INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be
from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9 black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600






ENTROPIC ATTRACTIONS IN COLLOID-POLYMER SOLUTIONS
Ritu Verma
A DISSERTATION
in

PHYSICS AND ASTRONOMY

Presented to the Faculties of the University of Pennsylvania in Partial Fulfillment of

the Requirements for the Degree of Doctor of Philosophy

1999

Arjun & Yodh ‘

Supervisor of Dissertation

Graduate Group Chairperson



UMI Number: 9926210

Copyright 1999 by
Verma, Ritu

All rights reserved.

UMI Microform 9926210
Copyright 1999, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103



COPYRIGHT

Ritu Verma

1999



to ma and pa



ACKNOWLEDGEMENTS

Throughout the course of my graduate career I have greatly benefitted from the
people around me who have been extremely supportive in numerous ways. Most
importantly I would like to thank my advisor, Arjun Yodh for the opportunity to work
in this field. His encouragement and support for exploring new ideas was invaluable as
was his critical review of data, manuscripts and presentations. Besides my advisor I
would also like to acknowledge the support of other members of the faculty who often
served in advisory roles. I had several enlightening discussions with Tom Lubensky
and Randy Kamien which were invaluable for this thesis. David Weitz was also
available to ask the tough questions which helped provide direction for this work. In
addition I learnt a lot at his group meetings which were often a battlefield for ideas.

Perhaps I owe the most to the postdocs and the graduate students on the third
floor who created a work environment that was intellectually challenging and at the
same time incredibly supportive, without which most of this thesis would not have
been possible. I especially want to thank John Crocker who not only provided a lot of
support for this thesis but was often available as a sounding board for ideas. Veronique
Trappe was always available to tell me all about polymers and other things in life! I
would like to thank Peter Kaplan, Thomas Gisler and Sophie Pautot for introducing
me to microbiology and teaching me a lot about it. Also, without Cecil Cheung’s

help I would still be battling computer problems. I would also like to thank Eric

iv



Weeks, Keng-Hui Lin, Joe Culver, Bill Angerer, Amani Gandour, NingPing Yang,
and everyone else in both the Yodh group as well as the Weitz group for their help. It
was also a pleasure to work with Ben Goodrich and Zigurts Majumdar. In addition
I would also like to thank everyone at the RLBL, for all their help and advice during
the time I spent there, especially Mark Phillips, Gilad Haran and David Cook.
Finally, I would not have made it through graduate school without the support
of family and friends. My parents encouragement convinced me to pursue graduate
school and Dave’s support helped me finish it. Very simply, I owe them a lot! I would
also like to thank my in-laws for their patience and understanding throughout all the
stressful periods of graduate school. In addition I would like to thank all my friends

for their constant support through this endeavor.



ABSTRACT
ENTROPIC ATTRACTIONS IN COLLOID-POLYMER SOLUTIONS
Ritu Verma

Arjun G. Yodh

We explore the depletion attractions that arise between hard colloidal spheres im-
mersed in a non-adsorbing polymeric solution of DNA molecules. Using a scanning
optical tweezer we were able to spatially confine colloidal particles along a line and
quantitatively examine the interaction potential between two 1.25um silica spheres
moving in various complex fluids. At fixed DNA concentration, we found that the
range and depth of the inter-particle potentials did not change for background salt
concentrations between 0.1 and 20 mM. Then we fixed the background salt concen-
tration at 10 mM, and measured the inter-particle potentials as a function of DNA
concentration. The potentials obtained display variations in depth and range that are
consistent with scaling behavior expected for semi-flexible polymers near the theta
point. In particular we clearly observe the crossover from a dilute solution of Gaussian
coils to the weakly fluctuating semi-dilute regime dominated by two-point collisions.
We also quantitatively test the Asakura- Oosawa Model for these systems and show
how it can be used in both the dilute as well as the semi-dilute regime.

We also explore the dynamics of colloidal particles in background DNA solutions.

We find that the Stokes-Einstein picture breaks down in these complex fluids as the



size ratio of the probe particle to the characteristic polymer length scale is decreased.
We explain these deviations in terms of the changes in the microenvironment caused
by the presence of the depletion cavity. The colloidal spheres were also used to probe

the transition time scales from the viscoelastic regime to the purely viscous regime.
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Chapter 1

Introduction

Very often the individual properties of the components of complex mixtures are well
understood, but it is the subtleties of the interactions between the different compo-
nents that give rise to new and interesting behavior. This thesis aims at understanding
the issues that arise when two commonly used materials - colloids and polymers are
mixed together. Colloid-polymer mixtures form the basic ingredients of a wide variety
of systems ranging from commercial products such as frozen desserts and motor oils
to natural biological systems, such as living cells. Thus the structural and dynamical
properties of these complex fluids are of industrial, physiological, and fundamental
interest, and they ultimately depend on the microscopic interactions between the
suspension constituents. In this thesis we will address some of these issues.

The histories of these two materials are intertwined and date back to the 19th
century. The word ‘colloids’ was coined by Thomas Graham in the late 1800’s. He

was trying to determine the diffusion of particles through a membrane and used the



term ‘colloid’ which means glue-like, to describe particles that did not pass through
the membrane. It is interesting to note that most of the materials he used which
fell into this category were actually polymeric, e.g. starch, cellulose, etc. Soon the
word ‘colloid’ was used to describe a purely physical state that was attainable to most
matter, just like a liquid or a gas. The broad ambiguous term was used to encompass
a variety of materials ranging from gold sols to polymers and soap solutions. However,
no attention was paid to the particular forces that made colloids stable. For example,
the differences between the covalent forces that hold polymers together and the variety
of other forces that can hold particles together was ignored. Thus the ‘colloidal state’
was not necessarily a reversible one. These ambiguities in nomenclature were resolved
over time, primarily due to pioneering work by Staudinger [2]. By the thirties the term
polymer was used to describe covalently linked molecules with complex architecture
and was distinguished from the word ‘colloid’. The term ‘colloid’ now refers to a
suspension of particles in a fluid that are between 1nm -1pm in size and feel the
effects of thermodynamic forces.

For the purposes of this thesis, the term colloid is used interchangeably with hard
sphere particle suspensions that are on the micron length scale. The composition of
these colloidal particles may be polymeric, though the final structure bears no resem-
blance to the typical concepts associated with a polymer. The primary differences

between polymers and colloids lies in the complex architecture of polymer molecules



that give rise to several degrees of freedom. For colloidal particles these degrees of
freedom can be ignored and traditional descriptions of hard spheres, can be used to
describe these properties in suspension. However to describe polymer behavior one
has to resort to a statistical mechanical approach.

In solutions that contain both colloidal particles and polymers, the bulk properties
of the solution are strongly determined by the particle-polymer interaction. This
alters the particle-particle interaction which ultimately affects the macroscopic phase
behavior of the complex fluid. Moreover, particle-polymer interactions also lead to
changes in the dynamical properties of these mixtures that affect the rheology of these
materials. The potential between polymers and particles can be broadly classified into
two categories — attractive and repulsive interactions. In the first case the polymers
adsorb onto the surface of the colloidal sphere, creating localized regions of high
polymer concentration. In the repulsive case, we find that the colloid particles are
surrounded by a region of low polymer density, called a depletion region.

Within the broad categories of attractive and repulsive interactions, there are sev-
eral interesting variations that can be found. These arise due to the specific nature
of the interactions. For example, the polymers in solution may contain an end group
which forms covalent bonds with the molecules on the surface of the colloidal bead.
This scenario leads to the formation of a brush-like layer on the particle surface,

and is a technique that is often used to sterically stabilize particles. In industrial



solutions of high ionic strength, colloidal particles tend to aggregate due to van der
Waals interactions. A layer of polymer on the surface prevents the beads from getting
close enough to feel these forces. Another interesting polymer-particle interaction re-
sults when the end group on the two ends of a linear polymer molecule can bind
irreversibly to the colloid surface. This leads to bridging between different colloidal
beads to form gel like networks. Often industrial materials need to exploit the elastic-
ity of polymeric substances while maintaining a rigid shape and use such interactions
to introduce colloidal particles into the interstices of polymer networks. Attractive
interactions between colloidal particles need not be as specific as the ones described
so far. Polymers may adsorb onto the colloidal particles anywhere along its backbone.
This leads to an increase in the particle hydrodynamic radius which changes with the
polymer concentration. An interesting example of binding along the backbone can be
found inside cells. The cell is faced with the problem that large quantities of genomic
information carried by DNA need to be efficiently packed into a small volume. It
is believed that one way in which this is achieved is by wrapping the DNA around
histones (globular proteins that are colloid-like). This process is thought to be driven
by the electrostatic affinity between polymeric DNA and colloidal proteins.
Solutions in which the colloids and polymers repel each other, lead to attractive
interactions between the colloidal particles. Colloidal aggregation can occur in non-

adsorbing polymer solutions since the increase in osmotic pressure due to exclusion



of polymer from the depleted regime leads to attractive forces. These effects are
discussed in detail in Chapter 3. Interesting examples of the depletion effect can
be found in biological systems. Adhesion between lipid bilayer membranes has been
attributed to the depletion effect. Binding between antigens and antibodies is also
attributed to depletion driven aggregation effects. Technologically the depletion effect
can be used to aggregate colloids in a controlled way and may prove to be useful for
protein crystallization techniques.

The strength of the interactions between colloids and polymers depends on the
specific nature of the attraction. The energy of interaction usually ranges from being
sub-kpT in solutions where entropy is the dominant mechanism to 300kzT in systems
where covalent chemical binding effects are prevalent. Various instruments such as the
surface force apparatus and atomic force microscope have been used to measure these
particle-polymer forces. However the force resolution of most of these techniques is
limited (the magnitude of the forces measured are over a piconewton), even though
the spatial resolution ranges in the angstrom regime. As a result, extensive studies
have been carried out on systems in which polymer-particle interactions are fairly
strong, however the weaker entropy dominated interactions are still not understood
(a few examples can be found in Refs.[3, 4, 5, 6, 7] . Moreover these experiments
mimic colloid-polymer suspensions by replicating the material properties, but rarely

the geometries. Large flat walls, or slightly curved ones, are used as model systems.






