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Preface

Molecular processes in complex fluids like liquid crystals differ qualitatively

among the various intermediate thermodynamic phases, and reflect subtle

changes in the molecular dynamic organization arising from differing char-

acteristic length and time scales in the medium. Details of such compet-

ing scales are valuable in understanding the criteria for stability of different

phases, and in appreciating the interplay of relevant physical variables in the

system via control parameter dependent couplings. Thus, experiments ex-

tracting such information on these processes are important, and techniques

employing differing microscopic probes have specific figures of merit, depend-

ing on their selective coupling to the medium. Magnetic relaxation exper-

iments, employing nuclear as well as electron spin probes, have been very

effective in this regard, owing to the monitoring of the molecular dynamics

by the concerned microscopic probes under resonant conditions. In this con-

text, the technique of measuring nuclear spin-lattice relaxation rates over

a wide frequency range, typically from 103 to 108 Hz (referred to as NMR

relaxometry in contemporary literature), in conjunction with their temper-

ature dependence, is now recognized for its uniqueness in mapping directly

the spectral densities of different molecular processes, with the time widow

of the probe residing precisely in the region of interest to complex fluids like

liquid crystals. The instrumentation to carry out such experiments itself

is novel, - requiring fast magnetic field-switching during the experiment so

as to convert an initial thermally equilibrated spin system into an appropri-

ately prepared non-equilibrium spin system evolving in the presence of very

low (chosen) magnetic fields. This technique is referred to as field cycling

NMR (FCNMR) relaxometry. The resulting dispersion profiles of nuclear

spin-lattice relaxation rates provide a challenging task of quantitatively in-

ferring about the time-fluctuations of different spin-couplings connecting the

spin sub-system to thermal bath, through suitable stochastic modeling of

the underlying molecular processes. It is with this perspective that the work

presented in this thesis was taken up.
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The thesis reports on the experimental observations through this meth-

odology, on two types of liquid crystal (LC) systems: 1H and 19F FCNMR

measurements on singly fluorinated tolanes and 1H measurements on two

liquid crystal systems embedded in a nano-porous medium formed by aerosil

matrix. The first study is aimed at comparing and contrasting the 1H and
19F spin-lattice relaxation rate dispersion profiles to infer on the quantitat-

ively different dynamic environments that these nuclei seem to probe due

to their fortuitously different relaxation mechanisms. The second study on

confined systems is directed to observing subtle changes in the molecular

processes near the porous surfaces, inducing slow components in the reori-

entational correlations. The thesis presents these results in several chapters.

This thesis comprises of seven Chapters, of which the first Chapter very

briefly explains the various types of liquid crystal systems, their physical

properties and the effect of confinement on their properties. The second

Chapter provides details of nuclear magnetic relaxation theory and molecular

dynamic models relevant to the bulk and confined liquid crystal systems. The

third Chapter recounts briefly the principle of FCNMR relaxometry, pulse

sequences specific to spin relaxation measurements in conjunction with simul-

taneous magnetic field switching to effect field cycling process, and technical

details of the instruments used in the investigations. The fourth Chapter

deals with spin-lattice relaxation rate measurements in two singly fluorin-

ated liquid crystals employing two nuclei (1H and 19F ) located on the same

LC molecule, bringing out significant deviations in the spectral densities

experienced by the two probes. The next two Chapters provide details of

surface-induced slow dynamic processes in two LC systems, realized by em-

bedding them in nano-porous medium. The last chapter summarizes the

conclusions of the work reported in this thesis.

Experimental findings on two fluorinated tolanes are reported in the

fourth Chapter. Here, we attempt to interpret qualitatively different spin-

lattice relaxation dispersions of two very similar nuclei with close gyromag-
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netic ratios (γH ≈ γF , within 6 %) in the isotropic phase of two liquid crystals:

4′-butoxy-3′-fluoro-4-isothiocyantotolane (4OFTOL) and 4′-butoxy-3-fluoro-

4-isothiocyantotolane (4OTOLFo). These LC systems have a large number

protons (1H) residing on the molecule and a lone member (19F ) attached

to its aromatic core. The latter has limited access to the lattice via the

usual dipolar interaction terms due to the dissimilar γ’s (unlike spins) in the

high frequency region of the experiment (i.e., the so-called weak-coupling

limit), and hence its observed significant coupling to lattice modes as well as

its discernible dispersion calls for a mechanism which depends on a specific

interaction unique to this species, viz., the relatively strong spin-rotation.

This mechanism however samples time correlations of molecular angular mo-

mentum components rather than reorientations (which couple to the dipolar

terms). Thus the chosen systems are in a fortuitous circumstance of sampling

two types of correlations of the dynamic processes of the system, and the

present work is concerned with the interpretation of the experimental data

recognizing this distinction. The FCNMR experiment also allows an effect-

ive contact of the fluorine system with protons (despite their differing γ’s) at

low enough frequencies. In this regime, called the strong-coupling limit, the

hetero-nuclear coupling acquires an effective homo-nuclear component due to

overlap of the resonance lines, and the spin-lattice relaxation of the fluorine

is now aided by this coupling, proportional to the degree of overlap. Due

to the inherent effective coupling among protons over the entire region (in

the sense of wide NMR experiment) the onset of this additional mechanism

is not detectable from proton data. The differing temperature dependences

of the relaxation rates of the two nuclear systems clearly indicate the pres-

ence of two distinct slow underlying molecular processes, experienced by the

same molecule but reported differently by the two participating probes. In

that sense this is an interesting experiment which focuses on qualitatively

different molecular mechanisms, owing to differing effective couplings to the

thermal bath, of the participating nuclei. These observations thus essentially

translate to mapping of spectral densities of the time correlation functions

of distinct processes modulating different lattice-coupling mechanisms. Our

analysis shows that the present FCNMR experiments provide evidence for

xiii



the presence of slowly relaxing local structures in a liquid crystal, alluded

to earlier through detailed ESR measurements on spin probes dissolved in

liquid crystals.

The fifth Chapter deals with the proton spin-lattice relaxation rate meas-

urements in different mesophases of bulk 4′-otyloxy-4-cyanobiphenyl (8OCB)

and 8OCB embedded in random porous network formed by the aerosil particles.

We found a notable increase in the relaxation rates in the sub-MHz regime

in all the mesophases. This observed significant increase is quantitatively

explained in terms of an additional slow relaxation mechanism induced in

LC system due to confinement, referred to as molecular reorientations me-

diated by translational displacements (RMTD). This is characterized by a

power-law dispersion in the low frequency range between certain low and

high frequency cutoff values. The analysis of the experimental data shows

that the major increase in the relaxation rate in confined systems is due to

this process. The low and high frequency cutoffs of the RMTD mechanism

provide some insight into the kinetics of LC molecules reorienting at the

surface. And, the exponent value of this mechanism indicates the relative

importance of wavelength modes in different mesophases. The increased in-

teraction strength of this mechanism in all the phases with increasing the

concentration of aerosil particles shows that the fraction of molecules in the

ordered layer has correspondingly increased.

We also carried out similar experiments to observe the effect of confine-

ment on another nematic liquid crystal system, 4-propyl-4′-pentylazoxybenzene

(PPA), having its dipole moment in the lateral direction. We prepared the

confined samples of this liquid crystal under identical conditions as that of

8OCB, for purpose of comparison. The sixth Chapter reports on the ef-

fect of confinement on the molecular processes in PPA due to random net-

work formed by the aerosil matrix at two concentrations in the isotropic and

nematic phases. The relaxation rate shows an increase at low frequencies in

both the phases upon such confinement. The primary mechanism for this en-
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hancement also seems to be due to RMTD, even though there are qualitative

differences. The cutoff frequencies and the power law behavior (arising from

the RMTD mechanism) extracted from the data bring out the details of slow

processes introduced in confined samples, apart from the slight modifications

of other known processes at molecular level (like reorientations). The effect

of similar confinement on the dynamic organization in the two liquid crystals

(8OCB and PPA) are compared, with specific interest in the slow molecular

dynamics accounted by the FCNMR technique.

The NMR relaxometry technique used in our investigations, especially at

very low frequencies, provides a unique opportunity to sample directly the

ultra slow processes that occur in liquid crystal systems. The two types of

examples taken for our study provide differing underlying slow process. In

the first case (of tolanes) we exploited the sensitivity of the fluorine nuclei

to effectively relax via spin-rotation interaction thereby inferring directly on

time correlations of molecular angular momentum components. We find that

these processes are relatively very slow, pointing to the presence of slowly

relaxing local torques as experienced by the resonant probe. The fact that

the protons residing on the same molecule are relaxed via molecular reorient-

ations, and hence are essentially insensitive to the slow torques in the system,

provides an interesting contrast, evidencing the power of this technique. In

confined samples (second case), it is due to the onset of slow dynamics in-

duced by the surface interactions of the liquid crystal molecules, and made

prominent by the effect of severe confinement, that the proton probe itself

is able to monitor and report on these subtle long time correlations in the

reorientational dynamics of the molecules, via FCNMR measurements. We

present our conclusions of this work in the last Chapter.
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1
Introduction to Liquid Crystal Physics

1.1 Introduction

Liquid crystals are a class of materials that form intermediate anisotropic

phases between a solid and an isotropic liquid. A liquid crystal may flow like

a liquid, but have the molecules in the liquid arranged and/or oriented in a

crystal-like way. The essential characteristic is the presence of orientational

order of the non-spherical molecules, while in addition positional order of

the centers of mass is either absent or reduced. The constituent molecules

have an anisotropic shape being rod-like, disc-like or even banana-shaped.

The orientational order of the molecules in a liquid crystal medium is char-

acterized by specifying its director, which is a headless unit vector pointing

to the average direction of alignment of the anisotropic molecules (say, rod

like). The intermediate phases of the liquid crystals exhibit several curious

anisotropic physical properties such as refractive indices, dielectric constants,

diamagnetic susceptibility and flow properties like viscosity etc. Many lucid

accounts of these are available [1–8].

Study of molecular processes is very important in understanding the dy-

namics of the system. Many experimental techniques have been used to study

the dynamics of liquid crystals depending on the time scale of their occurrence

and dynamics of interest [7]. Magnetic resonance and relaxometric studies
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Introduction to Liquid Crystal Physics

have been shown to be powerful for studying both the structure and dynam-

ics of liquid crystals [9–14]. In magnetic resonance methods the dynamics

can be probed by nuclei or electron spin probes and due to the resonant

nature of the probe, one can focus the experiment at a chosen time window.

In NMR relaxometric studies, the relaxation rates measured over a broad

frequency as a function of temperature cover the dynamic range from fast

motions to ultra slow processes which occur in the mesophases or in confined

liquid crystal systems. In general, the complex dynamics of liquid crystals is

a combination of both collective and non-collective motions which fall in the

time scales of 10−1 - 10−11 sec. With the recent development of a convenient

method, termed as Field Cycling relaxometry, it is possible to probe dynam-

ics in these time scales. The present work is concerned with the measurement

of nuclear spin-lattice relaxation rates over such a typical frequency range at

different temperatures in bulk and confined liquid crystals. With this ob-

jective this chapter gives an introduction to types of liquid crystals, a brief

review of their physical properties, a short account on phase transitions in

liquid crystals, and a discussion on effects of confinement. Relevant concepts

are further developed and discussed in detail in latter chapters.

1.2 Classification of liquid crystals

In general liquid crystals can be classified as two types: (1) Thermotropic

and (2) Lyotropic. In thermotropic liquid crystals the transitions between

different phases are driven by temperature. Depending on the shape an-

isotropy of molecules thermotropic liquid crystals are further classified into:

1. Calamitic liquid crystals made up of rod-like molecules; 2. Discotic li-

quid crystals made of disc-like molecules; 3. Banana liquid crystals made of

bent-core molecules. Lyotropic liquid crystals are made up of two or more

components. They are formed in mixtures of amphiphilic molecules and a

polar solvent like water. Amphiphiles tend to aggregate so that the polar

groups occupy the interface towards solvent. Small aggregates with dimen-

sions comparable to the molecular length are often spherical in shape and
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1.3 Classification of thermotropic liquid crytals

exist in micellar solutions. The formation of infinitely extended aggregates

or lamellas is characteristic for the most common lyotropic liquid crystalline

phases.

The work reported in this thesis deals with thermotropic liquid crystals

comprising of molecules with their shapes approximated to rod-like struc-

tures. The details of these liquid crystal systems are given below.

1.3 Classification of thermotropic liquid crytals

Thermotropic liquid crystals made of rod-like molecules are typically clas-

sified into three types, based on the symmetry of the medium: Nematics,

Cholestrics, and Smectics.

1.3.1 Nematics

The simplest among all the mesophases of a liquid crystal is the nematic

phase. Here the molecules have a long range orientational order but no

translational order. Usually, nematic liquid crystals made of rod-like mo-

lecules exhibit uniaxial cylindrical symmetry. On an average the long axes

of the molecules are oriented along a particular direction called the director

denoted by n̂ as shown in Figure 1.1. The director n̂ is a dimensionless apolar

unit vector i.e., n̂ and - n̂ are physically equivalent [1]. Even when the mo-

lecules are made of highly polar end groups the medium is still apolar as the

molecules orient such that there is no net polarization in the medium. The

orientational order in the nematic phase is given by an order parameter S as

S = 〈P2(cosθ)〉 =
1

2
〈3cos2θ − 1〉.

�� ��1.1

Here θ is the angle between the long axis of each molecule makes with

the director, and the angular brackets indicate ensemble average in thermal
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equilibrium.

Figure 1.1: Schematic representation of molecular arrangement in a nematic
liquid crystal, where n̂ represents the director.

1.3.2 Cholestrics

The cholestric phase is a kind of nematic type liquid crystal, normally found

when its molecules are optically active. The director n̂ is no longer uniformly

oriented in space, but precesses in a helical fashion along the z -axis as shown

in Figure 1.2. As n̂ is physically equivalent to - n̂, the periodicity of medium

along helix axis is P/2, where P represents the pitch of the medium.

1.3.3 Smectics

In the smectic phase, the orientational order is supplemented with an ad-

ditional long-range positional order along chosen direction, leading to the

formation of layered structures. The molecular centers of mass are, on the

average, arranged in equi-distant planes. Additional symmetry properties are
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Figure 1.2: Schematic representation of molecular arrangement in the choles-
teric phase. The arrows indicate the orientation of director n̂.

used to distinguish different types of the smectic phase, labeled by the sub-

scripts A to I. In SA phase the molecules are arranged in layered structures,

with the layer thickness typically close to the molecular length or double that

length. Inside each layer, the centers of gravity show no long-range order and

each layer is thus a two-dimensional liquid. In SB phase the molecular cen-

ters in each layer are hexagonal close packed. In SC phase the long axes of

the molecules in the layer are tilted with respect to the layer normal and this

phase is optically biaxial. The schematic diagram of the more common SA

and SC phases is shown in Figure 1.3.
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Figure 1.3: Schematic representation of molecular arrangement in (a) SA and
(b) SC phases.

A brief review of the effect of molecular anisotropy on different physical

properties is presented below.

1.4 Anisotropic physical properties

The orientational order present in liquid crystalline materials gives rise to an

anisotropy in various physical properties. Examples are magnetic susceptib-

ility, refractive index, dielectric constants etc. The anisotropy in the physical

properties is essential for a number of applications in liquid crystals [15].

The physical behavior of liquid crystals can be distinguished into scalar and

non-scalar properties. Typical scalar properties are the orientational order

parameter S and parameters associated with the thermodynamic transition

behavior (transition temperatures and transition enthalpies). Important non-

scalar properties are the dielectric, diamagnetic, optical, elastic and viscous

coefficients. Here we present a very brief account of certain physical proper-

ties relevant to our studies.
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1.4 Anisotropic physical properties

1.4.1 Order parameter

The order parameter gives a measure of the distribution of the rod-like mo-

lecules about the director. In view of the apolar nature of the director n̂

the orientational order parameter characterizing the nematic phase cannot

be a vector. Thus, the relevant order parameter is a second rank traceless

symmetric tensor and is given by

Qij = S

(
ninj −

δij
3

)
, where i, j = X, Y, Z.

�� ��1.2

Here S is the magnitude of the orientational order parameter, given by

equation 1.1.

The order parameter is directly related to certain experimentally meas-

urable quantities for example, the diamagnetic susceptibility, dielectric con-

stant and refractive indices etc. Nuclear magnetic resonance (NMR) is one

of the elegant methodologies to provide information about the orientational

order, and it can be achieved in different ways. The orientational order can

be inferred by considering (1) the coupling between nuclear dipole moments,

(2) the coupling between a nuclear dipole and a nuclear quadrupole moment,

and (3) the chemical shift. Taking the first method, say for illustration, the

characteristic NMR spectrum of nuclei like protons residing on the molecules

comprising a perfectly isotropic fluid would consist of narrow lines where

both inter- and intra-molecular dipole-dipole interactions completely aver-

aged to zero. This is due to rapid translational diffusion as well as to the

fast isotropic rotational tumbling of the molecules. In the nematic phase

the intermolecular dipolar interactions average to zero and the spectra still

consist of narrow lines. However additional line splitting occurs in this liquid

crystalline phase due to the presence of orientational order, breaking of ro-

tational symmetry and residual intra-molecular dipolar interactions persist

when compared with the isotropic phase. Consequently, NMR spectrum of

the protons in the nematic phase splits for example into a doublet, the spa-

7
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cing being a measure of the order parameter to be estimated. One can see

that the spacing ∆ν is related to S [3] as:

∆ν = CS

Here C is a constant dependent on the gyromagnetic ratio of the nuclei

and their mutual distance. The splitting is temperature dependent, reflecting

the onset and growth of orientational order of the medium as the system is

cooled from isotropic to, say, a nematic phase. Any sudden jumps in S during

a cooling process, arising from the nature of the phase transition involved,

are duly reflected in the details of the NMR spectrum.

1.4.2 Magnetic susceptibility

Like most organic substances liquid crystals are usually diamagnetic. The dia-

magnetism exhibited by these systems is the result of additive contributions

of the magnetic properties of the single molecular components. The diamag-

netic properties of uniaxial mesophases can be described by the two suscept-

ibilities χ‖ and χ⊥, which are the resulting susceptibilities when the magnetic

field is applied parallel and perpendicular to the director, respectively. The

magnitude of anisotropy in the diamagnetic susceptibility is defined as

∆χ = χ‖ − χ⊥.

The diamagnetic anisotropy of all liquid crystals having an aromatic ring

system has been found to be positive and of the order of magnitude 10−7

(SI units). The magnitude is found to decrease with every benzene ring

which is substituted by a cyclohexane or cyclohexane derivative ring. A

negative anisotropy is observed in purely cycloaliphatic liquid crystals. The

diamagnetic anisotropy can be used as an order parameter to describe the

degree of orientational order of a mesophase.

8
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1.4.3 Viscosity

The viscosity of any material is a collective property resulting from the in-

teraction of the molecules with one another. The nematic liquid crystal flow

like an ordinary Newtonian liquid but the viscosity is not isotropic because

of the presence of orientational order in the mesophases. For a complete de-

scription of viscosity of a nematic liquid crystal, five viscosity coefficients are

needed [16]. Among these five, three of them are shear viscosities and the

other two take director rotation or coupling between the director and the flow

pattern into account. The three shear viscosity coefficients are referred to

as Miesowicz coefficients [17]. These three coefficients are measured experi-

mentally by placing the liquid crystal between two flat plates and measuring

the force necessary to move one plate past the other at a certain velocity.

Three different situations can be realized depending on the orientation of the

director between the plates and flow direction.

η1: the director is perpendicular to the flow pattern and parallel to the

velocity gradient (Fig. 1.4a).

η2: the director is parallel to the flow pattern and perpendicular to the

velocity gradient (Fig. 1.4b).

η3: the director is perpendicular to the flow pattern and perpendicular to

the velocity gradient (Fig. 1.4c).

In addition to the coefficients η1 and η2 which are antisymmetric with

regard to the flow direction and the velocity gradient, a symmetric viscosity

coefficient η12 is also possible. This refers to the case when director is suspen-

ded at an angle of 450 with both the flow pattern and the velocity gradient.

Additional viscosity coefficient γ1 known as rotational viscosity comes

9



Introduction to Liquid Crystal Physics

into play when a rotation of the molecule around an axis perpendicular to

the director takes place. This coefficient is very important when the reorient-

ation of the director in an electric or magnetic field is discussed, for example

in determining the on and off times of display devices. In liquid crystal dis-

play (LCD) the switching time τ is approximately proportional to γ1d
2 with

d representing the cell spacing. The value of γ1 for technically important

nematic materials is found to be in the range 0.02 poise to about 0.5 poise.

For most practical purposes an appropriate average value of η is adequate.

As a rule, the longer and stiffer the molecule the greater is the average value

of η. It has a high value for esters and a relatively low value for the biphenyls

and an even lower value for the phenyl cyclohexanes [19] and cyclohexyl or

cyclohexanes [20]. The value decreases rapidly with increase in temperature.

1.4.4 Elasticity

In a non-uniformly oriented nematic the orientation of director varies con-

tinuously in space. There are three fundamental types of distortions in a

nematic liquid crystal and any deformation can be written as a combination

of these three. They are: Splay, Twist, and Bend.

The free energy density associated with a distorted nematic, referring

the uniformly aligned sample as the ground state, may be approximated as

a quadratic function of curvature strains in which the analogues of elastic

moduli appear as elastic coefficients. The deformation free energy density is

expressed as [1]

F =
1

2

[
K1(∇. n̂)2 +K2(n̂. ∇× n̂)2 +K3(n̂×∇× n̂)2

]
.

where K1, K2, and K3 are the splay, twist and bend elastic constants

respectively (also called as Franks elastic constants [21]) and the schematic

representation of these deformations are shown in Figure 1.5. For normal
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Figure 1.4: The three Miesowicz viscosity coefficients [18].
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nematics, the value is around 10−7 dynes and K3 > K1 > K2. The elastic

constants are strongly temperature dependent and these deformation energies

are considerably smaller than the average thermal energy. For this reason

relatively small external forces (boundary forces, electric or magnetic fields,

material flow, temperature gradients) can deform nematic liquid crystals.

In the neighborhood of the phase transition N → SA, because of a pre-

transitional smectic order, a strong divergence of K3 and K2 is observed [22],

whereas K1 changes continuously. The elastic free energy in the Smectic A

phase is expressed as

F =
1

2

[
K1(∇. n̂)2 +

1

2
B

(
∂u

∂z

)2
]

where B is the bulk or compressional elastic constant. In the vicinity of

the transition N → SC all elastic constants diverge. Also, the length of the

alkyl chain influences the elastic properties of the nematic phase [15].

Figure 1.5: The three basic elastic deformations of the director in a nematic
liquid crystal.
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1.5 Phase transitions

1.5 Phase transitions

The two extreme forms of condensed matter are liquids where the average

structure is invariant under arbitrary rotations and translations, and crys-

talline solids with average structures that are invariant only with respect to

certain discrete lattice translations and point group operations comprising

the space group. The liquid state has short-range order but no long-range

order and has the highest possible symmetry. The crystalline solid state

has long-range positional and rotational order and has much lower symmetry

than the liquid state. Between these two extremes there are systems that

exhibit short-range correlations in some directions and long-range order in

others, and have thus symmetries intermediate between those of liquids and

solids. One set of such intermediate ordered materials are referred to as li-

quid crystals (the other set being plastic crystals), and these systems show

a rich variety of continuous or weakly first-order phase transitions. More

interestingly, these materials exhibit a very rich and exciting phenomena

like ordering with various symmetries, anisotropic scaling behaviors, coupled

order-parameters (mode coupling), multicritical points, wide critical domains,

defect mediated transitions, manifestation of low dimensionality, and mul-

tiply re-entrant topologies, to name a few. Thus, besides their well-known

technical applications in optics and electronic displays, liquid crystals, from

the point of view of basic science, provide a very convenient realizable phys-

ical system to understand and manipulate these interesting facets [5].

Phase transitions are characterized by abrupt changes, discontinuities,

and strong fluctuations in physical properties coupled to the transition. In li-

quid crystals, transition between different phases corresponds to the breaking

of certain symmetry of the medium. On physical grounds the phase transition

involves a transformation from an ordered (lower symmetry) phase to a rel-

atively disordered (higher symmetry) phase (or vice versa) as the transition

temperature is crossed. The basic reason for the excitement and continued

interest in liquid crystal phase transitions is that with the discovery of every

13
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new physical system with its characteristic phase behavior, present under-

standing of the phenomena of phase transition is revisited, thus enriching

its appreciation. Since the mesophases transitions are either weakly discon-

tinuous or continuous, they are expected to display behavior associated with

critical points, including strong fluctuations and diverging susceptibility.

One of the most significant messages from the fascinating theoretical treat-

ments in this context is that in the vicinity of such a transition the micro-

scopic details of the system become increasingly unimportant in describing

the details of the transition. Instead, the range of interactions, the physical

dimension of the system, and symmetry of the order parameter determine the

behavior of the system when it is very close to the transition. These trans-

itions among different mesophases involve broken continuous symmetries in

real space, while their interactions on a molecular scale are still short range.

In general terms, fluctuations have thus long been recognized to be crucial

in mediating such phase transitions. Relatively little is known about fluc-

tuation phenomena (critical phenomena) at a first-order transition, such as

isotropic-nematic transitions, as compared to fluctuation-controlled second-

order phase transitions. The critical phenomena in liquid crystals is further

enriched due to a wide variety of symmetries of the different phases, and in

particular because of couplings of the different order parameters. These fea-

tures may look to be complicating theoretical considerations and restrict the

application of existing established analytical tools, but they have the poten-

tial to initiate fresh debate on possible advances in this direction. Another

salient feature of mesogenic materials is that they have generic long-range cor-

relation even far from critical points, or hydrodynamic instabilities [23, 24],

that they could make it difficult to access critical regimes before being fin-

essed by a first-order phase transition [25].

The phase transition in liquid crystals from one phase to another phase

is not necessarily sharp but its discernible effects stretch over a certain range.

The isotropic-nematic liquid transitions tend to be smaller than about 0.6 -
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1.5 Phase transitions

0.8K, whereas crystalline, smectic or smectic-isotropic liquid transitions are

generally much wider. All I-N transitions are observed to be (weak) first or-

der, and due to the involvement of the small latent heat and volume changes

across the transition, it shows a nearly second order nature, permitting a de-

scription in terms of suitably modified Landau theory [26]. Unlike pure first

order transitions, liquid crystals at I-N transition show significant pretrans-

itional effects near the transition temperature. In this range, short range

nematic order is encountered in the isotropic liquid and quasi cirtical order

parameter fluctuations exist in the nematic liquid crystalline phase. The

orientational order parameter changes discontinuously at TNI from zero to

a finite value. Above TNI , the orientations of the molecules are correlated

spatially over finite distances and this can be measured as the coherence

length ξ. If the nematic order is long lived in comparison to the NMR time

scales (1/ω0), then spin-lattice relaxation measurements (which, as we will

note in the next chapter, probe different molecular dynamic processes in the

medium) can sense the onset of cooperative director fluctuations. Just below

TNI , large fluctuations in the magnitude of the order parameter can also con-

tribute to the effective coupling of the spin subsystem to the thermal bath.

These have been very lucid expositions of the specific effects on nuclear mag-

netic resonance and relaxation due to the characteristic features of liquid

crystals [9, 10], and the present dissertation draws generally various useful

concepts and formulations from these sources.

Among the different attempts to explain phase transitions in these sys-

tems, one of the simplest and widely applied approaches is the phenomenolo-

gical theory of Landau and de Gennes [1, 26–31] in which the Helmholtz free

energy is expressed in powers of order parameters and its gradients. This

theory captures characteristic features of the phase transition surprisingly

well, though it lacks the quantitative predicting power about the phase dia-

gram. The other theoretical approach is concerned with mean field theories

developed by several authors [25]. The first such treatment is due to Onsager

[32], where the origin of nematic ordering is ascribed to the anisotropic shape
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of molecules, invoking repulsive interactions. The Maier-Saupe (MS) theory

[33, 34] and its modifications, as well as extensions [1–3, 35–38], attribute

the formation of the ordered phase to the anisotropic attractive interactions.

In reality, of course, both of these mechanisms exist and are operative. Thus,

in the van der Waals type theories both anisotropic hard-core repulsions and

angle dependent attractions are explicitly included [39–41]. Another inter-

esting type of molecular theory is developed by Singh [42] and others [[25]

and references there in]. These are based on the density functional approach

which facilitates writing exact expressions for thermodynamic functions and

one-particle distribution functions in terms of direct correlation functions.

The major difficulty with such treatments is associated with the evaluation

of direct correlation functions which obviously requires a precise knowledge

of the inter-molecular interactions. At this time, only approximate methods

are known for this purpose.

At the N-SA transition the continuous translational symmetry of the

nematic phases is spontaneously broken by the appearance of one-dimensional

density wave in the SA phase. Close to the transition the onset of quasi-

smectic features in the nematic phase may lead to a dramatic change in cer-

tain properties such as elastic coefficients, transport properties, cholesteric

pitch, etc. Original theories due to McMillan [43] and de Gennes [44] sugges-

ted that the N-SA transition could be first or second order depending on the

degree of coupling between the two relevant order parameters, and the order

of the transition could change depending on the specific choice of sample

and experimental conditions. The salient features of the N-SA transition are

documented well by several authors [45, 46].

1.6 Effect of confinement

Liquid crystalline materials confined to different geometries attracted con-

siderable attention due to their novel electro-optic properties and their rich
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1.6 Effect of confinement

physical phenomena. Independent of the methods used to constrain the liquid

crystals, these systems have one underlying common theme: a symmetry-

breaking, non-planar confinement imposed by the surrounding matrix. In ad-

dition, confined liquid crystals differ from macroscopic bulk systems because

of their large surface-to-volume ratio. Their composite nature profoundly

affects the ordering of the liquid crystal molecules and their susceptibility

to external fields, making them ideal for many uses, including electro-optic

applications [47].

The confinement affects the transition temperatures and the physical

properties of liquid crystalline materials. The random network induces order

at the surface. The orientational order induced by the surface is large in the

first layer of liquid crystal molecules next to the surface and it decays expo-

nentially with decreasing distance from the surface [48]. The decay constant

can be measured as a nematic correlation length as introduced by de Gennes

[26]. In the case of strong confinement the transitions become continuous

or sometimes they are smeared out. Different experimental techniques are

used to study the effect under different confining environments, such as Ano-

pores [49], Millipores [50, 51], Nucleopore [52], Aerogel [53], Controlled Pore

Glass (CPG) [54–56], Aerosil [57–59] etc. Of all these porous matrices, aer-

osil particles are particularly interesting because the random disorder can be

introduced into the system in a controlled manner. This thesis also includes a

study on the effect of one such confining matrix on the dynamical properties

in different phases of liquid crystal systems.
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2
Theory

This chapter reviews theoretical framework of nuclear magnetic resonance

(NMR), focusing on the nuclear spin-lattice relaxation mechanisms in liquid

crystal systems. Section 2.1 introduces the basic concepts of nuclear magnetic

resonance and Section 2.2 provides an insight into the mechanisms of the spin-

lattice relaxation process, which is the main experimental tool for the studies

reported in this thesis. The different interactions mediating the relaxation in

differing physical systems are described in Section 2.3. Molecular dynamic

models appropriate to describe the time modulations of these spin couplings

in pure and confined liquid crystal systems are introduced in Section 2.4.

A more detailed account of these topics presented in a general and broad

perspective, is available in many excellent monographs (see for example, [1–

6]).

2.1 Fundamental concepts of NMR

When a nucleus having a magnetic moment µ is kept in a magnetic field B0,

the interaction Hamiltonian is given by

H = −~µ. ~B0

�� ��2.1
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Theory

The magnetic moment ~µ is related to the nuclear spin I as µ = γ~I, where
γ is the gyromagnetic ratio associated with the specific nucleus. Taking the

field B0 to be along the laboratory z -direction, the interaction Hamiltonian

is expressed as

H = −γ~Iz.B0

�� ��2.2

The eigen values of this Hamiltonian are simple, being only the multiples

(γ~B0) of the eigen values of Iz. The allowed energies then are

E = −γ~B0mI

�� ��2.3

where mI = I, I -1, - - - -, -I. This uniformly split multiplet structure with

(2I+1) energy levels, has an energy difference between consecutive levels

given by

∆E = γ~B0

�� ��2.4

as shown in Figure 2.1 for a spin-1/2 nucleus.

For convenience, the two Zeeman eigen states |I,m〉 of such nuclei |1
2
, 1
2
〉

and |1
2
,−1

2
〉 are represented for convenience by symbols |α〉 and |β〉, respect-

ively. Due to the negative sign in equation (2.1), the spins with positive

gyromagnetic ratios tend to align parallel with the applied field, representing

the lowest Zeeman state, and those with negative values of γ align antiparal-

lel.

Transitions between these energy levels could be induced by applying an

alternating magnetic field B1 perpendicular to B0 with a frequency ω0, such

that
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Figure 2.1: The Zeeman splitting of a spin-1/2 particle in a static magnetic
field B0. The |β〉 eigenstate is a higher energy state relative to |α〉.

~ω0 = ∆E = γ~B0

ω0 = γB0.
�� ��2.5

The frequency ω0 is called the Larmor frequency of the nucleus. The relat-

ive spin populations of the two levels over an ensemble of spins in equilibrium

will follow the Maxweell-Boltzmann distribution, giving rise to a finite bulk

magnetization parallel to the applied field, Mz = M0. Any deviations from

this distribution, caused by external perturbations for example, are attenu-

ated by the interactions of the spin system with other very many degrees of

freedom (called bath or lattice), recovering the equilibrated state over certain

characteristic time scales specific to the spin system in that local environ-

ment. The mechanism via which the Zeeman populations come to thermal

equilibrium with their environment following a disturbance is hence called

spin-lattice or longitudinal relaxation, characterized by a time constant T1.

The redistribution of energy within the spin system, if necessitated by the

non-equilibrium perturbation, is characterized by another time constant T2

referred to as spin-spin or transverse relaxation time.
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2.2 Spin-lattice relaxation process

There are different approaches developed to explain the way molecular mo-

tions could cause spin-lattice relaxation drawing upon interesting physical

concepts, viz., quantum mechanical time-dependent perturbation theory [1,

7], concept of a spin temperature [8, 9], application of density matrix form-

alism [10, 11] etc. These have the common objective of expressing the mac-

roscopic spin relaxation rates as a function of molecular model parameters

with an explicit frequency dependence through spectral densities, reflecting

the degree of time correlation among the time-modulating molecular pro-

cesses. Thus the mechanism involves (random) time dependent perturbation

of the spin-spin interactions due to various molecular dynamic processes, be-

ing identified as bath due to its inherently large heat capacity. Thus, the

total Hamiltonian for a spin system is written as

H = H0 +H1(t).
�� ��2.6

Here H0 is the time independent interaction with the applied Zeeman field

and H1(t) is the interaction between nuclear spins, parametrically depend-

ent on the space variables which impart time dependence due to molecular

motions. The effect of microscopic motions at the molecular level is thus

to make H1(t) to be time dependent, and in view of very many degrees of

freedom involved the time dependence is assumed to be stochastic. The is-

sue of estimating the contribution of a specific type of molecular process

to the observed relaxation rate is then concerned with proposing an appro-

priate random process with physically tractable model parameters. A time

dependent perturbation theory yields an expression for transition probability

P (m|m′, t), connecting the eigenstates |m〉, |m′〉 of the Zeeman term, H0, as

[2]

P (m|m′, t) =
1

~2

∫ +∞

−∞
〈m|H1(t)|m′〉2 exp(−iωmm′t)dt

�� ��2.7
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2.2 Spin-lattice relaxation process

Wmm′ = P (m|m′, t) is the ensemble averaged transition probability re-

lated to the corresponding T1 as

T1 =
1

Wmm′
.

�� ��2.8

This ensemble average value Wmm′ is given by the Fourier transform of

the connected time correlation function Gmm′(τ) as [1]

Wmm′ =
1

~2

∫ +∞

−∞
Gmm′(τ) exp(−iωmm′t)dτ

�� ��2.9

where

Gmm′(τ) = 〈m|H1(t)|m′〉〈m|H1(t+ τ)|m′〉.
�� ��2.10

Here bar denotes the average over the ensemble of spins. The correlation

function Gmm′(τ) quantifies the statistical correlation between the random

values of the matrices of the fluctuating Hamiltonian H1(t) at times t and

t+τ . Considering the fluctuations in H1(t) as stationary and Markovian in

time, the correlation function can be further simplified, and be modeled for

convenience as

Gmm′(τ) = 〈|H1(0)|2〉 exp
(
− τ

τc

)
.

�� ��2.11

Here τc is the correlation time corresponding to the molecular motions

modulating the spin interactions. The Fourier transform of the correlation

function defining the spectral density Jmm′(ω), finally relates to the relaxation

rate R1 = T−1
1 as (equations (2.8) to (2.11))

1

T1
∝ Jmm′(ω).

�� ��2.12

The main theoretical problem now is to connect these spectral density
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functions to the characteristics of the molecular motions of interest. For a

given model of the molecular motion, it is in principle possible to assign an

appropriate probability distribution and calculate correlation functions, so

as to finally estimate the contribution to the spin relaxation rate via spec-

tral density functions. On the other hand, experimental investigations of

these molecular motions begin with measurements on spin relaxation rates

primarily as a function of temperature and resonance frequency. Spectral

density variations corresponding to the local field fluctuations, which best fit

the experimental data over the range of experimental parameters, are then

deduced. In order to connect these results to specific molecular models, as

well as to account for all the details of the observable features, it is necessary

to consider different magnetic interactions between spins in the system, as

well as their sensitivity to different types of molecular motions.

In the presence of different molecular motions in the system, each medi-

ating the relaxation process with its individual contribution to the spectral

density function, it is customary to consider them to be statistically inde-

pendent, and express the total relaxation rate as a sum of the individual

relaxation rates, i.e.,

1

T1
=
∑

x

(
1

T1

)

x

.
�� ��2.13

where x denotes the type of mechanism under consideration. Thus in a

typical spin system interacting with the bath, estimation of the total relaxa-

tion rate involves modelling the different molecular motions and computing

the corresponding contributions from each of the mechanisms to the relaxa-

tion.
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2.3 Nuclear magnetic interactions

2.3 Nuclear magnetic interactions

Spin-lattice relaxation processes in NMR occur only if there are specific in-

teractions involving the nuclear spins and its environment (called as lattice

or bath) that can result in energy exchange. These interactions could be of

two categories: 1. Magnetic interactions and 2. Electric interactions. There

are five types of magnetic interactions of interest to NMR, namely Zeeman

(Z ), dipolar (D), J-coupling (J ), chemical shift (CS ) and spin-rotation (SR)

interactions. In the case of nuclei lacking spherical symmetry (quadrupolar

nuclei, I > 1/2), the coupling of the nuclear quadrupolar moment with the

electric field gradient generated by the surrounding charge distribution can

lead to an orientation dependent interaction, aiding the spin-lattice relaxa-

tion via electrostatic interaction. These interactions can also be classified

differently depending on whether they are single spin interactions (Z, CS, Q

and SR) or pair-wise interactions (D and J ).

In view of the present work on spin-1/2 nuclei in the wide-line NMR

regime, we find that nuclear dipole-dipole interaction and spin-rotation inter-

action are relevant for discussion, and we accordingly present below details

of these interactions, their time modulations by dynamic processes appropri-

ate to the liquid crystal systems under consideration, and finally analytical

expressions for their contribution to the nuclear spin-lattice relaxation rates.

2.3.1 Dipole-Dipole interaction

The dipolar Hamiltonian between a pair of spins I and S involves second

rank tensors is given by (with L = 2)

HD = fd

2∑

m=−2

Am
2 F

−m
2

�� ��2.14

where

29



Theory

fd =
µ0

4π
γIγS~2.

�� ��2.15

Here γI and γS are the gyromagnetic ratios of the nuclei I and S respect-

ively. Am
2 and F−m

2 represent the spin and spatial tensor components of the

Hamiltonian respectively:

A0 = IzSz −
(
1

4

)
[I+S− + I−S+]

�� ��2.16a

A∓1 = −
(
3

2

)
[IzS∓ + I∓Sz]

�
 �	2.16b

A∓2 = −
(
3

4

)
I∓S∓

�� ��2.16c

F 0 = r−3
ij (1− 3 cos2 θ)

�
 �	2.16d

F∓1 = r−3
ij sin θ cos θ exp(±iφ)

�� ��2.16e

F∓2 = r−3
ij sin2 θ exp(±iφ).

�
 �	2.16f

Here rij is the inter-nuclear distance, θ and φ are the polar and azimuthal

angles. The operators I+(S+) and I−(S−) are raising and lowering operators

respectively. If both nuclei are spin-1
2
, then their Zeeman eigen states in the

presence of the dipolar interaction have the form |αβ〉, forming a four-level

system. The dipolar Hamiltonian components can cause transitions between

these energy levels as shown in Figure 2.2.

The autocorrelation function is expressed as an ensemble average in terms

of the spatial components of the dipolar interaction, Fm,

Gm(t) = 〈Fm∗
(t)Fm(t + τ)〉.

�� ��2.17

where Fm∗
(t) represents the complex conjugate of Fm(t) . Consequently

the spectral density function is given by
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2.3 Nuclear magnetic interactions

E

Figure 2.2: Zeeman energy levels of two coupled spin-1/2 nuclei. The number
of energy quanta required to make each transition is represented by m.

Jm(ω) =

∫ ∞

−∞
Gm(t)e−iωτdτ.

�� ��2.18

Like spins:

Considering this energy level scheme for the two spin-1/2 nuclei, a set

of coupled differential equations can be written to describe the evolution of

the population of each eigen state, depending on the transition probabilities

between the levels. Further assuming that both spins are of the same nuclear

species, γI = γS, the polarization of an ensemble of such systems will be

governed by [1]

d

dt
〈IZ + I ′Z〉 = − 1

T1
{〈IZ + I ′Z〉 − 〈IZ + I ′Z〉0}

�� ��2.19

with

1

T1
=

3

2
γ4~2I(I + 1)

{
J (1)(ωI) + J (2)(2ωI)

}
.

�� ��2.20
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Unlike spins:

In the case of hetero-nuclear spin-1/2 systems where γI 6= γS, the coupled

equations for polarization of an ensemble of each spin system is to be written

as [1]

d〈IZ〉
dt

= − 1

T II
1

(〈IZ〉 − I0)−
1

T IS
1

(〈SZ〉 − S0)
�� ��2.21

d〈SZ〉
dt

= − 1

T SI
1

(〈IZ〉 − I0)−
1

T SS
1

(〈SZ〉 − S0)
�� ��2.22

where

1

T II
1

= γ2Iγ
2
S~2S(S + 1)

{ 1

12
J (0)(ωI − ωS) +

3

2
J (1)(ωI)

+
3

4
J (2)(ωI + ωS)

} �� ��2.23a

1

T IS
1

= γ2Iγ
2
S~2I(I + 1)

{
− 1

12
J (0)(ωI − ωS) +

3

4
J (2)(ωI + ωS)

}
.
�
 �	2.23b

Similar equations for T SS
1 and T SI

1 are obtained by interchanging the

indices I and S.

2.3.2 Spin-rotation interaction

The spin-rotation interaction arises from magnetic fields generated at a nuc-

leus by the motion of a molecular magnetic moment which arises from the

fast rotation of the electronic distribution in a molecule. If the molecule ro-

tated at an angular velocity ω we shall describe the rotation by an angular

velocity index J given by
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2.3 Nuclear magnetic interactions

Iω = J~
�� ��2.24

where I is the moment of inertia of the molecule.

The spin-rotation interaction Hamiltonian for a nucleus with spin S is

given by [12, 13]

HSR = −~S.C.J.
�� ��2.25

Here C is a dyadic or tensor quantity known as the spin-rotation inter-

action constant. The expression for spin-lattice relaxation time can in prin-

ciple be derived by considering the different underlying molecular dynamic

processes (e.g., transient rotational model involving sharp jumps between

different orientations, or Brownian rotational dynamics). However it was

observed that on the much coarser observation time scale of spin-lattice re-

laxation, these microscopic details tend to be unimportant [13, 14], and the

underlying molecular process could be accounted for satisfactorily by assign-

ing a characteristic time (τSR) associated with it. Thus the relaxation due

to spin-rotation is given by [14]

1

T1
=

2kBT~2(Ix + Iy + Iz)(C
2
xx + C2

yy + C2
zz)τSR

9(1 + ω2τ 2SR)
.

�� ��2.26

One simplifies this expression further by setting Ix = Iy = Iz = I and

Cxx = Cyy = C⊥ and Czz = C‖.

1

T1
=

2kBT~2I(2C2
⊥ + C2

‖)τSR

3(1 + ω2τ 2SR)
.

�� ��2.27

Here C‖ and C⊥ are the elements of the spin-rotation interaction tensor in

the principal axes system along the symmetry axis and a direction perpendic-

ular to it, respectively. τSR is the correlation time associated with the angular
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momentum fluctuations of the molecule. T is the absolute temperature and

kB is the Boltzman constant. It was shown [13, 14] that for such a system

molecule undergoing isotropic Brownian motion in liquid state, the correl-

ation time τSR, is closely related to the correlation time for the molecular

reorientation, τR, as

τSR τR =
1

6kBT
.

�� ��2.28

provided τSR ≪ τR. The correlation time τR is usually estimated from the

dipolar contribution to the spin-lattice relaxation. The important distinction

between spin-rotation interaction mechanism and the dipole-dipole interac-

tion is that τSR becomes larger as the sample temperature increases whereas

τR becomes smaller. Thus as the temperature increases, the relaxation rate

due to dipole-dipole interaction decreases ((TD
1 )−1 ∝ τR), whereas the relax-

ation rate due to spin-rotation interaction increases ((T SR
1 )−1 ∝ τSR).

2.4 Spin-lattice relaxation models in liquid

crystals

Liquid crystals partake the nature of both solids and liquids. So, it is not ob-

vious to take the formulations of spin relaxation theory designed for solids or

for liquids to be entirely adequate to interpret the results of spin relaxation

measurements in liquid crystals. The anisotropic nature of liquid crystals

complicates the analysis of spin relaxation data in these systems. Several

dynamic processes are recognized to cause spin relaxation in liquid crys-

tals. Investigation of these dynamic processes in pure liquid crystals and

liquid crystals confined to random porous network through NMR relaxomet-

ric measurements is the objective of this thesis. These processes may be

individual molecular motions or collective dynamics. The individual motions

of relevance include translational self-diffusion modulating inter-molecular in-

teractions and reorientations about the molecular axes modulating the intra-
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molecular interactions, and these are normally present in all mesophases. The

collective motions occur in the mesophases of the liquid crystal as well as near

a phase transition point due to critical dynamics. The latter include, for ex-

ample, pre-transitional effects due to short-range nematic clusters that tran-

siently form near isotropic-nematic transition (T > TNI), nematic order para-

meter fluctuations just below isotropic-nematic transition (T < TNI), order

director fluctuations (in the mid-nematic phase), diffusion assisted director

fluctuations, pretransitional effects due to cybotactic clusters near N − SA

transition (T > TNA), layer undulations in the SA phase (in the mid-smectic

phase), slowly relaxing local structures (SRLS) present in different phases,

and reorientations mediated by translational displacements (RMTD) due to

the surface-fluid interactions in severely confined system. The first part of

this section deals with individual motions and the latter discusses the details

of collective motions.

2.4.1 Individual motions

2.4.1.1 Self-diffusion

Diffusion is molecular mass transport usually by thermally activated particle

motions, and is a property of liquid crystals. Self-diffusion [15] or transla-

tional displacement of molecules is normally interpreted as a consequence of

Brownian motions. The translational diffusion constants can be determined

by several methods [16]. For example, field gradient NMR diffusometry is a

direct technique used to study the self-diffusion (SD). The magnetic field is

deliberately made inhomogeneous in a calibrated manner in the sample by

the application of a gradient of the field and hence the nuclear spin preces-

sion frequency (Larmor frequency) changes in a well-defined way with the

position of the spins in the sample, i.e. a frequency-space relation is gener-

ated by the application of pulse gradient of the magnetic field B0. Diffusing

spins, therefore, undergo Larmor frequency changes in time, caused by the

diffusional motions of the molecules, to which they belong. The effect of
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these frequency changes on the amplitude of the nuclear spin echo can be

calculated and hence the diffusion coefficient can be obtained [1]. The meas-

urement is a determination of the mean square displacement of the diffusing

spins in the gradient field during a certain time interval. In contrast, the

indirect NMR methods use relaxation time measurements (e.g., T1, T1D, T1ρ)

to deduce information on the diffusional motions from their temperature and

frequency dependences [17, 18].

The dipole-dipole interaction between protons on different molecules gets

modulated as the molecules diffuse from one site to another, and has po-

tential to lead to considerable contribution to the spectral densities at the

appropriate Larmor frequency range. This is an important mechanism for

spin-lattice relaxation in liquid crystals. Torrey [19] derived an expression

for spin lattice relaxation rate T−1
1 in an isotropic liquid using random-flights

model [15]. In order to find the time correlation function of the spatial parts

of the dipolar Hamiltonian, the probability function is derived from the ran-

dom flights model, and using an approximate expression for the same, the

diffusion coefficient D was found to obey the relation,

D =
〈r2〉
6τD

.
�� ��2.29

Here 〈r2〉 is the mean-square flight distance of the molecule and τD is

the (average) time between each flight. But this expression for the diffusion

coefficient is not sufficient to describe the diffusion process in liquid crystals

because the ordering in these systems leads to anisotropy in the diffusion

coefficients (D) (the diffusion coefficient along the director (D‖) and that in

the perpendicular direction (D⊥) being different).

Zumer and Vilfan [20] extended Torreys theory for isotropic liquids to

an anisotropic medium by taking into account the anisotropy of molecular

diffusion, with an assumed cylindrical shape of the molecules, and the specific

distribution of protons along the long molecular axis, to obtain the relaxation
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rate for the self-diffusion. This is given by [20],

1

T1
=

9

8
γ4~2nτ

d3
Q

[
ωτD,

〈r2⊥〉
a2

,
D0

‖
D0

⊥

]
.

�� ��2.30

Here Q is a dimensionless and numerically obtainable function. a is the

diameter of the cylinder. And D0
‖ and D0

⊥ are the macroscopic self-diffusion

constants of the perfectly aligned liquid-crystalline phase and are given by,

Do
⊥ =

< r2⊥ >

4τ⊥
and Do

|| =
< r2|| >

2τ||
.

�� ��2.31

The value of
D0

⊥
D0

‖
is examined taking data from different experiments [21–

23], and it was observed that it would not differ much for different nematic

compounds. The anisotropic results in these nematic compounds were found

to reduce to the familiar Torrey’s equation [19] in the limit ωτD < 0.3, as

T−1
1 (ω) = C − Fω1/2.

�� ��2.32

Here C and F are the constants related to the average diffusion coefficient

D as [24]

F = −4.88× 10−14p(1 + δ)D−3/2
�� ��2.33

and

C ∝ D−1.

In the frequency region of interest in the NMR experiment, spin relaxation

rate can be shown to follow the Torrey’s model in the isotropic phase but is

lower by a scalar factor of 1.4 in the nematic and smectic-A phases [20, 25].

The T−1
1SD can essentially be written as
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1

T1SD
=

1

1.4
T−1
1Torrey.

�� ��2.34

In the limit ωτD < 1, the relaxation rate T−1
1SD can be written as (isotropic

approximation) [20]

1

T1SD
=
B

ω
(f(x) + f(

√
2x))

�� ��2.35

where

f(x) =
2

x2

{
v

[
1− 1

(u2 + v2)

]
+

[
v

(
1 +

1

(u2 + v2)

)
+ 2

]
e−2vcos2u

+ u

[
1− 1

(u2 + v2)

]
e−2vsin2u

} �� ��2.36

(
u

v

)
=

(ωa2/2D)
1/2

(4 + ω2τ 2D)
1/4

{
1∓ ωτD

(4 + ω2τ 2D)
1/2

}1/2

and

x =

(
ωa2

D

)1/2

.

Here D is the average diffusion coefficient with a correlation time τD given

by a2/6D and a is the closest distance of approach of two molecules (taken

to be the diameter of the molecules, ∼ 5A0). In the limit, ωτD ≫ 1, the

relaxation rate reduces to the T−1
1SD ∼ ω−2 law.

2.4.1.2 Reorientations

Liquid crystals having anisotropic molecular shape and with flexible groups

undergo three types of rotational motions [26]: (a) fast reorientations around

the long axis (b) reorientations about the short axes and (c) fast (isotropic)

tumbling of the end chains.
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The rotations (reorientations) around the long molecular axis are usu-

ally very fast and do not contribute significantly towards spin relaxation in

nematic and high temperature smectics. In low temperature smectic phases

on the other hand, rotations around the long axis may slow down consider-

ably, and become important. For the case that the directorn n̂ makes an

angle ∆ with the direction of the external magnetic field, one finds for fast

rotations around the long molecular axis ωτl ≪ 1

1

T1RL

=
9

64
γ4~2r−618τl

32
(1 + 3cos2∆).

�� ��2.37

The relaxation rate for rotations about the short molecular axes in various

mesophases is approximated to a BPP-like relation [7] and is written as

1

T1R
= AR

2∑

p=1

p2
τR

1 + (pωτR)2

�� ��2.38

where AR = εC1 and ε measures the anisotropy of local reorientations

around the short axis. The constant C1 for a molecule consisting of aliphatic

groups in the core and aromatic groups in the end chains is given by

C1 =
9

8
γ4~2 1

15

∑

k

uk(3l
2
k − 1)2

r6k
.

�� ��2.39

Here uk stands for the ratio of protons belonging to k
th group, to the total

number of protons in the molecules, lk’ s are cosines of angle between inter-

nuclear vector rk of kth group and the long axis. In the limit ωτR ≪ 1 the

relaxation rate due to reorientations around short axis gives rise to frequency

independent contribution given by,

1

T1R
= 5εARτR.

�� ��2.40
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Usually, Arrhenius type of temperature dependence is assumed for τR

since the reorientations are thermally activated, and hence τR is expressed as

τR = τ0 exp

(
Eas

kBT

)
.

�� ��2.41

Here τ0 is the pre-exponential factor and Eas is the activation energy as-

sociated with the specific dynamic process (kB is the Boltzmann constant).

Thus, a plot of ln(T1) vs T will asymptotically have two straight lines with

slopes -Eas/k and Eas/k at higher and lower temperatures, respectively.

In ordered smectics rotations around the short molecular axis are known

to be frozen [27]. The rotation about the long axis could however be still fast.

The main contribution expected for T−1
1 is due to the isotropic tumbling of

the end chains [26], and is expressed as

1

T1Re
= C1

[
τce

1 + ω2τ 2ce
+

4τce
1 + 4ω2τ 2ce

]
.

�� ��2.42

Here the constant C1 represents the relative weights of end chain protons

with respect to the total number of protons. τce is the correlation time

associated with the reorientations of the end chains. Assuming τce to have

an Arrhenius type of temperature dependence,

τce = τ0 exp

(
Ece

kBT

)
.

�� ��2.43

The T1Re shows a minimum at ωτce = 0.616 and at this value

1

T1Re
= 1.43C1/ω.

�� ��2.44

Further, at high temperatures, i.e. where ωτce ≪ 1
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1

T1Re
= 5C1τce,

�� ��2.45

thus making T−1
1Re frequency independent but strongly temperature de-

pendent.

At temperatures well below the T1 minimum, i.e. when ωτce ≫ 1

1

T1Re
= 2C1/ω

2τce.
�� ��2.46

2.4.2 Collective motions

2.4.2.1 Critical fluctuations (T > TNI)

As has been discussed in the earlier chapter, the isotropic-nematic (IN) trans-

ition is a weak first-order transition and is satisfactorily described within

the general formulation of the Landau theory [28] of second-order phase

transition. Near the clearing temperature, short-range nematic order is en-

countered in the isotropic liquid and the orientations of the molecules are

correlated spatially over a finite distance known as coherence length ξ. The

pretransitional effects, which manifest, for example, as critical anomalies in

magnetic relaxation measurements, are caused by fluctuations in the order

parameter appropriate to the particular transition [29]. Fluctuations in the

local order increase rapidly as this almost second-order phase transition is

approached from above. The critical temperature T ∗
NI , at which a second-

order phase transition would occur, is usually within 1oC below TNI , the

observable transition temperature. The short-range order effects in the iso-

tropic phase of nematics and cholesterics are discussed earlier [28]. These

remarkable effects had been observed and studied by NMR [30–32], and by

other suitable probing techniques, like light scattering experiments [33, 34].

Just above T > TNI , the fluctuations in the orientation of the local
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nematic order, having slowed down enough to match the NMR time scales,

contribute to the relaxation rate. The fluctuations in the short-range order

i.e. forming and breaking of the nematic clusters, modulate the dipolar in-

teraction between the spins. The relaxation rate due to short-range nematic

order (R1CF = 1/T1CF ) is given by [3, 35]

1

T1CF
= ACF

[
τCF

1 +
√

1 + ω2τ 2CF

]1/2
.

�� ��2.47

Here ACF = A
′
T
√
η is a temperature dependent parameter, A

′
is a tem-

perature independent quantity, η is the effective viscosity and τCF is the

average correlation time of the short-range nematic order. It is expressed as

τCF =
ηξ2

L
.

Here ξ is the correlation length that measures the distance over which

the local order persists in the isotropic phase and is given by,

ξ =

√
L

a(T − T ∗
NI)

γ

�� ��2.48

(a > 0 is temperature independent and γ = 1 in the mean field approxim-

ation), T ∗
NI is the critical temperature slightly below TNI and L is related to

elastic constants. Assuming an Arrhenius-like behavior for η, its temperature

dependence is expressed as

η = η0 exp

(
ECF

RT

)

where ECF is the activation energy for this process. Thus, the complete

dependence of τCF and the CF term on T will be
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τCF = τCF0
exp(ECF/RT )

T − T ∗
NI

�� ��2.49

and

1

T1CF
= AT exp

(
ECF

2RT

)√√√√√
τCF0 exp(ECF/RT )/T − T ∗

NI

1 +

√
1 + ω2

(
τCF0 exp(ECF /RT )

T−T ∗
NI

)2 .
�� ��2.50

Here τCF0 is a constant.

For small frequencies [36], wherein the condition ωτCF ≪ 1 is fulfilled for

the whole temperature range, we find from (2.47) and (2.50) that

1

T1
=
AT exp(ECF/RT )

(T − T ∗
NI)

1/2

�� ��2.51

T1 ∝ ξ−1 ∝ (T − T ∗
NI)

γ/2 6= f(ω).

Thus T1 is strongly dependent on temperature but independent of fre-

quency.

In the case of large Larmor nuclear frequencies, on the other hand, i.e.

ωτCF ≫ 1

1

T1
∝ 1√

ω
.

Thus

T1 ∝
√
ω 6= f(T ).
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In this case, T1 is proportional to the square root of frequency but is

weakly dependent of temperature. This discussion is appropriate close to

TNI where ξ becomes large [32, 36].

2.4.2.2 Order parameter fluctuations (Just below T < TNI)

In contrast to short range nematic order fluctuations in the isotropic phase

(T > TNI), just below TNI , fluctuations in the magnitude of the nematic

order parameter S are effective in relaxing nuclear spins, i.e., the fluctuations

in long-range orientational order modulates the dipole-dipole interactions

between nuclear spins and influence the NMR spin relaxation. In particular,

if these order parameter fluctuations (OPF) are dominant in comparison

to the order director fluctuations (ODF), then the following spectral density

model due to OPF is adequate to account for the observed relaxation process.

The spectral density due to the OPF is expressed as [3]

JmL
(mLω) = AOPF


 τOPF

1 +
√
1 + (mLωτOPF )

2




1/2 �� ��2.52

where

AOPF =
kBT

4
√
2πLN

√
νN
LN

[κ(0, mL)]
2 .

Here [κ(0, mL)]
2 are the mean square averages of the Wigner rotation

matrices expressed as a power series in S [29]. These κ values are needed

to reduce the importance of the order parameter fluctuations as the orienta-

tional ordering increases far below TNI and the τOPF value is given by

τOPF =
νNξ

2
N

LN
.

�� ��2.53

Here νN , LN and ξN are the values of corresponding nematic viscosity,
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elastic constant and coherence length, respectively. We may now distinguish

two different cases

Case 1. In case of small Larmor frequencies i.e., ωτOPF ≪ 1

T1 ∝ ξ−1
N ∝ (T+

NI − T )
ν′ 6= f(ω).

where the critical exponent ν ′ has a mean field value of 1/2 . However,

ν ′ has been found to be temperature dependent and takes an effective value

of 2/5.

Case 2. In case of large Larmor frequencies i.e., ωτOPF ≫ 1

1

T1
∝ 1√

ω
.

Thus

T1 ∝
√
ω 6= f(T ).

In this case, T1 is proportional to the square root of frequency but is

weakly dependent on temperature.

2.4.2.3 Order director fluctuations (mid nematic phase)

Order director fluctuations are a process of a collective nature. Of the vari-

ous dynamic processes, which influence nuclear spin relaxation rates, phe-

nomenon of director fluctuations is the one unique to liquid crystals. In the

mid nematic phase order director fluctuations (ODF) constitute the dom-

inant spin relaxation mechanism. These are treated as a superposition of

normal modes of the elastically coupled entity of molecules in a liquid crys-

talline domain. There was much effort in the development of relaxation mod-

els to interpret the nuclear spin relaxation due to the director fluctuations.

The failure of BPP-like model for nematic liquid crystals (viz. absence of
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Lorentzian type frequency of relaxation rate) led Pincus [37] to derive the

first expression for relaxation due to director fluctuations. Starting from this

early model for the nuclear magnetic relaxation due to director fluctuations

under the one elastic constant approximation (K1 = K2 = K3; the Frank

elastic coefficients), several improvements were made by many authors and

these are discussed below.

The relaxation processes is considered to be due to the intra-molecular

dipolar interactions that are modulated by hydrodynamic order director fluc-

tuation modes. The free energy density of a bulk nematic liquid crystal in

terms of splay (K1), twist (K2) and bend (K3) is given by

f =
1

2

[
K1(div n)

2 +K2(n. curl n)
2 +K3(n× curl n)2

]
.

�� ��2.54

The deformational free energy density is given by

f =
1

2V

[
K1

(
∂nx

∂x
+
∂ny

∂y

)2

+K2

(
∂ny

∂x
− ∂nx

∂y

)2

+K3

[(
∂nx

∂z

)2

+

(
∂ny

∂z

)2
]]

.�� ��2.55

In order to emphasize the spatial dependence of the orientation of the

local director we define nx(r), ny(r) as the Cartesian component at point r.

The transverse component is now expressed in terms of the mode expansion

nx(r) = V −1/2
∑

q

nx(q) exp(−iq.r)
�� ��2.56a

ny(r) = V −1/2
∑

q

ny(q) exp(−iq.r)
�
 �	2.56b

where V is the volume. Substitution of these modes into equation (2.55),
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evaluation of the gradients and their integration over the volume yields the

total deformation energy as

F =
1

2V

∑

q

{
K1|nx(q)qx + ny(q)qy|2

+ K2|nx(q)qy − ny(q)qx|2

+ K3q
2
z

[
|nx(q)|2 + |ny(q)|2

] }
.

�� ��2.57

The above quadratic form, when suitably diagnolized, yields two un-

coupled transverse modes nα(q); α = 1, 2. (n1(q) lies in the plane of (q,n)

and is given by a combination of K3 and K1, while n2(q) is perpendicular to

the plane (q,n) and is a combination of K3 and K2). Defining q‖ = q2z and

q2⊥ = q2x + q2y , equation (2.57) may be rewritten as

F =
1

2V

∑

q

2∑

α=1

|nα(q)|2
[
K3q

2
z +Kαq

2
⊥
]
.

�� ��2.58

The transverse mode nα(q, t) relaxes exponentially as

nα(q, t) = nα(q, 0) exp (−t/τα(q))

with a damping time given by

τα(q) =
ηα

K3q2z +Kαq2⊥
, α = 1, 2.

�� ��2.59

where ηα = Γ−1 is closely related to the appropriate viscosity coefficient.

The frequencies of the two transverse modes go to zero in the long wavelength

limit (q → 0) in the nematic phase [38]. The mean square amplitude of each

mode is obtained from the equipartition theorem as

〈|nα(q)|2〉 =
kBTV

(K3q2z +Kαq2⊥)
, α = 1, 2.

�� ��2.60
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The spectral densities are obtained from the correlation function associ-

ated with these fluctuations leading to the modulation of the intra-molecular

dipolar interactions. However these correlation functions have to be trans-

formed from the magnetic-field-fixed frame (laboratory frame) to the director-

fixed frame, and finally to the molecular-fixed frame, through proper Wigner

rotation matrix elements. Such a transformation results in

G(t) = 〈Fh(0)F
∗
h (t)〉 = fh(∆)〈F1(0)F

∗
1 (t)〉 = fh(∆)S2〈δn(r, 0)δn(r, t)〉.�� ��2.61

Here S = 1
2
〈3cos2θ − 1〉 is the nematic order parameter and the term ∆

in the function f(∆) is the angle between the magnetic field and the director.

The corresponding spectral density is given by

Jh(pω) = fh(∆)S2

∫ ∞

−∞
e−ipωt〈δn(r, 0)δn(r, t)〉dt.

�� ��2.62

Introducing the Fourier components of the director fluctuations of the

nematic order (equation (2.56)) the spectral density is given by

Jh(pω) = fh(∆)S2

∫ ∞

−∞
e−ipωt

∑

q

2∑

α=1

〈|nα(q)|2〉eτ/τα(q)dt.
�� ��2.63

Isotropic visco-elastic coefficients:

In the one-constant approximation K1 = K2 = K3 = K and η1 = η2.

This leads to a simple expression for the relaxation time

τq =
η

Kq2
.

Since the ODF modes should be restricted on physical grounds by longest

and shortest possible wavelengths, the existence of upper and lower bounds
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for frequencies should be considered. Thus it is necessary to impose a high-

frequency cutoff wave vector qc = 2π/λc in the above integral. The spectral

density function J1(ω) can then be written as

J1(ω) =
3kBTS

2

2π2K

∫ ∞

−∞
dt

∫ qc

0

dq exp
(
−tKq2/n− iωt

) �� ��2.64

=
3kBTS

2

4
√
2πK

( η

K3

)
ω−1/2U

(ωc

ω

)
= AS2ω−1/2U

(ωc

ω

) �� ��2.65

where ωc = q2cK/η and the cutoff function U (ωc/ω)is given by

U
(ωc

ω

)
=

1

2π
ln

{ωc/ω − (2ωc/ω)
1/2 + 1}

{ωc/ω + (2ωc/ω)
1/2 + 1}

+
1

π

{
arctan

[
(2ωc/ω)

1/2 − 1
]
+ arctan

[
(2ωc/ω)

1/2 + 1
]}

.�� ��2.66

The value of the wave vector corresponding to the high frequency cutoff,

qc, is usually assumed to be determined by the length of the mesogenic mo-

lecules i.e., λc = 2π/qc ≈ 30A0. Given typical values of K in the range of

10−12 − 10−11N and η = 0.1P this corresponds to cutoff frequencies in the

range of typical Larmor frequencies.

Anisotropic viscoelastic constants:

For nematics which have underlying smectic phases, the elastic constants

are no more isotropic (the bend (K3) and twist (K2) elastic coefficients

diverge critically as the nematic-smectic-A transition is approached) [39].

Hence one constant approximation is no longer adequate in evaluating the

spectral density. A fully anisotropic spectral density expression was first de-

rived by considering the anisotropic nature of the viscoelastic coefficients by

Brochard and Blinc [39, 40]. But their expression does not reduce to that of
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Pincus under one constant approximation. Vold and Vold [41, 42] have mod-

ified these formulae by considering ellipsoidal volume of integration for the

q-modes instead of a cylindrical volume, in which case it reduces to Pincus

model under one constant approximation. The spectral density in this case

can be written as

J1(ω) =
9kBTS

2

64π2

∑

α

ηα

∫ qz

0

dqz

∫ q⊥c

(
1− q2z

q2zc

)1/2

0

q⊥dq⊥

(K3q2z +Kαq2⊥)
2
+ η2αω

2
.�� ��2.67

The above equation differs from that of Blinc’s expression [36] in that

the upper limit of the integral over q⊥ has been modified to represent an

ellipsoidal volume of integration, whose cross section in the (qx, qy) plane is a

circle of radius q⊥c and the maximum excursions along qz axis are ±qzc. To
simplify the above integration we define

A2
α =

Kαq
2
⊥c

ηαω
, B2

α =
K3q

2
zc

ηαω
; Dα = |B2

α −A2
α|.

�� ��2.68

The final expression for J1(ω) can be written as [41, 42]

J1(ω) =
3kBTS

2

8π
√
2ω

∑

α

1

Kα

[
ηα
K3

]1/2{
1

2π
ln
B2

α − Bα

√
2 + 1

B2
α +Bα

√
2 + 1

+
1

π
arctan

(
Bα

√
2− 1

)

+
1

π
arctan

(
Bα

√
2− 1

)

+
Bα

√
2/2π√

2D
√
1 + A4

α ∓ A2
α

ln



√
1 + A4

α ±
√
2D
√
1 + A4

α ∓ A2
α +D

√
1 + A4

α ∓
√
2D
√
1 + A4

α ∓ A2
α +D




∓ Bα

√
2/π√

2D
√
1 + A4

α ± A2
α

[
arctan

√
2D −

√√
1 + A4

α ∓A2
α√√

1 + A4
α ± A2

α

+ arctan

√
2D +

√√
1 + A4

α ∓ A2
α√√

1 + A4
α ± A2

α

]}
.

�� ��2.69
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The spectral density for one constant approximation can be recovered

from the above expression since the ellipsoidal of integration reduces to a

sphere and Aα → Bα i.e., D → 0 for the isotropic nature of elastic constants.

The frequency dependence of J1(ω) as a function of three elastic constants

for different combinations is shown in Figure 2.3. The values chosen are

K1 = K2 = 10−6 dyn, η1 = η2 = 0.5P, λzc = λ⊥c = 30A0 and J1(ω) is

plotted for different values of K3 in the range 10−9 − 10−3 dyn. For Larmor

frequencies well above the cutoff frequency ωc, the absolute value of J1 is

small and drops off as ω−2.

Figure 2.3: The spectral densityJ1(ω) plotted as a function of frequency
according to equation (2.69) and a variable elastic constant K3. The other
parameters are explained in the text.

Two distinct limiting cases can be observed from Figure 2.3.

Case 1: ω ≪ ωc

In the region where ω ≪ ωc the frequency dependence of J1(ω) is seen

to vary from -1 to -1/2 as the value of K3 changes from K3 ≪ K1, K2 to

K3 ≫ K1, K2 respectively.

51



Theory

Case 2: ω ≫ ωc

In this case, J1(ω) varies from ω−2 to ω−2/3 as K3 is varied from K3 ≪
K1, K2 to K3 ≫ K1, K2.

The situation where K3 ≪ K1, K2 is equivalent to pseudo 2d systems in

which the bend elastic term, K3 does not contribute to the free energy and

hence the relaxation mechanism for such systems results in a ω−1 dependence

of J1(ω) at low frequencies. Thus depending on the particular combination

of elastic constants and viscosities, somewhat steeper frequency dependence

than ω−1/2 can occur especially as the Larmor frequency approaches ωc.

Struppe and Noack [43] obtained an expression including both upper and

lower cutoff frequencies but under single constant approximation. But the

situation is more complex in nematics with underlying smectic phases: the

visco-elastic properties are perceptibly more anisotropic on one hand; and

the presence of cybotactic clusters (smectic organizations) may impose re-

strictions on the director fluctuations modes leading to the upper and lower

cutoff frequencies. As is clear from the above, it is necessary to incorpor-

ate both upper and lower cutoff frequencies as well as anisotropy in elastic

coefficients in the contribution to spin relaxation from DF modes. Venu and

Sastry proposed a model by considering the lower and upper cutoff frequen-

cies and anisotropy in elastic coefficients [44]. The details of this model were

discussed elsewhere [45, 46]. The model predicts that R1ODF is frequency

independent below any of the lower cutoff frequencies and it varies as ω−1/2

in the intermediate region between upper and lower cut off frequencies and

varies as ω−1.5 − ω−2 above upper cut off frequencies. The values of the

cutoff frequencies vary due to the variations in elastic coefficients or due to

the variations in the corresponding cutoff wavelengths.
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2.4.2.4 Layer undulations

The director fluctuations have less freedom in the smectic phase compared to

the nematic because of the formation of layered structure. These structures

impose severe constraints on the twist (K2) and bend (K3) elastic deform-

ations. Energetically least expensive are layer undulations, which are pure

splay deformations and spread in two dimensions i.e., in the plane of the

layer [3]. The spin relaxation caused by layer undulations in the smectic-A

was first observed by Blinc et al. [40] in the smectic phases of Terephtal-bis-

butylaniline (TBBA). The relaxation rate expression for this process can be

derived from equation (2.69) by defining the following quantities [3]

ωα
zc =

K3q
2
zc

ηα

and

ωα
⊥c =

Kαq
2
⊥c

ηα
.

If A2
α ≫ 1 and B2

α ≪ 1 (i.e., ωα
zc ≪ ω ≪ ωα

⊥c) in equation (2.69), then

the spectral density may be written as (K3 ≪ K2 = K1)

J1(ω) =
3kBTqzc
4πK1

ω−1

=
3kBT

2K1ξz
ω−1

�� ��2.70

where ξz is the coherence length in the z -direction of the part of the sample

when the layers are parallel to each other, and is defined by ξz = 2π/qzc .

The corresponding relaxation rate is [3]

1

T1LU
= ALUω

−1
�� ��2.71

where
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ALU =
9

8π

(
µ0γ

2~
4πr3

)2
kBTS

2

K1ξz

[
d200(β)

]2
.

�� ��2.72

Here d200(β) are Wigner rotation matrices. The above result is true if ξz is

independent of q⊥ (i.e., constant). If, however, this coherence length is wave

vector dependent [28], i.e.,

ξ =
1

λq2⊥
.

where λ is a constant of the order of molecular length, a logarithmic

dependence of T1 is obtained [36]:

T−1
1 ∝ ln

(
1 + (ω⊥c/ω)

2
)
.

Here only the upper cutoff frequency was taken into account. This equa-

tion diverges as ω → 0. Sebastiao et al. [47–49] considered both the lower

and upper cutoff frequencies in deriving an expression for the spectral density

and it is expressed as

J1(ω) =
3kBT

2K1ξzω

(
2

π
tan−1 ωc

ω
− 2

π
tan−1 ωl

ω

) �� ��2.73

Where ωc = K1q
2
c/η and ωl = K1q

2
l /η are the high and low frequency

cutoffs, respectively. In terms of coherence lengths ξz and ξ⊥, qc = 2π/ξz

and ql = 2π/ξ⊥ . Therefore the expression for ALU in equation (2.71) is now

given by

ALU =
9

8π

(
µ0γ

2~
4πr3

)2
kBTS

2

K1ξz

[
d200(β)

]2
(
2

π
tan−1 ωc

ω
− 2

π
tan−1 ωl

ω

)
.

�� ��2.74

This equation reduces to equation (2.72) when ωl → 0 and ωc = ∞.
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2.4.2.5 Reorientations mediated by translational displacements

(RMTD)

In systems where low molecular mass calamitic molecules are confined in

small nano-size porous cavities, or in chiral systems, the molecular trans-

lational displacements and molecular rotational motions can be mutually

affected by the local structure of the matrix. The orientational time cor-

relation of molecules decays partly as a consequence of their translational

displacements along the rugged and/or curved surfaces relative to which the

molecules in the adsorbed or surface ordered layer have a certain preferen-

tial orientation. This orientational correlation dependence with time was

explained by the slow process called as “reorientations mediated by trans-

lational displacements (RMTD)”. Relaxation by this mechanism is the com-

bined consequence of the molecular dynamics appropriate to the mesophases,

tempered by the structure of the confining medium. The orientation correl-

ation function and spectral density expressions for RMTD were derived by

Kimmich et al. [50]. The RMTD process is described by the probability

density that a molecule is displaced by a distance r in a time interval t, and

by the probability that it alters the orientation from Ωi to Ωf in that distance

r. The probability density can be expressed as

P (Ωi,Ωf , t) =

∫
φ (Ωi,Ωf , r)ψ(r, t)d

zr
�� ��2.75

where the integration is carried out over the whole topologically

z -dimensional space (z = 1, 2, or 3). ψ(r, t) is the diffusion profile and

φ (Ωi,Ωf , r) represents the probability density that the orientation changes

from Ωi to Ωf in a distance r.

The orientation correlation function in terms of spherical harmonics is

expressed as

G(t) =
1

〈|Y (m)
2 |2〉

∫
g2,m(r)ψ(r, t)d

zr.
�� ��2.76
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Here g2,m(r) is the surface correlation function. The diffusion profile

depends on the dimensionality z and the validity of Einstein relation for

normal diffusion. The probability density for the displacement r in time t

for normal diffusion has the Gaussian form and can be analyzed in terms of

modes with wave numbers q. The orientation correlation function for normal

diffusion can then be written as

G(t) =

∫ ∞

0

Q(q)e−Dtq2dq.
�� ��2.77

where Q(q) is the orientational structure factor and it depends on the

structure of confining matrix. Thus the spatial correlation of the surface

affects the reorientational time correlation of the diffusing anisotropic mo-

lecules near the surface.

The corresponding spectral density for RMTD is given by

Jk(ω) =

∫ ∞

0

Gk(t) cos(ωt)dt =

∫ ∞

0

Q(q)
2τq

1 + ω2τ 2q
dq.

�� ��2.78

In the case of confined liquid crystal systems the spin-lattice relaxation

contribution from the RMTD mechanism can be incorporated by using the

two-phase fast-exchange model [51, 52]. Here we consider the confined meso-

genic fluid to coexist in two phases, where the first phase consists of molecules

in the surface layer with restricted tumbling (order parameter S 6= 0) and

the second one of the bulk-like molecules with S = 0 (in the isotropic phase).

The condition of fast exchange is fulfilled if the molecular exchange between

the two phases, and between different positions or orientations within the

ordered phase, takes place on a time which is very much shorter than the

spin-lattice relaxation time. This condition imparts a single relaxation time

of the system and is experimentally indicated by mono-exponential relaxa-

tion curves. Within the framework of two-phase fast-exchange model, there

are four different situations to be distinguished and to be characterized by
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the relative fractions of molecules being initially and finally in one of the two

possible states (the surface layer or the bulk-like phase): ps,s(t) is the fraction

of molecules initially and finally in the surface layer; ps,b(t) is the fraction

of molecules initially in the surface layer and finally in the bulk-like phase;

pb,s(t) is the fraction of molecules initially in the bulk-like phase and finally

in the surface layer; pb,b(t) is the fraction of molecules initially and finally in

the in the bulk-like phase. These fractions are normalized of course,

ps,s(t) + ps,b(t) + pb,s(t) + pb,b(t) = 1.
�� ��2.79

The total correlation function can then be analyzed into four partial cor-

relation functions:

Gk(t) = ps,s(t)〈Y2,k(0)Y2,−k(t)〉RMTD,RR + ps,b(t)〈Y2,k(0)Y2,−k(t)〉EX,IR

+ pb,s(t)〈Y2,k(0)Y2,−k(t)〉IR + pb,b(t)〈Y2,k(0)Y2,−k(t)〉IR.
�� ��2.80

The subscripts RMTD, RR, EX., and IR, stand for reorientations medi-

ated by translational displacements and restricted reorientations of the mo-

lecules in the surface layer, molecular exchange and isotropic reorientations in

the bulk-like phase, respectively. The correlation functions of the molecules

that are at the beginning in one phase and at the end in the other phase are

usually neglected [52–54]. Then the correlation function is described by two

partial correlation functions, given by [54]

Gk(t) = Ps,s(t)Gk(t)RMTD,RR + Pb,b(t)Gk(t)IR.
�� ��2.81

Here Ps,s(t) is the conditional probability that a molecule is initially and

finally in the surface layer and Pb,b(t) is the conditional probability that a

molecule is initially and finally in the bulk-like phase. Using rate equations

for the molecular populations in each phase, the conditions probability is

calculated as [53]
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Ps,s(t) = ps(1− ps)e
−t

τEX + p2s
�� ��2.82

Pb,b(t) = ps(1− ps)e
−t

τEX + (1− ps)
2

�� ��2.83

where τEX denotes the exchange time of molecules between the surface

and bulk-like phase, and ps stands for the fraction of molecules in the surface

layer. The translational diffusion within the ordered layer and its thickness

determine the exchange time of molecules.

In describing the time dependence of the correlation functions we take

into account the fact that fast molecular reorientations and the much slower

RMTD processes are virtually independent of each other. The total correla-

tion function is then simplified as [54]

Gk(t) =
[
ps(1− ps)e

−t
τEX + p2s

] [
(1− S2)e

−t
τRR + S2

]
e

−t
τRMTD

+
[
ps(1− ps)e

−t
τEX + (1− ps)

2
]
e

−t
τRR .

�� ��2.84

Here τRMTD is the decay constant of the RMTD correlation and S2 the

square of the order parameter that represents the residual correlation of re-

stricted tumbling in the long time limit, i.e., before the exchange process and

RMTD become effective. Since local molecular reorientations [LR], either iso-

tropic or restricted due to local ordering, are much faster than the exchange

and RMTD, these contributions persist in expressions like

1

τRMTD

+
1

τRR

≈ 1

τRR

or
1

τEX
+

1

τIR
≈ 1

τIR
.
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The spectral density functions Jk(ω) derived from equations (2.78) and

(2.84), assume therefore a relatively simple form:

Jk(ω) = Jk(ω)LR + Jk(ω)EX,RMTD

�� ��2.85

with

Jk(ω)LR = ps(1− s2)
2τRR

1 + ω2τ 2RR

+ (1− ps)
2τIR

1 + ω2τ 2IR

�� ��2.86

Jk(ω)EX,RMTD = ps(1− ps)S
2 2τ

1 + ω2τ 2
+ p2sS

2 2τRMTD

1 + ω2τ 2RMTD

�� ��2.87

where τ = (1/τRMTD + 1/τEX)
−1 and Jk(ω) = J1(ω) = J2(ω).

The description of the RMTD process with a single correlation time is

often an oversimplification. The spin-relaxing capability of this process de-

pends on the structure of the surface, i.e., on the so-called surface structure

factor. The surface effect is analyzed by a spatial Fourier transformation in

terms of modes with wave numbers q in the interval between qmin and qmax.

The correlation function for the diffusion mode with the wave number q is

assumed to be exponential with the decay time τq = (Dq2)−1. Following the

approach of Kimmich used in different porous media [51, 55] and assuming

that in the range between qmin and qmax all the modes are equally weighted,

the spectral density Jk(ω)EX,RMTD becomes

Jk(ω)EX,RMTD =
ps(1− ps)S

2

∆q

∫ qmax

qmin

2 (1/τq + 1/τEX)
−1

1 + ω2(1/τq + 1/τEX)
−2dq

+
p2sS

2

∆q

∫ qmax

qmin

2τq
1 + ω2τ 2q

dq.
�� ��2.88
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Here ∆q = qmax− qmin. A closed form of equation (2.88) can be obtained

in the limits τq ≪ τEX and τq ≫ τEX with the crossover between the two

regimes centered at qc = (DτEX)
−1/2. When the RMTD is much faster than

the exchange process and does not leave any residual correlation, the two

terms in equation (2.88) merge into a single one, which is governed by the

RMTD mechanism:

Jk(ω)EX,RMTD → Jk(ω)RMTD =
√
2psS

2

∆q
√
D
ω−1/2

[
f
(ωRMTDmax

ω

)
− f

(ωRMTDmin

ω

) ]

�� ��2.89

where

f(w) = arctan
(√

2w + 1
)
+arctan

(√
2w − 1

)
+arc tanh

( √
2w

w + 1

)
.
�� ��2.90

Here ωRMTDmin = Dq2min , ωRMTDmax = Dq2max.

The linear dependence on ps is characteristic for systems where the RMTD

correlation function decays to zero before the molecules emerge from the

ordered into the isotropic phase. In the opposite case, i.e., in the limit of

fast molecular exchange compared to the RMTD modulation, equation (2.88)

transforms to
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Jk(ω)EX,RMTD ≈ ps(1− ps)S
2 2τEX

1 + ω2τ 2EX

+

√
2p2sS

2

∆q
√
D
ω−1/2

[
f
(ωRMTDmax

ω

)
− f

(ωRMTDmin

ω

)]
.�� ��2.91

The RMTD term is here identical to that of equation (2.89) apart from the

prefactor p2s which appears in the expression when a molecule, being initially

in the surface layer, makes several excursions into the bulk-like phase before

ending at time t in the surface layer again. The RMTD spectral density

functions in the range between ωRMTDmin and ωRMTDmax is proportional to

ω−1/2 as shown by equations (2.89) and (2.91). The low frequency cutoff

ωRMTDmin determines the turning point where Jk(ω)RMTD levels off into a

plateau, independent of ω and proportional to D−1:

Jk(ω → 0)RMTD =
2g(ps)S

2lminlmax

π2
D−1.

�� ��2.92

Here g(ps) is a function depending on the relation between τEX and τq,

and lmin = π/qmax and lmax = π/qmin determine the smallest and largest

curvilinear displacements where a notable change in the orientation of the

surface director is attained and these length scales are dependent on the

dimensionality of the pores. A third dispersion regime occurs at frequencies

above ωRMTDmax, where the slope of the dispersion curve becomes steeper

and proportional to ω−2. The spectral density in this range is given by

Jk(ω → ∞)RMTD ≈ 2g(ps)S
2Dπ2

3l2min

ω−2.
�� ��2.93

It should be stressed that the characteristic Jk(ω)RMTD ∝ ω−1/2 behavior

in the middle range of the dispersion regime depends on the weight factors

ascribed to the contributions of modes with different wave numbers q. When
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surface orientational structure factor is constant then the relaxation rate of

RMTD is given by [54, 56]

1

T1RMTD
= ARMTD

{ 1

ω1/2

[
f
(ωRMTDmax

ω

)
− f

(ωRMTDmin

ω

)]

+
4

(2ω)1/2

[
f
(ωRMTDmax

2ω

)
− f

(ωRMTDmin

2ω

)]}
.

�� ��2.94

The prefactor ARMTD depends on the residual dipole-dipole proton spin

interaction, diffusion coefficient and on the micro structural features of the

confined liquid crystal.

In general the orientational structure factor is a complex function of the

wave number q. In some cases it can be approximated by the analytical form

[55]

Q(q) = cq−χ + e.
�� ��2.95

Here c and e are constants independent of the wave number q. The con-

stant e can be neglected in the low frequency dispersion regime and inserting

equation (2.95) into equation (2.78) and using the expression τq = (Dq2)
−1
,

the spectral density Jk(ω)RMTD is written as [56]

Jk(ω)RMTD ∝
∫ qmax

qmin

2τqq
−χ

1 + ω2τ 2q
dq =

2

D

∫ qmax

qmin

q2−χ

q4 +
(
ω
D

)2dq.
�� ��2.96

Replacing q
√
D/ω by z yields

1

TIRMTD

= ARMTD

{
1

ωp

∫ zmax

zmin

z3−2p

1 + z4
dz +

1

(2ω)p

∫ zmax

zmin

z3−2p

1 + z4
dz

} �� ��2.97
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with p = (1 + χ)/2, zmax =
(
ωRMTDmax

ω

)1/2
, zmin =

(
ωRMTDmin

ω

)1/2
.

The integration in equation (2.97) can be performed analytically for χ 6= 0

by extending the limits of integration from zero to infinity. The resulting

T−1
1RMTD dispersion curve is directly related to χ and follows the power law,

T−1
1RMTD ∝ ω−p [56].
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3
Experimental Details of Pulsed and

Field-Cycling NMR Relaxometers

In this chapter the experimental arrangement to measure nuclear spin relax-

ation times, as a function of Larmor frequency and temperature is discussed.

This includes the generation of resonant rf pulse sequences, detection of mag-

netization decays, and data acquisition for subsequent processing. The work

presented in this thesis was carried out on the commercial fast field-cycling

spectrometer (Stelar Spinmaster FFC 2000, Italy) in the frequency range

of 10 kHz to 10 MHz, and on a variable field pulsed NMR spectrometer to

cover the high frequencies from 10 MHz to 50 MHz. We first discuss the

methodology of such measurements on pulsed NMR spectrometers, introdu-

cing in the process different rf pulse sequences and their relative merits. We

follow it up with a discussion on the working principle of the more recent

field-cycling NMR technique, to access very low resonance fields (∼ 10 kHz),

over coming the instrumentation limitation normally encountered at such low

frequencies. Finally, we present the specifications of the spectrometers used

for the present work.

69



Experimental Details of Pulsed and Field-Cycling NMR
Relaxometers

3.1 Pulsed NMR methodology

A nuclear magnetic moment µ (arising due to a spin I and the gyromagnetic

ratio γ = µ/I), in the presence of an external Zeeman magnetic field H0,

experiences a torque equal to the rate of change of angular momentum. The

equation of motion can be written as [1, 2],

dµ

dt
= γ(µ×H0).

�� ��3.1

Representing the total magnetization
∑

µi of the system by M the equa-

tion of motion of the total macroscopic magnetization becomes,

dM

dt
= γ(M×H0).

�� ��3.2

Application of a small time dependent rf field H1(t) with a frequency

ω to perturb the quantizing static field H0, in a plane perpendicular to H0,

modifies the equation 3.2 as,

dM

dt
= γM× [H0 +H1(t)] .

�� ��3.3

Transforming into a rotating co-ordinate system having an angular fre-

quency (ω) as that of the perturbing field (H1(t)) and moving about an axis

parallel to H0 (say the z -axis), the equation of motion of the magnetization

in the new co-ordinate system with an effective field Heff becomes,

∂M

∂t
|
rot

= γM×Heff

�� ��3.4

where

Heff = [(H0 + ω/γ) +H1(t)] .

It can be seen that the magnetization that was initially parallel to the

quantizing static field H0 (along, say, the z -direction) precesses about H1(t)
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in the y-z plane under the condition of resonance (ω = ω0 = −γH0). If H1

is applied for a time interval tw (rf pulse) the angle of the precessing cone is

given by θ = γH1tw. For a given H1 if the magnetization is rotated through

θ = 1800 it is called a π pulse and if it is rotated through θ = 900 is called a

π/2 pulse.

Bloch’s phenomenological equations [1, 3] depict the time evolution of the

macroscopic magnetization (M) in the presence of applied fields and the re-

laxation processes to be discussed. They introduce the spin-lattice relaxation

time (T1) and the spin-spin relaxation time (T2), for different magnetization

components, expressed as

dMz

dt
= γ(M ×H)z +

M0 −Mz

T1

�� ��3.5a

dMx

dt
= γ(M ×H)x −

Mx

T2

�
 �	3.5b

dMy

dt
= γ(M ×H)y −

My

T2
.

�� ��3.5c

The spin-lattice relaxation time (T1) is the characteristic time associated

with the dissipation of the differential energy of the spin system (relative to

equilibrium) to the lattice (all the degrees of freedom other than the spin

degrees of freedom) which is an irreversible process, and hence involves a

change in the entropy of the spin system, whereas T2 is the time constant as-

sociated with the processes reaching internal equilibrium with the ensemble

of spins. After a π/2 pulse the magnetization M is flipped into the x -y plane

(Figure 3.5). This corresponds to a non-equilibrium condition of the spin

system since at equilibrium the net magnetization in the x -y plane should be

zero. The spin system loses this coherence energy in the x -y plane (Figure

3.5) in a characteristic time identified as the spin-spin relaxation time (T2)

associated with this reversible process and involves no change in the net en-

tropy of the system. Hence T1 will normally be greater than T2.
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The decay of the excess magnetization in the xy-plane to equilibrium

called the free induction decay (FID), is recorded as an observable emf in-

duced in a pick up coil due to the time dependent magnetization. Normally

the same induction coil is used for both creating a non-equilibrium condition

of the spin system (by the application of pulsed rf ) and subsequently de-

tecting the FID. A typical FID for a Lorentzian resonance line would be an

exponentially decaying sinusoid. The rate of decay of the FID depends not

only on the spin-spin relaxation time (T2) but also on the broadening caused

by the Zeeman field inhomogeneity as well as possible inhomogeneities in the

sample. Thus the time constant determined from the FID, denoted by T ∗
2

(apparent T2), is shorter than T2.

3.2 High field pulsed NMR spectrometer

A variable frequency high field pulsed NMR spectrometer used for relaxa-

tion time measurements (in the frequency range of 10-50 MHz) is home-built

and available in our laboratory. The details of this spectrometer are briefly

discussed in this section. The magnet used is manufactured by Bruker Spec-

trospin (Model BE25) and is energized using a power supply (Bruker, Model

No. B-MN 155/45 A6). The pole caps are 10
′′
in diameter and the pole gap

is adjustable upto 4′′. The magnet has a stability of 1 part in 106 with a very

good homogeneity over a sample of about 1 cm3. A maximum magnetic field

of about 1.5 T with long term stability could be obtained with good cooling

arrangements.

The high field pulsed NMR spectrometer broadly consists of three units (i)

a transmitter (ii) a matching network or probe and (iii) a receiver. The block

diagram is given in Figure 3.1. The transmitter generates appropriate pulsed

rf radiation, amplifies and delivers it to the matching network (probe). The

probe consists of passive elements including the sample coil. At resonance
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the applied voltage is multiplied to several fold and the nuclei are subjected

to a high value of rf field. The receiver picks up the weak signal from the

NMR coil and amplifies it in stages. This amplified signal is detected by the

phase sensitive detector and processed through a low pass filter and a video

amplifier. Finally a signal averager is used to improve the signal-to-noise

(S/N) ratio. Here we employed an automated NMR hardware, (Spinmaster

from Stelar, Italy) to take care of all rf operations. Spinmaster encapsulates

transmitter and receiver parts of the NMR spectrometer into a single console.

It consists of RF, Digital unit and power supply.

3.2.1 RF and Digital units

The latest generation of direct digital synthesizers (DDS), programmable lo-

gic and fast A/D and D/A converters are implemented in the RF electronics

of Spinmaster. The unit operates in the 2 to 80 MHz band and all pertinent

settings are under digital control. The RF and digital unit further consist of:

1. Direct digital synthesizer (DDS) rf unit; 2. RF power transmitter; 3. RF

receiver unit; 4. Acquisition Manager (AQM).

The direct digital synthesizer (DDS) rf unit consists of (i) clock generator

(ii) DDS controlled- frequency and phase control unit and (iii) rf and pulse

modulator. The clock generator sends a sinusoidal reference signal at 80 MHz

as output. This clock output is divided by a factor of 2 and the resultant 40

MHz clock output is available for Acquisition Manager. The DDS controller

is used to control the system frequency and phase difference between two

channels. RF and pulse modulator produce the pulsed rf output which is to

be fed to the transmitter. The level of this pulsed rf output can be varied

from 0.25 V to 2.5 V.

The RF power transmitter of Spinmaster delivers power up to 300W in

the pulse mode. The maximum power level can be adjusted through the Acq.

NMR software. The receiver amplifies the emf induced by the nuclear mag-
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netization from its initial level (of order of a microvolt) to the level required

for data handling and display (of order volts). In the process, the nuclear

signal is demodulated (i.e., the rf frequency removed) by an appropriate

detector (normally a phase-sensitive detector). The receiver is capable of

withstanding overloaded voltages and also recovers fast from these overload

voltages (due to leakages during pulse ON periods). This is a quadrature

receiver with an additional diode detection channel and programmable amp-

lifier filters.

Acquisition manager (AQM) is the heart of the Spinmaster. It is con-

nected to a standard PC parallel port which transmits logical commands

called interface primitives. It has an in built CPU (Z180) which decodes the

instructions into a set of commands to be sent to the hardware interface at

planned time intervals. Furthermore, this CPU reports the current status of

the hardware and of the experiment to the PC, programs the hard ware units

through a proprietary parallel, bi-directional 8-bit bus (Stelar bus) and sends

the acquired data to the host PC. At boot time, the Z180 executes a config-

uration routine and establishes communication with the PC. In practice, the

time-critical instructions are executed by the pulser, which are loaded by the

Z180. The host may stop/start the Z180 and the flow of instructions under

its control, but the AQM executes the instructions related to configuration

and sequence independently.

3.2.2 Probe

The probe or the matching network which houses the sample coil plays an

important role in the performance of the spectrometer. An ideal probe must

effectively couple the sample coil to the transmitter during pulse ON time

and to the receiver during pulse OFF time for signal detection. It should also

decouple the receiver from the transmitter during the pulse ON period. For

the present experiments we used a single-coil probe. The single-coil probe

arrangement is simpler and has many advantages and some disadvantages
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with respect to the crossed-coil probe. Probably the main advantage of the

single-coil is its much higher power efficiency since the coil can be tightly

wound around the sample, in contrast to the crossed coil probe in which

the transmitter coil must be considerably larger and adjusted for minimum

coupling to the receiver coil. Probe is tuned to the desired frequency by

adjusting tuning and matching capacitors. If the probe is not properly tuned

and/or matched, rf power is not optimally transferred, thus lengthening

the 90o pulse width and worsening S/N ratio. Tuning a probe is obviously

necessary when a different nucleus is to be observed. Not so obviously, it

is often necessary after changing the sample. This is due to the sample’s

rf -properties. To tune a probe, directional coupler is used as an impedance

sensor, and the output is displayed on a dip meter.
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Figure 3.1: Block diagram of a high field pulsed NMR spectrometer.
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3.3 Pulse sequences for spin-lattice and spin-spin

relaxation times T1 and T2

To measure various relaxation times (T1 and T2), different pulse sequences,

corresponding to the different initial non-equilibrium conditions required to

be created, are necessary. The details of such pulse sequences used in the

present studies are given below [4].

3.3.1 T1 Measurements

3.3.1.1 Saturation recovery sequence (π/2− τ − π/2)

This sequence consists of a π/2 pulse followed by another π/2 pulse after a

variable delay τ . The first π/2 pulse tilts the magnetization into the xy plane

(magnetization along the z -direction is made zero), which is then allowed to

evolve for a time τ . The evolved magnetization is then sampled by a second

π/2 pulse which tilts whatever magnetization that is developed along the

z -axis into the xy plane for observation. The amplitude of the FID, M(τ) at

a fixed time from the sampling pulse develops from zero at time τ = 0 to M0

at time τ = ∞ and satisfies the following equation

Mz(τ) =M0 [1− exp(−τ/T1)] .
�� ��3.6

By repeating the experiment for different values of τ and then fitting the

data to equation (3.6), by a least square fitting procedure, T1 is obtained.

Typical magnetization recovery in the presence of this sequence is shown in

Figure 3.2.
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π/2 π/2

τ

M(t)

M0

t

Figure 3.2: Saturation recovery for T1 measurements.

3.3.1.2 Inversion recovery sequence (π − τ − π/2)

In this sequence the first π pulse tilts the equilibrium magnetization along

the z -direction into the negative z direction and the evolution is monitored

along the z -axis by another sampling π/2 rf pulse after a time τ [4, 5]. The

magnetization recovery from -M0 to M0 follows the equation, (Figure 3.3)

Mz(t) =M0 [1− 2 exp(−τ/T1)] .
�� ��3.7

M0 is the amplitude of the FID after a time τ = ∞. A least square fitting

of the data to equation (3.7) gives the spin-lattice relaxation time T1.

The advantages of this method over saturation recovery sequence are:

(i) T1 can be roughly estimated initially by finding time τ0 for which the

magnetization is zero, as T1 = τ0/ln2.
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π π/2

τ

M(t)

M0

t

-M0

Figure 3.3: Inversion recovery sequence for T1 measurements.

(ii) The data has twice the dynamic range (-M0 to M0) as compared to

the saturation recovery sequence (0 to M0), hence increasing the apparent

signal-to-noise ratio.

The disadvantage of this method over saturation recovery is that it is

time consuming because this sequence starts with an initial equilibrium mag-

netization in the negative z -direction and the magnetization has to evolve to

the positive z -direction before repeating the sequence. It takes a mimimum

of 5T1 times to fully recover the magnetization before repeating the sequence

and this will involve considerable experimentation time if T1 is of the order

few hundred milliseconds (which is the case with typical LC system at nor-

mal Larmor frequencies).

One disadvantage of using any of the two methods is that, if the initial

preparatory pulse width (π or π/2) is not set properly or if H1 is not homo-

geneous, the initial condition of the magnetization (-M0 or zero, respectively)

is not met and hence leading to a reduction in the signal strength.
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3.3.1.3 Saturation burst sequence

This sequence is an improved version of the saturation recovery sequence,

where the initial preparatory π/2 pulse is replaced by a closely spaced burst

(usually 5 to 10) of π/2 pulses which is followed by a sampling π/2 pulse after

a variable time, τ . The spacing between two π/2 pulses in the burst (τ) is

chosen such that the T2 process is complete but T1 process has not effectively

taken place (i.e., T2 < τ ≪ T1) (Figure 3.4). The advantage of using this

sequence is that the burst ensures the zeroing of magnetization, even if the

pulse width is not exactly set to π/2 or if H1 is slightly inhomogeneous. The

evolution of the magnetization in this pulse sequence is given by equation

(3.6). The other advantage of using this method is that the long waiting

times (5T1) for long T1 measurements is eliminated as there is no need for

allowing the magnetization to recover fully before the sequence is repeated.

In this sequence the first pulse of the next burst can act as a sampling pulse.

π/2  .  .  .  .  .  .   .  .  .  .  . π/2

τ

M(t)

M0

t

π/2

Figure 3.4: Saturation burst sequence for T1 measurements.
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3.3.2 T2 Measurements

3.3.2.1 Spin-echo method

Due to the spatial inhomogeneity in the applied dc field, the time constant as-

sociated with the free induction decay (FID) T ∗
2 is shorter than T2 and hence

the FID after a single π/2 pulse can not be used to measure T2. Instead,

the spin echo method with a (π/2 − τ − π) sequence [6] is used. The effect

of this pulse sequence on the spin system is shown in Figure 3.5, which can

be understood as follows. The first π/2 pulse puts the magnetization in the

transverse plane (say along x′-axis, if the pulse is applied along y′-axis). The

magnetization starts de-phasing due to the spread in the Larmor frequen-

cies. Next π pulse (along the same y′-axis) at time τ inverts all individual

magnetic moments (to lie along -x′ axis) thereby inverting the sequence of

de-phasing as shown in Figure 3.5.

Figure 3.5: Spin echo sequence for T2 measurements.

Therefore the spins refocus again after the time interval τ from the π pulse

forming an echo. If the π pulse can invert the direction of the de-phasing of
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all spins then the echo will have same magnitude as that of the FID. This

means that the phase relations among these spins have not changed during

the time 2τ . But these phase relations may change for some spins during

the time 2τ (e.g., if the de-phasing is due to time varying local fields) and

such spins do not coalesce with the other spins and so their contribution to

spin echo will be missing. Thus any process which causes individual spins

to de-phase in a irreversible manner will reduce the amplitude of the echo,

and one obvious example of such process is spin-flip due to the spin-spin

interaction. Thus by measuring the amplitude of the echo as a function of τ

one can measure T2 since the spin echo amplitude decreases as exp (−τ/T2).

3.3.2.2 Carr-Purcell sequence

If there is a rapid diffusion in the inhomogeneous magnetic field, the spin

echo amplitude is further reduced [1] and the above sequence is not effective

for measuring T2. A sequence suggested by Carr and Purcell [7] is well suited

in such cases. This sequence consists of a π/2 pulse followed by a series of π

pulses at t, 3t, 5t etc. The spin echoes arising out of this sequence is shown

in Figure 3.6. It can be shown [8] that this sequence makes the contribution

of diffusion due to the field inhomogeneity negligible. In this sequence error

in setting the width of pulse does lead to some error in T2 but this can be

rectified by the insertion of a 900 phase shift between the π/2 pulse and

successive π pulses, as suggested by Meiboom and Gill [9].
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Figure 3.6: Carr-Purcell sequence for T2 measurements.

3.4 Field-cycling NMR

A field-cycling spectrometer is characterized by the ability to periodically and

significantly vary its longitudinal magnetic field strength, B0 , on a time scale

short compared to the spin-lattice relaxation times studied [10, 11]. This is

usually achieved by either rapidly moving the sample between regions of

different field strengths via mechanical methods, or keeping the sample sta-

tionary and changing the external field by varying the current through the

solenoid. The main benefits of field-cycling over fixed-field spectrometers are

their ability to affect spins with different gyromagnetic ratios without the

need for multi-channel spectrometers with electronics tuned to multiple fre-

quencies. Also, the preparation, recovery and detection of the spins can occur

at different fields, allowing the frequency dependent study of the relaxation

rates. Field-cycling relaxometry is the only NMR technique that permits one

to cover several decades of the frequency with the same instrument and it

is a powerful technique for the identification and characterization of various

types of molecular dynamic processes in complex systems.
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3.4.1 Field-cycling principle

The principle of a field-cycling NMR (FCNMR) relaxometry experiment is

demonstrated in Figure 3.7. The sample is polarized in a magnetic field Bp

kept as high as technically possible with moderate requirements on homo-

geneity. The relaxation process takes place in a variable low-field interval

Br. The signal remaining after this relaxation interval is detected in a fixed

field Bd which is again as high as possible with preferably better homogen-

eity. The signals are acquired with a radio frequency (RF) unit tuned to

a predetermined frequency irrespective of the relaxation field chosen. For

detection, either the free induction decay after a simple 900 RF pulse or a

spin echo produced by a sequence of two or more pulses is recorded. In the

Figure 3.7, T is the total period of the cycle which is repeated many times

during the course of relaxation time measurements. The transit times (tOFF

(Bp → Br) and tON (Br → Bd) are the switching times of field OFF and ON

respectively. The main conditions to be satisfied with these switching times

is that on one hand they should be fast compared to the relaxation times of

the system under study and on the other hand, they should be slow enough

such that the time varying magnetic fields do not contain components in the

vicinity of the Larmor frequency. The detailed theoretical and experimental

background for FCNMR was extensively discussed in review articles [10–13].
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tP tE
tD

tOFF
tON

B0(t)

B0P

B0D

B0E

Period T

Polarization 

Period

Evolution

Period

Detection

Period

FIDRF

Figure 3.7: Schematic representation of a typical field-cycle experiment.
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3.5 Pulse sequences for T1 measurements

On field-cycling NMR relaxometers, the T1 measurements are performed by

using two standard pulse sequences.

1. Pre-polarized (PP) sequence for low fields (below 4 MHz)

2. Non-polarized (NP) sequence for high fields (above 4 MHz).

3.5.1 PP Sequence (Br ≪ Bp)

In this case, the sample is polarized in the polarization field, Bp, which

is chosen as high as possible. The magnetic field is then switched to the

preselected relaxation field, Br, at which the spin-lattice relaxation is to

be measured. The magnetization remaining after the relaxation interval τ

is finally detected with the aid of a 90o RF pulse or a suitable spin echo

sequence in the form of an NMR signal after switching the magnetic field to

a detection field Bd. After having recorded the signal, the magnetic field is

switched back to the polarization field. Incrementing the relaxation interval

τ thus permits one to record the relaxation curve for a given relaxation field

Br. The spin-lattice relaxation dispersion is then scanned point by point

by stepping Br through a series of discrete values spread over the desired

magnetic field (or frequency) range. Figure 3.8 shows a typical field cycle

and time intervals needed to measure spin-lattice relaxation times by using

PP sequence.

3.5.2 NP sequence (Br → Bp)

If the relaxation field Br approaches the polarization field Bp the dynamic

range of the relaxation curve becomes too small for accurate evaluation of

spin-lattice relaxation times. In this case it is more favorable to start the

cycle in the absence of any polarization field. Here non-equilibrium state is

created by switching the field to the desired relaxation field Br value and the

spins are allowed to relax for a time period τ and the remaining magnetization
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is detected with the aid of 90o pulse after switching the magnetic field to a

detection field Bd. The process is repeated for different τ values to measure

the spin-lattice relaxation time. Figure 3.9 shows a typical field cycle and

time intervals needed to measure spin-lattice relaxation times by using NP

sequence. In the present work, a commercial relaxometer (Stelar Spin mater,

Italy) was used, and Figure 3.10 shows the block diagram.

86



3.5 Pulse sequences for T1 measurements

Figure 3.8: Field cycle for low relaxation fields (Br ≪ Bp): schematic repres-
entation of the external field B0, the radio frequency amplitude B1, and the
magnetization Mz in the diverse field-cycling time intervals for polarization
fields much larger than the relaxation field. The shaded section indicates the
variable relaxation interval τ . The vertical arrow indicates the time when the
signal is recorded. The polarization interval tp is typically chosen to be five
times the spin-lattice relaxation time in that field. The detection interval td
may be as short as needed for the acquisition of an FID signal. The down
and up field switching times are indicated by the intervals (∆t)d and (∆t)u,
respectively. tRF is the RF pulse width. The cycle is repeated periodically
for different relaxation intervals τ and different relaxation fields Br while all
other intervals and magnetic fields remain constant [11].
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Figure 3.9: Field cycle for high relaxation fields (Br → Bd): schematic
representation of the external flux density B0, the radio frequency amplitude
B1, and the magnetization Mz in the diverse field-cycling time intervals for
relaxation fields approaching the detection field. The shaded section indicates
the relaxation interval τ . The vertical arrow indicates the time when the
signal is recorded. The field switching times are indicated by the intervals
(∆t)u1 (from zero to the relaxation field) and (∆t)u2 (from the relaxation field
to the detection field). tRF is the RF pulse width. The recycle delay should
be long enough to ensure complete relaxation of the magnetization before the
next cycle begins. The cycle is repeated periodically for different relaxation
intervals τ and different relaxation fields Br while all other intervals and
magnetic fields remain constant [11].

88



3.5 Pulse sequences for T1 measurements

Cooling
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Figure 3.10: Block diagram of a Stelar FFCNMR Relaxometer.
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Table 3.1: Specifications of pulsed NMR spectrometer

Operating frequency
range

3.5 MHz to 60 MHz

Field stability 1 in 106

Field homogeneity 1 in 106

Bandwidth 2 MHz at a given frequency

Pulsed rf power up to 300W

ON/OFF ratio of the
gated pulse

100 dB modulator

Typical π/2 pulse width 2-4 µs for proton

Pulse sequence used Inversion recovery, Saturation burst

Method of detection Single coil parallel resonance type

Transmitter isolation 60 dB minimum

Recovery time 15 µs

rf gain of the receiver Typically 80 dB, adjustable over a range of 40 dB

Temperature range 25oC to 120oC (with 0.1oC stability over the period of
the experiment)
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Table 3.2: Specifications of FFCNMR relaxometer

Magnet Aluminum air coil system

Maximum operating fre-
quency

21 MHz

Field switching time < 0.15 ms/MHz

Field stability 1 in 105

Field homogeneity 1 in 104 over 1 cm3

Bandwidth of the rf spec-
trometer

2 MHz

Pulsed rf power up to 300W

ON/OFF ratio of the
gated pulse

100 dB modulator

Typical π/2 pulse width 5-10 µs for proton

Method of detection Single coil parallel resonance type

Transmitter isolation 60 dB minimum

Recovery time 20 µs

Interface bus with PC LPT

rf gain of the receiver Typically 80 dB, adjustable over a range of 40 dB

Temperature controller Gas flow type PID, VTC 90 (Stelar made)

Temperature range -140oC to 140oC with 0.1oC stability over a day
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3.6 Sample preparation

All the liquid crystalline compounds reported in this work were synthesized in

the laboratory of Professor R. Dabrowski at the Military University of Tech-

nology, Warsaw, Poland and were used without further purification. The

pure or bulk liquid crystal samples were sealed in standard NMR tubes un-

der vacuum (10−5 Torr) by removing the dissolved paramagnetic impurities

using the freeze-pump-thaw technique. The liquid crystal-aerosil mixtures

were prepared by the solvent method [14]. Aerosil (type A300 from Degussa

Corp.) was dried over night at 200oC under vacuum before adding it to the

liquid crystal. Aerosil powder was added to a dilute solution of liquid crystal

in pure acetone. This solution was kept in the sonicator for about 2 hours

to achieve a homogeneous dispersion. The solvent was then evaporated by

keeping the sample at 60oC about 15 hours. The mixture was transferred

into the NMR tube and was sealed under vacuum. Aerosil A300 consists of

small silica spheres of average diameter 7nm and a specific surface area of

300 m2/g. The surface of these spheres is covered with hydroxyl groups that

interact with each other via hydrogen bonding and thus form a 3-d network.

Due to the hydrophilic nature of the spheres and the polar nature of the li-

quid crystal, the alignment of the molecules at the silica surfaces is expected

to be homeotropic.

Liquid crystal-Aerosil mixtures are usually characterized in terms of the

aerosil density defined as ρa = ma/VLC , where ma is the mass of aerosil and

VLC is the volume of the liquid crystal. Assuming the density of the LC to

be ≈ 1g/cm3, ρa can be written as just ma/mLC , where mLC is the mass of

the liquid crystal. Relaxation measurements in Chapters 5 and 6 are carried

out on composites with ρa = 0.05, 0.07 g/cm3.
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4
Multi-nuclear NMR relaxometry study

of slow dynamics in liquid crystals

4.1 Introduction

The laterally fluorinated liquid crystal compounds have attracted recent at-

tention because of their potential applications in display technology and tele-

communications [1–9]. The replacement of hydrogen with fluorine on the

aromatic core reduces the melting point and smectogenity leading to a wide

nematic range. Mixtures of these singly or doubly fluorinated compounds (on

the aromatic cores) have high figure-of-merit, low viscosity and high birefrin-

gence, which are the favorable physical parameters for liquid crystal display

devices. Detailed dielectric studies were carried out on singly fluorinated com-

pounds to examine the correlation times of reorientations [6]. Our interest

in studying them using NMR relaxometry is to examine the type of slow mo-

lecular processes in these systems, and we wish to study them probing with

two different nuclei (1H and 19F ) residing on the same molecule. Based on

physical arguments, we expect the two nuclear species to have qualitatively

different relaxation paths, and hence expectedly different types of dynamic

information on the same molecule. With this objective, we have chosen

two liquid crystals (belonging to the family of tolanes) with one fluorine
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substituted in the place of hydrogen attached on the core. In NMR experi-

ments involving liquid crystals, the 1H spin relaxation process are effectively

mediated by homo-nuclear dipolar interactions time modulated by various

molecular processes pertinent to the system. As was discussed in Chapter-2

(Theory chapter) the spin-lattice relaxation rates are determined by molecu-

lar reorientations (either individual or collective). In a similar experiment

with a lone 19F (spin-1
2
) as the probing nucleus, however, the relaxation pro-

cess could be via three mechanisms: the hetero-nuclear dipolar coupling with

neighboring protons, chemical shift anisotropy and spin-rotation interaction

(this interaction being relatively ineffective in case of 1H nuclei). We find that

in the present system under the conditions of low frequency relaxometry the

last mechanism is dominant, and hence the experiments are able to report

exclusively on the underlying modulating molecular process involving angu-

lar momentum correlations. We present here complementing results of our

study on spin-lattice relaxation rate dispersions of proton and fluorine nuclei

as a function of Larmor frequency at different temperatures in the isotropic

phase of two singly fluorinated liquid crystal systems.

The present experiment involving spin-lattice relaxation rates of two dis-

tinct nuclear spins coupled through dipolar interaction develops certain in-

teresting features during the field-cycling process. As we reach out to probe

slower dynamic process by making the resonance frequencies of the two sys-

tems progressively smaller, the two spin systems (say, I for proton and S for

fluorine), which are to begin with (at higher frequencies) are unlike (due to

distinct and well separated resonance lines) and hence have hetero-nuclear

dipolar interaction, start developing overlapping resonance lines imparting

thereby certain degree of homo-nuclear dipolar coupling, much like the case

of like spins. In terms of nuclear spin Hamiltonian of the two spins, the ex-

periment can thus transit from a weak-coupling limit (WC: I -S interaction

energy is smaller than the difference between the Lamor frequencies of I and

S amplitude-wise) to the strong-coupling limit (SC). In our case involving 1H

and 19F , the region of relatively larger resonance frequencies (≥ 400 kHz) is in
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the weak-coupling limit of the NMR experiment, and hence the dispersions

are modeled in terms of different individual/collective dynamic processes,

contributing to the respective spin-lattice relaxation rates (R1 = T−1
1 ). At

lower frequencies (strong-coupling limit) the overlap of the resonance lines

of the two nuclear species provides another mechanism (T−1
21 ), different from

R1 (= T−1
1 ), and the experimental data are interpreted accordingly.

4.2 Experimental details

The molecular structure and the phase sequence of the liquid crystals 4′-

butoxy-3′-fluoro-4-isothiocyantotolane (4OFTOL) and 4′-butoxy-3-fluoro-4-

isothiocyantotolane (4OTOLFo) are shown in Figure 4.1. We shall henceforth

refer to 4OFTOL as sample 1 and 4OTOLFo as sample 2. These compounds

were synthesized in the laboratory of Prof. R. Dabrowski in Warsaw, Poland.

The method of synthesis and properties are described in Ref. [10, 11]. Sample

preparation, experimental set up and various pulse sequences used for relax-

ation measurements are given in Chapter 3. Frequency dispersions of proton

and fluorine spin-lattice relaxation rates R1 at different temperatures in the

isotropic phase were measured over a frequency range of 10 kHz to 50 MHz

with a commercial fast field-cycling NMR relaxometer (Stelar, Italy), supple-

mented by a variable-field pulsed NMR spectrometer covering the higher end

of the frequencies (10 - 50 MHz). The frequency dependence of the relaxation

rates of both the nuclei for sample 1 are shown in Figures 4.2 and 4.3, and

for sample 2 are shown in Figures 4.4 and 4.5. The relaxation rates were

also measured as a function of temperature at chosen Larmor frequencies νL

(ω = 2πνL) for both the nuclei and the results are shown in Figures 4.6 and

4.7 for sample 1 and Figures 4.8 and 4.9 for sample 2. Temperature of the

samples was maintained by passing dry air over them to an accuracy of ±
0.1oC. Relative errors in the R1 measurements of proton are within 2% and

in the case of fluorine the errors are within 5%. The frequency dispersion

data of proton for sample 1 clearly show the onset of critical fluctuations

even at 11oC away from the isotropic-nematic transition temperature (TNI).
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The temperature variation of proton data also confirms the contribution of

critical fluctuations near, and as well as far away, from the transition. In the

case of sample 2 the critical fluctuations contribution is negligible at 11oC

away from the respective TNI and the dispersion observed at higher frequen-

cies is governed by individual processes. However in the case of fluorine, the

relaxation rate dispersions are qualitatively different from those of protons

in both the compounds (comparing Figures 4.2 and 4.4 with Figures 4.3 and

4.5). These exhibit a low-frequency enhancement in the relaxation rate at all

the temperatures in the isotropic phase of both the samples. The temperat-

ure dependence of the spin-lattice relaxation rate of fluorine nuclei also shows

a contrasting behavior compared to the proton. The last two observations

point to possible differences in the relaxation pathways of the two nuclear

species, even though they reside on the same liquid crystal molecule.
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C CC4H9O NCS

F

4'-butoxy-3'-fluoro-4-isothiocyantotolane (4OFTOL)

Cr   64.2oC   N   71.6oC   I

C CC4H9O NCS

4'-butoxy-3-fluoro-4-isothiocyantotolane (4OTOLFo)

Cr   96.7oC   N   89.9oC   I

F

Sample 1

Sample 2

C CC4H9O NCS

4'-butoxy-2-fluoro-4-isothiocyantotolane (4OTOLFm)

Cr   70.3oC   N   94.5oC   I

Sample 3

F

Figure 4.1: Molecular structures and phase sequences of liquid crystals 4OF-
TOL (Sample 1) and 4OTOLFo (Sample 2) [4OTOLFm (Sample 3) is given
for comparison].
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Figure 4.2: Proton spin-lattice relaxation rate of sample 1 at different tem-
peratures as a function of Larmor frequency.
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Figure 4.3: Fluorine spin-lattice relaxation rate of sample 1 at different tem-
peratures as a function of Larmor frequency.
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Figure 4.4: Proton spin-lattice relaxation rate of sample 2 at different tem-
peratures as a function of Larmor frequency.
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Figure 4.5: Fluorine spin-lattice relaxation rate of sample 2 at different tem-
peratures as a function of Larmor frequency.
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Figure 4.6: Proton spin-lattice relaxation rates plotted against temperature
at different Larmor frequencies for sample 1. The dotted line in the figure
indicates the isotropic-nematic transition temperature.
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Figure 4.7: Fluorine spin-lattice relaxation rates plotted against temperature
at different Larmor frequencies for sample 1. The dotted line in the figure
indicates the isotropic-nematic transition temperature.
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Figure 4.8: Proton spin-lattice relaxation rates plotted against temperature
at different Larmor frequencies for sample 2. The dotted line in the figure
indicates the isotropic-nematic transition temperature.
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Figure 4.9: Fluorine spin-lattice relaxation rates plotted against temperature
at different Larmor frequencies for sample 2. The dotted line in the figure
indicates the isotropic-nematic transition temperature.
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4.3 Relaxation models

4.3.1 Proton relaxation

Proton spin-lattice relaxation in such systems is known to occur via the time

modulation of dipole-dipole interactions [12–14] and the relevant dynamic

mechanisms that modulate (randomly) this interaction within the NMR win-

dow are: individual molecular reorientations modulating intra-molecular di-

polar couplings; translational diffusion effecting the inter-molecular dipolar

interactions; collective dynamics arising from critical fluctuations of the nematic

order; and possibly a constant background contribution from such other pro-

cesses which are too fast for the experiment. In our system we find from our

analysis that the translational diffusion contribution is practically constant

over the frequency range, and hence cannot be distinguished from the back-

ground. The dispersion thus is due to molecular reorientations (about the

molecular short axes) (R), and critical fluctuations (CF). Assuming that the

models are statistically independent, the measured relaxation rate (R1H) can

be written as a sum of three contributions:

R1H = R1H0 +R1HR +R1HCF .
�� ��4.1

The first contribution represents the constant background, while the second

and third terms are contributions from R and CF mechanisms, respectively.

The theoretical expressions for these processes are given in Chapter 2.

4.3.2 Fluorine relaxation

Fluorine spin-lattice relaxation is mediated, in principle, through the time

modulation of inter- and intra-molecular dipolar interactions, chemical shift

anisotropy (CSA), and spin-rotation interaction. The contribution from the

chemical shift anisotropy (CSA) to the relaxation is not significant in the
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present case due to two reasons: relatively very low fields at which the exper-

iments are especially designed and performed, and effective averaging of the

CSA tensor component correlations in the isotropic phase. In the present

case, its relaxation through intra-molecular dipolar interaction via hetero-

nuclear coupling with proton, and spin-rotation interaction involving molecu-

lar angular momentum correlations, seems to be more appropriate [15–19].

The other contributions are negligible in our analysis in the frequency range

of our experiment. In our experiments we find that the non-equilibrium mag-

netization of both fluorine and proton decay exponentially to equilibrium

over at least three decades of time scales, indicating that the two spin reser-

voirs are not coupled during the relaxation process [14]. Thus the effect of

hetero-nuclear coupling of, say, fluorine to proton is modifying the expres-

sion for the relaxation rate (of like spins, equations 2.20 to 2.23a) involving

uncoupled reservoirs of unlike spins.

Focussing on the possible contribution to the fluorine relaxation from

intra-molecular hetero-nuclear dipolar coupling with neighboring protons (RHF
1F ),

the fluorine spin-lattice relaxation rate in the presence of coupling to unlike

spins (1H and 19F ) is written as

RHF
1F = AHF

1

[
1

12
J (0) (ωF − ωH) +

3

2
J (1) (ωF ) +

3

4
J (2) (ωF + ωH)

]
.

�� ��4.2

with Jk(ω) representing the spectral density corresponding to fluctuations

of the kth tensor component in the interaction Hamiltonian at the frequency

ω. We use this expression for analyzing the fluorine data, drawing upon R

and CF mechanisms to modulate the H-F dipolar coupling and hence contrib-

ute to the spectral densities, at the appropriate frequencies, as above (Here

after we drop the superscript HF for convenience). However we observe that

the contribution at low frequency (through the term J (0) (ωF − ωH) is not

adequate to account for the very significant enhancement of fluorine relax-

ation rate (R1F ) at low frequencies (∼ 1 MHz). So, we need to look for a

qualitatively different pathway for the coupling of fluorine spin system to
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the lattice. An explanation of this observation seems to lie in examining the

concept connected with the model: the torques experienced by the molecule

due to its interactions with its neighbors are on the time scale of molecular

interactions (like,e.g., molecular collisions), and hence fluctuate rapidly. This

however does not take into account the possibility that there could be slow

collective modes in the system which can in principle generate torques on a

much longer time scale. In such a case, a well designed probe could sense

such an environment, and could report on the underlying collective molecular

processes.

In this context, conclusions of earlier molecular dynamic studies in liquid

crystals using electron spin resonance (ESR) techniques, in their mesophases

in general and in their isotropic phase in particular, may be recalled. Ex-

tensive investigations on the line shapes of ESR spectra of different nitrox-

ide radicals dissolved in liquid crystals indicated that simulation of spectral

shapes based on simple rotational dynamical models was not adequate in

accounting for the observed data [20, 21]. Subsequent time domain studies

using 2-d ESR methods confirmed that such probing nitroxide molecules were

subjected to influences of local ordering. The effect of time fluctuations of

this ordering is two fold: on one hand it produces a potential arising out of

the mean torques and the angular momentum components of the probe tend

to relax on a modified time scale in the presence of this torque; and on the

other the potential of the mean torque itself, in addition, undergoes a slow

rotational diffusion as a result of the dynamics of the locally ordered struc-

ture, termed as the cage, taking place on a much longer time scale, in effect

representing the collective modes in the system. And the larger the probe

molecule is, the more sensitive is its own dynamics to these modes, and hence

the more discernible will be the details of these processes to the probing spins

residing on the molecule. The question of dealing with a wide spectrum of

torques influencing the random rotational dynamics of a probing molecule

is normally approximated to the assumption of the existence of two distinct

regions relative to the time scale of the experiment: those which are very
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fast and provide the usual mechanism for the angular momentum relaxation

on a very short time scale; and those which persist on a much longer scale

competing with the time scales of the spin dynamics. These are dealt with,

for example in the case of the ESR experiment, by extending the space of

relevant stochastic variables, needed to account for the random time modula-

tion of the associated magnetic interaction, to include the cage dynamics as

well, along with measurable spin variables. The random process as described

in this composite space is then presumed to be Markovian, and is dealt with

suitably by generalizing the associated stochastic Liouville equation (SLE).

This method of dealing with slow modes to interpret observations in magnetic

resonance spectroscopy through the so-called augmented SLE was developed

by Freed and his coworkers [21], and extensive 2-dimensional ESR work on

probes of different sizes to elucidate this mechanism was reported earlier

[22, 23]. The idea thus is to include these slow modes through a model of a

slowly relaxing local structure (SRLS) influencing the dynamics of the probe,

besides the other local processes. Modeling the dynamics of SRLS is a matter

of choice, and a simple isotropic rotational Brownian motion of the cage on

a well separated time scale (with correlation time τC) was earlier found to

be reasonably adequate to represent the effect of these slow collective modes.

From the detailed ESR studies [21] the correlation times of such cages in the

isotropic phases are estimated to be in terms of ns. The inferred value very

much depends on the size and symmetry of the reporting probe, the effect

being increasingly significant with larger and more anisotropic ESR probes

as a rule. Important message from these interesting investigations, relevant

to our present work, is the observation that even in the isotropic phase the

probing ESR molecules seem to experience very slow torques as a result of

short range cooperative behavior of the anisotropic molecules constituting

the medium.

The above scenario needs to be discussed in the present context, however

with two important differences: here the probe molecule is one of the liquid

crystal molecules itself and hence the effect of these slow processes is expec-
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ted to be most effectively experienced and reported; and secondly, unlike

the case of the ESR relaxation processes mentioned (which are still sensit-

ive to correlations among different molecular orientations and hence could

experience the effect of the fluctuating torques rather indirectly via coarse-

grained angular variables), the relaxation mechanism of fluorine (under the

specific experimental situation pertinent to the present study) is primarily

governed by the relaxation processes of the (liquid crystal) molecular angular

momentum components themselves, thus leading to a direct observation of

these slow processes. Thus the present field-cycling NMR experiment with

the fluorine probe seems to be focusing directly, and effectively, on these slow

modes of the liquid crystal medium. These ideas can now be readily adapted

to the nuclear spin relaxation phenomena.

We consider the dispersion profile data as belonging to two distinct re-

gions: the Larmor frequency region high enough for the weak coupling limit

(where the resonance lines of both the nuclei are well separated) to be valid

and hence the above relaxation formulation can be applied for interpreting

the data (WC limit); and the low frequency region wherein the hetero-nuclear

coupling between 19F and 1H nuclei acquires homo-nuclear character due to

the progressive overlap of resonance lines and hence leads to a qualitatively

different path for relaxation (cross-relaxation mechanism: SC limit). Fluor-

ine nuclei in the present case are, for all practical purposes as per the earlier

argument, exclusively relaxed via the spin-rotation interaction (in the WC

limit) and hence via the angular momentum fluctuations. These in turn are

sensitive to the local torques experienced in the medium, and following the

arguments advanced in the earlier ESR work, one can divide them into two

time-scales: the shorter time scales (∼ 10−12 to 10−13 sec) aiding the usual

angular momentum relaxation processes encountered in simple unstructured

liquids; and the longer time scales of the cage dynamics corresponding to

slower angular component fluctuations. The relaxation rate of fluorine in

the high frequency range (≥ 400 kHz), corresponding to the so-called weak-

coupling limit [14] in terms of NMR spin Hamiltonian, is then written as
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R1F = R1F0 + R1FR +R1FCF +R1FC .
�� ��4.3

The first term is due to fast processes and it is found to be very small

(relative to other dominating contributions) within the errors so we neglect

this contribution in our analysis. The second term arises from the time

modulation of hetero-nuclear dipolar interaction through molecular reorient-

ations. The third term is the contribution of effect of critical fluctuations of

the short-range nematic order on the hetero-nuclear dipolar coupling. The

spectral density expressions for these relaxation models are given in Chapter

2, and we use equation 4.2 for evaluating the relaxation rate contribution.

The fourth term is the contribution coming from the slow collective modes

representing the time modulation of the torques due to relaxation of local

structures coupling to the spin through their effect on molecular rotational

dynamics. This is modeled as [15, 21]

R1FC = AFC
τC

1 + ω2τ 2C
.

�� ��4.4

Here AFC is a temperature dependent parameter quantifying the degree

of this coupling.

4.4 Data analysis and discussion

4.4.1 Sample 1

The experimental data are analyzed by using non-linear least squares proced-

ure [24]. The proton dispersion data are fitted to equation 4.1 at the four tem-

peratures, as shown in Figures 4.10 to 4.13. Each dispersion is decomposed

into a frequency-independent contribution (from fast processes, like molecu-

lar reorientations around the long-axes and alkyl chain dynamics). We also
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find from our analysis that the inter-molecular dipolar interaction modulated

by the translational diffusion is also relatively fast on our experimental time

scale, and hence leads to a constant contribution along with the other such

processes. This leaves the possible mechanisms which can contribute to the

dispersion of the data to comprise of: reorientations around the short-axes

and critical fluctuations of the order parameter of the transition. The fitted

model parameters are given in Table 4.1. The experimental data as well as

the analysis clearly show that contribution from the CF mechanism extends

to low frequency region even at 11oC away from the transition into the iso-

tropic phase, which is somewhat unusual in typical liquid crystals. Interest-

ingly, these correlation times τCF are quite high near the transition (363 ns)

and this mechanism continues to be operative even far away into the isotropic

phase (35 ns) (see Table 4.1). The τCF values measured with this technique

for other samples like 4OTOLFm (4′-butoxy-2-fluoro-4-isothiocyantotolane)

and 8OCB (4′-octyloxy-4-cyanobiphenyl) were, respectively, 68 ns and 180

ns near the transition, and the presence of CF was not observed at such

higher temperatures, unlike the present system [19, 25]. Dielectric studies on

this system [6] suggest that the transverse dipole moment of this molecule is

not completely averaged out due to the location of fluorine atom on the core

(see Figure 4.1), which seems to hinder the wing rotation about the para axes.

Interestingly, this situation is different for example, even from a closely

related system wherein the fluorine substitution is in the meta position (re-

ferred to as 4OTOLFm, Figure 4.1). Our proton dispersion measurements on

both these systems [19, 25] show a lower τCF values near the transition point.

In particular the comparison with 4OTOLFm and 4OTOLFo are more relev-

ant since the only difference in these compounds is the location of the fluorine

and consequent differential averaging of the lateral dipole moment. We ob-

serve from the present work that such remnant transverse dipoles residing on

the molecules of 4OFTOL are perhaps promoting larger nematic cluster sizes

due to cooperative interactions introduced by the unaveraged electric dipolar

coupling among the molecules during the pretransitional dynamic organiza-
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tion of the molecules, leading of course to longer life times of the clusters

(τCF ). It may further be noted that this difference between the structures

of 4OFTOL and other singly fluorinated compounds also leads to differences

in their order parameter values [6]. The molecular reorientations about the

short axes are characterized by a correlation time τR varying from 3.96 ns

to 2.4 ns as the sample is heated by about 11oC (see Table. 4.1), while the

corresponding variation in the related system 4OTOLFm over a comparable

temperature range above the clearing point is from 1.67 to 1.39 ns [19, 26].

The temperature dependence of the relaxation rate at low frequencies shown

in Figure. 4.6 further provides evidence for the presence of significant critical

fluctuations even at elevated temperatures.
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Figure 4.10: Proton spin-lattice relaxation rate dispersion of Sample 1 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 0.5oC.

In order to analyze the more pronounced fluorine dispersion, we use the

correlation times (τR and τCF ) obtained from the proton results as supple-

mentary inputs, and focus on its interpretation (within the WC limit) in

terms of the collective modes modulating the spin-rotation interaction, as
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Figure 4.11: Proton spin-lattice relaxation rate dispersion of Sample 1 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 2oC.
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Figure 4.12: Proton spin-lattice relaxation rate dispersion of Sample 1 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 4oC.
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discussed above. Thus, relaxation rates of fluorine in this frequency region

are accounted for in terms of dynamic models included in equation 4.3 (≥ 400

kHz), and we report the best fit parameters in Table 4.2. The two processes

(R and CF) involved to interpret proton data, are found to be inadequate

to simulate the fluorine results in the WC regime, its dispersion in the low

frequency region thus necessitating the presence of yet another slow process

with a qualitatively different frequency dependence. The additional mechan-

ism is a manifestation of the effect of rotational diffusion of locally ordered

structures, which produces slow torques coupling to the angular momentum

components of the molecules. The spin-relaxation process in the present case

is able to probe this dynamics via spin-rotation interaction. The time scale

τC of this process is in the range of 260 - 300 ns (Table 4.2), and is practic-

ally unaffected by temperature within the errors of estimation. The general

trend of the increasing strength of the coupling of molecules with the local

structures (AC in the Table 4.2), as the sample is heated away from the trans-

ition point, is seen as a possible reflection of the decreasing attenuating effect

of competing critical fluctuations involving relatively longer range nematic

clusters, especially in view of practically constant τC in this temperature

range. The insensitivity of proton to this dynamics is understood as due to

its relatively smaller spin-rotation constant (the spin rotation constant (C )

of proton in a simple liquid like HF being about 5 times less compared to flu-

orine [17]), and hence substantially less coupling to the lattice (∼ C2). The

contributions A1FR and AFCF shown in the Table 4.2 represent the coupling

of the fluorine system to the lattice via the hetero-nuclear dipolar interaction

with protons, arising due to different time modulations.

The analysis of the data in the SC limit (typically below 400 kHz in the

present sample) qualitatively differs from above. We find that the extra-

polations from the fitted dynamic model (determined by the high frequency

dispersion) deviate substantially, and systematically, from the experimental

observations (Figure 4.3). The additional contribution, which makes the ex-

perimental data much higher than the predictions from dynamics assigned
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in the WC regime, comes from the overlap of the two resonance lines. From

NMR point of view, as one moves from the WC to SC regime, the so-called

flip-flop terms (term B in the dipolar interaction Hamiltonian [14]) begin to

contribute via mechanisms which conserve the total energy of the two spins

during the low field FCNMR cycle (different from non-conserving flip-flops

in the WC regime), - succinctly described as the like spins. Of course during

the detection cycle the two resonance lines are again well separated and the

experiment is fortuitously monitoring the remnant fluorine magnetization

only. Thus the additional loss of fluorine magnetization via this energy con-

serving flip-flop interaction with proton system in the SC regime (during the

evolution cycle of the experiment) is thus seen as an additional mechanism

for the fluorine spin-lattice relaxation itself (at the time of detection). This

process, referred to as cross-relaxation between the two spins (T21) has been

dealt with theoretically earlier [27].

In terms of nuclear spin Hamiltonian comprising of the Zeeman term and

a perturbing nuclear dipole-dipole interaction, and with the valid assumption

of conservation of total energy of the Hamiltonian, the question is connected

with finding out the probability of resonant absorption at a given frequency.

This in turn inquires into the rate at which the Zeeman and dipolar energies

could come into equilibrium. A higher order perturbation calculation is in

principle necessary, with repeated operation of the interaction Hamiltonian

on the system. This involves operator products of alternating terms com-

prising of either A and B (secular and pseudo-secular terms in the dipolar

interaction) on one hand, and the transition inducing terms (C, D, E, and

F ) on the other. It was simplified [27] with a combination of perturbation

calculation for the transition inducing terms and method of moments for the

secular terms. The resulting transition probability for the Zeeman energy

of a spin to be converted into dipolar energy leads to a characteristic time

T21, which is intermediate in nature between T1 and T2. This process will

become rapidly ineffective if the Zeeman splitting of the spins become larger

than the spin-spin (dipolar in our case) coupling among them. Obviously

this mechanism becomes effective in the SC regime. This simplified expres-

114



4.4 Data analysis and discussion

sion for this pathway which assist the fluorine Zeeman reservoir to exchange

energy with dipolar reservoir, assuming specific line shapes for the two NMR

lines is given by [27]

T−1
21 = AOL

∫ ∫
gH(ν

′)gF (ν
′′)δ(ν ′ − ν ′′)dν ′dν ′′

�� ��4.5

with AOL = |〈EH, EF |Hd
HF |EH ± hν, EF ± hν〉|2.

Here AOL is related to the square of the matrix element of the Hamiltonian

involving simultaneous energy-compensating flip flops of the two spin species

mediated by the B term.

Recognizing this interesting path whose efficacy is obviously dependent

on the overlap integral between the two resonance lines, we tried to inter-

pret the differential contribution (in the SC regime) in terms of this integral

(R1OL = R1EXPT − R1F ) with variable prefactor (AOL) and variable line

widths of the two nuclei (∆H and ∆F ). We assumed Lorentzian line shapes

for both the NMR spectra in this phase. In the Figures 4.14 - 4.17 the total

contribution, including this contribution in the SC regime is shown along

with the experimental observations. Estimates of the fit parameters of this

mechanism are given in Table 4.3. With this additional mechanism it is now

possible to account for the dispersion over the entire frequency region. It

should be pointed out that in view of the limited number of data points per-

taining to this region of overlap (arising from constraints on fast switching of

the fields compatible to this high relaxation rates), the data fit can at best be

said to demonstrate this interesting mechanism that comes into play in the

FCNMR experiment. The values of the fit parameters are therefore expected

to provide perhaps reasonable order-of-magnitude estimates. The contribu-

tions from the dynamical models and from the overlap integral are plotted

separately at a temperature close to the transition, as shown in Figure 4.18.

The experimental results indicate that the deviations from the predictions

of dynamic models in the low frequency region occur at progressively higher
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frequencies as the transition temperature is reached. This is perhaps to be

expected as the lines broaden as the transition temperature is reached due

to pretransitional effects. The data fit suggests that there is a small increase

of line width (FWHM) only in the case of fluorine (varying from about 20

to 24 kHz), while proton width remains essentially constant at about 4 kHz,

(typical for wide line proton NMR resonance lines in the isotropic phase of

liquid crystals). It may be pointed out that the values of these line widths so

determined are intrinsic, and are free from the instrument artifacts (like, ap-

parent line width values due to field inhomogenieties), since the observations

pertain to dipolar interactions between nuclei residing on the same molecule.

The experimentally measured values of these widths, which include contribu-

tions from field and sample inhomogenieties as well, are found to be about

45 kHz (19F ) and 16 kHz (1H). These values are consistent with the fit

(intrinsic line width) by introducing identical data, measurement artifact for

both the nuclei, as is to be expected. Finally, relatively higher line widths of

fluorine (∼ 20 kHz, relative to 4 kHz of proton) is also supportive of strong

contribution of J0(0) at the site of fluorine, signalling its sensitivity to a very

slow molecular process, which we identify here as the SRLS.

While the fluorine relaxation is seen to be profoundly affected by the intro-

duction of the homo-nuclear component in its dipolar coupling with proton

in the SC regime, such is not the case with protons this mechanism does not

lead to discernible additional contribution in this limit. This is understood,

keeping in view that there are several protons residing on the molecule hav-

ing homo-nuclear dipolar interaction all through the dispersion regime, and

hence addition of one more such coupling with fluorine is not experimentally

making an observable difference.

The variation with temperature of the fluorine relaxation rate at a few

frequencies is shown in Figure 4.7. Focusing on the data in the isotropic

phase, we note that the relaxation rate is practically constant at 10 and 1

MHz, while there is a curious variation at 0.2 MHz. This frequency falls in
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the SC limit where both dynamic processes as per equation 4.2 as well as

the cross-relaxation mechanism are operative. Since the angular momentum

correlation times increase with increase in temperature (as opposed to reori-

entational correlations) the occurrence of such a relaxation rate maximum,

and its possible shift on temperature axes with changes in Larmor frequency

(due to possibly thermally activated rotation with temperature of the under-

lying time scale τC) are known and expected in favorable cases [28]. Such

an interpretation to the observed maximum with temperature at this low

frequency is however difficult to sustain because the relaxation rate is not

entirely due to spin-rotation interaction contribution, and is contaminated

with a temperature dependent overlap contribution. A simple argument as-

signing the maximum as due to the maximal coupling of the spin system

to the lattice (brought about by a time scale in the system matching with

the employed Lamor frequency) would have led to, in principle, a very slow

characteristic time of the order of about 900 ns (satisfying ωτ ≃ 1 ). But this

inference at best can be considered as yet another indication of a slow mode

in this phase of the system, confirming perhaps the order-of-magnitude of the

time scale of the underlying dynamics extracted from the dynamic models

as applied to the high frequency data.
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Figure 4.13: Proton spin-lattice relaxation rate dispersion of Sample 1 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 11oC.
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Figure 4.14: Fluorine spin-lattice relaxation rate dispersion of Sample 1 plot-
ted against Larmor frequency is fitted to equation 4.2 ∆TNI = 0.5oC.
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Figure 4.15: Fluorine spin-lattice relaxation rate dispersion of Sample 1 plot-
ted against Larmor frequency is fitted to equation 4.2 ∆TNI = 2oC.
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Figure 4.16: Fluorine spin-lattice relaxation rate dispersion of Sample 1 plot-
ted against Larmor frequency is fitted to equation 4.2 ∆TNI = 4oC.
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Figure 4.17: Fluorine spin-lattice relaxation rate dispersion of Sample 1 plot-
ted against Larmor frequency is fitted to equation 4.2 ∆TNI = 11oC.
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Figure 4.18: Fluorine Spin-lattice relaxation rate of Sample 1 from dynamical
models and cross-relaxation (overlap integral) at ∆TNI = 0.5oC.
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Table 4.1: Parameters extracted by fitting the 1H dispersions to equation.
4.1.

∆T oC R1H0 s−1 A1HR 109 s−2 τR ns AHCF 103 s−3/2 τCF ns

0.5 0.61 ± 0.01 0.8 ± 0.02 3.96 ± 0.07 18.75 ± 4.37 362.85 ± 10.74

2 0.68 ± 0.01 0.87 ± 0.03 3.51 ± 0.07 18.1 ± 6.05 203.02 ± 7.42

4 0.7 ± 0.008 0.79 ± 0.01 3.49 ± 0.06 17 ± 2.53 110.68 ± 1.77

11 0.9 ± 0.006 0.54 ± 0.16 2.38 ± 0.25 12.93 ± 3.04 35.06 ± 6.26

Table 4.2: Parameters extracted by fitting the 19F dispersions to equation
4.3.

∆T oC A1FR 109 s−2 τR ns AFCF 103 s−3/2 τCF ns AFC 108 s−2 τC ns

0.5 0.41 ± 0.11 3.96 14.22 ± 1.85 362.8 0.09 ± 0.009 292.24 ± 61.89

2 0.45 ± 0.008 3.51 14.36 ± 0.13 203 0.11 ± 0.006 261.86 ± 29.06

4 0.62 ± 0.008 3.49 15 ± 0.14 110.7 0.09 ± 0.006 260.14 ± 33.45

11 0.41 ± 0.19 2.38 16.39 ± 3.64 35.1 0.22 ± 0.01 272.99 ± 26.53

Table 4.3: Parameters extracted by fitting overlap integral.

∆T oC AOL 1013 ∆F kHz (19F ) ∆H kHz (1H)

0.5 7.2 24 4

2 8.8 24.4 4

4 4.9 20.6 4

11 13.9 20 4
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4.4.2 Sample 2

We now present relaxation dispersion results on Sample 2 (4OTOLFo). We

find on one hand that the observations support the general conclusions drawn

in the previous section on slow processes from fluorine data. On the other,

the analysis of this data presents certain interesting differences in the dy-

namic processes of the two samples.

The proton relaxation dispersion at three temperatures in the isotropic

phase are analyzed based on equation 4.1 using a non-linear least squares

method [24] and the fits are shown in Figures 4.19 - 4.21. The spin-lattice

relaxation at 11oC away from TNI is well described by individual molecu-

lar reorientations and constant background coming from other fast processes.

At ∆TNI = 1 and 4oC, the dispersions are fitted with molecular reorienta-

tions (R) and orientational order critical fluctuations (CF) arising from the

dynamic organization of nematic clusters within the isotropic phase. The

reorientational correlation times in 4OTOLFo are small compared to the

other fluorinated liquid crystal systems 4OFTOL (Sample 1) and 4OTOLFm

(Sample 3) [19]. In the case of sample 1, the reorientational correlation time

τR is 2.4 ns at 11oC away from the transition and it increases to 4 ns as the

temperature cools down to 0.5oC away from TNI [29], whereas in the case of

4OTOLFm, this is varying from 1.67 to 1.39 ns in a comparable temperature

range of our study [19]. The correlation times of critical fluctuations are

comparable with those of 4OTOLFm but are small compared to 4OFTOL

(sample 1). Such order fluctuations are not in evidence at temperatures far

away from TNI in this compound. The activation energy associated with the

rotational diffusion in this system is small compared to the other two com-

pounds (Sample 1 and Sample 3), and the energies are 2.5, 7.5 and 20.8 kJ

for 4OTOLFo, 4OTOLFm and 4OFTOL, respectively. The only difference

in these three compounds is the location of fluorine atom on the aromatic

cores (molecular structures of these compounds are given in Figure 4.1), and

Sample 2 is reported to be monotropic [6]. The temperature dependent data
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at different Larmor frequencies shown in Figure 4.8 support the presence of

contribution of critical fluctuations as the transition is approached from the

above.
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Figure 4.19: Proton spin-lattice relaxation rate dispersion of Sample 2 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 1oC.

The fluorine dispersion data in the weak-coupling limit are analyzed us-

ing equation 4.3. The correlation times τR and τCF determined from the

proton fits are taken as inputs in the fluorine analysis. The dynamic pro-

cesses described for proton dispersions are inadequate to explain the fluorine

dispersion data and these dispersions clearly indicate the existence of another

slower process which could explain the observed relaxation rate increase in

the WC regime. Thus we proceed with the analysis of this data on sim-

ilar lines as the previous sample. The time scale τC of this process is in the

range of 230 -280 ns (Table 4.5), and is practically unaffected by temperature

within the errors of estimation. The insensitivity of proton to this dynamics

is explained earlier in the case of Sample 1. The contributions A1FR and

AFCF shown in the Table 4.5 represent the coupling of the fluorine system

to the lattice via the hetero-nuclear dipolar interaction with protons, arising
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Figure 4.20: Proton spin-lattice relaxation rate dispersion of Sample 2 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 4oC.
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Figure 4.21: Proton spin-lattice relaxation rate dispersion of Sample 2 plotted
against Larmor frequency is fitted to equation 4.1 at ∆TNI = 11oC.
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due to different types of time modulations.

The data in the strong-coupling limit, not accounted fully by the above

dynamical models, are again interpreted with contribution arising out of the

overlap of the two resonance lines (R1OL = R1EXPT − R1F ) with variable

prefactor (AOL) and variable line widths for both the nuclei (∆H and ∆F ).

Figures 4.22 - 4.24 show the total contribution to the relaxation rate coming

from dynamic models as well as the cross-relaxation contribution (estimated

by the overlap integral) in the SC regime, along with the experimental ob-

servations. Estimates of the fit parameters of this mechanism are given in

Table 4.6. The line widths obtained from the fit are 4 kHz and 40 kHz for

proton and fluorine, respectively. When compared with sample 1, the line

width obtained for fluorine nuclei for this sample is higher and is not varying

with temperature.

Figure 4.9 shows the temperature dependent spin-lattice relaxation data

of fluorine at different Larmor frequencies. This compound also shows that

the relaxation rate is independent of temperature at 10 MHz. At 1 and 0.2

MHz the relaxation rate shows two maxima within the temperature range of

our study. In view of the discussion presented in the case of Sample 1, deal-

ing with qualitatively different contributions to the relaxation rate at these

frequencies, (viz. temperature dependent spin-rotation interaction contribu-

tion and cross relaxation contribution due to overlap of lines), it is difficult

to assign and interpret these observed temperature dependent extrema. At

the least, it can be concluded that there are slow enough processes in the

sample leading to R1 maxima even at these low resonance frequencies.
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Figure 4.22: Fluorine spin-lattice relaxation rate dispersion of Sample 2 plot-
ted against Larmor frequency is fitted to equation 4.2 at ∆TNI = 1oC.
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Figure 4.23: Fluorine spin-lattice relaxation rate dispersion of Sample 2 plot-
ted against Larmor frequency is fitted to equation 4.2 at ∆TNI = 4oC.
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Figure 4.24: Fluorine spin-lattice relaxation rate dispersion of Sample 2 plot-
ted against Larmor frequency is fitted to equation 4.2 at ∆TNI = 11oC.

Table 4.4: Parameters extracted by fitting the 1H dispersions of Sample 2 to
equation. 4.1.

∆T oC R1H0 s−1 A1HR 109 s−2 τR ns AHCF 103 s−3/2 τCF ns

1 – 1.24 ± 0.11 0.98 ± 0.11 13.35 ± 2.16 49.40 ± 7.17

4 – 1.52 ± 0.1 0.75 ± 0.15 11.62 ± 2.79 34.03 ± 6.03

11 0.12 ± 0.05 1.85 ± 0.04 1.02 ± 0.02 – –

Table 4.5: Parameters extracted by fitting the 19F dispersions of Sample 2
to equation 4.3.

∆T oC A1FR 109 s−2 τR ns AFCF 103 s−3/2 τCF ns AFC 108 s−2 τC ns

1 0.4 ± 0.02 1 13.53 ± 0.13 49.5 0.35 ± 0.02 275.15 ± 28.74

4 0.5 ± 0.01 1 9.57 ± 0.13 34 0.35 ± 0.02 233.5 ± 22.07

11 1.30 ± 0.01 1 – – 0.36 ± 0.02 263.65 ± 24.97
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Table 4.6: Parameters extracted by fitting overlap integral (Sample 2).

∆T oC AOL 1013 ∆F kHz (19F ) ∆H kHz (1H)

1 14.1 39.2 4

4 18.6 40 4

11 18.5 39 4

4.5 Conclusions

The present study attempts to interpret qualitatively different spin-lattice re-

laxation dispersions of two very similar nuclei with close gyromagnetic ratios

( γH ≈ γF , within 6 %) in the isotropic phase of two liquid crystals. While

there are a large number protons (1H) residing on the liquid crystal molecule,

a lone member (19F ) is attached to the aromatic core of the molecule. The

latter has limited access to the lattice via the usual dipolar interaction terms

due to the dissimilar γ’s (unlike spins) in the high frequency region of the

experiment (i.e., the so-called weak-coupling limit), and hence its observed

significant coupling to lattice modes, as well as its discernible dispersion, calls

for a mechanism which depends on a specific interaction unique to this species,

viz., the relatively strong spin-rotation. This mechanism however samples

time correlations of molecular angular momentum components rather than

reorientations which couple to the dipolar terms. Thus the chosen systems

are in a fortuitous circumstance of sampling two types of correlations of the

dynamic processes of the system, and the present work is concerned with

the interpretation of the experimental data recognizing this distinction. The

FCNMR experiment also allows an effective contact of the fluorine system

with protons (despite their differing γ’s ) at low enough frequencies. In this

regime, called the strong-coupling limit, the hetero-nuclear coupling acquires

an effective homo-nuclear component due to overlap of the resonance lines,

and the spin-lattice relaxation of the fluorine is now aided by this coupling,

proportional to the degree of overlap. Due to the inherent effective coupling
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among protons over the entire region (in the sense of wide NMR experiment)

the onset of this additional mechanism is not detectable from proton data.

The differing temperature dependences of the relaxation rates of the two

nuclear systems clearly indicate the presence of two distinct slow underlying

molecular processes, experienced by the same molecule but reported differ-

ently by the two participating probes. In that sense this is an interesting

attempt to use two nuclear probes on the molecule to examine the dynam-

ics through the dispersion study of respective nuclear spin-lattice relaxation

rates. This experiment essentially translates to mapping of spectral densities

of the time correlation functions of distinct processes modulating different

lattice-coupling mechanisms. The slowly relaxing local structures involved

in this study to interpret fluorine relaxation data were proposed, and convin-

cingly confirmed, by detailed ESR experiments earlier [21–23]. The present

FCNMR experiments provide perhaps the first evidence of such slow modes,

with a direct mapping of their representative spectral density. Finally, a com-

ment may be made on an interesting feature of this measurement. Within

the same FCNMR experiment, the evolution cycle (particularly in the strong-

coupling limit) allows the flip-flop terms (term B in the dipolar interaction)

to more readily exchange the magnetization between the two spin systems

(making the interaction to assume a pseudo-secular character expected of like

spins), while in the detection cycle with well separated resonance lines such

changes in the fluorine magnetization (occurred during the evolution cycle)

are now perceived as irreversible losses to the lattice, - contributing thus to

its detectable spin-lattice relaxation rate.
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5
NMR relaxometry study of a liquid

crystal 8OCB confined to random

porous networks formed by aerosil

particles

5.1 Introduction

Study of quenched random disorder effects on liquid crystalline properties

were explored earlier through various experimental techniques [1] like calori-

metry [2], X-ray scattering and intensity fluctuations [2, 3], dielectric spectro-

scopy [4, 5], proton and deuteron nuclear magnetic resonance (DNMR) [6–9]

and optical anisotropy measurements [10]. Liquid crystal (LC)-aerosil sys-

tems are of great importance because the random disorder can be introduced

in a controlled manner unlike the other random porous matrices like aerogel

[11], CPG [12–14] and anopore [15] etc. When the nano-size particles are

introduced into the LC system, they induce local ordering near the surfaces,

and hence the potential to interfere with the long-range orientational order

in the medium. This has a profound effect on the correlations in the nematic

order in different mesophases, and in particular on the dynamic organization
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of molecules in the isotropic phase in the vicinity of the I-N transition. This

effect is more pronounced more the density of the silica particles in the sys-

tem is.

The surface of aerosil particles used in the experiments is covered with

hydroxyl groups that tend to form hydrogen bond with each other. At low

densities ρs < 0.01 g/cm3 (here after we drop the units for convenience),

the number of particles are too small to form a network and they act as im-

purities added to the LC. As the concentration increases above the gelation

threshold, with ρs ranging from 0.01 to 0.1, the silica spheres are able to form

a network, known as soft gel. If the concentration increases beyond 0.1, the

network becomes more rigid and this dispersion is known as stiff gel. By the

addition of aerosil particles in a controlled manner the silica density can be

suitably calibrated as to the LC system from no-gel to soft-gel to the stiff-gel

regime. The earlier proton NMR measurements were carried out in the high

temperature phase above the isotropic-nematic transition [6]. Here, the ob-

jective of the present work is to see the effect of confinement on spin-lattice

relaxation rate in the isotropic as well as in low temperature mesophases

where the long-range orientational order is seriously affected with the addi-

tion of silica particles, as quenched random disorder is introduced in liquid

crystalline phases. This effect was explored in detail earlier in 8CB-aerosil

mixtures with DNMR experiments in all the phases [8, 9] and in many other

liquid crystals using calorimetric technique [16, 17].

In this context, we report on the results of our studies on two liquid crystal

systems, 4′-octyloxy-4-cyanobiphenyl (8OCB) and 4-propyl-4′-pentylazoxy

benzene (PPA) embedded in an aerosil matrix forming a 3-d random net-

work. These two systems are chosen for their contrasting differences: the

8OCB molecules host electrical dipoles essentially parallel to their long axis,

while PPA molecules have dipoles in a plane perpendicular to the long axis.

The host matrix in the two cases being maintained the same, these two

systems may provide interesting points of comparison originating from the
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location of the dipoles and consequent manifestation. With this objective

we carried out detailed investigations on these two systems, encompassing

their mesophases. In this chapter we present the work on 8OCB. Thus our

focus is on the frequency dispersion of proton spin-lattice relaxation rates of

this bulk liquid crystal and when it is confined to random network formed by

the silica particles at two different concentrations. Such a dispersion profile

provides an insight, and reasonable quantitative estimates, of the underlying

characteristic molecular processes in such complex environments. The con-

finement introduces slow reorientational correlations near the surface in the

presence of significant adsorption, and these occur in the kHz frequency re-

gime. Application of FCNMR methods to investigate dynamics on this time

scale is known, and comprehensively reviewed recently [18].

5.2 Experimental details

The liquid crystal (LC)-aerosil mixtures are prepared using the solvent method

[2]. The liquid crystal 8OCB under study was synthesized in the laboratory

of Prof. R. Dabrowski in Warsaw, Poland. The molecular structure and its

phase sequence are shown in Figure 5.1. The preparation details of LC-aerosil

mixtures were explained in Chapter 3. Aerosil (A300) consists of small silica

spheres of 7 nm in diameter and has a specific surface area of 300 m2/g. The

surface of the spheres is covered with hydroxyl groups and they interact with

each other and form a 3-d network in the LC environment. Because of the

hydrophilic nature of the aerosil particles and the polar nature of the LC,

the molecules orient homeotropically at the surface. The schematic picture

of how aerosil forms a network in liquid crystal environment is shown in Fig-

ure 5.2. The density of silica in our samples was 0.05 (Sample A) and 0.07

(Sample B) g/cm3. The average void size formed by the aerosil particles at

these concentrations is estimated to be 133 nm and 90 nm, respectively [14].

The shift of the transition temperatures in the presence of confinement is

within ±1K at both the concentrations.
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Proton spin-lattice relaxation times are measured at different Larmor fre-

quencies using the field-cycling NMR relaxometer from 10 kHz to 10 MHz

and the pulsed field-variable spectrometer from 10 MHz to 50 MHz. To meas-

ure T1 on the FCNMR relaxometer pre-polarized and non-polarized pulse

sequences are used [18, 19]. An inversion recovery sequence is used at higher

frequencies. The decay of magnetization has been found to be exponential in

our experiments indicating single relaxation time constant. Relative errors

in the T1 measurements are within 3% and the temperature of the sample is

controlled to within ±0.1K.

Figures 5.3a - 5.3c show the frequency dependence of relaxation rate meas-

urements of bulk 8OCB in different phases and Figures 5.4a - 5.4c and 5.5a

- 5.5c show the frequency dispersion of 8OCB confined to aerosil matrix at

the two different concentrations. The shapes of the dispersions in the bulk

phases are characteristic of the mesophase of the liquid crystal. Dispersions

of confined systems clearly show, in each of the mesophases, deviations from

the respective bulk profiles with an enhancement of the relaxation rates at

the low frequency end. Figures 5.6 - 5.8 show the temperature dependence

of relaxation rates at different Larmor frequencies of the bulk and confined

samples, bringing out specific features of the different phases in the bulk as

well as in confined LC systems.
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C8H17O CN

Cr   54.5oC   Sm A   67oC   N   80oC   I

4'-octyloxy-4-cyanobiphenyl (8OCB)

Figure 5.1: Molecular structure and phase sequence of a liquid crystal 8OCB.

Figure 5.2: Schematic representation of the aerosil network formed by dif-
fusion limited aggregation process, circles represent aerosil particles, “hairs”
in the upper left corner represent liquid crystal molecules. Open and shaded
parts of arrow show void and solid chords, respectively [14].
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Figure 5.3: Frequency dispersions of the proton spin-lattice relaxation rate
of bulk 8OCB in different phases: (a) Isotropic;(b) Nematic; (c) Smectic.
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Figure 5.4: Frequency dispersions of the proton spin-lattice relaxation rate
of Sample A in different phases: (a) Isotropic; (b) Nematic; (c) Smectic.
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Figure 5.5: Frequency dispersions of the proton spin-lattice relaxation rate
of Sample B in different phases: (a) Isotropic; (b) Nematic; (c) Smectic.
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Figure 5.6: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in bulk 8OCB.
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Figure 5.7: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in Sample A.

141



NMR relaxometry study of a liquid crystal 8OCB confined to
random porous networks formed by aerosil particles

55 60 65 70 75 80 85 90 95 100
100

101

102

 

 

 12 kHz
 0.4 MHz
 15 MHz

R
1(

s-1
)

T (oC)

Figure 5.8: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in Sample B.
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5.3 Relaxation models

Spin-lattice relaxation of protons occurs via the time modulation of dipole-

dipole interactions between the neighboring spins [20]. The time variation

of spin interactions occurs due to molecular reorientations, translational dis-

placements, and collective fluctuations like orientational order critical fluc-

tuations (CF) (pre-transitional effects in the isotropic phase), order para-

meter fluctuations (OPF) just below I-N transition, order director fluctu-

ations (ODF) in mid nematic phase or layer undulations (LU) in smectic

phase etc, for bulk systems [21]. In the case of confined systems, the con-

finement introduces additional slow reorientational dynamics into the system

at the surface layers, and this is reflected in the relaxation measurements as

increase in the relaxation rate at low frequencies. This is attributed to a

process identified as reorientations mediated by translational displacements

(RMTD) [22, 23]. Depending on the mesophase of the liquid crystal, differ-

ent dynamic processes contribute to the total relaxation. Details of these

relaxation models are already discussed in Chapter 2.

5.4 Analysis and discussion

5.4.1 Isotropic phase

Frequency dispersions of the spin-lattice relaxation profiles of bulk and con-

fined liquid crystal systems above the isotropic-nematic transition TNI are

analyzed by considering the following mechanisms: reorientations about the

short axes (R), translational self-diffusion (SD), orientational order critical

fluctuations near the TNI (CF) and reorientations mediated by translational

displacements (RMRD). Therefore the total relaxation rates in bulk (R1B)

and confined systems (R1C) in the isotropic phase are decomposed as

R1B = R1SD +R1R +R1CF

�� ��5.1
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R1C = R1SD +R1R +R1CF +RIRMTD.
�� ��5.2

The dispersion data at different temperatures are fit to equation (5.1) in

the case of bulk sample and to equation (5.2) for confined systems. Non-linear

least squares method is used to get the best fit parameters consistent with

frequency and temperature dependences. To reduce the complexity in the fit-

ting procedure we have taken diffusion data available from other experiments

[24, 25] and so the diffusion coefficient D was not a variable in the analysis.

We find that the coupling constant AD is fairly insensitive to temperature and

so we used its average value for all temperatures. The prefactor AR and the

reorientational correlation time τR show temperature dependences as expec-

ted in bulk liquid crystals. As we approach the isotropic-nematic transition,

the contribution from critical fluctuations becomes significant, and is reflec-

ted in the plots in terms of relative contributions of different mechanisms.

We find that the τCF values of 8OCB (obtained from bulk sample data) are

comparable to those in other LC systems, like 4-trans-4′-n-hexyl-cyclohexyl-

isothiocyantobenzene (6CHBT) [26]. The fitted curves and parameters are

shown in Figures 5.9 - 5.13 and in Table 5.1, respectively. In each of the

figures symbols correspond to experimental data, black line represents the

calculated curve. Individual contributions are shown as colored lines with

appropriate legends.

While analyzing the dispersion profiles of the confined system based on

equation (5.2), we take advantage of the knowledge of the dynamic behavior

in the bulk sample and hence focus primarily on the RMTDmechanism. Thus

the fit parameters in this case pertain to its lower and upper cutoff frequen-

cies (ωRMTDmin and ωRMTDmax) and the exponent p in the expected power

law behavior for the frequency dispersion between these two frequency limits

[27]. The resulting fits and the parameters for sample A are shown in Figures

5.14 - 5.18 and in Table 5.2, and those for Sample B are shown in Figures

5.19 - 5.23 and in Table 5.3. We find that the data between the two cutoff
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regimes fit to (T−1
1 )RMTD ∝ ω−p, with p = 0.38 ± 0.04, (see Figures 5.14

and 5.19, for example), and this deviates from the equipartition value of 0.5.

Equitable distribution of diffusion modes over the wave vector range under

consideration assumes no wave vector dependence, i.e., Q(q) = cq−χ+e with

χ = 0 [equation 2.95]. Its value in the isotropic phase in particular reflects

the nature of the surface in terms of the associated structure factor. Earlier

work in the isotropic phase of 8CB confined in CPG [23] for example yielded

this exponent value close to the equipartition value within the experimental

error. The present value, below 0.5, is clearly indicative of the 3-d random

voids made up a network of silica particles of ∼ 7 nm size held together by

appropriate hydrogen bonds. With RMTD exclusively originating from ad-

sorption layers near the surface, the surface as a topological 2-d surface seems

to be characterized by a predominance of low wave length modes (on a relat-

ive scale) yielding a negative value for χ (= - 0.24). The fact that this value

remains essentially the same with Sample B as well, and also with similar

experiments with another liquid crystal system (next chapter) but with the

same aerosil matrix, further confirms this observation. The cutoff frequencies

ωRMTDmin and ωRMTDmax are related to the largest and smallest molecular

displacements lmax and lmin, respectively, needed to cause appreciable loss of

correlation among the orientations of molecules [23]. The estimated value of

lmax = 91 ± 6 nm does not show significant variation with the temperature,

while that of lmin shows a substantial change with temperature, increasing

rapidly near the I-N transition temperature. This indicates essentially the

formation of progressively correlated regions of paranematic order near the

surface, as a manifestation of the pretransitional effects. The pretransitional

effect on lmin is shown in Figure 5.24, and it may be seen that its value at

high temperatures (about 1.5 nm) increase to almost 8 - 9 nm very near TNI .

The strength of the RMTD interaction ARMTD shows an Arrhenius beha-

vior with temperature at both the concentrations (sample A and sample B)

as depicted in Figure 5.25, and it is slightly enhanced in sample B, relative

to sample A, presumably due to enhancement of the fraction of molecules in
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the surface layer at its lower average void size. The corresponding activation

energies at the two concentrations are: Ea = 35 kJ/mole for sample A and

41.5 kJ/mole for sample B. The slight increase in the activation energy at

the higher concentration could be due to an increased effective polar interac-

tion between aerosil matrix and the liquid crystal molecules at the surface

on increasing the silica particle density. We did not find observable variation

in the two cutoff frequencies of the two samples. It may also be noted that

the AR and τR (related to molecular reorientation mechanism) in the two

samples differ slightly, especially near the transition temperature, reflecting

relative changes in the orientational surface ordering in the systems.
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Figure 5.9: Frequency dependence of proton spin-lattice relaxation rate of
bulk 8OCB at T = 95oC. The black line is the calculated total relaxation rate
obtained by using equation 5.1. Color lines are the corresponding relaxation
rate contributions from different mechanisms as shown in the figure.

5.4.2 Just below TNI

The dispersion profile of spin-lattice relaxation rate (R1B) of bulk liquid

crystal just below the TNI (at T = 79oC) is analyzed with the following
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Figure 5.10: Frequency dependence of proton spin-lattice relaxation rate of
bulk 8OCB at T = 90oC.
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Figure 5.11: Frequency dependence of proton spin-lattice relaxation rate of
bulk 8OCB at T = 86oC.
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Figure 5.12: Frequency dependence of proton spin-lattice relaxation rate of
bulk 8OCB at T = 81.5oC.
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Figure 5.13: Frequency dependence of proton spin-lattice relaxation rate of
bulk 8OCB at T = 80.6oC.
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Figure 5.14: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at T = 95oC. The black line is the calculated total relaxation rate
obtained by using equation 5.2. Color lines are the corresponding relaxation
rate contributions from different mechanisms as shown in the figure.
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Figure 5.15: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at T= 90oC.
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Figure 5.16: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at T= 86oC.
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Figure 5.17: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at T= 81.5oC.
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Figure 5.18: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at T= 80.6oC.
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Figure 5.19: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at T = 95oC. The black line is the calculated total relaxation rate
obtained by using equation 5.2. Color lines are the corresponding relaxation
rate contributions from different mechanisms as shown in the figure.
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Figure 5.20: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at T = 90oC.
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Figure 5.21: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at T = 86oC.
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Figure 5.22: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at T = 81.5oC.
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Figure 5.23: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at T = 80.6oC.
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Figure 5.24: Temperature variation of lmin above the isotropic-nematic trans-
ition.
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Figure 5.25: Temperature variation of ARMTD at different Aerosil concen-
trations. The solid line shows the best Arrhenius fit of the experimental
data.
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Table 5.1: Best fit parameters for the bulk 8OCB system in the isotropic
phase.

Sample Bulk 8OCB Isotropic

T (oC) 95 90 86 81.5 80.6

AD 108 s−2 25 25 25 25 25

D 10−11 m2/s 19.1 16.1 14.1 12.3 11.9

AR 109 s−2 0.95 ± 0.05 0.75 ± 0.02 0.33 ± 0.01 0.27 ± 0.02 0.25 ± 0.01

τR ns 0.91 ± 0.05 1.77 ± 0.06 2.81 ± 0.21 6.86 ± 0.47 7.86 ± 0.23

ACF 103 s−3/2 – – 7 ± 0.06 8.34 ± 0.57 9.57 ± 0.15

τCF ns – – 35.42 ± 3.94 77.25 ± 10.60 183.77 ± 8.61

Table 5.2: Best fit parameters for Sample A in the isotropic phase.

Sample Sample A Isotropic

T (oC) 95 90 86 81.5 80.6

AD 108 s−2 25 25 25 25 25

D 10−11 m2/s 19.1 16.1 14.1 12.3 11.9

AR 109 s−2 0.95 0.75 0.33 0.27 0.25

τR ns 0.78 ± 0.01 1.77 ± 0.03 2.81 ± 0.02 5.97 ± 0.15 6.72 ± 0.19

ACF 103 s−3/2 – – 6.13 ± 0.13 7.89 ± 0.17 8.59 ± 0.16

τCF ns – – 35 77 183.8

ωRMTDmin kHz 15 ± 1.38 13.8 ± 1.56 12 ± 1.82 9 ± 1.94 8 ± 1.99

ωRMTDmax MHz 65 ± 9.56 45 ± 8.8 28 ± 4.79 6 ± 0.91 1 ± 0.04

ARMTD 102 s−(1+p) 0.6 ± 0.007 0.67 ± 0.01 0.82 ± 0.01 0.90 ± 0.02 0.95 ± 0.02

p 0.38 0.38 0.38 0.38 0.39
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Table 5.3: Best fit parameters for Sample B in the isotropic phase.

Sample Sample B isotropic

T (oC) 95 90 86 81.5 80.6

AD 108 s−2 25 25 25 25 25

D 10−11 m2/s 19.1 16.1 14.1 12.3 11.9

AR 109 s−2 0.95 0.75 0.33 0.27 0.25

τR ns 0.78 ± 0.01 1.77 ± 0.03 2.75 ± 0.1 5.84 ± 0.13 6.55 ± 0.19

ACF 103 s−3/2 – – 5.19 ± 0.22 7.54 ± 0.12 8.4 ± 0.15

τCF ns – – 35 77 183.8

ωRMTDmin kHz 15 ± 1.24 14 ± 1.28 12 ± 1.35 9 ± 1.45 8 ± 1.4

ωRMTDmax MHz 65 ± 6.6 45 ± 4.5 28 ± 3.0 6 ± 0.35 1 ± 0.07

ARMTD 102 s−(1+p) 0.81 ± 0.009 1.07 ± 0.01 1.1 ± 0.02 1.35 ± 0.02 1.5 ± 0.03

p 0.38 0.38 0.38 0.38 0.39
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relaxation mechanisms: reorientations about the short axes (R), translational

self-diffusion (SD) and order parameter fluctuations (OPF). In the case of

confined systems the additional RMTD mechanism also contributes to the

total relaxation (R1C). Therefore the total relaxation rates in both the cases

are expressed as

R1B = R1SD +R1R +R1OPF

�� ��5.3

R1C = R1SD +R1R +R1OPF +RIRMTD.
�� ��5.4

The bulk liquid crystal data at 1oC below TNI (at 79oC) is analyzed us-

ing equation (5.3). To reduce the number of fitting parameters, the diffusion

coefficient was taken from the literature [24, 25]. The free parameters in

the fitting procedure are the coupling constant for the diffusion process AD,

the prefactor describing the strength of the reorientations AR, the reorienta-

tional correlation time around the short axes τR, the contribution from order

parameter fluctuations AOPF , and their correlation time τOPF . The results

of this fit are shown in Table 5.4 in the column at T = 79oC. Comparing the

variation of parameters common to this phase and the isotropic phase (just

above the transition), given in Table 5.1 under bulk sample at 80.6oC, we find

that coupling constant AD has decreased from 0.25 to 0.19 (in appropriate

units as discussed in the Tables) across the transition, while AR (coupling to

reorientations) remains essentially the same. The slight change in τR (from

7.86 ns to 8.15 ns) on cooling across the transition is within errors of estima-

tion. The major change of course is in the time scale of order fluctuations as

the nematic phase forms, from 183 ns in the isotropic phase to about 433 ns

just below TNI . Also coupling strength AOPF is now stronger in the nematic

phase.

We present the results of our analysis of the two confined systems at

this temperature in Figures 5.27 and 5.28. The effect of confinement is obvi-
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ous by comparison of the experimental data with Figure 5.26, especially in

the sub-MHz region. The various contributions making up for the observed

relaxation rate are shown as usual in color with appropriate legend. The

parameters extracted in these cases (at T = 79oC) are given in Table 5.5 and

5.6. Comparing the values of the bulk system at this temperature (Table 5.4,

at 79oC ) with corresponding data on confined systems (Table 5.5 and Table

5.6, at 79oC), we find that AD decreases to 0.18 (as per the units of the Table)

in Sample A from about 0.2 in bulk, and seems to decrease further slightly in

Sample B. More prominent is the effect of confinement on the reorientational

dynamics. The value of τR in bulk is 8 ns which decreases to 6 ns in Sample

A and to 5.4 ns in Sample B, indicating increasing influence of the surface

layer on the short axes reorientations. The corresponding coupling constant

(AR) is essentially constant within errors of estimation.

We now compare the dynamic parameters of the two confined systems as

they are cooled across the transition from 80.6oC to 79oC, as seen from Tables

5.2 and 5.3 (Sample A and Sample B at T = 80.6oC and Table 5.5 and Table

5.6 at T = 79oC). The coupling to diffusion AD, decreases from 0.25 to about

0.18 on the formation of the nematic phase, and is consistent with a similar

change in the bulk sample. The decrease in τR in both the samples (from 6.7

ns to 6 ns in Sample A, and from 6 ns to 5.4 ns in Sample B) is outside the

estimated errors, and is indicative of the manifestation of orientational order.

Changes in the parameters connected with order fluctuations (i.e., AOPF

and τOPF ) in confined systems are consistent (and almost identical) with the

corresponding bulk sample. Major impact of the onset of nematic order seems

to be on the parameters connected with the RMTD mechanism. The coupling

of the spin system to the lattice via this mechanism, quantified by ARMTD,

changes significantly across the transition from 0.95 to 2.1 in Sample A and

from 1.5 to 3.1 in Sample B. Further, the exponent associated with the power

law behavior of the dispersion in the intermediate frequency region changes

from 0.38 to 0.45 and within estimation error approximates to equipartition

value. At this stage, we need to interpret RMTD in a broader sense, meaning
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that it encompasses not only the slow reorientational dynamics induced in

the adsorbed layers near the surfaces, but also slow processes brought about

by the bulk-like medium within the pore as well. Estimation of ωRMTD cutoff

frequencies in this analysis also are subjected to the same caveats entered into

earlier at higher temperatures.
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Figure 5.26: Frequency dispersion of the proton spin-lattice relaxation rate
of bulk 8OCB at T = 79oC
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Figure 5.27: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample A at T = 79oC.
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Figure 5.28: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample B at T = 79oC
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5.4.3 Mid nematic phase

In mid nematic phase and just above the smectic-nematic phase transition

(at T = 73oC and 68oC, respectively) the dispersion profiles were analyzed

using the following mechanisms: reorientations around the short axes (R),

translational displacements (SD) and order director fluctuations (ODF) in

case of bulk liquid crystals (R1B). The confined LC profiles (R1C) are ana-

lyzed with RMTD mechanism along with other processes present in bulk

system. The corresponding total relaxation rates are then expressed as

R1B = R1SD +R1R +R1ODF

�� ��5.5

R1C = R1SD +R1R +R1X .
�� ��5.6

Here R1X represents the combined effect of ODF and RMTD, often indis-

tinguishable in the higher frequency range due to competing time scales [23].

The bulk LC dispersion data are analyzed based on equation 5.5 and

the resulting fits are shown in Figures 5.29 and 5.30. Both show the usual

ω−1/2 behavior of the ODF mechanism between the two cutoff frequencies.

The lower cutoff frequency indicates in principle the inflection point below

which the relaxation rate should become independent of frequency. In our

experimental data we did not observe any distinguishable plateau at low fre-

quencies, so the quoted value for the lower cutoff frequency is only indication

that it is below the experimental value. The higher cutoff frequency was also

similarly put at 100 MHz because its effect is again out of our experimental

frequency range. Examples of such liquid crystal systems with essentially a

power law contribution from the ODF over the range of the experiment are

not uncommon [28].

Low frequency dispersion of confined nematic systems is more complex
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and is in principle a result of two competing mechanisms imparting slow re-

orientating time correlations at molecular level. In addition to the RMTD

mechanism, found important in the isotropic phase near the porous surfaces,

the ODF mechanism also contributes in this frequency range. There are two

ways one could account for the experimental observations [23]. One could,

for example, assume ODF modes as the mediating mechanism, and any de-

viations of the dispersions, relative to the bulk, are to be interpreted as due

to modifications of the ODF modes under confinement, viz. fractal nature of

the collective modes on confinement. In such a case we refer to the modified

ODF as X mechanism and fit the data to R1X = T−1
1X extracting an effect-

ive exponent. We refer to this computation as fit-1. However it was noted

[23] that such an interpretation also impacts the cutoff wavelengths of the

ODF in the presence of the fractal dimensionality (deviating from the usual

3), and at least in that specific example [23], the corresponding correlation

lengths were reported to be unrealistic. Another way of analyzing the data,

say fit-2, could be to decompose the two mechanisms in the confined systems

with seemingly competing time scales with the assumption that the coupling

strength AODF of the spin system to the liquid crystal medium via ODF

mechanism be kept the same as in the bulk. In such a case the non-linear

least squares fit then optimizes the cutoff frequencies (and hence appropriate

cutoff length scales) of the ODF, and assigns the rest of the low frequency

relaxation rate to the RMTD process.

Fit-2 perhaps imparts better physical insight. The change in the cutoff

wavelengths of the ODF, in particular for the long wavelength modes, provide

an evidence, and measure, of the finite and competing size of the confin-

ing pore on the ODF modes. Secondly, the parameters associated with the

RMTD now tend to reflect the surface effects. Thus values of the exponent

p of the RMTD mediated power law, as well as of the lmin and lmax, can

be compared with the corresponding isotropic values. With this scope of

analysis, we present the analysis of the data in the mid nematic region in

terms of fit-1 and fit-2. Figures 5.31a - 5.31b (fit-1) show the fit of (T−1
1 )
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data of confined 8OCB at different concentrations at the two temperatures

in the mid nematic phase to (T−1
1 )x superimposed on the standard contri-

butions from individual molecular processes like reorientations around short

axes and self-diffusion. The magnitude of self-diffusion contribution shows

changes in confined samples. The best fit value of the exponent p in Sample

A and Sample B is 0.52 ± 0.003 and 0.56 ± 0.004. This value could in prin-

ciple be viewed as a consequence of an increase in the relaxation rate upon

confinement, arising from the fractal nature of director fluctuations in the

cavities as suggested by Leon et al [29]. However there were also counter

arguments against this interpretation [23] as fractional dimensionality also

enters into the calculation of associated length scales and correspondingly

they may tend to be unrealistic. Also this has an unsatisfactory consequence

of making completely the slow orientational correlations induced at the sur-

face due to adsorption and molecular surface diffusion in the presence of

local surface induced order. Thus, we prefer to analyze the data with the

additional RMTD mechanism also, though fully recognizing their competing

nature in the mid-frequency region (above ωODFmin). Obviously analysis of

the data in this range, in particular assignment of relative contributions of

the two processes, can not be said to be unique. Frequency dispersion of the

relaxation rate below ωODFmin, if any, then can be reasonably attributed to

RMTD, and the corresponding parameters can be considered for appreciat-

ing the effects of surface interactions. With this objective, we carried out

the analysis (fit-2) by assigning the low frequency relaxation rate dispersions

(T−1
1 )ODF+(T−1

1 )RMTD, obtaining quantitative contributions from both ODF

and RMTD. The low frequency cutoff of ODF is left as a free parameter and

AODF is fixed at the bulk value as discussed before. The results of these fits

are shown in Figures 5.32 - 5.35. The fitted parameters are shown in Tables

5.5 and 5.6. The lower cutoff frequencies of ODF mechanism in confined

samples have now shifted to higher frequencies relative to the bulk values (∼
kHz) and are of 4.7 MHz for Sample A and 5.9 MHz for Sample B, at 73oC.

Their values further increase with decrease of temperature in the nematic

phase. This is a direct evidence that confinement is severely restricting the

long wavelength modes of the ODF, pushing the lower cutoff frequencies by
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an order of magnitude. This also signifies that the major contribution to

relaxation rate in confined systems in the sub-MHz regime is due to RMTD

mechanism.

The fits also clearly show the importance of RMTD mechanism at low

frequencies and the exponent values obtained with fit-2 are 0.55 ± 0.007

and 0.58 ± 0.01. These values are marginally high compared to the values

obtained from fit-1. The increase in the exponent from 0.45 (Table 5.5 and

5.6, at T = 79oC) near the transition to 0.55 in the mid nematic phase shows

the enhanced relative importance of longer wavelength modes on cooling the

nematic phase. The exponent value also shows marginal increase with the

concentration of aerosil particles, hinting at its dependence on the void/pore

size. The RMTD interaction strength ARMTD also increases by one order

of magnitude in the nematic phase. Decrease of higher cutoff value of the

ωRMTD with decrease of temperature signifies the enhancement of surface-

induced order in the voids. The lower cutoff frequency for RMTD could not

be estimated with any confidence since the data did not taper off to a low

frequency plateau within the experimental range.
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Figure 5.29: Frequency dispersion of the proton spin-lattice relaxation rate
of bulk 8OCB at T = 73oC.
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Figure 5.30: Frequency dispersion of the proton spin-lattice relaxation rate
of bulk 8OCB at T = 68oC.
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Figure 5.31: Frequency dispersion of proton spin-lattice relaxation rate at
T = 73oC: (a) Sample A; (b) Sample B.
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Figure 5.32: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample A at T = 73oC.
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Figure 5.33: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample A at T = 68oC.
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Figure 5.34: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample B at T = 73oC.
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Figure 5.35: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample B at T = 68oC.
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5.4.4 Smectic phase

In the smectic phase of bulk system, the frequency dispersion is usually at-

tributed to reorientations and self-diffusion process and the low frequency

dispersions are expected due to slow layer undulations [LU] [21]. ODF pro-

cess is not considered to be significant on general arguments, because bend

and twist distortions are expected to be energetically costly due to layer form-

ation and hence do not contribute to the ODF dynamics. It is thus plausible

to attempt to fit the data with only R, SD and LU. But our analysis shows

that such an attempt leads to an unrealistically low value for the diffusion

coefficient (decreases by more than one order of magnitude). Instead, we

prefer to include the ODF mechanism as well into our consideration, along

with LU, to account for the low frequency data. Similar argument was ad-

vanced earlier also [30] to interpret data on 8CB. Thus we write the total

relaxation rate in bulk smectic phase at T = 61oC (R1B) as,

R1B = R1SD +R1R +R1ODF +R1LU .
�� ��5.7

For the confined LC system in the smectic phase, we introduce the ad-

ditional RMTD mechanism to account for the observed relative increase on

confinement, and write the corresponding relaxation rate R1C as,

R1C = R1SD +R1R +R1ODF +R1LU +R1RMTD.
�� ��5.8

The bulk dispersion profile is analyzed using equation 5.7 and the fit is

shown in Figure 5.36. The layer undulations are very effective below about

20 kHz, and ODF is seen dominant in the sub MHz regime. Individual pro-

cesses are effective only at higher frequencies as expected. Dispersion data of

LC confined to aerosil matrix is fitted to equation 5.8 and the fits are shown

in Figures 5.37 and 5.38. In confined systems it is not possible to uniquely

distinguish between the contribution of the LU and RMTD mechanisms be-

cause both of them mediate in the same frequency region. Further, in the
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smectic phase, the lower frequency cutoff of the ODF is found to be small

compared to its value in the nematic phase, reflecting the effect of the form-

ation of layers. The exponent value of RMTD shows a marginal decrease

to 0.5 and below, depending on the aerosil density. This suggests that the

longer wavelength diffusion modes in the RMTD are less prominent in the

smectic phase. This may be compared to studies on 8CB in random porous

glass (CPG of diameter 15 nm) where the relaxometry studies indicate that

the temperature variation of relaxation rate at different Larmor frequencies

could not show the signature of the onset of phase transition from nematic

to smectic phase [23]. It was also reported that the exponent value increased

continuously as one cools the system from nematic to smectic phase.

In contrast, in our system we find clear signatures of this transition on

the relaxation rates (Figures 5.6 to 5.8), in particular even after confinement.

This clearly shows (see, for example data at 12 kHz in these figures across

N-SA transition) that the onset of smectic phase leaves the system with a

loss of low frequency contribution both in bulk as well as in confined sys-

tems, with the corresponding loss being progressively smaller with enhanced

confinement. Thus we see that within the limits to which we could restrict

the system in our experiments, smectic phase is inhibiting long wavelength

modes in the system, resulting in a corresponding decrease in the exponent

of the RMTD. This also seems consistent with the fact that the present ar-

rangement pertains to a 3-d confinement (with a typical pore size of ∼ 100

nm), with the surface wall made up of connected silica particles of very small

size (∼ 7nm).
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Figure 5.36: Frequency dispersion of the proton spin-lattice relaxation rate
of bulk 8OCB at T = 61oC.
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Figure 5.37: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample A at T = 61oC.
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Figure 5.38: Frequency dispersion of the proton spin-lattice relaxation rate
of Sample B at T = 61oC.
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Table 5.4: Best fit values of the parameters obtained in calculating the re-
laxation rate dispersion curves in the nematic and smectic phases of a bulk
8OCB.

Sample Bulk 8OCB

T (oC) 79 73 68 61
AD 108 s2 19.73 ± 0.88 9.42 ± 0.64 8.55 ± 0.89 6.5 ± 0.04

D 10−11 m2/s 9.8 7.5 6.3 4

AR 109 s2 0.24 ± 0.02 1.5 1.5 3.92 ± 0.48

τR ns 8.15 ± 0.62 0.75 ± 0.06 0.7 ± 0.1 0.49 ± 0.07

AOPF 103 s−3/2 12.31 ± 1.07 – – –

τOPF ns 422.9 ± 35.9 – – –

AODF 103 s−3/2 – 5.84 ± 0.07 7.20 ± 0.07 11.11 ± 0.32

ωODFmin/2π kHZ – 1 1 1

ωODFmax/2π MHz – 100 100 100

ALU 103 s−3/2 – – – 609.78 ± 35.86

ωLUmin/2π kHZ – – – 1

ωLUmax/2π kHZ – – – 0.04 ± 0.0088
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Table 5.5: Best fit values of the parameters obtained in calculating the re-
laxation rate dispersion curves in the nematic and smectic phases of Sample
A.

Sample Sample A

T (oC) 79 73 68 61
AD 108 s2 18.27 ± 0.54 13.0 ± 0.19 10.85 ± 0.36 6.71 ± 0.07

D 10−11 m2/s 9.8 7.5 6.3 4

AR 109 s2 0.3 ± 0.02 1.5 1.5 3.92

τR ns 6.04 ± 0.44 0.75 0.7 0.49

AOPF 103 s−3/2 12.65 ± 0.41 – – –

τOPF ns 423 – – –

AODF 103 s−3/2 – 5.84 7.20 11.11

ωODFmin/2π kHZ – 4695.2 ± 1115.8 6702.8 ± 1376.7 3374.2 ± 417.6

ωODFmax/2π MHz – 100 100 100

ALU 103 s−3/2 – – – 609.78 ± 35.86

ωLUmin/2π kHZ – – – 1

ωLUmax/2π kHZ – – – 0.1

ωRMTDmin/2π kHZ 6.5 1 1 1

ωRMTDmax/2π MHZ 0.5 150 50.5 ± 11.6 16.9 ± 3.2

ARMTD 102 s−(1+p) 2.08 ± 0.1 88.8 ± 7.74 93.8 ± 4.4 10.17 ± 0.16

p 0.45 ± 0.05 0.55 ± 0.007 0.55 ± 0.004 0.45 ±0.03
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Table 5.6: Best fit values of the parameters obtained in calculating the re-
laxation rate dispersion curves in the nematic and smectic phases of Sample
B.

Sample Sample B

T (oC) 79 73 68 61
AD 108 s2 17.88 ± 0.35 13.86 ± 0.41 10.59 ± 0.25 6.62 ± 0.07

D 10−11 m2/s 9.8 7.5 6.3 4

AR 109 s2 0.25 ± 0.02 1.5 1.5 3.92

τR ns 5.44 ± 0.3 0.75 0.7 0.49

AOPF 103 s−3/2 15.33 ± 0.38 – – –

τOPF ns 423 – – –

AODF 103 s−3/2 – 5.84 7.20 11.11

ωODFmin/2π kHZ – 5912.1 ± 2742.2 7000.8 ± 1700 4205.4 ± 789.4

ωODFmax/2π MHz – 100 100 100

ALU 103 s−3/2 – – – 609.78 ± 35.86

ωLUmin/2π kHZ – – – 1

ωLUmax/2π kHZ – – – 0.1

ωRMTDmin/2π kHZ 6.5 1 1 1

ωRMTDmax/2π MHZ 0.5 65.1 ± 16.8 46.2 ± 5.87 10 ± 1.2

ARMTD 102 s−(1+p) 3.07 ± 0.1 161.58 ± 22.27 204.71 ± 1 32.52 ± 6.38

p 0.45 ± 0.05 0.58 ± 0.01 0.59 ± 0.004 0.5 ±0.02
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5.5 Conclusions

Wemeasured the proton spin-lattice relaxation rate dispersions of bulk 8OCB

and 8OCB embedded in random porous network formed by aerosil nano

particles at different concentrations. We observed a relaxation rate increase

in the spin relaxation profiles in all the phases upon confinement. This

observed significant increase is quantitatively explained in terms of an ad-

ditional slow relaxation mechanism of molecular reorientations mediated by

translational displacements (RMTD), and it is characterized by power-law

dispersion in the frequency range between low and high frequency cutoff val-

ues. The analysis of the experimental data shows that the major increase

in the relaxation rate is due to this process. The low and high frequency

cutoff values of the RMTD mechanism provide some insight into how the

molecules are reorienting at the surface. The exponent value in the isotropic

phase is found to be 0.38 indicating that the relative importance of low

wavelength modes has increased compared to expectations from equiparti-

tion distribution, and it is different from the other confined systems studied

in the isotropic phase. The exponent varies with temperature from 0.45 to

0.55 in case of Sample A and 0.45 to 0.6 in case of Sample B from just below

the isotropic-nematic transition to just above the smectic-nematic transition.

In the smectic phase its value dips again to 0.45 (±0.05) because the layer

formation seems to restrict the longer wavelength modes. An increase of low

frequency cutoff of ODF clearly indicates the effect of confinement on the

collective modes of the system. In this process, it offers an opportunity to

explore the exclusive effects of RMTD in this otherwise dispersion-free low fre-

quency regime. The strength of the RMTD mechanism in the nematic phase

has increased by an order of magnitude compared to the isotropic phase. As

a general rule, the strength of RMTD has increased in all the phases with

increase of concentration of aerosil particles. This is a direct reflection of the

surface effects on the spin-lattice relaxation mechanisms. The other dynamic

processes do not seem to have been affected much upon confinement, except

the reorientational correlation time near the isotropic-nematic transition.
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6
Slow molecular dynamic processes in a

nematic liquid crystal embedded in

aerosil matrix: Nuclear magnetic

relaxometric study

6.1 Introduction

The previous chapter summarizes the effect of nano confinement effected by

3-d random network of aerosil particles on a prototype liquid crystal, 8OCB,

in its isotropic phase, as well as in the underlying nematic and smectic-A

phases. The effect of the surface of the porous matrix is transmitted to the

liquid crystal medium via polar interactions, and is known to play a signific-

ant role [1–10]. In the earlier example the electric dipole is approximately

along the long axis of the molecule, and the homeotropic alignment direction

of molecules within the adsorption layer is coincident with the dipole orient-

ation. As was indicated before, this chapter summarizes very similar spin-

lattice relaxation dispersion studies carried out on a different liquid crystal

system 4-propyl-4′-pentylazoxybenzene (PPA). These molecules have their

dipole moments in the lateral direction (Figure 6.1), and consequently the
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surface dynamics of these molecules could in principle differ from the case

of 8OCB. Another contrast is its phase sequence: PPA has no underlying

layered mesophases, and form a crystal directly from its nematic phase (Fig-

ure 6.1). To facilitate a fair comparison of dynamics in these two systems,

the confining conditions are kept the same as before.

After providing the experimental details in Section 6.2, appropriate re-

laxation models are indicated in Section 6.3, followed by analysis of data in

different phases (Section 6.4). The results are summarized, and compared

with those of 8OCB in the final section. It may be noted that the relaxa-

tion models needed to analyze the present data in the isotropic and nematic

phases as well as certain details of analysis are already discussed earlier (in

the previous chapter), and consequently some parts of the presentation may

look somewhat brief.

6.2 Experimental details

The liquid crystal used in this study was synthesized in the laboratory of Prof.

R. Dabrowski in Warsaw, Poland. The molecular structure and its phase se-

quence are shown in Figure 6.1. The preparation of LC-Aerosil mixtures

were explained in detail in Chapter 3 and 5. The density of silica particles in

our samples was 0.05 (Sample A) and 0.07 (Sample B) g/cm3. The shift of

the transition temperatures is within ±1K at both the aerosil concentrations.

Proton spin-lattice relaxation times were measured at different Larmor fre-

quencies using the field-cycling NMR relaxometry (Stelar Spinmaster FFC

2000) from 10 kHz to 10 MHz and a pulsed field variable spectrometer is

used at 20 MHz. The decay of magnetization was exponential in this sample

indicating the single relaxation time constant. The errors in the T1 measure-

ments were within 3% and the temperature of the sample was controlled to

within ±0.1K.
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The frequency dependences of relaxation rates of bulk PPA in the iso-

tropic and nematic phases are shown in Figures 6.2a - 6.2b. Figures 6.3a -

6.3b and 6.4a - 6.4b show its frequency dispersion when confined to aerosil

matrix at the two different concentrations mentioned. The temperature de-

pendence of relaxation rates at different Larmor frequencies of bulk and con-

fined samples are shown in Figures 6.5 - 6.7. These show the pretransitional

behavior near the isotropic-nematic transition and significant frequency dis-

persion introduced in the nematic phase, in the bulk and confined systems.

NC3H7 N C5H11

O

4-propyl-4'-pentylazoxybenzene (PPA)

Cr   0oC   N   61.8oC   I

Figure 6.1: Molecular structure and phase sequence of the liquid crystal PPA.
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Figure 6.2: Frequency dispersion of the proton spin-lattice relaxation rate
profiles of bulk PPA in different phases: (a) Isotropic; (b) Nematic.
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Figure 6.3: Frequency dispersion of the proton spin-lattice relaxation rate
profiles of Sample A in different phases: (a) Isotropic; (b) Nematic.
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Figure 6.4: Frequency dispersion of the proton spin-lattice relaxation rate
profiles of Sample B in different phases: (a) Isotropic; (b) Nematic.
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Figure 6.5: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in bulk PPA.
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Figure 6.6: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in Sample A.
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Figure 6.7: Temperature dependence of the proton spin-lattice relaxation
rate at three Larmor frequencies in Sample B.
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6.3 Relaxation mechanisms

The proton spin-lattice relaxation is mediated by the time modulation of

dipole-dipole interactions between the neighboring spins [11, 12]. The time

variation of spin interactions occurs either due to individual processes such as

reorientations around the short axes (R) and translational self-diffusion (SD)

modulating inter-molecular interaction and collective processes like critical

fluctuations (CF) and order parameter fluctuations (OPF) near the transition

point, order director fluctuations (ODF) in the nematic phase for bulk sys-

tems [11]. In the case of confined systems, the confinement induces additional

relaxation mechanism i.e., molecular reorientations mediated by translational

displacements (RMTD) [13–15]. The theoretical expressions for these relaxa-

tion mechanisms are given in Chapter 2 and are used to interpret data in the

previous chapter. The total relaxation rate is the sum of the contribution of

different dynamic processes:

R1 = R1R +R1SD +R(1CF/OPF/ODF ) +R1RMTD.
�� ��6.1

Except for the RMTD mechanism, which enters only in the nano-confined

samples, the other relaxation mechanisms are present in the bulk as well as

in the confined samples though their contribution could be slightly modified

by the confinement.

6.4 Data analysis and discussion

6.4.1 Isotropic phase

The relaxation rate dispersions of the bulk PPA at 10 and 15oC away from

TNI are well described by a superposition of the two relevant relaxation mech-

anisms: molecular reorientations around short axes (R) and translational

self-diffusion (SD). Here we obtained the values of the diffusion constant D
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from other azoxybenzene compounds [16] and assigned the same to PPA to

reduce the number of fit parameters. The coupling constant AD has not

varied significantly over the temperature range in the isotropic phase, so its

average value was used at all temperatures. The reorientational correlation

time τR has increased with the decrease of temperature, while its strength AR

has decreased. Close to the phase transition i.e., at ∆TNI = 0.6, 2 and 6oC,

a better fit to the experimental data is obtained with an additional mech-

anism taking into account the orientational order critical fluctuations (CF)

in addition to the R and SD. The correlation time τCF and the strength of

the interaction ACF has increased on approaching the transition from above.

The behavior of all these parameters with frequency and temperature are

similar to the case of 8OCB (Chapter 5), and are commonly observed in bulk

nematic liquid crystals. The fitted experimental data and the associated

parameters at different temperatures are shown in Figures 6.8 - 6.12 and in

Table 6.1.

Comparing the molecular parameters in the isotropic phase of bulk samples

of 8OCB (Table 5.1) and PPA (Table 6.1), one observes that τR in 8OCB

changes significantly from about 8 ns near the TNI to about 1 ns at 15
oC away

into the isotropic phase. The corresponding change in PPA is more modest,

from 3.5 ns to 1.7 ns, pointing out to relative differences in the activation

energies. Both the samples do not exhibit discernible effects of order fluctu-

ations beyond 6 - 7oC from TNI , and their critical dynamics is slow in 8OCB

(τCF = 184 ns near TNI) relative to PPA (τCF = 75 ns near respective TNI).

It must be stated that the experiments on PPA were restricted to 20 MHz

on the high frequency side (unlike the case of 8OCB where data extend upto

50 MHz). This does put inherently less reliability on the absolute values of

parameters derived from dispersion behavior at the high frequency end (like

AR and τR values). The effect of such experimental limitation on estimations

of slow dynamic phenomena is however marginal, and hence a comparison

can be made with 8OCB data as far as confinement effects are concerned.
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Figure 6.8: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = 15oC. The black line represents the calculated total
relaxation rate and color lines are the corresponding relaxation rate contri-
butions from different mechanisms.
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Figure 6.9: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = 10oC.
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Figure 6.10: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = 6oC.
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Figure 6.11: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = 2oC.
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Figure 6.12: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = 0.6oC.

Table 6.1: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.8 - 6.12.

Sample Bulk PPA Isotropic

∆TNI (oC) 15 10 6 2 0.6

AD 108 s−2 10 10 10 10 10

D 10−11 m2/s 18 15 12.5 10.5 9.6

AR 109 s−2 1.2 ± 0.02 1.22 ± 0.03 0.94 ± 0.04 0.8 ± 0.008 0.54 ± 0.02

τR ns 1.71 ± 0.006 2.16 ± 0.06 2.27 ± 0.14 3 ± 0.1 3.49 ± 0.23

ACF 103 s−3/2 – – 7 ± 0.08 11 ± 0.47 16 ± 0.75

τCF ns – – 57.21 ± 4.41 68.14 ± 1.82 75.26 ± 3.37
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The relative relaxation rate increase in the confined samples is consist-

ently explained by a sum of RMTD-induced relaxation rate and the bulk-

like contributions of other mechanisms. The best fit contributions to the

experimental data and the associated parameters are shown in Figures 6.13-

6.17 and in Table 6.2 for Sample A and in Figures 6.18 - 6.22 and in Table

6.3, respectively. Clearly, RMTD is dominant below 1 MHz. It exhibits

the characteristic power law frequency dependence between the two cutoff

regimes, R1RMTD ∝ ω−p, here p = 0.34 ± 0.05. This value is of course is

differing from the equipartition value of 0.5, and the discussion on this is

presented in the earlier chapter in the context of 8OCB is appropriate and

valid in this case also. More interesting is the fact that for the same dynamic

confining environment obtained from identical (within the experimental er-

rors) concentrations of the aerosil particles, the distribution of the diffusion

modes (in the q-space) as reported by the liquid crystal systems is very much

comparable. This provides further confirmation of the nature of the porous

surface provided by this arrangement. Changes in the cutoff frequencies of

the RMTD mechanism with decrease of temperature (Table 6.2 and Table

6.3) are associated with the decrease of the diffusion coefficient on cooling,

and these are in turn connected with the largest and smallest molecular dis-

placements that could cause significant loss in the molecular orientational

correlation (lmax and lmin). Of particular interest for purpose of comparison

with 8OCB is the variation of lmin value on cooling towards TNI . One sees

from Figure 6.23 that PPA reports rather a nominal change in lmin, steadily

increasing from about 1.5 nm to 2 nm over 15oC. In the case of 8OCB, for a

similar variation of temperature above its TNI value, it is observed (Chapter

5, Figure 5.24) that lmin is comparable (∼ 1.5nm) at ∆TNI = 15oC, but

increases to about 9 nm very close to TNI . Further, its variation in 8OCB ap-

pears to approximate to a power law behavior, unlike the present system PPA

(which is more like linear with the onset of CF mechanism at ∆TNI = 6oC).

This contrasting variation of lmin, with a confining matrix having very similar

structure factor (i.e., very close p values) brings about an interesting point

for discussion. The variation of D over this temperature region in 8OCB is

from 19.1 to 11.9 ( 10−11 m2/s), while in PPA it varies from 18 to 9.6 ( 10−11
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m2/s). Thus, change in D value in both the liquid crystals are comparable,

while change in fitted values of ωRMTDmax differ significantly: from 65 MHz

to 1 MHz in 8OCB (Table 5.3, Chapter 5) and from about 50 MHz to 17

MHz in PPA. The values of lmin is related to these parameters via the rela-

tion ωRMTDmax = Dq2max. Thus, for a fixed geometry (structure factor) and

comparable dynamics (diffusion coefficient and hence its associated modes

under Gaussian approximation), such differences can come about if there is

significant difference in the local ordering of the molecules at the respect-

ive surfaces. The larger value of lmin near the transition, and its apparent

pretransitional behavior in the case of 8OCB are indicative of the presence

of significant ordering near the surface, in comparison with PPA. And this

property in PPA is fairly insensitive to temperature. Taking due account

of the fact that both the systems seen to need RMTD mechanism for in-

terpretation of their data in the isotropic phase (thus confining observable

adsorption effects in both the cases), we attribute this differential behavior

with respect to lmin to the difference in the orientations of the dipoles on the

two molecules vis-a-vis the aligning direction preferred by the local structure

due to anchoring interaction. The analysis also indicates that corresponding

changes in ωRMTDmin at both the concentrations in this system over similar

temperature range are marginal and comparable. The strength of this in-

teraction ARMTD shows an Arrehenius behavior with the temperature and

the activation energy associated with this being about 35 kJ/mole for both

the samples. This seems to provide another pointer to the difference in the

surface interactions of the two liquid crystal systems. While this value of ac-

tivation energy is comparable with Sample A of 8OCB, it is insensitive to the

changes in the pore size, unlike 8OCB where further confinement increased

the activation energy perceptibly (Chapter 5). As probably to be expected,

the reorientational correlation time has decreased in the confined system in-

dicating that the orientational order is extending into the cavities. However

the relative changes in τR of this system is much smaller than the case with

8OCB (Tables 5.2 and 5.3, Chapter 5 and Tables 6.2 and 6.3, Chapter 6).
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Figure 6.13: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = 15oC. The black line is the calculated total relaxation
rate and color lines are the corresponding relaxation rate contributions from
different mechanisms.
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Figure 6.14: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = 10oC.
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Figure 6.15: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = 6oC.
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Figure 6.16: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = 2oC.
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Figure 6.17: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = 0.6oC.
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Figure 6.18: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = 15oC. The black line is the calculated total relaxation
rate and color lines are the corresponding relaxation rate contributions from
different mechanisms.
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Figure 6.19: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = 10oC.
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Figure 6.20: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = 6oC.
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Figure 6.21: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = 2oC.

10-2 10-1 100 101 102
10-1

100

101

Sample B

 

 

TNI = 0.6oC

R
1 

(s
-1

)

L (MHz)

RMTD CF

R

SD

Figure 6.22: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = 0.6oC.
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Figure 6.23: Variation of lmin with temperature in the isotropic phase.

Table 6.2: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.13 - 6.17.

Sample Sample A Isotropic

∆TNI (oC) 15 10 6 2 0.6

AD 108 s−2 18.5 ±3.8 15 ± 2.9 13.9± 1 10 ± 0.78 9.2 ± 0.3

D 10−11 m2/s 18 15 12.5 10.5 9.6

AR 109 s−2 1.2 1.22 0.94 0.8 0.54

τR ns 1.24 ± 0.22 1.97 ± 0.01 2.19 ± 0.11 3.26 ± 0.03 3.72 ± 0.09

ACF 103 s−3/2 – – 7 11 18

τCF ns – – 57.2 68.1 75.2

ωRMTDmin kHz 20 ± 1.19 18.1 ± 1.37 16.91 ± 1.28 15.46 ± 1.46 15.24 ± 1.58

ωRMTDmax MHz 49 ± 5.6 40 ± 4.8 30 ± 3.79 20 ± 3.1 17 ± 2.89

ARMTD 102 s−(1+p) 0.32 ± 0.005 0.42 ± 0.006 0.49 ± 0.006 0.56 ± 0.01 0.57 ± 0.01

p 0.34 0.34 0.34 0.34 0.34
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Table 6.3: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.18 - 6.22.

Sample Sample B Isotropic

∆TNI (oC) 15 10 6 2 0.6

AD 108 s−2 18 ±2 13.2 ± 1.1 12.9± 0.2 9.4 ± 0.5 9 ± 0.3

D 10−11 m2/s 18 15 12.5 10.5 9.6

AR 109 s−2 1.2 1.22 0.94 0.8 0.54

τR ns 1.29 ± 0.01 2.2 ± 0.09 2.27 ± 0.06 3.27 ± 0.1 3.49 ± 0.09

ACF 103 s−3/2 – – 7 11 18

τCF ns – – 57.2 68.1 75.2

ωRMTDmin kHz 20 ± 1.19 18 ± 1.37 17 ± 1.28 16 ± 1.46 15.24 ± 1.58

ωRMTDmax MHz 49 ± 5.6 40 ± 4.8 30 ± 3.79 20 ± 3.1 17 ± 2.89

ARMTD 102 s−(1+p) 0.72 ± 0.01 0.83 ± 0.01 0.86 ± 0.01 1.07 ± 0.01 1.13 ± 0.01

p 0.34 0.34 0.34 0.34 0.34
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6.4.2 Nematic phase

Results of our measurements in nematic phase of PPA in bulk as well as in

confined samples are presented in this section. Figures 6.24 - 6.27 show the

dispersion profiles fitted to appropriate models (as discussed in Chapter 5)

at various temperatures below TNI in the bulk sample (at ∆TNI = -1, -3,

-7 and -10oC; TNI = 61.8oC). The molecular parameters derived from the

data are summarized in Table 6.4. The experimental data at corresponding

temperatures in Sample A and Sample B of PPA are shown, along with their

best fit curves, in Figures 6.28 - 6.35, while Tables 6.5 and 6.6 indicate the

outcome of fitting these data to the models, as indicated earlier.

We first focus on the nematic phase very near the transition temperature

(∆TNI = -1oC). At this temperature order parameter fluctuations provide a

dominant mechanism for relaxation, and in the bulk sample it is the only

slow process effecting the dispersion (Figure 6.24). The characteristic time

associated with these fluctuations τOPF is about 134 ns. Comparing this with

the corresponding value in bulk 8OCB sample (422 ns), it appears that time

scales of critical fluctuations in PPA are uniformly shorter than in 8OCB. In

both the liquid crystals τR remains essentially the same across the transition

within the estimated errors.

Next we examine the effect of confinement on PPA, relative to the bulk

sample at ∆TNI = -1oC. There is practically no change in τR due to confine-

ment in PPA (Tables 6.4 - 6.6) and τR remains at about 3 ns. The effect

of confinement on τR in 8OCB is however significant: it changes from 8.15

ns in bulk sample to 6 ns in Sample A and to 5.4 ns in Sample B. This ob-

servation can be interestingly correlated to the exponent p in the power law

governing the frequency dependence between the corresponding ωRMTDmin

and ωRMTDmax. The exponent remains the same (at 0.34) as in the isotropic

phase for PPA, while it shows slight increase in confined 8OCB on the onset

of nematic phase (0.39 in the isotropic phase to 0.45) just below the transition.
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Common to 8OCB and PPA is the observation that progressive confinement

(Sample A and Sample B) leads in both the systems an increased coupling

to the lattice via RMTD mechanism (i.e., changes in theARMTD in these

samples).

We now discuss the results of our analysis at three temperatures deep in

the nematic phase (∆TNI = -3, -7 and - 10oC). In the bulk sample (Table

6.4), τR decreases progressively on cooling due to the gradual increase in

the orientational order in the sample. Within the frequency range of the

experiment, no leveling of the relaxation rate at low frequency end could be

observed, indicating that ωODFmin should be significantly below the lowest

frequency studied. AODF represents the coupling of the spin system to the

lattice via ODF marginally increases initially on cooling and saturates at

∆TNI = -10oC (Table 6.4). In the bulk sample of 8OCB, AODF steadily and

significantly increases over a similar temperature range (Table 5.4).

Effect of confinement on PPA sample at different temperatures in the

nematic phase are presented in the Tables 6.5 and 6.6, and we take a specific

case of ∆TNI = -7oC for discussion, because of convenience for comparison

with the nematic phase results of 8OCB in its mid-nematic range (8OCB

has an underlying smectic phase). Based on the discussion regarding fit-

1 (interms of R1X) and fit-2 (in terms of R1ODF + R1RMTD) presented in

Chapter 5, we restrict our analysis of PPA sample to fit-2. Thus, referring

to Tables 6.4 (bulk), 6.5 (Sample A) and 6.6 (Sample B), at ∆TNI = -7oC,

we see one immediately discernible effect of confinement is the significant

increase of ωODFmin to the range of MHz (much like the case of 8OCB).

Thus the confinement with aerosil 3-d network is placing a severe restriction

on the long wavelength ODF modes, pushing the value of the corresponding

cutoff frequency by an order of magnitude. This circumstance leaves room for

other slow mechanisms, like RMTD, to play their visible role at much lower

frequencies. An interesting consequence of confinement on PPA system is

that the exponent p changes from 0.34 (within the vicinity of the transition
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∆TNI = -1oC) to 0.63. This of course is an indication of the qualitative

changes in the effective structure factor probed by the diffusing molecules.

This corresponds to a change to a regime, on cooling, where long wavelength

diffusive modes are more probable. A similar change was observed in the case

of 8OCB also on confinement (p = 0.58). Finally, the progressive onset of

orientational order on cooling deep into the nematic phase has profound effect

in the confined samples. The effect for example on ωODFmin and ARMTD is

seen in both the Samples (A and B), correspondingly more in Sample B. The

exponent p is marginally sensitive, if at all, to the degree of confinement

(0.63 in Sample A and 0.66 in Sample B).
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Figure 6.24: Frequency dependence of proton spin-lattice relaxation rate
of bulk PPA at ∆TNI = −1oC. The black line represents the calculated
total relaxation rate and color lines are the corresponding relaxation rate
contributions from different mechanisms.
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Figure 6.25: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = −3oC.
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Figure 6.26: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = −7oC.
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Figure 6.27: Frequency dependence of proton spin-lattice relaxation rate of
bulk PPA at ∆TNI = −10oC.
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Figure 6.28: Frequency dependence of proton spin-lattice relaxation rate
of Sample A at ∆TNI = −1oC. The black line represents the calculated
total relaxation rate and color lines are the corresponding relaxation rate
contributions from different mechanisms.
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Table 6.4: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.24 - 6.27.

Sample Bulk PPA Nematic

∆TNI (oC) -1 -3 -7 -10

AD 108 s2 10 10 5 4

D 10−11 m2/s 8.2 6.8 5.5 4.6

AR 109 s2 0.26 ± 0.07 0.38 ± 0.01 0.5 ± 0.04 0.56 ± 0.03

τR ns 3.03 ± 0.59 3.23 ± 0.16 2.52 ± 0.04 2.23 ± 0.16

AOPF 103 s−3/2 23.94 ± 2.11 – – –

τOPF ns 134.11 ± 11.22 – – –

AODF 103 s−3/2 – 6.49 ± 0.04 6.98 ± 0.03 6.98 ± 0.04

ωODFmin/2π kHZ – 1 1 1

ωODFmax/2π MHz – 100 100 100
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Figure 6.29: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = −3oC.
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Figure 6.30: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = −7oC.
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Figure 6.31: Frequency dependence of proton spin-lattice relaxation rate of
Sample A at ∆TNI = −10oC.
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Figure 6.32: Frequency dependence of proton spin-lattice relaxation rate
of Sample B at ∆TNI = −1oC. The black line represents the calculated
total relaxation rate and color lines are the corresponding relaxation rate
contributions from different mechanisms.
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Table 6.5: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.28 - 6.31.

Sample Sample A Nematic

∆TNI (oC) -1 -3 -7 -10

AD 108 s2 9.1 ± 0.4 17.1 ± 0.1 11.7 ± 0.08 9.9 ± 0.1

D 10−11 m2/s 8.2 6.8 5.5 4.6

AR 109 s2 0.26 0.38 0.5 0.56

τR ns 2.98 ± 0.47 3.23 2.52 2.23

AOPF 103 s−3/2 26.17 ± 0.59 – – –

τOPF ns 134.1 – – –

AODF 103 s−3/2 – 6.49 6.98 6.98

ωODFmin/2π kHZ – 913.68 ± 200.24 900 ± 183.21 1114 ± 116.85

ωODFmax/2π MHz – 100 100 100

ωRMTDmin/2π kHZ 13 ± 1.09 1 1 1

ωRMTDmax/2π MHZ 15 8.43 ± 0.69 6.35 ± 0.46 6.82 ± 0.31

ARMTD 102 s−(1+p) 0.6 ± 0.01 159.12 ± 21.77 284.61 ± 21.11 300.99 ± 1.77

p 0.34 ± 0.05 0.6 ± 0.01 0.63 ± 0.006 0.63 ±0.01
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Figure 6.33: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = −3oC.
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Figure 6.34: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = −7oC.
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Figure 6.35: Frequency dependence of proton spin-lattice relaxation rate of
Sample B at ∆TNI = −10oC.
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Table 6.6: Best fit values of parameters used in calculating the dispersion
curves presented in Figures 6.32 - 6.35.

Sample Sample B Nematic

∆TNI (oC) -1 -3 -7 -10

AD 108 s2 9.1 ± 0.4 19 ± 0.1 14.5 ± 0.02 12.4 ± 0.1

D 10−11 m2/s 8.2 6.8 5.5 4.6

AR 109 s2 0.26 0.38 0.5 0.56

τR ns 2.95 3.23 2.52 2.23

AOPF 103 s−3/2 24.98 ± 0.17 – – –

τOPF ns 134.1 – – –

AODF 103 s−3/2 – 6.49 6.98 6.98

ωODFmin/2π kHZ – 900 ± 203.5 2676.13 ± 314.6 2714 ± 224.12

ωODFmax/2π MHz – 100 100 100

ωRMTDmin/2π kHZ 13 ± 1.09 1 1 1

ωRMTDmax/2π MHZ 15 13± 1.2 6 ± 0.6 6.5 ± 0.51

ARMTD 102 s−(1+p) 1.18 ± 0.02 160.99 ± 0.89 548.04 ± 3.72 669.82 ± 3.99

p 0.34 ± 0.05 0.59 ± 0.01 0.65 ± 0.01 0.66 ±0.02
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6.5 Conclusions

We present results of analysis of the dispersions of spin-lattice relaxation

rates at various temperatures covering the isotropic and nematic phases of li-

quid crystal PPA. We compare the results obtained for bulk sample with two

confined systems with different average pore sizes. The discussion focuses on

a comparison of PPA bulk data with its confined counterparts, as well as a

comparison of dynamical organization in PPA and 8OCB under very compar-

able confinement effects. In the isotropic phase PPA exhibits pretransitional

effects on the relaxation profiles within a range of about 6 - 7oC above TNI ,

much like 8OCB. The time scales of the nematic clusters τCF however differ

by a factor of 2; 8OCB bulk medium supports relatively long lived clusters

at comparable temperature deviations from the respective TNI . Surface in-

teractions with a liquid crystal medium as a result of confinement introduce

RMTD mechanism which provides an insight into the surface topology (in

terms of its structure factor) and adsorption kinetics (ωRMTD cutoff values).

We find that the exponent p obtained from confined PPA samples is lower

than the equipartition value (0.5), and is essentially the same as reported by

8OCB. The observed value (0.34 - 0.38) is indicative of relative abundance

of low wavelength modes and truly reflects the nature of the surface formed

by the 3-d network of chosen aerosil particles. The qualitative difference in

the temperature variation of lmin in the isotropic phase of PPA and 8OCB

are discussed, recognizing the fact that lmin represents the smallest relevant

length scale (at the surface) to induce observable decoherence of the orient-

ational correlations. It is argued that this difference is likely to be related

to the difference in the direction of the dipoles located in the two molecules

(relative to the respective long axis). The effect of increasing orientational

order on cooling the nematic PPA, and confinement related effects at each

of the temperature in this phase are qualitatively similar to those observed

in 8OCB, except for minor variations in magnitudes of certain parameters.

There are however two differences. The value of τR in the bulk PPA varies

from about 3 ns to 2.2 ns on cooling into the nematic phase by 10oC, while
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its value in bulk 8OCB changes from 8 ns to 0.5 ns over a comparable tem-

perature range. This difference seems to be correlated with the presence of

a layered phase (Smectic-A) in the case of 8OCB. Secondly, the value of the

exponent p slightly differs in two cases, being 0.65 in mod-nematic region

of PPA and 0.55 in 8OCB. This positive deviation from the equipartition

value indicates favorable conditions for long wavelength diffusive modes (at

the surface) in the nematic phase of both the systems, more so in the case

of PPA.
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7
Conclusions

The work presented in this thesis is directed towards the application of a very

interesting variation of wide-line NMR spectroscopy, viz. measurement of

spin-relaxation rates of chosen nuclei in a soft material over a wide frequency

range (104 to ∼ 108 Hz). By virtue of the coupling of the participating nuclei

to the lattice modes only under resonant conditions, this methodology focuses

specifically on lattice modes in a given frequency region consistent with the

resonance frequency. Thus such dispersion experiments exploit this potential

to, essentially, map the spectral power of molecular level time fluctuations

via the measurable relaxation rates. Such relaxation profiles, collected as a

function of other complementary external control parameters, like temper-

ature, will on one hand provide a convenient handle to track certain of the

dynamic processes accessed by the microscopic probe in the system. On the

other hand, availability of such data also is needed to provide a check on

the consistency of the underlying molecular dynamic models proposed for

interpretation.

The use of such methods is evident more recently with the advent of

field-cycling methods which circumvent the instrument-related difficulties in

accessing the relaxation processes at very low operating frequencies. The con-

venience lies in preparing and detecting the spin polarizations at comfortably

high enough fields, while allowing the spin system to sample the lattice modes,
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and relax, at the desired low frequencies by making a rapid enough transit to

such fields during the process of spin relaxation. This experimental work is

carried out on such an instrument, supplemented with a home-built high-end

variable frequency pulsed NMR spectrometer. Thus a dynamic range of 104

to 0.5×108 Hz could be achieved. Liquid crystals are chosen for such disper-

sion experiments which are suited to cover very large time scale phenomena,

for many reasons, including: they have many intermediate thermodynamic-

ally stable phases with differing orientational and positional ordering leading

to rich (collective) dynamic molecular organizations spanning to larger time

scales of correlations; discernible pretransitional effects near respective phase

transitions due to critical slowing down of order fluctuations; liquid crystals

are soft materials very easily susceptible to external perturbations including

surface interactions and consequent preferential anchoring; and finally sur-

face induced diffusion in the presence of possible adsorption results in slow

reorientational correlations.

The first problem discussed in the thesis is concerned with a contrast-

ing study on the dynamics of the same molecules in a liquid crystal system,

but as probed by two different species of nuclei (both are spin-1/2 for con-

venience and have very comparable gyromagnetic ratios, 1H and 19F ). We

have chosen two members of the tolane family (4OFTOL and 4OTOLFo),

for which one proton on the aromatic ring is replaced by fluorine (singly flu-

orinated tolane). Usually the spin-lattice relaxation of such spin-1/2 nuclei

in the wide-line NMR regime, particularly at low frequencies, are primarily

mediated by reorientational dynamics modulating the inter- or intra-nuclear

dipolar interactions. In the case of protons with a relatively very low spin-

rotation coupling, dipolar interaction is the primary mechanism for explain-

ing the relaxation data in liquid crystals, as is well established. Introduction

of lone fluorine differs qualitatively in this respect: it can in principle relax

via hetero-nuclear coupling with protons in the same molecule, or homo-

nuclear coupling with fluorines on the other molecules, anisotropic inter-

actions arising from chemical shift (which is field dependent), and finally
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through spin-rotation coupling with the molecular angular momentum com-

ponents. Under the conditions of the present experiments, it is argued that

the last mechanism is the dominant one for fluorine and thus differs in its

sensitivity to the molecular processes, being influenced by time correlations

of molecular angular fluctuations rather than of molecular reorientations.

The experiments on these two systems provided a very interesting con-

trast. To start with, the results on proton are conforming to the established

models and are interpreted accordingly. The slowest components detected by

protons, say in the isotropic phase, are due to pre-transitional critical fluc-

tuations and in the range of 363 ns in 4OFTOL, and 49.5 ns in 4OTOLFo

very near the transition (∆TNI = 0.5oC in the case of 4OFTOL and 1oC in

the case of 4OTOLFo). These collective fluctuations are seen to persist into

the isotropic phase over a range of about ∆TNI = 11oC in 4OFTOL and 4oC.

The difference in the pretransitional behavior of the two systems, as repor-

ted by these studies, seem to be correlated to the location of the fluorine on

the molecule, as has been also observed by earlier dielectric measurements.

Coming to the fluorine experiments, it is immediately seen that there has

been a very significant difference in the dispersion of the relaxation rates in

the sub-MHz regime, differing by at least an order of magnitude. Keeping in

view that the fluorine could not have an effective dipolar coupling under the

circumstances of the experiment, and also its relatively higher spin-rotation

coupling, the relaxation is attributed to the strong fluctuations at the appro-

priate frequencies in the local fields at the site of the fluorine nuclei arising

from the molecular rotations, quantified by the angular momentum time fluc-

tuations. It is observed that the slow critical dynamic processes reported by

the protons are not adequate to account for the enhanced relaxation rate

in the lower frequency region (< 106 Hz), and required invoking additional

slow modes which are accessed selectively by the angular momentum com-

ponents. In this context, earlier ESR studies on liquid crystals are found

helpful in attempting a resolution of the problem. The detailed ESR line

width measurements, as well as subsequent 2-d ESR experiments, indicated
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the presence of slowly relaxing local structures (SRLS), referred to as cages,

which summarize the effect of all the slow processes due to local structures

on the individual molecular rotational dynamic process. It is known from the

ESR studies on different probes that the coupling of the probing molecule to

these modes is stronger, the bigger the molecule is (relative to the surround-

ing liquid crystal molecules). In the present case the probing molecule is that

of the liquid crystal itself, and hence the sensitivity of this interaction to the

slow modes is expected to be the maximum. The interpretation of the data

on the two systems yielded reasonable estimates of time scales of such modes,

and provide a very interesting contrast with respect to the conclusions from

the proton data. A preliminary account of such a study on another related

system was reported from this laboratory recently. This is probably for the

first time that the SRLS mechanism is being directly accessed by the FCNMR

technique with this specific choice of samples.

Another curious phenomenon, of specific interest to the NMR spectro-

scopy, is the regime of low applied fields when the proton and fluorine res-

onance lines start overlapping despite their differences in the gyromagnetic

ratios, commonly referred to as the strong coupling limit (in terms of the

corresponding spin Hamiltonian). In this regime, the flip-flop terms in the

hetero-nuclear dipolar interaction terms assist in transferring some of the

fluorine magnetization to the proton reservoir via the so-called like spin

coupling, and are seen as irreversible losses to the lattice as far as fluor-

ine spin-lattice relaxation is concerned, particularly when the detection is

made at high enough frequencies when the two species are again unlike. We

invoked this cross-relaxation mechanism to explain the anomalous increase in

the fluorine relaxation rates at the very low frequency end. The fitting of this

contribution via overlap integrals of the lines yielded reasonable estimates of

the resonance line widths of the two nuclei, as a function of temperature in

the isotropic phase.

The second part of the work deals with the effect on the spin relaxation of
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surface induced slow reorientational dynamics arising from adsorption. Con-

finement of soft systems like liquid crystals in small enough (nano meter

size) pores makes this effect discernible in an experiment. For example even

in an isotropic phase of the system, surface diffusion within an adsorption

layer under strong polar interactions could lead to appreciable long-time tails

in the reorientational correlations, leading the RMTD process. Such contri-

butions are of course governed by, apart from the diffusion coefficients, the

roughness of the surface characterized by its wave vector dependent structure

factor with cutoff values dependent on the surface topology. Backed up by

details of molecular dynamics obtained from similar studies in bulk samples,

and under the assumption that at least some of these are not affected by

confinement, experiments on confined systems can thus be used to extract

information on the nature of the surface of the pores and possibly its effect

on the individual molecular dynamic processes.

With this objective, we report results of experiments on two liquid crys-

tal systems under identical confinement conditions, obtained by introducing

suitably treated aerosil particles at chosen concentrations, so as to provide

a random 3-d network with an average pore size ranging between 90 - 133

nm. The individual aerosil particles have an average diameter of 7 nm. Thus

the porous medium presents a very corrugated topological 2-d surface, with

the size of the individual nano size particles playing a role in defining the

structure factor. The liquid crystals are chosen such that one has an electric

dipole approximately along the long axis of the molecule (8OCB) and the

other perpendicular to it (PPA). For comparison purposes detailed relaxa-

tion dispersion measurements were initially carried out in the isotropic as

well as the other mesophases of the respective systems in bulk samples, and

the underlying molecular processes are characterized. The relaxation rates

in confined systems show perceptible enhancement in the low frequency re-

gion due to surface effects, compared to the respective bulk results. Analysis

of this data provided information on the coupling of the spin system to the

RMTD process, which is a measure of the induction of slow processes due

223



Conclusions

to adsorption. It also yielded estimates of lower and upper cutoff RMTD

frequencies, reflecting the upper and lower bounds on the displacements near

surfaces to produce significant decoherence of the orientations of the mo-

lecules. Differences in these values, observed for example in the isotropic

phase, seem to be correlated with the placement of the dipole on the mo-

lecule. The frequency dispersion of the relaxation rate within these cutoff

frequencies is expected to follow a power law and the associated exponent is

connected with the wave-vector dependence of the structure factor. Assump-

tion of equitable distribution of these modes over the wave-vector range of

interest yields a value of 0.5, and deviations toward low or high values are

indicative of the predominance of low or high wavelength diffusive modes,

respectively. Both the liquid crystal molecules report identical characterist-

ics of the surface in the isotropic phase (an exponent in the range of 0.34

to 0.38) indicating deviation from the equipartition of modes favoring low

wavelength diffusive excursions, perhaps consistent with the type of the por-

ous confinement of this specific confinement provides. The higher values

observed for this exponent in the nematic (for 8OCB and PPA) and smectic

(for 8OCB) phases (ranging from 0.55 to 0.66) are indicative of the presence

of long wavelength diffusive modes due to the surface ordering in the medium.

This discussion on the interpretation of RMTD effects is incumbent on

the fact that this contribution can be and uniquely separated with reasonable

reliability from the others (in particular in the mesophases, which include for

example the dominant order director fluctuations in the bulk medium as

well), while analyzing the experimental data. This work attempts to do this

exercise by making use of the information on the ODF modes obtained from

experiments on the bulk, backed up by appropriate curve fitting procedures.

It should thus be emphasized that these two mechanisms have certain com-

mon regions in the low frequency regime of the experiment where their time

scales do compete, and hence the RMTD characterization in such cases is

to be interpreted keeping this limitation in mind. Taking the data from the

respective mesophases of the two systems together into consideration, the res-
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ults do indicate perceptible effect of surface adsorption on the wave-vector

dependence of the structure factor. And these conclusions qualitatively differ

from the analysis of respective isotropic phase data, indicating subtle changes

in the adsorption layers due to the onset of orientational order in the medium.

The thesis thus makes a modest attempt to study two different types

of slow phenomena as probed by NMR relaxation mechanisms, making use

of a recently developed experimental methodology extending significantly

the dynamic range of the study. The interpretation of the data, based on

some very interesting contemporary stochastic models, yielded hopefully new

results. In particular, use of multi-nuclear spin-lattice relaxation dispersion

studies on liquid crystals, tailored to have qualitatively differing relaxation

mechanisms, seems to have a promising potential to investigate different

dynamic aspects of the same molecule.
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