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— Abstract —

To clarify the electrooptical property of clay particle suspended in aqueous media with a
reversing-pulse electric birefringence (RPEB) method, the new RPEB transient theories and
orientation function were derived, and the reversing pulse generator, which is also applicable
to large particle such as clay, was newly constructed. The transient RPEB theory was derived
on the basis of the interaction of applied electric pulse with two electric dipole moments of
the macroion: one is due to the ion-atmosphere polarizability @, with a single relaxation time
1, for the distortion of ion-atmosphere along the longitudinal axis and the other is due to the
intrinsic molecular (instantaneously field-induced) polarizability anisotropy A&’ (= a;; — &)
between the longitudinal (3) and transverse (1) axes of the macroion. The new orientation
function was derived for disklike model. It was assumed that the disklike particle possessed
the following three electric dipole moments: (1) permanent dipole moment, (2) saturable
induced dipole moment, which is induced in a finite time and saturated at an electric field
strength, and (3) unsaturable induced dipole moment, which is instantaneously induced dipole
moment by an external electric field. In the newly constructed reversing pulse generator, a
field-effect transistor (MOS-FET) was used instead of a vacuum tube as the switching element.
This pulse generator has the following characteristics: (1) a stable output voltage in the 5—
300V range, (2) a widely variable output pulse duration in the 10 us—1.2 s range, and (3) a
very short time constant of electric pulse (in most cases, 150 ns for buildup and reverse and
50 ns for decay). Moreover, this generator could deliver a single rectangular pulse and/or a
reversing pulse to high-ionic strength samples, e.g., 0.2 moldm ™~ NaCl or MgCl,, because of
a high electric current resistance of MOS-FET. The theories and reversing pulse generator
newly developed were applied to study the effects of particle concentration, the ionic strength,
and valence of electrolyte on the electrooptical and hydrodynamic properties of
montmorillonite particles suspended in aqueous media. It was clear that both these theories
and generator were very useful for the study of clay particle suspended in aqueous media.
RPEB data of Na-montmorillonite particle indicated that the particle possesses no permanent
dipole moment, but an ionic polarization makes a large contribution to the field orientation.
Since the contribution of the ionic polarization increased with an increase of 1onic strength,
the distortion of sodium ions trapped on the cation-exchangeable sites may be responsible for
this ionic polarization. The Na-montmorillonite particles form aggregates of card-house
structure, which is an irregular structure, at increased concentrations of added sodium ions,
since the optical anisotropy decreases and the diameter of particle increases with increasing

ionic strength of added sodium ions. In contrast to the Na-montmorillonite particle, the RPEB
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signals of Mg-montmorillonite suspensions showed longer average rotational relaxation times,
and the optical anisotropy of Mg-montmorillonite particle increased with an increase in
concentrations of added magnesium ions. Moreover, the RPEB signals could not be analyzed
theoretically. Therefore, Mg-montmorillonite particles form larger aggregates of book-house
structure, which 1s a regular structure.

The present study has confirmed that the reversing-pulse electrooptical methods are very
useful to characterize the structure and properties of clay particles. These findings give us
some fundamental information for application of clay particles. In the future, the analysis
methods of reversing-pulse electric birefringence newly developed in this study will be

successfully extended to many colloidal particle systems other than clay particles.
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— Chapter I. —

General Introduction

Clay minerals are silicate minerals, whose diameter is less than ca. 2 pum, created by

1,2

weathering of rocks and/or in the process of soil formation."* The structure of clay minerals

is composed of the unit structure, which is defined as the combinations of tetrahedral layer of

silicate and octahedral layer of Mg(OH),/Al(OH),, as shown Figure I-1"*. Montmorillonite

(a) Tetrahedral layer of Silica

(b) Octahedral layers (Mg(OH)2 and/or AI(OH)3)

‘7&%@»
4

Figure I-1. Constitutive elements of clay mineral. (a) A silicon atom is located at the center of tetrahedron and

an oxygen at each corner. (b) A magnesium and/or aluminium atom is located at the center of octahedron and

a hydroxyl group or oxygen at each corner.

particle used in the present study is a kind of 2:1 type clay mineral, in which an octahedral
layer is located between two tetrahedral layers (cf. Figure 1-2). Clay minerals plasticize by

the heat drying, or disperse as stable colloid particles in aqueous media."* The surface of clay
minerals has negative charges because of isomorphous cation substitution of the tetra- and
octahedral layers, i.e., Si*'~Li' (in the tetrahedron), AI’'~Mg?®', Fe*', and Mg*'~Li" (in the
octahedron)."” To compensate the lack of positive charge, various cations (Na', K', Ca*, and
so on) are adsorbed onto clay layers. Then, clay minerals are well known as a kind of cation-

exchangeable inorganic polymers.'? The present montmorillonite particle holds exchangeable
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Figure I-2. Schematic montmorillonite layers structure composed of two a octahedral and two octahedral layers.

H

cations and a few H,0 molecules between clay layers (cf. Figure I-2). Therefore, the surface
of clay minerals possesses a rich reactivity and adsorptive activity. Because of these novel
properties, clay minerals have been widely utilized in the products such as ceramics, paints,
cosmetics, and medicine.'"” Recently, composites obtained by intercalation of various

* The intercalated compounds

organic/inorganic compounds into clay layers are attractive."
display various unique reactions and properties, e.g., photochemical reaction and photochroism.
Therefore, new functional materials could be developed by selecting the molecules intercalated
into clay minerals.**

Clay itself displays a lot of interesting phenomena, too, e.g., swelling, aggregation (card-

'3° Details of these phenomena and

and book-house structure: cf. Figure 1-3), and gelation.
properties of clay as such, however, have not been clear enough yet. Physicochemical
methods will help us to understand these phenomena and properties. X-ray diffraction, nuclear
magnetic resonance, and thermal analyses have been performed for powder states or
concentrated dispersion, but have not been studied for diluted dispersion, in which properties
of clay as such are remarkable.'’ Electrooptical method used in this study makes it possible
to study clay minerals in diluted dispersions. Since dispersed particles are oriented by an
electric field and an anisotropy of the particle is detected in the electrooptical method, this

method yields more useful information on the electrical and optical properties of dispersed
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(a) card-house structure (b) book-house structure

g
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Figure I-3. Typical aggregates: (a) card- and (b) book-house structure.

particle, unobtainable by other physicochemical techniques.®” Moreover, information of ion
atmosphere and electric double layer around particle, and structure of particle can be obtained
by this electrooptical method.*” The electrooptical study of clay minerals in aqueous media
was started by O'Konski and Zimm with a dc electric field® They carried out an electric
birefringence measurement of montmorillonite particle dispersed in aqueous media, and found
that a sign of steady-state electric birefringence reverses from negative to positive with
increasing field strengths (cf. Figure 1-4).* Shah e al. have explained this phenomenon by
assuming the out-of-plane transverse permanent dipole moment in the disklike particle.” From
the electric birefringence measurements with samples at various concentrations and diameters
of particles, Yoshida er al., however, suggested that the particle possessed no such transverse
permanent dipole moment."’ 1t is not clear what the sign inversion phenomenon is responsible
for. Clarifying this phenomenon should give an insight into the electrooptical properties of
montmorillonite particle. However, the experimental application of electrooptical method for
clay minerals dispersed in aqueous media was slow, because there are no reversing pulse
generators for large size particles and theories for enough analyzing experimental data. An
author carried out the construction of the reversing pulse generator applicable to large size
particles such as clay minerals (details will be given in Chapter IIL) and derivations of

theories for analyzing experimental data of disklike particles dispersed in aqueous media

(details will be given in Chapter IIL.).
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Figure I-4. Electric field strength dependence of the steady-state electric birefringence of montmorillonite
dispersed in aqueous media. Symbols are experimental data. Arrow indicates the electric field strength where

the sign of the steady-state electric birefringence reverses.

In the present study, the reversing-pulse electric birefringence (hereafter abbreviated as
RPEB) was applied to montmorillonite dispersed in aqueous media for making clear the
following problems by using this apparatus and these theories.

1.  Ongin of the sign reversal of steady-state electric birefringence from negative to positive
which occurs on increasing field strengths.

2. Electrical, optical, and hydrodynamic properties of montmorillonite dispersed in aqueous
media.

3.  Effects of particle concentration, and ionic strength and valence of added salts on the

field orientation of montmorillonite particles dispersed in aqueous media.
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— Chapter Il. —
Electrooptical Method

1l 1 Introduction

The optical anisotropy of a particle as such cannot be observed in solvent systems because
of Brownian motion of particles, even if particle itself possesses the optical anisotropy (cf.

Figure II-1-1a). However, if a particle possesses the electrical anisotropy, 1.e., permanent

(@) E=0

(b) E#0

Figure II-1-1. Schematic field orientation behavior of particle with electric anisotropy. (a) £=0 and (b) E# 0.
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dipole moment and electric dipole moment induced by an external field, then the particle is
oriented parallel to the direction of applied external electric field (Figure II-1-1b). Then,
various types of anistropic properties can be observed. The optical anisotropy induced by
applying an external electric field is called the electrooptical effect."* When particles have
the anisotropy of the optical polarizability, there appears the difference between refractive
indices parallel (n) and perpendicular (n,) to the direction of applied field. This difference
is electric birefringence An (= n - n,)."* The difference of absorption is called electric linear
dichroism AA (= A - A ), and the difference of intensity of light scattering is called electric
light scattering Al (=1, - 1,)."? These parameters yield useful information on the electric,
optical, and hydrodynamic properties of dispersed particles, which cannot be obtained by other

physicochemical techniques.

(a) Rectangular electric pulse

Steady-state

.......................................

Buildup

Figure II-1-2. (a) Schematic rectangular electric field and (b) typical response signal.

The rectangular electric pulse field is usually used as the external applied electric field,
though dc static and ac sine electric fields can be also used.'” This rectangular electric pulse
can minimize the time applying electric field to sample, and makes possible the analysis of
transient phenomenon. When the rectangular electric pulse is applied to sample, the obtained

electrooptical signal changes with the passage of time as shown in Figure II-1-2.  This
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response signal is divided into three parts, i.e., buildup process, steady-state, and decay
process. O'Konski and Pytkowicz used a reversing-pulse electric field, which is a consecutive
pulse with a positive- and negative-going polarity, as the applied electric field.” The response
signal against the reversing-pulse electric field is shown in Figure II-1-3. This transient signal
contains some informations on the electric dipole moments of particle in a reverse process

because of instantaneous change of polarity of electric pulse.

(a) Reversing electric pulse

B (0555 ———————— 4 553 A5 5 LSS S S SEE RS SPN SV R AR AR AR
0 _‘ ...............................................
= e foosbinssnisananidnssssdy mie—— 0.5 5 454556 §5 0 4 560 05

Steady-state

(b) Responding signal

. . .
....... Bevsnnananns asesssseas crsssesasctraseanenas
.

Decay

Reverse

Figure II-1-3. (a) Schematic reversing electric pulse and (b) typical response signal.



Il 2. Reversing-Pulse Electric Birefringence Method

The An value is in proportion to the second power of electric field strength £ at low electric

fields. This behavior is called Kerr's law (cf. Figure 11-2-1)."* In this theory, the An is related
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Figure II-2-1. Field-strength dependence of steady-state electric birefringence. Symbols are experimental data.

Solid line shows Kerr's law. Broken line is theoretical orientation function.

to £ by An = KnE* = B AE*, where n is the refractive index in the absence of electric field, 4
is the wavelength of incident light, and K (or B) is a Kerr constant."* When the £ value
becomes high, however, the electric field strength dependence of An cannot be explained with
Kerr's law (cf. Figure II-2-1). Considering the difference between Kerr's law and the

experimental data, the 4n is expressed as An = 2nC,Ag x P(F)/n, where C, is the volume



Figure II-2-2. Definition of optical phase retardation, . This value can be observed when the external field is

applied.

fraction of solute and Ag (=g, - g,) is the optical anisotropy factor (the subscripts 3 and 1
denote the symmetry and transverse axes, respectively), which is the anisotropy of the optical
polarizability per unit volume of solute."* The orientation function @(k) describes the degree
of orientation of the solute induced by the applied electric field. Therefore, the electrical
parameters such as the magnitude and kind of electric dipole moments can be estimated from

the field dependence of An with the theoretical orientation function (cf. Figure 11-2-1). Details

on the orientation function will be given in Chapter IV. The optical phase retardation &,
detected in RPEB measurement, is related to 4n by 4n = A8/2nd, where d is the optical path
length of a Kerr cell (cf. Figure 11-2-2)."?

When the reversing-pulse electric field is used as the external applied electric field, the
response signal shows the various patterns depending on the kind of electric dipole moment
of solute. Figure II-2-3 shows the behavior of solutes with various electric dipole moments
under the reversing-pulse electric field. Solutes shown by each symbol in Figure II-2-3
possess the following electric dipole moments; (1) the instantaneously field-induced electric
dipole moment(ellipsoid), for which the electronic polarizability is responsible, (2) permanent
dipole moment (thick arrow), and (3) the electric dipole moment induced in a finite time
(rectangle), which is caused by ionic polarizability. When the electric field is applied to
solution, the solute having the electrical anisotropy is oriented to the direction of electric field
and the orientation of solute reaches to the steady state. When the polarity of electric field

is reversed, some different behaviors are observed by each electric dipole moment. (1) Solute
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(a)E=0 (b)E=+F

(c,e) Steady state \ i

Rotational
Relaxation

Figure II-2-3. Behavior of solutes with various electric moments against reversing-pulse electric field. Arrow
shows solutes with permanent dipole moment. Ellipse displays solutes with instantaneously induced dipole

moment (time independence). Rectangle presents solutes with time-dependent induced dipole moment.

itself 1s not moved by the electric field because the direction of electric dipole moment can
be instantaneously reversed."” (2) Since the configuration of solute is responsible for the
permanent dipole moment, the solute as such rotates with inversion of the polarity of the
electric field."* (3) Solute itself starts to rotate as soon as the polarity of electric field
changes. Since this induced dipole moment possesses a finite relaxation time, the direction
of this moment reverses and the rotation of the particle is restrained."* After that, all of
solutes reach to the steady state. When the electric field is instantaneously removed, the
solute displays the rotational relaxation phenomenon. Figure 1I-2-4 shows the typical response
signals of solute with the dipole moments (1), (2), and (3), respectively. The signal of solute-
(1) has no change in reverse region (cf. Figure I1-2-4b) because of instantaneous inverse of
the direction of the induced dipole moment."* The signals of solute-(2) and -(3) have a dip
in the reverse region (cf. Figure 1I-2-4c¢, d). The dip of signal (c) is very deep and approaches
to baseline. This behavior indicates that the solute rotates with reversing the polarity of

electric pulse field."” In Figure 11-2-4d, the dip is shallower than that of (¢), indicating the

11
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() :

Figure II-2-4. Typical response signals of solute with various electric moments to reversing electric pulse. (a)
Schematic reversing electric pulse and (b—d) responding signals.

2

presence of the electric dipole moment induced in a finite time."* The field-off signals are
expressed by exponential curves."” Details on the field-off signals will be given in Chapter

1v.
EB measurement with reversing-pulse electric field gives electrical properties of solutes.
In practice, solutes possess a few kinds of electric dipole moment. Therefore, some theory

is necessary for extracting independently each electric dipole moment. These theories will be

given in Chapter IV .
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— Chapter Ill. —

Instrumentation

N Introduction

The apparatus for the electric birefringence measurement is constructed of two parts, 1.e.,
optical and electrical systems.' The optical system consists of sample cell, to which the
electric field can be applied, and detector.! The electrical system is constituted of the electric
pulse generator applying the electric pulse field to the sample.! These parts are controlled
by the personal computer.*® In the electric pulse generator, an ideal electric field pulse should
satisfy the following conditions: (1) the production of a wide and continuously variable pulse
voltage, (2) the short time constants for an output electric field pulse at buildup, reverse, and
decay, (3) the continuously variable pulse duration over a wide time scale, (4) the application
of an electric field pulse to high-conductivity samples, and (5) the easy generation of a
reversing-electric pulse form. The electrooptical measurement is often performed on an
apparatus which fulfills only some of the above-mentioned conditions. The switching of
electric pulses is usually achieved by vacuum tubes in a reversing-pulse generator.” This
apparatus 1s quite effective for the output of the high-voltage electric pulse but practically
ineffective for the low-output voltage electric pulse.

It 1s difficult to produce a well-defined short-width field pulse with a vacuum-tube pulse
generator.” The transient signal from a sample solution involving particles of small
hydrodynamic size is always influenced by the instrumental time constant of comparable
magnitudes. Moreover, the pulse field results in sagging, when a long-width field pulse is
applied; this is a severe drawback for measuring the large-size particles. The single-square
wave line-pulse generator® can deliver a field pulse with a short time constant to the sample,
suitable for the high-field short-duration pulse, and can be applied to samples having a high-
conductivity. However, the line pulser as well as vacuum-tube pulser is not convenient for
the long-duration reversing pulse for the measurement of large particles such as clays and
biocolloids, because an extremely low-field strength and long-width field pulse must be
employed to measure the transient electrooptical effect, which is often saturated in the low
field region (< 1 kV/ecm).”® Therefore, a new reversing-pulse generator, which field effect

transistor is used, should be designed to be applicable for large-size particles in aqueous
media.’ In this Chapter, the RPEB measurement apparatus will be introduced together with

the newly constructed reversing pulse generator.
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111 2. Optical System

Figure III-2-1 shows the block diagram of optical system of RPEB instrument. An NEC
GLG5350 5SmW He-Ne gas laser is used as the light source. The polarization plane of the
incident light beam is oriented at 45° relative to the direction of the applied electric field by
a polarizer. The elliptically polarized light generated by a sample solution passes through a
quartz quarter-wave plate and an analyzer, to a Hamamatsu R1398 head-on type
photomultiplier. The photoelectric current is amplified by an operation amplifier and detected
with a digital TCDE-4000 two-channel wave memory (Riken Denshi Co., Tokyo). The signals
are accumulated and stored in a microcomputer. Kerr cell with electrodes, which are made
of stainless steel, is a cylindrical and demountable type.> The optical path length is 4 cm and
the electrode gap is 0.443 cm, allowing us to detect a weak signal at extremely low fields.

The detailed description of the optical system is given elsewhere.'”

Shutter Beam Expander
\l/ \\ 74 A/4 Plate
Kerr
He-Ne Laser Cell Photomultiplier [

3

/I\ Polarizer /N Analyzer

Pin Hole
From Shutter Controller
WV
From Reversing-Pulse Generator To Wave Memory

Figure III-2-1. Block diagram of optical system of reversing-pulse electric birefringence apparatus.
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I1L. 3. Reversing-Pulse Generator

Figure I1I-3-1 shows the block diagram of a newly constructed reversing-pulse generator.

> o P P |
PG A R

» DA(-) 9 DU(-) |

I HV(+/-)

\A 4

Trigger-in to Kerr Cell

Figure ITI-3-1. Block diagram of newly constructed reversing-pulse generator. PG, pulse generator; DA, driver
amplifier; DU, discharge unit; R, load resistor. (+) and (-) indicate the circuits for producing either positive

or negative voltage pulse. (+) is used for producing a single square-wave voltage pulse.

A pulse generator (hereafter abbreviated as PG), whose pulse duration is variable from 10 ps
to 1.2 s, generates an output single rectangular-voltage pulse (+ 5 V), which is then fed to a
driver amplifier (hereafter abbreviated as DA) circuit. This DA circuit reshapes the voltage
pulse to shorten the time constants of buildup and decay for driving the final discharge unit
(hereafter abbreviated as DU). A Hitachi 2SK 534 field effect transistor (hereafter abbreviated
as MOS-FET: maximum endurable voltage 800 V and electric-current SA) in DU i1s driven by
an output single rectangular pulse from DA. The DU generates a high-voltage single square
pulse at the same voltage, as supplied from the DC stationary-voltage power supply (hereafter
abbreviated as HV). This new reversing-pulse generator can generate not only a single
rectangular-voltage pulse but also a reversing-voltage pulse, with an instantaneous polarity
reversal. The reversing pulse is generated as follows. The PG generates two independent
single-rectangular voltage pulses of the same polarity, in which the second output single-
square voltage pulse fed to DA(-) is delayed exactly by the pulse duration of the first and
generated. This two voltage pulses are fed to the DA(+) and DA(-) and are transformed to
voltage pulses with different polarities in the DU(+) and DU(-). The output voltage pulses
with different polarities are combined at a load resistor (R;) to deliver a reversing voltage

16



pulse to the Kerr Cell.

+5V +VCc +Vcc +Vcc
0.1
| , Ik I = L = |33
IWV + A = 10k N
51 = v 3 ﬁ{ , /
— % T1 47k
| d . T3 '_ I'l
' B = % l':]

g
H

— {12
HP 6N137 — o1
. Na W5
— ——

C

Figure III-3-2. Drver amplifier circuit. Element B photocupler HP 6N137 separates circuit A from the
remaining circuit C electrically. Two identical units are needed for generating a reversing pulse of opposite
polarities. d, diode; pd, photodiode; T, transistor (T1, SA1160; T2, SC1815; T3, SC2500); zd, Zener diode.

The resistance 1s in Q, unless otherwise stated. The capacity is in microfarads, unless otherwise stated.

Figure I1I-3-2 shows the detailed circuitry of DA. An input voltage pulse (+ 5 V) is
electrically isolated from PG by element B, a photocoupler (HP 6N137), to shut out electric
noise from PG entering the DA unit for stable high-speed response. The rectangular voltage
pulse 1s amplified and reshaped, and the rectangular output pulse with a magnitude higher than
+ 10 or = 10 volts is produced for driving DU. Figure III-3-3 shows the detailed circuitry of
DU. The HV always supplies the high voltage to the drain (D of Figure III-3-3) of MOS-
FET. When a driver pulse from DA is fed to the gate (G of Figure I1I-3-3) of MOS-FET, the
rectangular pulse, which had the same voltage as that of HV, supplies to R, from the source
(S of Figure I1I-3-3) of MOS-FET.

17



HV(+) or RL(-)

MOS-FET

0.1 \ 2
L (=
LA

d =
dx § — 200

2V,
25V b el 2d
0pF T+ o1

e

M
\/

GND
— HV(-) or RL(+)

Figure III-3-3. MOS-FET is used as a switching element. When a single square-wave pulse is produced from
this pulse generator, the (+) unit is used (HV(+)—R(+) in combination). When the reversing pulse 1s produced
from this pulse generator, two discharge units must be used simultaneously (HV(+)—R (+) and HV(-)—R(-)
in combinations). A Kerr cell is connected parallel to R;. HV: the high-voltage direct-current power supply.
d, diode; pd, photodiode; T, transistor (T1, SA1160; T2, SC1815; T3, SC2500); zd, Zener diode. The resistance

1s in Q, unless otherwise stated. The capacity is in microfarads, unless otherwise stated.
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111 4. Characterization of Reversing-Pulse Generator

Characterizations between this new reversing-pulse generator and our previous reversing-
pulse generator with vacuum tubes as the switching element are compared in Table I11-4-1.
The time constants of the new reversing-pulse generator are reduced to about 1/3—1/10 of
those of the previous one, because the responses of the DA circuit and DU unit with MOS-
FET as the switching element are improved. This new reversing-pulse generator may be
utilized to evaluate the electrooptical and hydrodynamic parameters and the structure of
smaller macromolecules, for instance, short DNA, protein, and the protein-nucleic acid
complexes in ionic solution, because of the stable electric pulse with short time constants.
The new generator can deliver a field pulse width variable up to 1.2 s, which makes the
maximum pulse duration four hundred times longer, as compared with the previous one,
although 1t can apply only low-field strength pulse (up to ca. 1/7 of the previous one) to a
sample solution because of the low voltage tolerance of the present MOS-FET. Therefore, the
new reversing-pulse generator can also be utilized for larger colloidal particles, e.g., clay and
bacteria. The DU circuitry with MOS-FET can deliver a stable electric pulse to a sample
solution with high conductivity (up to 0.2 moldm™ NaCl and/or MgCl,) or under the
physiological condition (0.15 moldm™ NaCl solution). When such a long pulse is applied to
a high-conductivity sample, however, the temperature jump probably occurs unavoidably due
to the Joule heat. When a reversing pulse is applied, it is possible to deliberately change a
pulse duration as well as a field strength of the first relative to the second pulse, because each

circuitry can independently generate these two pulses.

Table III-4-1. Comparison Between New and Old Reversing-Pulse Generators

Pulse shape voltage duration Time constant Is
ty" / ns ta/ 1S Ly LS
New Single-square  5—300V 10pus—1s 150 — 50 02
Reversing 5—200V 10ps—1s 150 150 50 502
old"  Single-square 300V —6kV 10us—10ms 400 - 600 0—0.01
Reversing 300V —6kV 10pus—10ms 400 800 600 0—0.01

*) lonic strength.
a, b, and ¢) The time constants of the buildup, reverse, and decay part, respectively.

T) Details of the old reversing-pulse generator are described in ref 2.
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— Chapter 1IV. —
Theory

V.1, Introduction

Electrooptical method is useful to study the electrical, optical, and hydrodynamic properties

1-13 11,14-21

of the particles dispersed in solvent, such as biopolymers,' " polyelectrolytes, clays, %
and so on. The electric birefringence is very suitable for the study of dilute dispersed systems,
since this method is very sensitive to difference of properties of particles dispersed in media.
The RPEB transient signal gives an information on the kinds of electric dipole moment; the
field strength dependence of the steady-state electric birefringence gives the magnitude of
electric dipole moments and optical anisotropic factor of dispersed particles; and the

hydrodynamic size of particles dispersed in media 1s evaluated from the field-off signal (cf.
Chapter II). The theoretical development of RPEB for particlés dispersed in media was rather
slow, as compared with experimental applications. Especially, there are few theories for
disklike particles such as clay. These RPEB theories, however, are necessary for estimating
the electrooptic and hydrodynamic parameters of dispersed particles from experimental data.

In this study, two new theories were derived for disklike particle.
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Iv. 2. RPEB Transient Theory

The first theory for transient RPEB for dispersed particles and/or molecules was formulated
by Tinoco and Yamaoka more than three decades ago (hereafter abbreviated as TY theory).”
In TY theory, an ionized polymer possesses the following two electric dipole moments: (1)

permanent dipole moment (u), and (2) the electric polarizability anisotropy da' (= a'y; - a'},).
The latter results from the interaction of the external electric field with the electronic and/or

instantaneously-saturated (time-independent) polarizabilities of a macroion along the
longitudinal (&';;) and transverse (&',,) axes, which are responsible for the field-induced electric

moments.” The transient signal of this theory is expressed as follows.

AL - Angt) ] g( 0 )e'z"' " 1(0 - 2]e-69'
A ngy() 210 +1 210 + 1
= A nglt) e 3Q -20t _ - 60 1
a0 = A (Q + 1)(e e~ 68 (1)
- Anp(t) 1tk
Apt) —AnD(O) e

where O = %2y (B = uE/kT, y= Aa'E*/2kT) and @ is the rotational diffusion coefficient of
particle.®® Figure IV-2-1 shows RPEB transient theoretical curves obtained from eq 1. This
theory gives the theoretical curves of various patterns. Therefore, this TY theory has been
applied to analyze the various RPEB transient signals experimentally obtained. Based on the
original TY theory, some RPEB transient theories have been proposed by various workers. '
No complete theory, however, is yet available that may predict the RPEB transient signal of
an arbitrarily shaped molecule in media.

Recently, a new theory on RPEB was developed by Szabo ef al. for a rodlike macroions.*
This (SHE) theory is new in that field orientation is solely based on the distortion of ion-
atmosphere around a cylindrically symmetric polyion molecule, and that the coupling between
the rotational and i1on-atmosphere dynamics is taken into account. The SHE theory was
applied to interpret a small minimum appearing in a RPEB signal of restriction-enzyme
fragmented DNA on the field reversal. A feature of this theory is distinct from previous
ones,”***! in which the relaxation time resulting from the fluctuation of counterions in the
surrounding ion-atmosphere is considered, in addition to the rotational relaxation time due to

the whole molecule. According to Oosawa's ion-fluctuation theory,” this relaxation time is

independent of the application of a weak external electric field.
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Figure IV-2-1. Theoretical RPEB curves calculated on the basis of the classical orientation mechanism.
Parameters, B%2y, of each theoretical curve are -0.5, -0.2, 0 (induced dipole orientation), 0.5, 1, 5, e (permanent

dipole orientation), -2, -5 from the top.

We add the intrinsic polarizability anisotropy of a macroion to the SHE theory, and derive
new RPEB transient theory. In this section, newly derived RPEB transient theory and its
application to the measured signal of montmorillonite suspended in aqueous media will be
described.

IV. 2. 1. Potential

Let us consider a cylindrically symmetric macroion molecule, for which the symmetry axis
is designated as the 3 axis and the perpendicular axis as the | (= 2) axis. A macroion solution
is so dilute that any interactions between macroions are negligible. Based on the coupled
rotational and ion-atmosphere dynamics,’” the total potential W of the macroion experienced
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by an external pulsed electric field £(f) may be given as follows:

n*ed; E(t)*
# T—3 - ned,E(t)cosb - 2) (oc;/33 - afl)cose (2)

W,8,Ax’)
LE!

where @ i1s the angle between the electric field direction and the longitudinal axis of the
macroion; &, is the instantaneous displacement between the centers of the charge distribution
of the macroion and the ion-atmosphere along the longitudinal (symmetry or 3) axis of the
macroion, &, (= n’e’<8,”>/kT) is the ion-atmosphere polarizability of the macroion responsible
for the electric moment m, (= ned;) due to the ion-fluctuation; » is the number of ionized
groups on the macroion; e is the elementary charge; & is the Boltzmann constant; 7" is the
absolute temperature. It should be noted here that an attempt was made to solve the
generalized diffusion equation, which incorporates the ion-atmosphere distortions along the
longitudinal and transverse axes,** but no solution was derived in an analytic form because of
the 6,E(f)sin@ term was involved in the potential W, In the present treatment, therefore, only
the parallel distortion is considered (m, = 0) (hereafter m, i1s denoted simply as m).

While the first two terms in eq 2 were introduced in the original formalism by Szabo ef
al * the third term is newly added in this work, by considering the contribution of the
intrinsic polarizability of a macroion to field orientation ***"**

IV. 2. 2. Diffusion Equation in Onenting Field
Let the joint probability distribution function be given as f(x, y, 1), where y = (m*/2 a;kT)"?

and x = cos 0. Then, the rotational diffusion equation under orienting field is given as™

3 e L 1w
gtf(x,)’,t) " aX[(l X )(ax kT a )f(x y)t)

n’e? polfo , 1ow
Sk gy ol
2a kT Top\oy kT oy

(3)
(x,y,t)]

where @ is the rotary diffusion coefficient of the whole molecule around the transverse axis
with the rotational relaxation time 7, (= 1/6@), W is the potential in eq 2, D, is the translational
diffusion coefficient of the ion-atmosphere along the symmetry axis and equivalent to the
relaxation time 7, (= a,k7/n’e’D,). According to Szabo ef al.,” the joint distribution function
is expanded in a series of the product of the Legendre P (x) and Hermete /(y) polynomials

as
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Substituting eqs 2 and 4 in eq 3 and neglecting the terms higher than £(¢)°, eq 3 is solved.
Then, the initial conditions for the buildup process of the birefringence are a,,(0)= 0 and a,,(0)
= 0, and for the reverse process, a,,(0) = = a,,() and a,,(0) = a,,().

IV. 2. 3. RPEB Expressions in the Ken-Law Region

The time-dependent electric birefringence, An(r), is explicitly given as

An(t) = ZnCV(%J@z[cosG(t)D
i (5)
= [ d8 [sinBd6 P,(cos)A(5,6,1)
® 0

This equation was calculated with a single coefficient for the low-field region (up to £° terms),

where Kerr law holds

(P, lcosB(1)]) = %am(t) (6)

The normalized birefringence for the buildup process 4g(7) is given as

Agt) = 1 —[1 +( i ]( 4 )}e'w' +( s J( g )e‘(%*ff')' (7)
1 401, )\q + 1 1 401, )\g + 1

Similarly, the normalized birefringence for the reverse process 4y(7) is given as

1201, q e - (20 + ') ,
At) = 1- Fis ' (8)
() (1 _4@11]((1 % 1)[8 e ]

Finally, the normalized birefringence for the field-off decay process 4,(7) is given as

AD(t) X L (9)

where ¢ = a,/Aa'.

Equations 7 and 8 derived here for the buildup and reverse processes now contain additional
terms, which were not present in the SHE formulas and originate from the intrinsic
polarizability anisotropy A &', i.e., g-terms. If no field-induced electric moment is present, i.e.,
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Aa'1s zero, then ¢/(q + 1) = 1. In this case, eqs 7 and 8 reduce exactly to those derived by
Szabo er al.** Since ¢ is the ratio of the ion-fluctuation polarizability to the field-induced
polarizability anisotropy, a value of ¢ can be either positive, zero, or negative. Thus, the
versatility of eqs 7 and 8 is evident (vide post).

In the Kerr-law region, the steady-state electric birefringence An(r + ) is given from eqs 5

E2
15

where <m*> (= n*e’<$*>) is the mean-squared electric dipole moment due to ion-fluctuation

and 6 as

(m?) A Ao’

10
e s

An(t-=) =n -n, = 2nCV(§)
n

along the symmetry axis. The first term in the brackets of eq 10 results from the SHE theory,
while the second term originates from the present theory, which newly includes the
polarizability anisotropy A4 @' in eq 2. Since the sign of 4 @' may be either positive or negative,
the quantity in the brackets can possibly be negative; hence, the sign of the steady-state
birefringence An could be either positive or negative, even if the reduced optical anisotropy
factor (Ag/n) 1s, say, positive. For this case, however, the SHE theory always predicts only
the positive sign for An. Thus, eq 10 can be applied not only to a prolate but also to an oblate
ellipsoid model.”** Thus, the versatility of the present theory is evident.
IV. 2. 4. Theoretical Curves of Newly Denived Theory

Figure IV-2-2 shows theoretical RPEB curves calculated from eqs 7 and 8 with the
parameter of g at a fixed 7" (=7,/7,) of unity and plotted against the reduced time 6@z. At g =
0, which corresponds to a; = 0, the field orientation is due only to intrinsic polarizability. The
curve rises smoothly with no inflection, showing no change upon field reversal, and it decays
exponentially upon field removal. As values of ¢ increase, a minimum appears in the reverse
process. At g = oor Aa' =0, which corresponds to the Szabo et al. case,” the initial buildup
curve rises tangentially with an inflection, and the reverse shows a moderate minimum. The
most interesting feature associated with the present theory is the appearance of a deep
minimum not only in the reverse but also in the buildup at a certain range of ¢ in such that
the minima often cross the base line (horizontal dashed line). These minima are extremely
deep, as ¢ values approach —1. Clearly, the present theory can deal with a variety of observed
RPEB curves, whereas the SHE theory can possibly give rise to a single curve for the case
q= oo

Figure IV-2-3 shows theoretical RPEB curves for negative value of ¢ in the —1<¢<0 range.
According to the present theory, the curves should show large humps each in the buildup and
reverse process. The hump in the buildup becomes less distinct than that in the reverse, as
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Figure IV-2-2. Theoretical RPEB curves calculated on the basis of eqs 7—9 with various values for the
parameter g at a constant T of unity. This case is the disk-shaped model in which dips appear in the build and
reverse processes. The ordinate is the normalized birefringence An(r)/ An(). The abscissa is the reduced time
60t. ¢ values are 0, 0.5, 5, o (broken line), -3, -2, -1.5, -1.3, -1.1 from the top. Broken line curve corresponds

to the one obtained by the original SHE theory.
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An(t)/An()

60t

Figure IV-2-3. Theoretical RPEB curves calculated on the basis of eqs 7—9 with various values for the

parameter g at a constant 7" of unity. This case is the disk-shaped model in which humps appear in the buildup

and reverse processes. g values are -0.9, -0.8, -0.7, -0.5, -0.3, 0 from the top. Other notations are all the same

as those in Figure 1V-2-2.

¢ values approach 0 form the negative side. This appearance of two humps in RPEB curves
is a new feature associated with the present extended theory.

Figure IV-2-4 shows another case of RPEB curves in which the parameter T~ was varied at
a fixed ¢ value of unity. Theoretical curves indicate that no minimum appears in the reverse
if the ion-atmosphere relaxation time is very fast, as compared with the overall molecular
rotational relaxation (7'=0). The buildup signal rises more slowly, if the two relaxation times

become comparable, with a deep minimum appearing in the reverse. According to Oosawa's
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Figure IV-2-4. Theoretical RPEB curves calculated on the basis of eqs 7—9 with various values for the
parameter 7 at a constant g of unity. This case is the cylinder-shaped model in which a dip appears only in the
reverse process. 7 values are O (broken line), 0.5, 1, 2, 3, 5, 10, « (broken line) from the top. Broken line

curves correspond to those already obtained by the original TY theory. Other notations are all the same as those

in Figure [V-2-2.

ion-fluctuation theory, the relaxation time t, for the distortion of 1on-atmosphere may be very
fast (1, = 0) or very slow (1, = =) in the limiting case. Hence, the electric dipole moment m

conceptually reduces either to a classical electronic or instantaneously induced ionic dipole
moment Aa'E (7" = 0) or to the permanent dipole moment 4 (t" = «). In these cases, RPEB

expressions 7 and 8 reduce to
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for ° = e In Figure IV-2-4, no minimum appears in the reverse signal at 7° = 0 (eq 11),
whereas the minimum becomes most distinct at 7 = « (eq 12).

Earlier Tinoco and Yamaoka formulated a RPEB theory for the permanent and electronically
induced dipole moment (B, y-mixed dipole) orientation of nonionic polymers.” It should be
noted that eqs 11 and 12 are identical with their expressions (eq 1), if the parameter ¢ is
formally replaced by another parameter Q that is equal to the ratio of the two moments, i.e.,
Q=P 2y=u’lkTAa'* Since g =<m*>/kT A e, the equality ¢ = Q should hold, provided that
the ion-fluctuation moment with infinitely long relaxation time, <m*>'? is considered as the
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classical permanent dipole moment ux.**** Expression 12 further reduces to the case for the

pure permanent dipole moment orientation, if ¢ = = ie, Aa' = 0or Aa' « a,.** Hence, the
present theory clearly includes both the TY and SHE theories for the classical nonionic
orientation mechanism.

It is useful to summarize explicitly the conditions, under which the characteristic features

appear in the buildup and reverse processes of theoretical curves as shown in Figures IV-2-2

and -3, provided that 1 - 467, # 0 (cf. Table IV-3-1).

Table IV-3-1. Characteristic Features in the buildup and reverse processes

of theoretical curves

Features Buildup Reverse
Minimum q < -1 qg>0,q9<-1
Hump -1<¢g<0 -1<¢g<0
Monotonic rise et R R, T
No change @~ L. g=0
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IV. 2. 5. Companison with experimental RPEB signal

Figure IV-2-5 shows curve-fitting of an experimental RPEB signal of montmorillonite
particles with the sodium counterion dispersed in aqueous medium to a theoretical curve
calculated from eqs 7—9. This montmorillonite (K10) sample, purchased from Aldrich
Chemical Co., was suspended in distilled water and then settled on standing. The supernatant
was recovered and subjected for sonication at 0°C for 40 min at a power level of 200W (20
kHz). The counterion of the clay particle was converted solely to sodium ion by dialysis.
Details of the preparation and characterization of sample solutions are given elsewhere.”
RPEB measurements were performed at 25°C and 633 nm on a laser RPEB instrument, which
was constructed in our laboratory and described in detail in combination with a newly
constructed reversing-pulse generator system (cf. Chapter III.). Measured at a very weak field
of 30 V/cm, where the Kerr law holds, the observed signal exhibits a minimum in the buildup
process and a much deeper second minimum in the reverse. This is a unique feature that was
noted for negative ¢ values in Figure IV-2-2. The experimental curve of the decay process was
first analyzed with eq 9 to evaluate the rotational relaxation time g, and then the buildup and
reverse processes were fitted by adjusting the parameters ¢ and t". The best-fitted curve is
shown with solid lines in Figure IV-2-5, for which the parameters are ¢ = -1.43 and ¢ = 1.46
(r; =35 ms and 75 = 1/6@ = 24 ms).

Both observed and calculated RPEB curves agree quite well. A negative ¢ value means a
negative 4 @' value, which in turn indicates that the intrinsic polarizability perpendicular to the
symmetry axis, 1.e., &';,, is larger than the one parallel to the axis, @';;. Thus, the shape of
montmorillonite particle should indeed be disklike rather than cylindrical.*® As judged from
7 value, the relaxation time of the disklike particle. Thus, the electric dipole moment <m*>'?,
which contributes to the field orientation, does not behave like a permanent dipole ux. It
should result from the ion-fluctuation along the symmetry axis, contrary to the original
suggestion that a bentonite particle possesses the permanent dipole moment.” In order to rule
out this notion further, the broken lines in Figure IV-2-5 were calculated from eq 12 by setting
g =0 and 7 = o for field orientation due solely to the permanent dipole moment u. This

disagreement between observed and calculated curves is obvious in this case.
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Figure IV-2-5. Experimentally obtained low-field RPEB signal at 30 V/cm for montmorillonite suspended in
aqueous medium with sodium ions at 25 °C and the best-fitting theoretical curves for the present theory (solid
line) and the TY theory (broken line ) with the observed relaxation time 7, of 24 ms, which was evaluated from

the decay signal. Parameters used for fitting, ¢ = -1.43 and 7, = 35 ms (sold line) and ¢ = -1.95 and 7, = «

(broken line). The sampling time between two successive points in observed signal is 0.2 ms. The sign of J()

1s negative.
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Vads Onentation Function

The field orientation behavior of dispersed particles can be described by theoretical
orientation functions, in which the variables are the interaction energy terms between electric
dipole moments and applied field strength. Once an appropriate orientation function is derived
theoretically, the steady-state electric birefringence (or the electric linear dichroism) of
dispersed particles may be calculated. Thus, a comparison between the experimental and
5-7,13,14,23,34 NO

theoretical results makes it possible to evaluate the electrooptic properties.

complete theory 1s yet available that may predict the orientation behavior of an arbitrarily
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Figure IV-3-1. Theoretical orientation function curves calculated on the basis of classical orientation mechanism.
Parameters, /2 y, of each theoretical curve are 0 (induced dipole orientation for rodlike model), 1, 2, 5, 10, 50,

100, e (permanent dipole orientation), -5, -2, -1, -0 (induced dipole orientation for disklike model) from the top.
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shaped molecule in aqueous solution. The so-called classical orientation function was first
derived by O'Konski ef al** for an axial symmetric rodlike model and by Shah® for an axial
symmetric disklike model. In this model, two types of electric moments have so far been
considered: (1) the intrinsic permanent electric dipole moment (u), for which the structure is
responsible, and (i1) the instantaneously field-induced covalent dipole moment (m,), which
results from the electronic and/or atomic polarizability anisotropy (4 &). Figure [V-3-1 shows
theoretical curves of the classical orientation function. When the parameter /2y, which is

the ratio between ux and m,, is positive, a particle is rodlike shape. In B°/2y < 0, a particle

el>

is disklike shape. All theoretical curves of classical orientation function approach 1.0 (rodlike
model, B°/2y >0) or 0.5 (disklike model, %2y < 0) with increasing field strengths, but in
different fashions, depending on the parameters, f */2y.

Recently, the orientation function, based on the permanent dipole, saturable and unsaturable
induced dipole moment mechanism (PD-SUSID), was derived by Yamaoka ef al. for an axial

1" 1In this model, a particle is considered to possess three electric

symmetric rodlike mode
moments: (1) the longitudinal permanent dipole moment (x) along the symmetric axis of the
particle, (11) the saturable induced 1onic dipole moment (m ), and (i11) the unsaturable induced
dipole moment (m,) on the symmetric and transverse axes of the particle. The moment m_ is
saturated at a certain field strength, 1.e., the critical field strength (£;). The m, remains
unsaturated over the range of measured field strength. In contrast with the progress for rodlike
polymers, the orientation function has seldom been advanced for axially symmetric disklike
particles. The so-called classical orientation function, derived by Shah,” is the only one
available at present. It should be pointed out, however, that no orientation function based on
the PD-SUSID orientation mechanism has yet been derived for the disklike particle.

We extended the PD-SUSID orientation function previously derived for axially symmetric
rodlike polymers to axially disklike particles. In this section, the behavior of this new
theoretical orientation function was shown graphically by plotting it against field strength, with
an emphasis that the curves display some features characteristic of disklike particle, not
observed in the previous cases. Furthermore, usefulness of the present theory was
demonstrated by comparing the field strength dependence of steady-state electric birefringence
between the theoretical curves and the experimental data of montmorillonite dispersion.
IV.3. 1. Electric Moments.

In order to extended the PD-SUSID orientation mechanism to axially symmetric disklike
particle, totally three electric moments are assumed, as shown in Figure IV-3-2. The particle
may possess the permanent electric dipole moment u, the covalent and/or ionic polarizability
anisotropy Aa' (=a'y; — &',,), where the subscriptions 33 and 11 indicate the directions of
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Figure IV-3-2. Dependence of electric dipole moments on applied external field strength E (a) and typical
transient electric birefringence signal (b). u is the electric permanent dipole moment, m, the saturable induced
dipole moment, m, the unsaturable induced dipole moment, E, the critical field strength, and m, the sum of

electric moments. The arrow in (b) indicates the steady state.

symmetric axis (3) and of transverse axis (1) of the disk, responsible for the unsaturated
induced dipole moment (m, (= 4 'E)), which is instantaneously induced by an external electric
field (£), and the ionic polarizability anisotropy 4 ¢ (=0,; — 0,,) responsible for the saturable
induced ionic dipole moment (m, (= 4 F)), which is induced in a finite time and saturated to
be AoF, at an electric field strength £, This field strength [, is called the critical field
strength, and at any higher field strengths, the moment apparently behaves like the permanent
electric dipole moment. After saturation at £, the transverse polarizability ¢, contributes
negligibly, because the o,, cancels out everywhere on the disk surface because of the

longitudinal component g,, becomes dominant. The most important feature, introduced into
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the instantaneously time-independent induced dipole moment m, 1s that this moment should
always be negative. Namely, a particle i1s more polarizable on its plane surface than out of
the plane. In the presence of the applied field, the total electric moments (m,) of the particle

are given as

m =pn + Ad’E + AGE, 0<Ecx<E, (13)
and
m =u + Ae’E + AcE, E : E, (14)

The field orientation of a disklike molecule (or particle) in aqueous media occurs due to the

interaction between m, and £, for which the interaction energy is given as

W=-uE - ~;—(Aoc’ + Ao)E?, 0 < E <E, (15)
and
W=-uE - AGEE, - LaaE? 1A0E02, E:E, (16)
2 2

IV. 3. 2. Onentation Function.

The following parameters are introduced:

E ., AGEE .2 _ AGE? A o E?
_I’l_,ps:QYOE: Oap_YoEz v i >
kT kT 2kT 2ET 17)
b  AcEy | E
Yg = — = ; = —, u = cos®
4p  2kT E,

where Aa" = a',, - a'y;=-A ' (20), k is the Boltzmann constant, 7 is the absolute temperature,
and 0 is the angle between the symmetry axis of a particle and the direction of applied field.
The energy term (W) must be specified by the relative magnitude between £, and £ therefore,
two cases must be considered separately, i.e., £ 2 1 and £ < 1. |

ILE, < E(E" > 1), i.e., the saturated induced dipole moment is saturated at /. In this case,

W must be subdivided into three terms (cf. Eqs 15 and 16):
(1) if - E <Ecos 6 < - E,
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W, = - (b - AcE)Ecosf + 2Aoc”E200526 + %AoE (18)

(i) if - E, < E cos 0 < + E,,

W, = - pEcosd + —;—(Aa” - Ao)E%cos’® (19)
(iil) if + E, < E cos @ < + E,
W, = - (4 + AcE)Ecos® + 2Aa”EchSZG B %AOE (20)

The orientation function @ contains either four (B, p,, p, ¥") or three (B, p, ¥") variables and 1s

given as
f uZe "Iy :
(B, p,ps1") = 27Tkrdu -2
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where erf (x) = [ exp(-1*)dt and F (x) = [;* exp(¢*)dt.
Il £, 2 E (E" < 1), i.e., the saturated induced dipole moment is unsaturated at any measurable

electric fields. In this case, W is given over the entire range of field as

W = - pEcosO + —;-(Aa” - Ag)E*cos®0 (30)

Two cases must be considered here, because (y" - p) can be either positive or negative. The

orientation function is given as
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Equation 32 is reduced to the classical orientation function, derived by Shah,* if p = 0,
whereas eq 33 corresponds to the classical orientation function, derived by O'Konski er. al.
for rodlike particle,’ if p = 0. The SUSID orientation function may be derived easily for
disklike particle which possesses no permanent dipole moment, if f is set zero in eqs 18—33.
IV.3.3. General Behavior of PD-SUSID Onientation Function.

In Figure 1V-3-3, some theoretical curves, calculated from eqs. 21, 32, and 33, are plotted

against (B° + p,> + y"), which is proportional to the second power of field strength. The
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Figure IV-3-3. PD-SUSID orientation function for disklike particles, &(f, p,, p, ") (solid lines). (a) */2y" =
0,p2¢"=0.5. (b) B*2y" =0, p2y" =4.0. (c) p2y" = 1.0, p,/2y" = 4.0. Numerals in each figure denote
values of y,, unless otherwise stated. The so-called classical orientation function, D( B, ), for the rodlike model
(thin solid line) with a positive $%/2 y and for the disklike model (thin broken line) with negative B*2y. (a) B2y
= 0.5, (b) B¥2y = £4.0; (c) p*2y = £5.0.
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parameters f */2y" and p,/2y" are the same as those used for the PD-SUSID orientation
function for rodlike particles."" Each parameter represents the relative magnitude of three
assumed electric moments and depends on the kind of a dispersed particle and its shape. Two
particular cases of $°/2y" = 0 and 1.0 were plotted in Figure 1V-3-3, where a series of curves
were calculated by varying another important parameter y,. The classical orientation functions
of O'Konski er. al. (thin solid lines)** and of Shah (thin broken lines), @(fB, y), at a
corresponding f%/2y" value were also shown for comparison. The following three points
became clear from Figure IV-3-3a—c. (1) All PD-SUSID curves for disklike particle approach
-0.5 with increasing field strengths, but in different fashions, depending on the parameters.
This behavior 1s markedly different from the case of the classical orientation functions for
rodlike particle, all of which approach unity. (2) The PD-SUSID curves for disklike particle
are associated with or without a maximum. Such curves are also obtained from the classical
orientation function derived by Shah, only if 4 # 0; i.e, the permanent dipole moment is
present. On the other hand, this feature is noticeable in the PD-SUSID curves for disklike
particle, even if 4 = 0, 1.e.,, the moment is obtained for a small y, value. The reason for this
behavior is that m_ is already saturated in the low-field region and thereafter behaves like u.
(3) With increasing values of #°/2y" and/or p,’/2y" (Figure IV-3-3a—c¢), the magnitude of the
maximum increases, while the position shifts to higher-field side. In all cases, values of @ tend
to decrease monotonically with increasing y, value.

Figure IV-3-4 shows the PD-SUSID orientation function for disklike particle normalized by
the limiting low-field function (eq 37), for which m_ is not saturated yet. This type of plot
is very useful to analyze the experimental data with theoretical curves.” A few interesting
facts became clear from Figure IV-3-4. Some of the normalized theoretical curves decrease
monotonically with an increase in field strength, but others pass the maximum (Figure I'V-3-
4b, c), the position of which moves toward a higher field strength side and eventually
disappears with an increase in the y, (cf. Figure IV-3-4a—c). The condition for this behavior
is not so simple as to be specified in the present theory, since the PD-SUSID orientation
function for disklike particle contains three electric moments, which closely interplay with one

another.
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IV. 3. 4. Two Limiting Cases of Field Onentation.

Approximate equations may be derived both for the sufficiently high field region, where the
orientation of dispersed particles is about to be completed, and for the Kerr law region, where
the applied field 1s extremely low.

The Sufficiently High Field Region.

When the saturable induced dipole moment is already saturated at high fields (£ > ), eqs
21—29 may be expanded asymptotically as

O(B>1,p,>1,p>1,y">1) = 2 -1 (34)

B +p)-2¢" 2

It is interesting to note that eq 34 is closely related to the approximate formula, which was
derived for the PD-SUSID orientation function for rodlike particle at sufficiently high fields
(eq 12 of ref 14). The difference between these two expressions (eqs 14 and 12 (ref 14)) is
only the sign of the term containing the unsaturable induced dipole moment. Moreover, eq

34 reduces to the approximation derived for the SUSID orientation function at sufficiently high
field for the disklike particle without permanent dipole moment, by setting B =0. If £, is very

high (£ < E,), the saturable induced dipole moment cannot be saturated at any measurable field

strengths. In this case, eqs 32 and 33 may be expanded asymptotically as

d(P>1,p>1,y">1) = 3 -

1
Br2y’ - p) 2

(39)

where the minus sign corresponds to the case that (" - p) > 0, whereas the plus sign
corresponds to the case that (y" - p) < 0. When p =0, eq 35 corresponds to the approximate
expression of the classical orientation function for disklike particle ((y" = p) 2 0) and for the
rodlike model derived by O'Konski er. al. ((y" - p) < 0)* at sufficiently high field.

In order to evaluate the intrinsic electric birefringence ((dd™").) or intrinsic reduced dichroism
((A€l€),), values of & or A€/e observed over a wide range of field strength are usually plotted
against £ or £”' and extrapolated to the ordinate. Theoretical curvatures for this procedure
may be visualized in Figure IV-3-5, where @ is plotted against the parameter (8° + p,> £ 2¢")™’
(proportional to £7?), and in Figure IV-3-6, where @ is plotted against the parameter (8° + p,’
+£29")"% (proportional to £7'). In Figures IV-3-5 and 6, all theoretical curves approach either
rapidly or slowly but finally to —0.5 in the extremely high field region. Therefore, if

measurements can be carried out to such high fields that @(f, p,, p, ¥") = 10.3], the intrinsic
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29", Parameters used for calculation are the same as in Figure 1V-3-3.

value may be evaluated at high accuracy, by extrapolating observed values to high fields by
linear least squares method. Actually, it is impossible, however, to extend measurements to

sufficiently high fields. Hence, the extrapolation procedure should be carried out with the aid
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of the theoretical orientation function to evaluate the intrinsic birefringence.

The plots in Figures IV-3-5 and 6 have advantages as well as disadvantages. Each curve
in Figure IV-3-6 approaches —0.5 slowly, after passing through an inflection point. This result
indicates that, if attempts are made to evaluate an intrinsic value by visual linear extrapolation
of the experimental data in the medium-to-high field region, the value is undoubtedly
overestimated. In this linear extrapolation, the correct intrinsic value can possibly be obtained,
only if measurements are performed in such high fields as @(B, p,, p, ¥") 1s above |0.48]|.
Actually no measurement can be carried out at such sufficiently high fields. If observed
points are plotted against £ (cf. Figure IV-3-5), a linear extrapolation may yield a nearly
correct intrinsic value. In these plots, however, the experiments must be extended to cover
very high electric fields, otherwise, an erroneous intrinsic value results from extrapolation
because of an abrupt sign-inversion of @(/) with decreasing /% values. Therefore, the best
extrapolation procedure 1s the curve-fitting method with the aid of the theoretical orientation
function; this is particularly true for the disklike model.

The Extremely Low-Field Region.

If the saturable induced dipole moment is already saturated at a very low field strength (£
> E,), eqs 22—29 may be expanded to yield the low-field approximation. Equation 21 is

given as

i
P p* Ps 2y” 36
d(P<l,p<l,p<l,y’<l) 5 == + £ 4 .. & (36)
B dsn sl g lal) deoge teodivigion 952

On the other hand, if the saturable induced dipole moment is not saturated in the low-field

region (£ < E;), eqs 32 and 33 may be expanded as

2 7
S(B<lpcly’<l) x B F 2% p) (37)

where the minus sign corresponds to the case that (y" = p) 2 0, and the plus sign corresponds
to (7" - p) < 0. These expressions are proportional to /£°, and the PD-SUSID orientation
function for disklike particles should also contain the Kerr region at extremely low fields in

LM

the same manner as the function for the rodlike mode Equation 37 is identical to the

approximation derived by O'Konski er al.,** if (y" - p) < 0, and by Shah,” if (y" = p) 20,
provided that p is set to nil. On the other hand, eq 36 is complex; the first term is

proportional to £, but not to £°, while the following three terms are proportional to £°. These

results are in accord with a previous report of the PD-SUSID orientation function for rodlike
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* Therefore, if the saturable induced dipole moment is already saturated in the

particle.’
extremely low-field region, the field-strength dependence of the steady-state electric
birefringence (or electric dichroism) would show the non-Kerr-law behavior even at extremely
low fields. In fact, Yamaoka and Charney” and Yamaoka ef al.’ have already observed this
phenomenon (the steady-state electric birefringence is apparently proportional to £) with a

high-molecular-weight DNA sample. However, no such anomalous trend has yet been
observed for the disk-shaped particle. If B is set to zero, these equations all reduce to the
SUSID orientation function for disklike particle in the low-field region.

IV. 3. 5. Comparison with Experimental Data of Montmorillonite.

The PD-SUSID orientation function for disklike particle derived in the preceding sections
is now compared with the steady-state electric birefringence of montmorillonite dispersed in
an aqueous medium, which shows an anomalous behavior of the sign inversion in steady-state
electric birefringence in the low-field region.

Field Orientation of Montmorillonite.

Figure IV-3-7a shows the field-strength dependence of the steady-state electric birefringence
of montmorillonite particle dispersed in a 0.1 x 10 moldm ™~ NaCl aqueous medium. The

concentration of the dispersed sample was determined to be 0.227 gdm ™’ by measuring the dry

weight of a clay suspension. The preparation and characterization of this sample suspension
are described in Chapter V in detail. Electric birefringence measurements were performed at
25°C and 633 nm on a laser electric birefringence apparatus, which was constructed in our
laboratory, and the details are given in Chapter IIl. The sign of & values plotted against £
reverses from negative to positive at a low-field strength of £% of ca. 0.013 (kV/cm)® (cf. Insert
in Figure IV-3-7a) with a minimum at ca. 52 V/cm. This field dependence is characteristic
of the PD-SUSID curve for disklike particle under certain conditions. The agreement between
the experimental points and the theoretical curve (solid line in Figure IV-3-7a) is excellent
over the entire field region with a set of parameters $°/2y", p,*/27", and ¥, being chosen to be
0, 0.1, and 0.01, respectively. The case that #%2y" = 0 clearly indicates that the electric
permanent dipole moment x is nil and that the PD-SUSID reduces to the SUSID orientation
function for disklike particles. Thus, the montmorillonite particle possesses no permanent
dipole moment, contrary to the original idea by Shah.*® The best-fitted classical orientation
function of Shah (dotted line, B*/2y = -2) was compared in Figure IV-3-7. The agreement
between Shah's theoretical curve and the experimental data was not good, particularly in the
low field region. The curve fitted to experimental values shows the sign inversion at ca. 114

V/em with increasing field strengths, after the dd”' values reach a minimum at extremely low
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Figure IV-3-7. Field strength dependence of the steady-state electric birefringence of montmorillonite
suspension: (a) the optical phase retardation per path length d of a Kerr cell, od’', in deg cm™, versus the second
power of applied electric field strength £ % (b) the 8d" divided by E %, (6d'/E %), in deg em kV? (O) the
experimental data. The solid line is the best-fitted theoretical orientation function (see text for details). The
dotted line is the best-fitted classical orientation function (see text for details). Inserts: The abscissa was

expanded in (a) and contracted (b).

fields (ca. 52 V/cm). This behavior against field strengths is associated with the fact that the

saturable induced dipole moment is already saturated in the extremely low-field region,
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contributing to the field orientation as the apparent permanent dipole moment induced along
the symmetric axis of the disklike montmorillonite particle. The proposal by Shah*’ that the
sign inversion of steady-state & values is due to the presence of the permanent dipole moment
along the symmetric axis of the disklike particle should be ruled out from the present results.

Figure IV-3-7b shows the quantity of (8d"'/E*) plotted against /2* for the same data as in
Figure IV-3-7a. The plot of this type is useful to evaluate the electric parameters, by
comparing the experimental data in the low-field region with the theoretical curves in Figure
IV-3-4. The agreement between the experimental data and the theoretical curve with a f%/2y"

value of zero (p,”/2y" = 0.1 and y, = 0.01) is again good in the low-field region. This result
supports the notion that the SUSID orientation function for disklike particles is also sufficient
to explain the field orientation of montmorillonite particles dispersed in aqueous media.
Therefore, it is not necessary to assume the permanent dipole moment along the symmetric
axis of the disklike montmorillonite particle. This point has already been demonstrated clearly
by the reversing-pulse electric birefringence signals of montmorillonite suspension.***’ The
electrooptic properties revealed from curve-fitting are given in Table IV-3-2. The critical field
strength £ is very low (ca. 5.5 V/cm), being much lower than the field strength (ca. 114
V/em), at which the sign inversion of the steady-state d value occurs. Thus, the saturable
induced dipole moment should already be saturated at extremely low fields. Shah interpreted
the sign inversion of the steady-state electric birefringence as being due to the presence of the

23

permanent dipole moment along the symmetry axis of the disklike particle.” His theory,

however, failed to reproduce the present experimental data completely. The fact is that the
mg was already saturated in his measured field-strength range and behaved like the permanent
dipole moment. Moreover, the recent suggestions of both Yoshida et a/.** and Yamaoka et

al***" also support the present result.

Table IV-3-2. Electrooptical Properties of Montmorillonite Suspension Evaluated from Steady-State Electric
Birefringence by the PD-SUSID Curve-Fitting Method

B2y p2y Y " Aa" Ao E, (Oled).}
Cm Fm? Fm? Vem'™
0 0.1 0.01 0 5.4%x107% M L0 59 =}3.0

4) The unit of this value is in degdm’g’cm™. This vaule is given by (8d')(-2/c), where ¢ is the mass concentration

(¢ =0.227 gdm™).
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Iv. 4. Rotational Relaxation

The field-off electric birefringence decay signal yields information on the hydrodynamic size
of dispersed particle. When a sample is monodisperse, the decay signal is usually expressed
with a single-exponential curve. The decay signal of a polydisperse system, however, can not

be expressed with such a curve because of the distribution of size, length, and so on. When

the distribution is considered, the decay signal is given as™

An@t) = ¥ Ang e (38)
i

where 7, 1is the rotational relaxation time of the ith component, 4n,, is the electric birefringence
of the ith component at t = 0, i.e, the steady-state electric birefringence.
The decay signal is analyzed according to two methods: (1) the peeling method, which

presumes that the signal is the sum of single exponential curves,”® and (2) the area method,

in which the area surrounded between the measured decay curve and the baseline yields the
birefringence-average relaxation time, <t>,." According to (1), the relaxation time <7>y, was

defined as

<T>pp = Zairi, and Eai =1 (39)
i i

where g, is the relaxation intensity of the ith component. In the case of (2), <t>, 1s given as

<> = fw An(t)

dt 40
o (40)

Values of <7>,, obtained by either methods for the sample with a size distribution, show the
field-strength dependence because of the different orientation degree of each component at a

given field strength. In order to estimate the rotational relaxation time at complete orientation,

the measured <>, values are extrapolated to infinitely high fields. The relaxation time

obtained from such an extrapolation reduces to the weight-average rotational relaxation time
T,. The weight-average diameter <d>, of a very thin oblate ellipsoid particle may be

evaluated from r, as®’
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211,

<d>, = (41)

where 17, is the viscosity of solvent, k is the Boltzmann coefficient, and 7" is the absolute

temperature.
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— Chapter V. —
Effect of Particle Concentration, lonic Strength, and
Valence of Electrolyte on Electrooptical Properties of

Montmorillonite Particles in Aqueous Media

Vi 1 Introduction

The electrooptical study of montmorillonite particles in aqueous media was initiated by
O'Konski and Zimm with a DC electric field.'! They observed a sign reversal of steady-state
electric birefringence from negative to positive with increasing field strengths.'”
Subsequently, Shah er al. have explained this phenomenon by assuming the out-of-plane
transverse permanent dipole moment in the disklike particle.” From electric birefringence
measurements with samples at various concentrations and diameters of particles, Yoshida er
al., however, suggested that the particle possessed no such transverse permanent dipole
moment.” Using a new reversing-pulse generator, we have also studied the electrooptical
properties of montmorillonite dispersed in aqueous media by the reversing-pulse electric
birefringence method (hereafter abbreviated as RPEB).”’ These results indicated that
montmorillonite particle has no permanent dipole moment, and that the ion-induced dipole
moment, which is slowly induced with applied field and saturated at a certain field strength,
was responsible for the anomalous sign-reversal, i.e., the phenomenon that the sign of the
steady-state electric birefringence reverses from negative to positive.”” On the basis of these
results,”’ we suggested that the field orientation of montmorillonite particle results from the
following mechanism. At extremely low fields (steady-state electric birefringence is negative),
the symmetric axis of the particle is parallel to the direction of an applied electric field, but
this symmetric axis turns to be perpendicular to the field direction at moderately high-fields
(steady-state electric birefringence is positive). Effects of particle concentration, ionic
strength, and valence of added electrolyte on these phenomena and properties of
montmorillonite, however, have not been clear yet. Clarifying these effects may be important
to know the origin and mechanism of static electric phenomena on the clay surface, colloidal
chemical properties of clay, and so on. In this chapter, quantitative studies by the new RPEB
apparatus will be presented on the effects of the concentration of montmorillonite particles,

and the ionic strength and valence of added electrolyte on the field orientation.
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VA Experimental

LB o b Preparation of Montmorillonite Suspension.

A montmorillonite sample (K10), purchased from Aldrich Chemical Co., was used. The
suspension of montmorillonite was prepared in the following steps. (1) The K10 sample was
added to double-distilled water under stir and the suspension was kept being stirred for two
days. (2) To convert the counterion to sodium ions, the solvent was first replaced with 0.3
moldm™ NaCl, by adding a high concentration NaCl solution to sample (1) under stir, and the
suspension was stirred for an additional day. (3) To dissociate and disperse aggregated
particles, the suspension was sonicated at 0 “C at a power level of 200 W (20 kHz) for 20
min. (4) To remove the remaining metal ions, ethylenediaminetetraacetic acid disodium salt
(Na,EDTA) was added to the suspension, which was then dialyzed against 0.3 moldm™ NaCl
for one day to remove excess Na,EDTA. (5) To make the suspension salt-free, dialysis
against the double-distilled water (8 dm’®) was continued for four days. (6) To dissociate and
disperse particles re-aggregated in the course of the dialysis against 0.3 moldm™ NaCl, sample
(5) was sonicated under the same condition as (3). (7) To remove the remaining aggregates
or large-size particles, centrifugation was performed at 3,000 rpm for 20 min. The supernatant
was collected and used as the stock suspension. This supernatant was then stored at room
temperature.

The concentration of stock suspension was estimated to be 0.29 gdm™, by measuring the
welght of the anhydrous sample prepared by the freeze-drying and subsequently heat-drying
method in vacuo. For RPEB measurements, the stock suspension was diluted with
double-distilled water (the concentration dependence) and with NaCl solution (the ionic-
strength dependence). Na' counterions were replaced with Mg’ ions by dialyzing the stock
Na-montmorillonite suspension first against 0.1 moldm™ MgCl, solution for a day, and then
against the double-distilled water (8 dm®) for four days. This dialyzed suspension was used
as the salt-free Mg-montmorillonite suspension, to which MgCl, solution was added to prepare
samples at various ionic strengths.

V.2.2.  Electron Microscopic Photograph of Montmorillonite Particles.

From an electron-microscopic photograph, the average diameter of Na-montmorillonite
particles was estimated to be ca. 275 nm.* Particles are not a truly circular disk but rather
fractal, showing no specific shape, and also are not monodisperse, but polydisperse in size in

the dried suspension.®
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V. 3. Na-montmorillonite Suspensions.

In this section, descriptions are given of the effect of the particle concentration and the ionic
strength of the sodium ion on the electrooptical and hydrodynamic properties of Na-
montmorillonite particles.

V. 3. 1. Reversing Transition Signals.

In Figure V-3-1, typical RPEB transient signals of Na-montmorillonite suspension (¢ =

0.029 gdm™ and /s = 0) are illustrated. Signals of the negative sign with deep dip (thick

d()/1d

Figure V-3-1. RPEB signals of Na-montmorillonite suspension normalized by the absolute magnitude of steady-
state phase retardation |J,|. A schematic reversing-pulse pattern (a). RPEB signals without added sodium ion
atc =0.029 gdm™ (b—d): (b), E =22 Vem™ and 8,/cd = -0.42 degdm’g'em™; (¢), E = 91 Vem™ and 8,/cd =
0.12 degdm’g'em™; (d), E = 179 Vem™ and 6, /cd = 2.89 degdm’g'em™. Thick arrows indicate the positions of
maximum and minimum. Thin arrows show the field-on, reverse, and field-off points of applied electric pulses.

Note the change of time scale of signals in parts.
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Figure V-3-2. Schematic presentation of particle orientation against field strength. Below the sign-inversion

field E,

12

the plane of the particle 1s oriented perpendicular to the direction of electric field (left). Above E,,,

the plane of the particle is oriented parallel to the direction of electric field (right).

arrow) appear at low fields (Figure V-3-1b). With an increase in field strength, however,

anomalous RPEB signals (Figure V-3-1c) become predominant in the vicinity of the field

strength of the sign inversion, E,,, where the sign of the steady-state electric birefringence is

reversed. This signal shows both dip and hump at the buildup and reverse portions. This
observation may be attributed to the different degree of field orientation of particle in the
suspension; the sample used is polydisperse and hence the orientation axes of disklike particles
of various sizes are mixed near £, as indicated in Figure V-3-2. At field strengths higher

than £_,, RPEB signals of the positive sign with the humps in reverse process (thick arrow)
appear after the sign inversion of the steady-state electric birefringence (Figure V-3-1d). The
hump monotonically decreases with further increasing field strength, disappearing at higher
field strengths. This disappearance of hump is probably due to the fact that the
instantaneously induced dipole moment proportional to the field strength becomes predominant
in field orientation. Similar phenomena are observed at higher concentrations of particles and
added sodium ions.

Figure V-3-3 shows the analysis of a RPEB signal of the Na-montmorillonite suspension
(¢=0.029 gdm™, Is =0, E = 11 Vem™") with two RPEB theories.”’ The solid line in Figure

V-3-1a is the theoretical curve calculated from the TY theory (eq | in Chapter IV.), by

assuming the presence of the permanent dipole (#) and induced dipole (4 @) moments with a
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Figure V-3-3. Measured and simulated RPEB signals of Na-montmorillonite suspension. Dots: measured signal
(b) in Figure V-3-1. The sampling time between two successive points in observed signal is 0.4 ms. Solid lines:
simulated signals. Parameters for simulated curves: <7>,, = 39.8 ms and Q = -6.7 from the Tinoco-Yamaoka
theory (eq 1) in (a) and <7>y; = 39.8 ms, 7, = 59.7 ms, and ¢ = -6.7 from the Yamaoka-Tanigawa-Sasai theory

(eqs 7—9) in (b).

ratio (Q = u*/AakT of -6.7).° This theoretical curve could reproduce no measured RPEB
signals at any particle and added sodium ion concentrations. Thus, this result should be taken
as the evidence that the Na-montmorillonite particle possesses no permanent dipole moment.
The solid line in Figure V-3-3b is the theoretical curve calculated with eqs 7—9 in Chapter
IV.; it is in good agreement with all measured RPEB signals of the Na-montmorillonite
suspension under the present condition. These results lead to the conclusion that the
orientation of the Na-montmorillonite particle is due to the electric moment induced by ion

polarization within the finite time after an application of electric pulse field.
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Table V-3-1. Electrical and Hydrodynamic Properties of Na-montmorillonite Particles in Aqueous Media

Estimated from RPEB Signals

¢ Is s z° b
gdm™
0.005 0 = o
0.010 0 -6.7 1.4
0.029 0 -6.7 3.5
0.058 0 -5.0 1.9
0.145 0 -6.7 i
0.029 0.0001 -5.0 0.89
0.029 0.0005 -2.9 0.60

a) gequalsto a/Ada' b) 1 equalsto 7,/ 174 (19 = 1/66).

The electrical and hydrodynamic parameters evaluated by curve fitting with the YTS theory
are given in Table V-3-1. The polarizability ratio, ¢, and the reduced relaxation time t° = 7,/74
(rg = 1/6@), are nearly constant with particle concentration but decreased with increasing
concentrations of added sodium ions. This result reflects that sodium ions trapped in cation-
exchangeable sites become immobilized with the increase in 1onic strengths, probably because
of the predominant adsorption of the sodium ions onto the site. The result also supports the
notion that the fluctuation of the trapped sodium ions on cation-exchangeable sites is
responsible for the ion-atmosphere polarizability a;.

V.3.2.  Field-Strength Dependence of Steady-State Electric Birefringence.

Figure V-3-4 shows the field-strength dependence of the steady-state electric birefringence
at various concentrations of particles and added sodium ions. The sign inversion of the
steady-state electric birefringence was observed for all Na-montmorillonite samples in the low
field region (cf. inserts of Figure V-3-4). The difference in the field strength dependence of
the steady-state electric birefringence of each sample becomes obvious at increased particle
concentrations and increased field strengths (Figure V-3-4a); moreover, the normalized
quantity & /cd at a given field strength decreases with increasing particle concentration. The
decrease of the transmissivity of incident light with the increase in particle concentrations is

observed; therefore, the origin of this decrease of 6,/cd may be due to the increase in the
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Figure V-3-4. Field-strength dependence of the steady-state electric birefringence of montmorillonite
suspensions. The optical phase retardation per path length d of a Kerr cell (4 cm) normalized by the
concentration of montmorillonite suspension ¢, (8,/cd) in degdm’g™ cm™, is plotted against the second power of
applied electric field strength E*. Symbols: experimental data. Solid lines: the best-fitted theoretical SUSID
orientation functions. (a): data measured without added sodium ion; ¢ = 0.005 gdm™ (O), 0.010 (1), 0.029
(4), 0.058 (V), 0.145 (). (b): data measured at various ionic strength Is of added sodium ion at a constant
¢ (=0.029 gdm?). Is = 0 (D), 0.0001 (N), 0.0005 (A). Inserts in (a) and (b): the abscissa on an expanded

scale. Values of 8,/cd at infinite fields are indicated with arrows on the right ordinate.

forward light scattering intensity at higher particle concentrations. Figure V-3-4b shows the

field strength dependence of the steady-state electric birefringence at various ionic strengths

61



Table V-3-2. Electrooptical and Hydrodynamic Properties of Na-montmorillonite Particles in Aqueous Media

Evaluated from Field-Strength Dependence of Steady-State Electric Birefringence and Relaxation Time

¢ Is Aa’ Ao u ES; AR £ 7 | T 2 <d>,
gdm” 10%Fm*  10%Fm? Cm Vem™ Vem™ ms nm
0.005 0 -1.86 943 0 1S 65.8 -92.5 4.6 298
0.010 0 -1.69 8.5 0 9.8 69.7 -66.6 571 321
0.029 0 -1.75 8.8 0 9.6 68.3 -55.1 4.7 300
0.058 0 -2.33 233 0 5.9 83.4 -40.7 4.6 298
0.145 0 -2.22 33.3 0 4.9 104 -38.2 3.8 280
0.029 0.0001 -1.71 342 0 4.9 » 139 -44.0 42 290
0.029 0.0005 -1.78 62.4 0 34 179 -44.1 5.8 322

a) At this field strength, the saturable induced dipole moment is saturated.

b) This value is the field strength for the sign-inversion point.
¢) Values are given by (8,/cd). x (-2) in degdm®g'cm™, where d is the optical path length. (6,/cd)..is the limiting
value of 6,/cd at infinitely high fields.

of added sodium ions. The field of sign inversion, £, ., shifts to higher field strengths with

increasing ionic strength (insert of Figure V-3-4b). This result indicates that the ion
polarization is responsible for the sign inversion of the steady-state electric birefringence.
V.3.3. Comparison with RPEB theoretical Curves.

Solid lines in Figure V-3-4 are the best-fitted theoretical PD-SUSID orientation curves
calculated for the disklike particle.” The experimental field strength dependence of the steady-
state electric birefringence was reproduced well with the PD-SUSID function in each case,
even if the concentrations of particle and added sodium ions are varied widely. The
electrooptical properties of the Na-montmorillonite particle, estimated from these best-fitted
theoretical curves, are given in Table V-3-2. The result again indicates that the Na-
montmorillonite particle possesses no permanent dipole moment; the notion already supported
by RPEB data (Figure V-3-3b). This conclusion agrees with the previous reports,”” and also
with a report by Yoshida er al.,’ in contrast with the results reported by Shah.> The
polarizability, A @', due to an unsaturable induced dipole moment and the polarizability, 4 o,

responsible for a saturable induced dipole moment are constant in the low concentration range

(atc <0.029 gdm™), indicating that no interparticle electrostatic and hydrodynamic interaction
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exists. However, the reduced saturated steady-state electric birefringence (4, /cd),,, of dispersed
particles, which reflects the optical property free from electric property, is largely changed.
This decrease may be due to the increase in the forward light scattering at higher particle
concentrations. In ¢ > 0.029 gdm™, both Aa'and Ao are increased probably because of the
occurrence of the interparticle electrostatic interactions between electric double layers of
dispersed particles.

When the 1onic strength of added sodium ions is increased, the 4 &’ value remains constant,
whereas 4 o is increased to saturation. This result indicates that A ¢ is associated with ion
polarization; the saturation of ion-induced dipole moment is probably due to the predominant
adsorption of added sodium ions onto cation-exchangeable sites. Since 4 o values are larger
than those of Aa’, a large electric dipole moment transverse to the disk plane should be
induced. The critical field strength, £,, where the saturable induced dipole moment is
saturated, 1s extremely low (cf. Table V-3-2). This result leads to the conclusion that Na ions
adsorbed onto cation-exchangeable sites are responsible for the saturable induced dipole
moment, A4 gk, and this dipole moment can easily be saturated at extremely low fields (ca.
4—10 Vem™') because of the immobility of sodium ions on cation-exchangeable site. At low
fields (£ < E;), the plane of disk is oriented perpendicular to the direction of applied external
field because of predominant contribution of the saturable induced dipole moment 4 ok to the
field orientation (cf. Figure V-3-2a). At £ > E, but E < E,

s

the saturable induced dipole
moment 1s saturated, but the plane of disk is still oriented perpendicular to the field direction.
Since the unsaturable induced dipole moment A4 a'E is smaller than the saturable moment 4 oF,
the plane of disklike particle changes at E,, from the perpendicular to parallel direction of
applied field and remains as such at higher field (Figure V-3-2a). The sign inversion point
E; becomes higher with increasing sodium ions added to solution (Table V-3-2). This
increase of £, with ionic strength corresponds to the increase of the A4 g, indicating that the
polarization of sodium ions adsorbed onto the cation-exchangeable sites is responsible for the
sign-inversion phenomenon. The saturated steady-state electric birefringence (4, /cd),, is
slightly decreased with increasing ionic strengths, which is probably due to formation of
aggregates.
V.3.4.  Field-Strength Dependence of <T>.

Figure V-3-5 shows the field-strength dependence of the electric birefringence-average
rotational relaxation time <>, of Na-montmorillonite particles. Since <>, values vary with

field strengths, the present Na-montmorillonite sample should have the hydrodynamic size

distribution; a fact clearly supported by electron microscopic observation. Values of <t>g4
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Figure V-3-5. Field-strength dependence of the electric birefringence-average rotational relaxation time <t>.,
evaluated from the decay signal. (a): <t>g, at various concentrations of Na-montmorillonite particles in the
absence of added sodium ion. (b): <7>y, at various ionic strengths at a constant Na-montmorillonite
concentration (¢ = 0.029 gdm™). Symbols are the experimental data as given in Figure V-3-4. Inserts (al) and
(b1): the expanded abscissa. E,,: the electric field strength at the sign inversion point. Inserts (a2) and (b2):
<7>y, plotted against 1/E* (in kVZcm™) at high fields. Four measured points at high fields are linearly
extrapolated to infinitely high fields by the one-dimensional least squares method (solid lines).

show an anomalous field dependence near the £, ,, as indicated with arrows in (al) and (b1).

This anomaly is probably due to the change of an orientational axis (cf. Figure V-3-2a), since

symmetry axis of disklike particle changes from the parallel to perpendicular direction of
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applied electric field at £, , as noted in the above section. The hydrodynamic size distribu-

1.2

tion, however, may also lead to such an anomalous behavior, which is left open to further
experimental and theoretical considerations. To estimate the <7>,, value at infinitely high
field strength, 1.e., the weight-average rotational relaxation time t,, observed <>, values are
plotted against E7* (Figure V-3-5 (a2) and (b2)). The r, value (cf. Table V-3-2) is
independent of the particle concentration (ca. 5 ms) but slightly increased with increasing ionic
strength. These results lead to the conclusion that the size of Na-montmorillonite particles
becomes slightly larger with an increase in added sodium ions.

V.3.5. Effect of Particle Concentration and lIonic Strength on the Diameter.

Figure V-3-6 shows the dependence of weight-average diameter <d>, calculated from eq
41, of the Na-montmorillonite particle on particle concentration and 1onic strength of added
sodium 1on. The <d>, value is nearly constant at ca. 300 nm regardless of particle
concentrations in the absence of added sodium ions. This diameter is very close to the one
estimated from an electron microscopic observation (ca. 275 nm); therefore, Na-
montmorillonite suspensions form neither aggregates nor flocculations in this concentration
range. This result supports the notion that the decrease of saturated steady-state electric
birefringence is not due to formation of the aggregates at high particle concentrations (vide
supra) but due to the forward scattering of light. Since <d>, values are slightly increased
(Figure V-3-6b) with increasing ionic strength, aggregates may be formed by added sodium
ions. Thus, the decrease in saturated steady-state electric birefringence (cf. Figure V-3-4b)
should be associated with decrease in the optical anisotropy of aggregated particles. The
aggregation occurs probably in a random and less ordered fashion; the overall shape of the

aggregated particles is said to be in a card-house structure with many inner cavities.'*"
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Figure V-3-6. Dependence of the weight-average diameter <d>, of Na-montmorillonite particle on particle

concentration and ionic strength. (a): <d>, at various particle concentrations in the absence of added sodium

ions. (b): <d>, at various ionic strengths and at a constant particle concentration (¢ = 0.029 gdm™).
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V. 4. Mg-montmonillonite Suspension.

The birefringence behavior of Mg-montmorillonite suspension is described to ascertain the

effect of the valence of couterion.

V.4.1. RPEB Signals.

Figure V-4-1 shows RPEB signals of the Mg-montmorillonite, which are quite different
from those of Na-montmorillonite. The signals are always positive over the entire range of
measured electric field strengths (b—g). At Is = 0 (Figure V-4-1b—d), the positive signal
with a dip appears upon field reversal at extremely low fields (b). With increasing field
strength, a hump appears first being followed by a shallow dip (¢, d). At Zs = 0.0001 (Figure
V-4-1e—g), the change of a signal profile is ill-defined upon field reversal in the low field
region (e), but a distinct hump appears in the reverse with increasing field strength (f, g).
These results indicate that the field orientation of Mg-montmorillonite particle differs from that
of the corresponding Na-montmorillonite particle, and that the electrical properties are changed
by substituting counterions from Na' to Mg*". The Mg-montmorillonite suspension requires
a much longer pulse time for reaching the steady-state; hence, the size of Mg-montmorillonite
particles should be larger than that of the Na-montmorillonite particles.

Figure V-4-2 shows signal fitting of an observed RPEB pattern of Mg-montmorillonite
suspension (cf. Figure V-4-1b) with two different theories. The experimental signal, fitted by
the TY theory (upper), which assumes the permanent dipole orientation, or by the YTS theory
(lower), which assumes the 1onic induced dipole orientation, distinctly differ from these two
theoretical RPEB curves. The failure to reproduce the observed RPEB profile should be taken
as the strong indication that the orientation mechanism of the Mg-montmorillonite particle is
different from the Na-montmorillonite. This difference could result from formation of large

aggregates of Mg-montmorillonite particles.

Table V-4-1. Optical Anisotropy and Diameter of Mg-montmorillonite in Aqueous Media

c Is (8, /cd);,* T <d>
gdm™ degdm’g’'em ms pm
0.065 0 ~31.9 235 11
0.065 0.0001 -78.1 323 1523

a) This value is given by (8,/cd). x (-2), where d is the optical path length. (8,/cd), is 6,/cd at infinitely high
fields.

b) The diameter of disk obtained from Perrin's equation (eq 41) for an oblate ellipsoid of revolution.
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Figure V-4-1. Normalized RPEB signals of Mg-montmorillonite suspensions. (a): schematic reversing-pulse
pattern. (b-d): RPEB signals measured at ¢ = 0.065 gdm™ and Is = 0; (e-g): ¢ = 0.065 gdm™ and Is = 0.0001.
Applied field strength £ in Vem™ and reduced saturated steady-state electric birefringence 8,/cd in degdm’g'em™:
14 and 0.09 (b); 94.6 and 8.63 (c¢); 238 and 14.1 (d); 13 and 0.48 (e); 102 and 11.7 (f); 236 and 22.2 (g). Thin

arrows indicate points of field switching, while thick arrows show either hump or dip. Note the change of time

scale of signals in parts.
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Figure V-4-2. Measured and simulated RPEB signals of a Mg-montmorillonite suspension. Measured signal
is (b) in Figure V-4-1. The sampling time between two successive points in observed signal is 0.2 ms. Solid
lines are theoretical and drawn with parameters <>, =234 ms and %2y =3.0 for the TY theory (a) and <1>,

=234 ms, 1, = 400 ms, and ¢ = 2.0 for the YTS theory (b).

V.4.2.  Field-Strength Dependence of Steady-State Electric Birefringence.

Figure V-4-3a shows the field strength dependence of the steady-state electric birefringence
of Mg-montmorillonite suspensions, the sign of which is always positive without sign
inversion. At higher magnesium ions, the steady-state electric birefringence is higher at a
given field strength, two sets of measured field strength dependence (Figure V-4-3a) are
superimposed by multiplying a factor of 1.5. Therefore, with increasing ionic strength, the
optical property, but not the electric property, of Mg-montmorillonite is altered. Interestingly,
these measured values could not be fitted by any PD-SUSID orientation functions for the
disklike particle; therefore, the orientation behavior of Mg-montmorillonite particles cannot
be described by the simple PD-SUSID orientation mechanism. The formation of aggregates
by added magnesium ions could be responsible for the apparently anomalous field orientation

of Mg-montmorillonite particles. Table V-4-1 shows the saturated reduced steady-state electric
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Figure V-4-3. Field-strength dependence of the steady-state electric birefringence (a) and electric birefringence-
average rotational relaxation time <7>g, (b) of Mg-montmorillonite. (¥) ¢ = 0.065 gdm™ and Is = 0, () ¢ =
0.065 gdm™ and Is = 0.0001.

evaluated from the data measured at high fields where a gradual

birefringence, (4,/cd)
leveling-off is apparent. Values of (4,/cd)

inte>
. are higher at higher 1onic strength of magnesium
ions, indicating that the optical anisotropy of the Mg-montmorillonite particle increases with
increasing ionic strength of the magnesium ions.
V.4.3.  Field-Strength Dependence of <t>,.

Figure V-4-3b shows the field-strength dependence of <7>,. Values of <r>, are markedly

larger for the Mg-montmorillonite particle than for Na-montmorillonite, indicating that the Mg-
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montmorillonite particles no doubt form large aggregates, which grow with an increase in
ionic strength. The average diameter <d>_ of Mg-montmorillonite particles (ca. 1.2 um),
evaluated from the measured <t>; data and given in Table V-4-1, is about four times as large
as that of the nonaggregated Na-montmorillonite particle (ca. 300 nm). Judged from the
optical anisotropy factor of Mg-montmorillonite particles in the presence and absence of added
magnesium ions, the general shape of Mg-montmorillonite aggregates with excess of Mg** ions
is more ordered than the Na-counterpart. Such aggregates have been described as the book-

10,11

house structure, which has fewer cavities inside than the card-house structure.
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— Chapter VI —

Conclusions

In order to study the electrical, optical, and hydrodynamic properties of montmorillonite
particles suspended in aqueous media by the RPEB method, the new reversing-pulse generator,
which is applicable to the RPEB measurement of large colloidal particles such as clays, was
designed and constructed with the following specifications: the maximum applied voltage is
limited to 300 V, but the long pulse duration is continuously variable up to 1.2 s. The
improved driver amplifier and final discharge units deliver either a single square-wave pulse
or double pulses of opposite polarities with very fast time constants to high ionic strength
solutions without appreciable voltage sagging. The new pulse generator uses MOS-FET
transistors with a high electric-current endurance as the switching element.

To estimate electrical properties of the disk-shaped particle, such as montmorillonite, from
RPEB data obtained, two electrooptical theories, which explain the field orientation of
particles dispersed in media, were newly derived. One is the transient RPEB theory for the
RPEB signal obtained at low fields. By extending the transient electric birefringence theory,
proposed by Szabo ef al. on a basis of the polarization distortion of ion-atmosphere, the new
RPEB theory was derived, in which an additional interaction was considered between the
applied electric field and the induced electric moment due to the time-independent intrinsic
polarizability anisotropy for axially symmetric particle. Another is the new PD-SUSID
orientation function for disklike model. This orientation function was derived in order to
explain the field strength dependence of the steady-state electric birefringence of disk-shaped
montmorillonite particles dispersed in aqueous media. These presently derived theoretical
curves were compared with the experimental data of montmorillonite suspension. This
comparison shows that these curves reproduce quite well the experimental RPEB data (RPEB
signal profile and field strength dependence of steady-state electric birefringence). Therefore,
these theoretical curves may be utilized to analyze the experimental electrooptical data not
only of montmorillonite but also of other ionized disk-shaped molecules or aggregates in
aqueous media and to evaluate the electric, optical, hydrodynamic properties accurately and
quantitatively.

In order to clarify the electrical, optical, and hydrodynamic properties of montmorillonite
and the effect of particle concentration, ionic strength, and valence of electrolyte on these
properties, the RPEB measurement of montmorillonite suspended in aqueous media was
performed by using the newly constructed apparatus and derived theories. This study revealed

the following facts: (1) The Na-montmorillonite particle possesses no permanent electric dipole
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moment. Therefore, the observed sign inversion of the steady-state electric birefringence is
not due to the permanent dipole moment but to the counterion-induced polarization. (2) Over
the entire range of particle concentrations, Na-montmorillonite particles form no aggregates,
but there is the interparticle interaction between the electric double layers of particles in ¢ >
0.029 gdm ™. (3) Over the entire of ionic strength range, the sodium 1ons in aqueous media
are primarily adsorbed onto the cation-exchangeable sites of Na-montmorillonite, which forms
aggregates with the card-house structure at higher ionic strengths. (4) The Mg-
montmorillonite particles form aggregates with the book-house structure, whose orientation
mechanism could be described neither by the YTS theory for transient RPEB signals nor by
the PD-SUSID orientation function for the disklike particle. The origin of these anomalies
may be attributed qualitatively to complex aggregate formation.

The present study has confirmed that the reversing-pulse electrooptical methods are very
useful to characterize the structure and properties of clay particles. These findings give us
some fundamental informations for application of clay particles. In the future, the analysis
methods of reversing-pulse electric birefringence newly developed in this study will be

successfully extended to many colloidal particle system, other than clay particles.
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