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SUMMARY

A novel Kerr cell of greater optical path length and
temperature stability has been designed and built. The
Kerr effect experimental has been substantially automated
using an Apple IIe computer. Software has been written
allowing the computer to partially control the Kerr
effect equipment and to acquire and analyse the relevant
data.

The temperature dependent electro-optic Kerr effect
of 2-methyl-4-nitroaniline, p-nitroaniline, nitrobenzene,
aniline, and toluene as solutions in 1,4-dioxane has been
studied. The Kerr effect measurements combined with
dipole moment, depolarisation ratio, dielectric, and
electronic polarisation measurements have been used to
calculate the first hyperpolarisability of the solute.

Although first hyperpolarisabilities for the compounds
studied have been measured in various physical states
using a variety of experimental techniques, it is
gratifying to find that the values presented in this
thesis have a linear relationship with values reported by
other workers.

KEY WORDS : POLARISABILITY, 2-METHYL-4-NITROANILINE
HYPERPOLARISABILITY,
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CHAPTER 1

INTRODUCTION

3.% INTRODUCTION.

When 1light passes through a medium the oscillating
electric field, E, of the radiation polarises the
material and induces an oscillating electric dipole in
the material's molecules. For most materials the induced
dipole per unit volume, P, is linearly proportional to

the applied field, such that
P = g,%,E 1.1

where y is the linear electric susceptibility and g, 1is
the permittivity of free space. Non-linear optical
responses are only possible for materials in which the
non-zero second order or higher order electric

susceptibilities, X, X3,... contribute to the electric

polarisability, P, where

P = g, (X,E + X,EE + X3EEE + ...... ) 1.2

The odd terms (X, etc.) contribute to the polarisation of
all materials, but the even coefficients only contribute

if the material lacks a centre of symmetry. Non-zero even



order susceptibilities are only possible in crystals
having a non-centrosymmetric space group and in liquids
and gases whose molecules are non-centrosymmetric and
have been partially oriented by the application of an
external electric field.

Materials that exhibit non-linear optical properties
are now commonly used in a wide variety of applications
such as modulating waves carrying information, amplifying
signals, and to providing fast switching etc. The
complete range of applications are too numerous to
discuss in this introduction but a brief explanation of
two of the more interesting effects caused by the non-
linear susceptibilities are mentioned below.

According to standard electro-magnetic theory the
electric susceptibility and the refractive 1index of a

material are related according to

In the linear case ) is merely equivalent to ¥; and the
refractive index of the material remains constant upon
the application of an electric field. However, if we
consider the non-linear terms then we find that the
refractive index of the material becomes field dependent,
which is the requirement for a modulator.

Another effect caused by the non-linearity, which has
practical applications, but is especially important as a
diagnostic tool in the study of non-linear optical

materials 1s the phenomenon commonly referred to as



second harmonic generation (SHG). If an intense laser
beam of frequency f is incident on a non-linear crystal

such that the field can be represented by
E sin(2nft) 1.4

then the second term in equation 1.2 will contribute to

the overall polarisation according to
2 a2
EoX2E° sin“(2nft) 1.5

Utilising the well known trigonometric formula,
cos 20 = 1—-2sin29, the contribution to the polarisation

then becomes

L 2
Egosz (1 - cos4nft) 1.6

The cosine term represents an oscillating polarisation at
double the input frequency, which emits radiation at the
doubled frequency. This effect of frequency doubling is
what classifies second harmonic generation. If the
intensity of the incident laser beam and the intensity of
the resultant laser beam emerging from the crystal at
double the input frequency can be measured, it is then
possible to determine the susceptibility ¥%,.

Finding new and more efficient non-linear materials
is currently an important area of research as the
materials currently in use require electric fields of

around several thousand volts per centimetre before the



non-linear contributions to the ©polarisation become
sufficiently large to be of use. In recent years interest
has switched from the development of inorganic materials
for non-linear applications to organic materials, which
may have as much or more to offer than the more
conventional inorganic materials. In general most current
non-linear optical devices consist of rugged and easily
processed inorganic materials. Organic materials have so
far not gained as much popularity because they are
generally fragile, less easily processed and less
chemically and physically stable than their inorganic
counterparts. However, some organic materials are already
known which have second order non-linear properties that
surpass those of inorganic materials. They also possess
greater chemical and physical stability in the range of
operation (i.e. over 1lpum) than the best inorganic
materialsl?0-123 It is therefore likely that as research
continues organic crystals will become used extensively
in non-linear optical devices.

Research into the non-linear properties of an organic
material can be performed using SHG experiments on a
single crystal. However, this investigative technique is
prohibitive because of the cost of growing, orienting,
cutting, and polishing crystals of sufficient purity.
Further, the analyses of the crystalline experiments
requires an x-ray structural determination to obtain the

magnitude and the absolute sign of the molecular non-

linearity.



As the crystal properties of a molecular solid
reflect primarily a combination of the molecular
contributions, then if the molecular basis for the non-
linear Dbehaviour can be defined, materials with
substantially greater non-linear properties can be
predicted by quantum mechanical calculations or by
chemical intuition. |

At the molecular level the non-linear contribution to
a material comes from the molecular .dipole moment, u,

induced by the local electric field, according to
UL = oE + BEE + YEEE + ..... L7

where o, B, and y are tensor quantities normally referred
to as the polarisability, first hyperpolarisability, "and
second hyperpolarisability respectively; o, B, and y are
analogous to the bulk susceptibilities, ¥;, Xz, X3. The
crystal polarisation is then the sum of the molecular
contributions moderated by contributions from the crystal
structure. However, the molecular contributions dominate
and so a material with a high value of B in the liquid or
gas phase should in its solid phase have a high %, value,
provided that a non-centrosymmetric structure results.
This allows the first hyperpolarisability of a
material to be determined by measuring the intensity of
the second harmonic generation from a solution in which
the molecules have been partly oriented (to produce an
overall non-centrosymmetric distribution) by an electric

field. SHG experiments can provide rapid and accurate



measurements on a wide range of molecules and in this way
it 1is possible to screen potential materials for
sufficiently high non-linear properties before a crystal
of the material is grown. There are several reviews on
the subjectl/2.3.4,5,6,7.35 of SHG theory and experiments
that cover the above more than adequately.

Another method of determining the hyperpolarisability
coefficients of a material is through the temperature
dependence of the electro-optic Kerr effect. This method
is technically simpler than SHG experiments and has the
benefit of determining other molecular parameters. The
absolute sign of the first hyperpolarisability is also
determined directly from Kerr measurements whereas the
squared term, P2, is determined from SHG experiments.

The Kerr effect was first discovered in 1875 by John
Kerr® who noticed that double refraction or birefringence
could be induced in glass by the application of a
sufficiently intense electric field. Kerr established
that the magnitude of the birefringence & depended on the
electric field strength E and the length L of the optical

path through the field by the relation

§ = 27BLE® = 27mL(n, - ng) / A 1.8

where n and n; are the refractive indices for the
components of the 1light 1in the medium parallel and
perpendicular to the field, and A is the appropriate
wave-length. B is commonly referred to as the "Kerr

constant” of the substance under examination. Another



more commonly used quantity denoting the magnitude of the
Kerr effect is the molar Kerr constant. This quantity was
introduced by Otterbein, 1in analogy with the molar
polarisation, to express the electrically induced optical
birefringence by an additive quantity that is independent
of concentration for single compounds.

The theory of the Kerr Effect was effectively
developed over several years starting in 1910 with a
paper written by Langevin? and then extended by Bornl0
(1918), Peterlin and Stuart (1939)1!1, and Stuart (1939)12,
on the basis of an orientation mechanism of the particles
under the influence of the external electric field,
through their permanent or induced dipole moment. The
fundamental statements on the theory of electric
birefringence, excluding non-linear effects, are
concisely expressed by the formulae derived from the
Langevin-Born orientation theory. The Kerr effect has
been the subject of several reviews concerned with
liquids (Le Févre and Le Févre 195513, 19601%4; Smith
196015), polymers (Peterlin and Stuart 195316; Volkenstein
196317; O'Konski 196818) and proteins (Yoshioka and
Watanabe 196919) .

The Langevin-born orientation theory allows
birefringence measurements combined with light
scattering, refractive index, and dielectric constant
measurements to characterise the polarisability tensors
of the molecules??. This led to the deduction of bond
polarisabilities that can be used (assuming

additivity<1:22) to predict the polarisability tensors of



new molecules and their conformations. On the microscopic
level the observed Kerr effect (i.e. Double refraction or
Birefringence) in molecules is due to three distinct
effects, discussed below.

(1) In a finite field the interaction between the
electric field and the dipole moment (permanent or
induced) will distort the orientationally averaged
spatial correlation's of the molecules. This yields
spatial anisotropy which therefore results in the medium
becoming birefringent.

(ii) The polarisability of the molecules may already
be anisotropic, such that in the presence of an electric
field the axis parallel to the direction of maximum
polarisability will tend to align itself in the direction
of the electric field.

(iii) The electrostriction effect causes the fluid
density to increase with increasing field strength, which
increases the susceptibility of the fluid. This is only
present when electric fields are applied to the medium at
low frequencies because at optical frequencies the
macroscopic motion of the medium cannot follow such
frequencies.

In 1955 Buckingham extended the  Langevin-Born

orientation theory to include the distortion effects that

can be seen in the molecular polarisability at high
field strengths. This distortion 1is, as already
mentioned, commonly referred to as the

hyperpolarisability. It is a matter of debate whether the

hyperpolarisability coefficients that contribute to the



molar Kerr constant are equivalent to the SHG
coefficients. However, B.J O0Orr23 concluded that for
optical frequencies far from resonance, as is the case in
this project, the hyperpolarisability contributions to
both the molar Kerr constant and the SHG should be
approximately equal.

As the Langevin-Born theory is only strictly
applicable to gases at very low pressures much of the
early work in the Kerr effect was done in the gaseous
form at atmospheric pressure. This faced researchers with
the basic problem that the Kerr effect 1in gases and
vapours at atmospheric pressures 1is comparatively small
and hard to determine. At higher pressures the molar Kerr
constant is larger and therefore easier to determine but
analysing the results 1is complicated by the molecular
interactions that occur at higher densities. To
circumvent this problem, it 1is possible, as suggested by
Buckingham, to develop the molar Kerr constant as a
series in the density. Thus, if measurements of the molar
Kerr constant are taken over a series of pressures (up to
several hundred atmospheres) the results can be
extrapolated back to zero pressure?? 27 to obtain a value
for the molar Kerr constant that should be equivalent to
the dilute gas value. Using this extrapolation technique
a lot of the early work concerning the Kerr effect was
carried out on simple molecules such as substituted
methane's, but as researchers turned their attention to

larger molecules the temperatures involved to vaporise



these molecules made measurements of the Kerr effect in
the gaseous form prohibitive.

Attention then turned to the measurement of
molecules, particularly the aromatic species such as
benzene and substituted benzene's, as solutes in non-
dipole solvents, usually at 298 K. The analysis of such
results 1is however seriously complicated by the effects
of solute-solvent and solute-solute interactions?® and
lack of information as to the precise relationship
between the optical and static polarisability tensor.

In an attempt to compensate for the solvent effect,
birefringence measurements are conducted over a series of
solute concentrations and then extrapolated back to what
is known as the infinite dilution molar Kerr constant.
This extrapolation can be accomplished in much the same
way as apparently first devised by Briegleb?? and followed
by Stuart and Volkmann30, Otterbein3!, Sachsse3?, and
Friedrich33 or by a more direct method devised by Le Févre
and Le Févrel3d. The expression for the infinite dilution
molar Kerr constant is identical to the corresponding
expression for the dilute gas except for the use of
effective values of i, a, and P instead of those for the
isolated molecule. This makes it possible to determine
the coefficients of the molar Kerr constant from dilute
solution data using the same methodology as applied to
low pressure gases.

In 1921 Gans3%:38 suggested a method in which the
static polarisability could effectively be removed from

the Langevin-Born orientation theory. Gans' theory



although working well for some molecules proved to be
totally inaccurate for others. Le Févre achieved the same
end as Gans by assuming that the ratios of the
polarisability tensors (atomic and electronic) are equal
to By/B;. Where Pp is the dispersion polarisation and P:
is the electronic polarisation.

By making observations of the birefringence in
molecules over a range of temperatures it 1is possible to
separate the temperature coefficients that contribute to
the molar Kerr constant. These temperature coefficients
combined with measurements of dipole moments, molar
refraction and depolarised Rayleigh scattering allow the
polarisability and hyperpolarisability coefficients of
the material to be determined. Measurement of the
temperature dependence of the Kerr effect in gases and

vapours has, over the past few decades, provided fairly

accurate polarisability anisotropies and Kerr
hyperpolarisabilities for several small molecules
(particularly substituted methane's). However, since the

arrival of the laser the Kerr effect method of
determining the hyperpolarisability has not proved as
popular as the SHG method for larger molecules in
solution.

One of the simplest ways in which an organic molecule
can have a large optical non-linearity is by possessing a
conjugated system of bonds that lead to a strong Tmn-
electron de-localisation. Whereas the linear
polarisability increases as the cube of the length of the

conjugation'?4, the higher order polarisabilities 1increase



even fasterl20.125 The de-localisation of the m-electrons
can be further enhanced by the addition of donor and
acceptor groups at opposite ends of the conjugated
system. The strong charge transfer between such groups
operating across the entire extended system markedly adds
to the optical non-linearity of the structurel?6,

The aim of this project 1is to investigate the
hyperpolarisability properties of a benzene ring
containing donor groups conjugated with electron
attracting groups through primarily the temperature
dependence of the electro-optic Kerr effect in solutions.
If this experimental method proves successful it is
hoped, ultimately, that this will allow selection
criteria or a bond addivity model to be used when
designing materials for non-linear applications. As
already mentioned it is essential that the molecule is
able to crystallise in a structure lacking a centre of
inversion, for all —components of the second-order
hyperpolarisability Y vanish for a centrosymmetric
crystal. However, crystallisation of a molecule into a
noncentrosymmetric structure can be achieved by attaching
to it a suitable substituents that causes steric
hindrancel22.127,

A major part of the work undertaken in the project
was the design and manufacture of the equipment necessary
to make accurate electro-optic Kerr effect measurements
over a range of temperature. The most significant part of
this work was the design and manufacture of a longer

optical path length, temperature stabilised, Kerr cell.



Much of the Kerr effect measurement process was automated
using an Apple Ile computer and a stepper motor to rotate
the analyser during the measurement of the birefringence.
The computer can control the application of a square-wave
voltage across the Kerr cell, record and then analyse the
resultant optical signals for known orientations of the
analyser. In this way it 1is hoped that Kerr constant
measurements would be obtained to a higher degree of
accuracy than previously possible. All the electro-optic
data aquired for dilute solutions employed 1,4-dioxane as
the solvent. As the latter freezes at 11.8°C and boils at
101°C temperature dependence measurements of the molar
Kerr constant were conducted over the temperature range

15-70°C in 5°C intervals.



CHAPTER 2

THE KERR EFFECT

2.4 INTRODUCTION

This chapter is primarily concerned with the theory
of linear polarisation, the concept of the principal axes
of polarisation and the relationship between
polarisability and the induced dipole moment. The
orientation of a molecule upon the application of an
electric field is discussed in terms of the induced and
permanent dipole moments. The orientation of a molecule
by an electric field is the basis of the Langevin-Born
orientation theory used to describe the magnitude of the
Kerr effect. The 1linear Kerr effect is then described
using the Langevin-Born theory and is later extended to
include the hyperpolarisability terms  proposed by
Buckingham3¢. The means by which the hyperpolarisability
coefficients can be separated from the molar Kerr
constant are then discussed for the ideal gas situation
followed by a description of the extrapolation techniques
to obtain the infinite dilution molar Kerr constant -
analysed using the techniques employed for low pressure
gases. Finally, the reader is introduced to the bond-

addivity model for molecular hyperpolarisabilities



proposed by Buckingham. The frequency dependence of the

Kerr effect is also discussed.

2.2 MOLAR POLARISATION (THE POLARISABILITY a)

When a molecule 1is subjected to an electric field
there is a small displacement of electrical centres which
induces a dipole in the molecule. The difference between
the dipole moment before and during the application of an
electric field E, is called the induced dipole moment K.
If there is a net increase in the dipole moment during
the application of an electric field E, then the molecule
is said to be polarisable.

In most cases polarisable molecules are polarised
linearly, that is, the induced moment u is proportional

to E5. In such a case we have

n = a.Eo 2.1

where o is the polarisability of the molecule and is
either electro-static or electro-optic.

However this is only the case when the molecule is
completely spherical. Generally the molecule is
elliptical and the induced dipole moment H does not have
the same direction as the applied field E,. In this case

it is necessary to use a polarisability tensor «, such

that



Ky 017 O35 Qg3 Eox
Hy | = |21 OG22 O3 .| Egy
Hy Q37 O3y 0O33 Eoy

However, it is more convenient to write equation 2.2 in

the form

If a Cartesian co-ordinate system (x,y,z) is chosen
with its axes in the direction of the principal axes
(1,2,3) of the ellipse of polarisability then the

polarisability tensor will be in diagonalised form:

a 0 0 5 4
gpw'nn'yd - ares = 0 az 0 -
0 0 a

Since in all cases where the external field acts at an
angle to 1,2 or 3 the induced dipole moment will itself
lie at an angle to the field direction, it is then easy
to understand why non-polar molecules tend to align
themselves with their axis of greatest polarisability
parallel to the field. Since permanent molecular dipole
moments are about 105 times greater than induced moments,
the orientative action of a field on a polar molecule is
overwhelmingly controlled by the disposition of the

resultant moment in the molecular structure.



2.3 LINEAR KERR EFFECT THEORY

In 1910 Langevin? assumed that the orientation of a
molecule by the induced dipole of a molecule (when it 1is
subjected to an electric field) resulted in an
electrostatic and optical anisotropy in the molecule.
Bornl0 in 1918 extended the theory of Langevin to include
the effect of an electric field to molecules which posses
a possible permanent electric double;. It is therefore
necessary to consider both the Langevin and Born
hypothesis for the orientation of polar molecules.

The Langevin-Born orientation theory expresses the

Kerr constant, B, by the formula (in e.s.u.)

B = nNm(n2 +-2)2(8 +2)%(08, + 92)/§7nl 2.5

where, N_, is the number of molecules cm™3, & the static
dielectric constant, 6; the so called anisotropy term, and

6, the so called dipole term. The terms 6, and 6, are

expanded as

0, = (1/a5kT)[(a - ap)(0y — &p) + (@ — a3)(az —a3) ;¢

+ (a3 — a )(o3 - al]]

and

0, = (1/45K2T2)[(U:% - “%)(al - 0y) + (u% = H%)(az -a3) 2.7



A full formal treatment of equation 2.5 is given by Le
Févre and Le Févrel3 in a review paper written in 1955.

In 1921 Gans37.38.39 gsuggested that the electrostatic
polarisabilities (a;, a,, and a;) and the electro-optic

polarisabilities (a,, a,, and a;3) are related by

a;/oy = ay/0y = az/dy = 238

thus allowing the static polarisability tensor to be
removed from equation equation 2.7. Le Févre and Le

Févrel? have achieved the same end by assuming

a;/a; = Bp/Bg 2.9

where Pp and Py are the distortion and electronic

polarisation respectively. Similarly, if we make the

approximation
o, /a; = Oy/ay = as/a; = a/a 2 10
where
4= %(a1-+a2-%a3) 2.0
and
Ct:%(al+a2+a3) 2,12



Then, if we define an anisotropy parameter & by
2 g
5 = [(a - a) (2 - a)* = (a - 2)?f6a’ T
and

3% = [0 - ) +(a - @) + (a; - o)?]f6a? 5.14

Using the assumption made in equation 2.10 one then has

6§ = 85 = 6% and equation 2.6 reduces to

18
62
45kT

The approximation on which equation 2.15 is based is
rather arbitary, since there is no a priori reason why
the components of the atomic polarisability a should be
proportional to those of the electronic polarisability.
Infrared absorption calculations have shown that for many
molecules the ratio between the components of a may
differ widely from that for @, and in some cases with
o > o, one nevertheless has g < a; (where || and L refer
to the components of the polarisation parallel and
perpendicular to the applied electric field). This means
that instead of the approximation mentioned, one can also

make the approximation that, a, is isotropic9! yielding:

18
0, = 52 a? 2,16

45kT




It is worth noting that equation 2.16 holds exactly when
the electric field inducing the birefringence is of
optical frequency.

Otterbein3! in analogy with the molar polarisation
La® » expressed the electrically induced optical
birefringence by an additive quantity that is independent
of concentration for single compounds. This expression
for the magnitude of the optical birefringence is known

as the molar Kerr constant, denoted by K and defined by

6nN, p — Ng

K = Lim e 217
m 2 E—0 2 -
(n2 + 2) (e + 2)2 E
6AnBM
2.18

(0 +2) (e +2)d

where M is the molecular weight, n the refractive index, ¢
the dielectric constant, d the density of the medium, and
A the wave-length of the 1light used to determine B.
Stuart4? defines the molar Kerr constant differently,
i.e., smaller by a factor six according to equation 2.18.
The physical significance of K may be regarded as the
difference between the molecular refraction per wunit
field taken parallel and perpendicular to the direction
of the applied field E.

Inherent in equation 2.18 is the classical assumption
that the effective macroscopic local field acting on a

molecule when in an external field, E, is given by the

relation4l



E = 3E,/(g + 2) 2.19

Technically equation 2.18 lacks a factor of 9 on the
RHS of the equation which arises from the 1local field
approximation shown 1in equation 2.19. However as the
local field approximation is uncertain some workers29.30
have taken K as one-sixth that shown in equation 2.18,
only few other workers have included the multiplication
factor of 9. In general most workers31.32,42.43 have
preferred to express K as that shown in equation 2.18 and
that practice will be continued throughout this thesis.

An alternative approach would have been to use the
Onsager cavity theory for the local field instead of the

Lorentz theory i.e.

E = (28 + 1)E, /3¢ 2.20

The difference in the results obtained from using either
equation 2.19 or equation 2.20 have (for dilute solutions
of a solute in a non-polar solvent) generally proved
indistinguishable for many workers%4. However the same
cannot be said for pure polar solvents. When dealing with
a polar liquid it is then necessary to consider the

Onsager field model for polar liquids?5.



2.4 NON-LINEAR KERR EFFECT THEORY

According to the Langevin-Born orientation theory
molecules which are spherically symmetric and non polar
should not become birefringent in the presence of an
electric field. However experimental evidence confirmed
that these molecules did exhibit a small but distinct
birefringence.

The unexpected Kerr constant for spherically
symmetric molecules led Buckingham3® in 1955 to extend the
Langevin-Born orientation theory to include the
distortion effects seen in the molecular polarisability
at high field strengths. This distortion is commonly
referred to as the hyperpolarizability and results in the
induced dipole moment of a molecules in an electric field
being no longer directly proportional to the applied
electric field. A full mathematical derivation of
Buckingham and Pople's modification to the Langevin-Born
orientation theory can be seen in reference 36. Here, it
is only necessary to state that the modified equation for
oK was derived by Buckingham and Pople in the limit of low
densities for a uniform electric field, E, neglecting
dispersion, electronic and vibration states of the
molecule and molecular interactions. The modified
equation in SI units using Cartesian tensor suffix

notation46é is defined by



2 1 [0}
ot = 910¢€, {2Y“aﬁﬁ * EE[4”u,BaBﬁ + 3(aagaa5 - 3aa)]

where €, 1is the permittivity of free space, N is
Avogadro's number and k is the Boltzmann factor. Equation
2.21 is therefore only strictly applicable to low density
gases/vapours, but good agreement with equation 2.21 can
be obtained for measurements of K for solutes that are
extrapolated to infinite dilution in non polar solvents?7,
either directly or by the method described by Le Fevre
and Le Févrel3 or by Buckingham® (See Section 2.6). It is
worth noting that the hyperpolarisabilities  under
consideration only describe the influence exerted on the
electronic polarisability by a static field and do not

consider contributions due to atomic polarisation.

205 DISCUSSION OF THE VARIOUS ELEMENTS CONTRIBUTING TO

THE MOLAR KERR EFFECT EQUATION

The molecular Kerr constant K consists of four terms: a
part dependent on T-1 that is solely due to the anisotropy
of the polarisability, a part dependent on T-2 due to the
orientation of the anisotropic molecules by the permanent
dipoles, a part dependent on T-! due to the orientation of
the first hyperpolarizability by the dipole, and a

temperature independent part that is due to the second



hyperpolarizability. These parts will be denoted by [K;],

[K;]1, [K3], and [K,], respectively, where

sz[K1]+[K2]+[K3]+[K4] 2.22

If the axes of the molecular co-ordinate system are
chosen to be co-directional to the principal axes of the
polarisability tensor then the term [K;] is, according to

equation 2.21, given by (SI)

N
[k,] = m(aaﬁ%p - 36‘1)
N
= m[(al = az)(ﬂ.l = ('12) e 1 (3.2 = 3.3)((12 = (1.3)

+(a; - ay)(a; - ay)]

By using the anisotropy parameter, 8, defined by equation
2.14 and the same assumption made to simplify equation
2.6 to equation 2.16, then equation 2.23 may be rewritten

as

N o .
_ & 2.2
(%] 45kTe, u :

Term [K,], which is due to the orientation of the
anisotropic polarisabilities by the permanent dipoles,

is, according to equation 2.21, given by

N (0) (0) (0) 2:1 2.25
Ky] = ———=—| dtophty Mg~ — ¢\H :
(2] 270k%T%, [%B P ()



which can be rewritten as

[x;] = 9—16]{2—280[(;@ ~ 2o - az) + (13 - w2)(ey - a3)

+(13 - u2)(e - ay)]

where the molecular co-ordinate system 1is again taken to
be coincident with the principal axes of polarisability.
For molecules where the dipole is along one of these
axes, which by convention is then taken as the =z-axis,

equation 2.26 reduces to

Np2
o IR LU TV 2.27
[%2] 270k2T280( 2 )

For symmetric top molecules this can also be written as:

2
Np
K,] = ————ab 2.28
[¥2] 90K>T%6,

For the [K;] term the z-axis of the molecular co-
ordinate system is generally chosen so that it lies along
the direction of the permanent dipole moment and 1is
therefore independent of the principal axes of the

polarisability. [K3] is then given by

(0)
[6]- 910kT [
2N 2.29
'405];.1 (ﬂm ﬁzzs"'ﬂsas)



Following Buckingham?’ a mean first hyperpolarizability

can be defined by

B:

oW

(B113 + Baas + Bi33) 2.30

and a first hyperpolarizability anisotropy by

AP = B33 -

N W

(5113 + Baz3) 234

equation 2.29 can then be rewritten as

2N
(k3] = _2Hib 2,32
243kTe,
Finally, the term [K;] is considered. According to
equation 2.21 [K,] is defined by
2N
[Ks] = Y aapp 2.33

Again it 1is generally more convenient and customary to
define a wmean second hyperpolarizability using the

nomenclature of Buckingham?’. Thus

1
Y = T Yoopp

(Y1111 + Y2222 + Y3333 + 2Y1122 + 2¥2233+ 2¥3311)

vl »



which also permits equation 2.33 to be rewritten as

2.6 INFINITE DILUTION MOLAR KERR CONSTANT, K,

As already mentioned above, equation 2.21 for the
molar Kerr constant, K, is only strictly applicable to
low density gases/vapours. Generally, equation 2.21 may
not be satisfactorily used to determine K for a solute.
Instead the molar Kerr constant of a solution, K;;, is
determined from experimental measurement of Kerr
constant, B,,, refractive index, n,,, dielectric constant,
€15, and density, d,,. The subscripts 1,2, and 12 indicate
solvent, solute, and solution respectively. The molar
Kerr constant of the solute can then be determined using

the colligative relationship

K = oKl + JKiF 2.36

where f, and f, are expressed as molar fractions and it is
assumed that ,K;, the molar Kerr constant of the solvent,
is independent of f;. Values of K, calculated in this way
usually show a marked variation with f, and therefore need
to be extrapolated to infinite dilution (i.e. 4K;). This
can be accomplished by plotting K, against f; and taking
the intercept with the y-axis as the value of K, or by

using the expression??



c
+Ky = oKy + [nglz) 2.37
2 £ =0

However, Le Févre and Le Févre proposed that the
application of equation 2.37 caused uncertain estimates
in K,. This was not surprising as every K, value depends
on the independent measurement of (B, €, n, and d) the
errors in which can combine unpredictably to affect the
value of ,K,. Le Févre and Le Févre therefore devised a
method in which the individual observations were smoothed
and the L K, was then directly calculated. The argument
used followed that for dielectric polarisation (i.e. the
following equations were assumed to apply at high

dilution)

g5 = 81(1 + 00,)
d;; = d;(1 + Boy)
nj, = n,(1+ v0,)
By, = By(1 + d0y) 2.38

where ©, 1s the concentration expressed as the weight
fraction of solute. Occasionally By, €;5, and d,; do not
show a linear relationship with ©,. In such an instance

measurements are fitted to an equation of the type

2
(By; - Bl) - (first constant)w, + (second constant)oj

where

0B, = first constant 2+39

- 52 -



The infinite dilution molar Kerr constant, K>, 1is then

derived from

where, (K, is the specific Kerr constant of the solvent,

defined by
Ky = 62“n181 2.41
(nf + 2) (al+ 2)2d1
where
H = 4n§/(n§ + 2) 2.42
and
J = 2/(e; +2) 2.43

The quantities H, J, and (K; are constants for the chosen

solvent at a particular temperature.

With the introduction of the infinite dilution molar
Kerr constant expressions for [K;], [K;], and [K3] are
obtained which are 1identical to the corresponding
expressions for the dilute gas except for the use of
effective values of u, a, and P instead of those for the
isolated molecules. This makes 1t possible to analyse
values of K, in the same way as for dilute gases. The use
of effective values for g, o, and B requires that

measurements of the dipole moment, molar refraction and

_53_



Rayleigh depolarisation ratio are calculated from dilute
solution data and not from data obtained for the low

density gas.

2.7 RESOLVING THE EXPERIMENTAL VALUES OF K, INTO

[K,], [K;], [K3]l, AND [K,]

Molecular symmetry can greatly simplify the
constituents making up the molecular Kerr constant>0;
however for polar molecules with 1low symmetry it 1is
necessary to employ more than one technique in solving
for the components of ,K,. In general the measurements of
the depolarisation ratio of Raleigh 1light scattering,
dipole moment, and the electronic polarisation are
required.

Simplification of equation 2.21 because of the
presence of symmetry, 1is particularly significant for
spherical-top molecules, where the dipole moment, W, and
the anisotropy parameter, 0, are equal and zero due to
spherical, tetrahedral, or octahedral symmetry. Thus, it
can be seen from equation 2.21 that for spherical-top
molecules the only term left in K, is [K4] and therefore
the value of y can be determined from direct measurements

of the Kerr effect. In general, values of y are about

1073° e.s.u.

For non-polar molecules possessing lower degrees of
symmetry to those just discussed, [K,] and [K;] are equal

and zero. It 1is therefore necessary to separate the



values of [K;] and [K4], which can be accomplished by
taking Kerr effect measurements over a wide range of
temperature. According to equation 2.21 if K, is plotted
as a function of 1/T then [K,] can be determined from the
intersection of the straight line with the axis and [K,]
can be determined from the gradient. Then, from equation
2.35, Y can be calculated. An alternative to the
temperature analyses of K, employed in the determination
of ¥ is to utilise depolarisation Raleigh scattering and
electronic polarisation which enables [K;] to be
calculated directly. Also subtraction of [K;] from K,
yields [K4] and therefore Y.

For polar molecules, with low degrees of symmetry,
the splitting of K, into its coefficients is extremely
difficult, but should be possible by combining
temperature analysis of the Kerr effect, depolarisation
ratio of Rayleigh 1light scattering, and electronic
polarisation. For symmetric top molecules [K;] and [K;]
can be calculated from equations 2.24 and 2.28. A plot of
oK5- [K;1T- [K,] T2 against 1/T should, according to theory,
result in a straight line. The mean second
hyperpolarizability, y, can then be calculated from the
intersection of the straight line the ordinate axis and
the first hyperpolarizability, B, from the gradient of
the 1line. For molecules of lower symmetry it 1is
theoretically possible to plot K, against 1/T and to fit
the corresponding curve to a polynomial of degree three
and thus determine the coefficients making up oK;.

However, due to the number of experimental techniques



involved in calculating 4 K, and the large extrapolations
involving (1/T)—0, this method 1is often extremely
inaccurate. It is therefore more common to either ignore
the second order hyperpolarisability entirely or to use a
value determined from the low density gas or to use a
value calculated using bond additivity techniques. Thus,
if T(oK, - [Ks]) is plotted against 1/T the first
hyperpolarisability can be determined from the
intersection of the resulting straight line and [K;] from

the gradient of the line.

2.8 BOND ADDITIVITY APPROXIMATION

Since a bond-additivity scheme for molecular
polarisability is already well established it would seem
to be reasonable and advantageous to develop an analogous
approximation for hyperpolarisabilities. Following
Buckingham?’, the approximation for B for a molecule with

N bonds can be written as
- i)
Baﬁ? =ZBC¥|3‘I 2.44
i=l

(i)

oy Can be

If the ith bond is symmetric about its axis,f

expressed in terms of its mean and its anisotropy

Bg}ii _ (%B(i} _ %Aﬁ(i))(lg)ﬁm + 1:3'1)8},0‘ + 15{,“6043) 2.45

" AB(i)l&i)léi)lgi)
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gl (EB(“ - EAB“ ](15; By = If Byg, + UML) 2045
(1)1(1)1(3);(3)
+ AP g1,

where ISJ is the cosine of the angle between the axis of
the ith bond and the a-direction. The kronecker delta Oap
is unity if o= and is zero otherwise.

Since y is independent of the bond directions the
second order hyperpolarizability of a molecule is a
straight addition of the second hyperpolarizability of
each bond making up the molecule.

In the above bond additivity approximation4?, all
components of the first hyperpolarizability tensor B of
an arbitrary molecule can be obtained from the mean first
hyperpolarisabilities and the first hyperpolarizability
anisotropies of the bonds by adequate linear
superposition using the bond angles involved. This bond
additivity approximation has limited uses particularly
for molecules that have highly polar bonds, as the model
proposed by Buckingham ignores induced dipole moments
caused by bond-bond interactions. The effect of bond-bond
interactions 1is particularly considerable for halogenated
methane's and therefore the bond additivity approximation
proposed by Buckingham gives only moderate results for
these molecules. However an interacting segment model
(I.S.M.)51.52 has proved fairly successful in providing a
bond additivity model for the halogenated methane's that

takes into account bond-bond interactions. Additional

information about the components of the first



hyperpolarizability tensor, B, can be obtained from
second-harmonic light-scattering (S.H.L.S.)53. Results
obtained from S.H.L.S. have indicated that in many cases

AB<¢B54f 55, thus

3
B333 = 5‘(3113 +Bya3) = B 2.46

2.9 FREQUENCY DEPENDENCE OF THE KERR CONSTANT, B

In section 2.39 the equation for the evaluation of
the molar Kerr constant of a solute at infinite dilution
developed by Le Févre and Le Févre was introduced.
Equations 2.47 and 2.48 which expand sK; and H, show that
these quantities, and therefore , K,, must in some way

depend on the wavelength

(K1), = 6205y 2.47
. .
Y (02 4 2)' (e + 2%,
Hy = 4ni/(ni 2 2) 2.48

In the 1literature there 1is 1little experimental
results describing the wavelength dependence of the Kerr
effect. However, there are a number of relationships
between Bj; and A, and the refractive index, n;. The oldest
of these relationship's (equation 2.49) 1is due to

Havelock, 56; others are equation 2.50 by Quarles®’, and

equation 2.51 by Powers>8.



where h, k, and K are constants determined at a
particular wavelength. Equations 2.49, 2.50, and 2.51 do
not consider inflections or discontinuities in the Bj-A
relationship as A approaches or becomes an absorption
wavelength. However, the formulae of the Drude or
SellmeierS? type avoid this problem.

Le Févre and Solomons®? have  reported some
experimental investigations concerning the wavelength
dependence of the Kerr constant for benzene and carbon
tetrachloride. Their results indicate a slight preference
for the wuse of equation 2.49 by Havelock when
extrapolating the Kerr constant over wavelength for

benzene and carbon tetrachloride.



CHAPTER 3

MEASUREMENT OF THE EXPERIMENTAL KERR CONSTANT, B

3 INTRODUCTION

This study involves the measurement of a number of
experimentally observable quantities, using various
physical techniques; the most important of these being
the Kerr constant, B. All measurements of the Kerr
constant used in this thesis were made using the nulled
intensity method®®, which involves applying short duration
electric fields across the Kerr cell. This technique
reduces the effect of electrophoresis, conductivity,
electrode polarisation and heating effects that hindered
earlier studies of the Kerr effect that used a.c. or d.c.
electric field methods.

Much of the necessary equipment required to measure
the Kerr constant had previously been assembled by other
researchers, and was mostly suitable for the experiments
carried out in this thesis. However, to obtain more
accurate results than was currently possible some parts
of the apparatus were altered or completely replaced. In
particular a new large optical path 1length (15cm) Kerr

cell was designed and built with a sample volume of =

30cm3.



The major part of this chapter is concerned with the
experimental technique used for the measurement of the
Kerr constant along with a description of the equipment
used and designed for that purpose. The preparation of
the solutions used and the Kerr constant results obtained

are also presented.

3.2 KERR EFFECT EQUIPMENT

A diagram of the apparatus used to measure the
electrically induced phase difference, 6, is shown in
Figure 3.1. All the optical components were mounted on a
two metre length of optical bench enclosed in a light-
proof cabinet. A plane-polarised beam of monochromatic
light is passed through the Kerr cell polarised at 45° to
the direction of the applied pulsed electric field, E.
The light emerging from the Kerr cell 1is then passed
through a quarter wave retarder, oriented with its
principal optic axis at 45° to the Kerr cell electrodes
and the direction of the applied field. The 1light then
passes through a polariser (analyser) which can be
rotated via a stepper motor and a series of gears. The
intensity of the light passing through this polariser is
then detected by a photomultiplier. The output of the
photomultiplier is connected to a transient recorder
which in turn is connected to an oscilloscope and an
Apple II computer, using an Xcalibur VIA board. In this

way the electrically induced optical pulse can be



effectively displayed and analysed by the computer. The
voltage applied across the Kerr cell was monitored using
a Tektronix probe (model P6013A) which attenuated the
voltage by a factor of approximately 103. The voltage from
the probe could then be measured using a Thurlby (1503-

HA) digital multimeter.

32,1 Light source

A plane-polarised beam of monochromatic 1light was
generated by a Spectra Physics helium/neon laser emitting
at a wavelength of 632.8nm and with a power rating of
SmW. The 1laser was polarised at 45° relative to its
direction of propagation and was mounted on the optical
bench such that the beam of light propagated parallel to
the bench. The beam of light produced by the laser had a
working diameter of lmm, therefore the electrode
separation in the Kerr cell was set to just over 1lmm to

allow the light beam to pass unhindered through the cell.
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3.2:2 Analyser/polariser

The analyser 1in Figure 3.1 was a Glan-Thompson double
refraction polariser of commercial origin. It was
constructed from two calcite prisms glued together and
mounted in a hollow brass cylinder. The brass tube was
held in a rotatable graduated circle, which could be
rotated clockwise or anti-clockwise via a set of gears,
either manually or by a stepper motor. Each step of the
stepper motor was equivalent to moving the analyser

through 0.0045 degrees.

3:2.3 Quarter-wave plate retarder

The quarter wave plate consists of a disc of
birefringent material, and therefore, there exists within
the disk two orthogonal directions of propagation that
correspond to maximum and minimum refractive indices.
These directions correspond to the slow and fast axes,
respectively. The thickness of the disk is specifically
cut so that a 90° degree phase shift will occur between a
beam of light propagating with its electric vector
parallel to the fast axes compared to a beam of 1light
propagating with its electric vector parallel to the slow

axes, at a wave-length of 632.8nm.

Tf an incident beam of plane polarised 1light is

incident on the disk such that its electric vector

propagates parallel to either the fast or slow axis of



the disk, then there will be no effect on the beams
polarisation. However, if the incident beam is
elliptically polarised then the emerging beam will be
converted into plane polarised light.

The advantages of using a quarter wave plate in the
optical arrangement has Dbeen emphasised by several
authors (O'Konski and Haltner 1956%2; Houssier and
Fredericq 196663): it gives a greater sensitivity than
without the plate; it enables the sign of the
birefringence to be determined, and it allows higher

accuracy in the measurement of relaxation times.

3.2.4 Positioning the optical axes of the quarter-wave

plate.

The Kerr cell was filled with HPLC grade toluene and
the quarter-wave plate was removed from the equipment
set-up shown in Figure 3.1. The polariser was then
crossed with respect to the polarisation of the laser
beam, such that the intensity of light reaching the
photo-multiplier was at a minimum. When the retarder was
re-introduced a light-signal was detected by the
photomultiplier. This light signal is then extinguished
by rotating the quarter-wave plate. It is possible for
the quarter-wave plate to extinguish the 1light when
cither the slow or fast axis of the plate is at 45° to the
applied electric field. Toluene has a positive Kerr

effect and if this is to correspond to a positive



rotation of the analyser in order to null the
birefringent optical square wave pulse the slow axis of
the retarder must be at 45° to the applied electric field.
Therefore to check that the retarder is correctly
oriented a square wave electric field is applied across
the Kerr cell and it is checked that a positive
(clockwise) rotation of the analyser dées indeed null the

optical signal.

3.2.5 Photomultiplier

The electrical configuration of the electrodes of the
photomultiplier tube (E.M.I 9816B) are set for high gain
usage. The gain and/or smoothing of the photomultiplier
output can be adjusted by two switches that vary the
resistance and capacitance (and therefore the time
constant) of the output circuit. The photomultiplier was
mounted in a brass tube that had a 20mm aperture near the
window of the photomultiplier. Interference from stray
light was minimised by the addition of a collimating
aluminium barrel, 80mm long, with a 2mm diameter aperture
placed in front of the aperture. The HT driving potential
was supplied by a Brandenberg model 472B generator that
could be wvaried between 0 and -2kV. In general the
operating driving potential applied to the
photomultiplier was constantly adjusted so that the
output from the photomultiplier never exceeded two volts.

This was considered to be the upper output voltage of the



photomultiplier before saturation of the photomultiplier

tube occurred.

2.3 EQUIPMENT DESIGN AND MODIFICATIONS

It can Dbe seen from Chapter 2 that the first
hyperpolarisability P is determined from the y-intercept
of a plot of [LK,;]T - [K4]T against 1/T. The experimental
values of B reported in the literature have, in general,
large standard errors associated with them. These errors
are mainly due to the small variation of K, with
temperature and the range of measurable temperatures
involved in the extrapolation of T-! to zero required to
compute . Therefore to reduce the errors involved 1in
determining B, measurements of the temperature dependence
of the Kerr constant, B, must be obtained as accurately
as possible. Three main approaches were taken 1in an
attempt to obtain Kerr constant measurements of
sufficient accuracy. These approaches can be

characterised by

1) Modifications of the high voltage pulse former®4 to
provide high quality square wave pulses up to 10kV. The
equipment was previously only capable of producing square
wave pulses up to 5kV Dbefore multiple triggering of the

pulse former occurred and/or arcing of the high voltage

lines to ground.
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2) Computer aided control of the measurement and the

analyses of the Kerr effect.

3) The design and building of a new Kerr cell that
had a longer optical path length and improved temperature

stability.

3:3%1 Modifications to the high voltage pulse former

As the birefringence induced in the molecules of a
sample increases as E? (see equation 1.8) a doubling of
the electric field will increase the resultant
birefringence by a factor of four. The electric field
produced between the electrodes in a Kerr cell is

determined from

E = v/d 3.1

where V is the voltage and d is the distance between the
electrodes. Therefore, it can be seen from equation 1.8
and equation 3.1 that even a small increase in the pulse
voltage can provide more accurate birefringence
measurements by increasing the signal to noise ratio.

The circuit diagram of the high voltage pulse former
used by S.Mumby®? is shown in Figure 3.2. The schematic
diagram of how the high voltage pulse former produces the

high voltage pulse that is applied across the Kerr cell



is shown in Figure 3.3. The complete description of how
the circuit operates can also be found in reference 64.
The maximum voltage that the high voltage generator
in Figure 3.1 was capable of producing was 10kV.
Unfortunately the quality of the pulse produced by the
H.T. pulse former became seriously degraded at voltages
approaching 5kV. These degradations in the pulse took the

form of

1) Multiple pulse triggering,
2) h.t. tracking,

3) shortened pulse widths,

4) noise spikes, and

5) decay of the H.T. voltage over the pulse width.

According to the parts list in Table 3.1 the value of the
resistor R10 1is 820k{2. However, on inspection of the
circuit board it was found that a section of the circuit
had been incorrectly constructed and that the value of
R10 was in fact 100k{2. As the product of R10 and C9
determine the upper limit to the H.T. pulse width it can
be seen that the upper limit was in fact 1ms instead of
8.2ms as expected. The removal and subsequent replacement
of resistor R10 with a 820k{2 resistor permitted the
circuit to provide H.T. pulses with duration up to 8.2ms.
Investigation of the 15V supply line in Figure 3.2
showed that as the reed switches closed the current drawn
by the switches was such that the capacitors C12 and C13

could not maintain the supply voltage at 15V.



also the reference voltage for ICl, IC2, and IC3 it was
considered that the drop in the supply voltage, combined
with noise spikes on the trigger 1lines, might be
responsible for multiple triggering. The capacitors C12
and Cl3 where consequently increased to the current
5700uF and decoupling capacitors (10nF) where placed on
all the trigger inputs to the monostabie 555s!

To reduce H.T. sparking and electromagnetic radiation
all exposed H.T. wires where wrapped in Teflon tape and
the copper mesh on all coaxial connection cables were
stripped down to at least 1lcm from the exposed H.T. wire.

It was found that the reed switches in Figure 3.1 and
Figure 3.2 instead of closing directly on the application
of a magnetic field, "bounced" before <closing. This
"bouncing" produced high voltage spikes on the trailing
edge of the H.T. pulse. To reduce these spikes the
current limiting resistor R1 shown in Figure 3.2 was

reduced to 11.1kQ.
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Table 3.1 Parts list for circuit shown in Figure 3.2

Capacitors

Cl 1uF/25V tantalum

C2 0.1uF disc ceramic
C3 0.047uF disc ceramic
C4 0.01uF disc ceramic
C5 0.047uF disc ceramic
Cé6 0.047uF disc ceramic
C8 0.047uF disc ceramic
C9 0.01uF disc ceramic
C1l0 0.01uF disc ceramic
Cl1l 0.005uF disc ceramic
Cl2 5700uF/25V electrolytic
Cl13 5700uF/25V electrolytic

1MQ potentiometer

Twelve switched

Resistors
R1 220k
R2 2.2kQ
R3 10Q
R4 12MQ
R5 39kQ
R6 4.7kQ
R8 15kQ2
R9 10kQ2
R10 820kQ
R11 820kQ
R12 1.0kQ
R13 1.0kQ2
RV1
RA

values
R14 1.0kQ
R15 1.6kQ
R16 4 .7k
R17 15kQ
R18 39kQ
R19 100kQ2
R20 160kQ
R21 390kQ
R22 1.0MQ
R23 4 .3MQ
Inductances

Semiconductors
Q1 2N2646
Q2 BC108

Q3,04 2N3053
D1,D2 1N4001
IC1 7555CMOS
IC2,IC3 555

Switches

PS1 Press switch
RS1,RS2,DTA 812
10kv reed switches normally

open, tungsten contacts

L1l,L2 90-130 ampere turns wound on P.T.F.E. former

T8 =
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Figure 3.3 Timing diagram of the clock and three
monostables in the high voltage pulse

former.



w3 e Computer connections

On the application of an electric field to the Kerr
ell the pulse of 1light detected by the photomultiplier
as recorded using a Datalab model DL905 transient
‘ecorder. The transient recorder was triggered by the
igh wvoltage pulse former as the électric field was
pplied across the Kerr cell. The high voltage pulse
ormer could be triggered either manually or by the Apple
Ie computer. The triggering signal from the high voltage
ulse former was arranged so that a short delay occurred
etween the electric field being applied across the Kerr
ell and the receipt of the optical signal. This
rrangement allowed a portion of the optical baseline
field-off 1light-level) to be recorded immediately
receding the transient change in the 1light intensity
pon the application of the electric field. The optical
ignal captured by the transient recorder was displayed
ontinuously on an oscilloscope that was set in the X,Y
ode, the two channels acting as the X and Y inputs. The
ptical signal could also be transferred to the Apple IIe
omputer using an Xcalibur Via interface board and a
imple machine code program. The optical signal could
hen be analysed immediately or stored onto a floppy disk
or later analysis. The connection from the computer to
he transient recorder not only allows the transfer of

he optical signal but also permits the computer to re-

rm the transient recorder.



Two relay switches have been added to the interface
oard that are opened and closed via the interface board
nd are connected to the stepper motor driver and switch
1 (figure 3.2) of the H.T. pulse former. In this way the
omputer is capable of applying an H.T. pulse to the Kerr
ell, rotating the second polariser, and transferring the
eceived optical signal to its memory for either
mmediate analysis or to a floppy disk. The Via interface
oard was inserted into slot 5 of the Apple II computer.
he controcl commands to arm the transient recorder,
otate the analyser, trigger the high voltage pulse
ormer, and to transfer the received optical signal to

he computer are given in Appendix A.

33 Protecting the computer from the H.T.

Due to the electromagnetic radiation emitted by the
.T. equipment the apple II computer had to be shielded
y enclosing it in an aluminium box. Although the
luminium box normally provided adequate protection, it
as not sufficient to prevent the computer malfunctioning
t voltages greater than 6kV. Consequently a 4100
ssistor was placed on the output of the H.T. supply reed
witch to reduce the -emission of electromagnetic
adiation. Although the inclusion of the 410() resistor
ses reduce the rise-time of the H.T. on the Kerr cell,
- does not seriously affect the optical signal because

e rise-time (ca ps) of the H.T. is much longer than the



natural orientational relaxation times (ca 10-9s) of the

dipoles in the solution.

3.3.4 Stepper motor

A stepper motor has been attached to the gears and
rods controlling the orientation of the analyser. This
allows the analyser to be rotated clockwise/anti-
clockwise in incremental steps of 0.0045 degrees, which
is an improvement on the minimum rotation previously
available (0.05 degrees). The stepper motor can be driven
manually or by the Apple IIe computer. The use of a step
motor allows partial automation of the Kerr effect
equipment and significantly reduces any errors 1in the
analyser angle due to backlash in the gear train, human

limitations, and error.

3.4 NEW LONGER OPTICAL PATH LENGTH KERR CELL

3.4.1 System requirements

In order to perform accurate measurements of the Kerr
constant, B, over a temperature range it was necessary to

design and build a new Kerr cell which met the following

requirements:



1) Good optical stability,
2) sufficiently long optical path length,
3) good temperature stability, and

4) easy to fill and empty

A considerable amount of time and experimentation went
into perfecting the design of the Kerr cell. The major
design changes made to the final version of the Kerr cell

can be seen in section 3.2.

3.4.2 Description of the new longer optical path

length Kerr cell

Shown in figures 3.4, 3.5, 3.5, and 3.6 are the
diagrams for the final version of the Kerr cell. The Kerr
cell consists of two tubes (one of glass and the other
Perspex) with the glass tube placed inside the Perspex
tube. Two Teflon end caps hold the tubes in place, see
Figure 3.5 and Figure 3.7. A specially built frame
consisting of aluminium plates and steel bolts ensures a
seal between the glass tube and the Teflon by compressing
the whole arrangement together. Compression and a silicon
based sealant (Dow Corning 732 RTV) creates a seal
between the Perspex tube and the Teflon. Each Teflon end
cap has a hole drilled through its' centre over which is
placed a high quality optical quart:z disk which acts as a
window. Both quartz disks were carefully selected for

their freedom from strain birefringence.
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A brass retaining ring, through which heated/cooled water
is passed, and a rubber 'O' ring secures the quartz
windows to the Teflon end cap. A simple paper washer
creates a seal between the quartz disk and the Teflon.
The inner chamber is filled wvia a stainless-steel tube
that leads into the chamber via a hole drilled through
the Teflon end cap. The inner chamber-is emptied in much
the same way except that a stainless-steel ball valve has
been included. Electrodes, also of stainless-steel, where
placed into the inner chamber. Two wires passing through
the Teflon end cap into the inner chamber provide the
ground and H.T. supply to the electrodes and are secured
using two Allen-key grub screws. The H.T. coaxial supply
cable is connected to two brass rods on the Teflon end
cap and secured using an Allen-key grub screw. The brass
rods are, in turn, connected to the two wires leading
into the inner chamber. A Perspex block supports the H.T.
coaxial supply cable making the whole arrangement more
rigid and preventing arcing. The electrode gap 1is set by
five glass spacers, which £fit into pairs of opposing
holes drilled into the electrodes. The depth of the holes
in the ground electrode may be varied by adjusting five
Allen-key grub screws, and in this way the electrode gap
may be varied.

The electrodes are supported in the inner glass
chamber by four glass pegs and four spring loaded
These spring loaded plungers also supply the

plungers.

force required to prevent the electrode gap from varying.

Both electrodes were highly polished and rounded at their



extremities to prevent arcing between them. A K-type
thermocouple was fed into the inner chamber through a
hole that allowed air to escape from the chamber during
filling. The thermocouple allowed the temperature of the
inner chamber to be measured to +0.1°C. Two connections to
the outer chamber make it possible to pass water through
the outer chamber thus heating/cooling the inner chamber.
The aluminium erd plates (connected together with
three brass rods) are fixed to a base plate in such a way
as to allow the Kerr cell to be tilted. This tilting
action aids the filling and emptying of the Kerr cell.
Two optical mounts attached to the base plate allow the
Kerr cell to be rotated horizontally and moved

perpendicular with respect to the laser beam.

3.4.3 Sealing the inner chamber

Initially the glass and Perspex tubes were sealed to
the Teflon end caps using a Dow Corning water resistant
silicon sealant (Type 732 RTV). When the cell was filled
with toluene the sealant swelled and broke apart blocking
the 1light path through the Kerr cell. The cell was
therefore dismantled and resealed using only the minimum
quantity of sealant required O successfully reseal the
cell. The cell was then baked for forty-eight hours at

50°C in an attempt to improve the cross-linking density of

the sealant. However these methods proved unsuccessful.

on the recommendation of Dow Corning the cell was then



resealed using Dow Corning 730 solvent resistant sealant.
The 730 solvent resistant sealant proved more successful
than the previous sealant since it did not break apart on
the application of a solvent. However, over time even
this sealant degenerated and finally allowed water to
pass from the outer chamber to the inner. A new glass
inner tube was then specially construéted with optically
ground flanged edges and heat treated to remove any
stress/strain caused by the grinding. A thin layer of
Teflon tape was wound onto the end of the glass tube and
the whole arrangement compressed between the two end

caps. This method successfully sealed the cell.

3.4.4 Grub screws

All solutions prepared for electro-optic examination
are filtered using 0.22u Millipore Fluoropore filters.
The solutions are filtered to reduce light scattering and
therefore increase the signal-to-noise ratio (S-N ratio).
However, when the cell was filled with carbon
tetrachloride the S-N ratio decreased. The decrease 1in
the S-N ratio was caused by rust particles released from
the Allen-key grub-screws and floating in the cell, due
to the high density of the carbon tetrachloride. The

Allen-key grub-screws were therefore replaced with

stainless-steel grub-screws.



3:4.5 Sealing the quartz windows

Initially the quartz windows were mounted straight
onto the Teflon end cap and were secured in place using a
rubber O-ring. This method proved unsuitable because it
was not possible to machine a sufficiently flat surface
on the Teflon to allow the windows to be sealed using
only minimal pressure. A flat disk of solvent-resistant
rubber (Viton) was then placed between the quartz window
and the Teflon. This allowed the window to be sealed
using only minimal pressure. However, the solvent-
resistant rubber had a tendency to swell with some
solvents and thus induce strain birefringence in the
quartz windows. A successful seal between the quartz
window and the Teflon was achieved using a high quality

paper washer.

3.5 TEMPERATURE CONTROL AND STABILISATION OF THE KERR

CELL

Initial experiments to determine the temperature
stability of the Kerr cell resulted in refraction of the
laser beam passing through the cell. For even small
changes in the temperature (approx. 5°C) the beam was
refracted to such an extent that it completely missed the
far window of the cell. It was proposed that this

refraction was caused by a temperature gradient through

the cell, consequently a second thermocouple was inserted



into the far end of the cell. As expected the
thermocouples at either end of the cell did not give the
same temperature reading, thus proving that a temperature
gradient did exist. The exact explanation why such a
gradient should exist is not fully understood but it did
seem likely that it was caused by unsymmetric heat loss
through the Teflon end caps.

To overcome the heat loss through the Teflon end caps
the system of heating/cooling the cell by passing water
through the outer chamber was abandoned in favour of
enclosing the cell in an insulated box through which
hot/cold air was passed. The above method did solve the
refraction problem but  meant that changing the
temperature of the Kerr cell was considerably slower than
the water method.

As the heated/cooled air method proved to be to slow
for practical purposes it was decided to return to the
water controlled method. Initially the plates holding the
quartz windows in place were simple disks of aluminium
and not the hollow brass plates currently used. Small
resistors and a thermistor were placed on the aluminium
plates so that the plates could be heated and maintained
at the same temperature as the water temperature 1in the
hope that this would help reduce the heat loss through
the Teflon end caps. Essentially this method was
was considered to be somewhat

successful but it

impractical. The aluminium plates were therefore replaced

by two hollow brass plates through which water may pass.

The water passing through the brass plates is the same as



the water passing through the outer chamber of the Kerr
cell. In this way the heat loss through the Teflon end
caps was corrected while still allowing the Kerr cell to

be heated/cooled at a reasonable rate.

3.6 EXPERIMENTAL METHOD-THE NULLED PULSE TECHNIQUE

One of the most successful methods of measuring the
birefringence of a sample is the nulled ©pulse
technique®>/66 which involves the application of a square
wave electric field of short duration (x10ms) to the
sample.

When there is no electric field applied across the
Kerr cell the light remains unaffected by the Kerr cell
and the quarter-wave retarder. The light arriving at the
second polariser is therefore still polarised at 45° to
the Kerr cell electrodes and can therefore be completely
extinguished by the second polariser. When the two
polarisers are oriented by an angle, oy, such that no
light will pass through them, then they are said to be
"crossed".
When an electric field is applied across the Kerr

cell a phase difference, d, 1s introduced between the

parallel and perpendicular vector components of the light
beam. The phase retardation, 0, results in the light
emerging from the cell being elliptically polarised. The
quarter-wave retarder converts this elliptically

polarised light into plane polarised light rotated by an



angle, o, (see Appendix B). The light emerging from the
quarter-wave retarder can then be extinguished by
rotating the second polariser by an angle a from the
crossed position. The quarter-wave plate between the Kerr
cell and the analyser enables a distinction to be made
between positive and negative birefringences.

When no electric field is applieél the intensity of

light detected by the photomultiplier is given by
_ i 2
IE=0 = IO sin o 3.2

where o is the rotation of the analyser with respect to
the nulled position of the two polarisers (Malus' law).
When an electric field is applied to the Kerr cell the

detected light intensity is given by
Igsg = I sin(a + 8/2) 3.3

If the analyser is then rotated in discrete steps the
difference between the optical intensities Ig.o and Ig,g
will reduce until an angle o, is reached, such that the
intensity Ig.g and Ig,o are equal (see Figure 3.8) the
system is then said to be at the null-point. It can be

shown (see Appendix C) that at the null-point when the

angle o, is less than 20° that

o, = — = 3.4



Thus, for a pulsed mode of operation, equation 3.4
describes the relationship between the angular rotation
of the analyser, required to equate the optical
intensities, and the electronically induced phase
retardation, 6. The Kerr constant, B, is then readily

calculated form

B = §/2n1E2 3.5

However, this method requires exact measurements of the
electrode 1length, the distance between the electrodes,
and the voltage applied. Errors can also be introduced
because of field effects at the end of the electrodes.

Instead a graph of a, for various applied voltages was
plotted against V2, and the gradient, m,, found. The Kerr
cell was previously calibrated with a 1liquid of known
Kerr constant, Bg. The graph of «; against V? for the
standard 1liquid then gave a gradient, mg. The Kerr
constant, B,, of the unknown liquid is then found from

B, = Bym, /mg 3.6
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3.i62 Procedure for measuring the Kerr constant using

the nulled pulse technique

The slow axis of the quarter-wave was manually set at
45° with respect to the direction of the applied electric
field. The solution/solvent was placed in the Kerr cell
at room temperature and it was checked that no air
bubbles had formed at the quartz windows of the Kerr
cell. If air bubbles do form these can usually be easily
removed by tipping the Kerr cell. The water bath was then
set to the desired temperature and the system was then
left to reach temperature equilibrium. When the system
had reached temperature equilibrium and a clear optical
beam could be seen emerging from the cell the analyser
was manually rotated to the crossed position. For a
solution/solvent with a positive Kerr constant the
analyser is then rotated manually a half turn
anticlockwise and then a quarter turn clockwise. This is
done to compensate for backlash in the gearing system.
For a negative Kerr constant this process is reversed.
The stepper motor control box can now be switched on
(making sure that the rotation of the motor is set to
clockwise) and the computer program listed in Appendix E
can now be loaded. Once the computer program has been

loaded the user is presented with the main-menu screen

shown in Figure 3.9.



MAIN MENU

- TO FIND NULL-POINT

- TO FIND PULSE QUALITY

TO RESTART THE PROGRAM

TO FIND THE WINDOW POSITIONS

= Mo =

ENTER SELECTION

Figure 3.9 Computer program main menu

The user can now determine the quality of the optical
pulse received by the photomultiplier by pressing 'Q'
then 'RETURN' on the computer keyboard. It is important
here to ensure that the transient recorder is set to the
single pulse mode of operation. A sample of the crossed
position optical signal being received by the
photomultiplier will then be transferred to the computer.
The average intensity level and standard deviation of the
optical signal is then determined. If the deviation is
greater than 3% the optical signal will be classed as
noisy. If the pulse is 'noisy' this could indicate that
the system has not reached temperature equilibrium or
that the sample has not been filtered sufficiently. If
the optical signal received by the transient recorder

exceeds the transient recorder window limits the user

will be informed of the situation by the program. The

signal can be made to fall within the transient recorder



window limits by adjusting the offset voltage and/or
voltage scale on the transient recorder. If the pulse is
within the window limits and is 'clean' the user can now
proceed to determining the =zero applied voltage null
point. This 1is accomplished by pressing 'N' and then
'"RETURN' at the main menu. The user must then enter the
stepper motor increment value (normally one) and the
number of pulses to average over (normally one for a
clean pulse). The program will then automatically find
the null point.

In order for the computer program to determine the
difference between the intensity levels of the on/off
electric field state the program must be given four
discrete windows positions. This is done by selecting the
"find window positions" on the computer program menu i.e.
press 'W' then 'RETURN'. The user is then required to
transfer an optical pulse from the transient recorder to
the computer. Manually increase the voltage applied to
the Kerr cell until an optical square wave signal can be
seen on the oscilloscope using the 'DISPLAY PULSE ON
OSCILLOSCOPE' option in the sub-menu. Now transfer the
optical signal to the computer using the 'TRANSFER PULSE
TO COMPUTER' option in the sub-menu. This optical signal
will then be displayed on the computer monitor see Figure
3.10. The solid white line running vertically from the
bottom of the screen to the top is simply a marker
position. The marker can be moved from the left of the
screen to the right of the screen by pressing any key on

the computer key board. By pressing the 'S' key on the



keyboard the window positions sl1, s2, s3, and s4 can the

be set (see Figure 3.11).
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Figure 3.10 Computer program screen-typical optical
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Figure 3.11 Computer program screen-setting window
limits.



It is possible using this setting of the window positions
Lo do relaxation measurements. This is possible because
as the marker line scans across the optical pulse the
time position of the marker and the intensity of the
pulse at that time is displayed on the computer screen.
After setting the window positions the user will
automatically proceed to determining the Kerr gradient of
the sample. The user will then be required to enter the
current operating voltage and the number of times the
optical pulse should be averaged over. The user will also
be required to enter the analyser step value at this
point. The step value 1is effectively the number of
degrees the analyser will move between analysing the
optical signals. This value obviously changes according
to the Kerr constant of the sample, the temperature, and
the applied voltage. As a rough guide pure HPLC grade
toluene at 25°C and with an applied voltage of 1.5kV
requires an increment value of 1. The computer program is
set-up to suggest an increment value but this is entirely
optional. The computer program will then automatically
apply an electric field across the Kerr cell and record
the received optical signal. The difference between the
on/off electric field light intensity is then calculated
and recorded. The computer will then move the analyser by
the step value set by the user and repeat the above
process until the pulse has become inverted (see Figure
3.8). It 1is important that the voltage scale on the
transient recorder and the supply voltage to the photo-

multiplier is not altered during this process. If the



optical pulse at some point exceeds the transient
recorder window limits this can be corrected by adjusting
the wvoltage offset on the transient recorder. It is
suggested that the user set the step value such that 15-
20 pulses are analysed before the pulse becomes inverted.
The computer will then calculate the null-point for that
voltage according to the method outlined in Appendix D.
The whole process should then be repeated for at least
seven further incremental applied voltages. Once
sufficient null-points have been calculated the user
enters '0' as the applied voltage and the computer will
automatically calculate the Kerr gradient, m, and its 68%
confidence limit after the analyser has been returned to
the zero voltage null point by the computer program. The
results can then be printed to the computer screen and/or
a printer. The gradient is expressed as stepV-2 but this
can be converted to degrees by remembering that each step
of the stepper motor is equivalent to moving the analyser
by 0.0045 degrees. The temperature of the Kerr cell can

now be altered and the whole process repeated.

3.7 MATERIALS
3.7.1 1,4-Dioxane and toluene

The 1,4-dioxane and toluene used throughout this
rhesis were HPLC grade bought from Aldrich. The compounds

were tested using a glc and found to be more than 99%



pure. The compounds were stored over sodium wire to

prevent contamination with water.

.72 Nitrobenzene and aniline

When pure, nitrobenzene and aniline are colourless
liquids. However, the nitrobenzene and aniline bought
from Aldrich was found to have a distinctive brown
colour. Consequently, the nitrobenzene and aniline were
both distilled using standard techniques. The distilled
liquids were colourless and a glc test confirmed both of
these liquids to be greater than 99% pure. The distilled
nitrobenzene and aniline were each stored in a dark flask
under a nitrogen atmosphere to minimise any chemical

reactions caused by light and/or oxygen.

3.7.3 2-Methyl-4-nitroaniline and p-nitroaniline

2-Methyl-4-nitroaniline and p-nitroaniline should be
long needle shaped crystals with a light yellow colour.
However, the compounds bought from Aldrich had a
distinctive brown colour similar to that found for the
nitrobenzene. It was therefore decided to re-crystallise
both compounds. A saturated solution of the solute was
prepared by dissolving the compound in a solution of 50%
methanol and 50% water. The saturated solution was then

poiled for 30 minutes with a small amount of activated



charcoal. After 30 minutes the solution was filtered to
remove the activated charcoal and any insoluble
impurities and then allowed to stand for two days. The
solution was filtered to remove the 2-methyl-4-
nitroaniline (or the p-nitroaniline) crystals that had
formed. The filtrate was washed with water and allowed to
dry for two days in an oven set at 40°C. The melting point

of the crystals was then checked and was found to agree

with literature values for both compounds (p-
nitroaniline’® m.p. 148.5-9.5°C and 2-methyl-4-
nitroaniline?5 m.p. 152°C). Similar to nitrobenzene and

aniline the p-nitroaniline and 2-methyl-4-nitroaniline
crystals were stored in a dark flask under a nitrogen

atmosphere.

3.7.4 Preparation of solutions

Solutions were prepared by weighing out accurately
2.5g, 29, 1.5g, 1g, and 0.5g of solute in 50cm?® volumetric
flasks and then making up to 50cm3 with 1,4-dioxane. The
solutions were stored under nitrogen in a refrigerator.
Approximately, 50cm3 of solution was sufficient for the
measurement of the Kerr effect, refractive index,
depolarisation ratio, dielectric constant, and density
measurements. In this way there was minimal discrepancy
in the solution concentration between the measurements.

Before use the solutions were filtered using a Millipore

Fluoropore 0.22H filter.



3.8 KERR CONSTANT RESULTS

The Kerr gradient m, was determined over a voltage
range of 0.5-6kV for the solutions and 1.5-8kV for the
solvents. The gradient was then converted into the Kerr
constant B using equation 3.7. For the large volume cell
the relevant values were (in SI)

-14
B, = 0.79 x 10 ""m, 3 7

5.544 x 1074

14 y-2q is taken as the Kerr constant of

where 0.79 x 10
toluene®’ at 25°C (A=632.8nm) and 5.544 x 10°% is the
gradient measured for toluene at 25°C. Taking 0.79 x 10
as the Kerr constant of toluene at 25°C was an arbitrary
choice as literature values do vary, it would therefore
have been just as acceptable to use the value
0.81 x 10 ** V?m reported by Aroney et alb®. Measurements
on solutions were performed over a concentration range of
1-5% by weight, with increments of 1%. The solvent used
being HPLC grade 1,4-dioxane (Aldrich). The cell was
rinsed using filtered 1,4-dioxane following a change of
solution. All solutions and solvents were filtered using
a 0.22um Millipore Fluoropore filter and dried before
filling the Kerr cell. Temperature measurements were
taken over the range 15-70°C inclusive in 5°C intervals.
Following each change of temperature the system was
allowed to stand until it had reached thermal

equilibrium. This was generally evident by a clear round

laser beam emerging from the cell and a low-noise optical
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signal received by the photo-multiplier. The system
generally took at 1least thirty minutes after a 5°C
temperature change before a temperature equilibrium had
been achieved. The null-point was independently
determined at each temperature setting.

Graphs of the various Kerr constant measurements
taken can be seen on the following péges. Tables of the
results can also be seen in Appendix F.

Gradient measurements at each temperature for the
compounds used initially appear to be very accurate, with
errors about +1% for a 68% confidence limit. However,
graphs of the temperature dependence of the Kerr constant
show that larger more significant errors do occur. It is
proposed that these random errors are a result of the
system not having truly achieved a thermal equilibrium

and/or an incorrect determination of the null-point.
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CHAPTER 4

DENSITY MEASUREMENT

4.1 INTRODUCTION

Density measurements were performed using a PAAR
DMA Density Meter, in combination with two DMA 602 remote
cells, used with the kind permission of Dr Jenkins of
Aston University. Both cells were initially calibrated
and used to perform all density measurements in this
thesis. The cells were heated/cooled by circulating water

through a jacket surrounding the cells.

4.2 THEORY OF DENSITY MEASUREMENTS

The measuring principal of the PAAR DMA Density
Meter is based on the change of the natural frequency of
a hollow oscillator when filled with different 1liquids.
The mass, and thus the density, of the 1liquid changes
this natural frequency due to a gross change of the
oscillator caused by the introduction of the liquid. For
calculating the density, the system is considered to be
represented by a hollow body of mass M suspended on a

spring with an elasticity constant c, a volume V when

filled and a sample of density d.
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The natural frequency of this system is-:

therefore, the period will be

M +
P e S J T OY 4.2
C

Taking the square of this expression and inserting

4TV 41T°M 4 3

we therefore obtain

d = (TZ—B) 4.4

1,
A
For the difference of densities of two samples:

dy = dy = (Tf = Tf) 4.5

L
A
Since the constants A and B contain the volume, spring

constant and mass, they may be regarded as apparatus

constants that may be determined from two calibration

measurements of samples of known density.

= d07 =



4.3 CALIBRATION OF THE PAAR DENSITY METER

In practice a calibration constant, k, was determined
for the DMA 602 cells over the temperature range 25-65°C
at 5°C intervals. The samples used were HPLC grade carbon
tetrachloride and air. The calibration constant, k, was

calculated according to

deel, — datr

k =
15014 — 1a1R

The density of air and the density of the carbon
tetrachloride at various temperatures were obtained from
various sources®?:70, Measurements of the period of
oscillation of the U-tube were taken with the "Period
Select" switch set to 2k. The calibration constant for
both cells over the above temperature range can be seen
in Table 4.4. The density of an unknown sample, d, with a

period value of T, can now be determined from

2

dy = k(T% - T§H2)+'dAIR 4.7

4.4 EXPERIMENTAL DENSITY RESULTS

Samples were introduced into the cells of the PAAR
density meter using a 2cm? P.T.F.E syringe connected to
the cell via a length of P.T.F.E. tubing. The samples
were all previously filtered using a 0.22p Millipore

Fluoropore filter and were introduced slowly into the
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cell to prevent microscopic air bubbles forming in the
cell.

The densities of aniline, nitrobenzene, p-
nitroaniline, and 2-methyl-4-nitroaniline were all
measured as solutions dissolved in HPLC grade 1,4-
dioxane. Density measurements were also made on pure 1,4-
dioxane and toluene. Graphs of the experimental results
can be seen 1in the following figures. Tables of the
results can be seen in Appendix G. As the density of the
various solutions of aniline is so close to that of 1,4-
dioxane the density results have been displaced up the

ordinate axis.
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Table 4.1

Table 4.2

Temperature dependence of the density for

ailr and carbon tetrachloride.

Temp. | Density Air | Density CCl,
og gcm- 3 kgm-3
25 1.16896E-03 1584 .26
30 1.14963E-03 1574 .45
35 1.13092E-03 1564 .66
40 1.11282E-03 1554.90
45 1.09528E-03 1545.16
50 1.07829E-03 1535.45
5b 1.06182E-03 1525.76
60 1.04584E-03 1516.10
65 1.03033E-03 1506.46

Period readings for air and CCl, for Cell 1.

Temp. Cell 1 Cell 1
oc Period (T) | Period (T)

of Air of CCl,
25 0.55217(8) | 0.87222(3)
30 0.55200(2) | 0.87036(2)
35 0.55183(4) [ 0.86856(0)
40 0.55166(2) | 0.86667(9)
45 0.55150(2) | 0.86485(0)
50 0.55134(1) | 0.86294(6)
55 0.55118(5) | 0.86110(3)
60 0.55102(0) | 0.85920(1)
65 0.55086(8) | 0.85734(9)
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Table 4.3 Period readings for Air and CCl, for Cell 2.
Temp. Cell 2 Cell 2

o¢ Period (T) |Period (T)

for Air for CCl,
25 0.50632(2) [0.73191(7)
30 0.50616(1) | 0.73051(3)
35 0.50601(1) [0.72915(1)
40 0.50585(5) |0.72772(7)
45 0.50570(9) |0.72631(2)
50 0.50555(8) [ 0.72489 (4)
55 0.50541(9) |0.72349(2)
60 0.50527(8) | 0.72205(6)
65 0.50515(2) | 0.72068(3)

Table 4.4 PAAR Density

meter cell constants

k. ).

Temp. Cell 1 Cell 2
9 Constant (k) Constant (k)
kgm-3 kgm-3
25 3475.(23) 5652. (54)
30 3476. (95) 5655. (80)
35 3477.(98) 5658. (09)
40 3480. (06) 5662.(17)
45 3481. (56) 5666. (26)
50 3484. (11) 5670. (41)
55 3485.(90) 5674.(39)
60 3488. (46) 5679. (44)
65 3490. (47) 5682.(95)
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Figure 4.1 Density for solutions of 2-methyl-4-
nitroaniline in 1,4-dioxane plotted as a

function of temperature.
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Figure 4.2 Density for solutions of p-nitroaniline in
1,4-dioxane plotted as a function of

temperature.
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