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Abstract

Deuterium (*H) and Nitrogen 14 (**N) NMR spectroscopy were used to investigate the
molecular dynamics in one thermotropic and one lyotropic liquid crystal. Quantitative
analyses of deuterium spectral densities of motion for three deuteron sites (ring and Cg)
at two different Larmor frequencies (46 and 61.4MHz) are reported in the smectic A and
C* phases of (S)-[4-(2-methylbutyl)phenyl]-4’-octylbiphenyl carboxylate (8BEF5-d;s), a
partially deuterated smectogen. “H spectral densities for two deuteron sites on the chain
(C; and C,/C;) at Larmor frequency 61.4MHz and N spectral densities for the head
group (NH;") of the molecule decylammonium chloride (DACI) at 28.9MHz are reported
in the lamellar phase of a partially deuterated sample, DACI-d;;/H,0O binary system.

The motional model is the small step rotational diffusion for reorientations plus internal
rotations in the strong collision limit. In the chiral C* phase of the first molecule,
8BEF5-d;s, the helical axes are aligned along the external magnetic field and the deuteron
spins appear to relax in a macroscopically uniaxial environment. After including the
molecular tilt, the reorientation processes in the SmC* phase are found to have higher
activation energies than those in the smectic A phase.

Applying the same motional models to the lyotropic molecule DACI-d;;, the tumbling
motion of the long axis of the molecule in the aggregates is more rigorous in comparison
to the molecular spinning motion. The similarity of deuterium spectral densities from the

C, and C,/C;j sites may indicate a relatively rigid unit of C;-C,-Cs-C4 in the backbone.
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1 Introduction

Nuclear Magnetic Resonance (NMR) was discovered by the groups of Purcell " and
Bloch ! in the 1940s. NMR is a phenomenon found in nuclear spin systems that involve
magnetic moments and angular momenta "!. The broad areas under study by NMR
include solid-state physics, chemistry, chemical physics, biophysics and biochemistry, in
which information on an atomic or molecular level can be obtained. Recently, Magnetic
Resonance Imaging (MRI) has found exciting applications in medicine, e.g. in high
quality but safe diagnosis by scanning the appropriate parts of the human body.

One of the most important fields of study in material sciences today is the study of liquid
crystalline materials, which typically involve organic compounds and show a state of
order intermediate between the crystalline solid and the isotropic liquid state. In 1888
Reinitzer Y found, by using a polarizing microscope, a cloudy but completely fluid state
in a substance (molten cholesteryl benzoate) which appeared between the solid phase at
145.5 °C and a completely clear liquid phase at 178.5 °C. This peculiar state was later
called “liguid crystal” by Lehmann P! Today, “mesophase” is a more commonly used
term than liquid crystals among scientists.

NMR has proven to be a powerful tool for studying mesophases . In some cases, NMR
is the only technique available to obtain information on the order of microscopic (atomic)

scale in mesogenic materials. “H and *C NMR studies are conducted extensively in



dynamics and static structural research of liquid crystals. Other nuclei, such as '*N and 'H,

have also been used.

1.1 Thesis Outline

Chapter 1 provides some fundamental NMR concepts both in a classical and a quantum
mechanical picture. The structure of mesophases of liquid crystals and experimental
methods closely related to the present research on a thermotropic and a lyotropic liquid
crystal are outlined in Chapter 2. Chapter 3 outlines some particular motional models that
are popular in the “H and '*N NMR relaxation study of liquid crystals. The study based
on a new approach in treating chiral smectogen in a biaxial phase as a uniaxial case is
summarized in Chapter 4. The last chapter addresses another category of liquid crystals,
lyotropics, and a dynamics study combining both “H and '*N relaxation information is

described.

1.2 Basic NMR in a Classical Picture

Nuclear Magnetic Resonance (NMR) is a phenomenon associated with the interactions
between the magnetic moments of the spinning nuclei of matter and applied static and
rotating magnetic fields. These nuclear magnetic moments, created by the electric charge
and intrinsic angular momentum (or spin) of the nuclei, can precess about the direction of
the static field at a well-defined Larmor frequency because of the torque resulting from

the interaction with the static field. Another torque due to interaction with a second field,



which rotates about the static field at approximately the Larmor frequency, allows a
change of declination of the bulk magnetic moment relative to the direction of the static
field—the moment nutates. Thus, as the bulk magnetic moment precesses, having been
nutated (or flipped) away from its equilibrium alignment with the static field, the NMR
phenomenon is observed by detecting the e.m.f. (electromotive force) induced in a
receiving coil placed perpendicular to the static field.

Not all nuclei possess spin, but plenty do, for example: 'H, *H, 70, °C, "N, *'P, etc. The
availability of these nuclei in materials makes NMR a powerful and versatile tool in
learning about the physical, chemical, and/or biological properties of matter !,

Spin is a basic quantity like mass and electrical charge. While the rotation of the mass
produces an angular momentum L, the rotation of the charge gives the nucleus a magnetic
moment m 1, which experiences a magnetic torque in a static field. The Irish physicist
Larmor showed in 1897 that the application of any aligning force (torque) to a spinning
object causes a circular motion known as precession ). An everyday example is the slow
wobble of a child’s top (or a gyroscope) as it slows down. Here gravity produces a torque
that causes the spinning object to rotate about a vertical axis. Similarly, a spinning
magnet subjected to an external applied magnetic field can precess. The number of times
per second that the axis of the magnet revolves about the static field direction is termed
the resonant frequency, or the Larmor frequency. The linking of the Larmor frequency

and the magnetic field strength is the most important relationship in magnetic resonance.

The proportionality between the two is called the nuclear gyromagnetic ratio y.



When a sample is placed in a strong static magnetic field, its magnetic moment grows
parallel to the applied B, field (the direction of the laboratory z axis) over the order,
typically, of a fraction of a second, giving an equilibrium magnetisation M,.
(Magnetisation is magnetic moment per unit volume, and having direction and amplitude
can be represented by a vector M ") This process of growth is termed longitudinal
relaxation. Now instead of the laboratory frame (x, y, z) used above, it is often convenient
to describe the precession in a rotating frame (x', ', z'), which rotates about the z axis at
approximately the Larmor frequency of the spinning nucleus. When viewed from the
frame rotating exactly at the Larmor frequency, the magnetisation does not precess, viz. it
is stationary. The situation of no precession leads to the conclusion that in the rotating
frame, there is no static B, field! If now, in our rotating frame, an additional magnetic
field B, is applied perpendicular to the static field, the magnetic moment must precess
about the direction of this new field due to the absence of the B, field. The declination
of the magnetic moment therefore progressively increases. By only keeping the B, field
on for the appropriate time (a pulse), the magnetisation can be “flipped” through any
desired declinational angle, and in particular, flip angles of 90° (or 772), 180° (or 7 of
M can be obtained. The jargon for such flips is “a 90 (180) degree pulse”. Note that by
applying successive pulses of B, field at various orientations in the rotating x'y" plane,
not only the declination but also the azimuth of the magnetisation can be altered, for it
always precesses about the B, field.

In general, the reference frame does not have to rotate at the Larmor frequency — the



former’s frequency may be larger or smaller than the latter’s. Here any magnetisation that
is not along the z axis appears to be slowly precessing about the z axis. This implies the
existence of a small residual BO field, ABO , either in the +z direction, corresponding to
when the frame rotates more slowly than the Larmor frequency, or in the —z direction,
relating to when the frame rotates more quickly than the Larmor frequency. Then, when
the B, field, which is rotating with the rotating frame and is stationary therein, is
applied, the magnetisation will precess about the vector sum Beﬁ of the fields AB, and

B,, as shown in Fig. 1.1.

Fig. 1.1 The effective magnetic field Eef]- in the rotating frame, is the vector
sum of the external field BO , the fictitious field &/ and rf. field Bl .

Note that if the applied B, field rotates at a frequency far off the Larmor frequency,
namely, AB,>>B,, there will be negligible flipping of magnetisation and therefore
negligible transverse magnetisation. Proper signal detection requires a big transverse
magnetisation so that a large voltage is induced in a receiving coil, and this only is
possible when the rotational frequency of the B, field is close to the Larmor frequency.
Clearly, the phenomenon satisfies a definition of “resonance” "': When an abnormally

large vibration of an object is produced in response to an external stimulus at a frequency

which is the same, or nearly the same, as the natural vibration frequency of the object.



To further this discussion, we now turn to a more formal mathematical description of the
subject. Mathematically, the relation of the fixed lab frame and the rotating frame could

be derived by considering time derivatives of A '),

a [ M +x M , (1.1)
dt fixed dt rot

where the magnitude of & gives the angular frequency of rotation of the unit frame
(i ,},kA ), while the direction of & is the axis about which the rotation occurs. In such a
rotating coordinate system all three unit vectors rotate with a velocity and direction
defined by the same & . Since in the laboratory frame,
(ar1/ar)  ved = W % B, (1.2)
where B is a general magnetic field, one finds in the rotating frame,
(dM/dt)mt:WXB—cDxM:;Mx(B+a)/y). (1.3)
The fictitious term &/y is introduced by the rotation. If B is a constant field By in
the z direction, then when @=—}B, the magnetisation is a fixed vector and precesses
with an angular velocity «, = —)B,, the Larmor frequency. However, if the total field B
is the sum of the constant field By and another field Bj, perpendicular to By and
rotating it around it with an angular velocity &, then there is an effective field
B, =(B,+w/y)k+Bi, (1.4)
where the B; field has been placed along the x axis of the rotating frame. One then finds
from Eq. (1.3) that

(an /), = w1 xB,,. (1.5)



and M precesses about the Eeﬁ- field in the rotating frame, Upon resonance, the fictitious
term &/y in Eq. (1.4) is in the opposite direction to B, and cancels B,, leaving, in
the rotating frame, only B, interacting with A . However, in an off-resonance situation,
the B, field and the rotating frame are not at the resonant Larmor frequency a3, and the
term &/y cannot cancel B, completely, leaving a component of the effective field in

the z direction. Then,

~ N,
\Beﬁ\: [(BO —w/y) +Bl]

= (l/y)[(wo -y + wf]l/2 =Qly, (1.6)
where @y = )B; is the on-resonance nutational frequency and Q is the off-resonance
nutational frequency.

Apart from a deliberate choice, this off-resonance condition (& # ay) could be due to a)
field inhomogeneity, i.e., nuclei at different positions experience different magnetic fields
resulting in different Larmor frequencies, or b) chemical shifts that are caused by the
small magnetic field of surrounding electron clouds, or ¢) additional local magnetic fields
introduced by neighbouring nuclei. The magnetic field at the nucleus is not equal to the
applied magnetic field, since electrons around the nucleus shield it from the applied field.
The difference between the applied magnetic field and the field at the nucleus is termed
the nuclear shielding or chemical shift. Chemical shift anisotropy is described by the
chemical shift tensor &, and is particularly important in obtaining molecular structure
information %,

So far, we have considered ways of understanding excitation and mentioned the factors



that determine the Larmor frequency. However, after excitation, the nuclear system
returns to equilibrium and we now briefly examine how. In a microscopic picture, the
molecules, which bear nuclear spins, are randomly moving and tumbling in a manner that
is traditionally described as “Brownian motion”. This is due to the kinetic energy of the
molecules along with constant collisions between them. The accompanying random
motions of the nuclear magnetic moments in space, as the nuclei “tag along for the ride”,
generate fluctuating magnetic fields which provide an interaction mechanism between
nuclei. The magnetisation M then relaxes due to these interactions. Transverse
components of the fluctuating fields rotating at the Larmor frequency change the
declinations of the magnetic moments, providing a mechanism, on average, for release of
magnetic energy — M [B, and eventual partial alignment with B,. Attainment of
alignment and therefore release of energy, which minutely heats the sample and increases
the molecular translational and rotational energy, is typically an exponential process, with
a characteristic time constant 77 determined by the molecular dynamics. This dynamic
mechanism (sometimes called a spin-lattice relaxation mechanism, a term borrowed
rather loosely from sold-state physics) effectively determines the recovery behaviour of
the longitudinal magnetisation M,, the z-component of the magnetisation vector, to its
equilibrium value M,. If the equilibrium magnetisation is flipped by a 90° pulse into the
xy plane, M, can be plotted as a recovery function as follows,

MZ:Moé—e_”Tl). (1.7)

This experimentally-observed exponential relaxation can be incorporated into the



equation of precessional motion given above (Eq. 1.2) as the following

phenomenological equation formulated by Bloch 2/,

dgz :y(MxB)Z—M%IM). (1.8)

There is a second relaxation process in NMR, associated with low-frequency, axial
(parallel to B, ) components of the fluctuating magnetic fields, that occurs
simultaneously with longitudinal relaxation. Fluctuating differences in B, from place to
place in the sample give rise to a range of Larmor frequencies, constantly fluctuating, and
hence a progressive random and irreversible dephasing of the sum transverse
magnetisation. As energy is exchanged only between nuclei in this process, it is
sometimes termed spin-spin relaxation, or more commonly transverse relaxation for it
causes the xy component of M, M,y , to decrease to zero. 7, is the time constant

describing the decay of the transverse magnetisation to zero according to

am o M
Y - \MxB|] -—% 1.9
o TWIB) - (1.9)
=>M, =M, " (1.10)

Egs. (1.8) and (1.9) are the Bloch equations. T, relaxation processes arise only from
fluctuating magnetic field with components in the x' and )" directions, while 75 processes
arise from components in all three directions !"'). Although the 7' and 75 processes happen
simultaneously, in the solid state the 75 process is usually much faster than the 7 process.
However, T) is equal to 7 in isotropic liquids, due to the rapidity of the motional

processes which causes the effects of the transverse fluctuating fields to be dominant. In



general, any mechanism which gives rise to fluctuating magnetic fields at a nucleus is a
possible relaxation mechanism. Various physical interactions have been found to be
important in spin-lattice relaxation and these interactions are discussed in Section 1.5.
In practice, inhomogeneity in the main magnetic field B, significantly affects the T,
process. It causes the Larmor frequency to differ from place to place in the sample adding
aterm 7,” into the actual time constant that we measure, called 7, , represented by
/T, =1/T)" +1/T,"™. (1.11)
Note that the dephasing caused by static field inhomogeneity is macroscopic and in
principle reversible, while the spin-spin relaxation, characterized by 7, is microscopic
and irreversible. To illustrate how macroscopic dephasing can be reversed, we consider a

¢ 131

simple pulse sequence, the Hahn echo experimen , a practical way of measuring 7>

(Fig. 1.2). Due to the field inhomogeneity, transverse magnetisations 7, arising from
nuclei in different parts of the sample experience slightly different values of applied field,
and thus, following a 90° pulse (Fig 1.2.i and following), they precess with a range of
frequencies about the Larmor frequency. The m, thus start to “fan out” in the x')y' plane
(i1). However, a subsequent 180° pulse (iii) at time 7 inverts the y’ components of
magnetisation, and an element that had precessed an angle @ from the x axis now is at
angle —@ The field inhomogeneity affecting the nuclei prior to the 180° pulse will
continue to influence the same nuclei in precession in the same manner after the inversion
pulse (iv), and so the spins refocus along the —y axis at time 27 with an amplitude

diminished only by true transverse relaxation (7>).
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Fig. 1.2 Illustration of spin dynamics of Hahn echo experiment (4,
Turning very briefly now to experimental details, in performing an NMR experiment, an
alternating RF magnetic field ' is created when an alternating RF current at the Larmor
frequency is passed through a transmitter coil surrounding the sample. In the laboratory
frame, this magnetic field can be considered to be an oscillating vector along the x axis
having amplitude 2B;,. However an oscillating vector can be decomposed into two
components, each of amplitude B), one rotating clockwise at a frequency of +a,, and the
other rotating counterclockwise at -a,. In a frame rotating clockwise about the z axis at
frequency +a, the B, vector component that rotates clockwise in the laboratory frame
will be stationary, while the B, counterclockwise rotating component will be at
frequency -2 in the positively rotating frame. A field that rotates about the z axis at
-2ay is so far from the resonance frequency of the spins that it can be ignored " To

transmit then, a high power RF amplifier ' is used to put RF current into the coil for the

length of time needed to create the desired pulse.
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Besides the coils of wire in a persistent superconducting magnet which generate the
strong external B, field along the z direction, a receiving coil must be present to
perform signal detection. The signal is received by the precessing transverse
magnetisation’s inducing a voltage in the receiving coil — the FID. That coil must
therefore be designed so that, if current were passed through it, would produce a B,
field in the xy plane. The maximum signal to noise ratio can be obtained by an
appropriate coil design. The underlying assumption here is that the noise originates solely
from the Brownian motion of the electrons in the receiving coil and is a manifestation of

[10

coil resistance and temperature ' The FID signal is now passed to a low-noise

pre-amplifier and thence to the spectrometer receiver for analysis. In practice, a

quadrature detector '®

is used to subtract the transmitter frequency from that of the FID
while retaining the value(s) and the sign(s) of the difference frequency(ies). This makes
analogue-to-digital conversion easier while preserving chemical shift information.

Plotting received voltage as a function of time gives a sine wave, which will decay with a
time constant 7, . To get frequency information, a frequency domain spectrum is then
obtained by Fourier Transformation (FT) ! of the FID. In the early days of NMR, a
simple method called a continuous wave (CW) experiment was performed at constant
radio frequency by sweeping the By field strength to observe a signal when resonance was
attained. Nowadays, pulsed methods and fast FT by means of a computer make NMR

versatile for various complicated experiments. In FT-NMR, all frequencies in an NMR

spectrum are stimulated simultaneously with a short radio-frequency pulse. Compared to

12



a CW experiment, FT-NMR has the advantage of saving a great amount of time !'".

1.3 Quantum Mechanical Aspects of NMR

Since spin is described with a quantum number, it can only be multiples of +1/2.
Unpaired protons, electrons, neutrons are spin 1/2. Two or more particles with opposite
signs can eliminate their spins. For a deuterium atom “H, a neutron and a proton have a
total nuclear spin /= 1.
Let us consider a simple case: a proton with spin 1/2 is put in an external magnetic field.
The energy of magnetic interaction 77 [B, is quantized and there are thus two energy
states — ‘spin up’ and ‘spin down’. The spin could transit to a high energy state ‘spin
down’ only if it absorbs an exact amount of energy that is equal to the energy difference
between spin up level and spin down level. After absorption, the spin cannot stay at that
excited energy state for long, but drops back to the low energy level and in the meanwhile,
releases that amount of energy to the surroundings [ the ‘lattice’. The lifetime of this
energy emission process is the spin-lattice relaxation time 7;, during which the excited
spin-down spins fully release all the excess energies, and the spin exchange between both
energy levels reaches a dynamic equilibrium. In general, for a nucleus of spin /, its energy
can be represented by

E=-mwB,,m=1,1-1..—1, (1.12)
where 7 is the Planck’s constant over 277 m the quantum number, / the spin ( / = 1 for

deuteron), and ythe gyromagnetic constant, which is specific to each kind of nuclei. Both

13



the yand the external magnetic field B, determine the exact amount of energy gap for a
resonance. However, only certain transitions are allowed, governed by the selection rule
Am = =£1. Thus the allowable change in energy is

AE = yiB, (1.13)
or

AE = ha, (1.14)
Thus, if an applied B, field has a frequency @, a quantum of energy may be absorbed
from the field or released to the field. In particular, such fields provide a relaxation
mechanism for extracted energy from an excited system. Relaxation phenomena are of
paramount importance in NMR. It is because of the existence of relaxation mechanisms
that the nuclear spin can ‘feel’ the temperature of the lattice, and that differences of
populations can appear between the various energy levels of the nuclear spin system,
leading to a net absorption by the spin system of 7f. power supplied by an external
[15]

generator. As a consequence of these differences, a net nuclear magnetisation

Ny*n’I(I +1)B,
3kT

M =

(1.15)

appears in an applied field B,. Here N expresses the number of nuclear spins per unit
volume, k£ denotes Boltzmann’s constant and 7 is absolute temperature. At equilibrium
and room temperature, the number of spin in the lower energy state is slightly greater
than the number in the upper energy level. This spin distribution obeys Boltzmann

statistics. For a coupled spin 1/2 pair, each spin can be in the & (spin up) or [ (spin

14



down) state, and so there are four possibilities: a1a,, a1 or Bia» and B, 5. These four
possibilities correspond to four energy levels. Note that subscript 1 or 2 is added to
differentiate the two nuclei. The close correspondence of the classical and quantum
mechanical treatments is made particularly clear by examining a differential equation

relating the time variations of the expectation values < ,ux> , < ,uy> , and < ,uz> . It is found

that the equation of the expectation value of magnetisation ™

L= ()< B (1.16)

is just the classical equation and the expectation value of the magnetic moment obeys the
classical equation of motion. Eq. (1.16) was derived for a single spin. If the spins are
assumed not to interact with one another in a system, Eq. (1.16) can be easily proved to
be true for the expectation of the total magnetisation. In practice, this is true because we
measure the results of a number of spins simultaneously; the observed bulk magnetisation
is simply the expectation value of the total magnetic moment 1.

Although radiative transitions between energy levels are commonly used as a simple
picture in the literature to explain the NMR signal, this is not actually the case: if a
significant number of radiative transitions were to occur during signal reception, these
would dissipate the stored energy as emitted radio waves; however, the energy associated
with signal reception is mostly lost in the form of heat in the resistance of the receiving
coil and pre-amplifier through which the induced current passes. This near-field loss

mechanism can be so large as to change the effective longitudinal relaxation time 7).
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(18] "as almost

Thus, NMR is actually not about absorption and emission of radio waves
universally portrayed in the scientific literature and community. For more details, please

refer to the explanation of an exchange of virtual phonons "® in the theory of quantum

electrodynamics by Hoult and Ginsberg.

1.4 Density Matrix

In a complex multi-spin system, the density matrix, O ,is a good tool in treating a huge
number of atoms with certain interactions given by a spin Hamiltonian via statistical
means. This is because no solution of the probability amplitudes, or a complete set of
wave functions is necessary. The spin system is in a state of wave function or ket | ¢k>,
which is in general time-dependent and may be expanded using a complete orthonormal

basis set of m stationary kets | (p,.> =| i> . So,

)= 2.C/ i), (1.17)
i=1
where C; is the amplitude. The density matrix element,0 ,, is defined as the ensemble

average of product of amplitudes from two orthonormal basis sets

g, :Ek:cjfcf*/N:cjcj, (1.18)
where i and j represent the index of the orthonormal basis.

The evolution of density matrix is given by the following equation,

6;—f:—1'[(H0+H'(t)),0], (1.19)

where H, is the static Hamiltonian and H' represents the time-dependent spin-lattice
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coupling. One can show that the irreducible spectral densities J, («, ) are the Fourier

'nm,q

transforms of the correlation functions G, (7),

Ju(@,,) = (Caps)’ [ G, (D) dr, (1.20)
where «,  are the characteristic frequencies arising through transforming to the
interaction picture and can be expressed in terms of a linear combination of the resonant
frequencies of the relaxing spin(s) 6] The relaxation rates (1/Ty and 1/T3) can be written
as a linear combination of irreducible spectral densities and the coefficients of expansion
are obtained by evaluating the double commutators of spin operators for a specific

spin-lattice interaction A. In working out G, (T), one can use successive transformations

m

from the principal axis system (PAS) to the laboratory frame and the closure property of
the rotation group to rewrite D’ (Q,,) so as to include the effects of local segmental,

molecular, and/or collective motions for molecules in liquid crystals.

1.5 Spin Interaction

A NMR spectrum of a liquid crystal contains, in principle, both static and dynamic

information. The position and the relative intensity of the peaks can give the partially

[19]

averaged spin interactions * -, while the linewidths of these peaks may provide dynamic

information. The Hamiltonian [

I of the spin system is used to describe the quantum
interaction in NMR. Here five kinds of interactions are of interest: Zeeman interaction,

nuclear dipole-dipole interaction, J-coupling, quadrupolar interaction and chemical shift,

which are indexed as Z, D, J, Q, CS, respectively for future notation.
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Spin Hamiltonian
The Zeeman Hamiltonian H, between the magnetic moment of a nucleus and external
magnetic field is written as
H, =-il [B,. (1.21)

If including the chemical shift anisotropy, also called diamagnetic shielding, which
describes the weakening effect of the external field due to neighbouring electron clouds,
the Zeeman interaction should be rewritten as

H,=-yl {1-6)(B,, (1.22)
where & isa 2" rank tensor that describes the chemical shift anisotropy.
The dipole-dipole (dipolar) Hamiltonian Hj shows the magnetic interaction between two

magnetic moments,

A —

[,[D, 0

iy —j?

_yyh

3
Ty

HD

(1.23)

where 7, is the internuclear distance between the two nuclei, and lA)U. is a dipolar
coupling tensor of 2" rank, which is similar to a chemical shift tensor. Its main difference
from the chemical shift interaction, however, is that the dipolar tensor is traceless; that is,
the sum of its diagonal elements is zero. Therefore, unlike the chemical shift, dipolar
interactions are averaged to zero in solution due to the isotropic tumbling of molecules.

In addition, the indirect, electron-mediated interaction called J-coupling is different from
dipolar interaction because J-coupling works through the electrons in bonds while the

dipolar interaction works directly between nuclei. Now

18



H,=nl,J,0,, (1.24)
where the J-coupling tensor j,-,- is not traceless. In liquid crystal, H; is usually small
compared to Hp and will be ignored. The quadrupolar Hamiltonian is the main interaction
in our *H and "N NMR study, its presentation is deferred to section 1.6.

Motionally Averaged Hamiltonian

Although having similarities to both solid and liquid phases, the molecules in liquid
crystals are rotating and diffusing at rates similar to those in isotropic liquids, but are not
random. The fast motion in the mesophase of a liquid crystal is such that usually the
nuclear spin interactions are averaged, but the non-randomness means that the averages
are different from those in its isotropic phase. In liquid crystals, three main types of

interactions of interest are time-averaged dipolar, quadrupolar and chemical shift

Hamiltonians. The time averaging nuclear spin Hamiltonians may be easily studied in the

form of irreducible spherical tensor operators of rank /, 7,,andR, .
!
Hy=C, Y. Y (=)"T)\R", . (1.25)
| m=—I

where / = 0,1,2 and scalar factor C, is the appropriate interaction constant with a label A
for the type of interaction. Thus,
Cp =~y ysh*12m, C,=eQ/21(21-1),Ces = y;hr. (1.26)

For A=D or Q, the spin operators 7, in the laboratory frame are

T,, =- éi 5, T, =\E(3IZSZ -1 Es?),
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T,., =¢%(12S1 +1,S,), T =%I+S+. (1.27)

Here, the two spins 7, S can be either the same for homonuclear dipolar coupling or
quadrupole coupling, or unequal for heteronuclear dipolar interaction.

The coupling tensor R, in the laboratory frame is time-dependent due to motions of

1,m

spin-bearing molecules. It is more convenient to transform R,, to the principal axis

system (PAS), in which the irreducible components are o, , , and

R, = ZDI[:H Q)0 (1.28)

where D) (Q,,) denotes the Wigner rotation matrices and Q,, are the Euler angles

by which the laboratory frame is brought into coincidence with the PAS. Meanwhile,

3 1
P :\/;A/] s P =0, Pran :EA/IUA ) (1.29)

where in the dipolar case A=D, 77, =0 and A, =<1/ r,§> and rgis the internuclear

distance. In the quadrupolar case (see below), A=0Q, A, and 7}, can be obtained from/V/,

the principal values of the electric field gradient tensor¥ , which is diagonalized in the

PAS. The electric field gradient, abbreviated as efg, A, =V_ =eq, and the asymmetry

parameter 1% of the efg tensor is defined as

—_ XX VW
Ny =—2—2 (1.30)

1.6 Nuclear Electric Quadrupolar Interaction

The quadrupolar interaction arises from the interaction, at the site of the nucleus, between

the nuclear electric quadrupole moment eQ and the non-spherically symmetric electric
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field gradient, efg, caused by the electric charge distribution of the atom or molecule. The

quadrupolar Hamiltonian only occurs when /> 1/2, and is expressed as,

Ho=nipd=—%CL imd, (1.31)

© 2121 -1)

where the quadrupolar coupling tensor Q has been written in terms of efg tensor V.

Now, in the general irreducible tensor representation, RZ , are nonzero only when

l,m >
m =0,%2 | and the components m = *1 vanish. Since V' is symmetric and traceless in

PAS, the quadrupolar Hamiltonian can be written in PAS as:
_ 1 Ui
H, —hwg{[]f —51(1+1)}+§(1x2 —lj)}, (1.32)

where the quadrupolar frequency ayp is defined as

3e2qQ
W, =— 2= eq=V._. 1.33
¢ 41(21-1)n 1= (1.33)

In the deuteron case, the asymmetry parameter /) can usually be approximated as /7 =0
(n7[D0.04 for aromatic deuterons) due to “axial” symmetry of the electric field gradient
along the C-"H bond. Thus, V,, = V},, and the principal z axis is along the C-’H bond.

The time-averaged quadrupolar Hamiltonian, for a deuteron spin with axially symmetric

efg (n1=0), becomes

H,=w,[I? - 1(I +1)/3], (1.34)

where

=3¢ QQZD (0.0)D2,(B.2). (135)

with ([,a) being the polar angles of the C-’H vector in the molecular frame, and the
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time-averaged Wigner rotation matrices Dozqm(é?,¢) being the order parameters in a
uniaxial phase. These order parameters can be written in terms of a Cartesian order tensor
S 21 \which is symmetric and traceless 3%3 matrix. The S has a maximum of five

independent, nonzero elements, and their relations with the time-averaged Wigner

rotation matrices are

Szz :D(iO 4 Sxx _Syy :\E(D_;J-'-D(i—z)’ Sxy :i\/g(D(i—Z _D_(iz)
_ 132 _ N2 .13~ Y
S = 3 Do =Dy, ), S, =i 3 Dy =Dy, (1.36)

Hence, the quadrupolar splitting (Fig. 1.3) of a Zeeman line is

Av, :%J%Q[Szz(%cosz ,8—%) +%(SH —Syy)sin2 ,8cos2a} (1.37)
1>
©q 00,
0>
@y ®,-0,
|+1 >

Zeeman H,# 0

Fig. 1.3 Energy level diagram for a deuteron spin in a magnetic field. wy/21is the Larmor frequency.

If 7 is nonzero as in the aromatic deuteron site, Eq. (1.37) must be modified to give ['***!
e, 3 2pi 1. 7.2,
Av,[T]= E(T] X{SZZ[T] Eézcos Bro 5 +Esm Bro
+ Abiaxial l:Sinz ﬂIiQ,Q +%(Cosz ﬂ;?,Q + 1)}} H (1 38)
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where Apigriar 18 @ molecular biaxial parameter and is (S, =S ), ,B;’Q is the angle
between the C-D bond and the para axis of the phenyl ring of the molecule 8BEFS to be
discussed in Chapter 4. When the quadrupolar interaction is cylindrically symmetric (7
= 0), and the Euler angle a = 0° [in Eq. (1.37)], Eq. (1.38) goes back to Eq. (1.37).

In lyotropics, the doublet spacing Avdepends on a) the orientation of the average
surface normal at a particular site w.r.t. the symmetry axis of the aggregate (angle “®”),
b) the orientation of symmetry axis of the aggregate w.r.t. the magnetic field (angle “©”).
Fig. 1.4 shows the lamellar phase structure and these angles. Thus, the quadrupolar

splitting of the nitrogen in the head group of the molecule can be expressed as %!

2 2 Ay 2~
AvN=§ e qQ S, 3cos"®P -1} 3cos"O-1
2\ h 2 2

where S, 1sthe segmental order parameter of the nitrogen.

(1.39)

4

jgﬁ § "

1

Sk

D
il

Fig. 1.4 Schematic diagram of the lamellar phase and the orientation of the molecules. Bis the
external field and 7 is the average surface normal. The tilted axis on the enlarged molecule is

the symmetry axis of the aggregates. Water flows within the layers
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Mathematics of Solid Echo Sequence
To investigate how the radiofrequency pulses affect a spin system, it is helpful to examine
the evolution of the density matrix in a quantum picture . The so-called “solid echo”

pulse sequence ! 90°, —7-90°, —T—echo, where T <T,, serves as a good example

+y
to illustrate the advantage of quantum mechanics. By ignoring the chemical shift and at
exact resonance, the Hamiltonian in the rotating frame is
H=w,0. +wl, (1.40)
The spins, initially in /. state, flip to -/ state after a 90° pulse. Then under the
quadrupolar interaction &,Q, , the spins precess at different rates causing them to fan out
inthe 7, —J plane. So at the instant before the second pulse, the density matrix for each
spin packet is
o(r)=—1,cosa,T +J sinw,T (1.41)
Ay direction pulse does not affect /, but causes J to precess in the “J, — K plane”
at—2a, . The density matrix just after the second pulse is
o(r")=-1,coswyl +(J, cos2¢— K sin2¢)sin w,T (1.42)
and wheng¢ =90°,
o(r")=-1,cosw,r —J sinw,T (1.43)
This corresponds to a quadrupolar echo experiment. Further evolution under the

quadrupolar interaction makes the dephased spin packets to refocus on the 7, —J plane:

o(T +1) = (=1, cosayt +J sina,t)cosa,T —(J, cos,t + 1 sinyt)sin ,T
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==1,cosa,(t—T)+J sina,(t = 1) (1.44)

and attime =7,
o2r)=-1, (1.45)
So the spins refocus after time 2 7.
Frame Transformation
The description of the orientation of a molecule in liquid crystals, where the molecule is
rotating and diffusing, is more complex. It is necessary to define the director reference
frame (D), x°", y°", z°. Euler angles (a,B,y) between x, y and z axes of two frames are
employed to describe the rotational transformation. In detailed study of the motion of the
nuclei at a particular site inside a molecule, the segmental frame (S) and the Principal
Axis System (PAS) where the interactions take place should be included in addition to
molecule-fixed frame (M) and laboratory frame (L). A particular link among these frames
by successive transformations is
The Laboratory frame (L) « [94F$¥.  The Director reference frame (D)
~ [(1°0P Y@, The Molecule-fixed frame (M) (P EMA
The Segmental frame (S) — (111 The Principal Axis System (PAS)

Actually, the orientation for the director frame fluctuates continuously and is spatially
random. The time-dependent director orientation can make an appreciable or even a
dominant contribution to the spin relaxation. Thus it is necessary to differentiate between
an instantaneous director, for which ny, ny, and n, will be time-dependent, and the

time-averaged director. This is needed to describe order director fluctuations %,
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2 Liquid Crystals and Experimental Methods

2.1 Mesophases in Thermotropic Liquid Crystals

Liquid crystals have traditionally been divided into two broad classes: thermotropic and
lyotropic liquid crystals. Thermotropic liquid crystals are generally formed by organic
molecules, whose mesomorphic behaviours arise from changing the ftemperature.
Lyotropic liquid crystals gain anisotropic properties from mixing two or more
components. Here, both the concentration of mesogenic materials and/or the temperature
can induce various mesophases. Due to the existence of long range orientational order in
liquid crystals, molecules are preferably aligned along a particular direction in space,
labeled by the local director n. The diamagnetic susceptibility of a liquid crystal is
anisotropic, due to the shape anisotropy of the molecules. The diamagnetic susceptibility
X has two principal components in an uniaxial phase, where Y, is the component
along the director, while X, is that perpendicular to the director. If the diamagnetic
susceptibility anisotropy AY (=), — Xg) is positive, the director will align along the
magnetic field. This is favoured by most rod-like molecules, while a negative Ay is
common for disc-like molecules. A typical rod-like liquid crystal molecule has 20~30A in
length and ~5A in width.

Before discussing the mesophases of a liquid crystal, it is beneficial to take a look at the
isotropic phase, as shown in Fig. 2.1a, which is a completely disordered liquid. In the

isotropic phase, molecules possess no long range positional or orientational order. The
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isotropic liquid has a low viscosity and is clear. Actually, some short-range order may
exist in the isotropic phase of liquid crystals, i.e. over a short length scale of a few
molecular distances. The short-range orientational order parameter is non-zero but small.
The Nematic Phase

The nematic phase (see Fig. 2.1b) has a long-range orientational order ! because the
molecules tend to align along 7. However, positional order of molecular centres is still
absent. The reason is, at a certain temperature the thermal energy may be sufficient to
destroy the positional order of a solid but not enough to destroy its orientational order.
Macroscopically, these materials show anisotropic properties, such as refractive index,
dielectric constant and light scattering. Nematic phase is apolar, since +7n and -7 are
equivalent. In addition, most thermotropic nematics known so far are uniaxial, due to the
rotational symmetry around the director 7. The orientational order of molecules can be
described by a second-rank tensor in the first approximation. In the case of rod-like
molecules, this order is specified by an order parameter S=<P,(cos&)>, where € is the

angle between the rod axis and the director.

“lz iy V) /8
Nk OOZ%C

|

LT il

(a)lsotropic (b)Nematic  (c)Smectic A (d)Smectic C

Fig. 2.1 Being cooled down, (a) an isotropic phase could form (b) a nematic phase with the director,

(c) a smectic A phase with the director or (d) a smectic C phase with two vectors for ordering.

Let us now consider the nematic-isotropic phase transition, where the long-range
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orientational order is suddenly destroyed upon heating, and the order parameter S drops
discontinuously from a nonzero value to zero. This first order transition temperature 7 is
also known as the clearing point. This behaviour was successfully interpreted by Maier
and Saupe > Assuming that anisotropic dispersion forces are responsible for the
nematic order among the molecules, they have proposed an orientational pseudo-potential
V(6) = ~£(P,(cos §))P,(cosb), (2.1)
where the parameter £ scales the intermolecular interaction. The orientation of molecules
in a mesophase can be specified by a singlet distribution function f(Q), where Q
denotes the Euler angles (¢,8,9) involved in transforming between the molecular frame
and the director frame. f(Q) originates from this orientational pseudo-potential V' (Q)
according to,
F(Q) =exp{-pV(Q)}/Z, (2.2)
where [ =1/k,T and Z is the single-molecule partition function
Z= j dQexp{-BV(Q)}. 2.3)
The average of any single molecule property X(Q) over the orientations of all
molecules is defined by
(X)= joz”dqajo”desin 6 j: "deX (Q) f(Q). (2.4)
If X = P, (cos8), then the generalized order parameter <PL> is given by
<PL> = J‘OIPL(cos 0) f(cos@)d(cosb). (2.5)
Among all the orientation order parameters of different ranks, only <I’2> can be determined

from the dipolar or quadrupolar splittings in NMR spectra 4. Due to the fourth-rank
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tensor nature of the scattering interaction, <Pz>and <P4>are accessible by the Raman
scattering technique. Although it is usually not straightforward, <ﬂ> can also in
principle be obtained from nuclear spin relaxation ™.

The Smectic A Phase

The word smectic has a Greek origin, i.e. ‘smectos’, which means ‘soap-like’. Besides
the orientational order, molecules arrange themselves into layers and show some degree
of positional order, as the molecular centres of mass are arranged on the average in
equidistant planes (see Fig. 2.1c). Additional phase symmetry properties are used to
distinguish different smectic phases, with a label from A to I.

In the smectic A phase, the director 7 is parallel to the normal of the smectic layers. The
layers form a one-dimension density wave. Due to the freedom of motion of molecules
within the layers, SmA phase could be considered a two dimensional liquid.

The Smectic C Phase

Molecules in the SmC phase (see Fig. 2.1d) differ from those in the SmA phase by tilting
themselves at an angle @with respect to the layer normal. This tilt angle &depends on the
compound, and for a given compound, it can vary over a range of temperature or stay
relatively constant. This phase is biaxial. Besides the director 7, its projection onto the
layer defines another ordering direction ¢ .

The Chiral Nematic (Cholesteric) Phase

‘Chiral’ means handedness, or means molecules arrange themselves such that they share

the same local director in each of the nematic layers. These local directors form a screw

31



framework, either right-handed, or left-handed. The molecules contain a chiral centre and
have intermolecular forces that favour the alignment of molecules at a slightly different
angle to one another. This leads to the formation of a helical structure which can be
visualized as a stack of very thin 2-D nematic-like layers with the director in each layer
twisted with respect to those above and below .. Indeed the local directors of different
layers vary continuously from 0° to 360°. This 360° rotation of 7 is completed over a
distance of p, called the pitch, and the direction of p is called the pitch axis, which is
perpendicular to all 7. The pitch length is usually of the order of the wavelength of
visible light. Light of particular wavelength can be selectively reflected from a sample of
chiral nematics. Since a decrease in temperature will increase the degree of twist, thereby
shortening the pitch, the colour of the reflected visible light will change accordingly 7).
Twisted nematic liquid crystals have broad applications in the LCD industry ™.

The Chiral Smectic C (Ferroelectric) Phase

Chirality ™ in self-organizing systems can lead to a reduced phase symmetry and can
yield a huge variety of novel mesophases with unique structures and properties M.
Strong chirality, has lead to a series of fascinating frustrated phases, such as Blue Phases
(BP) "1 and the Chiral Smectic C phase (SmC* "*)). Similar to the chiral nematic phase,
molecular chirality in the SmC* phase leads to a helicodial structure, in which molecules
with a tilt angle & position in each layer but with various azimuthal angle @, from 0° to
360°, at different layers. The tilt &is dependent on temperature. This phase is also biaxial,

but the ¢ axis rotates according to the @angle.
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Special molecules (e.g. bent shaped dimesogens %) can lead to an anticlinic molecular
organization (SmC,), in which the tilt direction alternates between ¢=0° and 180° from
one layer to the next, giving rise to antiferroelectric properties of the corresponding chiral
mesophases (SmC*,) '*). Further, at least two subphases occur between the SmC* and
the SmC*, phases. One of them is the ferri-smectic (SmC*,) phase (31 which has
superlattice periodicities consisting of three layers. Fig. 2.2 illustrates these three chrial

phases from above and side views.

Sm C* Sm C*, Sm C*

Fig. 2.2 Chiral smectic C (SmC¥*) phase, antiferroelectric smectic C

(SmC*,) phase and ferri-smectic C (SmC*y) phase.

For achiral molecules of rigid bent (banana shaped) molecular structure ', Niori ') ez al.
observed chirality and polar order of electric dipoles in smectic phases. Here, a polar
order within the layer arises from the directed stacking of bent core units to minimize the
excluded volume " This leads to several possible smectic phases !'*'7), known as B

(banana) phases.
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The Columnar Phase

The columnar phase is formed by stacking discotic (disc-like) molecules '®. These
molecules tend to stack themselves into columns, and their directors are along the column
axis (i.e. perpendicular to the molecular planes). Also, the arrangement of the columns

can show different patterns, including hexagonal, rectangular or oblique symmetry.

2.2 Classification of Lyotropic Liquid Crystals

To form a lyotropic liquid crystal, at least two components are needed. One component
contains amphiphilic molecules, which are composed of a polar head group (which is
hydrophilic) and a hydrocarbon tail (hydrophobic). The other component is the solvent in
which amphiphilic molecules reside. Lyotropic liquid crystal exists everywhere in our
daily life. Soap in water forms a variety of lyotropic phases. A common soap is sodium
dodecylsulphate where an ionic group (sulphate) is attached to a hydrocarbon chain [©.
The sulphate head group is soluble in water while the chain part is quite insoluble. Thus,
in a dilute solution, the soap molecules form a spherical structure, called a micelle,
leaving the soluble head group outside in the water, while keeping the hydrophobic chain

inside away from water molecules (see Fig. 2.3). Micelles come in various sizes, but the

diameter of the smallest sphere could be of only two molecules’ length.
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Fig. 2.3 Structure of spherical micelles '*!.

(197 describes the minimum

The term ‘“critical micelle concentration” (CMC)
concentration of the surfactant molecules in the solvent. Above the CMC, micelles are
formed. At the CMC the hydrocarbon chains undergo a substantial change in their
environment since below this concentration they are interacting mainly with the solvent
and above it primarily with each other. This difference may be revealed in nuclear
magnetic shielding as changes in the chemical shift of the nucleus of interest. A break in
the curve of the chemical shift against concentration usually appears at the CMC 191,

As the concentration increases, the micelles begin to arrange themselves into a cubic
pattern and then a hexagonal pattern. The cubic phase has a structure similar to that of a
face-centred or body-centred cubic crystal lattice, though micelles take the place of atoms
or ions (note that cubic phases also exist in thermotropic liquid crystals ). The
hexagonal phase is formed by rod-shaped molecule aggregates, whose surface is
composed of hydrophilic heads while the hydrophobic tails are kept inside. Six rods
group around a seventh rod, showing a compact and stable structure (see Fig. 2.4).

The lamellar phase forms at an even higher concentration. This bilayer structure has

molecules arranging their hydrophilic polar heads facing into in the solvent, while
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hydrophobic nonpolar tails fill the inside, as also shown in Fig. 2.4.

The viscosities of the three phases, cubic, hexagonal and lamellar, are inversely related to
their concentrations, because of their specific structures. The cubic phase is the most
viscous among the three, because it lacks a sheer plane that allows sliding of molecules.
In contrary, the sheet-like parallel layers that allow sliding on each other help the lamellar
phase to gain higher fluidity with less water content. The hexagonal phase is more
compact but has somewhat a sliding plane, showing medium viscosity. A typical phase

diagram of lyotropic liquid crystals is shown in Fig. 2.4.

This item has This item has
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Fig. 2.4 Phase diagram of a lyotropic crystal as a function of both concentration and temperature
%] The dotted line is the critical micelle concentration. The cubic phase is one of the intermediate
phases between the hexagonal and the lamellar phase. The dark boundary line refers to the Kraff
temperature, below which few liquid crystalline state form.
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The phase transitions in Fig. 2.4 can be determined by a number of strategies ", e.g.

polarizing microscopy, differential scanning calorimetry, X-ray diffraction and proton
NMR linewidth study, where an abrupt discontinuity in linewidth occurs at the phase
transition.

In lyotropic systems, intermediate phases between the lamellar and the columnar (here
hexagonal in Fig. 2.4) organization can provide a wide variety of complex meso-
morphologies . The bicontinuous cubic phases and non-cubic intermediate phases
(rhombohedral phases, tetragonal phases and different mesh phases) represent possible
phases between the lamellar and the columnar organization. They are summarized in Fig.

2509,
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Fig. 2.5 Intermediate phases occurring at the transition between the lamellar smectic and the columnar

21-25

organization of amphiphilic molecules [21-25] Though the shown phases have mostly been found in

2

lyotropic systems 8 related structures should also be possible for thermotropic intermediate phases.

If the concentration of micelles is such that their weight of amphiphilic molecules is
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greater than that of the water, the molecules can form a spherical structure trapping water
droplets inside, with the amphiphilic polar head in contact with the water, and the
nonpolar tails isolated on the outside. This is shown in Fig. 2.6a. Another scenario occurs
when the micelles are dissolved in a nonpolar solvent. Provided the concentration of

micelles is low, the molecules can form the same structure, called an ‘inverse micelle’.
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Fig. 2.6 (a) Cross section of an inverse micelle and (b) Cross section of a vesicle .

Surfactants dissolved in water can also form lyotropic phases. Thus, phospholipids can
form another phase, vesicles (Fig. 2.6b), other than micelle in dilute solution. Vesicles are
bilayers that have folded into a three-dimensional spherical structure, similar to a micelle
but with two layers of molecules. Vesicles form because they eliminate the edges of
bilayers, protecting the hydrophobic chains from the water at the centre. For a flat bilayer
to be without edges, it would have to be infinite. Molecules that form vesicles usually
have a fluid double chain and a large optimal area per head group *”). Lipids found in
biological membranes spontaneously form vesicles. Lyotropic liquid crystals are also
extremely important because of their role in biological membranes. Membranes are
composed of amphiphilic lipids - mostly phospholipids and cholesterol.

Recently, intensive study of novel non-conventional materials has led to novel
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mesophases and deeper understanding of the driving force for their self-organization %,

It is found that besides the molecular shape and space filling effects, nanoscale
segregation of incompatible molecular parts (micro segregation), and the minimization of
resulting interfaces between these nanoparticles **! play an important role in mesogenic

self assembly, leading to new mesophase morphologies =1,

2.3 Pulse Sequences

Solid Echo Sequence

The solid echo pulse sequence %!

is a routine way to acquire quadrupolar splittings in a
liquid crystal sample. In contrast to liquid state, where the relaxation time is on the order
of 1 s, the relaxation time scale in solid is so short such that 75 is on the order of 100 ps.
Since the instrument (e.g. deadtime in NMR probe) cannot response fast enough to
capture the full FID over this short time scale, acquiring a true FID signal by a simple 90°
pulse is impossible. For 7 larger than the deadtime, the trailing half of the solid echo is
equal to the true FID P*!, Therefore, the solid echo is a good technique for overcoming
the effects of the deadtime in determining the FID shape **!. By adjusting the echo delay
T, left shifting proper amount of FID data points, the true FID can be obtained.

Various versions of Jeener-Broekaert Sequence

The Jeener-Broekaert (JB) sequence is used in this thesis to measure spin-lattice

relaxation times by first maximizing the quadrupolar order, or “spin alignment” according

to Spiess **). An additional 45° pulse added to the JB sequence can produce the net effect
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of subtracting the equilibrium M signal (the equilibrium magnetization at infinite time)
from the JB signal. This would minimize any long-term instability in the NMR signal
immediately after the second 45° pulse. Besides, if a deadtime problem occurs, where it is
difficult for the spectrometer to observe signal soon after the second 45°% pulse, a
refocusing 90° pulse may be added as in the solid echo sequence. When there are several
doublets of interest to be measured in the same spectrum, a separate experiment with a
specific 7 is required to maximize the quadrupolar order of each doublet. Alternatively,
broadband excitation may be used to irradiate several doublets identically using a
Broadband JB (BBJB) sequence, or called Wimperis sequence ***"). This is particularly
useful if the NMR spectrum represents a powder sample. Also, the BBJB has the
advantage of saving time on a relaxation experiment. The BBJB sequence with
M subtraction and proper phase cycling is routinely used to measure spin-lattice
relaxation times (Fig. 2.7) in the present work.
To calculate both 7'z and Tiq from the decay curve composed by the 15 measurements,
the sum S(¢) and difference D(¢) of the spectrum and its reverse w.r.t. Larmor resonance
frequency, are given by

S(t) Oexp(—t/T,,) (2.6)

D(t) Uexp(=t/T,,) (2.7)
The BBJB sequence — M., sequence works successfully with the “H study. However,
when it came to '*N 7} measurements, spectra in a relaxation measurement require proper

phase correction Y. The way of phase correction in our *N NMR was verified by
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employing different versions of JB sequences.

BBJB-M,,

907, 67.5°, 45°45°, 45°, 45°,

Acquire Acquire

‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘

Fig. 2.7 Pulse diagram of BBJB-M,, sequence. Recycle delay after the 5t pulse is to 5T, when the
magnetization fully recovers. In the pulse sequence, T(n) is a list of times within the relaxation time

scale. In practice, 15 points of different T(n), are used to obtain partially relaxed spectra.

2.4 Apparatus

We used a Bruker Avance 400 spectrometer with 9.1 tesla superconducting magnet. °H is
measured at 61.4 MHz and "N at 28.9 MHz. The sample temperature was regulated by
an air flow to better than 0.1°C. A pulse width about 3 Us was employed in the
two-channel probe to obtain an optimized 90° pulse for *H. *H relaxation data of 8BEF5
were collected for aromatic deuteron sites ‘a’ and ‘b’, and the deuterons at the methylene
Cq, by measuring their Zeeman (T;z) and quadrupolar (T;q) spin-lattice relaxation times.
Relaxation delay of 200 ms was used and the number of scans for signal averaging was
128. The uncertainty of 77z and T1o measurements was estimated to be less than 5%. In
the BBJB sequence, the delay time 7 between the first and the second pulse (see Fig. 2.7)
was set accordingly **) to make the efficient irradiation on the splitting peaks of interest.
In other words, to produce a more pronounced difference between right peak and left

peak. The best scenario of the quadrupolar order was when the left component of the
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doublet totally disappeared in the BBJB-M,, sequence. In the lyotropic measurements, the
samples were in 4 mm NMR tubes to save the amount of deuterated materials. The
relaxation times of five deuterium doublets vary significantly, ranging from 50 ms for “H
at carbon site 1 (near the head group) to over 1 s for ’H at carbon 10 (at the end of chain).
For "N lyotropic study, the lyotropic samples were sealed in 7.5 mm NMR tubes. A pulse
width of 3.7-3.9 ps was used for '*N in a single-channel "*N probe. The dwell time was 2
Ms and the corresponding spectral width was +250 kHz. A signal averaging of 16k scans

was routine in the literature 24"

, while here the number of scans was up to 8k. An
excitation delay 7 of 5 ps to 20 ps was used at different temperatures according to the

splitting of '*N doublet. At lower temperature, a 7 of less than 4 ps between the first and

the second pulse was found to give a better broadband irradiation.

2.5 Liquid Crystal Samples

Chiral Smectic Sample SBEF5

The smectogen (S)-[4-(2-methyl-butyl) phenyl]-4’-n-octybiphenyl carboxylate (8BEFS)
exhibits a variety of mesophases, and was investigated in a previous study . Our
8BEF5-d;s sample (in 5 mm NMR tube) was kindly provided by Dr. C.A.Veracini,
University of Pisa. It was specifically deuteriated at the aromatic and alpha carbon sites,
and is shown in Fig. 4.1, while the other methylenic sites were accidentally deuteriated
during the synthesis, resulting in much lower intensities for these sites.

The smectic-isotropic transition temperature is 408 K. The sample shows powder pattern
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before its alignment at high temperature (>380 K) by the external field. By melting it
completely in isotropic phase, the sample gains a well defined monodomain in both SmA
and SmC* phases after cooling down slowly.

Lyotropic Sample DACI/H,O Binary System at Lamellar Phase

The decylammonium chloride (DACI)/H,O binary system is popular as a model system

in the study of lyotropic liquid crystals [41,42]

and biological membrane system. It belongs
to a family of long-chain cationic surfactants, whose family members are different by the
number of carbons and the type of the halides ***. At higher DACI concentrations, a
variety of mesophases are formed, including hexagonal phase, lamellar phase, nematic
and micellar isotropic phase. The DACI was synthesized by C. Morcombe, Brandon
University. Two non-deuterated DACI/H,O (54 wt.%) and DACI/H,0O (56 wt.%) samples
were packed into 7.5 mm NMR tubes. The two selectively deuterated 1,9,10-DACI-d;
and 2,3-DACI-d4 were provided by Dr. A. S. Tracey, Simon Fraser University. These two
kinds of deuterated DACI crystal powders were mixed to a weight ratio of 2 to 1, then
were used as the solute 1,2,3,9,10-DACI-d;; and mixed with doubly-distilled water to
prepare samples in different concentrations for *H study. The experimental “H NMR
investigation was focused on a series of samples with concentrations chosen to cover
interesting regions of the DACI/H,O phase diagram (Fig. 2.8) ). They contained 54, 56,
59 wt% of 1,2,3,9,10-DACI-d;; in HyO to study the lamellar phase behavior.

1,9,10-DACI-d; and 2,3-DACI-d4 were also mixed respectively with water, and both were

at the 54 wt.%, for reference. The uncertainties in sample concentrations were estimated
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to be less than 2%. By measurements of sample containing only one kind of selectively
deuterated material %, it is found that the C,, C; doublets appear indistinguishable and
thereby only one quadrupolar splitting and relaxation can be recorded. On the other hand,
in the lamellar phase of 1,9,10-DACI-d7/H,O, besides the Av,,Av, and Av,,, an
additional weak splitting appeared, which is probably deuterated accidentally at the
carbon site between C4 and Cg. We named this Cx. Thus, in total, there are five doublets

in the combined deuterated lyotropic samples.

This item has
been removed
due to copyright
issues. To view
it, refer toits
source.

Fig. 2.8 Phase diagram of DACI/H,O binary system is reproduced (1,

To align these lyotropic samples in the lamellar phase quickly, heating outside the magnet
into fluid state is necessary before putting the samples into the superconducting magnet
bore. However, the samples were usually not well aligned when first cooled down into

the lamellar phase. The signal to noise was poor especially for doing relaxation
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experiments. Then the sample must be heated up again and be kept at some high
temperature for a few hours then cooled down slowly. This kind of process was repeated
several times until a well aligned sample was achieved. A deuterated 54 wt.% sample was
heated to 345 K into the micellar isotropic phase, the deuterated 56 wt.% one to 360 K
and the deuterated 59 wt.% one was 410 K. Before completely becoming isotropic, a
lamellar-isotropic biphasic region extending 10-20 degree appears, whose span
corresponds the phase diagram reported earlier **) by polarizing microscopy. The
boundary of the biphasic regions was actually determined by the onset of relatively
temperature-insensitive splittings and the existence of an isotropic peak between the
doublets in the spectrum. In fact, this isotropic peak exists for quite a large temperature
range in the lamellar phase. The phases and transitions temperatures are summarized in

Table 2.1.

Table 2.1 Transition temperatures determined for
the samples used in both *H and "N studies.

Sample wt.%6  Phases and transition temperatures

54 lamellar O P, lamellar+isotropic 0 T4, isotropic
56 lamellar O P4, lamellar+isotropic O PT%  isotropic
59 lamellar O %, lamellar+isotropic O 'f%,  isotropic

2.6 Sample Preparation of Lyotropic Samples

The decylammonium chloride (DACI)-D,O binary system was prepared at a serial of
concentrations (38 wt.%.~59 wt.%) in NMR tubes for mapping the phase diagram and

“N study, while the deuterated DACI-H,O (doubly distilled) binary system of
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corresponding concentrations for “H relaxation study. The preparation methods were

d BoA454748 "and detailed procedures and precautions in preparing a particular

surveye
DACID;0 (43.0 %w.t.) sample carried out are given here.

A. Solute Weighing and Solvent Injection

DACI was weighed to an accuracy of 1 mg and then put into a small clean bottle with a
microbar in it. 15 spoons of DACI weigh around 120mg of DACIL. A 180-250 mg
well-mixed mixture could be good for one transfer into a 4 mm NMR tube, while
350-400 mg for a 5 mm tube and 650-750 mg for a 7.5 mm tube. These vary somewhat
depending on the concentration and viscosity of the mixture.

A 50 pL syringe was used to inject D,O (H,O) to the bottom of bottle at the first shot to
let them mix easily; DACI on the wall inside was flushed down at later shots. Some drops
left at the opening of the bottle were used for later concentration correction if required.
For D,O, 100 pL equals around 110 mg.

B. Mixing

Before the bottle was capped, teflon tape was used around the opening of the glass bottle
for a few turns to make a thin film before capping the bottle to prevent water loss. Then
the gap between the cap and the bottle was glued by putting pre-mixed epoxy (30 min
before) and then drying the glue for a day. The sample was then stirred on a magnetic
Stirrer/Hot plate by the microbar for over 1 hr at room temperature. For higher DACI

concentration (>48% wt), the bubbles introduced by fast stirring made the mixture looked

like white soap, indicating a well mixed sample. After centrifuging the bottle for over 30
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min, a layer of condensed bubble remains on the top of the clear mixture, these bubbles
were reduced by centrifuged up and down for 2 times, each for 5 min. To mix the sample
in isotropic phase, the bottle was stirred while immersing into high temperature oil which
was heated above the predicted phase transition temperature (usually >70 °C). In high
concentration case, mixture might need to go as high as 110 °C to reach isotropic phase,
then the mixture was cooled down out of the oil bath. Finally, the mixture would become
clear liquid without bubble. The water vapor left on the inner wall was removed by
rolling mixture over the bottle to cover all the area of the inner wall and then centrifuging
up and down 3 times, each for 10 min. The whole process was cycled for a second time
until transparent homogenized mixture was obtained. Typically, the sample was
equilibrated at room temperature for a least 1 hr before transferring.

C. Transferring and Sealing

Since DACI/ D,0O lyotropic mixtures remained in micellar phase at room temperature, we
could transfer it into a NMR glass tube at room temperature at ease. If necessary,
everything was pre-cooled below room temperature (at 5~15 °C) before transferring.
High temperature (in isotropic phase above the hexagonal or lameller region) transferring
would not work because the sample cooled down quickly and became too viscous to flow
and sticked on the pipette in a few seconds.

Before transferring, the cap was sawed out halfway carefully. To avoid dust dropping into
the mixture, the saw dust was cleaned with wet napkin constantly. A constriction on the

sample tube was made by a propane flame. Longer tube would make sealing easier. The
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mixture was sucked gently and transferred to the bottom of the NMR tube. Great care
was needed to prevent leaving mixture on the upper part of the NMR tube. If a big
amount mixture stayed at the wide junction of pipette and it could not be blown out, then
waited for a while till it flowed into the fine tip region. The opening of the sample tube
was capped by a parafilm tape to prevent water loss and was frozen a bit and then
centrifuged to get rid of the bubbles.

To seal the NMR tubes, the chemicals on its inner wall must be cleaned with ethanol after
freezing the sample by liquid nitrogen in advance. Otherwise, the chemicals will be burnt
during sealing and cause the sample not to seal at all. The sample must be constantly and
completely frozen for degassing and sealing. Then the sample tube was plugged into a
vacuum system to gain a reduced pressure for easy sealing. A propane gun was used to
seal at the constriction. Finally, the sample was equilibrated in room temperature for a

week before experiment.
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3 Relaxation Models of Liquid Crystals

3.1 Correlation Function and Spectral Density

In NMR spectroscopy, correlation functions of the orientation of atom-atom vectors are
of prime importance. Correlation times that describe the rate of molecular reorientation

are derived from these. The time correlation function !

lis of great value for the analysis
of dynamical processes in condensed phases. When a time-dependent quantity A(¢) is
multiplied by itself at a different time, it is called an auto-correlation function. But if A(7)
is multiplied by another time-dependent quantity B(¢') evaluated at time 7, it is called a
cross-correlation function. Both products are averaged over some equilibrium ensemble.
For example, an autocorrelation function for a property, 4, measures the correlation

between the value of A(0) at an arbitrary initial time and its value at a later time #, A(?).

The normalized autocorrelation function for 4 is defined as:

(41 4(0))

GO 0a0)”

3.1)

where the brackets imply an ensemble average. In molecular systems undergoing
stochastic fluctuations, this function varies from a maximum of 1 at # = 0, to a value of
zero at long times, where all correlation between the initial and current 4 values has been
lost.

In Eq. (1.20), under the assumption that the PAS frame is rigid in the molecular frame, i.e.

the Euler angles between the two frames are time independent, G, (f) may be
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evaluated in terms of the Wigner rotation matrix DiLmM (Q,,,) in the fluctuating

Hamiltonian

G, (0= 312 o @F({D2,, [0, 00- D3, {2, 10, 001-DE, ). 62)

My
Now Q,, (£a,B,y) denotes the Euler angles that transform from a molecular frame
fixed on the molecular core to the laboratory frame, & is the angle between the =z,
axis of the PAS frame (in “H study, this would refer to the C-D bond) and the z y axis of
the molecular frame, and m, and m,, are the projection indices for a tensor of rank two
in the laboratory and molecular z axes, respectively.
Recall from the chapter 1, the spectral density comes from the Fourier transformation of

the autocorrelation function G, (¢), but now it is a real quantity. For a quadrupole

interaction, Eq. (1.20) becomes

J,, (m,@) = % (9co)’ [ Gy, (O)cos(m,anydt, (3.3)

where the nuclear quadrupolar coupling constant g, =e°qQ/h (7= 0 is assumed).

On the other hand, spectral densities can be simply related to the measured relaxation
rates (7, or 7,"'). In quadrupolar interaction, by using Jeener-Broekaert sequence,
Zeeman spin-lattice relaxation time 77z and quadrupolar spin-lattice relaxation time 7’q
are measured simultaneously. *H T}z and Tyq relate to the spectral densities J,,(ma,® )
for the director oriented at an angle © with respect to the external magnetic field as

follows ' :
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1

L =3/,(@,0) (3.4)
Tig
= (@, 0)+4,(2,0). (3.5)

1Z
where ay, is the Larmor frequency. For the director aligned along the external magnetic

field, Eqs. (3.4) and (3.5) enable the determination of spectral densities J,(&,,0°)

andJ,(2a,,0°).

3.2 Rotational Diffusion Model

In a stochastic Markovian process, the orientational correlation function for a uniaxial

molecule can be written as

*

GLL'

o (6) = [ [ dQ,dQP(Q,)D}(Q,) P(Q, Q0D (), (3.6)

n m'n

where for simplicity, m and n are used to represent the m, , the projection index in the
laboratory frame and m,, ,the projection index in the molecular frame, respectively.
P(Q,|Qt) is the conditional probability of finding a molecule at orientation Q at a
time ¢ if the orientation of molecule was Q, at /=0.

Nordio et. al "' proposed the small step rotational diffusion (SRD) model to describe the
evolution of the conditional probability P(Q,|Q¢) where the molecular reorientation in
a potential of mean torque takes place through a sequence of small angular steps. The
rotational diffusion tensor is diagonalized in a molecular frame.

Uniaxial Molecule in Uniaxial Phases

Taking the simplest situation where an uniaxial molecule reorients in a unixial phase, the
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solution to the rotational diffusion equation is discussed in Appendix A.
For L =2 the reduced correlation function [Eq. (A.24)] in the notation of Tarroni and
Zannoni is

g, 0=2(62,) ewllar, ) (3.7
where the decay constants, (a’,),/D,, are the eigenvalues of the rotational diffusion

matrix, and (5’

mn

), the corresponding eigenvectors, govern the relative weights of the
exponentials. The diffusional coefficient D, represents tumbling rotation of the
molecule about one of its short molecular axes, while D, the spinning motion about the
long molecular axis. Both D, and D, appear in @a),.

As an approximation, the correlation functions [Eq. (3.7)] can be written using a single

exponential by restricting the sum over K to the leading term,

ngn,_mM (t) = |:<(Djt,_,mM )2> - Dri,_ My, )ZJmL,OJmM,O:| X exp[(ail_,mM )lt]

=k(m, ,m, exp[—t/T. . 1. (3.8)

Vold and Vold ! have solved for a cylindrical molecule reorienting in uniaxial

mesophases numerically, and using the notation of Vold and Vold, Eq. (3.7) becomes

g™ (1) = cm’niafn’l expl-1/79], (3.9)

J=

where c,, ,represents the mean square of the Wigner rotation matrices,

Cor = <‘Di,n(§2)‘2> - (D_go)z (3.10)

The correlation times 7'} at each temperature depend on the order parameter <Pz> and

m,n
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)

m,n

on the rotational diffusion tensor components. The a,”’ expresses normalized weights of

the exponentials whose time constant

~11 6D,
[ =2o (D =D,). 3.11)

m,n

The

m,n

bY) and ¢, , coefficients for all the correlation functions are given
numerically as a polynomial in <192> and their expansion coefficients are tabulated in
Table I of Ref. [* for a Maier-Saupe potential .

The SRD model gives [from Eq. (3.2) and (3.7)] the spectral densities of a deuteron due

to molecular rotations (MR, as the superscript)

Jfk(mw) — Z[dio(gM,Q)]zz (ﬁm,n)k mam,n)k (3.12)

T (maw)’ +(a,,);
where 6, , is the angle between the cylindrical symmetry axis of the molecule and
principal component of the spin interaction (e.g. C-D bond).
Asymmetric Molecules in Uniaxial Phases
In a more realistic situation, where the liquid crystal molecule is treated as a biaxial rotor
reorienting in a uniaxial potential of mean torque, Tarroni and Zannoni’s model ! has
been proposed, in which U(Q) is independent of @ and may be expanded in terms of

Wigner matrices as

UB.Y) _ )
T %anDo,q (B.Y) (3.13)

and the equilibrium probability is
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exp[-U(B.))/ksT] G.14)
[dQexp[~U(B,y)/k,T]

P(B.y) =

The conditional probability function P(Q,|Qt) can be obtained from diagonalizing the

9]

diffusion matrix (R") L'm',Lm[ in a basis set of Wigner functions. Here the correlation

functions for reorientation can be nonzero forn # n', and are given by a sum of infinite

number of exponentials:

Gow ) =D (Bo)i expl(@,), 1], (3.15)

where the decay constants, (@

mnn

). / Dy, are the eigenvalues of the rotational diffusion

matrix, and (3’

mnn'

), » the corresponding eigenvectors, govern the relative weights of the
exponentials. The spectral densities of motion for the unique axis of the interaction tensor
making an angle & with the molecular z axis are obtained by Fourier transforming
G, (1) togive

2 2
(ﬁmLmMm'M )k (amLmMm'M )k
(@, i ¥ (M, 0)

mpmym'y,

g, (me)=>>d: (), , (9)2 (3.16)

'
My Moy

The Tarroni and Zannoni model has been applied in a deuterium NMR study of a biaxial

[10] [11,12]

solute in nematic phase ' ™ and to the solvent molecules in smectic liquid crystals

Uniaxial Molecules in Biaxial Phases

When a uniaxial molecule is reorienting in biaxial mesophases of D,, symmetry, a
model has been proposed by Berggern et. all>'¥. The consequence is the possibility of
observing correlation functions withm, #m', . It is shown that some spectral densities
vanish, while others change continuously at the biaxial-uniaxial phase transition. The

biaxial spectral densities are those which are nonzero in a biaxial phase and vanish in a
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uniaxial phase. Here U(Q) is independent of )y and expanded in terms of Wigner

matrices as

U@.p) _ ;
kT %aJpr,O(a’ﬁ)’ (317)

and the equilibrium probability is

expl-U(a, B)/ k,T]

P = .
@F) j dQexp[-U(a, B)/ k,T]

(3.18)

The conditional probability function P(Q,|Qt) can be obtained from diagonalizing the

[13]

diffusion matrix (R") L'm'Lm in a basis set of Wigner functions. The correlation

functions for reorientation are given by a sum of infinite number of exponentials:
grim'n (t) = Z (ﬁnim'n )k eXp[(arim'n )k t] . (3 . 19)
k
By Fourier transforming g’ . (¢), taking into account the unique axis of the interaction

tensor making an angle & with the molecular z axis, the spectral densities are

. ! 4 ari m'ym
ICEDYENGIDY (ﬁmmcémf()}m 53 . (3.20)
My mym'ymy, Jk

3.3 Superimposed Rotations Model

Apart from the overall motion of molecules discussed in the previous section, internal
dynamics of flexible mesogens are now described. One basic internal rotation model,

rotational isomeric state model (RIS) !

, applies to rotational jumps among the three
equilibrium sites when the potential barriers are larger than k7. This is due to the fact

that rotation about each carbon-carbon (C-C) bond in the chain is assumed to take one of
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the three dihedral angles (¢g=0°, £112°). These correspond to the frans (f) and two
symmetric gauche (g*) linkages. The gauche states have higher energy in comparison to
that of the frans by an amount of Ej,. Since our samples are not fully deuterated on the
chain, not enough information is available to solve the full chain dynamics. The RIS
model cannot be used to generate all possible chain conformations.

The other model involving a stochastic rotational diffusion about a bond is discussed in
more details here. It is found that the deuteron spin-lattice relaxation rates R“’, where j
labels the position of the deuteron in the alkyl chains, decrease monotonically along the
chains of mesogens. Beckmann et. al " have proposed a model of superimposed
rotations which is consistent with a monotonic decrease of relaxation rates along the
pentyl chain of 5CB-d;s. Here we apply this model to internal ring flips in our sample

8BEFS5 (Fig. 3.1).

Zy, Zy

‘ZM

Fig. 3.1 Sketch of 8BEF5, the location of the molecular frame and internal rotation axes.

The Yy axis is chosen to complete a right-handed Cartesian coordinate system.

In this model, the molecule is taken to be made of a number of rigid sub-units, labeled as
in figure above. R is for the aromatic ring containing deuterons and i=1 to 4 for the CD,
and CDs groups. The structure and the location of internal rotation axes are as shown.

Since the C-C; bond between the aromatic ring and carbon 1 (C;) are supposed to be rigid,
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zp,and z, are parallel to one another. An angle fis defined between the z,, molecular
axis and the para axis, along which z,and z, now lie. The internal rotation axis linking
fragments i and i+1 is used to define z axis for the ith sub-unit while its y axis is taken to

be orthogonal to z; and zj;;. With this definition the Euler angle a, ., linking fragments i

i+l
and i+1 is zero, and the Euler angle S, ,, is time-independent and thus leaving only the

Euler angle y, .., which contains the time dependence of internal motion. The PAS for

quadrupolar tensor of a particular deuteron is denoted by O ; to a good approximation this
tensor is cylindrically symmetric and the symmetry axis is labeled z,, .
Again, we start with the correlation function,

G, ()= <F‘2"”L) (0)F ) (z)) : (3.21)
where £ is the m, th component of the irreducible spherical tensor representing the
quadrupolar interaction; it is expressed in the laboratory frame (L) with the z axis parallel
to the magnetic field. Now the molecular frame is assumed to be the principal frame for

the quadrupolar tensor. In transforming into a molecular frame (M) in which the

components F ") are time-independent,

mymy,

F(Z,;nL)(t) - ZDZ [QLM (t)]F(Z,mM) , (322)

and substituting Eq. (3.22) into Eq. (3.21), we have

G, (=YY Fempemo(p2 10, (01D, [Q,,®).  (3.23)

)
My My

Apply this treatment to 8BEFS, and take the ring deuterons of 8BEFS5, three coordinate

transformations have to be considered: First the quadrupolar frame (Q, ) to the segmental
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frame fixed on the para axis of the phenyl ring, and this requires the Euler angles Q,, .
From here we transform to the molecular frame involving Euler angles Q,,, and then to

the laboratory frame with the Euler angles Q,,, . Thus,

Fem™0)=3"%">"D; . (Qu)D; . (Qu)Dr. Qe Fe "™ (3.24)

my mp Mg

(2,my) -

The subscript on F,, "’ is to emphasize that these tensor components are, in principle, site

dependent. Following the same substitution in Eq. (3.23),
G’("]j) (t) (F(z O)) ZZZZDOWR RQR Om R (QRQR )

x(D2 19, (OIDZ,, [Qy (DIDZ,, (D, (OIDZ,, [, (1)]). (3.25)
where the superscript (R) in anf)(t) is to label the correlation function for the deuterons
on the phenyl ring.

Two drastic approximations are necessary in order to simplify this complex correlation
function to the point where its evaluation is practical !'®. First, the internal and external
modes of motions are decoupled from one another. Thus the time-averaged factor in the
correlation function is separated into two parts to be evaluated. The first of these is for
reorientation of the molecular reference frame in the laboratory frame, and this part of the
correlation function is given by

(D2, [Q1 (01D 19, 0] =( D, )i ()8, (3.26)
where now we have introduced the second assumption that the correlation function can
be written in terms of a time independent and time dependent term. The latter is a reduced
correlation function g!’(¢) and is taken to be independent of m, . This assumption is

consistent with the strong collision model ). The above delta function arises from the
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assumed cylindrical symmetry of rotational motion about a fixed axis thereby leading to
equality for terms withxm,, .
The second part in the correlation function is for the internal rotation, and can be
rigorously separated into time independent and time dependent parts:
(D} [ O1D) , [Q, (D) = (B, (Bo)
X (exp[—ilm'y Yy (1) = M ¥, (0)]) (3.27)
When m, =0, this correlation becomes constant and independent of internal rotation

about the Cring-C; bond (para axis). Thus,

(D2 [, (01D}, (9, (O]) = 1A, (Bun)T % {24 (1) =2, (1) =110, 18, - (3.28)
where g,(¢)1s

g2 (0) = (exp {=im [V, (1) = V1 (0)]). (3.29)

The subscript R indicates that the reduced correlation function is for rotations about the

para axis. Finally, the correlation function describing the molecular reorientation and

internal ring motion gives,

GO0 = (FZOVY Y DDy, P (O1dL,, (Bu))

my, mp

x{gx () =[gx(t) =118y, } X[da,,, (Brg, )T’ (3.30)

A similar expression can be obtained for the first methylene group rotating about the
Cring-Ci bond. By including a geometric factor [dmm i (,Bl._l,i)]2 and another term

involving internal correlation function {g,(¢)—[g,(t)-1]9,,}, we can generalize the

correlation function for additional sub-units. For example, for the deuteron on the second
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rigid methylene group G,(nz) ®),

G20 =(F"Y Y. Y Y IDL,, P Od2,,, (B LAz, (BT

my my m,

x{g,(1) ~[g, () 119, } (g, (1) ~[g, () =110y, } X [d,, (B )T - (3.31)

For simplicity, apply the Fourier transform to Eq. (3.30)
IO (mya) = j: G (1) cos(m, coyt)dt . (3.32)
Now the spectral densities for the deuteron on C; site (or for the ring deuterons by

interchanging labels 1 and R) can be written as

o, (M) = (Fy")’ Z Z D2, P(d2 (Bu) (de, (Bg))

my==2 m=-2

x [" g (g, (1) (g, () =113, } cos(m,ay)dr (3.33)
For the term with m, =0 in Eq. (3.33), in the fast motion limit,
[ gl (ycosaadt = [ g\ (1)t
=7, (3.34)
For the products of correlation function in Eq. (3.33), whenm, # 0 in the fast motion limit
[l g (de ={[r T + 1717 (3.35)
Finally, combining the small step diffusion rotation model, the superimposed rotation

model with strong collision limit, we arrive at the expression of the spectral densities

J,(maw,0°) = (QCD) ZZ O(ﬁli?,Q)]z[dj,p(gMR)]z

B, [(afm ) +1=3,,)D]
© (mw)? +[(ain)k +(1—5,,,0)D']2 , (3.36)

where D' is 1/7, in the above equations, i = ring or CH, group. 8,, is the angle
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between the long molecular axis and the para axis. This equation is applied in the
deuterium study of chiral smectigen 8BEFS5 discussed in Chapter 4. Similarly, the spectral
densities for the nitrogen and deuteron NMR study of a lyotropic sample DACI/H,0O will
be included in Chapter 5.

Since nitrogen 14 nuclei has also a spin / = 1 system and governed by the quadrupole
interaction, we can treat '*N relaxation as we did in “H study. Thus, for the nitrogen on

the head group N-C; bond, the spectral densities labeled by a superscript N

o 3T
Jritv (m wao ) = T (qutrogen )2 Z [d;12,0 (QNC )]2

ARG

L ey +@)? (337

where  g,,,,.., 18 the quadrupolar coupling constant for nitrogen, and 6, is the angle

between the N-C; bond and the long molecular axis. For the deuteron “Hc; on the chain
C; site of DACI,

J;Hq (mw,0°) = %(Qcp)z Z Z[d;,o (Byen )7’ [d:,p (Oyc I}

~ BJ@) +i-0,)0]
2
F (mw) +|(@,), +(1-8,,)D] 538
where the diffusion coefficient D' corresponding the correlation time 7, in Eq. (3.35)
is included for the superimposed internal rotation. The ¢, stands for the quadrupolar

coupling constant for deuteron on the C-D bond. And S, is the angle ON-C;-H. For

the deuteron “Hc, on the chain C, site,
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’H 3 2 2 21 52 2r 32 2
Jm @ (mw’oo :T(qCD) ZZZ[dp,o(IBCCH)] [dj,p(yNCC)] [dn,j(HNC)]

(B2 l@), +1=8,)D+1-3,,)D"|

x 9
T (mw)’ +|(@2,), +(1=8,)D+(1-3,,)D"|

(3.39)

where D" is the diffusion coefficient for deuterons rotating about the C;-C, bond.
df, »(Vyee) denotes the Wigner matrix whose C;-C, segment is rotating about the N-C,

bond. [, is the angle [JC;-C,-H.

3.4 Angular-Dependent Relaxation

In liquid crystals, it is customary to write the irreducible spectral densities given in the
laboratory frame in terms of spectral densities expressed in the crystal-frame, which is
defined by the symmetry axis (director) of the phase. In the case of the director not
aligned along the external magnetic field, the extra transformation involves Euler angles
Q,,[=(¢,.6,,)] from the crystal frame to the laboratory frame. This produces linear
combination of the crystal frame spectral densities according to ['*'"'®]. If the assumption
of letting ¢,, distinguishable in our SmC* study in the next chapter, one obtains in
biaxial liquid crystalline phases '}

J(w,0)= E(cos2 Gsin* 8)J, ,(w,0°) +l(1 —3cos’ @ +4cos’ 0)] (w,0°)

I\ V)= > 0,0 \*% 7 LI\M
1 ( 4 ).] 0 \/_ 2 -2 0
+§ 1=cos” @), ,(w,0") =~ 6(cos” Gsin” &)J, ,(w,0")
1

—%(1 —5cos’ @+4cos’ H)JL_l(a),OO) —5(1 —cos’ 9)2 J, 5 (@0°)

J,(20,6) = %(1 —c0s” 6)*J, o (2w,0°) + %(1 —cos* )J,,(2,0")

65



NG

+%(1 +6co0s” @ +cos* 6’)/2,2 Qw0’)+ T(l —cos* tS?)Jz,0 w0

+l(1 —2cos’ 6’)2 J,,2w0°) +l(1 —cos’ 6’)2 J, ,(2w0")
2 : 8 ’ , (3.40)

where uniaxial spectral densities (m =m') are Joo, J11, and Jo2, and biaxial spectral
densities J,, J;-; and J, ., are only nonzero in biaxial phases. Note that J;; = Ji(w). Even
in biaxial mesophases, the biaixial spectral densities are unobservable if the director is
aligned with the external field as in some SmC phases. Biaxial spectral densities due to
molecular reorientations in biaxial phases are only calculated theoretically based on the
small step rotational diffusion model '*'*), but no experiments have been reported on the

determination of biaxial spectral densities so far.
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4 Chiral Smectgon 8BEFS in the
SmA and SmC* Phases

4.1 Introduction

One of most fascinating properties of liquid crystals is their diverse molecular behaviour
in various mesophases due to even minor structural changes. Although thorough studies
of mesogens at high temperature unaxial phases, such as Nematic and Smectic A phases,

d U7, efforts are still necessary to understand the structure and polar

are well documente
properties of chiral smectogens which may exhibit ferroelectric ™, antiferroelectric ) and
related subphases.

C NMR studies have proven useful to understand the molecular structure via studying
of orientational order and dynamics near the SmA-SmC* transition '*'*, For example,
information of the angle between the bent chiral chain and long molecular axis of some
ferroelectric liquid crystal can be obtained '*'*). On the other hand, deuterium NMR
study is a powerful tool used extensively for extracting dynamical information M.
However, the characterization of dynamic behaviour of these biaxial smectogens is not
easily accessible. The problems, in particular the relation between tilted molecules in
different smectic planes and the chiral pitch axis, are due to the difficulty of extracting
meaningful spectral parameters from experimental observations and the lack of a suitable

theoretical motional model (of the SmC* phase) which involves incredible number of

parameters. Two chiral smectogens 10BIM7 "' and 8BEF5 !'*"] have been studied in
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our lab using “H NMR but with limited success.

Recently, Domenici et. al *° proposed a new approach to tackle the problem in SmC*
phase by treating aromatic deuterons of 8BEFS5 at a single Larmor frequency. In this
chapter, we present the experimental spectral data for the aromatic and alpha deuterons
on the chiral chain at a higher Larmor frequency, and the analysis of deuteron results
from two frequencies, 46 and 61.4 MHz, which can provide more reliable information to
further test this approach *'!. The limiting assumption such as Perrin model **! used
before has been removed. Comparison of derived motional parameters among SmA phase

and SmC* phase will be discussed.

4.2 Quadrupolar Splitting and Ordering

A typical deuterium NMR spectrum in a more ordered smectic phase, shown in Fig. 4.1 at
352 K, gives separate quadrupolar doublets, similar to those reported earlier ™. The
overlap among the aromatic peaks ‘a’ and ‘b’ were similar in both SmA and SmC* phase.
This overlap only exacerbated when entering other smectic phases below 340 K. The
spectral densities derived for the region of overlapped aromatic peaks at SmC* phase

23,24

were improved by deconvolution ?* using Bruker NMR software.
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4e+‘-04 264‘-04 Oe-LOO -Ze‘+04 -4e-‘+04 Hz
CD2 CD CD —CD,
CD3

I1408K BPIII 407K N* 406K SmA 348K SmC* 335K (SmI* SmJ*) 315K SmG* 319 Cr

Fig. 4.1 Plot of a typical deuterium spectrum (352 K) and molecular structure of
(S)-[4-(2-methylbutyl)phenyl]-4’-octylbiphenyl carboxylate and its phase sequence.

Despite the ability of NMR to detect the transition temperature between mesophases,
optical methods of texture observation, such as polarizing microscopy, can determine the
mesophase transitions of liquid crystals more accurately. This is due to a tiny
homogenized sample under study. NMR samples usually require much greater mass
(volume), and as a consequence a temperature gradient across the sample exists. Since

there is always a temperature variance inside the NMR probe for each experiment, and

70



the thermocouple is only located close to the NMR sample but not inside the sample, the
set temperature of the temperature control unit does not reflect the real temperature of the
sample accurately. A means of calibration of temperature must be employed to make
experiments on the same sample consistent. In our case, quadrupolar splittings of
different deuterium nuclei as a function of temperature (Fig. 4.2) were used to calibrate
the ‘real temperature’ of the sample '™, The peak assignments in Fig. 4.2 show increasing
motional flexibility towards the end of the chain, while the deuterons on the aromatic
sites are more motionally averaged because of the ring flip. Quite a portion of splitting
data of deuterons on site ‘w’ and site ‘y’ were missing, because these sites happened to be
overlapped by those from the aromatic deuterons and also they have lower deuteration. In
the SmA phase, the splittings increase smoothly upon decreasing temperature (reported
every 5 degrees). Experiments were done more frequently, every 1 or 2 degrees, to record
quadrupolar splittings in chiral mesophases within a small range of low temperatures. At
75 °C, SmA-SmC* transition was observed as a change in slope consistent with the
previous paper "'®. The SmC* phase terminates with a sharp increase at the onset of SmI*
phases at around 62 °C. If omitting the data of SmC* phase, we can see a smooth
connection between SmA and SmI* for most sites. The SmC* data may be explained by

the occurrence of tilt angle &between director and the normal of smectic plane.
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Fig. 4.2 Quadrupolar splittings measured for the different deuterium nuclei in the
various mesophases as a function of temperature. The legend from the top to bottom,
square, circle, up closed triangle, down open triangle, tilted square, left open triangle,

right closed triangle refer to sites ‘a’, ‘B’, °y’, ‘b’, ‘a’, ‘w’ and ‘®’, respectively.

The quadrupolar splittings of sites a and b can also be used to obtain the order parameter

S.., by means of Eq. (1.38), where i denotes the deuteron site, and ,Bjé’Q is the angle
between the para axis and the i site C-D bond. The angle ,B;;’Q are 59.3° for i = ‘@’
deuterons (next to the COO group), 60.3° for the ‘b’ deuterons (next to the chiral chain)
and 107.5° for the ‘a’ methylene deuterons, quadrupolar coupling constant g, = 185
kHz for aromatic deuterons ‘a’ or ‘b’, g/, = 165 kHz for the carbon site a, and for the
aromatic sites, an asymmetry parameter /7 = 0.04 is used. The very small best-fitting

parameter Apiaial indicates a low molecular biaxiality in SmC* phase. The experimental

values of order parameter S." have been described in the following equation to relate
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the calculated values S , which are obtained by extrapolating from the SmA phase,

ranging between 0.86 to 0.9, and the tilt angle &in the SmC* phase,

_ geu 3cos’8-1

Sexp
2 4.1)

The tilt @is found to vary from 0° to 11° upon decreasing temperature in the SmC* phase.

4.3 Results and Discussion

HT 1z and T in the SmC* phase give spectral densities J,,(mwy,0°) since the director is
oriented at the tilt angle @with respect to the external magnetic field. Egs. (3.40) are used
to relate them to the calculated spectral densities for the director parallel to the magnetic
field. To describe the spectral densities, there are several motional models to treat the
overall molecular rotation, such as Nordio’s model, Vold and Vold’s model and third rate

1 23281 and to account for the internal motion such as superimposed rotations,

mode
models like strong collision limit and small step limit. In the present study, we are using
small step rotation diffusion *?* to describe the molecular reorientation, plus
superimposing internal bond (ring) rotation treated in the strong collision limit %),
Collective order director fluctuation (see Appendix B) !'! is deemed to be negligible based

on previous studies '*2%. Tarroni and Zannoni **

solved the rotational diffusion equation,
yielding the decay constants (afiLmM ), / D5, which are the eigenvalues of the rotational

diffusion matrix, and (,B,ime ), » the corresponding eigenvectors, which govern the

relative weights of the exponentials. The diffusional coefficient D, represents tumbling
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rotation of the molecule about one of the short molecular axes, while D, the spinning
motion about the long molecular axis. Both of D, and D, appear in (@2),. The
spectral densities for the aromatic (D'= D, ) and methylenic (D'= D,) deuterons in the
phenyl ring and at the Cq site are given by Eq. (3.36) in Chapter 3, where D' is the
internal rotation diffusion constant of the ring or the methylenic group about the para
axis, and the angle between the para axis and the long molecular axis 6,, =8° 18] The
term (1-9,,) in Eq. (3.36) denotes the choice of strong collision limit. The order
parameter S,, extrapolated from the SmA phase and the tilt angle (see Table 4.1) in the
SmC* phase are those determined previously !"*l. The S,, is required to construct the
anisotropic potential of mean torque for solving the rotational diffusion equation.

Table 4.1 Tilt angle and extrapolated S, in the SmC* phase used in Egs. (3.40).

Temperature ( °C ) Tilt Angle (°) Order Parameter S,
75 0 0.86
73 4.6 0.87
71 8.0 0.87
69 9.4 0.87
67 10.4 0.88
65 10.8 0.88
63 10.9 0.89
62 11.0 0.89

The SmC* phase was difficult to tackle before P% due its phase biaxiality. In the
helicoidal structure, the local director describes the molecular tilt with a fixed angle &
from the normal to the smectic planes, while the value of azimuthal angle @varies from
0° to 360° according to different smectic planes in which the molecule are located. Fig.

4.3 shows a general situation where the pitch axis of a molecule in SmC* phase tilts an
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angle © from the external field direction, z axis.

H Za Pitcr)ﬁ Axis
d)K ,,,'"/'
"W
/0
>
Y

X

Fig. 4.3 Geometric diagram of a molecule in SmC* phase in a general situation. The grey bar is
the molecule. Here the pitch axis lies on the layer normal. The tilt angle &from the pitch axis,
the azimuthal angle @ the angle © between the pitch axis and the z axis, and the angle y
between the molecule and the z axis are shown as above.

Since the quadrupolar splitting is related to cos); Av [l P,(cosy) = %cos2 y—% , and there
is a trigonometric relation between these angles

cosy =cosfcos@ +sinfsinOcos¢ . (4.2)
When the sample is aligned, the pitch axis, and the plane normal are along the external
magnetic field. So the angle © = 0. This makes the term involving the azimuthal angle @
trivial, and there is no @dependence for the Av. Besides, it is classically understandable
that the variety of azimuthal angle @ on different smectic planes contribute mutually
cancelling effects, yielding the same quadrupolar splitting as in a macroscopically
uniaxial phase. There is no experimental evidence of @ dependence in spin relaxation

rates, leading to the assumption of ignoring @ (set @= 0°) *” and the treatment of the
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biaxial SmC* phase as an uniaxial environment. Hence, the spectral densities at the tilt
angle @ can be associated to the spectral densities Jnm'(00,0°), where the subscripts m and
m' are projection indices in the laboratory frame. According to Egs. (3.40), only uniaxial
spectral densities (m=m'") Joo, J1;, and J, are used in the present study, while biaxial
spectral densities J,, J;_; and J>_» disappear. Indeed, the biaxial spectral densities have
been difficult to detect or measure experimentally. Since the studied SmC* phase has
relatively small tilt angle, it is justified to discard the small biaxial spectral densities. The

[20] seem to

spectral densities of the ‘a’ and ‘b’ deuterons in the SmC* phase at 46 MHz
support such an assumption.

The spectral densities for aromatic deuterons ‘a’ and ‘b’, and chiral chain site Cq at 61.4
MHz as a function of temperature in the SmA and SmC* phases are plotted in Fig. 4.4a,
while their corresponding spectral densities ['® at 46 MHz are reproduced in Fig. 4.4b.
The unavailability of Cy data at 46 MHz was caused by the poor signals in the SmC*
phase. The spectral densities measured at 61.4 MHz show continuous behaviours across
the SmA-SmC* transition just like those reported at 46 MHz. This continuity is in fact
expected even if the biaxial terms are included, because the tilt angle & at SmC* phase

drops gradually to 0° at the onset of the SmA phase. Eq. (3.36) is employed for SmA

phase, while in addition Eqgs. (3.40) without biaxial contribution is used for SmC* phase.
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Fig. 4.4 Plot of spectral densities of aromatic (‘a’ site, circles, open symbol for J; and closed symbol
for J,; ‘b’ site, up triangles for Jiand down triangles for J,) and ¢, (squares, open symbol for J; and
closed symbol for J,) deuterons in the SmA and SmC* phases of 8BEF5 at 61.4 (a) and 46 (b) MHz.
Vertical dash denotes SmA-SmC* transition.
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Assuming the diffusional coefficients D; obey an Arrhenius behaviour
(D, = D7 exp[—E! / RT], the label i specifying the type of motion) within a smectic phase,
the ‘global target’ approach is used to analyze the smoothed spectral densities data in
these phases. Instead of using D,” as fitting parameters, the above relation is rewritten
in terms of D, at a particular chosen temperature 7;. The D, can be obtained by an
‘individual target’ analysis, which is a more usual starting approach when we try to find a
rough set of parameters that are needed for the global target approach. By combining our
data of 6 spectral densities at 16 temperatures and two frequencies, we have 192 data in
total to determine 8 target parameters. All diffusion constants are now varied
independently, which was not possible in the previous study ! due to the lack of
experimental data. 7,=391K was used in the SmA phase, and the fitting were optimized
by minimizing the sum square error (F) using a program called AMOEBA[!.
F=3 222 1) (ma)=J )" (maw) . (43)
k w i m
where the sum over £ is for 16 temperatures, the sum over i covers sites ‘a’, ‘b’ and ‘a’,
the sum over wis for two frequencies and m=1 and 2. The fitting quality factor Q is given
by the percentage of mean-squared deviation,
O=100F/Y. > > > [JV (mw)]; (4.4)
k w i m
In fitting the SmC* data, D,, at T,=348K (tilt angle=0°) were fixed at their best values
found in the SmA phase analysis, and only the four activation energies were varied to

minimize F. Calculated spectral densities from our global analyses at 46 MHz and 61.4

78



MHz are shown as curves (solid lines for ‘a’ site and C, deuterons, while dashed lines
for ‘b’ site deuterons) in Fig. 4.4. As seen in this diagram, the fits to the experimental
results are quite good. As a consequence, the derived motional parameters D,, shown in
Fig. 4.5, should be quite reliable. The error limits are estimated by keeping all parameters
fixed at their optimized values except the one for which the error limits are seek. The
target parameter is changed gradually such that the F value is approximately doubled to
give the error bounds. As usually found in low molecular mass liquid crystals, the
activation energy of the tumbling motion is slightly less than that of the spinning motion

M The fitting result plus error limits are presented in Table 4.2.

Table 4.2 Fitting parameters of diffusional coefficients
and activation energies with error limits.

SmA phase SmC* phase

¥ Dy 6.10£1.10)%10"s ™ (6.02%1.30)%10"°s ™
[¢]
>§ D& + xiall .-l + <12
2 - (1.97+0.23)%10"'s (8.82%3.68)%10"s
=
E Doo + X 14 -1 + X 14 -1
= p (4.39%0.19)%10"s (2.10£0.10)%10"s
(@}
g

D, (3.24%0.43)%x10"s ™ (8.37%1.74)%10"s ",
- E} 32.4%0.5 kJ/mol 52.7%0.6 kJ/mol
(@}
g.
£ E: 24.6% 0.4 kJ/mol 35.7% 1.2 kJ/mol
=
™
g E; 32.0%0.1 kJ/mol 29.9%0.1 kJ/mol
)

E! 29.5%0.4 kJ/mol 25.6%0.6 kJ/mol
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Fig. 4.5 Plots of diffusion constants in the SmA (solid lines) and SmC* phase
(dashed lines). They are D, , Dy, D, and D starting from the top.

As seen in Fig. 4.5 and Table 4.2, the activation energies for the spinning and tumbling
motions increase noticeably in the SmC* phase in comparison to those in the SmA phase

as found previously %!, although here we have found that the D,/ Dy ratio is about 30,
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which is larger than 8 according to the Perrin model **!. The reasons for an increase in
the activation energies for both the spinning and tumbling motion in the SmC* phase
could be due to the smaller layer thickness and the helical structure. It is noted that D]
is not as well determined in the SmC* phase. This might be due to the smaller number of
available spectral densities. The activation energies for the internal ring flips and bond
rotation of the Cy methylene group in the SmC* phase are marginally changed to lower
values.

A valuable concern is raised about the possibility that molecules diffuse along the helical
pitch in the SmC* phase. This might influence the molecular orientation process and thus
spectral densities. We believe that the diffusion process along the pitch axis is only fast in
the high temperature cholesteric and blue phases. Considering a typical diffusion constant
D is on the order of 10”7 cm?/s, and the correlation time (measurement time) in smectic
C* phase 7~ 10™s - 107 s, a molecule diffusion distance VD1 =0.01 um is found to be

smaller than a typical pitch length of 50 pm %

in a similar chiral compound. The
molecular translational diffusion is quite slow as compared to rotation diffusion, or to say,
they are not on the same time scale. Hence, the change in molecular reorientation due to
molecular translation diffusion along the pitch axis is negligible in comparison to the
rotational diffusive motion. There is also evidence of small translation contribution in
comparison with rotational contribution in the SmC* phase of a ferroelectric liquid
[331

crystal based on angular dependent proton relaxation studies

In summary, we have demonstrated that the relaxation data in the tilted SmC* phase of
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the studied deuteron sites can be reasonably interpreted based on the concept that
molecules are tilted in the external magnetic field and the helicoidal structure formed by
them effectively makes the biaxial spectral densities unobservable. It is important to point
out that meaningful motional parameters can be derived from deuterium NMR relaxation
as long as sufficient number of deuterated sites and frequencies are available as noted in

the literature *¥,
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5 Lyotropic Liquid Crystal Study of
DACI/H,0 Binary System

5.1 Introduction

Using 'H NMR fast field cycling 7; measurements, Wachowicz et. al "' recently found
that layer undulations (or ODF), make an important contribution to slow molecular
dynamics in both hexagonal and lamellar phase, with different frequency dependence.
This indicates a relatively weak interaction between neighbouring decylammonium
chloride (DACI) layers in water. But at high frequency region (>10° Hz), the fast
molecular motions ?! dominate the dynamics, such as internal rotation of alkyl chains
about their long molecular axes, trans-gauche isomerization and lateral diffusion. In
consideration of fast local orientation and surface diffusion around the aggregate axes,
Halle’s group! proposed a motion model for spin relaxation in the hexagonal phase,

' to interpret the '*N relaxation

which was successfully applied by Dong
measurements in a similar binary system. However, the study of the lamellar phase is still
rare. Here we present the spin-lattice relaxation data of DACI/H,O in the lamellar phase
by exploiting both *H and "N nuclei. Despite the low gyromagnetic ratio of '*N and
difficulty in detection of the "N signals, the "*N spectrum is easily identified and less
affected by liquid crystal impurities ). With deuterons on the first three alkyl carbon sites

of DACI and the associated nitrogen on the head group, an attempt is made to measure

their relaxation properties in order to account for the overall molecular motion in the
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lamellar phase. Fig. 5.1 illustrates the 3D chemical structure of a DACI molecule.

Fig. 5.1 3D structure of a DACI molecule. The ten black atoms in zigzag chain are the hydro-carbon
backbone. The head group -NH3" and CI are hydrophilic and in contact with the water layer, where

CI can flow. The hydrogens in deep colour denote deuterated sites under study.

5.2 Geometric Model

+
H3N
10
BCCH
Fig. 5.2 2D Illustration of molecular structure of deuterated DACI at Carbon sites C;,

C,/C;s, Cy, and Cyp in its all transformation. The geometric angles will be employed in
later discussion of the superimposed rotation model. The dashed line is the

long molecular axis Zy; which is more or less parallel to layer normal.

A schematic diagram of the molecular geometry is shown in Fig 5.2. In the lamellar
phase, some parts of the DACI geometry are still unknown. When it is in the crystalline
phase, C, to Cyp on the DACI chain are supposed to be coplanar, while N and C, are

displaced significantly from these ideal carbon zigzag planes (). The failure of placing
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the N-C; bond on the long molecular axis in our spectral density calculations seems to
confirm the existence of an angle &,,. between and N-C,; bond and the long molecular
axis. This angle is estimated to be less than 30° Bl From our simulation of the 2Hc1 and
"N spectral densities, angles 6, of 26° and 28° produced satisfactory results for DACI
56 wt.% and 54 wt.%, respectively. However, the uncertainty of the angle &, could be
3°. This is due to the lack of enough information in the literature, and the experimental
errors (Chapter 2) in the present study because of the instrumentation limit. Both *H and
"N are spin / = 1 system. A typical nitrogen NMR doublet (Fig. 5.3) was similar to the

deuterium counterparts (Fig. 5.4).

MM

I I I I I

2e+05 1e+05 0e+00 -1e+05 -2e+05 Hz
Fig. 5.3 Typical nitrogen NMR spectrum (303.5K) of 56wt.% DACI/H,0 sample.
Note that the noise is much greater than that in Fig. 5.4.
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2eJ‘rO4 1e+04 0e+00 -1e+04 -2e+04 Hz
Fig. 5.4 Plot of a typical deuterium spectrum (323K)

with peak assignments of 54 wt.% DACI/H,0 sample.

From the quadrupolar splittings of “H NMR spectra, segmental order parameters Scp on
the C-D bond can be obtained as follows. Recalling Eq. (1.39), in the aligned lamellar
phase, the layer normal is perpendicular to the magnetic field %), and the symmetry axis
of the aggregate is along the layer normal. This makes ® =0° and © =90°, and Eq.

(1.39) reduces to

3 i
Av, :ZqCDSég (5.1

b

where g, is the quadrupolar coupling constant for the deuteron on the chain, and S,
is the segmental order parameter of the C-D bond of a particular carbon site i. Applying
Eq. (5.1) to '*N, one obtains

3 3
Av, :ZqNSCN :ZqNSzz})Z(COSQNC)’ (5.2)
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where ¢, is the quadrupolar coupling constant for nitrogen and S, refers to the
segmental order parameter of the C-N bond, and §_is the nematic order parameter.
Similarly for Hc, on the first carbon site,

3
AVDC1 =—qepSep

4

3
= ZQCDSZZPQ(COS By )Py (cos Byey ), (5.3)

where B, =106.7° is used for the angle for N-C;-H, and ¢, is taken to be 170 kHz /.
Combining Eqs. (5.2) and (5.3) and using the *H and N splittings yield the value for
qy- The g, value is found to change weakly in temperature. Thus, it is taken to be the
average value, 523.2 kHz for 56 wt.% DACI/H,O sample and 503.5 kHz for 54 wt.%
sample. These values are similar to (but lower than) the value obtained in crystal ©*!,
Similar to “H, "N spin lattice relaxation time of Zeeman (7)z) and quadrupolar (T 1Q)
orders can be measured simultaneously using BBJB-M., sequence described in Chapter 2
to give spectral densities J,(«,,0)andJ,(2a,,0) [Eq. (3.4) and (3.5)], where /27
is the Larmor frequency, and © is the angle between the external magnetic field and the
phase director (see Fig. 2.2). Taking into account the superposition of different kinds of
motion, such as collective order fluctuation, molecular rotation, and internal
isomerization, these spectral densities can be calculated by a suitable model. AT 9.4 tesla
(28.9 MHz) for "N, collective fluctuations of layers are relatively unimportant ¥ and
thus we again employ a small step rotation diffusion model """ to describe the
molecular reorientations of the head group.

The superimposed bond rotations on the overall motion with strong collision limit '*! is
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employed to account for the internal bond motion. The rotational diffusion equation
solved by Tarroni and Zannoni """ is now applied, giving Egs. (3.37), (3.38) and (3.39)
for the spectral densities for the head group nitrogen, deuterons on the first and the
second carbon site, respectively. Here [, istaken to be 107.5° and y,.. is assumed
to equal OC-C-C of 113.5° 13141,

In the lamellar phase, since the layer normal is perpendicular to the applied magnetic
field, the angle € of 90° in Egs. (3.40) should be used to give simplified expressions for
the measured spectral densities in this study. It is worth to note that lamellar phase is

uniaxial when using Egs. (3.40) here.

5.3 Results and Discussion

The splitting of '*N and *H of the C; site versus temperature are shown in Fig. 5.5 and 5.6,
for 54 wt.% and 56 wt.% DACI/H,0 system, respectively. Since no suitable temperature
calibration method was available for the '*N measurement, 2H(;1 splittings were used to
scale their corresponding nitrogen data, where both splittings display similar temperature
dependence. As for the “Hc; experiments, the temperatures were calibrated by using the

U511t is also

known phase transition temperatures of a deuterated mesogen 50.7-d4
found that in the reduced temperature "% scale, the quadrupolar splittings of both the "*N

and “H exhibit very little dependence on the sample concentration.
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Fig. 5.5 Quadrupolar splittings of 54 wt.% DACI/H,O sample. The open square is for

nitrogen at 28.9MHz, while the close square is for the deuteron on C; site at
61.4 MHz. The ratio of splitting of the two nuclei is around 7.92:1.
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Fig. 5.6 Quadrupolar splittings of 56 wt.% DACI/H,O sample. The open square is for nitrogen, while.

the close square is for the deuteron on C; site. The ratio of splitting of the two nuclei is around 8.21:1.
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By using Eq. (5.3), and the 8y¢ value (26° or 28°), the orientational order values vary
between 0.45 to 0.57 for the aligned aggregate of DACI molecules in 54 wt.% (EGyc=28°)
and 56 wt.% (Bvc = 26°) samples (Fig. 5.7). This S.. and the corresponding &yc are
determined in conjunction with the fitting of the spectral densities. The decrease in
splittings (S,,) predicts the progression of disorder with increasing temperature. The
slightly higher order in 56 wt.% than in 54 wt.%. DACI/H,O system is due to the increase
in concentration of DACI in the lamellar phase, and the increased viscosity in the sample.
The “H NMR spectra of selectively deuterated DACI molecules give information about
fast anisotropic motions of a particular C-D bond. The quadrupolar splitting of each of
C~Cy deuterons measured in the lamellar phase at two DACI concentrations (54% and
56%) can be used to evaluate the temperature dependence of the C-D bond order
parameter, SU), on the basis of Eq. (5.1). Fig. 5.8 presents the segmental order
parameters of six deuterated sites on the chain at two concentrations. The value of
segmental order parameters S (<0.18) as well as the small difference (<15%) among
the two concentrations correspond to those reported by Jurga er. al . The smaller
quadrupolar splitting and consequently the segmental order parameter S, observed for
deuterons further down the carbon-carbon backbone, reflect an increase in motional
disorder along the chain, and is a consequence of an increase of gauche conformation
probability [,

Plots of deuteron spectral densities for methylene sites as a function of temperature in the

lamellar phase are shown in Fig. 5.9 for two concentrations (54 wt.% and 56 wt.%). At a
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glance, crossovers between J; and J, are pronounced in C;, and C,/C;, in both

concentrations. This crossover phenomenon is quite rare among thermotropic liquid

crystals

[17]

spectral densities for C; and C,/Cs are of similar values within error limits.

Order Parameter S,,

Fig. 5.7 Temperature dependence of order parameter S,, for DACI/H,0 54 wt.% (a) and 56 wt.% (b)
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and was only detected in a recent work described in chapter 4. In addition,
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samples. The dotted line is the transition temperature for biphasic lamellar+isotropic region.
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Fig. 5.8 Temperature dependence of segmental order parameters of for C;, C,/Cs, Cx, Co, and Cyy,

segments denoted by squares, circles, up triangles, down triangles, diamonds, respectively, in the
system containing 54 wt.% (a) and 56 wt.% (b) DACI in H,O. In (a), to the right of the dotted line
shows the biphasic region. In (b), the region between the dotted lines shows the biphasic region,

while the right dotted line indicates the Lamellar-isotropic transition. The splitting in the biphasic

region shows little temperature dependence.
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Fig. 5.9 Plot of spectral densities of deuterons on C;, C,/Cs, Cx, Co and C of the 54 wt.% (a)
and 56 wt.% (b) DACI in water, with the close symbol diamonds, crosses, circles,

triangles and squares, for J; respectively. The open symbols are the corresponding J>,

except C, is denoted by star. The 2 polynomial fitting curves are just plotted to aid

the eyes. The solid curves are for J;, while the dotted lines for .J,.
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Fig. 5.10 and 5.11 show plots of '*N and *Hc; spectral densities for 54 wt.% and 56 wt.%
DACI/H,O samples, respectively. There is no obvious crossover in the '*N data in view
of larger uncertainties of these data. The two concentrations showing similar temperature
behaviours seem to enhance the creditability of our "*N experiments. Using Egs. (3.37),
(3.38) and Egs. (3.40), we can simulate the smoothed spectral density data in the lamellar
phase via a ‘global target’ approach, in which an Arrhenius behaviour is assumed for the
various diffusion constants. As the geometry of the DACI structure in the lamellar phase

is not fully known, 8y is first guessed by trial and error. The order parameter S.. and the

quadrupolar coupling constant ¢, are then calculated by fitting both splitting data of
*Hc; and "N. After several simulations with an averaged ¢, value, Bycis determined by
the best fitting quality of '*N and *H spectral densities. Now the temperature dependence
can be written as D, = D" exp[—E' / RT], where i is the specific type of motion. Instead
of fitting D;”, the diffusion coefficients at some particular temperature, D,, were used.
Before running the global target program, a °‘single temperature’ fitting approach
facilitates the estimation of approximate values, which can later be used as initial input of
the fitting parameters. Apart from predicting D, and D for both N and *H, another
internal rotational diffusion parameter, D' is included for rotating the methylene group
about the N-C bond in the superimposed rotation model. Now at each temperature, four
spectral densities determine three parameters, and the quality of the fit for the 54%
sample was good (f'= 0.08). The minimization of the sum square fractional error f given

by Eq. (5.4) is carried out using AMOEBA,
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F=y Yy @ =) o) (5.4)

T [/, "7 (ma)];
where the sum over £ is for 16 temperatures, the sum over i covers sites <MUN*. ““H¢,’, and
m=1 and 2 (**N for 28.9MHz, and “H for 61.4MHz only).
Calculated spectral densities from our global analysis at 28.9 MHz and 61.4 MHz are
shown as curves (solid lines for J;, while dotted lines for J,). In total, 4x16=64 spectral
densities are used to obtain 6 parameters. As seen in this diagram, the fitting quality for
both nuclei is quite good and the crossovers of J; and J, in Fig. 5.10 and 5.11 are
reproduced. As a consequence, the derived motional parameters shown in Fig. 5.12
should be quite reliable. Table 5.1 summarizes the result for diffusion coefficients and
their activation energies. The error limits are estimated by varying one parameter while
fixing the rest to their best values to yield a doubling in f'value.
Unusually, the tumbling motion is found to be comparable to the spinning motion, which
seems unrealistic at a glance. This is in view of the molecules being anchored at the
interfacial lamellar layers. However, if the layer undulations are considered, comparable
values of tumbling to spinning motion would indicate a rigorous motion of the local
directors of aggregates of molecules. A simple physical picture is that the 2D lamellar
layers resemble a wavy sea, where the ‘water’ surface is up and down, thereby leading to
an apparent increase of the tumbling constant for the long molecular axis. Nevertheless,
the activation energy for the spinning motion is lower than that for the tumbling motion.

This seems reasonable since the DACI molecules are easier to rotate as they are loosely
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anchored on the water surface.
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Fig. 5.10 Plots of spectral densities of both *H and "*N of 54 wt.% DACI in water. The closed square

and open circle refer to J; and J, respectively. Solid and dotted lines are for the corresponding

calculated value J; and J, respectively. The left graph is for ’H experiment, while the right for N,
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Fig. 5.11 Plots of spectral densities of both *H and '*N of 56 wt.% DACI in water. The closed square
and open circle refer to J; and J, respectively. Solid and dotted lines are for the corresponding

calculated value J; and J, respectively. The left graph is for ’H experiment, while the right for N,
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Fig. 5.12 Plots of diffusion constants for DACI/H,0 sample with a 54 wt.% (a) and 56 wt.% (b)

DACI. The solid line, dashed line and dotted line represent D, , D, and D', respectively.
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Table 5.1 Fitting parameters of diffusional coefficients
and activation energies with error limits.

54 wt. % 56 wt. %6
¥ Dy (1.02%0.08)%10% (5.60%0.57)%10%
g g Dy (5.96%0.64)%10"s " (5.73%0.81)%10"s "
B
= D" (9.48%1.09)%10"s ™ (1.57£0.16)X10'% ™
E} 1.24%0.20 kJ/mol 4.37%0.27 kJ/mol
o 2
5 2
E 5 E} 17.5%0.3 kJ/mol 18.0% 0.4 kJ/mol
-
E" 27.2%0.3 kJ/mol 11.4%0.3 kJ/mol

As a step further, relaxation information of deuterons on C,/C; have also been examined
using the superimposed rotations model. Taking an additional superimposed rotation into
account, Eq. (3.39) is used with D' for the C,/C; methylene rotation, while the results
of D, Dyand D' and their corresponding activation energies E , Ef and
E' obtained from the previous simulation are fixed in the global target approach.

However, the similarity of the relaxation values of C; segment and C,/C; segment is
doomed to fail this attempt. Fig. 5.13 shows the results of the simulation of deuterium
spectral densities on C; site in both 54 wt.% and 56 wt.% samples. The fittings were not
good and no crossover could be reproduced. The diffusion coefficients D' for 54 wt.%
and 56 wt.% samples are small (4.78x10° at 301K and 7.26x10° at 299K) in comparison
to the corresponding D' on the C; site (20.34x10%°and 16.83x10%). Similarly the

activation energies for D'' are also smaller than their counterparts for D' in both
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concentrations (see Table 5.2). Plots of spectral densities at a selected temperature as a
function of D' are plotted in order to find the range of possible fitting parameter D'',
as shown in Fig. 5.14. It seems that J; and J; of “H¢, can not be simulated with the same
D" value. Normally, under the superimposed motion theory, C,/Cs has more flexibility
(higher disorder), and thus longer relaxation time. The overlapping of C, and Cs doublets
should even help their spectral densities deviate from the C; data. The fact that the three
carbon sites relax similarly may suggest that C;-C,-C;-C4 behave as a “rigid” group and
share more or less the same diffusion parameter. Therefore, the superimposed rotations
model is not a suitable model to account for the C,/Cs relaxation data. A fully deuterated
DACI/H,0 sample is, however, required for testing correlated rotations in the flexible
C-C backbone using the decoupled model '®.

Table 5.2 Fitting parameters of diffusional coefficients D" and activation energies.

54 wt.% 56 wt.%
D" 4.78x10%s™ 2.43x10's™!
E" 0 kJ/mol 8.7 kJ/mol
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Fig. 5.13 Plots of spectral densities of deuterons on C, site of 54 wt.% (a) and 56 wt.% (b) DACI

in H,O. The square and open circle represent experimental values of J;, J5, respectively.

The solid line is for calculated value of J;, while the dotted for calculated value of J>.
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Fig. 5.14 Plots of Spectral densities vs. diffusion coefficient D' on the *Hc; site of 54 wt.% (a)
and 56 wt.% (b) DACI/H,O. The left graph is for 320.2K, and the right for 323K. Squares and

open circles represent the experimental J; and J, at the best fitting D', respectively. The solid

line is for calculated value of J;, while the dotted line for experimental J>.
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In conclusion, the overall rotational diffusion model plus the internal superimposed
rotation model with strong collision limit have been applied to study the dynamics of
lyotropic liquid crystal in the lamellar phase. The relaxation data of studied C, deuteron
and nitrogen sites provide a way to investigate the head group motion at the water
interface. Given the geometry of the molecule and sufficient number of deuterated sites
and frequencies, some meaningful motional parameters could be obtained to account for

the chain dynamics of the molecules in the lamellar phase.
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Brief Conclusion

Nuclear spin relaxation measurements can be used to study the molecular dynamics of
liquid crystals. The present deuterium study of 8BEF5-d;s shows that by including the tilt
angle w.r.t the pitch axis (the magnetic field), the liquid crystal molecules in the chiral
smectic C (SmC*) phase can be treated as in an uniaxial phase. This assumption
simplifies the calculation of spectral densities, and makes it possible to obtain meaningful
parameters. The diffusion coefficients in the SmC* phase are found to vary continuously
from the SmA phase. The higher activation energies in the SmC* are reasonable due to
the twisted structure of molecules in the chiral phase.

As another spin one nucleus, '*N NMR not only shares the same theory as *H NMR, but
also has its own advantage in yielding significant information of molecular dynamics. At
the head group of DACI-d;; molecules, the '*N spin-lattice relaxation measurements in
conjunction with “H¢; data can give us the overall motional information of the molecule
in the lamellar phase. Our "*N and *H study also show that one can gather more reliable
information on the location of the long molecular axis and account for the dynamics of
the molecule in the lamellar phase. The studied lyotropic liquid crystal in its lamellar
phase can be treated similarly to that of a thermotropic SmA phase. In the lamellar phase,
D seems to be comparable to D, which means a rigorous “tumbling” motion of the
local directors of aggregates. This appears to be closely tied to layer undulations. On the

other hand, lower activation energy for the spinning motion than that of the tumbling
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motion shows that it is easier for molecules to rotate as they are loosely anchored. A
series of '*N experiments on samples with different concentrations of DACI in the

lamellar phase are expected to confirm the geometry of the molecule and the current

results.
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Appendix A

Diffusion Equation for Relaxation "

Among different types of orienting potential “*'TU/(Q) present in the mesophases, the
case of uniaixal molecule reorienting in uniaxial phases is described here. The
orientational  distribution function P(Q) and the conditional probability

function P(Q,, | Q¢) are obtained by solving the rotational diffusion equation

0P(Q, | Q1) _ UuQ
% = —%LgDaﬁ {Lﬂ +Lﬁ[ kiT)}P(QO | Q1) (A.1)

where L, =(L,,L,,L,) is a component of a dimensionless angular momentum operator

L,and D is a rotational diffusion tensor diagonalized in a fixed molecular frame .

And the following quantities related to the diffusion tensor components are introduced for

convenience.

D +D D_-D
D e= s 2D (A2)
D, +D,” ' "D +D,

b

where p is the tumbling motion of the molecule, € refers to the asymmetry parameter of
the diffusion tensor, and 77 expresses the ratio between spinning and tumbling of the

molecule. In the case of a symmetric rod molecule (231 Dy=Dy, then pbecomes D, the

diffusion constant of the molecule about an axis perpendicular to the its z axis, and 77 is

the ratio of the parallel and perpendicular diffusion constants (D, /D). The above

diffusion equation becomes
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1OP©, |00 _ —{Li ‘L {Lx U(Q)}}P«zo Q)

D, ot k,T
—{Lz +L {L U(Q)}}P(QO | Q1)
y y y kBT
e U(Q)
U{LZ +L, {Lz T }}P(QO | Q1)
=rP(Q,|Q1), (A3)

where [ is the diffusion operator which, for the purpose of numerical calculations, can
be rewritten using unitary transformation as
[ =P"2(QIrrP"*(Q)
2
=102 +l DZLQ) _l L, U(@Q) L U@ _1,7 Lz@ , (A.4)
2 k,T | 4 k,T k,T | 4 k,T

where the nabla operator [0°=L)+L’+nL) , and L, =L *iL, is the angular

momentum step operator, and P(Q)denotes the orientational distribution function. The

diffusion equation in this symmetrized form is given by

1 9P(Q, | Q)

=FP(Q, |Q1), A5
D Y (Q, | Q1) (A.5)

where
P(Q, | Q1) = P (Q)PQ, | Q)P (Q,) (A.6)
is the symmetrized conditional probability. Now the symmetrized diffusion equation is

solved using a matrix representation in a basis of normalized Wigner matrices

B,ﬁwn (Q)=+(2L+ l)/8772D,ﬁﬂn (Q) (A.7)

In particular,

111



PQ,1Q0)=).C/"(Qy,0)D;,,(Q) (A.8)

Limn
where the expansion coefficients, C;”, are evaluated by using the initial condition
P(Q,]1Q,0)=5(Q-Q,) togive

C1"(Qy,0) =B, (Q) (A.9)
By substituting Eq. (A.8) in Eq. (A.5), multiplying both sides of the left by B,ﬁ; (Q) and

integrating over Q, a system of linear differential equations is obtained:

Dic'(t) =RC(), (A.10)

O

where

R\L'm'n',Lmn = J-dQBri:jn' (Q)fBrj,n (Q) (A 1 1)

The explicit expressions for the matrix elements R depend on the orienting

L'm'n',Lmn

potential U (Q) . The form of U(Q) can be chosen on the basis of symmetry of the phase

and of the molecule. The matrix representation of [ ina Winger basis set B~ (Q)is real

and symmetric, and is thereafter called the diffusion operator matrix R . This should not
be confused with D . In the presence of U(Q), the R matrix will not be diagonal.

In consideration of the simplest orienting potential, where cylindrical molecules in
uniaxial phases like nematic and smectic A are applicable, U(Q) is independent of a

and y and reduces to U(L). The equilibrium orientational distribution P(Q) is

connected to the Boltzmann distribution

exp[-U(B)/k,T]
de exp[-U(B)/k,T]

P(p) = (A.12)

For uniaxial molecules in uniaxial phases, there will be no coupling between terms with
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different m and n. Hence m and »n can be used to label the diffusion matrices, that is,
(R™)101 = Resy 18 B (A.13)
In solving the set of linear differential equations [Eq. (A.10)], a unitary eigenvector
matrix  X™  which diagonalizes the self-adjoint diffusion matrix R™ can be
introduced such that
R™X™ = X (A.15)
where 7™ is a diagonal matrix which contains the eigenvalues of R™. The formal
solution is
C™ (1) = X™ exp(DF"™)(X ™) C™(0) (A.16)
Considering the matrix elements of X™ and substituting the zero time coefficients, it

follows

Cr"(Qy,) =D D (X™), 4 exp(Doi" )X ™)} x Bl (Qy), (A.17)
K L'

where K is used to label the eigenvalues of the diffusion matrix, R™. Using the

un-normalized Wigner matrices here, the symmetrized conditional probability can be

written as

PQ, |00 ==Y T 32T+ DR+

JJ' mn
X(X™), « exp(D " O(X™),  x D2 (Q)D2" (Q,) (A.18)

The orientational probability may be obtained from the asymptotic condition

P(Q) =lim P(Q, | Q1) (A.19)

All the exponentials in Eq. (A.18) decay to zero at infinite time except for the one
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corresponding to the zero eigenvalues, 7,°. The long time behaviour of the symmetrized

conditional probability is

limP(Q, | Q1) = P"*(Q,)P"*(Q)

= 7 22 QT DRI X () 1y (X) g DG (D3 (R (A20)
JrJ"

Hence P(Q) is given by

P(Q)= #;;J(u +1)(2J'+1)

X(X™), 0 (X),0 Do (D5 (Q,) (A21)
where (X™),,, is from Eq. (A.15) using m=n=0. Rewriting the equation for a

stochastic process'”’,

(D) (QO)DL'*,(Q)>:deOP(QO)DL (Q,) % j dQP(Q,|Q,0)DE(Q)  (A22)

m,n m',;n m,n
the correlation functions are

25,0 =[dQ,P'*(Q))D; ,(Q,) X [dQP*(Q)P(Q, | Q)DL (Q).  (A23)

m,n

Substituting Egs. (A.18) and (A.20) to Eq. (A.23), the correlation functions become

L 27 +1)(2J'+1
Em ()= ;CXP(DDFK t); JZJ\/ ((2J "+1))((2J "'+i)

XY, (X e (X 10 (X2) g

xc(L,J',J"" ;m,—m)c(L,J',J"";n,—n)

xc(L,J,J"" ;m,—m)c(L,J,J";n—n), (A.24)
where the results of the integrals involving three Wigner matrices have been expressed in

terms of the Clebsch-Gordon coefficients ¢(A4,B,C;d,e). The above equation can be
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written as an infinite sum of decaying exponentials [Eq. (3.7)].
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Appendix B

Order Director Fluctuation

Order Director Fluctuations (ODF) !'*! describe thermal fluctuations of the orientation of
the director and involve collective motions of a large number of molecules in an
anisotropic elastic continuum. In lamellar phase of lyotropics, where layer structures are
more pronounced, this is sometimes called undulation ). Since ODF shows different
frequency dependences in different mesophases, NMR field cycling experiments are
instrumental to study ODF mechanism and ODF is found to dominate the spin-lattice
relaxation dispersion at Larmor frequencies below 1MHz ¥,

To describe the ODF contribution to spectral densities, a small angle (0) approximation is
often used, where 0 is the angle between the instantancous director and its equilibrium
orientation. Because ODF involve a distribution of correlation times involving long
wavelength modes, the spectral densities show characteristic frequency behaviours. Here
we highlight the orientation dependence of the equilibrium director being in the direction
of the external B, field. When the principal component of the spin interaction (e.g. C-D
bond) is fixed w.r.t. an assumed axis of cylindrical symmetry of the molecule given by

the angle [, ,,the spectral densities are given to second-order in 6 for nematics byt

) <P2>2 2 Zl (%T
I(@ =4 42,8, ) —inj 1+ (B.1)
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Jl(a)):AW[d By o) x(1- 4a')U( ] ] (B.2)

. (B) L (w]
(@ =4 28, f = x1n L, (B3)

where <l’2> is the nematic order parameter, the cutoff function U(« /&)accounts for

the cutoff of coherence modes at high frequencies

Ux) = iln{x;—\@”} + ]lT[tan—l(\/Z —1)+tan”' (v2x +1)] (B.4)
X

27T 2x +1

and the prefactor A is given by,

1/2
= 3T [%j _ 3nma (B.5)
42\ K 2200

where «, is the high frequency cutoff, K is an average elastic constant, /7is an average

viscosity and the a parameter defined by Eq. (B.5) is a measure of the magnitude of

director fluctuations (a <<I).
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