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DISSERTATION ABSTRACT

Name :Mohamed Ali Mohamed Morsy.

Title

: Electron Spin Resonance Studies of Solute-Solvent Interactions in Liquid-Crystalline Solvents.

Major : Physical Chemistry.

Date

: October, 1993.

An extensive study of interactions between nitroxide spin
probes and liquid crystalline solvent molecules has been carried
out. The solvents studied are the pentyl (5CB), hexyl (6CB),
heptyl (7CB), and octyl (8CB) members of the p-n-alkyl-p'-
cyanobiphenyl series. From analysis of the ESR spectra anisotropic
ordering, ling shapes, and relaxation times for PLC-Tempone
nitroxide radiéal in the different liquid crystals were obtained.
The effect of the molar structure of the branched and unbranched
nonane solutes on the nematic-to-isotropic transition temperature
(T) in the studied solvents havg been investigated. Also, ESR
measurements on solutions of nonmeéomornhic solutes in the nematic
liquid crystalline solvents systems have been carried out to
determine their phase diagrams.

The results show that both the hyperfine splitting and the g-
value depend on the ordering matrix parameter. However, the g-
value is also related to the conformational properties of the
liquid crystal molecules. Based on the g-values determined, SCB
and 7CB fall into one category and 6CB and 8CB into another.
Moreover, hyperfine splitting values were used to arrive at values

for the order parameter of the spin probe at Lf
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temperatures. Also the order parameter values were used to éxplain
the odd behavior exhibited by 6CB.

The line width analysis of PD-Tempone spectra at different
temperatures in the nematic and isotropic phases of 5CB was carried
out to examine the different factors affecting the relaxation
mechanism of PD-Tempcone. Our analysis shows anisctropy iat wcih the
nematic and isctropic phases, orientational-fluctuation on either
sides of the nematic-to-isotropic transition, and the ordering
potential in the nematic phase to be the main factors influencing
the relaxation mechanism of PD-Tempone.

By using n-nonane, 3,3-diethylpentane (tetraethyl methane), t-
propyltin, and. t-butyltin solutes, impurity-liquid crystalline
solvent interactions were studied. Promising results obtained in
this part support the solvents' classification suggested in the
previous part and point to the semiflexible nature of the alkyl-
tails of the liquid crystal molecules. The ;esults suggest that
the ability of the solute to disturb the order of the liquid
crystalline solvents depends on the molecular structure of the
solute as well as the chain length of the semiflexible alkyl-tail
on the liquid crystal solvent molecule. Also, these ESR =studies
allowed the detection of a slight curvature in the coexistence
lines in the reduced temperature (T*(=T/TNI)) versus sclutes' mole

fractions (xp) phase diagrams at low xp values.
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CHAPTER 1

INTRODUCTION

The appiication of magnetic resonance spectroscopy to
thermotropic 1liquid crystals is still somewhat novel.
However such studies allow scientists to probe the nature
of intermolecular interactions in mesomorphic phases and
.. to determine the state of their macroscopic alignment[1].
- The study of liquid crystals 1is thus of great
significance for further development of the theory of the
condensed state of matter and for increasing the depth of
our understanding of the nature, structure, and
properties of possible aggregate states and of their
corresponding phase transitions. There 1is currently
considerable interest in the dynamic reorientational
properties or vrdered systems such as liquid crystals and

biological membranes which may alsc be studied by

Electron Spin Resonance (ESR) [1-4]. There have been
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several recent studies of the dynamics of nitroxide free
radicals (probe) in oriented systems such as nematic
iiduid- cryétélé«'éﬁé *iyotropic iiquid crystals [5-10].
However, these studies have been based upon analyses
appropriate to rapid probe motion, and for pure liquid
crystals only.

An extensive study of interactions between nitroxide
spin probes and liquid crystalline solvent molecules has
been carried out in this dissertation. The solvents
studied are’the pentyl (5CB), hexyl (6CB), heptyl (7CB),
and octyl (8CB) members of the p-n-alkyl-p'-cyanobiphenyl
series. A newly designed sophisticated experimental set
up was used to control sample temperature to w{thin +0.01
°C. . From. analysis of .the ESR spectra anisotropic
ogdering,_ line shapes, and relaxation times for PD-
Tempone nitroxide radical in the different liquid
crystals were obtained. Also, ESR measurements on
solutions of nonmesomorphic solutes in the nematic liquid
crystalline solvents have been used to determine the
phase diagrams of these systems. The effect of the molar
volume and structure of the branched and unbranched
nonane solutes on the transition temperature (T) for

these solutions have been investigated.
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A classification of 1liquid crystals based on their
order properties has been introduced in chapter two. 1In
the same chaptéf—-fﬁe_”iitérature' on studies of liquid
crystals by magnetic resonance spectroscopy has been
surveyed. Chapter two concludes with a summary of the
aims of our investigations.

In chapter three, we describe the spectrometers used
and the experimental procedures adopted. Moreover, the
temperature control set up designed by us and the methods
of collecti;n used are also described.

A brief theoretical background about the ESR spectrum
for nitroxide radicals in nematogenic liquid crystals and
their orientational order parameters is given{}n chapter
four. _.Also,.the different theoretical approaches that
tﬁrow light on the nature of the nematic-isotropic
transition in both pure liquid crystals, mixtures of
liquid crystals [11,12], and mixtures of liquid crystals
with nonmesomorphic solutes [11-15] have been summarized
in this chapter. Methods of computation for the solute
and solvent alignments and methods for 1line width
analysis were also outlined in this chapter.

In chapter five, the experimental results and
discussions are given. Analysis of four different parts

have been considered in this chapter. Part one deals
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with phase diagrams obtained from a simple visual
experiments for systems of solutes or spin probes in
nemétégénic solvents. The résults-allowed us to locate a
region where probe concentration has little or no effect
on the nematic-to-isotropic transition. Part two
involves ESR studies using PD-Tempone as a spin probe of
the various phases of the homologous liquid crystals
studied. The different factors affecting the relaxation
mechanism of PD-Tempone are also examined. Part three
focuses on %he interaction between solute impurities and
liquid crystalline solvents. The ability of solutes to
disturb the order of the 1liquid crystalline solvents
molecules is related to its molecula: size, §ﬁape, and

structure. . Solute influence. is also dependent on the

length of_the semiflexible alkyl tails of the p-n-alkyl-
p'-cyanobiphenyl liquid crystal solvent molecule studied.
The chapter concludes with a clearer picture of the phase
diagrams of systems of binary nonmesomorphic solutes in
nematogenic solvents. These diagrams have been compared
with those theoretically predicted by Dowell [14]. In
this part we also discuss the abilities of the solute

molecules to perturb the order of nematic liquid crystals

and to depress their nematic-isotropic transitions. Such
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abilities have been successfully correlated to solute
shape, size, and structure.
 In the last éhapter, the conclusions of our study are

given.
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CHAPTER 2

LITERATURE SURVEY AND AIM OF
INVESTIGATION

- 2.1 Introduction

Interest in liquid crystals has increased markedly in

recent 'years. This is attributable to- the extensive
possibilities for practical applications of liquid-
crystal systems, e.g. information display; computer and
television technology; holography; engineering and
medical thermography; nondestructive testing detection of
harmful impurities; indication of thermal, acoustic,
electric, and magnetic fields ([16-22], as well as the
role of liquid crystals in biological systems [23-25].
These materials have highly unusual structural,

physicochemical and thermophysical properties : existence

of long-range positional order of the centers of gravity

8
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of the molecules; the fine balance of the structure and

its dependence on the temperature, pressure, and external .

fields}ilthe existence -of unuéuél'-bﬁagé tfénsitiﬁn;
effects occurring in 1liquid-crystal films; and so on.
The study of 1liquid crystals is thus of great
significance for the further development of the theory of
the condensed state of matter and for increasing the
depth of understanding of the nature, structure, and
properties of possible aggregate states and of the
correspondi;g phase transitions.

The classification, chemistry, and molecular

structure and electro-optical, magneto-optical,

acoustical and other properties of liquid crystals and

" liquid-crystal films are studied .in a number: of .sources
(B. K. Vainshtein and I. G. Chistyakov, A. P. Kapustin,
de Gennes, L. M. Blinov, Stephan and Straley,
Chandrasekhar) [26-32]. Unfortunately, however, there
are no monographs on the thermophysical properties of
these materials. Nevertheless, a knowledge of the
thermophysical characteristics of liquid crystals is very
important. In particular, the study of thermodynamic
properties and structural characteristics permits
prediction of the regions of existence of liquid crystal

mesophases and a knowledge of the transport
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characteristics provides the necessary foundations for

engineering and medical thermography, creating television .

systemé} and solving other important practical problems.

2.2 Classification of Liquid Crystals

Two names are used synonymously for these materials.
The name li&ﬁid crystalline was coined by researchers who
found it to be more descriptive. On the other hand, the
térm‘mesomorphic is derived from the prefix "meso-" that

is defined in the dictionary as "a word element meaning

-middle"; and--the rest of the name "-morphic" -is -defined

as "an adjective termination corresponding to morph or

formn. Thus mesomorphic order implies some "form", or
"order", that is "in the middle", or intermediate between
that of liquids and crystals.

Most of the original mesomorphic phase
identifications were done using a "miscibility" procedure
which depends on optically observed changes in textures
accompanying variation in the samples chemical
composition. Phases were identified as being either the
same as, or different than, phases that were previously
observed (Liebert, 1978; Gray & Goodby, 1984) [33,34] and

10
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although many of the workers were very clever in deducing

the microscopic structure responsible for the microscopic

textures, the“ pﬁasesvaefé> label;dwvih‘-the Aofdéf--of

discovery as "Smectic~ A; Smectic-B, etc." without any
attempt to develop a systematic nomenclature that would
reflect the underlying order. Although different groups
did not always assign the same letters to the same
phases, ctue problem is now resolved and commonly accepted
(Gray & Goodby, 1984) [34].

Figure TZ.I) illustrates the way in which increasing
order can be assigned to the series of mesomorphic phases
in threé éigg;;iéﬁswiisted in Table (2.1). Although the
phases in this series are the most thoroughly documented
mesomorphic phases, _there are others not included_in the
table that we will discuss below. - | ~

The progression from the completely symmetric
isotropic ligquid through the mesomorphic phases into the
crystalline phases can be described in terms of three
separate types of order. The first, or the molecular
orientational order, describes the fact that the
molecules have some preferential orientation analogous to

the spin orientational order of ferromagnetic materials.

In the present case the molecular quantity that is

11
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Figure 2.1: Illustration of the progression of order
throughout the sequence of mesomorphic phases
that are based on "rodlike"™ molecules. The
cross—hatched section indicates phases in which
the molecules are tilted with respected to the
smectic layers.

12

0TS



Table 2.1: Some of the symmetry properties of the series of
three dimensional phases described in Figure 2.1.
The term L.R.O. and S.R.O. imply "long range and
short réhge.ordér*'féspéctiQeiy-éﬁa'b.ﬁ;R.O. refers
to "quasi long range order" as expected in text.

Molecular Bond Positional
Phase Orientation | Oreintation Order
Order Within Order Normal  Within
7 Layer - Layer
Smectic-A (SmA) S.R.0. S.R.O. | S.R.O. S.R.O.
_ Smectic-C (SmC) L.R.O. L.R.0.* |S.R.0. S.R.O.
Hexatic-B L.R.0.* L.R.O. Q.L.R.O. S.R.O
Smectic-F (SmF)-~-| L.R.O. | L.R.O. Q.L.R.0. S.R.O.
Smectic—I (SmI) L.R.0. | L.R.O. |Q.L.R.O. S.R.O.
Crystalline-B (CrB) L.R.O. L.R.O. L.R.O. L.R.O.
Crystalline-G (CrG) L.R.O. L.R.O. L.R.O. L.R.O.
Crystalline-J (CxdJ) L.R.O. L.R.O. L.R.O. L.R.O.
Crystalline~E (CrE) L.R.O. L.R.O. L.R.O. L.R.O.
Crystalline-H (CrH) L.R.O. L.R.O. L.R.O. L.R.O.
Crystalline-K (CrK) L.R.O. L.R.O. L.R.O. L.R.O.

Theoretically the existance of L.R.O. in the molecular
orintation, or tilt, implies that there mast be some
L.R.O. in the bond orientation and visa versa.

13
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oriented is a symmetric second rank tensor, like the
moment of inertia or the electric polarizability, rather
‘than a hégnétic moment. This is.fhéméhiQ }&pe.éf loﬂg
range order in the nematic phase, and as a consequence
its physical properties are those of an anisotropic fluid
and this is the origin of the name liquid crystal. Figure
(2.2) is a schematic illustration of the nematic order
assuming the molecules can be represented by oblong
ellipses [35]. The average orientation of the ellipses
is aligned;Jhowever there is no long range order in the
relative positions of the ellipses. Nematic phases are

also observed for disk shaped molecules and for clusters

of molecules that form micelles. They all share the

common _ properties of @ being . optically anisotropic and

fluid-like, without any long range positional order.

The second type of order is referred to as bond
orientational order. Consider, for example, the fact
that for dense packing of spheres on a flat surface most
of spheres will have six neighboring spheres distributed
approximately hexagonally around it. This type of order
is referred to as bond orientational order which in the
absence of a lattice is the essential property defining

the hexatic phases (Halperin & Nelson, 1978; Nelson &

14
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Figure 2.2: Schematic illustration of the real space

molecular order and the scattering cross sections
in reciprocal space for the: (a) nematic; and
(c,d) smectic-C phases. The scattering Cross
sections are enclosed in the boxes. Figure (c)
indicates the smectic-C phase for an oriented
monodomain and (d) indicates a polydomain
smectic-C structure in which the molecular axes
are aligned.
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Halperin, 1979; Young, 1979; Birgenean & Litster,
1978) [36-39].

The third type of order is_fhé posiEibnél ofdér'of éﬁ--'

indefinite lattice of the type that defines the 230 space
groups of conventional crystals. In view of the fact
that some of the mesomorphic phases have a layered
structure, it is convenient to separate the positional
order into the positional order along the layer normal
and perpendicular to it, or within the layers.

Two of gke symmetries listed in Table (2.1) are short
range order (S.R.0.), implying that the order is only
correlated over a finite ;géégncé-;;ch as for a simple
liquid, and long range order (L.R.0.) as in either the
spin orientation of a ferromagnet or. the positional order
og ;-.threén diménsional crystal. The third type of
symmetry, "quasi long range order" (Q.L.R.O.). In any
case, the progressive increase in symmetry from the
isotropic liquid to the crystalline phases.

There are two broad classes of liquid crystalline
systems; the thermotropic and the 1lyotropic (Liebert,
1978) [33]. The historical difference between these two,
and also the origin of their names, is that the lyotropic

are always mixtures or solutions, of unlike molecules in

which one is a normal, or nonmesogenic liquid. Solutions

16
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of soup and water are prototypical examples of

lyotropics, and their mesomorphic phases appear as a

function of either concentration or temperature. In

contrast the thermotropic systems are usually formed from
a single chemical component and the mesomorphic phases
appear primarily as a function of temperature changes.
The molecular distinction between the two is that one of
the molecules in the lyotropic solution always has a
hydrophilic part, often called the "head group"™, and one
or more hyd;ophobic alkane chains called "tails". These
molecules will often form mesomorphic phases as single

component or neat system; however, the general belief is

that in the solution with either water or oil most of the

phases are the result of competition ~between the

hyé;ophilic 'éﬁ& hydrophobic interactions, as weil éé
other factors such as packing and steric constraints
(Pershan, 1979, Safran & Clark, 1987) [40,41]. To the
extent that molecules that form thermotropic 1liquid
crystalline phases have hydrophilic and hydrophobic
parts, the disparity in the affinity of these parts, for
either water or oil is much 1less and most of these
molecules are relatively insoluble in water. These
nmolecules are called thermotropic because their phase

transformations are primarily studied as a function of

17
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only temperature. This is not to say that there are not

numerous examples of interesting studies of the

concentration dependence of phase diagrams involving

nixtures of thermotropic liquid crystals and binary
mixtures of non-mesomorphic solutes in thermotropic
liquid crystals and binary mixtures of non-mesomorphic

solutes in thermotropic liquid crystals.

2.3 Magnetic Resonance Sgectrosco_g_ y .9.f Liquid Crystals

Although this branch of spectroscopy has been widely
applied in most areas of biology, chemistry and physics,
itg_apéiication to thermotropic liquid crystals is still
somewhat novel. However, as we will later show, magnetic
resonance is able to probe the nature of the
intermolecular interactions in a mesophase as well as to
determine the state of its macroscopic alignment.

Liquid crystals are diamagnetic and hence cannot be
studied directly by electron resonance spectroscopy
(ESR} . However, it has proved possible to employ the
technique of doping the mesophase with trace quantities

of a paramagnetic solute, commonly called a spin probe.

18
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We shall therefore discuss the various factors which

influence the electron resonance spectrum of the spin

probe when it 1is dissolved in a nematogen and its

concentration effect on the transformation of the liquid
crystal at transition temperature.

There 1is currently considerable interest in the
dynamic reorientational properties of ordered systems
such as liquid crystals and biological membranes which
may also be studied by ESR [1-4]. There have been
several recént studies of the dynamics of nitroxide free
radicals (probe) in oriented systems such as nematic
crystals and lyotropic liquid crystals [5-10]. However,
these studies have been based upon analyses appropriate
when probe motion is rapid, and for pure liquid c¢rystals
oni;. a Alfhough careful studies were made of the ESR
spectra over the full range from the motional narrowing
region to the rigid limit [10], such studies were on a

limited number of liquid crystals that are less stable

than those used in our study.

19
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2.4 Aim of Investigation

The present work was undertaken to attempt to perform
an extensive study of liquid crystal solvent-solute
interactions using nitroxide spin probes. Several books
and review articles have been devoted to the general
topic of liquid crystals [42-46]. In these works several
types of liquid crystals and liquid crystal phases are
described. ~Nematogenic liquid crystals were used in our
study.

Preliminary ESR studies -[47} using spin probes to
determine order parameters in the nematic phases of
binary mixtures of non-mesomorphic solutes in liquid
crystalline solvents are carefully repeated and extended
using a newly designed sophisticated experimental set up
to control temperature to within +0.01°C. The study is
subdivided into three main parts.

Firstly, the effect of nonmesomorphic solutes or spin
probes in nematogenic solvents on the nematic-to-
isotropic transitions will examine from a simple visual
experiment. The phase diagrams obtained from this
experiment will use to locate a region where probe
concentration has little or no effect on the phases'

transitions of the studied liquid crystals.

20
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Secondly, a detailed study of anisotropic ordering,
line shapes, and relaxation times for PD~Tempone
nitroxide radical have been carried out for the dobed
liquid crystal solvents.

Thirdly, ESR measurements on solutions of
nonmesomorphic solutes in the nematic 1liquid solvents
have been used to determine the phase diagrams of these
systems. These have been compared with the theoretically
predicted ([13,14] phase diagrams of similar systems.
Also the efgect of the molar volume and structure of the
branched and unbranched alkane solutes on the transition
temperature {T) for these | soi;;;;;s “'L;Qe been

investigated. Moreover, the effect of both solute-shape

and solute-size will be considered in our discussion.™ —
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CHAPTER 3

EXPERIMENTAL AND PROCEDURES

3.1 _Introduction

In order to carefully investigate the anisotropic
ordering, line  shape, and phase diagrams of the
thermotropic mesomorphic phases, it is necessary to
prepare the solutions of spin probes in nematic liquid
crystals in such a way that the liquid crystalline solvent
has a well defined mole fraction. It is also necessary to
have a temperature control which can maintain the ESR
sample at a precise temperature to within +0.01°C. These

experimental aspects are discussed in the next sections.

23
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3.2 Materials

The nitroxide spin probes; predeuterated-2,2,6,6-

tetramethyl-4-piperidone-N-oxide (PD-Tempone) and 4-
hexadecanoyloxy-2,2, 6, 6~tetramethyl piperidine-1l-oxy
(Tempo-palmitate) (c.f. Figure 3.1); were obtained from

Molecular Probes. All free radicals were used without
further purification.

The four liquid crystals which are members of the p-
n-alkyl-p'-cyano-biphenyl: homologous series with the n-
alkyl groups being pentyl (5CB), hexyl (6CB) heptyl
(7CB) and octyl (8CB) (c.f. Figure 3.1), were obtained
from B.D.H. Chemicals. These 1liquid crystals were
assessed to be highly pure because they exhibited sharp
nematié—isotropic transitions (to within #0.1°C). _The
evaluation of these 1liquid crystals properties was
determined at the Royal Signals and Radar Establishment
(48], after their discovery by Gray, Harrison and Nash
[491.

Both the branched and unbranched nonane solutes used
had a quoted purity of at least 98 percent. The n-nonane
(c.f. Figure 3.1) obtained from Fluka, was used as

supplied. The quasi spherical solutes include 3, 3-

24
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. Spin Probes (Nitroxide)

PD-Tempone Tempo-Palmitate

. Liquid Crystals

00~ ~0-0""
~0-0"" -0

7CB , ~ 8CB
. Solutes
HsC» '.,..02H5
HsC o~ ~_~_CHs

HsCs~ CyHg

n-Nonane TEM
C.H HoCpa CaHg

H7C3\Sﬁ 3y 9 4>S|3
H,Cy  'CzH, HoC4  C4Hg

TPT TBT

Figure 3.1: Chemical formulas of compounds used in this
work
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diethyl pentane (= tetraethyl methane (TEM)) which was
obtained from Chemical Samples, tetrapropyl tin (TPT)
which was obtained from K & K Rare and Fine Cemicals, and
tetrabutyl tin (TBT) which was obtained from Aldrich (c.f.

Figure 3.1), they were also used as recieved.

3.3 _Sample Preparation

s
P

3.3.1 Visual Samples

Samples in the concentration range ( 10-3-10-6 mole
fraction __) were prepared in “S5CB-solvent with TEM, PD-
Tempone, and tempo-palmitate. The glass vials (Figure

3.2) were washed in the following manner: rinse with
acetone, water, chromic acid, then distilled water in that
order before drying in an oven at 140°C. A Mettler balance
(with an uncertainty * 5.0 x 10°® gm) was used for the
preparation of stock solutions of these solutes at mole
fraction between 102 and 10-3 in 5CB. Using the same
balance and glass vials cleaned in an identical manner,
the less concentrated solutions were ©prepared Dby

successive dilution.

26
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Figure 3.2:

(a) (b)

(a) Visual and (b) ESR Sample Containers.
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3.3.2 ESR Samples

The ESR-Pyrex tubes (3 mm i.d., 5 mm o.d.) adapted to
9 mﬁ o.d. at the open end (Figure 3.2) were washed and
dried in the same way as described in the last section.
Samples in the concentration range (4.0 x 10-2 + 0.003)
were prepared in the different types of liquid crystal
(5CB, 6CB, 7CB, and 8CB) solvents with n-nonane and TEM in
the same vials of the visual experiment. The samples of
the above concentrations were introduced into the clean
ESR tubes wi%h the help of very narrow mouthed disposable
droppers until a length of approximately 1-1.5 cm was
reached. From the doped stocks of liquid crystal solvents
(~5.0 x 107 mole fraction) yith PD-Tempone, these ESR
solutions have been prepared. The procedure is the same
for the ©preparation of 5CB solutions with n-nonane,
tetraethyl methane (TEM), tetrapropyl tin (TPT), and
tetrabutyl tin (TBT) at different concentration within the
range of 0.01-0.001 mole fractions. Samples of such short
lengths allowed the magnitude of the temperature gradient
over the entire sample to be reduced to that of the

temperature fluctuations.

28
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3.4 Apparatus and Procedure

341  Visual Set Up

The simple apparatus consisted of a thermostated
water bath in which the sample container was completely
immersed (Figure 3.3 (a)). The bath temperature was
controlled to better than + 0.005°C through the use of a
Fisher Circulator model 73" Immersion, with a
thermoregulafor (0-50°C) (Figure 3.3 (b)). A calorimeter
thermometer calibrated according to Berthelot-Mahler for
top precision measurements extending over a range of 10°C,
was used to read the temperature to the nearest 0.005°C.

Each thermometer of equal lengEh 780 mm, upper scale-part

580 x 14-15 mm dia., lower immersion'part 200 x 10 mm dia.

The thermometers meet the standards set by the German
Government as "suitable for official testing”.

The sample vials consisted of a Becton-Dickenson
"Vacutainer,"™ the lower three-quarters of which was
removed and replaced by 10 cm of a precision-bore 5 mm
i.d. Pyrex tube. About 0.5 g of liquid crystal solvent
was put into the sample container, and its exact weight

determined. The solute was injected into the sample

29
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(a) (b)

1) Mounting bracket assembly 7) Magnetdrum 1) Heat adjust contro! knob

1)

2) Knob 8) Rubber stopper (gromme!

3) Pump housing 9) Thermometer support stand 2) ON-OFF switch
4) Heater 10) Locking screw 3) Flow director
5) Male thermoregulatorsacket 11} Fuse, 12A :

6) Female thermoregulatorplug 12) Thermoregulator
13) Reading thermometer

Figure 3.3: Visual Set Up; (a) Side View, and

View, Model 73 Immersion Circulator.
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container in increments of 1-2 UL at a time, using a
Hamilton syringe used in conjunction with a Hamilton PB-
600-1 repeating dispenser which accurately dispenses as
little as 1 uL ét ~a time. The weight of the solute
injected was calculated from its room-temperature density
and as a double check was determined by weighing before
and after the solute by addition and the solute mole
fraction was calculated for each of the solutions
prepared. The seal of the "Vacutainer" stopper was
previously [50] checked and found to be satisfactory.
Mixtures ofd known total composition were studied by
observing transition temperatures on heating and cooling
of the sample. The onset of the isotropic phase and the
disappearance of the nematic phase on heatiqg and the
onset of. the nematic phase and disappearance of the
isotropic phase on cooling were followed visually and the
corresponding temperatures recorded. As the phase
boundaries were being approached, heating (or cooling) was
carried out in gradual steps of 0.01 to 0.02°C. Sufficient
time was allowed for equilibrium, and, if the phase
boundary had still not been crossed, the temperature was
increased (or reduced) again, and so on. The respective
transition temperatures on heating were observed to be

about 0.02 to 0.04°C higher than those obtained on cooling

31
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for all the systems. In such cases the average of the
heating and cooling values was taken as the phase-boundary

temperature.

342  ESR SetUp

3.4.21 Bruker ER-200D-SRC

-

The ER series spectrometers are used to detect and
measure the phenomenon known as Electron Paramagnetic
Resonance (EPR), or Electron Spin Resonance (ESR). This
series is an electronic equipment which can be com?}ned in
"various ways.to make up a number of ESR spectrometers with
different capabilities to suit the requirements of the
users in different scientific fields. The basic
spectrometer in the ER series consists of four, free-
standing main assemblies, three sub-assemblies known as
components (plug-ins) a Chart Recorder, a microwave cavity
and a safety box (Figure 3.4). The main assemblies are a
Magnet, a Magnet Power Supply Unit (PSU),a Microwave
Bridge and a Console. The components are a Timebase Unit,

a Signal Channel and a Field Controller: these are all
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mounted in the Console, which incorporates the power
supply units and their interconnections. The Chart
Recorder is also mounted in the Cénsole. The cavity is
supported between the‘poies of the Magnet by a wave guide
which connects it to the Microwave Bridge. The microwave
bridge and the magnet are water cooled and the chilled
water is supplied by a mechanically refrigerated close
circuit water chillier.

The microwave excitation and detection system, in
conjugation with associated control electronics for the
microwave bfidges, cover the range from 1 to 40 GHz. The
microwave radiation is derived from a coherent radiation
source such as a Klystron or Gunn diode. The incident
power is altered by the Rotatory Vane microwave atEgnuator
“and directed to the sample by a unidirectional circulator.
The circulator directs power from the source to the sample
cavity (Figure 3.95).

The microwave probe, referred to as cavity, serves to
contain the sample in the magnet air gap. Each microwave
bridge in the range from 1 to 40 GHz has a separate
cavity. BEach cavity is supplied with a "matching box".
Thus each microwave bridge requires 1its own proper
matching box. The cavity which was used along with the 9

GHz microwave bride is ER~4102-ST.
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Figure 3.4: ER Series Spectrometer
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Figure 3.5:

Eq 92 Rectangular Cavity
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3.422 Vacuum System

For meaningful EPR line width studies, the sample
should be evacuated iﬁ 6£der to get rid of the oxygen
present in air which is paramagnetic and can interfere
with the line width measurements from the paramagnetic
sample of interest. Otherwise, The solutions must be
saturated with nitrogen gas for the same reason. Both
techniques have been considered and no difference has
been noticed.

A norﬁgl vacuum system manufactured by Pope
Scientific Inc. was used with slight modifications to

suit our needs. One of the modifications is a QUICK FIT

arrangement to insert and remove the sample easily. In

addition, to measure the vacuum readily, we used a

digital vacuum gauge manufactured by Granville-Phillips.
The nitrogen saturation of the sample takes place by
nitrogen gas bubbling for several minutes at the bottom
of the sample in the ESR tube, with the help of a very

narrow-mouthed dropper.
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3.4.23 Temperature Control

The temperature of the ESR sample was maintained by
circuléting Ultra—ThermvSK Frigor (Dimethyl polysiloxane)
liquid from a constant temperature bath through the sample
holder in the microwave cavity. Three aspects of this
control will be described: (1) The characteristics of the
constant temperature bath, (2) the design of the ESR
sample holder, and (3) the manner in which the temperature
monitored at the ESR sample. A flow diagram of the
temperature—éontrol apparatus is given in Figure 3.6.

The constant temperature bath 1is a refrigerating
circulator and bath (LAUDA RCS-20D). It is equipped with a
high performance refrigerating system that c9ntrol
" temperature from -40 to + 150°C and from -40°C to ambient
temperature, respectively, and provides up to 3000 BTU of
cooling at 20°C. The pressure/suction pumps on it control
temperature in external units with almost the same
efficiency for the immersion sample  types. Using
proportional cooling and heat by pass systems, this
circulator model does not only consume less energy but
also minimizes the amount of heat added to the room

environment. It is provided with bright LED temperature
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display, all of stainless steel construction, a PID
temperature control, and coarse and fine temperature
adjustments and as a result has a temperature control
accuracy within *0.02°C. |

A diagram of the sample holder appears in Figure 3.7.
The choice of dimensions of the central portion inserted
in the Bruker TE 3, rectangular cavity was constrained by
the conflicting requirements of unhindered flow and
maximum cavity quality factor. The holder is provided
with two copper-constantan thermocouples, which are
embedded in lhe Lucite above and below the region, where
the sample is positioned, to allow the determination of
the absolute temperature at, the temperature fluctuations

near, and the temperature gradient over the sample. The

" rate of flow past the ESR sample is regulated so that the

temperature fluctuations and the temperature gradient are
minimized. The maximum temperature gradient observed over
the samples could be maintained at the level of the long
term fluctuations (i.e. to within #0.02°C) for the entire
temperature range investigated.

Absolute temperature measurements were made by
utilizing the potential difference of T-type

thermocouples which were prepared by welding enameled-
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Figure 3.7: Diagram of the Brass-Lucite ESR Sample Holder.
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copper wire (L96-197) and constantan wire (L96-211) from
Griffin by means of EWALD-7007 welding power supply. Their
accuracy was better than * 0.02°C. The value of the
potential difference relative to the ice-water bath (the
reference 0.0°C bath) was measured by means of a 5% Digit
Multimeter (Model 3500) via a three-phase switch for
- simultaneously recording the temperature gradient using
the same multimeter by turning the switch in one of the
two directions. This multimeter is characterized by auto
ranging; which applies to all ranges, including the most
sensitive (1;V) range; and the longest conversion required
is 250 milliseconds. 1Its display is ¥8"-high, 7-~segment
planar premium; which provides a numerical display and a
polarity symbol, plus an overange indication and an

" automatically positioned decimal point.

3.4.2.4  Spectra Recording and Data Collection

The steps for the operation of the spectrometer are

summarized as follows:

(i) Put on the chillier water for circulation.
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(i) Turn the console power on and bring the field set
slowly to the central field value (= 3413).

(1ii) In the microwave bridge bring the STANDBY setting to
the TUNE position, wﬁiié keeping the microwave power
around 31 dB.

(iv) Adjust the IRIS and turn on the frequency counter.

For recording the spectra, the sample tube (degassed
or saturated with Njy-gas) is inserted into the sample
holder which is already fixed inside the microwave cavity.
The sample ’length should have been adjusted for full
monitoring at the active region of the microwave cavity. A
proper tuning procedure should be followed on the
microwave bridge. In the case of 1liquid crystal phase
" change studies, a scan range of 70 G is used.

Once the proper parameters for recording a very good
line shape (i.e. the spectra must be free from artifact
broadening) were selected a hard copy of the spectrum was
recorded. In addition another broad spectrum with a
modulation factor of ten or more especially over the phase
transition region, was also recorded. The broad spectra
are believed to be more representative of the nematic-
isotropic ratio in a manner similar to the density

experiment [51,52].
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On each hard copy the millivolt value of the
potential difference read by the thermocouple difference
between the sample holder and proportional to the
temperature in the ice-water bath was .recorded. Also,
recorded is the field computed by SAC (Sweep Address
Compute) for the peak maxima and the peak-to-peak line
width. SAC is applied as an integral number N; 0 < N <
4095; which 1is equivalent to the FC~command (Field

Compute) in the sense that one can calculate the actual

field. It allows for an accurate relative calibration of

/
-

recorded spectra especially for small sweep widths where
the FC will not work due to its limited display

resolution.

For the variable temperature experiments, the
“"temperature controlling wunit dis at the required
temperéture and énough time is given fof> the thermal
equilibrium to be reached and maintained. For all the
liquid crystals, the data were reproducible on heating

and cooling, except for 8CB where the data collected on

cooling only from the isotropic phase.
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CHAPTER 4

THEORY AND COMPUTATIONAL METHODS

4.1 Introduction

The electron, like the proton, has spin one-half and
so can exist in one of two spin states. The degeneracy of
_these states is removed by the application of a magnetic

field (Figure 4.1) and the energy separation is

AE = y hB, 4.1

where Yy, is the electron magnetogyric ratio. In electron

resonance spectroscopy it is conventional to replace Yo bY

the g-factor

_gp.
Ve P 4.2
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Figure 4.1: Electron Spin Levels in a Magnetic Field
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where B, is the electron Bohr magneton. Transition can be
induced between the two levels by an oscillating magnetic

field provided the frequency V is

B
V= g,% : 4.3

The electron resonance spectrum of a sample containing
just unpaired electrons will consist of a single line.
This ;ccount of the basic electron resonance
experiment demonstrates the close similarity to nuclear
”ﬁégnetic-resonance spectroscopy and this similarity could
be further emphasized by describing the electron
resonance spectrum ‘'of a species containing two unpaired
electrons. However, the number of such triplet states is
small and so we shall consider a spin probe containing a
single unpaired electron together with a single magnetic
nucleus with spin I. Both particles possess magnetic
moments which can therefore interact. This coupling is
known as the hyperfine interaction and its effect is to
split the single line into (2I+1) equally spaced
components. The spacing between the lines is a measure of
the strength of the electron-nuclear interaction and,

like the coupling between nuclear spins, it is composed
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of an isotropic and an anisotropic part. Unlike the
nuclear spin-spin coupling, the scalar hyperfine
interaction can always be observed when Ehé.paramagnetic
species tumbles in an isotropic solvent. Accordingly the
number of lines in the electron resonance spectrum does
not change on passing from the amorphous isotropic phase
to the nematic mesophase. Instead the spacing between the
lines changes and the magnitude of the change will now be
described.

In gen;ral the total hyperfine interaction may be

represented by a second-rank tensor with elements A

where o and P denote Cartesian axes set in the molecule.

The hyperfine tensor, like that for the nuclear dipole
interaction, ‘can always be diagonalized, so giving three
principle components wﬁen the magnetic field is parallel
to a principal axis, then the hyperfine spacing in the
electron resonance spectrum 1is simply the principal
component appropriate to that axis. If the magnetic field
makes some arbitrary angle with the molecular coordinate
system, then the hyperfine spacing is essentially equal
to the resolved component in the field direction. The

magnitude of this component is given by
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Au = Z lzalzﬂAaﬂ' 4.4
af

The trace of the total tensor is related to the scalar

hyperfine interaction a:
= (1
a—(?)zAaa . 4.5
[+ 4

Consequentiy we can write the total hyperfine tensor in

terms of the scalar @ and an anisotropic tensor A& whose

trace is zero:
Anp =085+ Ay . 426
Here SaB is the Kronecker delta, which is one if & and B

are the same, but which vanishes when they differ. The

resolved component 4,, can now be written as:
Az =a+ Z IzalzﬂAaﬂ’ 4.7

and this clearly separates the two contributions to the

observed splitting.
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When the spin probe is, dissolved in some solvent,
molecular reorientation will cause the direction cosines
to fluctuate in time. If the molecular mbtion is fast,
then the observed hyperfine splitting would be obtained
by taking a time or ensemble average of Equation (4.7).
The anisotropy in a hyperfine interaction is typically
100 MHz and so the rotational correlation time would need
to be smaller than 1078 s, to obtain the fast exchange
limit. The correlation time in the mesophases of nany
nematogensxin normally less than 1078 s, although this not
the case for most cholesteric liquid crystals. The

éverage A, is normally denoted by @ and so we have
'5='a+ZImlszaﬂ.< - 4.8
ap

The quantities L, could be used to describe the

orientational order of the spin probe in the mesophase.
However, this formalism would obscure the relationship
with the order parameter S which is used to describe the
pure mesophase. We therefore define a matrix S with

diagonal elements equal to
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by analogy with the definition of S, and with off-

diagonal elements:

These two expressions may be combined by using the

Kronecker delta to give any element as

S = ( lza 28 5¢z[3) )
o 2 ' 4.11

This definition may be incorporated into equation (4.8)

for a and, by remembering that the anisotropic hyperfine

tensor is traceless, we find

a=a+ (%')ZsaﬁA:;ﬁ' 4.12
B
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The quantity S is known as the ordering matrix and
was originally introduced by Saupe to describe the extent
of solute alignment in a liquid.crystal [53].A Wé shall
now digress slightly to describe some of the properties
of the ordering matrix. A three by three matrix contains

nine elements but some of these are related in the

ordering matrix S. For example the averages Lag and L,

2,

are clearly identical and so the ordering matrix is

symmetric:

o

Sep = Sga- 4.13

Further the trace of the matrix is zero; this important

result follow -immediately from the property
2 2 2
lza + zf8 + lzy - 1’ 4.14

of the direction cosines. The largest number of
independent elements for S is therefore five and this
number can often be reduced. Thus the ordering matrix can
be diagonalized and this limits the number of independent
components to two. Of course this demand a knowledge of
the principal coordinate system, but this is often

determined by the molecular symmetry. If the molecule is
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cylindrically symmetric, then the principal coordinate
system clearly contains the symmetry axis and any pair
axes orthogonal to this. The eleﬁenté of the §rdéring
matrix for these two axes must be identical and, because
the trace of S vanishes, equal to minus one half the

element for the symmetry axis:
= — {1
S = 8o = ~(3)S,0- 4.15

The ordering matrix is then completely defined by the
element S,, and we see that the order parameter 3§
employed for liquid crystals is just this element. Many

of the properties of the S matrix are akin to those of

the anisotropic hyperfine tensor; they are in fact both

second-rank tensors. Accordingly the elements of the
matrices change in the same way on transforming from one
coordinate system to another, and so by analogy with

Equation (4.4)

S:zb = Zlaalb af’ 4.16
ap
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A variety of other functions has been used to describe
the orientational order, but these are all related to the
ordering matrix and so we shall not discuss them ﬁefé.
Let us now see how the ordering matrix of the spin
probe may be determined from its electron resonance
spectrum in the nematic mesophase. In the isotropic
phase, the ordering matrix, like the order parameter,
vanishes and so the hyperfine spacing takes its scalar
value a, aé expected. On lowering the temperature below
the isotrépic—nematic transition point the hyperfine

spacing will change by an amount

Zz'—a=%ZSa o 4.17
af 7 ) .

because S is no longer zero. The change therefore gives a
sum of products, and if S is to be determined; it is
necessary to know the magnitude of the anisotropic
hyperfine tensor. Unlike the nuclear dipolar interaction,
the hyperfine tensor cannot be calculated accurately, but
it can be extracted from the solid state electron
resonance spectrum of.the spin probe. However, there is
still insufficient information to determine S and in fact

the ordering matrix can be obtained from the hyperfine
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shift only if the spin probe is cylindrically symmetric.

With this condition, Equation (4.17) reduces to
a-—a==S8,4,, 4.18

where A';; is the component of the anisotropic hyperfine
tensor along 1, the molecular symmetry axis. The next
most favorable situation occurs when the principal
coordinate,system is known from the molecular symmetry,

*

for then Equation (4.17) becomes

a-a= SllAl‘l + ';T(Szz - Sss)(A;:» - Aas) 4.19

However, another‘expéfiménfal quantity is clearly needed
if the two independent components of S are to be
determined. The additional quantity is the change in the
g-factor on passing from the isotropic to the nematic
phase. The g-shift is related to the principal components
of the ordering matrix by an expression analogous to

Equation (4.19):

g-8= Sllglll + %(Szz - S5 )(3;2 - g;s)- 4.20
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where &, is the anisotropic g tensor. Provided the g and

hyperfine tensors are not cylindrically symmetric abppt a
common axis, Equation (4.19) and (4.20) may be solved to
give the principal components of S.

The magnitude of the solute ordering matrix is
determined, as we shall see in the next section, by the
strength of the solute-solvent interaction and only
reflects the orientational order of the pure mesophase.
However, an electron resonance investigation can yvield
properties’characteristic of the pure mesophase because
the spectrum of the spin probe is also influenced by the
orientation of the director. Strictly these properties
are those of the solution of the spin probe in the
mesophase but the solute concentration is so small that
they might be identified with those of the pure solvent.
In the discussion of the hyperfine shift, the director
was taken to be parallel to the magnetic field; however,
when the director is perpendicular to the field, the

shift is reduced to minus one-half this value:

a(90°)-~a=-%3"S,,4., 4.21
Y.
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There is a comparable change in the g-shift when the

director is rotated through 90°:
§(900)‘g=“%zsapgaﬂ: 4.22
ap

It is helpful to think of these results in the following
way. When the director is parallel to the magnetic field,
the hyperfine spacing and the g-factor, determined from
the specgfum, are really the components of the
appropriate, partially averaged tensor. In accord with
notatiéh .that was introduced earlier in this section,
they should therefore be denoted by Ah and 8- Similarly
when the director is. perpendicular to the magnetic field,
the observed hyperfine spacing and g-factor are really
the component of the relevant partially averaged tensors

perpendicular to the director, i.e. Al and g,. These

components are related to the ordering matrix by

4 =a+%ZSaﬂA;zﬂ’ 4.23
Y
A, =a—%ZSaﬂA¢'zﬁ' 4.24
Y
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g =8+ %ZﬂSaﬁg;zﬁ’ 4.25

and gﬁg—%ZBSaag;s» 4.26

Thus far these results are analogous to those
developed for the dipolar splitting. However, the analogy
ends here, for the angular dependence of both the g-
factor and the hyperfine spacing is more complicated than

that for the dipolar splitting. Thus the g-factor is

gly) ={g +(g - gl)cos® #¥ 4.27

when the director makes an angle Yy with the magnetic

field and the hyperfine spacing is

2() = {dlel + (A“zgf_- Afg?)cos® %
g(7)

Dh
M~
@

Frequently the anisotropy in the partially averaged g
tensor is small, and so Equation (4.28) may be simplified

to
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aly) A1| — A})cos? pi% 4.29

Clearly if both components of A4 are known, then
measurement of the hyperfine spacing in the presence of
several constrains would give the angle Y which the
director is forced to make with the field. The component
A is simply the hyperfine spacing measured in the absence
of the constraints, for then the director is aligned
parallel tg the magnetic field. The scalar coupling a can
be determined from measurements in the isotropic phase
and can be obtained with Ah to give the other component A,

since

a=0)4 +24) - .

In the above description, the principles have dealt
exclusively with the fast exchange limit. Of course, when
the molecular motion is quenched, the observed spectrum
will simply be the weighted sum of spectra from all

orientations of the spin probe.
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4.2 Orientational Order in the Nematic Mesophase

We shall begin this section by analyzing the proton
magnetic resonance spectrum observed for the namotogen
4,4'-dimethoxyazoxybenzene, since the problems
encountered are common to studies of other nematogens.
In addition, 4,4'-dimethoxyazoxybenzene was the first
liquid crystal to be studied by magnetic resonance
spectroscogy [53] and has since been the subject of
numerous investigations. A molecule of 4,4'-
dimethoxyazoxybenzene, whose structure is shown in Figure
4.2, contains a large number of non-equivalent nuclei and
so the nuclear magnetic resonance spectrum from even the
isotropic phase might be expected to be complex.
However, the spectrum of nematic mesophase contains a
strong central peak flanked by a pair of lines with a
lower intensity ([54]. This peak is thought to come from
protons in the two methoxy groups and this suspicion has
been confirmed by replacing the protons with deuterons
[55].

Using partially deuterated nematogen [55], the
dipolar splitting of the ortho- or para-protons gives the

element of the ordering matrix corresponding to the
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Figure

4.2: The structure of the

dimethoxyazoxybenzene and the

axis.
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appropriate inter-proton vector. Since neither of these
vectors 1is parallel to the molecular long axis, it is
necessary to see how the experimental quantity is related
to the order parameter S. A glance at the structure in
Figure 4.2 shows that 4,4'- dimethoxyazoxybenzene, like
all nematogens, is not strictly cylindrically symmetric.
However, it is conventional to assume that the ordering
matrix does possess cylindrical symmetry about an axis
which is wusually determined by inspection of the
molecular ;tructure. The element S,,+ where 2z 1is the
inter-proton axis, can then be related to the order
parameter simply by transforming from the coordinate
system containing z to one involving the long molecular

axis with the aid of equation (4.16), as follows:

Sz = Zﬂlzalzﬁs;zﬂ 4.31

The benzene rings in the molecule are thought to exzecute
rapid rotation about the para axis and so it is necessary

to average the direction cosines in equation (4.31), i.e.

)Z (3lzal:,8 - 5aﬂ)S

Saﬂz( 2

Wt

af” 4.32
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Although the rotation of the benzene ring is subject to a

barrier which has a low symmetry, it is assumed that

1 2 3
(3lzalzp - 5¢zﬂ) = 1 X

: 2 "‘% 4.33
5 -

Here 1 denotes the para axis

_ 3costy -1

X
2 4.34

and Y is the angle made by the inter-proton vector with
the para axis and is therefore independent of the

rotation of the benzene ring. The element S,, can now be

written as

S = (l) <3C032 Y- 1) gS;l _Séz +S.'332
zZz T \3 9 5 ) 4.35a
3cos’ ¥ -1)
Szz = ( 2}, )Sll’ 4.35b
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because the ordering matrix is traceless. Finally we
transform the coordinate system containing the para axis

to one including the long axis to give

2 _ 2 _
5. = (30032;/ 1) (3cosz¢ 1) s e

where @ is the angle between the long axis and the para
axis. ’

Now, we proceed with the analysis of the magnetic
resonance spectrum of the 4,4'-dimethoxyazoxybenzene,
which clearly show that the angle ¢ is close to zero (=
10°C from molecular model [56]), and only angle } required
to extract the order parameter from the dipolar splitting
for the para protons. Since the molecular geometry of
most nematogens is not known to high accuracy, it is
necessary to exercise <care 1in the <choice of the
interaction used to determine the order parameter.

Analysis of the dipolar splitting from ortho protons
does not suffer from the same difficulties as that from
para protons. The angle } is expected to be zero, and so
any deviations from this value will have a negligible

effect on the calculated order parameter. The

temperature dependence of S calculated in this way from
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the ortho dipolar spacing in the spectrum of partially
deuterated 4,4'-dimethoxyazoxybenzene is shown in Fig.
4.3 [S6].

A variety of theories has been devised to account for
the temperature dependence of the order parameter, and of
these the Maier-Saupe [57] is possibly the most
realistic. We shall therefore outline this theory
together with the extension necessary to achieve complete
agreement with experiment [58]. Maier and Saupe begin by
assuming tgat the molecules are cylindrically symmetric
and so the pairwise intermolecular potential may be

written as [59]

Un(®3600136,80=47 3 U, . (OT, (6ubY, (6. 4 3
LlLyn

Here Y; ,(8,4) is the nth component of the LR spherical
harmonic ([60]. The aim of the theory is to obtain the
orientational energy of a single molecule resulting from
its interactions with all other molecules by averaging
over their coordinates. Then, given this energy or
pseudo-potential, it is possible to calculate any
orientational properties of the mesophase by taking the

appropriate Boltzmann average; for example
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Figure
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100 7¥
4.3: The temperature dependence of the order

parameter S for the nematic mesophase of
partially deuterated 4,4'-dimethoxyazoxybenzene.
Curve (a) is calculated from the Maier-Saupe

theory and curve (b) from the Humphries-James-
Luckhurst[11] model.
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[5(3c0s® B)exp{ — U(cos BYkT}d cos 8

S
S exp{ — U(cos 8)Y/kT}d cos 8

4.38

The Maier-Saupe theory implicity ignores all but those
terms with L; = L, = 2 1in the expansion of the
intermolecular potential. The intermolecular vector is
then assumed to be uniformly distributed within the
mesophase and the molecular field approximation [61] is
invoked to obtain the average overall molecular

orientations. The resulting pseudo-potential is

U(cos @)= U, P,P,(cos ) 4.39

where. 6 is - the angle between the director and the
molecular symmetry axis, P,(cosf) is the second Legendre

polynomial [60]
P,(cos O)=1(3cos’ 8-1) 4.40

and its average P, is just the order parameter S. The

coefficient U, is defined as

U, =(%)Z Uyl nA (), 4.41
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where r is the number density and nf? (r) is the pair

distribution function. Since nf?)(r) is volume dependent,

the coefficient U, will also be a function of V which,

according to Maier and Saupe, takes the form
U,=0v" 4.42

The theory appears to contain the single parameter U, but
this is related to the nematic-isotropic transition

-

temperature Tyr by

U0 =-4.542kT V2 1.43

Consequently the order parameter S is then a uhiversal
function of the reduced variable TV?/Ty;VZy; and hence the
reduced temperature T/Tyr or T*. This universal curve is
plotted as line (a) in Figure (4.3) as a function of T"
and is in reasonable but not completely agreement with
experiment. This discrepancy led Humphries et al. [58]
to extend the Maier-Saupe theory to include all terms in

the expansion on all of the Legendre polynomials:

Ucos 6)= » .U, P, P,(cos ),
L(even)

4.44
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although agreement with experiment is achieved by

retaining just the first two terms in the expansion. The

agreement was further improved by assuming a different

volume dependence of the coefficients Up:
77 07,—4
:ULOV 4.45

The second line, (b), in Fig.(4.3) was computed from this
extension.‘gf the Maier-Saupe theory and is clearly in
complete accord with experiment.

Humphries et al. [58] have also extended the Maier-
Saupe theory to include multi-component mixtures of rod-
like molecules [11]. This theory shows that the
orientational order of the "Eomﬁonents is easier to
interpret when the concentration of all but one is
infinitely small. Thus for a binary mixture, the pseudo-
potential for the solvent is identical to that, given in
equation (4.44), for the pure mesophase. The pseudo-

potential for the sclute is

U®(cos 6) = ZU(IZ)P ®)(cos 6), 4.46
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where P;(1) is the orientational order of the solvent and
UL(12) is a solute-solvent interaction parameter analogous
to U; for the pufe mesophase. At preéent the solute
concentration required to obtain a nuclear magnetic
resonance (NMR) spectrum is rather high and so does not
provide the best way of studying solute-solvent
interactions in liquid crystals. In contrast, electron
spin resonance (ESR) spectroscopy is a particularly
sensitive technique and the solute concentration can be
taken to b; vanishingly small. ESR determinations of the
ordering matrix for the spin probe therefore provide a

straightforward method for investigating solute-solvent

interactions.

4.3 Non-mesomorphic Liquid Crystals Mixture

Several different theoretical approaches are
available to aid in understanding, on a mclscular level,
ihné nematic-isotropic transition in pure +iquid crystals,
some of them have been explained in the last section.
Much less attention has been paid to the theory of
mixtures of liquid crystals [11,12], and mixtures of
liquid crystalline materials with nonmesomorphic ones

[11-14]. A study of the latter problem should provide
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additional information concerning the forces stabilizing
the nematic phase. For example, to what extent can a
theoretical model employing only repulsive forces
successfully account for the observed transition
behavior. It should also aid in assessing the
sensitivity of the transition temperature to possible
solute impurities.

Humphries, James, and Luckhurst [11l] have extended
the Maier-Saupe theory of the nematic mesophase to
multicompogént systems. Starting with a general form of
the interaction between two molecules, they averaged
overall coordiﬁétég of bne of the molecules, thereby
obtaining for each component an anisotropic pseudo-
potential for one molecule “in~"thée form of a. sum of
'Legendre polynomials. Evaluation - of the orientational
nolar Helmholtz function, in this molecular field
treatment, led to the result that for a mixture of rods

and spheres:

T=(1-x,)T0 4.47a

or
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where x, is the mole fraction of the spherical solute,
Tyr 1’ is the nematic-isotropic transition temperature of
the pure liquid crystal rods, and T and T* (=T/Ty;/))
are, respectively the nematic-isotropic transition
temperature temperature and reduced transition
temperature of the mixture, respectively. Thus, dT”/de
is predicted to be independent of the nature of either
the liquid crystal solvent or the solute, a prediction
which is not borne out by experiment. Also, no mention
is made offa temperature range of phase separation, even
though such behavior 1is required by the laws of
thermodynamic fgr Ng first order transition with dT*/dxz

=z 0 [12,15,62].

Possible reasons for the inadequacy of the Humphries—
dames—Luckhurst [11] mean field treatment of mixtures
night be examined. Out of certain approximations related
to the pair distribution function, one might note that
their results could be deduced in a direct, but less
elegant, manner. Further, the use of an adjustable mixed
interaction parameter [11] to modify the equations (4.47)
might be acceptable in a phenomehological treatment, but
is not a meaningful test of the proposed theory when such

a parameter 1is required to generate agreement between
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experiment and theory. Other models will be considered

in the following subsections.

4.31 Lattice Model of Nematogenic Solutions

Peterson et al. [15] employed a lattice model to
study a binary mixture of hard rods of different lengths.
They considered solvent rods of size [L;,1,1 and solute
rods of si;e Loxlyl, where L; = 5,10 and 1 =< L, s L;-I.
For the chosen values of ¢* (equivalent to T*), the pure
solvent rods possessed a stable anisotropic phase, while
the pure solute rods did not. Comparison with experiment

[62] indicated that the lattice model correctly predicts
'£he existence, the general position and the extent of the
observed two phase region. In further agreement with
experiment [63], the degree of alignment of the system
on the anisotropic side of the transition is independent
of either ¢* or L,.

the lattice model has been extended for cube solutes
[64], square plate solutes [12], and finally for studying
the effect of chain flexibility on the nematic-isotropic
transition [14]. 1In the case of cube solutes [64], the

Helmholtz free energy depends upon the order parameter "
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n" in addition to usual variable T & V. The result
concerning the solute induced transition temperature
depression at constant pressure using the reduced

variable ¢*, where

gou_ T
¢ ]kv 4.48

and

_Py, _ 1 &,

¢ kT k:r(avf)”""
an_ 3_ o % I
_M_l_;w(l_’%D y=2\p ¥V
3 v

-—M(V—-xzD:’ —le)+2)\v[V—x2(D3—-D2)

—x,s(L -]+ N[V = x, (D> -D*)-x, 1-2s)(L=1)] =~ 4.49
Vv, is the volume of a unit cell, D is the cube side

length, L is length-to-breadth ratio, M is the number of
site per lattice at which "L" packed, and V = M/(n+m).
The general features of equation (4.49) are the same as
those reported for rod solutes [15] and are depicted in
Figure 4.4 for L = 5 with D = 1.0 and D = 2.0. The
transitions are first order, and the anisotropic
andisotropic phase coexist over a mole fraction range at

constant ¢* for ¢* < 1.
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1.00

0.90 ' '

Figure 4.4: Reduced transition temperature of the mixture
¢* as a function of the mole fraction of the
cubes x; for rods of L=5. A denote anisotropic

phase boundary, and I denote isotropic phase
boundary.
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Dowell and Martire [65,66] extended the lattice model
studies for pure liquid crystals as rigid cores with
completely- and semi-flexible tails. In the case of the
solutions, Dowell [14] studied a lattice model for
mixtures of semiflexible <chain solutes in solvents
molecules (liquid crystals) composed of rigid cores and
semiflexible tails. This study showed that the addition
of a semiflexible solute depresses the nematic-isotropic
transition temperature Ty; of the pure solvent. A

o

reduced temperature T’ is defined by

The slopes of the coexistence curves in the T versus X5

plane are defined by

ar
dx,

ﬁ% ==

4.51

J=4,1

J

the larger B is, the greater is the ability of the solute
to disrupt the solvent nematic order and induce the

appearance of the isotropic phase.
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This model adequately describes, as expected, that
the semiflexible <chains showed intermediate results
between those of the models for completely flexible chain
solutes and for rigid rod solutes. This semiflexible
chain solute model predicts four general curvature types
for the coexistence curves as a function of solute length
and flexibility (Figure 4.5). This model also predicts
maxima in coexistence curve slopes as a function of
solute chain iength for sufficiencly ionyg Gl
sufficientiy stiff chain.

Steric repulsions alone are sufficigg; %p this model

to generate the general features and trends. However,

attractive forces permit some adjustments in trends and

produce significant improvements in energetics especially

in the transition temperature and solute excess

properties.
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Figure 4.5: Types of curvature of the coexistence curves
in the T*—x2 plane. Type 1 (cube-like solutes) PBp
& PB; increase with x, increase. Type 2 & type 3
(moderate length chain-like solutes) Bp decrease
& Br increase with increasing x, and Vice versa,
respectively. Type 4 (longer chain-like solutes)
Ba & Py decrease with increasing x,.
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4.3.2  Van der Waals Theory of Nematogenic Solutions

Two models have been considered by Cotter and Wacker
[13] using van der Waals theory. In the first part,
mixtures of components with rodlike or effectively
spherical molecular shapes. In the second part of the
series, binary solutions with effectively spherical
solute molecules and rodlike solvents.

The prototype van der Waals theory of liquids is that
of LonguefiHiggins and Widom [67]. A van der Waals
approach was first applied to nematogenic system by Alben
[68], who considered a system of hard rods in a mean

field described by the pseudo potential
y(p) = -W, 4.52

where W is a positive constant. A lot of different
models have been considered to study the nematogenic
systems by van der Waals theory [69-73]. More important,
the van der Waals calculations clearly indicate that the
orientation dependence of the very short-range
intermclecular repulsions, rather than the orientation

dependence of the intermolecular attractions, plays the
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major role in determining the stability and orientational
order of nematic mesophases.

The application of van der Waals theory [13] to
binary solutions with spherical solutes and rodlike
solvents showed that the predicted temperature-mole
fraction phase diagrams; Figure 4.6; are in rather good
agreement with experimental data for different systems.
On the basis of these calculations it is argued that when
a more or less spherical solute is added to a nematic
mesophase,; the onset of the nematic—isotropic phase
transition is controlled primarily by excluded-volume

effects and the overall strength of the intermolecular

attractions in the system.
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4.4 Computational Methods

Recently, the markets have been saturated with new
series or personal computers (PC's). These PC's have
several 1innovative features, such as fast speed
processors, space saving professional hardware mecdular,
and advanced Input/Output cards that fully utilize the
computer to meet the personal as well as scientific
requirement. Also the appearance of new scientific

3
-

software package, e.g. Statistical Regression package,

Molecular Modeller packages, ... etc., encourage the use

of such programs as computational tools for research

purposes in addition to the main frame programs. In the

next sections the types and properties of the IBM-PC. .

compatible softwares used in our investigation will be

explained.

4.41 Ordering Parameter

The nematic-isotropic transition of the 1liquid
crystal showed a marked difference in the hyperfine
spacing for the two phases, and so the hyperfine shift
calculated from equation (4.8) is formally the same as in

equation (4.18)
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The hyperfine shift is therefore given by:

. _BA,

2 4.53b
where P, denotes the ordering matrix element for the long
axis. Since the anisotropic hyperfine tensor is
available from the solid state spectrum, equation (4.53)
can be used to calculate the degree of solute alignment
P, and its temperature dependence.

Polnaszek and Freed [10] studied PD-Tempone in about
ten types of pure and binary mixtures of liquid crystals.
Since the isotropic splittings determined for the rigid
limit of PD-Tempone in these solvents and our solvents
were nearly identical (Table 4.1), the rigid limit
parameters of PD-Tempone in phase V was used in the
calculations of the degree of solute alignment in our
results. The degree of solute alignment or ordering
parameters have been computed wusing the following

equation [10]:
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Table 4.1: Magnetic Parameters for Nitroxides in Liquid

Crystals.
(A) PD-Tempone in Phase V
gx 2.0097£0.0002 ay 5.61+0.2G
Iy 2.0062+0.0002 ay 5.01+0.2G
of 2.00215+0.00017 a, 33.7+0.3G
<g> 2.00601£0.00005 <a> 14.77+0.3G
(B) Other Systems
System a,G g
- PD-Tempone in Phase IV 14.75 2.0062
PD-Tempone in BEPC 14.79 2.0060
(C) Our Systems
System a,G g
PD-Tempone in 5CB 14.73 2.0067
PD-Tempone in 6CB 14.73 2.0065
PD-Tempone in 7CB 14.72 2.0063
PD-Tempone in 8CB 14.72 2.0064
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B e pp o 4> e, - g H<g>-g)a,~a,)
TR (@ -ae, - g6 - 2)a, -a,)

4.54

where a and g were the observed hyperfine and g-values
from the spectral data.

For minimizing the personal -computational error
special transform relations have been used at the Sigma-
Plot package. This software has been used in all the
demand graphs.

The computation of the solvent ordering parameters
based on the solute ordering parameter which is defined
to be the canonically weighted average value of the L = 2

Legendre polynomials

[dQP,(cos Byexp[ — QYT
JdQexp[ - U(Q)YKT]

(D3(Q)) = (B(COSP) = 4.55

takes place by means of program (I) and program (II)
listed in the Appendix. These programs treat only the
spherical case where -U(Q)/kT = 202P2(cos B) since in
this case the integral above can easily be evaluated.
The form of the equation for the order parameter actually
used in this program can be derived by letting z = cos P

in equation (4.55) to get
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2 2,2 ~1/2
(P@) = + {/dz z" exp[34,2°/2] }

JSdz exp[34z%12] 4.6
Now, the change of variables & = %31,2/2 and y = &z
followed by integration by parts gives
-112
&
B@le)) = =3

The remaining integral in the denominator of equation
(4.57) is known as Dawson's integral [74]. This integral
is -
fraction expansion [75]. The output of program "I"™ will
be used in program II for determining the solvent

ordering parameter 202 which denoted in our graphs by

"Lambda".
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442 Line Width Analysis

It is convenient at this point to define a line width
parameter T,. If the peak-to-peak width is Av (Hz), then
T, = (3mAv)~1. In general, the dependence of T, upon M,
the component of the nuclear spin along the direction of

the applied magnetic field is given by:
];“(M)=A+BM+CM2+x 4.58

where A, B, C depend on the g and a-tensor values and_ on

TR~ The 1ty is called the correlation time which
determines the effective frequency of rotation; f.er = (27
tR)‘l, for the rotational motion. The correlation time

data of nitroxides is usually divided into three groups:

Rapid rotations : 10-11 - 10-%s
Slow rotations : 1079 - 10-%s
Very slow rotations : 10-¢ - 10-3s.

While x in equation (4.58) takes into account other
possible mechanisms.
To determine A, B, and C experimentally one needs to

know the intrinsic peak-to-peak line widths, which have
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been calculated wusing program III (Appendix) after
removing the expected inhomogeneous broadening due to the
12 equivalent deuterons [76], as follows:

Line width of the most intense peak have been
determined and using the relative amplitudes for quarter-
derivative width, the deuterium hyperfine coupling
constant <ap> was calculated.

Finally line widths coefficients A, B, and C
experimentally were determined using program IV.

The cai&ulated A, B, C values, using the rigid limit

magnetic parameters [10], have been computed by the

following equations:

C’o = '%' - [1 +(a)a 70)2]_1_{3{1 +§600 70)2]}'_{ - 4.59%a
G = ':%' - [1 He, Z'2)2]—1— 31 Hw, 72)2]}-1 4.59%
C =(%% 7X0.87*)[ D5 7,Co +2D; 7,Gl 4.59¢
16 4
B =
T3 @y 4602
16 4
B, = . ,
* =5 T Haen)] 4605
B =( }g y NO0.17aw) gD, B, +2g,D, 7,B,] 4.60c
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1 1

4#m+%m 4.61a
&=m+%m 4.61b
A3=§+[1—+(a2)—ﬁﬁ 4.61c
A4=—§—+m 4.61d

A= 4, - {II +1)082)[Di1,4, +2D*1,A)]

+g-[ g2 7,4, +2g§rzA4]}(%% ) 4.6le
) where -

7, = T, N%, 4.62a
7, = 37,/(1 + 2N), 4.62b
g, =(g, - gi)(%)%: 4.62¢c
g =g, - g,) 4.62d
Dy, =4, - A)(HED)p* 1,620
D, =4, - A)(zh), 460

Y8

Yp = — .

P g. 4.62g
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4 =14 +4,+4) 4.62h
g =@ . +tg +g) 4.62i

These equations

[77]

were adapted from the motional-

narrowing analysis of Freed et al. [78].
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Visual Nematic-Isotropic Diagrams

Figures 5.1 and 5.2 are plots of T* versus X5
obtained from the simple visual experiment for tetraethyl
methane (TEM) as solute in 5CB where T* (=T/Ty1) is the
reduced temperature, Tyt 1is the nematic-to-isotropic
transition temperature, and X 1s the solute mole
fraction. The mole fraction of TEM ranged between 0.1 and
10-6. Figure 5.3 and 5.4 are the T*-x, diagram for PD-
Tempone (PDT) and Tempo-palmitate, respectively, in 5CB
with x; ranging from 1073 to 10-6. Figure 5.5 is the T*-x,

diagram for TEM/6CB system.

92

0TS



1.00

0.99

LI S L N A O LI S A L B L L [ O L L L N S M L L L A L A [

0.98 -
0.97 -
0.96 _

—1.0e-3 U !

0E-5 100E-5 Xz 200E-5

0'95 PSS Ul TS ST USRS VT B NS ST U ST S N ST | TS S T | IS PSS ST S

-0.02 0.00 0.02 0.04 0.06

X

Figure 5.1: Reduced temperature (T') versus solute mole
fraction (x,) diagram for TEM/5CB system. The
inset is the expansion for mole fractions less
than 0.002.
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Figure 5.2: Reduced temperature (T*) versus solute mole

fraction (x;) diagram for TEM/5CB system at
solute concentrations below 0.001. The insets
are expansions for mole fractions less than 8.0
x 1073.(i) and (ii) are for the heating and
cooling cycles, respectively.
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Figure 5.3: Reduced temperature (T") versus solute mole

fraction (x,) diagram for PDT/5CB system at
solute concentrations below 0.001. The insets
are expansions for mole fractions less than 8.0
x 1075; ESR-spine probe concentration range. (i)
and (ii) are for the heating and cooling cycles,
respectively.
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Figure 5.4: Reduced temperature (T') versus solute mole
fraction (x,) diagram for Tempo-palmitate/5CB
system at solute concentrations below 0.001. The
insets are expansions for mole fractions less
than 7.0 x 1075.(i) and (ii) are for the heating
and cooling cycles, respectively.
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expansions for mole fractions less than 7.0 x
10-5.
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An examination of Fiqures 5.2-5.5 shows that T*
versus Xx; plot is non-linear in the mole fraction range
between 103 to 10-6. This range is much lower than
typical x; values used in theoretical models[66-68]. The
system represented in Figure 5.1 is the only one where
the x, values extended into the region of the
theoretically used x, values and which in hints at a
slight curvature in coexistence lines that has
traditionally been assumed linear. The insets in Figures
5.2-5.5 shé@ the phase transition properties of solutions
of TEM, (PDT), and Tempo-palmitate at very low mole
fractions (1.0-8.0 x 10-3) that are comparable to spin
probe concentrations in two liquid crystals (5CB & 6CB).

- The results‘ of ;he visual experiments clarify the
following two points.

Firstly, the raising of the nematic-isotropic phase
transition temperature at these very low solute
cencentrations indicates a slightly greater orientational
order for the liquid crystal molecules in these solutions
relative to the orientational order in the pure solvent.
This seemingly strange finding might be rationalized by
hypothesizing a critical concentration limit. Below such
limit the solute assists the flexible solvent tails to

align themselves with their rigid core. Our experimental
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finding is in agreement with the results of theoretical
calculations by Dowell [14] who used mixtures of solutes
of different éhapes and sizes in liquid crystals.
Dowell's representation of these liquid crystals was one
of rigid cores and semiflexible tails.

Secondly, as the inset-diagrams in Figures 5.2-5.5
show the nematic-to-isotropic transition temperature is
close to Tyr; the nematic-to-isotropic transition
temperature of the pure solvent; and more or less
independeng of the solute structure in the solute mole
fraction range of 4.0 x 10 to 8.0 x 10-%. There is
clearly, at low concentrations, a complex interplay of
intermolecular forces that Eend to assist or disrupt
order. In the mole fraction range between 4.0 x 10-5 to
8.0 x 1075 these forces seem to cancel each other. This
behavior adds support to the Humphries-James-Luckhurst
[11] assumption that the solvent pseudo-potential is the
same in both binary mixture of nonmesomorphic solutes at
infinitely low concentrations in liquid crystals and in
pure liquid crystalline solvents (cf. section 4.2).

Finally, one can confidently assume that the PD-
Tempone acts purely as a probe and has no appreciable

effect on the nematic-isotropic transitions of the
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solute/liquid-crystal-solvent systems will be studied by

ESR.

5.2 ESR-Studies of the Spin Probed Liquid Crystals

The spin probe used to investigate the interactions
within the nematic mesophases formed by the different
liquid crystals (5CB, 6CB, 7CB, and 8CB) was PD-Tempone
(PDT) nitr;xide radical. The unpaired electron in the
probe interacts exclusively with the spin of the nitrogen
atom and so the electron resonance spectrum contains
three lines only for both the isotropic phase and the
nematic mesophase. There is however a marked difference
in the hyperfine spacing for the two phases, as the
spectra in Figure 5.6 demonstrate for the nematogen SCB.
The difference between the hyperfine spacings form the
isotropic and the crystal phases must be greater than
that for the isotropic and nematic phases [79]. This is
demonstrated by the spectra shown in Figures 5.6 and 5.7
for the nematogens 5CB and 7CB, respectively. Both
Figures also show that the coupling constants for the PDT
ar, ay, and ac in the isotropic, nematic, and crystal

phases, respectively, follow the expected [79] trend:
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(a)

T=35.46°C }

(b)

T=36.76°C

Figure 5.6: The electron resonance spectra of PD-Tempone
nitroxide spin probe in (a) nematic and (b)
isotropic phases of 5CB.
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(a)
T=21.00°C

(b)
T=58.47°C

_

Figure 5.7: The electron resonance spectra of PD-Tempone
nitroxide spin probe in (a) crystal and (b)
isotropic phases of 7CB.
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Similar spectra over a wide temperature range covering

the crystal, smectic/nematic, and isotropic phases at

close temperature intervals were obtained for 5CB, 6CB,
7CB, and 8CB using the temperature control setup shown in
Figure 3.6.

Since, an extremely large number of ESR-spectra were
recorded for the homologues 1liquid crystals studied ,
only the hyperfine splitting of PDT versus temperature
diagrams agé reported in Figures 5.8, 5.9, 5.10, and 5.11
for 5CB, 6CB, 7CB and 8CB, respectively. These spectra
allowed wus to study solute (spin probe)-solvent
interactions in all the phases of the four liquid
. crystals studied. The .. hyperfine splitting_ versus
_Eémperature diagrams for PDT in 5CB, 7CB, and 8CB (Figures
5.8, 5.10, and 5.11) show similar trends across the
phases with a sharp transition at the nematic-isotropic
transition temperature. On the other hand, the
hyperfine coupling versus temperature diagram for PDT in
6CB (Figure 5.9) shows an odd behavior at the crystal and
the crystal-nematic transition regions that is absent in
the results for 5CB, 7CB, and 8CB. This odd behavior was

found to be reproducible on cooling and heating using

different 6CB batches. The hyperfine splitting for PDT
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Figure 5.8: The hyperfine splitting, a, of PDT versus
temperature in 5CB. The inset is the expansion
for the region around the Nematic-Isotropic
transition. N and I refer to the nematic and

isotropic regions, respectively.
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o denote cooling and heating runs for the same
sample of 6CB).
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Figure 5.10: The hyperfine splitting, a, of PDT versus
temperature in 7CB. The inset is the expansion
for the region around the Nematic-Isotropic
transition. N and I refer to the nematic and
isotropic regions, respectively.
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was nearly the same in crystalline and isotropic phases
of 6CB and it started to decrease reducing the
temperature further. The odd transition on cooiihg
occurred at 11°C, while the heating of the crystalline
6CB samples gave the hyperfine splitting of the
corresponding nematic at 14°C.

All the liquid crystals possess a constant hyperfine
splitting in the isotropic phase, but they have strongly
temperature dependent nematic  hyperfine .splitting.
However, f%e hyperfine splitting of the crystal and
smectic phase were slightly temperature dependent. The
smectic A~nematic transiti;gsmﬁf 8CB, Figure 5.11, shows
a discontinuity in the hyperfine splitting compared to
the gradual changes observed in the. hyperfine- spllttlng
of both SCB and 7CB for the transitions from nematic-to-
crystal phase, and smectic A-to-crystal phase of 8CB.

The insets in Figures 5.8-5.11 were the expansion of
the nematic-isotropic transition region. The observed
nematic-isotropic transition temperature of ©5CB, 6CB,
7CB, and 8CB have been reported in Table 5.1. The
reported temperatures have the same trend as the
literature values ([80-81] with respect to the odd-even

effect, which have been interpreted in terms of the

108

o7 4



Table

5.1: Literature

and

experimental transition

temperatures of the studied liquid crystals.

Name Literature Ref.| ESR-Observed
CoHN@ or C»S;P 5,»N¢ N-o1d N—»1d

5CB 24 ——== 35.3 80 35.6+0.04

6CB 14.5 ———= 29 80 29.2+0.05

7CB 30 -——— 42.8 80 42.8+0.07

8CB s 21.5 33.5 40.5 81 39.6%0.09

a Crystal—»Nematic transition temperature (°C).

b Crystal—>Smectic-A transition temperature (°C) . .

¢ Smectic-A-»Nematic transition temperature (°C) .

d Nematic—>Isotropic transition temperature(°C).
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respective conformations of the chains [82]. Also the
observed nematic-isotropic transition temperatures of the
different liquids is clearly in complete agreement Wiﬁh
the literature N-~I transition temperature which is an
indication of the success of our ESR set up as well as
the purity of the nematogenic liquid crystals 5CB, 6CB,
7CB, and 8CB.

In addition to the hyperfine shift, the change in the
g-factor on passing from the isotropic to nematic phase
was suggeséed [1]. The observed g-factor of PD-Tempone
in the liquid crystals; 5CB, 6CB, 7CB, and 8CB; versus
tenperature diagrams havetgéég'reported in Figure 5.12.
Similar to the hyperfine splitting of PD-Tempone in the
homologues Figure 5.13, sharp first order transition of
the .ﬁemafie;iéofropic transition temperature have been
noticed in the g-factor-temperature diagram, Figure 5.12.
However, the g-factor-temperature diagram shows two
different categories which can be assigned for the
systems studied. The first category at lower g-factor
contains 7CB and 5CB with g-factors in the range 2.0062
2.0067. The second one at higher g-factor contains 8CB
and 6CB with g-factors in the range 2.0065-2.0070. This
is not the case of the hyperfine splitting-temperature

diagram, Figure 5.13. Also, the g-factor diagram, Figure
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Figure 5.12: The g-factor values of PDT versus

temperature in the liquid crystals: ¥ 5CB, V 6CB,
o 7CB, and e 8CB.
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5.12, shows parallel behavior of the first category,
where the g-values of 7CB in the isotropic or nematic
phase is lower than those of.SCB in the corresponding
phases. In the second category, 8CB is only at lower g-
values than 6CB in the isotropic phase, but higher than
6CB in the nematic as well as crystal phase.

The theoretical prediction of the hyperfine shift and
g-factor shift ([1], cf. Equations 4.23-4.26, estimated
that these shifts are related to the ordering matrix,
which is ';n acceptable suggestion for the hyperfine
shifts. However, the observed g-factor shift is not only
related to the ordering ma;fix, but also related to the
conformational properties of_ the liquid crystal
molecules. The first category of 5CB..and  7CB possess
séﬁe éénformational properties, while the second category
had the same conformational properties in the isotropic
phase. In the nematic and/or smectic and crystal phases
of the second category of 6CB and 8CB, the conformational
properties were completely different and this was evident
from the odd behavior of the 6CB in the crystal phase
region. This coincides with Gray and Mosely [82]
explanations of the odd-even properties and disagree with

the length:breadth ratio suggested by de Jeu et al. [83],
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who suggest that the phase transition at constant volume

(AF = 0) takes place at a transition temperature given by

24
T =22 _ _ 2B
© T 445k 5.1

where B 1s in some way proportional to the effective
molecular length:breadth ratio. The effective molecular
length:breath ratio have been calculated for the
minimized eéergy molecules in Figure 5.14, for 5CB, 6CB,
7CB, and 8CB using Desk Top Molecular Modeller (DTMM) PC-
program. This first approximation method shows that the
zig-zag conformation is the stable conformer for all
types of the liquid crystals, with length:breadth ratio
in the following order 8CB < 7CB < 6CB < 5CB, which
disagree completely with the experimental results. The
estimated sequence of the length:breadth ratio is
expected by Stenschke ([84], who reasons that reductions
in effective length:breadth ratio for a molecule due to
alkyl chain bending are proportional to temperature and

molecular length.
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(a)

g

B\
)
3

(b)

(d)

Figure 5.14: The minimum energy conformers of (a) 8CB,
(b) 7CB, (c) 6CB, and (d) 5CB calculated by Disk
Top Molecular Moduller (DTMM) PC-software
program.
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5.2.1 Ordering Parameter of Liquid Crystals

In order to perform clear discussion about the
different nematogens, one must know the coefficients in
the potential (cf. Equation 4.39) which determines the
distribution function for the orientation of the radical
in the nematic phase. These coefficients can be
determined from the ordering parameters calculated in the
motional narrowing region using the rigid limit
parameters’jcf. Table 4.1f into equation (4.57) with the
help of programs I & II (Appendix).

The order parameter <D23,>, determined for PD-Tempone
in several liquids for the extended Maier-Saupe potential

are plotted vs. temperature in Figure 5.15. The magnetic

parameters used are those given in Table 4.1 (A) for PD-"

Tempone 1in phase V. The values of the ordering
parameters were then used to calculate the potential
parameter L[Lambda]l, from equation (4.57). The results
are shown in Figure 5.15 for the z-axis parameters for
5CB, 6CB, 7CB, and 8CB.

The discontinuity in the ordering at the transition
points for the different systems, Figures 5.15 and 5.16,
is indicative of a first-order phase transition for both
N—>I and Sp—»N transitions. Withih the nematic phases the

different types of liquid crystals still show the odd-
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even properties, where the ordering parameter increases
in the following sequence:
6CB < 5CB < 8CB < 7CB
for both solute and solvent. However, in the case of the
higher ordering phase regions, e.g. smectic A and
crystal, the odd-even property disappear in the
homologues 7CB & 8CB, while another odd and strange
behavior was notice in the crystal phase of 6CB where a
very low ordering was reported.
The hid%er ordering parameter of 8CB in both smectic-
A phase relative to the nematic 7CB can be explained on
the basis of the data given in Figure 2.1. The
progression from the completely symmetric isotropic
‘liquid of 7CB and/or 8CB to the nematic describes that
the molecules will posséés ﬁoleculér orientational order,
then the further progression of 8CB only to the smectic-A
will give additional order called positional order normal
to layers. Therefore such additional order will raise
the overall order parameter of 8CB in the smectic-A to be
at higher ordering parameter than the nematic 7CB.
For the 6CB liquid crystals, its odd behavior can be
explained on the basis of the conformational properties.
It is clear from Figures 5.15 and 5.16 the 6CB liquid

crystal has the lowest order parameters with respect to
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the other liquids, in the nematic phase region as well as
in the crystal phase region. From the orientation
triangle ([85], Figure 5.17, the molecules will possess
low orientation parameters (Szz)+ if they are disc-like
or having perpendicular planes as in the case of S=C=S.
Therefore, it seems that 6CB, probably, will tend to have
a conformation with perpendicular plane. The
perpendicular-plane conformer of 6CB may be supported by
the DTMM-calculations, which show that the benzéne ring
of the biéhenyl tend to be out of planarity in these

estimated minimum energy conformers, Figure 5.14.

5.2.2 Line Width Analysis and Symmetry of Orientational
. Order Fluctuations.. .

All line width measurements were performed with
modulation amplitude set at a value of less than one-
tenth of the line width and with the microwave power set
at or less than one-tenth the power required to maximize
the signal amplitude. The PD-Tempone studies had
unresolved deuteron hyperfine structure in each of three
principal ESR lines. This inhomogeneous broadening
causes the line shapes to be non-Lorentzians and the

measured line widths to be broader than the true peak-to-
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Figure 5.17: Orientational triangle [85]:

Plot showing
the largest (S,,) and the intermediate (Syy)

orientation parameters for molecules in uniaxial
matrices (@ Polyethylene, A isotactic
polypropylene, B nematic liquid crystals;
coronene, diphenylethylene, and triphenyl)
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peak line width 2l 1,-1(3)-1/2, The correct line widths
. can be calculated using the technique of Poggi and
Johnson [86]. One measures the line shape by noting the
variation of the derivative half-amplitude as a function
of the distance from resonance. This line shape is then
compared to a theoretical line shape calculated using a
peak-to-peak line width and hyperfine splitting (hfs)
estimated on 1/4-to-1/4 width experiment. For PDT in S5CB
the deuteron splittings yield ap = 0.03374 G. After

determining <ap>, one can use that value of <ap> and vary

the intrinsic line widths of the individual Lorentzian

components in a line shape program until one obtain the
correct intensity ratio. This procedure was applied to
all spec;ra in which the line widths were one gauss or
less; above tﬂis value the correefiéns wefevless than 1%.
Finally, the A, B and C line widths, cf. equation 4.58,
were calculated using program IV.

The ESR spectra of PDT in nematic phase of a liquid
crystal can be analyzed by using the formalism developed
in motional narrowing region. Because all observed
spectra consisted of three lines, one might think that
the moticnal narrowing 1limit will apply for all

temperatures. However, the lines became asymmetric at

lower temperatures, and the hyperfine splitting became

122

0TS



considerably different. The weakly ordered PDT are
expected to be sensitive to model dependence, anisotropic
viscosity, asymmetric molecular reorientation, slowly
fluctuating torques, fluctuations of the local structure
and type of liquid crystal potential used. A thorough
analysis of the motional narrowing region should help to
which of the above-mentioned processes are important.

The case to be discussed will be the PDT in 5CB which
has a long mesomorphic range over which one can observe
motional ;arrowing behavior. All 1line width were
measured by the method of relative amplitudes and
corrected for deuterium inhomogeneous broadening using
program IV. Then, the intrinsic line width data have
been expressed as a quadratic equation in M with
coefficients A, B, and C, where M is the z-component of
the nitrogen spin quantum number.

The line width results for PDT in the isotropic phase
of 5CB are shown in Figure 5.18 and given in Table 5.2.
The analysis of the line widths in the isotropic region
is identical to that given by Hwang et al. [87]. For
PDT in the isotropic phase of 5CB, one is in the region ®
2tp2 # 1 where the nonsecular terms are expected to be
important. If the nonsecular terms are included in the

calculation of 1z, one gets the result that Tp determined
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Figure 5.18: (i) Spectral-line width parameter A, B, and
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Table 5.2: Spectral-line width results for PDT in 5CB

_isotropic phase.

t (°C) A(G) B(G) C(G) C/B

49.50 0.0999 0.04404 0.03930 0.8923
48.30 0.1052 0.04629 0.04334 0.9363
46.76 0.1105 0.04984 0.04698 0.9427
45.22 0.1324 0.05651 0.05371 0.9506
43.62 ~ 0.1340 0.06118 0.05812 0.9499
42.37 0.1421 0.0642 0.06599 0.9788
40.61 0.1478 0.07470 0.07470 1.0000
39.14 0.1583 0.08261 0.08452 1.0232
38.06 0.1699 0.09185 0.08575 1.0425
36.44 0.1788 °0.1049 0.1168 1.1140
36.01 0.1966 0.1143 0.1292 1.1300
35.89 0.2054 0.1178 0.1364 1.1578
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from B does not equal ty determined from C for isotropic
rotation. In fact 13¢/1® varies from 1.3 near Ty to 1.5
at .higher femperature. | If nonsecular terms are
neglected, the ratio varies from 0.9 to 0.8. Another
effect which can cause 1B to be unequal to 1z¢ is
anisotropic rotational diffusion.

Freed et al. [78] have shown that when nonsecular
terms are unimportant, the ratio of the 1line width
coefficients C/B can yield information on the anisotropy

pe

of molecular reorientation (N), where N is the ratio

Ry/Ry and Ry is the rotational diffusion constant along

the molecular z-axis and R; is the rotational diffusion

constant perpendicular to the molecula{_z axis. Figure
5.19 shows a plot of the ratio of the coefficient C/B at
different temperatures. The C/B ratio determined from
the three lowest temperatures when the fluctuations
expected to be high is higher than 1.1. The dependence
of the coefficients B and C on the molecular magnetic
parameters, the rotational correlation time ({13) and N is
given by the equations 4.59-4.62, assuming that the

rotational-diffusion tensor is axially symmetric.
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In order to obtain a unique fit, the curve in Figure
5.20 are generated with z'’ = Y and N varying from 0.5 to

5.0, where -2; is the symmetry axis of the diffusion

tensor with principal axis x’, y’, and z'. Similar
curves simulated using z' = X and z' = Z are shown in
Figures 5.20 (a). The z' = X and z' = Z results showed

that the changes in N are not able to bring the curves to
approach the experimental points, c¢f. Figure 5.21.

Thus it is determined from the simulation that PDT in
5CB is exp;riencing anisotropic rotational diffusion at
an axis z' = Y and N = 2.8 *+ 1. Figure 5.20(b) shows
that the simulation overlaps with most of the
experimental points in the region where-mzqg >> 1. The
calculation of 1B and 1R¢ reported in Table 5.3 for PDT
in 5CB at different temperature in the isotropic region.
The calculated ratio of tgB/1R¢ varies from 0.9 to 1.0
which is an indication that over the isotropic region the
nonsecular terms are neglected. The .deviation of the
experimental results from the simulated one in Figure
5.20(b) occurs only in the region Tty > 1.0 x 10710 s where
the molecular fluctuations of the local structure are
becoming important, since the temperature approach the

isotropic-nematic transition temperature.
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Table 5.3: The isotropic rotational correlation times
components of PDT in 5CB at different
temperature in the isotropic phase. '

t (°C) TgB (sec)x10-11 | T.C(sec)x10-11 TrB/TRC
49.50 4.8356 4.5398 0.9388
48.30 5.1199 4.9923 0.9751
46.76 5.5665 5.3987 0.9698
45.22 6.4079 6.1514 0.9600
43.62 6.9978 6.6736 0.9494
42.37 7.7847 7.5239 0.9665
40.61 8.7023 8.4973 0.9764
39.14 9.6989 9.5950 0.9893
38.06 10.8650 10.8500 0.9986
36.44 |  12.5060 . 13.2050 1.0559
36.01 13.6960 14.5840 1.0648
35.89 14.1400 15.3550 1.0888
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In the case of nematic phase of PDT in 5CB, the line
width behavior has also been considered. One can see in
Figure 5.8-5.11 that the splitting> Cbnstant decréases
with temperature which is indicative of increase ordering
that lines broaden and became asymmetric as the
temperature decreases  indicating slower rotational
motion.

The measured A, B, and C for PDT in the nematic phase
of 5CB are shown in Figure 5.22. It is clear that at the
higher te;perature close to the nematic-isotropic
-transition temperature both B and C are anomalous. The
neﬁatic-crystal transition shows an increase in the B & C
values which support the slow-tumbling and longer
rotational correlation time 1z. However, the C/B ratio
decrease with increasing ordering for isotropic rotation
as shown in Figure 5.23. Therefore, one can assume that
the axial potential play an important role in the
description of the relaxation behavior, plus the
anisotropic rotation which is expected form the isotropic
phase. Now, for the anomalous effect reported in the
isotropic as well as the nematic phases, Figure 5.24 of
the variation of B and C with temperature over the
transition region show that both B & C appear to diverge

as T, approached form either side similar to the data
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analyzed before [79]. This anomalous behavior of the
spin relaxation was attributed [79] to critical
orientational fluctuations on either side of Tc, which is
characterized by a symmetry about T. that is rather well
explained by simple Landau-de Gennes mean-field theory
for the weak first order transitions.

Therefore, one <can conclude that the relaxation
mechanism of the ESR spectra for PDT in liquid crystal is
characterized by anisotropic and orientational
fluctuationf in the isotropic and nematic phases. The
nematic phase spin relaxation is also characterized by
the axial potential parameter which reduce the
rotational-tumbling. Also, the variation of C/B ratio
. ...with ordering suggests that PDT is rotating more rapidly
about its molecular Y-axis than the other two principal
axes. Moreover, the contribution of the symmetry
fluctuation to the line width is only observed around the

transition temperature of the . nematic-isotropic

transitions.
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9.3 Nonmesomorphic-Nematogenic Interactions

The addition of a rod-like or non-rod-like solute
impurity to a nematogenic solvent leads, with few
exceptions [80,89], to a depression of the nematic-
isotropic transition temperature and the formation of a
two phase region. The existence of a two-phase region is
consistent with the first order nature of the nematic-
isotropic transition. From visual [90-93] and density
[51,52] s£hdies the phase diagram in Figure 5.25 is
usually obtained for a nonmesomorphic-nematogenic solvent
mixture_étiﬁbderately low solute mole fractions Xo (0.005
~ Xp £ 0.06) where T* (=T/Ty;) is the reduced temperature
and Typ; is the nematic-isotropic transition temperature
of the pure liquid-crystalline sol&ent. The moduli of
the slopes of the nematic and isotropic boundary lines,
By and PB;, respectively, reflect the ability of the
solute to destabilize the nematic phase. These solute
probe  approaches have vyielded [94] much useful
information on the relationship between molecular
structure and phase stability.

Accordingly, here we report and analyze the reduced
temperature-composition results for binary mixture of

each of the four liquid crystals; SCB, 6CB, 7CB, and 8CB;
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X2

Figure 5.25 Typical reduced temperature, T*, versus solute

mole fraction, X;, phase diagram for

mesomorphic solute +
mixtures at low Xxj;.

non-
nematogenic solvent
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and two solutes have the same molecular formula; CgHpg:
but different molecular structure; nonane and
tetraethylmethane (TEM) (cf. Figure 3.1). The seleéted
solutes examine the effect of solute shape on the nematic
phase stability, therefore, more or less similar mole
fractions of the solutes have been prepared in the
different solvents.

The study of the transitional behavior of binary

mixtures, each containing a nonmesomorphic solute at Xy =

»

0.04 in a nematogenic solvent, was investigated by ESR
spectroscopy using PD-Tempone as a spin probe. To avoid
the spin probe concentraéiéﬁmeffect.a stock solution from
PDT and liquid crystal at x, = 5 x 107 has been used as a
solvent in the binary mixture. On the  basis of the
kn&wledge-thét‘as a result of the existence of a liquid
crystal potential, a smaller coupling constant is
obtained for the spin probe in the orientationally
ordered nematic phase than in the isotropic phase (cf.
Figure 5.6). This creates a spectral doublet in the high
and low field lines at temperatures within the two phase
region. The spectra for PDT in the 8CB-TEM mixture at
four selected temperatures are given in Figure 5.26.
These spectra show that the temperature for the onset of

the isotropic phase, Ty + AT, on heating is the
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temperature at which the doublet first appears. As the
temperature rises and the fraction of the isotropic phase
increases, the contribution to the doublet from PDT in
the isotropic phase increases at the expense of the
contribution from PDT in the nematic phase. At the
temperature on the boundary between the two phase region
and the isotropic phase region, T;, the doublet reverts
to a singlet with a coupling constant characteristic of
PDT in the isotropic phase. For determining the most
accurate Eémperature transitions of Ty and T;, broad
spectra have been recorded at the same conditions with
the exception that the modulation amplitudes have been

increased ten times higher than the value used in the

optimum setup (Figure 5.26_ (b)). Then the hyperfine

splitting from both types of spectra, (a) and (b) in
Figure 5.26, plotted versus temperature, e.q. Figure 5.27
of B8CB/PDT referred as pure, 8CB-nonane, and 8CB-TEM. 1In
this plot the twe phase regions are bounded by a short
solid lines and values collected from the different types
of the spectra. The points in the continuous curve
indicating rapid change came from the broad spectrum,
while the discontinuous curves from each side, either

nematic or isotropic, came from the doublet spectrum in
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Figure 5.27: The hyperfine plitting versus temperature of
o pure (PDT in 8CB only), ¢ nonane (PDT in
8CB-nonane mixture with x, = 0.047), and ®
tetraethylmethane (PDT in 8CB-tetraethylmethane

mixture with x, = 0.032).
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the absence of high modulation amplitudes. When these
marks coincide, it is an indication of the starting of
the transition, either Ty or T;. Similar spectra and
data treatments were considered for the other systems
studied.

From Ty* (=Ty/Tyy) and T;* (=T;/Ty;) the moduli of the
slopes of the nematic and isotropic boundary lines By (=
1-Ty*/xp) and By (=1-T;*/x,), respectively, are calculated
from the plots in Figure 5.28, and summarized in Table
5.4. 5CB golutions diagram in Figure 5.28 shows that the
TEM as a solute has a more disturbing power relative to
the nonane where the latter shows lower By and By values
indicated in Table 5.4. The results of Br & By in the
case of éﬁM is in good agreement with the Oweimreen and
Hwang [47] results for both 5CB éﬁd ﬁCB, fégié 5.4. The
lower disturbing ability of nonane relative to TEM can be
explained as follows: where the nonane assumed to be
rod-like solute, therefore some of nonane molecules will
arrange in certain way within the stick-like ordering of
the bulk (liquid crystalline medium), which is not the
case of the globular sphere-like solute; i.e. the case of
TEM. the same explanation can be derived for the 6CB and
7CB, while in the case of 8CB the reason will reverse.

This odd behavior is
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expected if one compare the differences in (By)ponane and
(Bn)tEM ©r (B1)nonane @nd (Bp)pgms where in the case of 5CB
it was about 0.2, then the decrease up to thé-éase.of 7CB
to about 0.06. The opposite was observed in the case of
8CB. If one considered the semiflexible property of the
alkyl-chain, it is easy to predict that the TEM will be
contained by this semiflexible alkyl group and ordered
within the general ordering properties of the bulk
(liquid crystalline medium of 8CB).

The se;iflexibility of alkyl-groups in the studied
homologues is supported by_;he vertical comparison in the
case of TEM from 5CB, 6CB, 7CB, and 8CB where both By's
and Bi's decreased in the order of 5CB > 6CB > 7CB >
8CB. Also the earlier prediction about the different
cééegories of 5CB and 7CB as one category and 6CB and 8CB
as another 1is supportive of the rod-like disturbing
effect which shows that the Bj's or By's increased from
5CB to 6CB and from 7CB to 8CB, while it decreased from
5CB to 7CB and from 6CB to 8Cb. This differences can be
referred to the stable conformers of 6CB & 8CB which
shows less effective length than those of 5CB & 7CB in
parallel.

Finally, one <can conclude that the effect of

disturbing solutes at the nematic-isotropic transition
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temperature can be explained on the basis of the bulk
property as well as the molecular structure property.
This explanation is still in agreement with the previous
section which concentrated on the spin probe solute-

liquid crystalline solvent interactions.

5.4 Nonmesomorphic-Nematogenic Phase Diagrams.

The ;tudy of non-mesomorphic solute-liquid
crystalline solvent binary mixture attracted great
attention theoretically as well as experimentally [53-
731. In the theoretical point of view many different
phase diagram have been expected depending on: (1)
ﬁo&eiing, and (2) level of approximation. This results
have been collected and reported in section 5.3 of this
dissertation. The visual [90-93] and density [51-52]
experimental measurements on solutions of the
quasispherical and chainlike solutes show that at
somewhat lower solute concentration (0.005-0.053) the T*
versus x, plots are virtually linear. Now we are looking

to test via ESR studies a variety of phase diagram

systems using branched and unbranched solutes.
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5CB liquid crystal have been selected to use as the
nematogenic solvent over the phase diagram studies. The
effect of the molar structure and molaf Avolume of
selected solutes; nonane (rod-like) and tetraethylmethane
(TEM), tetrapropyltin (TPT), and tetrabutyltin (TBT) as
sphere-like with different molar volume; have been used
to investigate the phase diagram. Three to five
solutions have been prepared for each of the studied
systems with mole fractions within the range of 0.01 < Xo
< 0.08. Eor preparing homogeneous binary mixture with
respect to the spin probe (PD-Tempone), a stock solution
of 5CB containing“ébfﬁat-very low concentration about 5.0
X 1073 mole fraction per each series. Similar spectra
and analysis of the nonane and "TEM in the diffg;ent
séi;éht.described in the last section (5.3) was followed
over the different systems studied here. Also the
transition temperatures, Ty and T;, have been determined
from the hyperfine splitting-temperature diagram when the
sharp and the broad spectrum have the same hyperfine
splitting and coincide.

Figures 5.29-5.32 contain the collected hyperfine
splitting consfants at different temperatures from the
systems studied. The short vertical lines bounded the

phase-transition regions for the system under
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investigation. These lines represent the start and the
end of the transition. The transition region start as
sharp transition for the pure and then expand.aé the mole
fraction of the solute increases. At a common
temperature within the nematic phase, the hyperfine
splitting value in the different system 1is directly
proportional to the mole fraction. These factors
indicate that the higher mole fraction, the higher
perturbing power, the lower the ordering of the liquid
crystals. g

The 5CB-nonane, (Figure 5.29), shows the smallest
spacing between tﬁéas;ﬁnded-Qertical short lines, if it
is compared to the other systems of the same mole
fraction. This is an indication that not only the shape
pl&§-£hé important role in the perturbing ability, but
also the size or the molar volume which give much more
effect in the case of the tetrabutyltin than the others,
(Figure 5.32), at a very low concentration limits in
comparison. These figures (Figs. 5.29-5.32) are so
similar, in their trends of broadening the nematic
isotropic transition region and depressing the
temperature of the transition, to the density experiment

results reported by Oweimreen et al. [52].

149

0zZs



20 25 30 35 40
15.0 TlTrll'lIllll'lllllllllllllllllll'[lllll'lllll’ll‘lIllllllll[lllllillTIlll!lllll
| X4_ x3 Xz X] Pure
L Eg et? ‘£§ : - oo o o
I e v o Isotropic
145 + v -
L ., o
a I a
3 v
14.0 F v -
5 g vy ‘Vv
i o " LR A 8
5 e j oo
(V4 o}
5 v °
135 @ . ° -
= - o
v ¢ ©
4 ® ) °
o
3 Lo
13.0 fo @0« _ -
B ° Nematic -
12.5 s loss et onsarrpatnaey bosssse sy avessrsrasy Dot sasasassaseaarey
20 25 30 35 40
o
t(C)
Figure 5.29: Plots of the hyperfine splitting versus

temperature for:

o pure

(PDT in 5CB only),

and

PDT in 5CB-nonane mixtures of mole fractions; x,

0.017 (e),

Xo =

0.0cc (0O} .

0.041(Vy,

150

X3 = 0.051('),

and x4

0TS



Figure 5.30:

15.0]l:au|l||||||x||'rrrlllll‘r]|||xlt1||i|lrl||x\llxlllr1nu|

14.5

14.0

13.5

13.0

12.5

temperature for:

151

o pure

Plots of the hyperfine
(PDT in 5CB only),
PDT in 5CB-TEM mixtures of mole fractions;
0.020(®), %, = 0.036(V), x3 = 0.057(V¥), and x4
0.073(0).

B X
"4 *3 V7 ¢ 1. L
- &b wv'E Y Ve 00 0 ©O
e v v
L h ) 1
i °
a
v
i v
I~ U ' .
L o v
- o v ® B
L o . 7
3 o v v g @
-8 v 3
i C P L ] o
8 Yy )
i vv v [ ] [o]
- Vv v ° [¢] |
o
o .4 o Pure
3 o
°
=]
i o
- @0 ]
L o )
- o
: Crystal | f Nematic Isotropic
..... I I NPT T T
15 20 25 30 35 40
0
t(C)

splitting versus

X3

and

0TS



15-0 T|l||‘|||I|||lll'||Il[r'l‘lllll'rlllllI‘lllllllllllllllllll
i Pure
L X5
: -: .l oo 0 o
14.5 | . 4
o [ ]
[ i
| ]
§;14D - .. —
| ! ;
» .
u W
.= _
135 " " v N
i a o
- vvv [ o
L v o
vv' v - B oL@ :
r [ ] [e) -
130 | ¥ 00 ™ .
- v o)
- o]
I ® Crystal | Nematic Isotropic
12-5 LLlLlllllllllllllIl'lllllllllllIlllllllllllllllll'lllll||ll
10 18 20 25 30 35 40
(o]
t( C)

Figure 5.31: Plots of the hyperfine splitting versus
temperature for: o pure (PDT in 5CB only), and
PDT in 5CB-TPT mixtures of mole fractions; x; =
0.0075(0), x, = 0.01l4(e), x3 = 0.026(V), x4
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The transition temperatures (Ty and T;) have been
collected from Figures 5.29-5.32, and then plotted
against the corresponding mole fraction of solutes in
Figure 5.33. The regression analysis built in the Sigma
Plot software PC-program has been used to fit the data in
the different systems. The best fits were achieved by
the higher order fits of order three. The regression
parameter results and the previously achieved data from
visual [90] experiment have been summarized in Table 5.5.

Althougfx results of earlier visual studies [90-93]
gave virtually linear T* vs. Xy plots, their possible

curvature (theoretically predicted) [53-73] could not be

totally excluded. In addition differences between B%®

values obtained using the GLC/DSC approach [95] and B -

‘values obtained for the s'ystemsm using the visual [90]
method pointed to the possibility of curvature in the T*
vs. X, plots. Unfortunately the closeness of B® and B
values combined with uncertainties of the two methods
(especially the GLC/DSC approach) precluded a definite
statement on curvature. However, these ESR results of
the studied systems and their analysis indicate clearly
that the curvature statement derived by the theoretical
treatments by Dowell [14] of the semiflexible chains is

true. The 5CB-TEM diagram in Figure 5.33 has for example
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Figure 5.33: Plots of the non-linear reduced temperature
(Iy* and T;%) versus mole fractions x, for
different nonmesomorphic-nematogenic solutions

in 5CB liquid crystals.
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a curvature property of the curve type (1) (figure 4.5)
predicted by Dowell [14] for a cube like solutes. Also
the 3CB-nonane diagram is so close to the curve type (4)
(Figure 4.5), long chain rod-like solutes. In the case
of O5CB-TPT and 5CB-TBT we also have some curvature
property, but it is not clear enough to attribute it to
any type of theoretically predicted curves. This may be
attributed to the nature of solute-solvent interaction as
we have tin atom in the center rather than carbon as in
the case 6% TEM, and also the expected non-rigid alkyl
groups (propyl and/or butyl) in these systems.

The data rep;;ﬁég in Table 5.5, also show that the
ESR experiment was accurate enough to prove the
semiflexibility of alkyl-groups ~in’ the analogues of
liquid crystals and both shape and size piay an important
role in the perturbing power of the solutes when used as
impurities, where the larger the size of the non-rodlike
solute impurities, the larger the disturbing power of the
ordering liquid crystalline solvents. On the other hand
the more rod-like the solutes, the less disturbing
properties of the solute impurity in the liquid
crystalline solvents. Also the smaller the non-rodlike
solute impurity, the more curvature as well as lesser
disturbing ability.
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CHAPTER 6

CONCLUSIONS

The visual experiments in the first part of the
dissertation were carried out to answer two important
basic questions : (1) Does the spin-probe concentration
used in the four homologues of the alkyl-cyano-biphenyl
liquid chsﬁals affect the nematic-isotropic transition
temperature? If yes, then what is the extent of the
effect? (2) Are the phase diagrams for systems of
nonmesomorphic solutes in liquid crystalline solvents in
the region of extremely low solute concentration
affected by the solute properties, i.e., the size and
shape? The results show that at the spin probe
concentrations used the spin probe does not only leave
the sharpness of the nematic-isotropic transition
temperature unaffected but may even enhance the solvent

ordering property. At the low concentrations of the spin
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probe used in this study all the systems studied show
almost the same phase diagram behavior; namely a
curvature of the coexistence lines and a maximum (a
slight hump) are observed. These maxima at the infinite
dilution of the solute were predicted in a theoretical
study by Dowell ([14] using a model of rigid-cores with
semiflexible tails to mimic the structures of molecules
that exhibit liquid crystalline behavior.

The second part of the dissertation involved ESR
studies ofi PD-Tempone as a spin probe of the various
phases of the homologous liquid crystals 5CB, 6CB, 7CB,
and 8CB. This part was divided into three main sections.

In the first section the spin probe-liquid crystal

interaction was investigated. The results show that both

the hyperfine splitting and the g-value depend, as has
been theoretically predicted [1], on the ordering matrix
parameter. However, the g-value is also related to the
conformational properties of the liquid crystal
molecules. Based on the g-values determined, 5CB and 7CB
fall into one category and 6CB and 8CB into another.
Such classification is in harmony with the explanations
provided by Gray and Mosely's [82] for the odd-even
properties of the homologues. 1In the second section the

hyperfine splitting values were used to arrive at values
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for the order parameter of the spin probe at different
temperatures in all phases of the four liquid crystals
studied. Each of these spin probe order parameters was
used to obtain the solvent order parameter. The variation
of the solvent order parameter as well as the solute
order parameter in the neighborhood of the transition
temperatures for all the liquid crystal phases is similar
to the variation of the hyperfine splitting at these
temperatures but opposite in direction, i.e. whenever
splitting ‘increases the order parameter decreases and
vice versa. Also the orientation triangle proposed by
Thulstrup et al. [85] strongly supports our explanation
of the odd behavior exhibited by 6CB. Also in this
ééction we forward an interpretation of the higher order
of the smectic-A phase in 8CB, relative to the nematic
phase in 7CB. In the third section the 1line width
analysis of PD-Tempone spectra at different temperatures
in the nematic and isotropic phases of 5CB was carried
out to examine the different factors affecting the
relaxation mechanism of PD-Tempone. Our analysis shows
anisotropy in both the nematic and isotropic phases,
orientational-fluctuation on either sides of the nematic-
to-isotropic transition, and the ordering potential in

the nematic phase to be the main factors influencing the
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relaxation mechanism of PD-Tempone. Our findings also
suggests that PD-Tempone is rotates more rapidly about
its molecular axis (Y-axis) than the other two principal
axes.

The third part of this dissertation focused on
impurity-liquid crystalline solvent interactions. n-
Nonane and tetraethyl methane as impurity solutes were
individually added to each of four liquid crystalline
solvents. These alkane solutes have the same molecular
formula bug their structures vary from the extreme shape
of a flexible chain to that of a quasispherical shape.
Promising results obtained in this part support the
classification suggested in the previous part of this
dissertation and point to the semiflexible nature of the
alkyl-tails ofAthe liquid crystal molecules. A technique
for accurate determination of the nematic-to-isotropic
temperature in the heating and cooling cycles from the
simultaneous use of broad and sharp ESR spectra was used
by us for the first time. The calculatez [, =:: B:
values were in good agreement with previous results
[51,90] from visual and density studies. - The results
suggest that the ability of the solute to disturb the
order of the liquid crystalline solvents depends on the

molecular structure of the solute as well as the chain
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length of the semiflexible alkyl-tail on the liquid
crystal solvent molecule.

The last part of the dissertation is an extension of
the preceding part and provide a clear picture of the
phase diagrams of systems of binary nonmesomorphic solute
in nematogenic solvent. Our ESR studies allowed the
detection of a slight curvature in the coexistence lines
in the T* versus Xo phase diagrams at low x, values.
Earlier experimental studies [51,90] refer to the virtual

linearity of these coexistence lines. The curvatures of

the coexistence lines agree with two of the curvature

types theoretically predicted by Dowell [14], who gave
four types of curves depending on the lengths of the
rodlike—solutes interacting with liquid crystal solvents
mimicked as rigid cores with Sem;.flexible tails. The
agreement between our phase diagrams for binary mixtures
of tetraethyl methane, nonane, tetrapropyltin and
tetrabutyltin in 5CB with the theoretical results of
Dowell [14] add weight to our explanations of earlier
results on the basis of semiflexible tails on the liquid
crystal structure. Moreover, it was concluded that the
abilities of the perturbing solute molecule to disturb
the order of the nematic liquid crystals and depress

their nematic-isotropic transitions is related to their
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shapes and sizes. The more rod-like the solute is the
. lesser 1is its disturbing ability, and for quasispherical
solutes the larger the size of the solute the stronger is
its disturbing ability.

Finally, the success achieved in this study would not
have been possible in the absence of precise temperature
control and measurement that were made possible by a
special sample holder designed by us and fabricated by

Mr. Tony Rowland of the KFUPM Central Research Workshop.

-

164

ozs



" APPENDIX



PROGRAM (I)

A FORTRAN 77 list for a program used in the order— -

parameter's coefficient calculations using a formula based

on Dawson's Integral.
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C ok koo ok ok ok sk ok 3k S ok ok ok ok ok 3ok ok sk ok sk ok sk ok sk skok ok ok skosk sk ok ok s ok sk ok ok sk ok skok ok R sk sk sk skokok ok sk ko K
Cakkokok sk kkokkokokkokskokkok kokkok ok ok ko okok kokkokkoksk ok ksk ok ok ok k ok ok kR Rk Rk okokok Rk sk k

C  *%% *¥ * XKk
C kK% kkkxk kkkk kK%
C Rkk Xk kKKK Kk RAkckkkkkkkk kkk
C %%k dokkokkkkkkkkkkk PROGRAM (I) dokkkkkkokkkokkkRkk kkk
C kXK Kokkkkkkk Kkkkkkkkkk K¥k
C kkk Xk kXK kkkk kkk
C k%% *% *¥ K%k
C #%* THIS PROGRAM WILL CALCULATE ORDER PARAMETERS GIVEN *¥x
C *%* THE LAMBDA(2,0) COEFFICIENT OF THE POTENTIAL USING %%
C *¥* A FORMULA BASED ON DAWSON'’S INTEGRAL. * Kk
C L2 3 3 L3 3 S
C **¥ FOR MORE INFORMATION ON DAWSON’S INTEGRAL SEE THE  *%¥
C #*%* HEADER FOR THE SUBROUTINE DAWSON’S INTEGRAL. ¥k
C kK% KKk
C XKk kkkx
C kkkkkk kkkkkk
C Rk k kkkk
C  *x% WRITEN BY D. J. SCHNEIDER 11-MAR-85 *%
C kkkk = kkkxk
C KRkkkkk Kkkkkkxk
C Rkkkokkkkkk RkkkkKkkkk
C Rk kkk kkkkkek
C  kx¥x * kK%
C  *x MODIFIED BY M. A. MORSY 20-FEB-93 * %
C XKk E X 3 3
C XKk kkk kkkkKRXK

Coeok koo ok sk ok ook ok ok ok ok sk sk ko ok sk ok okok ok ok skok koskoR Sk okoskok skokok sk skok koo ok sk skok ok sk ok ok skok sk sk koK
T ORFkkk kR kR Rk okk kR kKR kkkkkokkokkkkkkkk Rk kR kokokkokkkkkkkkkkkkkkkkKkk

p .
C
PROGRAM d200
C
CHARACTER JUNK
character fileid(2),nmd0(8)
character*8 dOname
C
C integer i,n
C
DOUBLE PRECISION X,Y,Z,xf,xinc
dimension zd(5000),x1(5000)
equivalence (nmd0,dOname)
C
C
DOUBLE PRECISION DAWSON
C
C
data dOname /’d0 .fmt’'/
c EXTERNAL DAWSON
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C##############################################################
C ______________________________________________________
C get file identifier and construct file names

C ______________________________________________________
C##############################################################
c )

. WRITE(*,1000)

C

100 write(*,;1111)

read(*%,1112,err=100) fileid

do 2 i=1,2

nmdO(i+2) = fileid(i)

continue

=00 N

01 WRITE(*,1010)
READ(#*,*%,ERR=101) X
write(*,1121)
read(*,*,err=101) xf

102 write(*,1113)

read(*,%;err=102) xinc

n=1

103 IF(X.LT.0.0D0) THEN

WRITE(*,1030)
GO TO 100

ELSE IF (X.EQ.0.0DO) THEN
Z=0.0D0O -

ELSE
Y=SQRT(1.5D0*X)
Z=Y/DAWSON(Y)
Z=(Z-1.0D0)/(2.0D0*X)-0.5D0

END IF

xl(n)=x

zd{n)=z
c

X=xX+xinc

c
CHANRAHHRHAR AR BB B4 343 HH BB R BB H S B HH BB BB B304
c ————————————————————————————————————————————————————
c write the order parameter to disk
€ e e e

CHAFFRFH RN BFA AR A BB A R A AR BB B R B R S BB B B R B8 0

C

if(x.gt.xf) then

open (unit=5,file=dOname,status='new’,form=’'formatted’)
write(5,1115)n

write (5,1114)(zd(i),x1(i),i=1,n)
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c
1000
1010

*
c1020
1030
1040

1045
1050
C

1111

1112
1121
1113
1114
1115

close (unit=5)
go to 200
else

n=n+1
end if

go to 103

continue

WRITE(*,1040)

READ(*,1045,ERR=200) JUNK

IF ((JUNK.EQ.’1’).OR.(JUNK.EQ.'Y’').OR.(JUNK.EQ.’y’))
GO TO 100

WRITE(*,1050)
STOP

FORMAT(//,2X,70(’#?),//,20X, ' ®%x% <D(2,0,0)> **xx*x?)
FORMAT(-/,2X,’Please enter lambda(2,0) (lambda > 0)

: ' 8)
9
FORMAT(8X,’<D(2,0,0)> = ’,F8.4)
FORMAT(/,5X, '*** NEGATIVE ARGUMENTS NOT ALLOWED kkk? )
FORMAT(/,2X,’Do you want to do another calculation
2 ',8)
9
FORMAT (A1)
FORMAT(/,2X,70(°#'),//)
format(2x,’please enter two character file identifier
: ', 8) .
)
format(2al)
format(2x, ’please enter the final lambda(2,0) : ’,$)
format(2x, ’please enter increament factor : ’,$)
format(2(gl4.7,',’))
format(i5)
END

Ck 3k ok 3k sk ok koK 3k ok ok ok ok sk ok ks ko 3k sk ok sk ok ook ok skl sk sk sk ok ckok sk skskok sk kR ok ko ok sk ok ok sk sk kR kR ok
O3k sk 3k 3k ok ok 3k ok ok ok sk ok 3k kok skook sk ok sk ok ok ok 3K ok sk ok ok ok ok ok ok oK skook sk ok sk sk ke ek sk sk sk sk ok ok sk ok sk ok sk sk ok R ok kK ok

k%
*¥%
k%
*%
Xk
%k
k%
¥x%k
k%
k%
*%

oNoNoReNoNoRoNoNoNoN o]

KKk KKK
KKKk KKKk kK KKK kokok kKK
kkkkkkkkkkkkkkk  DAWSON’S INTEGRAL  *kkdkkkkkkkkkkk
Kk kK kKK kK KRKKKKKKK
X¥K * ok ok

DAWSON’S INTEGRAL AS A DOUBLE PRECISION
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oNeoNoNoNoNoRoRoNoNoNoRNoNoRoNoNoRoNeNoNeNoNoNoNoNoNoNoRoRoNoNoNoNoNoNoNoReoNoRe NoNo No RO X®)

k% k%

**  THIS SUBROUTINE WILL CALCULATE DAWSON’S INTEGRAL * %
**  USING A CONTINUED FRACTION EVALUATED USING HORNER'S %%
**  SCHEME. *
*% o
**  THE RESULT IS ACCURATE TO AT LEAST TEN SIGNIFICANT %%

%%  FIGURES THROUGHOUT THE RANGE 0 < Z . ko
¥k E3 3 3
Kkkkkkk kokokokkokk
KkkkRkkokkkkkk ReRkkRkkokk KKKk
KkkkRkk Rokkkkkk
kkk L3 % 3
**  MORE INFORMATION ON DAWSON’S INTEGRAL, WHICH IS * %
**  RELATED TO THE SO CALLED PLASMA DISPERSION FUNCTION, *
*%  CAN BE FOUND IN THE FOLLOWING REFERENCES : *
XX b33
**  "HANBOOK OF MATHEMATICAL FUNCTIONS", M. ABRAMOWITZ %%
**  AND I. STEGUN, EDS., 1964 EDITION, CHAPTER 7. *%
E 3 L3 3
**  "THE PLASMA DISPERSION FUNCTION", B. D. FRIED AND S. *¥
*¥  D. CONTPE, ACADEMIC PRESS, 1961. * %
xRk E X3
**  "ADVANCED MATHEMATICAL METHODS FOR SCIENTISTS AND * %
**  ENGINEERS" C. M. BENDER AND S. A. ORSZAG, MCGRAW- *
**  HILL, 1978, CHAPTER 8 EXAMPLE 8 P. 393-395. * %
£33 Kk
%% W. L. MILLER AND A. R. GORDON, J. PHYS. CHEM. 35, *%
** 2785 (1931). *%
E 3 3 - k%
**  THE CONTINUED FRACTION ALGORITHM USED IN SUBROUTINE %%
** IS FROM D. DIJKSTRA, MATH. COMP. 31, 503 (1977). * %
KKk Kkk
KkkKkkk Kkkokkockkk
Rkkkkckokkkkkk kkkokkkkkkkkkkk
KkkkKkkk kkEkkEKRkk
K¥kk b3 33
*x WRITTEN BY D. J. SCHNEIDER 24-JUN-85 *¥
¥k %k Kk %
Rkkkckekk kkckdkkk
Kkkokkkkkk KoKk Kckskokox
kKKK kKoK kk
k% MODIFIED BY M. A. MORSY 25-FEB-1993 %ok %
¥k Kk ok Kkkkk
KKKk kkk KKKk Rk %

C 3k 3k ok e ok ok ok ok ok ok ok ok ks sk sk sk sk sk ok ok ok ok sk ok ok 3 3K 3k ok 3K 3K 3K 3K ok ok ok oK oK sk ok ok oK oKk ok ok 3K K ok ok ok ok oK K sk ok ok K K
€3k 3 sk K ok 3k 3k ok ok ok ok 3k ok Sk sk 3k 3 ok Sk sk sk sk ok ok ok ok ok ok ok 3K 3k 3k ok ok ok ok sk ok 3k 3K 3K 3k ok 3k sk ok sk s ok ok ok ok ok ok ok K sk ok ok K

C

c

DOUBLE PRECISION FUNCTION DAWSON(X)

DOUBLE PRECISION X
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INTEGER N

DOUBLE PRECISION Z,2Z,T1,T2,T3
C

DOUBLE PRECISION A

PARAMETER (A=0.5D0)
C

CHHFHARFUFFRFHTHAFHEFTIFHHH IR EH A S A BB B P E R R RS 44
C

Z=X*X
ZZ=A+Z
C
IF(Z.LT.0.0D0) THEN
WRITE (*,%) ’¥%% IMPROPER CALL TO DAWSON *¥x*’
WRITE (*,*%) * *%* NO NEGATIVE ARGUMENTS *%x’
GO TO 9999
ELSE IF(Z.EQ.0.0D0O) THEN
DAWSON=0.0D0
ELSE
N=40
< T1=0.D0
100 T2=N*Z
T3=DBLE(N) +2Z
T1=T2/(T3-T1)
N=N-1
IF(N.GT.0) GO TO 100
DAWSON=A*X/(ZZ-T1)
END IF 3
Y ;
B RETURN
c ,
9999 STOP
END
C
Cak sk sk 3k sk ok sk ok ok koskook ok sk sk ok sk ok sk sk ok sk st ok sk ok ok ok ok ok ok ok sk 3k ok sk sk ok oK 3K ok sk sk sk ok sk ok sk ok ok ok sk ok sk ok sk sk ok
C 11177117777 777777777777777777777777777177
C RKkkkkokkkkkkkkkkkkkkkkkk
C HITI10071 0777007770777 711717777777777717

Cookokoksk sk ok ok sk sk koK skok sk ok skok ok kokeckokskskoskok sk skokok ko ks skosk ok ko ok sk sk skoksk sk ko kosksksk ok ok
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"PROGRAM (II)

A FORTRAN 77 1list for a program used in the bulk
(solvent) order parameter's coefficient calculations using
the output of program (I).
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cRkkkkokkdkk ok kokkokkokkkkkkkokdkokkokkokkdkokkokkokokkkkkdkokk Rk kkkkkokkkk kR Rk kk
C kK ok dkook dkok ke sk ok kok sk sk kok skk kokeskokokkok ck sk skok sksk kok ok ok sk ok kR ok kok sk ok sk kok kR kR kR kK kX

QOO0 0000D000000O00O0O00O0O0DO0

X ¥ *k L33 %k
*% *kkkkok *okokok koK *%
L3 RERREKERKK KKK R¥K kkkokkkkokkkkk k%
Rk kokokokokskokokkokdkokkokkok PROGRAM (II) kkkkskkskkkkkkkkksk X%
XXk RkRKRRK kKK KK . RERkRRKRkkKRkkk E 33
kK E2 3 3+ 3 3 kkkkkk k%
E 33 ¥k Kk £33
b2 3 3 L 3
*¥¥ This program processes the SOLVENT ORDER *%
*¥*%¥ calculations by the comparison to the calculated *%
¥*¥ values using DAWSON'S INTEGRAL. *k
L3 3 3 L3 3 3
KKKk KKKk KkkKkkKkK
Rk kR kkkk kKK k ¥*kokkkkkkkkkkkkkk
Kkkkkkkk kkkkkkkok
xkkkkk Kkkkkkk
KkKk kkkk
*% Written by M. A. MORSY 3-MARCH-1993 *%
*kk % - ' kkkk
K¥kkkkk E2 $ 3 % 3
Rk KK KKKk kkkEkkkkk

€ 33k ks ok ok sk sk ok ok ok ok ok Sk sk skook skl ok ok ok sk ok k skeskok sk sk sk skok stk skok sk ok skok ok ok skok sk ok ok ok sk sk sk koK Rk kK
ek kRRkRkkkK KRk R kKRR kKRR Rk kkkkkkkokRkokkkkkkR KR KKK KRR KRR KRk kR kKK kKKK

C

C

program soll

integer mxpt

parameter (mxpt=512)

double precision zero,unity
parameter (zero=0.0DO,unity=1.0D0)

logical fprmpt
character fileid(2),nmd0(8),nmso(8),nmro(8)
character*¥8 dOname,soname,roname

integer i,j,npts,nval

dimension d2(4100)

dimension s01(4100)

dimension d2(2500),s01(2500)

double precision d2cal,tval,solord,d2cor
double precision d2,sol

dimension tval(mxpt),d2cal(mxpt)
dimension solord(mxpt),d2cor{mxpt)

equivalence (nmdO,dOname), (nmso,soname), (nmro,roname)

data dOname /’d0 .fmt’/
data soname /’so .dat’/
data roname /’'ro .prn’'/
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CHERHHARFRRHHEHRH AR A R BB E R RS SRS B E B R ER BB 888

c
write (*,1010)
write (%,1000)

c

CHERMEHH AR FH R HE ARG N B D H L SR H R E R SR BB R B R B 043

C e e e e e e e e e e e e e e e e e e = = e - .

c get file identifier and construct file names
c —————————————————————————————————————————————

CHEFBHFHHAHHRIF AR H B F AR BB B H BB R BB BB R BB R R ER SRS
c
5 write (%,1020)
read (*,1030,err=5) fileid
do 10 i=1,2
nmd0(i+2)=fileid(i)
nmso(i+2)=fileid(i)
nmro(i+2)=fileid(i)
10 continue
c

CHEFFFAHFFREHAR R HREH BRI BB A S BB B BB B H B S S R BB R R B2

C @ mem—m———— W e e e e et > o = = o -~

c read solvent-radical order values
C —————————————————————————————————————————————

c##############################################################
c o
open (unit=7,file=d0name,status=’0ld’)
read (7,*) npts
read (7,*%) (d2(i),sol(i),i=1,npts)
close (unit;]) ] . ,
c o .
CHAFHFRRHFH BRI R R FHF R RS R B R R P BB R R E R R S8 4
€ e
c read temperature-radical order values
C —————————————————————————————————————————————

CHAFFHIFHFFRFH R RHHRE IR E BB B D BB B S BB H B BB 22 2

c
open (unit=8,file=roname,status=’o0ld’)
read (8,*) nval
read (8,%) (tval(i),d2cal(i),i=1,nval)
close (unit=8)
c
CHIFAAR BRI AR AR R A R B R R R PRB BB BB R R 23

C e m e e e e e e e e e ————— e ——

c solvent order values selection
C e e e e

CHAFAFHFHFR R RHIF R H ISR R BB R SRR RSB BHBER B R4
c

do 400 n=1,nval
do 100 k=1,npts
if (d2(k).eq.d2cal(n)) go to 200
if (d2(k).gt.d2cal(n)) go to 300
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100 continue

200 d2cor(n) =d2(k)
solord(n)=sol(k)
go to 400

300 i2=k
il=i2-1

p=(d2cal(n)~-d2(il))/(d2(i2)-d2(il))
d2cor(n) =d2(il)-p*(d2(il)-d2(i2))
solord(n)=sol(il)+p*(sol(i2)~-sol(il))
400 continue
c
c##############################################################
c ————————————————————————————————————————————
c write solvent parameter values
€ e e e e
c##############################################################

c
open (unit=6,file=soname,status=fnew’,

# form=’formatted’)
write (6,1120)(tval(i),d2cor(i),solord(i),
# . i=1,nval)

close (unit=6)
g##############################################################
c T exit program
CHRHEEERSEEREEEER R EERE R EERREHRREER I EREIERERIETREEEEESERER
© write(*,1010) .
stop

C

CHAFFRFHFFH R R R HRI R BRI R B F BB BB H RS SRS BB R R #4

c T e e e

c format statements
c ————————————————————————————————————————————

CHEFHHHAFHARFF AR HRFRFBF B H S E BB B DS 0HH B4 HEBER AR 42

C

1000 format(25x, 'PROGRAM : SOLL’,/,25%,’—————c————mee 'W//)
1010 format(//,70(#°),//)
1020 format(2x, 'Please enter two character file identifier
* : ,’$)
1030 format(2al)
1120 format(3(g14.7,’,’))
c
end

© 33k 2K s ok ok ok ok ok ok 3k oK Sk sk 3k sk 3K sk sk ok ok sk ok ok sk ok ok ok Sk ok ok 3K ok ok 3K sk ok ok ok ok ok ok K sk ok ok ok oK sk ok ok oK ok ok ok ok oK sk ok ok K
€3 3k sk ok ok e ok ok ok ok ok ok ok ok ok Sk ok sk ok 3k sk Sk ok ok ok ok ok ok ok 3k oK oK ok sk sk ok ok ok ok ok ok ok sk ok ook oK 3K sk ok ok ok ok ok ok oK ok ok ok K K
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PROGRAM (III)

A FORTRAN IV~list for a program used in the intrinsic
linewidth calculations after removing the inhomogeneous

broadening due to the 12 equivalent deuterons[76].
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Ck*
C**

eNoNoNoRoNoNoNoNoNoNoNoRoNoNoNoNoRoNoNoRo o Ne N o

C*¥
C**
Cc

223

3 3K sk ok ok ok ok ok 3k ok ok ok ok ok ok ok 3k ok ok ok ok sk sk sk skesk ok e sk sk ck sk skok kR ok kR ok ko Rk Rk ok sk kok skk ok ks ok ok

************************************************************
%%k kK *k k¥
Xk RkkkKk kkKkkk X 3
%k kKKK kKKK kK . Rkkkkkokkkkkk Xk
%k KRR Rk KK kK Kk kkk PROGRAM (III) Kokkkkkkokkkkokkokkok Xk
%k RKKKR KKK KKKk - Rkkkkkkkkkkk - k%
k¥ RkkKkk Rkkkkk k%
xRk L33 k% %%
* %k *kk
** This program processes the INTERINSIC LINEWIDTH *k
**¥ calculations after removing the deuterons * %
**¥ inhomogeneous broadening[76]. *k
*kk *k%
KK KKK KK KR KK kKK
kokkkkkkkkkk ¥kkkokkkkkkkk
kKKK Rkkk
*k WRITEN BY Dr. J. S. HWANG %k
kKKK kKKK
KKKk KRk kk kkkkkkkkkkkk
kkkdkkkkkk - REKEKKKKKkK K%K
REkkkk KKK KK
Kk kKKK
k% MODIFIED BY M. A. MORSY 5-FEB-93. * kK
kK% Tt XKk
Kkkkkk *kkkkok

Foskdkok kok skokok sk kokok kR sk ok oksk R koo sk ok sk skokok skok sk ok ok sk sk sk ok sk ok sk Rk ok ok sk sk koK sk sk ok ok ok ok ok
A3k ok ok sk sk ok ok ok okok Kk koksk ok kck sk ks sk ko skok ok sk ook ok sk kR ok ko ok ko ok R Kok Rk kR Rk Kk ok kK oK

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION XT2IN(449),A(25),QN0O(25),C(2),B(2),W(449),
* T2(449),H(449)

COMMON DEG(25),BRES(25),BFLD(601),DERAB(601),SDEG,
* FPOS,WIDTH,HEIGHT,N,NB,DNB,T2IN,T2IN2,DEL

NPTS=449

READ (5,*) N,AD
WRITE (6,89) AD
WRITE (6,500)
WRITE (7,98) NPTS
WRITE (7,89) AD
WRITE (7,500)
READ (5,%) (DEG(I),QNO(I),I=1,N)
SDEG=0.DO

Do 223 I=1,N
SDEG=SDEG+DEG(I)
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22

2

C

READ (5,1) NSETS

DO 2 J=1,NSETS

DO 6 I=1,N
BRES(I)=QNO(I)*AD

READ (5,%) NB,DNB,BI,BF
READ (5,3) NLW

READ (5,%) (XT2IN(I), I=1,NLW)
DO 22 K=1,NLW
T2IN=XT2IN(K)
T2INT=T2IN
T2IN=T2IN*(DSQRT(3.D0)/2.D0)
T2IN2=T2IN*T2IN

CALL MAX(BI,BF)
BIN=FPOS-DEL
BFN=FPOS+DEL

CALL MAX(BIN,BFN)
BI2=FPOS-DEL
BF2=FPOS+DEL

CALL MAX(BI2,BF2)
W(K)=WIDTH

T2(K)=T2INT

H(K)=HEIGHT

WRITE (6,300) (wW(I),T2(I),H(I),I=1,NLW)
WRITE (7,300) (W(I),T2(I),H(I),I=1,NLW)

CONTINUE
STOP

C##############################################################

C
C
C
Cc
1
8
3

FORMAT (I2)
FORMAT (I4)
FORMAT (1I3)
FORMAT (8D9.5)

REFRFFHREHE R R BRI AR E R R R A R SRR R B R R R R R 4

FORMAT (3X,’ DEUTERIUM HYPERFINE SPLITTING IS’,D12. 5/)

FORMAT (3X,’ NO OF POINTS IS’,I4/)
FORMAT (4X,D16.8,12X,D16.8,8X,D16.8)

FORMAT (3X,’ OBSERVED LINWIDTH

INTERNSIC LINWIDTH

PP HEIGHT ’'/,8X,’ (GAUSS)’,22X,’ (GAUSS)'//)

END
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C
CHAFMFHHAHBHFHFHFR B HHRIF BRI B HB0 A0 AP H 4440414000 0 200

C SUBROUTIINE MAX

CHERFRFHHAFFIFRRFHHREHHELFR B RE BB R BB R LD RS2 2 3 4448
c
SUBROUTINE MAX (BI,BF)
IMPLICIT REAL*8(A-H,0-Z)
COMMON DEG(25),BR(25),X(601),Y(601),SDEG,FP,W,H,N,NB,
* DNB,T2,T2SQ,DEL
DEL=(BF-BI)/DNB
RES=BI
DO 200 IB=1,NB
GSUM=0.0D0
DO 100 I=1,N
B=BR(I)-RES
BSQ=B*B
100 GSUM=GSUM-(2.D0)*DEG(I)*B*T2/((BSQ+T2SQ)*(BSQ+T2SQ)*SDEG)
Y(IB)=GSUM
X(IB)=RES
200 RES=RES+DEL
IMIN=1
YMIN=Y(1)
DO 300 IB=2,NB~~ ~°°
IF(Y(IB).LT.YMIN) IMIN=IB
IF(Y(IB).LT.YMIN) YMIN=Y(IB)
300 CONTINUE
FP=X(IMIN)
W=2.DO*(DABS(FP))
" H=DSQRT (DABS(YMIN))

RETURN

END
CoRokokok ok ok o o ok ok ok ok ok ok ok sk ok ook ok ok ok ok o ook ok R sk ok Kok oK ok ok ok sk oK oK oK ok ok oK ok ok o o ok o ok ok ok ok sk ok ok ok sk ok
C LI1111177117777177717777777771777177777

CR¥kkkkkkkkRokkkkkkokkkokkkkkokkkokkokokkkkkkkkk kR R kok Rk Rkkkk kR okkkkkkk
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PROGRAM (IV)

A FORTRAN IV list for a program used in the linewidth
coefficients; A, B, and C; calculations of._the. nitroxide

ESR spectrum based on the intrinsic linewidth.
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Ck*
C**

oNoNoNoNoRoNoNoNoNoNoNoNoNoRoNoNoNoRoNoRoRo RO KO)

C**
C*%
C

100
200

************************************************************
************************************************************
k% k% k% *%
k% kkkkkxk RXRKK¥k k%
k% kkkkokkokkkkkk kkkkkokkokkkkxk X 3
% dokkkokdkokkkdkokkkokkk PROGRAM (IV) kkokkokdokkokkokkkkkk  kk
E 3 3 RkKkkkkkkkkk Rokkckkkkkkkkk k%
Xk kkkkkk kkkkkk k%
*% 3 3 %% L3 3
b 3 kkk
** This program processes the LINEWIDTH COEFFICIENTS; * %
** A, B, and C; calculations of the nitroxide ESR * %
*%¥ spectrum based on their intrinsic linewidth. * %
kkk KKk
kEREkKRkkk kkkkkkk
kokkkkkkokkkk kkkkkkkkkkkk
LR 3 3 3 kK
%k WRITEN BY Dr. J. S. HWANG * %
kkkxk kkkk
¥kkkkkkkkkk kkikkkkRkkkk
REKkkkkkk - KKKk kKK k
kkkkkk kkkkkk
kkkk KKKK
** MODIFIED BY M. A. MORSY 15-MAR-93 *%
Kkkk T kkx
kKoK ok k kKKK kK
************************************************************
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DIMENSION TITLE(18) SRS

COMMON ALWOB(450),ALWIN(450),HEIGHT(450),H2N,H3N,0W2,
* EIN2,A2,0W3,EIW3,A3,NPTS

READ (8,125) NPTS

READ (8,89) AD

READ (8,145)

READ (8,151) (ALWOB(I),ALWIN(I),HEIGHT(I),I=1,NPTS)

WRITE (6,126) NPTS

WRITE (6,890) AD

WRITE (6,151) (ALWOB(I),ALWIN(I),HEIGHT(I),I=1,NPTS)

READ (5,1000,END=560) TITLE

WRITE (6,1000) TITLE

READ (5,%) INDEX,WIDTH,FELW,H1,H2,H3

WRITE (6,250) INDEX,WIDTH,FELW,H1l,H2,H3

READ (5,350) FEAl,FEA2,FEA3

WRITE (6,350) FEAl,FEA2,FEA3

DO 100 K=1,NPTS

IF(ALWOB(K).EQ.WIDTH) GO TO 200

IF(ALWOB(K).GT.WIDTH) GO TO 300

CONTINUE

ELWIN=ALWIN(K)
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AMP=HEIGHT(K)
GO TO 400
300 I2=K
Il1=12-1
P=(WIDTH-ALWOB(I1))/(ALWOB(I2)-ALWOB(I1))
ELWIN=ALWIN(I1)+P*(ALWIN(I2)-ALWIN(I1))
AMP=HEIGHT(I1)-P*(HEIGHT(I1)~-HEIGHT(I2))
400 WRITE (6,2000) TITLE
WRITE (6,450)
IF(INDEX) 10,20,30
10 FAC=AMP/SQRT(H1)
H2N=SQRT(H2 ) *FAC
H3N=SQRT(H3 )*FAC

CALL SOB

OBLW1=WIDTH

EIN1=ELWIN

AMP1=AMP

OBLW2=EIW2

EIN2=EIW2

AMP2=A2

OBLW3=EIN3

EIN3=EIW3

AMP3=A3 T

FA=SQRT(FELW**2+0.25*%FEA1%*2+0.,25%FEA2%*2)

FB=SQRT( (FEA3**2+FEA1%%2)/(4.%(H3/H1)*(SQRT(H1/H3)~1.)
* **%2)+FELW*%2)

FC=SQRT( (0. 25%(H1/H3)*(FEA3**2+FEA1%%2)+(H1/H2)*(FEA1
¥ *¥*%2+FEA2%%2)+H1/SQRT(H3*%H2 ) ¥FEA1%¥%2) /(1. +SQRT(H1/H3)-
* 2.%SQRT(H1/H2) )**2+FELW**2)

GO TO 500

20 FAC=AMP/SQRT(H2)

H2N=SQRT (H1)*FAC

H3N=SQRT(H3)*FAC

CALL SOB

OBLW1=0W2

EIN1=EIW2

AMP1=A2

OBLW2=WIDTH

EINZ2=ELWIN

AMP2=AMP

OBLW3=0W3

EIN3=EIW3

AMP3=A3

FA=FLEW

FB=SQRT( ( (H2/H3)* (FEA2**2+4FEA3**2)+(H2/H1 )% (FEA2%*2+
* FEA1*%2)+2.%H2/SQRT(H3*%H1)*FEA2*%%2)/(4.%(SQRT(H2/H3)-
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30

500

560
c

* SQRT(H2/H1) )**2)+FELW**2)
FC=SQRT((0.25%(H2/H3)*(FEA2**2+FEA3**2)+0.25%(H2/H1)*
(FEAZ**2+FEA1**2)+0.5*H2/SQRT(H3*H1)*FEA2**2)/(SQRT

(H2/H3)+SQRT(H2/H1)-2. ) **2+FELW**2)

%
*

GO TO 500

FAC=AMP/SQRT (H3)
H2N=SQRT(H1)*FAC
H3N=SQRT(H2)*FAC

CALL SOB
OBLW1=0W2
EIN1=EIW2
AMP1=A2
OBLW2=0W3
EIN2=EIW3
AMP2=A3
OBLW3=WIDTH
EIN3=ELWIN
AMP3=AMP

FA=SQRT(FELW**2+0.25%FEA3**2+0,25%xFEA2%%2)
FB=SQRT((FEA3**2+FEA1**2)/(4.*(Hl/HS)*(1.—SQRT(H3/H1))

*%2)+FELW*%2)

FC=SQRT((0.25%(H3/H1)*(FEA1**2+FEA3%%2)+(H3/H2)*(FEA3**2+
FEA2*%2)+H3/SQRT(H1*H2)*FEA3%%2)/(1.+SQRT(H3/H1)-2.*SQRT

(H3/H2) )**%2+FELW*%2)

WRITE (6,550) OBLW1,EIN1,AMP1,0BLW2,EIN2,AMP2,0BLW3,EIN3,

AMP3

GO TO 1
STOP

‘CALL ABCTZ2(EIN1,EIN2,EIN3,FELW,FA,FB,FC)

CHAFHFRFFFFFHBEHH BRI B EHHH B0 H BB AR H RS BB B R RS2

C
C
C

Coa###a## 4R 84 HEH 3430 R340 40 4B B ERB BB E R EHREH LR B2

C
89
125
126
151
154
250
350
450

550

FORMAT (/35X,D12.5)
FORMAT (18X,1I4)

FORMAT (3X,’ NO OF POINTS IS’,I4/)
FORMAT (4X,D16.8,12X,D16.8,8X,D16.8)

FORMAT (////)
FORMAT (I4,5F15.4)
FORMAT (3F9.5)

FORMAT (//’EXPERIMENTAL LINEWIDTH
PP HEIGHT’/,8X,’
FORMAT (3(8X,F7.4,22X,F7.4,13X,E15.8/))
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890
1000
2000
C

c

Cc
C

C
C

FORMAT (3X,’ DEUTERIUM HYPERFINE SPLITTING IS’,D12.5/)
FORMAT (18A4)
FORMAT (////////////1X,18A4)

END

CHAFHHRFHHHRF R AR RS HHE RS I BB R BB H 4 B SR BB 2043

—— e — — s = = — . e = - " ——— —— ————— —— - ——— " ——-

CHAFHAFFRFR R H SRR F R H R H R R BB R B B B SR R R B R R B 4 2

c

10
20

30

40
50

30

SUBROUTINE SOB

COMMON X(450),Y(450),Z(450),H2N,H3N,OBLW2,ELWINZ,AMPZ,
OBLW3,ELWIN3,AMP3,N

DO TO K=1,N

IF(Z(K).EQ.H2N) GO TO 20
IF(Z(K).LT.H2N) GO TO 30
CONTINUE

AMP2=Z (K)

ELWIN2=Y(K)

OBLW2=X(K)

I2=K

I1=T2-1 I
Q=(Z(I1)-H2N)/(Z(I1)-Z(12))
OBLW2=X(I1)+Q*(X(I2)-X(I1))
ELWIN2=Y(I1)+Q*(Y(I2)-Y(I1)
AMP2=Z(I1)+Q*(Z(I2)-Z(I1))
DO 40 M=1,N

IF(Z(M).EQ.H3N) GO TO 50
IF(Z(M).LT.H3N) GO TO 60
CONTINUE

AMP3=Z (M)

ELWIN3=Y(M)

OBLW3=X(M)

J2=M

J1=J2-1
P=(Z(J1)-H3N)/(Z(J1)-2(J2))
OBLW3=X(J1)+P*(X(J2)-X(J1))
ELWIN3=Y(J1)+P*(Y(J2)-Y(J1))
AMP3=Z(J1)+P*(Z(J2)-Z(J1))
RETURN

END

)
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CHARAAAAFAFRFFFRRIHH IR SRR ERHHH 04344034330 30300334 b1 108
C = eeemem e m e e —— e ————

C SUBROUTINE ABCT2
C e
CHAHAFHEABHREFIERHERFHRERIHRFRHBH B B443 4323240 H BSR4
C

SUBROUTINE ABCT2(DEL1,DEL2,DEL3,E,FA,FB,FC)

A=DEL2

EA=FA¥A

B=0.5%(DEL3-DEL1)

EB=FB*B

C=0.5%(DEL3+DEL1~2.*DEL2)

EC=FD*C

FAC=2.%5.66818E-8/1.73205

T21=FAC/DEL1

T2INV1=1./T21

T22=FAC/DEL2

T2INV2=1,/T22

T23=FAC/DEL3

T2INV3=1./T23

BOC=B/C ¢

COB=C/B

AOB=A/B

BOA=B/A

AOC=A/C T

COA=C/A

ET21=E*T21

ET22=E*T22

ET23=E*T23

ET2IN1=E*T2INV1

ET2IN2=E*T2INV2

ET2IN3=E*T2INV3

WRITE (6,150) A,EA,B,EB,C,EC,BOC,COB,AOB,BOA,AOC,COA,T21

* ,ET21,T22,ET22,T23,ET23,T2INV1,ET2IN1,T2INV2,ET2IN2,
* T2INV3,ET2IN3

150 FORMAT (/' A=’,F12.8,2X,’ +OR-’,4X,F10.8,2X,’ GAUSS’

* //’ B=',F12.8,2X,’ +OR-’,4X,F10.8,2X,’ GAUSS’
* //’ c=’,F12.8,2X,’ +OR-’,4X,F10.8,2X,’ GAUSS’
* //' B/C=’,F9.5,5X,’ C/B=",F8.5//’ A/B=",F9.5,5X
* ,’ B/A=’,F9.5//’ A/C=’,F9.5,5X,’ C/A=",F9.5//
* 'T2(M=-1) =',E12.5,” +OR-’,E12.5,’ SEC/RADIAN’//
* ’T2(M=0) =’,E12.5,’ +OR-’,E12.5,’ SEC/RADIAN’//
* 'T2(M=+1) =’,E12.5,’ +OR-',E12.5,° SEC/RADIAN’//
* T2 INVERSE(M=-1) =’,E12.5,’ +OR-',E12.5,’ SEC/RADIAN’//
* ’'T2 INVERSE(M=0) =’,E12.5,’ +OR-',E12.5,’ SEC/RADIAN’//
* T2 INVERSE(M=+1) =’,E12.5,°’ +OR-',E12.5,’ SEC/RADIAN’)
RETURN
END

CHkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkkskkkokkkkkkkkkkkrkkkkkkkkkkkkk
Ckkdkdk ok kokokok ok kok ok deokok skok ok okok ko ok kol sk sk ok skok ok ok sk sk ook skckokok sk sk kR ok kok skok ok sk ok sk kok sk sk koK sk ok
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