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PREFACE

The experimental method‘employed in this study is
not just limited to the investigation of the
interparticle forces presented between the particles.

It can be used for aggregation studies, as a model for
the interactions that occur in electrorheological
fluids, and may be employed é an optical switching
device. 1 encourage the extension of this technique to
these othef applications as well as investigating the
effects of surface chemistry, pH, etc. on the
interparticle interactions. I, also, encourage further
work on the ferrofluid composite systems. I strongly
belive that these systems can be understood and that the
information obtained will further our understanding of
the interactions present in colloidal systems.

I wish to express my sincere gratitude to my thesis
advisor, Dr. B. J. Ackerson, and my thesis committee for
their help and understanding during this investigation.
The Department of Physics has also been instrumental to
the successful completion of this work.

I wish to thank people like Wayne Vincent, Aslam
Chowdhury, Eddie Behrens, and Guy Gilland for all of

their constructive criticism, advice and useful
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suggestions.

I would like to express to my close friends --
Thank you for putting up with me during these hectic and
difficult times especially when it seemed that I really
was looney. (P.S. I do believe that one day I will

write that book.)
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CHAFTER I
INTERMOLLECUL.AR FORZES

Introductiaon

Fhysicists and chemists have always been interested
in the nature of and the control of intermolecul ar
forces. These intermolecular forces in turn give rise
to the interparticle forces stabilizing the colloidal
particles in suspension. The stabilization forces
between particles are responsible for the overall
behavior of colloidal substances.

One example of int@rpartfcle forces between
colloidal particles prmducing dramatic results in a
colloddal suspension is an electrorhelogical fluid
CStangroom 19830 RBrooks, eb. al. (19863 Duclos,
et. al. €138831. These fluids flow normally until an
electric field is applied. When the field is applied
the fluid changes in character - the fluid?'s viscosity
increases with the applied field - due to the
interaction between the suspended particles and the
applied field. The interaction between the particles
and the figeld leads to the formation of chains of
particles aligned parallel to applisd field. Similar

behavior has been observed in ferrofluids (the magnetic



counter part of the electrorhelogical fluid). LJordan
1973y Fopplewell, et. al. (19810 Rosensweig (19835
Chikazumi, =t. al. 1987 Movrozov, 2t. al. 198731 In
ferrofluid composite systems, a fervofluid in which
monodi spersed micron sized p@lym@r spheres have been
suspended, it has been abser;ed that the suspended
spheres behave as interacting magnetic dipole holes.

It is important for the development of new
materials or the mﬂdificatimﬁ of present materials to
gpecific applications to idaﬁtify and to quantify the
interactions responsible fmriphenomena present.
Fecently, there have been two methaods by which the
intermolecular forces have been measured. In the more
well known ewperiment, the Israelachvili box,
micrascopic forces are measuﬁed between two macroscopic
plates or crossed cylinders. This is a divect force
versus separation emperimenti However, 1t uses two
macroscopic suw faces: thus, results must be exbrapol ated
ta the colloidal regime.  The second experiment is semi-—
microscopic.  This work prea%nted by Frieve (1987 and
1989) measures the forces préﬁ@nt betwesn a ool loldal
sized particle and a macroscopic plate. This method
must incorporate the effects‘gf thermal motion due to
the Brownian movement of the colloidal particles.  The
study presented here is a method by which interparticle
forces can be examined between colloidal particles, thus

extending both of the previous works to the microscopic
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level .

farticle~Farticle Interactions

Farticle-particle interactions arise from Mmooy e
commonly kEnown intramolecular and intermolecular forces.
The origin of intermolecular forces has its basis in the
Hellman-Feynman theorem. The Hellman—-Fevnman theorem
states that once the distributions of the electron
clouds have been determined from the solution of the
Schrodingsy equation, the intermolechar foroes may b
calculated on the basis of classical electrostatics.
[Israslachvili (198521 More simply stated,
intermolecular forces are strictly electrostatic in
arigin. However, these forces can be classified inbo
ma jor categories which are more easily discussed.

Tw hbodies interact through at divect forces of
molecular origin - van der Waale; by solvent foroes -
liguid structural forces, hydrogen bonding, hydrophabic
and hydrophilic interactions; o) electrostatic forces
double~layver forces; and d) others - adhesion, steric
fovrces, eto. [israelachvili 013981; Ninham (139832);
eerbesk (198421 The distinction betwesn these is
stbrictly artificial and such forces may not always be

independent or superimposable.

London-—-van der Waals Interactions




In 1873, J.D. van der Waals attempted to explain the
behavior of imperfect gases by incorporating the finite
size of the molecules and the observed attraction
between them. [Tabor, et. al. (196931 Similarly, an
attraction has been observed in colloidal suspensions in
the form of coagulation and floccuwlation which has been
attributed to the same type of interaction. The worlk of
van der Waals was put on a firmer foundation by London
(1930 [Verwey, et. al. (1948); Dzyaloshinskii, e&t. al.
196121 who showed that this attraction arose guantum
mechanically when second-order perturbation theory was
applied to the electrostatic interactions between two
dipoles, hence, the reference to the London-van der
Waals attraction. This theory has been applied and the
forces measuwred directly, revealing two regions of
attraction — normal and retarded. However, in most
cases the retarded van der Waals forces are unimportant.

Evern though these forces are gquantum-mechanical in
origin,  one may gain an intuitive understanding
from the following example:

Consider a non-polar atom or molescule,
i.e. an atom or molecule whose time averaged
dipole moment 18 Tero. ALt any given instant
in time a finite dipole moment exists due bo

the instantansous positions of the electronsg

af the system with respect to the protons of

the system. This instantanecus dipole moment

gives rise to an electric field which in tuwrn

polarizes any nearby neutral atom or molecule.

This then orients the instantanecus dipole

moament of the nearby body, creating an

interaction between the two, and this time
averaged force is finite. Clesraelachyvili 19850 ]



A simple semiquantitative ssplanation may also be
developed [Israelachvili (198%) 1. Consider the
interaction between twos Bobhr atoms.  The smallest
distance between the electron and the proton is as, the
Bohr radius.  This is the radius at which the coulomb
snergy is esqgual to 2hv, or

=/l Nes as? = Zhy I.1
where 2 is the charge of the electron, B is Flanck’s
constant, and v is the orbiting frequency of the

-~y

glectron. For a Bohr atom v o is 3.3 x 10 g1, with h
22 ® 1l0o-t® T gives

A = LIS MM
This is the radius at which the snergy of the electron
is equal to the energy needed to ionize the atom ~ the
firset itonization potential 1.

The Bohr atom is inherently neutral, it has no
permanent dipole moment. Hwﬁever, at any given moment
in time, it does hgve an instantaneous dipole moment
given by

.2
W= A e
This instantansous dipole moment has a field which
polarizes a nearby neutral atom, giving rise to an
attractive interaction that is analogous Lo the
interaction observed between a dipole and an induced
dipole.
This inktsraction has an energy given by

Vird = —(anel™® a, 7/ (4N e )™ r® I.3

A1}



where an is the electronic polarizability of the second
Boby atom, which may be approximated as
A = 3N 8. I.d

Substituting for a. in equation I.32, the interaction
snergy is approximated as

Vir) 8 - a,= My / (dnes)® re 1.5
Except for a constant equation 1.5 is the same as that
first derived by London using the quéntum meckhanical
perturbation theory. London’s expression for the

interaction energy between two atoms or moleculess is

Vird -3 a.;.é v /4 4 pneL)® s 1.6
= -3 a2 I / 4 (4 ne,)® re
This is often expressed as
Vird) = - Chimp / ® 1.7

For two dissimilar atoms London showsed that

Vir) = = 3 Guy Qme Li Ta /7 2 (d40ed™® v® (I -+ T
London? s egquation has since been superseded by more
axact treatments [Moclaclan (196301 but gives fairly
accurate results.  These results are generally lower
than measured values.

These forces are generally referved to as
dispersion forces and are only one component of what is
collectively termed the London-van der Waals force.  The
London-van der Waals force is made up of an induction
force, an orientation force, and a dispersion foroe, but

all vary with the inverse sixth power of distance.

[lsraelachvili (1985)7
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The induction force corvesponds o bthe permanent
moment in one of the molecules polarizing the second
mxlecule and the interaction of the induced moments in
the second with the first molecule. [Hirschfel der
196731 This induction force also arises Trom a second-
order perturbation. The interaction energy may be
written as

P

Yird CU™ @ am P W™ Qo 7 4N e, v® 1.8

i

= Cina / T8
Equation 1.8 C[Israelachvili (198501 takes into account
the interacticon of the permanent dipols of molscule 1
with the polarization of the molecule 2 and the
interaction of the permanent dipole of molecule 2 with
the polarization of the molecule 1.

The orientation force results from the definite
crientational dependence of the dipole moments Cinduced
or permangant). The Boltzmann distribution can be used
to determine the orientaticnal distribution of the
malacules. The angle averaged dipole—dipole interachtion
energy Tor the orientation force may be written as

Clsraelachvili 138321

Vi) = = uy3® wa® / 3 (4 N0end® kgl r® I.=o
= '::-::-r'imnb / r®

This orientation interaction is also referved to the as
the Keesom interaction.
The dispersion-london forces generally swoesd the

dipole~dependent induction and the orientation forces.



thee Table 17 Therefore, for practical purposes one

need only consider the dispersion-London term.

TARLE 1

INDUCTION, ORIENTATION, AMD DISFERSION ENEREY
CONTREIRBUTIONS TO THE TOTAL VAN DER WASMLS
ENMERGY IM & VACUUM FOR FAIRS OF
MOLLECULES AT 273 K.

COIM 107 T m®,

Molecules 24 e e 4 eoem e Cers me
Mez--Mea 0 0 o
CHa~CHa 0 O o0

[ o & 11 106
HI-HI 2 0.2 370
Hz0-H=0 10 =1 33
HZ1—-HI . 7 1

Hz0-CHa E 0 53

CFrom Table X in Israelachvili 198527

Feonr macroscopic bodies, suoch as colloidal
particles, the interparticle separation is generally
greater than the interatomic distances within the
particle. Thus, interacting particles are insensibive
to atomic detail and one can treat the particle as a

macroscopic continuum [Parsegian, et. al. 197121,

U
o

Using this approach Hamalker in 1936 and 1987 derived

egquations for the attractive forces betweesn two



particles [Overbeek (127731, Hamaker's formulation only
incorporated the normal London-van der Waals
interacktions.

Hamaker derived his results by dividing the
interaction inta two parts - a part atbtribubted to the
interactions of the atoms that comprise the particle and
the part referving to the geomebries of the particles.
The portion related to the material has been reduced to
a constant.  The constant & (or B for retarded casess,
the Hamaker constant, is dependent only on the
interactions of the atoms or molecules of the material.
Mote: for most practical applications in the study of
colloidal stability only the nonrvetarded van der Waals
forces are important [Dverbeelk (197731, To understand
this relaticnship (the separation of the geomstric part
from the constant part); consider again the inbteraction
energy between atoms or molecules,

Mird = - 0 e

The pair energies are additive in the firsth
appyodimation. Thus, the energy of attraction, VYirlaes,
between btwo macroscopic objects of vy and ve can be
Wwritten as (see Figure 10

VMir daegs &= - g Oy Qm 0/ v® cdvi dvae .10
Y Py, '
where ., and g= are the number of molecules per unit
valume in particles 1| and 2 respectively Uverbeek

c13g4 ], Since the differential volumes of particles 1



10

and 2 are praportional to the cube of the linear scale,
Virlave 18 independent of the scale.
Equation I.10 has been evaluated for a number of

geometries: [Dverbeek, (198401 Figure 2.

Figure 1. Geometry used to derive eguation I.10.

Flat plates: The attraction enevgy per unit area
for two parallel flat plates of the same material is

given

Viy) oty = S /7 12 n H= IT.11
where H is the separation of the two plates and the
Hamaker constant, A, is given by

. m oam T.1z

A = @ og® O

Two spheres of unequal radius: Consider two
spheres of radius: a, and as respectively, the

interaction energy in the limit that a, and az are much



11

greater than H is

Virdlawe =~ —(A /7 & HY { ay as / (ay, + agz) j- I.13
THiemensz, (1986); Israslachvili, (198531

Two spheres of equal radii: Considers two spheres
of radius a separated by a distance H, the interaction
energy, Yirdlacey 18

Virdmse = — (A/B) (R® — da=)] I.14

[

CR# - da®) / RE= ]
This interaction energy may be simplified, if the
distance between the suwfaces, H = E-2Za, is much smaller
than the radius a, then the éttractive interaction may
be approximated as

V0r dmpe =~ —(A/120 & L/H + 2IndH/L)Y X T.15

U

-Cha/s 12 H

where L = a + 3/4 H. [Overbesk, (1984); Overbesek,

L

C197701]

Two cylinders: Consider two cylinders of unegual
radius B, and Rz respectively and of length 1, and a
sur face separation of H, where H = R ~ Ey ~ FEe. The

interaction energy may be approximated by
MOrdaee == & 1/ 12 2 H2/=®) { Ry Ra 7/ (Ry + Rgiirs=

Mate: this interaction energy is for orientation of the
cylinders such that the awes of symmetry are parallel to
oneE arnobhesr . The interaction energy for two oylinders

of the same dimensions and oriented such that the aves
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are perpendicular o one ancobther, i.e. orossed
cyvlinders, may be approximated by
Virdlase ~ — & / & HIVYE, Rz I.16

Cleraelachvili, (1985217

Hamaker canstanté are caloulated, theoretically,
for the bulk material. These constants may be
calculated via one of ftwax methods. The first one starts
from the microscopic properties of the individual
molecules and assumes them to be additive. This wvas
the original treatment used by Hamaker. The second
method is a macroscopic or a continuum approach [Visser,
C197231.  This method was formulated by Lifshitz (19560
and later implemented for real systems by Parsegian
(1969 and Russel, et. al. (138%), and uses a guantum
electrodynamic approach based on bulk properties, e.g.
the diglesctric constant, of the material. Bobh mebhods
account for the material of the particles as well as the
mecdium in which they are smbedded.

These constants may be determined sxperimentally,
as wWwell. Connman emperim@ntﬁ used to determine them
ATl floooulation esperiments £ the dispersiong of

med metal

collaoidal particles; interactions of two cros
wires in electrolyte solutions; and film measuwrements.
Visser (1972) gives an extensive survey of data obtained
from these various methods. Table 2 is a condensed

varsion of the data presented in Visser’s survey.
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TABLE 2

HAMAKER CONSTANTS IN AR AND IN WATER,
ALl IN 1o-=e J = 2.5 kT.

) in Air in Water

Water o, 0
Hydrocarbons 410 0,31
Oxides and Halides 15 0. 5-5
Metals 1550 T G0

[This is a reproduction of Table 1 in Overbeek (138431

Thiough the Hamaker expressions are conceptualy sasy
o understand, they do not adequately describe the
ohserved behavior. Early corrections were made to
account for retardation effects [Casmir, et. al.
1948121, however, these corrections were nobt sufficient.
The descrepancy between the experimental and theoretical
results lies in how the material contribution is
caloulated [Smith (197321, The Hamaker approach assumed
the interactions between the molecules to be additive,
however for many body interactions one would expect this
assumption to fail. The Hamaker results, also, tend to
diverge as one approaches the molecular dimensions.
Therefore, the continuum approach based on . bthe
macroscopic properties would be expected to provide
batter results [Mahanty, st. al. (1976), Russel, ebt. al.
C1aE9 .

Mahanty and Ninham (1976) proposed a correction to
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the Hamaker expressionzs by wsing an effective Hamaker
constant, based on the continuum approach, in eguation
I.12. This effective Hamaker constant, Aeer, would be
the same as thalt used for flat plates, i.2. emploving a
form of the Der jaguin approximatian:

Awer = A tl + (hy HIBI/=)-=s3 .17
Here H is the surface to surface separation, A, is

given by

- 3w [ﬁg-nélz
A 1672 kgl (Me*+ nef)¥/2

and Az is given by

o

NoT w [ﬁg2+ n92|1/2
4/2 ¢

(:’i e 4

where B is Flanck's constant, ke is Boltzmann®s

cnstant, ¢ is the speed of light, W is the freguency for
the dominant relawxation in the uwltraviclet of the medium
(for the sxperiments presented in thie study w = 1.8
1028 1/5), . the refractive index of the plates, and no
the refractive index of the medium. Tests of this
approximation have been made by Failthorpe and Russel
C1982) and the comparison of the multipole expansion
caloulations (Langbein, 1974) sugpest that this simple
form iz sufficiently accuwrate for most puwrposes [Russel,
1538391,

A second corvection to the Hamaker expression is

made to account for the slescbrolvtes in the s

[Russel, 1989 Thus, the form for the interaction



between two spheres incorporating these corvections is

a = - —XBT g=2xH_  Aeffa .
Va 16 H - 12 H I.18

where a is the particle radius, T the temperature in
degrees kelvin, and H is the surface separation [Russel,

198931.

Sclvation Interactions

Colloidal suspensions are comprised of some type of
macroscoplc particle suspended in a fluid medium.  The
medium is composed of molecules of finite size, which
interact with the sach other as well as the suspended
particle. These fluid interactions seem to affect how
the colloidal particles can pack together, i.e. the
fluid molecules seem to arde; about the colloidal
particles, thérefnre the flwid has structure which
cannot always be neglected. These particle-molecule
interactions are referred to as solvation oy structural
interactions.

These forces have been measured in agueous and non-
agquecus media between 5urfacegitLangmuir, 1338 Hovn,
et. al. 1381, 198011, The surfaces commonly used are
flat plates or curved cylinders of plain or coated mica.
These experiments have led to the conclusion that theﬁm
forces are "short ranged", i.e. they only interact over
a few malecular diameters, and depend on the size, shape

and packing of the molecules. This holds true for
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macroscopic particles as well [Minham, et. al. (19800
Israelachvili, (198531, The more detailed sxperiments
[Horn, et. al. 1980, 198101 5hﬁw a discrete molecular
structure of the solvent near the solid sur faces, thus,
resulting in the oscillation of the force as & function
of separation.  These oscillations have a periocdicity
which correlates with the size of the molecules, and the
magnitude of the force decays within a few molescul ar
lavers. See Figure 3. They alsz show that the
molecuwles and walls can significantly effect the density
profile and the oscillating dehaity profile resulbting in
an oscillatory force of magnitude comparable to the
conventional Qan der Waals interaction.

In most colloidal suspensicons the medium of
suspension is water. BSince, water is unusual, there are
some important solvation phenomena that can be related
divectly to it. These phenomena are hydrogen bonding -
resulting in "cages" aboﬁt the colloidal particles (see
figure 43); the hydrophobic %ffe;t and hydrophilicity.
The individual phenomerna have been examined
prperimantally in great detail by Pashley [Fashley,
C1ERily; Fashley, 198221, Israelachvili [lsvaslachwili,
(19783 Isvaslachyvili, et. al., (1978); Israslachvili,
@b, &l., (1979 Israelachvili, et. al., C(1984);
Israslachvili, st. al. L3433, Hovn [Hovrn, eb. al.,
19800 Hoorn, et. al., (198101, Parsegian [Rauw, st. al.

C1laE4d; Cowley, t. al. 1978y FParsegian, et. al.
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Figure 3. ta) Shows the molecular ordering as the
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der Waals force. [lsraelachvili, (198551



1987y Parsegian (198201, and Claessson [Classson,
et. al., (19843231, Theoretically these forces have been
studies by Snook and Van ﬁﬁgén CSnook, elb. al. C138001,
Gruen [Gruen, et. al., <198101, and Marcel ja.
[Marcel ja, et. al., (137611

However, in most colloidal suspensions the average
separation between the particles remain greater than the
range of solvation interactions. Hence the complication
af the mediun’s structure can be neglected in most
studies by assuming the medium is a continuum. Thus,
only bglk propertiss, suwth as the dielectric constant,
are used to describe the medium. Furthermore, the
continuum acts to modify bthe existing forces between two
macroscopic particles from tﬁat predicted between two

particles in a vaouum as described previously.

Electrostatic Forces

im colloidal dispersions, if the only interaction
present is a result of the dispersive foroes which in
moat cases are attractive (and certainly attractive for
like particles, as in the case of monodisperse
suspension used in this study) the system would collapse
through coagulation.  Fortunately, this doss nobt ooour
because of the presence of a repulsion arising from

glectrostatic considerations (Coulomb repulsiond

[lsraelachvili (198%)7.
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For charge stabilized systems, a suspension
astabilized by Coulomb repulsion, the particles carrvy a
charge. Fﬁr latex particles the charge is generally
negative; however, the overall suspension is
electronsutral. The charges are carrvied via ions el ther
solvated or attached to the particle surface, and an
electric double layer.ig formed by the ions on the
particle or surface and the solvated counterions located
at the particle-solution inter face. [Verwey, et. al.
(19482 Hiemenz (198621 The structure of the double
layer surrounding the particle is similar to the ionic
atmosphere described in the Debye-Huckel theory.

[Overbesk, 19841 It is the overlap of these double-—

layers as the particles approach sach other that causes

the slectrostatic repulsion.
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The structure of the diffuse double layver i(see
Figure 9 was first given by Gouy, Chapman, Deby and
Huckel [Verwey, et. al. ﬁ1948); Overbesk (1384);
Chapmann (1913 Hogag, et. al. 19601 and later
madi fied by Stern to incorporate the finite size of the
ions in solution [Verwey, et. al. (1948); Overbeek
198411,  According to the model proposed by Gowy-
Chapmann, the particle charge is considered as a
smearad-out sur face charge on the plane defining the
sur face. The countercharges carrvied by the medium are
attracted or repelled by the sur face acocording to the
Boltzmann principle. The potential, which obeys the
Foisson equation, at any point in the system, simplified
for the case when the valence of the cations and anians
are the same, is given by

vVEY = (BNcezx /¢) sinh (zeW / kel Tals
where W is the potential, v¥ the Laplacian operator,
iz the dielectvic constant of the medium, = is the
valence of the ionic species in solubion, o is the
concentration of ions in solution, & is the electric
charge, ke is Boltzmann’s constant and T is the
temperature. This has been solved exactly by Gouy
C1910)y for the case of & single flat plate, however for
cases of interacting plates or spheres, one generally
gmployes approximate methods as the problem becomes
difficult to solve analytically. MNow restricting our

discussion to a small W approximation, sguation .19
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reduces to

vEy = KEY T.20
where kx is the Debye-Huckel reciprocal length given by

k= = 8 ce®z® / kT .21
Thus, eguation 1.19 may be solved for the one
dimensional symmetry of infinite plates by simplifying
vy to dFw / dx®. This has solutions

¥ o= A, cosh kx  + Az sinh kx I.22

where &, and Az are constants that depend on the
boundary conditions applied. For the case of two

dissimilar plates with separation 2d, and boundary
conditions (13 W= @, at x = 0, and (ii) ¥ = W . at
w o= 2d where Wao: and Wez are the swface potentials of

the plates 1 and 2 respectively. Equation I.22 besomes

oy

v = Wy cosh kx  F T.23

L Weom ~ Wy cosh 2 kdi/{sinh 2 xd} sinkh ks«

(e can now obtain the interaction energy between
two double layers. This interaction energy is egqual Lo
the change in the free energy of the double layver system
whern the plates are brought together from infinity 1.2
[Hogg, et. al. (1966 Verwey, ebt. al. (194821

Ve = Al = lpa — Ve 1.2
where Giaga i the free energy at the separation 2d and e
im the free energy at infinity. Following Q@rway, @t .
al. (1948) the free snergy of a singles double layver

[Hogg, et. al. (19661 is given by



G = - gWe / & I.28

where o is the surface charge density and is given by

9= ‘fﬁ (%¥9x=0

1.326
Fxllowing Hogg, et. al. (1966 one aobtains
G,> ar (2W,w h 2¢d - (w2 + w2 I.27
20" 8T o1Woz COSech 2xd — (Wyq + Wys5) coth 2«d) . s
and
€K 2 A,
G’= il [‘”01 + wgzl T.28

Therefore, V. is

V,= %“ﬁ ( [tuci‘1 + wolz]n—cothhdl + 2Wq1 Wy c0s8Ch 26d)  T1.329
The interaction of infinite flat plates, can be ussd to
obtain an espression for the interaction of two
apherical particles wusing the Der jaguin approximation.

In the Der jaguin approximation, one considers the
particle to be composed of infinitesimally small
parallel rings each of which may be treated azs a flat
plate so long as the thickness of the double laver is
amall compared to the particle size [Verwey, eb. al.
(194803 Vold, et. al. (19833 I&realachvili (198%5);
Hogo, et. al. 196621, Thus, orne can write the

interaction between spherical particles as

o
Ve = 5 h'n Yz dh? I.30
(4]

where VY is defined in eguation 1.29 and k' is the
radius of the rvring as shown in Figure €. For the case
where a, # a= and the geometry given in Figuwre &, one

can show that
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V. = £33z (Wo1 + Wo.l 2o, 1+e™ _ -2xH .
R 4(a,+ a,) (w‘;+w&)l'n1—e"‘ + Ll ™) ria

provided h << a, and h <4 a= [Hogg, et. al. (1396611,
For the case of interest in this work a = a,; = az and W,
=W = Wo, equation [.321 reduces to

e

Ve = & W= / 2) 1In (1 + exp (~ kHzd)) IT.32

-9 92

(a) (b)

=

Figure 5. Ca) Sohematic of the diffuse Double-laver
about a particle. th) Representative
Double~layver according to the theory of
Stern [Verwey, et. al. (1948071,




Figure &. Illustrating the building up of repulsion
between two spheres out of the repulsion
between quasi-parallel layers. [Yold, =t.
al. (1983); Verwey, et. al. (194817

Steric Effects

In suspensions of colloidal particles, the
particles are stabilized from aggregatbion predominantly
via one of two mechanisms - charge stabilization or
steric stabilization.  The chérge astabilization
mechanism is based on the Coulomb type electrostatic
repulsion previously discussed.  However, steric
stabilization is achieved by ubtilizing either osmotic
ef fect or volume restriction effects.

In a sterically stabilized suspensions, the
particles are composed of large ssgments or loops of a

Migh molecular weight polymer, or are coated with

chains or loops of & polymsr. The solvent is chosen to
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be appropriate for the attached polymer. Thus when bwo
particles approach gach other, they will be repelled by
gither a) the polymer chains attached to the particle
gur face lose entropy due to increased confinement
causing the repulsion -~ this is the vaolume restriction
@ffect; or b) the layers of the attached polymer chains
interpenstrate, the higher polymers segment
concentration between the particles causes a rise in the
local osmotic pressure —bhe cemotic effect EWrij
C19763 1. {Bee figure 7

The strength of this type of interaction may be
gvaluated by the following caloculation. Consider a
polymer chain of maximum length, 1, attached to a
colloidal particle Chere approximated by a flat platel.
This chain has a permanently attached end and the rest
of the chain is free to move about in the hemisphers
defined by, 1, i.e. Vi = 201® / 3. tHee figure B) A
second particle approaches to a surface to surface
separation of H, thus reducing the volume in which the
polymer is free to move bo

Ve = M/3 {218 ~ (1 -~ HI®{21 + HIZ .3

03

The attached polymers of both particles must occupy the
same volume. Assuming the change in free energy is the
zame as that of an ideal solution undergoing the same
concentration change, G is

HF o= - 2 keTl Ln (Ve / Vi 1.34

where kg is the Boltzmannfs constant, T is the
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temperature and r is the amount of adsorption. For oa
chain of 4 nm at ¢ = 10*2 ocp~* and H of 1 nm, the
repulsion is 2 x 10% kT per square micron [Vold, st. al.
C198321, this comparable to a double layer of eW/RT = 5
with « = 0,1 nm—*. However, the particles used in this
study were charge stabilized, hence the steric forces

discussed here are neglected form further consideration.

Farticle Field Interactions

For the investigation considered hers, it is
important to consider how the particles in suspension
are affected by the presence of an externally applied

perturbation and the overall resulting implications to

Figure 7. Illustrating the osmotic effect (kopld and the
vialume restriction effect (bottomd in
steric r@pulﬁi@h. COverbeek (1328421



Figure 8. Geomebtry, coordinate system, and nomenclabturs
for calcuwlating the segment density of an
absorbed polymer bebtween approaching plate-
like particles. [Vold, et. al. (198337

the system of particles. This study foouses on oa single
type of applied field, an oscillating electric field,
there are several obther commonly ussd externally applisd
fields such as a mechanical o an applied shear
[Aackerson, et. al. (1984)1; gravitational [Russel, stb.
al. 1989 Prieve, et. al. 019287, 13891; or other
types of applied electromagnetic fisglds LChowdhury, =h.
al. (1985, 1988); Skjeltorp (1983, 1984, 1985321, Here,

one need only focus on those interactions induced by



applying an oscillating electric field and further
focusing only on the organization cccuwrring parallel the
field lines; i.e. an applied parallel field. However,
for the sake of completeness, a similar development for
an applied magnetic field will be pressnted.

Farallel applied fields have been used previously
in both the electric field and magnetic field cases.
Fraden (1287 and Richetti, et. al. (13987 used the
applied electric field to examine the associabion of
colloidal particles in the presence of the field., While
Skjeltorp (1983, 1284, 198350 and FPopplewell, et. al.
1981, 198&, 1987) used the magrnetic field, in these
cases the studies in the parallel direction were done
primaviiy as observations before examining the phenomena
present perpendicular in closer detail. However, in all
of these previous 5tuaies the concern has been ta
eramineg the behavior of the interparticle ordering in
the presence of the field rather than a means of
investigating the stabilization forces present in the

SUSPENS1ON.

Electric Field Interactions

Consider a single dielectric aphere, when an
uniform field is applied, the sphere becomes polarized
and the sphere is said to have an induced dipole moment
located at the center of the sphere. If one now

considers the sphere to be located in a medium, one can



write the form of the induced moment taking into account
the mediun as

W= a® [ley — £64L0/0ep + 2 e,01 E 1.35
with €., €, being the conplex dielectric consbtant of
the medium {in the case presented here the mediuam is
water) and the particle respectively, where
e= g + i ¢'?’; a, the radius of the sphere; and E is
the electric field (in oc.g.s units) [Bawer (1983);
Fraden (19873 Pohl (197831, Mow consider that a second
identical particle is placed in the medium along with
the first, one would expect these particles to interact
via a dipole-dipole interaction at large separation with
energy

Vo= u® (1 - 3 cos®e 3/ e, v@ 1.36

where W is the dipole moment, v is the center to center
distance and e iz the angle between the line connecting
the centers and the external field., For this
investigation @ = O0® implies that the line of centers
lies parallel to the field lines at infinite distance
tthe parallel field cazel) and atle z=ow0e the fisld lines

are perpendicular to the line of centers (the

perpendicul ar casel. This i=s & paifwiﬂa interaction and
ore may assume in & dilute suspension of particles, the
crly interactions present ars those pairwise
interacticons.

However, as the particles approach one another this

appraximation for the dipole moment is no longer valid.
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Thus, one must consider how ssparation effects the

il

dipole moment. This is difficult to do becauvse in
general this problem cannot be solved in & olosed foro.
One approach propozed by Fohl 01978) is to calculate the

energy reguired to bring two polarizable spheres to a

center—to-center separation of v then extend the

]
i
it
1}
o
bl

toovo o= Za.  Thus, the esnergy (for the parallel

contact haz the form

LJ
aa]

Vo= r® E= /A8 [lep-el) /7 ey + 2 g 21" I.:
whare A ig the correction term and is given by
A o= {4 1 - (1/4) [le, — €,) / € e + 2 €8,31 3 1.37
and for the case under investigation here where eo 3 ep
this corvection is apprmximately 12.9 4.

A much more detailed and comprehensive approach was

proposad by Bauer (1985). This approach was presented

H]

for conditions very similar to those used in this study,

i.8. he was attempting to di%cuﬁé the pearl ochain
formation (particles aligning in chainsg along the field
lines). He used the asympiotic solutions, by expanding
the potential in a power series and keplt only the
leading terms, bto obtain

L8 J s Ll‘."ri: ,./ €. d!l IC i: 1 o :.'.} o it ] :) ",-' (: J e E :) o] -

s(1 + 3 cog®g 2/8 (1 + ¢ 2% & .37
where v = dil + ¢ ) where d = Za and s = Rel{le, — £4) /
+ 2 oewrd, and Refd is the real part of the guantity

gnclosed.  For egn 449 €y, this the correction due bo

R

second order terms 1s only approximately 12%, this



covrection beocomes less as €, approaches cow. For bthe
astudy presented here where ¢, = 2,593 and e, = 78, this
correction ie approximately 10W.  Therefore, for
evperimental purposes the long range dipole-—dipole
interaction appears sufficient.

One may also consider the effects of adding
pa;tiCIEE to the chain. This has been considered by
othere [Jeffrey (1973, Jones €1986¥ 198711 for
conducting spheres. In these studies, the effective
dipole moment of the entive chain was caloulated by
using the method of images for a chain compossd of fTwo
oy three spheres. The results presented show that for
non—-towshing particles asymptotically approach the
rmumber of particles in the chain times the individual
dipole moments as the suwrface to swface separation
increases, which for the case of two or three spheres is
gquite rapid. However, the method presented becones
computationally difficult for more than three spheres
and for non-conducting particles.  Thersfore, the
dipole-dipole interaction seems to be sufficient for the

purposes of bthis investigation.,

Magnetic Field Intsractions

In an applied magnetic field, the colloidal
particle behaves as a magnetic hole [Bkjeltorp 13983,
1284, 1983); Warner, et. al. (19853); Davies, #b. al.

01985, 198621, To understand the implication of the



{d
ol

dipole hole, ong pust consider the system employed. Im
this case the colloidal suspension under investigation
ie a ferrofluid composite system. The composite system
is comprised of colloidal particles (micron sized
spheres) suspended in a-ferrofluid. A ferrofluid is a
colloidal suspension itself, in which nanometer sized
ferrite particles are suspended in a carvisr fluid, most
generally a hydrocarbon such as kerosene or toulene.
When a magnetic field is applied, alignment of thes
ferrite particle in the ferrofluid induces a dipole on
the larger micron €ized particle.
Here a parallel development to that given above is
wsed. The dipole moment on the particle may be give as
W= {0 pug ~ Hel /0T Hp + 2 W) a® H . GE
WHere Hw, pe are. the permeability of thelsph@re and
the fluwid respectively, a is the radius of the particle,
and H is the uniform magnetic field applied. By nobing
that He = Hduo, and He = MWebl + Xeld, orme can simplify
equatiocon .38 to [Warner, et. al. 1985131
o= -y xe M I.39
where v is bthe volume of the sphere, and Xe iz the
affective susceptibility of the fluid (this is wsually
supplied by the manufacturer of the fluid).
Therefore, the interaction energy betwsen two
micron sized particles suspended in the fervrofluid may
he written approximately as

Vo= ou® (]l -~ 3 ooos®e 2/ Iado



Wwhich is identical in form to equation I1.36.  The
particle experiences an attractive interaction when the
field is applied in a parallel direction, and a
repulsive interaction when the field is applied in a
parpendicular direction [Skjeltorp (1983, 1984, 19851,
These induced dipole interactions in both the
@lectric field and the magnetic field casss induce
structure in the colloidal samples. Skjeltorp (19283,
1984, 1985) mbserveé that when the field is applisd
parallel to the layer of particles the particles form
chains (Figure %a) and when the field is applied
perpendicularly, a two~dimensional lattice structure is
formed (Figure 9b). Both configurations have been
examined in terms of Monte Carlo simulations; including
the stability of the lattice structure [Davies, 2. al.
C1mEm, 198621, An applied electric fiesld produces the
same behavior as in the ferrofluild composite systems.
When the field is applied in a parallel divection,
chaining is observed (Figure 9alr; and when the field is
in a perpendicular divection, a triangular two
dimensional lattice structw e is observed (Figure Bbho

[Fraden (1987); Richetti, et. al. 1398731,
The Tobtal Colloidal Farticles Interachtions

T thig point the interactions ssperienced by the
particles suspended in a colloidal solution have been

evamined in terms of individual interactions, i.e.  van
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der Waals, dipole-dipole, double-laver repulsion, eto.

However, it is improbable that only one interaction is

Figure 3. ITlustrating the configurations of the
suspendad particles when the field a) is
applied in the parallel divection and b) is
applied in the perpendicular divection.



present in the colloidal suspension. If for example,
only van der Waals forces were present the SUESPENSL ON
would collapse, i.e. the particles would be drawn into
contact with one another causing aggregation.  Thus, one
must consider combinations of interactions to understand
the phenomena present in sample systems.

The most genevally accepted theory for the
stability of charged particle colloidal systems was
proposed by Der jaguin, Landa&uw, Verwey, and Overbeek
(DLVDY [Verwey, =t. al. 61948); Overbeek (13984);
Ieraslachvili (19835); Hiemenz (19673 Vold, et. al.
198321, This theary combines the elements of van der
Waals interactions with those of the electrostatic
interactimnﬁ.by E:} diréﬁt addition of the twos
interactions. ‘Thiﬁ is given by the combination of the
free snergies of the attraction and repulsion to give
the total free energy of interaction

Ve = Vaee + Vians : T.41
where Yaease 1% the attractive interaction dus to the van
der Waals interactions and Veee 1% the repulsive force
dug to the electrostatic repulsion.

Figure 10 shows schematically the various types of
interactions potentials that can occcuwr bebtween two
sur faces under the combined action of these two
interactions. From the schematic it is seen that van

der Waals forae meed the double layer repulsion at
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small distances since it obeys a power law. Depending
on the electrolyte concentration and the surface charge

density one of the following may ocour: Clsraelachvili,

al) For highly charged surfaces in a dilute
electrolyte, there is a strmhg long range repulsion that
peaks between 1 and 4 nm.

DY In movre concentrated electrolyte solutions there
is a significant secondary minimum (usually beyond 4
nm). The potential energy minimum at contact is the
primary minimum.

c) For surfaces of low charge dénsity, the enerqgy
barrier will always be lower than that of higher
electrolytic solutions and above some electrolyte
concentration—the colloidal particles will begin to
coagul ate. It is this phenomenon that forms the basis
of the DLYD theory of stability, i.e the particles will
coagul ate when the secondary minimum has a depth less
than kT.

d) As the suwrface charge approaches zero the
interaction curve approaches a pure van der Waals
interaction.

DLVO theory is generally accepted as corvecht under
the conditions for which it was derived, i.e. [Lyklema,
198101

- The sol must be dilute such that the

potential of the mean force may bhe replaced
by the average potential.
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DLVYD interactions.
strongly. (h) Suwrfaces come Lo a stable
equilibrium at secondary minimum. (o)
Sur faces come into secondary minimuam.

distance profiles of
tal) Surfaces repel

€d
Sur faces may remain in secondary mind mum
or adhere. t@) Burfaces and collaoids
coalesce rapidly.

[lsraelachwili <1983



{1;{

[¥x]

layer repulsion.

- The geometry of the particles must be
relatively simple, i.e. spheres, flat plates.

== The double layers must be purely diffuse.
—=— Upon overlap, the double lavers relax

sufficiently fast to remain in thermodynamic
equilibrium.

This chapter has presented those interactions that
are present in colloidal suspensions, forces which will
be tested directly by the euwperiments described in this

thesis.
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EXFERIMEMTAL TESTS OF MICEOASCOFRIZ FORCES

In the previous chapter, the interactions that one
may encounter in a colloidal suspension were discussed.
However, the means by which these interactions are
examined were either only briefly mentioned or not
discussed at all. Qver the yvears several techniques
have been applied to this problem. For example, van der
Waals forces have been examined using soap films and
hiological membranes by Overbeek (19600, Joosen (19840,
and Farsegian (1387). Stabilization forces have beean
measured using flocoulation studies like those of Melik
A£1985).  These technigques are generally arducus and the
information obtained from the experiments is difficult
to interpret. More direct techniques have been used
like those of Israelachvili and Frieve briefly discussed
parlier. This chapter will foous primavily on those
technigques used by Israslachvili and Prieve as well as
@xaming the exwperiments by Richetti, et. al. and Fraden
whio used a similar experimental design to bthat used in

this study.

<0
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The Macroscopic-Macroscopic Technique

A macroscopic-macroscopic technique (M-M) was
developed by Isrealachvili, et. al. [J. N.

Isrealachvili, et. al. (1988, 1976, 1377 and 1983); J.
M. Isreaiachvili C19770; FE. M. FPashley (1980); P.
Claesson, et.al. (1983); and R. G. Horn, et. al. 1981121
In this method, two macroscopic surfaces either flat
plates or crossed curved cylinders are brought

together using a spring. The separation of the surfaces
is moni;mred using an aoptical interference technique.
Thus, the force is measured directly. Therefore, one
can obtain fairly readily a force versus separation
relationship.

The surfaces used in these experiments are mica
shesets placed either on curved glass cylinders — which
is shown in Figure 11 - or glass flat plates. Mica was
chosen for these studies because the sur faces are
mxlecularly smooth. Typically experiments conducted
using this apparatus use ruby‘mU§anite mica. The
separation between the two surfaces is controlled by the
three stage mechanism depicted in Figure 11.  Thes
separation is measured by monitoring the beam
inter ference fringes and the fringes are continually
monitored in a spectrometer. The Torces are measwred by
suddenly reversing the voltage in the piezoelectric

crystal which expands or contracts by a known amount.
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measwre the forces in the M-M.
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The resulting change in separation between the plates
is measuwred optically and the difference in the two
values is then multiplied by the stiffrness of the
spring, thus determining the force.

This method provides a straight forward means of
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obtaining force versus separation measurements. Various
solvents may be used in this system, allowing for the
modelling of various colloidal systems as well as the
investigation of the hydration forces -~ those forces due
to liguid structure. The major drawback to this
axparimental ftechnigue of importance in regard to
colloidal systems is that this technigue only models bhe
aystem. The suw faces are larger than the actual
colloidal particle, and affects due to thermal mobtion
are totally neglected.

The result of modelling the colloidal syvstem is
that it leaves open questions related to the differences
between the two systems. For example: here two
macroscopic sur faces are used, will the foroces observed
carry directly over to the miErascmpic collodidal system?
Does the plate’s electronic dﬁuble adequately mimic the
particle’s? The system used in M-M has no thermal
motiocn — the plates are stationary — how doss the
thermal mobtion of the colloidal particles change the
chserved forces? In the continuum approach for van der
Waals interactions, the wavelength of the light as it
approaches the particle size becomes an important
parameter -~ therefore, how dogs this effect the forces

chserved™

The Macrascopic-Microscopic Technigue
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The macroscopic—microscopic technigue (M-m) carvies
the investigation one step closer to an actual colloidal
system than that of the M-M technique. Here the forces
are measured between a flat plate and a colloidal sized
particle. This technique developed by Prieve, et.al.
[D.C. Prieve, et. al. (1987, 198921 provides a novel use
of total-internal-reflection microscopy (TIEMY to
measure the separation of the plate and the particle.

When light strikes a planar interface from a moore
optically denze medium at an angle of incidence greaber
than the critical angle, total internal reflection
results. Although all the light eneragy is ultimately
reflected back into the more dense medium, there is an
optical disturbance in the 1@55 dense medium which takes
the form of an evanescent wave. However, a particls mav
intercept this wave and scatter in proportion to is
distance from the surface. Thua, the intensity of ths
light scattered by the sphere in this evanescent wave is
measured and can bhe translated into a separabtion
distance - this is the basic principle of TIEM. TIEM is
generally used to inspect optical sw faces for damage.

This M-m technigue uses gravity to bring the
particle into near’amntact w;th that of the plate. The
particles used were polystyrene latex microspheres 10,04
um in diameter - large enough so settling can ooour.

The plate used in the experiment was an ordinary



microscope slide that was carefully washed., The forose
is determined through a force balance between the
double~layer repulsion and gravity. The van der Waals
attraction between the sphere and the plate was
neglected in these experiments based on the assumption
that for a large sphere the force due to gravity will
dominate the attraction. So, once again a simple force
versus separation experiment has been obtained.
However, one must account for the thermal motion of the
particle, as a distribution of heights is measuwred in a
given experiment.

Frieve, et.al. estimates the interaction of the
plate and sphere via the sum of the double-layer
potential and the gravitational potential. This total
interaction incorporates the thermal motion of the
pérticle, thus, more clmselyaapproximating a true
colloidal system.  Here, the double-layer potential Cas
discussed earlier) between a spherical particle and a
flat plate in a 1l:1 electrolyte may be approximabsd by

Vo tH)Y = B expi- «Hl I1.1
where H is the s&pératian, 17k is the Debve length and R
is given by

B =16 ea (ke T / &@)® tanh © & W, / 4 kg TI
X tanh @ We / 4 kg T2 Ir.2
where W, and Wa are the Stern potentials of the

particle and plate, ¢ the dielectric constant of the
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medium, & is the electronic charge, ke is Boltzmann’s
constant, T is the temperature and a is the particle
radius. This appragimatian is valid when ka =& kM *> 1.
The contribution dus to gravity
VasH) = (4/3) na® (Ap) g H = GH 11.32
where Ap is the difference in density between the
particle and the medium and g is the acceleration due to
gravity.
Adding equations II1.1 and II.3, the total potential
is given by
VyariH) = B expi— xH) + GH IT.4
This function has a single minimum at a separation, MHa,
given by
Ha = 1n (kB / @ | I1.5
By using equation I1.5, the value B may be eliminalbed
from equation Il.4. Rearrvanging, egquation II1.4 becomes
CVrortHY — VaertH 21 7 ke T
= (F /  kn T) (expi—%) - A S T1.8
where x = K {h ~ h,) is the cdisplacement from the most
probable distance normalized with respect to Debye
length. Experiments have shown agreement wibth
theoretical predictions (Figure 1320 at larger
separations by adjusting the specific gravity of the
polystyrene sphere by 2%, while smaller separations
there was poor agreement. The origin of this poor

agreement was felt to be due to sither the contributions



47

of the colloidal forces being incorvect or a failwe ko
include the van der Waals forces. However, the
theoretical prediction now seems in perfect agreemsnt
with the data due to an sarlier ervor in the caloculation
of donic strength. EPri@va,let, al. 198331

Thus, although thiz technique furthers the previous
studies, it still lesaves important unanswered guestions.
We still are only modeling a colloidal Syﬁt@m,' Will the
foroces still behave in the same manner™ What will
happen when the van der Waals interactions ars btaken

into comsideration™
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The Microscopic—-Microscopic Technigue

The microscopic-microscopic technigque tm-m) is the
technique developed for this study. Here the
microscopic forces are meaaufed between colloidal
microscopic spheres, extending both studies previously
discussed. This technique employs an externally applied
field to induce a dipole in the particle, as discussed
in the previous chapter. Once the induced dipaoles are
formed in the particles, they will align in chains
parallel to the lines of force of the applied field.

The interaction of the particles is controlled by the
amplitude of the applied field and the stabilization
forces present. These 5tabi£izatian forces are the
forces of interest in this sﬁudy. The interaction
hetween the particles controls their separation as in
the other studies.

This technique of applying an electric field to a
colloidal sample and foocusing on the formations along
the field lines has been used previously. Richetti,
et.al. (19872 used this method to examing the behavior
af interparticle ordering in, suspensions zubjected to an
external homogeneous electric field., This particular
study presented gualitative and preliminary guantitative

results.  Fraden (19873 used the techrnigus o sxamine



the linear adggregation of the colloidal particles.  This
study foocused primarily on the kinestics of the colloidal
aggr=gate formation. However, Fraden did examine some
of this linear aggregation data in a similar manner to
that of Richetti, et.al. as a comparison.

The Richetti, et.al. experimental conditions are
very similar to those used in this study. The sample
cell is comprised of glass plates separated by two
parallel wirss 100 um in diameter, and the wires are
separated by a gap of 4 mm. These parallel wires are
the capacitor plates across which an AL volbtage is
applied in order to produce an electric field., The
frequency used is 1 MHz. Fresumably this freqguency is
high enough that the counterion cloud suwrrounding the
particle cannot follcw the aﬁplied field. Thes reason an
AL field is applied rather tﬁan a DU field is to avoid
hydrolysis.

fualitatively, this stﬁdy showed that the particles
wolld align in chains along the field lines. Filigurs 13
are the photomicrographs obtained by Richetti, et.al.
for variows field strengths.  These Tormations can be
@asily studied using»static light scattering techrnigues.

Figure 14 shows the corvesponding diffraction patterns

i

cbtained from similar structures as those in figuwre 13,
Under the course of this investigation it was noted that

the first order diffraction peak shifted as & functian
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of applied field., All of the these experimental
features have besn observed in the stuwdy presented here.
Richetti, et.al. attempt@d to gxplain thise observed
behavior using a thermal fluctuation theory based on
dipole attraction bebtween two particles. This
theoretical analysis begins by exwpressing the average

particle separation, a, as

a ,/Ffexp(~V(H) ok Ty dRE I1.7

df@mpiwvﬁﬁh /oke Ty dRE
where B is the particle separation, ke is Boltzmann'®s
constants, T is temperature, and VIRE) is the pairwiss

potential which in this case was assumed to be

H

R

VR TuCtI=r - 3 Sdudt) REIEx Ir.

Ri®
where wik) = (~r® EZik) /2) ie the time dependent dipole
moment, ECE) is the time dependent electric field, v is

b the form

the particle radius. Eguabtion I1.8 reduac
of equation I.36, after the time averages have been

taken. The interaction energy for the cass wunder

investigation, the parallel applied field, reduces

ViR = (- ¢® E=) / (16 RI®, IT.9
For any VORY, such that VYORE) approaches zervo, the
average particle separabtion approaches infinity. If a
change of variables is made, i.e. wo= (R - 2y /v,
where 2y is the particle diameter, and ons expands VORI

though a Taylor seriss about B = Zr, keeping only the
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constant and first derivative terms, one may obtain wpan
rearrangement

1 - ® /0 = kg T/ V'IE) iz IT.10
where ¢ is egqual to 2r/ia (Richetti, et. al. uses an
@ffective particle diameter, Zvr, in their approach while
Fraden and this study do not modify the particle
diameter) and is taken to be a measuwre of particle
valume fraction in a chain of particles. VM iR)lz. is
the firvst leriyative of the interaction evaluatsd at 2r.
Employing the dfpale energy, equation II.10 becomes

1 - /0 = (128 ke Ty / (3 v E=), Tr.11
Figure 13 is a plot of the experimental data in view of
this theoretical explanation. The swperimentally
determined slope is given 35‘3.3 ¥ 107 erg/om® which
must be compared with the theoretically determined slops
making an experimental correction for the particle
radius, i.e. the effective radius, of 2.6 erg/om¥,.
Therefore, it is apparent that even though the results
are gqualitatively corrvect, there is some theoretical or
syperimental errvor involved iﬁ this study.

In an attempt to understand this discrepancy,
Fraden examined his linear agaoregation data in & similar
manner to that descoribe previously. He made anm initial
madi fication to the dipole moment used by Richetbti, b,
al. Fraden wsed the dipole momnent presented in egualion

I.3%, and the interaction potential given in egquatiaon
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I.36. UConducting the same analysis as Richetti, et.
al., he obtained for equation II.11

1 - /0 = (128 kw T) /7 ¢ 3 e, r® E=), I1.12
This produces a reduction in the theoretical slope to of
3.3 % 10"2 erg/cm® which is still 2 orders of magnitude
smaller than the theoretical prediction of Richetti,
et. al. Upon comparison with theory, the data Fraden
collected are a factor of ten'larger than that predicted
by theory, however, his data was collected using an
image processing technique rather than a light
scattering technique and there is some question as to
the accuracy of the particle—particle separation
measurements.

There are some significant praoblems in both of
these methmds;' First in the Richetti, «t. al.
experiments, thé particles are allowed to settle on one
2f the glass plates, therefore, it is unclear as to
whether or not the field seen by thé particles is
uni form.  Second in the Richetti, et. al. technique, one
is obliged to question the origin of equation I1.10, as
well as the corrections made to the particle size.
Equation I1.10 is obtained by assuming as approximate
form for the real potential (see figure 16). It can be
shown that using this approximation one obtains the
scattering function for hard spheres [Ackerson, et. al.

(198331, Therefore, equaticon II1.10 results from an
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arvongous mathematical manipulation.  MNeither study
takes into account the stabilization forces present in
the colloidal swuspensions, btherefore not accounting for

possibly significant effects due to these interactions.

This Microscopic — Microscopic Techniguse

and Statistical Corrvection

The experimental téchmiqu@ used for this
investigation is very similar to that used by Hichebtti,
et. al. The sample cell was designed to allow for light
scattering measuwrements, while the applied field is
generated by a simple capacitor comprised of bwo

parallel pieces of copper tape across which an

/

/
/
/

/ Approximation

V(R) Hard Sphere

Figure 1. The potential wsed by Richetti, st. al.



oecillating voltage is applied.  The chain formations
are monitored via a light scatftering technique, but here
we are concerned primarily with the measuwrsd average
particle separation from the diffraction pattern.

The separation of the particles is measwred via a

simple light scattering technique as in Richetti, et.

A=6328i&E

Screen

ndsine = maA

Figure 13. Schematic of the diffraction grating.




al. When the particles align in the chains, they
comprige a diffraction grating (Figure 172, Using
gsimple diffraction grating theory, one can obtain the
average center to center separation of the particles
from the scattering pattern, i.e.
o sine = mA I1.1%
where d is the averags center to center separation, 6 i
defined in Figure 17, A the wavelength of light, arnd m
is the order of the diffracted maxima. AL this point,
another aspect of diffraction grating theory should be
preaeﬁt@d, The numbeyry of lines in the grating
determines the intensity and the sharpness of the
diffraction pattern, 2.g0. if this were only a dmuﬁl@
slit experiment the intensity of the pattern iz given by
I = Im (cos ¥YO® (sinas/ a 3% TT.14
Wwith ¥ and a defined by
Y = (Ad/sAN) sine 1.1
a = (AH/AY ®ine IT.16
where d is the distance between centers of slits (the
center to center distance of the spheres), N is the
wavelength of light and H is the slit width Cthe suface
bo suwrface separation of the spheres.  Eguation 11,14
can be extended to incorporate an increase in the number
of slits

I = Im €=in NY/ siny »* (sin a / a = Iy.17



where Y and a are defined by squations I11.15

and TI.16

and M is the number of slits [F. &, Jenkins and H. E.

White, Fundamentals of Optics, (MoGraw-Hill,

M.Y.

197631, For N = 2, equation I1.17 reduces to equation

IT.14. Figure 18 is a plat of equation I1.17

for bthres

different values of N. Thus, intensity is dependent an

01
© (Rad.)

Figure 18. A& plot of the intensity produced f
diffraction grating versus angle
values of N.

Fom A
for three
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the number of lines in the diffraction grating and the
position of the diffracted méxima is not.

The average particle separation is dependent upon a
balance between the interaction colleoidal stabilization
forces and the induced dipole caused by the applied
field which is known. This is similar to the force
balance in the M-m techniquevbetween the stabilization
forces and the force due to gravity. Therefore, the m—m
technique proposed here balances the forces using an
applied field while monitoring the average separation of
the particles, as the amplitﬁde of the field is

increased.
. The Statistical Formulation

If there wére no effects due to the presence of
thermal motion (this would be the case at absclute zero)
the m—m method would be a simple applied force versus.
separation measurement with the separation determined
using diffraction theory. However, effects due to
thermal motion are present, therefore a statistical
theory must be developed similar to that used by FPrieve,
et. al. in the M-m study and Richetti, et. al. and
Fraden in their m—m studiesi

For the investigation ﬁresented here, a statistical

theory based on the one—dimensional Tonks’® gas is
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developed. & similar Tonks! gas development has been
presented previously by Munster (196%9). However, the

Munster form for the scattering function becomss

Figure 139. The configuration of particles used to
develop the statistical corvection.

i fficult to use for the testing of various potential
forms; therefore, a new development was necessary

[Ackerson, et. al. 198971, & Tonks? gas, first proposed

by L. Tonks in 1936 [, Tonks, 1932671, is a gas

restricted to only one-dimension. I'f one assumnmes the

gas to be in eguilibrium, the moleculss cannot exchange
places, (i.e. molecule 3 is confined to move anly
hetween molecules 2 and 4) and the molecules only
prperience nearest neighbor interactions; ane can
practly solve the equation of state for this gas and

puxpress the result in terms of & single integral for



arbitrary pobtentials. Thus, the Tonks® gas is an
excallent base for development of a statistical theory
to explain the one dimensional phenomsna.

For the Tornks? gas configuwration fFigure 19 the
partition function is sxpressed in general as [Munster,
e J. Ackerson, et. al. 198917,

z = 11[ ax3... exp (- g\ [1.18
anl sﬁecifically for this configuwration
Xn

L. ‘
Z = J expC—BVﬁL—XN))‘j exp -V IiXn—Xmn—1? e
Xo Y (0

J'expﬂ— BVIXz—X12) @xpl—BWV(X12) dXidXz...dX¥s 11.1%9
)
where is 1/keT, and V(X3 is the pairwisse interaction,
and Xy is referenced to zero and Xo to L. By applying
the convolution btheorem, one finds
L ]
LZ = J.expC—SL) Z du 11,20
0 :

L ®(g)InN+2

il

wheer e
—
Dis) = J.expc—srb exp(— g Vird) dr. TT.21
0
Now consider the scatbtering function for this
configuration in the single scattered Born approximation
ICk) = (1/N) <Zexplik (ra-r d) = TT.me
T
1

Eoguation I1.2%8 can be rewrithten in the form

ICkD = (1/N)Y [4N> <+ 'i:z)e.‘/:p Cik Cry-r )3
1
2 explik Cra=-ry03:]
i
= 1 + (S5/N) + (8*/M I11.23

wher e
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fFRecall,
for 13

L Rt AT

the Tonks?

=y T S Y

T euplik (ry-r 105,

Soy, 5 becomes

N N
S = (1/Z) 2 X

Xi+1

L

Niiz1 Jo

exp C—BV‘IXi...;-X; )

0

X2
Jexpc—pvcxz—x,)) exp(-BVIXy
] : :

&5 with

the partition

Xie1
cws J;exptlk(XJ+;—XJ))

X

expt

0

funo

gas particles have fixed order,

L R T L i LY G Ty (i

XN
expi— g VIiL-Xn2) I expl(= gVIiXn—Xn—212)
0

thus

k(X —=X1=12) exp(—BVIXy~—Xy—12)

eup =BV X ju1—X3) ...

tion, apply the convolution

theorem to the numerator to find

LN

where

LCZS)
N N

M=

TXrocs)IN

[ () IN+2

ZE1[0(52) IN—i+1 [W(g)]+—J [@®(s)]J

+r [Wis) / @o(s2]+—J

p2p 3

Lwis) / dCg11+—3

[
Wis) = ‘[exp(—ﬁs—ik)r) expt- gVird) dr.
0

Mow take the Laplace inverse bto regain N
C+i%o

N -1

1=2i=1

N =2F 1/ 2ni) fe.‘r:p
c-i~

(Ls)

[o(s)IN* [Wis) / ®(s)]1t—3 ds

at

dX1dX2e e o dXe 1.3

By using the method of steepest descents and carefully

Choosing

the conbour

of integratiomn, o, such that the

phase remains stabtiomary o the real axis, the

hecomes

IZ2 (expC(N+1)flzd22/2 )I

wher e

o
ERp (—C(N+1) f" Cody=/20

integral

Xz

dy



Fe=) = (Le/(N+12) + 1n ®<C2)
and

fwiz) / ®© Cz)]r—9

X{z)
and < is chosen suoh that 7 G0 = 0O,
If one assumes, X(o) varies slowly compared to
exponential, a simple a gaussian integral resul
integrating I becomes

I = feupCIiN+12fCod) XOodd¥(2 (N+I1Df gyt s=

Similarly, the partition function becomes

Z = fexpliM+12fccd sl N+l fUicdy—2r =
Thus, the numerator becones

Nij = Z [W{c) / ®C=)]t—3
where

Xtz) = [ Wic) / @Cc)]e—3,

and the normalized scattering function is

N 1-1 )
= N/Z =22 (W/@)*+—3
S N 1=2i=1 :

The summation is a geomebric series; bhus, the

srabtering intensity is given by

Ik 1 + 8/N + 8*/N

1+ [w/0o-wl + [ W /0 - W]"
wher e
o .
W) =‘Iexpﬁ—cr) explikr) exp(—p Vird) dr

(v}
and

®(c) = lim W)
c—o0
where o depends on the concentration, k is the

wave vector, and Vird is the pair potential of

the

t=s, and

IT.26

1
Ty

IT.27

11.28

TT.35

11,30

TY.31

sratterad



interaction between the particles. By evaluating
gquation I1.30 numerically (Appendi=z & is a sample
computer program used to evaluate this integral.), one
can obtain the scattered intensity as a function of the
scattered wave vector, equation I.29. Thus, one can
develop a theoretical diffraction pattern given a form
for the pair interaction potential. From this
theoretical development, one can obtain, for esample,
the positions of the diffraction psaks which can be
compared dirvectly with the experimental data.
Therefore, the m—-m technigue provides & divect
means of examining forces in a colloid system - not a
model system — and provides a method by which ons can
compafe several pair potentials relatively sasily by
using the statistical method described here. With this

devel opment, one can use either system ~ the slectric

field in water or the fervrofluid composikte -
investigating the stabilization forces in different
systems. Given bthis method one can now examing in much

agreater detail the experiment applied in this study.



CHAFTER IIX

EXFERIMENTAL CONFIEURATION AND

EXFERIMEMTAL TECHMIGOUE
Introduction

The foocus of this study is to investigate the
stabilization forces present in a colloidal suspension.
Ads discussed previously, the experimental technigque uses
an applied electric field to induce a dipole-dipole
interaction between the particles while monitoring their
separatian via a simple light scattering technigue.
Thus, the method allows one o measure the particle
separation as a funchion of the applied fisld. It is
the purpose of this chapter to discuss the development
and tests of the apparatus and procedure used in this
study.

Froar the investigation, one must have:

1Y A sample cell with a means of

measuring the applied voltage, thus, allowing

for the determination of the applied eleckbric

fimld.

231 aAn accuwrate representation of the
diffraction pattern produced by applying such

a field. It was necesse to have an precise

meaasure of peak location and intensity, in

addition a measure of the separation of the
sample from the data collection device in




T1

0

order to accurately determine the scattering
angle.

33 A sample adequately characterized to
allow for the accuwrate determination of the
constants necessary to estimate the theoretical
stabilization forces present in the colloidal
suspension under investigation.

The basic experimental configuration used for this
study is remarkably simple. While, the primary
investigation discussed here is based on an applied
electric field, the configwation used for this study
may be modified to look at other systems. The

configuration may be easily modified to study the

affects of an applised magnetic field.
Basic Configuration

The configuration is comprised of the following
equipment:

alr a pectra Fhysics Stabilite Model 120
HeNe lasesr (15 mV)

by an optical bench

) a lens f(optionall

d) a sample platform (and corvesponding apparatus
foor field application)

@) a converted computer printer -~ i.e. the optical
S ANNEY

fr a/D converter

gd oan Apple IT plus computer

Figure 20 shows how the above equipment was
utilized. The sample platform is a sample c=ll holder

designed for the particular sample cell in use. The
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platform is a means of carefully positioning the sample
into the experimental configuration. A& additional
apparatus reguivred to conduct the electric field
experiments (Figure 210 are the cell designed for the
@lectric field experiments, a Tekbtronix FE 5014 2 MHz
Function Generator, and a Hitachi V152 F 15 MHz

cscillascope.

The Modified FPrinter

& ragular computer printer was modi fied to be us
as an optical scanner. The print head was removed and

replaced with an attachment that contained the 7180

photo pin diode and housing (See Figure Yo The print
head position is guite accufataly positioned in printing
to produce good quality print and was felt to be
accurate for our studies. At each print position a
sigrnal is sent from the priﬁt@v b brigoer an &S0

converter, a reading is taken from the pin diode

through the A/D converter, and stored in compuber

memory. There are 512 points taken acrosi the scan.
Using this scanning system, one can accurately
measure the intensity distribution of the diffractiaon
pattern. The svshem was btested for bhobh resclubion and
distortion, by using a simple block test. The test was

conducted by placing a bloock (B8040 om wided Jjust in

front of the plane defined by the sweep of the pin



diocde.  The block had sharp edges and was 11 luaminated
from behind, therefore, a silhouwettse of know size and
shape was produced. A scan was taken, recorded and a
hard copy procduced (Figure 23).  As one can see there
ie a sharp decrease in the intensity as the diode
reached the first edge of the block and sharp inorease
in the intensity as it passes the second edge.  The
intensity changes over a few data points as one would
eyxpect dus to the bending of light around the edges of
the block. The width of the block determined from the
soan Wwas 8.38 om. It appears that‘the szanning sysbem

devised is an accurate and a reliable collection device.

Electric Field Cell

Several experimental cells were btried for this

exparimant. Two bhasic designs were used for this cell,

however, after modifications only ong cell tvpe was us
o conduwst the exsperiments.  Figuwre 294 shows the first
cell design used to determine 1 such experiments were
feasible. Figure 2% shows the ultimate sxperimental

cell desian.

Fey elements of the cell are the capacitor plates
and the transparent walls. The tramsparent walls allow

the light scattering to be conducted in the cell.  The
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capacitor plates are the
cell. Several different

employed, &.g. stainless
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|

Insulation

the sample cell used for this

most important

feature of the

types of plate materials may

asteel strips,

and copper tape. Important feabtures

[} f

copper strips,

Lhe capasibor

consider are the thickness and the separation of the

plates.

The original cell used the stainless steesel plates

of thickness 0.0% om and

a separaticon of .02 om. In

this cell the plates were epoxied to & microscopic

slide. The gap was Tfilled with the sample and covered

with a microscopic cover

slip. With thi=s cell, the

(w]:]

original sxperimental tests were carvied oub. The ma jor
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problem encountered using this experimental design is
that the sample has a tendency to evaporate or flow out
of the cell, thus, making it difficult to conduct long
experiments. However, the data taken using this cell
clearly demonstrated that the experiment could be
undertaken and qualitatively was the same as that taken
with the improved cell design.

The improved cell design was needed to correct the
problem faced with the original design. In this cell
copper tape was used for the capacitor plates. This
tape is 0.0102 cm in thicknegs and had a separation of
Q.08 cm in most cases. tWith the copper tape, several
separations were tried.) Thg copper tape was insulated
from the walls of the cell holder with either paper or
for the most bért tapewsc as not to short out the
capacitor. Thebwalls of the cell were circular
microscopic cover slips 0.2 mm in thickness and 18 mm in
diameter. This cell design allowed for much longer
experimental runtime and was much easier to emplay.
Evapaoration and cell leakage was reduced to minor
problem and only after much longer periods of time.
With the original cell design experiments usually only
lasted for about one hour, and with the improved design
experiment could generally last for three to four hours.

For the experiments conducted in this study, the

maximum applied voltage was 30 volts peak to peak (VFPP),



7

which corvesponds bo a8 masimuam applied slectvic fielad of

2E, 500 Mm (265 VWemd.  The minimum applied field for
@ach run was dependent on the intensity of the observed
pattern. For all of the Eampﬁeﬁ studied, an intense
pattern was ohserved at the maximum applied field. As
the applied field was reduced, the intensity reduced
until at some point bthe intensiby of the first order

di ffracted mazima could not be detected accurately whioch
determined the lowest applisd field for that sample.
For the case of the highest ionic sbtrength used (0.01 H
ENOm2, this would generally ocowr at oan applisd volbags
of 21 VPP o oa field of 18,6@@ Vim C1BE V/omd.

A& concern for this study is the field wniformity,
sgince one assumes that the apherea in suspension
@xperience a uni foorm appli@d:fiﬁld. In the case of this
ganple cell, the length of the capacitor plates is 1 om,
i.@. bthe plates run cmmplete}y across bthe wall of The
call, and measurements were &Umductmd by scatbtering
light only from the central region of th@ cell.  Thuas,

one wawld expect no fringe effects from the ends of the

plates. In addition, the capacity of the region bhetween

the plates is higher than the region beyond the edg

may

the plates, implying that the fringe ef fec

i

neglectad.
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Sampl es

The samples were comprised of polyvinyitoluene
CRYTD pérticles suspended in water. The physical
characteristics of the particles used in this
investigation are given in Table 3. The PVYT particle

was originally chosen =z=uch that one could condoaot

magrshic field sxperiments with the same particls us

for the electric field ewperiments, the parvticlss oo

ot b dissclve in some of the fervofluids used for the
ferrofluid composite system while owr polystyrene
particles do dissclve. The aoriginal gualitative
measurements were done by using the PVT particles dirsct
from the manufacturer, and ﬁualitative meEasuy ements werae
also made on 2.0 um polyﬁtyf@ne particles in order bo

inswre that the PYT particles did not differ

Lond ficantly from the resultse obtained by Eichestti,

i

et. al. and Fraden. L.ater udies were concduobead by

using a variable iofic strength and well ohar:

particles. vata

sium nitrabs (EMOs), a 1:l

was chosen for this study because 1t s

Terealachivili, &t. al. in his m-m.

The l:l slectrolybte notation is & means of

representing the valency of the ions in soluabion. Frimy

gxample, in the case of ENOs or Nall, the z. valus for

the positive cation in solution is sqgual to one as wel



THE FHYSICAL
FaRTICLES

Mean Diamster
Ztd. Dev.
Fer Cent solids
as provided by the
Manufacturer
Density g/ /ml?d
t@E 20 degrees 13
Fefractive Index
CE 590 nm)
Area pery charge group

I l.{3‘:.’.?./-.: Framv gaem Gy emua D

SUMMaRY OF
THE MaANUFACTURER.
USING & FPEM EEM

Solution

.1 M Malll
0.01 M NalZl

0,005 M ENOg

0, 00005 M MO

# Measurements at this
difficult. Twi oblher

strength were provided one at

9.9 mY.

THE ZETA FOTENTIAL
THESE MEASUREMENTS

Lo
measurements
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TaRLE 3

INFORMATION ABOUT
USED IN THIS STUDY

THE

Mz
5T

Mixa Lot .
10

Lot .
GOz

2.0%
L0135

TFes
a / Fa

]

l.027

1.5808 1

Sebet

TAELE <
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MEASUREMENTS FROVIDED
WERE TakREM
INGTRUMENT .

SYSTEM 3000
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at
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as the z. value for the negative anion. Thus, one can
represent NaaNOz as a 2:1 electrolyte.

Additional characterizing information was obtained
from the manufacturer regarding the 2.12 um PVT
particles. The manufacturer (Interfacial Dynamics
Corporation? provided several different electrophetic
mobility measurements in various ionic solutions for
this particular particle. Figures 26 - 32 are
reproductions of the actual electrophoretic measurements
made on the lot of particles used for this study. The
measurements made in the kENly solutions were made at
similar ionic strengths to those used in this study.
Table 4 provides a summary of the measuwred zeta
potentials Gf-fhe particles from Figures 26 - 32 and
additional measQraments provided by the manufacturer.

The values reported by the manufacturer are zeta
potentials. There has been some discussion about
whether or not a zeta potential is a trus surface
potential or even whether the zeta potential has been
properly defined in the various experimental
determinations of the potential [Private
Communicationl. The general consensus is that the zeta
potential is the equivalent to the Stern potential, i.e.
the potential‘at the distance of closet approach of an

ion to the surface of the particle [D.H. Everett,
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19881.

With properly characterizable particles, one can
select particular variables to modify and control during
the course of study. One can choose to vary
experimental parameters such as the charge on the
particle, the screening length (by contrclling the ionic
strength?, the pH of the solution, the particle size,
the shape, and the surface chemistry. The study
presented here is a function of the ionic strength. Ry
changing the ionic strength of the solution one can
madi fy the Debye-length, how the particle are screened
from one ancther in solution. Thus, this investigation
is concentrated on the effects resulting from changes in
the double-layer repulsicon properties of the sample.

In arder.fo acturétely determine the ionic
strength, the samples supplied from the manufacturer
weare deionized. The samples were deionized using a BIO-
RAD ion exchange resin (An analytical grade mixed bed
resin AGS0O1-x8(D); 20-50 mesh; fully reqgenerated;
Control number 27180) with the ratio of resin to sample
in saolution was approximately one to two., Samples were
deionized by standing for a week in the resin with
periodic tumbling. After this step, the samples were
prepared by mixing 10 ul of the particles into 10 ul of
a selected ionic solution.  The solution and the

particles were mixed and the sample cell was sealed.
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Frior to loading the sample for the firset time, the cell
was cleansd by rinsing the cell with a cleaning
solubtion, followed by rihging the with deionized watsr,
then rinsing the cell three to five times with the
Barnsted water (RBarnsted waber is purified by passing
the water through a series of ion exchange filters
producing highly deionized water.) and allowing the ocell
to dry.  Gfter the Tirst run was completed, the sample
was changed. Frior bto 1mading the second sample, the
cell was rvinsed fows to six times with the Barnsted
water and allowed to dry. %h@ @uperimnents were
conducted by increasing the ionic strength to reduce the
affects of contamination from the previous samples.

an donic solution was prepared by dissolving 1. 3958
grams of potassium nitrate [ENOmI into 100 ml o of
Barnsted water. Four mth@rgsalutiona weEre prepaced by
dilution.

A comparative solution was made to mimic the
gxparimental samples. It would have been very cmﬁtly L
wse an exact solution duse the volumes requirved in Drder
toooa make conductivity measwrement.  For oa given sample,
the conductivity was measuwred on a solution composed of
S5 oml Barnsted water (the same water wsed to maks bhe
ionic solutions, condactivity of approximately 1 umhod
and 5 ml of fthe ENMDs Eolutién. tlRecall that tThe sampls

malutions wsed in the actual es«speriments werse a migsburs
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10 wl of the deionized particles and 10 ul ENOs

golution.) The conductivity cell was rinsed bebwesn
@ach measwement with deionized water until the lowest

conductivity was recorded.  The sample was put into the

cell several times, until the conductivity measurements

read the same value between measurements.  This process
was repeated for each sample. The value measured was an
pyperimental conductivity, GH, where 3 is defined as

Go= k{ 11,1
where K is the conductivity cell constant (for the osll
used kK = 0.68), and ¢ is the "specific condusctance".

e

for G at 28 degrees O,

Table 5 gives the measwred valu
These values were corrected tq 28 degrees C.  The &
valuss were also corrected for the water background such
that the § value obtained isydua'atrictly ten the MOy
ions. From the G valus the specific conductancs was
chtained.

From the specific conductance, the ionic

concentration was determined. (See Table %) This

concerntration value was used to determine the Debve

zoreening length for o a 11l electrolvte. RN
electrolyte.  This syperimental Debye lengths using the
method outlined in by Tsrealachvili [lsrealachvili

128431, The Debyes length is given by
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TABLE 5

THE REAW &ND REEDUCZED D&TA OBTAINED
FROM CONDUZTIVITY MEABUREMENTS

Concentration of the EMOn solution (M)
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/K = 4 (ekaT2/ (4nzng?2 2112
= 0, BOGE S rim

This result was verifisd by Hiemenz [Hiemen:z,

1a8e].

These values were used when evaluating the experimental

data.

The Basic Espesrimental Frocedure

for Data Collection

The ewperimental procedure is as follows:

1. A sample is chosen and the sanple cel
filled.

“a The sample cell is placed into the
experimental apparatus given on page

S.  The maximum field is applied to allow
a strang diffraction pattern to form,
most cases a strong pattern form in 1
than 15 minutes, however, the sample

generally left for 20 minutes prior &
taking data. '

i, A given run of data iz signal average
ten individual soa o reduce nol ss
stovred on disk.

S The field is reduced and a anobher sun

taken and szaved. This processe is rep
until the diffraction cannot be measu

i Ornece a complete series is taken the d
are removed from the disk and prinbed
While taking the data from the disk,
particle form factor is divided ouk o

1 is

o
=7 .

T

in
[=h%e)
W

o ey
ared

el e

e,

ata
tlhves
f okhe

AT . The particle form factor was measured

prior o applying the maximum field.
computer programs used in this study
given in Appendix A

Th
ar

7. The separation of the Tirst diffracted

peak is measwred in centimeters from
zeroth order pealk. This measuremsnt

the



determines the scattering angle which is
related to the average separation of the
particles.

The raw data obtained in these studies are the
srattering angle and the value of the applied field.
While the technigue is simple in concept, we must
carefully examine this method for the following
potential ﬁroblemﬁ:

(LY Is the decreasing electric field method of the

data collection correct™ | Are there hysteresis effechs™

it

3

2y It i= apparent that there are time dependent

affects; is the system at an equilibrium? How

gignificant are these effects?

£33y Are there particle concentration effects
present?

4y How are the data corrvected for the cell wallse?

Thesse gquestions were examined in careful detail.

Covvections to the Eaw Data

The raw data collected are the applisd voltags and
a representation of the intensity distribution of the
di ffraction pattern as it would appsar on a Soresn.
However, the diffraction pattern is & result of the
goattering of the ihdividual'partitlmﬁ in solution, thes

oand the cell walls.

ordered structure of the particles

i

Thus, cerbtain corrections must be mads bto bthe raw dabs



in order o accwrately determine the "average" center Ho
center separation of the particles.

Consider a single finite sized scatter (the
geometry is given in Figure 33), in this case the
scatbter is a sphere. It can be assumed that this

whiich

scatter is a collection of induced point dipole
scatbter light to oa d&tectmr, such that there is no
signi ficant internal multiple scattering. This is

general assumption of the Fayleigh-Gans-Debye scatbsring

Incident wave vector
Scattered wave vector

Position
Distance
Detector

l_(i, 1Y
LT

LT TTIL o |
[T 727 \Ks

o= XX
(7]

Figure 23. Scabteriing by & point object.

theory. The validity of this theory depends on the
probability of internal gcatﬁ@ring is small, i.&.

whatm-13 << 1



el

where Zkim-1) is the inverse of a length sstimating the
distance between scattering events of a single photon
and a is the particle size.

The total scattered field is given by summing the
individual fields produced by collection of dipoles in
the particles [Ferker (1989)]

E+r = J‘E- dv

i

J;A exp(i(E.¥ - wt)) dor T11.4
where & 1s the amplitude of the field.

Solving equation IIT.4 for the case of a sphere, on
obtains

s on ol
A exp(—iwt)‘j re dr‘f do./‘emp(ikrcasu) doosa
0 0 -1

A exp(—-iwt) (3/u3) (sin u - uw cos w) ald TIT.5

Er

where u = ka. Therefore, the scattered intensity for a

single sphere may be written as

-
e]
|-'r-|
<4
N

= AZ a® [(3/u®) (sin W - w cos wl=

AZ a® P(ka) A

where Fika) is known as the particle form Tacbor. Thid =
factor is dependent on the shape of bthe parbticle, thuﬁg
for a different shape one would émpect a different
functional depsndence on w. For large parbticles - Mis
theory is necessary bult provides the same gqualitative
structure of POk,

Now consider a random dispersion of identical

spheres of size a. I egquation II1.5, the particls in



question s sitting at the origin, thus ons must modi fy
this by adding a phase factor to acocount for positions
obher than the origin, rewriting sgquation ITI1.5

E o= & a® (Fikati*/® gup(i (F.F - whkid, r1.7

The total scattering from & random i el of N

particles i simply a sum over a positions, 1.e.
— o pe e " oe . . . . N . - . o oy
Fa = & &g (FOkal?d 2’2 pupi-iwt) T explif.F2 Ii1.4¢
1=1
By taking & positional average, one may caloculate bhe
scatbered intensity of the dispersion,
N . e s e,
Icky @ 1A= as P(ka) < ge:z:ptfirz?-m) exp(—iE.F o I11.%
ot
Therse are N identical terms in which 1 = j and <1 = 1,

thus

Ick>»a N 1A= as P(kad

#1

N
* (1 + (1/N)'-IZiz.emptiiﬁ-tIF,,—T"JI)I)II=~ 11140

fFecall, the dispersion is campriﬁed of ddentical
particles, therefore the rﬁﬁaining avarags may he
written as

¢ Texplik . (Fa-F320% = NIi(N-1) <expCiF.(Fy -F 005
For independent partilicles, the averages over parbdticles |
ancd Jj may be preformed iﬁdmmﬁndmﬁtly o

{exp (iR (Fi=F 400> = fexplikry) mexplikr 0

= 0 for k # 0

The averages arve fsro Dbecause expiilikre? btakss on all

valueEs on the unit civoles uniformly as v owvard
full range. Thevrefore, sguaticon II11.10 beocomes

ICk) A N !A!Z a8 Foga) 111,11



Thus in a random dispersion, The measwred intensity
is just the sum of bthe individual contributions of all
the spheres without the interparticle inter fersnce.
Experimentally, it means that one can measuwre Fikald) fraom
a dispersion containing many of spheres, In this study,
Filka) was measured by recording the diffraction patitern
af bthe colloidal dispersion price to applying the
@lectric field and stored for later wse.

Now consider a dispersion of particles thatl
interact with one another, such is the case for the
dispersion used in this study when the field was applisd
to the sample. One can obtain infﬁvmation about the
structure induced by the particle interaction froam the
scattering pattern produced. This structural
information in the dispersion can be described by bthe
pair corvelation function glra,ret.  This fumction is
definsd as

Oy, ra) = Flr,,re) / n*= A P

where n is the particle number density, and the function

Fiyy, et d®ry d%¥ e dis the prabability that particle 1
at position vy, while a second particle is at ra.

Explicitly the function FOrl,r3) is defined a

iy 109 Voo Yoy €9 Cl:':"l'"::_.: =

NCN=1) d3r, d3ro ‘... I exp(-V/keT) d3rg...d3ry
j"“'f exp (-¥/kaT) d3r, ... d3ru

where ¥ iz the interaction protential of the total

ayabten whickh is dependent on the coordinates ra.  The
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average scabthered intensity
TICkyr a TIEI ™ ,
N N
= Pok) 4 CI/NDX Tesplikivi-r joy I1r.13
'
whare o 1s a constant dependent on experimenbal
parameters, and Fik) is the parfticle form factor. Sinee
the particles are identical, one can argus that the
average can be written as
- I . AL,
wexplik-(Fyi—-rj 00%

= iSer(iﬁ-C?l—?ﬁ)) f... [gxp(—“/kajj d3r 3 ...d%ry
j---fe:,;pc—v/hza'r:) d®r sy ... d®n

Fewriting in bterms of Plra,rez)
X TLexp (i (Fy~F 000 =
N + jSe:r.p(iE-CF,.—F::)F‘Cr;,rz) d3r, do® = I1I1.14
In a system with translational symmetry te.g. Flra,rel =
Fira=r=1l and using relative coordinates, one ocan rmow
Wwrite the average in terms ﬂ% the pair covvelation
function givd,

CXTenp lil. (Fy~T 4305 = N + MNn f giriexplif-Fo d®r ITII.1%

funchion SCk), known as the static structure fTactor, as

Sk o= (L/N) EaewpliB- (Fi~Fjras 11116

Finally, ane can write for the scattered inbtensit:

5

Tk = o Fok) SOk TIT.17

This vesult is important for the study presented
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ticm of the tokal scan,
and the structuwre factor
sthructures factor is printed
gcale than the total

Tk

Chhe

Fovvm

o oa ol f ferent
HOAT ) W

here primarily becauwse this states that ong may 116 oulb
the structure factor

gimply by dividing out the

fonrm
fachar texperimentally,

i

diwision was carvisd oul by
a computeer pyogram. See Appendix A,

Figure 34 is a



ifi
S

superposition of the total scan, the form factor, and
the structure factor resulting from the division of the
total scan by the form factor. The center to cenber
separation is based on the structure factor result.

Dnce the structure factor scan was determinsd a
Frard copy of the scan was printed. From the harvd copy
scan the separation of the zeroth and first order
intensity maxima was measured. This measurement was
made by locating the centers of the first and zeroth
crder peak and measuring the separation in centimeters
with a vernier calipers. Figure 35 is a representabtive
peal to peak measurement.

Given the peak to peak measurement, the scattering
angle was determined by wusing

0= gin~* { (1/1.333 75in ttarn—-1 (x/s2) ITI.18@

ey

where 1.32338 is the refractive inde=x of water, » and =

presented in Figurs

are defined by the geomsbtrie
Given the scattering angle the average particle
separation can be obtained from the grabing theory

nted in Chapter I1.

P

A test of consistency of sguation TIT.18 the

i ffraction grating theory and particle was macle by

ivreversibly coagulating the particles under a maxsimuam

applisd field. One can form permanent chains using a
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Figure 36. Scattering Geomebry
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high ionic strength solution and applying a maximuam
fiwld. Here 2,02 um particles in 0.138 M EMO3Z {formed
permanent chains by applying a 20 VRFF field. Under
these conditions, one would expect that the center to
center separation determined from the diffraction
pattern to be equal to the‘particle size. The particle
size was determined to be Z.02 4+ 0,01 um. See Appendix
B foor the error analysis of this system. These

coagul ated systems werse microscopically observed to
insure that (i) the samples were indeed coagulated, and
tiid the chains were straight. In =amples at lowsre
applied electric fields there is some kinking or bending
of the chains which will be discussed in a later
chapter.

Time Dependent Effects

The samples were tested for bime dependent ef fec

Srans of the diffraction pattern were taken alt variouws

BT

Times wunder constant field conditions. Figuwe 37
the development of the diffraction pabtern as a functiaon
of bimes.

It is obvious that the intensity is time dependent.

However, this study is only conocerned with the position
? ¥ 3

of the firset order intensity maximum fl.&. averags
particle separation) versus the applied field, anmd it

was found that the position rapidly stabilizes in time.
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An intuitive explanation for the observed behavior
is that of the diffraction grating. .As discussed in
Chapter II, the intensity of the diffraction pattern is
dependent on the number of particles in the chiairn,
however, the position of the diffracted peak is not.
Thus, it may be assumed thaf a local position

gquilibrium occuwrs, therefore, allowing for the

i

the Tonks? gas formulation to interpret the observed
phenomena. From microscoplc observabions, bthe mumber of
particles in the chain increases with time. Thus, the

large structurs of the system i

i

ot equilibrated until

a single long chain is formed in the cell.
|

Test for Hystersis

The esperiment was can?uctad primarily by applying
the maximum field, taking a data scan, reducing the
applied field, taking a data scan, and so on until the
first order dififraction peak was unable Lo be acowrately

detected. The concern here is: can the rate of

equilibriwm of al " average parbicle

e affected by the edsperimental technigue?

hystersis test was conducted.  For this bes

was taken by starting at a field where, after a

period of timse, the diffraction pattern could be
detected; then raising the applied feld until the

maximum applied field wvas reached. This series was
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Development of the diffraction pattern a
function of time (@ 5 minutes
minutes).
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anal yvred and compared with & corvesponding
Thi s
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..... determined Lthalbt therse was mno me

o
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is

falling soans.

iz,

e e
a great variation in the intensity measuwrements.

This discrepancy between the intensity

@RS EmEnt E
can be easily explained in terms of the time dependent

phernomsena. At bthe low end of the applied

fielad the



100

induced dipole interaction is weak and it takes a long
time for the chains to form. Hde the field is inoreased

the dipole interaction is sbrong and the le Lime it

takes to form the chains., REecall that the position or
the separation between the particles is not time
dependent, but’th@ intensity of the di ffracted paalk is
dependent on the time. Thus, the advantages of starting
at the high field and the resulting technigue of
lowering the fisld are it takes less time for the chains

to Torm and the intensities are muwch greater.

Fosition of Socan

The experimental scans of the diffraction pattern

were not made through ko= 0. The primary rveason for

this is that if the szcans were made through ko= 0,
pin diode would have passed through the lassr besaon.
Sinoce, the computer programs wsed determineg relabive
intensities, the intensity abt this point would have
washed out the important information.  Thus, the
position of the scan line was tested to ensuwre that the
i ffraction pattern did nobt vary in ky.

The applied field was held constant and the
detection device was railsed and lowered while taking a
sevries of data scans.  The position of the diffracted
peak was unaffected by the position of the scan line,

Mowever, the ability of the pin diode to pick wup bhe
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diffracted peak was limited at certain positions because
of destructive inter ference due to the form factor of
the particle. The optimum scan line was chosen to be

2 to 4 cm above or below the plane defined by the laser

beam (The sample was generally 10 to 20 cm away.).

Concentration Effects

As seen previously, the intensity of the
diffraction pattern increases as the number of particles
in the chain increases. Therefore, if one increases or
decreases the concentration of the particles in the
suspension one would expect at the very least an effect
on the intensity of the pattern on similar time scales.
However, we must be ascertain if there effects on the
position of the diffracted peak as a function of
concentration.

A concern was that the Tonks' gas theory predicts
an increase in the one dimensional pressure as the
number density of particles increases. This increase of
pressure produces a reduction in the center-to-center
distance. However, the Tonks’ gas theory predicts that
in & range of appl;ed electric fields, corresponding to
the region investigated experimentally, the theary is
independent of concentration affects. Thus, it was
necessary to test various concentrations of samples to

verify an independenze on concentration in agreement



with the theoretical predictions.

Several different concentrations were tested. CThes
series of concentrations used was dependent on the
particles used for the particular sample.) Tt was found
wsing variouws particles amd concentrations, the position
af the diffracted peak was not dependent on the
concentration used, while the intensity of the peak was

affected. This again can be understood intuitively

uéing the diffraction gratiné argument as W
preaviously, in@"‘ the move particles in the chain the
stronger the intensity of the diffracted peak.

One obher concentration related phenomenon is that
of double chaining, see Figure 9353. This phenomenon was

ohserved in a magnetic fervofluid composite system at

high concentratione of particles at high applis

magnetic fields. Thus, 1t was necessary bto verify that

this either occuwrved or did mnot occowr in the elecheic

field cas Me observation conducted microscopical by

showed no signs of the double chaining phenomsena at the

concentrations employed in this study or
fiemlds, CThe ma<imum concdentration wussd in this study

0 K
was 8% md. )

Fregueansy

The electric field wussed was produced by an applying

cillating voltage at 1 MHe across a seb of

E
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the dielectric constant is freguency dependent, and ﬁhﬁ‘
iome in the solution may follow the field. Thége
frequency dependent effects may be unknown.

The ion mobility was of great concern in these
the sxperiments. If the freguency is btoo small, the
iones in solution will have ti mes o di ffuse during a
cycle.  This leads to the diﬁtmrfimn oof  bhe Lon oclouds
about the particles, as well as th@ Fopping of dons from
sur face bto sw face. These paramsters were notb
considered in the theoretical development, and the ion
cloud distort would make data interpretation difficult.
Therefore, a frequency mu%t.be chosen high enough that

this diffusion process can be neglected which is 1 MHz

in this case. [Richetti, et. al. <1987, Fraden

However, bto ensure that we were not in a roll off region

due to small particle separation, a test was conducted

wEing 10 wul oof 2012 wn PYT particles in 10 wl of
M ENQOe solution by varying the freguency from Sxl0% MHp
to 20x10% Hz. o (Figwre 39) This test showed that there

was o measurable affects dus to freguency over bthis

TANMCIER .

mi e e fs

Ancther frequency effect thalt must be

arh over bThe vange of

the changs of the dielechvic cons

i otk

. . ' .
ionic strengths and the freguency employv
investigation. The dielechtric constant is & freguenoy

deperndent gquantity, Table G,IEHQwﬁ the dependences of the
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quantity on freguency for fouwr different iomnis
strengths. (These data were provided for this study by

[y

Dv. Lange, Oklahoma State University.) Az one can
readily see, only the imaginary portion of the

diglectric constant sesms to be drasbtically affected by

the frequency and ionic strength. Far the three 1owe

ionic strengths, the effect is negligible, however,

there is a larger

the highest ionic strength te

@ffect. This result provides some explanabion as bo why

one encounters a conduction effecty that the high

applied voltage in the O0.138 M ENOs is only msasur
e 27 YFF.2  For this study, it was concluded that the
effects due to frequency were negligible under the range

of dlonic strenghths used.

T 1

The method and the instrumsntation weres vigorowsly

Led to insure that the mes

reliable, The vesults of bthe

provided a great deal of insight into the nature of bthe

ooy dey

ey imental sysbhems. This insiogh

b Tully wndersetand the natwre of the resulbs obbtained.
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THE FBEAL AND IMAGINARY FARTS OF THE DIE
FONSTANT A A FUNCTION OF FREQUENS

Conusc..vity(mohs/m)=  1.14E-6 Conductivwity (mohs/m) = 000114
Frea(nhz)Real D:C. ImagK/Ko  ATTEN(dB/m) Freq(mhz)Real D.C. ImagK/Ko -ATTEN(dB/m)
i 78 0 0 1 78.01 01349 02111
2 78 0 0 2 78 .003374 .02112
g 78 0 0 5 78 0 0
7 78 0 0 7 78 0 0
10 78 0 0 10 8 0 0
20 78 0 0 20 78 0 0
40 78 0 ) 40 78 0 0
50 78 0 0 50 78 0 0
70 78 0 0 70 78 0 0
30 78 0 0 30 78 0 0
90 78 0 0 30 /8 0 0
100 78 0 0 100 78 0 0
120 78 0 0 120 /8 0 0
150 78 0 0 150 /8 0 0
175 78 0 0 175 78 . 0 0
200 78 .0 0 200 - 78 0 0
Conductivity(mohs/m)= .00114 Conductivity(mohs/m)= L0114
Freq(mhz)Real D.C. ImagK/Ko ATTEN(dB/m Freq(mhz)Real D.C. ImagK/Ko ATTEN(dB/m}
1 79.33 1.327 2094 1 148.8 70.76 T,
2 78.34 .3359 .2107 2 103.4 25.44 1.3%2
5 78.05 05395 2111 5 83.07 5.069 2.046
7 78.03 .02753 211 7 80.66 2.663 2.077
10 78.01 .01349 211 10 79.33 1.327 2.094
20 78 .003374 2112 20 78.34 .3359 2.107
40 e 0 0 40 78.08 .08426 2,111
50 78 0 0 50 78.05 .05395 2.11
70 78 0 0 70 78.03 .02753 2.111
80 7Q 0 0 80 78.02 .02108 2.112
30 76 0 0 90 78.02 .01666 2.112
100 78 0 0 100 78.01 .01349 2.1
120 78 0 0 120 78.01 .009371 2.112
150 78 0 0 150 78.01 .005998 2.112
175 78 0 0 175 78 004407  2.112
200 78 0 0 200 78 .003374 2.112

01T
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FRESULTS aND CONMCLUSIONS

Intrmduttimn

Fecall that the initial experiment was designed to
understand the ordering phenomena found when applying &
parallel electric field to a sample comprised of lates

ol for

particles. Similar emp@rim@ht% to the one propos
this study were previously conducted by Richetti, et.
al. and Fraden., As discussed in Chapter II, there were
certain problems in the themfybuﬁed to euplain bhe
bebavior obssrved, becawse it did not guantitatively
gxplain their results nor acocount for oany of the
stabilization forces preﬁemtr Thersefore, & rnew bheory
based on the Tonks? gas was developed for this study,

allowing orne to investigabts not only the observed

phenomena but the stabilization forces prs

colloidal systems.  This irnvestigaetion, not only

the problems of the i Es prs

adclr e
fpichetti, ebt. al. CLU9ETY and Fradern (1987 but exbtends
olhhery work dome in the investigations of interparticls

forces as discussad previously.

= ooould have b

Beveral experimental parvamebs)




ad justed, such as pH, ionic strength, sw face chemistry,
shape, etc., in order to test the mnature of the
stabilization forces present. By changing the ionic
strength, one ﬁan dirvectly modify the double-laver
repulsion between the particles, thersfore, one may
expact observable changes in the manner in which the
particles interact. This variable interaction should

provide a meaningful insight into the tobtal interachion

betwesn the particles and test the validity of the
present theory.
Im this work ionic strength studies were canducted

o bwo sets of particles. One set of particles was used

for the initial gqualitative studies to insure that the

-

experimental and themreticai methods were feasible. Thies
particles used for this study were not as well
characterized as the particles used for the more
detailed gquantitative study, where the zeta potentials
had been measured. Both ﬁﬁfﬁ af particles underwent the
same method of preparvation and the same experimental

tests as descoribed in the previous chapter.

fualitative Results of the Tomic Strength Study

i

The qualitative behavior obsserved in this study w

the same as observed in the previous inves

tigations

presented by Fraden and Richetti, et. al. T all the



113

samples obse

rved the averages parbticle separation
decreased as a function of the applied field. In

relther of these obther invesbigabtions were the affects

cof a change in donic strength addressed.
The first noticeable affect, in the present work,
is that the particle separation is not only dependent on

the field strength but also on the ionic strengbth, Thies

field reguived to induce chaining behavior s much

greater in the lower ilonic strength sampl Lhan bhe

Migher ones, The average particle separ

&

in the lower ionic strength samples for corrve i

applied fields than at higher concentrations mf‘HNDw.
The intensity of the observed diffraction patbtern is
much less for the lower ionic strength samples than
those at higher lonic strengths, evidently this s dus
to having fewer particles in the chalns at bthe 1owsr

mhymweed bk

apds observabtions

iorio strengbhs. My
the Brownian motion in the ochaing was greater at

corvesponding electric fields at the lowsr ionio

strengths than the higher ones, which will chimimi sl

the intensity madima. ALl of the evidence points bto bthe

fact that the more deionized bthe sample is, the gre

the couble-layer repulsion Debween particles.

Mot only was the Browndan mobion gr

samples at lower dionic shrengths at corre

@lactric fields

bt genervally in sampl
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atrangths.  As the Brownlan mobion inore the chaing

develop kinks or bends and deviates from the assumed

straight chain diffrackion grating. Therefore, one may
e concerned that this observed kinking shows up in the
observed diffraction pattern and is responsible for the

shift obs

zrvaed in the first order diffraction peak.

Mowever, recall that the average parbicle ¢

paralion

zmallast at the highest applied slectric fisld. The

separation of the fivst order diffracted maxima from bhe
zerobth order maxima is greater at the higher applied
fields than the lower applied fields. Thus, over bthe

, |
cowrse of an experimental run, asz the measuwremsnts were
taken from high field to low field, the first order

diffracted pealk shifts inward toward the zeroth ovder

peak.

This kinking effect may be estimated. Figurs

ghows two chains. The first chain has bends or kinks in

it oas one would experimentally i Lomwey dooridoo

strength solutions or abt lowsr applied fislds.,  The

sored chain shows a chain withoult the kink

whiioh can be esperimental ly absseved at csrbain iondc

strengths and at higher applied field conditions.

chain contains tThe sams number of parbtiocl Fomm this

picturs it i en that the kin veduce The overall

length of the chain at a fiwed center to cenbter

separation of particles.
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BT

Figure 39. a) & chain exhibiting bending o kinking.
by & straight chain.

The bends cause a decrease in the average projection of

the particle center to center separation as measuresd

parallel to bthe average divection of the straight ochain

o b s

S

formaticon.  This result may al

aing the

timple difTfraction grabting th

Ty, bhe Tivsl

corcder di ffraction makima, m = 1, would ooouwr at

@ = sin—* imA /d)

RAOTALS AT 10

= 0, 00768 degres

for chain one of Figwe 2% and atb



0 = min™* (E328x10710/ By 1O
= 0, 0071 degreess
for the second ochain din Filguwre 39, This implies that if

the bending o kinking of the chain as the field is

ey e

2l i responsible for the observed shift in the

order diffraction, the peak would shift away from

firet

the zeroth order peak, which is contradictory to the

perimental ly observed phenomena.

SGodditionally, this kinking bebhavior was ewamined

Mmoo

pically. At the lows Lonic strenghh u
wor st case of kinking o bending? a micrograph was

taken. From this micrograph two chains were oho

the deviation from a line parallel to the fiseld line w

estimated. This deviation was approsimately 3

b

and no fluctuation was greater than 18 degrees. The

deviation would have to be greaster bthan 10 degress bo

produce an ervor dn the pearticle of significance.

Buantitabtive Resulbs of Tonic Strengbh

urolenr

Gidwen the gualitative bhehavior of the swyvs

investigation and the idea that a force balanocs beltweesn

the particles DY E im bhe systems, & theorebis
¥

development was obtained in ordesr bo provide a

guantitative understanding of the ob viel plesriome
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This theoretical development is bassd on a Tonks? gas.

A Tonks?® is a one dimensional gas in which the

1wy

particles sxperience only nesrest nelghbor interactions,
the particles cannot exchange places along the chain,

arnd the particles are in sguilibriam. This theorsbical

apvtecd im D

development was pres apter 11,

From this theorstical development, one

an intensity scan similar to that obtainsd
|

.
eupeyimentally. From this theoretical intemsity soan

one can make predictions of the scattered intensity

ma=xima positions in k-space versus the strengths of the

applied electric field. THQE, oreE has a means bto €
| .

E
the various forms of the interparticle interachions
|

present in the system via this Tonks® gas theory.

Firet we make & few comments concsrning the

validity of the Tonks? gas @pprmﬁch" The Tomks?

raEquires that there are only nearest nelghbor

interactions.  To the firvst approximaticons this is wvalid

as bthe particles are largery Tthan Tthe typilcal range of

interaction. Fwthermore, the particles cannot e
places along the chain.  From microscopilo

- e Fimally it

this fact se

that the particles ave in eoguilibrium. Al

anly dinoa 1o gorgud Librium as de

aerident studies.

podntesd out bthat

From a previous chaphber, it



—
Py
s
iia

there are btime dependent effects in thes ity ot bhes
diffraction peaks implying that the system is not in a
global equilibrium state. However, thers wérﬁ i
chserved time dependent effects in the position versus
fiwmld measwrements implying &hat the syshtem is in looal
gguilibrium.  Therefore, we btake the chains to be in
local equilibriuwm and our analysis is only valid in the

ol smou s Tield

i of dntensity makima position ve

@ffects.  Thizs approach should not be used tm'aﬁalyz@
any of the observed intenafty g f feots,

Thus one has the potentisal of checking the
congsistency of the various interparticle interactions.

The interactions chosen to be examined were based on bhe

DLYO theory outline in Chapter I. This theory has been

generally accepted as oorre for the inberpre

the stabilization forces present in colloidal sy

This theory stabtes that the tobtal pobtential swperienc

LT )

by the particles is a sum, &

atbractive van dsr Ws pobential and the ool omb

rapul sive potential, i.&.

Ems unce

Thius, the pailr pobtential for the s,

investigation here can be Wwitben as
Vi o= Viddpole 4+ WL

wWhere for convenience of the analysis Vdipols is the

cimensionless fornm of equation 1.36 when 0O = 0
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Ydipols o= & S KW

where X is a dimensionle aration variable, and & is

T

a constant dependent on the strength of the applied

field, particle size and diglectric constant
A& = [ e, a® E®] / 4 ke Tl.

Mere €. is the dielectvic constant of water, a

particle radius, E is applied electric field, ke

ature in degre

Boltzmann constant, and T is bthe btemps
kelvin.
One could have chosen another form such as the

forms pres

erted in sarlier ochapters for the dipole

interaction. However, these other forms for the dipols

interaction invalve sample corrections as disow l
|

sr@viously in Chapter T. Thus for this study this
¥ 7

oy and b

Ve ey arned 0

shian follow those o

o e Der

Cioael, The repulsion term;iﬁ [

by b

approwimation for spheres, and is glver

dimensionless form of sguation 1.3

Vi om [a e W2/ 02 ke TI In & 1+ g Ok Zalw-1300

wheve » is the dimensionles

T is the

Lhe particle radius, ke bthe Bolbtomann oons

Temperature, K the inve Debve langth, and WYis the

“hicle. Generallsy the value

potential of the

irobhis
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well known or unknown sxsperimental ly.

this was

The van dey Waals atbtraction us ig an approximatilon

=108

for spheves given by VYerwsy and Overbe

form of the

onl e

equation 1,15, The dimens

SAPIRY L 4T

Va = — A& / L[k T

whare x is bthe dimensionless separvation variable, and A

is the HMamaker ocomstant.

The initial it to the 2,02 um da

Ll

theoretically determined value for the Hamaksr
Aol w 10 arga.

Do Y oo

This value given in Isrealachvili [1288]1 and Visser

s L e

21 was obtained for polystryene—water —polys

=

system. In a review of the literature no theorstically
or experimentally determined valuse for the PYT-water ~-FYT
syestem was Tound. However, duse bto the similarity of PYT
to polystyrene this value is a good approsimation for

the high

the FPYT-watsr-FYT system. Figure 40 pr
ared low theoretical it o the sxperimental data,

It is obviows that the theory ang datsa do ot

agres. MHowewsy,  thers some very imporbant

sribe bhe oa

Bhis plat. The line vepre

orly s hard sphere and dipole

Ae onoted dn Chapter TT the

parbtiol

theory predicts an s dependesnos, where 5 18 dependesnt on

particle the concentrabtion. Hovges sy
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YinmV

(kmax -k)/ kmax

w 250

W25.6

%
|oe

1/A

initial theoretical comparison of
otheory

amalk gy

Figure <0, The
@xperimental data to the Tonks
using the theoretically determined M
constant.  The open triangles corre:
b 10 wl of particles in 0.0000138 M FMs
closed triangles in 0.000138 M KM,  open
diamonds in O, 138 M ENOs and oloss

o]

diamonds in O.0138 M ENO.
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the applied field there is no observed, theoretical
dependence on s corresponding to esperimental studies.
The theoretical fits to the data represented by the

clogsed diamonds have collapsed, i.e. the theory predicts

that the particles are in the primary minimum and nob

the stable sscondary minimum observed. Thus, the theory
predicts that particles would have irreversibly

aggregated. The chaining bshavior is reversible
implying that the particles are in a stable secondary
mirimum.  The theory was tested as to the integration
techniquse by changing the integral step size and
location of the maximum of the barrvier between the
primary and secondary minimum.  The location of the
collapsed prediction is due to the integration step.

Bualitatively, the behavior of the fits, although
they do show a linear behavior, is not in agreement with
the esxperimental data. Thus, a modification to the frair
potential used for this fit was made.

A oreview of the literature for experimentally
determined values of the Hamaker constant showed that
there ls a range of valuss msaswed for a polyebyrene-
water—-polyvetyrene syshbemn. A nice review of the previous
syperimental work as 9@11 as their own work was
presented by Melilk, et. al. [128%1. From this work, an

gaperimental valuwe of



q e

e et

Ao LLF ow lomie B Qs
was determined throuwgh flocculation studies. Figure 41
presents a best fit of the theory to the experimental

data using W as the fitting parameter where the only

mocdi fication in the pair potential is th@,vﬁlue of the
Hamaker constant.

In the fit, one can see that the agr@emént ek wesn
the theory and sxperiment is fairly‘gmmd. Figure 42 is
a presentation of the DLYD pmt@htialﬁ for the paramsters
obitained from the best theoretical fit mfhthe data.
Figure 42 is a presentation of the total potential
gxpariencad by the particles at the highest applisd
field. If the particles wefe to be unstable at the
determined surface potentials it would be apparent in
these plots., Even at the lowest ionic strength there is
an observable "secondary minimum" which has a depbh that
is approwimately 1 kT compared to the stabilization
Barriser, in whioch the particles can be brapped. It
shouwl d also be pointed out that the positions of the

mirmima in bl e owalls are in fairly good agresment with

the observed separation of the particles.

Aniobther modi fication in the van der Ws

als bheory

the region of particl separations

was attempted beoaus

lies between the normal wvan der Waals attraction and the

retardaed attraction, i.e. there may have been a di

dependence o the attraction.  This modification follows



{kmax - k) /k max

W in mv

s
. /A 2

data o Lthe
cad 1y
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Figure 41. & comparisaon of the sxpsrimental
Tonks? theory wusing an experimer
£ 5y

determined MHamaker oconstant.
defined in Fig. <02



Energy (Units of k')

-1

10—

o
!

10

3
1.59x10°

x€

w3
.84x105 K 3.07x105

o

2.5

w1
K 2.68x106

v in mV

125

K in cm1

Figure 42.

2.1

The DLVD potentials for bthe four
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iermdis

strengths wsed in this study for the

paramebers given in Figure 41,
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127

the method outline by Russel, et. al. 0139891, Here bthe

attraction equation 1.13 takes the dimgnsionless form of

Va = -~ expi~4 K atx-137 Aeff

SRtw-12 EENEE

whier e

apeff = Al © 1 + (A8 Zalx-1)3/=) =3

whar e

e
H
.3
=y
i ]
[
8

ne®) =

R

H
o
:q
2
—_
i
3
]
i

and

e

fl“}l :3 = T e € (%] ( F]- - -

where i
k = 1,055 % 10— 34 Js
Wwo o= 1.88 % 1018 /%
R G R polystyrene
Me® = 1.777 water

These values are given in RFussel est. al. 019891, Figure

43 presents the best fit afﬁthe theory with thes

|

grperimental data using this modification.

agresment 1s fairly good and to abtain this it the

s face potentials were higher than the previously.
Figure <45 displays the DLVD potentials given by the

theoretical parameters aobbtained from the theoretical

fit., Figure 4& is a graphic rvepresentation of the taobtal

potentiale for the highest @wmlied field., Mote again

Fere that there are stable secondary minima in the

potentials.  The ential plots show that the wells

H



- k)/ kmax

(kmax

W in mV

Figure «d,

1 1/A 2

The comparison of experimental data to the

Tonks? theory using the Russel (1989
formulation for the van der Waals
attraction. C8ymboles defined in Fig. 400,
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Figuwre 435, The DIVO potentials for the fouwr ionic

strengths used given the parameters in
Figure <44,
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appear‘to bhe deeper than those obtained wvia the fit
presented earlier. Again the position of the minima are
in fairly good agreemnent wiﬁh the swperimental resulits.

In bath of these modifications, test were conducted
to ensure that there were no effects related to the =
dependence of the theory amﬂ to ensure that the starting
point of the integration wa% propervly chosen. Appendi=
Cohas the computer programsfuged foor all the theoretical
determinations.

Based on the results of this investigation it was

determined that a particle with a measuwred sur fac

i

potential was necessary. Hence, a 2.12 um PVT particle
was ordered and the all the sxperiments were repeabted.

i
Figures 26 - 32 are reproductions of the surface

potential measwrements obtained from the manufacburer.

Bualitatively &ll the rezults are the same as thos

e

i
chtained from the 2.02 PYT particles - there were no

Y

erndence on fre ClLLERMT

concentration effects, no de

the tested range, no time dependent effects on the

position versws applied field, while there were btims

dependent effects on the intensity, no hvstersis

effects, and the average separabion versus applied

decreased as the applied field was increassd.
The data and the theory were compared in the same

mannsr as before Wwith a radius modi fication in the



program.  First, a fit wusing the flocculation Hamaker
constant was tried. Figure 47 shows the results of the
fit provided by this modification. As one can see the

fit of the data is extremely good. In fact this fit i=

W

better than those obtained fram tHe previous study.
While the surface potentialé are low, they are in line
with the manufacturer's meaﬁur@d zeta potentials.

Figure 48 displays the DLVO putentialﬁ for the
values obhtained via this thémretical fit., Figuwrs <9
presents the total pmt@ntiaiﬁ ohserved for the highest
electric field., Both of theﬁe display the same feabtures
noted previously.

Figure 30 is a compari;an of the experimental data
and the theoretical fit mbtéin@d by wusing the ahalyﬁis
accordinéita Fussel et. al. The results here are almost
identical to those mbtainéd%uﬁiﬁg the experimnsntal

Hamaker constant except for the surface potential at the

lowest ionic strengths.  These results were check
concentration or s dependence as before.

These plots can be compared with plots madse using
the surface potentials provided by the manufacturer.
(Bee Figure 51 One can see that for the cass of the

higher ionic strength the sw face potential determined

via this experimental method agress well with the sebas

potentials determined by dielectrophersis. The zeta

potential is rnobt a true surface potential, it is based
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on the mobility of a particle under going electophersis.
The method here determines surface potentials which to
this point have not been experimentally determined and
only approximated by the zeta potential. However, at
the lower ionic strength there is some discrepancy. It
should be pointed ocut that ét the lower ionic strengths
the dielectrophetic measurements are very difficult.
Owr method at lower ionic strengths is much move
sensitive to changes to the surface potential, thus the
sur face potentials measured are well with in acceptable
agreemsant.

However, due to the discrepancies observed between
the determined value of the surface potentials and the
suwrface potentials pravided‘by the manufacturer, the
zeta potentials further modifications may be necessary.
First since the pair potentials are based on
approximations — we only tes@ed madi fications in the van
der Waals attraction - one could try more exact forms
for the pair potentials. Another modification made to
the dipole term is possible even though the corrections

to the dipole approximation appear to be small.
Conclusions

From the results obtained, it is felt that the
method presented here is a viable means of investigating

the interparticle forces present in a calloidal system.



It provides the means to evaluats a number of theoriss
in comparison to the experimental data obtained. The
method is exbremely versatile, i.e8. a varisty of
experimental parameters may be used to test the theoriss
present and a variety of experimental systems may be
investigatedu

The technigue employed hers also has the potential
mf.b@ing an altermnate technique to dielectrophersis
especially at the lower ionic strengths whaere the
dielectrophertic technigques are not as reliable.
Moreover, the dielectrophertic technigues is only &
measure of zeta potentials ~ not sur face potentials,
The method presented here is a measuwre of sur face
potential, nobt zeta pmtential. Therefore, ouwr method
may be an improvement to the commercially available

technilgques.



CHAFTER W
DEVELOFMENT OF FUTURE WORE
Introductian

This thesis presents the detailed baskoround

development required for a new experimertal technique.

It was shown that the method was viable and allowed for

a simple means of probing the interparticle foroes
]
present in a colloidal systems. It, however, presents

move questions about the systems than this particular
i

study answers. For exampler

1y The fervofluid composite systems show
similar behavior, bub what are the forces
invalved in these svetems?

22 It was seen that one can selechivealy
agaregate these colloidal svstems, at
higher ionic strenghbhs, therefore, can
cne carefully detail the barvier

: hetween the secondary and the primary
minimat
a0 shown that the late=z particles

are difficult to work with in this
type of sxperiment, i.e. the surface
chemistries of the latex particles are
zfined, therefore, this study
y vepeated with a particle
that has a better defined suwr face
chaemistry. And, sxsactly what ef fect

e changing the surface chemistry
have on the interparticle interaction?

o

43 UWhat effect does changing the pH, shape,
a@tc. have on the interparticle interaction?

140



At What effect does adding free polymer,
more surfactant, etoc. have on the interparticle
interaction™

o

What effect doss changing the medium
have on the interactions?

The fervofluid composite systems have been of greab
deal of interest [Pmpplew@l}, et. al. 1981, 19286 and
12873, Davies, et. al. (1985 and 198&), Warner, et. al.
(1985, Skjeltorp (1983, 1984 and 19851, The systems,

comprised of a ferrofluid (%ydrmcarbon medium in which

!
ferrite particles on the arder of 10 nm in size have
been suspended) in which micron sized particles have
heen suspended, have been uéed in practical applications
asuch as microwave polarizers. These micron sized
particles exhibit the same type of behavior seen in the
electric field study pregemged Mere when the field is
applied in the parallel dirvection as discussed in

Chapter 1. Therefore, by using a similar technigue bo

the one employed in the electvric field studies, one may

probe the stabilization force [

A preliminary study was conducted, where a similar

agxpaerimental method was smployed to study bhe

interparticle forces involved between the micron

particles suspended in the ferrofluid. Hy making &
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simple change at the sample platform the experimental
apparatus given on page 67; one may easily obtain a
gseparation versus applied field measurement, provided
that a suitable sample mayb@ foand.

| To conduct these magnetic field esxperiments bhe
electric field providing apﬁaratuﬁ must be amchang@d o
the following (Figure 520

al a sample cell designed for the magrnetic
field experiment

b)Y a Helmholtz coil
c)oa WP 822G A DD FPower Supply Amplifier.

'

The Helmholtz coil was specifi;ally designed for the
egxperiment condwited. This particular coil was made by
wrapping 2635 twrns of coppern wire designed for electric
mators — 22 gauge. Figure 53 provides the actual
physical dimensions of the coil employved for this

)
investigation., Figure 34 provides a plot of the fisld

strength in tauss versuse the applied curvrent in Amper
Lhrowgh the coil.
Three types of samples were used in this

preliminary investigation, PVYT particles in a kerosens

hased fervaofluid and polymethylmethacrylate (PMMAY in

batbh the kerosens based and in oa toulene

fervaflaid, Other zamples were tried as wall, for

gxampl e

sl Fludcd.

1 P particles in the kerossne bha

S PVYT particles in the Toulene based fluid.

However , in both of th mamples the hydrooarbon me



CELL

Power Supply

Coil

Figure 32. The magnetic field apparabus.

incm 2.5 2.5 2.5

Figure 33. The physical dimensions of the Helmholts
Cuxd bowsed in the magnetic fisld shudy.
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Figure 94, Field strength versus current for the
MHelmholts coil used in the magnetic field
study.

of the fervrofluid wltimately dissolved the colloidal

S5 oo the PYTY zuspended in Tham.  The

for bThis

major difficulty preparing the samples us

study was not the dissolving of somse parbicle v bhe

carvier fluid but that of suspending & particle shipped

arnd stored in water i oa hydrocarbon based fluid without

water contamination.  For thise preliminary study, it is

ot ful that the probleam of water contaminabion was

completely eliminated.

71

The samples were made by pla a 10wl drap o of




the sele

These particles

ted particle on

appearad dry. Once dry,

fervofluwid was dropped on the particles.
and the ferrofluid were mixed by using a clean glass

stirring rod that had been rubbed with lens paper,

ththus, charging thes rodl

1i

mathods of suspending the particles were tri

these technigques were nob

ft the particles from the glass surface.

rod method.

a clean microscoope slides.

10

as

were allowed to sit

wl of the

This charged

15

until the samples

selected

bl g

rod helped

(1t heyw

The particles

T

Mowswvesr,

sucocessful as the charged

Once, the particles were resuspended in

ferrofluid a microscopic

sampl e.

COVET

the sample cell wsed for this investigation.

combination was sealed such that the sane sa

b

T

ar

However the method determined to be the mo
¢

in

e s=lip was in pl

waesd for a varieby of
Several methods of ssaling the sample cells w

ied.  SBome were as simple

paperimnsntal btests.

pase To the edges of bthe

vestigation, does pre

applying sxpoxy bo the edg
2, bhus, pervmar

L. This method, although

@t

oV ey

parafilm walls sealed wilth

cf

firmg for this

& mE Jow

pritly @

wlip, obthers

the oover

problem.

the

applying parafilm or

slip was placed over

The microscope slide and cover slip comprised

the

nppdoes ool ol

B2 &

Fecpul e &

variods glues.,

L

el

aling

Cres

Dty L

el iminary




unable to control the thickness of the sample. The
ferrofluids appear dark, thus if the zamples are to
thick one would he unable to conduct light scattering
superiments. Ry not tontrmiling the thickness of the
sample, one is also wnable ﬁm contyol the number of
lavers of particles. In many model sxsperiments Dharner,
et. al. 1985, SBkjeltorp (1984, 1985 and 198831, one

wotild like to have a monal aver of the

particles. With this tyvpe of sample cell, conbral of
suspended particle concentration is almost impossible.

The advantage of this cell i that it allows one to K

the same sample over an emtgnd@d period of timg. Some
of the samples are sbill us@able three viears afhsr
preparation.

The magnetic field experiments were conducted in

the same manner as the applied electric field studies.

The maximum field was applied, the sample was left for
approwimately thirkty minubtes to allow for a diffraction

pattern to form. A run was taken which is an average of

it
e
-
=
s

10 socans.  The form facbor was divided oot wasi

mame  oomnpdt pyogram as that us in the electric fisld

studies.  Thus, particle

s@paration v

data were abtained.

fualitatively, the results of this preliminary

sy compare divrechly with the slectric field studi

The particles form chains when a parallel magnetic fiegld
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is applied. The average separabion of the particles

decreases as the field increases. The particles =

ream b

b

i
e
a3

a local eguilibriam, i.e. the particless find their

average separation guite rapidly, while thes chain length

iz time dependent. Therefors, one can apply the Tonlk

gas theory to this samples as was previously used in the

electric field shudies

Hystersis tests were conduc

43

and rno hvstersis effects were observed.

o

samples did show some signl ficant

M ey,

Figure 33, Doubile chain configur

i T e e The particles Lo the

iwom

W g

applied field, however, the ohain forma

than the slectric Tield studies. This can be wssd bTo an

advantage, 11 one were to atudy the agoregation kineti
af these sysbems. 6 would allow for o a mors detal led

study of the initial steps of the agoregation. Thi=s
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slowing of chain formation is me likely dus to the
vigoosity of the ferrofluid systems.
Certain concentration effects wers also noted. The

double chain formation discussed earlier was observed

(see Figure 35). This formation was only seen at bthe

highest applisd electric fields and in samples with a
relatively high concentrations.  The mechanism for this
fovrmation is not understood.

(One may be able to examing "solvation” type forc

in these systems. The ferrite particles are 10 nm in
size, thus, as the particles approach one anobher
particles of relatively larga physical size must be
excluded.  There is some ev%dence in these ferrofluild
composites that one can see>thi§ exclusion.  Thus, one
may be able bto examine these systems in & manner similar

i khis

to that wsed by Horm, et. al. 1980 and 19

solvation sbudi

In order to conduct such studies, ong must

gliminate certain prablems.  First, a

must be designed such that the samples can be kesp for a

Long period of time where the thicknsss of the sample

can be controlled and one can light scatbter through B

sample.  The sample cell also must placed in & magrnetic

field without interfering with the field or the v

Secondly, bthe problems of water contamination and

particle carvier fluid interactions must be elimins
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There is some evidence that the PVYT particles swell when
placed in the kerosene based fluid and must be
considered in further studies. Thirdly, one mnust
account for the repulsive interaction between the
particleas,

The sample cell design i a fairly simple problem
Lo overcomns, however, the obher problems are much mors
i fficult to saolve. The pfhhl@m of water contaminabion
as well as particle swelling may be overcoms simply by

finding a particle that is well characterized suspendsd

in & madium in which a ferrofluid produced. There ars
saveral hyvdrocarbon media used for the ferrvofluids, as
wll as many new water based ferrofluids. When this
study was conducted, the water based fervrofluids were

rext very well bebaved nor did they have strong

interactions with the fields. There are new waber

fluids in which some of bthe

problems have been

corrested. The S v N

proklemn, the natwre of the o

vepulasion, 1 nob

easlly addressed. If the parti

were suspended in a water be

syvatam, bthe repulsion

wd Lol likely be the double-layer interaction

in the electric field studi

If the particle

suspended in a hydrocarbon ba Fluwid, the problam

little move difficult, i.e. there may be & double-laye

Lype of repulsion or just a strict coulomb type

repulsion, but these must be examined. The problem of
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water contamination makes & rveasonable sshimate of the
type of repulsion present extremely difficuwlt, i.e. one
can rnot estimate the pavamsebters involved in order bo
make valid assessments of the data obtained.

With the knowledge gained by the electvic fisld

studies, one can attack the problems presented in thes

magrnetic studiss.,  Thus, these shudies

great deal of potential to adding to owr understanding

of bhe interparticle interacts that are present.
using this background, one could sasily estended this
particular study into a meaningful and insightful

investigatbion.’

Toonic Strength Barrviers

e pot

e of the qualitative observations made when

1
il

o

investigating the effects of varying the ionic styeng
was that there zeemed to he a vegion were one could

lectively aggregate the colloidal s mme and form

permansnt ochains. Im this region the samples of

parbticles mixed with the donia ot don we whaty] e

until & particular field was reached. This

melective vegation ooowrved over o a range of fanic

atrengths i ffering only in the trength of the field

ragulred o producse the agg Tt is Tfelt that

this may I
¥

o fully characterize the barrvi

hetween the primary and sescondary minima.




This permansnt o

particle interest.

in s=ome applied applications swsh a

prlarizers, eto.  Therefore,

nature of this controlled interac

to develop useful devic

An stated in the previouws oh

fairly limited, it only fooused

varying ionic strength.  Thus,

parameters can easily varied.

parameters to vary is that of pH.

the solubtion one can effectively

chemistry of the latex particle.

commeErcially available where the

cdependent o the pHoallowing

Y

charged particle to a positively

-

Several obher

particl

D]

silica, inorganomstallic, or coa

varying the particles one may dr:

particle chargs, surface

interactions. Therefore, one may

test the present

interactions.

Maining behavior

These permanent

by care

o the
ok e

(e

s ha
cowld

ted

chemistyy, shaps,

theories relating

E=3

i also of gre

chains may be used

&8
B

Filters,
fully exzamining the

ticm, one may be abls

apters, this study was

af fes
experimental
of the most logical

By changing the pH of

mixdi Ty the sur facs

Therese are partic]
sur face charge is

t b}

g from a nega

o

v one.

d

such @

bre

e g

cally vary the
ard particle
mov e bhoroaghly

the particle



1 B

Loadal

e may,

alwo, investigate the effec of  adding

free polymer, suw factant, eto. to the solution.
understanding the natwe of the interparticle

interactions, one may be able to investigate the effects

of bhese additives on the sw face chemishries of a

variety of particles,

Crome Luwsi ones

This particular method allows for & wvariseby of

applications.  The number of studies capable of

investigation are countless; however, the msbhod doss

i

ave its limitations. It is a light scattering

technique, and therefore, the cholice of the particle

must be carefully considered. It must have a very

navrow particle sized distribubtion, and the shape of Lthe

e parbicle

particle must be well defined such that the

form factor may be @

=ily debermined.

]

Non-agqueows samples need fuwrther investigation.

The means of applying the field, either slectric or

magnetic, must be carefully considered. Foy examp) e,

ore of the studies strongly suggssted by bthe aubthor is

b attenpt full characterization of the interparticles

interactions regponsible for the deastic resulbs

chesrved in electrovhelogical fluids.  The

fluwids are

comprissd of silica parbicles suspended in o a silica



e
s

ot
i
.

rased oil; therefore a higkh wolt D field must bhe

applied. Thus, this type of study may rvegquire changes

in the sxperimental design to accommodated this type of
applied field.

This author sugogests that the next logical step in

this investigation is to repeat the pressnbted sbtudy here

with a particle that is even better defined that the

- L EmE

2owum PYT sample. The latex particles have

Th

&

di fficult suface chemistries to charachterize

highly dependent on the batoh, the method of cleaning,

the age of the sample, the conditionz under which ftThe

zamples are sbored, sto. this tnformation has been
verified by the manufacturaf, and the laborabtory which
provided the dielechtrophertic measursments for the
manufacturer.? Thus, a well defined inovganometallic

arbicle is suggesbed,

Faollowing the previously

yalod bhe bo o inve

Loagic

wing pH, Tollowed by

le, d.w. look at

i, carbousyl groups, ebo. oall o of whioh

spherical and commercially avail

Ther e it de the opinion of bthe

The technigue iz extremely viable from an

podnt o of wview as well as & Tundamenbal tool of
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iopatioms

investigation, and b) several further inwve
shouwld be conducted in order to fully understand the
interparticle interaction involved over a large rangs of

colloidal systems.
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AFFENDICES



AFFENDIX A

These are the computer programs designed for use on
the Apple Ile computer. The first program written by
Jerry Mertz is designed to collect the data obtained
from an experimental scan. The second program written
by F. E. Wood is a composite program that allows one to
print a hard copy of the scan, superimpose several
different scans, obtain intensity measurements, and
locate lacal maxima. The third program also written by
Fo. E. Wood divides two scans, i.e. this program was used

to divide the form factor out of the total scan.
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HCOLOR= 2
FOR I =1 ToO 120
(BHIZ % I

IF 7

12

HELOT I.,Y
= (Bal2 ® I + 13 - 3% ~ Z1

IF Y < 0 OR ¥ » 140 THEM &40

HFLOT IL,Y
MEXT 1
REM

®#xxxxexs [MNOQUERIES

PRIMT 1+ PRINT : PRIMT : PRIMT
FRIMT @ PRIMT : FPRINT : FRIMNT
PRINT : PRINT : PFRINT : PRIMT
FRINT

PRIMT 52,59

FRINT "aMOTHER RUMP--EMTER 1

IMFPUT ;

IF 21 1 THEN 204

FRINT "SAVE DATAT--EMTER 1"

INPUT 21

IF 21 < » 1 THEMW 210

FRINT "IMNPUT FILE MAME-—--MNUME

ER"

INPUT C% :

FRINT D$E"OFEM"CE

FRIMT DE"WRITE"CE

FOrR I =1 TO 300

FPRIMT BXOIX

HEXT 1

FRIMT De"CLOSE"

PRIMNT “KEEF GOIMGT?-—-EMTER ("

1

o

INPUT 21
IF 21 =
EMD

I THEMN 1&8%
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1&8

ILISTRR#0
JLIST

1 LOMEM: 14384

2 HIMEM: 3£864

10 REM "THIS PRQGRAM IS DESIGHE

D FOR PLOTTING DaTa TAKEN WI

TH DR. ACKERSONS PRORAM TMPY

7“

20 REM "THIS PROGRAM USES DATA

COMPLIED USIMG FIL.COMP PROG

RamM"

z0  REM  "HOWEVER, DUE TO THE NAT

URE OF THIS PROGREAM aAMNY FILE
SAVED USING DR. ACKERSOMS P

ROGRAM THMPY? MaY BE USED"

40 DE = CHRE (4>

30 G = 10

A2 DIM MOS002: DIM B®(S000

43 DIM MCS000

70 REM "THIS PROGRAM PLOTS ACTU

AL DATA AND EXPANDS THE WIEW
REGIOM"

80 X1 = 0:X2 = 4000

20 PRINT "VERSION 1 - ALLOWS YQU
TO SET DIVISIOM FACTOR G Al

D AaLLOWS vOU THE OFTIONM TO S

ET MAx VALUE AND MIN VaLUE"

100 IMPUT "DO YOU WANT WERSION i
(O0=NO ,1=YES)" ;U

10 IF U =1 THEM GOTO &&0

120 IMNPUT "READ FILE?"iC®

130 PRINT D"OPEN"CS

140 PRINT D$"READ"CS

150 FOR L = 1 TO S00

140 INPUT B$(L)

170 NEXT L

18a PRINT D$*CLOSE"

1?0 FOR P =1 TO 500

200 W1 = VAL (BH(FP))

210 W2 =Wl G

220 NP> = 1978 — W3

230 MEXT P
240 IF MC
250 FOR L
280 X = MN(L?

270 IF X1 < X THEM X1
280 IF X2 » X THEW XZ
270 MNEXT L

300 PRINT "X1 "kl
210 PRINT "xZ "yKZ
320 IMPUT "SUPER-IMPOSE PLOT";RI

1 THEM 200
1 Ta S00

i
4



230 IF R1 = 1 THEN 340
340 HGR

250 HCOLOR= 3

340 FOR I = S0 TO 300
270 Y3 = N(I) - X2

380 Y = Y3 / (X1 - X2)
385 M(I) = ¥

400 Y = 1S5 - (155 * Y7
410 2 = 1 - S0

420 HPLOT 2,Y¥

4320 NEXT 1

440 HPLOT 0,0 TO 0,159

450 HPLOT 0,155 TO 250,138

440 HPLOT 0,0 TO 5,0

470 FOR @ =1 TO 10

430 A1l = 13.5 = 0

420 ¥ = &l

00 HPLOT Q,% TO 5,7

10 /A2 = 25 ¢ @

320 X = AZ

330 HPFLOT X,150 TO %,135

340 NEXT @

SS0 INPUT "DO YOU WaNT A& PRINMT O
ur*;Cca

S40 IF C3 = 0 THEM &2S5

S70 PRINT CHRE$ ©4);"FR#1"

580 PRINT CHR$ (#):"GD"

SP0 PRINT " MaAx UaLUE " 3X1

00 PRIMT " MIM YUaLUE " ix2

410 PRINT C%

&20  FRIWT CHR%® (4);"FRH0"

&25  IMNPUT "DO YOU WISH TO IDEMTI
Fv INMTEMSITIES? ";R7

&27 IF R? = 1 THEN 220

&30 INPUT "YOU WISH & SECONMD FIL
E?" sR2Z

&40 IF RZ = 1 THEN 100G

&30 U =10

&&0 IF U = 0 THENM GOTO 720

&70  INPUT "NO. OF DAaTA PTSY";G6
&30 INPUT DO 0L WISH TO SET MA
X AMD MINT? " jMC

&?0 IF MC = 0 THEM GOTO {20

700  INPUT "MAX el

710 INPUT "MIN X2

720 GOTO 120

730 INFUT "DO YOU WISH TO IDEMTI
FY PEAKS";R2

740 IF R2 = 0 THEN 2000

730  INPUT "BEGIMWINMG OF REGION "
R3
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g&o0

INFUT "EWD OF REGION "3R4
L& = 135
FOrR 2 = R TO R4

L1 = N(2> - X2
Lz = L1 / X1 = X2

IF L2

> .1 THEN L2 .1

L2 = 1535 - (185 = 10 = L2

IF L&
IF L3
MEXT

FRINT

PRINT
n ;L\5
IMPUT

EGION" ;Ré&

g
200

E? !

Z10
#20
?30
F40
250
F&0
270
Fen

1000
1010
2000

IF Ré
INPUT

'"1R2

IF RZ
INPUT
INPUT
IF W2
PRINT
PRIMNT
PRINT
PRINT

> L3 THEN L&

L3
= L& THEN E1l P

(4

"X VaLUE OF PERK I

o0

" RELATIVE INTENSITY =

"DO vOU WISH ANMOTHER R

= 1 THEM 7SS0
"¥OoU WISH A SECOMD FIL

= 1 THEM 100
"DAaTs POIMT? "t
"HARD COPy? w2
= 0 THEM 1000
CHR% (4);"PR#1"
"DATA PT. "t
MOV D

CHR$ (4);"PR&Q"

PRINT M(U1)

GOTO
EMD

&25
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ILIST

1 LOMEM: 1&32c4

2 HIMEM: zé244

40 D = CHRE$ (4)

S0 G = 10

&0 DIM NS00 : DIM Bf{S002
70 DIM 2(S00>: DIM A%(S00)
79 DIM @c35002

80 X1 = 0:1XZ = 40040

110 IF U =1 THEW GOTO &&0
120 IMPUT "READ FILE?";C%
122 K$ = C%

125 PRINT D$"OFEN"C#

1230 PRINT DE"READ"CE

128 FOR L =1 TO S0

140 IMPUT Bxd(L2

142 HMEXT L

144 PRINT D#"CLOZE"

14s  IMPUT "STURCTURE FACTOR
i =c~.§'

142 PRINT D®"O0OPEN"C%

1530 PRINT D®"READ"CH

185 FOR L = 1 TO =00

180 INPUT Al

185 HWEXT L :

120 PRINT D#"CLOSE"

1#0 FOR P = 1 TO S00

200 WL = YAl (BE(FY)

205 W = UAL (AEIPD

210 W3 = W1 -~ G

21 @ =4 /G

220 RCPY = 2005 - W3

225 S(PY = 2003 - W@

230 HNWEXT F

250 FOR L = 1 TO S00

255 K = |

2a0 X = NOLD

284 GOTO 270
270 MEXT L
200 PRIMNT "X1 = ;
210 PRINT "XZ2 = "iXZ

a0 Rt =10

20 IF R1 = 1| THEN 3&0

ZF0OIF X1 < X THEM X1 = X
220 IF %2 ¥ X THEN X2 = X
281 IF K = 2 THEM 2%0Q

282 IF K =1 THEM X = S(L>
28 IF K = 1 THEW K = 2

FILE



240 HBR

250 HCOLOR= 3

240 FOR I = S0 TO =200

345 IF S(I) = 0 THEM ¥3 = 0
244 IF €(I)-= 0 THEM GOTO 3&0
370 Y2 = N(IY / S¢I)

IB0 Y = ¥3 S (K1 - X2

IWS F = Y

320 IF Y » .00S THEM ¥ = .00%3
400 Y = 155 - (155 % 200 % Y)
410 Z =1 - 50

420 HPLOT Z,Y

430  MEXT 1 |

440 HPLOT 0,0 TO 0,155

450  HPLOT 0,155 TO 250,155

450 HPLOT 0,0 TO 5,0

470 FOR Q@ = 1 TO 1O

480 A1 = 15.5 * @

470 ¥ = Al |

500 HPLOT 0,Y TO S5,Y

510 A2 = 25 % Q

520 ¥ = A2 |

520 HPLOT ¥,150 TO X,155

540 MNEXT © |

S70  PRINT CHR$ (4);"PR#1"

S20 PRINT CHR$ (5)3;"GD"

590 PRINT " MAX VALUE "Xl

400 PRINT " MIN WALUE ";x2

&10  FRINT K%

&20  PRINT CHRE ©4);"FRHO"

&30 INFUT "VUJ WISH A& SECOMD FIL
E7"sRZ |
&40 IF RZ.
20 END

1 THEMN 120



APFENDIX E

When measuring the separation of the first order
diffracted maxima from the zErDth order maxima, there is
an gxperimental measurement error. The measurement is
in ervor by + 0.02 ocm.  We ﬁaw give an example
comparison of this ervor with respect to other ervors,
consider separation of 6.4531 0.02 cm when the screen is
located 21.0 om away from the sample. The scattering
angle is determined to be 12.72 degrees. The error
carried through produces an;errnr in the angle of + 0,04
degrees. Using this scattering angle, the average
center to center separatimn‘is determined to be
216 + 0,005 um, however, the data is reported to + 0.01
um and in the lowest ionic ﬁtrength measurement the data
is reported to + 0.02 um toiaccount for the greater
gffects of kinking or bending at this ionic
strength. This scattering angle produces a k

Ck = ¢4 n /Ay sin 12.72) of (4.37 + 0.02) x 10% m—*,



AFFENDIX C

These are the computer bragrams used to evaluate
the Tonks'! theory for various pair potentials. The
first program contains a simple form for the potential,
the dipole - hard sphere inferactian. The second and
third programs are slightly modified and contain the
more complex forms of the potential.

This program was tested to ensure accurate results.
The independence of the res@lts on the Laplace variable
s (cmncentratimn) was checked by running the program
using the same parameters af different values of s; for
example, .001;‘.01 and‘.l wére used for most of these
tests. Integrafiuns excluded the primary minimum region
up to the maximum point in the potential barrier. This
was done to ensure that theiintegration did not
improperly weight the primafy minima since we observe no
coagulation for our experimental conditions, however, in
most cases the integration step size solved this
problem. The integration step size was also tested to

ensure that the stability of the results.

174



175

FlREM



176

o
THE

ENT AL AMP k:



177

4T

T

EMID



178

IS Fu

Al




17%



—
)
i
<

VITA
Frankie Kay Wood
Candidate for the Degree of

Doctor of Philosophy

Thesis: INTERACTIONS OF COLLOIDAL PARTICLES IN THE
PRESENCE OF A PARALLEL APPLIED FIELD

Major Field: Physics
Biographical:

Personal Data: Born in Klamath Falls, Oregon,
September 6, 1963. Parents are Diane F.
and Timothy L. Pasquarelli.

Education: Graduated £rom Edmond Memorial
High School, Edmond, Oklahoma, 1981;
received Bachelor of Science Degree in
Physics with a minor in Chemistry from
Central State University in May, 1984;
completed requirements for the Doctor of
Philosophy degree at Oklahoma State
University in May, 1989.

Professional Experience: Instructor,
Department of Physics, Oklahoma State
University, January, 1987 to May, 1987;
Research Assistant, Department of
Physics, Oklahoma State University,
January, 1985 to present; Teaching
Assistant, Department of Physics,
Oklahoma State University, August, 1984
to present; Laboratory Improvement
Coordinator, Department of Physics,
Oklahoma State University, August, 1987
to May, 1988; Laboratory Assistant,
Department of Physics, Central State
University, August, 1983 to May, 1984;
Research Assistant and Student Secretary,
Department of Physics, Central State
University, June, 1981 to May, 1984.



