescence Probing. '®
The effect of solvent quality on dendrimer conformation has been investigated and it was
found that the average dimension of dendrimers has a small but significant dependence on the
solvent quality, which consequently leads to large variations of average segment density. '>'*2°
Recently, a novel CH3-(CH,),7 surface modified LCB-poly (2-ethyloxazoline) (PEOx) polymer,
was synthesized using a cationic polymerization method. With the internal tertiary amide
functional group on repeat ethyloxazoline units and external C;s chains, it possesses a
hydrophilic core and a hydrophobic shell. The grafted hydrophobic C;s chains aim to act as a

smart arm to move intelligently according to solvent environment. This unique architecture may

$ Reproduced with permission from [Xia, X., Hu, Z., Gao, J., Qin, D., Durst, D.H., Yin, R.,
Langmuir, 2002, 18, 8302] Copyright [2003] American Chemical Society.
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provide us a model system to study solvent quality effect on LCBP conformation and its self-
association in different solvents. The study may lead to not only better understanding of self-
association of macromolecules in general, but also to potential applications in the fields of
nanoscale catalysts, reactors, and controlled drug delivery.

Self-association is a well-known self-assembling phenomenon often found in diblock or

triblock copolymer/solvent systems, '

where the selective solvent to specific polymer blocks
can lead to the formation of nanoparticles of chain aggregates without precipitation. Linear
polymer self-association processes and mechanisms have been well studied. For example, it was
found that in concentrated solutions, neutral poly (N-isopropylacrylamide) (PNIPAM)
homopolymer chains self-associate above their lower critical solution temperature (LCST,
~32°C) to stable aggregates instead of undergoing the expected precipitation. » In these
processes, chain collapse accompanied chain association, forming stable aggregates of different
sizes at different temperatures and concentrations. Our previous studies revealed that the driving
force leading to hydropropylcellulose (HPC) self-association results from hydrophobic attraction
between hydrophobic moieties of HPC linear chains when water becomes a poor solvent above
the LCST of the HPC. ** It is thus reasonable to rationalize that, for the hyper-branched polymers
containing both hydrophobic and hydrophilic portions, changing the properties of the solvent
may induce self-association, leading to the formation of stable LCBP aggregates.

In this work, light scattering techniques were used to study the LCBP self-associate
processes because the scattering light intensity is very sensitive to particle size. We demonstrated
that long chain branched-PEOx can self-associate at different critical aggregation concentrations

(cac) and form metastable aggregates in ethanol, methanol and tetrahydrofuran. The cac depends

strongly on solvent polarity. Below the cac, static light scattering measurements revealed
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properties of individual long chain branched-PEOx macromolecules including its molar mass
and second virial coefficient. Heating a dilute long chain branched-PEOx ethanol solution to
higher temperatures leads to significant shrinkage of the hydrodynamic radius of the

macromolecules.

6.2 EXPERIMENTAL

Materials: Long chain branched poly (2-ethyloxazoline) (PEOx) with CH3-(CH;),7 (Cig) chains
modified surface was synthesized using cationic polymerization method. *** The ratio of the
initiator (1-Bromooctadecane) to the 2-ethyloxazoline is 1:20. The schematic chemical structure

is shown in Fig. 6.1

Branch

. CH--(CHA). A
unit

(PEDan

-IPF()X\’W\
—CH ,—cH z—rxll—); —CH ,—CH > —N—)—
¢=o0 |
GH 2
CH 5
Polv-7-ethvl-oxazoline (PEOx) Polv-ethvlene-imine (PEN
n=20 n=100

Figure 6.1 A schematic diagram of the chemical structure of the long chain branched poly (2-
ethyloxazoline).
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The center core is a linear polyethyleneimine (PEI) with the repeating units of 100. The
internal branches are PEOx chains with the repeating units of 20. The side chain units that
consist of 3 to 4 branches are grafted on the center PEI linear chain. The synthesis and
characterization of PEOx have been reviewed. 22’ The external shell consists of CHj3-(CH»)17
chains. The polymerization and grafting processes have been previously reported ' and
detailed analysis of chemical; structures will be published elsewhere. Considering the molar
mass ratio of Cg- chains and branched-PEOx chains, the hydrophobic content of the samples
were about 10 wt %. Ethanol (dehydrated 200) was purchased from Pharmco. Tetrahydrofuran
(THF) and Methanol were bought from Aldrich and Fisher Chemical Company, respectively.
All solvents were purified by repeatedly injecting them through 0.22 pum pore sterile filters to
remove dust. Water for sample preparation was distilled and deionized to a resistance of 18.2

MQ by a MILLIPORE system, and filtered through a 0.22um filter to remove particulate matter.

Sample Preparation: The long chain branched PEOx samples were weighed using an analytical
balance, and immersed in ethanol at room temperature under stirring for 3 days to make 1.0x107
g/ml solution. Then the solution was diluted to 5.0 x 10, 2.5 x 10, 1.0 x 10™, 5.0 x 10”, and
2.5 x 10” g/ml, respectively. The same method was used to prepare methanol solutions of 1.0 x
102,5.0x 107, 4.0 x 107, 2.0 x 107, 1.0 x 10” g/ml, aqueous solutions of 2.0 x 107, 1.5 x 107,
1.0 x 10? g/ml, and THF solutions of 2.0 x 107, 1.0 x 10®, 1.0 x 107, 1.0 x 10° g/ml,
respectively. Visual inspection revealed that the LCBP quickly dissolved in water and methanol
within 30 seconds, whereas about 12 hours in ethanol, and 48 hours in THF. Before experiments,

all samples with the hydrodynamic radius (<Ry>) less than 150 nm were treated with dust free
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devices, by which the samples were repeatedly filtered through 0.22 um pore sterile filters

purchased from Millipore.

6.3 RESULTS AND DISCUSSION
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Figure 6.2. Hydrodynamic radius distribution profiles of the long chain branched-PEOx in
ethanol at 23°C. At a higher polymer concentration of 1.0 x 10™ g/ml, there is a single peak
centered around 304 nm due to the formation of aggregates. At a lower polymer concentration
of 2.5 x 10” g/ml, the large-Ry, peak centered around 80 nm and small-R, peak at 6 nm are
attributed to individual long chain branched polymers and uncoupled intermediates respectively.
Overall hydrodynamic radius distribution profiles of the long chain branched-PEOx in
ethanol at 23°C are shown in Figure 6.2. At the higher polymer concentration of 1.0 x 10~ g/ml,

there is a single peak centered around 300 nm. At the lower polymer concentration of 2.5 x 107

g/ml, there are two peaks centered around 80 nm and 6 nm. For the reasons that will be given
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below, the single peak at the higher concentration is attributed to stable aggregates of the long
chain branched-PEOx, while the large-R;, peak and small-Ry, peak at the lower concentration are
attributed to individual long chain branched-PEOx, and ungrafted precursor polymers,
respectively. In the following paragraphs, we will first discuss how the long chain branched-
PEOx self-associate into aggregates, then how individual polymers behave, and finally how the
unreacted intermediates are incorporated into individual long chain branched-PEOx

macromolecules.
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Figure 6.3. The change in hydrodynamic radius <R,> and normalized scattering light intensity
(I/C) of long chain branched-PEOx in ethanol as a function of polymer concentration at 23°C.
The polymer concentration ranges from 2.5x10 = g/ml to 1 x10™ g/ml.
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6.3.1. Self-association of Long Chain Branched-PEOx Macromolecules. Figure 6.3 shows
average hydrodynamic radius (Ry) of long chain branched-PEOx in ethanol at 23°C as a function
of polymer concentration. At low concentrations ranging from 2.5 x 10” to 1.0 x 10*g/ml, Ry,
has a small value between 93 nm and 80 nm. When polymer concentration increases above
2.5x10™ g/ml, Ry jumps to 304 nm. This gives us the first evidence that self-association occurs
around 2.5 x 10* g/ml. To further confirm this observation, light scattering intensity (I) was
measured and normalized by polymer concentration (C) as shown in Figure 6.2. The normalized
scattering intensity (I/C) increases about 15 times as the concentration increases from 1.0 x10™
to 5.0 x 10 g/ml. From Ry, and I/C data, the value of 2.5 x 10™ g/ml is determined to be the
critical aggregation concentration (cac) of the polymer in ethanol. Above the cac, the value of
<Ry> did not change with time within 2 weeks. After three months, it shrank 30% but the
dispersion remained stable without phase separation. The slow shrinkage of <Ry,> may be
caused by reorganization of polymer chains inside individual aggregates.

The aggregates have a narrow size distribution revealed by the small value of the

polydispersity index (PD.L.) of 1.29. PD.I is referred as1+ ’;l 2 -, where I'is the average line
<l >
. © 2 K,T .
width and :J' G(D)YD-<D>)dD, D =—————_. PD.I for LCBP aggregates in
0 6rn <R, >

methanol and THF were calculated to be 1.83 and 1.183, respectively, indicating long chain
branched-PEOx aggregates were narrowly distributed in less polar solvents (i.e. THF), while
moderately distributed in more polar solvents (i.e. methanol). A narrow distribution of meta-
stable aggregates again indicates that this is a self-associating process, in contrast to simply

packing individual molecules that usually leads to aggregates with a broad size distribution.
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Figure 6.4 Comparison of the hydrodynamic radius <Rp> and normalized light scattering
intensity as a function of polymer concentration for water, methanol, ethanol, and THF at 23°C.
(a) The change in hydrodynamic radius; (b) The normalized light scattering intensity.

Figure 6.4(a) summarizes the hydrodynamic radius <Ry> as a function of the LCBP

concentration in four different solvents. The corresponding normalized scattering light intensity
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(I/C) is shown in Figure 6.4(b). In both methanol and ethanol, the sharp increase of
hydrodynamic radius accompanies the increase of scattering light intensity, giving the cac value.
In THF, the large-Ry and high values of I/C exhibit little change with concentration. This
suggests that the LCBPs form aggregates even at the extremely low concentration of 1.0 x 10
g/ml. Therefore, the cac of long chain branched-PEOx in THF, if it exists, must be much lower
than that in ethanol (2.5 x 10* g/ml). In water, the low-R;, accompanied by the low value of I/C
indicates that there are no aggregates in the concentrations ranging from 0.001 to 0.01 g/ml.
Below 0.001 g/ml, signals are too weak and above 0.01 g/ml, the interaction between polymeric
molecules prevents the obtaining of reliable light scattering data. From the shift of the cac value,
it is apparent that the quality of the solvents for the long chain branched-PEOx ranks from good
to poor in the sequence of water, methanol, ethanol, and THF. This result follows the order of
solvents’ polarity.

Based on dynamic light scattering observation, conformation of individual polymers and

their aggregates in various solvents are proposed as shown in Figure 6.5.
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Figure 6.5. The sketch of conformation of individual long chain branched-PEOx and their
aggregates in various solvents. The short darker lines indicate C;s chains and the long lighter
lines indicate polar moieties (poly(2-ethyloxazoline) branched chains). The long dark line
indicates the PEI linear chain.

We will first discuss individual polymers. In non-polar solvent such as THF, the non-
polar moiety of C;s chains on the long chain branched-PEOx surface tend to stretch outward to
reduce exposure of interior polar polyethyloxazoline moiety of the macromolecules to the
solvent. As polarity of the solvent increases, Cig chains back-fold from the outside surface

towards the interior, pushing the interior polyoethylxazoline branches to the surface. At the

same time, the inward-moving C;3 chains can cause the interior materials (i.e.
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polyethyloxazoline branches) to move with them, causing shrinkage in the overall size. In
Figure 6.5, the short/darker lines indicate C;s chains, the long/lighter lines indicate the polar
moiety (polyethyloxazoline branches) and the long dark line indicates the PEI linear chain. The
folding of the PEOx chains due to the inward movement of C;g chains in a polar solvent makes
the long chain branched-PEOx smaller. The more polar the solvent, the more inward pushing
force on the C;s chains, and that is why individual polymer has smaller <Rp,> (68 nm) in
methanol than that in ethanol (80 nm). In water, the individual polymer was found to be only 55
nm in radius. This equilibrium size is a balance between the inward-bound force and the
elasticity of the hyper-branched polymer core, which prevents complete collapse of the polymer
in water.

We now turn our attention to self-association of the long chain branched-PEOx
macromolecules. In a less-polar solvent such as THF, the number of C;s—chains on the surface is
not high enough to stabilize a single polymer that is dominated by the polar moieties of tertiary
amide groups of ethyloxazoline repeat units in the interior. As a result, the macromolecules self-
associate to a large aggregate that exhibits a high density of C;s chains on the surface and
concentrated polyethyloxazoline moieties in the interior. In the most polar solvents like water,
Cigs chains enter deeply into the core of the polymer, leaving behind a hydrophilic
polyethyloxazoline shell. That prevents aggregation even at the very high polymer concentration
of 1.0 x 107 g/ml.

The most revealing effect of self-association may be observed in alcohols. As we will
discuss later, our static light scattering measurement revealed that the second virial coefficient A,
of the polymer in ethanol is a small negative number, indicating that ethanol is a poor solvent.

When polymer concentration increases, self-association of the long chain branched-PEOx indeed
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takes place as shown in Figure 6.4(a). It is interesting to note that <Rp> exhibit a minimum
value at the cac. This suggests at the beginning of the aggregation, only small number of the
polymers self-associate into compact spheres with hydrodynamic radius smaller than that of
individual long chain branched-PEOx macromolecules. Self-association in the long chain
branched-PEOx appears to two competing processes of intra-chain and inter-chain interactions.
The shrinkage is due to the association of C;g within a single polymer, and due to a lack of
enough polymer neighbors to form the aggregate. When the cac is reached, sufficient number of

neighbors exists to allow the aggregation to occur instead of continual shrinkage.

6.3.2. Individual Long Chain Branched-PEOx Macromolecules. Static light scattering was
carried out for the polymer in ethanol below its cac. Figure 6.6 shows the Zimm plot of the
polymer in ethanol at 23°C. The value of dn/dc used here is 0.133 cm’/g as measured by a
refractometer (Dawn DSP, Wyatt Technology Corporation). From the extrapolation of
KC/Ryy(q) in Eq. (2-10) to the zero angle and zero concentration, the molar mass M, the second
virial coefficient A, and the radius of gyration <R,> were determined to be 5.68x10° g/mol, -
2.4x10°° mol*cm®/g’, and 48 nm, respectively. Our separated measurements using matrix
assisted laser desorption ionization time-of-flight mass spectrometry (Thermobioanalysis, Inc.,
Model Vision 2000 mass spectrometer) showed that the average Mw of a side chain PEOX unit is
8714. Here the matrix solution consisted of 10mg/ml 2.5 dihydroxybenzoic acid in 20:80
acetronitrile/water containing 0.1% trifluoracetic acid. From these data, the average Mw (4300)
of the center PEI chain, and the Mw for the long chain branched polymer, we found that there are

about 50 side chain PEOx units on each PEI linear polymer core.
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Figure 6.6. Zimm plot of the long chain branched-PEOx in ethanol at 23°C, where the polymer
concentration ranges from 2.5 x10” g/ml to 1 x10™ g/ml.

By combining DLS and SLS results, the ratio of <R,>/<Ry> was found to be 0.60. This
value is lower than the theoretical value of (3/5)"* for uniform hard spheres, indicating the
polymer concentration in the surface region of individual HBP molecules is not as dense as in the
central region. The density of HBP (p) in ethanol may be estimated according to the relation
4/3*nR3p=MW/N A, where R is Ry, from DLS, the molar mass, M, is M,, from SLS, and Ny is
Avogadro’s number. Thus the calculated average polymer density in each polymer sphere is
about 2.65 x10” g/cm’ at 23°C in ethanol. It is noted that the density (p) obtained here is only an

approximate value due to non-uniform distribution of polymer within an individual polymer. In
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dynamic light scattering, the Laplace inversion of Eq (3) gives the line-width distribution G(I").
For a diffusive relaxation, I is normally a function of both C and 6, which can be expressed as >
T/q* =Do(1 + K,C)(1 + f<R,>.q°) (5)
where Kg is the diffusion second virial coefficient and f'is a dimensionless number. As C ->0 and
0 -> 0, ['/q> > Dy. Since all the measurements were performed at the same scattering angle
(90%), we may use D; = Dy(1 + f<Rg2>Zq2). Eq (5) is therefore transformed roughly to simplified
version as D = I'/¢* = D;(1 + K¢C), in which D can be calculated from Eq (4) as ks T/(6mnnRy) for
each concentration. A linear relationship between D and C is expected and the intercept should
be the value of D,. From the slope and intercept, we obtain Kg = 5.4 x 10° ml/g. The same
calculations were made for the long chain branched-PEOx in methanol solution and Ky was
determined to be 0.76 x 10° ml/g.

The temperature dependent conformation change of the long chain branched-PEOx in
ethanol has been studied. From Fig. 6.7(a), we can see that the radius <R,> of the single
macromolecules decreases from 81 nm to 56 nm as the sample was heated from 20°C to 45°C.
The normalized scattering light intensity data as shown in Fig. 6.7(b) indicate that aggregation
did not occur in the polymer solution as temperature increasing. Note that there is a very large
change of 37% shrinkage in size, indicating the solvent becomes poorer as temperature increases.
This radial reduction is substantial and indicates that this long chain branched polymer may be
used as a smart trap that can either entrap or release bio-molecules depending on environmental
temperatures. Furthermore, the polymer may act as a solvent reservoir because it can shrink very
quickly and expel solvent from its structure upon heating. ** This may lead the temperature-

induced change in rheological properties.
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Figure 6.7. The temperature dependent conformation change of the individual long chain
branched-PEOX in ethanol. (a) Hydrodynamic radius Ry, distribution of 1.0 x 10 g/ml polymer
concentration in ethanol at 20°C and 45 °C, respectively. (b) Temperature dependence of the

average hydrodynamic radius <R,> in multi-step heating, where the concentration is 1.0 x 10
g/ml in ethanol.
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6.3.3. Ungrafted Polymer Precursors. At a lower LCBP concentration of 2.5 x 10 g/ml in
ethanol, there are two peaks in the hydrodynamic radius distribution profiles for the HBP as
shown in Figure 6.8. Also shown in Figure 6.8 are the hydrodynamic radius (Ry) distributions of
individual polymer at 1.0 x 10™ g/ml in methanol and 1.0 x10™ g/ml in water for comparison. It
is interest to observe two peaks for the long chain branched polymer in all these solvents. In
ethanol, the large-R;, peak around 80 nm is attributed to individual polymer, while the smaller-R;,
peak around 6 nm is attributed toungrafted products. The nature of the grafting reaction often
results in a small amount of ungrafted intermediates. In this case, the ungrafted intermediates
were still present in the final products due to the one pot synthesis process. Therefore, both
grafted long chain branched and ungrafted polymers co-exist in the samples. It is noted that the
ungrafted products yield a small sized light scattering peak around 6 nm, which is well separated
from the large-sized peak around 80 nm. As a result, removing these ungrafted intermediates
using solvent fractionation will not significantly affect the light scattering data on the large sized
peak that is our major interest here. We found that the ratio (Ar/As) of the single long chain
branched polymer peak area (Ar) to the ungrafted intermediate peak area (A;) in ethanol is 9.69,
which is much greater than 0.37 in methanol and 1.86 in water. This suggests that the ungrafted
intermediates were entrapped inside an individual macromolecule in ethanol but were released in
the presence of a better solvent such as methanol. That is, higher solubility enables more
hydrophilic linear molecules to move out from the long chain branched polymer interior. The
ratio of A/As in water is larger than that in methanol because partially collapsed C;s chains can
inhibit the release of the entrapped ungrafted intermediates. This mechanism may be used as a

guide for designing long chain branched polymer nanoencapsules for controlled drug delivery.

96



—=— EtOH -

1.5 < g
—&— MeOH / \
—O—H0 - .

1 7
054 /e O/z\g\ / O\o\

/(R ) (a.u.)

0.0 4« o-o-Ca-w’ R iCmer LSS
T T ™ v
1 10 100
R /nm
h

Figure 6.8.  Comparison of hydrodynamic radius distribution profiles for the long chain
branched-PEOX in ethanol, methanol, and water at 23°C. The polymer concentration is 1 x 10
g/ml in H,O, 1x10” g/ml in methanol and 2.5 x 10~ g/ml in ethanol, all below their own cac.
Two peaks are observed for all three solvents. The large-R;, and the small-Ry, peaks are attributed
to individual long chain branched polymers and ungrafted polymer precursors, respectively.
CONCLUSION

The self-association behavior of long chain branched-PEOx in various solvents has
been investigated using laser light scattering techniques. It was found that this long chain
branched polymer can form meta-stable, narrowly size-distributed aggregates through self-
association not only in a less-polar solvent such as THF, but also in more polar solvents such as
ethanol and methanol. The cac of the HBP in water, methanol, ethanol and THF at 23°C were

determined to be larger than 0.01, 4.0 x 10°, 2.5 x 10'4, and less than 1.0 x 10° g/ml,

respectively. From the shift of the cac value, it is apparent that the quality of the solvents for the
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long chain branched-PEOx ranks from good to poor in the sequence of water, methanol, ethanol,
and THF. This result follows the order of solvents’ polarity.

Based on light scattering measurements, conformation of individual long chain
branched-PEOx and their aggregates in various solvents are proposed. As polarity of the solvent
increases, C;s chains move from the outside surface to the interior. Inward-moving C;s chains
can bring coupled PEOx chains to move with them, causing shrinkage of the hydrodynamic
radius. The equilibrium size of individual long chain branched polymer is a balance between the
inward-bound force and the elasticity of the polymer core, which prevents complete collapse of
the polymer in water. Self-association in the long chain branched-PEOx appears to consist of
two competing processes of intra-chain and inter-chain interactions. The shrinkage is due to the
association of C;g within a single long chain branched polymer, and due to a lack of enough
polymer neighbors to form the aggregate. When the cac is reached, sufficient number of
neighbors exists to allow the aggregation to occur instead of continual shrinkage.

Static LLS revealed that the molar mass of an individual long chain branched-PEOx is
5.68 x 10° g, and its average density in ethanol is about 2.65 x10° g/cm’ at 23°C. The
hydrodynamic radius of an individual polymer in ethanol shrinks from 81 nm to 56 nm as the
temperature increases from 20°C to 45°C. During this process no aggregation occurs. A
dynamic LLS study of individual molecules showed that some unreacted intermediates can be
entrapped into or released from the core of the long chain branched polymer, depending on the

polarity of the solvent.
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CHAPTER 7

CONCLUSION

This dissertation elaborates on the synthesis and properties of novel temperature sensitive
bulk polymer hydrogel and gel nanoparticles including long chain branched-PEOX, FDA
approved HPC microgels, PNIPAM/Na-MLS polymer-clay composite, PNIPAM-PAA IPN
microgels. The main conclusions are described as follows:

(1) The self-association behavior of long chain branched-PEOx in various solvents has been
investigated using laser light scattering techniques. It was found that this long chain branched
polymer can form meta-stable, narrowly size-distributed aggregates through self-association not
only in a less-polar solvent such as THF, but also in more polar solvents such as ethanol and
methanol. The cac of the HBP in water, methanol, ethanol and THF at 23°C were determined to
be larger than 0.01, 4.0 x 107, 2.5 x 10™, and less than 1.0 x 10°® g/ml, respectively. From the
shift of the cac value, it is apparent that the quality of the solvents for the long chain branched-
PEOx ranks from good to poor in the sequence of water, methanol, ethanol, and THF. This
result follows the order of solvents’ polarity.

Based on light scattering measurements, conformation of individual long chain branched-
PEOx and their aggregates in various solvents are proposed. As polarity of the solvent increases,
Cis chains move from the outside surface to the interior. Inward-moving C;g chains can bring
coupled PEOx chains to move with them, causing shrinkage of the hydrodynamic radius. The
equilibrium size of individual long chain branched polymer is a balance between the inward-
bound force and the elasticity of the polymer core, which prevents complete collapse of the

polymer in water. Self-association in the long chain branched-PEOx appears to consist of two
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competing processes of intra-chain and inter-chain interactions. The shrinkage is due to the
association of C;g within a single long chain branched polymer, and due to a lack of enough
polymer neighbors to form the aggregate. When the cac is reached, sufficient number of
neighbors exists to allow the aggregation to occur instead of continual shrinkage.

Static LLS revealed that the molar mass of an individual long chain branched-PEOx is
5.68 x 10° g, and its average density in ethanol is about 2.65 x107 g/cm3 at 23°C. The
hydrodynamic radius of an individual polymer in ethanol shrinks from 81 nm to 56 nm as the
temperature increases from 20°C to 45°C. During this process no aggregation occurs. A
dynamic LLS study of individual molecules showed that some unreacted intermediates can be
entrapped into or released from the core of the long chain branched polymer, depending on the
polarity of the solvent.

(2) Surfactant-free HPC microgels have been synthesized by chemically cross-linking
hydroxypropyl cellulose (HPC) linear macromolecules. The controllable synthesis parameters-
salt concentration, HPC concentration, and reaction temperature-were varied to determine the
effects on the size and size distribution of the microgels as monitored using dynamic laser light
scattering techniques. It is found that the microgels can form at room temperature within a
narrow NaCl concentration range from 1.3 to 1.4 M. As the HPC concentration increases from
0.03 to 0.1 wt %, or temperature varied from 23.5 to 21.5°C, or sodium chloride concentrations
decreased from 1.4 to 1.3 M, the particle size distribution of resultant HPC micrgels become
narrower. The formation of microgels may be explained by the breakdown of hydrogen bonding
between water and HPC chain with the addition of electrolyte. The fitting curves based on the

Flory-Huggins mean-field theory are in good agreement with the experimental results.
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(3) Clay-polymer hydrogel composites have been synthesized based on poly(N-
isopropylacrylamide) (PNIPAM) gels containing 0.25 to 4 wt% of the expandable smectic clay
Na-montmorillonite layered silicates (Na-MLS). Their structure and property relationship has
been investigated combining measurements of morphology, shear modulus, and swelling ratio as
a function of temperature and Na-MLS concentration. Specifically, a polarized optical
microscopy study has revealed that Na-MLS form aggregates in the PNIPAM gel and the size of
aggregates increases with Na-MLS concentration. Incorporation of Na-MLS clay into a neutral
PNIPAM network improves the gel mechanical properties, while does not change its volume
phase transition temperature. The shear modulus of the gel composite first decreases and then
increases with the increasing Na-MLS concentration, exhibiting a distinct minimum. In Na-MLS
additive concentrations ranging from 2.0 to 3.2 w%, both swelling ratio and shear modulus of the
composite gels have been improved comparing with the pure PNIPAM gel. The difference in gel
volume below and above T, can be enhanced by adding small amount of Na-MLS (<1.5 w%).
The composite gel does not response to the pH change, indicating that Na-MLS is physically
entrapped inside the gel matrix.

(4) Monodisperse IPN nanoparticles composed of poly-acrylic acid (PAA) and poly(N-
isopropylacrylamide) (PNIPAM) interpenetrating networks are for the first time synthesized. The
kinetics of IPN formation is obtained by measuring the turbidity variation and particle
hydrodynamic radius change as a function of time. Individual IPN and PNIPAM nanoparticles
are studied and compared using both dynamic and static light scattering techniques. The
semidilute IPN nanoparticle dispersion possesses the advantage of thermosensitive property and

the single IPN nanoparticle exhibits a relatively high equilibrium water content and also showed
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the multiple and reversible sensitivity to both pH and temperature. Those properties may be

explored for the application in controlled drug delivery.
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APPENDIX

List of Abbreviations

APS Ammonium Persulfate

BIS Methylene-bis-acrylamide

CAC Critical Aggregation Concentration
DLS Dynamic Light Scattering

HPC Hydroxypropyl Cellulose

IPN Interpenetrating Polymer Networks
LCB-PEOx Long Chain Branched Poly(2-ethyloxazoline)
LCST Lower Critical Solution Temperature
LLS Laser Light Scattering

Na-MLS Sodium Montmorillonite Layered Silicates
PAAc Poly(Acrylic Acid)

PAAM Polyacrylamide

PBS Phosphate Buffer Saline

PDI Polydispersity Index

PNIPAM Poly(N-isopropylacrylamide)

PSC Photon Correlation Spectroscopy
Rg Radius of Gyration

Rh Hydrodynamic Radius

SDS Sodium Dodecyl Sulfate

SLS Static Light Scattering

THF Tetrahydrofuran
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