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Preface

This Ph. D thesis is separated in to two units.
> Unit | - presents the fabrication details of the Field Cycling NMR Spectrometer.
> Unit 11 - presents NMRD studies of Molecular Dynamics in Liquid Crystals.

Unit-1

Study of molecular dynamics in complex fluids such as liquid crystals poses
both experimental and theoretical challenges, due to the complexity of the molecules
and the presence of a wide variety of dynamic processes (with possible couplings
between them). The Fied Cycling NMR technique in this connection offers a very
distinct advantage due to its sensitivity to probe microscopic details and capability to
access, and map out. a wide frequency window (particularly in the low frequency

region) selectively - thanks to the resonance nature of its relaxation process.

In contrast to the conventional NMR technique (constant Zeeman magnetic
fiedd is applied during Preparation, Evolution and Detection periods of the NMR
experiment) FCNMR technique cycles the Zeeman fidd to different levels in different
periods of the experiment. Evolution of the spin system takes place at a lower
megnetic field, and thereby facilitating measurements at very low Larmor frequencies,

which are not accessible to the conventional NMR methodology

Fidd Cycling NMR spectrometer operating at 3 MHz was fabricated and
standardized, as a part of this thesis. which mainly consists of a pulsed rf spectrometer
and a Field Cycling Network which enables fast switching of the Zeeman fields in times
very short compared to the NMR relaxation times of the systems under study.

The crucia part in the fabrication of FCNMR spectrometer is the construction
of the field cycling network, which permits fag switching of the currents in the

induction coil. The Field Cycling Network consists of. a controller, current driver



circuit consisting of 20 MOSFETs with independent gate drivers, a MOSFET switch
with an optically coupled gate driver circuit and a energy storage capacitor network
necessary to employ the well known '‘energy storage principle’, was built for this
FCNMR spectrometer.

The fabrication details and operationa procedures are presented in the
chapter 2 of unit I. Chapter 3 presents the fabrication details the complete FCNMR
spectrometer capable of providing NMRD data ranging from 20 kHz to 4 MHz. The
fabrication details of the other parts of a rf spectrometer namely transmitter, probe,

receiver and atemperature control assembly are also presented in the chapter -3.

Unit |1

Structure-dynamicsrelationship in Butyloxybenzylidene Alkylanilines (40.m):

Liquid crystals are formed by molecules with highly anisotropic shapes. From
the basic viewpoint, the study of the partia orientational and positional ordering of
such changing, highly anisotropic shapes in condensed phases is one of the most
challenging problems in the statistical physics of many bodies. The ever-increasing
range of technological applications of liquid crystals in recent years resulted in an
increasing interest in these systems. The choice of the system for a given application is
criticaly dependent on its physical properties such as visco-elastic coefficients, density,
refractive index, phase stability and etc., Typica mesogenic molecules are made up of
rigid or semi rigid parts such as aromatic groups, and flexible end chains, both
contribute in determining the properties of the mesophase.  From studies of
homologous series of molecules it is generdly observed that the nematic-isotropic
phase transition temperatures and the transitional properties depend on the length of
theflexible end chain, showing the characteristic odd-even alteration. An appreciation
of the dependence of the physica properties of liquid crystals, on the dynamic
environment of the constituent molecules is essential for liquid crystal engineering, and

is gill not available.



The effect of end chain structure on the molecular dynamics using the FCNMR
technique, in the homologous series of butyloxybenzylidene alkylanilines (40.m:
m=2,3,4,5 7, 8 and 9) was carried out as a part of this thesis. In particular the
molecular level understanding of the well-known ‘odd-even effects, chain length
effects and the effect of ‘symmetric end chains' is the am of this experimental work.
Present systems provide an opportunity to probe dl these properties. Experiments
were carried out to collect proton NMRD (Nuclear Magnetic Relaxation Dispersion-7;
as a function of Larmor frequency) profiles over a wide range of frequencies on the
homologous series, which were studied earlier using conventional NMR spectrometer

in this laboratory.

The application of existing theoretical formalism to extract useful information
from the NMRD profiles, on visco-elastic properties of the medium, however requires
certain improvements. Moreover, the situation is more complex in nematics with
underlying smectic Ay phases. The presence of molecular associations (dimers and
clusters) may lead to additional contribution to relaxation and restrictions on the DF
modes leading to the upper and lower cut-off frequencies. Analysis of the data was
done based on a composite model incorporating the three relevant molecular
mechanisms [director fluctuations (DF), molecular sdf-diffuson (SD) and individual
reorientations (R)], reflecting the differing influences of the microscopic dynamics on
the magnetic dipolar interactions among the spins. The observed spin-lattice
relaxation rate (R, — 7;')is a sum of the contributions from these mechanisms. The
mechanisms mediating spin-lattice relaxation in different mesophases are listed below.
# Ripr Risp, Rmin the case of nematics without underlying smectic A4 phase,

#  Rii, Risp, Rmin the case of smectic A phase,

» R Risn Rig, Ririn the case of frustrated nematics

v

Ripr, Risp. Rir and R;rin the case of smectic Ay phase.

Separating out the various molecular motions mediating spin lattice relaxation
in liquid crystals is maor experimenta chalenge and it is very difficult to get
information about al the important molecular motions using conventional NMR

methodology alone The Fidld Cycling NMR data along with the earlier conventional



NMR data on these systems made this task possible. The relative contributions of
these three dynamical parameters and the dynamic parameters associated with them at
different mesophases (nematic, smectic A, smectic Ay and smectic B phases are studied
and presented in this thesis). The effect of the formation of the various degrees of
orientational and positional orders on the molecular dynamics in liquid crystals is also
addressed in this study to some extent. The observed end chain structure-molecular
dynamics relationships are presented in the thesis. Analysis done using isotropic and

anisotropic elastic constants are also compared.
Molecular dynamics of binary mixtures exhibiting Induced Smectic Phases:

It is known that liquid crystals consisting of molecules with a strongly polar
end group (usudly -CN) differ in many aspects from the more classical liquid crystals
like the homologous series (NO.m). The most spectacular effects are reentrant nematic
phases and induced smectic phase (ISP). The delicate balance between attractive
forces and packing effects that determine the stability of the smectic phases have been
studied using various techniques by various researchers. The ability of the polar
molecules to establish different liquid crystal phases depends on the following factors:
» The length of the terminal chain,
> Odd-even effects,

» The length of the rigid core and
» The polarity of the terminal group.

It is not possible to vary nematic and smectic temperature ranges by changing
the alkyl chain length. Another way of changing the mesophase range can be done by
mixing two different liquid crystals. By doing so, it is possible to alter the interactions
aiding and opposing layer formation. Mixing two molecules of different polarities and
end chain properties leads to a very complex phase such as Induced Smectic Phases
(ISP).

Finding out a connection between the individual molecular properties and the
ateration of various forces aiding and opposing the liquid crystalline formation due to

mixing two different molecules is the aim of this work on binary liquid crystal mixture



of 8CN and 7BCB. In this mixture of the compounds a a particular range of
compositions the induced smectic phase (ISP) appears, whereas the pure compounds
does not show any smectic phase A recent theoretical model developed by (Kyu et
al.,) explaining the formation of the ISP, highlights the factors responsible for this
interesting phase diagram.

The pure system 7BCB has a smectic forming tendency and it is frustrated
phase. The next one in the same series (8BCB) has a stable smectic A phase The
nematic stability can be altered by either increasing the end chain length or by mixing a
strongly polar compound (8CN) Formation of dimers and the frustration phenomenon
in the polar liquid crystals are very important in the formation of the induced smectic
phases. Effects of chain length as well as dimer formation plays pivota role in

deciding the phase diagrams in these mixtures

Dimerization and frustration leed to an additional dynamic mechanism, namely
the *creation and segregation of the molecular associations'. This specia mechanism is
considered by many researchers in the andysis of NMRD data A contribution with a
correlation time associated with the creation and segregation of molecules has to be

incorporated along with the usual dynamic mechanisms mentioned above

The dynamic behavior connected with the formation of ISP is discussed in this
thesis along with the separation of different dynamic mechanisms responsible for spin
relaxation in nematic and smectic A; phases According to the theoretical modd the
ISP is formed as a consequence of the reduction of the nematic free energy a specific
compositions of the two constituents forming binary mixture. The dynamic parameters
in the pure nematic phases and the nematic phases with underlying smectic A; phases
are found to be very different The role of DF mechanism on the stability of the
nematic phase is also discussed Thus a logical connection is established among the
end chain length. odd-even effects. end chain symmetry, dimer formation and
frustration in order to explain phase stability in terms microscopic dynamic behavior in

the binary mixtures exhibiting 1SP



Organization of the Thesis;

Unit | consists three chapters Experimental challenges and the theoretical
details connected with the implementation of the FCNMR technique are presented in
the chapter-1. Chapter 2 presents the details of the fabrication of the Fidd Cycling
Network Chapter 3 presents the details of the complete FCNMR spectrometer.

References and conclusions for this unit are given at the end

Unit 1l consists of four chapters Chapter 4 describes a review of chemical
structure-physical properties with a specia reference to the end chain properties like,
odd-even effects, chain length and symmetry effects based on various experimental and
theoretical studies on liquid crystals. Various ways of forming different phase
diagrams and the underlying physics of the phase transitions are aso discussed.
References are given at the end. Chapter 5 deals with the theory of NMR relaxation
in liquid crystals and the models used in the NMRD data analysis References are given
at the end of the chapter

Chapter 6 deds with experimental work carried out on the homologous series
(40.m) of liquid crystals Data analysis and results obtained on the liquid crystaline
systems 40.2, 40.3, 404, 40.5, 40.7, 408 and 40.9 are presented in separate
sections (section 2 to section 8). A comparitive study of dynamic parameters obtained
on different systems is presented in the concluding section (section 9). References for

this chapter are given separately.

Chapter 7 presents the NMRD study of nematics and smectic Ay phases of
systems 8CN and 7BCB and their mixtures. The details of the experimental work and
the analysis of the NMRD profiles are discussed separately in different sections. The
composition dependent dynamic parameters are discussed in the concluding section of

this chapter.
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Abbreviations

Description

Nuclear magnetic relaxation dispersion

Field Cycling NMR

Spin-Lattice relaxation time

Relaxation rate

Relaxation rate

Relaxation rate

Relaxation rate

Relaxation rate

Director Fluctuations

Order Fluctuations

Layer Undulations

Salf-Diffusion

Rotations

Frustration

Soin-Lattice relaxation time

Dipolar relaxation time

Relaxatiom time in the rotating frame
Relaxation rate due to DF mechanism
Relaxation rate due to SD mechanism
Relaxation rate due to R mechanism

Relaxation rate due to L{J mechanism
Relaxation rate due to F mechanism

Constant quantifying the SD contribution
Constant quantifyingthe R contribution or Capacitance
Constam quantifying the F contribution
Sdf-Diffusion  constant

Correlation time for rotations

Correlation timefor creasion and segregation of
molecular associations

Correlation time for diffusion

Flay elastic constant

Twist elastic constant

Bend elastic constant

viscosities

gyromagnetic ratio or rotational viscosity

a constant quantifying DF contribution

lower cut-off frequency of DF modes in the direction
parallel to nematic director n.

upper cut-off frequency of DF'modes in the direction
parallel to nematic director n.

lower cut-off frequency of /)F modes in the direction
perpendicular to nematic director n.



I-N
N-$4

lower

cut-off

Crystal

lowercut-off wavelength of Dénodes in the direction
paralld to nematic director n.
upper cut-off wevelengthf DF modes in the direction
paralled to nematic director n.
wavelength of OF modes in the direction
perpendicular to nematic director n.
wave vector
Liquid Crystal
Nematic order parameter
Nematic director
Isotropic-Nematic
Nematic-Smectic A
phase
Smectic (7 phase
Smectic (' phase
Smectic B
Magnetic field

Polarization field

Detection
Evolution

Quality

field
field
Nuclear Magnetization
Magnetization in the polarization period
Magnetization in the Detection period
Magnetization 1 the Evolution period
Proportional Integrator and Differentiator
Free Induction Decay
Inductance
Current
Sgnal to Noise ratio
factor
Alkyloxybenzylideralkylunilines
Butyloxybenzylideneethylaniline
Butyl oxyhenzylidene propylaniline
Butyloxyhenzylidene butylaniline
Butyloxyhenzylidene pentylaniline
Butyloxyhenzylidene heptylaniline
Butyloxyhenzylidene octylaniline
Butyloxyhenzylidene nonylaniline
4-cyanophenyl4-octylbenzoate
4-cyanobiphenyl4-heptylbenzoate
p-azoxyanisole
Methyloxybenzylidenebutylanilene



CONTENTS
Unit |

Fabrication details of the Field Cycling NMR Spectrometer

Chapter 1
Field CyclingNMR technique
1.1 Slow dynamicsin complex systems
1.2. Fidd cycling Principle
1.3. Mechanica and Electronic mcthods
1.4. Magnetizetion during the transits
1.4.1. 1dcal Field cycling
14.2. Experimental situation
15. Modem Field Cycling NMR Relaxometry
1.5.1. NMRD studies using FCNMR technique
15.1.1. Measurement of Spin-Lattice relaxation time (Ty)
1.5.1.1.1. Saturation Recovery Sequence
1.5.1.1.2. Inversion Recovery Sequence
15.1.1.3. Saturation Burst Sequence
152, Spin-Spin Relaxation time(T»)
1.5.3. Adiabatic Demagnetization in the Laboratory Frame (ADLF)
1.5.4 Jeener-Brockacrt pul se sequence [(m/2)y = t ~(m/4)x ~t~(R/4)x o Y]
1.5.5. Spin-Lock Adiabatic Field cycling Imaging Relaxometry (SLOAFI)
1.6. The requirements and demands for the FCNMR Spectrometer

Chapter 2
Fabrication details of the Field Cycling Network
2.1. Introduction
2.2. Induction coil
2.2.1. Homogeneity with outer notches
2.3. Switchable magnetic field
2.3.1. Without the energy storage principle
2.3.2. With the energy storage principle
2.4. Current switching and control devices
2.4.1. Controller circuit
2.4.1.1. The reference
2.4.1.2. Feedback
2.4.1.3. Pole Zero pair amplifier
2.4.1.4. Compensation
2.4.1.5. Evolution field control

Q9 N9 8 vow

10

14
18

23

27

29

31

39



2.4.2. Working of the controller
2.4.2.1. Polarization and Detection fidds
2.4.2.2. Evolution Period operation
2.4.2.3. ON/OFF periods and compensation
2.5. MOSFET current driver circuits
2.6. MOSFET switch
2.7. MOSFET switch driver circuit
2.8. Working of the Field Cycling Network
2.8.1. Polarization and Detection Periods
2.8.2. Switch OFF operation
2.8.3. Evolution Period
2.8.4. Switch ON operation
2.8.5. Detection Period
2.9. Standardization and Calibration

Chapter 3
Field Cycling NMR Spectrometer
3.1. Transmitter
3.1.1. rf generator
3.1.2. Pulse and delay generators
3.1.3. Double Baanced Mixer
3.1.4. Medium power amplifier
3.1.5. High power amplifier
3.2. Matching network
3.2.1. Series resonant circuit
3.2.2. Parallel resonant circuit
3.3. Receiver
3.3.1. Fast recovery preamplifier
3.3.2. Timed Amplifiers
3.3.3. PSD and phase shifter
3 34. Filter and signa averager
3.4. Temperature Controller
3.5. Automation
conclusions
References

70
70
70
71
72
74

TRE88FIAXR

87
87

91

SRR

98

99
101
102
103
103
104
105
107
108



Unit 11

Molecular Dynamics of Liquid Crystals Studied by FCNMR Technique

Chapter 4
Structure-Property Relationshipsin Liquid Crystals
Section A
Chemical structureand Thermal stabilityin Liquid Crystals
4.1 Introduction 117
4.2, Types of Liquid Crystals 119
4.2.1. Nematic and Smectic Phases 119
4.3. Chemicd Structure and thermal stability 122
4.3.1. Physicd properties and substituents 123
4.3.1.1. Role of the core 123
4.3.1.2. Role of linking groups 123
4.3.1.3. Role of the lateral substituents 124
4.3.1.4. Role of the terminal substituents 124
4.3.2. Nematic phase gtability and terminal chains 125
4.3.2.1. Odd-Even effects 125
4.3.2.2. Alkyl chain length 125
4.3.2.3. Symmetric end chains 127

4.4. References

Section B
Theoriesand experimentson Phase Transitions, Physical propertiesand Molecular

Dynamicsin Liquid Crystals

4.5 Introduction 131
4.6. Order parameter 132
4.7. Onsagar approach (repulsive forces) 133
4.7.1. Isotropic-Nematic transition 133
4.8. Mean fidld approach (attractive potentials) 136
4.8.1 Nematic-Smectic A phase transition 137
4.9. Generdized modds 142
4.9.1. Formation of the mesophascs 143
4.9.2. Role of dipolar forces 144

4.10. Theoretical explanation for odd-even effects 144



4.10.1 Intrachain constraints and rotational dynamics 146

4.10.2. Intrachain constraints and physical properties 147
4.10.3. Other models and computer simulations 148
4.11. Theorics and experiments on clastic constants 148
4.11.1. Molecular length and elastic congtants 149
4.11.2. Order parameters and clastic constants 150
4.11.3. Cyhotactic clusters and elastic congtants 153
4.12. Anisotropic physical properties and molecular dynamics 153
4.12.1.0Optical anisotropy 153
4.12.2. Anisotropic viscosity coefficients 154
4.12.3. Anisotropic rotational motions 154
4.12.4. Anisotropy in Sdf-Diffusion 156
4.1.3. references
Chapter 5
Nuclear Magnetic Relaxation Dispersion (NMRD) Theory of Liquid Crystals
5.1. Nuclear Magnetic Relaxation Disperson (NMRD) 162
5.1.1 Laboratory-Frame Spin-Lattice Relaxation 168
5.1.1.1. Dipolar Interaction 168
5.1.1.2. Scalar Coupling 171
5.1.1.3. Quadrupolar coupling 171
5.1.1.4. Chemica-Shift Anisotropy 172
5.1.2. Rotating-Frame Spin-Lattice Relaxation by Dipolar Coupling 172
5.2. Director Fluctuations and Spin Relaxation 173
5.2.1. Curvature elastic constants 173
5.2.2 The one constant expansion for Jy(wo) 179
5.2.3. Anisotropic elastic Constants 180
5.2.4. Generalized Model (Upper and Lower cut-off frequencies) 184
5.2.5. Smectic Phases 186
5.3. Sdf Diffusion 191
5.3.1. Isotropic Phase 191
5 3.2. Nematic phase 197
5.3.3. Smectic A Phase 201
5.3.4. Smectic B and ordered Smectics 202
5.4. Reorientations 203
5.4.1. Nematic Phase 206
5.4.2. Smectic Phases 207

5.5. References



Chapter 6
Field Cycling NMR Studiesof Molecular Dynamicsin Butyloxy Benzylidene

Alkylanilines (40.m)

6.1 Earlier srudics and present objectives of molecular dynamicsin Liguid Crystals 214
6.1.1. Introduction 214

6.1.2. Motivation and objectives 24

6.1.3 Revicw Of earlier studies on nO.m compounds 220

6.1.4. Earlier NMR relaxation measurements in Homologous series 221

6.1.4.1 Ealier observations on Order and Director Fluctuations (OF and DF) 223

6.1.5. Experimental Details 225

6.1.6. Data analysis 226

6.1.6.1. Nematic Director fluctuations (DF) 226

6.1.6.1.1. Isotropic clastic constants model 227

6.1.6.1.2. Anisotropic clastic constants mode! 227

6.1.6.2. Smcctic layer undulation modes (LU) 230

6.1.6.3. Rotations about the short axis (R) 232

6.1.0.4. Sdf-Diffuson (SD) 233

6.1.7. Ordered smcctic Phases 234

6.2. NMRD study of But\ loxyben/\ lidenc cthylaniline (40.2) 239
6.2.1. Experimental Details 239
6.2.2.Data analysis 242

6.2.2.1. Nematic Phas 242

6.2.2.1.1. |sotropic elastic constants moddl 242

6.2.2.1.1. Anisotropic clastic constants model 244

6.2.2.2. Ordered smectic phase (Si) 247

6.3. NMRD study of Butyloxybenzylidenc propylaniline (40.3) 248
6.3.1. Experimental Details 248

6.3.2. Data analysis 250

6.3.2.1. Nematic Phase 250

6.3.2.1.1. Isotropic elastic constants model 250

6.3.2.1.2. Anisotropic elastic constants 254

6.3.2.2. Sdlid phase 256

6.4. NMRD sudy of Butyloxybenysy lidene Butylaniline (40.4) 257
6.4.1. Experimental Details 257

6.4.2. Data analysis 260

6.4.2.1. Nematic Phase 260

6+.2.1.1. Isotropic clastic constants mode! 260

6.4.2.1.2. Anisotropic elastic constants mode 264

6.4.2.2. Comparison with the ordered smectic phases 265



6.5. NMRD study of Butyloxybenzylidene Pcntylaniline (40.5)
6.5.1. Experimental Dctails
6.5.2. Dataandysis
6.5.2.1. Nematic Phase
6.5.2.1.1. Isotropic clastic constants model
6.5.2.1.2. Anisotropic clastic constants model
6.5.2.2 Smectic A phase
6.5.2.3. Ordered smectic Phases
6.6. NMRD study of Butyloxybenzylidenc Heptylaniline (40.7)
6.6.1. Experimental Details
6.6.2.Data analysis
6.6.2.1. Nematic Phase
6.6.2.1.1. |sotropic clastic constants model
6.6.2.1.2. Anisotropic elastic constants
6.6.2.2. Smectic A phase
6.6.2.3. Comparison with the ordered smectic phase
6.7. NMRD study of Butyloxybcnzylidenc Octylaniline (40.8)
6.7.1. Experimental Details
6.7.2. Dataanalysis
6.7.2.1. Nematic Phase
6.7.2.1.1. |sotropic eastic constants model
6.7.2.1.2. Anisotropic elastic constants
6.8. NMRD study of Butyloxybenzylidene Nonylaniline (40.9)
6.8.1. Experimental Details
6.8.2. Dataanalysis
6.8.2.1. Nematic Phase
6.8.2.1.1. Isotropic clastic constants model
6.8.2.1.2. Anisotropic clastic constants
6.8.2.1.3. Comparison with high frequency study
6.8.2.2. Smectic A phase
6.8.2.3. Ordered Smectic phase (Sg)
6.9. Conclusions
6.9.1. Effect of end chain lengthon T,
6.9.2. Director fluctuations and end chains
6.9.3. Sdf Diffusion and end chain length
6.9.4. Rotations about the short axis
6.9.5 Relative percentage contributions
6.10. References

267
267
270
270
270
273
275
277
280
280
283
283
283
286
288
290
291
2901
292
292
292
295
298
298

302
302
305
307
308
3
315
315
317
320
320
326



Chapter 7

NMRD Studiesof Binary Liquid Crystal Mixturesexhibiting | nduced SmecticA+«Phases

7.1. Liquid crystal mixtures
7.1.1. Introduction
7.1.2. Theoretica review of binary liquid crystal mixtures
7.1.2.1. Linear and non-lincar behaviors of phasc diagram
7.1.2.2. Molecular flexibility
7.1.3. Theoretical modes for the Induced Smectic Phases (1SP)
7.1.4. Experimental observations of Induced Smectic Phases
7.1.5. Nematic gap
7.2. Frustration. Dimerization and Molecular Dynamics in Induced Smectic Phases
7.2.1. Introduction
7.2.2. Frustration
7.2.3. Frustration in Liquid crystals
7.2.4. Mean fidd and Frudtration strategics
7.2.5. Dimerization and the formation of the ISP
7.2.6. Role of the alky | chains on the stability of the frustrated phases
7.2.7. Factors responsible for the ISP in the mixture of 8CN+7BCB
7.2.8 Molecular dynamicsin frudrated phases
7.3. NMRD gudy of the polar liquid crystal 8CN
7.3.1. Experimenta Details
7.3.2. Dataanalysis
7.3.2.1. Nematic Director fluctuations (DF)
7.3.2.2. Rotations about the short molecular axis and Sdlf-diffusion
7.3.3. Results and Discussion
7.4. NMRD sudy of frustrated nematic liquid crystal 7BCB
7.4.1. Experimental Details
7.4.2. Data andysis
7.4.2.1. NMRD modd for frustration and other dynamics
7.4.3. Results and Discussion
7.5. NMRD studies of the binary mixture of 70% 8CN + 30% 7BCB
7.5.1. Experimental Details
7.5.2. Nematic Phase
7.5.2.1. Results and Discussion
7.5.2.2. Dynamic parameters for DF modes
7.5.2.3. Dynamic parameters for SD. R and F
7.5.2.4. Percentage contributions
7.5.3. Smectic A, phase
7. 6. NMRD studies of the binary mixture of 40% 8CN + 60% 7BCB

339
339

340
340
341

A1

346
347
348
348
348
348
349
350
351

353
359
360
360
363
363
365
365
371
371
373
373
375
379
379
381
383

386
387
392



7.6.1. Experimental Details 392

7.6.2. Dataanaysis 394
7.6.2.1. Nematic Phase 394

7.6.2.1.1. Dynamic parameters for DF modes 3%

7.6.2.1.2. Dynamic parameters for SD. Rand F 396

7.6.2.1.3. Percentage contributions 398

7.6.2.2. Smectic A, phase 399

7.7. Conclusions 403
Molecular Dynamicsasa function of Composition in the Binary Mixtures of Polar Liquid Crystals
7.7.1. Relaxation times and composition 403

7.7.2. Director fluctuations 405

7.7.3. Self-Diffusion 407

7.7.4. Rotations 408

7.7.5. Frugtration 410

7.7.6. Percentage contributions 411

7.8. References



Unit |

Fabrication details of the

Fidd Cycling NMR Spectrometer

This unit presents fabrication details of the Field Cycling NMR spectrometer,

built as a part of this Ph.D. thesis The unit consists of three chapters.

The first chapter, "Field Cycling NMR technique”, presents the fidd cycling
principle, the differences between ided fidd cycling and practicaly feasible field
cycling, various possible experiments using the FCNMR technique and their
conventional NMR counterparts, discussed in detail.  Findly, the experimental
challenges involved in building the FCNMR spectrometer are presented at the end of
the first chapter.

The second chapter, “Fabrication details of the Field Cycling Network",
presents the most crucid part of the fiedd cycling NMR spectrometer. Following the
ideas presented in the pioneering work done by Noack and co-workers, a very simple
FCNMR Spectrometer has been fabricated. A novel, problem-free switching circuit
was built, using a smple power MOSFET and an optica coupler. This switching
circuit is not only economical, but also convenient since, the possibility of a damage is

negligible, when compared to the usually used GTO based switches.

Another, very important circuit called “fhe controller” has been built, with a
speciad component caled the “compensating amplifier”, which takes care of the
overmodulation of the current while switching from the evolution field to detection
field. The implementation of the compensation is done in a special manner, such that

the circuit automatically takes care of the overmodulation and this arrangement leads



to an admogt ideal field cycling. The timing diagram and the pulse programming
procedure designed for this spectrometer provides a free access to the operator and
acts as an interface, in order to adjust the settings such that one can obtain the required
field cyclee. MOSFET current driver circuits (20 units connected parallelly) had also
been built and optimized for the best performance. Among the other components of
the field cycling network, such as various power supplies for the control and switching
circuits, energy storage capacitor network, different decoupling diodes, etc., the author
has used commercialy available components and units, but smaller power supplies and
circuits were built for specific applications A cylindrica coil already available in this

laboratory was used in this instrumentation

Chapter three, "Field Cycling NMR Spectrometer”, presents the complete
picture of the FCNMR spectrometer, the combination of the field cycling network and
the conventional low field (operating at 3 to 4 MHz) NMR spectrometer. The author
has built some of the crucial units like, the probe, a novel temperature control
assembly, pre-amplifier, high power amplifier and a filter, which are interfaced with the

field cycling network, used for NMRD measurements on liquid crystals.

After the completion of this work, the author could calibrate and standardize
the spectrometer, and could collect proton 7) data for the first time in this laboratory
Further improvements were made throughout the period of this work. The data
obtained using this spectrometer on the standard samples, proved that the results were
reliadble and repeatable, within the error limits given in this thesis The present
FCNMR spectrometer is capable of providing proton NMRD data, from about 20 kHz,
to about 3 MHz. Experiments were performed on nematic and smectic liquid crystals,
and certain liquids. The spectrometer is used routinely for temperature and frequency
dependent relaxation studies.



Chapter 1 Fidd Cycling NMR technique

/.1 Sow dynamics in complex systems

The power of NMR relaxation spectroscopy to probe molecular motions in a
variety of systems is rather well known. Apart from being a non-invasive local probe,
this technique is capable of probing relatively low frequency region. i.e, in radio
frequency range and below. While this property facilitates the investigation of many
dynamic processes, like reorientations, trandational diffuson etc., there are many
dynamic processes that are slower, taking place below the MHz region, like director
fluctuations in nematic liquid crystals, tunnel rotation of symmetric molecular groups in
solids, back-bone fluctuations in polymers etc., which are not accessible to
conventional NMR relaxation spectroscopy [12]. This limitation is mainly due to the
unacceptable signd strength and other instrumentation difficulties below few MHz,
which would be explained a little later. The fidd cycling NMR method is a powerful
approach for investigating such complex distributions of motions in various materials,

which often span a broad range of time scales (10" to 10" %sec).

Among the severa procedures which are useful in separating the relaxation
mechanisms of different spin order, such as that of the Zeeman, dipolar, or quadrupolar
energies, fast Field cycling NMR is considered to be the most obvious and general
technique due to its capacity to probe spectral densities over a wide frequency range.
Comparing the characteristic Nuclear Magnetic Relaxation Dispersions (NMRD) of
various substances, a better understanding could be gained, of their microscopic
behaviour in relation to the observed microscopic material properties. It is also well
known that broad distributions of molecular motions exist in synthetic polymers,
proteins, lipid bilayers and liquid crystals. The high frequency individual molecular
motions and conformational motions are manifest predominantly in the local dynamics
whereas, low frequency motions like collective fluctuations are typically associated

with rheologica properties of the assembly, including the elastic, viscous, and other



characteristic macroscopic properties In the case of biological membranes, lipids and
proteins, the T, behaviour may be associated with their biological activity. It is
therefore, important to study various types of such motions, their corresponding rates,
and the relative importance of such motions quantitatively over a broad range of
frequencies as a means of achieving a comprehensive description of the dynamics of
these and related materials. By systematically changing the structure of the molecule
forming the material, the structure-dynamics relationship can be obtained using
detailed NMRD studies

In the present chapter, the details of the fidd cycling NMR technique,
theoretical explanation of the experimentation, differences between the ided
spectrometer and the redlistic case, the methodology of various experiments possible
with field cycling NMR, which has their equivalents in conventional NMR, would be
discussed in detail.

A conventional NMR relaxation experiment, say a spin-lattice relaxation time
(7)) measurement as a function of the static magnetic field strength, probes the spectral
densities of the fluctuations (J.(@)) typicaly at the corresponding Larmor frequency
(w), which in turn are Fourier transforms of the correlation functions G,.(y, where m is
the magnetic projection index. The correlation functions describe fluctuations of the
second rank molecular interactions, generated by molecular motions, which enable
various relaxation processes to occur. Thus, to probe fluctuations taking place below
the MHz region, the Larmor frequency should be below MHz. As the signa strength
variesfrom @’ to &’, the signal to noise ratio (S/N), in conventional NMR becomes
very unfavorable below the MHz region. It is difficult to detect the proton NMR
signal in magnetic fields below 0.1 Tesla (resonance frequency of about 3 MHz), due
to very weak nuclear induction and the acoustical ringing induced in the NMR probe
Moreover, it is difficult to produce short, high power rf pulses at frequencies in the
low MHz range to detect nuclear induction signals from solid and liquid crystal phases
which have relatively short transverse relaxation times (7) 7> is related to the quality
factor (O of the NMR probe which is decreased significantly at lower frequencies.



Other instrumentation difficulties like the increased dead time of the receiver aso crop

up in this frequency range.

There are NMR techniques like line width, spin-lattice relaxation time in
rotating frame (7),), and dipolar relaxation time (7;p) measurements that probe
fluctuation spectrum towards the low frequency region upto 100 kHz. Between
100 kHz and 3 MHz, a large frequency gap exists, which could not be covered by any
NMR method. This leads to a mgor problem of mapping the frequency dispersion
over the entire range, including the important region between the high and low
frequencies. Field cycling NMR (FCNMR) technique, on the other hand, facilitates the
measurement of NMR parameters at low frequencies, continuously, in principle, dl the
way to zero frequency. Further, using the FCNMR technique, any frequency
dependent study between a given minimum and maximum obtainable frequencies can
be easly done without having have to tune the spectrometer independently at each
frequency (as the frequency where the signa is detected is not atered in this
technique). Using the typica fied cycling procedure, one can obtain proton NMR
relaxation times in the frequency range from 10° Hz to 10® Hz and for deuterons, this

range is from 10?to 10” Hz by orders of magnitude.
1.2. FidldcyclingPrinciple

The basic methodology in the FCNMR technique is to use a high enough
magnetic field strength at the time of polarizing the spin system (called polarization
field, B,) and at the time of sampling the remaining coherence (detection field, B,), but
switch the field to a low value at the time of the evolution of the spin system (evolution

fidd, Br) as shown in figure 1.1,
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Figure 1.1. 1deal Field cycling procedure

This technique, while providing comfortable signal to noise ratio (S/N)
corresponding to By and Bp, dlows the measurement of the relaxation times
corresponding to Bg, making it a useful technique for the low as well the high
frequency (conventional NMR) range. This technique requires that the magnetic field
be switched from B; to B, and back to B, in times very short, compared to NMR
relaxation times, but at the same time not too fast as to exceed the adiabatic fast

passage condition or to create Fourier components of the resulting transients at «",

1.3. Mechanical and Electronic methods

The desired fidd cycle (figure 1.1) can be obtained by two methods The first
is by a mechanical movement of the sample between the chosen magnetic fields [1-8].
The other method involves electronic switching wherein fidd cycling is achieved by
varying the current through an inductive load [9-10]. Mechanical cycling can be
performed with a ssimple apparatus and moreover, there is no limit on the obtainable
polarization and detection field levels. However, the mechanical approach is limited by

the time it takes to physicaly shuttle the sample from one position to another

A smple, mechanical field switch was first developed by Pound [1] in 1951
Electronic field cycling instruments have been developed very recently with magnet



coils using high power switching components  Such electronic switches offer the most
advanced and versatile capabilities, and in principle, enable switching times of less than
1ms. Initid field cycling NMR spectrometers were made possible due to the pioneering
work by Redfield et a., in 1968 [11], on the ‘emergy storage principle’ and fidd
cycling procedure, by utilizing networks of transistor field switches and storage
capacitors, to boost the voltage over the magnet coils [12]. Later, GTO thyristor
switches have found use as a substitute for the transistor switch, and most recently, the
utilization of MOSFETS for regulation has been proposed to simplify the total current
control [13]. Using commercidly available 'pulse width modulation switching current
amplifier, having a low internal power dissipation and a fast current settling time, Job
et a., [44] have developed a PC based FCNMR spectrometer very recently. They have
used the 'waveform electronics control and pulse width modulation amplifiers, which
are high performance current control amplifiers optimized to drive the gradient coils in
MR1 systems [44].

Anocther important development of FCNMR is the zero field or, low field NMR
relaxation [14-21] where, the Zeeman energy and consequently line broadening caused
by the distribution of molecular orientations due to the Zeeman field vanish, thus
enhancing the spectral resolution. Apart from frequency dispersion studies over a wide
frequency range, FCNMR spectrometer can be used in level crossing experiments
[22-24], in detection of weak and low frequency resonance signals [25], cross
relaxation spectroscopy [26-33] and in certain 2D experiments [34]. Some of the
manifold applications of FCNMR were illustrated by Kimmich et al.,[35-37].

1.4. Magnetization duringthetransits
1.4,1.1deal Field cycling

In the conventional NMR, macroscopic nuclear magnetization is under the
influence of a constant Zeeman field i.e, Zeeman field is not changed during the
polarization, evolution, and detection periods. But in the case of FCNMR, the Zeeman

field is modulated during these periods, and hence the effects of this modulation on the



magnetization along with the effects due to the pulsed rf magnetic fidd, also is to be
considered (since the behavior of spins in the evolution period necessarily depends on
the behavior during the other periods of the cycle and especially during transits)
Considering the equilibrium value of the magnetization to be M, and the spin-lattice
relaxation time T, to be field dependent, the Bloch equation for the magnetization
parald to the externa field, M7 can be written as

dM, !

where 775 is the field dependent spin-lattice relaxation time. Let the equilibrium values
of M. in the polarization, evolution and detection periods be Mp, Mg and M), with
corresponding spin-lattice relaxation times 7,p, 7;r and Tp, respectively. The
conditions mentioned earlier, on the transit times, is that the switching is fast compared
to the relaxation times, and the switching should be slow enough compared to the
Larmor frequency ws, so that the magnitude and angle between Mof1) and Byf1) is

preserved.

These conditions ensure that, there is no change in magnetization during the
transits and hence the magnetization after the transits is constant and parale to the
applied field, just before the transits. In this ided field cycle, magnetization during
switching down, from polarization field (55) to detection field (Bg), the magnetization
is constant at a value Mp. Similarly, during switching up from evolution field (BE) to
detection field (Bp).the magnetization should be same as the value at M. The
development of the magnetization in the different regimes in the ideal cycle are shown

in figure 12 and the equations describing them are also given in equations 1.2a-e.
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Figure 1.2.(a). Magnetic field with time during idea field cycle.
(b). Magnetization during different periods

Polarization period:
M.()=M,=M, during <1, (1.2a)

Switching down period:

M. (t) = M_(t,) = M ,=constant (1.2b)

Evolution period:

t=tp

M:([)Z MP_(MP_ME)[I_e-[ io ] duringtp' g (120)




Switching up period
M_(1)= M_(1,) = constant (1 2d)

Detection period:
M:(f)—M:(w[ﬂ-f“-f\f/_(rb)llf } (12¢)

during tp+1gt tp+ tp+ip

Thus fidd cycling NMR measurements enable the measurement of M.(1) as a
function of the magnitude of the evolution field B Though most fidd cycling NMR
experiments are concerned with longitudina relaxation processes, any other NMR
parameters which follow general Bloch type relations, such as diffusion constant, cross
relaxation rate etc., are also measurable through the suitable combination of standard

NMR procedures with the field cycling procedure (with suitable Ho cycles).

1.4.2. Experimental situation

In order to analyze the behaviour of spins in the evolution period (7%) of field
cycling NMR experiment, it is necessary to calculate the magnetization during transits
and during the other periods. Exact variation in the magnetic field due to field cycling
and its effects on the magnetization are difficult to calculate, but the experimental
procedures, and data fitting methods take care of this problem Therefore, it is
important to mention the difference between an ideal field cycle and a practicaly
feasible cycle. The correct requirement for an idea cycle is that, with amost a zero
evolution period the polarization produced should be detected without any loss In
other words, a perfect ‘reversibility’ of the cycle should be observed, which is possible
only when the switching takes place in no time. In the case of longer switching times,
comparable with the relaxation times at the evolution fields, the losses in the
magnetization do not lead to any systematic experimental errors, though they affect the
senditivity of the experiment. During the switching periods, dl quantities in Bloch's

equation for the z-magnetization become time dependent. This is given by

10



dM, (1) M.(1)- M, (1) 13
e T, (1)

where AM,1), is the instantaneous equilibrium magnetization, and T,(t) is the

instantaneous relaxation time. This can rewritten as

am (1) { 1 J M, (1)
e\ s plE)

5 1.4
dr L(t") 1.(1) (1.4)
By defining
¢ 1
P() = it 15
(1) J‘,“ T}(f')‘, ( )
in the switching interval 1, <t <ty + At the integral can be expressed [36] as,
M. (£, +Af) = ¢ P+ J'"""l,f‘rr'-) im") dt" +M.(t,) (1.6)
2 \%0 0 g 'I;([u) z 0
M.(t, +Aty= M _(t,)e “ +¢, (1.8)
t+ At
where C=Plt+Ar)= mdt’: constant (1.9)
t, =1
+At M (l")
C,=e™ J e"“")mdl”:conslant (1.10)
ty 1

are the switching constants.
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When the magnetic field is switched down from polarization field (Br) to
evolution field (Bg), in the interval (A4r)y beginning at £,=0, magnetization reduces from
M.(0)=Mpto M; [(Aid)] where M; is the equilibrium magnetization in the polarization
field. Designing switching constants (c,” and ¢,%) for this period, using the above
equations 19 and 1.10, one can get the magnetization at the beginning of the

relaxation interva as

M,[(A0),] = Me < +¢f (1.11)
and the condition,

M,[(a0),]>> M, (112)

is very important for fild cycling experiment

During the evolution period (7).) the magnetization relaxes with time 7.

obeying the equation given by

T

M,[7, +(an),] = (M,](an,]- My )e e + M, (1.13)
where T is the spin-lattice relaxation time in the evolution field.

The switching constants for switching up period (the switching up period (4),,
starts at the end of the evolution, i.e., at /y=7:+(4r)4), can be denoted as ¢;* and ¢, and

the magnetization at the beginning of the detection interval is represented by
M, [T, + (A1), + (A0, ] = M, |7, + Ay, Je << (1.14)

The magnetization, during the detection period can be written [36] as

7

M,[T, + (&), +(an), | =| M, 1, +(an), + (An),Je " + M, e et (115)

u

and the relaxation behaviour to be evaluated is of the form



M, [T, +(Ar), + (A1), ] - M, () = (M, [(A1),] - M )e e 7 (1.16)

]

=AM ¢ Te @17

This relation shows that the relaxation is a function of 7,z, and the switching intervals
do not cause any systematic error in the experiment. The effective range of variation

of the magnetization decides the accuracy of the experiment

(1.18)

If the range of variation is more, the experimental error would be less.



7.5.Modern Field Cycling NMR Relaxometry

Though the main object of fidd cycling NMR experiments is to obtain information
on the spectral densities of the fluctuating spin interactions in a frequency range as wide as
possible, with the basic interest of understanding and characterizing the molecular
dynamical processes in a direct and quantitative way, there are several new experimental
methods which made field cycling NMR relaxometry, the most exciting technique
[12,36]. Apart from just lowering the intensity of the fields (and hence induction By), field
cycling may, aswell include evolution periods with higher field intensity than the detection
field, or even changing the direction of the field, and hence this technique offers
capabilities which go far beyond the origina intentions. Cycling of the orientation at high
speed facilitates the angular dependent relaxation and diffuson measurements [12] in
liquid crystals with relative ease, compared to other cumbersome methods of field
rotation. It is well known, that the accuracy of relaxation time measurements depends on
how wel defined and homogeneously, the initial non-equilibrium state is produced in a
sample. In contrast to the conventiona NMR method, the non-equilibrium state is
reached by switching the main magnetic flux to the new level, in the field cycling NMR
method. This new low evolution field has a very good homogeneity than that of the rf
pulse homogeneity, which is used in the conventional method to arrive a a new
non-equilibrium.  Field cycling NMR relaxometry is therefore, a rather reliable technique
in this respect [36].

7.5./.NMRD studiesusing FCNMR technique

Conventionally, NMR experiments can be performed either in a frequency domain
or in atime domain. In the frequency domain experiments, a low power rf radiation is
applied to the sample, which is kept in a high Zeeman magnetic field Either the frequency
of rf or, the strength of the Zeeman magnetic field is dowly swept through resonance On
the other hand, in atime domain experiment, the response of the spin system, excited by

an intense burst of high power resonant rf magnetic field applied for a short duration, is
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monitored. The results obtained from these two methods are related by Fourier
transformations, and hence, the same spectral information can be obtained from both these
methods. The time domain method is found to be more efficient, due to its economy in

time and better sengtivity.

The general experimental methods followed in measuring the spin-lattice relaxation
time (77) would be discussed here. Conventional NMR procedures are adopted (modified
in some cases, keeping the switchable nature of the Zeeman magnetic field in mind) in case
of the FCNMR technique, too. Incorporation of conventiona pulse sequences with the
field cycling procedure would aso be discussed here. The Zeeman interaction of a spin

kept in a static magnetic field H,, which is applied along the z-axis, can be written as

#=-yhH, L. (119
the eigen values of a state }l, m) are then given by

En=-yhH, m (1.20)
therefore, £,, can have 2/+1 vaues, giving rise to 2/+1 equally spaced energy levels with a
separation of yiH, ~ Trangitions among these states can be induced by applying
electromagnetic radiation with a frequency w,=yH, (Larmor frequency). To induce
transitions, the radiation field should be applied in a direction perpendicular to the static
fidd H,, i.e., in the x-y plane.

A nuclear magnetic moment u (=y[), under the influence of an externa magnetic
field H experiences a torque gxH, which is equa to the rate of change of angular
momentum. The resultant equation of motion of the magnetic moment in a laboratory

frame is given by

du

= t{uxH) (1.21)
since Xu;=M, the total magnetization of the system, the equation of motion can be written
as

—;":—J = y(M x H) (1.22)



The application of a perturbing rf field, H,(1) (with a frequency @), in a plane
perpendicular to H (in x-y plane) modifies the above equation (1.22) as,

-dg = y[Mx[H+ B, 0] (1.23)

The solution of the above equation (1.23) is smplified when viewed from a
different coordinate system (x'y ’z”),which is rotating with respect to the laboratory frame
(xyz), about some axis, say the z-axis, with an angular frequency same as that of / fieldas
shown in the figure 1.3. The equation of motion of the magnetization in this frame is

smilar to that in the laboratory frame, with the magnetic field replaced by an effective field
given by,

H, = [[H + %’] + HK(.')} (1.24)

1
(Hot 'y ) Hey

v

Hj x' x’
(a) (b)

Figure. 1.3. @) Rotating frame and effective field
b) Motion of the magnetic moment around the effective field.
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Thus, the spin precesses about the effective field in the rotating frame, with an
angular frequency, YH.;. Choosing H to be along the z-axis of the laboratory frame i.e.,
H kHo (k is a unit vector dong z-axis), the effective field is modified to

H, = MH, + f]kliHl(r)} (1.25)

Also choosing the frequency of the rotating frame to be equa to that of the Larmor
frequency i.e, @ = @, = -yH,, it can be seen that the effective field in the rotating frame is
iH, and hence the magnetization that was initidly paralel to H, now precesses about H, in
they’z’ plane. If such an//is applied for atime ¢,, the angle by which the magnetization

precesses is given by 6=yH t,,.

My when H;=0

(@ My whenH,=0 (b) magnetization after 2 pulse (c) spin-spin

relaxation

14. Effect of 272 pulse on the equilibrium magnetization

A

M) +—

v

Time

15. Spin - Spin relaxation.
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1.6. Spin-Lattice relaxation process.

Thus, with an appropriate combination of the intensity and the duration of the
rotating magnetic field, magnetization can be flipped from the z-axis by any desired angle
For a given H,, a pulse applied such that the magnetization rotated by 90° is called a #/2
pulse (Figure. 14) and a pulse applied such that tilt angle #=180° is called a npulse. The
pick up coail is sensitive only to the component of magnetization perpendicular to the
z-axis and the magnetization that is developed along z-axis due to 7) process (Figure 1.6),
is detectable only after it is rotated away from the quantization axis. The rf pulse
sequences which are useful in 7, measurements would be discussed here. The 7, process

is explained in figure 15.

L.5.1.1. Measurement of Spin-Latticerelaxation time(T})

15.1.1.1. Saturation Recovery Sequence

For the sake of convenience, the experimental period (time) is divided into three
parts as shown in figure 1.7a. In the conventional NMR relaxometry, the Zeeman field is
the same throughout the period of the experiment. In the practical case, this cycle repeats
again and again in order to do the averaging of the sgnal. Evolution period is varied to
obtain the magnetization recovery profiles as a function of evolution time. The

conventional saturation recovery sequence consists of a 772 pulse followed by another /2



pulse which is applied after a variable evolution time 7 (Figure 1.7b). The first #/2 pulse is
the polarization pulse, which flips the magnetization away from the z-direction to the x-y
plane. After allowing the magnetization to evolve in the z-direction for a time r, another
2 pulse is applied, which brings the z-magnetization, developed in the time r [M(7)], to
the x-y plane, as shown in figure 17c. The corresponding magnetization has an amplitude
A(7), a a fixed time from the sampling pulse, develops from zero a =0 to Apat time

=20, which is proportional to M(z), and varies as

A7) ir’AJl-ep(f %\ﬂ (126)

A(X) is measured at a fixed point on the FID, following the sampling pulse. By repeating
the measurement for different values of 1 and then fitting data to the equation 1.26, T, is
obtained.

B
Polarization Evolution Detection
Period i Period Period
Time

17a Zeeman magnetic field with time in a conventional 7; measurement.

/2 Pulse 2 Pulse

i 1

Time

1.7b. Conventional Saturation recovery pulse sequence.
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1.7c. Evolution of magnetization with time

FCNMR equivalent of saturation recovery sequence

A smple, field cycling procedure used by the Noack’s and Kimmich's groups
[12,36] are shown in the figure 1.8. In this case, they have used different magnetic fields
during polarization and detection periods. They have used very high magnetic fields for
detection, which has enabled them to have a good signa to noise ratio. The polarization
field is kept a a value where sufficient magnetization is prepared and made available for
evolution The evolution time is varied to get the magnetization recovery to the new
equilibrium set by the evolution field. The relaxation takes place in this field, and the
measured 7;’s are corresponding to the evolution field. The evolution field is varied,
keeping other fields during the polarization and detection periods constant, in order to

obtain relaxation dispersion (NMRD) over a very wide range of frequencies

In the present FCNMR case, a constant field is used for polarization and detection
periods, whereas the evolution field is varied from a maximum of By to a minimum of
about a few gauss. The detection field is stable and repeatable accurately over the
experimental time, which is very essential for an accurate determination of 7, of the order
of milliseconds The smplified equation used to fit the magnetization recovery as a
function of evolution period, in order to get T, is given below 1.28. The origina equation

and the need for the modification of that equation are discussed in the previous section
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1.8. Field cycling procedure [36] with higher detection field.
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19a Zeeman magnetic field cycle in the present case.
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1 9b Single pulse sequence (FCNMR equivaent of saturation recovery sequence).
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19c. Evolution of magnetization.

In the field cycling NMR version of the saturation recovery sequence, the first rf
pulse is not necessary, since the polarization field is suddenly removed from one value to
the other (to low evolution field) and hence magnetization is forced to set to the new
equilibrium value corresponding to the B, This switching process replaces the need for
the first 772 pulse (Figure 1.9b). The new non-equilibrium is set by By, and is combined
with a B(1) sequence to sample the evolving magnetization or the spin temperature
belonging to the evolution period i.e,

M, (1) = M (1, = 0)- (M.(1, = 0)- M,, ){1 — exp(- —;ﬂ (1.27)

As shown in the figure 1.9c, the magnetization, Mz increases to a high equilibrium
value, Mp, at the end of the sufficiently long polarization period, 7. When the Zeeman
field is switched to a lower value (evolution field, Br),the magnetization, M(t) relaxes
with the increase in the evolution period with a time constant 7)., towards the new
equilibrium value M.  After this, the Zeeman field is brought back to the high value
(detection filed, Bp=Bp) and a sampling 772 pulse is applied. Sampling pulse flips the
magnetization into the plane perpendicular to Bp. This transverse magnetization M,
(1,=0)i.e., MAr-1x)now relaxes under the influence of Bp, with Larmor frequency w;
giving rise to FID in the sample coil. The FID height decays proportional to the magnitude
of M; at =Tk, i.e, the height of the FID obtained decays exponentially with a time
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constant 7z as afunction of the evolution period time, 7z. Thus the relaxation time TIE, at

any selected evolution field is measured directly from the height of the FID by varying the

evolution period 7 The equation used to get the 7z is given below (1 28). A non-linear
least square fit involving three variables (4, B, and T;z) with MA{Tz)and T as inputs, is

used to get the 7}« values.

My(Tg)=A exp [-Tx/ T)e]+B

15.1.1.2. Inversion Recovery Sequence

B
Polarization Evolution Detection
Period Period Period
Time

(1.28)

1.10a. Zeeman magnetic field with time in the conventional inversion recovery sequence.
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1.10b. Inversion recovery pulse sequence.
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1 10c. Magnetization in the case of inversion recovery pulse sequence.

The pulse sequence here is 7-7-272 (Figure 1.1 Ob). The preparation pulse (7 pulse)
tilts the magnetization, from the +z axis to the -z axis, and then, the evolution aong +z
direction is monitored by another 72 pulse after a delay r (Figurel.10c). Asusud in the
conventiond NMR 7) experiment the Zeeman field is constant over time (Figure 1.10a)
and in the case of the FCNMR the Zeeman field changes, when this sequence is
convenient (evolution field close to detection field) in measurement of 7) as shown in the

figure 1.11a.

The preparation pulse (7pulse) inverts the spin population (+z-axis to -z axis) and
hence the z-component of magnetization recovers from -M, to M, which follows the

equation

[ 4(z) = An[l-z exp[* %IH (129)

A, being the amplitude of the FID after atime r=co.

The inversion recovery sequence is very useful in FCNMR, when the evolution

field is very close to the value of the preparation and detection fields. Under this situation
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the variation of the magnetization is very less in case of the single pulse, saturation
recovery sequence. To have the variation in the magnetization maximum, the first n pulse
applied at the end of the polarization period, tilts the magnetization to -M, and this
evolves to the +Mg level with the evolution period. This pulse sequence is very useful
when +Mz is closeto +Mp and this has dl the advantageous of the conventional inversion
recovery sequence as long as the evolution field is not very low. This sequence is essentia
when the relaxation experiment is done at very low frequencies, i.e., very close to zero
frequency. The experimental procedure with a typica situation where (the evolution field
is close to the preparation field) this pulse sequence is very useful, is shown in the figure

1. 11a. The same equation (1.28) is used to fit the FID amplitude with 7z, to get 7ie.

Bp
i \ /
Be |
Polarization } Evolution Detection
Period ; Period Period
0 >

Time

1.11a. Typical field cycle in the FCNMR version of inversion recovery sequence.

7 Pulse| < T > | /2 Pulse

1.1 1b. Field cycling NMR version of inversion recovery pulse sequence.

Time

25



M,

FID

‘Mﬁ ————

Time

1.11c. Evolution of magnetization with time.

The advantages of conventional 7-7-m2 sequence over #2-r-z2is that the
recovery has twice the dynamic range (M, to +M, ) as compared to the saturation
recovery sequence (0 to M,). The demerit is that the sequence can be repeated only after
a considerable timei.e., at least 57; time has to be spent in waiting for the magnetization
to reach the equilibrium value M,, after the sampling 772 pulse is applied. This is because,
the next preparation pulse (7 pulse) is expected to create a non-equilibrium situation
which is possible only if M. =-M,. In the case of field cycling NMR version too, this
waiting time is necessary. The man advantage of conventional saturation recovery
sequence over the inversion recovery sequence is, for a given transmitter power, its
spectral width which yields a better line shape and intensity for broad lines. The new
equilibrium is decided by the evolution field in the case of FCNMR, which has an
advantage in having the correct final magnetization as already mentioned, and overcoming
the disadvantage of both of these conventional pulse sequences is that, of the preparation
pulse width is not exactly set (x2 or z), which is after the case, or if H,(1) is not
homogeneous, the initial condition of the magnetization (0 or -M,) is not met with, hence

leading to reduction in the signa strength.
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15.1.1.3. Saturation Burst Sequence

The demerits of the 772-7-72 and n-7-7'2  seguences can be overcome by using
another pulse sequence caled the saturation burst sequence. This is a verson of
saturation recovery sequence, which ensures the initid non-equilibrium condition
corresponding to a situation (zeroing of the magnetization), even if the pulse width is not
exactly set to 772 or if H,(t) is dightly inhomogeneous. This sequence consists of a burst
of closely spaced 772 pulses (usualy 5 to 10) for the preparation and is followed by a

sampling pulse (72 pulse) after a variable time, ras shown in figure 1.12.

2l | |

) Evolution Detection
Polarization Period Period
Period iie £
Time
1.12a. Zeeman field with time.
w2 w2 w2 ... w2 w2 pulse
/ 2 L — n Time

1 12b. Saturation burst A/pulse sequence.
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1.12c. Evolution of Magnetization in the saturation burst sequence.

The spacing between the pulses in the burst is chosen to be greater than the spin-
in relaxation time (73), but much less than 7;. The evolution of magnetization after
applying the sampling pulse follows the equation

A7) = A“[]—exp(— %.ﬂ (1.30)
The other advantage of this sequence over the inversion recovery sequence is that the long
waiting time (>57;) for long T\ measurements is eliminated, as there is no need to alow
the magnetization to recover fully before the segquence is repeated In the actua
experiments, the first pulse of the next burst can be used as the sampling pulse. This pulse

sequence is used for 7; measurements in the conventional NMR spectrometer.



1.5.2. Spin-Spin Relaxation time(T3)

With the FCNMR technique, the transverse relaxation time, 7,, can be
measured using a smilar procedure used in the conventiona NMR, though this
experiment can be effectively done only in systems having long 75", which is possible
only when 7>=7T;. From the Bloch equation, the transverse nuclear magnetization M,

following the =2 pulse, can be written as

i y[M(y < B,]-

M, (1)
N 1 (1.31)

/A

The relaxation time 7% in the evolution period may be measured from the FID created
by a 7’2 pulse in the polarization period and sampled as a function of the time, 7.

But, a spin echo technique is a better option, due to the inhomogeneities in the
Zeeman field. A typicad Carr-Purcell spin echo sequence applicable with the field
cycling procedure is given in figure 113, in which, shortly before the end of
polarization period, the magnetization is flipped into the x-y plane by the n/2 pulse and
the subsequent fidd switch changes the relaxation time from 72 to 72 The npulse
which refocuses the dephasing spins is applied in the middle of the evolution period
with a spacing At - TE/2.

B(1)
t
Brland Bp
= .
Time
(a
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Figure. 1.13. Carr-Purcell spin echo sequence with FCNMR.
a) Zeeman field with time b). Carr-Purcell sequence and spin-echo

7.5.5. Adiabatic Demagnetization in the Laboratory Frame (ADLF)

Adiabatic demagnetization-remagnetization in rotating frame (ADRF) is one of
the methods used in the conventional NMR relaxometry to study low frequency
motions by measuring dipolar spin relaxation time, 7)p. This is done by transferring
Zeeman order to the dipolar order and measuring the decay of magnetization. The
pulse sequence shown in figure 114 is used to measure the dipolar relaxation time by

demagnetization of//, following a spin locking pulse.

(JI.’)}

), ADRF)y T ]
- (ADRF), ( /\ \FID

t— —* TIME

Figure. 1.14. Adiabatic demagnetization-remagnetization in the rotating frame (ADRF)

The firg 72 pulse tilts the magnetization from the z-axis to aong x-axis.

Immediately, a 90° phase shifted pulse corresponding to afield of H,,,is applied. This



fidd is adiabaticaly reduced to zero, by which the Zeeman order is transferred to a
dipolar order. Then, after allowing the magnetization to decay in the dipolar fields for
atime r, the H,p, isincreased adiabatically back to the initial value. This converts the
remaining dipolar order back to the Zeeman order, which is observed in the form of a
FID following the turn-off of the rf pulse. This method is not useful when 7}»’s are
lessthan 1 msec and hence another method proposed by Jeener-Broekaert [76] is used

to measure 7'p.

1.5.4.Jeener-Broekaeqtulse sequence [(/2)y-t -(/4)x-v-(W4)xor vl

In this method, two closely spaced pulses which are 90° out of phase are
applied to transfer the Zeeman order to dipolar order, and the magnetization is
transferred back to the Zeeman order, &fter evolution in the dipolar fields, using a third

pulse in the x-y plane as shown in the figure 1.15.

(m'2)y (') x (ﬂ: “l}\ orY
e———— . ———»
TIME
Y
M
FID Solid Echo
- TIME

1.15. Jeener-Broekaert pulse sequence and the magnetization [76]



By having both second and third pulses to be 74, the maximum efficiency that
can be achieved is about 56%. The phase of the third pulse can be anything because
dipolar order is not aligned along any particular direction. But, to see the dipolar
signd and not a FID after the third pulse, the receiver reference should be 90° out of
phase with respect to the rf of the third pulse. Thus, the phase of the receiver is
adjusted such that FID is maximum after the first pulse Then, it is ensured that second
and third pulses are 90° out of phase. An echo is observed after the third pulse, which
is a measure of the remaining dipolar order. The decay of the amplitude of the dipolar
echo as a function of the delay between the second and third pulses is given by

A(r) = A, exp(%f } (132)

D

where 1 is the variable time between the second and the third pulses. The third pulse is
followed by a FID, which is 90° out of phase with the dipolar echo, while the second
pulse is followed by the solid echo. Hence, for detecting the dipolar echo alone, it
should be ensured that the reference signal to the phase sensitive detector is 90° out of
phase with respect to the FID. In the actua experiment, phase of the reference rf
given to the receiver is adjusted to maximize the FID following the first pulse and the
third pulse is set to be 90° out of phase with respect to the first pulse. 1n addition, to
maximize the echo, it is necessary to place the second pulse at the steepest part of the
FID after the first pulse. The efficiency of this sequence in setting up the dipolar order
is maximum when the second and the third pulses are 45° out of phase The major
disadvantage with this sequence is that its efficiency is only 56% whereas the efficiency
of ADRF is 100%, but here, the pulsing technique is relatively smple.

In the field cycling procedure, there is no limit to the field variation rate with
respect to the adiabatic condition as long as the field direction remains unchanged
However, a very low external fields the locd fields caused by spin interactions begin
to dominate the quantization field. The directions of these fields are randomly
distributed. There are two possible choices in this situation. First, it is possible to vary
the field adiabatically, so that dipolar or quadrupolar order is produced This
"adiabatic demagnetization in the laboratory frame (ADLF) method" is the field cycling
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counterpart of the Jeener-Broekaert (J-B) pulse sequence and of the "adiabatic
demagnetization in the rotating frame (ADRF) method". This frequency dependent
study of 7o on liquid crystals can be done between 10° to 10” Hz [38], with the aim of
understanding collective director fluctuations (DF) through dipolar relaxation. The

experimental procedure is shown in the figure 1.16.

Ho

TIME

(m2)y (W4)y (70/'4)y

Dipolar Echo

v

TIME

Figure. 1.16. Fidd cycling-adiabatic demagnetization in the laboratory frame (ADLF)
Method [38].

This ADLF method is used to get frequency dependent dipolar relaxation times
in liquid crystals and other complex systems a low frequencies, where dipolar energy
relaxation measurements using the conventional JB sequence becomes a difficult
experiment for Larmor frequencies under 2 MHz. In low frequencies, the signal to
noise ratio of the dipolar echo becomes smaller due to the poor spin polarization. The
field cycling method becomes useful because, the polarization of the spin system and
the Zeeman to dipolar order transfer is done at high magnetic fields. In this method,

the polarizing magnetic field is switched on to acquire the dipolar echo.
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7.55. Spin-LockAdiabatic Field cycling Imaging Relaxometry (SLOAFI)

Field cycling NMR techniques like ADLF can aso be combined with NMR
imaging techniques so that the whole frequency range accessible, is probed a each
transient. The imaging procedures can be of either laboratory frame (B, gradient) or
rotating frame {B, gradient) variants. Using these methods, one can obtain spin-lattice
relaxation times in the rotating frame under off-resonance conditions aso [36] Spin-
lattice relaxation time in the rotating frame method (Figure 1.17) and its fidd cycling
NMR counterpart will be discussed here. The relaxation process, where magnetization
is alowed to evolve under the influence of the rf field in the rotating frame, instead of
the Zeeman field, is termed as the spin-lattice relaxation in the rotating frame, with the
corresponding time constant referred to as the spin-lattice relaxation time constant,
T),. The methodology of such an experiment to measure 7}, involves locking the spin
system to a smdl //field, H,, in the rotating frame and observing the magnetization as
it evolves from the initid equilibrium value corresponding to H; to the find equilibrium

value corresponding to H,.

(7[2))'

(7'2) phase shifted pulse \FH )

>
>

TIME

Figure. 1.17. Spin-lattice relaxation time in the rotating frame NMR method

The first n/2 pulse, flips the magnetization from the z-axis into the x 'y 'plane.
The second 90° phase shifted pulse applied immediately after the first pulse of variable
width, locks the spin system to H, since the rf field and the magnetization are in the
same direction in the rotating frame. Now, the magnetization evolving in the presence
of the rotating frame magnetic field is given by

A(r) = A, exp[j},—_r} (1.33)
Ip



where t is the variable time for which the locking field is applied. Here, A (X)
corresponds to the amplitude of the FID &fter an evolution time T. By fitting the
experimental data to the above equation (1.33), 7,, can be calculated. The SLOAFI
method [36] is useful for the study of spin-lattice relaxation in the rotating frame.
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1.18. The pulse and field cycling procedure for lab-frame imaging relaxometry [36]

A 90° excitation pulse followed by a 90° phase shifted pulse is applied to make
sure that the magnetization is spin-locked. At the beginning, the spin-lock pulse is
resonant. The magnetic field-gradient pulse is then adiabatically switched on, so that
the carrier frequency deviates from resonance depending on the position aong the
field-gradient direction. Depending on the position of the sample, the effective field is
tilted towards the z-direction at angles other than 90°. The tilt angle thus becomes a
function of the position in the sample. The adiabatic characteristic of the gradient
pulse ensures that the local magnetization follows the effective field and remains spin

locked at dl instants. According to the applied field-gradient, the deviation from



resonance varies across the sample, i.e, in the interva 7z, the spin-lattice relaxation is
determined by the effective angular frequencies which are spatidly distributed
according to the field-gradient. At the end of the interval zz, the fidd-gradient is
adiabatically switched off.

Thus, the local magnetization is brought back to resonant spin-locking at dl
positions within the sample. Depending on the duration of the relaxation interval TR
and on the specialy dependent effective angular frequency, the magnetization profile
along the field-gradient can be obtained To obtain an image of this partialy relaxed
magnetization profile, the free induction decay (FID) following the spin-lock pulse is
refocussed and read in the form of a gradient echo. The one-dimensiona image
obtained after the Fourier transformation directly reflects the magnetization profile.
These profiles for various intervals of 7z incremented in subsequent transients permits
the evaluation of the relaxation curves at different positions of the magnetization

profile

The second method, is where the effective field is adiabatically cycled by
modulating the carrier frequency of the spectrometer. Instead of a magnetic field (By)
gradient, the amplitude of the rf field now is a function of the position (x coordinate of
the laboratory frame, so that B,=B,(x))for the spin-lock pulse as well as for the initid
excitation pulse. Based on this B, gradient, the profile of the partidly relaxed
magnetization can be rendered as an image by combining spin-lock field cycling with
the rotating-frame imaging procedure (Figure 119). The length or the amplitude of
the initid excitation pulse is incremented in subsequent transients. The FID is then

acquired as a function of the excitation pulse width and of the relaxation interval TR.



(ou)s

(SL)-y AQ

RF !

time

® -0 |

time

~
=
v

Tad Tad

RFI AFC

1.19. Spin-lock field cycling with rotating-frame imaging procedure (36).

The main advantage of the B, gradient Spin-Lock Adiabatic Field cycling
Imaging Relaxometry (SLOAFI) technique is that the FIDs are recorded in the absence
of fied-gradients That is, the full spectroscopic information is preserved. The rf
frequency can be varied fredy in a programmable way. Fringe field of a solenoid rf
probe coil can be used as a source of B, gradients as they are used in standard NMR
probes. Other probe geometries such as cavity detectors or coaxial resonators are also
of interest in this context [36].

There are so many attempts to incorporate amost adl NMR features into
FCNMR in the recent past [37]. A doubly rotating frame field cycling method is being
used by Krushelnitsky et al., [39] to study slow protein dynamics, by averaging of the
local magnetic field by means of magnetization rotation under the magic angle
condition and in this way much slower motions become accessible. In this method,
two fields are simultaneously applied to the nuclear system, one is the standard B, and

the other a weak field B,. The latter is created by phase modulation of B, and the



depth of this modulation defines the resonance frequency in the doubly rotating frame.
The relaxation time measured in this way contains information on spectral densities of
motion at two resonance frequencies, w;, and w,. The latter can easily be changed, by
varying the depth of phase modulation of the field B, field within the range 200 Hz to
10 Hz. This relaxation time is sensitive to the motion of the three nuclei with respect
to each other, whereas the standard relaxation is defined, by a pair-wise nuclear

interaction.

Using the fast field cycling method, Pusiol et al., [40], have studied Nuclear
Quadrupole Double Resonance in liquid crystals. The experiment involves fagt field
cycling NMR of protons, together with the irradiation of the quadrupole "N nuclei by
means of a second rf pulse just during the period of zero-magnetic field. As the dipolar
interaction between protons and nitrogens is quenched at zero field, the spin-mixing by
levd crossing procedure (LCNQDOR) was used. This LCNQDOR procedure
combines electronic fast field cycling and two different radio-frequency excitations of
the sample. The experiment consists of three phases as given below [40]

» Polarization of the field with high magnetic field at lattice temperature.

e Irradiation of quadrupole transitions at zero-field, where the external field is
adiabatically switched off, and an alowed '“N quadrupole transition is irradiated
with a pulsed rf with a frequency matching with quadrupolar splitting.

« Detection of the proton NMR signa, after increasing the magnetic field to the high
detection field level. During raising and lowering of the externa field, dl "N
quadrupole transitions are "level crossed” by the Zeeman splitting, and the thermal
contact between the different spin systems takes place and polarization is
transferred from one spin system to the other which leads to the "quadrupolar dip”
in the proton NMR signal.

Struppe et a., [41] have studied deuterium nuclear quadrupole resonance dips
in the proton spin relaxation dispersion of deuterated liquid crystals. Recently, there
were efforts [42,43] to combine the sensitivity of X-band EPR and the resolution of

zero-field EPR by field cycling spectroscopy, with excitation of transitions between
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splittings in the zero field and detection in the high field. The pulsed version of this is
called "pulsed fied cycled ENDOR spectroscopy”.

1.6. Therequirements and demandsfor the FCNMR Spectrometer

The following requirements and demands for optimization of the switchable
magnet (Field Cycling Network), which is essential for a good FCNMR spectrometer,
are kept in mind while building such afacility under this Ph. D project.

1. The limit on homogeneity and transit times depends on the type of systems under
investigation i.e., liquids have smdler line widths and hence require more homogenous
fields. On the other hand, solids require an enhanced B, and dB/dt, with a moderate
homogeneity since they have larger line-widths. The transit times must be shorter,
compared to relaxation times but longer, compared to the Larmor frequency. The
polarization field should be saufficiently high for good initid magnetization. The
detection field should be sufficiently high and homogenous to ensure good S/N. The
maximum induction and the rate of change of the induction must be optimized
simultaneously. Keeping these factors in view, a fidd cycling network [74] with
necessary electronic circuits to control and switch the field is designed, the details of

which are given in chapter-2.

2. Various pulses required in implementing field cycling technique (during the periods
of switching, evolution, compensation and detection periods) should be effectively
synchronized with the pulses used in producing high power rf pulses, for the

manipulation of the macroscopic nuclear magnetization of the spin system.

3. Efficient handling of the drift in the detection magnetic field (over the period of an
experiment) by effective cooling of the magnet and the electronic circuitry.

4. Construction of a receiver, which could provide good SN and shorter dead time at
relatively low Larmor frequencies (in the present case the detection is done at 3-4

MHz). As the signal strength varies from @' to @’, as a function of the detection field,



sgna to noise ratio (S/N) becomes very unfavorable at lower frequencies. It is
therefore, difficult to detect the proton NMR sgna in magnetic fields below 0.1 T
(resonance frequency of about 3 MHz) due to very weak nuclear induction and the
acoustical ringing induced in the NMR probe at these frequencies Moreover, it is
difficult to produce short, high power rf pulses at frequencies in the low MHz range to
detect nuclear induction signals from solid and liquid crystal phases, which have
relaively short transverse relaxation times (73), which is related to the quality factor
(O of the NMR probe which is decreased sgnificantly at lower frequencies

5. Temperature control facility, which could effectivdly work under the constraints
such as smdl magnet bore and magnet heating (due to the magnet power dissipation).
The design of a cryostat set up and temperature control circuitry, to handle this

Situation is very crucial.



Chapter 2 Fabrication details of the
Field Cycling Network

2.1. Introduction

Fabrication of a fast switchable, drift free Field Cycling Network is the crucia
part of the FCNMR instrumentation. Apart from the usud specifications of a NMR
magnet, such as maximum induction, homogeneity and stability etc., a fidd cycling
NMR magnet is characterized by an additional feature i.e., the geometry of the cail,
which enable fast switching. The highest obtainable field (By).... and the maximum rate
of change of induction (dB/dt).... Characterizing the induction coil are inter-dependent
through the coil parameters like inductance, permesbility, volume, etc. The
optimization of dl these parameters and the details of the fabrication of the field
cycling network would be discussed in this chapter.

The most important concept used in the FCNMR instrumentation is called,
“energy storage principle", first introduced by Redfiedld [11], which is implemented
using 'energy storage capacitor network' and a 'MOSFET switch'. The important sub
units used are listed below.

* An induction coil capable of fast switching.

* A power supply having variable current and voltage capabilities, to energize the
magnet (N,).

» Decoupling diodes (D’s), capable of handling high currents and voltages.

« A control circuit (controller) with various options.

e A current driver circuit using MOSFETs (20 MOSFETs with independent gate
drivers).

» An energy storage capacitor network (C).

» A precharging power supply for energy storage capacitor network (Vo).
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* A MOSFET switch with optically coupled gate driver.
* A 'measuring resistor' for measuring the current through the magnet as wel as to

provide a feedback to the ‘controller'.

The block diagram of the 'fiedd cycling network' comprises dl these units,
which is used to control and switch the current through the magnet is given in figure
2.1

[)f s~
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Control I - —
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2.1. Block diagram of the Field Cycling Network.

N, is an unregulated dc power supply (180V/25A, APLAB make, No.7146S)
having high current capability. The decoupling diode, /7, (Nihon Model: 45SMLA120)
isolates N, from the magnet coil during the transits, whenever high voltages develop
across the induction coil. A bank of 20 MOSFETS, in conjunction with a "controller"

controls the current through the magnet. The current measuring resistor R, provides



necessary feedback to the controller. The action of the energy storage capacitor
network, C (five capacitors in parallel, CSI Capacitors, 100uF, 2 KVDC, Pat No.
2W365TN) is enhanced by precharging, with the help of an additional power supply N
with negligible current demand (1200V/1 Amp, APLAB make, No. 7323), so as to
provide extra driving power required during the transits. The charging diode D,
alows the charging of the capacitor network C, and also decouples the coil from the
source N,, during the transits. The free wheel diode D; (Nihon modd No:
45MLA120), provides a path for current during the turn OFF interval, where the
excess energy available across the cail is transferred to the capacitor. The diode, D;
(45SMLA120) provides a path to the current during the turn OFF interval as explained
below. The MOSFET switch (1RFPG40) with an opto-coupler (TIL 113) based gate

driver circuit provides the current path during the transit from low to high field.

2.2. Induction coil

Maximum Induction Vs. Fast Switching (Optimization of B, and dBy/dt)

A high magnetic field requires high inductance (high coil volume) and high
current density, which are also the basic constraints in achieving the faster switching
times, since the switching times depend on the coil volume and it should be very smal
for fast switching. Smdl resistive, high-field magnets stipulate a good cooling
efficiency.  In overcoming these difficulties, various new technologies such as
superconducting magnet coils [45], liquid-nitrogen cooled resistive coils are generally
used. But, these cryogenic designs have their drawbacks due to the handling problems
and larger consumption of coolants Some of the latest instruments use high-pressure
oil-cooled copper magnets optimized for the circulation properties of the cooling
medium as well as for the spatid distribution of the current density [46-49]. So, it is
important to achieve homogeneous high field for a good signa sensitivity, shorter
switching times for experimental accuracy of spin-lattice and spin-spin relaxation time
measurements. Of the various geometries for the design of the induction coil available
in the literature [11,13,51-55], the Helmholtz ring pair and cylindricall geometries
(Figure. 2.2) are rather well known. Although, the Helmholtz ring pair arrangements,

has an advantage of well understood mathematics and a convenient radid access to the



center, it is limited by the marked reduction in the induction at the center of the cail
compared to that near the windings. Further, good homogeneity is limited to a
relatively smdl area around the center. In this respect, cylindrical coils are found to be
superior to Helmholtz ring pairs with regard to many specifications like maximum
induction, homogeneity and total field volume, since, for a given volume, cylindrica
geometry provides a better By ratio. However, the inconvenience of having only
axid access to the fidd (at the center) is a disadvantage to be accepted with the above
advantages. Due to the above reasons, in the present case a cylindrical geometry [74]

is chosen.

Cylindrical geometry (d<<R;<<)

Helmholiz ring pair (a<<R;)
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Figure. 2.2. Different geometries of the NMR magnets.

Optimization of both these parameters, By, and dB/dt, necessitates the critical
consideration of the relationship between them. Due to the large number of
parameters involved, an empiricad approach (involving standard formulae on the
magnetic field for different geometries) is usualy adopted during the construction of
an FCNMR magnet [12,25,74]. The induction dong the axis of a long solenoid of
length /, radius r and number of turns nin a medium of permesbility 4 is given by

)2

1 +[;] i ! (1.34)
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where | is the current through the coil. The rate of change of current through the cail,
dl/dt, for an applied voltage ‘U is given by the Faraday's law of induction as
da  U-1

~ =T R

where R; is the series resistance and L is the inductance of the coil, given by

L (1.36)

_ &IV-':)'D‘:
I
The above equations 134 tol.36 clearly indicate that B, and dB'dt cannot be
optimized independently since maximization of one, changes the other. Thus, a
compromise has to be laid down between them, for efficient switching. Equations 1.34

and 1.35 can be rewritten in terms of the volume V of the coil and inductance L as

1l
By| = J 7! (1.37a)
# [,
drl 11 (1.37b)
from these two equations,
(8,) /@] £ (1.38)
Do\ ar) 7 -

Analysis of this equation shows that it is not possible to produce higher
magnetic fields with fagt switchable properties in a ssimple way. It aso shows
simultaneous maximization of B, and dB'dt is depends on the effective volume V of the
coil, and the permesbility u of the core materiad used, and is independent of other
quantities, and hence lays restrictions on coil volume. The obvious choice thus, is to
maximize both the quantities simultaneoudly i.e., (By)max(dB/d)ma~ 'V, where Vis
the effective volume enclosed by the coil. Thus, a good fidd cycling NMR coil should
be very small and filled with magnetic material of large permeability (in the regions not
occupied by the sample) However, both aspects are bound by mathematical and
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technical problems, which are complicated For example, the choice of the magnetic
materia is limited since ferromagnetic materials are completely inadequate due to poor
frequency response and hysteresis effects, while ferrimagnetic materials are not very
promising due to their low u (B, )saturation [12]. Similarly, reduction of volume is
limited by the technical reguirements on the cooling facility and also a minimum size of

the sample and cryostat required for temperature variation measurements
2.2.1. Homogeneity with outer notches

Other important NMR specifications, after achieving the required fast
switchable field, are homogeneity over sample and stability of the magnetic field over
experiment time  After choosing the cylindrical configuration for the magnet cail, it is
aso important to have a sufficiently long coil for better homogeneity. It is very
difficult to handle very long magnets, and hence short magnets with suitable
refinements were suggested for improved fidd homogeneity in the literature [56-58].
Grossel et al.. [47] have added ‘outer notches to the induction coil for better
homogeneity at the sample coil, which has the advantage of providing accurate fied
values in a considerable volume around the center of the solenoid. A home-built
induction coil with an efficient cooling facility [74], following the Grossel et dl.,
method [47] is used in the fabrication of the fidd cycling network. The geometrical
parameters of the coil optimized for good homogeneity is shown in figure 2.3a. The

geometrical parameters are denoted as a R, R.f~ 1 2R, n—I-1, and
1
R=—(a+1R ,
2( K

is the mean radius and C is the layer thickness given by (a-/)R,. The relative axid and
radia variables are x=/,71 and y=R./R;. This procedure consists of optimizing the
quantity BxdB dt for a given peak input power The solutions of the dliptic integrals
obtained [47] result in the switching time, being proportional to the square of the flux

density
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Figure. 2.3a. Geometrical parameters and dimensions of the magnet [47]

The inductance of the coil is 66 mH with a resistance of 7 ohms. Outer notches
consist of 352 windings of the copper wire, which include in the total number of 2552
windings [74]. The maximum magnetic induction of 0.15 Tesla can be obtained with
current about 10 A. With the above specifications an induction coil was built (by
Electromagnetic Devices Private Limited, Hyderabad, India). The coil is kept in the oil
bath, which is cooled by chilled water flowing through the cil bath. Copper tubes are

used for circulation of water. The overall view of the magnet is shown in figure 2.3b.
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Figure. 2.3. Overal view of the magnet with cooling arrangement [74].



2.3. Switchablemagneticfield

2.3.1. Without the energy storage principle

The basic switch characteristics of the fast field cycling network are determined
by the efficiency of the switching and controlling circuits available. The very first
attempt was made by Packard and Varian [60], and by Bloom and Mansir [60], much
before the very famous contribution of Redfield et al, {11]. The basic form of the
circuitry [12] is shown in figure 2.4, which facilitates the switching between two

different levels, by means of some switch, that may be a relay, a thyristor or a
transistor.

R

Power
supply

Induction Coil

===

Figure. 2.4. Basic magnetic field switch.

The power supply generates two current levels in the coil of inductance L and a
series resistance R, through a switch Sand adjustable parale resistance R,. The sum
R, +R, determines the lower level of current, /m» While R determines the upper level

of the current, /... Initialy, when the switch Sis closed, the parale resistance R, is



short circuited by S, and therefore, the voltage “U,” applied to the coil increases the

current (7) with atime constant,

'—'Ul[--.

T.= e,

(1.39)

th..

UO_ ]

df
EI—=IR

By solving the equation 139 with the suitable initid condition [12], the following
equation (1.40), is obtained for the exponentialy increasing current in the coil.

R
1,()=I, +[1m_x -]m{l - exp(—ff') (1.40)

where the initial condition is given by,

U
r=0)=1_ : 141
1 = 0= Loy = =20 (141)
and the maximum possible current, in the absence of parallel resistance 1s
U
e 142
=R (142)

Similarly, when the switch Sis open, the voltage across the coil decreases with

a time constant

TA,,=RJ+R ie, U, - L - =I(R+R,) (1.43)

And by solving the equation 1.43 it is possible to obtain [12],
K +K

L-t)=1I ) A -t 1.44
oﬁ'( ) min +{ max mm]exp( L ) ( )
with the initial condition,
U,
I1"=0)=1_ —F (1.45)

From these equations, it is clear that the trandt times are shorter for larger
values of R, and R, and smdler values of L. The increase in the values of R.and R, are
limited by the fact that, the increase in R, beyond a point results in an enormous
increase of supply voltage (for a given maximum current), and an increase in R, fals to



suppress the excessive voltages induced due to the sudden decrease in the current
during turn OFF. So, it is clear from the ON and OFF characteristics that, though the
equilibrium state is reached faster for higher values of R, and R,, the fastest rate of

increase or decrease of current are independent of R, and Ry, since

1
@l [z (1.46)

The ON and OFF current characteristics of the coil, for certain magnitudes of R,and
Ry are shown in the figures 2.5a and 2.5b [121.

Torrt)]
UsyRso |——
\ 100 -
" Ti
(a). OFF Characteristics me
Iott”) 1
/ Rs=0
/ Rs=Rso/2
/ Rs=Rso
UsRso
R§=2R5{)
Rs=4Rsp

v

Time
(b). ON Characteristics

Figure. 2.5. ON/OFF current characteristics of the induction coil. R, and R, are

measured in arbitrary units R,,, which isthe reference.



From the equation (1.40) for Ios, the damping time constant (t,,) for ON tim
can be defined as

L
Top 22— 1.47
- (L47)

Similarly from the equation (1.44) for Igthe damping time constant (t.g) for OFF
period can be written as

L

Tp = 1.48
off R_, +RP ( )

The equation for the ratio of the transit times can be obtained from the
equations 147 and 148 as

1 J Y .
lg =T ln;+ln — (1.49)

where eis the accuracy of current with which one can attain a new state in times T4
and T, given by

|1(t) - (=)

£= 7

max

(1.50)

The typical s value ranges from 107 to 10”° and In(l/e) runs from 9.2 to 13.8
for the required FCNMR standards [12]. The second term in the equation 1.49
becomes zero when 1,,=0. Handling the OFF switch is easier than the ON switch,
because of the larger resistances involved in toy compared to tos. From the relation,
tm=L/R;, for any fixed vaue of L, lowering the value of R, can be regarded as the
proper choice, to shorten the ON interval. It is aso known that lowering the value of
L is very important for any switching. So, it is important to replace iron-core magnets
with air-core magnets having small L values. Hence, more sophisticated concepts than
simple resistance and inductance adjustments should be taken into consideration in

order to reduce the transit intervals.
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2.3.2. With the energy storage principle

The total energy (ET) required for different loads of the field cycling network
during the high fidd interval is composed of two parts, 1. The magnetic field energy
(E+) due to inductive load of the coil, and 2. The energy dissipated in the form of Joule

losses in the resistor (Ex), so that

E, =E,+E, (1.51)
with
]
E, =cLI (1.52)
and
Eq = ["R ()i (1.53)

1t is very important to lower the value of Ex, to reduce the Joule heating. It is
also known that [12] the energy storage principle demands £z E,, for fast switching
properties. These requirements necessitate lower ER. 1t is very crucia to remove the
magnetic field energy from the coil during the turn OFF interval, since there is no way
to transfer the energy back to the energy source. The other aternative is to dissipate it
in the circuit elements. The provision of the energy storage capacitor requires
transformation of such magnetic energy of the coil (Z;). into electrostatic energy (Ec).
In this process voltage transients (surges) would be expected, which can damage the
components of the switching circuit and the induction coil. The solution for this

problem would be discussed later.

Apart from the energy storage principle, there are other methods used in
implementing the switching of magnetic field to various levels, such as, the RLC
network with an oscillatory mode, which has a smilarity to the energy storage
principle. The RIX makes it possible to control the changeover from one current level
to another by adjusting the capacitance Adding and enlarging the capacitive
component shortens the transit times. The details of this are given by Noack [12].

Later, most of the experimentalists utilized this technique in building fast field cycling



NMR spectrometers. Kimmich [36] had used a cascade circuit to produce a high
voltage required to switch ON the magnet. Blanz et al., [46] have used a combination
of FETs and Darlington transistors, for switching. A commercial, constant voltage
source is used [46], with the externd MOSFET current control circuitry, which
essentidly is the current source. Therefore, the components should be chosen keeping
these high voltage transients in mind. Free wheeling diode, Ohmic resistor, transient
absorbing Zener diode and voltage dependent resistor are some of the possible

solutions recommended in the literature [61-65].

Rommel et al., [13,46] had introduced a modification to store the energy
released during switching also. In this case, the additional energy source, used to pre-
charge the capacitor, takes care of the Ohmic losses. Rommel's [13,46] modifications
using MOSFETs were successfully implemented by Schweikert [25] by pardldly
connecting them with independent gate drivers. The switching times are further
reduced by precharging C through a power supply P,. Other concepts [12] like the
‘cryomagnet limit' with linear I(t) characteristics and, the ‘current and voltage
dependent resistors', basicaly dedl with the resistance of the induction coil, whereas
"the energy storage principle”, is connected with the power supply, used to energize

the coil.

The energy storage principle leading to an increased slope in I(t) characteristics
is explained here, before describing the details of the present setup. Considering the
energy transfer from the power supply to the inductive load, it is clear from the
equations 1.39,1.40,1.43, and 144 that, the total available power is dissipated in the
circuit elements only during high fidds of the polarization and detection periods.
During the evolution period and transits, this power is not utilized. This redundant

energy which can be defined by
Eng = [ 1B, - POt (L.54)
where,
B =1U, (1.55)
is the total available power during high fields and



P(t) = I(t) U, (156)
is the power dissipated during low evolution period, which can be stored using suitable
storage capacitors instead of dissipating it in the circuit elements, such as damping
resistors. This stored energy can be recycled to accelerate the switching speed. The
voltage developed due to this redundant energy can be defined by

2 -
U, :[FI" [7 - P(t)]dt] (1.57)
This voltage Uc available across the capacitor, added with the supply voltage Uy in the
interval 0 <t" <t,,is used to get shorter ON times, according to the equation [12]
I.()=1.+ [y"—%— I . ] [1 - exp(— %z” (1.58)
Similarly inverting the driving voltage Uot+ U for the period 0 < 1'< fzhas similar
effect on OFF time, which leads to the equation

U ] R, +R )t
I, ("y=1 +[-%— 1"“"} [1 - exp[— -(—%P—)]J (1.59)

These effects with energy storage, and without the energy storage capacitor are

shown in the figure 2.6 and 2.7.

L
R g -
Energy storage P
regulation
Magnet
Power supply

I

Figure. 2.6. A simple magnetic field switch with energy storage capacitor.



[(:}.,'(t] ,,
{ Ue=3U,

(Up+Ue) Rs Ue=U,

Us=0

A\

Time
Figure. 2.7. Switch ON characteristics with Energy Storage Capacitor [12].

The new current characteristics shown in figure 2.7 are not only advantageous
in reducing the ON time but aso increase the maximum possible detection field.
Inclusion of a pre-charging power supply improves the function of the instrument,
which can be understood with a simple analysis [12,25]. It is also considered here, the
case in which a precharging power supply is used to keep the energy storage capacitor
voltage above some minimum value rather than zero voltage, before storage is started
by diverting the excess energy available in the magnet. So, the components involved in
the voltage balance equation are the inductance L of the magnet, the Ohmic resistance
R of the circuit and the magnet, the storage capacitor with capacitance C, and a
precharging power supply. Now, the balance equation applying Kirchhoff voltage rule
isgiven by

dI g
LE—LI‘,+FLIdt—UE+RI=O (1.60)

where, I, is the value of the initial current / and U is the precharged voltage over the
storage capacitor. Electrical current as a function of time can be computed using the

equation



0 do Q
2 R E=Uc+ L, (1.61)

where Q is the charge. This equation 161 can be solved to get the electrical current as

L

a function time, using the Laplace transform method [44] Inserting component values
as inputs and considering initia precharged voltage of the capacitor U, and the initia
current values, it is possible to calculate electrical current as a function of the time for
a low to high transit interval. Similarly, by inserting the initid values one finds the
current characteristics for a high to low interval in a quantitative manner. The pre-
charged value of the voltage is an important factor that controls the function of the
energy storage principle in a more refined way and hence, achievement of higher

currents is made possible.

Implementing the energy storage principle has technical difficulties due to the
high voltages developed across the energy storage capacitor and subsequent
application of such high voltages in the circuit. It is very difficult to stop the suddenly
increased current a a presdected level, with a stability of NMR experimenta
requirements  This needs a control signd with ‘compensation' for overmodulation.
The details of the controller and the compensation, which solve these problems, would

be discussed later in the following sections.



2.4. Current switching and control devices

The crucial units made up of electronic circuits and modern semiconductor

devices, used in the fabrication of the 'Field Cycling Network' are listed below and

shown in the figure 2.8.
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MOSFET Current driver circuils
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Figure 2 8. Interconnection details of the sub-units of the Field Cycling Network.

1. The controller circuit gives the required control signal to the gates of the

MOSFETSs, which are capable of controlling and switching high currents.

2. 20 independent gate driver circuits used to drive the gates of 20 MOSFETS, in

order to avoid the oscillations due to mismatch in the behaviors of the MOSFETS.



This network of MOSFETS and their gate drivers are used to control and regulate the

current through the magnet 1t istermed as the "current driver circuit’in this thesis.

3. MOSFET switch with an opto-coupler based gate driver is used to switch the
energy storage capacitor, in and out of the field cycling network, in order to facilitate
the application of the energy storage principle. It is also useful in isolating the high
voltage capacitor stage from the low voltage components, such as the controller and

the current driver circuits.

Apart from these mgor units, various diodes called decoupling diodes (72, and
Ds).free wheel diode (12;).high voltage (2000V) high capacitance (500uF) capacitors
(C), power supplies (180V, 25A, APLAB make) for energizing the magnet (N;) and a
1200V power supply (N,) for precharging the energy storage capacitor network, pulse
amplifiers built using operational amplifiers (OP27), a MOSFET switch, home made
pulse generators and commercial delay generators (EG&G make) are used in the
fabrication of the field cycling network

2.4.1. Controller circuit

A specia power regulating system is required in order to achieve a drift-free,
modulation-free control of current passing through the induction coil. Since the
current regulation is done by the 'MOSFET current driver' circuits, it is very important
to give a perfect gate input signd to the MOSFETs. This gate input is obtained with
the help of the gate driver circuits. Depending on the Larmor frequencies of operation,
a dynamic regulation of 1:10° is required, i.e., in the present case the accuracy required
is about a few mA when the maximum current is about 6 to 10 A. The control signal
driving gates of the MOSFETS is achieved using a PID type (Proportional, Integrator,
and Differentiator) controller circuit The PID type controller used by Schweikert [25]
is modified and used here to redize an overmodulation-free, drift-free current
regulation. This controller circuit acts as an interface between the user and the high
voltage, high current circuits of the fidd cycling network. The block diagram of the

controller circuit is shown in figure 2.9
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Figure 2.9. Bloch diagram of the controller

2.4.1.1. The reference

The reference voltage is adjustable through variable potentiometers (20K for
coarse variation and 100Q for fine variation) for coarse and fine current variations as

shown in figure 2.10. A buffer (using OP27, Motarola make) gives the necessary

driving capabilities to this signal.

2.4.1.2. Feedback

A feedback input {Vj) is taken from the measuring resistor, R, placed in the
path of the coil current. The fluctuations or variations in the coil current are fed back
to the controller in such a sense, with respect to the reference, that the output of this

controller responds to cancel the fluctuations in the current.

60

Any fluctuations or




variations in the coil current are to be fed back to the controller in the right sense. For
this, the current measuring resistor R,,..,, should be capable of reading the current in the
coil without error. Apart from sensing the oscillations and measuring the current
passing through the magnet, the voltage across the R,., is aso used to vary the
evolution field This part of the circuit is shown separately in figure 2.11.

Compensating
Reference voliage amplifier
. 'y
20K
AAAAA
YYvyy

v oP27

20K :
/ .| Adder * PID
100
AAKA

W Feedback
/ Amplifier

Figure 2.10. Reference amplifier (Detection field control).

Feedback signal and evolution field control

Reference
10K Signal

Feedback
signal

10K

10K Adder

Control pulse
200K

Switch (S,;)
CD 4066 —

Figure 2.1]. Feedback and evolution field control circuit with other units.
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A solid state switch (CD 4066) is used to connect an additional resistive load in
the feedback path, during the evolution period, with a variable resistor available in the
feedback amplifier. The signad coming from the measuring resistor is amplified by the
feedback amplifier, and the gain is adjusted to get the required control signals for
different evolution fields.

The position and value of the measuring resistor R, are selected, following
Schweikert suggestions [25]. The possible positions of the measuring resistor in the
field cycling network are shown in the figure 2.12. The position selected is also shown

with the closed box/ labled as 'measuring resistor’.

MOSFET
Switch

D;

= MOSFET
Control Ciirent .
Circuit i ‘ £ — =
Driver

, A

Aeasuring
Resistor

Figure 2.12. Possible positions (the boxes a, b, ¢, d, e and f) considered for current

measuring resistor.

Positions a and b do not hold ON, OFF currents directly and are at a high

variable potential with respect to the ground. Hence a direct and precise transmission



of the signal to the control circuit is not possible. Positions ¢ and d are directly in the
magnet power supply lines, and hence measurement of the current without any error is
possible, but they are at a higher potential with respect to the ground. The positions e
and/ are at easily operating positions but at e, the driving current for the MOSFET
current driver fasfies the data apart from the improper OFF current measurement
The position f has the most favorable characteristics and is chosen for positioning the
measuring resistor. The circuit is modified dightly to hold the input current properly

as shown in figure 2.13 with two more diodes (I, and D).

D,

INMOSFET
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v
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Figure 2.13. Modified (final) version of the Field Cycling Network

The choice of the value of R..s is also very critical. On one hand, it must be

large enough for the voltage drop to be strong enough to measure, the feedback signa
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which is sensitive to the modulations in the coil current On the other hand, it should
be smal so that, the heat dissipated is minima to ensure a stable operation. In the
present case, a 150 mQQ resistor satisfies the requirements, since it results in a minimum
voltage drop of about 1V for a value of cail current of about 6 Amperes The power

dissipation across R, is about 7 watt.

2.4.1.3. Pole Zero pair amplifier

The gain of the Pole Zero Pair Amplifier (As), which is the most crucial part of

the controller, is chosen to be high enough to obtain high stahility of the current (and

the field). The circuit (with the values of the resistors and capacitor chosen) is shown

in figure 2.14.
R:=4.7K R=IM
—— MWW WM—
11
I
C,=0.2pF
R;=1K
04"1'1'1'1' —_—
OP 27 —0
+.

i||[r

Figure 2.14. Pole Zero pair amplifier

The position of the pole and zero of the circuit are adjusted by trial and error
method. The frequency response characteristics of pole zero pair amplifier chosen here
are given in figure 2.15. The low frequency part // is responsible for the stability with
the drift compensated input. The next region /,, coupled with the high frequency
region adjusts the control parameter to a high frequency limit. The third part P alows



the controller to work in the regulation region (proportional) The pole and zero of

the circuit are given by

h=-%e
(162)
R.R,C,
R, +R,
LY
1000
Ao (gain
|
1 <,
l! / !r i’ N
Pole (5 Hz) Zero (1 kHz) frequency
Figure 2.15. Characteristics of Pole Zero pair amplifier
and the dc gain of this amplifier is given by
R, +R,
A, = "R (1.63)

1
The dc gain in the present case is about a 1000. The pole and zero are adjusted for
good performance and the values of the resistors and capacitor are s&t such that Pole is

a (f,) = 5Hzand Zero at (f;)= 1 kHz

2.4.1.4. Compensation

Switching of the current from one value to the other results in the
overmodulation of the current from the required level, due to the finite time constant
of the pole-zero circuit. The MOSFETSs, which control the current, respond to this

unwanted signal and lead to sudden increase in the current through the coil as shown in



figure 2.16. It takes a while to settle at the required level of current chosen, for

polarization or detection.

1

’ |

lime

Figure 2.16. Over modulation (without compensation).

This unwanted overmodulation is a very serious problem in achieving the ided
switching properties expected for NMR field cycling experiments. In order to obtain
effective and reliable fidd cycling performance, overmodulations should be corrected.
Lesser the time it takes to settle, better the sengitivity of the NMR experiment. Getting
aflat, predetermined response of the new level (figure 2.17) can be achieved by adding

“ a compensating amplifier" in the controller as shown in figure2.18.

Ip

I I |

Time

Figure 2.17. Magnetic fidd after compensation

A smple procedure (Figure 2.18) to be followed to overcome the over

modulation is to disable the high gain pole zero amplifier during transits, and during



the period of overmodulation. By adding another feedback path through a resistor of
1K Ohms, by closing a solid state switch (CD 4066), it is possible to drastically reduce
the gain of the pole zero pair amplifier This feedback amplifier converts the high gain
pole zero amplifier into a unit gain inverting amplifier. The sudden reduction of the
gain leads to a change in the input signa to the gates of the current control MOSFETs
It is important to compensate the controller output signa, by adding a compensating
amplifier, which is made to provide the required control signa with the help of a
potentiometer and a switch S, (CD 4066) The compensating signd is taken from both
the measuring resistor and the reference amplifier added together before giving this to
the compensating amplifier Different pulses are used for switching the field and for
including the compensating arm in to the field cycling network. These pulses would be
described later with atiming diagram later.
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Figure 2.18. Compensating amplifier




The current control during the compensation period is not as good as the PID
controlled current, but it helps the field cycle to behave as expected (without
overmodulation). This can be seen visudly with the help of a digita storage

oscilloscope, by monitoring the voltage across the measuring resistor,

Controller

| F
200.%
Switch (Sp)
l—— Measuring
resistor
MOSFET | | f—)
Current drives 7
circuits
MAGNET

Figure 2.19. The total circuit diagram of the controller.



2.4.1.5. Evolution field control

The input signas corresponding to the different evolution periods are obtained
by varying the gain of the amplifier 4s, with the help of the feedback signa and by
closing the solid state switch §, (CD4066). When the switch is closed, its gain,
originally at unity, increases to a value A, (the subscript/ refers to the feedback) and
hence the controller compares 44’, with ¥, (the subscript r refers to the reference).
Thus the current through the magnet during evolution period is proportional to the
ratio V-A4., whereas the current during polarization and detection periods is
proportional to the ratio ¥V./R;. The control signa to the switch §,, a TTL pulsg, is
obtained from the pulse programmer setup. The details of the pulse programmer will
be discussed in chapter-3. The output of A;is further amplified by A¢before giving it

to a Darlington pair of transistors The total controller circuit is shown in figure 2.19.

2.4.2. Working of the controller

2.4.2.1. Polarization and Detection fields

The reference voltage Vy istaken from the power pack R, through the variable
resistors. In the present case, a 3V power pack gives the necessary dc voltage. The
calibrated potentiometers (20K and 100Q) are varied to get the required reference
sgnad for the polarization and detection fields (high fields require high reference
voltage) This reference is given to a buffer (4,) for obtaining good current driving
capabilities. Thus, the signd at A (figure 2.19) is ¥x. The feedback signal (V#) from
the measuring resistor is given at F, which is connected, through a 10 KQ resistor, to
the inverting amplifier (4,) directly. The switch S; (CD4066) is open during the
polarization period and hence the feedback voltage (Vr) is maximum at the input of the
amplifier A,. The instantaneous variations in the magnetic field sensed by the R,., are
carried to the adder (As) through A4; in the negative sense, since it is an inverting
amplifier. The output a Cis-V,. Thisvoltage is added with the reference output + }'z
(a A) a the point E located just before the adder, which is nothing but a unit gain
inverting operational amplifier (As). The output of the adder a H is



“[(Ver (V] - -(Ve-Ve) (164)

This 'error' value is again amplified by the high gain (=1000) PID type pole zero pair
amplifier (45) in order to nullify the fluctuations in the magnetic field. This PID type

amplifier is an inverting amplifier and the output of this is given by

-Ap [-(Va-VE)] = Ar(Vi-VE) (1.65)

Case-1
If VF is positive (when the fluctuation leads to a higher field), (VR-VF) is
negative, and this negative vaue will appear a J and further amplified by the
noninverting, 3-gain operational amplifier 4., and fed to the Darlington pair of
transistors at K. This negative voltage will decrease the current passing through
MOSFETS, since the output of the Darlington pair of transistors at L is connected to
the gate driver circuits of the MOSFETs. Compensating amplifier has no role to play
in the polarization and detection periods, since the switch §> is open throughout this

period.

Case-2

If Vi is negative (fluctuations lead to a lower field), the output {VR-VF) is
positive, and this positive value will appear a J and further amplified by the
noninverting, 3-gain operational amplifier 4, and fed to the Darlington par of
transistors at K. This signal will increase the current passing through MOSFETS, since
the output of the Darlington pair of transistors (at L) is connected to the gate driver
circuits of the MOSFETSs.

2.4.2.2. Evolution Period operation

The reference voltage is kept unchanged and the feedback voltage is connected
to an additional load, in the evolution period by giving a control pulse to switch §;.
The variable resistor permits the possibility of a variable current through the magnet
during evolution period. The pulse duration controls the evolution period. The

reduction in the input to A; at B leads to reduction in the value of -V a C. This
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voltage is added with the reference output + V; before the adder, which is an inverting
operationa amplifier (A3). The output of the adder at H now, is given by

AOVR Vi) = - VeV (1.66)

This difference in voltages is again amplified by the high gain PID type pole
zero pair amplifier (45). This PID type inverting operational amplifier with a gain Ap
gives the reduced output

“Ap[-OVe-VE)  Ap(Ve-Vi') @ 67

Here the value of I+’ is much smaller and hence the final output of the controller is
more negative and this leads to the reduction of current through the MOSFET current
driver network. Thisfield continues, as long as the switch S, is ON. V' can be varied
usng a single variable resistor (a 10 turn 200 KQ potentiometer) and hence the

evolution field can be varied by this arrangement.

2.4.2.3. ON/OFF periods and compensation

The large reduction in the feedback dgnd during OFF period increases the
difference, and this in turn leads to, a more negative control signa to MOSFET gate
drivers and finaly decreases the magnetic field to a low value (evolution field). Thus,
during this sudden switch OFF period (from high polarization to low evolution field),
the feedback voltage suddenly changes from the maximum value (Ve=Vgto a lower
vdue V', This variation is not smple in the presence of large inductive load of the
magnet. Similarly, the large time constant of the pole-zero pair amplifier does not
dlow fast switching of the current. To handle this complication the compensation
amplifier (A4) is introduced in the controller and As is disabled temporarily during
trangits by introducing heavy negative feedback through the solid state switch §;
(CD4066). But this will change the voltage levd at the output of the controller and it
will again take long time before is settles at a required value after the pole zero pair is
reintroduced by opening this switch S; This may even result in a long ringing time of

the amplifier.
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The gain of A4 is adjusted to compensate for the reduction in the gain at As.
thereby keeping the output of As at the correct level during the transit periods
(ON/OFF periods). After the transit periods, A;s is fully enabled and 44is removed
from the loop by opening the switch S, thus again alowing 45 to control the current in

the magnet The control signa for S, is obtained from the pulse programmer.

The switch §; (CD4066) is made open immediately after the evolution period
As in the case of the switch OFF period, due to the time constant involved in the PID
type pole-zero amplifier, it is difficult to get the correct control signd from PID
amplifier, for a period time after switching ON the field. Moreover, in the case of
switch ON period, the sudden increase of voltage across the magnet by pumping the
energy stored in the capacitor to flow into the magnet, complicates the switching
process (overmodulation of the current is expected). The alternative path through the
compensating amplifier (44), which acts as an inverting amplifier with high gain, is
used to get a correct control signa to the MOSFET current driving network. Now,
the PID type pole-zero amplifier becomes a unit gain amplifier, since the 1K resistor
closes the path when the switch S, is closed. The control pulse C> is applied
immediately after the evolution period, which is present (pulse ON) until the
compensation is necessary. By adjusting the variable resistor present in A4, the gain
can be adjusted such that the compensated output is equal to the value needed for the
detection field.

2.5. MOSFET current driver circuits

Semiconductor devices such as Metal Oxide Semiconductor Field Effect
Transistors (MOSFETS) are used in this circuit to control electric currents (of around
6 to 7 Amp), since they combine the advantages of bipolar transistors as well as
switching components. The current in MOSFETSs is independent of drain-source
voltage at a constant gate input voltage. This property naturally leads to the selection
of MOSFETS for this application. Since a single MOSFET cannot control the required
currents, 20 MOSFETSs connected in paralle have been used following Schweikert's
procedure [25]. The current required in this case (for 3 to 4 MHz of polarization and
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detection frequencies) is around 5.5 to 7 Amps. The MOSFET current driver circuit is
shown in figure 2.20, along with the gate drivers A regulated signal coming from the
electronic P1D control circuit, fed to the gates of the MOSFETS, set the value of the
current flowing through the MOSFETS. It is important to choose the linear region of

the current characteristics of the MOSFETS to have best regulation of the current.
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Figure 2.20 Independent gate driver circuits for MOSFET current driver circuits.

Paralld connection of many MOSFETSs leads to oscillations when the control is
done for intermediate values between maximum and minimum currents, due to
unfavorable driving, higher cut-off frequencies and differences in the input capacitance

vaues. Moreover, the threshold voltages for diffeeent MOSFETs are generdly

r4)



different Therefore, each MOSFET is driven with an independent gate driver circuit,
in order to decouple the gates, and aso to avoid mismatches. An added advantage of
these gate driver circuits is due to their partid linearization of the voltage-current
characteristic, which is not linear at smdl drain currents. An LED added to this circuit
helps in identifying the function of the particular gate driver and any possible damage
in the circuitry. The rectangles in the figure represents resistors and the numbers refer

to the value of the resistance in Ohms,

The MOSFETS, the switch S, the diodes D, and D; and the sampling resistor
R, are dl mounted on a thick duminum plate, cooled by running chilled water (through
copper tubing).

2.6. MOSFET switch

Most of the groups [12,36,44] have used the GTO Thyristor to employ the
energy storage principle. The control electrode (gate) of the GTO can be triggered by
a pulse in order to pass high currents between the anode and cathode Specid GTO
thyristors, were used, which needs a trigger pulse to disconnect current flow between
anode and cathode, instead of physicaly disconnecting them. This necessitates a
specid gate driver circuit. In the present work, a single MOSFET is used in place of a
GTO thyristor to allow and disconnect the path to the energy storage capacitor
network from the induction coil. The MOSFETs procured from Internationa
Rectifiers (IRFPG40) are capable of withstanding such high currents, with a proper

gate control signal.

2.7.MOSFET switch driver circuit

Optical couplers (or opto-couplers) are designed to provide isolation between
different voltage levels, and hence, to protect the components from high-voltage
transients. Hence they allow interfacing systems of different voltage levels, different

grounds, etc. that would otherwise be incompatible. A Darlington transistor opto-

74



coupler (TIL 113) is used (shown in figure 2.21) for this purpose since it show high
current transfer ratios (300 in the present case) and increased output current
capabilities. The speed in this case is 30 kHz, which is less than a single transistor

coupler, but the transfer ratio is about 10 times larger than that of a single transistor

coupler.
1 O O 6
O 5
rd
2 O
3 & NC —O 4
TIL 113

Figure2.21 Optical Darlington transistor coupler (TIL 113)

The opto-coupler is used here, to isolate the high voltage capacitor network
from alow voltage induction coil It aso provides an optical path for the pulse, which
is applied to the gate of the MOSFET switch such that, the switch is closed, whenever
it is necessary to pump the capacitor energy into the induction coil. The gate current
characteristics of the MOSFET is very crucia, in designing this opticaly coupled
MOSFET switch. Opto-coupler switch driver input voltages are also found to be very
crucia and a minimum of 10V is needed for a good performance, in the present case.
A single MOSFET which can withstand 1000V and more than 7 Amp (IRFPGA40,
International rectifiers) is used here. The opto-coupler (Motarola make, TIL 113) and
the connections are shown along the MOSFET switch in figure 2.21. The source (S)
of the MOSFET is connected to the induction coil and the drain (D) is



the energy storage capacitor network. The required gate trigger pulses are fed through
the optical coupler. The two transistors shown in the right hand sde of the optical
coupler gets a base voltage through an optical path.

To MAGNET

10002

0
L 2

Opftical coulper (TIL 113)

To CAPACITOR

Figure 2.22. MOSFET switch with its Gate driver circuit.

The input terminals (pins 1 and 2) get pulses from a pulse amplifier (0-15V).
The transistors are ON when there is a pulse in the inputs. A +10V power supply is
connected to the collectors of the transistors with respect to the source (S) voltage. A
pulse of about + 10V with respect to the source voltage is fed to the gate G of the
MOSFET. This closes the path between the capacitor and the magnet. This set up is
not only economical but also very smple to achieve. For higher current values, more
MOSFETSs can be connected in paralldl.



2.8. Working of the Field Cycling Network

The overall operation of the fiedd cycling network in different periods of the
NMR experiment is explained here Different portions of the field cycling network are
drawn in order to explain the particular operation, and to highlight the specific role-

played by each sub-unit.
2.8. 1. Polarization and Detection Periods

MOSFET current driver circuits are switched ON by applying suitable control
signals to the gates of the 20 MOSFETSs through their individual gate drivers.

D,
||
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M Magnet

D,

Controller Current ¢

Driver

MOSFET _J ——
=

I
-

deasuring
Resistor

Figure. 2.23. High field operation (polarization and detection periods).



During high fields, the available energy from the power supply is dissipated in
the magnet, and the current driver circuits The energy storage capacitor (' is isolated
from the network as shown in figure 2.23, by a decoupling diode. The signal from the
measuring resistor is fed to the controller in the negative sense such that the
oscillations are nullified in the process. The pole zero pair amplifier of the controller
gives the drift-free, modulation-free constant signa to the gates of the MOSFETs.
The details of these circuits have already been discussed in the previous sections. This
cycle is repeated at regular intervals depending on the relaxation times of the system
under investigation. In the present case, the operation is simplified by making the
polarization and detection field levels equal. The function of the field cycling network
is gmilar during high polarization and detection periods as well as low values of the
current during the evolution period. Any vaue of the evolution field can be set
between zero to the detection field, and is controlled at that particular value in the

constant current mode of operation.

2.8.2. Switch OFF operation

During the transit from high to low figdds (turn off of the field), the control
signd corresponding to the required low field is given to the gates of the MOSFET
current driver circuit, resulting in the reduction of the current and also the generation
of high voltage across the coil. The components involved in this operation are shown
in figure 2.24. The energy storage capacitor C is precharged to Uco by N, and is
further charged with this excess voltage to a higher value (/,, during this period. If the
precharged voltage is close to U/, the capacitor charges quickly to the maximum value
resulting in a faster decay of the current through the cail /z), with an initial value of

current /», and is given by the equation,
I(t) = [I‘J cosw!t -1, sinwr].e H (1.68)

and the voltage Uc(¥) in this case is given by the equation 1.69 [12,25],



Al, -wl,

Up(t)=U,o ~[I,(@sinwt - Acoswr) + I, (Asinw! +wcoswi)]v’“ F
(™ +4A° )

where (169)
3

U.-=RI,-Uy,

R . (&3 0 N

A=—; w:W/L—A‘ and/, “ VA .
2L L-C oC

and Uy, is the over modulated voltage of the capacitor C, arises due to the sudden

increase of the energy available for storage, which necessitates protective measures.

Magnet

Figure. 2 24. Switch OFF operation
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2.8.3. Evolution Period

As soon as the expected lower current leve is reached, the MOSFET current
driver circuits control the field, and hence a steady evolution field is obtained. Thus,
the operation in both the high and low fields is indistinguishable, as regards the
operation of the control circuit. The components involved in this operation are shown
in figure 2.25. The modulation-free stable evolution field is obtained by properly

adjusting the signa from the controller.

MOSFET I N> ——
[Comr } 4 e ‘= ]
Driver

Figure. 2.25. Low field operation (evolution field operation)

2.8.4. Switch ON operation

After allowing the magnetic field (current through the induction coil) to stay in

the low evolution level, for a sufficiently long time, the magnetic field is brought to a



higher value by suddenly releasing the energy stored in the condenser C (by applying a
pulse to the gate of the MOSFET switch) to flow through the magnet (M), and also by
giving the required control signa to the MOSFET current driver circuit. The
compensation procedure incorporated in the controller helps the magnetic field to
settle faster at the preselected detection (or polarization) field value During the
switch ON period of the magnetic field an adjustable compensation is given to the
gates of the MOSFET current driver circuit.

MOSFET
Switch ON
M
MOSFET s |,
—D Current €
Driver

Figure 2.26. Switch ON operation
Now, the current increases from the minimum value to the required high value,

with the help of the excess energy provided by the capacitor C. The current. I(t),

increases from the initia value 1, with time, given by

1(!)=[I,,c03(uf+1"sinmf]c o (170)



and the voltage Uc(t), across the capacitor with capacitance C, with the precharged

voltage Uro is given by [12,25]

Al +wl,

(w> +A7)C
(1.71)

At

U.=U,, + [!‘,{(usinrurf Acoswt)- 1, (Asinef + (ucoswr)]c 4

where

— U.,— -RI,
/I:—R—; (u:‘,—]—vﬂf and],z—zt
2L L-C wC

where L and R are the inductance and resistance of the solenoid The components

invalved in this operation are shown in figure 2.26.

2.8.5. Detection Period
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Figure. 2.27. Detection fidd operation



Finally, when the detection fidd is reached, the MOSFET switch is switched
ON (by applying a suitable pulse to the gate) and the MOSFET current driver circuit is
switched ON to regulate the field, resulting in the initid condition (polarization field).
This cycle is repeated at regular intervals depending on the relaxation times of the
systems under investigation. The components involved in this operation are shown in
figure 2.27.

2.9. Standardization and Calibration

After obtaining the expected field cycles, with switching times less than 2 ms,
dl the important variable resistors used in the controller are fixed on a separate control
panel, in order to provide an easy access to the operator Keeping the requirements of
the spin-lattice relaxation time measurements in mind, the drift-free, modulation-free
stable magnetic field during the detection period were visualy observed and measured
with the help of a digital storage oscilloscope, by smply observing at the voltage

across the measuring resistor.

As explained earlier, various field cycling operations such as, the variation of
the amplitude and duration of the evolution field, can be obtained by adjusting the
potentiometer present in the feedback path of the controller. Two potentiometers, one
for coarse and the other for fine adjustments, present in the reference amplifier of the
controller, are used to adjust the amplitude of the detection and polarization fields A
potentiometer kept in the compensation amplifier is used to adjust the current to a
vaue equa to the detection field, during the switch ON period. All these
potentiometers are calibrated such that the field cycling procedure can be optimized
and evolution and detection frequencies can be eesily varied. A 10 turn caibrated

potentiometer is used to vary the evolution frequencies directly.

Alternatively, the voltage drop measured across the measuring resistor is
cdibrated to get the detection frequency as wel as the evolution frequency. While
calibrating, the spectrometer is tuned for different detection fields (for different

currents flowing through the magnet), and the current values are determined for

&



evolution frequencies. The voltages measured across the measuring resistor were
tabulated. Since the field varies linearly with the current, voltage drop across the
measuring resistor can be used directly to get a chart giving the Larmor frequencies
and the corresponding voltage values. By measuring the frequencies by both these

methods, it is possible to obtain the evolution frequencies without any error.

Depending on the detection frequencies, FID length, temperature and phase of
the liquid crystal different pulse sequences are applied to get a good S/N. For
example, at low evolution fields, one pulse sequence (chapter—1) is favorable due to
the large variation of the nuclear magnetization, which is taking place far away from
the baseline. At evolution frequencies close to the detection frequencies, the inversion
recovery pulse sequence is used due to its large magnitude variation of the
magnetization. The compensation level is adjusted for different evolution currents in

order to get overmodulation free, oscillations free magnetic field.



Chapter 3
Fidd Cycling NMR Spectrometer

The block diagram of the home built FCNMR spectrometer consists of six
magor units is shown in figure 3.1 and listed below, which have many sub-units as

described in the following sub-sections.

TRANSMITTER rf source
High power edium power o Alier rf amplifier,
amplifier amplifier '
3 b
1
Pulse
Programmer —1
Switching
+ circuit
! Switchable Magnet
PROBE [~ l
Temperature
controller
Pre Amplifier Filter DSO
b
v v
Tuned Amplifie » PSD Phase shifter
RECEIVER

Figure. 3.1. Block diagram of the FCNMR Spectrometer.
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> The transmitter gives high power rf pulses, which has mixing ard amplifying
circuits.

> Theprobe for matching the transmitter and receiver, and for providing good S/N
at low frequencies around 3 MHz

» The receiver that could take care of the long dead time and noise problems arising
especialy at the low //ranges (around 3 MHZz).

» A home built Field Cycling Network, which is aready described with its complete
fabrication details in chapter-2.

> A pulse programmer setup which is capable of producing pulses for transmitter,
receiver and for synchronization of fiedd cycling network with the rf pulse
sequences and

» A temperature control facility consisting of a double wal cryostat, heater, air

blower, measurement and control thermocouples and a multimeter

The transmitter should be capable of providing high power rf pulses (typically
in the range of a few hundreds of watts with sharp rising and faling edges) of short
duration (1-100 wsec). The ON/OFF ratio of the //pulses should be very large so as
to ensure that there is no leakage of //voltage into the receiver during the transmitter
OFF time. The rf field (H,) provided by the transmitter should be as homogeneous as
possible, over the sample volume. The transmitter essentially consists of a //source, a
pulse programmer capable of generating the required pulse sequences, a pulsed rf

mixer, a medium power amplifier and a gated high power amplifier.

The power from the transmitter should be efficiently transferred to the spin
system (sample coil) by an impedance matching network. This matching network
along with the sample cail is termed as the probe The signa induced in the sample coil
after the transmitter pulse is very amdl (typicaly in uV), and hence, it should be
amplified by the receiver to a few hundred times, and then demodulated to recover the
decaying pattern. Apart from this, the receiver should be capable of withstanding
overload voltages and aso recover fagt from these voltages (due to leakages during
pulse ON periods). The recovery time of the receiver from overloading should be as

short as possible to ensure that the signa is not lost during this ‘dead time' of the



receiver. Moreover, the receiver should be capable of detecting only the carrier wave
in order to increase the signal strength The various sub-units are described in detail
below.

3.1. Transmitter

3.1.1.rf generator

The rf voltage obtained from a variable frequency rf synthesizer (commercial
unit of Kikusui make, Model No.4100, capable of generating rf voltage of high
spectral purity, from 0.1 kHz to 110 MHz with a stability of about 1 in 10%), is
amplified using 2N2369 transistors to a required level of about 3 V pesk to peak The

rf amplifier circuit [73] is shown in figure 3.2,
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Figure. 3.2. rf amplifier




The //thus obtained is power divided into two parts, the first part is used for
pulse modulation and the other as reference (through a phase shifter), for the phase

senditive detector (PSD). The details of the PSD would be discussed later.

3.1.2. Pulseand delay generators

The pulses and the necessary delays are obtained from a commercia four
channd digita delay generator (EG& G make, Model No.9650) and a homemade pulse
generator [73] pand built using 1C74121's. The pulses obtained from these units are
also used for triggering the oscilloscope and the gated high power amplifier. The pulse
generator circuit is shown in figure 3.3. R is the variable resistor and C is the series

capacitor network.

H
LHHHHJ

IC 74121

__J_ I

B 0 Trigger input
pulse (0 to 5V)

Pulse output

Figure. 3.3. The pulse generator circuit using IC 74121
The required pulses for FCNMR spectrometer (for switching the magnetic field

as well as for the application of the rf pulse sequences) is given in the timing diagram
given in figure. 3.4
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Figure 3.3.Timing diagram of the pulses used in the FCNMR spectrometer
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Complicated //pulse sequences (pulse sequences used for the measurement of
') could be generated, using a combination of home made pulse generators and delay
generators The typical interconnection procedure adopted for a two-pulse sequence is
shown in figure 3.5. Clock pulses with the required repetition rate are obtained from
one channel of the four-channel commercia digital delay generator (Channel D, with a
delay of 0 sec, in DG-1, EG& G make), which is kept in the internal trigger mode. This
trigger pulse is directly given to the pulse generator (PG-1) which in turn can produce
0 to +5V pulses with variable width. Another trigger pulse with an adjustable delay,
which is taken from one channel of the delay generator having four channels (C-
channel, of DG-2) and used to trigger the second pulse generator (PG-2) These two
pulses are added using an OR gate and fed to the transmitter through the mixer and

high power amplifier.

Pulse
Yy 2 )
Generator- | Pulse O/
Final O P
] Al
Clock Delay > e
Generator N OR
Trigger O/P
y
Pulse
( r'encrmar—lll Pulse O/P

Figure. 3.5. Pulse and delay generators set up for two-pulse sequence

The pulses used for the operation of the field cycling network and for the
inversion recovery sequence could be obtained using the setup shown in figure 3.6.

Two digita delay generators, one in the interna trigger mode (DG-1) and the other in



the externa trigger mode (DG-2), along with four pulse generators (PG-1. PG-2, PG-
3, and PG-4) are used for this purpose. Here, the outputs are labeled with lettersE, S,
C, rfand DSO, to specify the application of the specific pulse (figure 3.3).

DG-1(Ty) E
T, 4 B € AB CD O
Trigger I'P Pulse O/P
000 0Ll
— — . »
PG-1C1 OR
PG-2
A}
g O
:1/'(,‘-4::———&
DSO
r —0
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7, 4 B C AB CD
T
DG-2 (Tey

Figure 3.6. Arrangement of pulse and delay generators for FCNMR two pulse

seguence
3.1.3. Double Balanced Mixer

The pulse modulation with //is done using commercia double balanced mixers
(DBM Mini Circuits, Model No SRA-3H) These DBMs consist of three ports IF,
LO and RF isolated from each other. A current driving circuit designed by McLachlan
[75] is used to drive the DBMs for better isolation By varying the gating pulse

current using this circuit, it is possible to increase the amplitude of the pulsed rf. The

circuit is shown in figure 3.7a
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Figure. 3.7a. Double balanced mixer and the pulse amplifier circuit



The transistors Q, and (), are independent current drivers. Their collector
currents are adjusted by the 1KQ trimpot When the transmitter pulses are not
present, the collector currents switch ON the transistors (), and (s  respectively and
hence no pulses appear at the IF inputs of the DBMs During the pulse ON period
(since the transistors used are pnp type the TTL pulses are inverted before being given
at the inputs of the current driver circuit) (O; and Q4 are ON and the collector currents
of Q; and (> are steered to the IF ports of the corresponding DBMs. The two
channels present in this circuit are useful when two different pulses with different

phases can be modulated simultaneously.

Operation of a smple double balanced mixer is described below and shown in
figure 3.7b.

Figure 3.7b. Double Baanced Mixer (DBM)

If the diodes 1, and D, are matched and the transformers T, and 7, are
symmetrical, the voltage at A is equal to the voltage at the center tap of 7). i.e,
ground Similarly if D: and 1), are matched, the voltage at B is equal to ground. Thus
the secondary' ends of the transformer T, are at ground potential and hence LO port is
isolated from both //and 1f ports. Now, looking from the //port, the voltage at C is
equd to the voltage at D i.e,, ground, since dl the diodes are matched. Hence, no rf
voltage appears at the LO port Due to symmetry, the voltage at the IF ports is the



same as that, a C and D i.e, zero. Thus, there is no //output at the IF port and
hence, dl the three ports are isolated. With the pulses at the IF port and a// signd at
the »f port, the current at the IF port rises suddenly during the pulse ON period. This
turns on the diodes and hence the rf appears at the LO port. When the transmitter
pulse is OFF, as explained above, the IF and rf ports are isolated, resulting in a pulse
modulated rf with negligible rise and fdl times (less than 0.1 microsecond). Addition
of one more DBMs in the series results in a better ON/OFF ratio and hence a better

S/N at the cost of higher insertion loss.

3.1.4. Medium power amplifier

The fluctuation spectrum of different mechanisms mediated through the dipolar
interaction in solids results in considerable increase of line width and hence results in
very short FIDs. As explained earlier, the inhomogeneity in the Zeeman magnetic field
leads to a further shortening of 7> to 75" In order to excite dl the spins equally in such
a broadened spectrum, the pulse width should be as small as possible. Normally pulsed
/Iwith the voltage of a range of few kW is needed to get a #/2 pulse width of about 3-
4 psec for a proton. This is achieved in two stages. The gated //obtained from the
NAND gates is amplified to 20 Vpp using a gated medium power amplifier which
subsequently, is used to drive a gated high power amplifier to get the required pulsed
rf power. In the present case, a commercia rf amplifier (ENI, Model 310L, RF power
amplifier) is used for this purpose. A peak voltage of 20 V is obtained at the output of
this medium power amplifier (typical input of about 200 mV of pulsed rf).

3.1.5. High power amplifier

This amplifier is constructed, using 3E29 dud tetrode tubes operating in a
push-pull configuration [66] and is gated with a 0 to -150V pulse amplifier. The 0 to
-150V synchronous, gating pulses and the input pulsed rf are given to the tubes
through a wide band input transformer (model NHO900B of North Hills make). Thisis
capable of amplifying pulsed rf with negligible rise and fdl times, the 3 dB bandwidth



being 5 to 30 MHz. The rise and fdl times of the find pulsed rffrom the high power
rf anplifier are determined by the rise and fdl times of the grid pulses (typicaly <50
tfsec). The circuits of the gated pulse amplifier and the tube amplifier are shown in

figure 3.8.
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Figure. 3.8. High power //amplifier and pulse amplifier circuits



High power amplification and good ON/OFF ratio is accomplished by biasing
the grids of the dual tetrodes with OV during pulse ON period and -150V during the
pulse OFF period. The working of the pulse amplifier can be understood as follows.
During the pulse OFF period, the transistor T, is OFF, resulting in -150V at the bases
of T,, Tx and T4. Since both, the prp transistors T, and T3 are conducting and the npn
transistor, T is not conducting, -150V appears at the grids of the tubes. Thus, during
the pulse OFF period, no amplification is done resulting in an improved ON/OFF ratio.
During the pulse ON period, T, conducts making the voltage at the base of T,, T; and
T, from -150V to OV Thus T, and Ts are OFF and T, is ON, resulting in OV at the
grids of the tubes The output of the amplifier is taken through another wide band
transformer (North Hills NH1703BA). Since the plates of the tetrodes are at about
800V, very high amplification (~10) of the input pulsed //is achieved during the pulse
ON period.



3.2. Matching network

The most important part of a pulsed NMR spectrometer is the matching
network (probe) which couples the power from the transmitter to the sample coil
during the pulse ON period and converts the precessing magnetization into a
detectable signal at the input of the receiver immediately following the pulse. The
matching network should be capable of coupling the sample coil to the transmitter
during the pulse ON period and should aso couple the sample coil to the receiver
during the pulse OFF period. 1t should aso decouple the receiver from the transmitter
during the pulse ON period The important considerations during the construction of
the probe are discussed here. The amplitude of H, and hence the #2 pulse width, is
determined by the transmitter coil and the final S/N is determined by the sensitivity of
the receiver coil One crucia factor in the design of the size of the sample is that, since
H, V)"’ where V is the effective volume of the sample, a probe built for a larger
sample would have a smdler H, for the sample power. Moreover, for a good signd to
noise ratio (SN () ' ~, where f is the filling factor of the coil), it is necessary that the
probe should have a filling factor close to unity. Findly, the receiver coil in the probe
should not give rise to spurious signds (for example, from the mechanica oscillations
of the inadequately secured rf coil or generation of acoustic waves and signals, which

interfere with the actual signals).

The above requirements can be fulfilled by using tunable circuits consisting of
LCR networks Either the crossed coil method [67] proposed by Bloch et al., where
separate transmitter and recelver coils are used or the single coil method [68,69]
proposed by Clark and McNeil, where a single cail is used for both the transmitter and
the receiver, can be used for this purpose. The single coil arrangement is smpler and
has advantages over the other one in terms of the maximum power efficiency. Since
the coil is common to both the transmitter and the receiver, care should be taken to
protect the receiver from leakage of rf pulses from the transmitter, i.e. the probe
should isolate the receiver from the transmitter. This can be achieved by using crossed

diodes and A4 transmission lines which appear as short-circuit to high voltages and



open circuit to the amdl signals. Two matching circuits available in the literature are
used in the present studies and their relative merits are discussed here. Both the circuits
are single coil circuits, which are easier to handle, and also efficient compared to the

crossed coil probe.

3.2.1. Seriesresonant circuit

This matching network [68] consists of three resonant circuits, L/C/, L>C'; and

L3C3 each tuned independently at the Larmor frequency (Figure.3.9).
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Figure 3.9. Series resonant circuit [68]

The crossed diodes (D)) at the input act as a short circuit to the smdl signal voltages
(during pulse OFF period). The series combination, L,C, represents a low impedance
path in paralel with that of L;Cs; so that the entire transmitter voltage is dropped

across L: and a very little voltage is fed into the receiver during the pulse ON period.



Moreover, since the diode pair (D;) represents short circuit to ground, the voltage at E
is dropped across L; before reaching the receiver. After the transmitter pulse, the
diode pair D, effectively disconnects it from E and D; acts as an open circuit to the
low voltage induced resonant signals, thereby forcing the signa into the receiver
through L3C3. Hence, L,C, and L3C3 represent a composite series circuit tuned at the
Larmor frequency. The FID is received at F (a high impedance point to ground). The
tuned input receiver circuit (L;Cs) provides a good coupling of L, to the receiver and
hence increases the S/N. Thus, the circuit ensures an efficient transfer of power from
the transmitter to the sample coil and also a good protection of the receiver from

destructive overloads.

3.2.2. Parallel resonant circuit
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Figure. 3.10. Paralel resonant circuit [69]
The second circuit [69], given in figure 3.10, which consists of a series
resonant tank circuits (L,C,), in series with a capacitor C,. The crossed diodes at the

input of the circuit allow the high power rfvoltages to pass through the sample cail,

e



while acting as an open circuit to the smal signals induced in the coil. The diodes at
the output of the circuit alow any //power leaked into the ground, thus protecting the
receiver from the rf pulses, while acting as open circuit to the smal NMR signals,
thereby forcing them to pass entirely into the receiver. These crossed diodes also
remove low level noise and other transients originating in the transmitter and hence
improve the SN of the system. In addition, the presence of the quarter wave network
before the diode pair offers high impedance for transmitter pulses thus protecting the
receiver from further overload [77]. The input and output impedances of the tuned
coil is chosen to be equal to 50 Ohms. C; is chosen to be as smdl as possible in order
to minimize the degradation of the L/C ratio and in turn the quality factor Q of the

circuit. The conditions for tuning the circuit are given by [77] the equations 3.72.

(G +C)=al
I
C, =(RQw’L)? (3.72a)
1
b & =500 (3.72b)

Here, Q is the quality factor of the coil which is made as large as possible to
optimize the SN and power transfer efficiency. On the other hand, a very large Q
would result in a long ringing time and hence, a long dead time of the receiver, even
after the turn OFF of the rf Hence for broad signals, it is advantageous to reduce Q at
the cost of a lower SIN. L is determined from equation 3.72b and C; from equation
3.72a. The tuning of the circuit is done by dowly changing the values of the circuit
elements, for maximum power at the coil. Fine tuning can be done further, by
observing the ringing pattern after the pulse. The A\4 circuit acts as the impedance
transformer network. When shorted at one end, the X\4 line transmits the low voltage
signals at the designed frequency and hence attenuates al other frequencies (equivaent
to a selective filter).

Two different types of A4 networks are used [77] depending on the recovery

time requirements. The first one consists of an inductor L3, and two capacitors Cs



(connected as a m section) wherein the active elements are chosen to offer an
impedance of 50 Ohms at the designed frequency (equation 3.72b). The signa strength
is maximized by tuning the capacitor Cs. Tuning is easier in this circuit, since there is
just one capacitor, which has to be tuned. This type of X\4 network, which is built for

this matching network, is shown with the probe containing a parallel resonant circuit.
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Figure. 3.11. Matching network used in the FCNMR spectrometer

Another type of X\A network, which is built for this matching network, has 4
cables (RG 58) having the length of 15 meters each. This is very useful and convenient
in the case of FCNMR receiver, where the detection is done at a single frequency

(3 MHZz). The details are given in the literature [77].
3.3. Receiver
The receiver consists of a fast recovery preamplifier, a tuned amplifier, a phase

sensitive detector, a filter and a signal averager for signa acquisition and averaging

purposes. The details of these sub-units are given below.



3.3.1. Fast recovery preamplifier
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Figure. 3.12. Fast recovery preamplifier [70]

The receiver should have alarge gain of about 10°, in order to amplify the very
weak NMR signals available across the sample coil (few microvolts) before
demodulation. Despite the precautions taken, the receiver is always overloaded by the
large rf pulses from the transmitter, resulting in two problems. The first is the long
dead time of the receiver and the second, the baseline shift after the detection due to
asymmetry of saturation together with ac coupling. A fast recovery pre-amplifier [70]
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is used to overcome these problems. The circuit diagram of the fast recovery
preamplifier is shown in figure 3.12. The values of the resistors in Ohms are given

adjacent to the resistors.

The preamplifier possesses high sensitivity and short recovery times, besides a
large bandwidth. The dc level of the feedback circuit is adjusted by a variable resistor
(10 K) such that the positive and negative limit of the rf pulses are symmetric about the
baseline. The gain is adjusted to about 10 and a bandwidth from 1 kHz to 15 MHz.
The diodes D, and D, protect the input of the receiver from large //pulses. The diodes
D; and D; in the feed back circuit limit the high voltage rf pulses to the receiver to a

very low value (less than £0.5V).

3.3.2. Tuned Amplifiers

A narrow band double tuned amplifier (Matec Make, Model: 252) and a tuned
amplifier (Matec make, Model: 625) are used to amplify the signa coming from the
fast recovery preamplifier. The output of these amplifier stages is fed to a PSD.

3.3.3. PSD and phase shifter

The amplified NMR dgna from the probe consists of al frequency
components, along with the frequency of interest, and hence has to be demodulated
before signal averaging. The Phase Sensitive Detector (PSD) has a shorter bandwidth
and hence a better S/N [71] than the other detectors such as the diode detector. Since,
PSD is sensitive to the phase of the signal, it is useful in obtaining phase information
also. A commercial double balanced mixer (DBM) is used as a PSD in the present
case. The signa of frequency/, is applied at the LO port of the DBM (HP make,
Model No. 10534A). The reference rf, with frequencyf is fed into the rf port. The
detected output, which is proportional to the frequency f+f, and the difference of the
frequencies of the two inputs, fof, is taken out from the IF port of the DBM. Thus,
when the frequency of the reference is same as the signal, an output, corresponding to

zero frequency is obtained. The signal strength is further maximized by decreasing the
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phase difference between two inputs. When the phase difference between the two
inputs are zero, maximum output is obtained. A commercia phase shifter (Merrimac
make) is used for this purpose, where the phases of the output with respect to the input
can be varied from 0 to 360° by using a variable power supply (0 to 30V). The PSD

and phase shifter arrangement is shown in figure.3.13.

l rf source 1

I rf amplifier |
I

; Power .
)BM Mixer Phase shifter
DBM Mixer divider ase shifter

Tuned PSD
amplifier Lo f

Detected signd

Figure. 3.13. Phase sensitive detector and phase shifter arrangement.

3.3.4.Filter and signal averager

It is known that the detected signa has a component at 2/, aong with the dc
component, which could also be removed by this RC filter. A RC filter is used to filter
the noise and other unwanted components in the signa. A digital storage oscilloscope
(Tektronox, Model: 2230) is used for averaging the filtered FID signal.
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3.4. Temperature Controller

The temperature control circuit developed by Chiu et al, [72] was modified
and used to build a temperature control setup for the FCNMR spectrometer, which
essentialy consists of
1) An error amplifier followed by a PID type pole zero pair amplifier
3) Power amplifier using 2N3055 transistors.

4) Copper-Constantan thermocouples for feedback and measurement
5) A digital multimeter to measure the thermo-emf (temperature)
6) A double wal evacuated glass Cryostat and

7) A heater and air blower set up (fan or an air-compressor)

The temperature control setup is shown in figure 3.14. 1In liquid crystals, the
orientational ordering of the molecules is sensitive to the temperature, and hence a
good temperature control facility is essential. The narrow cylindrica bore of the field
cycling magnet and heet radiated into the bore necessitates a more constrained cryostat
setup. A commerciadly available electric fan and an air compressor are used, depending
on the temperature requirements, to blow air into the cryostat. A double-walled
cryostat, is designed to fit into the smal bore of the cylindrical magnet (diameter of the
outer wall should be lessthan 5 cm) and is shown along with the heater set up in figure
3.14. The sample is kept inside the double-walled evacuated glass cryostat, which is
used to minimize heat loss (or gain) to (from) the surroundings. 1t is also important to
keep the sample coil a the center of the cylindrical magnet, where maximum

homogeneity of the magnetic field can be obtained.

The electronic circuit capable of controlling current through the heater coil,
which automatically varies the current in order to control the amount of heat generated
by the heater coil is explained here. A drift-free modulation-free control signa is
obtained through two operational amplifier stages of the temperature controller as

shown in figure 3 14.
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Figure. 3.14. Temperature controller and Cryostat arrangement

The first stage of the circuit acts as a simple error amplifier. This takes the

input reference signd through a 10 turn calibrated helipot, and the thermo-emf sensed

by the thermo couple junction kept on the sample tube. The difference (error) is



amplified and any variation in the set temperature would be removed by increasing or

decreasing the current through the heater coil.

The second stage, which is a PID type pole-zero amplifier designed for the
field-cycling control circuit, is found to be very useful here. A modulation free control
signd is obtained using this, which in turn is fed to the bases of the power transistors.
When the reference voltage is more than the sensor voltage, a positive voltage appears
at the output of the error amplifier, thereby turning ON the power transistors. This
leads to an increase in the current flowing through the heater coil and hence, the
temperature increases to the set value. The increasse in the sensor voltage reduces the
difference at the inputs of the error amplifier, thus making the output of the error
amplifier less positive and less current pass through the heater coil. This heating
decreases once the temperature is higher than the required value. This increase and
reduction of heating, controls the temperature to stay at a constant value. Apart from
the thermal mass inside the cryostat there are other factors like the rate of airflow,
position of the sensor, and the position of the heater coil, are crucia for the good
performance of the temperature controller A temperature stability of 0.2 K within the

time about 30 minutes is obtained

3.5. Automation

The FCNMR spectrometer is connected to a PC through IEEE488 interface
bus for automatic controlling of the spectrometer for data transfer. A digital storage
oscilloscope and the delay generators are aso interfaced with the PC for signa

averaging and measurement of FID amplitudes.



Conclusionsof theunit- /

Al

A simple Fidd Cycling Network capable of providing reasonable fidd cycling is
achieved.

Some of the important units were built for the transmitter, receive, probe and
temperature controller and partially automated with the help of a computer. Thus
FCNMR spectrometer capable of operating at a detection frequency of about 3
MHz is fabricated and standardized.

The performance of the spectrometer was tested by measuring 1) vaues in
standard samples.

The FCNMR spectrometer has been routinely used for collecting, proton T\ data as
a function of frequency and temperature, in liquid crystals. Spin-lattice relaxation
time experiments had been performed on the homologous series 40.m,
(butyloxybenzylidene akylanilines) as a part of this Ph. D thesis. The results are
presented in chapter-6 A binary mixture of liquid crystals, 8CN and 7BCB has
been studied and the results are presented in chapter-7. FCNMR spectrometer has
been used by other researchers [78,79] in the same laboratory, for the frequency
and temperature dependent T\ measurements in liquid crystals.

It is important to mention that, the conventional NMR spectrometer available in
this laboratory, which is capable of providing proton 7; from 3 MHz to 50 MHz
enhances the time window by another decade. The 7; data collected at 3 MHz
using both the spectrometers is useful to understand the functioning of the
FCNMR spectrometer and the rdiability of the NMRD data. The specifications of
the spectrometers (FCNMR and NMR) are given in the tables 1 and 2.
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Tablel. Specificationsef the FCNMR spectrometer

1. Operating frequency range 0 kHz to 3 MHz

2. Polarization and detection frequency 3 MHz to 4 MHz

3  Maximum OFF time 1ms

4. Maximum turn ON time 2ms

5. Fidd stability 1in10°

6. Fidd homogeneity 1in10"

7. Bandwidth 1 MHz

8. Pulsed //power Upto 1 kV (peak to peak)
into 50 Ohms.

9. Typical n2 pulse width 4-8 u sfor proton

10. ON/OFF ratio of rf pulse 100dB

11. Transmitter isolation 60dB minimum

12 Recovery time 15-20us

13. Interface bus with PC GPIB

14. Temperature range 77K to 400 K (with 0.2 K

stability).
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Table 2. Specifications of the NMR spectrometer

Operating frequency range
Fied gtability

Fed homogeneity
Bandwidth

Pulsed //power

Typical 7 2 pulse width
ON/OFF rétio of rf pulse
Transmitter isolation

Recovery time

10. Interface bus with PC

11

Temperature range

1o

3 kHz to 50 MHz
1in 10°
lin10”
2MHz
Upto 1 kV (peak to peak)
into 50 Ohms.
2-5 us for proton
100dB
60dB minimum
15-20 us
GPIB
77K to 500 K (with 0.2 K
stability in one hour).
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Unit 11

Molecular Dynamics of Liquid Crystals

Studied by FCNMR Technique

Chapters 4 to 7 are presented in Unit-I1  This unit deals with the molecular
dynamics of liquid crystals studied in two different types of systems.

In order to understand the microscopic molecular level behavior responsible for
macroscopic physical properties of liquid crystals, a systematic study was carried out,
on the wel known homologous series of liquid crystalline systems, cdled 40.m
(Butyloxybenzylidene Alkylanilines). 1n particular, molecular dynamics is studied as a
function of terminal end chain properties. Before presenting (Chapter-6) the actual
results obtained from the present Proton Nuclear Magnetic Relaxation Dispersion
(NMRD) studies, the background necessary to understand and analyze the results have
been discussed in chapters 4 and 5. Chapter-4 deals with the physics of liquid crystals.
with a specia reference to structure-property relationships  Chapter-5 presents the

nuclear magnetic relaxation theory of liquid crystals.

A study of molecular dynamics of binary liquid crystalline mixtures
(8CN+7BCB) exhibiting the Induced Smectic Aq Phase (ISP) was carried out with the
am of understanding the dynamic environment and factors responsible for the stability
of the nematic and smectic A; phases. Chapter-7 presents the results obtained from
the pure systems 8CN and 7BCB and their binary mixtures Recent experimental and
theoretical developments on the ISP have also been presented Molecular dynamic
parameters obtained as a function of composition have been presented and compared

with the theoretical results



Chapter 4

Structure - Property Reationshipsin

Liquid Crystals

Section A of this chapter consists of, an introduction to liquid crystals, types
of liquid crystals and molecular engineering of liquid crystaline phases. Therma
gtability of the nematic phase is andyzed as a function of termina alkyl chan
properties. A plot between the number of carbon atoms in the akyl termina chain and
the nematic temperature range in systems under the present NMRD sudy clearly
indicate odd-even effects, chain length effects aongwith the ‘symmetry effect’ In
order to show the effect of symmetry of two terminal chains, a new parameter called
the *deviation from the symmetry' is defined. 1t has been observed that, maximum
stability is seen when the *deviation from the symmetry' is close to zero. References

for this section are given separately at the end.

A mgjor portion of Section B presents different theories of liquid crystals based
on the 'mean field', the ‘Onsagar’ and the ‘generalized’ models. Theoreticadl models
explaining the isotropic-nematic and nematic-smectic A phase transitions have been
briefly discussed, with a specid reference to end chain parameters  An attempt has
been made to gather information available in the literature, which link end chain
parameters to the physical properties connected with the molecular dynamics. For
instance, the elastic constants, directly connected with the collective director
fluctuations in liquid crystals, have been discussed based on the experiments, theories
and simulations performed so far. Similarly, results obtained from different studies on
the rotational dynamics and sdf-diffuson have also been discussed References have
been listed at the end of the section B separately.
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Section A

Chemical structure and

Thermal stability in Liquid Crystals

4.1. Introduction

The molecules composing a solid generdly possess positional order and
orientational order, meaning that, the centers of mass of the molecules occupy specific
locations and the molecular axes point in certain directions. When the solid meltsto a
liquid, both positional and orientational orders vanish. In this state, there are no
preferred locations for the centers of mass, or preferred directions for the molecular
axes (figure 4.1a). The molecules in the solid may change their positions and
orientations dightly due to thermal motion, but their positions are generaly fixed at
specific lattice points and motion is with respect to the perfect geometrical lattice. In
the liquid state, molecules diffuse fredy throughout the sample and the centers of mass

move in random directions

There are substances which do not directly pass from crystalline solid to
isotropic liquid and vice versa, but adopt an intermediate structure which flow like a
liquid and yet possesses the anisotropic physica properties similar to that of crystalline
solids.  This kind of a phase is termed as the liquid crystalline phase, mesophase or
mesomorphic phase and the materids, mesomorphs.  Molecules diffuse fredy
throughout the sample while maintaining some positional and orientational order In
generd, it is accepted that liquid crystals represent a state of higher order than classica
isotropic liquids. The simplest case of liquid crystalline phase is the nematic phase in
which there is a higher probability of the molecular axes of neighboring molecules
pointing in an average direction, caled the director In the smectic phase there is a

higher probability of the centers of mass lying in layers, with molecules moving fredy



from one lattice site to another. Considering the fact that solids have elastic properties
and liquids a viscous nature, a visco-elastic nature can be conveniently assigned to

liquid crystals.

Liquid crystals are beautiful and extremely useful physicd systems, thus
providing scientists and engineers, one of the fascinating fields of scientific and
industria research. There are very many basic books [1-7], which give details of

various aspects of liquid crystalline physics and phase transitions.

Liquid crystal molecules are organic in nature and many of them are elongated
in shape. These elongated units are more or less pardlel to each other in mesophases,
and this long range orientational ordering is the reason for their anisotropic physical
properties. A measure of degree of this orientational ordering is caled the order
parameter  Ther visco-elastic nature and essy response to electric, magnetic and

surface forces have generated innumerable applications.

The following physical phenomena have made liquid crystal studies more
important than the other physica systems in the recent times [5,7].
» Spaces of low dimensionality

v

Wide verity of phase transitions and criticdl domains

\

Coupled order parameters

» Multicritical points

» Anisotropic scaling behaviors

» Defect mediated transitions

» Multiple reentrant phases

~ Induced Smectic Phases (1SP) formed in binary mixtures
» Trangitions induced by collective fluctuations

» Ferroelectric phases and glass transitions

» Incommensurate layer spacing and dimers

> Solitons in liquid crystalline phases

» Cybotactic clusters and frustration
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These phenomena can be studied at essly accessible temperatures in liquid
crystals. Besides their technica applications in optic and electronic displays, liquid

crystals can certainly be regarded as a paradise for the physics of phase transitions.
4.2. Typesof Liquid Crystals

Liquid crystalline phases can be obtained by heating or cooling substances,
which are cdled thermotropic liquid crystals. Liquid crystals can also be obtained by
dissolving certain substances in a controlled amount of solvent (such as water). This

type of materia is cdled a lyotropic liquid crystal.

There are two known classes of thermotropic liquid crystals based on
molecular antsotropy The more common variety caled calamitic liquid crystals, are
made up of molecules with a rod-like shape. The other kind called, discotic liquid
crystas [2] are made up of molecules with a disc-like shape The first kind of liquid
crystals has a molecular length, usualy a few times larger than the molecular width.

They form nematic, smectic, and cholesteric phases
4.2.1. Nematic and Smectic Phases

In the nematic phase, the molecular centers of gravity are disordered as in the
case of an isotropic liquid, but we have a datistically parale orientation of the long
axes of the molecules along the axis called the director, n (figure 4.18). The nematic
phase has a freedom of mobility concerning rotation about different axes and
trandation (figure 4.18). Externa fields and forces eesly affect molecules in the

nematic phase

The molecules are arranged in Smectic A (S.) phase in such a way that their
ends stay in a line, to form layers in which the long axes of the molecules tend to be
orthogonal to the layer planes. The molecules not only aign but also have their cores

closely packed. Rotational motion of the molecules is farly free, but there is no long-



range regularity in packing the centers of gravity of the molecules in the planes of the
smectic layers. As a result they form phases in which the molecules spend most of the
time in layers, but can move fredy within alayer. The layers are therefore liquid like in
nature. Movement of molecules from one layer to another occurs quite fredy, and the
layers themselves are quite free to dide and move over on another [3]. These types of
liquid crystals are known as layer structures without order. Figure 4. ladescribes the

dynamic degrees of freedom of nematic and smectic liquid crystals.

Molecules in

The Crystal State The Soft Smectic State The Smectic Phase
Long Range Order Long Range Translational Order Layer ordering
Rotational Disorder

Molecules free to
) rotate and turrble /4

The Isotropic Liquid The Nematic Mesophase
A Disordered Structure Orientationally Ordered

Figure 4.1a Melting process of a rod-like liquid crystalline material. Various dynamical
degrees of freedom are described with respect to the director (n) axis [7].

There are different smectic A phases (A, A4, Aif), based on the layer spacing
and dipole moments. In the case of the smectic A4 phase, the layer spacing is longer

than the molecular length. Factors responsible for the formation of the smectic Aq

phase are discussed in chapter-7.

The layer thickness in the smectic A phase is often somewhat less than the

molecular length. This has been attributed to slight interpenetration of the layers which
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often have liquid-like hydrocarbon chains at the interfaces, or to departures of terminal
alkyl chains from their fully extended (all-trans) configuration. Anocther interesting
view suggested is that the difference in layer thickness might arise through a

gyroscopic motion [4] of the elongated molecules about the central part.

Smectic C (S¢) phase is a tilted analogue of the S, phase The smectic C layers
have a liquid like, unstructured arrangement of the lath-like molecules which are tilted
with respect to the layer plans at angles which vary from compound to compound. For
a given compound also, the degree of tilting may either vary with temperature over the

range of the phase, or stay relatively constant [3].
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Figure 4.1b. Structures of different mesophases in calamitic liquid crystals [7].

There are layer structures with an order unlike smectic A and C phases. The
molecules, which tend to lie orthogonal to the layer planes, are called smectic B phase
And, layer spacing should therefore be the same as the molecular length in this highly
structured Si phase. The dimension of the hexagonal net however, being smdl in
relation to the size of the molecules, molecular rotation can hardly be regarded as free,

but probably co-operative. The layers of the S;; phase cannot undergo bending or



curving deformations, necessitating a splay deformation of the parald molecular
alignment which also has a consequence on the microscopic texture which an Sg phase
tends to adopt [S]. Figure 4 1b describes the structures of different mesophases seen

in liquid crystals.

In certain homologous series S¢; phaseis formed when alkyl chains are present.
This is also considered as tilted phase, the layer being highly structured. Layer spacing
is smaler than the molecular length. The molecules undergo rapid, though restricted
reorientational motion [3]. The arrangement in the layers can be described as
monoclinic, compared with the orthorhombic, orthogonal arrangement of the S¢ phase.

There are other smectic (E, F, G, I, J, K) phases, as shown in figure 4. Ib.
4,3. Chemical Structure and thermal stability

It is known that the anisotropic shape and the resulting anisotropic forces of a
rod-shaped molecule can give rise to the formation of the liquid crystal phases [5,10-
12]. The requirement that the molecule of a nematogen possesses a fairly rigid core
structure, usualy with terminal substituents associated with it. Chemists, [5,10-12]
have been trying to understand the factors, which relate molecular structure to liquid
crysta properties. For certain properties like liquid crystal transition temperatures this
has been reasonably successful, but for others such as elastic constants and molecular
dynamics, there is 4ill much work to be done. A typica calamitic liquid crysta

forming molecule [5] has the idedlized molecular structure shown in figure 4.2.

]
(Al _JJ

Figure 4.2. Idealized structure of a typical calamitic liquid crystal forming molecule



Where, B, B arering systems, Z, Z are latera substituents and A is the liking group
Alkyloxy (O is an oxygen atom) and alkyl chains are also shown in figure 4.2, where
the segments represent the C-C bonds between the methylene groups present in the

end chains.

4.3.1. Physical properties and substituents

4.3.1.1. Role of the core

Aromatic rings connected either directly or through a linking unit are very
ussful in providing rigidity to the molecule.  The ring system strongly affects liquid
crystal stability and other physica properties like dielectric anisotropy, birefringence,
elastic constants and viscosity [3]. Theoreticaly, a ring system, which would alow a
linear configuration, could be used. Decreased ring flexibility has the effect of

increasing transition temperature [5]

4.3.1.2. Role of linking groups

The principle object of introducing a linking group between ring systems is to
increase the length of the molecule as well as to alter the polarizability and flexibility of
the molecules [3,10-12]. Generaly, two or multiples of two atoms are used in the
linking group to preserve the linearity of the molecule and the linking points of the

rings are usually para, again to preserve the linearity of the molecule.

Generally, more polar the linking group is the higher is viscosity [5]. If the
linking group is an akyl chain, the homologous series shows odd-even effects in the
properties with the number of carbon atoms. Multiple bonds usualy present in the
linking unit restrict the freedom of rotation, and preserve the rigidity and elongation of
the molecules [3,10-12]. Such multiple bonds can also conjugate with the phenylene
rings, enhancing the anisotropy of polarizability. Extension of the linking unit greatly



enhances the nematic-isotropic transition temperature, i.e, increases the thermal

stability of the nematic order.

4.3.1.3. Role of the lateral substituents

It is possible to broaden the molecule [10-12,5] by introducing substituents in
place of hydrogen in a position, along the side of the aromatic core structure. For a
range of substituents with varying size, polarizability and polarity, the nematic-
isotropic transition temperatures fdl in proportion to the size of the substituent. These
effects have been rationalized in terms of the molecules giving a reduction in
intermolecular attractive forces In smectic phases lateral attractions are important,
thus the group efficiency order is different from that of nematic phase. For smectic A
phases, the order is reported as [5]

Ph>Br>Cl>F>NMe2>Me>H >0Ome >CN.

4.3.1.4. Role of the terminal substituents

Most of the liquid crystal molecules contain at least one termind alkyl chain.
Generaly any terminal group which extends the molecular long axis, as long as it does
not increase the molecular width, will increase the therma stability of the nematic
phase. The theories of Maier and Saupe [10] suggest, that the nematic-isotropic
transition temperature of the compound is related to the molecular polarizability of the
molecule, which is invariably related to the termina group and its influence on the
conjugation within the molecule. The nature of the termina substituents or end groups
in the molecule of the mesogen has profound influence on the liquid crystal properties
of the compound. An average order of termina group efficiency [5] in enhancing the

nematic-isotropic transition temperature could be represented as:

Ph >NHCOCH; > CN > OCH: >NO, >Cl > Br> N (CH;), >CH; >F>H
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4.3.2. Nematic phase stability and terminal chains

The study of transition temperatures as a function of end chains has attracted
scientists since long [3]. Such studies have been well documented for a large number
of homologous series [10-12,19] Some of the important observations made on the
studies of alkyl and alkoxy groups are summarized here [3,5]. These observations are
illustrated using the data available on the homologous series of liquid crystals, butyloxy
benzylidene alkylanilines (abbreviated as 40 m, with m varies from 1 to 12). The
molecular dynamics studies carried out on some of these systems are presented in
Chapter-6 Observations made in this chapter would be discussed again in Chapter-6,
in order to correlate the dynamicd parameters with the phase stability and physica

properties.

4.3.2.1. Odd-Even effects

In the compounds with akyl and alkoxy end chains it is known that nematic-
isotropic transition temperatures show odd-even effects. Particularly, this alternation is
most pronounced for short akyl chain lengths. Odd-even effects can be explained by
the odd carbon atom dkyl chain having a termina CH3, which extends the long
molecular axis, whereas in an even number carbon chain, the terminal chain lies off
axis. As the dkyl chain becomes longer, the effect becomes less marked. If the
nematic-isotropic transition temperatures are high, the curves are of the falling type; if

the nematic-isotropic transition temperatures are low. the curves rise.

4.3.2.2. Alkyl chain length

In the case of 40.m series, the nematic phase temperature range varies as a
function of the end akyl chain length. This is shown in figure 4.3.
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Figure 4.3. Variation of nematic temperature range as a function of alkyl chain length

in the homologous series Butyloxybenzylidene Alkylanilines (40.m).

The nematic temperature range is considered here, as a representative of the
nematic phase stability instead of the transition temperatures. The nematic phase
stability increases with chain length initidly, and decreases with chain length at the cost

of smectic A (and/or Smectic C) phase stability.

The akyl chain length increases the stability of the smectic phases whereas the
alkoxy chain length enhances the nematic stability alone The conjugative interactions
between O-alkyl functions and the rings increases the anisotropy of the polarizability
and intermolecular attractions for the system, leading to higher transition temperatures
for alkoxy compounds. The intermolecular repulsion for the two systems would differ,
since a -CH»- and -0- function differs, electronically Thus, in aromatic systems,
akoxy groups always give rise to a higher liquid crystal thermal stability compared to
akyl analogues, this being due to increased conjugation and rigidity in the system. In

most cases, the oxygen atom is directly bonded to the aromatic core.



4.3.2.3. Symmetric end chains

When the liquid crystal molecules have two end chains, the phase transition
temperatures are higher for the systems with equal chain length (symmetric) than that
of the systems having end chains of different lengths (asymmetric) [21] When alkyl
and akoxy chains are present in a single system, the balancing of these end chains
affect the phase transition temperatures as well as the temperature ranges of nematic
and smectic A phases. The molecular weights of terminal chains could be considered
as the measure of this *balancing’, and if they are nearly equa, the system is balanced

In other words, the system is symmetric about the molecular short axis.

The term ‘nematic phase stability’ can be attributed to the isotropic to nematic
transition temperature as wel to the temperature range of nematic phase. For
example, if the transition temperature were to be considered as the only scale, a
nematic phase existing between 100 and 102° C would be seen as highly stable than the
nematic phase existing between 20 to 80° C, Hence, it is reasonable to consider both

the factors and define a parameter caled, 'the stability factor (Syem)’.
Snum = Tmid * ATncm (41)

Twia here, is the mid-nematic temperature and AT, the nematic temperature range.
Similarly, a parameter representing the balancing (symmetry) of akyl and alkoxy chain
present in the 40.m series is defined, based on the molecular weights of these end
chains. In the case of akoxy chain the molecular weight of the oxygen atom is aso

taken into consideration The 'balancing factor' (B) is defined as

M., —-M
M e +M

a

alkoxy

B= (4.2)

where, My is the molecular weight of the dkyl chain and M., is the molecular
weight of the alkoxy chain Here the vadue of B quantifies the deviation from
symmetry. B=0 represents a system with a perfect balancing of akyl and akoxy
chains. B>0 represents the akyl chain domination and B<O, represents the akoxy



chain domination. The “balancing effect' seen in the 40 m series is shown in figure
44 The systems with balanced (symmetric) end chains show high nematic stability
than the unbalanced (asymmetric) ones.
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Figure 4.4. Effects of the symmetric terminal end chains on the stability of the nematic
phase. Odd and even systems are plotted separately with different symbals.

From the figure 4.4, it can be sad that the stability factor (M,.m) iS higher for
odd systems than for the even ones. The transition entropies and transition energies
measured in the nO.m homologous series [20] peak when the akyl chains are balanced.
This is discussed in Chapter-6. A smilar anaysis of another homologous series [19]

having alkoxy groups at both ends aso shows similar trends.

The reasons for the odd-even dteration of transition temperatures are explained
in the literature [3]. If the akyl chain adopts an extended dl trans conformation, the
axid polarizability increases about twice as much at right angles on passing from an
even to an odd member of the akyl-substituted series; on passing from odd to an even
number, the two polarizabilities increase at about the same manner [3]. At comparable

molecular weights, the anisotropic polarizability therefore, is greater for odd than for
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even members and their nematic-isotropic transition temperatures and temperaturc
ranges are higher Such arguments explain the rising type of the nematic-isotropic
transition temperature curve, because of the increasing molecular polarizability along
the series. Though the assumption of regularly extended conformation for a flexible
chain is unreasonable, the regularity of alternation of Ty values can be explained only
if some preference for such conformation does exist. The damping of alteration at
longer chain lengths is explained by a statistical increase in population of non-extended
conformations giving a decreasing difference in the anisotropic polarizabilities for odd

and even numbers

Extending the length of the terminal n-alkyl chain increases the smectic forming
tendency (starts from 8 to 9 carbon atoms) relative to the nematic forming tendency
(pure nematics are possible below 6 to 7 carbon atoms in the end chains) of a system
Eventudly a stage is reached where nematic properties are extinguished (about 14 to
15 carbon atoms) and the compounds are purely smectic. Plots of transition
temperature against chain length for S.-N and S,-1 transitions are therefore very
smilar to those of nematic-isotropic transition [3]. Depending on the core structure,
the smooth curves can either rise or fdl with alternation, as the series is ascending [5]

Systems having two terminal alkyl chains usualy [5] have pronounced smectic phases
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Section B

Theories and experiments on Phase Transitions,
Physical properties and Molecular Dynamics
in Liquid Crystals

4.5 ntroduction

Present understanding of the role played by the terminal alkyl chains on
physical properties and molecular dynamics of liquid crystals is given importance
throughout this section In this regard, an attempt is made to give a brief account of
the theoretical models developed so far, which explain liquid crystaline phase
transitions and physical properties. Experimental results obtained on end chain
structure, physical properties and molecular dynamics are also summarized in this

section.

Molecular fidd theories can provide information about the structure and
properties of liquid crystals, because they enable an understanding of the onset of
liquid crystalline order at the microscopic level. The primary am of these theories is to
understand and obtain information into the molecular origin of various effects in liquid
crystals. New theories to predict and explain the individua molecular structural
components and packing, which determine the relative stabilities of the partia
orientational and partial positional ordering of the molecules in different liquid
crystalline phases, were developed recently [1]. Different approximations were used to
caculate the molecular fidld. There are two basic approaches viz.,

1. Non-spherical excluded volume models (Onsagar approach) and

2. Maier-Saupe (mean fidd approach) model based on anisotropic van der

Waals attractive forces between molecules.



4.6. Order parameter

In a nematic liquid crystal, as has dready been mentioned, the direction of the
average orientation of the long axis of the molecules can be specified by a unit vector
cdled the director, n. The physicd properties of the nematic phase clearly show that n
and -n are equivalent, i. e n is an apolar vector. Hence the orientational order in a
uniaxial nematic phase can be described as a second rank tensor [1], but for practical
purposes it is convenient to define a scalar order parameter,

§ = < ‘2’5”9'> 4.3)

2
where 0 is the polar angle made by the long axis of the molecule with n, and the
angular brackets indicating a statistical average. It is clear that S goes to zero for an
isotropic distribution of molecules, and takes the vaue one, when al the molecules are
grictly parale to one another. In the nematic phase, Shas intermediate values, which

is a function of temperature.

Apart from having flexible chains attached to one or both ends, the rigid core
of the molecule generaly has a low symmetry. However, for the sake of developing
theories for nematic phase, it is usualy assumed that the molecules are cylindricdly
symmetric. It is clear from the eguation that, S > 0 if the molecules make relatively
gmdl angles 9 with n. On the other hand, if @lies close to 90 degrees for most of the
molecules, § < 0. These two distributions are so different that they cannot have the
same free energy. A free energy between isotropic and nematic phases can be

described by the Landau expansion given by [2],

[

. A, B, C
AF =28 4 —F pn§V %, (4.4)
2 3 4

A. B, C.._are temperature and pressure dependent coefficients. The cubic term makes
nematic-isotropic (N-I) phase transition to have first order character [2] and there is a

non-vanishing cubic term in S

132



4.7. Onsagar approach (repulsiveforces)
4.7.1. Isotropic-Nematic transition

The firg statistical model for orientational phase transition was developed by
Onsagar [3]. According to this model, when the number density of hard rods
progressively increases, beyond some value of the density, the rods can pack efficiently
only if they are orientationally ordered. The free energy of the hard rod system was
assumed to be entirely entropic in origin.  The loss of entropy when the orientational
order setsin at the transition is compensated by the gain in trandational entropy due to
the greater freedom of movement of the particles. Isotropic-nematic (I-N) phase
transition can be accomplished only by a variation of the density, since the excluded
volume models are athermal So, based on the excluded volume model one can briefly
sy [1] that, stabilizing is assisted by packing entropy, and rotational entropy is
responsible for destabilizing the nematic phase. Mutua excluson of volume of two
rods oriented with an angle was considered when calculating the free energy, on which

Onsagar made virid expansion and retained only the second virial coefficient

Various authors extended Onsagar’s model to red systems since it is valid only
for very long rods and for low densities. Lasher's numerical calculations [4] show that
in the limit of large length to breadth ratio (1./D), the N-I phase transition which is
located by equating free energy in the nematic and isotropic phases, is characterized by
avaue Sy=0.784. Zwanzig [5] could calculate higher virid coefficients, by restricting
the molecules to take only three mutually perpendicular orientations. Flory and Ronca
[6] had used a lattice model, and had made calculations at relatively high densities.
However dl these models are useful to describe the N-1 phase transition, only if the
molecules have very large L'D values (about 100) as in man chan polymeric

compounds and their solutions in suitable solvents.

In the low molecular weight liquid crystals, the L’D of the molecule is only

about 3 to 5, and further the density of the medium is quite high. 1In this case, the



Scaded Particle Theory (SPT) [7] has been used to get good approximation for free
energy. Gibbs free energy is caculated by introducing a any point in the medium, a
scaled spherocylinder oriented along a particular direction. The volume excluded to an
unscaled molecule is defined by the scded molecule. The N-1 phase transition is
located by eguating the Gibbs free energy as well as the pressure of the ordered and
disordered phase. The calculated phase transition temperatures are in good agreement

with the experimental data, on certain smple liquid crystals when L D is 2.5.

However when the equation of state predicted by SPT is compared with the
results of Monte Carlo (MC) and Molecular Dynamics (MD) [8,9] simulations on the
isotropic phase, for L/ values 2 and 3, SPT overestimates the pressure and densities.
In order to extrapolate the 'exact' results of the computer smulation studies, to the
region of the nematic-isotropic transition, a method originally proposed by Andrews
[10] for an assembly of hard spheres has been extended to spherocylinders [11].
Frenkel et al., [12,13] have done Monte Carlo simulation studies on the hard dlipsoid
system. By computing the equations of state and free energies of different phases, they
have constructed a 'phase diagram' for hard ellipsoids of different axid ratios. It was
observed that a nematic phase occurs for both prolate and oblate ellipsoids with axid

ratios >2.5 or <1/2.5 respectively.

A more recent Monte Carlo simulations by Bolhuis and Frenkel [14], gives a
detailed connection between /D and the mesophases formed, explicitly for various
cases of shape anisotropies and densities. The phase diagram is shown in figure 4.5.
The phase diagram showing the (£/D)-1/ ratio's from 0 to 100 at various densities (p)
are given, which show the isotropic, nematic, smectic, and AAA staked phases aong
with the usual ABC stacked solid. A link could be established by this work [14], with
the hard-sphere phase diagram for smdl L/D and with the Onsagar limit for L/D—wo
and it was found that the nematic phase is stable from about L/D~3.7. Smectic phases
become stable from L/D~3.1. Isotropic-smectic and the nematic-smectic phase
transitions starts off as a strong first order transition for L/D>3.7 For L/D=7, AAA
stacked crystalline phases become stable and AAA-ABC transition is first order.
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Figure 4.5 Summary of the phase diagram of hard spherocylinders with L/D between O
and 100. In order to give equa emphasisto dl parts of the phase diagram, p
has been plotted as a function of log(L/D+l) [14].

Between L/D~4 and L/D~« the first order smectic-solid transition is located at
the dmost constant reduced densities 0.66 and 0.68. In the Onsagar limit, it was
determined that the nematic-smectic transition at density 0.47 is in good agreement
with the predicted value 0.46. It was also observed that the phase diagram of long
rods not only depends on the 1. D, but dso on the exact shape of the particles. For
example, hard ellipsoids do not form smectic phases, even in the Onsagar limit,

whereas hard shperocylinders clearly form stable smectic phases.

A recent Monte Carlo study by Wilson [15] describes the molecular structure
and properties of the liquid crystal molecule Functions like distortions in the bond
length, bond angle, and dihedral angle within the molecule together with each non-
bonded interaction between adjacent atoms were used to construct a molecular
mechanics force fidd. Every conformation in the end chain has a steric energy (E)

associated with it, which measures how the conformation differs from the hypothetical



structure, where dl the features have their ided values. The structure of the molecule

can be optimized with the minimization of the (£)).

Dynamics of the orientational correlations near the I-N phase transition were
studied by Allen and Warren [16] using Monte Carlo simulations. Slowing down of
the collective reorientations (DF modes) and the growth of short-range static
orientational correlations were observed near the transition. In the vicinity of the
phase transition, it was found that the amplitude and the decay time for DF modes,
proportional to k? for dl but the lowest values of k. In fact the proportionality
constants are quite insensitive to the temperature. These results aso indicate that dl
but the longest wavelength dynamical properties remain unaffected by the approach of
the nematic-isotropic phase transition. The upper limit of the wavelength of director
fluctuations is related to the transition temperatures by setting up of the dimensions of

the smulation box.

The density functional approach has been used by several authors, to discuss
the N-I phase transition in systems of hard ellipsoids [17,18,19]. In this approach, free
energy is assumed to be a function of the local density p(R) along with the usual
thermodynamic variables, such as the average density and temperature. A simple
scaing argument has been proposed by Lee [20] to write an Onsagar type free energy
for ensembles of both hard spherocylinders and ellipsoids of revolution. A good
agreement with the computer smulation on the packing fraction at the N-I phase

transition is obtained by this method.
4.8. Mean field approach (attractive potentials)

Maier and Saupe [21] had developed a meen field theory of the nematic phase
by assuming that anisotropic dispersion forces (anisotropic van der Waals forces
between molecules) are entirely responsible for the orientational order, regardiess of
the shape anisotropy of the molecules. The attractive anisotropic energy dominates

over counteracting orientational (rotational) entropy. The molecules supposed to



possess an anisotropic polarizability are determined by these attractive interactions.
According to the theory of Maier-Saupe, stabilizing is governed by rotational energy
and destabilizing is attributed to the rotational entropy.

Rull et al., [22] have shown clearly that attraction could have a drastic effect on
the stability of the liquid crystalline phases in simple model systems. The calculations
leed to a first order N-I transition at Sy = 0.42, a universal value. It is useful to note
that Krieger and James [23] had derived the same model for describing rotational
transitions in solids Experimentally, however Sy; varies in the range of .25 to .5 for
different compounds. Molecular flexibility is included in the mean field theory [24]
due to strong correlation between orientational order and internal conformational

degrees of freedom.

4.8. J Nematic-Smectic A phasetransition

The S, phase is characterized by a periodic density modulation along the
direction perpendicular to the layers. The interesting behavior of the smectic state can
be deduced from the analogy with the superconductors. For example, just as
superconductors expel magnetic fields, smectics expel bend and twist. The bend and
twist constants K,; and Kj; should therefore diverge, upon approaching the smectic
state from the nematic, just as the magnetic field is expelled from a superconductor.
The energy of the deformation of the director has to be taken into account, in the
theory of phase transitions, and therefore Frank-Oseen elastic contributions in the free
energy have to be included It is then, clearly shown that the bend and twist elastic
constants K33 and Ky, exhibit an increase near the nematic-smectic A phase transition
temperature [25] due to pretransitional smectic fluctuations (formation of small
domains with smectic order) caled cybotactic groups. According to the theoretical
approach of the extended analogy with superconductors including the smectic
fluctuations, these cybotactic groups should be anisotropic and characterized by two
coherence lengths of the smectic order parameter, £ and &., in the directions parallel

and perpendicular to the director, respectively.



Smectic A behavior occurring with increasing akyl chain length, is the basis for
the theories on the nematic-smectic A phases transition and the importance of such
effects are well documented [1]. Effect of dkyl chain length on the formation of
different smectic phases is shown in figure 4.6. The aromatic moieties have large
polarizabilities and thus the dispersion interaction energy is very strong between the
cores. This could naturaly lead to the formation of layered arrangement phase if the
akyl chains are sufficiently long and serve to efficiently separate the aromatic cores in

layers.

Smectic A

Sm B or Crystal B

Number of carbon atoms in aliphatic chain R

Smectic B an
Crystal B and E

Number of carbon atoms in aliphatic chain 'R

Figure 4 6. Effect of terminal chain length on smectic phase formation.



The Landau theory of smectic A to nematic phase transition (N-Sa) was
developed by de Gennes and McMillan [26]. A density wave with amplitude and phase
was considered i.e., the order parameter has two components just as superconductors
do. The elagtic constant for layer compression is much larger than the curvature elastic
constants in nematics and in the firs approximation it can be assumed that the layers

are incompressible.

The Landau-Ginzburg free energy can be written in the form

F=a ‘!/ll )yt] + _)ﬁ(—(—l”{) ZM |V, y —ig,ony| (45)
in which gradient terms in y have been included where the gradient operator is taken in
the plane of the layers. Further, as Halperin and Lubensky [29] have shown, the above
free energy expectation value of the director fluctuations &7 . is proportional to
fw! Inserting this back into the free energy relation, it is clear that the latter acquires
atem in /f/ This means that the director fluctuations aways make the N-SA
transition to have a first order character. But this effect is so smal that it was
experimentally confirmed only recently [27]. The coupling between smectic order
parameter and the orientational order parameter leads to a renormalization of the
fourth order term coefficient of the free energy. When the width of the nematic phase
is large, N-SA phase transition is of the second order and the nematic orientational
order is saturated. When the nematic phase range is short, the nematic order is far

from saturated, and the transition is of the first order.

Using a dynamical method, Anisimov et al., [27] had experimentally studied the
N-S, phase transition. Molecular length here, plays a crucid role in driving the N-S,
transition towards a Landau tricritical point (LTP), where the effect of the cubic term
is dominant and the quartic term in the free energy vanishes. The shorter the molecular
species, the less likdy they were to exhibit the smectic A phase and hence, the
temperature range of the nematic phase is larger, and the more likely the transition was
to be of the second order. The effect of layering could lead to an enhancement of the

orientational order parameter in the smectic phase relative to the nematic phase A



brief account of the McMillan theory is discussed here. Starting from the anisotropic

pair interaction energy, a single particle potential may be conveniently written as
u,(z,cos fy = -V, [S + aocos(2mz./a)] ( 3c0S" G-1)/2 (4.6)
where g is the layer thickness. The McMillan parameter a is given by

a=2exp [-(mya)’] 4.7

in which the range of dispersion interaction, rqis of the order of the length of the rigid
core of the molecules. Sis the orientational order parameter and oan order parameter,
which couples translational and orientational orders. i.e.,

o = < cos(2nz/a) tfcos” §-1)/2> (4.8)
where the statistical average is taken over the distribution function f;, and o is a
measure of the amplitude of the density wave in the smectic phase. And as is known,
the order parameter

S= <(3cos’0 -1)/2> (4.9)

The following solutions are obtained by McMillan for these equations.
1) S=o=0i.e, theisotropic phase
2) S#0, 0=0i.e, nematic phase (4.10)
3) S #0, o=0.e, the smectic A Phase

It is clear from the above equations (4.5-4.7) that a (caled the McMillan
parameter) is a measure of the strength of the layering interactions and from its
definition it is clear that for a given core length r, a increases with increase of the
layer spacing 'a’ which is nearly equal to the molecular length. In other words, a

increases with the chain length in a homologous series.

In most homologous series, the smectic A to nematic transition point reaches a
maximum value for some chain length and tends to decrease for higher homologous.
For small values of r/athe attractive interactions are strongly localized and the

smectic phase clears directly into the isotropic liquid. For larger values, a nematic

140



phase appears, that is separated from the smectic phase by a firs order phase

trangtion. At the McMillan number T\/Tsy =0.886 a tricritical point is predicted,

where this transition becomes the second order. Predicted first order behavior of the

phase transition is due to a coupling of the smectic order parameter to the orientational

order. The existence of a tricritica point is well established now, for a variety of

systems [1]. There have been studies on the coupling of the smectic order parameter

with the second harmonic of the density wave [28] and with the director fluctuations

[29]. Other extensions of the McMillan theory include

» A modd in which both attractive interactions and hard rod features of
spherocylinders are incorporated [30]

» A modd, which allows short-range order [31].

> A theory for binary mixtures which include intermolecular repulsions and
attractions [32,33] and,

> A mode which takes into account the statistics of flexible end chains [34].

Following McMillan, most attempts at theoretical description of smectics have
focused on a mean fidd type treatment of the attractive intermolecular forces.
Exceptions are the work of Dowell [35], who have shown in the context of the lattice
model, that the addition of semiflexible side chains to a rigid molecular core can aso
account for smectic behavior in systems with purely repulsive interactions. Dowell’s
work also shows that it is not necessary to invoke dipolar forces to have stable Smectic
A, smectic Ay phases. Dipolar forces however, increase the stability of these phases in
systems with Lennard-Jones interactions. The details of the models developed by

Dowell are described separately under the category of generalized models.

A theory for the stability of the nematic phase of paralel cylinders was
developed by Mulder [36]. A more generalized theory for binary mixtures was
developed by Sear and Jackson [37] based on the model by Mulder, and it was
concluded that adding cylinders of different lengths decreases the tendency to smectic
ordering. It has been shown that adding cylinders of different lengths to one
component nematic phase of cylinders postpones the nematic-smectic A transition,

decreasing the range of smectic A phase.



4.9. Generalized models

A combination of both types of ingredients (attractive and repulsive) has been
considered in the so-called generalized van der Waals theory (GVDW) [7]. A
significant feature of the GVDW approach is that the contributions of the short ranged
and long ranged pair interactions are coupled. This combination leads to the point
that the full polarizability of each molecule is concentrated in its center. It would
immediately be clear that for paralel molecules, it is not only the excluded volume
that is more favorable, but that the attractive forces also contribute to the stability of
the orientational order, because of the shorter distance between the attractive centers.
The important assumptions made in the GVDW theory include 1. The molecules are
rigid and axialy symmetric, 2. Short-ranged forces are dominated by hard core
repulsions. 3. Long ranged attractions are comprised essentially of an angle dependent
dispersion interaction.

The failure of the models such as the scaed particle theory (SPT) has been
attributed to the neglect of short range orientational and translational correlations
resulting from intermolecular interactions. In other words, it can be said that these
models have not considered the soft repulsions It was shown by Dowell [35], that at
short ranges of separation between intermolecular segments, soft repulsions are very
significant in any reasonably realistic model potential such as his use of the
Lennard-Jones (LJ) potential. A realistic transition temperature and a relative density
change could be got, by including both soft repulsions and attractions in the redlistic
LJ potential, which makes the isotropic-nematic transition more like the weakly first-
order order-disorder transition observed experimentally, rather than the strongly first
order condensed phase-gas phase transition proposed by hard rod models. Soft

repulsions ‘soften 'the nematic-isotropic transition.

Dowdll introduced [35] a genera partition function derived via combinatorial
lattice statistics, for condensed phases with partial or total orientational and positional
ordering of the molecules. 1In this case, partition function could be in one, two or
three dimensions, permitting the modeling of nematic, smectic A and ordered smectic

phases. The lengths of the core and tails can be varied as well as the flexibility of the
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intramolecular bonds in the tails Using this model, the configurational properties of
the system, those that depend on both the temperature and the positions of the
molecules and the relative stabilities were studied. The hindered rotation of the
semiflexible bond about the core long axis is actually associated with the internal
degrees of freedom of the molecule and with the configurational degrees of freedom
of the system of molecules. A symmetrical distribution of semiflexible bonds about
the core long axis has also been assumed. The relative stabilities of isotropic,
nematic, smectic A, and reentrant nematic phases are studied as a function of
temperature, tail flexibility and chain length. Thermodynamic and ordering properties
such as, the smectic A order parameter, core and tail intermolecular orientational
order parameters, density and entropy were also calculated using this generalized
model.

As a specia case, Dowell used the general partition function to the smectic A
liquid crystal, in which the molecules have a certain positional ordering in one
dimension (layering) of the system and also have some orientational order Thereis a
liquid like positional order within each layer This partition function can be reduced
to the nematic partition function when the smectic A order parameter goes to zero and
can be reduced to the partition function for an isotropic liquid when both the smectic

A order parameter and the nematic order parameter go to zero.

This model [35] showed that the differences in packing between rigid cores
and chains can in some ranges of temperature and pressure, force the molecules in the
system to form smectic A layers in such a way that cores tend to pack with cores and
tails tend to pack with tails. And as the tails become more rigid and rod like as the
temperature decreases, the segregated packing of the smectic A is no longer
advantageous and thus disappears, allowing the re-entrant nematic at the temperatures
below that of the smectic A phase.

4.9.1. Formation of the mesophases

It is also possible to understand [35] the transitions through simple arguments.

At a high temperature 7, the system volume V is large enough for the molecules to



pack randomly, and thus the drive for maximum entropy leads to the existence of a
stable isotropic phase. As T lowers, V decreases, and the molecules must order
partially, to fit in to the volume, and there is thus a transition to a stable nematic
phase. As 7 decreases, V decreases further, and there is a weakly first order transition
to astable §,; phase. No stable smectic A phase is observed by Dowell when terminal
chains are very short, which is consistent with experimental observations. When the
number of segments in the termina chains are less than that of the number of
segments in the core, the packing of the tall segments seems to act as a minor
perturbation to the packing of the cores. This is so negligible that the segregated
packing of cores with the cores and tails with the tails (Sa phase) is no longer
necessary, and the drive to maximize entropy favors the more disordered nematic

phase over a smectic A phase.
4.9.2. Role of dipolar forces

Though the attractive dipolar forces are not essentia, it was shown [35] that
attractive forces increase the stability of the mesophases in systems with Lennard-
Jones (LJ) interactions. Dipolar forces aso shift the temperature ranges of these
phases closer to the ambient, thus making them easier to discover and observe
experimentally. Dipolar forces added to the LJ system orient the cores more and pull
the molecules closer to hard repulsive separation distances, thereby producing a return
to a phase diagram whose qualitative features are more similar to those of the steric
system. It was also shown that the LJ forces to the steric system increases the
temperatures at which the S phases are stable. Adding dipolar forces to the pure LJ
system, increases the temperatures ill further, bringing the S, and low temperature
nematic (RN) phases into temperature ranges closer to the ambient and thus more

accessible to experimental discovery and observation.
4.10. Theoretical explanation for odd-even effects

The flexible chains increase the entropy of melting; they serve to lower the

melting point and to increase the liquid crystalline range. Considering flexibility due
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to end chains, Mercelja [38] has incorporated the configurational statistics of the end
chains in the theory of the nematic phase in a Flory-type calculation [6]. In addition
to having the conformational energy, each C-C bond in the end chain is subjected to a
mean field, which depends both on the orientational order of the rigid central part and
that of the end chain. A detailed calculation of ordering, by doing exact summation
over dl the conformations of a chain in the molecular field, had shown 'odd-even'
effects in both the transition temperatures and the order parameters (Tnrand Sxi)in a
homologous series The results [38] are in well agreement with the experimental
trends [1a] It is also clear from simple geometric considerations that a strong odd-
even effect for lower homologous is caused by a high probability of occurrence of the
all-trans configuration for short chains. The increase in conformational flexibility for
the higher homologues is seen as a smearing out of this effect. The anisotropic
interaction between the rigid structures of the molecule therefore, is rather strong and
the addition of end chains decreases the average anisotropic interaction. This is true
in the case of homologous series with higher transition temperatures [1a]. In the case
of the homologous series with lower transition temperatures. the addition of end
chains increases the average anisotropic interaction between molecules. The
orientation of the C,. 2 Cp.3 bond in the chain can take, with respect to the Cn Cy-)
bond, either a trans conformation, which has the lowest energy, or two gauche
conformations, which have considerably higher energy. The ‘all-trans’ configuration
indeed has the state of 'perfect order' for the chain; the other possible conformations

giving rise to flexibility.

Pink [39] developed a model including the various states of hydrocarbon
chains, (not only the ground states but also the excited states) and showed that, while
the even-odd effect in transition temperature can be understood as a conseguence of
the even-odd effect in the chain order parameter (<S>) with respect to the molecular
axis, the even-odd effect in the rigid segment order parameter is the consequence of at
least such an effect in the mean-square deviation, < S* > - < S>°. These calculations
have since been refined by Luckhurst [40], and used to make successful calculations
for compounds which have two rigid cyanobiphenyl moieties linked by flexible

spacers, in which the odd-even alteration in Ty is very strong.



4.10.1 Intrachain constraintsandrotational dynamics

Dowell [35] explained the effect of end chain flexibility on the mesophase
stability and particularly, the effects of intrachain constraints on the alkyl end chain
flexibility, comparing his approximate but computationally ssmple method with a full
statistical methods, based on Mercelja's model [38].

It is known that, in the liquid crystalline molecules consisting of a long rigid
core and terminal akyl and akoxy chains, there is essentially a free rotation of the
molecule about the core long axis, thereby giving an effective rod like, cylindrica
shape of the core. The akyl chains are semiflexible, since it costs a finite, but easily
achievable, energy to make rotations about any carbon-carbon bond between -CH2-
and -CHS3 units in given termina chain. There are three rotational energy minima for
a given carbon-carbon bond in these terminal chains. a trans rotationa state and two
gauche rotational states. The net energy difference between these states is Eg, with
the gauche states having the higher energy. The datistica distribution of trans and
gauche rotational states as a function of E; and the temperature are the origin of the
intrachain constraints on the terminal chain flexibility It has been emphasized that
there is an appreciable fraction of gauche states in n-alkyl chains in mesophases and
isotropic liquid phases. If dl these segments are in an all-frans configuration the

material becomes a crystalline solid.

Dowell theoretically showed [35], how intra chain constraints explain the
odd-even effects with more accuracy. He considered the fraction of semiflexible
bonds in the tail chain bent out of the direction of the long axis of the core of the
molecule. In other words, the fraction of bonds bent out of the direction of the long
axis of the al-trans state of the tail chain of the molecule is considered. This
approach is different from earlier theories in the following way. The rotation of the
semiflexible bond is coupled directly to the direction of the long axis of the core of
the molecule. Consequently, since the gauche energy is assigned for each bond
rotated out of the core long axis, it includes in a rather approximate manner certain

intermolecular constraints on the intramolecular trans-gauche flexibility. That is, it



reflects in a close fashion that it should be harder to make a rotation out of the core

long axis since such a rotated bond would run into more interference

4.10.2. Intrachain constraints and physical properties

Dowell could explain odd-even effects in the phase stabilities of nematic,
smectic Ay, smectic A; and isotropic phases based on the intrachain constraints.
Other properties like the average core orientational order parameter, tall
intermolecular orientational order, the average tail intrachain orientational order,
reduced entropy changes and reduced density changes of the system at the nematic-
isotropic phase transition also showed odd-even effects with tail chain length in

Dowell's calculations.

The observed magnitude of odd-even effects of tal intermolecular
orientational order parameters are larger than the odd-even effects in the core
orientational order parameters. This is consistent with the fact that the alteration of
the number of -CH2- units (or carbon atoms) in the chain itself is the origin of the
odd-even effects. The observed changes in core order parameters leads to a
conclusion that the tails affect the cores. The core order parameters are larger than
the chain intramolecular order parameters by an order of magnitude, since it is easier
to orient cores than semiflexible tails Since the cores and tails are attached, an
ordering of the cores affect the ordering of the tails. The magnitudes of entropy and
density changes observed in this theoretical results are well in agreement with the
experimental values. These results imply that the infra-chain constraints are by far,
the major factor responsible for odd-even effects in these systems and thus account
for most of the magnitude of these odd-even effects. The smdl differences seen in
these results with the experimental observations [35] indicates that intermolecular
constraints on the end chain flexibility also make some contribution to the odd even

effects seen experimentally.



4.10.3. Other modelsand computer simulations

Lebwohl and Lasher [41] and later Jansen et a., have performed Monte Carlo
simulation studies on a lattice version of the Maier-Saupe theory A sudy of
molecular dynamics simulations [43] of a flexible solute dissolved in a Gay-Berne
solvent show that the increase in the anisotropic environment which favors all-trans
conformation is balanced by an increase in density which favors conformations with
more gauche links. Moving from nematic to the smectic phase by lowering the
temperature generates a large increase in the number of all-trans configurations. This
study shows very clearly that smectic ordering enhances the all-trans configurations.
There have also been simulations [44] on collections of mesogenic molecules which
use their full structure, and atom-atom pair potentials, and the comparison of various
computed ensemble averages with their experimental counterparts. Palke et a., [44]
had used the molecular dynamics trajectory to calculate averaged nuclear spin dipolar
couplings, and these are used to test the maximum entropy (ME) and additive
potentiad  (AP) methods [45], which have been used to obtain the probability

distribution for internal bind rotations.

4.11. Theoriesand experiments on elastic constants

Elastic constants in nematic liquid crystals (Kn, K32 and Ks3) can be measured
through creating director field deformations by an external fidd or by surface
anchoring and analyzing these deformations by optic, capacitance, therma
conductivity, electric conductivity, or by magnetic resonance methods It is possible
to get information on elastic constants by observing director fluctuation (DF) modes
using optica or NMR methods. Elastic constants have been measured by severa
experimentalists [le], and there are certain theoretical attempts to explain these
constants based on the molecular structure.

Although there are no general quantitative relations between the elastic
constants and molecular structure, there are experimental observations, which connect

the molecular properties with the elastic constants. It is also observed that the short-



range intermolecular forces are responsible for the elastic properties. A quantitative
comparison of experimental elastic constants obtained from different studies is shown
in figure4.7 [1f}.

K, - Values

PCH-nOm  PTPnOm DN

Compound Class

Figure 4.7. Elastic constants K, K2z and K33 of important liquid crystals at a fixed
reduced temperatures (Trea= 0.95) [1f].

4.11.1. Molecular length and elastic constants

The splay and bend elastic constants Kj; and K33 are often of comparable
magnitude, and their ratio is often close to 1 near I-N phase transition temperature
(Tn1). The twist elastic constant K2, is usually smaller in low molecular mass liquid
crystals. The splay/bend ratio is correlated with the molecular length/width ratio for

rigid molecules as follows [66]
Kis: K11=L2 : Wz, with K33>K (4.11)

If long, flexible akyl chains are incorporated in the molecular model structure, the

trend is reversed, (K33 < Kn). In practice both cases are observed. In the nCB series,



KK, is observed. The bend/splay ratio gradually decreases with increasing alkyl
chain length [58]. In, 4-cyanophenyl-4-n-alkyloxycyclohexanoates the Ks/Ki ratio
decreases from about 18 for propyl homologue to about 115 for the octyl
homologue. Odd-even effects are found in the ratios of Ki3/K;; with the number of
chain segments. As a general trend, this ratio is closer to 1 near the N-I transition (at
low order parameters) than deeper in the higher ordered nematic phase. The
twist/spaly ratio is found to be quite constant (except for pretransitional effects in the
vicinity of smectic phases). Theoreticaly it is expected to be 1/3, but experiments
show that K32/K1is typicaly of the order of 1/2.

4.11.2. Order parameters and elastic constants

The variation of elastic constants (increasing with decreasing temperature),
with temperature is attributed to the changes in the order parameter S, and the molar

volume Ve Hence, Saupe [42] introduced reduced elastic constants
Ci=Ki Vo * 8% i ={1,2,3} (4.12)

According to this theory C; should be practically independent of temperature, and
Frank elastic constants scale with the square of the nematic order parameter, while
their ratios should be constant material parameters. In the qualitative estimation of
relative values of elastic constants, Saupe had obtained K,; : Ky : Kj; ratio of
-7 : 11: 17. This non-physical result is due to an over smplified assumption about
the molecular shape and the interactions. Experimentally for large number of
nematics (far from smectic phases) it has been an established fact that K;;=K33. The
twist elastic constant K,z is generally smaller than the other two The ratios of the
elastic constants moreover, are independent of temperature only to a very rough
approximation. It is necessary that anisotropic molecular shapes and short range
order be included in a more elaborate microscopic description of nematic elagticity.

Another expression obtained for the elastic constants [lc] as a function of the
different order parameters P, and P4 is given by the relation,

Ki = K;i (P [1+ (K KP2)(Py/Py)), 4.13)



wnere K; are elastic constants (Kn, K3, and K33) and P, and P4 are order parameters.
The contributions from these order parameters are given with superscripts 22 and 24
respectively. The results obtained for the nematic medium showed that the elastic
constants obtained are linearly dependent on the temperature and essentially constant
over the narrow thermal range of the nematic liquid. The order parameters P2 and Pa
on the other hand, vary significantly over the same temperature range. Thus the
temperature dependence of Ki/P;% i = 1, 2, 3 are determined by the relative magnitude

and sign of P4.

The theoretical elastic constants obtained for PAA and MBBA are compared
[1c] with experimental values. For the intermolecular potential appropriate to PAA,
the ratio Ki#*P#/K{P; is the largest, for the bend elastic constant, which is consistent
with the experimental fact that K33 for PAA shows the largest deviation from P2?
temperature dependence. More explicitly, as T is increased from 390 to 410 K, P22
decreases by a factor of 2, whereas Kj3 decreases almost threefold. This is because
P4/P, also decreases over the same range and the contribution of K; %o KR is at least
20% of the K terms.  Thus independent measurements of order parameters provide
information complementary to the data, on elastic constants. On the other hand in
MBBA, the P4/P; ratio is found to decrease significantly over the narrow thermal
range from 293 K to 320 K of the nematic. In fact, the ratio actually vanishes (since
P4 goes to zero) and goes to negative. In the neighborhood of Ps=0 value, K; are
determined exactly by the P;* contributions. Since K1;=Ka3 on the P32 level, this
suggests that K33 should approach Kj; from above, as PA/P2 decreases toward the top
of the nematic range. This behavior is indeed observed in the case of MBBA, for
which P4/P, not only decreases but also vanishes. Chanrasekhar et al., [46] and
Boehm and Martire [47] have analyzed a system in which the rods are restricted to
only 3 orthogonal orientations. The important result, which connects the end chain
effects on the order parameters and elastic constants, is that if the molecular
polarizahility increases, K (E represents energy) grow faster than the K (S

represents entropy) and account in this way for a decreasing value of K33/Ky;,

Poniewierski and Stecki [50,51] have applied the density functional theory in

order to relate in a quantitative way, the elastic constants to characteristic properties
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of a dtatistica ensemble of molecules with the given nematic interaction potential.
Considering the difficulties involved in the caculation of the multiple pair correlation
functions needed to calculate the dastic constants in the theory proposed by
Poniewierski and Stecki, an alternative approach is used. This approach is to perform
MD simulations of a statistical ensemble of particles [52-55], in which the classical

equations of motion are solved for the multi-particle system.

A qualitative comparison of different theoretical approaches in the study of
hard spherocylindrical system has been reported by Poniwierski and Holyst [56].
While the order parameters obtained using the different models coincide fairly well,
the agreement between values of the elastic constants is rather poor. In generd,
because of the complexity of the assumptions and approximations and the sensitivity
of the elastic constants to details of the orientational distribution and correlation
functions, quantitative and even qualitative comparison of molecular statistical
approaches and experiment are usually unsatisfactory. At present it seems that dl
such theories, despite providing an insight into the properties of Gay-Berne [1] and
other model fluids, are far from reaching the goa of providing a microscopic

understanding of nematic elasticity.

Regardless of a molecular interpretation, a theoretical relation between
nematic elastic constants and the order parameter can be established by a Landau-
deGennes expansion of the free energy and by a comparison with the Frank-Oseen

elastic energy expression, given by,
K1 1=K33=8%2L,+L,) (4.14)
and
K= 28%L, (4.15)
where L and L; are expansion parameters.
The behavior of nematic elastic constants in the vicinity of the nematic-

smectic transition has been analyzed by means of the Ginzburg-Landau Hamiltonian

[57]. At the transition to the smectic A phase, a critica divergence of K,; and K3 is
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predicted Also Monte Carlo simulations of the N-Sa transitions have also been
studied by many authors [58].

4.11.3. Cybotactic clustersand elastic constants

Thus, if the nematic has no smectic like short-range correlations, Ks3>Kyy. If
the molecules have a tendency to form layered cybotactic groups, as in the case of
mixtures exhibiting the induced smectic A phase, at lower temperatures [48,49], K33
< Kj;. However, along range layering order cannot sustain a curl n distortion, and
hence, both K;» and Ks;; diverge when the smectic A-nematic transition point is

approached.
4,12, Anisotropic physical propertiesand molecular dynamics

Anisotropic physical properties that are generally affected by the terminal
chains would be discussed in this sub-section. Properties of liquid crystals can be
distinguished into scalar and non-scalar [1]. While the order parameter, transition
temperature and transition entropies are scalar properties, dielectric, diamagnetic,
optical, elastic and viscous coefficients are non-scalar properties. Scalar properties,
like positional, orientational and conformational orders, are important to characterize

various states and the orientation of the groups within the molecule.

4.12.1. Optical anisotropy

Existence of random refractive index fluctuations led to a milky and opague
appearance of nematic liquid crystal. Similar to anisotropic polarizability and electric
permittivity (Ac) nematic liquid crystals have an optical anisotropy (An), cdled
‘birefringence’. It was experimentally observed that An increases with decreasing
temperature, simply following the behavior of the order parameter, S. One can
estimate the relative variations of the order parameters from the anisotropy in the
refractive index. The refractive index of the extraordinary wave (decreasing with an

increase in temperature) shows strong temperature dependence, which is probably due



to the temperature dependence of density along with the changes in the S Odd-even

effects in An are observed in the homologous series of systems [1].
4.12.2. Anisotropic viscosity coefficients

The viscous behavior of liquid crystals has pronounced effects on the
dynamics of the liquid crystal molecules. Since viscosity is a collective property
resulting from the interaction of the molecules with one another, it is strongly
dependent on the molecular environment. There are five (three among them are shear
viscosities) anisotropic viscosity coefficients, depending on the relative orientation of
the molecules with respect to the flow of the material. When the oriented liquid
crystal is placed between two plates which are then sheared, the director is
perpendicular to the flow pattern and paralel to the velocity gradient, the viscosity
connected with this being ni.  n; is the viscosity coefficient when the director is
paralel to the flow pattern and perpendicular to the viscosity gradient And, n3 1s
viscosity coefficient when the director is perpendicular to both flow pattern as well as
the velocity gradient. n;, n2 and n; are referred as the Miesowicz viscosities and are
difficult to determine. In addition to these, the rotational viscosity, v, is that, where a
rotation of the molecule around an axis perpendicular to the director takes place. This
has values typically ranging from .02 Pasto 0.5 Pa s [1f]. Longer alkyl chains, more
number of aromatic rings and the lateral functional groups lead to higher viscosity
values [le]. Strong polar interaction also leads to higher viscosities. These general
observations are often superseded by the structural rigidity of the molecules,

exceptional intermolecular attractions or repulsions and pretransitional phenomena.

4.12.3. Anisotropicrotational motions

The rod-like molecules in the nematic phase are free to rotate about their long
axis and to some degree about the short axis [1d]. The dielectric relaxation times
measured for rotations about their short axes are much longer (~10° to 10° times per
second) than those about their long axis (~10'' to 10" times per second) [l€]. In the

case of smectic A phase these values do not change much.
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Considering the anisotropic rod-like nature of the liquid crystal molecule
different types of reorientations (or rotations) are proposed in the literature [59]. The
various possible relaxation mechanisms in the liquid crystal system 10.4 (MBBA) are
shown in Figure 4.8.

long oxix

o c
& nro

Figure 4.8 Typical molecular structure of nO.m system (10.4). Various dynamic
degrees of freedom are also specified. Rotations about long and short
molecular axes (R; and R;). segmental rotations (R4) and the three-fold
rotations about the short axis (R3) are specified with labels. Self-diffusion
(SD) and director fluctuations (DF) are also described [1d].

Apart from director fluctuations (DF) and self-diffusion, there are four
different rotations {1d] that seem to be important in the rod-like molecules with end
chains, in mediating the spin-lattice relaxation R, represents the rotational tumbling
about the long axis (with typical time scales of the order of about 10" to 1072
seconds). Ri and Rs represent the rotations of the CHs groups about the three-fold
axis and the rotations of the CH, segments about the C-C bonds, respectively. Both
R3 and R4 are expected to have a time scale of the order of 107"’ seconds [1]
Contributions from R;, R3 and R4 are not much to the nematic T, data, due to their

smallness of the correlation times compared to the inverse Larmor frequency, which



in practice is between 10° and 10®seconds [1d]. The only rotational mechanism,
which could be effective, is the rotation (R;), about the short axis (with correlation

times of the order of 10°-10" seconds).

4.12.4. Anisotropyin Self-Diffusion

Sdf-Diffusion (SD) is a thermally activated molecular motion, which does not
afect the orientational ordering of the mesophase. The available experimental and
theoretical results on SD are mostly inconsistent, although there are few systematic
studies using field gradient technique by Noack and coworkers [60]. It is generally
observed from the experimental results that the diffuson constants are anisotropic,
and the diffuson D, which is measured in the direction perpendicular to the director
is smaller than the Dy, which is measured in the direction parale to the director. The
values [60] of these two diffusion constants are in the range between 107! m® s and
10" m? s, The anisotropy ratio o= D,/D; is a materia parameter which is typically
around 05 for nematic phases. Very often the average diffusion constant
<D>=(2D,+Dy)/3 is defined which is expected to be equd to the diffusion constant in

the isotropic phase.

Various theories are discussed in the literature [60] assuming the validity of
Fick's law for SD in liquid crystals, in order to explain diffusion properties in terms of
the molecular properties. There are different experimental techniques ranging from
very simple tracer techniques, to methods of measuring the diffusivity of a liquid into
a porous matrix using NMR [61]. Experimenta results are not satisfactory and not
aufficient to explain the theoretical observations. Blinc et al, [62] have
experimentally shown that the diffusion tensor components are coupled to the order
parameter S. The average diffusion constant <D>, and the limiting values D,’, D," of
a perfectly ordered cluster (S=1) is of the form

D;=<D>(1-S)+$ D,’ (4.16)
Dy=<D>(1-S)+S D’ (4.17)

Modified equations are given by [60] as
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Dy =<D>{1-{(1-p)/2y+1)] S} (4 18)
Dy=<D>{1+[2(1-y)(2y+1)] S} (4.19)

where, y = D,% D,° = nd/4L, d is the diameter and L is the length of the molecule
The predicted macroscopic anisotropy ratio a, is hence independent of <D>. From
the above relations, for a mesophase system of S = 0.6 with d/L = 3, o = 0.5 can be
obtained. Due to the non-availability of sufficient experimental data, it is common to
describe the results by the modified Arrhenius law, Dj = Dj° exp (-Ei/kT), where 1 is
either || or 1 and E; is the activation energy. Recent theoretical developments [63-64]
usng molecular dynamics and Monte Carlo simulations are very useful in

understanding the microscopic structure dependence on diffusion.

The importance of density measurements in understanding transport properties
is described by Allen [63] Diffuson coefficient D, (in the direction parallel to the
director) increases with density in the nematic phase initially, reaches a maximum
value and then decreases. This decrease of diffusion with further increase of density
is attributed to the increased collision rate at such higher densities The diffusion
constant D, decreases monotonically in the usual manner. This effect seems to be
associated with the density variation of the nematic order parameter near the phase

transition.

Allen has explained [15] the various dynamical features like director
fluctuations, reorientations (becoming slower in nematic phase), and the elastic
constants of long rod like molecules using molecular dynamics simulations. Slowing
down of director fluctuations and the growth of orientational correlations, limited to
the ranges of few molecular diameters is found for hard ellipsoid fluids at the
nematic-isotropic transition, which is more like a weakly first order transition This
molecular dynamics study [15] shows how orientational domain size affects the

collective fluctuations.

There are certain important experimental methods, which could provide the

diffuson constants Tracer techniques directly measure mass transport, and in liquid



crystals, this has been achieved by radioactive tracers or optical tracers  Another
important indirect method used to measure self-diffusion constants is the quasi-elastic
neutron scattering, with crucial requirements on instrumental resolution in terms of
energy and momentum. Using the nuclear spin-echo methods using NMR pulsed
field gradients the most reliable data was obtained in the recent years. The observed
sdf diffusion constants by various groups using NMR and tracer techniques, show the
Arrhenius type temperature dependence consistently [60] for both Dy and D+ with
dightly different activation energies (20 to 70 kJ mol”) and hence, temperature

independent anisotropy ratios from 0 5 to 0.7.

Systematic studies of diffusion constants in the homologous series of nematic
liquid crystals show very interesting trends [60]. Odd-even effects are seen in these
systems in a manner similar to the clearing temperatures. It is important to compare
the diffuson constants at the same temperature. In the PAA homologous series it was
seen that D.>Dis, and aso D>D, independent of the odd-even effects. There are
similar results from QNS studies, which cannot be explained by the existing theories.
nCB systems studied by Noack and coworkers using field-cycling magic angle
technique [60] showed that the results were consistent with the theories. Generaly, it
is found that longer the terminal chain length is lesser the diffusion constants. Slowing
down of diffusion in longer chain lengths leads to the formation of the smectic A
phases. In the smectic phases the activation energies for diffuson mechanisms are
different (EL < E;) from that of nematic phases. The anisotropy ratio changes from the
nematic value o>>1 to o<<l. In the homologous series akanoylbenzylidene

aminoazobenzenes the a values go up to 10 in the smectic A phase.
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Chapter 5

Nuclear Magnetic Relaxation Dispersion (NMRD)
Theory of Liquid Crystals

Theoretical models required for analyzing the proton NMRD data are
presented in this chapter under different sections. A brief introduction to the
basic NMRD methodology is given in section 5.I. Other sections deal with
different dynamic processes mediating spin relaxation in /liquid crystals. In
section 5.2, various models describing the contribution from director
fluctuations (/F) to the total spin relaxation are presented.  Section 3.3 deals
with the self-diffusion (9)) mechanism and section 3.4, with the rotational
motions (R). References are given at the end of the chapter.

5. /. Nuclear Magnetic Relaxation Dispersion (NMRD)

The interest in molecular dynamics in thermotropic liquid crystals is driven by a
desire for an understanding of the description of the fourth state of matter (liquid
crystals).  On the other hand, the lyotropic interest is derived from a wish to
understand which physical processes of membrane systems are of prime importance for
the biologica function [1]. The molecular motions in liquid crystals are of two
fundamenta types [1-3]. The first one is translational motion. In the nematic phase,
molecules as a whole can undergo three-dimensional trandational sdf-diffuson (SD).
However, in the smectic phase one expects to observe a distinct anisotropy in the
trandational diffuson process, with the exchange between layers being dower than the
laterd in-plane diffuson. The motion in the lyotropics, on the other hand, is strictly
two-dimensional  This is because the hydrophobic nature of the lyotropic mesogens

strongly suppresses their passage through an aqueous region [1].

The presence of trandationa diffuson makes the task easier for both
theoreticians and experimentalists [I], because it helps justify the molecular fidd

description of liquid crystals which assumes that the behavior of each molecule is
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determined by a near interaction potential, independent of its position within the
structure.  Furthermore, what is expected now is that, any structural correlations
between adjacent layers in many smectic and lamellar phases are averaged out. This
implies that microscopically aligned samples would exhibit uriaxial symmetry about the
common macroscopic direction and that the molecular order and dynamics in each

layer can be considered to be two dimensiond in character.

The second mode of motion involves a change of orientation of the molecule
relaive to the symmetry axis of the phase. This change may be a result of a
reorientation (R) of the whole molecule, and in flexible molecules, a conformational
change due to internal motion [1-3]. The combination of these two mechanisms
complicates the details of the molecular dynamics as the processes take place on a
similar time scale [5]. The orientation of the molecules in space may also change as a
result of collective molecular motions, for example, through director fluctuations (DF)
It is important to realize the fact that this is a basic problem and that the separation of
interna conformational motions and director fluctuations (DF) from overall molecular
rotation (R) is not simple [5]. The only hope that this can be achieved lies in the
expectation that the two processes occur on different time scales, the independent
reorientations (R) being sgnificantly faster than the collective director fluctuations
(DF). Thus, techniques having a smdl intrinsic time window are expected to be less
susceptible to the effects of collective motions than those with a large time window

like the fidd cycling NMR technique [5].

It is now important to note the assumption that the trandational and
orientational molecular motions are effectivdly decoupled and may be considered
independently of each other. This gives a smple approach to a difficult problem. The
experimental observations that the trandational diffuson and the rotational motions of
the molecules occur at different time scales suggest that such an assumption is not
wrong and this is an appropriate smplification [5]. As has been mentioned earlier, the
intrindc time scale decides the usefulness of the technique, which in turn depends on
the physica phenomena under study. Certain techniques, which are useful in studying

molecular dynamics and their intrinsic time scales [5], are mentioned here.
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In the UV and Visible light absorption experiments, the intrinsic time scale is the
time taken to absorb a photon from the radiation field (z.,<10"*) and this process
clearly occurs instantaneously before the molecule can change its position or
orientation.

IR absorption or the Raman scattering experiment has an intrinsic time scale (i)
of about 107'%s, so that the band shape of the line of a molecular vibration is
modulated by the fast components of the molecular motions.

The fluorescence experiment has 7., ~10°-107s, reflecting the lifetime of the
excited state and is useful in monitoring reorientations (R).

For the magnetic resonance experiments, intrinsic time scale is determined by the
anisotropy of the magnetic interaction tensors and consequently varies with the
nature of the observed spins and their environment. ESR experiments utilize
nitroxide spin labels, which give 7, =10”s. Thus the spectral line-shapes are
particularly sensitive to the rotational motions in liquid crystaline systems.
’H NMR line shape experiments have a time window of about lO‘Ss, and hence, the
features are not affected by orientational motions. But, the relaxation rate
measurements can provide information about the orientational dynamics.

The dielectric relaxation technique has a variable time window, as this experiment
measures the electric field frequency dispersion. This technique measures the
macroscopic property of the system, while the NMR technique probes the system
at the microscopic level.

Quasi-elastic neutron scattering has a very short time window and this technique is

also useful in studying translational and orientational motions.

There are thus, two distinct classes of experimental techniques, which are

ussful in studying rotational motions [1]. The techniques like the ESR and the NMR

are utilize magnetic interactions, and optical spectroscopy and dielectric methods rely
on the interaction of fluctuating electric fields with the sample. The Redfield theory [7]

can directly relate the relaxation rates to the spectral densities ./(w) which are the

Fourier transforms of the correlation functions of the spin Hamiltonian. These spectra

densities may be sampled at a number of discrete Larmor frequencies, depending on

the availability of magnets or field cycling NMR experiments [S] The Redfield theory
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relates the measured relaxation rates and spectral densities in the extreme narrowing
condition 1>>wzonly. However, as the slow motion regime where wr.~1, is reached,
the contributions to the relaxation rates from higher terms, which are neglected in the
Redfield approach [7] become increasingly important. The correct relation between
the relaxation rates and dynamic process must now be calculated from an explicit
application of this stochastic Liouville formulation for the time evolution of the density
matrix. In this context, it isimportant to note that the slow motion regime, ft>rg*l, may
be reached for certain motional processes in experiments monitoring the fast motions
at very high Larmor frequencies or on lowering this Larmor Frequency, as is done in

field cycling experiments, to access the sow fluctuations.

It is well known that the interaction between nuclei having magnetic moment
(1) and a dc magnetic fidd (Ho) results in equally spaced energy levels [6,8]. If the
spin vector of the nucleus is the operator /, the nuclear angular momentum operator J

is expressed in terms of/ by
J ffl (5.1a)

and this nucleus has a permanent magnetic moment .. given by
H=yl (5.1b)

where y is the gyromagnetic ratio of the nucleus The value of the y is positive, if
p and J are paralel, and negative if they are antiparalel. The energy of the nucleus in
the presence of the magnetic fidd 4, (applied in the direction 2) is -u.Hsand the dipole
axis of the nucleus precesses about H, with angular frequency -a». We cdl the motion

of the dipole as Larmor precession, and v, defined by,

M,

2m

Vv

(5.2)

the Larmor frequency. The energy difference between consecutive energy levels is
+ hw, and hence in order to raise the nuclear spins from one leve to the next level, the
nuclei needs to be irradiated with a time dependent electromagnetic waves of

frequency, v, (this frequency lies in the radio-frequency range). The macroscopic



process, which causes the evolution of the system from the initial, non-equilibrium,
excited state to the find equilibrium state through energy exchange with the
surroundings is termed as ‘relaxation’. Depending on the agents of the energy
exchange, the relaxation process can be a 'spin-spin' or a 'spin-lattice’ relaxation

process. These are explained here.

When a spin system is made to interact with a strong magnetic field agpplied in
the z-direction, and a suitable rf pulse is used to create the non-equilibrium situation,
the individual spins precess about the z-axis, while the spin system is settling down to
its equilibrium state (figure 14, chapter 1, page no: 17). The precessional mation of
the spin is influenced by the internal fidd arising from interactions with spins of
neighboring particles. This internal field does not contribute to the total energy of the
system. However, it has the effect that the particles do not precess with the same
angular velocity, and so the transverse components of magnetization, M. and M, tend
to zero. This relaxation process leading to the redistribution of energies within the
system without changing the entropy of the system is cdled the spin-spin relaxation
(figure 1.5, chapter 1, page no: 17). The time constant associated with this process is
caled the spin-spin relaxation time (73) or transverse relaxation time. The process of
energy exchange between the perturbed spin system and other degrees of freedom of
the system (lattice or bath) through fluctuations in the surrounding electromagnetic
fields, resulting in a change of entropy of the system, is caled spin-lattice relaxation.
Here, the longitudina magnetization M. evolves to reach the Boltzmann equilibrium.
The time constant associated with this process is caled the spin-lattice relaxation time

(T,) or longitudinal relaxation time (figure 1.6, chapter 1, page no: 18).

The 'lattice’ can be of many forms such as molecular rotations, sdf-diffusion,
lattice vibrations, collective fluctuations, etc. The measurement of 7, gives
information about the time modulation of the fluctuation fields surrounding the spin
system, Bi(t), which are dipolar fidds arising due to the interaction with the
surrounding dipoles. Different time dependent correlation times and their Fourier
intensities (spectral dendities) are used to describe various atomic and molecular

interactions, which lead to fluctuating loca fidds. The characteristic time, r,



associated with these motions can be obtained by measuring the correlation functions
over a time interval or the related power spectrum over a frequency range. Thus, a
frequency dependent study of relaxation rate probes the power spectrum for possible
information about the fluctuating molecular dynamics. One can obtain spectral density,
J(w)aci/T;, from the measurement of 7/, which is the Fourier transform of
autocorrelation function for the corresponding motions. Theoretically, there are two
different approaches, which lead to the expressions for spectral densities, and hence the
spin-lattice relaxation rates, viz., 1). The quantum mechanical time dependent
perturbation method developed by Bloembergen et al., [9] and 2). Density matrix

formaism due to Wangness and Bloch [10].

The description of nuclear spin system under the influence of rf pulsesin liquid
crystals requires a quantum mechanica formadism that specifies the state of a spin
system by a state function or by a dendty operator. The full Hamiltonian H of a
molecular system is usually complex Fortunately, magnetic resonance experiments
can be described by a much-simplified spin Hamiltonian. The nuclear spin Hamiltonian
acts on the spin variables and is obtained by averaging the full Hamiltonian over the
lattice coordinates. In contrast to solids, intermolecular interactions are normally
averaged to zero in liquid crystals, due to rapid trandational and rotational diffuson in
liquid crystalline phases [2]. Although the density matrix formalism is a genera
method, it is particularly suitable for systems in which the lattice may be described

classically and in which motional narrowing occurs [6,8].

Generally, the spin-lattice relaxation rate is given by

] ¢
T J, =[G, (e dr (5.3)

Ga(7), here quantifies the correlation between the random functions By..(1) a times

/ andtf+r, and is given by the ensemble average of the corresponding fluctuating

Hamiltonian as

G, (1) =< B (B, (1 +1) >, (5.4)



Considering the fluctuations in B,.(7) to be stationary and Markovian in time, the
correlation function can be written as

G (1) =<|B.(0) > e’ (5.5)
where r. is the correlation time. The corresponding spectral density function is a

Lorentzian [6,8] i.e,

e
{

J(w) o« (5.6)

l+w’t’
5.7.1 Laboratory-FrameSpin-Lattice Relaxation

Various interactions involved in the nuclear spin relaxation are briefly described

here with their corresponding Hamiltonians.

Considering an ensamble of systems consisting of two arbitrary spins / and S,
the interaction mechanism is assumed to be a dipolar interaction. When spin-lattice
relaxation refers to the z-components of the magnetizations, the stationary part of the
Hamiltonian is given as the Zeeman expression

H,=~hwl. -hogs. (5.7)

where w, =y,B,and w; =y, B,y and y, are the gyromagnetic ratios of the nuclei.

The spin interaction Hamiltonian H, is identified with that for dipolar coupling
H,. This Hamiltonian is expanded into terms consisting of the fluctuating functions F

and the spin-operator expressions O™ [3,6,8],

H,=f, Z,:;(k\():h
k=-2 (5.8)
Hy i
where f, = a‘i/:}’.s‘f'

When the spin operator terms are transformed to the interaction representation,

and labeling the multiple quantum order with the subscript &4, and the spin transition
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with the subscript 7, the dipolar Hamiltonian in the interaction frame (77 4) can be

written as [3]
i”d & fdzl',(‘ )();l )‘J m,:“: (59)
k.l

A system of two unlike spins/ and §, 3 #=¥s, is considered. The //pulses are tuned to
the / spins whereas the off-resonant S spins merely take effect as the interaction
partners and are not subject to rf excitation. 1t is also assumed that S-spins are in their
thermal equilibrium irrespective of what happens to / spins. This situation may arise
when the resonant nuclei (spin 7), are dipolar coupled to quadrupole nuclei or
unpaired electrons (spin  §) suffering additional and independent relaxation
mechanisms. The S-spin relaxation is assumed to be much faster than that, due to the
mutual dipolar coupling of the / and S spins and virtually never leaves its equilibrium
vaue [3]. For a fixed inter-dipole distance r, the spin-lattice relaxation rate of the /

spins in terms of the reduced intensity function,

J@)= [Grye " dr (5 10)

1 Y L oaa
T,(:]‘{) my{y&.h‘b’(ﬁ#])[J((u, —wg)+3J(w,)+6J(w, +ru‘\.)] (5.11)
1

| ike-Spin limit

When the spin system consists of like-spins, ie, /| = S ¥ yS - ¥
ol = wy = yH,, for afixed internuclear distance r, in terms of reduced intensity

function the relaxation rate is given by

A ‘
:[Ej oo r NI D[ @,) +4J(2,))] (5.12)

L
1
This is the well known Bloembergen-Purcell-PoundBPP) formula [9,6]. For systems
consisting of more than two dipolar coupled spins, the dipolar Hamiltonian is a sum

over dl pairs and the relaxation rate due to each of these pairs can be summed over



provided that pair motions are independent of each other (with vanishing cross
correlations). The relaxation rate is
z 2

773(4) Z1aozby @ s an) 613
wherej runs over dl dipoles interacting with the reference nuclei. The relaxation
curves for like spins are nonexponential in accordance with the Bloch equation for the
z-magnetization. Typical behavior of 7; with temperature is shown in figure 5.1
[3,13].
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Figure5.1. Temperature dependences of the proton spin-lattice relaxation time in the
laboratory frame, Ti, and in the rotating frame T,,, of crysta water in
gypsum. The dipolar-coupling fluctuations arise from 180° rotational flips.
The lines were calculated with the aid of equations 5.13 (T;) and 5.19

(T1p). The condition for minimais .t #0.62 and @t = 1 for T, and T,

respectively [3].
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5.1.1.2. Scalar Coupling

For unlike spins 1 and S, y = ys, scalar-coupling relaxation can arise due to,
1). Dipolar-interaction induced equilibration, 2). Due to nuclei coupled to unpaired
electrons having a finite residency probability in the resonant nucleus (like the Fermi
contact interaction) and 3). Indirect spin-spin coupling of the resonant nucleus to a
quadrupole nucleus. The additional spin-lattice relaxation (for nucleus /) term based

on zero-quantum transitions is obtained [3],

1 ‘
L7) o« A°S(S + D)J(ws - w,) (5.19)
1

scal

where J(w) = F{G(r)} and G(r) are the respective reduced intensity and correlation
function for scalar interaction (G(0)-0)

5.1.1.3. Quadrupolar coupling

Nuclei with an electric-quadrupole moment are subject to "quadrupolar
relaxation”, which tends to be stronger than dipolar coupling so that it is a strong
source of relaxation. Restricting the treatment to spin-1 case, based on quadrupole-
coupling Hamiltonian H;=H,, one finds the spin-lattice relaxation of the observable
0-1.,[8,11)

1 _i{clq(k)
17, 80

"TJ Ll + %J[./(m‘, )+4.J(2w, )] (5.15)
which is determined by a single and a double-quantum transition intensity function as
expected in view of the quadrupolar-interaction Hamiltonian.  Considering the
longitudinal quadrupolar order too, the observable is Q - /- + 2/3. The resulting

weak-collision quadrupolar order relaxation rate is [12],

1 9(e*q0Y'( 77’}
— =) 14+ L e,
7 so( v ) )0

q

Note that this rate is governed by the single quantum transition spectral-density term.



5.1.1.4. Chemical-Shift Anisotropy

The anisotropy of the chemical <hift tensor produces transverse field
components that induce single quantum spin transitions. Chemical shift Hamiltonian,
fluctuates due to molecular reorientations and the spin-lattice relaxation rate
expression derived for axialy symmetric molecules is given by [3.6.8],
| — >
7% ¥ B, (o, -a) J(w,) (5.17)
1
1.e., the chemical dhift anisotropy spin coupling constant varies proportionally to the

externa magnetic field.
5.1.2. Rotating-Frame Spin-Lattice Relaxation by Dipolar Coupling

As regard as the dipolar coupled pairs of like-spins, the same treatment is
followed, as in the previous case, with the exception, lying in the interaction frame,
which now is the tilted rotating frame with the z-axis aigned along the effective field
Bg. Rotating frame experiments (will be explained later), are usualy carried out while
the magnetization is locked along the (rotating) effective field  The angular
frequencies of interest are

w,=y B,
w, =yB,, (5.18)

w,=yB,= ﬁu,‘ - (u? :rdru_l‘

inthelimit wp * ., which represents the actual situation in practically al applications.
The effective spin-lattice relaxation rate for dipolar coupling of the like spins in the
rotating frame when the spin-lock pulseisresonant (w, @i, @,—w;) isgiven by

1 (m j L s ,

3 _[4” S I +])[3./(2(0,)+5J(wr,)+2J(2(u,,)] (5.19)

The temperature dependence of 7, calculated on the basis of this equation is shown in
the figure 5.1[3].



5. 2 Director Fluctuationsand Spin Relaxation

Collective director fluctuations (DF) are elastic deformations in liquid
crystalline medium, which are perceived as hydrodynamic phenomena and are
influenced by molecular properties such as elastic constants and viscosities of the
liquid crystalline medium Director fluctuations, in principle, therefore, do provide
information on anisotropic intermolecular interactions, and the elastic constants of the
medium. DF modes also exist in the isotropic phases of liquid crystalline materials,

with a finite coherence length, giving rise to pretransition phenomena [14].

These long-range collective motions were first recognized by de Gennes [15]
and the hydrodynamic description of the nematic phase was confirmed by light
scattering experiments [17,18]. The first frequency dependent relaxation time
measurements made by Orsay liquid crystal group [16] had proved that the relaxation
rate in nematics did not obey the Lorentzian like behavior expected from the BPP
theory [9]. Pincus derived [19] the first expression for 7) due to director fluctuations
in the nematic phase and predicted the w’ 'behavior for spin-lattice relaxation. NMR
experiments by many authors [20-24] have proved that the proton spin-lattice
relaxation behavior is more complex than the one predicted by Pincus’s theory. The
origina theory by Pincus [19] and the subsequent models by others [25,26] were
developed by treating an assembly of partially ordered rigid cylindrical molecules. A
detailed description of these theories along with the latest developments of spin
relaxation theories of director fluctuations are given in the book by Dong [2]. A brief

account of the theoretical developments is presented here.
5.2.1. Curvature elastic constants

While dealing with large scale phenomena such as the DF modes, it should be
kept in mind that the characteristic distances involved are large compared with the
molecular dimensions, and the energy involved per molecule is smal in comparison

with the strength of the intermolecular interactions. It is hence, appropriate to ignore



completely, the moiecuies and regard the liquid crystal as a continuum medium with

curvature elasticity.

The nematic director n(r,t) is considered to be aligned along the direction of the
applied magnetic field (in the present case, the Zeeman magnetic field). The orientations
of the molecule vary in space, giving rise to fluctuations of the director around the

equilibrium direction in an average direction n,, parallel to the z-axis, which is given by
n(r,t) =ne +Sn(r,t) (5.20)

Three distinct curvature strains in terms of six components are defined below, and
any arbitrary deformation in the medium can be considered as a combination of these
three basic deformations [27,2] namely, splay, bend and twist (figure 5.2). At any point
r in the liquid crystal sample, a coordinate system with its z-axis aong the director is
chosen. The local director n(r) may be expressed as np+ &, with dn being given by two
components n(r)and n, (r) along the x- and y- axes, respectively. The components of

curvature strains are defined as follows

a; ~éh/dx,

a,- chydy,

a; = hydz (5.21)
a, = any/dx,

as= chydy

as= hy/dz

The splay(K,;) deformation is described by a, and as, and gives a non-zero
Vin(r); the twist (K22) deformation is described by a; and a, and gives a non-zero n(r).
Vxn(r), the bend (K33 deformation is described by as and as and gives a non-zero
n(r)x[ Pxn(r)]. Viscoelastic properties of the liquid crystalline medium are described in
figure 5.2.
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Figure 5.2. Three types of deformation splay, twist and bend are illustrated along with
the equilibrium configuration (a). The Miesowich viscosities (1, Nz, n3)

and the rotational viscosity(y) are also illustrated (b).

In terms of these curvature strains, the loca director is given at the point r by

ne =a;x+ ay+ azz+ o), (5.22a)
n,= asx+ asy+ asz+ Of), (5.22b)
n: = 1= 0(). (5.22c)

Frank has shown the Gibbs free energy density (/), for the deformation, relative to its

value in a state of uniform orientation [28] as



f=K/(a, +a)+K,(a —a,)+ %K”(a| ra,)’ + é.‘(u(a: —-a,) + %K”(af +al)
+ K, (a, —a, )a, +a)

(5.23)
Where K;, Ki; and K; are curvature elastic constants. The above expression can be
simplified due to symmetry considerations, since rematics are apolar, K; = Ki2 — 0.
Furthermore, there exists a reflection symmetry about a plane that contains the z-axis,
K; =K, —0. Thusthe free energy density is simplified as

f :%[K”(al +a,)’ +K,, (a, —a,)’ +K,,(a} +a})]

i (5.24)
:EIKH(V_;‘:)1 + K, (1. V x i) + K, [(1.V)i]*]

In a smectic A phase, deformations that do not preserve interlayer spacing of
the layered structure, would cost a great amount of energy. For a dislocation free
system, it can be shown that Vxn =0. Thus, both twist and bend deformations are
absent in the system. In other words, a, - a, = 0, and a; + as = 0. Under these
conditions, K22 and Kj3; are found [27] to diverge in the nematic phase as the
temperature approaches a nematic-smectic A phase transition. The diamagnetic
susceptibility of a liquid crystal is anisotropic due to the shape anisotropy of the liquid
crystal molecule. The presence of a magnetic field leads to an additional term in/
[27],

o= _51 2B - % Ay (i B)? (5.25)
where Ay = Ay, - Ay, Ay, and Ay, are the two components of the susceptibility
tensor per unit length, along and perpendicular, to the direction ny. If 4y > O, the
director would align along the magnetic field (B\\z2). Only the second term here, has a
dependence on the orientation of this direction. In particular, this function is
minimized when n is collinear with the field, and if Ay is positive. Fluctuation of the

local director increases this function by

1
Af, = EAx(nj +n,')B’ (5.26)



So. the static free energy /- of a nematic liquid crystal undergoing long wavelength
distortion in a magnetic field is

oh, M, o,

@ Rl

= ﬁj.da Kll
(5.27)

The fluctuations are expressed in terms of a set of periodic distortion modes,
so as to emphasize the spatid dependence of the orientation of the loca director [29].

1t is convenient to Fourier expand n.(r) and n,()) using
1
n,(F) = 3 2 m, (@) expl~ig 7] (5.28)
§
where Vis the sample volume. The mode amplitudes are
n, (@) = [n,(FYexpl ig.FH’r (5.29)

In terms of these Fourier components, the free energy (per unit volume) becomes

1 ) ao —_ P P
F=2p {An 1, (7)q, +n, (q)q}’ + Ko, (§)g, —n,(3)q,
i (5.30)

+(Kyyg.? + ApB I, @)F +im, (3 }

The above quadratic form, when diagonalized by transforming (n., n,)—(n, n:) to
yield two uncoupled modes #; (g) and n2 (q) n; (g) lies on the (q, n0) plane and
describes a periodic distortion involving splay and bend deformations, while n2(q) is
perpendicular to the (g, ) plane and describes a periodic distortion involving twist

and bend deformations, i.e.,

g/ =g:”and (5.31)
9/ =4+ g (5.32)

The equation for F is rewritten as
ZZK @@ (5.33)

g a=1
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where
K (§)=K,q + KMqHZ + AyB? (5.34)

The nqfgjare transverse modes responsible for bringing the instantaneous director n

to its equilibrium orientation. They relax with exponential damping [27] according to

1

074
I TN l 5.35
oM@ ra@nﬂ(q) (5.35)
where a= 1, 2 and the time constants
n (a
rq(q):?(((;_—)) (5.36)

The viscosities depend on the wave vector g and are closely related to the twist
viscosity (shown in figure 5.2b). The effect on relaxation due to the wave vector
dependence has been examined in Smectic A phases and was found to be small [30].
The wave vector dependence is ignored here. The equipartition theorem of energy is

used, to obtain the mean square amplitude of each transverse mode,

K, TV
K,(@)

<Jn“(q)[z = (5.37)
In the one constant approximation (K;;= K22 = Kz3 - K, n; = 12), Ka(q) reduces
to qu + A):Bz. Furthermore, director fluctuation modes of different wave vectors are

uncorrelated (strictly true in the limit of infinitely large volume, Vo) i.e.

<@, @)> =6, <@ > (5.38)

The spectral densities are obtained from the correlation functions associated
with the fluctuations leading to the modulation of the intermolecular dipolar
interaction. Those correlation functions have to be transformed from the magnetic
field fixed frame (laboratory form) to the director fixed frame and finally to the
molecular fixed frame through proper Wigner rotation matrix elements [26]. Such

transformation results in
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G = - Fu(0) Fi'(1)
M) -~ Fi(0) Fi(1) (5.39)
T (A) §(n (v, 0) Sn(r, 1)

where Sis the nematic order parameter. A is the angle between the magnetic field and

thedirector. The functions 7. (A) are given bv

Jo(4) = 18 (cos"A - cos* A)
fi(A) = 172(1-cos’A + 4 cos’A) (5.40)
fo(A) = 2(1-cos’A)

The spectral density is given by

J(pw)=1,(A)S’ jv"""” <on(r,0) dn(r,t)>dt (5.41)

o

Introducing the Fourier components of the director fluctuations of the nematic order

(equation 5.28) the spectral density is given by

Ju(pw) = £,(8)S* [ Y <, (@) >et @ (5.42)

g a=l

5.2.2 Theoneconstant expansion for J,(wg)

Following the Pincus's [19] work, the expression for./; (@, was extended and
refined by several authors [26,31,32] using the one constant approximation. This leads

to a simple expression for the relaxation time of each mode

7, =/ Kq (5.43)

Considering the upper cut-off frequencies of the modes to be infinity, these
theories predicted ' “dependence for the relaxation rate due to the DF modes.
However, since the director fluctuation modes are restricted by a longest and shortest
possible wavelengths, the existence of an upper and lower bound for frequencies are
to be considered. The upper cut-off frequency is necessary due to the fact that the

shortest wavelength cannot be smaller than the length of the molecule (and hence the

w



upper cut-off frequency is a function of molecular dimensions though it is inconsistent
to alow up to the inverse of the molecular length since it is assumed that molecules
undergo free rotational diffuson about the loca director). The lower cut-off
frequency should be considered especialy at sub MHz frequencies as suggested by
Blinc et al., [29,30] and by Noack et d., [33].

The spectral density function./;(w) is obtained, considering only the upper cut
off frequency by Fourier transforming the correlation function with one constant

approximation,

+ g

G(1)=38 Byl Ii (—tK 2 ) (5.44)
$)=3| < xXp (—1Kq ;
J(t)=3 K G exp ek ]

The resultant spectral density is given by

3KTS® ¢ % walty —tak

J(w)= -—r [‘dl_[dqe T e (5.45)

)
=450 2U(—2) (5.46)

@

where
3KT ‘ff‘ (5.47)
A= 0 =" :
¢ 2K P n

and the cut off function (/{&) is given by
@

1

(Ze)- 222 4

1 i i 20 L :

Uyt o1 [tan~'[(Z2)? — 1 +12%): +17)(5.48)
w 2 ((uc 2o, @ (0]

Y+ () +1
@ @

5.2.3. Anisotropic elastic Constants

For nematic liquid crystals, which have underlying smectic phases, the elastic
constants are no more isotropic when they are studied close to N-S, phase transition
temperature. The one constant approximation therefore, is not adequate in evaluating
the spectral density in such cases. A fully anisotropic spectral density expression was
first derived by Brochard [34] and Blinc et a., [35,29]. Different elastic constants are
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introduced in equations describing damping time and mean sguare amplitude of
modes, and the summation over the modes is replaced by integration over cylindrical
volume with the limit between zero and upper cut-off frequencies (¢.c= &1, q.. ma.
! and a being of the order of the molecular length and width respectively) instead of
originally assumed spherica volume [19] The resulting spectral density can be

written as

27, (q)2mq
J(pw)=1,(A)S X et dg dg. (549
(po)=J, ij (Kag+K,97) 14+ p0’t,(q) 9.dg. (549)
Neglecting the wave vector dependence of visco-elastic coefficients, the above
equation can be smplified for different limiting cases given below. The cut off

frequencies are given by

Kaq .’
0, =L (5.50)
s
K.
., = = (5.51)
Case. 1
W <<®,,0,
V2n |7 1
J, (pw &’ =5 552
n(P0)= Z 2K, VK5 J(po) (552)
A)S KT
where = L(j)—) (5.53)
oIt

This case is valid for norma range of Larmor frequencies below 100 MHz. The

spectral density results in a square root dependence of frequency.

Case. 2

W, >>0 >> 0,

In this case

all

— and hence (5.54)

dipw)= 4K, pw
1
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1
J(pw)a — (5.55)
1]

Case. 3

W >>m,,, O,

J(pw)= _‘1'7 pfi) ;% I %J (5.56)
- U 2
and hence
1
Jy(po)a — (5.57)
@
Case. 4
[l)l >>01) >> {Um
('r 2
-/,,(pw)=#(m +1,) (5.58)
ZKH»([:L* )

Here, the spectral density is independent of frequency.

The expression by Blinc [29] does not reduce to the one constant
approximation [19]. The new expression (which is the modified version of Blinc's
equation) was derived by Vold and Vold [36] which differ from that given by Blinc's
equation [29], in which the upper limit of the integral over g+ has been modified to
represent an ellipsoidal volume of integration. The spectral densities are derived by
Vold and Vold [36] which is given in the equation 5.59.

The differences appear only in the cut-off region of frequencies. The effects
of including the anisotropies in the viscoelastic constants are of significance when
smectic phases are considered, since in this case mgjor differences are observed
between the various K, and the 7. The frequency dependence predicted by Vold and
Vold [36] for range of elastic constants considering only the upper cut off frequencies
is shown in figure 5.3. Here the variation of K3; between 1x10"% and 1x10? dyne with
other parameters chosen as S= 1, T = 298.2K, 7, - 12 =0.5 Poise, Kj;= Kz = 10°
dyne and cut-off wave length of 30 A results in a cut-off frequency of 140 MHz.
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(5.59)

where Ao’ =Koq 1c*/Naw and Bo’=K g/ naw2

T LDE-DZ 1007 OF+00 106401 10Ev0? 1BE+0) 10E+04
Frequency (MHz)

Figure 5.3. Variation of spectral densities J;”"(@) with Larmor frequencies for
different elastic constants, Ky1, K22 and K33. The region in between the
vertical lines is the region typically covered by conventional NMR [36].
The lower frequency region from 1kHz can be covered by FCNMR.



The plot (figure 5.3) is divided into three regions (the region in between the vertical lines
is typically covered by conventional NMR experiments. Low frequency region from 1
kHz can be covered by FCNMR experiments). The solid line in the figure corresponds
to the isotropic case and represents the well known @ Z behavior, for the frequencies far
below the cut-off frequency. For the Larmor frequency well above the cut off frequency

@, the absolute value of Jy(@)is small and drops off as ™.

5.2.4. Generalized Model (Upper and Lower cut off frequencies)

Vold and Void's model [36] for DF modes based on the anisotropic visco-elastic
constants with only upper cut-off frequencies is modified in this laboratory [38] by
introducing both the lower and upper cut-off frequencies along with the anisotropic
nature of the elastic constants. The relaxation rate now, for Zeeman order, Ripris

proportional to the spectral density Ji(a) for director fluctuations given by [38]

1
g, L]
Quall-(—) 2

Tk Txh

J,(w)=c,(AL)i_n, [da, |

Qia

q.4q,
5.60
(Kuqlz +K3q12)+wznaz ( )

Jl(w)=01(A)ZE—JJ?H_LEU(DM,AM—I(DWA@) ~f (B A +/ (B4, 4,)]

where .
f(D, A)=l£?tan"(1)24_,42\;53\/—\11'“‘14“*'AZln Vi+4* +‘E\/mD+D2
2\[2—D ' "1+A4 —JE‘J“,H'A“ —A*D+D?
Ba ‘\/1+A4 _AZ l'tanfl \/ED‘ \J1+A4 _Az —_— '\/ED'F h‘f"A‘ _Az
an
N2 [ \N—ITAU—A’ JM+42

(5.62)
and f{B,4)’s can be obtained by replacing D by B in this equation
2
DL=B,- A%, Di=B:- A, ["—") (5.63)
Dok
3 p'h? Sk, T x 27

Apmsiuc . wn=—— and =2 (564
e z P (27 )z Lionr X'J.d(h) Ty jmm.) ( .



2 Kaqjch(i) qu:ch(l)
Adr(l)‘ on, ’B;‘-(l)_ o, (5'65)

A1 and A are the upper cut off wavelengths of DF modes along and perpendicular

directions of the director respectively with the corresponding cut-off frequencies given
by

K. K.q:
Veehttya = _;j[:q;ﬂl)“ and Viehilya = # (5.66)
= 28°K,T
G (A):f"(A)—(gﬂ g (5.67)

Here f{4) describes the angular dependence and Sis the nematic order parameter.

This new expression differs from the one derived by Vold and Vold [36]
(where DF modes were assumed to be extending down to zero frequency) in the two
terms involving low frequency cut-off. Ji(w) values for different frequencies were
computed [38] considering the typical values expected in the liquid crystalline medium
as given below

K,=10"dyne

7, =05Poise

Aa =4 ,=30°A (5.68)
An = A =1x 10* °A

3

C=5x10738 2,

and for the different values of Kss(or K3). The constant C o« Apr. Here Ji(w) varies as
v2(w=2mv, where v is Larmor frequency) between upper and Lower cut-off
frequencies for the isotropic case (K35= 10 dyne). The plots obtained for different Ks;
values and lower cut off frequencies are presented in the reference [36]. This model
have been used in the andlysis of the nematic NMRD data. Upper and lower cut-off
frequencies are varied. Experimental elastic constants (K11, K2 and K33) are also used
in the model fitting(chapter 6 and 7).



5.2.5. Smectic Phases

In the smectic phases, the elastic constants K33 and K22 (for bend and twist)
deformations diverges to infinity. Application of Vold and Void's equation [36] for
Ji(ew) suggests that relaxation by director fluctuations should be entirely absent in
smectics. However, substantial experimental evidence exists [20,35,39,40] in favor of
such amachanism. Vilfan et al., have developed [30] atheory analogous to eguations
(14-22), but by including additional elastic constants B and D which denote restoring
forces for fluctuations in the smectic layer thickness and reorientation of the director
with respect to the norma to the layers. The theory aso includes the possibility of
critical behaviour of the eastic constants K> and K33 close to the smectic A-nematic
phase transition. It was found that for frequencies above 1MHz, the frequency
dependence expected for smectic A director fluctuations is similar to that for the

nematic cases [30].

In addition to the nematic phase energy density (/), the smectic (f;) and the
nematic-smectic interaction (f;) terms are needed to derive an expression for spin
relaxation. Thus, the free energy of the system is written as the summation of al
these contributions [27]

F=f+fi+ fr (5.69)
The smectic term is given by

fomaDl +phl= . . . (B70)

The nematic-smectic interaction term is given by
. . 1 . N
f :(V + iq, é‘ﬁ)l// :;:(V - IqX()n)y/ 67

where a and # are coefficients of expansion of f; in powers of y, the smectic order

parameter, which is a complex quantity.

v = lv|exp(ig) (5.72)
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where| ¥ isthe amplitude of the density wave associated with the smectic phase and ¢
determines the location of the layers. M is the mass tenser with two components M;;
and M, (along and perpendicular to the norma to the layers, respectively). O, =2z,
where d is the distance between smectic layers. The co-efficient pis always positive

and avanishes at a second order transition temperature Ty

Mean square amplitude of the director fluctuations for the q"' mode and its
decay time have been derived by Brochard [34] and by Schaetzing and Lister [41],

using the free energy and equipartition of energy,

(l"'(qﬂ: » e : 2\ ] (5.73)

N - 2! (5.74)
el

i o (5.75)

Eézzqi H Kuqf + 5]
Whereq; = (gx + qy) and g, are the components of the deformation wave vector g in

the directions 1 and || to the smectic layers respectively and

qu:

B= 5.76
M, ( )
Plg?

= 2t 5.77

e M, ( )

with s, is the equilibrium value of smectic order parameter. Coefficients B and S
denote restoring forces for fluctuations in the layer thickness and, for fluctuations of
the director orientations away from the normal Ao to the layers, respectively. In the
nematic case both B and & vanish, and in smectic case, B is about ten times larger than
8 which can be estimated using B=K/& [41]. It is useful to note that /M) is a

measure of the compressions to the layers.



The damping time constants corresponding to the above mean square

fluctuation are given by

- .n[(f])l = (5.78)
Kq' +Kpg: +B[Zf] {”f[;l] J
o) .

K,.q +K,q. +6

here, n; and 77> are the two effective viscosity coefficients which are independent of .
If the high and low frequency cut-off’s are ignored [30] then,

-l hies) e

Integration from qmi, which is given by the inverse dimension of a uniformly
oriented sample, to ¢g.. These finite limits are useful because of the result at very low
frequencies, especially important for field cycling NMRD studies. The integration
over g-space is preferred for the deformation modes with a=1 and completely for a=2

to give[30].
__ 3kTn, [fv\: ) (5.81)
4 4«/7:1( K8 J '
and
i 3k Tr]
g 5.82
o= 4fer/«/_ 682
where
1 2 y 2 yl
,,w +(1-; )5} {H [E,’f ﬂ “{”[i] {H(gf )ﬂ}
(5.83)



o

- (5.84)
M

(=1, 2.. ) are the characteristic upper and lower cut-off frequencies in the direction

perpendicular to the director.

The relaxation rate due to DF modes in the smectic A phase is now obtained

0 .

}’] ‘f)i = g}’dh‘ .]‘ ({1)) (585)
Since the contribution from .J> (@) is insignificant, it is neglected [19,30,42]. The
frequency dependence ofJ;”*(w) in a smectic A phase depends on the values of wyq

and on the ratios of K;:/K;; and SB.

It was found [30] that JPF (00) behaves like that of nematics when the Larmor
frequency is larger than w.;=w,>=w,.  Onthe other hand, for w, @, the smectic order
influences ./, (@) by producing a leveling of, of the frequency dispersion curve at
low frequencies, which is similar to the one predicted in the nematics with lower cut-
off frequencies, [43] introduced. It is noted that w;. is a least severa orders of

magnitude smaller than w;.

The field-cycling NMR technique being applied by Noack and co-workers
[45], to study 7, frequency dispersion (v) curve for a wide range of frequencies in the
smectic A phase. At a particular temperature, the NMRD profile can be filled to a
aum of three relaxation contributions namely SD, R and LU (layer undulations).
1 1 1 1

=t omt o 5.86
'[?If 'Il".\.') l];k ( )

1exp
Blinc et al., [47] were the firgt, to sudy proton 77 frequency dispersion in the

smectic phases using field-cycling NMR technique. The dispersion curves in the

smectic A phases are found to be different i.e director fluctuations produce a linear
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dispersion profile in the smectic A phase. Considering the anisotropic nature of the

elastic constants, Blinc et al., [35] predicted such a linear behavior.

IfK 3 Ks=Ki;

o KaTaw
T = 0]
‘ 4K, (5.86)
3K, 1
St (5.87)
2K, fw

where & is the coherence length in the z-direction. Thus, in the smectic B phase the

following is found

1
7= Boev” (5.88)
DR
where
9 (y*hn) K18} AT
B Mf,‘J 28ty 3 5.89
o =gal 77 ) Ko 1% (A)] (5.89)

In the present NMRD analysis of smectic A and Ay phases, only the smectic
layer undulation modes (LU) are considered The FCNMR data at kHz region
requires this contribution to fit the data. Linear frequency dependence is assumed in
this analysis. The smplified equation used for fitting the LU contribution is given in
the chapter - 6.
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5.3. Self Diffusion

Sf-diffusion [48] or trandational displacements of molecules as a
consequence of Brownian motions is to be distinguished from interdiffusion[49] of
molecules, which is the intermingling of different species which are initialy
separated.  The trandlational diffuson constants can be determined by severa
methods [50]. Field gradient NMR diffusometry is the direct technique used to study
sdf-diffuson (SD). The precession frequency of the nuclear spins changes with the
position of the spins for a sample placed in a magnetic field-gradient [8]. For normal
liquids, the spin-spin relaxation is dominated by the trandlational diffusion and the
application of this method to nematics is difficult because of strong magnetic dipole-
dipole interactions making 7> rather short. Using a special sequence of spin echoes,
that removes most of the dipolar interaction, Blinc and coworkers had measured sdf-
diffusion constants in the nematic phase of MBBA [52,53] and this method has been
used by the others to study sdlf-diffusion in liquid crystals [51].

The indirect NMR methods involve measurements of spin-lattice relaxation
times (7, 7. T1,) [54,55]. From the frequency and temperature dependence studies
of these relaxation times it is possible to obtain information on the self-diffusion
constants using suitable theories [56-59,42,43].

5.3. J.1sotropic Phase

Torrey’s theory [56,57] for isotropic self-diffusion can be extended to the
anisotropic systems appropriately The correlation functions for the intermolecular

dipolar interactions, modulated by the sdlf-diffusion of the molecule are given by
]\-“(,‘):Z_‘].‘.‘.f,“) ]_J,»(‘, + 7Y > s =12 (5.90)

Here < >4,y represents the time average. The functions F,,% which are the space part

of the non-secular component [6] of the dipolar interaction are given by
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sin @, cos, e
L (5.91)
Y

B sin® @ e
'L!;(”: 3

i

(5.92)

where r,, 6, and ¢, are the spherical coordinates of spin; relative to spin /. In
evaluating the spectral density functions [56,57] the time averages in equation 5.90

replaced by the ensemble average Thus,
K (0)=[] P(r.1y ) () E7 () £ () iy (5.93)

where P(r, ry, t)dr isthe probability that the spin ; located at ry at ¢-0.relative to the
spin ¢, will lie a time t, within the volume element dr &t r, relative to the new position
of i. f(re) is the initiad spin density. N/ firo)dr, dr is the probability that at time ¢ -0,
spin ;7 is located in dry at ry, relative to spin /. N is the totad number of spins. The
function P(r, r4 t) can be found from the theory of random flights [48]. The theory of
random flights (also caled random walk) applicable to hard identical spherica
molecules, each having spin at its center is due to Torrey [56,57], who assumed that
the positions of the spins are satisfactorily equivalent. Hence the probability of
finding a spin, which was initiadly at the origin, in the element of volume «’r a the

point r after one flight is expressible as P, (+)d’r. Then it is known [48], that

1
PA(rydr=—= j (A(g)" e ""dg
87
(5.94)

Here the integration is over the entire q space, and A(y) is the Fourier transform of
P(r) given by
Alg) :J P(rye" dr (595)

On employing the three dimensional Dirac delta function

1
sr==—[Prye v d’r.
87 (5.96)

From equation 5.90 and Pofr)  S(r). This was the probability of the spin not being at
r 0 and the integral of 5(r) is over dl the space at unity. If r(t) denotes the position at
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time 1 of a spin, P(r, t) then, is the conditional probability density that, if the spin is at
the origin a time 7 0, it would be a 7 a time /. If w,(1) is the probability that //
flights take place in time 1, the relation then is

P(r.n= Z P(ryw, (1) (5.97)
The poisson distribution for w,(7) isto be assumed as
O
W, (1)=— “" e’ (5.98)
n'{7]

where T is the mean time between flights. From the above equations (by substituting
(5.98) and (5.94) in (5.97), the expression for P(r, 1) and hence P(r, r4, 1) can be
calculated. Transforming to arelative centroidal coordinate system withr r, -7, R=
1/2(ry + 1), where r, and r, are the position vectors of spins 7 and j relative to a
common origin, and finaly integrating over dl positions and substituting for the
correlation functions with appropriate initial spin density, f{ry), the spectral density
can be obtained

For isotropic diffuson, which corresponds to uniform spin density, the

correlation function A7 is given by

-Hj sin@, cosd, sind, co%ﬁ

K, (1)= 0D scenp[=iglr=ry) = {1 = Alg) ]k diydy
T

(5.99)

rh. r

where n = f{r,) represents the uniform spin density. Expansion of e’?" and €' in

terms of Legendre and Bessel functions results in

1
[
L } > @n+ D" I, 1N F (o) (5.100)
(] n=(
Equation (5.99) can be simplified to
)‘f‘*_[ exp{ *[l - A((])]‘ (uq)— (5.101)

where ‘a’ is assumed to be the closest possible distance of approach of two nuclei.

The corresponding spectral density is given by
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J (@)= 2_‘7:605({111) K, (¢)dt

Smnrt
1547

[1- Aq)]  dg

(5.102)
2 wT - q
[1-A(q)] +( 5 )

J'” ./.f: (aq)

A similar calculation for Kx(¢) results in
K-(t) = 4K,(1) and (5.103)
Ji(w) = 41 (w).

The possible choices of A(g) can be limited to three cases.

Case (I): ot»1
Since r is assumed to vary with temperature as 7 - me™ 7 for a thermally
activated process, this case corresponds to the low temperature asymptote of T\.

Hence \-A(g) « 1 can be neglected and the spectral density can be simplified as

32m

I o J (@)=- ’j”/l‘(a)[l-A(()Jﬂw (5.104)
A o 15a @i 32\ d q '
ie.,
J(w)x(wr) " (5.105)
Thus
Txw'r=w"r,e a (5.106)
Case(ii): COT < [/
In this case wr = 0and hence the spectral density is given by
£ il Bt p It 1 dg (5107)
f D)=""T"7 N v — ==
‘ 152> o WD e,

Since the integra in the above equation aways converges, the spin-lattice relaxation
rate s given by
Il (w)=xt (5.108)

or
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Tla—=—e¢ M (5.109)

This case corresponds to higher temperature asymptote for 7;, which is just
the opposite of case (i). It is seen that the frequency w. is in between these two cases,
there exist a particular r for which the relaxation rate is maximum (and hence 7) is

maximum).

Case (iii): r a
This is a special case for which the mean flight path is long. The function

[\-A(g)] vanishes for ¢g=0 and approaches unity for a large ¢ The value of P,(r) is
very small and hence,

8
.}‘((U)l"m']; R — (5]]0)

45a ‘ (,_;f]:
I+ 7

Thus
" il
d |
8m : ‘ 2 27
I =— ' 0 i+l e - 5.111
BT () [mq‘ 1+ (w7)” ( )
1+
2 )

The two equations above have well known forms appropriate to an
exponentially decaying function with correlation time 7. 72 and the 7, minimum

obtained from equation (5.111) when wr =2 is given by

16+/2 5
T = —4;@7‘1:'1(1 +1) -u—','; (5112)
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Case (iv):

Assuming specia forms for £,(r) and A(q), say

-r

(D r)m

where D is the diffusion coefficient corresponds to A(q) =[1+ Dzgq*’ which is the

B(r)= (5.113)

1
ex
4rDrtr P

smple form for A(g), satisfying al the conditions that can be imposed for an
acceptable form. Substituting in equation (5.107), the spectral density is obtained as

16
J (@)= rf,'ae[.f] (.114)

where ./ is the Bessel function given by

-[’ LDt (5.115)
=) 2Dg" —to(+ Dy 9
Simplifying the equation (5.114) [56, 57] results in

8
J(w)=—=—f(a,x) (5:1.16)
15a’w

The function f{a, x) is given by

2 1 1
flax)=—|v| 1-—5—= | +| v |+ ——=| +2|e * cos2u
x° nu +v- n+v

(5.117)
l Iy .
+u(]— = )e sm?.u:i
u +v-
with  and v defined in terms of @ and x as
|wa®
u 2d _ @
U - — L (5.118)
v (4+m'r') (4+w'r')

and

<rl) ajaz Sl!g
a= i X —— !
B ) od L)
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(5.120)

Thenu and v can be expressed as

Hence the expression for the relaxation rate (in terms of J,(w) and.J>(2w)) is given by

4 .
(1), ==p*nIU + 1) (a, %) (5.122)
nlorats  § a'w
where
#a,x)= f(a.x)+ f(a,Vx) (5.123)

In the limit wr>>1, the spectral density term reduces to w? law. And for wr<<1, it
can be shown that 7,7 cr’”, i e,
7y~ C-Fo'? (5.124)
where C, and F are constants related to the diffusion coefficient D and are given by
[61]
F=-477<10"* (1+6) D*? (5.125)
CaD’

5.3.2. Nematic Phase

The orientational ordering in liquid crystals leads to anisotropy in diffusion
coefficients, D\ and D_ which are the diffusion constants, aong and perpendicular to
the director. Zumer and Vilfan [58] have extended Torrey's theory [56,57] for
isotropic liquids to anisotropic media by taking into account the anisotropy of
molecular diffusion, the cylindrical shape of the molecule and the specific distribution

of spins aong the long molecular axis to obtain the relaxation rate for self-diffusion

Following the notation of Torrey, the random correlation functions which on

Fourier transform give the spectral densities are given by

Fo [ry (] = Fee[r))] (5.126)
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where

emé

ol + )} 512
[p’ +(z+.§) ]

Here, &-&, £and & are the vectors from the molecular centersto the/* and i* spins.

F(r) =

p,zand ¢, arethe cylindrical coordinates of r, the distance between the centers of

nearest neighbor molecules. The anisotropic diffusion tensor, given by,

D, 0 0
0 D, 0 (5.128)
0 0 D

can be written in terms of the components of D’, the diffusion coefficient of a
perfectly ordered mesophase [59]. The anisotropic diffusion constant describes the

solution of the diffusive motion i.e.

1 [ 2’ o’ ]
exp| — - (5.129)
4”(Df D|213)”2 4le 4Dif

here, Dy and D jare the diffusion coefficients along and perpendicular to the director,

n,. The proper choice of p,(¥) is

(r) ] . B LT
= Pe—1z° XpY -
BNY=3a, P T D, p

and the corresponding Fourier transform,

2 pz 12

z
— 5.130
Dt +DLJ } ( )

A(g)=(1+ D, 7g? + D) (5.131)
where 7is the mean time in between flights which gives the mean square jump length
(r*(0) = (4D5 +207)r (5.132)
The effective diffusion constants are given by
2
('1 )
B mdil =k,
L7 ar, e (15

here, D.%and Dy’ are the macroscopic self diffusion constants of the perfectly aligned
liquid crystalline phase. Substituting equations (5.133), in equation (5.131), A(q) can
be obtained. Considering the static pair correlation function (which partly correlates
the final positions of the two molecules) to be of a simple square well function [58],
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gp, 2711z 1and p dor \A /=0; p<d and izi</ and the spins to be distributed

uniformly along the long molecular axis, the relaxation rate can be obtained as [58],

9 Ht (-’"1> D}
=l T A2 Al o
= = 8r h P (_)lm,. o D"

(5.134)

The frequency dependence of (for the typical liquid crystal molecules ( in the
frequency range w7 = 0 to 10) is shown in figure 54 (for three different values of
¥, /dviz 1.0 1 and 0 01),

DD/ =2

; 0.01 \\‘

A (wi)””

Figure 5.4. Frequency dependence of Q o« (77 )sp, for three different jump lengths in

the nematic phase [58].

The assumed values of molecular parameters are given below

/- 254

d 5 A solds5 (5.135)
D\°/D s taken from experimental data [53] and it is found that these two do not

differ much for different systems.

The observed features are

1. When wr—). theratior , & increases from 0.01 to 1 and hence, the relaxation

rate due to SD increases
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2. For low values of (or, 77s» " (@)’ andin the high frequency limit 75 c-(w1)
" and are similar to the isotropic case. It is observed that the ratio Rof 7 o 17 umso IS
equa to a constant 14, as the frequency is increased till wr~ 0./. This is shown the
figure 5.5,

R~(T o (T aniiso
g B =
v =
p 15 __ ryod =01
DDA =2

I —

0.5 L ', | | L L
10 10~ 1 / 10 10- 10’

T

Figure 5.5. Frequency dependence of the ratio R =7/ ,,, T, .us0. iN the nematic phase
[58].

wherethe ratio R 77 .« T, . plotted as a function of wr when D,., D% ry d
and Tis equa in both the cases. Thus, the relaxation due to SD in nematic phase is
1.4 times smaller than that of the isotropic diffusion, and is given by

. .
B =T Yy (5.136)

where (T) ' J1ory  isthe equation (5.122) for isotropic liquids.



5.13. Smectic A phase

A random flight model where the time spent for ajump is much shorter than
the average time interval between the two successive jumps has been considered by
Zumer and Vilfan [60] to derive an expression for spin relaxation due to sdlf-diffusion
process in the smectic A phase Considering a system of molecules of length /, and
diameter d, with d1 « 1 and assuming that the spins are distributed along the long
molecular axis, this model had calculated the 75’ for smectic A phase with a
nematic order close to 1  Inter layer jumping is also considered by a thermally
activated random jump process, wherein the molecules are assumed to jump only to
one ofthe two adjacent layers, the jump length being equal to the interlayer distance
The time spent for a jump is assumed to be much smaller than the average time
between two successive inter layer jumps Based on these factors and assumptions,
the spin lattice relaxation rate for sef diffuson in smectic A phase is calculated by
Vilfan and Zumer [60]

'/W‘ == }’;fi:/(/ - 1}[./‘((-1_5‘\)- ./:(Zm,A)]

2

(5.137)

where A is the angle between the director within each layer and the field.

The spectral density can be written as the Fourier transform of the correlation
function for intra molecular dipolar Hamiltonian as
J (w) = LIﬁ IRE[-: FLe "(q)l'_f" "(q) > .\"{q_fu)

167 2 (5138)
where Si(q.w) is the Fourier transform of the one particle auto correlation function
G(r,t). The functions /-<“'(q) which are auto correlation functions, are different for
the inter-layer and the intra-layer diffuson and are given by equation 5.127 [60,61]

Using the same notation as in the isotropic case. the distribution function 7,(r), and

the Fourier transform are given by [60]



|
B(z)=7[6(z+D +8(z-D) (5.139)

and
] (5.140)

L@ =T ong

A4(q,) =cos(q,) (5.141)

The static pair correlation function has to be written as a product

corresponding to the long range and short range positional order i.e.,

g(r) =gi(r) go(r) (5.142)

where g,(r) = gi(z) and go(r) is of the form of a square well (as in the nematic case).
Finaly, considering a distribution of spins to be uniform along the long molecular

axis, the expression for the relaxation rate dueto SD is obtained as

nt
d'ﬂ

. <rl> D 1
=R W s — o i

T2 *2;’4}‘13
da* 'D;'d’

1508 (5.143)

5.3.4. Smectic B and ordered smectics

The director fluctuations are frozen in these systems with additional degrees of
ordering within each layer. There are fast local motions with large amplitudes [62],
and sdf diffusion with weaker dynamical correlations are the mechanisms, mediating

spin relaxation in these systems.

The sdf diffusion process is described [63] by two thermally activated jump
processes, interlayer and intra-layer, with jump length equal to <, similar to the Sa
phase. The molecules are represented by rigid cylinders with the nuclei distributed
along the molecular axis. In addition, the possible correlations in the layer stacking is

considered in deriving the relaxation rate as [63]

Lo =ar B, .4)

o=
i~

£
d
(5.144)
42
9 "h'n
8d’

where a =

202



a measures the strength of the intermolecular dipolar interactions and /’; is a
dimensionless function to be evaluated numerically. ‘¢’ is the quantity which
measures the distance of closest approach between two nuclel belonging to two

neighboring molecules lying in two adjacent layers.

For typica values of I'd=5, and a‘d 0.5, the dispersion of 7)5, in crystalline
B phase and hexatic B phase is similar to the dispersion in S, phase as long as the
relative layer motion is not too fast (5.143). At higher frequencies, w7, 2, the
dispersion can be approximated to the Torrey's expression (eguation 5.122). The
dispersion curves of Sy phases follow the Torrey's wel known low frequency
dependence, C, - o' only for A 20, and wr, JO2. 1In intermediate frequencies
corresponding to the conventiona NMR range (wr,> 10), the diffusion induced

71" has co? dependence given by

7l :4((":‘-.—(" )(1 = (5.145)

18D

where (*'=0.005 and (" =0.346.

In the frequency region of interest (ranging from 20 kHz to 50 MHz).
experimental proton NMRD data obtained in the nematic and smectic phases are fitted
to equation (5.136).

5.4, Reorientations

Nuclear magnetic interactions are time dependent since they are modulated by
changes in the position and orientation of a molecule These molecular motions
depend on the intermolecular and intramolecular forces, which are governed by
electrostatic intermolecular potentials To get information about these forces and
dynamics it is important to study the time dependent characteristics of the nuclear
spin In a highly anisotropic liquid crysta medium. by treating the position and
orientation of the molecule as a random variable the molecular dynamics can be
studied through the stochastic approach.



Motional processes considered in the very beginning of the NMR relaxation
theory as an isotropic continuous rotational diffusion, however this is a rare event in
nature [11]. There are numerous attempts to understand anisotropic continuous
rotational diffusion motion described by diffusion tensors [11,64-66]. Reorientations
of molecules or molecular groups may be restricted by microstructural constraints.
When the intermolecular forces are strong, molecules tend only to reorient through a
sequence of collisions and no free rotations of the molecules can occur. This situation
is explained by, discrete-coupling-state jump models in which the spin system is
supposed to perform random jumps between a well-defined set of discrete spin-
interaction states [2,3].

In aliquid crystal, since the molecules are large and the viscosity is high the
inertia effects due to free rotations may be neglected and molecular reorientation may
be assumed to occur via collisions only. In treating the orientation as a Markov
stochastic variable, there are two limiting cases [2,3] based on the correlation between
the orientation before and after the jump of the molecule, namely, 1. Very strong
correlation limit (the small step rotational diffuson model) and 2. Lack of any
correlation (the strong collision model), in which orientations of the molecules are
randomized by collisions subject to a Boltzmann distribution. Nordio et al., [67-69]
proposed a mode for rotational diffusion in the presence of ordering potential. For
the reorientation of the long axis of a nematogen, the small step rotational diffusion
model seems to have a physical basis [2]. There are many models [2] related to the
small step diffuson model. One such mode is based on restricted rotational diffusion
of a rod-shaped molecule in a conica volume [70], which is suitable to study the
motion of the lyotropic lipid molecules anchored on a lipid-water interface in lipid
bilayers. The other model is the “anisotropic viscosity model" [71,72], which treats
the rotational diffusion tensor of molecules being time-independent in a laboratory
frame. "Third rate model" is an extension of the anisotropic viscosity model, which

includes fagt rotations of molecules about the long axis.

Further constraints on dynamics may arise by the topology of the molecular
environment, and such constraints lead to reorientations mediated by transational

displacements of molecules diffusing along curved surfaces. In the “strong adsorption



limit", trangational diffuson of adsorbate molecules along surfaces was shown to
obey the Levy-Walk datistics {73] There are many proton NMR experimental
studies and some direct Site specific measurements of spectral densities using
deuterium resonant lines [2,54,55] The strong collision model has been used in
several studies on liquid crystals to interpret spectral densities [74.75]. The ratio .J; .J>
of spectral densities is considered to be important This ratio has a value unity in the
isotropic phase due to the absence of the orientational order parameters This ratio
depends on the angle between the symmetry axis of the interaction tensor and that of
the molecule [74] (higher the angle, lower the ratio) The diffusion in the cone model
has been used in partialy deuterated samples [76,75] and is used to understand the
temperature dependence of./;(w) and .J>(2w) in the nematic phase of 50. 7-d,. The
snal step rotational diffuson mode has been used to extract rotational diffusion
constants /2y and /), from the experimental deuterium spectra densities in liquid
crystals [76-83] The third rate model [35] has been used to explain the ratio./; Jp of
spectral densities for solute and liquid crystal molecules. There are similar significant
studies [80,84,85] seen in the recent literature [2].

Dong [2] have used the decoupled model to study the chain conformational
dynamics assuming the independent rotations of segments about different C-C bonds
and thus internal rotations about different axes are highly correlated This work also
proves that the overall motion of an average 1VIBBA molecule is well described by the
third-rate model There are models to describe the internal rotations in an atkyl chain
of a nematogen The superimposed rotations model proposed by Backmann et al.,
[74] is used, to describe phenyl ring rotation in mesogens [77] The assumption made
in this model is that interna motions are completely decoupled from the overall
reorientation of the molecules Wallach [86] too, has made an assumption that free
diffusive rotations occur about each carbon-carbon bond in the chain and arc
independent of each other Tsutsumi has proposed a decoupled model [87] for
internal dynamics in liquid crystals. Wittebort and Szabo [88] have considered dll
energetically alowed conformations to solve the master equation that describes
conformational transitions using a time domain extension of the rotameric model of
Flory [89] Nordio et al. [90] have introduced coupling between conformational

changes and molecular reorient at ions. Though the earlier nuclear spin relaxation
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theories [58,91,92] neglected the internal dynamics, the site-specific experimental
studies [74,76,81,93,94,95] led to the development of models considering internal as

well as overall motions.

5.4.1. Nematic Phase

The rod like molecules in the nematic phase are free to rotate about their long
axis and to some degree about the short axis, concomitantly, the relaxation times for
rotations about their short axes are much longer (~10° to 10° times per second) than
those about their long axis (~10' to 10'? times per second). The third type of [96] of
rotational motion which is important in anisotropic rod like liquid crystal systems
with flexible end chains are the reorientations of the end chains. Now, the different
correlation times of interest are 7 and 7, for rotations of the entire molecules about
their long and short axes respectively and 7y, and zcys for rotations of CH; and CH3
groups. The rotations about the short axis contribute to spin relaxation at
conventional NMR frequencies, hence, only 7, is of mgjor significance. The rotations
about long axis and the rotations of the end chains are much faster and are not

significant in conventional NMR frequencies in the nematic phase.

The relaxation rate for rotation about the short molecular axis is written in the

BPP form [9] as

1 5 47
A s : 5.146
Tirs eC (l+(wf,)1 * 1+(4w2rj)] ( )

where e measures the anisotropy of local reorientations around the short axis. The
constant C for a molecule consisting of aliphatic groups in the core and aromatic

groups in the end chains is given by

9 o 1 < UGE-1)
Pra =ahpt o g =
TAT) e

(5.147)
where Uk stands for the ratio of protons belonging to ¥ group, to the total number of
protons in the molecules. %&’s are cosines of angle between internuclear vector reof &
group and the long axis. In the limit wr <%, give rise to frequency independent

contribution. € isassumed to be equal to 1.
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5.4.2. Smectic phases

In the high temperature smectics like S,. the contribution to the relaxation
process arises from the rotations about the short axis and is, as the same as in the
nematic case. In the low temperature ordered smectic phases, the rotations around the
long axis may become important In case the director 1, makes an angle A with the

externa field, the relaxation rateisgiven in wr; « 1 limit as

19 {,(3 -1

—— é}lmfzi“,‘— (14 3cos” A)

5 ~ &, (5.148)

Here Uk stands for the relative weight of the proton belonging to the &, group and /,
for the cosine of the angle between the inter nuclear vector » of the ¥* group and the
long molecular axis. In ordered smectics, rotations around the short molecular axis
are known to be frozen [97] The isotropic tumbling of the end chains [96] aso
contributes to 7" in the ordered phases The relaxation rate due to the isotropic
tumbling of end chains is given by a BPP type expression

4z,

LA . S T
) [+ (or,)  1+(4w’t)) | ( )

Here the constant C represents the relative weights of end chain protons with respect
to the total number of protons Thus 7/, as a function of 7., shows a minimum at

otr =0.616and a theminimum relaxation rate, is given by

(1 Jpr 1A43CT w) (5.150)

Earlier analysis of the frequency dependent 7, data (4 to 50 MHZz) collected on
these 40. m systems in this laboratory are presented in the theses [98.99] In the
present NMRD data analysis the BPP type contribution (isotropic approximation) is
used with a single correlation time In the nematic and smectic A phases this
correlation time is associated with rotations about the short axis. In the ordered
smectic phases this correlation time can be attributed to the rotation about the long
axis or to the segmental motions  Earlier temperature dependent T, results on nO.m

systems [98,99,100] are found useful in the interpretation of the present NMRD data
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Chapter 6

Fidd Cycling NMR Studies of Molecular Dynamics
in Butyloxy Benzylidene Alkylanilines (40.m)

Chapter 6 deals with the study of the relationship between end chain structure
and molecular dynamics in the homologous series, Butyloxybenzylidene
Alkylanilines (40 m). These systems belong to the wel known, nO.m series of

Liquid crystals. The chapter consists of 9 sections.

Section 6.1: Motivation and objectives of the present study are described towards the
beginning of the section. Earlier structure-property studies on nO.m systems as well
as NMRD studies on other homologous series of systems are reviewed next.
Experimental details and the models followed in the NMRD data analysis in terms of
dif Terent contributions (DF, SD, R and LU) to the totd relaxation rate are aso
presented

Sections 6.2 to 6.8: Experimental data obtained from different liquid crystalline
systems (40.2. 40.3, 404, 40.5, 407, 40.8 and 40.9) of the 40.m series are
presented in these sections These systems are treated independently and the results
obtained from the NMRD data analysis are presented separately for dif Terent phases
Dynamic parameters obtained from the analysis are presented in tables for each

system and phase

Section 6.9  Structure-Dynamics relationships obtained from the present study are
presented in this concluding section DifTeent dynamic parameters obtained as a
function of end chain properties are compared and plotted independently. Relative
contributions of the three important dynamics (DF, SD and R) are plotted as a

function of chain length at different frequencies



Section 6.1

6.1. Earlier studies and present objectives of molecular
dynamicsin Liquid Crystals

6.1.1. Introduction

The systems under the present NMRD study belong to the well known N(p-n-
alkoxybenzylidene) p-n-alkylaniline homologous series (n().m series), which have
two termina chains, where n is the number of carbon atoms in the alkoxy end chain
and m is the number of carbon atoms in the alkyl end chain. This homologous series

(nO.m) has the molecular structure depicted in the scheme given in figure 6.1.
(.‘,, H2n+1 ( CH= ("m HZm-]
Figure 6.1. General molecular structure of the nO.m homologous series of systems.

The present NMRD studies are carried out on the systems, 40.2, 40.3, 40.4,
40.5, 40.7, 40.8 and 40.9, i.e, keeping n = 4 as constant in the above molecular
structure and changing the alkyl chain length, by choosing systems having m from 2
to 9. This series exhibits a series of smectic (Sa, Sc, Se, and Si) phases and a nematic
phase with variable stabilities. The present experimental work includes frequency
dependent proton 7; study (NMRD) using FCNMR technique in different phases of
these systems. Earlier work done in this laboratory [1,2] using conventional NMR
techniques (7, TID) is also used in the analysis in order to get the complete picture of
molecular dynamical parameters. Temperature dependent data are available at high
frequencies (4 to 50 MHz) on these (40.2, 40.3, 40.4, 40.5, 40.7, 40.9) systems.

Phase sequences of the 40.m systems are shown in figure 6.2.
6.1.2. Mativation and objectives

The homologous series nO.m of systems are chosen, keeping the following
reasons and expectations in mind. Some of the reasons listed below are genera in

nature to any molecular dynamics study of liquid crystals.
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Figure 6.2 Phase sequences of the 40 m systems The temperature range of the
nematic phase for each system is shown with the shaded area

1). This homologous series (nO.m) have been studied extensively, using al possible
techniques. by various groups [6] in order to elucidate the microscopic structure and
its relationship to the macroscopic physical properties For example, the most studied
MBBA (10 4). using dmogt dl the physical techniques. including NMRD studies
[3,4] belongs to this nO.m series Using the vast amount of data on structural and
physical properties available, it is expected to be easier to explain the more complex,
microscopic molecular dynamics in these homologous systems They have rich

polymorphism and have convenient temperature regions to work with  The transition



temperatures of different mesogens were measured [5] using calorimetry and optical
microscopy, by varying n from 1 to 7 and m from 4 to 8, which are verified later by

other studies also. Databases are also available on some of these systems [6].

2) In particular, the 40.m series, has a specia significance because it shows very
stable nematic phases over a wide temperature region, and very easily accessible for
experimentation. These systems exhibit nematic phases having temperatures from
45.2° C (40.4) to 83° C (40.7) and the nematic temperature range varies from about
39°C (40.5) to 8°C (40.12). Such a broad variation in the nematic phase temperature
range and transition temperatures in this series is not only useful but aso convenient
for temperature dependent studies. These systems exhibit increasing smectic A phase
stability when the chain length is gradually increased.

3). The controversy over the nature of the nematic-smectic A transition, is another
important reason to study, since these systems exhibit continuously differing N-Sa
transition order. In 40.m liquid crystals, this particular transition shows a second
order, and a weakly first order nature depends on the chain length of the molecules,
which were different from the theoretical predictions. The refractive index and
density studies carried out by Potukuchi [7] have demonstrated the presence of a
tricritical point for nematic-smectic A transition and aso has shown that the
McMillan parameter for the nO. m homologous series is different from the other
results for other series of liquid crystals. The order of the nematic to smectic A
transition has shown different behaviors. A first order transition is observed in 60.4,
60.8, 70.1, and 70.4 systems. A weakly first order transition is observed in 50.8 and
a second order phase transition in 40.4, 40.6, 40.7, 40.8 and 40.10 systems. These
observations suggest that alkoxy end chain play an important role in this transition.
These observations highlight the importance of these systems and the molecular level

dynamical properties would be more useful to understand this behavior.

A variety of pretransitional effects in the nematic phase near the second order
nematic-smectic A transition result from the thermally excited fluctuations in the
smectic order. The smectic A density correlated over a relatively short range (called
cybotactic clusters) appears and decays away. de Gennes [8] has suggested that the
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N-Sa transition should be identical to the super fluid-normal transition It was
disputed by Halperin et da., [9], who have argued that it should be similar to the
superconductor-normal transition with director fluctuations (DF) driving the transition
to the first order. The influence of the coupling between the orientational order and
translational order on the order of the N-S, transition was studied by Longa [10]
Contrary to the first order nature seen in the nCB, nS5 homologous series and other
systems and mixtures with short nematic temperature ranges, the nO.m homologous
series of systems showed a first order, second order and weakly first order transitions.
Since it is possible to get information on director fluctuation from NMRD studies, the
systematic study on these systems, would be useful to understand molecular dynamic

processes responsible for such phase transitions.

4). A variation of the end chain length from m =2 to m « 9, gives an opportunity to
probe dynamics of different nematic phases and compare the results in terms of the
usually observed odd-even effects, chain length effects and symmetry effects as
explained below.

a) Odd-odd systems (40.3, 40.5, 40.7 and 40.9) and odd-even systems (40.2, 40.4
and 40 8) which could give information about the famous 'odd-even effects in
dynamics. which were aready shown by Noack et a., [4] and Dong et a., [11] in
liquid crystals It is well known that odd-even effects are seen in almost al
macroscopic physical properties studied in liquid crystals.

b) It is also known that the chain length alters the phase stabilities of the nematic and
smectic phases. This homologous series provides an opportunity to study shorter
(40.2, 40 3) and longer (40.8 and 40 9) chain systems. within the odd or even
systems

c) There is another property that can be taken seriously, based on the existing
experimental data. though it is not frequently mentioned in the literature on liquid
crystals i.e.. 'balancing of the terminal chains’™ or "symmetric and non-symmetric end
chains™. The effect of symmetry on the nematic phase stability in 40. m systems is
presented in chapter-4 Trandtion energies as well as transition entropies [5] of these

systems seem to show a kind of symmetry effects as shown in figure 6.3.

217



Balancing effects in NO.m series

T T T T T ™ T
®—60m 60.7
= o- 50m l’
®
—a&—40m ™ 5
T s A

HN transition entropy (cd. md
=
[ ]
-8
.
O

A . A -2
o- B / ;. \
e e \
0.5 & )
T P == e T ' T
4 5 6 7 8
number of carbon atoms in the alkyl chain
(a)
Balancing effects in NO.m series
1 L ) L] T 1 L
—&—60m 6Q.7
£~ 8o |4 em !
w— 40m Pl
E <N
: ] . A
8 .
E; 400 - # 506
. \
5 4T5 & \
E W v \,;,*
Zxd 7 s el \
v~ e
L] M T v T ' L) v T
4 5 6 7 8

number of carbon atoms in the alkyl chain

(b)
Figure 6.3. Isotropic-nematic transition entropies (&) and transition energies
nO.m homologous series. Systems having symmetric end chains show a
when comparing the immediate neighbors of the same series. The data are tak
the literature [5].

21S



The general trend in these figures seems to show either a pcak or a deviation
when the end chains are close to balanced The present family of the systems gives an
opportunity to study molecular dynamics of balanced-odd (40.5) and balanced-even
(40.4) systems, without changing the molecular length too much It is known that the
longer chain smectic systems showed conformational jumps and hence the
orientational disorder in these systems Cybotactic clusters were seen above N-Sa

transition in longer chain systems

5). Moreover, no systematic NMRD studies over wide frequency range were done on
this particular family (40 m) so far There exis some experimental efforts by this
group, using the conventional NMR technique [1,2] and by others [12] using the
deuterium NMR relaxation time measurements on this series. There has been no
atempt to see the low frequency spectral densities, which could give direct
information about the connection between phase stabilities and collective director

fluctuations on this homologous series

6). Since collective motions are superimposed on simultaneous non-collective
rotations and translational reorientations of individual molecules, a clear distinction of
these, require a very wide nematic range NMRD studies. It has been established that
these collective motions dominate at a low kHz regime and that individual motions
dominate a conventional high frequencies The available data is insufficient for an
understanding of the molecular level microscopic behavior. and also in correlating the
rich theoretical understanding on liquid crystal physics

There is no clear understanding of the three dynamical properties (DF. SD, R)
on the end chain structure, as vet It has been reported that {13]. near the I-N
transition, rotations about the short axis is an important mechanism in mediating the
spin relaxation.  The low temperature nematic. close to N-S.\ transition is dominated
by DF and SD mechanisms, where rotations contributes lesser A systematic study at
the high temperatures closer to the I-N transition sufficiently away from the region
where pre-transitional effects dominate the pin relaxation, are to be useful means of

separating the R, about the short axis from the collective DF modes
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7). The DF contribution and the value of the constant (ADF) in nematic liquid crystals
are considered to be important factors Procuring some information on the cut-off
frequencies is also important. With the available computational facilities it has been
possible to implement model fitting with very many parameters. The modifications
introduced by Blinc [14], Doane and Johnson [15], Vold and Vold [16] and severa
others, to the basic model proposed by Pincus et a., [17] lead to a more generalized
mode [18]. Model fitting for the DF contribution can be done using these models.
The anisotropic elastic constants model could be implemented if the experimenta

elagtic constants are available for the system.

In the present series, the experimental data available on 40.4 [30] has made
such an attempt possible. The differences between the one constant approximation
model and the anisotropic elastic constants mode in implementing them, for the
NMRD data would be interesting. Introduction of upper as well as lower cut-off
frequencies makes DF contributions more meaningful. NMRD studies on PAA [49]
have shown a decreasing ADF value with an increasing chain length. There are
nevertheless, observation [12] in the literature that the A, decreases with chain

length, in homologous series.

6.1.3 Review of earlier studies on nO.m compounds

Experimental attempts on different homologous series were carried out by
various groups with typical objectives such as, the effect of molecular structure on
polymorphism and changes in the molecular parameters, as one runs through the
homologous series. There have been attempts to look for the physical systems to test
the validity of theoretical models built, to explain static/dynamic features of liquid
crystals. Optical microscopy, miscibility, and X-ray diffraction methods were used by
Goodby et a., [19], for studying different homologous of nO. m series.

Pisipati and coworkers [7] have studied the nO.m series of systems using
thermal microscopy, density, ultrasonic velocity, refractive index, magnetic

resonance, DSC, and the XRD techniques. There are a number of publications [7] on
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these studics  The dtatic physical properties of al the available possible phases in this
series had been studied, and various relevant physical properties and critical
exponents were explained The results showed that the I-N, 1- S, N-S¢, N-Sg;, S¢-Sc,

Sp-Sc and Sa-Sr phase transitions are of the first order phase transitions

The SA-SC transition haed showed a second order behavior in dl the nO.m
systems studied by Pisipati and coworkers [7]. The results from density. ultrasonic, X
ray, dielectric, ultrasonic relaxation, NMR, ESR, DSC, TR and refractive index studies
on the system 40 4 had shown a firs order I-N, Sx-S;; and a second order N-S.\
transition 40.7 and 40 8 systems showed second order N-S,. Si-S¢ transitions as
observed from the calorimetric, light scattering and X-ray studies ESR line width
studies of 40 6 had shown the pretransitional effects near the N-S\ transitions
Density and ultrasonic studies had shown the weak first order nature of 40.12, and a
second order nature on 40.10 The density and refractive index studies on 40 m
systems had been carried out by Potukuchi et al., [7].

Takahashi et a.. [20] have studied variation of specific volume with
temperature in the 50 m series by changing m from 4 to 14 Neutron scattering
experiments were used to study the co-operative nature of the molecular motions in
S and So phases of 50 7 [21] Limmer et al., [22] have performed line width

measurements on three nO.m compounds 50.6, 70.5 and 70.6

6.1.4. Earlier NMR relaxation measurementsin Homologousseries

Normally it is difficult to isolate the individual contributions (due to each
dynamical mechanism) from a 7, study of a narrow frequency range except for a few
fortuitous cases However. the earlier work on a few liquid crystal systems had
reported the identification of different dynamical processes in a limited frequency
range 1t was shown particularly, thet the frequency dependent studies of relaxation
times combined with temperature dependent studies could be effectively used to
obtain information about these mechanisms. There have been severa studies on
molecular dynamics through conventiond NMR relaxation measurements in liquid
crystals [1.2.12.16,23.24.25)
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The FCNMR technique has been used to investigate molecular dynamics in
liquid crystals by Noack and coworkers [11]. Proton spin relaxation studies on
nematic homologs of PAA were carried out by Nagel et al., [26]. From these studies
certain differences in dynamics were observed with the changes in the chain length.
Shorter chain molecules (PAA) show higher values of 7;, than the longer chain
molecules (PAB, HAB) at any particular nematic temperature. The DF contribution
(quantified by the constant A;,.) varies with the chain length in the PAA series [27].

Longer chain molecules have a higher value of Apr.

Another important conclusion arrived at, in the case of PAA and PAB studies
is that, the chain protons also contribute to the value of the 4, contrary to the belief
that, only the core involves in the collective fluctuations. This was also verified by a
line shape analysis of these compounds [26]. The behavior of activation energies and
upper cut-off frequencies obtained for the DF modes were used to support these
conclusions. The decrease of the upper cut-off frequency with increasing chain length
in PAA series (8.1x10” s for PAA and PAA-ds, 6.4 x10° s for PAB, 1.IxIO" s for
HAB) suggests that the whole molecule undergoes DF dynamics. The sguare root
region shifted with the chain length, in different systems studied [11] revea that,
longer the chain length of the molecule, longer the region having square root

dependence.

It is generally observed from these studies that, due to the modulation of the
inter-proton dipolar interaction, the proton spin-lattice relaxation times are sensitive to

the following mechanisms.

1. Director fluctuations (DF) are dominant a very low frequencies (below few
MH2z) in the nematic phase with the usual square-root dependence on the proton
Larmor frequency. It has weak temperature dependence. In the smectic A phase
the DF mechanism is replaced by the smectic layer undulation modes (LU), which

are generally described by a linear dependence with Larmor frequency.
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2. The second mechanism, is the anisotropic translational self-diffusion (SD), which
is strongly temperature dependent, and generally dominates the high frequency

relaxation from 10 MHz to a fev 100 MHz in the nematic phase

3. Rotations about the short axis (R) dominate the intermediate frequency range
The R contribution is frequency independent, generally up to 1 MHz and
frequency dependent, upto a fev MHz These rotations are generally observed in

the nematic phase close to the 1-N phase transition [13].

4. Reorientations about the long axis and the ring flips were observed in the high
frequency regime from a few tens of MHz to a few hundred MHz  Segmental
rotations and conformational jumps have also been observed by many researchers
[12] at high frequencies. These rotations are best studied, by the deuterium NMR
methods and by angular dependent studies There are various rotational models

available, in the literature [12].

5. Order fluctuations (OF) dominate the 1) value near the transitions This has

inverse temperature dependence

6 Dipolar effects lead to a shallow region at low frequencies below 10 kHz

7. The cross relaxation process becomes effective when the dipolar proton spilitting
frequencies and the quadrupolar nitrogen transition frequencies overlap, alowing
a resonant exchange between the two spin systems, thus shortening the relaxation

time at specia frequencies

6.1.4.1. Earlier observations on Order and Director Fluctuations (OF and DF)

The orientationally ordered nematic liquid crystal phase is similar to the case
of the Heisenberg ferromagnet and is a spontaneously broken continuous orientational
symmetry of the high temperature isotropic phase [27]. As a consequence, the
spectrum of collective fluctuations of the nematic director field is expected to be

gapless in the long wavelength limit, and the so-called Goldstone mode should exist



The spectrum of eigen modes of these excitations consists of one branch of
propagating acoustic waves and of two pairs of over damped, non-propagating modes.
These can be further separated into low and a high frequency branches. The branch of
low frequency modes corresponds to a dow collective orientational relaxation of an
elastically deformed nematic structure, whereas the fast modes correspond to over
damped shear waves, which are similar to the shear wave modes in ordinary liquids
In the long wavelength limit, the relaxation rates for both the modes are proportiona
to g%, which is characteristic of hydrodynamic modes. Here, q is the wave-vector of

the over damped mode.

In 1968, de Gennes [8] had introduced the concept of orientational normal
modes, similar to the phonon collective excitations in 3D solids, which can be
considered as plane, wave like, spatialy coherent excitations of the director field
n(r, #. In contrast to the phonons in solids, collective modes in liquid crystals are
always over-damped due to high viscosity. Soon after de Gennes suggestions, Blinc
[14] and Pincus [17] showed the characteristic square root frequency behavior of 7; in
nematics and the failure of BPP theory of liquids in liquid crystals. This T, « o' ’
behavior (w is the Larmor frequency) is a direct result of the gapless Goldstone mode
nature, of the director fluctuations [27].

There have been attempts to study the pre-transitional dynamic behavior and
order fluctuations (OF) near the I-N phase transition using the NMRD technique
NMRD studies by Wolfe et al., [28] on PAA and 7 measurements by Dong et a.,
[29] on MBBA, showed a critical dependence of 7) with frequency near phase
transition. This behavior is in contrast with the frequency independent behavior of 7},
for a very long temperature range in the isotropic phase. Measurements between
7 MHz to 30 kHz in PAA, show this critical behavior, indicating the short-range order
fluctuations (called cybotactic clusters) in the isotropic phase close to the I-N phase
transition. Order fluctuations loose their importance, once the long-range nematic

order is formed in the medium.

In the nematic phase sufficiently away from the phase transition temperature,

director fluctuations (DF) become very important. The experimenta efforts by Doane
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et a., [15] and Blinc et a., [14] could not lend them to a single interpretation on
frequency dependent 7, data of MBBA (10.4) The limited frequency NMRD studies
(from 4 MHz to 100 MHz) on 10.4, by Doane et a., favored the DF domination
whereas Blinc et a., had recommended the SD domination Both the groups had come
up with different arguments for corresponding behaviors in order to eliminate the
difficulties in fitting the NMRD data. Doane et a., had proposed a high frequency
cut-off for DF modes, and Blinc, a step-width parameter for SD mechanism. Doane
remodified his theory considering both DF modes and local diffusive reorientations of
proton spins. which lead to a cross correlation term also  But the proton NMRD work
using the field-cycling technique on MBBA and other systems by Noack's group [11]
established the fact that, SD and R are the very important dynamical processes in
conventional NMR freguencies in nematic liquid crystals, and DF modes are more
effective at low frequencies Anisotropy can be best probed by the angular dependent
spin relaxation studies, and the angular dependent NMRD studies by Noack et al..
[11] established the effect of local fields beyond doubt. and permitted a detailed

analysis of DF at low frequencies

6.1. 5. Experimental Details

In this sub-section an attempt is made to give general experimental details like
sample preparation. pulse sequences used in NMRD data collection, theoretica
models, fitting procedures, data analysis etc , in order to avoid repetition of the same

details when each liquid crystal system is discussed in the forthcoming sections.

The 40 m samples were purchased from a commercia source (M/S Frinton
Laboratories. USA) and used without further purification Samples were sealed under
vacuum (10" Torr) after removing the dissolved oxygen, by the freeze-pump-thaw
method. Phase transition temperatures were verified with the observed changes in the
amplitude and shape of the FID. In order to orient the nematic director n of the
system. paradld to the Zeeman magnetic field. the samples were heated to the
isotropic phase firgt, and dowly cooled to the temperature in the presence of the
Zeeman magnetic field Proton NMRD data were collected in the nematic phases at
fixed temperatures using the FCNMR spectrometer  The temperature dependent data



collected earlier in this laboratory [1,2] was also used in the analysis in order to get a

complete picture on the dynamical properties in different mesophases.

The inversion-recovery rf pulse sequence and the saturation-burst rf pulse
sequences were used on the conventional pulsed NMR spectrometer. Inversion
recovery sequence and single pulse methods were used on FCNMR spectrometer
The details of the pulse sequences and the data fitting procedures are presented in
chapter 1. The estimated errors in 7; measurements at frequencies below 1 MHz are

found to be less than 7%, and at above 1 MHz there are around 5%.

6.1.6. Dataanalysis

It has been established that, the proton 7; measurements are expected to show
dominant contributions to J;(w) from the three mechanisms (DF, R and SD), which
are essentially distinguished by their characteristic frequency dependent behaviors.
Effective contributions to the spectral densities from these dynamics could be seen at
the Larmor frequency and at twice the Larmor frequency. The total spin lattice

relaxation rate (R;7.:) therefore, can be written as

Ry =Ripe + Rigp + Ry 61

Detailed expressions for each contribution are given in chapter-S The data
were analyzed, fitting them to the above equation 6.1, using the non-linear least
square analysis, based on the Levenberg - Marquardt algorithm [52].

6.1.6.1. Nematic Director fluctuations(DF)

The data analysis was done using two different procedures for the DF
contribution. The first method is based on the one constant approximation (isotropic
dlastic constants model). The second method is based on the anisotropic eastic
constants model, using a generaized expression [18] incorporating al the
modifications made by Doane and Johnson [15], Brochard [53] Vold and Vold [16],
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and Blinc et al.. [ 14] on the Pincus model [17]. In the present NMRD data anaysis,
the generalized equation for DF modes [18] is used for both the analysis

6.1.6.1.1. Isetropic elastic constants mode

In the first method, eastic constants are fixed as K;; Ka»= K33 = lO*’dyne.
For the director fluctuations with lower and upper cut-of T frequencies, the model
parameters are the amplitude A, lower cut-off frequency v, and upper cut off
frequency, v:cn.  The well known square-root frequency dependence on the relaxation
time between upper and lower cutoff frequencies is the basis for the identification of
the DF contribution Details of the theoretical formulation of this model are given in
chapter-5, section 5.2.

6.1.6.1.2. Anisotropic elastic constants model

In the second procedure (called the anisotropic elastic constants madel or
generalized model) an expression. considering the influence of upper and lower
cut-of T wavelengths for the director modes. as well as the anisotropy in elastic
constants were used in calculating the DF parameters. Based on this model the
relaxation rate due to director fluctuations (R;pr) is given by [ 18]
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The complete description of the functions and parameters involved in this
model has also been described in chapter-5. The experimental elastic constants
measured by Tolmachev €t al,, [30] for 40.4 are used in deducing the elastic constants
for other 40. m systems. These elagtic constants are given as the input parameters in
the model for the DF contribution. It is known that S (order parameter) is
proportional to the square of the density [31 ] and the anisotropy of the refractive
index [33]. Elastic constants are proportional to $° [32].

A systematic study of the refractive index and density on 40.m systems by
Potukuchi [7] were used in estimating the relative values of S in 40.m systems.
Using 40.4 elastic data as the reference, the values of the elastic constants for other
40.m systems were calculated, following the variations in the density and refractive
index values at required temperatures. Figure 6.4, shows the density variations in the

40.m systems.
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Figure. 6.4. Densities near isotropic-nematic phase transition in 40.m systems[7].
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The general trend of decreasing density with increasing chain length, as well
as the odd-even dlteration, is observed in these phases 40.4, the system with
symmetric end chains shows an increase of density in the isotropic as well as in
nematic phases The density decreases with the increasing alkyl chain length. Odd
and even systems follow smooth curves [7] in the isotropic and nematic phases with
temperature There is no slope change in the interface between the nematic to smectic
A transition when the akyl chain is short The systems 40.8, 40.6, 40.4, as well as
40.5 and 40 7. show no slope change at the interface

The density data in the interface between the S-Sy aso [7] shows a very
different behavior from that of the 1-N interface Odd systems show high values of
density in both S and Sy phases. Near the transition, al even systems except 40.8
show a linear behavior 40 8 shows a lower value than the expected value. The
system 40 9 also deviates from the linear behavior with respect to the other odd
systems In general, symmetric end chain systems show higher densities. Figure 6.5

shows anisotropy in the refractive index of the 40.m systems
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Figure 6 5 Anisotropy in the refractive index as a function of reduced nematic
temperature T\ in the 40.m systems [7]



The data were plotted as a function of reduced temperature, Tx [7] such that
one can easily compare the behavior of refractive index anisotropy in al the nematic
phases, which have nematic phases in different temperature regions. It is interesting
to note that the refractive index data shows a completely different behavior when
compared to the density data, within the 40.m homologous series. Though the
general trend of decreasing density and decreasing anisotropy with chain length is
observed, the refractive index anisotropy shows very strong anomalies which could
not be explained by the simple packing effects (chain length effects) or by odd-even
effects.

The NMRD data were analyzed, considering the equations (5.62-5.67 for DF)
given in chapter-5, under certain assumptions, to reduce the number of parameters to
be determined from the data. The values of viscosity coefficients 7, and 7 were
assumed to be 0.5 P. Though these values differ from compound to compound and
are temperature dependent, the order of magnitude remains the same, if the molecular
structure is essentially similar. Further, since these quantities appear as ratios Ki/7; in
Ripr, its variation should be much less from the assumed values [13]. In addition,
since the long wavelength cut-off values of DF modes should not depend on the
anisotropy at molecular level, it was also assumed that A.., = A..  Then four
parameters connected with Ripr, Viz. A Ase, Acn and ADF are left to be evaluated
from the data. The parameters K, ,,K>> and K;; are given as input parameters. In the
fitting program, the input variables connected with the cut-off wavelengths are given
in terms of wave vectors (¢’s). The equations connecting wave vectors, cut-off
frequencies and cut-off wavelengths are also described in chapter-5 The subscript 1
in the term A refers to the direction perpendicular to the director The subscript p is
also used often, with the same meaning of the subscript 1. The subscript z refers to

the direction parallel to the nematic director.

6.1.6.2. Smectic layer undulation modes (LU)

In the case of smectic A phase, layering leads to a sudden increase of bend

(Kss)and twist (K22) elastic constants The strong mechanism, which influences the
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spin relaxation at low Larmor frequencies are the layer undulation modes (LU).
Theoretical formulation for this contribution and the parameters involved, are also
described in chapter-5. Important parameters involved in fitting the NMRD data in
the smectic A phase includes the upper and lower cut-off frequencies and the constant
Aru. In the present experimental NMRD data the contribution from LU is very small,
due to the fact that the experiments are performed only from 50 kHz. The contribution
from LU becomes very weak at this frequency. A presence of this contribution is
essential however, to explain the NMRD data in the smectic A phase, particularly to
explain the small region having a steep variation below about 200 kHz. The
simplified equation used to fit the LU contribution is given here (equation 6.3) [48]

Ry ='9‘)"hz-11(“’)=274’11i arcig EL —arctg = (6.3
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Where y is the gyromagnetic ratio for protons, fi is the Planck's constant divided by
2mJ; (w) is the spectral density and A is the adjustable parameter which depends on
the temperature, nematic order parameter and material physical constants. wy and ax
are the lower and upper cut-off frequencies of the collective modes, respectively,
depending on the effective viscosity, splay elastic constant and smallest and largest
wave vectors present in the system. This equation if further simplified by defining a

new constant, ALy, which is the new adjustable parameter given by

9 2
Ay = g}r‘fr‘A

The values of ALU'S obtained in present analysis are not accurate, since the
NMRD data collected on smectic A phases have shown, a very short frequency
region, having this linear behavior. In the present analysis, the functional behavior
(linear behavior) is given priority rather than the other parameters such as cut-off

frequency and the constant Apv.
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6.1.6.3. Rotations about the short axis (R)

Various theoretical models used, to get information about the rotational

dynamics, in the analysis of the NMR data are listed below [12].

> The simple Woessner approach [37] of rotating ellipsoids.

> The small-step rotationa diffusion in the ordering potential proposed by Nordio
and Brown [35].

» The anisotropic viscosity model [36] of Freed et d., in combination with fast
spinning around the molecular long axis [16,34], the so called Vold and Void's
‘third rate model' and

> Extensions of Woessner’s formalism (and the small step rotational diffusional
model) made by Dong et al., [12], with the inclusion of correlated uncoupled

chain mobilities.

Graf et al., [4] have argued that the rotations about the short molecular axis
are very significant in nematics since they are much slower than that of the rotations
about the long axis. It has been argued that the rotations of segments and methylene
groups occur parallel with the fast rotation, about the long axis and their contribution,
moreover, is not important in NMR frequencies in the nematic phase. The correlation
times obtained for rotations suggest that the rotations seen in the nematics are about
the short molecular axis. For 10.4 the observed values of 7z from NMRD studies are
2.4x107 s a 18°C, and 5.7x10% s a 45°C. These vaues are comparable with
dielectric studies [13,41]. It is observed from dielectric experiments that the
correlation time corresponding to the reorientation about a short molecular axis can
have the value of the order of 10°~10"® seconds [13]. Near the I-N transition al these
motions (R, SD and DF) become equal at medium frequencies [4]. Based on the
above observations made in the literature, rotations about the short axis are considered

in the present analysis of nematic NMRD data.

In the case of rotations about the short molecular axis, the explicit model
parameters used are, the amplitude C and the rotational correlation time zz, assuming a
simple BPP type (Eq. 5.146) contribution. Rotations about the short molecular axis

are important at high temperature nematic phase closer to the I-N transition. Since the
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data is not collected above 50 MHz, and no attempt is made to collect angular
dependent data, the more advanced models proposed by Nordio [35], Vold and Vold
[34], Dong [12] and others were not implemented. for R contribution in the present
NMRD analysis

Apart from the contribution from rotations (R), with a single correlation time
for the rotations about the short axis, it is expected that there are other rotational
diffusve motions 1t is assumed that in the present NMRD analysis between 50 kHz
to 50 MHz these fast motions can contribute with a frequency independent behavior
Comparing with the strong SD contribution. which shows frequency dependence in
the current frequency range, the faster rotations are difficult to detect. Keep in mind
the importance of the parameters connected with the rotations about the short axis,
and the complications involved in fitting so many parameters with the data available
in the narrow frequency region. the contributions from faster rotations are not
considered. in model fitting The three contributions. DF, SD and R about the short
axis are sufficient to explain the present NMRD data in 40.m systems.

Smectic A Phase

In the present systems, NMRD data does not show discontinuity between
nematic and smectic A phases in the conventiona NMR frequencies This shows that
there are common mechanisms in nematic and smectic phases, which dominate spin
relaxation in this frequency range. SD is one such mechanism, which dominates the
conventiond NMR frequency range. R about the short axis. seen in the nematic
phases of these systems as well as the other rotational diffusive motions may also be
present in the smectic A phase, owing to the fact that the smectic A phase is again a
fluid like phase The simple BPP type equation is used in fitting the R contribution in

the smectic A phase too

6.1.6.4. Salf-Diffusion (SD)

Vilfan et al . [40] have developed a theory for SD in liquid crystals, which is a

modified version of the Tonrey's theory [39] developed for isotropic liquids, using
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Chandrasekars' random flight model. Theoretical details of this model have been
described in chapter-5.  Significant observations made in the literature, useful in
handling the NMRD data are discussed here.

[t was generaly found that the high frequency spectrum (from few tens of
MHz to afew hundred MHz) of NMRD data was mainly determined by self-diffusion
mechanism [11]. In the case of sdf-diffusion, the model parameters are B (the
amplitude), and D (the average diffusion constant). In the present NMRD studies, the
complete profile of the diffusion curve could not be obtained due to lack of data at
high frequencies, above 50 MHz. Same equation (5.136) is used for SD mechanism

in both nematic and smectic phases.

In order to avoid mistakes in calculating the SD constants, restrictions are
imposed [4] on the jump time zgp, by providing the average self-diffusion constant
suited to the isotropic approximation of R;sp, and by imposing the Einstein relation
&=6 D 1p.  The low frequency asymptote TJSD (w—0) and the dispersion frequency
1/(2rzsp) are correlated thus, i.e., in the fit they cannot be shifted independently.

6.1.7. Ordered smectic Phases

Dynamic mechanisms identified, which are responsible for relaxation in N, Sa
and Sc¢ phases are different from the mechanisms identified for relaxation in SB, Sa
and other solid smectic phases. In the N, S, ad Sc phases the important
mechanisms, aong with the nematic DF modes and smectic layer undulation modes,
are SD and R about the short axis. In the case of ordered smectic phases and solid
phases of the liquid crystalline materials, the contribution from DF and LU becomes
negligible, in the frequency region of interest. Different types of rotations along with
the SD mechanism are important in these phases. This argument is well supported by
the 77 and 7;p measurements made by Heinze and Grande [41] on nO.m systems. The
negligible discontinuities of temperature dependent F/ data in the N-Sa and Sa-Sc
transition regions and an amost non-discontinuity in the 7, vaues at these

transitions supports this view.
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The observed jumps at the transition to Sy or S¢; phasesin both 7, and 7, a
frequencies between 5-50 MHz |41} clearly demonstrates the difference between the
dynamic properties of the highly ordered smectic phases (B and G) and the fluid-like
smectic phases (A and C) 1In the long chain systems for example, in 70.4,
temperature dependent 7) and 7, studies at 32 MHz were carried out by Heinze and
Grande [41], in the temperature range from 60°C to -150°C. This work clearly
demonstrates the typical motational processes responsible for spin relaxation in the
highly ordered phases. The T, data can be described based on the following
observations made by these studies [41]. The typica behavior of the temperature
dependent Ty and T, data obtained from these studies are shown in figure 6.6.
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Figure 6.6 Typical behavior of Ty, and T, data as a function of temperature in the
system. 704 Theoretical curves explaining the behavior of the data arc
also shown in the figure [41].



Different temperature regions of the T, data shown in figure 6.6 and their
theoretical explanation are given below.

> In the high temperature (smectic G or Smectic B phase) region, caled region-il,
7) decreases with decreasing temperature. This region is explained by the rotation
of the molecule as a whole (with a single correlation time 3x10” s at ~18°C. with
an activation energy of about 8 kcal/mole) about the long axis. A minima in the
T, isseen at about —15°C.

> The relaxation in the next region from -25 to —105°C (region-lI) is due to the
chain segmental motions. A minima is seen around 80°C, due to chain segmental
motions.

» The lowest temperature range (region -1) showing a minima at around -130°C in
the T\ data is due to the three-fold CH: reorientation (with a correlation time of
3x10%s at 133°C with an activation energy of about 2kCal/mole). Region-I
overlaps with region-Il and similarly, region-IT overlaps with region-Ill. At any
temperature, different contributions to spin relaxation could be separated out by

fitting the 7; datato an equation considering these mechanisms.

Similarly, different temperature regions of the T, data obtained from 70.4 are
also shown in figure 6.6 and their theoretical explanation are given below [41].
> The high temperature region (region -111") of S; and Sg phases (from 60°C to
-20°C) SD mechanism with a correlation time of about 10" s and an activation
energy of about 12 kcal/mole is observed (Sg showing higher correlation time).
» The lower temperature region (region-II") of 7, data is explained by the rotation
of the whole molecule. The lowest temperature region (region-I) in the TID data,

is explained using intra molecular rotations.

These observations are useful in explaining the temperature dependent T\ data
in the ordered smectic phase. In the present experimental studies, no mode fitting
was attempted to explain the temperature dependent T, data of smectic B, or smectic
G phases. But, the NMRD data is analyzed, considering the contributions from
rotations and diffusion. From these observations, it is natura to expect SD
domination at low frequencies and rotations about the long axis, at conventional NMR

frequencies in these phases.
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6.2. NMRD study of Butyloxybenzylidene ethylaniline
(40.2)

The first system studied in the 40.m series is butyloxybenzylidene ethylaniline
(40.2) 40 2 has the phase sequence given by [6],

39 °C 515°C 66 °C

This system has a stable nematic phase over 14.5 °C and an ordered smectic G

phase over 9 C. between an isotropic liquid phase and a solid phase.

6.2.1. Experimental Details

Proton NMRD measurements were carried out as a function of frequency in the
nematic phase of 40.2, at temperature 61 °C. The data from 55 kHz to 3 MHz was
obtained, using the field-cycling NMR spectrometer, and the high frequency data from
3 to 50 MHz was obtained using a conventional NMR spectrometer [2] The
estimated error in 7) measurements at frequencies below 1 MHz is found to be less
than 7% and at above 1 MHz it is around 5%. NMRD data from 55 kHz to 50 MHz
a temperature 61 'C in the nematic phase of 40.2, is illugtrated in figure 6.7. The
observed NMRD data in the nematic phase 0f40 2 has the following features.

1. The relaxation times are range from 52 milliseconds at 55 kHz. to 444 milliseconds
at 50 MHz. and 7) decreases with decreasing frequency in the entire frequency range.

studied

2. 7/ data in the logarithmic scae (figure 6.7) shows a steep variation as a function of
Larmor frequency. At low proton Larmor frequencies, the data shows a longer region
having a square-root behavior, which extends upto intermediate frequencies, indicating

the presence of the DF mechanism at this frequency range The NMRD data dightly
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deviates from this behavior from 2 MHz and a dightly different slope was observed at

higher frequencies.
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Figure 6.7. Frequency dependence of the spin-lattice relaxation time (T;) in the
nematic phase of 40.2 at temperature 61 °C.

3. Thus, the NMRD data in the nematic phase of 40.2 at 61 °C, shows two different
regions with different slopes, and hence, a look at the data suggests that there are at
least two possible mechanisms with different frequency dependence The temperature
dependent data at spot frequencies a 5, 9, 15, 19.5, 29.8, and 50 MHz are shown in
figure 6.8.

In the conventional NMR region, the temperature dependent 7, data shows an
interesting behavior with two different regions in the nematic phase, from 5 MHz to
50 MHz. The first region close to the I-N phase transition shows amost a constant //
value with a lowering of the temperature. This trend continues for about 10 °C at
lower frequencies. This region close to the I-N phase transition becomes shorter in the
case of higher frequency data from 30 MHz onwards. The second region, with strong
temperature dependence is observed closer to the N-Sg; transition. The nematic phase

range having strong temperature dependence in T, data is longer a high frequencies,
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rather than low frequencies This trend suggests that the SD mechanism becomes
more dominant only at higher frequencies around 30 MHz SD necessarily dominates

the nematic phase near the N-S; transition in dl frequencies, from and above 30 MHz
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Figure 6.8. The behavior of the spin-lattice relaxation time (T;) as a function of
temperature at different frequencies in 402  The arrows denote the transition

temperatures

A sudden increase of 7, is observed near the nematic to smectic G phase
transition Data in the ordered S.; phase shows strong temperature dependence as well
as. frequency dependence in the conventional NMR frequency range 7) decreases.
with an increase in temperature, and decreases, with a decreasing frequency. It is
interesting to note a minimum in the temperature dependent data a each frequency in
an ordered smectic G or solid phase  The minimum observed at a lower temperature at
the lowest frequency (5MHz) shiftts towards a higher temperature in the higher
frequencies (50MHz)



6.2.2. Dataanalysis

6.2.2.1. Nematic Phase

6.2.2.1.1. Isotropic dagtic constants model

The frequency dependent relaxation rates (R; - /:T;)at 61 °C, in the nematic
phase of 40.2, were fitted to an equation assuming contributions from al the three
dynamic processes namey SD, R and DF. The DF contribution to the NMRD data
was fitted in two different ways. The value of A ;- and the lower cutoff frequency were
varied to get a good fit The DF contribution is quantified by the constant
Apr= 6.68x10° s? in the case of the one constant approximation method. The
estimation of upper cut-off frequencies become complicated, since the DF contribution
becomes negligible at the expected cut-off frequency ranges. In the present case, the
upper cut offfrequency should be above than 100 MHz, assuming the molecular length
to be the parameter deciding this cut-off. The lower cut-off frequency is about 8.1
kHz, and the corresponding upper cut-off wavelength for the director modes is about

3927 °A.

The dynamic parameters obtained from this fit are summarized in table 6.1.
The qualitative picture of the fitting, in the nematic phase of 40.2, reveds that the DF
dominates the spin relaxation upto 5 MHz. Relative contributions of DF, R and SD
are shown in figure 6.9. The 7, data a&¢ 5 MHz shows admost no temperature
dependence, which is attributed to the strong contribution from the DF mechanism.
Rotations (R) about the short axis shows a frequency independent behavior ranging
from 50 kHz to 5 MHz. A frequency dependent behavior of R, upto 30 MHz also
contributes to the spin relaxation, along with the DF and SD. SD is more important
than R throughout the dispersion. The DF mechanism becomes weaker, from 30 MHz
onwards. The increasing slope of temperature dependent data, with an increasing

frequency above 30MHz also supports this view.
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Figure 6.9, Proton relaxation rate (R,=1/T,) as a function of frequency in the nematic
phase of 40.2 a 61 °C and the modd fit to three individua contributions to the
relaxation rate director fluctuations (DF). <Hf-diffuson (SD), and molecular
reorientations about the short axis (R) The isotropic elastic constants mode is

assumed for DF contribution.

The NMRD data fitting gives the relative contribution of the various dynamica
processes at different frequencies. A more quantitative picture of the relative
contributions can be obtained a different frequencies by calculating the percentage
contribution due to various mechanisms  For example at 50 kHz, the contribution
from the DF mechanism to the total relaxation. is about 84% The contribution from R
and SD are about 4% and 12% respectively. The contributionsat 1 MHz are 56% due
to DF. 33% due to SD and 11% due to R Contribution from SD becomes more
important than DF, above 5 MHz The contributions at 5 MHz are 41% due to DF.
52% due to SD and 7% due to R At 10 MHz the contribution from R becomes 3%
only. DF and SD contribute 35% and 62% respectively, to the spectral density. At
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20 MHz, the DF contribution becomes 28.5% and the remaining 70.5% relaxation is
amost due to the SD mechanism, and 1% is from R. At the maximum measured
frequency (50 MHZz) the contributions from SD and DF are 78% and 22%,
respectively.

Reorientations about the short molecular axis

In the case of rotations about the short molecular axis, the explicit model
parameters used, are the amplitude C and the rotational correlation time tx,, assuming a
smple BPP type contribution, neglecting the effects, due to molecular anisotropy. The
vaues obtained for the R mechanism is given in the table 6.1. The correlation time
obtained for rotations about the short molecular axis in the nematic phase of 40.2 is
5.53x10” seconds. The contribution to the total relaxation rate from R, is given by the
vaue C = 109x10" s'. Rotations about the molecular short axis seem to be

temperature independent or weakly temperature dependent, in the nematic phase.

Self-Diffusion

In the case of self-diffusion,the model parameters obtained are given in
table 6.1. The parameter B, is equal to 4.2x 10’ 5%, the average diffuson constant D is
obtained as 2.63x10° m* s'. The frequency independent contribution from SD is
restricted to lower frequencies upto 10 MHz, in the nematic phase of 40.2. The
stronger temperature dependence observed in the high frequency data can be

accounted by the presence of SD process at high frequencies.

6.2.2.1.2. Anisotropic elastic constants model

In the second procedure, an expression considering the influence of upper and
lower cut-off wavelengths for the director modes as wel as, the anisotropy in elastic
properties was used in calculating the DF parameters. The complete description of the
functions and parameters involved in this generalized model have been described in
chapter 5. The experimental elastic data obtained for 40.4 [30] is used to get elastic
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data for 40.2, by extrapolation  The elastic constants calculated for 40.2
(K;y= 1.2%10° AV = 0812x10%and A= 1 76x10° dyne) a 61 “Care used in the
modd fitting The details of the calculation of the elastic constants are given in the
section 6.1. The fitting is shown in figure 6.10.
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Figure 6.10. Proton relaxation disperson (R,=1/T,) data as a function of frequency in
the nematic phase of 40.2 a 61 “Cand the mode fit to three individua contributions
to the relaxation rate: director fluctuations (DF), sdf-diffuson (SD). and molecular
reorientations about the short axis (R) The anisotropic elastic constants model 1s

considered for DF contribution

The constant A, obtained for 40 2 is 43831 x 10™ *. avalue smaller than that
obtained from the isotropic elastic constants modd The lower cut-off frequency in
this caseis lessthan 1 kHz The upper cutoff frequencies in the directions parald and
perpendicular to the director are 11.2<10* Hz and 9.95- 10° Hz. respectively  The

parameters obtained from both these methods are given in table ¢ 1.
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The contributions obtained for SD and R are different from the picture

obtained from the isotropic elastic constants model. The values of B and D are

decreased. Correlation time for rotations is increased by an order of magnitude. In

this case, the DF contribution dominates for upto 3 MHz, with the sguare root

behavior.

Table 6.1
Isotropic elastic Anisotropic elastic constants
Model Parameters constants model model
Nematic director fluctuations (DF)
K;i (in 107 dynes) 1 12
K> (in 10° dynes) 1 0.81
Kss (in 10 dynes) 1 176
Apr(in 107 s7) 35 4.3831
q-. (in 10° 1/Am) 3.6 4
feer (in kHZ ) 0.412 0896
A (in A) 17450 15700
Geen (in 10° 1/Am) 6.8 4.48
JSeen (in MHZ) 1400 1120
At (in A) 9.24 14
q.ch(in 107 1/Am) 6.4 559
Sicn (in MH2z) 1300 995
A (in A) 9.81 1123
Trandational sdf-diffuson (SD)
B(in 10°s?) 4.234 3.667
D(in10"" m*s™) 2.63 198
Rotations about the short axis (R)
C(in 10°s?) 109 0.32
7 (in10” s) 553 24.4
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Sdf-diffuson (SD) mechanism, which is frequency independent upto 3 MHz,
becomes responsible for the frequency dependence seen in the experimental NMRD
data, above 3 MHz SD is strong at higher frequencies. than at frequencies below
10 MHz Temperature dependent 7) data above 10 MHz, shows a stronger variation,
due to the increased domination of the SD. Rotations about the short axis show
frequency independent behavior upto 1 MHz and then, becomes frequency dependent
upto 10MHz

6.2.2.2. Ordered smectic phase(Sq)

The observed increase of 7. at the transition from nematic to the smectic G
phase of 40 2, in the frequency range between 5-50 MHz, clearly demonstrates the
basic difference between dynamic properties of the highly ordered smectic G phase and
the fluid like nematic phase Slowing down of the diffuson process and the absence of
the DF mechanism are responsible for the sudden increase of 7, in the smectic G phase
in the conventional NMR frequencies In the smectic G phase of the 40.2, 7; data

shows strong temperature dependence.

Using the detailed experimental observations made by Grande and Henize [24]
in the nO m systems, it is possible to qualitatively explain the present temperature
dependent 7; data in the ordered smectic phases and solid phases The typica
behavior shown by nO.m systems earlier has been described in the previous section
From the present behavior of the data in the S,; phase at the measured temperature
ranges. one can conclude that the mgor contribution comes from rotations of the

molecule around the long axis and from segmental motions

Since there are two terminal chains and many CH. groups present in the 40.2
system. severa rotational diffuson modes could be present, leading to as many values
of the correlation times possible The frequency dependent 7, data measured in the §,;
phase supports this view. This contribution is responsible for the frequency
dependence in the S.; phase a conventiond NMR frequencies from 10 MHz to
45 MHz



6.3. NMRD study of Butyloxybenzylidene
propylaniline (40.3)

The next system, studied in the 40. m homologous series is
butyloxybenzylidene propylaniline (40.3). It has the phase sequence given by [42]
54 °C 82.5°C
X N 1
A stable, very wide nematic phase (28.5 °C) was observed between isotropic (I) and

solid (X) phasesin 40.3.

6.3.1. Experimental Details

Proton spin-lattice relaxation time (7;) measurements were carried out as a
function of Larmor frequency in the nematic phase of 40.3 at temperature 69 °C. The
data from 50 kHz to 3 MHz were obtained using the field-cycling NMR spectrometer,
and the high frequency data from 3 to 50 MHz were obtained using a conventional
NMR spectrometer [2]. The errorsin T; measurements at frequencies below 1 MHz
are found to be less than 7% and at above 1 MHz they are around 5%. Experimental
NMRD data for the nematic phase is shown in figure 6.11. The temperature
dependent data at spot frequencies 9, 15, 19.5, 29.8 ,39.6, and 50 MHz is shown in
figure 6.12. The observed NMRD data in the nematic phase of 40.3 has the following

features.

1. The relaxation times range from 45 milliseconds at 65 kHz, to 550 milliseconds at

50MHz. T; increases with increasing frequency throughout the nematic phase.

2. T, in the logarithmic scale varies dowly as a function of Larmor frequency, with a
maximum slope in the low frequencies below 100 kHz. The slope decreases in the
intermediate frequencies from 100 kHz to 800 kHz, and there is a steeper region
after this (800 kHz to 3 MHz). Findly a region with a slow variation is seen from
6 to 40 MHz.
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Figure 6.11. Frequency dependence of the spin-lattice relaxation time (7/) in the

nematic phase of 40.3 at temperature 69 °C
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Thus, the NMRD data in the nematic phase of 40 3 at 69 ‘C, shows at least three
different regions with different slopes Hence, a firs look at the data suggests that

there are three possible mechanisms with different frequency dependencies.

In the conventiona NMR region from 5 MHz to 50 MHz, the T, data shows a
strong temperature dependence (the 7, in the nematic phase decreases by more
than 100 ms between the maximum or minimum temperature, a dl the
frequencies). This dependence becomes stronger at higher frequencies, making the
50 MHz temperature dependent data to show a higher dope than the 5 MHz data.
This trend indicates that the maor mechanism is probably sdf-diffuson, which
should be stronger, a higher frequencies.

T, shows a sudden jump towards a higher value at the nematic to crysta phase
transition and decreases quickly with temperature. The data in the crystal phase
also shows strong frequency dependence. The T, value increases with frequency
and decreases with temperature, within the frequency. A minimum is observed in
the temperature dependent data, which moves towards the lower temperature
region, when the frequency is lowered. The minimum seen a 28 C a 5 MHz
moves to 34 "C a 50 MHz. With regard to the general trends in the T, profiles,
this behavior in the solid phase differs from the other solid systems under study,

which would be discussed in the subsequent sections.

6.3.2. Dataanalysis

6.3.2.1. Nematic Phase

6.3.2.1.1. Isotropic elastic constants model

The frequency dependent relaxation rates (R - //T;) a 69 °C in the nematic

phase of 40.3 were fitted to an equation assuming a contribution from dl the three

dynamic processes, viz.,, SD, R and DF The DF contribution to the relaxation was

fitted in two different ways. The first method is based on the one constant
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approximation, assuming K;; Kj, K ¢ le* dyne. The value of the constant Ay
and the cut-off frequencies for the DF modes were varied to get a good fit. The DF
contribution is quantified by the constant Ay = 3.2122x10" 7,

[0 jrrrerr——rrrrweprrrp————rrrrpe—rerrrersj 100

R,s™)

10° 10 10"
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Figure 6.13. Proton relaxation rate (R, /7;)as a function of frequency in the nematic
phase of 40.3 at 69 °C and the model fit to three individual contributions to the
relaxation rate: director fluctuations (DF), self-diffusion (SD), and molecular
reorientations about the short axis (R). The isotropic €eastic constants mode is

assumed for DF contribution

The lower cut-off frequency is about 412 Hz, and the corresponding upper cut-
off wavelength for the director modes is about 17450A. A constant vaue
corresponding to lower cutoff wavelength of about 10 A was given for upper cut-off
frequency in the modd fitting in order to get a good fit The NMRD fitting is shown in
figure 6.13 The dynamic parameters obtained from this fit are summarized in table
6.2. A qualitative picture of the fit, in the nematic phase of this system reveals that the
DF modes completely dominate the spin relaxation at very low frequencies (in the kilo

Hertz regime) and SD becomes significant from about 6 MHz. From 6.5 MHz



onwards, diffuson dominates the DF mechanism and it solely responsible for relaxation

above 30 MHz
Table 62
Isotropic elastic Anisotropic elastic
Model Parameters Constants model constants model
Nematic director fluctuations (DF)
K, (in 10°° dynes) 1 1.06
K> (in 10 dynes) 1 0.706
K (in 10° dynes) 1 153
Aps(in 10° 89 3.2122 3.5375
g (in 10° 1/Am) 36 3.418
S (in kHz) 0.412 0.557
Aeen (INA) 17450 50480
Gon (in 107 1/Am) 6.8 6.8
Seen (in MH2) 1400 1400
Azt (in A) 9.24 924
Gier (in 107 1/Am) 64 6.4
Sien (in MH2) 1300 1300
Aen (in A) 9.81 9.81
Trandational sdf-diffuson (SD)
B (n10V) 6.386 6.409
D(in10"m’s™) 5.07 5.42
Rotations about the short axis (R)
C(in 10°s7) 0.30 0.286
% (in107s) 119 112.56

Rotations about the short axis seem to be more important than diffuson below
1 MHz and become negligible above 2 MHz. At the conventional NMR frequencies,
SD mechanism is very important. This interpretation is also supported by the strong
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temperature dependence of the 7, data a conventional NMR frequencies in the

nematic phase.

A more quantitative picture of the relative contributions can be obtained by
calculating the percentage contribution at different frequencies, due to various
mechanisms. For example a 100 kHz, the contribution from DF mechanism in the
total relaxation is about 82%. The contribution from SD and R are about 6% and 12%
respectively. At 500 kHz, the contributions from DF. R and SD are about, 59.6%,
26%, and 14 4% respectively. The contributionsat 1 MHz are 57.2% from DF. 24.3%
from SD and 18.5% from R. The SD mechanism takes over the R mechanism from
about 1 MHz onwards This trend continues, and findly R becomes negligible right
from 2 MHz. The contributions a 2 MHz are 52% due to DF. 36% due to SD and
12% due to R At 6 MHz, DF modes and SD mediate spin relaxation equaly and
there is no contribution from rotations about the short molecular axis. At 20 MHz, it
is estimated that the contribution from DF becomes one third and SD contributes the
remaining two-thirds to the spectral density. Accuracy of various parameters differ
widdy, since the optimization procedure has to handle many parameters which have
analytical dependence. and aso because some of these constants are strongly
correlated. In the present andysis the errors estimated for the model parameters are
about 10%.

Reorientation’s about the short molecular axis

In the case of rotations about the short molecular axis, the explicit mode
parameters used, are the amplitude C and the rotational correlation time . Since
there is no region in the NMRD data where one can see the frequency behavior
recommended for rotations, the deviations from the square root dependence is only an
indication of the presence of rotations. It is not very difficult in the case of 40.3, with
two steps seen at high frequencies. The SD should, in principle, take care of high
frequency dispersion. The values obtained are given in table 6.2. The correlation time
obtained for rotations about the short molecular axis in the nematic phase of 40.3 is

1.19x107 seconds. It is observed from the dielectric experiments [33,34.41] that in the
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presence of the nematic orientational order the correlation time corresponding to the
reorientation about a short molecular axis can have correlation times of the order of

10® to 10 seconds

Self-Diffusion

In the case of self-diffusionthe model parameters are B (the amplitude), and
D (the average diffuson constant). The theory and equations have been given in
chapter 5. The frequency independent contribution from SD changes to frequency
dependent, from 10 MHz. The complete profile of the diffusion curve could not be
obtained due to the lack of data at high frequencies above 50 MHz. The strong
temperature dependence at the highest frequency of 50 MHz, the 7, data observed, is
due to the strong domination of SD process. The diffusion constant D = 5.07x 10"’ m*
s ' obtained here is in good agreement with the diffusion constants obtained for typical

nematic liquid crystals [43].

6.3.2.1.2. Anisotropic elastic constants

The complete description of the functions and parameters, involved in this
generdized model [18] have been described in chapter 5. The experimenta eagtic
data given by Tolmachev et al., [30] for 40.4 is extrapolated, keeping in mind the
generd trends followed by other homologous series of nematic liquid crystals, in order
to obtain elastic constants for the 40.3 system. It is well known that KocS” and hence
the value of Apris attributed to the changes in the vaue of Salso. In this modd, the
ADF vaue obtained is 3.53 17x10° €2 which is not very different from the vaue

obtained from the isotropic elastic constant model

The lower cut-off frequency in this case is 557 Hz, close to the vaue obtained
from the one constant elastic constants model. The upper cut-off frequencies in the
directions paralledl and perpendicular to the director are same as that of the other
model The parameters obtained from both these methods are given in table 6 2. The

correlation time obtained for rotations about the short molecular axis in the nematic
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phase of 40.3, is 11.26x10™® seconds The contribution to the total relaxation rate
from R is quantified by the value C=2.86x10" s™'.
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Figure 6.14. Proton relaxation rate (R,= /.7 as a function of frequency in the nematic
phase of 40.3 a 69 °C and the model fit to three individua contributions to the
relaxation rate: director fluctuations (DF), sdf-diffuson (SD), and molecular
reorientations about the short axis (R). The anisotropic elastic constants modd is

considered for DF contribution.

In the case of self-diffusion,the model parameter B is equal to 6.409x10™ g2
and A the average diffuson constant is equal to 5.42x10™'m’ s'  Diffuson
parameters (B and D) obtained with the anisotropic elastic constants model for DF
modes are almost the same as that of the parameters obtained in the case of the

isotropic elastic constants model.

In comparison with the firs model, the qualitative picture show differences,
too. DF contribution in the second model is stronger than that of the first model.

Diffuson does not change much, though the quantitative picture does show some
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differences. The increase in DF is at the cost of reduction in the contribution from R
only. Functional behavior of R does not change much, but the percentage contribution
decreases from the value obtained from the first model. This increase in the DF
contribution affects the percentage contribution of R and the value of B dightly. For
example, the percentage contribution from SD at 50 MHz now, is about 8% lesser than
the previous vdue. By performing the andysis using both models, a clear
understanding of the role of eastic constants in the evaluation of the dynamic
parameters can be had. It is very interesting to note that the value of Apr is strongly
dependent on the anisotropy of the elastic constants.

6.3.12. Solid phase

In the solid phase, diffusion becomes negligible and DF modes are not possible.
The increase in the relaxation times with decreasing temperature in the system 40.3
indicates that the hindrance to faster rotations (at higher frequencies) increase at lower
temperatures. In the case of 40.3, the minima are close to the nematic to solid

transition temperature for al the measured temperatures.

The relaxation in the highly ordered smectic phases and the solid phases can be
best described, using three dynamical processes generaly seen [24] in the chain
molecules, 1. Rotation of the molecule as a whole around its long molecular axis, 2.
Chain segmental motions and 3 CHj three fold rotations. Experimenta relaxation rate
in the solid system 40.3 can be explained, based on these contributions. The shifting
of minima towards high temperatures with increasng Larmor frequency (strong
minima at that frequency) could be interpreted as that, the reorientations about the
long axis and the segmental motions could be better observed a high frequencies,
when temperatures are high. [n other words, the rotations about the long axis are
faster at high temperatures, and hence, data at high frequencies have to be collected in
order for their effect to be seen clearly. By decreasing the temperature, the
reorientations about the long axis, can be dowed down, and the minima could be

observed at the current (lower) frequencies.
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6.4. NMRD study of Butyloxybenzylidene
Butylaniline (40.4)

The next system in the 40.m series is butyloxybenzylidene butylaniline (40 4)
This system has the phase sequence given by [6]

7°C 41 °C 45 °C 45.5°C 75 °C

Stable nematic (a range of 31 "C) and smectic G (a range of 34 °C) phases
aong with a shorter smectic B (4.5 °C) and a very short smectic A phase (0.5 C) are
seen between the isotropic liquid and solid (X) phases. The mesophase range is very

wide compared to the other shorter chain systems in the 40.m series

6.4.1. Experimental Details

Proton spin-lattice relaxation time (7;) measurements were carried out as a
function of frequency in the nematic phase of 40.4 a a temperature of 67 C. The
data from 50 kHz to 3 MHz was obtained using field cycling NMR spectrometer and
high frequency data from 3 to 50 MHz was obtained using conventionat NMR
spectrometer [2] The estimated errors in 7; measurements at frequencies below
1 MHz are found to be less than 7% and at above 1 MHz they are around 5%. It is
important to mention here, that the temperature dependent data has strong
pretransitional effects in the case of 40.4. Experimental NMRD data for the nematic
phase, is shown in figure 6.15. The temperature dependent data at spot frequencies at
5,9, 15, 20, 30, and 39.6 MHz are shown in figure 6.16. The observed NMRD data in

the nematic phase of 40.4 has the following features
1. The relaxation times range from 51 milliseconds a 55 kHz to 413 milliseconds at

39 6 MHz. 7) decreases with decreasing frequency, as observed in the entire frequency

range studied.
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Figure 6.15  Frequency dependence of the spin-lattice relaxation time (7/) in the
nematic phase of40.4 at temperature 67 "C. Data points are represented by circles.

Error bars are also given along with the data points.
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7) in the logarithmic scale shows variation as a function of Larmor frequency with
lesser dope in the low frequencies (below 800 kHz). The slope increases in the
intermediate frequencies (from 1 to 10 MHz) and findly reaches a region with
lower slope in the higher frequencies (10 to 40 MHz).

Thus NMRD data in the nematic phase of 40.4 at 67 °C shows at least three
different regions with very different slopes. The typicad square-root behavior at
low frequencies is very weak in 40 4

In the conventiona NMR region from 5 MHz to 39.6 MHz, the 7, data shows an
interesting behavior with three different regions. The firs region close to the I-N
phase transition shows an increasing 7) value with the decreasing temperature
This trend continues for about 5 °C and the second region is seen with weak
temperature dependence. This region continues for about 15 °C and the third
region, showing very strong temperature dependence extending up to nematic to
smectic A phase transition, is observed. The temperature independent region

decreases with increasing frequency.

7) data shows a sudden increase towards a higher value at the smectic A to
Smectic B phase transition. This value decreases with temperature after reaching
a maximum value near the Si to SQ phase transition. The data in the highly
ordered S and S phases aso shows strong frequency dependence The 7) value
increases with frequency and decreases with temperature within the frequency in
the S phase. A region showing minima is observed in the temperature dependent
data, which moves towards the lower temperature region, when frequency is

reduced, in the S phase.



6.4.2. Data analysis

6.4.2.1. Nematic Phase

6.4.2.1.1. Isotropic elastic constants model

It is important to introduce the contribution from the rotation about the short
molecular axis (R), in the andysis, in order to explain the low and intermediate
frequency data upto 2 MHz. Similarly, the low frequency cut-off is necessary to fit the
low frequency data in the kHz, range satisfactorily. The frequency dependent
relaxation rate (R / 7)) at 67 °C, in the nematic phase of 40.4, is also fitted to two
different models, the equation assuming contributions from dl the three dynamic

processes, viz., SD, R and DF.
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Figure 6.17. Proton relaxation rate (R, / 7T)as a function of frequency in the nematic
phase of 40.4 at 67 °C and mode fit (equation 6.1) to three individua contributions to
the relaxation rate: director fluctuations (DF), sdf-diffuson (SD), and molecular
reorientations about the short axis (R) Isotropic eastic constants are assumed in

evaluating the DF contribution.
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Table 6.3

Isotropic elastic Anisotropic elastic
Model Parameters constants model constants model

Nematic director fluctuations (DF)
K;; (in 10 dynes) 1 0.9
K2 (in 10° dynes) 1 0.6
Kz (in 107 dynes) 1 13
Api(in 107 %) 257 2.2988
Q- (in 10° 1/Am) 146 146
Fer (inkHz) 20 8.8
Acci (in A) 2480 4306
Q- (in 107 1/Am) 6.8 468
F.n (in MH2) 1400 900
A (in A) 9.24 134
Qe (in 10° 1/Am) 6.4 5.64
Fien (in MH2) 1300 1012
Asen (in A) 9.81 11.14

Trandational sdf-diffusion (SD)
B (in 10°s?%) 513 506
D(in 10" m’s™") 363 318

Rotations about the short axis (R)
C(in 10*s?) 1.245 1238
% (in 10°s) 5.816 5.878

The value of A4, and the cut-off frequencies were varied to get a good fit. The
DF contribution is quantified by the constant ADF = 2.808x10™ 82 in the case of one
constant approximation method This vaue for ADF is very less. since the domination

of the DF contribution is confined to very low frequencies, and the higher frequency
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dispersion is due to R and SD. The lower cut-off frequency is about 24 kHz, and the
corresponding upper cut-off wavelength for the director modes is about 24800 A. The
typical errors estimated in evaluating the dynamic parameters are about 10%.

Relative contributions

Relative contributions from various mechanisms to the measured R, data are
shown in figure 6 17. The dynamic parameters obtained from this fit are summarized
intable 6.3.

A qualitative picture of the fit, in the nematic phase of 40.4 reveals that the DF
modes dominate, spin relaxation at the very low frequencies upto 200 kHz. R about
short axis dominates the relaxation with a frequency independent behavior from
200 kHz to 500 kHz and with a frequency dependent behavior upto 3 MHz. SD
becomes important, from about 2.8 MHz, where dl the three mechanisms become
equally important. At high frequencies, diffusion is the mgor mechanism responsible
for relaxation. This interpretation is supported by the strong temperature dependence
of the 7, data a conventional NMR frequencies throughout the nematic phase. The
relatively weaker temperature dependence at intermediate frequencies, about 5 MHz is
probably due to the presence of DF and R, along with the SD mechanism.

From the NMRD data fitting, the percentage contribution from various
dynamical processes at different frequencies, can be calculated. For example a
55 kHz, the contribution from the DF mechanism to the total relaxation, is about
52.5%. The contribution from R and SD are about 36.5% and 1% respectively. At
100 kHz, the contributions from DF, R and SD are about, 48%, 40%, and 12%
respectively. The contributions at 175 kHz are 43.2% from DF, 43.2% from R and
13.6% from SD. The R mechanism takes over the DF mechanism, from 175 kHz
onwards. This trend continues, and findly R becomes equal to SD and DF at
2.8 MHz. The contributions at 1 MHz are 31% due to DF, 49% due to R and 20%
due to SD. At 9 MHz, the contribution from R becomes 6% and SD contributes about
62% and DF contributes by about 32% to the spectral density. At the highest
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measured frequency (39.6 MHz), DF contribution becomes very less (16.5%) and the
remaining relaxation is amost due to the SD (about 83.5%) mechanism This view is

well supported by the strong temperature dependence of the 7) data at 39.6 MHz

Reorientation's about the short molecular axis

In the case of rotations about the short molecular axis, the explicit model
parameters used are the amplitude C and the rotational correlation time 7, assuming a
simple BPP type contribution The correlation time obtained for rotations about the
short molecular axis in the namatic phase of 40.4 is 5.8157» 10" seconds It has also
been observed from the dielectric experiments that the correlation time corresponding
to the reorientation about a short molecular axis can have the value of the order of

10°-10" seconds [41].

Presence of strong contribution from rotations about the short axis a kHz
region is the mechanism, probably leading to the temperature dependent dipolar
relaxation times (7)) [2] Generdly 7;;, shows temperature independent behavior
when the DF dominates upto fev MHz, as seen in the other 40.m systems Activation
energy associated with the temperature dependent of T,p is 7.6 kCal/mol [2]. This
value is in agreement with the generally observed activation energy associated with the

rotational motion about the molecular short axis [32,33].

Sdf-Diffusion

The frequency independent contribution from SD extends to higher frequencies
in the case of 40.4. The complete profile of the diffuson curve could not be obtained
due to the lack of data at high frequencies above 40 MHz in 40.4. The strong
temperature dependence of 7; a 396 MHz is observed probably due to the
domination of SD process at high frequencies Relaxation in the intermediate frequency
region is due to the SD, assisted by DF



The diffusion constant is 32.4+ 10° cm® s ', a higher value comparing with the
other 40 m systems, but within the range of the diffusion constants obtained for typical
nematic liquid crystals (0.4<10™to 3« 10 ° em*/sec) [43].

6.4.2.1.2. Anisotropic elastic constants model

The second method based on the anisotropic elastic constants model gives a
slightly different picture of the dynamical parameters. The experimental elastic data
given by Tolmachev et al., [30] for 40.4 is used directly in the model fitting for DF.
The complete description of the functions and parameters involved in this more
generalized model, considering cut-off frequencies as well as anisotropy in the elastic
constants have been described in chapter-5, section 5.2. The relative contributions

observed from the analysis are depicted in figure 6.18.
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Figure 6.18. Proton relaxation rate (R, / '[',) as a function of frequency in the nematic
phase of 40.4 at 67 “C and model fit (equation 6.1) to three individual contributions to
the relaxation rate: director fluctuations (DF), self-diffusion (SD), and molecular
reorientations about the short axis (R). Experimental elastic constants are considered

in evaluating the DF contribution.
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The constant 4,,., obtained for 40 4 is 2.2988x10™ 52 which is smaller than
that of the value obtained from the isotropic elastic constants model The lower
cut-off frequency obtained in this case is 8 8 kHz. The upper cut-off frequencies in the
directions parallel and perpendicular to the director are 9x10* Hz and 10x10® Hz,
respectively.  The DF mechanism contributes effectively to the spin relaxation from
50 kHz to 3 MHz dong with R From 2 MHz onwards SD become more dominant
than DF. The behavior of the NMRD data from 50 kHz to 2 MHz can be attributed to
the combined effect of R and DF mechanisms Above 2 MHz, frequency dependence

results from SD and DF R contribution becomes negligible, from 10 MHz onwards.

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.4 from this model is 5.878x10™ seconds The contribution to the
total relaxation rate from R is quantified by the value C = 1 238xI0% s'. While the
correlation time for rotations show a dight variation. the contribution to the total

relaxation increases at the cost of the DF contribution in this model

In the case of self-diffusion.the values B and 1) are obtained as S06x10” g2
and 318x10"" m’ s respectively. The behavior of the SD contribution is almost the
same as that of the previous model. SD shows its frequency behavior a much higher
frequencies and hence the NMRD behavior of the nematic phase of 40.4 is
characteristic the SD behavior only at high frequencies around 30 MHz

6.4.2.2. Comparison with the ordered smectic phases

Mechanisms identified for relaxation in N, Sa and S¢ phases are different from
the mechanisms identified for relaxation in Sy, S and solid phases. In the N, Sa, and
S¢ phases the important mechanisms are SD and R about the short axis, alongwith the
nematic DF modes and smectic undulation modes. The negligible discontinuities of //
in the N-S, and Sa-Se transition regions and an admost non-discontinuity in the 7,
vaues at these transitions supports this view, in contrast with the strong discontinuities

found near N-Sy, Sa-Si and S4-S;; transitions regions.



Slowing down of diffuson process and the absence of DF mechanism are
responsible for the sudden increase of 7) in the smectic G phase near the Ss—Sq
transition, in the conventional NMR frequencies [2j. The increasing nature of 7; in the
S phase for few degrees is probably attributable due to the decreasing contribution
from SD and R, of the whole molecules. A detailed discussion of the data in the
smectic B phase in 40.4 is difficult due to the short temperature range of this phase.
In the smectic G phase of the 40.4 the 7) data show frequency as well as temperature
dependence with the presence of a 7) minimum. The mechanism, probably responsible
for the 7, behavior is the rotation of the core, as well as, the segmental motions of the
chains. The contribution from the CHs rotations of the end chains are not be very
efficient [24], when compared to the other two motions (rotations about the long axis
and segmental motions) at these temperatures  Since there are two end chains and
many CH: groups present in the system, severd rotational diffuson modes could be

present, leading to as many values of the correlation time, possible.
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6.5. NMRD study of Butyloxybenzylidene
Pentylaniline (40.5)

The system, next studied in 40.m series is butyloxybenzylidempentylaniline
(40.5). Thissystem hasthe phase sequencegiven by [7],

28 °C 37°C 415°C 44 °C 82.9°C
X Si; Sp---———Sa N |

A wide and stable nematic (39 °C) phase is seen from 82.9 °C to 44 °C. This
highly stable nematic phase seen in the system with fairly symmetric end chainsis an

interesting point, to be noted.

6.5.7. Experimental Details

Proton spin-lattice relaxation time (7)) measurements were carried out as a
function of frequency in the nematic phase of 40.5 at temperature 70 ‘C. The data
from 65 kHz to 3 MHz was obtained using the field cycling NMR spectrometer and
the high frequency data from 3 to 30 MHz was obtained, using the conventional NMR
spectrometer [1]. The estimated errors in 7) measurements at frequencies below
1 MHz are found to be less than 7% and at above 1 MHz, around 5%. This
temperature (70 "C) is chosen, since there are no pre-transitional effects found in the
temperature dependent 7) data and this temperature is sufficiently away from N-1
phase transition. The experimental NMRD data for nematic phase of 40.5 is shown in
figure 6.19.

The observed NMRD data in the nematic phase of 40.5 has the following
features.

1. The relaxation times ranging from 65 milliseconds a 65 kHz, to 469 milliseconds

at 30 MHz, with a decreasing T, with decreasing frequency are observed in the

entire frequency range studied.
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Figure 6.19. Frequency dependence of the spin-lattice relaxation time {T,) in the
nematic phase of 40.5 at temperature 70 °C. Error bars are aso shown.

2. T, in the logarithmic scale shows (figure 6.19) variation as a function of the Larmor
frequency with lesser slope in the low frequencies The slope increases in the
intermediate frequencies. At low proton Larmor frequencies, the plot show a very
short region having a square-root behavior, indicating the presence of weaker DF
contribution.  NMRD data deviates from this behavior, from 1 MHz and a sharp

variation is observed after this frequency.

3. Thus, the NMRD data in the nematic phase of 40.5 at 70 °C shows at least three
different regions with different slopes, and hence, from the first look at the data

suggests that there are three possible mechanisms with different frequency dependence.

4 In the conventional NMR region from 4 MHz to 30 MHz, the T, data in the nematic
phase shows an interesting behavior with two different regions. The temperature
dependent data at spot frequencies 4, 6.5, 10, 15, 20, 25, and 30 MHz are shown in
figure 6.20.
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Figure 6.20. The behavior of the spin-lattice relaxation time 7) as a function of
temperature at different frequencies in 40.5. The arrows denote the transition

temperatures

The first region closer to the 1-N phase transition shows an amost constant 7
behavior, with decreasing temperature. This trend continues for about 10 °C and
another region with strong temperature dependence follows this region at lower
temperatures. This second region is seen for about 35 °C, extending upto the nematic
to smectic A phase transition. This trend is observed in dl frequencies upto 30 MHz.

Stronger temperature dependence is seen a higher frequencies.

5. 7) data shows a sudden increase towards higher value at the smectic A to smectic B
phase transition and this value increases with a decrease in temperature, findly
reaching a maximum value near the S, to Sy phase transition. The data in the highly
ordered Sg and S,; phases show a strong temperature dependence and weak frequency
dependence in the conventional NMR frequency range The 7) vaues dightly
increases with frequency and strongly decreases with temperature within the frequency

inthe Sg and S¢; phases



6.5.2. Dataanalysis

6.3.2. 1. Nematic Phase

6.5.2.1.1. Isotropic elastic constants model

The frequency dependent relaxation rate (R~7;) a 70 °C, in the nematic
phase of 40.5, was fitted to an equation assuming contributions from all the three
dynamic processes, viz., SD, R and DF (equation 6.1). The DF contribution to the
NMRD data was fitted in two different ways. The first method is based on the one
constant approximation with an assumption that K;;, K;: Kz = le® dyne (in this
work it is aso caled as isotropic elastic constants model). The value of ADF and the
lower cut-off frequency were varied to get a good fit. The DF contribution is
quantified by the constant Ape = 3.47x10° &2 in the case of the one constant
approximation method. The estimation of the upper cut-off frequency becomes
difficult in this case. A constant value was given in the modd fitting in order to get a
good fit. The lower cut-off frequency calculated from the analysis is 24 kHz. and the
corresponding upper cut-off wavelength for the director modes is about 24800 A The
physical significance of the lower cut-off frequency is conflicted in the literature [44]
due to the presence of dipolar fields, and hence a correlation of the lower cut-off

frequency (v.t) with the generally assumed domain size is not smple.

Contributions from various mechanisms to the measured R, data are shown in
figure 6.21 The dynamic parameters obtained from this model fit are summarized in
table 6.4. The uncertainty in determining the model parameters is about 10%. A
qualitative picture of the NMRD mode fit in the nematic phase of 40.5 reveals that,
the DF modes dominate the spin relaxation, at low frequencies upto 6 MHz.

Rotations about the short axis, with a frequency independent behavior from 65
kHz to 300 kHz, and with a frequency dependent behavior upto | MHz, contribute to
spin relaxation, alongwith the DF. SD becomes more important than R, from about |

MHz and becomes the most dominating mechanism from 10 MHz. DF and SD
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contribute equally a 6.5 MHz, where R has a negligible contribution At high
frequencies SD is solely responsible for relaxation, from about 10 to 30 MHz

11— . . S——— |

R

Frequency (Hz)

Figure 6.21. Proton relaxation rate (&, 1 T/) as afunction of frequency in the nematic
phase of 40.5 at 70 “C and modd fit (eqn.6.1) to three individua contributions to the
relaxation rate: director fluctuations (DF), sdf-diffuson (SD), and molecular
reorientations about the short axis (R). Isotropic eastic constants model is assumed in

evaluating the DF contribution.

From the NMRD data fitting, the percentage contributions of the various
dynamical processes at different frequencies can be quantified. For example at 65 kHz,
the contribution from DF mechanism to the total relaxation is about 65.5%. The
contribution from R and SD are about 23.5% and 10% respectively. At 370 kHz, the
contributions from DF, R and SD are about, 52%, 32%, and 16% respectively This
trend continues, and findly R becomes equal to SD and DF a 2.8 MHz. The
contributions at 1 MHz are 49% due to DF, 28% due to R and 23% due to SD. The
contribution from SD and R becomes equal a 12 MHz At 6.5 MHz. the contribution
from R becomes negligible, where SD and DF contributes equaly to the spectral
density. At the highest measured frequency (30 MHz), DF contribution becomes 32%
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and the remaining 68% relaxation is due to SD mechanism. This analysis is consistent

with the strong temperature dependence, characteristic of SD, seen in the T, data at

higher frequencies.

Table 6.4

Model Parameters

Isotropic eastic

constants model

Anisotropic elastic

constants mode!

Nematic director fluctuations (DF)

K,/(in 10® dynes) 1 08
Ko, (in 10° dynes) 1 0.55
Kza (in 10° dynes) 1 12
Apr (in 10° 57%) 3.47 2.66
- (in 10° 1/Am) 253 1756
S (in kHz ) 24 11.77
Aeon (iNA) 2480 3578
¢-en (in 107 1/Am) 6.8 3.024
Seen (in MHZ) 1400 349
A (inA) 9.24 20.77
g.x (in 10" 1/Am) 6.4 54
Foen (inMHz) 1300 930
A u(inA) 981 116
Trandational sdf-diffusion (SD)
B (in 10° %) 456.6 444.8
D(n 10" m’sT) 363.1 349.6
Rotations about the short axis (R)
(‘(in 10% g3 0.45 0.482
7 (in10°s) 82.1 64.1
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Reorientations about the short molecular axis

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.5 is 8.21 x10™ seconds. Contribution to the total relaxation rate

from R is quantified by the value C = 4.5x107 5™,

Sdf-Diffusion

In the case ofself-diffusion, the mode parameter B (the amplitude) is equa to
4.566x10 ''82 and D (the average diffusion constant) is equal to 36.3x10° m? s'. The
frequency independent contribution from SD extends to higher frequencies in 40.5.
The complete profile of the diffuson curve could not be obtained due to lack of data at
high frequencies, above 30 MHz. The diffuson constant obtained in this case is higher
than the D value obtained from direct methods. One probable reason for such a
difference (about an order of magnitude) is probably due to the non-availability of the
NMRD data in the region of frequencies, where one can see the complete dispersion of
SD

6.5.2.1.2. Anisotropic elastic constants model

The second method, with the anisotropic elastic constants (K, = 0.8x107®,
K= 0.55x10" and Ks: = 1.2x10” dyne) model for DF contribution gives a dightly
different picture The model fit is shown in figure 6.22. The elastic constants are
caculated by extrapolating experimentd data for 40.4 [30]. The details of the
calculation of the elastic constants have been given at the beginning of the chapter
(section 6.1). The constant 4probtained for 40.5 is 2.6597x10™ s which is smaler
than the value obtained from the one constant approximation model. The lower
cut-off frequency in this case is 11.7 kHz. The upper cut-off frequencies in the
directions parallel and perpendicular to the director are 3.5xI0® Hz and 9.3x10* Hz,
respectively. The parameters obtained from both these methods are given in table 6.4
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Figure. 6.22. Proton relaxation rate (R, -/ 1}) as a function of frequency in the nematic
phase of 40.5 at 70 °C and model fit (egn. 6.1) to three individua contributions to the
relaxation rate: director fluctuations (DF), sdf-diffuson (SD), and molecular
reorientations about the short axis (R). Anisotropic elastic constants mode is

considered for DF contribution.

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.5 is 8.21x10™ seconds. The contribution to the total relaxation
rate from R is quantified by the value (" = 4.5x10” 5. The correlation time changes
dightly when comparing with the earlier analysis. In the case of sdlf-diffusion, the
model parameter B is equal to 4.566x10 "' s, and 1), the average diffusion constant is
equa to 36.3x10° m? s’  Diffuson parameters (B and D) obtained with the
anisotropic elastic constants model for DF modes are amost the same as that of the

parameters obtained in the case of the isotropic elastic constants model.
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6.5.2.2 Smectic A phase

NMRD data messured in the smectic A phase from 65 kHz to 30 MHz, is
shown in figure 6.23. This data was fitted with the theoretical equation incorporating
three dynamica processes namely, the smectic layer undulation modes (LU), SD and
R. Thus, the spin-lattice relaxation rate (R, r,,) in the S, phase can be written as

Ry =Ry +Rg,+ Ry, (6.9

where K1 given by equation 6.3, represents the contribution to total R;, from the
smectic layer undulation modes. Different contributions to the relaxation rate in the

smectic A phase of 40.5 shown in figure 6.24.

1000 —— ey 1000

.
100+ . 4100
| i 4

Ty(ms)

il

10

10° 107 10
Frequency (Hz)

10°

Figure 6.23. Frequency dependence of the spin-lattice relaxation time (7;) in the

smectic A phase of 40.5 at temperature 43 °C  Error bars are dso shown in figure.

LU contribution in the smectic A phase is dominant, only upto 200 kHz, in
40.5. Diffuson becomes more important, and strongly contributes to relaxation in the
S phase of 40.5. SD contribution is amost frequency independent upto 10 MHz R
also contributes to the relaxation rate, till about a few MHz. From 6.5 MHz, SD
mediates the relaxation completely, where R and DF become negligible.
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Figure 6.24. Proton relaxation rate (R, /.7;)as a function of frequency in the smectic
A phase of 40.5 a 43 °C and modd fit (eqn. 6.4) to three individua contributions to
the relaxation rate: layer undulations (LU), sdf-diffuson (SD), and molecular

reorientations about the short axis (R).

The 7}, data in the smectic A phase [1] shows temperature dependence. This
is qualitatively different from the 7, data obtained form the higher homologous 40.6,
40.7 and 40.9, where 7}, data in the S, phase are dmost temperature independent.
The strong SD contribution in the S, phase of 40.5 at low frequencies as observed in
the present anaysis is consistent with the temperature dependent 7, behavior. The
model parameters obtained for SD and R about the short axis in the S, phase are given
in the table 6.5. The parameters for LU are not presented here due to the large
uncertainty in evaluating them in the present NMRD frequency range. 1t is known that
[11,4851] LU mechanism strongly contributes at lower frequencies, where the T, data
was not collected due to the experimental limitations. The estimated errors in the

evaluation of the dynamic parameters for SD and R are around 10%
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Table 6.5.

Trandlational sdlf-diffusion (SD)

B(in 10°s7) 114
D (in 10 m’s™) 2.1753
Rotations about the short axis (R)
C(in 10%s7) 091
TR(in 107 s) 4.1644

6.5.2.3. Ordered smectic Phases

The NMRD data obtained in the case of 40.5 smectic B phase is shown in
figure 6.25 NMRD data is fitted to SD and R mechanisms. as shown in figure 6.26.
The models used in the evaluation of the contributions from SD and reorientations are

presented in the chapter 5
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Figure 6.25 Frequency dependence of the spin-lattice relaxation time (7;) in the

smectic B phase of 40.5 a temperature 40 °C Error bars are also shown.
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Figure 6.26. Proton relaxation rate (R; | T7;) as a function of frequency in the smectic
B phase of 40.5 at 40 °C and model fit to the individual contributions to the relaxation

rate: self-diffusion(SD), and molecular reorientations (R).

Table 6.6
Model Parameters From 40.5-Sp
| B(in_10V) 1.4056
D (in 10" m’s™h 2412
C(in 10’s™" 4.659
w(in 10Ms) 6.055

The low frequency region is completely dominated by the SD mechanism and
the higher frequency relaxation, by rotations. This interpretation is consistent with the
observations made with the temperature dependent data [2]. In the highly ordered
smectic B phase, the diffusion constant becomes very smal (D = 2.41x 10™ cm?/s) and
relaxation dispersion is explained by the SD process. A reatively smal, frequency

independent contribution comes from R a low frequencies. The strong temperature
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dependence seen in the high frequency 7) data is consistent with this view The
temperature dependence of 7;,at these temperatures represents the SD mechanism
The explanation given for the 7;,data for the Sy phase is also consistent with the
NMRD anaysis. The dynamic parameters are given in table 6 6. Typical errors in

estimating the dynamic parameters in this case is about 15%

Rotations in the ordered smectic (S;; and S;) phases can be best described using
three different rotational dynamic processes generdly present in the chain molecules
[24]. The observations made by earlier studies [24] that have been described in the
introductory section of this chapter (section 6.1), are useful in understanding the
contributions of various dynamic processes to 7/ and 7, in the ordered smectic phases
and also in the solid phases. The sudden increase of 7, observed near the transition
from smectic A to smectic B in both 7, and 7) a frequencies between 5-30 MHz
clearly demonstrates the basic difference between the dynamic properties of highly
ordered smectic phases and the fluid like nematic and smectic A phases. Slowing
down of the diffuson process and the absence of the DF mechanism are responsible for
the sudden increase of 7) in the smectic G phase near the SB-SG transition, in the
conventional NMR frequencies. 1n the smectic B and smectic G phases of the 40.5,
the 7) data shows a weak frequency dependence and strong temperature dependence.

The probable mechanisms responsible for the R;x behavior shown in the
NMRD data andysis are due to the rotation of the core. to a large extent and due to
the segmental motions of the chains In 40.5. anisotropic rotational diffuson motions
of the end hydrocarbon chains, of the entire molecule, or of just the core rigid portions,
are possible at these temperatures. From the behavior of the data in the Sg and SG
phases at the measured temperature ranges, it can be concluded that, the maor
contribution is from the rotations of the molecule around the long axis and from the

segmental motions
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6.6. NMRD study of Butyloxybenzylidene
Heptylaniline (40.7)

The next system, studied in the 40.m series is butyloxybenzylidene
heptylaniline (40.7). This system has the phase sequence given by [7],

-20°C 49°C 50 C 57 °C 83 °C
X Sy Sc Sa N I

A stable and wide nematic phase (26 C) seen from 83 °C to 57 °C and a
smectic A phase with a temperature range of about 7 °C is observed in 40.7. A
smectic C phase of about 1 "C alongwith a very wide Sy phase ranges from 49 C

to-20 °C were aso seen.

6.6.1. Experimental Details

Proton spin-lattice relaxation time (7;) measurements were carried out as a
function of frequency in the nematic phase of 40 7, at a temperature of 75 C. The
data from 50 kHz to 3 MHz was obtained using the field-cycling NMR spectrometer,
and the high frequency data from 3 to 30 MHz were obtained using the conventional
NMR spectrometer [1]. The estimated errorsin T, measurements at frequencies below

1 MHz are found to be less than 7% and at above 1 MHz, around 5%.

Experimental NMRD data for nematic phase are shown in figure 6.27. The
temperature dependent data at spot frequencies at 6.5, 10, 15, 20, and 30 MHz are
shown in figure 6.28. The observed NMRD data in the nematic phase of 40.7 has the

following features.

1. The relaxation times range from 49.5 milliseconds at 50 kHz to 480 milliseconds at
30 MHz
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Figure 6.27. Frequency dependence of the spin-lattice relaxation time (7}) in the

nematic phase of 40.7 at temperature 75 °C. Error bars are also shown.
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Figure 6.28 The behavior of the spin-lattice relaxation time (T,) as a function of
temperature at different frequencies in 40.7. The arrows denote the transition

temperatures



2. T, in the logarithmic scale (figure 6.28) shows a steep variation as a function of the
Larmor frequency at low frequencies, from 50 kHz to 1 MHz. The dope increases in
the intermediate frequencies (from 1 MHz to 10 MHz) and findly reaches another
region with lesser slope at higher frequencies (10 to 30 MHz). The plot between
relaxation rate and frequency (in Hz) a low proton Larmor frequencies, show a
dightly longer region having a sguare-root like behavior, indicating the presence of a
longer region with DF mechanism. The NMRD data deviates from this behavior, from
about 2 MHz.

3. Thus NMRD data in the nematic phase of 40.7 at 75 C shows at least two different
regions with different slopes, and hence a first glance at the data suggests that there are

at least two possible mechanisms with different frequency dependencies.

4 In the conventional NMR region from 6.5 MHz to 30 MHz, the T, data shows an
interesting behavior with two different regions. The first region close to the I-N phase
transition show, almost a constant T, value with decreasing temperature. This trend
continues for about 10 °C and the second region with strong temperature dependence
is seen below this temperature range. This region continues for about 16 °C extending
upto the nematic to smectic A phase transition. The temperature independent region

decreases with increasing frequency.

5. NMRD data in the smectic A phase shows three regions with different dopes. The
first region (though very short) with steep behavior is seen below 150 kHz. The
second region with a lesser slope is observed from 200 kHz to 6.5 MHz and findly, it
reaches a different region with very weak frequency dependence above 6.5 MHz.

6. This behavior indicates the presence of three mechanisms. The short region having
a very high dope is probably due to the LU mechanism. The observed continuity
between the nematic and smectic A phase (in the temperature dependent 7, data)
suggests that there are common mechanisms, which influence spin relaxation in the
conventional NMR frequencies. The 7, in the smectic A phase shows strong

temperature dependence This behavior is almost similar, at dl the frequencies.
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7. A sudden increase towards higher value of 1) at the smectic A to Smectic B phase
transition is seen in the data and this value increases with decreasing temperature The
data in the ordered Sy phase shows strong temperature dependence and weak
frequency dependence in the conventional NMR frequency range.

6.6.2.Dataanalysis

6.6.2.1. Nematic Ph ase

6.6.2.1.1. Isotropic elastic constants modd

It is important to introduce the contribution from the rotation about the short
molecular axis (R), along with the SD and DF in the analysis in order to explain the
intermediate frequency range from a few hundred kHz to a few MHz. Similarly, the
low frequency cut-off is necessary to fit the low frequency data & kHz range
satisfactorily.  So, the frequency dependent relaxation rates (R~ 1 '/)) a 75 °C in the
nematic phase of 40.7 were fitted to the following equation assuming a contribution
from dl the three dynamic processes, viz., SD, R and DF.

Rz =R

+R.,+R

1Tor 1DF 18D IR

The value of Aprand the cut-off frequencies were varied to get good fit. The
DF contribution is quantified by the constant ADF = 3.457x10™ 2 in the case of the
one constant approximation method. The lower cut-off frequency is about 18 kHz,

and the corresponding upper cut-off wavelength for the director modes is 39800 A
Relative contributions

The contributions from various mechanisms to the measured R, data are shown
in figure 6.29 The dynamic parameters obtained from this fit are summarized in
table 6.7. The uncertainty in obtaining the dynamic parameters is found to be about
10%. A qualitative picture of the fit in the nematic phase of 40.7 reveals that the DF



modes dominate the spin relaxation upto 6 MHz. R about the short axis with frequency
independent behavior from 50 kHz to 1 MHz and with a frequency dependent behavior
upto 3 MHz, contributes to spin relaxation alongwith the DF and SD. SD becomes
more important than R, from about 22 MHz and becomes the most dominant
mechanism, from 7 MHz. DF and SD contributes equally at 7 MHz, where R has a
negligible contribution. At high frequencies SD is the dominating mechanism over DF

for relaxation, from 20 to 30 MHz.

i M 1 Aol 1

10° 10° 10
Frequency (Hz)

Figure 6.29. Proton relaxation rate (R;- /T;) as a function of frequency in the nematic
phase of 40.7 at 70 °C and model fit to three individual contributions to the relaxation
rate: director fluctuations (DF), sdf-diffuson (SD), and molecular reorientations about
the short axis (R). Isotropic elastic constants are assumed in evaluating the DF

contribution.



Table 6.7

Isotropic elastic Anisotropic eastic
Model Parameters Constants model constants model

Nematic director fluctuations (DF)
K)1(in 10° dynes) 1 0.633
K3, (in 10 dynes) 1 0.422
Kz (in 10 dynes) ] 0.915
Apr(in 10° §7%) 3.458 138
G- (in 10° 1/Am) 16 104
Sz (inkHz) 81 315
Az (in A) 3900 6033
g(in 10" 1/Am) 6.8 6.8
Jeen (iN MH2) 1400 1340
A (in A) 9.24 9.24
quen (in 107 1/Am) 6.4 6.4
Fuen (in MHZ) 1300 1300
Aza(in A) 981 ‘ 981

Trandational df-diffuson (SD)
B(in10°s7) 6.386 ‘ 444.8
D(in10"m’s") 5.07 349.6

Rotations about the short axis (R)
C(in10%s7) 0.912 484
7% (n107s) 33.89 373

A more quantitative picture of the relative contributions can be obtained by
cdculating the percentage contribution due to various mechanisms.
50 kHz, the contribution from DF mechanism to the total relaxation is about 65.5%.
The contributions from R and SD are about 23.5% and 10% respectively. At 370 kHz,

the contributions from DF, R and SD are about, 52%, 32%, and 16% respectively.
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This trend continues, and finaly R becomes equal to SD and DF at 2.8 MHz. The
contributions at 1 MHz are 49% due to DF, 28% due to R and 23% due to SD. The
contributions from SD and R become equal a 12 MHz. At 6.5 MHz, the contribution
from R becomes negligible, where SD and DF contributes equaly to the spectra
density. At the highest measured frequency (30 MHz) the DF contribution becomes
32% and the remaining 68% relaxation is almost due to SD mechanism. This view is

consistent with the strong temperature dependence expected for SD of the T, data.

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.7 is 3.389x10"® seconds. The contribution to the total relaxation
rate from R is quantified by the value C = 9.124x10” s'. Presence of strong
contribution from DF modes in the nematic phase at low frequencies in the kHz region

lead to the temperature dependent dipolar relaxation times (7;p) [1].

In the case of sdf-diffusion, the model parameters are B (the amplitude
obtained as 6.38x10 ° s?), and D (the average diffuson constant obtained as
5.07x 10 m? s™). The strong temperature dependence at high frequency data observed

is due to the presence of SD process at high frequencies.
6.6.2.1.2. Anisotropic €elastic constants

The complete description of the functions and parameters are involved in this
generalized model (called anisotropic elastic constants model) have been described in
chapter 5. The experimental elastic data given by Tolmachev et al., [30] for 40.4 is
deduced, keeping the genera trends followed by other homologous series of nematic
liquid crystals in mind, in order to obtain elastic constants for the 40.7 system.
NMRD fitting with anisotropic elastic constants is shown in figure 6.30. In this model
the Apr value obtained is 1.38x10° s which is lesser compared to the value obtained
from the isotropic elastic constant model. The lower cut-off frequency in this case is
3.15 kHz, which is smaller than the value obtained from the one constant elastic
constants model. Model fitting is better in the case of the anisotropic elastic constants

model.
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Figure 6.30. Proton relaxation rate (X, ~//T;) as a function of frequency in the nematic
phase of 40.7 at 70 °C and model fit to three individual contributions to the relaxation
rate: director fluctuations (DF), sdf-diffuson (SD), and molecular reorientations about
the short axis (R). Anisotropic elastic constants model is considered for DF

contribution.

The correlation time obtained for rotations about the short molecular axis in the
namatic phase of 40.7 is 3.73x10” seconds. The contribution to the total relaxation
rate from R is quantified by the value C = 48.4x10° s In the case of self-diffusion,
the model parameter B is equal to 44.48x10" s and /). the average diffusion constant
is equal to 349.6x10"°m? s Diffuson parameters (B and D) obtained with the
anisotropic elastic constants modd for DF modes are very different from the

parameters obtained in the case of the isotropic elastic constants model.

DF mechanism dominates spin relaxation from 50 kHz to 1 MHz. where the
contribution from the R frequency independent. From 1 MHz. R and DF contribute
equaly and this explains the dight deviation in the experimental NMRD data from
IMHz to 3 MHz From 3 MHz onwards, SD contribution becomes comparable with
the DF contribution. From 3 to 4 MHz, dl the three mechanisms contribute amost

equaly. R loses its important from 7 MHz  SD becomes the most dominating
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mechanism from 4 MHz onwards. DF contribution becomes very less from 20 MHz.
where SD is responsible for the frequency dependence in the NMRD data. Percentage

contributions can be caculated from this fitting.

6.6.2.2. Smectic A phase

The NMRD data collected in the smectic A phase (figure 6.3 1) was fitted with
the theoretical equation incorporating the three dynamical processes namely 1.
Smectic layer undulation modes (LU), 2. SD and 3. Rotations about the short axis.

The details of the theoretical formaism are given in chapter-5.

Each of these contributions has characteristic frequency and temperature
dependencies, which have dready been discussed, in the introductory section.

Different contributions to the relaxation rate are shown in figure 6.32
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Figure 6.31. Frequency dependence of the spin-lattice relaxation time (T,) in the
smectic A phase of 40.7 at temperature 54 °C. Errors bars are also shown.
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Figure 6.32. Proton relaxation rate (X, 1 7;) as afunction of frequency in the smectic
A phase 0f40.7 a 54 °C and mode! fit (equation 6.4) to three individua contributions
to the relaxation rate: layer undulations (LU), sdf-diffuson (SD), and molecular
reorientations about the short axis (R).

The parameters are given in table 6.8. LU contribution in the smectic A phase
is dominant upto 150 kHz in 40.5. The dynamic parameters related to the LU
mechanism are not given keeping the large uncertainties in evaluating the values in the
present frequency range where LU contribution is very weak. The dynamic parameters

are obtained within the error limit of about 10% in this case also.

R becomes more important from 150 kHz to 2 MHz in this case and strongly
contributes to the relaxation in the S, phase 0f40.7. From 6.5 MHz, SD mediates the
relaxation completely where R and LU becomes negligible. SD contribution is almost
frequency independent upto 3 MHz. The 7)p data in smectic A phase shows
temperature independence. This is qualitatively different from the 7, data obtained

from the other homologue 40.5, where 7}, data, is in the Sa phase is amost

289



temperature dependent. Weak contribution of SD in the S. phase of 40.7 at low

frequencies is consistent with the temperature independent 77, behavior.

Table 6.8

Trandational sdf-diffuson (SD)

B(in 10° s?) 1.384
D(@n10" m?s") 3.369
Rotations about the short axis (R)
C(in 10*s") 1.826
% (in10%s) 4.549

6.6.2.3. Comparison with the ordered smectic phase

The observations made in the literature [24] which have been described in the
introductory section of this chapter, are useful in understanding the contributions of
various dynamic processes to T\ and 7}, in the highly ordered smectic B phases The
observed increase of T\ at the transition from smectic A to smectic B in both 7, and
7/ a frequencies between 5-30 MHz clearly demonstrates the difference between the
dynamic properties of highly ordered smectic phases and the fluid like nematic and

smectic A phases.

Sowing down of diffuson process and the absence of the DF/LU mechanism
are responsible for the sudden increase of 7; in the smectic B near the S-Sy transition,
in the conventiona NMR frequencies. In the smectic B phase of the 40.7 the 7, data
shows strong temperature dependence. The probable mechanisms responsible for the
T} behavior shown in the data are the rotation of the core, and due to the segmental
motions of the chains. From the behavior of the data in the Sy phase at the measured
temperature ranges, it can be concluded that, the mgor contribution comes from the

rotations of the molecule around the long axis and from the segmental motions.



6.7. NMRD study of Butyloxybenzylidene
Octylaniline (40.8)

The next system under study in the 40.m series is butyloxybenzylidene
octylaniline (40.8). This system has the phase sequence given by [7],

33 °C 495 °C 64.5 °C 79 °C

X Sw ——SA e Nem————1

6.7.7. Experimental Details

Proton spin-lattice relaxation time (7/) measurements were carried out as a
function of the Larmor frequency in the nematic phase of 40.8 at temperature 71 °C.
The NMRD data from 50 kHz to 3 MHz was obtained using the fidd cycling NMR
spectrometer and the high frequency data from 3 to 45 MHz was obtained using the
conventiona NMR spectrometer. The estimated errors in 7) measurements at

frequencies below 2 MHz found to be less than 7% and at above 2 MHz, around 5%
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Figure 6.33. Frequency dependence of the spin-lattice relaxation time (7/) in the
nematic phase of 40.8 at temperature 71 °C. Error bars are aso shown.
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The experimental NMRD data is shown for the nematic phase in figure.6.33.
The observed NMRD data in the nematic phase of 40.8 has very interesting festures.
The relaxation times range from 38 milliseconds at 50 kHz to 400 milliseconds at
40 MHz. 7 in the logarithmic scale shows a steep variation as a function of Larmor
frequency at low frequencies, from 50 kHz to 300 kHz. The slope decreases in the
intermediate frequencies (from 400 kHz to 900 kHz). Another region with increased
slope a the intermediate frequency range from 1 to 10 MHz is seen, which is followed
by aregion with very small variation from 10 to 45 MHz. Thus, the NMRD data show
four different regions, indicating the presence of three different processes with different

frequency dependencies.

At low proton Larmor frequencies, the NMRD data show a region having
square-root behavior indicating the presence of stronger DF mechanism at this
frequency range. The NMRD data deviates from this behavior from about 500 kHz
and a dight slope change follows this region indicating the presence of another

mechanism along with DF.
6.7.2. Data analysis

6.7.2. 1. Nematic Phase

6.7.2.1.1. Isotropic elastic constants model

The frequency dependent relaxation rate (R = [/T;) a 68 °C in the nematic
phese of 40.8 was fitted to an equation assuming contributions from al the three
dynamic processes, viz., SD, R and DF. The total spin lattice relaxation rate (R)7u)

can be written as

Ry, = RIDF + RlSD +Rip

In 40.8 the DF contribution to the NMRD data was fitted in two different
ways. The first method is based on the one constant approximation (K;; K Ki;=
le? dyne). The value of Apr and the cut-off frequencies were varied to get a good fit.
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The DF contribution is quantified by the constant A,.= 4. 14x10 ¢2 in the case of one
the constant approximation method. The lower cut-off frequency is about 860 Hz, and
the corresponding upper cut-off wavelength for the director modes is about 12000 A.

100 g T — — — —r—rrrrg 100

Frequency (Hz)

Figure 6.34. Proton relaxation rate (R,=1/7))as a function of frequency in the nematic
phase of 40.8 at 71 °C and model fit to three individual contributions to the relaxation
rate: director fluctuations (DF), self-diffusion (SD), and molecular reorientations about

the short axis (R). Isotropic elastic constants model is assumed for DF contribution.

Upper cut-off frequencies and other dynamic parameters are given in table 6.9.
The errors estimated in evaluating the dynamic parameters are about 10 %. The
contributions from various mechanisms to the measured R, data are shown in
figure 6 34. A qualitative picture of the fit in the nematic phase of 40.8 reveals that
the DF modes dominate the spin relaxation at low frequencies which extend upto
5.7 MHz. R about the short axis with a frequency independent behavior from 50 kHz
to 800 kHz and with a frequency dependent behavior upto 10 MHz contributes to the
spin relaxation along with the DF.  Frequency independent SD becomes more
important than R, from about 1 MHz and becomes the most dominating mechanism

from 5.7 MHz. DF and SD contribute equally at 5 7 MHz. where R has a negligible

293



contribution. At high frequencies SD and DF contributes to the spin relaxation from
15 to 30 MHz. This interpretation is supported also by the weak temperature
dependence of the T, data at high NMR frequencies.

Table 6.9
Isotropic elastic Anisotropic elastic
Model Parameters constants model constants model
Nematic director fluctuations (DF)
K, I(in 10 dynes) 1 0.635
K> (in 10 dynes) 1 0.422
K (in 107 dynes) 1 0.917
Apr(in 10 s7) 4.639 2.026
G- (in 10° 1/Am) 0.94 104
St (inkHZ) 2.18 0.589
Aeen (iNA) 6680 10668
Geer (in 107 1/Am) 6.8 55
fon (in MHz) 1400 882
Ar(in A) 9.24 114
G (in 107 1/Am) 6.4 6.8
Sien (in MHZ2) 1300 1470
Aa(in A) 9.81 9.24
Trandational sdf-diffusion (SD)
B (in 10° s%) 1516 3.256
D (in 10" m*s") 0.7122 1642
Rotations about the short axis (R)
C(in 10*s?) 0.70 0.9797
% (in 10°s) 44.37 39.55
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A more quantitative picture of the relative contributions can be obtained by
calculating the percentage contribution due to various mechanisms. For example at
50 kHz, the contribution from DF mechanism to the total relaxation is about 76.5%
and the contribution from R and SD are about 14.4% and 9.1% respectively. At
200 kHz, the contributions from DF, R and SD are about. 63.4%, 22.4%, and 14.2%
respectively. At 600 kHz DF contributes about 51.7% and R and SD contributes
28.9% and 19.32% respectively. This trend continues, and findly R becomes equd to
SD at 1.8 MHz The contributions at 2 MHz are 43 8% due to DF, 26.8% due to R
and 29.4% due to SD. The contributions from SD and DF become equd at 4.8 MHz
At 10 MHz, the contribution from R becomes very less and the contributions are
38.6%, 55.8% and 55 % from DF, SD and R, respectively At the highest measured
frequency (40 MHz) DF contribution becomes 27% and about 72.5% relaxation
caused by the SD mechanism. R contribution is (0.5 %) negligible.

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.8 is 3.958x10" seconds. The contribution to the total relaxation

' Presence of a smaler

rate from R is quantified by the vaue C = 9.8x10” s
contribution from rotations about the short axis and the strong DF contribution in the
kHz region leads to the temperature independent dipolar relaxation times (7;5) [45].
In the case of self-diffusionthe model parameters obtained are B (the amplitude
obtained as 3 05x10° s9, and D (the average diffuson constant obtained as

1.56x10° m*s™)

6.7.2.1.2. Anisotropic elastic constants

1n the second procedure an expression, considering the influence of upper and
lower cut-off wavelengths for the director modes, as well as the anisotropy in elagtic
properties, was used in caculating the DF parameters. Complete description of the
functions and parameters involved in this generalized model have been described in

chapter 5. section 5.2.
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The elastic constants are calculated by extrapolating experimental elastic data
[30] obtained in the nematic system 40.4 at different temperatures. The constant Apr,
obtained for 40.8 is 2.026xI0"® s* which is much smaler than that of the value
obtained from the isotropic eastic constants model. The lower cut-off frequency
obtained in this case is 589 Hz. The upper cut-off frequencies in the directions parallel
and perpendicular to the director are 8.82x10* Hz and 14.7x10* Hz, respectively. The
relative contributions observed from the analysis are depicted in figure 6 35.
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Figure 6.35. Proton relaxation rate (X;-/T,) as a function of frequency in the nematic
phase of 40.8 at 71 °C and mode fit to three individual contributions to the relaxation
rate: director fluctuations (DF), sdf-diffuson (SD), and molecular reorientations about
the short axis (R). Anisotropic elastic constants model is considered for DF

contribution.

DF mechanism dominates the spin relaxation from 50 kHz to 4 MHz, where
DF becomes equal to the SD contribution. From 1S MHz onwards, SD becomes more

dominant. At 45 MHz the percentage contributions are 25% and 75% due to DF and

2%



SD, respectively The behavior of the NMRD data from 600 kHz to 2 MHz arises
from the combined effect of SD and R mechanisms. Below 600 kHz the frequency
dependence is due to the DF done. R and SD contribute to the relaxation with a
frequency independent behavior below 600 kHz. R contribution becomes negligible
from 8 MHz onwards Model fitting in the nematic phase of 40.8, becomes better in
the case of anisotropic eastic constant model. From 5.7 to 20 MHz, SD and DF
contributions mediates relaxation, where SD contribution is dominant. SD becomes the
mgor mechanism above 20 MHz The SD contribution from 50 kHz to 10 MHz is
amogt frequency independent, and it becomes frequency dependent from 10 to
45 MHz

The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.8 in this modd is 3.95x10™ seconds. The contribution to the
total relaxation rate from R is quantified by the value (" = 9 7x]0” s'. While the
correlation time for rotations show a dight variation; the contribution to the total
relaxation increases considerably at the cost of the DF contribution in this model. In
the case of self-diffusion, the values B and D are obtained as 3.256x10 ° s and
1.642x10™"° m* s respectively. The behavior of the SD contribution is not very
different from the earlier analysis though SD shows its frequency dependence at much
lower frequencies Though there are some differences in the quantitative picture, the
qualitative picture of the dynamics are not very different, with the type of
approximation (one constant or anisotropic elastic constants model) used The vaue

of Apy is found to be very sensitive to the anisotropy of the elastic constants.
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6.8. NMRD study of Butyloxybenzylidene
Nonylaniline (40.9)

The system studied next in the 40.m series is butyloxybenzylidenenonylaniline
(40.9). This system has the phase sequence given by [7]

<30°C 47 °C 64.7 °C 80.2 °C

This system has a stable smectic A phase over a region of 17.7 °C aongwith a
reasonably stable high temperature nematic phase of 15.5 °C.

6.8.1. Experimental Details

Proton spin-lattice relaxation time (7;) measurements were carried out as a
function of frequency in the nematic phase of 40.9 at temperature 75 °C. The data
from 50 kHz to 3 MHz was obtained using the field cycling NMR spectrometer and
the high frequency data from 3 to 30 MHz was obtained using the NMR spectrometer
[1]. The estimated errors in 7; measurements at frequencies below 1 MHz are found
to be lessthan 7 % and at above 1 MHz, around 5 %. Temperature dependent 7; and
Tip in the nematic and smectic phases were performed earlier in this laboratory [1].
Experimental NMRD data are shown for nematic phase of 40.9 in figure 6.36.
Temperature dependent T, data at spot frequencies at 6.5, 10, 15, 20, 25, 30, 40 and
45 MHz are shown in figure 6.37. The observed NMRD data in the nematic phase of
40.9 has the following features.

1. The relaxation times ranging from 32 milliseconds at 50 kHz to 502 milliseconds at

45 MHz. 7, decrease with decreasing frequency in the entire frequency range
studied.
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Figure 6.36. Frequency dependence of the spin-lattice relaxation time (77) in the

nematic phase of 40.9 at temperature 75 °C. Error bars are also shown.
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Figure 6.37. The behavior of the spin-lattice relaxation time 7/ as a function of
temperature at different frequencies in 40.9. The arrows denote the transition

temperatures.



2. 7), in the logarithmic scale shows a steep variation as a function of the Larmor
frequency and the slope increases in the intermediate frequencies, finaly reaching a
region with a different dope a higher frequencies. The plot between relaxation times
and frequency (in Hz) a low proton Larmor frequencies, show a longer region having
a square-root like behavior, which extends up to intermediate frequencies. This
indicates the presence of a longer region with the domination of the DF mechanism at
this low frequency range. The NMRD data deviates from this behavior, from about 2
MHz and dightly different slopes were observed at higher frequencies.

3. Thus, the NMRD data in the nematic phase of 40.9 at 75 °C shows at least two
different regions with different slopes, and hence a first look at the data suggests that

there are at least two possible mechanisms with different frequency dependence.

4. In the conventiona NMR region from 6.5 MHz to 45 MHz, temperature dependent
I'; data shows an interesting behavior with two different regions in the nematic phase
itself.

a). The first region close to the I-N phase transition shows almost a constant 7; with
temperature for a range of about 10 °C, particularly at lower frequencies. Thistrend is
different in different frequencies. This temperature independent region close to the I-N

phase transition becomes shorter in the case of higher frequencies above 30 MHz.

b). The second region with a stronger temperature dependence closer to the N-SA
transition is observed in the nematic phase. This region is longer at higher frequencies.
This trend suggests that the SD mechanism becomes more dominant only at high

frequencies, around 30 MHz.

5. The SD domination also dominate the smectic A phase near the N-S, transition.
There is no sharp change observed at the transition between the N-S, in the collected
T,. The strong temperature dependence seen in the nematic phase continues in the

smectic A phase also.
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6. 7), in the smectic A phase shows similar behavior in dl the frequencies from 6.5 to
45 MHz. The continuity between nematic and smectic A phase in the high frequency
7) data suggests that there are common mechanisms which vary continuously with
temperature, irrespective of layering This should be either SD or R, and cannot be
DF.

7. The NMRD data collected in the S, phase of 40.9 shows (figure 6.40) a different
behavior. A strong frequency dependent region is seen below 150 kHz. Another
region with a different slope is seen from about 150 kHz to 400 kHz. A third region
with a steep variation is seen from around 700 kHz to 20 MHz. Findly, there is a
smal region that shows a lesser slope from 20 MHz to 45 MHz.

8. A sudden increase towards higher value 7,, at the smectic A to Smectic B phase
transition is witnessed, and this occurs within the smectic A phase from at least 2
degrees above this transition. The data in the ordered Sgp phase shows strong
temperature dependence and weak frequency dependence in the conventiond NMR
frequency range.  7) decreases with increasing temperature and decreases with

decreasing frequency.

9. The temperature dependent data has shown a weaker pre-transitional effect.

10. The NMRD data collected from 100 kHz to 45 MHz in the Sg phase exhibits a
different behavior, suggesting that the dynamics are very different from that of the
nematic and smectic A phases. Three different regions are observed in the NMRD
data in the smectic B phase of 40.9. The first region below 400 kHz shows weaker
frequency dependence. The second region from 400 kHz to 6.5 MHz, shows a steep

variation, and finally reaches a region of lesser slope with frequency dependence.
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6.8.2. Dataanalysis
6.8.2.1 Nematic Phase

6.8.2.1.1. Isotropic elastic constants model

NMRD data anadysis was performed assuming isotropic elastic constants
(Kiy = Kz - Ks3 » 1€¢® dyne) for DF modes. The contributions from various
mechanisms to the measured R, data are shown in the figure 6.38. The dynamic
parameters obtained from thisfit are summarized in table 6.10. The errors estimated in

evaluating the dynamic parameters are around 10 %.

Frequency (Hz)

Figure 6.38. Proton relaxation rate (R;=1//T,)s a function of frequency in the nematic
phase of 40.9 at 75 °C and model fit (eqn.6.1) to three individua contributions to the
relaxation rate: director fluctuations (DF), sdf-diffuson (SD), and molecular
reorientations about the short axis (R). Isotropic elastic constants are assumed in

evaluating the DF contribution.
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Table 6.10

Isotropic dastic Anisotropic elastic
Model Parameters constants model constants model
Nematic director fluctuations (DF)
Ki; (in 10 dynes) 1 0516
K2 (in 10° dynes) 1 0.344
Ks; (in 10° dynes) 1 0.745
| Apr(in 10° 5%) 6.680 1573
g (in 10° 1/ A) 16 0.257
Jer (in kH2) 81 0.157
Azen (in A) 3927 24429
| s (in 107 1/ A) 6.8 451
Jeer (i MH2) 1400 482
At (iNA) 9.24 13.92
G (in 107 1/ A) 6.4 5.69
S (in MHD) 1300 1030
At (in A) 9.81 1
Trandationd self-diffusion (SD)
B (in 10° s?) 3.635 1428
D(in 10" m*s) 3.838 0.78
Rotations about the short axis (R)
C(in 10°s?) 0.496 0.873
% (in10%s) 75.58 67.61

The DF contribution is quantified by the constant Apr= 6.68x10° 2 in the

case of the one constant approximation method. In the present case, the upper cut-off
frequencies could not be varied and hence they are fixed. The DF contribution needs

to be 30 percent of the total relaxation in order to get a reasonable value for upper
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cut-off frequency [46]. It should be much more than 100 MHz, assuming molecular
length as the parameter deciding this cut-off. The lower cut-off frequency is about
81 kHz, and the corresponding upper cut-off wavelength for the director modes, is

about 3927 A

Relative contributions

A qualitative picture of the NMRD data fitting in the nematic phase of 40.9
shows that, the DF modes dominate the spin relaxation upto 45 MHz. Rotations about
the short axis show frequency independent behavior from 50 kHz to 400 kHz and
frequency dependent behavior upto 3 MHz. SD becomes more important than R, from
about 2 MHz and becomes comparable to DF, from 30 MHz. Even a high
frequencies, DF is the dominating mechanism over SD. This interpretation is
supported by the weaker temperature dependence observed in the 7/ data a
conventional NMR frequencies below 30 MHz. An increasing slope of temperature
dependent 7, data, with increasing frequency suggests that DF domination over SD

decrease with increasing frequency.

A more quantitative picture of the relative contributions can be obtained by
calculating the percentage contributions (at specific frequencies) to the total relaxation.
For example at 50 kHz, the contribution from DF mechanism to the total relaxation is
about 83.5%. The contribution from R and SD are about 12.5% and 4% respectively.
At 400 kHz, the contributions from DF, R and SD are about, 72%, 20.7%, and 7.3%
respectively. Finally R becomes equal to SD a 126 MHz. The contributions at
1 MHz are 69% due to DF, 20% due to R and 11% due to SD. At 8 MHz, the
contribution from R becomes negligiblee. DF and SD contribute 69% and 29%
respectively to the spectral density. At 30 MHz DF contribution becomes 56% and the
remaining 44% relaxation is amost due to the SD mechanism. At the maximum

measured frequency (45 MHz) the contributions from SD and DF are equal.

In the case of rotations about the short molecular axis, the explicit model

parameters used are the amplitude C and the rotational correlation time zz_assuming a
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smple BPP type contribution [38]. The correlation time obtained for rotations in the
nematic phase of 40.9 is 7.558x10™ seconds. The contribution to the total relaxation
rate from R is quantified by the value C = 4.96x10” s’. Presence of strong
contribution from DF modes in the nematic phase at low frequencies in the kHz region

leads to the temperature independent dipolar relaxation times (7ip) []].

In the case of self-diffusion, the values are obtained for the diffuson constant
D = 3.838x10™ m’ s are in good agreement with the values obtained from the direct
methods in the nematic phases at this temperature range [49]. The frequency
independent contribution from SD is extends to frequencies up to about 10 MHz in the

nematic phase and a frequency dependent behavior is seen above this frequency.
6.8.2.1.2. Anisotropic elagtic constants model

The complete description of the functions and parameters involved in the more
generalized model, considering cutoff frequencies as well as anisotropy in the elastic
constants have been described in chapter-5. The dastic constants for 40.9 are
calculated by extrapolating experimental elastic data [30] obtained in the nematic
system 40.4 at different temperatures. The constant ADF obtained for 40.9 is
1.5729x10°® s, which is much smaller than that of the value obtained from the
isotropic elastic constants model. The lower cut-off frequency obtained in this case is
156 Hz. The upper cut-off frequencies in the directions pardle and perpendicular to
the director are 4.82x10* Hz and 10.3x10°® Hz respectively. The parameters obtained
for SD and R contributions are different when comparing with the earlier analysis. It is
interesting to note that the anisotropy in the elastic constants influences the relative
contributions as well as the dynamic parameters in the case of 40.9. Estimated elastic
constants for 40.9 (table 6.10) are much smaller than the values assumed in the case of
one constant approximation (10 dyne) and more anisotropic than the other shorter

chain systems in the 40.m series.
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Relative contributions

The relative contributions observed from the analysis based on anisotropic
elastic constants for DF modes are depicted in figure 6.39. The dynamic parameters
are presented in the table 6.10. Typical errors in evaluating these parameters are about
10 %. DF mechanism dominates the spin relaxation from 50 kHz to 6.5 MHz, and
become equal to SD contribution. From 20 MHz onwards SD become more
dominating. At 45 MHz the percentage contributions are 30% and 70% due to DF
and SD respectively. The behavior of the NMRD data 400 kHz to 1 MHz is due to the
combined effect of SD and DF mechanisms. R and SD contribute to relaxation with a
frequency independent behavior below 400 kHz. R contribution becomes negligible

from 4 MHz onwards.

107
Frequency (Hz)

Figure. 6.39. Proton relaxation rate (R, = I/T,) as a function of frequency in the
nematic phase of 40.9 a 75 °C and model fit (egn. 6.1) to three individua
contributions to the relaxation rate: director fluctuations (DF), sdf-diffusion (SD), and
molecular reorientations about the short axis (R). Anisotropic elastic constants are

considered for the evaluation of DF contribution.
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The correlation time obtained for rotations about the short molecular axis in the
nematic phase of 40.9 in this model is 6.761x]0"® seconds. The contribution to the
total relaxation rate from R is quantified by the value C = 8.73x10" 5. While the
correlation time for rotations show a dight variation, the contribution to the total

relaxation increases considerably at the cost of the DF contribution in this model.

In the case of self-diffusion, the values B and D are obtained as 1.427x10° g2
and 0.802x10""'m” s respectively. The frequency independent contribution from SD
is restricted to lower frequencies upto 8 MHz in the nematic phase. The behavior of
the SD contribution is very different from the earlier analysis. SD shows its frequency
behavior a much lower frequencies and hence the NMRD behavior of the nematic
phase of 40.9 is characteristic to the SD behavior. The stronger temperature
dependence seen in the 7; at high frequencies is caused by the presence of this SD.
The higher frequency region from 10 to 45 MHz is mediated by SD assisted by DF.

6.8.2.1.3. Comparison with high frequency study

A comparison of the present NMRD study of the nematic phase of 40.9 with
the earlier 7) data anaysis using a limited frequency range demonstrates the merits and
demerits of both the studies. The frequency dependent data from 6.5 MHz to 40 MHz
was fitted [1] to various models. 1t was observed that the analysis of the frequency
dependence data of such a small region could not give a completely acceptable picture,
though it predicted the domination of the DF contribution in the conventional NMR
frequencies. But, the suggested linear behavior of DF contribution with frequency is
controversial.  The second mechanism predicted by the earlier work (rotations) for
high frequency dispersion is different from the present result (self-diffusion). The
temperature dependent high frequency data could be best explained by SD+DF
contributions rather than DF+R contribution as proposed by the previous study [1].
The high frequency data (6.5 MHz to 45 MHz) was fitted [1] very wdl to the

following models.
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Model -1: Aw'?+B (assuming DF with a square root frequency dependence and
rotations with frequency independent behavior) model is the firs one fitted the
frequency dependent T, data. Fitting was very good in dl temperatures [2]. But the
constants obtained were unphysical and hence, this model fitting was not acceptable.

Model -2: In the second model, in addition to the DF and R contributions, SD
contribution was added in the first mode [2]. This was aso fitted very well but the
diffuson constants and the other model parameters obtained were unphysica. This

mode therefore, was not accepted.

Model - 3: A replacement of the square-root dependence with the linear dependence
in the DF term in the second model given above, aso lead to good fitting, but the

temperature dependence and the coefficients obtained were found to be unphysical.

Model - 4: Findly, the first model with linear frequency dependence in the DF term
fitted well and no temperature dependence was observed. This fitting was considered
meaningful. The activation energy associated with the R mechanism was found to be
less. The temperature dependence seen in the constant Apr, was attributed to the
diffuson assisted DF.

In contrast to the above interpretation, the present NMRD data anadysis in the
nematic phase of 40.9, using a composite model incorporating DF (anisotropic elastic
constants with upper and lower cutoff frequencies), SD and R leads to a better and
unique fit, which also gives redistic model parameters. Moreover, the temperature

dependence seen in the T, datais aso explained reasonably well.

6.8.2.2. Smectic A phase

The NMRD data collected in the smectic A phase (figure 6.40) was fitted with
the theoretical equation incorporating the three dynamical processes namdy 1).
Smectic layer undulation modes (LU) (equation 6 3), 2). SD and 3). Rotations about
the short axis. The details of the theoretical formalisms for SD and R have been given
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in chapter-5. Thetotal spin lattice relaxation rate (K;7.) can be written as

Rl7m :Rlxu +Rl$h+RU«
1000 - . .- , . L 1000
L ]
E
o L]
= 100- s’ 1100
4 'i - o4
] . i
1 . e
] .
10° 10° 107 10%
Frequency (Hz)

Figure 6.40. Frequency dependence of the spin-lattice relaxation time (7/) in the

smectic A phase of 40.9 at temperature 58 °C. Error bars are aso shown in figure.

Different contributions to the relaxation data (figure 6.40) in the Sa phase at
58 °C are shown in figure. 6.41. The parameters for SD and R are given in table 6.11.
LU contribution in the smectic A phase is dominates upto 150 kHz in 40.9. R
becomes more important from 150 kHz to 2 MHz than LU and SD contributions. SD
contributes strongly to the relaxation in the Sa phase of 40.9 in the conventional NMR
frequencies from about 2 MHz and becomes the sole mechanism responsible for spin
relaxation. SD contribution is frequency independent upto 2 MHz and frequency
dependent from 2 to 45 MHz. The 7;, data collected earlier [2] in the smectic A
phase of 40.9 shows no temperature dependence. This is qualitatively different from
the 7, data obtained from 40.5 where 7 datain Sa phase is temperature dependent.
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Figure 6.41. Proton relaxation rate (R;=1/T;)es a function of frequency in the smectic
A phase of 40.5 a 58 °C and mode fit to three individua contributions to the
relaxation rate: layer undulations (LU), <df-diffuson (SD), and molecular

reorientations about the short axis (R).

As observed by Schweikert and Noack [47], and Bender et al., [48], it is
important to incorporate the R mechanism (about short axis) to explain the
intermediate frequency range in the nematic and smectic A phases. Whenever such
contribution was not considered NMRD data in the smectic A phase does not seem to
fit well [S1]. It is also possible to have another R contribution (about long axis) to

explain the NMRD behavior at very high frequencies (above 100 MHz).

In the present systems (40. m) R about the short axis seems to be very
important in order to explain NMRD data obtained in the nematic and smectic A
phases for the present range of frequencies. Rotations about the long axis and
segmental motions are also expected to contribute at the high frequencies [12]. It
needs to have an amost frequency independent behavior in the measured frequency

range (below 50 MHz). But, in the present analysis such a contribution is not
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included, since the data fits reasonably well without such contribution So the present
analysis is confined to R about short axis with single correlation time. The parameters
obtained for LU contribution are not given in the table 6.11, due to the fact that the
dynamic parameters obtained (given manualy) are not reliable since the complete
dispersion of LU is not observed in the present analysis. The linear behavior of
relaxation rate with frequency was given priority rather than the constants and cut-off
frequencies. Errors estimated in the evaluation of parameters for SD and R are about
10%

Table 6.11
Trandational sdf-diffuson (SD)
B (in10°s?) 1.753
D(@in 107 m?s?) 171
Rotations about the short axis (R)
C(@n10°s?) 2408
% (in10°s) 11372

6.8.2.3. Ordered smecticphase (SB)

NMRD data collected in the SB phase of 40.9 was fitted to SD and R
mechanisms. The data is shown in figure 6.42. The data fitting is shown in figure
6.43. The dynamic parameters are given in table 6.12. Typica errors in the vaues of
the parameters related to SD and R are about 15% in the case of Sg phase. The low
frequency region is completely dominated by the SD mechanism and the high
frequency relaxation is dominated by rotations about the long axis  This interpretation
is consigtent with the observations made with the temperature dependent data (figure
6.37). The observed increase in T, and 7;p, near the transition from smectic A to
smectic B, in the conventiona NMR frequencies clearly demonstrates the difference
between the dynamic properties of highly ordered smectic phases and the fluid like

nematic and smectic A phases.
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Figure 6.42. Frequency dependence of the spin-lattice relaxation time (Ti) in the
smectic B phase of 40.9 at temperature 40 °C. Error bars are also shown.
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Figure 6.43. Proton relaxation rate (R,=1/7}) as a function of frequency in the smectic
B phase of 40.9 at 40 °C and mode fit to the individual contributions to the relaxation

rate; sdlf-diffuson (SD), and molecular reorientations (R).
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Table 6.12

Model Parameters From 40.9-Sp
B (in 10%s7) 1615
D (in 10" m%™) 5.241
C(in 10° s 4,659
®(@(n 10" s) 6.055

Slowing down of the diffuson process and the absence of DF/LU mechanisms
are responsible for the sudden increase of 7; in the smectic B near the S,—Sg transition,
in the conventional NMR frequencies. In the smectic B phase of the 40.9 the 7/ data
shows strong temperature dependence. 1In 40.9, anisotropic rotational diffusion
motions of the end hydrocarbon chains, of the entire molecule, or of just the core rigid
portions are probable at these temperatures. From the behavior of the data in the SB
phase, a the measured temperature ranges, one can conclude that the maor
contribution comes from rotations of the molecule around the long axis and from the
segmental motions.  Contributions from the rotations of the CH; rotations are

negligible

Since there are two alkyl end chains and many CH, groups present in the
system, several rotational diffuson modes could be present, leading to as many vaues
of the correlation time. The 7;, data measured in the Sy shows temperature
dependence. Reduction of 7, in the Sy phase suggests that, the SD mechanism
becomes more efficient since SD aufficiently slows down and influences the dipolar

relaxation more efficiently at low frequencies.

In the highly ordered smectic B phase, the diffuson constant becomes very
smal {D = 5.24x10° cm®/s). The relaxation dispersion at low frequencies is explained
by the SD process, where one can see a relaively smal but frequency independent
contribution from R.  The temperature dependence seen in the high frequency 7, data
with smdl frequency dependence is consistent with this view. The explanation given

for the 7}, data, for the Sy phase is dso consistent with the NMRD anaysis.
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R contribution is responsible for the frequency dependence in the Sy phase at
conventional NMR frequencies from 10 MHz to 45 MHz. The correlation time
associated with the rotation about the long axis obtained from this analysis is
6.06x10"%, which is reasonable when compared to correlation times obtained from
NMR studies by Heinze and Grande [24] on nO.m systems. The vaue obtained by
them for rotations about the long axis at temperature —18 °C in the smectic B phase of
70.4 is 3x10®° s. The value obtained for 40.9 is about an order of magnitude smaller
than the value obtained by Heinze and Grande [24]. This difference is probably due to

the difference in the temperatures of observation.

The activation energy associated with the T, data in Sp phase is found to be
5.6 = 0.5 k Cal/mole [1]. Thisisin good agreement with the value obtained for the
rotations about the long axis in the smectic B phase of 70.4. Heinze and Grande [24]
had obtained the value of the activation energy for this dynamics in the system 70.4 as
6.5 kCal/mole. It is therefore, reasonable to say that the rotational contribution
obtained in the smectic B phase of 40.9 is mainly due to the rotations about the long
axis. The segmental motions are expected to contribute at lower temperatures. The
segmental motions observed at lower temperatures in 40.9 with a correlation time of
the order of 2x10™*? s and the associated activation energy for the segmental motions

are obtained as 2.8 kCal/mole [1].

Hence, it is concluded that the contribution for relaxation in the Sg phase is
predominantly due to the R about the long axis. There should be a wesker
contribution from the segmental motions. The experimental correlation times
associated with CHj three-fold rotation in the nO.m series obtained from earlier studies
[24] are range from 2.3x10™%s (with activation energy 2.75 kCal/mole in 70.4) to
13x10s (with activation energy 2.1 kcal/mole in 70.4). Comparing the present
results with the literature values for CHs rotations one can say that there is no major

contribution that could come from CH3 three fold rotations.
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Section 6.9 - Conclusions

End chain Structureand Molecular Dynamicsin
40.mhomologousseriesof Liquid Crystals

The results obtained from the NMRD studies of the 40.m series were
discussed in detail considering the systems individually in the preceding sections
(sections 6.2 to 6.8). These studies could explain the dynamic behavior of
mesophases in each system. It was demonstrated that the individual contributions in
mediating spin-lattice relaxation time at different frequencies could be separated out
by measuring NMRD at fixed temperature. It was also shown that temperature
dependent studies were very useful in obtaining clues about the type of dynamics
dominating spin relaxation. In this section, an attempt is made to correlate the
dynamic parameters obtained from the NMRD studies of 40.m systems to the

structural parameters which generally influence molecular properties.

6.9.1. Effect of end chain length on T;

500“ T T T T T [ = T 1 T ] 500
/\/\‘/\/ 40 MHz
4004 7.\\/\—.\/30 MHz 4400

— 3001 L—ﬁ'\"—“ 20MIz - H300
\é,_ N 10 MHz
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Figure 6.44. Spin-lattice relaxation time (7/) as a function of chain length, in the

homologous series, 40.m. The data is obtained at a fixed temperature (7’65 C).
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The figure 6.44. shows an interesting variation of T\ with chain length at a
fixed nematic temperature (65 °C) and at different frequencies. Since, the nematic
temperature ranges vary with chain length, it is difficult to obtain 7, data at a fixed
temperature. In the present case, the 7, values are estimated through extrapolation by
simply following the temperature dependence of 7; at different frequencies and

systems.

It can be observed from figure 6.44 that the T, values at low and intermediate
frequencies below 20 MHz depends on the chain length. The 77 vaue increases
initially from 40.2 to 40.5 and decreases to low values at longer chain lengths. The
absence of such reduction at higher frequencies above 20 MHz suggests that the
dynamics observed at high frequencies does not show any systematic variation on the
chain length. In other words, there is a strong contribution due to some slow dynamic
process, which increases with chain length. This particular dynamics (identified as
DF, in the present case) seems to be effective with an increase in chain length. But, it
is important to note that there are other properties (odd-even alteration and symmetric
end chains) which probably complicate the effect of the chain length. It can be seen
in the above figure (6.44) that for the system with m = 2 lower 7) value is observed,
which increase until m = 5 is reached, and then decrease upto m = 9. It adso possible
to say that the systems having symmetric end chains (40.3, 40.4 and 40.5) behaves
differently. This is probably due to the weaker DF contribution and a stronger
contribution from rotations about the short axis and self-diffusion from the symmetric
systems. This behavior leads to a sharp increase in 7, in the symmetric systems. This
can be justified by the fact that the DF mechanism involves more number of
molecules and hence the strong presence of such dynamics would effectively mediate
spin relaxation than any other dynamics involving individual molecules, such as R

and SD. Hence, aweaker DF mechanism increases the T, values.

A comparison between earlier results on PAA series [49] and the present
40.m series would be interesting. In the PAA series shorter chain molecules (PAA)
show higher values of 7, than longer molecules (PAB, HAB) at any particular
nematic temperature. In the 40.m series, high 7; values are observed when the end

chains are close to balanced. At the same time, the 7, values decrease with increasing
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chain length when the end chains are imbalanced The PAA series deals with balanced
systems and by increasing the n value, the length of the chains increases at both the
ends simultaneously. In the case of the 40.m series, alkoxy chain length is fixed and
the alkyl chain length increases. The effect of chain length alone is seen in the PAA
series, whereas in the 40.m series, the effect of symmetry complicates the effect of
chain length. Even in the case 0f40.m series it is observed that T, decreases with an

increase in chain length.

6.9.2. Director fluctuations and end chains

The mode spectrum of DF modes depends on many factors, which include
viscoelastic properties of the medium, molecular length, domain size, temperature,
and degrees of ordering in the sample [12]. 1t is important to compare the values of
Apr, which are sensitive to the viscoelastic constants of the medium. In the present
work, the value of Apris calculated in two different ways (using the isotropic and
anisotropic elastic constants models). The Apy values obtained from the NMRD

analysis (one constant model for DF contribution) are presented in figure 6.45.

L] 1 N L L] L] L] L)
7 47
[ ]
6+ ’ 46
G 5 ds
= ¢
T .
~ 4 44
L 3 I T —
3- oo 43
v
2 L] L] L] L] L] L) Ll T 2

1 2 3 4 5 6 7 8 9 10

number of carbon atoms (m vaue in 40.m)

Figure 6.45. Effect of end chain symmetry on the values of Apr The Api values are

calculated using the isotropic elastic constants model.
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Odd-even effects are observed in the values of Ap~.  The values of Apr
decreases first with the chain length and then increases with chain length drasticaly,
when the length of the chain is long. ADF vaue is minimum when m = 4. When the
number of carbon atoms in the alkyl and akoxy end chains are equal or close to
equal, the value of Apr decreases. The decrease of ADF in the intermediate chain
lengths also coincides with the increase of T\ values for systems having similar chain

lengths.

Refractive index anisotropy measured [7] in this 40.m series is useful in
understanding the present results. The maximum value of anisotropy in the refractive
index indicates the highest degree of ordering (since refractive index anisotropy is
directly proportional to the nematic order parameter S). The higher value of

anisotropy observed in system 40.4 could be due to the weaker DF contribution.

From the values observed for Aprand from the arguments given above, it is
possible to conclude that the systems with a higher nematic stability and higher value
of order parameters show a weaker DF contribution. In the present 40.m family,
higher stability coincides with the symmetry of the end chains. The baanced end
chains leading to better stability, probably results from the fact that they show weaker
collective director fluctuations.

The ADF values obtained from the anisotropic elastic constants model show a
different behavior with the akyl chain length. ADF decreases with increasing akyl
chain length. ADF values show odd-even effects, which are more pronounced in the
case of the anisotropic elastic constants model. Effects of length and symmetry of
end chains seem to complicate each other, as well as the odd-even effects in the ADF
values. Earlier experimental observations [12] in a homologous series (nOCB) are in
agreement with these results. Apr appears to decrease slightly with increasing chain
length in the nHOCB series. NMRD studies in the PAA series had concluded that the
longer molecules have a higher value of Aps, Which is contrary to the results obtained
from the nOCB series.
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Figure 6.46. Effect of end chain length on the values of Apr  The values of Apr are
calculated by the anisotropic elastic constants model. Experimental elastic constants

are given as input parameters in the model fit.

Comparing the behavior of ADF values obtained from the isotropic and
anisotropic elastic constants models it is possible to conclude that, the value of Apris
very sensitive to the values of the elastic constants (K;,,K>> and K33), Incorporation
of experimentally observed (and extrapolated) elastic constants in the model fitting
assigns different meaning to the ADF values, and a comparison of Apr values would be
meaningful only if the one constant approximation method is adopted. 1t is clear from
these studies that the value of ADF is critically dependent on the choice of model used

and the anisotropy of the elastic constants.

Although ADF behaviors are different as observed from these models, the
relative contributions from DF modes to the total relaxation are not very different.
Comparison of relative contributions from different dynamics to the total relaxation is
more important and useful. The percentage contributions of SD, R and DF would be
discussed in the sub-section 6.9.5



6.9.3. Sdlf-Diffusion and end chain length

Diffusion constants are known to vary strongly with temperature. In the
present case the nematic temperatures, at which the NMRD data was collected are not
very different. This gives an opportunity to discuss the importance of end chain
structure and properties, in the alteration of the diffuson process. The diffuson
constants (D) obtained from NMRD studies are generally not as accurate as the D

values obtained from the direct methods.

The D values obtained for 40.4 and 40.5 are of an order of magnitude higher
than the values obtained for the other 40.m systems. This anomalous increase of D in
the systems 40.4 and 40.5 calls for confirmation, by more direct experiments like the
Pulsed Field Gradient NMR method. This increase is probably due to the symmetry of
the end chains. Any motion on a molecular level must reflect the shape of the
instantaneous potential mean torque on each molecule. Both rotation and translation
are expected to be sensitive to the nature of anisotropic interactions, which determine
the formation of various liquid crystalline structures [12]. Systems 40.4 and 40.5 not
only show high stability, but also very high values of the order parameter when
compared to other systems in the 40.m series. The anisotropy in the refractive index
measurements made by Potukuchi [7] reveals that the nematic order parameter for
40.4 and 40.5 are much more than the values obtained for the other 40.m systems.

6.9.4. Rotationsabouttheshortaxis

The qualitative picture of the NMRD analysis shows that the rotations about
the short axis are very effective in symmetric systems DF seems to be more effective
in systems having very long end chains as well as in systems having unbalanced end
chains (non-symmetric end chains). The correlation times associated with the
rotations about the short axis as well as the contribution from this mechanism need to
be correlated with the end chain structure. The values obtained from the present
NMRD analysis on 40 m systems are tabulated along with the values obtained from

the NMRD studies of nematic and smectic systems.
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Table 6.13

System Mesophases Correlation time Temperature
x 10" seconds (in °C)

60CB+80CB Nematic 0.8 47
Reentrant nematic 2 27
Smectic A 4 37
1S 1912 Smectic C 95 70
35 100
MBBA Nematic 24 18
145 27
94 35
57 45
CcB7 Nematic 0.25 32
PCH7 Nematic 05 47
CCH7 Nematic 1 48
TBBA Nematic .05 205
TBBA Smectic A 0.1 185
40.9 Nematic 6.76 75
Smectic A 11.3 58
40.8 Nematic 3.95 71
40.7 Nematic 0.373 70
Smectic A 4.5 54
40.5 Nematic 6.4 70
Smectic A 4.16 43
404 Nematic 0.58 67
403 Nematic 11.2 69
40.2 Nematic 244 61
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The quantitative picture obtained here, as well as in the previous NMRD
studies by Noack and coworkers [49] are well supported by the observations made by
more simple experiments using dielectric relaxation [41]. The general observation
made in the literature [13,32,33,41] says that the correlation times of the order of 10'
5-10% s are possible for the rotations about the short molecular axis. In the NMRD
studies, rotations about the short axis with correlation times of about 107 to 10® s are
easly detectable and the shorter correlation times are generally not observable,
probably due to the strong domination of the DF mechanism at the shorter time scales
of about 10 s. Dielectric relaxation measurements are sensitive to this time scae,
since DF modes do not contribute to the dielectric relaxation [41]. In the present
study, slower rotations could be detected probably due to weakening of the DF in the
symmetric end chain systems. The constant C, which quantifies the contribution from

R, is shown in figure 6.47.
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Figure 6.47 A plot between C (represents the contribution from the rotations about
the short axis) and the number of carbon atoms in the alkyl end chain. A strong odd-
even effect is observed in the value C, which is more pronounced for shorter chain

systems.
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This figure (6.47) shows that strong odd-even effects are observed in the value
of C. Balancing effects are also seen. Both these effects complicate each other. It is
interesting to note that the balanced even system 40.4 shows a peak in the value of C.
It is known that shorter chain systems show a stronger odd-even effect in almost all
macroscopic physical properties. A correlation between the microscopic molecular
level dynamic behavior and the macroscopic static physical properties emerge from
these studies, though the explanation is not simple as in the case of the microscopic

behavior.

In order to understand this complex behavior of the dynamic properties, it is
possible to separate odd-even contributions by simply plotting the results of odd and
even systems separately. Such a plot is shown in figure 6.48. In order to show the
relative variations of dl the parameters, and the trends, various parameters are plotted

in figure 6.48 in arbitrary units in the logarithmic scale.
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Figure 6.48. Different dynamic parameters are plotted (in arbitrary units) as a
function of end chain length. Only even systems are considered here.  Here, D is
diffuson constant, tg the rotational correlation time, B and D are the constants

representing the contributions from SD and R. ADF isthe contribution from DF.
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This figure (6.48) demonstrates the effects of symmetry of the end chains,
which overlap with the effects of chain length. In the above figure, only even
systems are plotted. Effects of the chain length can be linked with the nature of the
end conformer, which is bent in the case of even systems. It can be assumed that the
bent conformer interacts more efficiently with the ordering potential rather than the
linear conformer, and this may, in principle, affect the rotations and translations in
nematic liquid crystals. A closer look at the above figure leads to the following

observations and arguments.

1. Strong balancing effects are seen in the dynamic parameters corresponding to the

diffuson mechanism.

2. By comparing the values of 7z obtained from 40.2 and 40.8, one can say that =
increases with the chain length. In other words, the rotations become slower when the
chain length is more. Interaction of the chain with the nematic ordering potential
increases with the end chain length, and this leads to a slowing down of rotations.
Balancing of the end chains in the case of 40.4 probably decreases the activation
energy associated with the rotations about the short axis, and hence more number of
molecules involves in the rotations. The increase in the value of C for 40.4 is

consistent with this picture.

3. Decrease of the value of ApF in the symmetric system can also be explained on
similar lines. Reduction in the activation energy associated with the rotations
probably favors this motion instead of DF modes at this time scale. This situation
reduces the need and importance of the DF modes at these frequencies. This reduces

the overal contribution from DF modes to the relaxation.

The results obtained in the low frequency dielectric relaxation studies [41], on
the rotations about the short axis in the homologous series #S5 (n= 5, 6, 7, 8, 9, 10)
are very useful and relevant here. Chrusciel et al., [41] had studied properties such as,
dielectric relaxation time, correlation times associated with the rotations, and

transition enthalpy, near the I-N phase transition and other transitions (figure 6.49).
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Figure 6.49. The clearing temperatures and al dielectric and molecular dynamics
parameters obtained for the rotations about the short axis, as a function of chain
length in the homologous 4-n-pentylphenyl-4'-n-alkoxythiobenzoate (in short nS5).
Here, the symbol || refers to the rotations about the short axis. (after Chrusciel et al
[41])

Relaxation times (7 )corresponding to the rotations about the short axis show
a low value, leading to an anomalous behavior when the end chains are balanced
Relaxation times are very shorter for systems with n = 5, 6, 7and 8 when compared
with longer chain systems. This means that the rotations about the short axis become
efficient when the end chains are close to balanced. It is aso observed in these
studies that, the activation enthalpy (AH|) associated with this dynamics also show a
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similar behavior. The balanced systems show lower values of activation enthalpy and
the longer chain systems, those are unbalanced lead to very high values of activation
enthalpies. Though the effect of balancing is not mentioned in the work [41], it is
natural to consider this effect, due to the fact that the usual trends expected from chain
length and odd-even alternation cannot produce such a change in the trends in the

static and dynamic parameters.

The correlation times associated with the rotations about the short axis in the
nSb series [41] range from 2x10%s to 10x10® s, Current results obtained for 40.m
series are comparable with the values obtained from the studies on the nS5 series
(figure 6.49). This comparison of correlation times not only proves the importance of
balancing effects but also supports the view that, the rotations observed in the NMRD
studies of nematic phases in the 40.m series are nothing but the rotations about the
short axis. In the case of low frequency dielectric relaxation measurements are direct
in nature, whereas in the case of NMRD studies of the 40.m series of liquid crystals
the R contribution is partially masked by DF at lower frequencies and SD at higher

frequencies.

Separation of individua rotations from collective rotational motions (DF) is
considered as one of the difficulties faced by experimentalists [50]. Present study
reveals that the separation is not very difficult if a proper system and a proper
experimental technique like the present one is chosen. In the present work,
information about the faster rotations could not be arived at, mainly because of the
non-availability of the NMRD data from 50 MHz to a few hundred MHz. A NMRD
study of wider frequency from few kHz to a few hundred MHz can in principle
separate out the collective rotations from individual rotations about the short axis, and

faster rotations from the slower individual rotations.

6.9.5. Relative percentage contributions

So far, different dynamical parameters have been discussed quantitatively

based on the model parameters by comparing their absolute values. The discussion
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was general in nature, and the relative contributions at different time scales of these
dynamics, as a function of the molecular structure have not been compared. The
following figures 6.50a to 6.50/, clearly demonstrate the complete picture of dynamic

behavior as a function of time window.

The quantitative results as a function of chain length presented earlier, such as
D, B, T, C, Apr. cut-off frequencies and etc.. have strong theoretical basis but they
are very complicated. For example, Apr depends on visco-elastic constants of the
medium and choice of these constants changes the value of Apy. Moreover,
explanation based on these parameters necessitates lot more information about the

ordering potential and intermolecular interactions.

Though, the values of the dynamic parameters show differences in the
analysis, the relative contributions are mode independent, except for 40.9. A
quantitative analysis of relative contributions as a function of chain length would be
more interesting and informative Relative contributions of DF, SD and R can easily
compared if the percentage contribution to the total relaxation can be estimated for

different systems at a specific frequency of interest.

Figures 6.50a to 650/, show the percentage contributions of director
fluctuations (DF), sdf-diffuson (SD) and rotations about the short axis (R) in the
nematic phases of the 40.m systems at spot frequencies, 40 MHz, 30MHz, 20 MHz,
15 MHz, 10 MHz, 5 MHz, 2 MHz, 1MHz, 500 kHz, 200 kHz, 100 kHz and 50 kHz
The frequencies at which the dynamics show significant variation are chosen here.
From these figures it is possible to see, how the SD mechanism which is the most
dominant one a 40 MHz becomes least important at 50 kHz. Similarly, the DF
mechanism, which is a weaker one at 40 MHz in most of the systems, becomes very
dominant at 50 kHz. Rotations about the short axis, shows negligible contribution in
al the systems at 40 MHz. This remains insignificant at higher frequencies 15 MHz
Importance of R increases from 10 MHz onwards, and R contribution becomes
comparable with SD and DF from 2 MHz to 200 kHz. Below 200 kHz DF dominates
the relaxation upto the lowest frequency measured.
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Figure 6.50g.
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Chapter 7
NMRD Studies of Binary Liquid Crystal Mixtures
exhibiting Induced Smectic A4 Phases

Chapter 7 presents a study of molecular dynamics as a function of molecular
composition in novel binary liquid crystalline mixtures of nematic liquid crystals 8CN
and 7BCB, which exhibit Induced Smectic Phase (ISP). Frequency and temperature
dependent spin-lattice relaxation time measurements were carried out in pure systems
and mixtures at specific compositions. This work is done in collaboration with
another researcher in the same laboratory. Data analysis was done considering four
different dynamic processes, namely Director Fluctuations (DF), Self-Diffusion (SD),
Rotations about the short axis (R) and Frustration (F), in mediating the spin
relaxation. Formation and segregation of molecular associations (dimers and clusters)

is termed as 'Frustration' in this work.

Section 7.1 gives a brief account of liquid crystalline mixtures. Theoretical and
experimental understanding of phase diagrams and physical properties of the liquid
crystaline mixtures are reviewed. Section 7. 2 presents the physics of frustrated
liquid crystals. The factors responsible for the frustration, such as dimerization and
the end chain length are discussed. Present understanding of the systems under study
(8CN + 7BCB) is also presented in this section.

Sections 7.3 and 7.4 presents the results obtained from the NMRD studies of pure
nematic liquid crystals 8CN and 7BCB. Sections 7.5 and 7.6 presents the results
obtained from the NMRD studies of nematic and induced smectic phases of the binary

liquid crystal mixtures of 8CN and 7BCB at two different contributions.

Section 7.7 presents the summary and conclusions of this study. Molecular dynamics
as a function of composition and the percentage contributions of different

mechanisms to the spin relaxation are also presented.



7.1. Liquid crystal mixtures

7.1.1. Introduction

A single compound, which fulfils the liquid crystal specification for even the
simplest type of display, has not yet been found [1,2]. For a simple watch display, the
basic requirements are that the nematic temperature range should be —10 °C to +60 °C,
together, with a high positive dielectric anisotropy to allow a low voltage operation.
For displays with modest information content, e.g., simple calculators, it is necessary
to use a multiplexed addressing scheme. For this, a sharp threshold voltage is

required and to achieve this, the ratio of elastic constants K;3/K;, should be low [2].

Thus, mixture optimization for even the simplest displays can be a challenge.
Many physical properties need to be simultaneously adjusted towards target values
and it is not often possible to adjust one parameter without affecting another In some
cases, the properties vary linearly with concentration, but in others they do not.
Generdly, the melting point of a binary mixture of compounds is less than its
constituent components. From the point of view of applications, however, the main
interest in the theory is in predicting the variation of the nematic-isotropic transition
temperature with composition and the temperature variations of the component order
parameters in the nematic phase. Understanding of the molecular level processes,
which are responsible for the variation of the physica properties, is one of the
important aims of molecular dynamics study, in binary liquid crystals exhibiting a
variety of phases like the re-entrant nematic, nematic gap, induced smectic and
induced nematic phases. Before going into the details of the present NMRD study on
the binary mixtures of 8CN+7BCB, an attempt is made to explain the various

parameters responsible for such interesting phase diagrams here.
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7.1.2. Theoretical review of binary liquid crystal mixtures

7.1.2.1. Linear and non-linear behaviors of phase diagram

The Schoroder van Laar equation [4] (7.1) relates the melting point of a

mixture to the mole fraction (X) of component A.
mXy=H; RI(1'TY-(1T)] (7.1

where, H4 and T, arethe latent heat and melting point of a pure compound, R, the gas
constant. For a mixture of N components there are N such equations, which, when
solved for the condition shown in the equation give the temperature and mole

fractions of the eutectic composition.

Nematic-Isotropic transition temperature (Tni) in certain binary mixtures do
not exhibit a linear dependence with respect to the mole fraction of the constituents,
but show the negative deviation from the values interpolated by a linear relation.
Osman et al., [5] have found experimentaly, that such non-ideal behavior is closely

related to molecular packing or to the molecular geometry.

Humphries-James-Luckhurst (HJL) extended [6] the Maier-Saupe theory [7]
to the multi-component systems of nematogens, and taking account of only the
intermolecular attractive interaction, they could explain the negative deviation from
linearity by adjusting the interaction parameter. Later, based on the generalized van
der Waals theory, the MS-HJL theory was extended by Cotter and Wacker [8] to the

multi-component systems, considering both intermolecular attraction and repulsion.

Nakagawa and Akahane [9] have studied the nematic-isotropic transition of
binary mixtures of nematogens and calculated phase diagrams on the basis of the
generalized van der Waaals theory, to compare them with experimental results. It was
shown that such non-ideal behavior of Tn; in certain binary mixtures results from the
imbalance between the attractive and repulsive interactions for both the components.
And for the binary mixtures of a homologous series of nematogens, linearity is
expressed by

Tvr = xi T + 2T (7.2)
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should be found if the relationship
u; I = Il_’_’j[_’" (73)

holds true. Here, x, and 7x;; are the mole fraction and the nematic-isotropic transition
temperature of the f component respectively. wu, is the anisotropic attractive
interaction coefficient between i kind of molecules, I;, the effective molecular length
of an ' kind of molecule The equation 7.3 explains the balance between the
repulsive and attractive interactions. From the microscopic point of view, these
results seem to imply that the similarity of the molecular structures or geometries of
each of the kind of molecule result in the linearity found in the phase diagrams. If the

equation 7.3 is not satisfied, a non-ideal behavior appears.

7.1.2.2. Molecular flexibility

The importance of molecular flexibility is emphasized on, in this study.
Effects of alkyl end chains on the nematic-isotropic transition temperature in the
binary mixtures have been studied by Nakagawa and Akahane [9]. A balance relation
between the length of the flexible end chain and that of the rigid core was obtained
and it was concluded that the balance between molecular flexibility and rigidity bears
on the thermodynamic stability of nematic phase in a binary mixture of nematogens.
And it is important to note that the similarity of molecular structures or geometries of
the constituent molecules seem to be crucial for the thermodynamic stability of the
nematic phase in a binary mixture of nematogens, in consistency with the study of
Osman et al., [5]. There have been theories for binary mixtures using extensions of
Maier-Saupe theory, lattice models of hard rods and hybrid models [2].

7.1.3. Theoretical modelsfor thel nduced Smectic Phases (I SP)

A molecular model for the induced smectic phase formed in the cyano
compounds has been proposed by de Jeu et al., [10]. The dipole-induced dipole
interaction as well as. the charge transfer complex formation in which, the cyano
compound acts like an electron acceptor are responsible for the occurrence of the

induced smectic A phase.
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Kyu et al, [11] have recently developed a model for ISP, based on the
combination of the Flory-Higgins (FH) theory [7,12] for isotropic mixing and the
Maier-Saupe-McMillan (MSM) theory [13] for induced smectic ordering in non-
smectic liquid crystal mixtures, such as nematic mixtures. It was also shown [11],
that the strong nematic interaction between the dissimilar mesogens could give rise to
a more stable nematic phase in the nematic mixtures. The ISP is also an outcome of

such a strong mesogenic interaction.

The total free energy of mixing, for a binary nematic mixture may be
expressed in terms of a simple addition of the free energy of mixing of isotropic
liquids (g’), and the free energy of anisotropic ordering of the liquid crystals
undergoing 1SP transition (£°).i. e, g = g’+ £, where g represents the dimensionless
total free energy density of the system. The free energy of isotropic mixing can
generally be described by the Flory-Higgins theory [13] as

3 =%=%ln¢l +%m¢z + 20,®,

f (7.4)

where k is the Boltzmann constant and T, the absolute temperature. r; is the number of
sites occupied by one liquid crystal molecule and is equal to unity, for a low molar
mass liquid crystal, whereas, r; represents the number of segments or sites occupied
by a single chain. @, and @; are the volume fractions of the component 1 and 2,
respectively. x 1s known as the Flory-Higgins interaction parameter, which is

generally assumed to be a function of reciprocal absolute temperature.

Free energy density of the anisotropic ordering of the nematic liquid crystal
mixtures undergoing induced smectic ordering is represented in terms of the Maier-
Saupe-McMillan mean field theory [7,11,12] as

s G
nkT

1 5 1
=-L,® -L,0, —‘2“"1131-(1:\2 ‘E"zzszzq); "V|2(slsz +ﬂa1‘72)¢'|¢z (7.5)

where, 2} and Z; represent the decrease of entropy due to the alignment of individual

liquid crystal molecules of component 1 and the mesogenic group of compound 2,
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respectively. [ represents a dimensionless cross-interaction strength between two
dissimilar mesogens undergoing the induced smectic ordering and thus will be called,
hereafter, the induced smectic interaction parameter. Physicd meaning of this
parameter is similar to the McMillan parameter () described in the chapter 4. S,
here, is related to the formation of a single smectic due to strong cross-mesogenic
interaction of dissimilar mesogens. The magnitude of § is twice the a value of the

pure smectic.

As in the case of ain the McMillan theory [12], the magnitude of the induced
smectic interaction parameter S generaly determines whether a phase transition
occurs, from a smectic to an isotropic phase directly or through a nematic phase. s,
and s> are the nematic order parameters and o; and o», the smectic order parameters.
vy and L22 are the nematic interaction parameters of the pure components whereas,
V> represents the cross-nematic interaction between the dissimilar mesogens, which
is defined as

N (76)

Kyu et al.. [11] have derived equations for the order parameters s, and s> and
o, and oz, which depend on the volume fraction, smectic cross-interaction strength
(f) and the nematic interaction parameters (VJJ, V22, and v;2). v,y and v, aregivento
be inversely proportional to temperature. Induction of smectic A phase is critical
about the temperature dependence of the coupling term involving cross-nematic
interaction (c or v;2), and the cross-smectic interaction parameter which is present in
the equation 7.6 Relative strength of the cross-nematic interaction of the dissimilar
mesogens with respect to similar mesogens is represented by the value of c. If the
value of ¢ is less than 1, the cross interaction is wesk, thus the nematic phase is
favored and no smectic phase is induced. When c is greater than 1, where
cross-interaction becomes stronger than that in the same mesogens, the nematic
becomes more stable in the mixture relative to that in the pure constituent nematics.

This situation gives rise to an Induced Nematic Phase  Depending on the magnitude



of the coupling between the cross-nematic interaction parameter ¢ and the cross

smectic interaction parameter # a smectic phase may be induced in a nematic mixture.

The interaction parameters associated with the Flory-Higgins theory do affect
the induced nematic phase boundaries, though there is some effect on the induced
smectic boundaries (the width of the induced smectic boundary changes with FH
interaction parameters). Similar to the McMillan parameter «, the liquid crystal phase
transition occurs in the smectic-nematic-isotropic sequence when f is greater than
196 (keeping ¢ = 1.2 as constant). Different phase diagrams had been obtained by
Kyu et al,, [11] with the proper choice of parameters. For example, when 3 changes
from 1.2 to 15, the stability of the ISP increases and the convexity of the smectic-
isand formed gets dightly sharper. When £ increased to 2, the smectic-isotropic
transition occurs in the intermediate compositions without passing through the
nematic phase. In the high compositions of either constituent, the transition occurs
from an isotropic to the pure nematic, through the |+N coexistence regions in the
descending order of temperature. It is interesting to note that the induced nematic
phase in the I+N regions is more stable than that in the pure components. This model
was able to reproduce the experimental phase diagrams of certain ISP's with a
reasonably good precision. The experimental phase diagram and theoretically

evaluated temperatures are plotted in figure. 7. la.

Kyu et a., [11] have evaluated temperature dependent order parameters in the
mixtures, as a function of composition (figure 7.1b). From the order parameters the
free energy of anisotropic ordering (figure7.2) and the phase diagram were calculated.
The concave free energy curves obtained for the mixtures suggest that the nematic
phase is more stable in the mixture as compared to that, in the pure state. Upon
lowering the temperature, a subtle change in the curvature was noticed at certain
intermediate compositions. This implies that the two free energy curves, attribute to
the induced nematic and smectic orderings. The anisotropic free energy is lowest at
the middle composition and at lower temperatures suggesting that the induced smectic

phase is most stable in the mixture.
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Figure 7.1. (a) Phase diagram of the binary mixture of 4-n-pentyl-4 cyanobiphenyl and
4-n-methoxy azoxybenzene in compared with the calculated coexistence curves for induced
nematic and induced smectic coexistence phase boundaries (b). Temperature dependence of
the nematic and smectic order parameters for a mixture comprised of two nematic liquid
crystals with Tn; = 60 °C: Th,= 50 °C: ¢ = 12 and f 15 exhibiting an ISP for two
compositions @,=0.5 (dashed lines) and @, - 0.75 (solid lines) [11].
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Figure 7.2. Variation of combined nematic and induced smectic free energies versus
composition at various temperatures for a mixture of two nematic liquid crystals with
Thiy= 60 °C: Thy2=50 °C: c= 12.and f - 1.5 [11].
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7.1.4. Experimental observations of I nduced Smectic Phases

It is known that the induced smectic A (A;) phases, which have the maximum
thermal stability for the mixture with a 50 mole percent composition usualy results
[3,14,15,16]. These types of compounds are used in practically al mixtures of
technological importance and care must be taken to avoid the occurrence of the
induced smectic A phase in the operational temperature range of the displays.
However, it is advantageous if the induced smectic A phase occurs a low
temperatures, which usually decreases the value of K;»K;;, the ratio of bend and
splay elastic constants [17,18], thus increasing the sharpness of the electro-optic

response of voltage in TN devices.

Different types of induced phases are observed in the literature [3]. Nematic or
smectic phases may be injected to the system containing non-mesogenic compounds.
For this to happen, at least one component should have a distinct anisotropic shape.
The shape of the molecule should alow, for the compound to be included into the
category of quasi-mesogens and donors. The second component should have rather
strong acceptor properties. The phases of higher order are injected by acceptor-donor
interaction as described by Matsunaga et al., [19].

Alky! chain length, odd-even effects and polarity of the end group are the
crucial factors in deciding the type of induction, to take place. The incorporation of
shorter molecule into the free space between the bulky swallow tailed-ends of the

mol ecul es injects the smectic A phase [3].

Induction of the smectic phase is accompanied by changes in the transition
temperatures, transition enthalpy, entropy, volumes, densities, specific heat capacities,
viscosities and elastic constants [1-3]. Non-additive changes in the density, with
mixing, lead to changes in properties like the refractive index and dielectric
properties. These changes are found to be non-linear with composition. The volume
averaged order parameter is also independent of the concentration. Loosening of

nematic phase occurs due to steric efTects, though the underlying induced smectic A is



not disturbed {3]. Compounds with even alky! chains are more smectogenic than the
odd ones.

7.1.5.Nematic gap

Another important observation, which is exactly opposite to the induced
smectic phase, is known as, the ‘nematic gap' [3]. While ISP refers to the stability of
the smectic order, nematic gap refers to the destabilization of the smectic order and a
transformation of the system to a system of lower order (nematic). This phenomenon
occurs in the binary mixtures of two polar systems, where one possesses a monolayer
smectic A1 phase and the second, a bilayer smectic A4 phase. Chemica structure and
the layer organization of the constituents play a crucial role in destabilizing the
smectic order If the layer spacing and molecular organization of constituents is very
different, the probability of the formation of the nematic gap is more. Another
important factor is connected with the direction of the dipole moments. If the
orientation of the dipole moments of the linking groups is in accordance with the
dipole moment of the terminal group, a nematic gap appears. 1t has also been
experimentally observed that the systems exhibiting such nematic gap shows lower
transition enthalpies for the transitions between Sa-1 and SA-N phases. The ratio of
the transition temperatures 7s./Tsn is aso very smal for both compounds of the
mixture forming nematic gap. It is generally observed, that the mixture of a two ring
polar smectic A, system with a short aiphatic end chain and two-or-three ring polar

smectic Ag compounds with longer aliphatic chain could create a nematic gap.
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7.2. Frustration, Dimerization and M olecular

Dynamics in Induced Smectic Phases

7.2.1. Introduction

Frustration and reentrance are connected to each other in condensed phases,
which indicates the presence of wide a variety of conflicting goals arising from
random interactions in a many body system. Frustrated liquid crystalline phases are
different from normal mesophases in terms of their short-range structure and transport
properties [20]. Before going to the microscopic dynamic behavior of the frustrated
liquid crystals it is useful to define the term frustration in liquid crystals and the other
systems.

7.2.2.Frustration

Ising Hamiltonian of N spins a N sites, with random nearest neighbor
interactions reveals, the nature of the frugtration in any physical many body systems.
The statistical mechanics of this system reveals a sharp transition in the limit, N tends
to infinity, to a non-ergodic state the spin glass state, where different regions of phase
space becomes irretrievably separated by energy barriers. As the temperature is
lowered, these regions proliferate. Frustration is also found in the systems with
ferromagnetic and antiferromagnetic competing interactions on a square lattice.
When competing next nearest neighbor interactions are introduced, reentrant

transitions result. It typically occurs for a narrow range of coupling constants [20].
7.2.3.Frustrationin Liquid crystals

In liguid crystals, the reentrant transition occurs at the nematic-smectic A
phase ranges of temperatures. The Hamiltonian, in this case consists of two-particle
dipolar potential that has competing ferroelectric and antiferroelectric interactions.

The dipoles are oriented parallel to the layer normal. The system is analyzed in terms



of three dipoles or triplets. When dipolar forces between two cancel, the third dipole
experiences no force It is free to permeate from layer to layer, "frustrating” smectic
order However, by allowing displacements of the three dipoles relative to each other
in the layering direction, a population of triplets is generated that has net short range
dipole. They interact with neighboring triplets within a plane via short-range
antiferroelectric or ferroelectric interactions thus stabilizing the layered structure. The
energy fluctuations associated with an ensemble of triplets can be evaluated. |If an
Ising criterion is satisfied, it is concluded that the ensemble stabilizes a layered
structure.  1f the criteria cannot be satisfied, it is concluded that a disordered state
prevails (nematic). Berker [21-24] calls this theory of frustration, the spin-gas model
instead of spin-glass model, due to the fact that the medium is liquid.

7.2.4.Mean fieldand Frustration strategies

In the mean fidd strategy with competing interactions, the system
democratically chooses a compromise state in which dl the members of the system
are slightly unhappy [20]. In contrast. in the frustration strategy, the system chooses a
configuration where al the members are localy satisfied. After the locally satisfied
regions are brought into contact, the magnitude in the energy fluctuations is
monitored. If these are large, the system is unfrustrated and orders to find the
optimum configuration. If these are small, no solution exists and the system is called
frustrated.

Entropy is important for stabilizing many body systems that have a large
number of degenerate states. The members of the frustrated system are not locked
into a single state and hence, contribute to the entropy but not the symmetry. In
reviewing the Berker theory [21,22,23,24] the picture that emerges is that the
reentrant nematic in polar compounds is a frustrated smectic A (no solution) or a
frustrated nematic phase. 1t is not non-ergodic since it is a three dimensiona fluid. In
order to set up their ensemble of triplets, notches are installed in each layer. The
notches allow them to consider configurations where dipoles are displaced on atomic
length scales out of the layer In this scheme, when two dipoles are in an

antiferroelectric orientation and in the same notch, there is a near cancellation of
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forces between the "dimer" and the third member of the triplet that is now free to
permeate parallel to the layers. The triplet does not stabilize a layered phase structure.
Triplets that are displaced relative to each other, have a net dipole and so can stabilize

a layered structure through short-range ferroelectric or anti ferroelectric interactions.

Using a criterion from the distorted Ising system and classifying the energy as
strongest, intermediate and weakest and monitoring variance in the energy, stability
can be defined. When the sign of strongest and intermediate interactions are the
same, the dominant interaction stabilizing the layer is ferroelectric, associated with
smectic A; and when opposite, it is anti ferroelectric, associated with Aqg. If the
criterion cannot be satisfied, then the nematic state results (disordered state). The
frustration theory with the inclusion of next nearest neighbor interactions and
orientational order seems to be a better theory for a better understanding of frustrated

liquid crystal phases and incommensurate phases of liquid crystals.

7.2.5. Dimerization and theformation of thel SP

Due to the large dipoles present in the polar molecules, two polar molecules
form a dimer and hence an incommensurate layer spacing is possible [20]. As the
dimer proportion increases in the layered mesophase, the dipolar interactions
stabilizing the layered phase would be weakened, and eventually the smectic stability
collapses, which leads to the formation of the nematic phase at the cost of smectic
regions. By mixing two liquid crystals of different length scales or polarities, the
dipolar interactions can be enhanced and the formation of layered phases at the cost of
nematic phase is also possible. While the weakening of dipolar forces forms the
reentrant phases, strengthening of dipolar phases leads to induced smectic phases
(ISP). The dipole-induced dipole interactions are found to be the major dipolar forces
responsible for the ISPs. The dimerization is limited to the extent that the proportion
is not sufficient to collapse the dipolar attractive forces. When this limit is exceeded
either by changing the ratios or by varying the temperature, the ISP loses its stability

and forms an island of the smectic Ap phase.



7.2.6. Roleof thealky/ chainson the stability of the frustrated phases

The connection between phase stabilities and interactions is studied by various
researchers [1] The pressure studies by Cladis et al., [25], on some pure liquid
crystals have revealed that the maximum pressure a smectic Ay phase supported was a
sensitive function of the number of methylene groups interacting in the smectic
layers. In the frustration picture, presumably, the fewer the number of methylene
groups, the less deep the potential minima associated with the notches and the more
susceptible the system is to permeation. The theories by Cladis et a., [20], Gray and
Lydon [26] and Leadbetter et d., [27] had described various schemes of dimer

formation and bilayer structures.

Dowell [28] had explained various features such as different orientational and
positional ordering found in the nematic, smectic A, reentrant nematic, multiple
smectic A, and smectic Ay phases. A model consisting of hard repulsive rods, inter
molecular site-site segmental attractions arising from London dispersion forces and
oft repulsion of semiflexible chains aong with dipole-dipole and dipole-induced
dipole interactions in the polar molecules was developed by Dowell. A general
partition function derived via combinatorial lattice statistics, for condensed phases
with partial or total orientational and positional ordering of the molecules was
introduced. In this, partition function can be in one, two or three dimensions,
permitting the modeling of nematic, smectic A and ordered smectic phases. The
relative stabilities of isotropic, nematic, smectic A, and reentrant nematic phases are
studied as a function of temperature, tail flexibility and chain length. Moreover,
thermodynamic and ordering properties like the smectic A order parameter, core and
tail intermolecular orientational order parameters, density and entropy were also

calculated using this generalized model.

Relative stabilities of isotropic, nematic, reentrant nematic, smectic A], and
smectic Ay phases were explained by a molecular theory proposed by Dowell [29].
These stahilities were discussed as a function of temperature, pressure, chain length

and flexibility, and orientational and positional order of the molecules for different
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phases. The explanation for the formation of frustrated phases based on end chain
length is given in the following paragraphs.

Very long chain lengths

At a high enough temperature 7, the system volume V is large enough for the
molecules to pack randomly, and thus the drive for maximum entropy leads to the
existence of a stable isotropic phase. As 7'is lowered, V decreases, and the molecules
must order partialy to fit in the volume. There is thus a transition to a stable nematic
phase. As T decreases V decreases further, and there is a weakly first order transition
to a stable Sa phase (in this case for very long termina chains, it is the Saa phase). In
the Saq temperature range tails are flexible and /" issmall enough for the molecules to
pack with the lowest energy, i.e., cores tend to pack with other cores and tails pack
with other tails. The semiflexible tail chains bend and twist well around each other,
but do not pack well with the rigid cores. As T decreases even further, there is a
transition from Saq to a low temperature nematic phase. As T decreases, the tall
become less flexible and more closely resembles a rigid extension of the rigid core.
The difference in packing cores and tails thus decreases, the need for segregated
packing of cores with cores and tails with tails, diminishes and is now overcome by
the entropy of unsegregated packing, thereby leading to the reappearance of a stable
nematic phase. This transition is precipitated by subtle changes in the flexibility on
the end chains. This is evidenced by the fact that, while the end chains are less
flexible at the transition, they are dill somewhat flexible and are certainly not

completely rigid as shown by Dowell in his theoretical studies.

Intermediate chain length

The theoretical results obtained are similar with the above results except that
the higher temperature N phase has been replaced by an Sa; phase. At these lengths
the differences in packing cores and tails is large enough to force a total positiona
alignment of oriented molecules. As T is lowered, the tails become less flexible and

the differences in packing cores and tails decrease initially just so, that some



positional aignment is needed and finaly, no positional alignment is needed

(reentrant nematic phase).
Very short chains length

No stable smectic A phases are observed, when terminal chains are very short,
consistent with the experimental observations. When the number of segments in the
terminal chains are less than that of the number of segments in the core, the packing
of the tail segments seems to act as a minor perturbation to the packing of the cores-so
minor that the segregated packing of cores with the cores and tails with the tails in an
Sa phase is no longer necessary, and the drive to maximize entropy, favors the more
disordered nematic phase over a smectic A phase. Effect of chain length on the

formation of ISP is shown in figure 7.3b.

7.2.7. Factorsresponsiblefor thel SP in themixture of 8CN+7BCB

Details of the parameters responsible for the induction and reentrance of new
phases in the binary mixtures of liquid crystals are discussed in section 7.1, Details
particular to the binary mixtures exhibiting an induced smectic A¢ phase and pure
nematic systems 7BCB (4-cyanobiphenyl 4-heptylbenzoate) and 8CN (4-cyanopheny!
4-octylbenzoate) would be discussed briefly, with the aim of highlighting microscopic
features, which influence molecular dynamics in these systems. The phase diagram of
the liquid crystal mixture of 8CN and 7BCB is shown in figure. 7.3a

X-ray investigations carried out by Dabrowski et al.. [3] on the binary
mixtures of 8CN and 7BCB revealed the presence of cybotactic smectic like clusters
with a size of around 30 A in the nematic phases with underlying smectic As phases.
It is also observed that the layer spacing in the induced smectic A4 phase is also of the
same order These studies confirmed not only the presence of dimers but also the
frustrated nature of nematic phases, which have underlying smectic Ay phases The
theoretical explanation given for frustrated nematic phases of 8CN and 7BCB and the
induced smectic phase of their mixtures with the experimental evidences on these
systems would be discussed here. Dabrowski et a., have compared and used Berker's
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spin gas model, as well as Longa and de Jeu's mean field model, in explaining the

induction of the smectic Ay phase.
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Figure 7.3. (a). Phase diagram showing ISP in the binary mixture of nematic liquid crystas
8CN and 7BCB. (b). Enhancement of the Sze of the “induced smectic island” due to end
chain length in the binary liquid crystal mixtures (nOCB; n =4, 5, 6. 7. 8, 10, 12 in 7CBB)
[3]. Similar enhancement is observed in the case of 7BCB + nCN mixtures aso.

Induction of the smectic Ay phases in the binary mixture 8CN+7BCB is
controlled by many parameters. Both 8CN and 7BCB have no smectic phases in the
pure form. A mixture of these shows a smectic A4 isSland surrounded by a nematic sea.
The pure compound 7BCB has the tendency to form the smectic A4 phase, which is
generaly high in the longer chain A/BCB systems. Similarly, the chain length and the
polarity of the end group of 8CN are significant in forming the ISP (similar to
nOCB + 7CBB mixtures). If chain length is decreased in the nCN system, the size of
the idand shrinks. The polar end group in the system 8CN is also important in the

formation of the smectic A4 phase in order to change the monomer-dimer equilibrium



aready present in the pure 7BCB system. The steric interactions cause a cage effect
for short molecules. Steric forces prohibit close packing of the host molecules
(7BCB) and cause the existence of cavities in the host structure, to be filled by short

molecules of guest compound (8CN).

The role of alkyl chain length, very important in the case of these systems is in
agreement with the mean field model proposed by Longa and de Jeu [10] and the
frustrated spin gas model proposed by Berker [21-23]. These also consider the akyl
chain length, an important factor The presence of molecules with long akyl chains
in these systems, provide a possibility for different conformations, thus stabilizing the
smectic As phase caused by the denser packing of molecules in layers due to the
ability of these paraffin sublayers to prevent the molecules from moving between
layers. This view is consistent with the observations that long chain polar molecules
form smectic Aq phases Figure 7.3b shows the effect of chain length on the ISP in a
similar system (7CBB+nOCB) With the increase of length of the akyl chain, the
size of the induced smectic idand increases Even in the systems the minimum chain

length (#>7) needs to have a smectic A4 phase,

de Jeu and Longa's model [10] postulates the need of monomers and dimers in
stabilizing the smectic Aq phase by effective packing. Calculations made by
Madhusudana [30] show that longer molecules with termina polar group (like 7BCB)
associate (dimers) themselves in an anti-parallel direction forming the partially
bilayered structure with a layer spacing of about 14 times of the molecular length
(figures 74 and 7.5). The concentration of the dimers increases with a decrease in

temperature

One of the crucia factors deciding the stability of the smectic A4 phase is the
concentration of dimers. There is a critical range of dimer concentration required for
the formation of a smectic Aq phase. Another factor is the packing of the dimers,
which in turn is controlled by the temperature. At lower temperatures an unfavorable
packing of dimers leads to a disappearance of the smectic Ay phase. Moreover. a

high temperatures, reduction in the dimer concentration as well as the increase of



thermal disorder leads to the disappearance of the smectic Aq phase. Thus, a smectic

idand is formed surrounded by the nematic sea [3].

Smectic A, Fhase Smeclic A, Phase

Smectic A; Phase
Figure 7.4. Organization of molecules in smectic A, phase and the typica layer spacing of
about 1.4d (d is the molecular length). Other types of smectic A phases (smectic A, and
smectic A;) areaso shown [ le].

Comparing with the pure 7BCB and 8CN, the dimer concentration is
necessarily more in the case of the mixture, since a parallel alignment of molecules
becomes difficult, due to the steric interactions between the molecules having
different lengths. This is the prime reason for the induction of the bilayer smectic A4
phase. The concentration of dimers does not seem to increase with the addition of
8CN in 7BCB

Similarly, Berker's spin gas model can aso explain the induction of the
smectic Aq phase in the binary mixture of 8CN and 7BCB. In contrast to the mean

field theory, Berker's theory does not consider the role played by the 8CN monomers



and 7BCB dimers individually and considers them as parts of the ‘correlated triplet*

which is formed due to the dipolar short range ferroelectric or antiferroelectric order

Figure 7.5. Formation of dimers caused by a quadrupolar coupling between the longitudina
dipoles. Molecular structure and dipoles of typica liquid crystal molecules with cyano end
groupareasoshown[ 1¢€).

According to the frustration theory this triplet association is energeticaly
favorable and leads to the minimization of energy, which is necessary for the
formation of the induced smectic Ag phase. Molecules in this triplet occupy
energetically preferred positions (notches) in the direction of the long molecular axis
(z-axis). The number of such notches depends on the length of the alkyl end chains.
Depending on entropy and energetic properties, the triplets may or may not combine,
to form a percolating network or a smectic (Aq) layering in the x-y plane. The layer
spacing and pair length in this model have a statistical nature, which is connected with

the concentration of the constituent molecules and their microscopic configurations.



Theoretical calculations of the pair potentials for the nearest neighbor
molecules in the triplet, had been made by considering van der Waals forces (which
favor parald, ferroelectric ordering) and steric forces (which favor antiparallel,
antiferroelectric ordering of molecules). Since both these forces are expected in the
molecular system, a competition of these factors is characterized by the ratio B A
(B/A<1refers to the domination of the steric force and B A>\ refers to the domination
of the van der Waals attractive forces). Here, A reflects the term of the chain-chain
van der Waals attraction and hindrance, and B reflects a dipolar interaction. Short
molecules with a strong steric contribution leads to a value of B/4, close to 2. For

longer molecules the value of B/A is close to 15.

The phase diagram obtained for the ISP are similar to the phase diagrams
predicted by the theoretical model of Markov [31], Indekeu and Berker based on the
spin-gas model. These observations can be summarized, by saying that the structures
of the smectic A phases of different kinds are determined by a fine balance between
repulsive steric forces and attractive forces resulting from localized or distributed
dipoles of the molecules, as well as dispersion interactions of rigid cores and aliphatic
chains. Another important parameter involved in the stability of the smectic Aq phase

isa/l, where a, is the average lateral separation and /. the molecular length

In the present system, (8CN+7BCB) and in similar systems (#»CBB+nOCB)
the steric forces increase, by mixing the molecules of dissimilar lengths and the
average value of a// increases, by mixing the shorter system 8CN with the long
molecular system 7BCB. Such a situation favors smectic Ay phase. Though both the
models seem to explain the induced the smectic Ay phase in the present mixtures,
dielectric measurements on certain systems, show higher values of changes in the

dielectric constants, than the values predicted by the de Jeu and Longa's model.

The controversy over the selection of the modd is an open question, which
cals for experimentation, in order to understand the microscopic behavior of the
molecules. NMRD can provide clues to understand the microscopic behavior of these
systems. The nature of the pure system 7BCB, which has a smectic Ay forming

tendency is also an important factor to be considered. Increasing the length of the end
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chain (8BCB) as well as mixing the shorter polar molecule 8CN plays amost the
same role. This virtual smectic Ay nature of the pure system 7BCB can be studied by
the NMRD technique in order to understand the molecular level processes, leading the

system to have such a tendency.

7.2.8. Molecular dynamicsin frustrated phases

The various degrees of freedom of the molecule are treated in the previous
chapter, and their contributions to the spin relaxation were discussed in detail as a
function of end chain structure. 1t is known that due to the modulation of the
inter-proton dipolar interaction, spin-lattice relaxation is sensitive to the following
mechanisms, namely director fluctuations (DF), smectic layer undulation modes (LU),
self-diffusion (SD), rotations about the short axis (R) In the case of frustrated phases
having dimers and clusters, there are additional mechanisms [36,37], which are also

important in mediating spin relaxation.

The following properties of smectic A4, are expected to show their signature in
the NMR relaxation also. First the existence of the mixture of monomers and dimers
in the smectic A4 phase, in a given percentage, in which dimers would combine and
dissociate in pairs of head-to-head molecules after a mean life-time [34]. Secondly,
the existence of aggregates of three or more molecules which, due to the anti-parallel
paring form a frustrated system [21-24]. In these aggregates, several molecules can
permeate within the microscopic range, thus releasing the frustration of the remaining
molecules, as described by Netz et al., [35,36,37]. X-ray studies on the systems
having a strong polar group show that the nematic phases retain locally, some of the
smectic order observed in the underlying smectic A mesophases. In the smectic A4
phase, too, a creation and segregation of groups of molecules leads to a Lorentzian

like contribution [36], to the spin relaxation.
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7.3. NMRD study of the polar liquid crystal 8CN

Molecular structure of the polar liquid crystal, 4-cyanophenyl4-octylbenzoate
(8CN) is depicted in the figure 7.6.

H7Cy @ COO —@ CN

Figure 7.6. Molecular structure of the liquid crystal 8CN.

The strong polar nature of the molecule is due to the end group CN. This system has
an alkyl end chain with 8 carbon atoms. The phase sequence of 8CN is given below.
45°C 53 °C
Crystal—— Nematic. . ... ... | Isotropic
This system has a very narrow nematic phase range and has no smectic phase,

between isotropic and solid phases.
7.3.1. Experimental Details

The system 8CN was procured from Prof. R. Dabrowski (Military Technica
Academy, Warsaw, Poland) and used without further purification. The sample was
sealed under vacuum (107 Torr) after removing the dissolved oxygen, by the freeze-
pump-thaw method. Phase transition temperatures were verified with the ohserved
changes in the amplitude and shape of the FID. In order to orient the nematic director
of the system paralel to the Zeeman magnetic field, samples were heated to the
isotropic phase first, and slowly cooled to the temperature of 50 °C, where the NMRD
experiment was performed. Proton NMRD data was collected in the frequency range
of 50 kHz, to 3 MHz using the fidd cycling NMR spectrometer built as a part of this
thesis. Further, high frequency NMRD data from 3 MHz to 50 MHz was collected,
using a home built conventional NMR spectrometer The data point at 3 MHz was

collected using both the spectrometers as a check.
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Inversion-recovery rf pulse sequence, and saturation-burst rf pulse sequence
were used on the conventional pulsed NMR spectrometer. Inversion-recovery //pulse
sequence and single pulse methods were used on FCNMR spectrometer depending on
the magnetization available for detection. The details of the pulse sequences and the
data fitting procedures have been presented in chapter-1. The estimated errors in 7)
measurements at frequencies below 1 MHz is found to be less than 7% and above
1 MHz are is around 5%. Temperature was controlled, employing a gas-flow type
cryostat and a home built P1ID controller, within 0.1 °C on the conventional NMR
spectrometer and within 0.2 °C on the FCNMR spectrometer. Temperature dependent
data at the spot frequencies at 4, 10, 20, 30, 40 and 50 MHz were collected throughout
the nematic phase and to some extent in isotropic and crystal phases. This work was

done in collaboration with another researcher in the same group.

NMRD data obtasined on pure nematic liquid crystal 8CN a 50 °C from
40 kHz to 50 MHz is depicted in figure 7.7.
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Figure 7.7. Proton T, as a function of Larmor frequency (NMRD) in the nematic phase of
pure 8CN at temperature 50 °C.
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The NMRD data plotted in the logarithmic scale has the following features. T;
values ranging from 36 milliseconds at 40 kHz to 315 milliseconds at 50 MHz are
obtained. 7, show asmall variation from 40 kHz to 150 kHz and the slope increases
from 200 kHz to about 10 MHz. There is another region with a still higher slope seen
from 10 to 50 MHz. Thus, T, behavior with frequency show three regions with
different slopes, and this suggests that at least two or three mechanisms are
responsible for the relaxation. Temperature dependent data in 8CN a spot
frequencies show (Figure 7.8) a very interesting behavior, through a transition from

one phase to the other.
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Figure 7.8. Proton spin-lattice relaxation time(7',) as a function of temperature in 8CN

In the isotropic phase of 8CN, the relaxation time generally shows increasing
T; values with an increase in temperature. The slope of temperature dependence
seems to increasing with a decreasing frequency  Temperature and freguency
dependence of 1) in the isotropic phase from 4 MHz to 50 MHz is as expected, as the
general behavior seen at the high frequency regime (w | 1) in liquid crystas.
Interpretation of temperature dependent data is not straight forward, since many
different contributions to the relaxation rate compete with the orientational
fluctuations. Self-diffusionis one such mechanism, responsible for the temperature

and frequency dependence at high frequencies Since there are many non-eguivalent
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protons in each molecule, which are fixed in the alkyl end chain and the aromatic

core, which may lead to different correlation times

7.3.2. Dataanalysis

It is well established, that the proton 7) measurements in nematic phases are
expected to show dominant contributions to./,(w) from the three mechanisms (DF, R
and SD), which are essentialy distinguished by their characteristic frequency and
temperature dependent behaviors. The total spin lattice relaxation rate (Rj7o)

therefore, can be written as

Rm,c =Rpr + Rl.‘m + R]R (7.7)

Detailed expressions for each contribution has been given in the chapter-5.
The data was analyzed, fitting them to the above equation using the non-linear least
square analysis based on the Levenberg-Marquardt algorithm [38].

7.3.2.1. Nematic Director fluctuations(DF)

The NMRD data analysis was done for 8CN using two different approaches
for DF contribution. The first method is based on the one constant approximation
(isotropic eastic constants model). The second method is based on the anisotropic
elastic constants model, using a generalized expression [39] incorporating al the
modifications made by Brochard [40], Vold and Vold [41], and Blinc et al [42] on the
Pincus model [43].

Isotropic elastic constants model

In the first method, elastic constants are fixed asK;; = Kz = K33 - 10 dyne.
For the director fluctuations with lower and upper cut-off frequencies, the model
parameters are the amplitude 4pr, lower cut-off frequency .y and upper cut-off
frequency, v-r.  The well known sgquare-root frequency dependence on the relaxation

time between upper and lower cut-off frequencies. is the basis for the identification of
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the DF contribution. The physical significance of the lower cut-off frequency is
conflicted, due to the presence of dipolar fields, and hence it is difficult to correlate
vz With the generally assumed domain size. Details of the theoretical formulation of

this model have been given in chapter-5.
Anisotropic elastic constants model

In the second procedure (called the anisotropic elastic constants model, or the
generalized model) an expression, considering the influence of upper and lower
cut-off wavelengths for the director modes as wel as the anisotropy in elastic
constants was used in calculating the DF parameters. Based on this model, the

relaxation rate due to director fluctuations (R;,r)is given by

= ; 7.8
Rior =Apr ZA J_JF;[ Dan A D, Jm) B /("”[.»,«-4":) " [(B.:f"'[nl)] ( )

where

285k, T
A A)y—=—
or < f(A) (27)°

The cutoff frequencies are given by

K\q:onay K.q )
Vinya = 5 and v, S

il )

2rn, 2rn,

The values of viscosity coefficients 77, and 1, were assumed to be 0.5 P.
Though these values differ from compound to compound and are temperature
dependent, the order of magnitude remains the same if the molecular structure is
essentially similar. Four parameters connected with R;pe, Viz. Az, Az, Azcn @nd ADF
are evaluated from the NMRD data. In the fitting program, the input variables
connected with the cut-off wavelengths are given in terms of wave vectors (¢’s). The
equations connecting wave vectors, cut-off frequencies and cut-off wavelengths have

also been described in chapter-5. The subscript 1 in the term Ay refers to the
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direction perpendicular to the director (and aso perpendicular to the long axis of the

molecule). The subscript z refers to the direction parallel to the nematic director.

7,3.2.2. Rotationsabout the short molecular axisand Self-diffusion

In the case of rotations about the short molecular axis, the explicit mode
parameters used, are the amplitude (" and the rotational correlation time 7z assuming a
simple BPP type [44] contribution. It is assumed that in the present NMRD analysis
between 50 kHz to 50 MHz, these fag motions can contribute with a frequency
independent behavior. Comparing with the strong SD contribution, which shows a
frequency dependence in the current frequency range, faster rotations are difficult to
detect. Keeping in mind, the importance of the parameters connected with the
rotations about the short axis, and the complications involved in fitting so many
parameters with the data available in the narrow frequency region, contributions from
faster rotations are not considered. in mode fitting. The three contributions, DF, SD
[45] and R about the short axis are sufficient, to explain the NMRD data in the 8CN
system.

7.3.3. Resultsand Discussion

Isotropic elastic constants model

The frequency dependent relaxation rate (R ///))at 50° C in the nematic
phase of 8CN was fitted to an equation, assuming a contribution from all the three
dynamic processes, viz., SD, R and DF. The data analysis is performed based on the
one constant approximation with an assumption that K;,=K»=Ks:=1e‘dyne. The
vaue of Apr and the lower cut-off frequency were varied to get a good fit.
Contributions from various mechanisms to the measured R, data are shown in figure
7.9. The DF contribution is quantified by the constant A, =10.81x10"® S? in the case
of the one constant approximation method. The estimation of upper cut-off frequency
becomes difficult in this case. A constant value, corresponding to an upper cut-off

frequency of about 640 MHz was given in the modd fitting in order to get a good fit.



The lower cut-off frequency calculated from the analysis is 57.8 kHz, and the
corresponding upper cut-off wavelength for the director modes is about 1470 A. The
physical significance of the lower cut-off frequency is conflicted in the literature [5]
due to the presence of dipolar fields, and hence it is difficult to correlate lower cut-off
frequency (v-)with the generally assumed domain size. In the case of pure 8CN,
which is a strong polar compound the lower cut-off frequency is higher than the value
obtained for the genera nematic liquid crystals. This system has a very narrow
nematic phase of just about 8 °C and hence the pretransitional effects due to transition
from isotropic and to the crystal phase probably complicate the low frequency

dynamics.
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Figure 7.9. Various contributions (R;pr. Risp. Rir) [7.7] to the experimental spin-lattice
relaxation rate (R,=1/T;)in the nematic phase of 8CN at temperature 50 °C. In evaluating

[7.8] the contribution from DF (R,p) isotropic elastic constants are assumed.

A qualitative picture of the NMRD fitting in the nematic phase of 8CN reveals
that the DF mechanism dominates the spin relaxation upto 40 MHz and SD becomes
dominant only from 50 MHz. Rotations about the short axis, with frequency
independent behavior from 40 kHz to 4 MHz and with a frequency dependent

behavior from 5 MHz to 50 MHz, is seen alongwith the DF contribution. SD
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becomes more important than R, from about 11

dominating mechanism from 50 MHz.

MHz and becomes the most

DF and SD contribute equally a around

45 MHz, where R has a negligible contribution. The dynamic parameters obtained

from thisfit are summarized in table 7.1.

Table 7.1
Isotropic elastic Anisotropic elastic
Mode Parameters Constants model constants model
Nematic director fluctuations (DF)
K;:(in 10™ dynes) ] 0.7
K22 (in 10 dynes) 1 0.35
K33 (in 10° dynes) 1 0.95
Apr(in 10° 57) 1175 5.95
g-at (in 10° 1/Am) 4.263 5.3786
Sear (iNkHz ) 58 87
Acen (iNA) 1470 1168
G-e» (in 107 1/Am) 45 3.66
feen (in MH2) 640 404
Az (iNA) 14 17
Gucn (in 10" 1/Am) 3.96 4.6
Jien(in MH2Z) 499 674
Aser (iNA) 16 13.65
Translational sdf-diffusion (SD)
B (in10°s7%) 456 4.37
D(in10"" m’s™) 3.63 2.64
Rotations about the short axis (R)
C(in10"s7) 4.42 3.17
7z (in 107 s) 85 9.13

The DF domination upto 30 MHz is well supported by the temperature
dependent data (figure 7.8) of the nematic phase in 8CN. The 7) data from 4 to
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30 MHz, shows an amost temperature independent behavior, which is very much
consistent with the result obtained in favor of DF mechanism in the NMRD model
fitting. The temperature dependent 7, data a 50 MHz. is very different from the
lower frequency 7, data (from 4 to 30 MHz), which shows a stronger temperature
dependence. This is also consistent with the outcome of the NMRD data analysis,

which shows SD, asthe dominant mechanism at 50 MHz.

The correlation time obtained for rotations about the short molecular axis in
the nematic phase of 8CN is 8.5x10” seconds. The contribution to the total relaxation
rate from R is given by C =4.42x10* s'. In the case of self-diffusion, the model
parameter B (the amplitude) is equal to 4.37x10 * s, and D (the average diffusion
constant) is equal to 2.645x10"° m? s Diffuson starts showing its frequency
dependence only at a very high frequency Though this method is indirect in nature,
when compared to the field gradient NMR method, the values obtained here are
comparable with the D values obtained from the direct methods, in nematic liquid

crystals.

Anisotropic elastic constants model

In the second method, with the anisotropic elastic constants (K;,= 0.7x107%,
K>>=0.35x10"® and K3;=0.95x 10 dyne) model for DF contribution gives a dightly
different picture The model fitting to equation 7.7.is shown in figure 7.9. The elastic
constants are taken from the literature [46,1h] for 7CN and extrapolated for 8CN
following the similar procedure followed for 40.m systems. The order parameters,
density and refractive index anisotropy are available in the literature [46], which are
useful in estimating the elastic constants. The constant A, quantifying the DF
contribution in 8CN is 5.94x10 2 which is much smaller than the value obtained
from isotropic elastic constants model. The lower cut-off frequency in this case is
87 kHz. The upper cut-off frequencies in the directions parallel and perpendicular to
the director are 4.04x 10® Hz and 6.74x 10° Hz, respectively. The parameters obtained
from both these methods are given in table 7.1. Different contributions to the

experimental relaxation rate are shown in figure 7.10.
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Figure 7.9, Various contributions (R;pr. Ri;sn. RIX) |7.7] to the experimental spin-lattice
relaxation rate (R,=1/T))in the ncmatic phase of 8CN at temperature 50 °C. In evaluating
|7.8] the contnbution from DF (R,;r) anisotropic (experimental) elastic constants model is

considered

The correlation time obtained for rotations about the short molecular axis in
the nematic phase of 8CN is 9.13x10® seconds. The contribution to the total

relaxation rate from R is quantified by the value " = 3.17x10% 5™,

The correlation
time and the value of (, for rotations, do not change with the choice of DF model. In
the case of self-diffusion the model parameter B. is equal to 4.37x10° s, and ), the

average diffusion constant is equal to 2.645x10™° m? 5™,

From the NMRD data fitting one can quantify the percentage contributions of
the various dynamical processes DF, SD and R at different frequencies. Though the
dynamic parameters corresponding to the DF modes are different with the choice of
the modd used, the relative contribution did not change much in the analysis of 8CN.

The percentage contributions are given below.



1. At 40 kHz, the contribution from DF mechanism to the tota relaxation is about
81%, which is same in the case of both the models. The contribution from R and
SD are about 11% and 8%, respectively. At 100 kHz, the contributions from DF,
R and SD are about 80%, 11.5%, and 8.5%, respectively.

2. At 500 kHz, 75% is from DF mechanism and 15% and 10% comes from R and
SD respectively. This trend continues upto 5 MHz, where R starts showing
frequency dependence with a decreasing contribution.  The contributions at
1 MHz (70%, 17% and 12% from DF, R and SD, respectively) is very different
from the contributions at 10 MHz (54%, 26%, and 19% from DF, SD and R).

3. The contribution from SD and R become equa a 5 MHz From 20 MHz, the
contribution from R becomes negligible. SD and DF contribute equaly to the
spectral density at 40 MHz. At the highest measured frequency (50 MHz), the DF
contribution becomes 44% and 51.5% relaxation is due to the SD mechanism.
This view is consistent with the strong temperature dependence, characteristic of
SD, seen in the T data at higher frequencies at 50 MHz.
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7.4. NMRD study of frustrated nematic liquid crystal
7BCB

Molecular ~ structure of the polar liquid crystal, 4-cyanobiphenyl
4-heptylbenzoate (7BCB) is depicted in figure 7.10.

Figure 7.10. The molecular structure of the liquid crystal 7BCB.

This system has three benzene rings and an alkyl end chain with 7 carbon
atoms. The phase sequence of 7BCB is given below.
90 °C 222 °C
Crystal -————Nematic——Isotropic

This system has a very wide nematic phase range (132 °C) and has no smectic phase

between the isotropic and solid phases.

7.4.1. Experimental Details

The system 7BCB was aso procured from Prof R. Dabrowski (Military
Technical Academy, Warsaw. Poland) and used without further purification. Sample
preparation method and experimental details are described in the section 7.3. Proton
NMRD data was collected in the pure nematic sysem 7BCB a a spot temperature
120 °C in the frequency range from 40 kHz to 3 MHz using the field cycling NMR
spectrometer. The high frequency NMRD data from 3 MHz to 50 MHz was collected
using a home built conventional NMR. spectrometer.

The estimated errors in 7; measurements at frequencies below 1 MHz are
found to be less than 7% and above 1 MHz, around 5%. Temperature was controlled
employing a gas-flow type cryostat and a home built PID controller within 0.2 °C on
the conventional NMR spectrometer and within 0.4 °C on the FCNMR spectrometer.
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Temperature dependent data at the spot frequencies at 4, 10, 20, 30, 40 and 50
MHz was collected throughout the nematic phase. NMRD data obtained on pure
nematic liquid crystal 7BCB at 120 °C from 40 kHz to 50 MHz is depicted in figure
7.11. The NMRD data plotted in the logarithmic scale has the following features. T
values ranging from 79 milliseconds at 40 kHz to 1000 milliseconds at 50 MHz are
obtained 7, shows a smaller variation from 40 kHz to 400 kHz and the slope
increases from 600 kHz to about 3 MHz There is another region with a smaller slope
seen from 3 to 50 MHz. Temperature dependent data in 7BCB at spot frequencies
show (Figure 7.12) a very different behavior in the nematic phases, when compared to
the data in the previous system 8CN. Above the isotropic to nematic phase transition

the relaxation time shows strongly decreasing 7 values.

The temperature dependent data in the nematic phase of 7BCB is similar in dll
experimental frequencies. The data shows a strong temperature dependent behavior,
which is an indication of very strong contribution from SD process. The nematic 7}
data of 7BCB from 10 to 50 MHz shows a similar variation with temperature, after

the formation of the crystal phase near the transition.

7.4.2. Data analysis

7,4.2.1. NMRD model for frustration and other dynamics

Different models used in the analysis of NMRD data in order to evaluate the
contributions from DF, SD and R about the short axis are described in the chapter -5.
Here, the additional mechanism called " Frustration" and the theoretical procedure to
evaluate the dynamic parameters related to this specia kind of mechanism seen in the
frustrated liquid crystal phases, alone will be described.

It is known that [3] the nematic syssem 7BCB has the smectic-forming
tendency and was considered as the 'virtual smectic Ag phase'. X-ray studies on the
systems having strong polar group show that the nematic phases retain localy, some
of the smectic order observed in the underlying smectic A mesophases. The existence

of aggregates (clusters) of three or more molecules, which form due to the
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anti-parallel paring form a frustrated system. In these aggregates, several molecules
can permeate within the microscopic range thus releasing the frustration of the

remaining molecules as described by Netz et al., [26].

As mentioned in the section 7.2, there is an additional mechanism which
contributes to spin-lattice relaxation in the systems having dimers and frustration. An
additional term is used by Sabastiao et a., [36] in order to incorporate this
contribution. This additional term for the frustrated nature of the medium (with a
notation, F) is used in this NMRD analysis. In the present analysis BPP type

expression (same as R about short axis) is used for this contribution.

Thus, the proton 7; measurements in the nematic phase of 7BCB are expected
to show dominant contributions to J;(@w) from the four mechanisms (DF, R, SD, and
F), which are essentially distinguished by their characteristic frequency and
temperature dependent behaviors. The tota spin lattice relaxation rate (R;7x)
therefore, can be written as

Ry = Rpp+Rigp + Ry + R (7.9

IR

The data was analyzed, by fitting to the above equation using the non-linear least
square analysis based on the Levenberg-Marquardt algorithm [38].

In the case of frustration contribution (F) and rotations about the short
molecular axis (R),the explicit model parameters used, are the amplitudes F and C
and the rotational correlation times z; (the subscript cs refers to the creation and
segregation of the molecular associations) and zz, assuming a simple Lorentzian like
contribution (BPP) [44]. Comparing with the strong DF, R, F and SD contributions,
which show frequency dependence in the current frequency range, the faster rotations
are difficult to detect, with their frequency independent nature. Keeping in mind, the
importance of the parameters connected with the rotations about the short axis, and
the complications involved in fitting so many parameters with the data available in the
narrow frequency region, the contributions from faster rotations are not considered, in
modd fitting.
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7.4.3. Results and Discussion

The frequency dependent relaxation rate (R - 1/7)) a 120 °C in the nematic
phase of 7BCB was fitted to the equation (7.9) The value of Aprand the cut-off
frequencies were varied to get a good fit in the case of DF, and correlation times .
and 7.; along with the other parameters B, D, C and F were varied in the case of the
other three mechanisms  The DF contribution is quantified by the constant
Apr=19x10° g2 This value is much smaller than the value obtained for 8CN. It is
observed in the literature that the presence of frustration and dimerization leads to a
decrease in the DF domination [3]. The lower cut-off frequency calculated from the
analysis is 6.4 kHz, and the corresponding upper cut-off wavelength for the director
modes is about 4428 A. Contributions from various mechanisms to the measured R;

data are shown in figure 7.13.
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Figure 7.13. Various contributions (Rins Risp. Rix and Rir) (eqn. 7.9) to the experimenta
spin-lattice relaxation rate (R,=1/T;) in the nematic phase of 7BCB a temperature 120 °C. In
evauating (eqn.7.8) the contribution from DF (R,.) the isotropic eagtic constants are
assumed.



The upper cut-off frequencies and wavelengths for DF modes are calculated
from the g values obtained from the NMRD analysis. Upper cut-off frequency in the
direction parallel to the director is 135 MHz, and in the direction perpendicular to the
director is 117 MHz. The corresponding wavelengths representing the smallest
possible wavelength of the DF modes are 30 and 32.7 A, respectively in the directions
parallel and the perpendicular to the nematic director. The vaues obtained here are
consistent with the model assuming the presence of the smectic like clusters of three
or more molecules. The X-ray measurements in the nematic phases of binary
mixtures 8CN+7BCB have shown that, the molecular aggregates of size 33.6 A is
present in the system. The smectic Aq phase formed in the mixture showed layer
spacing of about 335 A. These results that the virtual smectic Aq phases forms
dimers and clusters. It is aso known that the clusters present in the nematics with an
underlying smectic A4 increases [37] the value of K;; making the €elastic constants K,
and K33 almost equal. This situation makes the one elastic constants model closer to

the rea situation.

A quantitative picture of the NMRD data analysis in the nematic phase of
7BCB reveals that the DF mechanism dominates the spin relaxation upto 3 MHz and
SD becomes dominant from 4 MHz onwards. SD domination from 4 MHz to 50 MHz
as observed in the NMRD analysis is well supported by the strong temperature
dependence of 7; in this frequency range. Rotations about the short axis, with
frequency independent behavior from 40 kHz to 200 MHz and with a frequency
dependent behavior from 200 kHz to 3 MHz, is seen alongwith the DF and SD
contributions. SD becomes more important than R, from about 700 kHz and becomes

solely responsible for the dispersion seen in the data, from 20 MHz.

The dynamic process of creation and segregation of molecular aggregates
termed here as the frustration (F) is important from 1 MHz to 10 MHz, where the total
effect of DF, SD and F contributions, is responsible for the NMRD data variation.
Though the contribution from F is less than SD and DF at this frequency range, this
contribution is necessary to fit the NMRD data well. F contribution is frequency

independent up to 1 MHz and becomes frequency dependence from 1 to 10 MHz.
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The correlation time obtained for rotations about the short molecular axis in
the nematic phase of 7BCB is 0.175x10* seconds. The contribution, to the total
relaxation rate from R is given by C = 1.68x10” s”. In the case of self-diffusion, the
model parameter B, (the amplitude) is equal to 2.104x10 ° 82 and D (the average
diffusion constant) is equal to 2.548x107° m* s’. The value obtained for D here, is
comparable with the D values obtained in the nematic liquid crystals [1]. The
correlation time associated with the creation and segregation of the cybotactic smectic
clusters is 3.02x10® seconds. The constant quantifying the contribution from the

frustration term, F is 2.063x10” s'. The dynamic parameters obtained from this fit
aregiven in table 7.2.

Table 7.2. Dynamic parameters obtained from the NMRD analysis of 7BCB

Model Parameters Results obtained

K1 (in10° dynes) 1
K>3> (in10° dynes) ]
K3z (in 10° dynes) 1
Apr (in 10° 59 19
G-; (in 10° 1/Am) 148
feer (in kHz) 6.4
Zeen (iNA) 4428

en (in 107 1/Am) 21
feen (in MHZ) 138
Azt (in A) 30
Gch (in 107 1/Am) 192
Jien (in MHZ) 17
Aucn (inA) 32.74

Various contributions to the spin relaxation could be obtained by calculating
the percentage contributions at different frequencies.

377



1. At 40 kHz, the contribution from the DF mechanism to the total relaxation in the
nematic phase of 7BCB is about 63% to the tota relaxation, which is much
smaller than the value obtained for 8CN (81% at 40 kHz). The contribution from
SD, R and F are about 85 %, 23.5% and 5% respectively. At 100 kHz, the
contributions from DF, SD, R and F are about, 55.5%, 10%. 28%, and 6%
respectively.

2. At 500 kHz, 48% is from the DF mechanism and 25%, 7% and 10% result from
R, SD and F, respectively. In the case of 8CN the mgor mechanism at 500 kHz is
DF with 75% contribution. R starts showing frequency dependence from 200 kHz

onwards.

3. At 1 MHz, the contributions from DF, SD, R and F are 48%. 22%, 15.5% and
13%, respectively. The contribution from SD can be seen to be dominating over

R, at this frequency.

4. The contribution from SD and R becomes equal at 600 kHz. From 2 MHz, the
contribution from R becomes negligible. SD and DF contribute equaly to the
spectral density at 4 MHz.

5. SD and DF become equa (44% each) at 35 MHz and SD dominates a 10 MHz
than dl the other mechanisms. The percentage contributions a¢ 10 MHz are 60%
from SD, 35% from DF, 4% from F and 0 5 % from R

6. At 20 MHz, the contributions from R and F become negligible The contributions
from DF and SD are 26.5% and 72% respectively. At 50 MHz, 85% contribution
is from SD and 15% from DF The contribution from DF deviates from the square

root behavior a high frequencies.

7. At the highest measured frequency (50 MHz), DF contribution becomes 44% and
a 51.5% relaxation is results from SD mechanism. This view is consistent with
the strong temperature dependence, characteristic of SD, seen in the T\ data at
higher frequencies at 50 MHz.
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7.5. NMRD studies of the binary mixture of
70% 8CN + 30% 7BCB

Phase sequence of the binary nematic mixture of 70% of 8CN and 30% of
7BCB isgiven by

30 °C 60 °C 100 °C
Crystal—— Smectic Aq——— Nematic. . ......... Isotropic

This system has a nematic phase with a temperature range of about 40 °C and a
smectic Aq phase of about 30 °C in between the isotropic and crystal phases. This
composition is chosen for NMR study, since it has sufficiently wide nematic as well as
smectic Aq phases. It is important to understand the dynamics of the nematic medium,
which possesses an underlying smectic Ay phase and the one without this, in order to
get possible information about the factors responsible for the stability of the phases

with and without layering.

7.5.1. Experimental Details

The pure systems 8CN and 7BCB obtained from Prof. R. Dabrowski are used
to prepare mixtures of reguired mole concentrations Proton NMRD data was
collected in the frequency range of 20 kHz to 3 MHz using the field cycling NMR
spectrometer at temperature 84 °C.  The high frequency NMRD data from 3 MHz to
50 MHz was collected using a home built conventional NMR spectrometer. The
estimated errors in 7; measurements at frequencies below 1 MHz are found to be less
than 7% and above 1 MHz around 5%. Temperature was controlled employing a gas-
flow type cryostat and a home built PID controller within 0.2° C on the conventional
NMR spectrometer and within 0.4° C on the FCNMR spectrometer. Temperature
dependent data at the spot frequencies at 4, 10, 20, 30, 40 and 50 MHz was collected

throughout the nematic phase.
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NMRD data obtained on the nematic system of 70% 8CN + 30% 7BCB, from
20 kHz to 50 MHz, is depicted in figure 7 14. The NMRD data plotted in the
logarithmic scale has the following features.
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Figure 7.14. Experimental NMRD data in the ncmatic phase of binary mixture
70% 8CN + 30% 7BCB at temperature 84 "C. Error bars are also shown.

T, vaues ranging from 38 milliseconds a 20 kHz to 568 milliseconds at
50MHz are observed. T, shows a lesser dlope in the frequency from 20 kHz to 400
kHz and the slope increases in the range from 600 kHz to about 10 MHz. There is
another region with lesser slope seen from 10 to 50 MHz. Thus, the 7; behavior with
frequency shows three regions with very ditferent dopes suggesting that at least three
mechanisms are responsible for the relaxation. Above the isotropic to nematic phase

transition the relaxation times show a strongly decreasing trend.

The temperature dependent data in the nematic phase of the binary mixture is
shown in figure 7.15 The T, data in the nematic phase a high frequencies shows
stronger temperature dependence than the lower frequencies. In contrast to the strong

temperature dependent 7; data from 4 to 50 MHz in the nematic system 7BCB, and



almost no temperature dependent data below 40 MHz in the case of nematic phases of

pure 8CN, this system shows temperature dependence. which is intermediate
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Figurc 7.15. Temperaturc dgpendent 7, deta at three different frequencies in the binary mixture
of 709%8CN + 30%7BCB.

Temperature dependent data in the nematic phase also shows pretransitional
effects below the isotropic to the nematic phase transition, which leads to an increase
of T, with decreasing temperature. With increasing temperature, T, reaches a
maximum in the mid-nematic temperature range and finaly decreases at lower nematic

temperatures

7.5.2. Nematic Phase

It is important to mention here that the nematic phases as well the underlying
smectic Ag phases are frustrated in nature [20]. The existence of two processes, which
are described below, important to be considered as significant [36,37], in order to
explan NMRD in the smectic Ay phase as wel as in the frustrated nematic phase or in

the virtual smectic Aq phases.



1. Existence of a mixture of monomers and dimers in a given percentage, in which the
dimers would combine and dissociate in pairs of head-to-head molecules, after a mean

lifetime [3].

2. Existence of aggregates of three or more molecules which, due to the anti-parallel
paring would form a frustrated system. In these aggregates, severa molecules can
permeate within the microscopic range thus releasing the frustration of the remaining

molecules as described by Netz et al {35].

In the case of binary mixtures of 70% 8CN+30% 7BCB the situation is more
complex, since there are different factors responsible for frustration. Mixing two
molecules of different length scales, and the strong polar nature are the main sources of
frustration. Presence of dimers in the pure 7BCB is well known in the literature [3].
Formation of smectic like clusters is also expected in this nematic mixture. Assuming
the nematic phase of 8CN as a pure nematic system with no clusters and dimers, the
addition of the second compound 7BCB creates a new situation. This mixture should
have dimers of 7BCB. and molecules of different molecular lengths, a favorable
condition for the formation of clusters [3]. The first and second processes [36,37] are
possible in the case of this mixture. Thus, a considerable concentration of 7BCB in the
liquid crystal 8CN leads to two different mechanisms, which can influence the NMR

relaxation.

In the case of the induced smectic phase of this mixture one can assume both
the processes contributing to NMR relaxation. Thus, the proton 7; data in the nematic
phase as well as the induced smectic Ay phase are expected to show dominant
contributions to .J;(@w) from these four mechanisms (DF or LU, R. SD, and F), which
are essentialy distinguished by their characteristic frequency and temperature

dependent behaviors. Therefore, total relaxation rate (R;r,) can be written as

le = hpr JrRlsu + RR + RF (7.9)
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7.5.2.1. Results and Discussion

The frequency dependent relaxation rate (R 1 7,) a 84 "C, in the nematic
phase of the mixture was fitted to an equation assuming a contribution from dl the
four dynamic processes, viz., SD, R, F and DF. The vaue of 4,rand the cutoff
frequencies were varied to get a good fit in the case DF, and correlation times 7z, and
7, dong with the other parametersB, D, C and F were varied in the case of other
three mechanisms. Contributions from various mechanisms to the measured ¢, data

are shown in figure 7. 16
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Figure 7.16. Different contributions to the experimental spin-lattice relaxation rate (R,=1/T))
in the nematic phase of 70% 8CN + 30% 7BCB at 84 "C. The solid line connecting the data
points (closed circles) 1s the total relaxation rate calculated using the equation (7.9)

7.5.2.2. Dynamic parameters for DF modes

DF contribution is quantified by the constant 4,,-= 3.1733x 10° s This value
is much smaller than the value obtained for 8CN (A4, =11.75x10" s") and bigger than
the value obtained for the 7BCB (4, ~ 1.9x10" s* ). The lower cut -off frequency
cdculated from the analyss is 9.6 kHz. and the corresponding upper cut-off



wavelength for the director modes is about 3600 A. The uncertainty in evaluating the

dynamic parameters is about 10%

Upper cut-off frequency in the direction paralel to the director is 146 MHz,
and in the direction perpendicular to the director is 118 MHz. The corresponding
wavelengths representing the smallest possible wavelengths of the DF modes are
29.25 A and 32.66 A respectively, in the directions parallel and the perpendicular to
the nematic director. The values obtained here are consistent with the model assuming
the presence of the smectic like clusters of three or more molecules. The X-ray
measurements in the nematic phases of binary mixtures 8CN+7BCB showed that the
cybotactic clusters of size 33.6 A are observed [3]. The smectic Ay phase formed in
the mixture of 8CN and 7BCB aso showed layer a spacing of about 33.5 A.

A qualitative picture obtained from the NMRD data analysis in the nematic
phase of the mixture reveals that the DF mechanism dominates the spin relaxation upto
3 MHz and SD becomes dominant from 10 MHz onwards. Rotations about the short
axis, with a frequency independent behavior from 20 kHz to 200 kHz, and with a
frequency dependent behavior from 200 kHz to 6 MHz is observed aongwith the DF
and SD contributions. R seems to be equally important with the DF contribution in a
narrow region from 200 to 800 kHz, the most complicated region in the NMRD data.
The region between 200 kHz to 2 MHz is dominated by dl the four mechanisms with
their corresponding frequency dispersion

The lower values obtained for upper cut-off frequencies, shortens the square
root region of DF modes, leaving SD, the most important mechanism above 10 MHz.
The complicated behavior of temperature dependent data in the conventiona NMR
frequencies is due to the presence of different dynamic processes with their correlation
times ranging over only two decades. SD domination from 4 MHz to 50 MHz as
observed in the NMRD anaysis is well supported by the strong temperature
dependence of 7/, in this frequency range.
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7.5.2.3. Dynamic parametersfor SD, Rand F

The dynamic process due to creation and segregation of clusters as wel as
making and breaking of dimers is termed here as frustration (F), is important from 40
kHz to 20 MHz The contribution from frustration is important over SD from 40 kHz
to 12 MHz, with a frequency independent behavior and strongly responsible for the
NMRD data behavior from 1 to 20 MHz The contribution from F is less than SD and
DF from 3 MHz to 20 MHz; this contribution is necessary to fit the NMRD data well.

Table 7.3. Dynamic parameters for the nematic phase of 70% 8CN+30% 7BCB.

Model Parameters Results obtained

K (in10°° dynes) 1
tf (in 10 dynes) 1
Kz (in 10° dynes) 1
Apr(in 10 57) 3.1733
g (in 107 1/Am) 174
S (in kHz ) 9.68
Acen (iNA) 3600
Goer (in 107 1/Am) 2.14
feen (in MHz) 146
Azt (iNA) 29.25
oo (in 107 1/Am) 192
Joen (iINMHZ) 118
At (iNA) 32.36
B (in 10°s?) 5.229
D (in 10" m’s™) 35
C(in 10" 57) 0.503
7% (in 107 s) 14
F(in 10%s?) 0.914
Tes (in 10%s) 2.96




The dynamic parameters obtained from the NMRD fit in the nematic phase are
summarized in table 7.3. The correlation time obtained for rotations about the short
molecular axis in the nematic phase the mixture (70% 8CN + 30% 7BCB) is
0.141x 10" seconds. The contribution to the total relaxation rate from R is given by
C= 1 68x10" s In the case of self-diffusion, the model parameter B (the amplitude)
is equal to 5.03x10 ® ¢ and D (the average diffuson constant) is equa to
351x 10" m* s The vaue obtained for D here, is comparable with the D values
obtained in nematic liquid crystals and dightly higher than the value obtained for pure
7BCB  The correlation time associated with the creation and segregation of the
cybotactic smectic clusters and dimers is 2.97x10” seconds. The constant quantifying
the contribution from the frustration term, F is 9.14x10" s™', which is much higher than
the value obtained for the pure system 7BCB. This shows that the contribution from
the frustration phenomenon increases in the nematic phase of the binary mixture of
70% 8CN + 30% 7BCB, which has an underlying smectic Ay phase. It is aso
important to mention here that the DF contribution, which is very strong in the case of
pure 8CN, becomes weaker by adding 30% of the molecules with a smectic-forming

tendency.

7.5.2.4. Percentage contributions

Relative contributions to the spin relaxation can be obtained by calculating the

percentage contributions.

1. At 20 kHz, the contribution from DF mechanism to the total relaxation in the
nematic phase of the mixture of 70% 8CN+30% of 7BCB is about 53% to the total
relaxation, which is much smaller than the value obtained for 8CN (81% at 40
kHz) and pure 7BCB (around 62% at 40 kHz). The contribution from SD, R and
F are about 7.5 %, 28.5% and 11% respectively. Contribution from R becomes
very important a low frequencies, though it is haf the value of the DF in the
lowest frequency studied. At 100 kHz, the contributions from DF, SD, R and F
are about, 44%, 9%, 33.5%, and 13% respectively
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2. At 300 kHz, 36.6% is from the DF mechanism and 35.5% arises from R SD and F
contribute about 11 5% and 16.5% respectively.

3. At 1 MHz, the contributions from DF is 34% and the second dominant mechanism
F contributes about 25% to the total relaxation. R and SD contribute about 22%
and 19% respectively.

4. At 5 MHz, R becomes the least important mechanism with a 3% contribution. SD
becomes the most important mechanism with 44%. DF and F contribute to about
34% and 18.5% respectively.

5. At 10 MHz, 59% is from SD and 1% from R DF contributes to about 30% of the
total relaxation and F, about 9%.

6. At 20 MHz, the contributions from R and F become negligible. The contributions
from DF and SD are 24% and 73% respectively. At 50 MHz, 86% contribution is
from SD and 13.5% from DF. The contribution from DF deviates from the square

root behavior at high frequencies due to the lowering of upper cutoff frequencies.

7. At the highest measured frequency (50 MHz), DF contribution becomes 44% and
a 51.5% relaxation results from the SD mechanism. This view is consistent with
the strong temperature dependence, characteristic of SD, noticed in the 7; data at
higher frequencies at 50 MHz.

7.5.3. Smectic A, phase

NMRD data collected in the smectic Ay phase is shown in figure 7.17. NMRD
data in the logarithmic scale clearly shows three different regions with very different
dopes. The first region from 40 kHz to 200 kHz shows variation with a lesser sope
than the region succeeding it, from 300 kHz to 4 MHz This intermediate frequency
region shows a steep variation. T, data in the smectic As phase shows a strong
temperature dependence than the nematic phase This suggests that SD is the most

dominating mechanism, in the conventional NMR frequencies from 4 MHz to 50 MHz
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Figure 7.17. Experimental NMRD data in the smectic A; phase 70% 8CN + 30% 7BCB at

temperature 52 °C. Error bars arc also shown.

NMRD data in the smectic As phase is fitted, considering the mechanisms LU,
R, SD and F, the model parameters of which are explained in chapters 5 and 6 and
section 7.4.  Smectic layer undulations (LU) are considered with their linear
dependence on frequency. The NMRD data obtained in the Smectic A, is fitted to the

equation 7.10 and the contributions from different dynamics are shown in figure 7.18.

Ry =Ryy +Rg, + Ry + R, (7.10)

The qualitative picture of the modd fitting clearly demonstrates the importance
of the F contribution, which is very important to fit the NMRD data in the smectic A4
phase. Layer undulations (LU) are important to fit the lowest frequency data below
100 kHz, though the magor part of the spectrum for LU is not observed since
experimental NMRD data was not collected below 40 kHz. The low frequency region
from 40 kHz to 400 kHz is explained by rotations about the short axis. R contribution
shows a frequency independent behavior from 40 kHz to 200 kHz and shows a
frequency dependence from 200 kHz to 7 MHz.
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Figure 7.18. Various contributions to the experimenta relaxation rate (R, —1/7,in the binary
mixture of 70 % 8CN + 30 % 7BCB. The solid line connecting the data points (closed circles)
is the caculated relaxation rate using the equation 7.10. Different contributions (LU. SD, R
and F) evauated arc dso shown.

F contribution shows a dominance over other mechanisms from 400 kHz to
about 15 MHz. This contribution is very important though it is frequency independent
in the low frequency region from 40 kHz to 1 MHz. From 1 MHz to 20 MHz, the F
contribution becomes frequency dependent. SD contribution is the least important
contribution at 40 kHz, and starts dominating the other mechanisms gradually when
frequency is increased. SD becomes more important than DF from 100 kHz and also
dominates R from 1 MHz, findly dominating dl the other mechanisms from 2.5 MHz.
From 10 MHz onwards the smectic Aq data is completely dominated by the SD
contribution.  Though one cannot completely rule out the possibility of the
contributions from rotations about the long axis as well as the conformational jumps,
which are expected to show frequency independent contributions, in the present
anaysis, no attempt is made to obtain information about the such a faster rotations,

due to the constraints in varying the number of parameters.



Table 7.4. Dynamic parameters evaluaied from the NMRD analysis of the smectic Aq
phese of the binary mixture of 70 % 8C + 30 % 7BCB.

Model Parameters Results obtained
B (in 10" s?) 31
D (in 10" m’s™") 0.92
C(in 10"s?%) 839
7% (in107s) 194
F(in 10%s?) 2.04
s (in 10%s) 411

The dynamic parameters obtained from the anaysis are given in table 7.4.
Typicd error in evaluating the parameters is about 10% in the case of smectic Ay phase
aso (but for the LU parameters). The correlation time obtained for rotations about the
short axis is 1.938x 107 seconds and the constant C = 8.39x107 s which is higher than
the values obtained in the nematic phase of the same system. The contribution from F
is quantified by the correlation time 4.1x10" seconds and the constant
F=2.046x10 s . The F value obtained in the nematic phase is an order of magnitude
smaller than the present value. But the correlation time is amost same. The dynamic
parameters for LU are difficult to evaluate since the contribution from LU is very weak

in the present frequency range.

Relative contributions can be quantified by calculating the percentage
contributions. The percentage contributions are given at certain frequencies, where the

results show considerable variations.

1. At 30 kHz, the LU mechanism contributes 36.4% and R contributes 35.7%. 18%

results from F and only 9% from SD.



At 60 kHz, LU fals 10 22% and R becomes the most dominant mechanism with a
43% contribution. F and SD contribute to about 23% and 12% respectively

Layer undulations become just 8% at 200 kHz, where R contributes about 47%,
followed by F with 29% SD contributes around 15% to the total relaxation at 200
kHz

At 500 kHz the F mechanism dominates dl the other mechanisms with 39%. R
follows the F with 36% and SD and LU contributes about 21% and 5%
respectively.

. At 2 MHz, R and LU become very less with 10% and 2%, respectively F and SD
become amost equal with 45% and 43%.

At 6 MHz, SD becomes the most dominating mechanism with 76.5%. 20%
contribution isdueto F. LU and R are negligible, from 6 MHz onwards (1.5% and
2%).

SD contribution becomes 90% a 10 MHz, 95% a 15 MHz and 98% at 30 MHz
and the remaining relaxation is due to F and LU. At 50 MHz, 99.3% of the spin
relaxation is mediated bv the sdf-diffuson mechanisms.



7. 6. NMRD studies of the binary mixture of
40% 8CN + 60% 7BCB

Phase sequence of the binary nematic mixture of 40% of 8CN and 70% of
7BCB is given by
72 °C 108 °C 156 °C
Crystal—————Smectic Ag. ... ... ... Nematic————Isotropic

The system has a nematic phase with a temperature range of about 48 "C and a smectic
A4 phase of about 36 °C in between the isotropic and crystal phases. This composition

is chosen for NMR study since it has a smectic Ay phase with maximum stability.

7.6.1. Experimental Details

Proton NMRD data was collected in the nematic phase of this mixture at
temperature 116 ° C, in the frequency range of 50 kHz to 3 MHz using the field
cycling NMR spectrometer. The high frequency NMRD data from 3 MHz to 40 MHz

was collected, using a home built conventional NMR spectrometer
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Figure 7.19. Experimental 7, data as a function of frequency in the nematic phase of binary

mixture 40% 8CN + 60% 7BCB at temperature 116 °C Error bars are also shown.
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The estimated errors in 7, measurements at frequencies below 1 MHz are
found to be less than 7% and above 1 MHz less than 5%. Temperature was controlled
employing a gas-flow type cryostat and a home built PID controller within 0.2" C on
the conventional NMR spectrometer and within 0.4 T on the FCNMR spectrometer
Temperature dependent data at the spot frequencies at 4, 10, 20, 30 and 40 MHz were
aso collected NMRD data obtained on the nematic system of 40% 8CN + 60%
7BCB, from 50 kHz to 40 MHz. is depicted in figure 7 19 NMRD data plotted in the

logarithmic scale has the following features
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Figurc 7.20. Temperature dependent 7 data at three different frequencies in the binary mixture

of 40% 8CN + 60% 7BCB

7, values ranging from 117.6 milliseconds a 50 kHz to 975 milliseconds at
40 MHz are observed /) show a larger slope in the frequency from 50 kHz to 400
kHz and the slope decreases in the range from 400 kHz to about 10 MHz. There is
another region with lesser slope seen from 10 to 40 MHz. The temperature dependent

data obtained in the binary mixture is shown in figure 7.20.



The temperature dependent data in the nematic phase of this mixture shows a
behavior, similar to the one seen in the pure system 7BCB, but the temperature
dependence is not as strong as in the case of 7BCB, near the I-N transition. The data
at 10 MHz shows weaker temperature dependence than the 40 MHz data. In contrast
to the strong temperature dependent /; data from 4 to 50 MHz in the sysem 7BCB
and almost no temperature dependent data below 40 MHz in the case of pure 8CN,
this system shows a temperature dependence intermediate between them, but more like
7BCB. Temperature dependent data also shows pretransitional effects below the
isotropic to nematic phase transition, leading to an increase of 7, with decreasing

temperature

7.6.2. Data analysis

7.6.2.1. Nematic Phase

The frequency dependent relaxation rate (R - / T,) a 116 'C in the nematic
phase of the mixture was fitted to an equation, assuming a contribution from dl the
four dynamic processes, viz.,, SD, R, F and DF (equation 7.9). The vaue of 4, and
the cut-off frequencies were varied to get a good fit in the case the DF, and correlation
times . and 7., aongwith the other parameters B, D, C and F were varied in the case
of other three mechanisms. Contributions from various mechanisms to the measured

R, data are shown in figure 7 21
7.6.2.1.1. Dynamic parameters for DF modes

DF contribution is quantified by the constant ADF = | 4x10° s This value is
much smaller than the value obtained for 8CN (ADF = 11.75x10™ ¢ and for the other
mixture with 70% 8CN and 30% 7BCB (A;x=l1 75x 10 8. It is interesting to know
that the value is dightly smaller than the value obtained for 7BCB (4,.=1.48x10s?).
The lower cut-off frequency calculated from the anadysis is 23 kHz, and the
corresponding upper cut-off wavelength for the director modes is about 7392 A
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Figurc 7.21  Different contributions to the experimental spin-lattice relaxation rate (R,=1/T))
n the nematic phase of 40% SCN + 60% 7BCB at 116 "C The solid line connecting the data
points (closed circles) is the total relaxation rate calculated using the equation 7.9.

The upper cut-off frequencies and wavelengths for DF modes are calculated
from the g values obtained from the NMRD analysis. Upper cut-off frequency in the
direction paralel to the director is 115 MHz, and in the direction perpendicular to the
director is 127 MHz The corresponding wavelengths representing the smallest
possible wavelengths of the DF modes are 33 A and 31.42 A respectively, in the
directions parallel and perpendicular to the nematic director. The values obtained here
are consistent with the modd assuming the presence of the smectic like clusters of
three or more molecules. The X-ray measurements in the nematic phases of binary

mixtures 8CN+7BCB shows that the cybotactic clusters of size 33.6 A is observed [3].

A quadlitative picture obtained from the NMRD data analysis in the nematic
phase of the mixture reveas that the DF mechanism dominates the spin relaxation upto
2 MHz and SD becomes dominant from 2 MHz onwards. Rotations about the short
axis, with a frequency independent behavior from 50 kHz to 700 kHz, and with a



frequency dependent behavior from 200 kHz to 10 MHz is observed aong with the
DF, SD and F contributions

The lower values obtained for upper cut-off frequencies shorten the square root
region of DF modes. This leaves SD as the most important mechanism, from 10 MHz
SD domination from 4 MHz to 40 MHz as observed in the NMRD analysis is well
supported by the strong temperature dependence of 7, in this frequency range.

F contribution is smaller when compared to the contribution in the previous mixture.

7.6.2.1.2. Dynamic parameters for SD, R and F

The correlation time obtained for rotations about the short molecular axis in the
namatic phase of the mixture (40% 8CN + 60% 7BCB) is 7.58x10® seconds. The

contribution to the total relaxation rate from R, is given by C = 0.51x107 s

It is
necessary to mention here that the contribution from R is decreased drastically,
probably due to the presence of large number of dimers and clusters in the case of this
mixture. This composition has dl the ingredients (more concentration of 7BCB
molecules should increase the amount of dimer concentration and the presence of
considerable amount of 8CN provides steric hindrance due to the competing length

scales of the molecules in the mixture) to form stable clusters

In the case ofself-diffusion the model parameter 5 (the amplitude) is equa to
2.32x10”s?, and 1) (the average diffusion constant) is equal to 2 5x10™"" m? s'. The
value obtained for /) here is comparable with the D values obtained in nematic liquid
crystals [1]. The correlation time associated with the creation and segregation of the
clusters and dimers is 102x10" seconds. The constant, quantifying the contribution
from the frustration mechanism, F is 0.8x10” s, much smaller than the value obtained
for the previous mixture. This shows that the frustration phenomena decreases in the
nematic phase of the binary mixture of 40% 8CN + 60% 7BCB, which has a very
stable underlying smectic A; phase. From the NMRD data fitting the percentage
contributions of the various dynamical processes, DF, SD, R and F are caculated at
different frequencies. The dynamic parameters obtained from the NMRD fit in the
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nematic phase are given in table 7.5. The estimated error evaluating the parameters is

about 10%

Table 7.5. Dynamic parameters obtained from the NMRD analysis of the nematic phase
of 40% 8CN + 60% 7BCB.

Model Parameters Results obtained
K/ (in 10" dynes) 1
K55 (in 10" dynes) 1
K+ (in 10 dynes) 1
Ap-(in 107 579 14
g-1 (in 10° 1/Am) 0.85
F.i(inkHz) 23
A-n (inA) 7392
g-cn (in 107 1/Am) 1.9
F. (in MH2) 115
Azt (in A) 33
g e (in 20" 1/Am) 20
Fen (in MHZ2) 127
Azer(in A) 314
B (in 10°s?%) 2.32
D@n10" m? s 25
C(in 107s7?) 05
tt (in 10%s) 7.58
F@in 107s7) 08
s (in10%s) 102




7.6.2.1.3. Percentage contributions

Relative contributions to the spin relaxation can be obtained by calculating the

percentage contributions.

l

(")

At 50 kHz, the contribution from DF mechanism to the total relaxation in the
nematic phase of the mixture of 40% 8CN + 60% 7BCB is about 84%, to the total
relaxation. The contribution from SD. R and F are about 15 %, 5% and 1%
respectively. At 100 kHz, the contributions from DF, SD, R and F are about, 74%,
18%, 6%, and 1.5% respectively.

At 400 kHz, 60% is from DF mechanism and 8% results from R. SD and F
contributes about 29% and 2% respectively.

At 1 MHz, the contribution from DF is 51% and the second dominant mechanism.
R, F and SD contribute about 7.5%, 3% and 38% respectively. At 2 MHz SD
dominates DF mechanism with 48% contribution to the total relaxation. DF

contributes to about 45% while R and F become negligible.

At 5 MHz, R becomes the least important mechanism with 1% contribution. SD
becomes the most important mechanism with 61%. DF and F contribute to about

34.5% and 3.5% respectively.

At 10 MHz, 70.5% results from SD. DF contributes 27% to the total relaxation
and F contributes about 2.5%.

At 30 MHz, the contributions from R and F become negligible. The contributions
from DF and SD are 84% and 15.5% respectively. The contribution from DF is
deviating from the square root behavior at high frequencies due to the lowering of

upper cutoff frequencies.
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7. At the highest measured frequency (40 MHz), DF contribution becomes 87% and
12.5% relaxation is due to SD mechanism. This result is consistent with the strong
temperature dependence, characteristic of SD, seen in the 7/, data at higher

frequencies

7.6.2.2. Smectic A y4phase

NMRD data collected in the smectic A, phase is shown in figure 7 22. NMRD
data in the logarithmic scale dearly shows three regions with very different slopes
The firgt region from 50 kHz to 1 MHz shows a variation with lesser slope than the
region succeeding it, from 1 MHz to 4 MHz This intermediate frequency region
shows a very steep variation Temperature dependent data in the smectic Ay phase in
this frequency range shows strong temperature dependence than in the nematic phase
This suggests that SD is the most dominating mechanism in the conventional NMR
frequencies from 4 MHz to 40 MHz

1000 q=rrrrr— e —— — 7 1000
[y
1 . * ®
3 .
= 1
— 1 2
J o )
1004 o = 1100
] o 800 (8L 34 N
* 3
10 10° 10

Frequency (Hz)

Figure 7.22. Experimental NMRD data in the smectic A; phase 40% 8CN + 60% 7BCB at

temperature 80 "C. Error bars arc also shown



NMRD data in the smectic Ay phase is fitted considering the mechanisms LU,
R, SD and F (equation 7 10). Smectic layer undulations (LU) are considered with their
linear dependence on frequency Upper and lower cut-off frequencies for LU modes
are given as model parameters. Other three mechanisms R and F with their amplitudes
and correlation times are obtained from the analysis. In the case of SD, the two
parameters B and 1) (diffuson constant) are adlowed to vary The model fitting is
shown in figure 7.23.

R,(s™)

L s aaal

10°
Freguency (Hz)

Fgure 7.23. Various contributions to the experimentd relaxation rate (&2, / '/'}) in the Smectic
A, phase of the binary mixture of 40 % 8CN + 60 % 7BCB. The solid linc connecting the data
points (dosad circles) is the caculated rdaxation rate usng the equation 7.10. Differet
contributions (Ryi;. Risp. Rir and R;) evduated are aso shown.

Layer undulation (LU) modes are important to fit the lowest frequency data
below 100 kHz, though the major part of the spectrum for LU is not observed due to
the fact that the experimental NMRD data was not available for frequencies below
50 kHz. The low frequency region from 50 kHz to 2 MHz is explained by rotations
about the short axis. R contribution shows a frequency independent behavior from

50 kHz to 1 MHz, and shows a frequency dependence from! MHz to 20 MHz.
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F contribution shows a weaker contribution over the other mechanisms upto
500 kHz. and becomes important than SD and LU from 500 kHz to about 10 MHz
This contribution is very important in the high frequency region from 10 MHz to
40MHz with a frequency dependent contribution SD contribution is less important
than LU and R contributions a 50 kHz. and start dominating these mechanisms as the

frequency is increased

Table 7.6. Dynamic parameters evaluated from the NMRD andyss of the smectic A4
phase of 40% 8CN + 60% 7BCB.

Model Parameters Results obtained
B(in 10°s™) 5.58
D(in 10" m’ s 319
C(in 10%s7) 18
o (in10%s) 51
F(in 10%s7) 18
Trs (in 107 s) 2.8

At 100 kHz, SD becomes more important than R. From 10 MHz onwards the
smectic Ay data is completely dominated by the SD contribution 1t is not possible to
completely rule out the contribution from rotations about the long axis as well as the
conformational jumps, which are expected to show frequency independent
contributions in the high frequency region studied here. 1n the present analysis,
parameters connected with R about the long axis were not considered in the model
fitting, due to the exigting complications and the constraints in varying the number of
parameters 1t is aso difficult to obtain such a weak contribution, since the frequency

range of the data collected is not enough to detect and separate out such rotations.

The dynamic parameters obtained from the anadysis are given in table 7.6. The

uncertainty in the evaluation of the dynamic parameters is about 10%. The dynamic
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parameters connected with the LU mechanism are not presented here snce the
uncertainty is very high due to its weak presence over a very short frequency range.
The correlation time obtained for rotations about the short axis is 5.14x10" seconds
and the constant (7 = 1.8x10" s These are larger than the values obtained in the
nematic phase of the same system. The contribution from F is quantified by the

correlation time 1.02x 10™* seconds, with the constant F = 0 8x 107 s™".

Relative contributions can be quantified by calculating the percentage
contributions.
1 At 30 kHz, the LU mechanism contributes to about 36.4% and R, 35.7%. 18%

comes from F and only 9% are due to SD

2. At 60 kHz, LU fdls to 22% and R becomes the most dominant mechanism with
43% contribution F and SD contribute 23% and 12% respectively.

3. Layer undulations become just 8% at 200 kHz, where R contributes about 47%
followed by F with 29%. SD contributes 5% to the total relaxation at 200 kHz.

4, At 500 kHz the F mechanism dominates dl the other mechanisms with 39%. R
follows the F with 36% and SD and LU contributes about 21% and 5%
respectively.

5. At 2 MHz, R and LU becomes very less with 10% and 2% respectively. F and SD
become almost equal with 45% and 43% respectively.

6. At 6 MHz, SD becomes the most dominating mechanism with 76.5%. 20%
contribution is due to F. LU and R are negligible from 6 MHz onwards (1.5% and
2%).

7 SD contribution becomes 90% at 10 MHz, 95% at 15 MHz and 98% a 30 MHz
and the remaining relaxation is dueto F and LU At 50 MHz, 99.3% of the spin

relaxation is mediated by the sdf-diffuson mechanism.
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7.7. Conclusions

Molecular Dynamics as a function of Composition in
the Binary Mixtures of Polar Liquid Crystals

NMRD data analysis of the binary mixtures of 8CN and 7BCB and the pure
systems were discussed in detail taking the systems individually, in the preceding
sections, from section 7.3 to section 7.6. 1t was demonstrated that the individual
contributions mediating spin-lattice relaxation at different time scales could be

separated out by measuring proton NMRD data at a fixed temperature

It was also shown that temperature dependent 7) data is very useful in getting
clues about the type of dynamics dominating spin relaxation. For example, in the case
of the 7BCB pure nematic system, the strong temperature dependent 7) data a
conventiona NMR frequencies implied that SD could be the most probable
mechanism  This view was quantitatively established by the NMRD analysis. and the
sdf-diffuson constant (D) obtained from the NMRD was in agreement with the

values obtained from the direct methods, in similar systems.
7.7.1. Relaxation timesand composition

It is interesting to note the behavior of total relaxation in the pure systems and
their mixtures. Relaxation times as a function of frequency are plotted (figure 7.24a
and b) together to show the difference between the different nematic (figure 7.24a)
and smectic phases (figure 7.24b) of the mixtures and pure systems. Systems 1, II, IlI,
and IV refers to 100%, 70%. 40% and 0% of the system 8CN in the binary mixture
with 7BCB  The temperature dependence of the nematic 7) data in the pure systems
and the mixtures a& 30 MHz are shown in figure. 7.24c. The pure 7BCB show high
vaues of 7; with strong temperature dependence Pure 8CN shows quite an opposite

behavior i.e, 7 isvery short and temperature independent.
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Figure 7.24. Frequency dependent T, data in the nematic phases pure systems and
their mixtures are plotted together (a) Data obtained from induced smectic smectic

A, phases are plotted separately (b).
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Figure 7.24c. Temperature dependent relaxation times in the nematic phases of the
pure systems 8CN and 7BCB and their mixtures at frequency 30 MHz.
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7.7.2. Director fluctuations

The mode spectrum of DF modes in the nematic phase depends on many
factors which include visco-elastic properties of the medium, order parameter,
molecular length [47], domain size, temperature. formation of the cybotactic clusters
[34-36], odd-even effects, symmetry of the molecules and the degrees of ordering, in
the liquid crystalline system. Variation of Ay, as a function of the concentration of

7BCB in the mixture is shown in figure.7.25.

Figure 7.25. A as a function of mole % of 7BCB
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It isinteresting to note that the value of ADF does not show the linear behavior,
with concentration. The pure nematic system 8CN. which does not have the smectic-
forming tendency, shows the highest vaue of A4, Pure nematic 7BCB, which has a
smectic-forming tendency, shows the ADF value lower than 8CN. The mixture of 60%
7BCB with 40% 8CN shows an ADF value lesser than that of the pure 7BCB

From the studies of both 40.m systems, and the binary mixtures of 8CN and
7BCB, it can be said, that lower the 4, value, higher the stability of the nematic

phase. Absence of collective DF modes probably helps the medium to orient better,
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and a further reduction of temperature leads to the formation of smectic layers. The
theoretical results obtained by Kyu et al., [11] on the formation of induced smectic Aq
phases in the binary mixtures have clearly shown that the free energies go through
anomalous reduction in the regions where ISP is formed. The nematic phase in the

mixtures show a higher stability than the pure nematic systems.

The temperature dependence of the free energy curves, for the anisotropic
ordering of the nematic mixtures as a function of composition, obtained by Kyu
et al.,[ll]. These curves are depicted in figure 7.2 (section 7.1, page 345). The
concave free energy curve at 60 °C suggests that the nematic phase is more stable in
the mixture as compared to that, in the pure state. Upon lowering the temperature, a
subtle change in the curvature can be noticed at certain intermediate compositions.
This implies that, the two free energy curves, attribute to the induced nematic and
smectic ordering. The anisotropic free energy is lowest, at the middle composition
and at lower temperatures, suggesting that the induced smectic phase is most stable in

the mixture

The behavior of the 4+ shown in figure 7.25 has certain similarities with the
theoretica free energy diagram, though the correlation between A,,.- and free energy is
not direct in nature. The non-additive nature of the 4, values is similar to the
nematic free energy changes in the mixture. Lowering of the free energy probably

leads to reduction of the power spectrum for the DF modes, or vice versa.

This situation has similarities with the 40.m results on DF modes, where the
reasons are connected with the symmetry of the alkyl end chains. The highly stable
nematic system 40.4, having balanced end chains, has shown a weaker DF
contribution In the present binary mixtures, highly stable nematic phases with

smectic forming tendencies show similar effects.

The stability enhanced here is due to the interplay between the strong polar
interactions and the steric interactions of the molecules having different length scales.
In the case of 40.m systems the major effects are probably from steric factors

connected with the length of the akyl chain, since the only variation in the 40 m
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systems had been the alkvl end chain length. Dimers formed in the present mixtures
can be compared to a longer molecule having balanced end chains. Though a logica
explanation based on balancing effects on the DF modes is not straightforward in the
case of dimers, so many other factors such as the formation of cybotactic clusters,
frustration, competing length scales of the molecules and the consequent steric forces

complicate the nematic medium, once they are mixed.

From the values observed for 4~ and from the above arguments made based
on the other experimental observations, it is possible to conclude that, the systems
with higher nematic stability and higher values of the nematic order parameter. show
a weaker DF contribution. In the 40.m systems, higher stability coincides with
symmetry. Baanced end chains lead to better stability. probably due to the fact that
they show weaker collective director fluctuations. A;value for the non-symmetric
systems are higher than the values of 4. for the symmetric systems. In the mixtures,
the minimization of free energy in the nematic mixtures coincides with the reduction
in DF contributions. An increase in the order parameters is also observed in the

theoretical observations of the 1SP formation (Figure 7.1, page 345).

7.7.3. Self-Diffusion

Figure 7.26. Absolute contribution from self-diffusion
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Diffusion constants in the nematic phase are known to vary strongly with
temperature [1] In the present nematic mixture, diffusion parameters 8 and D show
nonlinear behavior. The diffusion constant /), and the parameter 8. which represent
the overal diffusion contribution, are plotted separately as a function of the
composition in the figures.7.27 and 7.26. The values of /) and B show a sharp
decrease at the composition where the induced smectic phase is very stable (60%
7BCB + 40% 8CN).

Figure 7.27. Self-diffusion constants in the nematic phases

40 T L K T T T T 1 T T T 40
-3
35+ “ 135
T
=
T B 130
=
= 2.5 L3 ® 425
20— 20

0O 10 20 30 40 50 60 70 80 90 100
Mole % of 7BCB in the mixture

7.7.4. Rotations

The correlation times obtained in the NMRD study (Figure 7.29) of the binary
mixtures agree well with the observations made in the dielectric studies (10°-10* s
are possible for the rotations about the short molecular axis) [1d. le]. Present studies
of the pure nematic 7BCB system show that the rotations about the short axis has a
correlation time of about 107 s, which indicates that the rotation is slower, in this
case. Detection of dow rotations is possible in the case of 7BCB probably due to the
weaker domination of the DF mechanism a these time scales In the pure 8CN
system, rotations are observed with a correlation time of about 10™s, which is about

one order of magnitude shorter than the correlation time seen in the pure 7BCB



systems. Shorter molecules are expected to undergo faster rotations about the short
axis. In the case of 7BCB, formation of dimers could be another reason for slow
rotations, since the effective average length of the dimer is about 14 times, the
molecular length. Over and above, the system 7BCB has three benzene rings and
hence the core of the molecule is longer than the core of the 8CN molecule, which has
two benzene rings. Nematic phases of the mixtures show intermediate values of

correlation times.

The values of the constant C are plotted as a function of composition in
figure.7.28. C is very low for the nematic system, showing a very high nematic
stability (60% 7BCB + 40% 7BCB) as wel as a smectic forming tendency. This
could be attributed to the theoretically expected lowering of free energy at this

composition.

Figure 7.28. Absolute contribution from rotations
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Figure 7.29. Rotaiond correlation times
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7.7.5. Frustration

It is known in that the formation and segregation of the dimers and clusters
also contributes to the spin relaxation in frustrated liquid crystals The clusters are
important for releasing the frustration in the system, locally This additional dynamic
process (also caled frustration or frustration dynamics) used in explaining the NMRD
data in the binary mixtures of the polar liquid crystals is important whenever dimers
and clusters of molecules are present. Though the relative contribution from this
frustration dynamics to the tota relaxation is very less, in the present study it was
demonstrated that this phenomenon is very useful in fitting the NMRD data in a better

manner.

The correlation time associated with this process and the corresponding
amplitude factor, F, are given in the tables, in the concerned sections The values of
the correlation time associated with this mechanism in the nematic phases of mixtures
and pure 7BCB varies from 1-3 x 10™® seconds. I[n the induced smectic phase it shows
a variation of one order of magnitude (the ISP formed in the mixture of 40% 8CN +
60% 7BCB shows the correlation time equal to 28 x10™ seconds and the other

4K)



mixture forming 1SP. 70% 8CN + 30% 7BCB shows the correlation time equal to
4x10™ seconds).

7.7.6. Percentage contributions

Some of the dynamic parameters obtained in the NMRD analysis and the
correlation times corresponding to different dynamics might not be accurate, since the
present method, for some of these parameters, is indirect in nature. There are direct
methods, which could provide information on one or two dynamic parameters. But,
NMRD analysis is the only method. which can handle severa dynamic parameters
over a large time window While handling such a wide variety of parameters, it is

natura to have an uncertainty, over some of these parameters.

Obtaining different dynamica contributions at different time scales is very
important an am of the NMRD studies, which can explain the nature of the
microscopic environment, responsible for the stability as well as, the properties of the
liquid crystalline medium. Keeping this in mind, an attempt is made to calculate the
relative percentage contributions of different dynamics present in the nematic phases
of mixtures and the pure systems. The results are presented in the figures
7.30a-7.30m. DF, SD, R and F contributions are shown in a single graph as a function

of concentration, for selected frequencies.

The binary mixture of 70% 8CN + 30% 7BCB behave very differently, when
compared with the other systems. Almogt dl the dynamic parameters behave very
differently at dl the frequencies plotted in the figures 7.30a to 7.30m (50 kHz,
100 kHz, 300 kHz, 500 kHz, 1 MHz, 15 MHz. 2 MHz, 5 MHz, 8 MHz, 10 MHz,
20 MHz, 30 MHz and 40 MHz) This particular nematic system has an underlying
induced smectic A4 phase with maximum stability This behavior can be attributed to
the enhancement of the nematic stability described as by the theoretica model
proposed by Kyu et al., [11]

411



Figure 7.30a. DF+SD+R+F contributions a 50 kHz
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Figure 7.30b. DF+SD+R+F contributions a 100 kHz
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Figure 7.30c. DF+SD+R+F contributions a 300 kHz
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Figure 7.30d. DF+SDfR+F contributions at 500 kHz
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Figure 7.30e. DF+SD+R+F contributions at 1 MHz
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Figure 7.30f. DF+SD+R+F contributions & 15 MHz
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Figure 7.30g. DF+SD+R+F contributions at 2 MHz
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Figure 7.30h. DF+SD+R+F contributions at 5 MHz
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Figure 7.30i. DF+SD+R+F contributions at 8 MHz
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Figure 7.30j. DF+SD+R+F cortributions & 10 MHz
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Figure 7.30k. DF+SD+R+F contributions a 20 MHz
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Figure 7.301. DF+SD+R+F contributions a 30 MHz,
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Figure 7.30m. DF+SD+R+F contributions at 40 MHz
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