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0.

Each was a tiny magnet. They tended to
line up along the magnetic field Cooper had
applied to the sample. The standard experiment
was simple:apply a brief electromagnetic pulse,
which tipped the nuclear magnets away from the
magnetic field. In time, the nuclei would line
up with the field again.
This nuclear relaxation process could tell the
experimenter much about the environment inside
the solid This branch of solid state
physics didn't have the high visibility of
things like quasars or high-energy particle
research but it was clean and had a kind of
simple beauty

Gregory Benford in"Timescape" Ï
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CHAPTER 1

General introduction.

Over the past two decades NMR has been a useful technique

to study a variety of phenomena of partially oriented molecu-

les. NMR spectra of molecules dissolved in liquid .crystals

have widely been used for the determination of relative

geometries [1]. Not until lately also efforts have been made

to investigate the nature and magnitude of the effects which

are related to the ordering mechanism of small solutes in

liquid crystals [2]. Usually, the spectrum of a small molecule

dissolved in a nematic or smectic liquid crystal consists of a

set of well resolved lines. Because of the reduced spin

degeneracy in partially oriented systems much more information

is available than in isotropic liquids. Besides being used for

geometry and ordering potential studies, those systems also

offer a possibility to study the relaxation processes using

theories and techniques that originally were developed to

describe spin relaxation in coupled systems [3,4]. Early

studies of proton, carbon and deuterium relaxation showed that

the relaxation rates of small rigid molecules are not very

different from values that were found in isotropic liquids of

similar viscosity [5,6]. Those relaxation rates showed that

the correlation times are all in the fast motion limit.

However, measurements of relaxation times of nuclei belonging

to different relaxation vectors in the same molecule, showed

that applying the relaxation theories developed for isotropic

media lead to severe inconsistencies when applied to partly

oriented systems such as solutes in a liquid crystal [7,8].

Obviously, the static ordering has to be taken into account

when solving the rotational diffusion equation. Not only the

static ordering , but also coherent fluctuations in the

ordering proved to be an efficient relaxation mechanism that



leads to frequency dependent spectral density functions, even

when the correlation times of the fast rotational motion allow

application of the extreme narrowing condition. This relax-

ation mechanism was found to be very efficient at frequencies

below 50 MHz for nematic liquid crystals. These so- called

director fluctuations proved to be an important relaxation

mechanism not only for the liquid crystal molecules. Also

small solutes in such systems turned out to be sensitive to

these cooperative fluctuations. It is shown in this thesis

that earlier models for interpreting frequency dependent

relaxation measurements of molecules dissolved in a liquid

crystal are incorrect or incomplete. This study stresses the

necessity of extended frequency dependent relaxation measure-

ments for explaining molecular dynamics by means of NMR

relaxation experiments.

Chapter 2 gives an outline of the theoretical framework

involved in describing molecular dynamics and spin relaxation

in liquid crystals. Details about the relaxation measurements

are given in chapter 3, the experimental section. The follo-

wing chapters contain examples of experimental studies of

acetonitrile and biphenyl dissolved in several thermotropic

liquid crystals.

Chapter 9 of this thesis goes beyond the scope of

molecular dynamics and liquid crystals. It shows how accurate

relaxation measurements can be used to detect very small

alignments in weakly ordered systems, such as can be expected

for small molecules with an anisotropy in the magnetic

susceptibility in strong magnetic fields.
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CHAPTER 2

Theory

Spin relaxation in liquid crystals

2.1 Introduction

The aim of this chapter is to give a brief discussion

about how experimental spectroscopie quantities can be related

to dynamical processes in the systems under investigation.

Generally, the Fourier transforms of the correlation functions

that describe the motion of the molecules yield this informa-

tion in the form of spectral density functions. However, to

relate the motion of molecules to spectral densities a

motional model has to be adopted in the first place. Further,

the symmetry of the molecules as well as the characteristics

of the liquid crystalline environment play an important role

in the elucidation of the molecular dynamics. In the next

sections the following subjects are discussed: general relax-

ation theory and the motional model [i-5] , some physical

aspects of liquid crystalline media and NMR [6,7] and the

relation between fast motion of solutes and a slowly fluc-

tuating potential in liquid crystals [8-19].

2.2 Spin relaxation in isotropic liquids

The general expression for the nuclear spin Hamiltcnian in

an NMR relaxation experiment can be written as

H = H
r f

H'(t) 2.1

HQ denotes all the time independent interactions of spins with

each other or the external field, H r £ includes the coherent

time dependence (pulses) and H'(t) is the relaxation Hamil-



tonian, which describes randomly fluctuating (electco)magnetic

fields that result from dipolar, quadrupolar and other inter-

actions modulated by molecular motions.

In terms of the spin density matrix formalism, in wich the

expectation value of any observable Q is given by

= Tr[Q,p] 2.2

an expression can be derived for the time evolution of the

spin density matrix elements. By eq. 2.2, knowledge of these

elements as a function of time determines the time dependence

of any observable, such as the magnetization of a spin system

in an NMR experiment. Omitting the coherent time dependence

Hrf , Redfield showed [2] that to second order the following

equation for spin relaxation can be derived

6_
5t "iü)a6paS a6a'S' s f~ pa'6' ] 2.3

in which Paigi stands for the corresponding density matrix

element at thermal equilibrium. The imaginary term on the

r.h.s. of eq. 2.3 does not affect the relaxation. The

relaxation matrix elements R . (ft

aa'

are given by

66'

"öacx'S 2.4

where the spectral density functions J lft ,(aj R) are given by

^a'BB'1^ Re f-e" <ot|H'(t) |a'><6|H'(t+T) |e(>dT 2.5

The bar stands for ensemble averaging.



The experimental relaxation rates are all directly related

to the relaxation matrix elements in eg. 2.3. For instance,

the longitudinal relaxation time for the transition between

spin energy level a and $ for a two level spin system is given

by

2.6a

and the tranverse relaxation is determined by

T 2 1 = 2 R 2.6b

In the next sections the formal relation between the

spectral densities and the motional parameters is explained.

2.3 Rotational diffusion in isotropic liquids

Stochastic approach

Spin relaxation is induced by randomly fluctuating elec-

tromagnetic fields. For intramolecular relaxation these fluc-

tuations are a result of the rotational molecular motion and

are related to several types of spin interaction (dipolar,

quadrupolar, spin rotational etc.).These interactions can be

described by a time dependent part of the spin Hamiltonian:

H(fl(t)); $2(a,8/Y) represents the time dependent Euler angles

that define the orientation of the molecule in space fixed

axes. The correlation function for such a system is given by

= <o|H(n(t)) '|H(n<t+T)|S'

- <a|H(n{t))|6><a'|H(fi(t+T)|B'> 2.7

The bars denote an equilibrium average over angular varia-

bles. Note that the last term of the r.h.s of eg. 2.7 goes to



zero for isotropic liquids. The main task in solving the

dynamical problem is relating the correlation function to the

motional parameters of the molecules.However, for rotational

motions in anisotropic liquids an analytical solution of this

problem is not feasible [15].

The molecular orientation in a rotational model requires a

description in three coordinates (a,B»Y)» whose relations to

the components of angular velocity are not particularly

simple. A stochastic approach has to be adopted, in which it

is assumed that the molecular reorientation resembles a

stationary Markov proces, for which all the available informa-

tion about a time dependent stochastic variable can be

extracted from the equilibrium probability function P(ft_)

the conditional probability functionP(

lation function in an isotropic medium is

Peq(fi0) P(no|n,t)

. | Ü, T)
given by

The corre-

2.8

QQ is the orientation at t=O, and Ü at t= T . For stationary

Markov processes the conditional probability function obeys

the so called Smoluchowski equation [18 and references cited

therein] .

2.9

The operator
dent parameters,

in this equation comprises the model depen-

Rotational diffusion

The motional model for molecular reorientation is based on

the assumption that the rotation of a molecule can be compared

to that of a rigid rotor. The conditional probability function
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is a solution of the rotational diffusion equation

|^ p(QQ|n,T) = -LÜ.Ï. p(nQ|n,T) 2.10

in which L is the angular momentum operator that generates

rotations and D is the diffusion tensor that can be diagona-

lized in the molecular frame x',y',z'. The components D , D
xx yy

and D indicate the mean square displacement <82> in a time

At around the corresponding principal molecular axis. Accor-

ding to the Stokes-Einstein relation the diffusion constant

for a sphere with radius a in a medium with viscosity n , can

be written as [20]
D = kT/8ua3n 2.11

The diffusion equation is an analogue of the Schrö'dinger

equation for the rigid rotor. We may write the solution of eq.

2.10 as an expansion in the eigenfunctions of the rigid rotor

p<no|n,T) = zn cn(-c)<f>n(n) * 2.12

where $ (fi) belongs to the complete orthonormal set of rigid

rotor wave functions with eigenvalues E .

The coefficients c (t) can be determined by making use of the
n

initial condition

P(Q0|n,T) = 6(no-8) 2.13

The general solution of eq. 2.10 becomes

P(flo|fl,T) = Zn <j>*(no)<j>n(n) e"
EnT 2.14

For axially symmetric molecules (here meant to include mole-

cules with an axis of at least threefold symmetry) the

diffusion tensor reduces to the elements D.,=D..= Dj_ and



D , . = 0 , / l f c c a n b e shown, that the d i f f u s i o n operator i s g iven
z z //
by

2.15

The functions 4> are the symmetric rotor wave functions which

may be classified in terms of quantum numbers L, K and M.

usually, these wave functions are identified with the Wigner

rotation matrix elements DJjLfft)

•ïM(0) = C ^ T ) * D^M(Ü) 2.16
KM 8ir2 KM

according to the conventions followed by Rose [22], Brink and

Satchler [23].

The corresponding eigenvalues are

E ^ = DjL(L+l) + K2(D//- Dj.) 2.17

The conditional probability function is now

L=»K=LM=L , , - r -r/TL

. P(J2n|n,T)=S E 2 ^ 4 DKM (V DKM ( f 2 ) e ** 2.18
0 L=0 K»-LM=-L 8irZ ™ ° K M

with correlation time

T;
L
KM

( E K V '

Spectral density functions

The main relaxation mechanisms discussed in this thesis

are of quadrupolar or dipolar nature [1-5]. These interactions

transform under rotations like spherical harmonics of rank

two, so we can write the relaxation part of the spin

Harailtonian as a product of irreducible tensor components

H(J2> " 22,K,M <"1 ) K D-K,M(n> F2,K<9<*> A2,M 2.20
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Note that the spin operator A_ is defined in the laboratory

frame x,y,z, while the angular part F' ,,(9,<J>) of the interac-

tion is defined in the molecule fixed polar angles 6 and <j> .

The Wigner rotation matrix elements D (n) are now the time
—K i M

dependent part of the Hamiltonian, by which the molecular

coordinates are transferred into laboratory fixed axes.

Leaving out the time independent parts in H(Q ) and assuming

an isotropic msdium with P (no)=l/8 7r , the correlation

function is given by

which simplifies by making use of the orthogonality of the

Wigner rotation matrix elements to (

GKMK'M'{T) " « W ^ K K ' W = 3 e'T/^M 2-22

The relevant spectral densities that relate the experimentally

determined relaxation times with the correlation times that

contain the dynamical information are (again under neglecting

the time independent parts in H(Q) , see eq. 2.5)

J K M U ) = i Re of-.-*'*i* e"^ dx - I — % 2
1 + w TKM

The measurables are related to the projections on laboratory

axes

JM ( W ) * ZK=-2 'F; «0,*> I2 3 m M 2.24

with

FI2,O(6/<(|) * 2 (3c°s2e-l) 2.25a

F 2 +1(8/^)« (s>) sin6 cos6 e + * 2.25b

F l2,t2< e'*>- <i) %
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6 and <j> are the polar angles that define the orientation of

the relevant relaxation vector in the molecule under study.

2.4 Liquid crystals and NMR

Static properties

A nematic liquid crystal in a magnet can be uniformly

aligned at even moderate field strengths of a few tenths of

one Tesla. Because of interactions with the liquid crystal

solute molecules in such an aligned medium will be partially

ordered. A characteristic of nematic liquid crystals is that

the alignment does not affect the translational motion of the

molecules in a drastic way. The centers of gravity of the

molecules are not ordered and intermolecular interactions

average out as in isotropic liquids.

For an axially symmetric probe molecule in an uniaxial liquid

crystal, the relevant order parameter is given by [24]

S„„ = ^ <3cos29 - 1> 2.26
z z ^

in which 6 is the angle between the molecular z' axis and the

magnetic field. For solutes in thermotropic liquid crystals,

that align parallel to the magnetic field, the ordering

parameter ranges from .05 to 0.6.

This study mainly concerns nematic liquid crystals. Also some

relaxation effects in the smectic A phase are discussed.

Smectics and nematics both are thermotropic liquid crystals.

They differ in that the smectics exhibit a layered structure.

The individual molecules in the smectic A phase are perpendi-



cularly ordered to the planes of the layers. The nematic and

smectic A phase both have uniaxial properties. However, the

ordering parameter in smectics tends to be much larger than in

nematics. The systems under study in this thesis and the

mesophases these compounds exhibit are given in table 2.1

Table 2.1

A. Phase V, a eutectic mixture of the following four molecu-

les, nematic range 75°C - -5°C.

a : 61.5°/.
b : 38.5»/.

OCH,

c : 64.5 7.
d : 35.5°/.

Licristal 3C
65 «/.I + 35 V. I

B. A mixture of hexyloxycyanobiphenyl (n=6, 26 wt%) and octyl-

oxycyanobipheny1 (n=8). The neat mixture has a nematic (76-45°C)

smectic (45-33°C) and re-entrant nematic (<33°C) phase.

O-CnH
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C. ZLI 1167, a ternary eutectic of propyl, pentyl and heptyl

cyanocyclohexylcyclohexane. Nematic from 85 to 32°C, smectic

from 32 to 8°C.This liquid crystal has a negative diamagnetic

anisotropy and orients perpendicular to the magnetic field.

cnH2n+i

n = 3 36 %
n * 5 34%
n=7 30%

In a partially ordered medium, anisotropic interactions

such as dipolar and quadrupolar couplings do not average out.

The static spin Hamiltonian for a partially ordered solute in

a liquid crystal, neglecting the anisotropy in the chemical

shift tensor and the indirect coupling is given by

H = HZ + HSC+ V HQ 2'27

H- is the Zeeman term, with the usual symbols defined as

*z m - Ï Bo £i*i <l^i^z±

The scalar part is
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H
sc

The dipolar part is given by

where the dipolar coupling D. . between the nuclei i and j is

hy-Yi 3cos20..-l

with 6.. the angle between the magnetic field direction and r.

The quadrupolar part is

2 1,„ 1 „ e QQ
HQ = 2 SQ h

I )

with e qO/h the quadrupolar coupling constant of i and sn

the ordering parameter of the relevant interaction vector.

Interpretation of partially ordered spectra can yield infor-

mation about relative geometries, quadrupolar moments, chemi-

cal shift anisotropies, signs of coupling constants and for

instance interaction mechanisms between solvent and solute

[25-27] .

A 2 H spectrum of partially oriented deuterated acetonitrile is

given in fig. 2.1.

Fig.2.1 2H spectrum of 15 mol% CD3CN in ZLI 1167 at 30°C.

1OCK) Hz
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The orienting potential

The general expression for the orienting potential that

causes partial alignment in liquid crystals can be written as

[15]

- L L .
ii i K , M KM KM

in which ft stands for the Euler angles e and 0 that

transform molecular axes into the laboratory frame and y for

the Euler angles that define the director axes x 1 1, y'1 and

z" relative to the laboratory axes. The tensor elements e„
KM

measure the orientational strength of components of the

potential. The nematic (and smectic A) meso-phases presented

in this study all have cylindrical and uniaxial symmetry, so

only M=*0 and even L values are non zero in eq. 2.29 . For an

axially symmetric probe molecule also K=0, so if one neglects

higher values of L the equation for the ordering potential can

be reduced to

VltlrV) = tQQ DQQ(SI-V) - e2 Z D?N(JJ)D^_ (-Y) 2.30

Chatelain showed by means of light scattering experiments [28]

that there exist thermal fluctuations of the director around

its equilibrium position. Under the assumption that these

fluctuations are small, the term that depends on these

motional modes, D{-f), can be written as [18],with ï =(0,0,0)
eq.

DJ O(O,-B,-*) = 6 N 0 + i/6 etój^e
1* - $n,ie~H) 2-31

The final expression fjr the fluctuating ordering potential to
first order in ^ can now be written as

2.32
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The dynamics of liquid crystals

Pincus showed [9] that small amplitude oscillations of

the long axis of liquid crystal molecules around the average

orientation, as described in the preceding section, can be a

very effective nuclear relaxation mechanism. The dynamics of

these fluctuations depend on the viscosity coefficients and

the elastic constants of the liquid crystal. The

latter are introduced by the continuum theory as K , K and

K , the splay,twist and bend elastic constants [6].

In nematic liquid crystals one usually applies the so

called one-constant approximation, K =K =K . In addition,only

one effective viscosity coefficient is used, instead of the

five independent coefficients that are needed to describe the

hydrodynamical properties of a nematic liquid crystal. This

one-constant approximation breaks down for smectic liquid

crystals, which require much more energy for the twist and

splay deformations. Freed derived [18] an expression for the

contribution to the relaxation due to thermal director fluc-

tuations by taking into account a statistical interdependence

of the fast reorientational motion of the molecules and the

much slower director fluctuations (DF). The corresponding

director flutuation contribution to the spectral densities for

extreme narrowing conditions are given by

The amplitude A of the fluctuations is given by

A = kTn^(27T3/2K3/2)"1 2.34a
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K is the average elastic constant and n the effective

viscosity according to the one-constant approximation. The

frequency dependence U ( — ) is given by
c

l+(2u/u) ) +(u/u) ) ,
r - - arctanf (2ÜJ/CÜ ) '+i] +

l-(2o)/tü ) +(UI/Ü) ) ïï

c c

-.£ arctan[(2u/<uc)-l] 2.34b

Note that to first approximation director fluctuations con-

tribute to the J spectral density only. This is related to

the restriction that only small deviations of the director

from the equilibrium value are allowed, as indicated in eq.

2.32.

The cut-off frequency w has to be included to rule out

contributions from distortions with a wave length shorter than

the molecular length. The hydrodynamic modes, characterized by

a correlation function that decays with a correlation tims

T =n/Kq i a r e ̂ e most effective for nuclear precession rates

comparable to1/T • The cut-off wavelength is given by

A = — = 2ir(K/r)ü). )h 2.35

Above a certain frequency wc this wavelength would become

shorter than the molecular length of the liquid crystal and

there are no longer cooperative modes that induce nuclear spin

relaxation. For nematics this implies that director fluctua-

tions become negligible above about 50 MHz for moderate

aligned solutes.

The applicability of this relaxation mechanism to spin

relaxation of probe molecules is nqt a trivial one. The

original papers about spin relaxation and director fluctu-

ations all consider the dynamics of the liquid crystal

molecules only. The frequency dependent relaxation of small,

weakly ordered probe molecules was first described in terms of
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the so called Slowly Relaxing Local Structures [17,18]. This

model proved to be very successful in the interpretation of

line shapes of ESR spectra of spin probes dissolved in liquid

crystals. Later it was shown by extended frequency dependent

nuclear spin relaxation experiments (see chapter 5} and by

methods that yield spectral density functions directly

[29,30], that mainly director fluctuations in a nematic liquid

crystal give rise to the observed, nuclear relaxation behavior

as described in this thesis.

2.5 Rotational diffusion in a partially ordered medium

The first studies of molecular dynamics and spin relax-

ation of probes in liquid crystals were line shape analyses.

Glarum and Marshall [12] considered the effects of a liquid

crystal solvent on the electron spin relaxation of vanadyl

complexes. They concluded that important contributions to the

measured line width stem from anisotropic terms in the spin

Hamiltonian which are not completely ave.raged out by rapid

molecular tumbling because of the partial ordering. Their

analysis used the strong collision limit, a relatively simple

motional model in which molecular tumbling is assumed to be

induced by random collisions in such a way that the orien-

tation of a molecule before and after a collision is uncor-

related. The partial ordering proved to have a different

effect for each spectral density projection JQ, J, and J,.

Nordio and Segre et al. [13-15] extended these theories to the

rotational diffusion limit.

Freed [18] incorporated also a fluctuating potential in the

relaxation description, and made a statistically interdepen-

dent contraction of the earlier rotational diffusion models of

Nordio et al. and the director fluctuation theories of Pincus

[9] ,Doane[10,ll] and some other pioneers in the field of spin

relaxation in liquid crystals.
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Freed showed [18], that the operator in the Smoluchowski

equation (eg. 2.9) in a liquid crystalline medium consists of

two contributions. The first one, FQ , is the operator that

generates infinitesimal rotations of a partially ordered

molecule, while r,„ generates fluctuations in the director

coordinates (xf>, y11 and z 1 1 ) .

2.36

Straightforward calculation of the conditional probability

P (ft^- | 0, f, x) can only be done under the assumption that the

two operators are related to different time scales. Such a

Born-Oppenheimer type of approximation directly leads to three

separate correlation functions

1 2 3
CKMK'M|(T) = CKMK'M'(T) + CKMK'Ml(T) + CKMK'Mt(T) 2* 3 7

The first part of this correlation function contains (to first

approximation) transitions in fi only. Its value is given by

CKMK'M'(T) - < DK'M' ( n0 ) DL ( n ) > " < DK'M' ("V > < DL ( n ) > 2'38

The second part of the correlation function depends only on

fluctuations in y . This term results in the director fluc-

tuation contribution to the spectral densities as given in eq.

2.33 .

The third part correlates the fast reorientational part with

the much slower director fluctuations. This term expresses the

statistical dependence between these two motional modes, as

correctly taken into account by Freed.

To calculate the spectral density functions that are

related to c„M„,Ml(x), two considerations have to be taken into

account. First, the elements <D„M(n) > do not average out by

virtue of the partial ordering. Secondly, a static ordering

potential has to be included in the diffusion operator. The
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ordering potential (eq. 2.29) for an axially symmetric probe

molecule can be written as

U(fl) = -\ \2 kT DJ0(£2) 2.39

where the dimension-less parameter A = 3/2 e
2

It can be shown that the diffusion operator now can be written

as

TQ = Dj. t2 + (D^- DJL^, - D± X2f(X2,g) 2.40

with

fU2,0) = - ^ X 2 D J 0 ( 0 , 6 , 0 ) + 2(1 - 2t)Djo(O,e,O) +

The Wigner rotation matrix elements are no longer proper

eigenfunctions of this operator. New eigenfunctions can be

found by an expansion in the original- eigenfunctions and

diagonalizing the corresponding matrix elements [31]. This

expansion can be written as

Because of the symmetry of the ordering potential, no terms

with different K and M values mix. In practice a twenty term

expansion is sufficient to ensure convergence for values of

S up to 0.8, corresponding to a value for |A-| *6 [15].

For small probe molecules, however, the ordering is much

smaller (s < 0.2)• In this limit a perturbation approach can
z z

give analytical expressions for J at different ratios of

the rotational diffusion constants D± and D .. [16]. Polnaszek

Lin and Freed [17,18,19] calculated the spectral density

projections in the extreme narrowing limit for isotropic
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Brownian d i f f u s i o n (Dj_*D,/)

JM(u>) = ZK |F£ K(9,(fi) I 2K(K,M) Jjjjtu) 2 .43

The functions F£ K and Jj^ are as in eq. 2.24 and the static

order corrections K(K,M) for second rank interactions, which

replace the factor 7 in eg. 2.23 for anisotropic media, are

K ( K , M ) = \ ( aQ + a i 2.44

The values for a.through a.are given in table 2.1. Figure 2.1

shows the results of the corrections for small ordering

parameters.

Table 2.1 Coefficients an of the zero-frequency spectral

density functions as defined by eq. 2.44 for different values

of K and M and f<

diffusion limit.

of K and M and for S„< 0.8 in the isotropic rotational
z z

i
K M

0

0

0

1

2

1

0

1

2

2

2

1

1.000
1.000

1.000

1.000
1.000

1.000

3

1

-2

- 1

2

0

.008

.084

.117

.058

.148

.567

-9.704
-2.769

1.181

-0.307

0.664

9.425

5.654
0.397

-0.097

0.288
-0.028
4.854
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Fig. 2.2 Values of the static ordering corrections <(K,M)

vs. S
zz

0.24

0.16

0.08

X(02)

0.08 0.16
Szz
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CHAPTER 3

Experimental methods

3.1 Introduction

Part of the experimental methods involved in this study

are described in the next chapters that deal with several

examples of relaxation measurements of solutes in liquid

crystalline media. For sample composition and preparation,

chemicals used and pulse spectrometers, the reader is referred

to the relevant sections of those chapters.

However, some of the relaxation experiments and NMR pulse

sequences are only described there in a very cursory way. The

reader who is interested in some further details of the

experimental set ups and the difficulties one encounters by

performing them is given a short survey of the experimental

methods in the next sections.

First of all, though, one should realize that for relax-

ation measurements in liquid crystals a good temperature

controlling device is an absolute necessity for obtaining any

reliable result. For the systems described in chapters 4, 5

and 8, where relatively small dipolar and quadrupolar split-

tings ate involved, it is sufficient to use a very stable

dried air or nitrogen flow in combination with the commer-

cially supplied temperature controllers (in this thesis the

controllers of the Varian XL-100 and various Bruker spectro-

meters have been used). For experiments as described in

chapters 6 and 7 such precautions are totally insufficient.

The line splittings for larger solutes in liquid crystalline

media with strong ordering, like the smectic phase A, can

range up to 200 kHz. A very small fluctuation in temperature

or a finite temperature gradient in the sample gives rise to

extreme line broadening. For example, a temperature gradient



26

of O.I 'C can give rise to a line broadening of more than 100

Hz for a relatively strongly ordered system. In addition,

several of the experimental parameters, such as time intervals

between excitation pulses, depend on line spittings that are

directly related to the temperature. Fluctuations in the

splittings would frustrate the experiment and yield unreliable

results. In the experiments described in chapters 6 and 7 a

temperature controller designed by Void and Void [1] was being

used. This controller can maintain sample temperatures con-

stant within a few millidegrees, a specification commercially

available temperature units on NMR pulse spectrometers never

challenge.

3.2 Ĥ_ and l3C Relaxation experiments

3.2.1 Non-selective inversion recovery

Most non-selective T measurements were performed by using

the well known Tt-dt—n/2 inversion recovery pulse sequence, a

pulse with a flip angle of 180 ° followed by a variable time

interval dt and a detection pulse with a 90° flip angle. Two

restrictions have to be made. First, for strongly coupled spin

systems, such as the CH, group in acetonitrile in a liquid

crystal, a ir/2 observe pulse on either the 13C or 1H multiplet

would mix the non-equilibruim spin system in such a way that

the resulting magnetization recovery does not probe the

desired relaxation of the separate lines of the multiplet [2].

To circumvent this problem, a small flip angle (ot< 10°) for

the observe pulse has to be used to ensure a linear pulse

response. However, such small flip angles introduce a severe

problem for the signal to noise ratio, especially for C

relaxation measurements, where low sensitivity and slow pulse

repetition rate already form a serious difficulty. Using 13C

enriched samples can overcome this drawback, but the high

costs of such compounds might be beyond the experimentalist's
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budget 1

Secondly, large splittings as can be observed in spectra of

solutes in liquid crystals, prevent a proper excitation of the

whole spectrum, since the used pulses usually lack sufficient

power to cover the whole spectral range uniformly. In complex

spin systems, involving quadrupolar or homonuclear couplings,

such non-ideal pulses generally excite multiple quantum co-

herences. The detection pulses transfer these coherences into

the observed magnetization, a possible source of error in

spin-lattice relaxation measurements.

Void and Bodenhausen [3] proposed a phase shifted pulse

sequence, that corrects for pulse imperfections and suppresses

multiple quantum coherences, based on the fact that the phase

of an n-quantum coherence is shifted by n<f> if the phase of

the generating pulse is shifted by <J> . Fig. 3.1 shows this

generalized inversion recovery pulse sequence with the proper

phase cycling scheme. The relaxation experiments described in

chapter 5 were performed without this phase cycling sequence

as the necessary hardware was not available at'the time these

experiments were carried out.

Fig. 3.1 Phase cycled inversion recovery pulse sequence. The +

and - signs stand for adding and subtracting the free precessi-

on signal, and the numbers for the relative phase shifts.

ACQ

O 90
0 270
90 90
90 270
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3.2.2 Selective inversion recovery

A. H Relaxation rates

The selective proton relaxation time experiments were

performed by using selective pulses with reduced intensity

generated by the proton decoupling channel. Characteristic

pulse lengths were 10 ms for a selective TT pulse. For the

protons as well as for the carbon nuclei, the recovery was

monitored by pulses from the observe channel after a variable

time delay.

One exception to this scheme has to be made for the CH3

spin system. Bernassau and Grant [4] showed that in case of

degeneracy the response of a symmetric transition to a

selective pulse differs from the response of an anti-symmetric

transition. This precludes a proper selective inversion of the

degenerate lines in the proton spectrum of CH CM in a liquid

crystal. By choosing a set of experiments that is described in

chapter 5 such a restriction had to be ta-ken into account.

B. Selective C relaxation rates.

For selective excitation of a C line and observing the

full * C multipLet recovery, either a decoupling unit with the

right carbon frequency or a feature that enables the experi-

mentalist to use two power levels in the observe channel of

the pulse spectrometer has to be available. Without these

options, the DANTE (Delays Alternating with Nutation for

Tailored Excitation) pulse sequence is a convenient alterna-

tive to generate a highly selective excitation pulse on one of

the 13C lines [5J.

The sequence consists of a series of n equally spaced pulses

with duration t and each with a flip angle of 180/n. The
W
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time interval between the pulses, t , is chosen in such a
a

way that the pulse modulation results in a frequency spectrum
with side bands at l/(tw

+t
(a) Hz* The width of these bands are

determined by l/n(t +t.) Hz. These parameters allow a very
13

selective excitation in the C quartet of acetonitrile, as

shown in chapter 5.

3.3 ff[ Relaxation experiments

As will be shown in chapter 5, the ^H and 13C relaxation

rates can be expressed as linear combinations of spectral

densities at several frequencies. Moreover, spectral density

functions of more than one relaxation mechanism may be

involved. If the number of distinct experiments exceeds the

number of different spectral densities, the latter can, in

principle, be determined. In the present case of acetonitrile

this was not possible, apparently because the inaccuracy of

the measurements precluded a unique solution by means of a

least squares iterative fit procedure. Therefore, the number

of unknowns (spectral densities) had to be reduced by relating

the experimental relaxation rates directly to dynamical

parameters such as correlation times, director fluctuation

amplitude and cutoff-frequency [6],

Deuterium relaxation measurements are much more favorable for

molecular dynamics studies because of two advantages as

compared to -̂H and l^C experiments [7,8J.

Firstly, a deuterium nuclear spin is almost solely relaxed by

the quadrupolar mechanism. Secondly, this mechanism generally

involves fewer spectral density functions that can be deter-

mined directly by performing a combination of selective and

non-selective relaxation experiments. The non-selective relax-

ation rate for a spin 1-1 spin system is given by

2 2
Ransel) = 2j_ (§--22ansel) = 2j_ (§--22) [ j^u) + 4J2<2u)] 3.1



30

The recovery rate of a selectively excited line is
.. 2 2

Rx(sel) = =j- (
£^2) [ jjj^w) + J2(2ü))] 3.2

The recovery rate of the selectively excited deuterium line is

multi-exponential. For practical reasons one measures the

initial rate of the recovery only (see chapter 5).

3.3.1 Non-selective inversion recovery experiments

The non-selective deuterium relaxation experiments as

described in chapter 7 were obtained by audio-modulated

pulses. The large quadrupolar splittings involved.require too

much pulse-power for a proper excitation of the whole spec-

trum. By audio-modulating the radio frequency (RF) pulse, a

pulse can be generated that perfectly inverts two lines that

are separated by a hundred kHz or more. This is achieved by

mixing the original RF pulse at a low power level with an

audio-frequency signal. The audio signal-with frequency v is
A

applied into a double balanced mixer, together with an RF

signal of frequency v ^ This original carrier frequency is

split and the output occurs at frequencies vo_,± v Hz.

By placing the carrier frequency right on resonance, and

adjusting the audio frequency to exactly one half of the

quadrupolar splitting, both lines in the quadrupolar coupled

spectrum can simultaneously be inverted. Typical pulse lengths

that were used are 360 ys for a non-selective pulse.

3.3.2 Selective inversion recovery experiments

The same experimental set-up as used for the non-selective

deuterium relaxation measurements can be employed in the

selective counterpart. The carrier frequency now is tranferred
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to a value were selective excitation of only one half of the

quadrupolar doublet is ensured, also taking into account a

possible contribution of higher harmonics in the modulated

signal. One point of consideration in doing a selective

experiment is the fact that for spin 1 = 1 a selective TT pulse

is a factor /2 shorter than a non-selective inversion pulse

[9].

3.3.3 Jeener-Broekaert experiments

For small quadrupolar splittings a selective inversion

recovery experiment is hard to achieve. As the main objective

of doing deuterium relaxation measurements is the simultaneous

determination of J.(<D) and J2(2oi), only non-selective deute-

rium relaxation measurements are not sufficient as follows

from eqs. 3.1 .

Fortunately, a rather elegant experiment can be performed that

directly yields both the desired spectral densities.

Jeener and Broekaert showed [10], that in solids a pair of RF

pulses, first a TT/2 pulse followed by a second pulse with a

TT/4 flip angle and 90 degrees phase shifted compared to the

first pulse, can create a state of dipolar order. In an

analogous way a state of quadrupolar order can be obtained.

Void et al. [11], suggested an application of this so called

Jeener-Broekaert pulse sequence to molecular dynamics studies

in liquid crystals. It can be demonstrated that measurements

of the decay of the sum and difference magnetization of the

two halves of a quadrupolar doublet, which in turn may be

split by dipolar couplings, can give direct information about

J (<u) and J2(2Ü>) (see also chapter 6).

The sum magnetization of the intensities of two symmetrically

placed lines in the spectrum recovers just as the Zeeman order

according to eq. 3.1.

The difference magnetization related to the quadrupolar order
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decays as a function of J,(w) only

Rjfdiff) - 2J» (S-SS) 3.3

In fig. 3.2 and 3.3 the pulse sequence foe a Jeener-Broekaert

experiment is given. The phase cycling has to be incorporated

to suppress single and multiple quantum coherences after the

second excitation pulse.

Fig. 3.2 The Jeener-Broekaert pulse sequence. The interval T

is determined by the quadrupolar splitting 2vQ, T=(2n+l)/4vQ/

n=0,l,2,... . The phase shif t <f> is determined by the resonance

offset Aw, <)>= (TT/2 - TAW) . On resonance 41= 90° (see fig. 3.3).

2
0
O

90
90

ACQ

Tl
4

0
0
+ 90
+ 90

TE
4

0
180

0
180
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Fig. 3.3. Vector representation of the Jeener-Broekaert pulse

sequence in rotating frame with precession frequency ÜIQ. The

Zeeman state at a is transferred to the x,y plane (b) by an

ir/2 pulse in the +x direction. The two vectors precess with

frequency +o)Q and -IDQ relative to WQ, and after an interval

T =(2n+l)/4vQ the vectors are in opposite position (c), after

which a second pulse along the y direction creates a state of

quadrupolar order (d).

Fig. 3.4 shows an example of the Jeener-Broekaert relaxation

experiments for deuterium relaxation of CD..CN in ZLI 1167.

Chapter 6 gives a discussion of the application of the

Jeener-Broekaert pulse sequence to a strongly dipolar coupled

two spin 1*1 system, a generalized version of earlier descrip-

tions of this experiment .
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Fig. 3.4. Jeener-Broekaert relaxation experiment on 15 mol%

CD,CN in ZLI 3 167 at 38.4 MHz. The spectral densities J^ (u)

and J2(2u>) can be determined by measuring the decay of the

differences between the multiplets and the recovery of the

the sum of these.
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CHAPTER 4

NMR relaxation of CH,CN in a nematic solution under sample

rotation. Frequency dependent measurements.

4.1 Introduction

Previously [1,2] some anomalous results from NMR relax-

ation studies of acetonitrile in Licristal phase V were

reported. The proton decoupled methyl 13C longitudinal relaxa-

tion was measured by an inversion recovery sequence and the
14N longitudinal relaxation time was abstracted from the cyano

C linewidth. In a subsequent paper an attempt was made to

solve the discrepancy found between T of the methyl Ĉ and T

of N, by applying the slowly relaxing local structure (SRLS)

model [2]. Although part of the discrepancy could be lifted,

frequency dependent measurements showed results in disagree-

ment with this analysis.

In the present chapter, first the possibility is consider-

ed that the discrepancy is brought about by the rather
14

indirect way T ( N) is obtained, namely by measuring the
13

cyano C line width. If this line width is mainly determined

by the pseudo scalar relaxation mechanism of the second kind

[3], it is related in a simple way to the 14N longitudinal

relaxation time through the sum of the indirect and direct

(hence the term pseudo) C-N couplings [1,4]. The validity of

this relationship can be proved by varying the direct C-N

coupling, by slowly rotating the sample around an axis

perpendicular to the magnetic field direction. Repeating such

a type of experiment at several temperatures gives the

temperature dependence of the so-called rotational viscosity

coefficient. The latter can be associated with the temperature

dependence of the reorientational motion of the molecule.

After having shown in section 2 of this chapter that the

inconsistencies in the relaxation measurements may not be
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attributed to a misinterpretation of the cyano 13c linewidths,

attention will be focused on the interpretation of relaxation

times in terms of correlation timesrand alternatives of the

SRLS model will be discussed.

4.2 Variation of dipolar couplings by sample spinning

The contribution to the cyano C linewidth from the

pseudo scalar relaxation mechanism is given by [1]

A*h = ^ = T <JCN + D C N > 2 T 1 ( 1 4 N ) 4"1

If this is indeed the predominant contribution to the line

width, and if no additional terms due to the liquid crystal-

line nature of the solvent enter expression 4.1, the line

width must be proportional to the square of the sum of the

direct and indirect C-N couplings. The validity of this

assumption can be tested by varying the direct coupling. This

can be achieved by slowly spinning the sample, at a very

constant rate, around an axis perpendicular to the magnetic

field. The orientation of the director n of the nematic liquid

crystal relative to the magnetic field direction changes on

spinning. If n makes an angle <f> with the magnetic field,

DCN($) can be written as [5]

DCN(<|>) - \ (3cos
24> - 1) DCN(0) 4.2

At slow spinning rates u the angle $ is related to the twist

or rotational viscosity (6] of the liquid crystal according to

sin 2* - 5 4.3

Y, is the rotational viscosity, Ax the anisotropy in the bulk

diaraagnetic susceptibility , and s the magnetic field

strength. Above a critical spinning rate the liquid crystal

systems gets distorted by the viscous torque F * Yj*»[7] that
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overrules the magnetic torque [8]. In this limit the directors

rotate about the spinning axis and a two-dimensional powder

pattern results [9]. The corresponding critical spinning rate

is given by

V — 4-4

From eqs. 4.2, 4.3 and 4.4, the following relation for the

anisotropic

is obtained

anisotropic interaction D as a function of the spinning rate

D C N { Ü ) ) = J D C N(0) [1 + 3(l-{co/u>c)
2)*J 4.5

Eq. 4.1 can be written as

Av%(u) = r* [JCN+ R(w)D C N(0)]
2 T x(

1 4N) 4.6

R((D), the reduction factor D_ (u)/DCN(0) , can be computed if

m is kwown, which in turn can be obtained from spinning
13experiments performed on the methyl protons of the CH, CN

sample. Table 4.1 gives the results of the proton decoupled

cyano C linewidth experiments on a 15 mol% solution of

CH^tlN in Licristal phase V at 25.5°C and at a frequency of

25.2 MHz. In fig. 4.1 the measured linewidths are plotted

versus the reduction factor R( OJ) ; the solid curve is computed

from eq. 4.6 with Av,(O)=65 Ha, and JCN=12.48 Hz.

Table 4.1
Spinning frequency w , reduction factor R»D ( u)/D (0) and

,̂  CH CH
cyano C line width of acetonitrile in Licristal V.

oo (Hz) R(o, ) Av
0.0 1.00 56
2.4 0.97 55
3.5 0.95 51
4.5 0.90 45
5.0 0.88 43
5.5 0.85 38
5.9 0.82 35
6.5 0.78 33
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13,Fig. 4.1 Qv, (ID) at 25.5 °C of a 15 mol% solution of CH^ CN

dissolved in Lioristal Phase V as a function of the reduction

factor R(cu)

56 -

0.32 0.64
Reduction factor

0.96

Sofar, it has been assumed that a unique orientation of

the liquid crystal is associated with each rotation frequency.

If there is a distribution of orientations, i.e. a distribu-

tion of angles <P , the outer lines in the H spectrum would be

broadened relative to the inner ones, as the spectrum is a

weighted sum of spectra at different orientations. Also, the
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H decoupled cyano C line would undergo broadening, counter-

acting the effect of a reduced dipolar C-N coupling, because

the cyano C has a large shift anisotropy of 300 ppm [9].

Although ESR studies of spin probes in liquid t.rystals

have shown evidence of a distribution of <j) values for a wide

range of rotational frequencies [11]/ NMR measurements [9,12]

only show a similar behavior for rotational frequencies near

to or larger than the critical frequency. Also line broadening

effects due to sample rotation were found negligible for

spinning frequencies up to 0.8 u>_. For higher frequencies the
1 c

outer lines in the H spectrum broaden considerably and the

cyano C line width begins to deviate strongly from the

behavior shown in fig. 4.1. In principle, the contribution

from the distribution of <J> angles to the broadening of the

cyano C line could be brought into account by comparison

with the proton line widths and using the magnitudes of the

relevant anisotropic interactions. In practice, however, the

accuracy of such a correction is small and therefore the

measurements were confined to frequencies well below the

critical frequency.

4.3 The rotational viscosity

In contrast to isotropic liquids where the viscosity is

described by a single parameter, the viscous properties of a

nematic liquid crystal- are characterized by five independent

viscosity coefficients, all of comparable magnitude [6,7]. The

temperature dependence of Y-, can be obtained by using the

expression for the viscous torque and the temperature depen-

dence of the critical angular velocity. According to eq. 4.4

the rotational viscocity is given by

Y -ÜSÜfl
1 " 2ü)c

The anisotropy in the bulk magnetic susceptibility Ax can be
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AX = C[ X//- xj] S(T) 4.7

approximated by [13,14]

X//

c is proportional to the number of liquid crystal mole-

cules/cm , Axi. and Axi are the molecular magnetic suscep-

tibilities along and perpendicular to the molecular axis and

S(T) is the liquid crystal order parameter.

Although the value of S{T) in the solution is not known,

one can assume that the temperature dependence of the solute

ordering S (T) reflects the temperature dependence of the
Z 2

nematic solvent ordering [16,17]. For a wide range of nema-

tics, temperature dependent measurements of the rotational

viscosity y can be fitted to an Arrhenius type of equation

with an activation energy of 11 kcal/mol {17,18]. For neat

Licristal Phase V, Flanders [17] found an activation energy of

9 kcal/mol. Fig. 4.2 shows a semilogarithmic plot of S
Z 2 (

T ) / U
C

versus the reciprocal temperature for three concentrations of

acetonitrile in Licristal phase V. The experimental values for

the activation energy of the rotational viscosity are listed

in table 4.2. It can be concluded that the temperature

dependence of the rotational viscosity is hardly influenced by

the amount of dissolved acetonitrile.

Table 4.2

Activation energies of the rotational viscosity for various

concentrations of CH,CN dissolved in Licristal V

Concentration A _j
(mol%) "(kcal mol )

7 11.5
15 11.6
25 12.6
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Fig. 4 .2 . Semi-logarithmic plot of Szz(T)/<i>c v s . 1000/T K-1.

A: 7 mol%, 0: 15 mol%,D: 25 mol% solution of CHjCN in

Licristal Phase V.

10* •

10'

30 3.2 3.4 3.6 3.8 4.0

4.4 Frequency dependent relaxation measurements

In ref. 2 it was demonstrated that the 13C relaxation data

at 25.2 MHz could be explained to a large extent by applying

the SRLS model. As the SRLS model leads to frequency dependent

relaxation times, the measurements were extended to other

field strengths, in order to verify the correctness of the
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model. Assuming that the relaxation is fully determined by

Brownian rotational diffusion in an orienting potential and

adopting the slowly relaxing local structure model, the

spectral density functions can be written as follows [19]

f-tf 4.8

14
The longitudinal relaxation time of N can be expressed in

terms of these spectral density functions, as has been shown

for a specific temperature in ref. 2. Substituting the

experimental values and, in addition ,specifying the tempera-

ture behavior of T and S , values of T , T and S could be
x 1 X x 1

derived [2]. The parameters so obtained can be used to predict

the linewidth of the cyano C signal at other field

strengths. The result of such a computation using the values

of T ,T and S. from table 2 of ref.[2] are given in fig. 4.3.
x x •*•

Clearly, the observed frequency dependence is not in accor-

dance with that predicted by the analysis given in ref. 2,

using the SRLS model, and therefore this model seems not

applicable in explaining the discrepancy between the C
14

methyl and the N relaxation times, although it proved to be

valid for analogous systems above the nematic isotropic

transition temperature [20].



Fig. 4.3 Cyano C line width vs. temperature of 15 mol% solu-

tion CH3
13CN in Licristal Phase V. Measured results: 0: 25.2

MHz, Q: 45.3 MHZ, A: 62.9 MHz. *: computed results at 62.9

MHz using the SRLS model.

-20 0 20 40
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4.5 Discussion and conclusions

In section 4.2it was established that the measurement ,of

the cyano C line width is a sound way to determine T ( N)-.
13So, the source of the discrepancy with T ( C methyl) is

likely in the model relating both relaxation times. Before we

can conclude that the SRLS mode], or any alternative model,

does not apply, all assumptions that have been made in

applying the Brownian rotational diffusion model should be

critically assessed . Here the most important assumptions will

be summarized briefly with some comments.

a. The cyano C line width is dominated by the pseudo

scalar mechanism, and the methyl C one is mainly

determined by the dipolar interactions with the methyl

protons. Evidence for the dipolar nature of the methyl

C relaxation is obtained from measurements of the NOB

on proton decoupling.

b. The extreme narrowing condition is valid in the sense

that o) T„<<1. This does not imply that the spectral

density functions are frequency independent. C relaxa-

tion measurements under proton decoupling conditions do

not allow for the determination of separate spectral

densities. To this end selective relaxation measurements

are helpful as discussed in he next chapters.

c. Concludingly it can be stated that measuring cyano C

linewidhts of partially oriented acetonitrile is a

reliable method to determine the longitudinal relaxation
14

time of the cyano N nucleus.

To evaluate contributions to the acetonitrile relaxation

from mechanisms like slowly relaxing local structure (SRLS) or

director fluctuations (DF) precise knowledge is required of

separate spectral density functions. Those can, as will be

shown, be obtained from selective relaxation measurements at

several frequencies.
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CHAPTER 5

The dynamical behavior of a small probe molecule dissolved in

a nematic liquid crystal studied by NMR

5.1 Introduction

Magnetic resonance relaxation measurements are useful in

the study of the dynamic behavior of molecules. The theore-

tical framework relating this behavior to the relaxation of

spins in isotropic liquids is well established [1,2]. In

recent years several efforts have been made on the basis of

experimental work to extend the theory to relaxation phenomena

in liquid crystals [3,4]. The resulting models have induced a

number of experimental studies of the reorientational motions

of small probe molecules dissolved in liquid crystals [5,6,7].

Yet, the range of applicability of these models has not been

fully explored, and the literature on the subject shows some

contradictory results.

In previous studies [5,8] the temperature dependent relax-

ation behavior of acetonitrile in a nematic solvent has been
13 14

described. The proton decoupled methyl C and N longitudinal

relaxation data could not be explained by the standard theory

of rotational diffusion. Also, an attempt to interpret the

experimental results in terms of a model, in which slowly

relaxing local structures give rise to frequency dependent

spectral density functions, failed 19]. Obviously, more relax-

ation data are needed to extract sufficient information on the

spectral density functions to allow conclusions about the

motional processes involved.

Jaffe et al. [10] chose to determine the individual

components of spectral density functions by measuring 2H

single and multiple quantum rates. The relaxation mechanism of

this nucleus is almost solely quadrupolar in origin, which is
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an advantage compared with nuclei like H and C where both

inter- and intramolecular relaxation mechanisms can be invol-

ved. By choosing the right single and multiple quantum

relaxation experiments they could derive values for the

several spectral density functions. However, the experimental

conditions are quite demanding, which may limit the accuracy.

In the method used in this chapter, measuring initial

rates from magnetization recovery curves, it is more accurate

to relate the experimental data to the dynamical parameters

directly because of the large number of spectral densities

involved,as will be explained below.

Courtieu et al. [11] and Black et al. [12] studied C and

H relaxation of acetonitrile in a nematic phase (EBBA) by

measuring full recovery curves of individual spectral lines

after non-, semi-, or completely selective excitation. This

analysis did not include frequency dependent measurements,

however.

In this chapter the results of selective and non-selective

relaxation measurements on acetonitrile in Merck's Licristal V

are presented. This study mainly differs from that of refs. 11

and 12 in that frequency dependent measurements were carried

out. This enables us to abstract from the relaxation data not

only information on rotational diffusion, but also on slower

processes which are characteristic for the dynamical behavior

of probe molecules dissolved in a liquid crystal.

Longitudinal relaxation rates have been measured for three

nuclei: 1H,1^C, and 1 4N. The longitudinal relaxation of the

N nucleus was determined in an indirect way by measuring the

line width of the cyano C nucleus, which is directly (by the

nonvanishing dipolar coupling) and indirectly coupled to the
4N nucleus (see chapter 4). This coupling with the 1 4 N

nucleus induces an effective relaxation mechanism related to

scalar relaxation of the second kind according to Abragam
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[13]. As will be shown, by this mechanism the T { N) can be
13derived from the cyano C line width. Selective as well as

non-selective relaxation measurements were carried out on the
1H and methyl13C nuclei.

Apart from intramolecular dipolar and scalar interactions,

all other mechanisms (mainly intermolecular dipolar interac-

tions for the protons and spin rotation interaction for the

carbon nuclei) will be described by the random local field

model [1,2]. The internal consistency of the measurements will

be used as a check on the validity of this random local field

approximation.

The values obtained for the reorientational correlation

time, anisotropy in reorientational motion and random local

field contributions of acetonitrile are in fair agreement with

those of the recent study by Black et al. [12]. However, the
14

frequency dependency of the N relaxation observed in this

chapter, is not compatible with the physical model of refs.

11, 12 and 14 as will be shown in 5.6.

5.2 Reorientational processes

A. Introduction

In the theory of spin relaxation, the relaxation times are

related to spectral density functions, which are Fourier

transforms of time correlation functions depending on the

molecular motions. Expressions for the latter functions in

terms of correlation times or diffusional constants can be

obtained from theories of rotational diffusion.

To describe the reorientational behavior of a small probe

molecule in a liquid crystalline solvent the forces that lead

to a preferential orientation have to be taken into account.

In addition, related effects like fluctuations in the or-

dering may be considered as well.
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Theories of reorientational relaxation in nematic (and

other) liquid crystals have been advanced by several authors

[15-17]. In this study the theoretical framework as developed

by Freed and co-workers has been adopted [4]. This theory

comprises the idea of director fluctuations of earlier models,

[15,16], and adds certain new features. In addition, molecular

reorientation and order fluctuations are treated as being

statistically dependent. As a consequence, the resultant

equations have the correct behavior if S , the order

parameter, goes to zero.

This chapter only deals with the nematic phase for which

the director is oriented along the magnetic field H . A brief

summary of the results of Freed's theory that are relevant for

the interpretation of the experimental data is given below;

for details, implications and underlying assumptions the

reader is referred to chapter 2 and refs. 4, 18, 19 and 20.

B. Brownian rotational diffusion (RD) it\ the presence

of an orienting potential

The expressions for the spectral density functions derived

by Polnaszek and Freed in the case of Brownian diffusion in an

orienting potential are given by [4,19]

K(K,M)T P

JKM<"> - , 2 2 5-1

with

S „ = «<3cos 9 - 1> is the ordering parameter of the axially
Z Z £

symmetric molecule under consideration. Values of the coef-

ficients aQ through a, are listed in table 2.1 of chapter 2

[20]. They refer to zero-frequency Fourier transforms of the

relevant correlation functions. If OJ£0, they are only valid

in the extreme narrowing limit T_ai <<1. They are approximate
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when u T£ >1 120]. Although the coefficients were calculated
R

for isotropic diffusion, they may also be used in the limit of

very anisotropic rotation, D >>D_L, D being the diffusion

constant, because in this case Tn in eq. 5.1 can be identified

with TP
=(6D_L) .The result for K(0,M) is correct for all

degrees of anisotropy [4], The K(K,M) values have been plotted

as a function of the order parameter S in ref. 17 and for

K(0,M) only in ref. 6. In the latter reference, K{0,M)'S are

given for two cases: strong collision and small step rotatio-

nal diffusion (see also fig. 2.2).

C. Director fluctuations (DF)

In a nematic phase, molecules perform long range coo-

perative motions, which are slow compared to the rapid

reorientational motions of the individual molecules. Freed

included these slow effects in the theory, by allowing the

orienting potential U< ft) to fluctuate slowly in time. It is

assumed that the director shows small fluctuations about its

mean position, and that the magnitude of the ordering does not

change. Then it can be shown [4] that the solution of the

diffusional equation with the so called OF incorporated, can

be given as a sum of three contributions:

a. Reorientational diffusion relative to the equilibrium

value of the potential of mean torque

b. Fluctuations in the order director

c. Cross terms between the former two effects, which

reflect the dependence of the molecular reorientations

on the DF

The resulting expression for J^fu) has been derived for a

strong collision model [4]
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K(K,M)TR , ?
JKM ( u ) - ̂ T T + lSzz

R
where

A = k T n ^ a ^ / V / 2 ) " 1 5.4

Here K is an average elastic constant and n is an average

viscosity according to the one-constant approximation [21].

The function U(~) is given by eq. 3.34b.

U( — ) is approximately 1 when ut «tn , but this is certainly

not generally the case with NMR frequencies, as will be shown

later. The cutoff frequency u is included as the hydrodynamic

theory is not applicable in the limit of wavelengths shorter

than molecular dimensions. It is noted that the order fluc-

tuations introduce contributions in the K=O,M= 1 components of

the spectral densities only, because of the axially symmetric

nature of the medium and because the deviations from the

equilibrium position of the director are small.

D. Slowly relaxing local structure (SRLS)

When studying small probe molecules in a liquid crys-

talline medium it is to be expected that the local viscous

motions of the solvent molecules are slower than the reorien-

tational motion of the probe. Polnaszek and Freed [19] regard

the surrounding solvent molecules as providing a local struc-

ture, which fluctuates slower than the orientation of the

probe. They introduced a theoretical model based on this

presumption to explain certain anomalies in the relaxation of

spin probes in nematic solvents. The equation for j (oj) that
KM

results is

K M 2 5 K U l

R

r
I

S I
0 0 0 0'

T;; 1 +W TÓ 5-6
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The first term on the right hand side represents the reorien-

tational motion of the probe molecule under the influence of

the static part of the orienting potential. In the second term

S, is the local order parameter and r is the correlation

time of the local structure fluctuations. The last term is a

cross term which usually can be neglected, since T >>T ,

and thus T'~ = T ~ +T^" =T~ . Equations 5.3 and 5.6 have been
K K A A

derived for a strong collision model. As shown in ref. 20 ,

it is a good approximation to apply these equations for

Brownian RD, provided the ordering is small.

5.3 The relaxation rates

A. Longitudinal relaxation o_f_ \

The relaxation of the cyano- C in acetonitrile under

proton decoupling may be assumed to be dominated by scalar

relaxation of the second kind [13]. In an ordered medium the
13 14dipolar C- N coupling adds to the corresponding indirect

coupling, so the interaction is actually of a pseudoscalar

nature. The equations for the longitudinal and transverse

relaxation rates of the cyano C are

13 4TT2 2 T (14N)
R (1JC) = i2- (2J - D C N r 2 2 14 5- 7

3 C N C N '"•<> -O) N)
2T 2( 1 4N)

and

R2(
13C) = ^

_,_ 8ir ._ JIN .2 m ,14„>

+ — (J«»,+D̂ ..) T, ( N) 5 8
3 CN CN 1

As ((O.,-<DN) T? >> l / the first term on the right hand side of
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the latter equation may be neglected relative to the second

term. Then the line width of the cyano C can be written as

The validity of this equation has been supported by expe-

riments in which the contribution from the dipolar coupling

was varied by spinning the sample about an axis perpendicular

to the magnetic field as shown in chapter 4 [9]. In terms of

spectral densities, the quadrupole contribution to the longi-

tudinal relaxation of N -which may be assumed to be the only

contribution- is given by

R2(
14N) = 2j- (e2qQ/h)2 [J^OJ) + 4 J2(2to)] 5.10

where e qQ/h is the quadrupole coupling constant.

B. H and C longitudinal relaxation rates

The CH, four spin system in the nematic phase is

accessible to a wide range of relaxation measurements inclu-

ding different kinds of selective or semiselective perturbation

pulses. A complete description of the magnetization recovery

is given by the Redfield relaxation equations, the general

solution of which can be written as a sum of exponentials. For

the AX- system the multi-exponential solution may become

rather involved and this precludes a straightforward analysis

of the spectral density functions. Moreover, in this case the

recovery of the spectral magnetizations to the equilibrium

values was within experimental accuracy exponential. There-

fore, in this chapter the initial rate approximation i's

applied, which, in addition, simplifies the computational

problems.
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The initial relaxation rate R(ij), associated with a

transition btween levels i and j, is defined by

5.11
V p j dt t=0

in which P . is the deviation of the population of energy level

i from its equilibrium value. In applying eq. 11 the R.(ij)'s

are expressed as linear combinations of transition probabi-

lities W. .. In the following only those initial rates are

considered for which (PT~P.;) t=0^° *

The basis spin functions used for calculating the W matrix

are the same as in ref. 12, but with a different labelling

(see table 5.1). Due to the choice of this basis, elements of

the Redfield relaxation matrix R. , where k and 1 are
ixJcx

degenerate levels, need not to be taken into account [23].

Table 5.1 Basis spin functions of the AX, spin system corres-
1 2 3 4

ponding with (I_I I )I_ where superscripts 1-3 refer to thez z z z
protons and 4 to the carbon nucleus. Note that the labelling

differs from that of ref. 12.

<f>, = |aaaa>
i

<j>_ = -jT | (aaB + aBa + 3aa)a>

<(>, = -r? | (aaB + eaBa + e*Baa)a>

t>. = -4^ I (aaB + E*a8a + eBaa)a>

1j^ | + ea6B)a>

•i | (BBa + e&aB + e*aB6)a>

4>~i = ~fc \ (3$a + BaB + aBB)a>

<()8 = |B6BB>

*Q ^ * = *4 (o • B 1 3 C )

£ =
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In table 5.2 the complete relaxation matrix is given for

intramolecular dipolar and random local field mechanisms.

Table 5.3 shows how the transition probabilities are interre-

lated. Expressions for the initial rates, obtained by substi-

tuting the W matrix elements of table 5.2 in eq. 11, are given

in table 5.4. The relation between the spectral densities

given there and the JT,,,(oj)of eqs. 5.1, 5.3 and 5.6 in the case
KM

of axially symmetric RD is given by

2 M ^ ^ 2 ( e ' ) | 5.12

in which

F20(S) = 5(3cos
28- 1) 5.13a

F2±1(|3)= (\)h sin6cos8e+i* 5.13b

F2±2(6)= (§)* sin26 e + 2 i* 5.13b

defined in the molecular frame. Here 6 and $ are the polar

angles of the relaxation vector between nuclei i and j in the

principal axis system of the of the axially symmetric rotatio-

nal diffusion tensor, B' and f are the corresponding angles

for the vector connecting k and 1. The spectral densities

depend in a complicated way on the order parameter S and the
zz

rotational diffusion constants D,, and D . The relevant
equations are given in ref. 18.



Table 5.1 Expressions of transition probability matrix elements W_,o in terms of spectral

densities 'for the CH, system. W Wa^Rda
 Wa6

symmetry to the ones given here (see table 5.3).

E l e m e n f c s n o t listed are related by
a>

1° r° T1
JHH *HH JHH

1° «° T1
J CH *CH J C B

ia «3 -°
J CH *CH =

- 1 I 1
k44

b>

"11

wia

W13

« I S

- ! -

1 - 1

.2 _2 -3
2 3 3

-3

2
1

3
•2

-'S O

2«,„
W17

W19

»22

"23

«25

W27

2 ,10

W 2 , l l

W33

1 - 1

UH + " c

1

1
2

1
2

1

1
" 2

1
2

S
"2

3
4

- 1

1
2

3
"4

1 - 1 1

11
18

2
9"

1
6

11
"18

1
9
2

~ 9

1
3

11
18

3
2

1
12

1
3

1
12
1

I
3

"2

1
2

1
" 12

2
3

1
6
1

" 3

1 - 2 1

4
3
2
3

2
"3

4
3
2

•"§

2
3

1
"2

- 1

1
2

1

2
3
1
3

2
3

2
3
1

" 3

3

3
2

1
6
2
3

3
"2

1
~6

4
3

1

1
2

1
2

1
~2

0

3 3
4DHH"ÏJHH

XHIJHH
WH

"c
UC

0
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35

36

37

39

35

57

58

77

78

88

1
2
1
2

1

1
2
1

" 2

1

3
4

- 1

1
4
5

"2

1

3
' 2

3
~ 4

1

1
' 4

1
"2

2

_ 3
' 2

-1

"'S "TT -1

-s ~i: -3

1

- 2

2
9

1
6
1
2
2
9

7
" 9

1
~ 2

2
" 9

1

"s
5

18
2

~ 9

1
9

1
3
1

12
1

12

3
~ 2

1
4
3

" 2
1
4
3

~ 2

1
" 3

1
6
1

~12

1

1
~ 4

1
" 2

1
2
3

~ 2

-1

i -ï -r -1

1

- 2

2
3
2

"3

4
3

2
" 3

2
3

4
" 3

1
2

1

1
" 2

1

- 2

3

1
" 2

- 1

• 1
2

2

- 1

1
3

2
" 3

1
3

2
"3

1
"3

2
3
1

* 3

2
3

2
3
1
6
1
6

3
"2

1
2
3

~2
1
2
3

"2

2
~ 3

1
3
1

"e

i

ï
~ 2

- 2

1

1
~2

1
"2

1.

0

"•
"H

"H

(J - IJ)
H C

0

^ K H " J'HH

0

UH

0

Numbering the protons fro» 1-3 and carbon by 4, the spectral densities are defined by eq. 12

dipols-dipole contributions

HH
KHH
j

KCH

= 1212 =

= 1213 =

= •'l414
= 1424 =

^2323
J1223
^2424
J1434

" J1313
= 1323
= J3434
= J2434

randoa local field contributions:

i - i . i = A = i«uto
Jll J22 J33 J

1214 = 2324
A = J2314 " J1324

1334 1314
J1234'

1224 ~ 2334

44 J44

b)
For frequencies u) ̂  n> . contributions fro» direct and indirect Interactions are neglected.

J la the scalar and D is the dipolar coupling constant.

Mote: the part of this amtrlx correapondlng witn the Ag spin-syaten deviates trom that given in ref. 11.
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Table 5.3 Redundancies in the transition probability matrix.

i

z
3

i*

5

6

7

8

9

10

11

12

13

'l,l 1,2 1,3 "1,3 "1,5 "l,5 W

"2,3 "2,3

W3,5 W3,6

W3,6 W3,5

"5,3

1,7

2,7

W5,5 W5,7

1.7

W3,7 Wl,5

W3,7 Wl,5

«5,7 *5,8

*5,8

*8,8

15

16
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10 12 13 15 16

"1,9 Wl,10 *1,U *1,11 ° ° °
1 T ü.

W W Uf Ml Ml W U/ rt
W2,9 "2,10 "2,11 "2,11 1*1,11 l " l , l l l " l , 1 0 J

W W U/ U/ U/ Uf Uf ^

"3,9 "2,11 w2,10 W 2 , l l 1*1,11 1*1,10 1*1,11 °
*3,9 *2,11 W 2 , l l *2,10 7*1,10 7*1,11 7*1,11 °

8,8

101*3,9 7*3,9 1*2,9 *2,
^ U f Ml Ml W IV Ml

1*3,9 7*2,9 1*3,9 W2,U *2,10 *2,11
7*2,9 7*3,9 7*3,9 W

"2,11 "2,11 "1,11

W,2 , 1 1 " 2 , 1 1 "2 ,10 "1 ,10
0

7,8 * 5 , 8

"7,7 "5,7

"5,5

5,8

"5,7

"3,9

"1.5 ' 1 . 5

"3 ,7

*3 6

*3,6 *3 ,5

"3,5

"3,3 "3,4

'3 ,3

W W
W 2 ,9 w l , 9

"1,7

"2,7

"2,5

"2,3

1 ,7

"2,5 "1,5

"1,5

"1.3

"1,3

"1,1
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Table 5.4 Expressions for initial rates RQ (for definition see

spectral density components.

») T° „ ° t 1 «r1 T2 i,2 1° ifi
spectral density J „ "no-'m"™ -'uu Ktm -VH *V»

fin irH Hn tul xlti nn LQ V*Z
frequency 0 to 0 u ID U 2U 2U) 0 u_ ^ H - U

c 0 u UH"UC

1
I n i t i a l Rate R

O<1.T
C> J

«„««.">• 1 -11 -1 i
f 1 • -I -I

,_ - . 5 7 , 1
R

o
( I - b ) 2 2 3 2"

Ro<«,TH) ! 5 4 -4

(b.TH) 1 5 4 - 4Ro(b.TH

R (0,f„) 1 - 5 4
o H

A 6
1 2

, ; « . * ! •= -•=• 3 3 2 1 — -
o«.(a.i) j - | 3 3 2 1 ^ Ï 2 "9

H 0 ( A , t ) 1 5 4 - 4

»O(B,T> 1 - 5 4 4

Radfi«ld- .
„ t r i x - B m 2 2 1 4 - 1 4 2 4 2 ? ?

- R 9 , 1 0 , 9 , 1 0 2 1 4 - 1 4 2 4

3 3 6

a)
see table 5.2 for definitions.

'to_ = j D H H - ̂  JHIJ. For frequencies GJ£ u , contributions

Letters a, b and c refer to lines in the H spectrum,

T, denote total inversion of the H and C multiplet
13

rate of line I in the C spectrum after a selective n
12

B refer to the outer and inner lines of the CH-CN
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text) and some elements of the Redfield matrix in terms of

CH °CH CH
i 1 A1

3
4
2
4
1

1

1
2
1
2
1
2

UC
3
2
3
2
3
2
3
2
3
2
3
2

UH

1
2
1
2

uc
3

- 1

3

- 1

3

3

Vuc
3

3

3
2
3
2

3

- 1

1

1

1

S 1

- 5 - 1

6

- 6

, 1 . 1
2 3 3

1 . 4 . 2 -1 - 1 23 " 4 2 3 3 Z

1

1

44

X

1

1

1

1

1

i
i
2 2
3. 2
2 2
3 3
1 Ï

1 S

1 1

3 3

8 * ± * A
" 3 3 3 3

2 -
4 4 4
3 3 3

2 1

•4 - 2 1

from dipolar and indirect interactions omitted.

13roman numerals to

respectively. E.g.

pulse on l^ne a in the proton spectrum. Capitals A and

proton triplet.

C lines (see fig. 1). Tu and~ n
I., Rg(I,a) is the initial relaxation
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5.4 Experimental methods

The relaxation measurements were carried out at several

frequencies and at 13°C. The pulse spectrometers used are a

Varian XL-1OO-12-WG, four Bruker instruments (WH 180, WH 200,

WM 250, and WM 500) and a home built 7T spectrometer [24]. The

experiments were performed using two samples, both in 5 mm

o.d. tubes; one a 15 mol% solution of CH^CN, and the other a
13

15 mol% solution of CH, CN in Licristal nematic phase V
13

(Merck, Dacmstad). CH^CN was purchased from Merck,Sharp and

Dohme (Canada) and CH, CM from Prochem (London). Both samples

were degassed at 10~ -10" mm Hg and sealed after five freeze,

pump and thaw cycles.

Representative spectra of CH CN are shown in fig. 5.1. The

T (14N) values were determined by measuring the carbon line

width of the CH 1JCN sample as described above. Fig. 5.2 shows
1 A

the frequency dependent N relaxation times.

Fig. 5.1 The C (upper spectrum) and the 1H spectrum of
13CH,CN in Merck phase V, 15 mol% at 13°C.Note the small

1 12
lines in the H spectrum stemming from CH,CN and the broad
liquid crystal signals in the base line.

in

111



14Fig. 5.2 Frequency dependent N relaxation times.
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The longitudinal carbon and proton relaxation times were

measured with a 18O-dt- a pulse sequence in several ways

a. Non-selective inversion recovery measurements on either

the 1 H or13C multiplet

b. Selective C relaxation measurements using a DANTE

(Delays Alternating with Nutation for Tailored Excita-

tion) pulse sequence [25]. The pulse train consisted of

25 pulses of 2.5 us with intervals that were chosen in

such a way that one carbon line was selectively inver-

ted.

c. Selective inversion of a proton line by a soft pulse

while observing the recovery of the C multiplet (fig.

5.3)

Most experiments were repeated several times, each for 25

different values of the time variable dt . Care was taken to

choose a sufficient number of small dt values in order to

obtain reliable initial rates. On the other hand, the range of

dt values was taken large enough to check the exponential

behavior of the relaxation. At least in the first decade it

behaved singly exponentially within experimental accuracy, and

hence the initial rate approximation seems justified. The

relaxation parameters were determined from the experimental

relaxation rates by means of a least squares parameter

estimation program [26] using Marquardt's algorithm. The

program includes a statistical error analysis, which also

takes into account the interdependencies between the errors in

the computed parameters [27,28]. The errors quoted in table

5.6 are associated with the 90% confidence interval of the F

test. Details of the computer program used are given in ref.

26 .
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Fig. 5.3 Selective inversion recovery of a proton line

and observing the recovery of the C quartst R0(II,c)

and R0(III,c), see text.
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5.5 Results.

The measured longitudinal initial relaxation rates and the
14N values are given in table 5.5. As stated earlier, it
is assumed that the methyl 13 c and 1 H rates can be fully
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described by intramolecular dipole- and by random local field

(RLF) interactions. The latter contain all interactions except

the former ones. For the methyl carbon this model gives a

satisfactory description of the relaxation, but for the

protons it may be approximate [2,29]. Therefore, in calcula-

ting the relaxation parameters one should only rely on

relaxation rates that do not contain proton RLF contributions.

The initial rates RQ(I,T) and RQ(II,T) satisfy this require-

ment as does T ( w). The latter was measured at six, the first

two at four different field strengths (see table 5.5). The

resultant 14 data points were used to calculate the relaxation

parameters by means of the least squares parameter estimation

program mentioned above [26], using eqs. 5.3, 5.6, 5.9, 5.10

and table 5.4. The following relaxation parameters were

calculated: xR (eq. 5.1), A and u (eq. 5.3), x and<|s.| >

(eq. 5.6) and the X-H and13C random field parameters (table

5.4). Dependent on which particular model of molecular reo-

rientation was used, part or all of these parameters were

calculated at the same time. Four models of describing the

molecular dynamics, each bringing about a characteristic

modulation of the dipolar (or quadrupolar) interactions, were

considered:

1. Rotational diffusion in an orienting potential; to be

referred to as the "diffusion model " (RD)

2. Ibid., but combined with director fluctuations, the DF

model

3. Same as RD, but in addition a slowly relaxing local

structure, the SRLS model

4. Combination of models 2 and 3, the DF-SRLS model

For models 1-3, anisotropic diffusion was considered, using

the equations of interest given by Polnaszek et al. [18,19].

All calculations lead to the conclusion that D. >> D_,_ . An

indication of this anisotropy can be obtained by comparing the
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measured values of RQ(I,T) and RQ(II,T) using the relations

given in table 5.4. It then appears that, when D..,DJ_>> oi the

spectral densities J_„(u_,) and K.,,(un) corresponding to auto

and cross correlation are of comparable magnitude, leading to

D»> 100 D_|_. SO large a tatio,however, precludes the assignment

of its precise value, because the relevant equations become

insensitive to it. Similar results were obtained by Courtieu

et al. [11], Black et al. [12] and Jaffe et al. [10] for

acetonitrile dissolved in a nematic liquid crystal. As a

consequence the isotropic diffusion eqs. 5.3 and 5.6 may be

used, provided only terms J (w) with K=0 are taken into
KM

account.

In table 5.5 the relaxation rates calculated with the

parameters obtained from the analysis for the four models are

compared with the experimental ones. The final results of the

iteration process for the relaxation parameters are given in

table 5.6
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Table 5.5 Measured and computed relaxation rates for the

Relaxation
Rate

RO(I,T)

R0(II,T)

R0(I,T)

R OUI,T)

RO(I,T)

RO(II,T)

RQ(I,T)

RO{II,T)

RO(I,I)

Ro(H,fl)

Ro(a,T)

Ro(b,T)

Ro(c,T)

RO(A,T)

R <B,T)

Ro(b,T)

Ro(c,T)

RO(A,T)

RO(B,T)

R0(I,a)

Ro(I,b)

Frequency
MHz

7.2

13.0

14.4

18.1

21.6

36.1

25.2

25.2

50.3

50.3

62.9

62.9

75.6

75.6

62.9

62.9

250

250

250

250
250
300

300

300
300

300

62.9

62,9

Experimental
value

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1.

0.

1.

0.

0.

1.

0.
1.

0.

0.
1.

0.

3.

2,

.85

.59

.51

.51

.45

.35

.617

.335

.658

.293

.472

.296

.568

.258

.18

.885

.61

797

,755

14

62
32

867

551

04

56

28

17

10*

10*

10*

10*

10*

10*

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1,

1,

1.

0.

0.

1.

0.
1.

0.

0.

1.

0.

3.
2.

R.

.55

.55

.55

.55

.55

.55

.58

.34

.58

.34

.58

.34

.58

.34

.85

.19

68

,83-

74

17

65
67

82

72
16

64-

47
31

D.

10*

10*

10*

10*

10*

10*

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1

1,

1.

0.

0.

0.

0.

1.

0.

0.
0.

0.

2.

2.

R.

.11

.11

.11

.11

.11

.11

.46

.29

.46

.29

.46

.29

.46

.29

.59

.11

.35

.73

68

98

62
35

73

67
98

61

96

12

R.D,

D.

10*

10*

10*

10*

10*

10*

1

1

1

1

1

1

0

0

0

0
0

0

0

0

1.

1.

1.

0.

0.

1.

0.
1.

0.

0.

0.

DF

Total

.82

.59

.56

.50

.45

.34

.67

.31

.57

.30

.55

.30

.53

.29

.69

.12

.39

74

67

01

61

36

74

67
99

0.61

3.

2.

10

22

10*

10*

10*

10*

10*

10*
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four relaxation models defined in the text.

1

1
1

1

1

1

0

0

0

0

0

0

0

0,

1.

1,

1.

0.

0.

1.

0.

1.

0.

0.
1.
0.

3.

2.

R.

.31

.31

.31

.31

.31

.31

.53

.32

.52

.32

.52

.32

.52

.32

.72

.16

,51

.78

71

,07

64
SO

78

70
07'
63

21

22

RD

D.

104

104

104

104

104

104

+ SRLS

1

1
1

1

1

1

0

0

0

0
0

0

0.

0,

1,

1.

1.

0.

0.

1.

0.
1.

0.

0.
1.
0.

3.

2.

Total

.83

.58

.54

.48

.43

.36

.57

.33

.54

.32

.53

.32

.53

.32

.72

,16

.50

,78

71

07

64
49

77

70
06
63

21

22

10

10

10
10

10

10

4

4
4

4

4

4

1

1
1

1

1

1

0

0

0

0

0,

0,

0.

0.

1.

1.

1.

0.

0.

3.

0.
1.

0.

0.
0.
0.

2.

2.

R.

.06

.06

.06

.06

.06

.06

.45

.28

.44

.28

.44

.28

.44

.28

.55

.10

.31

,72

67

96

62
31

72

67
96
61

90

10

RD 1

D.

104

104

10*

104

104

104

y DF

RD +

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1

1.

1,

0.

0.

0.

0.
1.

0.

0.
0.
0.

3.

2.

.76

.54

.51

.44

.40

.29

.65

.30

.56

.29

.54

.29

.52

.29

.66

.11

.35

,73

,66

,98

60

33

73

66
97
60

04

20

+ SRLS

DP

104

104

1O4

104

104

104

1

1

1

1

1

1

0

0

0

0

0

0

0

0

1

1

1,

0.

0,

1.

0.
1.

0.

0.
1.

0.

3.

2.

Total

.82

.60

.56

.50

.45

.34

.67

.31

.58

.30

.55

.30

.54

.29

.70

.12

.40

.74

.66

,01

.60
,37

74

66
00
60

11

23

10

10

10

10

10

10

4

4
4
4

4

4



Table 5 .6

Best values of relaxation parameters calculated from measured relaxation times and I n i t i a l rates by least squares Iterative proce-
dure; comparison with values from the l i terature.

relaxation A T <|S,|2> j ' A.P.a )

parameter -•• c x ' i c

•PP"»d t lO^s" 1) (10 i0rad s"1) do"5**) <10-10s) Is"1)
aodel

Rotational Diffusion (RD) 0.175*0.014 0.13 10.10 0.185

RD + OEF 0.244 10.014 0.125 10.106 1.42 10.19 0.15 ±0.06 0.023

RD + SRLS 0.206 10.011 133 t 117 0.0055 0.16 ±0.06 0.030

RD + ODF + SRLS 0.256 ±0.018 0.125b' I .42i_0.23 1.75±1.87C> 0.030 ± 0.041°' 0.15 ±0.06 0.023

ref. 10 0.37 d )
 l M 0 3 9

r e * ' ^ ' >30; <250 >0.01i <0.1

" f - 3 0 70o ) 0.03e )

* ' Agreement Factor; sum of squares of the deviations between experimental and fitted relaxation rates .

Its value should be compared with the absolute values of the relaxation rates.

fixed at value found for RD + ODF

c ' to be read as T^ < 3.62 10~1 0 s ; < | s t |
2 ><0 .071

d l extrapolation of Jaffe's value to 13 °c

values at 53 °C; above the nematic - isotropic transit ion temperature
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5.6 Discussion

From the results given in tables 5.5 and 5.6, two

conclusions can immediately be drawn. First, where the agree-

ment between calculated and measured relaxation rates is good,

the agreement is fairly uniform, i.e. it is also good for

those rates that were not used to fit the relaxation para-

meters because they contain proton contributions that might

not be described properly by the RLF model. Second, as for the

diffusion model the agreement between calculated and measured

tates is poor, and the frequency dependence of the latter is

not reproduced either, this model may be discarded.

The first conclusion implies that the use of the RLF model

seems allowed in this case to describe all contributions to

the proton relaxation other than the intramolecular dipolar

ones. In the calculation of some of the relaxation rates in

table 5.5, values for the H random local field parameters are

needed. These were obtained by an iterative procedure from the

relevant experimental relaxation rates, using the assumption

j° = j 1 and j a u t o = j c r o s s . Under these assumptions the RLF

contribution to the proton relaxation is 0.49 s~ . As can be

seen in table 5.6, the RLF contribution to the methyl C

relaxation,^ 0.15 s ,is rather large, indicating that a consi-

derable amount of spin rotation interaction is present. This

is very well possible, as from the result D//>>DL and the value
• 1 3

of Dj. follows that the reorientation of the CH, group about

the C 3 v axis is still very fast, resulting in spin rotation

interaction. The same conclusion was drawn by Black et al.

[12].

Next the second conclusion is discussed. The poor fit of

the experimental and calculated relaxation rates in the

diffusion model clearly demonstrates that frequency dependent

measurements are of crucial importance. In previously publi-

shed studies on molecular motion in an anisotropic medium by

Bernassau et al. [14], Courtieu et al. [11], and Black et al.
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[12], a model is proposed in which the diffusion equation in

the presence of a restoring potential is solved. No slow

variations like DF or SRLS contributions were included. This

model could fit their relaxation data that were collected at

one field strength. It does not explain, however, the mea-

surements in this thesis, which show a very strong frequency

dependence of the N relaxation compared to the much less

stronger frequency dependent C relaxation.

The quality of the fit for the other three models is

almost equal, although the agreement factor for the SRLS model

is a bit larger. The problem we are faced with is to determine

which of the models 2, 3 and 4 describes the real physical

situation.

Fig. 5.4 shows the spectral densities that are related to

the DF model, as well as the frequency range in which

experimental results have been sampled.

Jaffe et al. [10] determined the spectral densities from a

number of experimental relaxation rates. As the DF model

contributes only to J., they concluded from the relative

values of J.(0), J,((JÜ) and J2(2u)), determined by frequency

dependent deuterium relaxation measurements, that the DF model

satisfactorily explains the data of acetonitrile in phase V.

In this chapter it is impossible to determine the separate

spectral densities with sufficient accuracy from the expe-

rimental relaxation rates, because these rates depend on 25

spectral densities (see table 5.4), while the errors in the

rates propagate beyond any acceptable limit into the spectral

densities. Therefore it seems more appropiate to fit the

relaxation parameters to the rates in the way described above.

This implies that it is impossible to discriminate between the

three models by using the differences in JQ, Jx and J-, like

Jaffe did 110]. By inspection of table 5.5 it appears that

some rates are more sensitive to which model is used than

others, but the difference hardly exceeds the experimental
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accuracy and therefore cannot be used to discriminate between

te models.

Fig. 5.4 Spectral density [J.dü) + 4 J(2w)] in ps for the

director flucuation model and the rotation diffusion model

vs. frequency. Q: experimental points ( N ) , the solid lines

represent the spectral density values as expected from the

parameters as given in table 5.6

10
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An alternative way could be to measure the transverse

relaxation rate of the non-degenerate proton and carbon lines

and compare these with the rates calculated by using Red-

field's theory, giving the expressions of table 5.4. If the
14

scalar contribution from the N nucleus is also taken into

account, it appears that the differences in the calculated T~

values are too small to make a clear distinction between the

three models (the T~ values for models 2 and 4 are about

equal and 3% smaller than those for model 3). The same is the

case with the experimental T_ values. Measuring the trans-

verse relaxation rate of the outer lines of the proton

spectrum resulted in T, = 8.0±3.1 s and for the trans-
13verse relaxation rate of the outer lines of the C quartet in

T"1 = 4,1 + 1.4 s"1 • Ttie (T ) - 1 values of the proton lines

have such a large error because they strongly depend on the

strength of the irradiation field H . This effect should be

studied further. Presently these T 2 data are not sufficient to

discriminate between the three models and it will be very

difficult to obtain T_ values with an accuracy better than 4%,

which could do so. So, the only way left to discriminate

between the different models is to analyze the (resulting)

dynamical parameters calculated for the models by going back

to their physical meaning and comparing them with literature

values.

First the parameters of the DF model are considered. The

value calculated for the parameter A is much larger than that

given by Jaffe et al. [10] for a 10.5 mol% solution of CD/3CN

solution in Licristal phase V (see table 5.6). Using the value

for the viscosity n as adopted by Jaffe, namely 66 cP at 13 °

C, the value of the elastic constant K can be calculated from

eq. 5.4 and is found to be 3.5 10* dyn. Though lower than the

value given by Jaffe (6.4 10 dyn), it is not an unrealistic

one. The difference might, at least partly, be attributed to

the lower acetonitrile concentration in Jaffe1s case. A check

on the reliability of the concentrations reported in both
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studies is obtained by comparing the values of the order

parameters for various concentrations. The S found by Jaffe
zz

et al. at 13.6 C nicely fits into the S values given by

Lopes Cardozo [30] for concentrations of 7, 15, and 25 mol%.

Another check is a comparison of the clearing points of the

nematic samples, which was in this study 47-48 °C as against

56 °C measured by Jaffe. This difference is also indicative of

a concentration difference of 4-5 mol%

The value of w is 0.125±0.106 1010 rad s"1. Thec
cutoff wavelength X can be calculated from the relation

u) =4KÏÏ /nA (ref. 21) by substituting the values of K and n
C C O

given above. It is found to be 12.6 A, which is to be

replaced by the limiting values 9<XC<23 8. This is of the

correct order of magnitude: according to the DF theory X

should be equal to or larger than the length of a liquid

crystal molecule (^23 A). Here X is associated with the

hydrodynamic mode with the shortest"wavelength, which should

be the length of at least one liquid crystal molecule.

Considering the SRLS model, we have found a value for T

which agrees well with literature values given for this

parameter (see table 5.6). This seems encouraging, but we will

show below that this value of T is improblably large. Poupko

et al. [31] suggest that when a sample is cooled to below the

isotropic nematic transition temperature, local order trans-

forms into macroscopic order with the result that the motions

responsible for relaxation of a local structure become far too

slow to influence spin lattice relaxation. The latter is

determined by RO and DF in this case. Extrapolating Poupko's
isotropic T values to the temperature of our measurements {13°

-8
C) results inT > 5 10 s. There are two arguments against

this value in our analysis. First, such a large value oft

would result in very short T2 values as follows from table 5.4

and eq. 5.6, which is not observed, as shown above. Secondly,

there are physical reasons to expect that such a large value

:|
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is highly improbable in this nematic phase since T charac-

terizes the dynamics of the change in local structure around

the probe molecule. This structure may change in two ways.

a. The probe molecule diffuses into a different local

structure. The correlation time for this process will be

of the order of the translational correlation time of

CH,CN, which will be about 10 s for such a small

molecule.

b. Reorientational and translational motions of the liquid

crystal molecules change the environment of the probe

molecule. The correlation time T for these fluctuations
A

will be of the same order of magnitude as the rotational

and translational correlation times of the liquid crys-

tal molecules.

To estimate these correlation times the proton longi-

tudinal relaxation rates have been measured of some broad

lines that are visible in the 250 and 300 MHz proton spectra

of CH,CN in phase V and which are attributed to the phaae V

molecules. All rates were in the range of 1.7+0.5 s""1 • One

can assume that, as in the case of the probe molecule, after a

nonselective T pulse the intra - and intermolecular dipolar

interactions give about the same contribution to the proton

relaxation rate

T^(intra) = T~l(inter) = 0.85 s"1

For a possible DF contribution the same parameters (except

S ) apply as for CH.CN. From table 5.6 it can be seen that at
Z Z J

250 and 300 MHz the DF contribution to the proton relaxation

of CH,CN after a non-selective ir pulse is negligible, so we

disregard any OF contribution for the liquid crystal molecules

even if the ordering parameter S is three to eight times
z z

larger. The SRLS model does of course not apply to the liquid
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crystal itself. Now we can make some estimations about the

correlation times that are involved in the dynamical processes

of the liquid crystal molecules. Assuming that the proton

signal stems from a rigid part of the molecule (the aromatic

protons), a value of 2.4 10 s is found for the reorienta-

tional correlation time of the long axis of the liquid crystal

molecule using standard relaxation theory [13] and approximate

bond lengths [32]. For the aliphatic protons of the CH and

CH groups values of 1.3 10 ~ s and 0.7 10 s, respective-

ly, are calculated after taking into account the internal

motions. To estimate the translational correlation time T ,

only intermolecular dipolar interactions between the protons

of the solvent molecules are considered, as about 98% of the

protons being present in the sample belong to the liquid

crystal solvent. We chose a value [32] of 2.4 A for the

distance of closest approach, which is two times the van der

Waals radius of a proton. The preferred orientation of the

long axis of the molecules will be along the director, so the

translational diffusion in this direction is assumed to be

faster than perpendicular to it and will therefore determine

T . Hence, the radius of the molecules is assumed to be 2.5 8

which is an effective radius in the direction perpendicular to

the long axis. It is calculated in the following way: half the

thickness of the aromatic ring is 1.85 8, half the width of

this ring is 2.17 A, the proton van der Waals radius is 1.2 8",

giving an effective radius/(1.85(2.17+1.2))=2.5 8. Using Abra-

gam's formulas (ref. [13], p.302) for isotropic liquids a

value of Tfc =3.7 10 s is obtained. According to Doane's

theory for intermolecular relaxation in liquid crystals [16] a

value of T. =1.6 1O~10 s would have resulted, again assuming a

distance of closest approach of 2.4 A, two times the proton

van der Waals radius, an order parameter of S =0.5 for the
z z

liquid crystal molecules and neglecting DF contributions (see

eq. 25 of ref. 16). The translational correlation time can

also be estimated from the hydrodynamic theory. Using the data
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as above, a viscosity of 0.66 P and standard formalism [33], a

value of T. =1.1 10 is found which is in fair agreement with

the value obtained from T1(inter). It should be kept in mind

that these values have been derived using a very approximate

theory. Nevertheless their order of magnitude will be correct.

Considering the values of the correlation times estimated

above and the fact that changes in the local structure are

affected by rotational and translational motions of the

solvent or by translational diffusion of the solute, we expect

a value for the correlation time of a local structure of x <5
-10 x

10 s. In view of this small value and the value of T in

table 5.6 one can conclude that the SRLS model does not

provide a satisfactory physical description of the dynamics of

CHjCN solved in nematic phase V. As regards the remaining

possibilities, the DF model or DF combined with some SRLS , it

is noted (see tables 5.5 and 5.6) that the difference between

the DF and the DF-SRLS model is small. D ,A and j almost
•L 44

have the same values in the two cases, while in the DF-SRLS

model the SRLS contribution to the relaxation is small. The

parameters of this last SRLS contribution could not be

obtained very accurately, because of the big number of

parameters used. However, their upper limits could be deter-

mined well and these values are quite compatible with the

physical picture drawn above.

So, concludingly it can be stated that major SRLS contri-

butions to the relaxation of CH^CN in phase V are very

unlikely. The main contribution to the relaxation is due to

rotational diffusion in an orienting potential, whereas in the

low frequncy range of 7 to 50 MHz order director fluctuations

play an important role, possibly with a small contribution

from SRLS.
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5.7 Summary

Frequency dependent relaxation measurements on H, C and
14
N nuclei of the probe molecule CH,CN dissolved in liquid

1
crystal phase V and H relaxation measurements on the solvent
itself could be interpreted with the theory of Freed et al. of

molecular reorientation in a partially ordered medium. Earlier

attempts to solve the dynamical problem of acetonitrile in a

nematicum failed because of insufficient independent experi-

mental relaxation parameters and neglecting RLF contributions

to the C relaxation due to the spin rotation interaction

[5].

Measurements on several nuclei at several field strengths,

covering a wide frequency range were needed to make an

assessment of dynamical processes on different time scales

governing the relaxation. These extended measurements proved

to be inconsistent with a previously proposed model for

molecular motion in an anisotropic medium [14] in which

variations in the orienting potential of the ordering medium

were not taken into account. Applyipg Freed's theory it was

shown that the observed relaxation rates can consistently be

described in terms of Director Fluctuations in combination

with Rotational Diffusion in an orienting potential and

possibly minor contributions from a Slowly Relaxing Local Struc-
ture.
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CHAPTER 6

Relaxation of quadrupolar and Zeeman order in a strongly

coupled, partially ordered D- spin system.

6.1 Introduction

This chapter is concerned with the Jeener-Broekaert pulse

sequence, 90°-T-45°-dt-45°-ACQ, as a technique for deter-

mining individual deuterium spectral density parameters in

liquid crystalline solutions. When applied to a powdered solid

sample this technique generates an echo at time t after the

last pulse, and the echo amplitude is governed exclusively by

a single spectral density J,(w) [1,2,3], In oriented media

(single crystals or well aligned liquid crystals) data may be

acquired immediately after the last pulse and for a single

deuteron the resulting spectrum consists of two well resolved

lines with different intensities. It is then convenient to

define sum and difference magnetizations [4], and the decay of

the difference (quadrupolar order) proceeds exponentially at

rate RIQ' while the sum (Zeeman order) recovers exponentially

towards equilibrium at a different rate R12 •
 T n e s e two rates,

measurable from a single set of partially relaxed spectra, are

simply related to two spectral density parameters

R1Q

R1Z = C [ J? ( ( ü ) + 4 J 2 ( 2 w ) J 6'2

2
Here C= (-5-) (e qQ/h) is a measure of the quadrupolar
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interaction strength and subscripts 1 and 2 refer to projec-

tion indices (onto spaced fixed axes) of the second rank

tensor components needed to describe the orientation of the

electric field gradient. The superscript A denotes an autocor-

relation between a particular tensor component at time t and

the same component at a later time t'.

Equations 6.1 and 6.2 are valid not only for isolated

deuterons, but also for deuterons coupled via weak dipolar

interactions to both resonant and non resonant spins [4]. This

is a useful generalization, because a full description of the

spin- lattice relaxation behavior of multi-deuteron systems is

prohibitively complicated and would require the introduction

of numerous additional spectral density parameters. Equations

6..I and 6.2 thus provide a simple means of keeping the number

of parameters to be obtained by data fitting within reasonable

bounds.

Operator methods [5] can be used to show that the total

sum magnetization (Zeeman order) relaxes according to eq. 6.2

for virtually any initial perturbation and for any degree of

dipolar or quadrupolar coupling. However, eq. 6.1 may fail

when deuteron-deuteron dipolar coupling is comparable in

magnitude to the quadrupolar coupling because it is then not

possible to establish an initial condition corresponding to

purely quadrupolar order. Figure 6.1 shows a set of typical-

spectra which illustrates this case. The sample is a 5 mole %

solution of biphenyl-d-10 in a mixture of 26 wt % hexyloxy-

cyanobiphenyl (6OCB) with 74 wt % octyloxycyanobiphenyl

(8OCB), and the figure shows spectra of the ortho/meta

deuterons obtained using 12.4 us 90° pulses and ca. 300 scans.

This sample exhibited phase transitions I-N (76° C), N-S.

(45.0 °C) and S -solid (10° C). Apparently, the reentrant

nematic phase which occurs at 34° C for the mixed solvent

alone [6] is destabilized by addition of biphenyl.
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Fig. 6.1 H spectra of the ortho/meta deuterons of biphenyl

d.Q in a liquid crystal mixture 6OCB/8OCB. Theoretical spectra

(right) were calculated using the indicated values of guadru-

polar splitting 2v_ and dipolar splitting D indicated below the

temperatures. Note that 2vQ changes sign near 23°C.

2kHz
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Results and discussion

Theoretical spectra in fig. 6.1 were calculated using the

indicated values of quadrupolar and dipolar coupling constants

for a two deuteron spin system. In order to achieve an

approximate match to the observed linewidths, it was necessary

to incorporate a mixture of Lorentzian and Gaussian broadening

with slightly different parameters for each of the three pairs

of lines occurring in the two deuteron spin system. Thus the

spectra of fig. 6.1 show that the aromatic deuterons of

biphenyl can be treated as a more or less isolated two spin

system, with unresolved couplings contributing to the line

width.

The different temperature dependence observed for the

dipolar and quadrupolar splittings arises because these two

quantities depend on different order parameters. The axis

connecting the ortho- and meta dsuterons, parallel to the long

axis of biphenyl, reflects exclusively the order parameter

S , while the electric field gradient, whose principal z axis

lies along the C-D bond, leads to a quadrupolar splitting with

an effective order parameter

(Under the assumption that the C-D bond'axis makes an angle of

60° with the molecular z axis)

It is clear from fig. 6.1 that the guadrupolar splitting

actually changes sign at about 23°C . Spectra such as those in

fig.6.1 are typical for ortho/meta deuterons of aromatic rings

in liquid crystals, and it is of interest to consider the spin

response to Jeener-Broekaert pulse sequences for this case.

Figure 6.2 shows experimental results obtained by using

eqs. 6.1 and 6.2 to analyse Jeener-Broekaert relaxation data

collected at Larmor frequencies of 38.4 and 9.3 MHz. The
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vertical bar indicates the temperature of the nematic to

smectic A phase transition. A full discussion of the motional

implications of the data in fig. 6.2 (with additional data for

the para deuterons) will be presented in chapter 7. Here the

question is, wether the apparent sharp divergence of J (u>)

from J2(2u) observed in the smectic A phase is r.*>al and can be

attributed to the relevant corrections for effects of static

order [8] . Moreover, the fact that both J.(OJ) and J2(2w)

appear to be practically independent of frequency indicates

the absence of contributions from slow processes such as

director fluctuations, a known contributor to J when the

appropriate order parameters are large (9,10,11,12],

A common procedure for selecting the excitation time x in

the Jeener-Broekaert sequence is to guess an approximate value

using the theoretical value [4] (2n+l)/(4 v 0 ) , where n is an

integer and 2v^ is the quadrupolar splitting in Hz. In

practice, one varies empirically over a small range about

the theoretical value to achieve the best uniform inversion of

one half of the spectrum. Such a uniform inversion corresponds

to placing all symmetrically placed pairs of "spectral mag-

netizations" vectors simultaneously into antiphase alignment

just before applying the second pulse (see chapter 3).

Referring to fig. 6.1, it is apperent that at temperatures

below about 38 ° C , the two halves of the spectrum are so

close that the proper value of x for any pair of transitions

is necessarily incorrect for others. Thus the conditions for

validity of eq. 6.1 cannot be met, and it is suggestive that

the anomalous behavior of the spectral densities in fig. 6.2

becomes apparent at and below this temperature.



Fig. 6.2 Spectral density data derived from Jeener-Broekaert experiments by means of

eqs. 6.1 and 6.2. The vertical bar indicates the N-SA transition at 45°C. Both J.(w) and

J_(2u) are independent of frequency. The apparent divergence of J, and J~ at temperatures

below ca. 40°C is due to failure of eq. 7.1 as described in the text.
m-, Q Jl 38.4HHZ

O J2 76.8NHZ
A Jl 9-20HZ
« J2 1B.4HHZ a
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e e
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Four spectral density parameters in addition to the two

appearing in eqs. 6.1 and 6.2 are needed for a complete

description of spin lattice relaxation of two coupled deute-

rons: one additional autocorrelation term J^(0) and three

cross correlation terms J«(0) , J^(u) and Jj^w) [13]. In

an effort to see if any of these additional parameters might

be accessible by a complete analysis of fig. 6.2, a density

matrix simulation of the response of two deuterons. to a

Jeener-Broekaert pulse sequence can be carried out. The matrix

of transition probabilities needed for the simulation was

obtained by extending the calculations described in ref. 13

to include arbitrarily strong dipolar coupling. A complete

calculation of the spin response would involve diagonalization

of this matrix, and the resulting expressions for the relaxa-

tion rates would be messy, non-linear functions of the

spectral density parameters. It is sufficient for present

purposes to restrict attention to initial rates, which can be

calculated [14] directly from the transition probabilities, a

specification of the initial conditions, and a proper descrip-

tion of mixing [15] effects of the final monitoring pulse.

As expected, calculations of the initial decay rate of the

sum magnetization confirm the validity of eq. 6.2 for any

degree of coupling. To investigate the validity of eq. 6.1,

the total difference magnetization is defined as the sum of

the difference magnetizations for each symmetrically placed

pair of lines, weighted by the equilibrium intensity. It was

found that the initial rate of this quantity may be expressed

as a linear combination of five independent spectral density

parameters:

R^diffJ-aJ+CO) + bJ*( u) + cJ*{2w) + dJ^( u) + eJ^(2w) 6.3

where the zero frequency spectral density jt(O) is JQ=J^+

Jc . The weighting coefficients for each spectral density

appearing in eq. 6.3 are complicated functions of the ratio of

dipolar to quadrupolar coupling strength (D/v_), the exci-

I
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tation time T and the flip angle of the monitoring pulse. A

few typical results are collected in table 6.1

Table 6.1 Initial rate expressions

D T

Hz Hz MS

-100

0

100

200

300

400

1000

-97.0

-96.5

-96.0

-96.0

-95.4

-95.0

-93.0

733

863

1030

1330

1835

2941

555

-2.120

2.736

1.978

2.787

0.035

0.222

0.088

6.384

4.385

3.642

3.036

3.130

2.588

2.971

12.88

1.967

1.769

2.739

-0.095

-0.343

0.077

1.388

-3.678

-1.907

-1.628

-0.126

0.322

-0.010

7.167

-1.877

0.051

1.541

-0.127

0.270

0.100

The initial rate of the difference magnetization (see text) is

the sum of the indicated spectral densities tiroes the weigh-

ting coefficients listed for various experimental conditions.

The results summarized here were obtained assuming a 45°

monitoring pulse; results for smaller flip angles are quali-

tatively similar.

The excitation time t (listed in psec) was chosen in

these calculations to be 1/(4 ( \> + 30)), as to produce

maximum difference magnetization for the strongest pair of

spectral lines.
+ A C

J0 =Jo^O'+ J0^°''these two spectral densities always contri-

bute to the initial rates in precisely the same manner.

In the case of ideal, uniform quadrupolar order this para-

meter would occur with weight 3.000 and none of the other

spectral densities would contribute at all.
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In the limit of weak dipolar coupling, coefficient b in

eq. 6.3 approaches the value 3.000 (for any excitation time

and any monitoring pulse flip angle) and all the other

coefficients approach zero. Table 6.1 shows that this limiting

situation is obtained for (D/ \> ) < 0.1 . When this weak

coupling condition does not obtain, the decay rate of the

difference magnetization will contain additional contributions

from other spectral densities. Uncritical use of eq. 6.1 would

then yield anomalously large apparent values for J*r(io) which

propagate through eq. 6.2 to yield anomalously low values for

In principle, calculations such as summarized in table 6.1

could be used to analyze experimental data in terms of the

five relevant spectral density parameters. Quantitative appli-

cation of eq. 6.3 to experimental data requires that the

individual transitions be well resolved so that the (weighted)

average difference magnetizations can be accurately measured,

and a glance at fig. 6.1 shows that the necessary resolution

is lacking, especially in the region of strong dipolar

coupling where the relaxation is most sensitive to cross

correlation terms. Moreover, the calculations leading to eq.

6.3 involve the assumption of ideal, 6-function rf pulses and

negligible relaxation during the excitation interval. The

latter assumption is especially restrictive for the long

excitation times needed to create difference magnetization

when the quadrupolar splitting is small.

Conludingly, it can be remarked that the Jeener-Broekaert

technique for studying relaxation of quadrupolar order in

oriented materials yields easily interpretable results only

when dipolar coupling among resonant spins is weak.
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CHAPTER 7

Nuclear spin relaxation of biphenyl dissolved in a mixture of

60CB and 8OCB.

7.1 Introduction

As shown in previous chapters, the nuclear spin relaxation

of partially aligned molecules in nematic liquid crystals is

well understood in terms of a rot-ational diffusion model in

combination with director fluctuation contributions.

As long as the ordering parameter is relatively small ( S z 2 <

0.15), the results of Freed's theory for the static order

corrections to the spectral density functions give a good

description of experimental relaxation parameters [1]. More-

over, cross contributions between the fast reorientational

motion components and the much slower fluctuating director

modes turn out to be negligible for small ordering.

Dickerson et al. [2] showed for diethynylbenzene in

Licristal V that the cross contribution can not be neglected,

indicating the statistical dependence between fast rotation

diffusion and director fluctuation modes. Moreover, when the

rotational diffusion is anisotropic, use of some of the

static order corrections as obtained by Lin and Freed [3]

becomes unwarranted for large order parameters. In this

chapter a discussion is given of the molecular dynamics and

spin relaxation of perdeuterated biphenyl dissolved in a

mixture of octyloxycyanobiphenyl (80CB) and hexyloxycyanobi-

phenyl (60CB) (see chapter 2).

The used mixture of 60CB and 80CB forms a liquid crystal-

line system that exposes not only a nematic phase, but also

the smectic A phase (SA> •
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This mixture has an Sft phase that can be characterized by a

bilayer structure. Such smectic bilayers can form re-entrant

nematic phases (RN) , when the partial head over tail overlap-

ping of the molecules induces counteracting dipolar and steric

repulsive forces [4,5]. However, the stability of the S & phase

of cyano compounds is enhanced when mixed with non-polar

molecules [6]. Doping the liquid crystal with a sufficient

quantity of biphenyl to perform relaxation studies (5 mol%),

suppresses the existence of the re-entrant nematic phase. So,

only the nematic and a part of the smectic A phase of the

system under study could be examined. Still, the system evokes

some relevant questions in relation to the applicability of

the theories as discussed in previous chapters. The most

important aspects of this study are

1. Can nuclear spin relaxation in the smectic phase still

be described by a combination of fast reorientational

motions in combination with director fluctuations ?

2. Are the static order corrections as used for the

interpretation of the observed relaxation behavior of

acetonitrile in various liquid crystals still valid for

ordering parameters up to S =0.5 ?
zz

3. Is a symmetric ordering potential sufficient to describe

the reorientational motion of a probe molecule that is

oriented by an asymmetric potential ?

7.2 Experimental methods

The experiments were performed on two samples, both 10 mm

o.d. NMR tubes with 5 mol% biphenyl-d (MSD, Canada),

dissolved in a 26 wt% 60CB in 80CB mixture (BOH Chemicals,

Ltd., Poole, England). The samples were sealed close to the

liquid surface, after repeated freeze-pump-thaw cycles, lea-

ving just enough room for thermal expansion of the solution.

Two samples were prepared, accomodated to the respective probe
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configurations of the NMR spectrometers that were used to

measure the deuterium relaxation at 38.4 and 9.2 MHz [7,8].

Care was taken that the composition of both samples matched

sufficiently, as can be verified by inspection of fig. 7.1,

where the ordering parameters of both samples are given as a

function of temperature.

field samples and the asymmetric ordering contribution S -S
xx yy

vs. temperature. The vertical bar denotes the N/S, phase

transition.
a s 38.4 HHZ

A S - S
xx yy

DO '

D ° O

3.04 3.13 3.17

1000/T
3.22 3.26 3.31 3.40
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The transition temperatures are: 76.0°c from isotropic

(I) to nematic (N) , 45.0° from N to S. and Sa to solid about
A A

10° C. No re-entrant nematic phase could be observed, neither

by visual inspection of the samples in a waterbath nor by

performing sample rotation experiments in the low field elec-

tromagnet. These rotation experiments showec". that above 45 ° C

the director of the sample realigns instantaneously after a

sample rotation, as expected for a nematic phase; between 45°

and 40 G C the director realigns very slowly (enabling double

rotation experiments [9]), while at lower temperatures, below

40 °C, no realignment was observed at all, corresponding to the

more rigid composition of the smectic phase. A re-entrant

nematic phase would show again realignment effects before the

sample solidifies. These effects were not observed, serving as

another indication that the RN phase was non existent in the

sample under study.

Two different kinds of relaxation measurement were perfor-

med on both spectrometers. The para-deuterons, which showed a

quadrupolar splitting ranging from 50 to 140 kHz, were

perfectly suited for performing selective and non-selective

relaxation measurements using audio-modulated RF pulses (see

chapter 3). Typical lengths for a non-selective pulse were

360 us at the high field and 400 us at the low field

spectrometer. 200 and 2500 scans were used for one value

respectively.

The meta and ortho deuterons show a very small quadrupolar

splitting as shown in the previous chapter. For values of

D/\> < 0.1 , 2v being the quadrupolar splitting and D the

dipolar coupling, a Jeener-Broekaert pulse sequence could be

used to measure the Zeeman recovery rate and the decay of the

quadrupolar ordsr, resulting in the simultaneous determination

of J,(UJ) and J, (2m). Typical durations were 12 ps for a

pulse on the high field and 14 us on the low field spectro-

meter (see chapter 6).

The quadrupolar coupling constant used to calculate the

;I



99

ordering parameters and spectral densities was 183 kHz [10].

Treating the biphenyl molecule as a symmetric top, simul-

taneous determination of the spectral density projections

J. (u) and j.(2io) of both the para and ortho/met.a deuterons can

yield direct information in terms of the rotational corre-

lation times x ., and T_|_ • The symmetric top approximation is

reasonable in view of the shape of the biphenyl molecules,

which can be characterized by a dihedral angle between the

aromatic planes of about 30 as reported for similar

compounds in liquid crystalline solvents [10,11], By perfor-

ming the experiments at two frequencies, one can single out

frequency dependent contributions due to slow fluctuating

processes in the medium. The relevant expressions for the

spectral density functions for the para deuterons are

= K(0,M)/6DJ_ TDF(w) 7.1

and for the meta and ortho deuterons

£J K(0,M)/6Dj. +YZ

+ || K(2,M)/(4D / /-^ 2DJ + g-j <SMf+1fiKf( 7.2

with

JDF(co) - \ s\z A 7.2

The used symbols are the same as in chapters 2 and 5. Note
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that the cross term between fast reorientational motion and

director fluctuations is explicitly mentioned, as it will

prove to be essential for a proper description of the

relaxation data in terms of a motional model.

First, a proper set of static order corrections K(K,M) is

needed for the determination of the relaxation contribution

due to f=sst reorientational motion. Because of the slightly

elongated shape of the molecule, thé rotational diffusion will

be anisotropic, making the values of <(K,M)as given by Lin and

Freed no longer valid except for <(0,l)and c(0,2) [3]. These

two order corrections are valid for all degrees of anisotropy

for order parameters up t o S z z ^ 0.8. For the calculation of

the order corrections <(0,l) and K(0,2) two different models

were used. The values belonging to the first model were

obtained by using the coefficients as given by Lin and Freed

for isotropic rotational diffusion in an axially symmetric

potential [3].

The second set of static order corrections K(0,1) and K(0,2)

is calculated under the assumption of anisotropic rotation

diffusion in an asymmetric potential by making use of the

procedure of Polnaszek [14,15]. As shown in the previous

chapter, the ordering of biphenyl can correctly be described

by two order parameters, S and s -S . Taking this aniso-

* zz xx YY
tropy into account ( see fig. 7.1), the ordering potential
should be given by

I

a<n,<K) = D - 2 o ( n ) )

< D Q O ( R ) > - i "[\ + f ( j A2 - p 2 ) ]

7 . 4

as opposed to the symmetric expression in eg. 2.30.
p o 2 2

Defining the parameters ^=~3£oo ^ k T a n d P3"*^ e2+/ k T b v

7.5a

and

+ D2
2O(n}> t 1 - * 7.5b
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a set of K(0,1) and K(0/2) values for the asymmetrically

oriented biphenyl could be calculated to include the effect of

the asymmetrie orienting potential. For the ortho and meta

deuterons, interpretation of the spectral densities required

also K(K,M) values for other values than M=O, K-=l,2. These

order corrections were calculated using formula 4.16 of ref.

[13], representing static order corrections for anisotropic

rotation diffusion in a symmetric potential. It should be kept

in mind that these values were calculated using second order

perturbation theory and are only approximate for ordering

parameters S z z < 0.15. A more complete analysis would

require static order corrections for all values of K and M for

anisotropic diffusion in an asymmetric potential. For values

for K=l and K=2 this complicates the theoretical model

considerably, introducing cross terms for spectral density

projections belonging to different values of K. As the results

for both sets of K{0,1) and K(0,2) lead to only slightly

different values for the rotational correlation times, this

approach seems justified for the system under study.

Secondly ,the director fluctuation parameters A and to

should be re-evaluated before being used in the discussion of

frequency dependent relaxation in the smectic phase. The

layered structure of the phase has a dramatic consequence

for its twist (K-) and bend (K,) elastic constants and for

some of the viscosity coefficients [16]. The one-constant

approximation breaks down and the appropriate expression for

the director fluctuation amplitude is given by [17]

A = SS
a K3

. I

7.6

K, stands for the third elastic constant, representing the
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splay deformations. Obviously, the magnitude of A and conse-

quently a possibly large director fluctuation contribution is

determined by the extent to which the increase in K, and K,is

compensated by an increase in the relevant viscosity coef-

ficients.

Fig. 7.2 Spectral density functions for the para-deuterons

of biphenyl-d,0 in a mixture of 6OCB/8OCB measured with selec-

tive and non-selective relaxation experiments at two magnetic

field strengths.

to
a. u>

Jl 3B.4HHZ
J2 76.BMHZ
Jl 9-2HHZ
J2 18.4MHZ

m a

o a I
o o

• • • • •

« o o

• • 0 9

a

2 80 2.86 2.93 2-89 3.05 3.12 3.1* 3.26 3.31 3.37
1000/T
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7.4 Results and discussion

To obtain a proper fit, a data set of 8 spectral densities

at 8 different temperatures was obtained by interpolating the

spectral density values of fig. 6.2 and 7.2 , corresponding to

the experimental data given in tables 7.2 and 7.3 . The

resulting values of this procedure are listed in table 7.1 .

Since at each temperature there are 6 independent observables,

from which the parameters\ A and could be determined

by using a non-linear optimalization program.

Table 7.1 Spectral density values for the para and orto/meta

deuterons of biphenyl-d,-. vs. temperature byinterpolating the

experimental data of tables 7.2 and 7.3

A The

temp
0

65.
61.
55.
51.
46.
42.
37.
33.

C
8
3
8
5
3
3
4
6

B The

65.
61.
55.
51.
46.
42.
37.
33.

8
3
8
5
3
3
4
6

para deuterons.

Jl
pi
42
49
54
59
64
70
76
83

meta/ortho

11
14
17
21
25
32
41
53

(38.4)

.9

.4

.7

.7

.7

.0

.5

.7

J2
ps
12
11
12
12
14
16
18
19

deuterons

.4

.2

.6

.0
• 5
.2
.8
.6

9
12
15
18
22
27
33
38

(76.8)

.6

.8

.0

.9

.4

.1

.0

.9

.7

.1

.0

.3

.6

.5

.1

.9

u
77
94
105
113
120
129
142
161

11
11
13
16
21
30
40
54

(9.2)

.4

.1

.1

.1

.8

.4

.3

.1

.7

.7

.0

.5

.7

.4

.4

.3

J2
ps
13
13
14
16
17
19
22
25

10
12
14
17
21
27
34
43

(18.4)

.8

.9

.6

.0

.7

.9

.4

.2

.6

.0

.4

.7

.9

.5

.5

.2
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Table 7.2

Selective and non-selective relaxation rates and spectral densities

of the para deuterons of biphenyl-d1Q in a mixture of 8OCB/6OCB.

Measurements at 38.4 MHz.

temp.°C

69.1
S6.9
63.6
59.5
58.4
53.3
48.4
46.0
43.2
38.0
36.0
34.1
33.0
31.6
28.0
23.1

S «

0.2994
0.3185
0.3353
0.3611
0.3667
0.3949
0.4165
0.4289
0.4396
0.4579
0.4642
0.4706
0.4747
0.4790
0.4909
0.5068

Rjtns) s"1

45.6±1.5
47.0±0.5
46.8+1.2
49.3±0.8
47.5+1.5
53.2±2.3
58.410.6
61.3±0.4
64.0±0.6
72.1*0.5
75.5±0.7
78.9±0.9
81.1±1.0
83.9±1.0
9 1 . 4 + 1 . 1

1 0 3 . 1 + 1 . 0

Resell s"1

56.7±2.2
56.9±2.1
60.7+2.0
66.641.8
73.4+3.1
78.3±2.1
84.712.1
88.6±4.2
89.512.4

101.212.9
102.914.2
111.415.1
115.215.1
113.818.5
132.9±4.6
147.613.4

Jjdo) ps

40.6+.2.0
40.5±1.9
43 .911 .8
48.611.6
55.512.8
58.211.9
62.811.9
65.713.8
65.912.1
74.612.6
75.313.8
82.214.6
85.114.6
83.217.6
9 8 . 7 1 4 . 1

109.213.1

J2(2u) ps

12.811.0
13.610.5
12.610.8
12.710.6
10.2+1.1
12.311.4
13.710.6
14.541.0
15.810.6
17.710.7
19.211-0
19.211.2
19.611.3
21.512.0
21.411.2
2 4 . 7 1 0 . 9

Measurements at 9.2 MHz

65.7
60.4
57.4
55.2
50.0
47.4
45.4
44.6
43.5
41.5
40.0
37.5
35.1
32.4
30.7
27.2
24.9
23.8

0.2967
0.3375
0.3575
0.3692
0.3995
0.4116
0.4212
0.4255
0.4320
0.4400
0.4465
0.4546
0.4637
0.4735
0.4798
0.4908
0.4990
0.S035

89.
94.

67.016.3
74.214.1
79.614.1
82.713.S

.417.9
,313.3

95.412.2
99.915.2
99.913.3
99.H5.1
113.Ü5.3
118.113.4
124.713.7
131.515.4
139.514.3
157.915.3
165.716.3
185.517.5

103.718.0
125.419.6
136.418.5
138-. 518.2
157.4110.1
152.417.6
157.416.4
155.0112:0
170.714.7
170.815.9
173.517.7
186.018.9
196.5H0.8
220.518.9
232.419.7
266.1H4.0
291.0H1.5
307.3H2.7

78.017.3
95.818.6
104.417.6
105.617.4
121.119.2
115.516.8
119.715.7
116.6H0.8
130.614.3
130.915.4
130.217.0
140.318.0
148.219.7
168.218.1
177.018.7
203.2112.6
232.7H0.4
233.9H1.5

14.313.9
13.513.1
14.012.9
15.312.7
14.8+5.0
18.712.5
18.211.9
21.214.0
17.612.1
17.213.1
24.513.4
24.512.7
25.813.2
24.313.6
26.113.2
28.814.3
27.614.4
35.H5.0
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Table 7.3

Jeener-Broekaert experiments on the meta and ortho deuterons.

(see also text of chapter 6)

Measurements at 38.4 MHz

n
temp, c

69.0
65 9
63.6
S9.3
58.7
53.3
48.4
46.0
43.2
38.3
36.2
34.4
31.6
28.8
28.3
26.7
24.7
23.3

Sxx'Syy

-0.064
-0.073
-0.083
-0.091
-0.093
-0.108
-0.117
-0.123
-0.130
-0.137
-0.139
-0.143
-0.148
-0.1SS
-0.155
-0.157
-0.161
-0.167

21.110.2
24.2±0.3
26.8±0.2
30.9±0.6
32.1*0.7
39.9±0.5
49.0t0.7
54.7*0.7
68.2*1.2
75.911.6
82.4t3.0
93.8±2.0

104.9±2.3
117.9*5.4
121.6±2.1
129.115.6
142.3±3.9
169.011.7

R1Q s " 1

14.2+0.2
16.0*0.2
17.".iO.2
20. ^±0.4
22.2±0.3
28.6+0.2
35.6+0.4
40.0+0.4
38.9+0.8
59.811.0
63.711.4
74.811.2
86.511.2

124.214.3
118.312.3
130.U6.4
173.914.3
280.716.3

JJ^OI) ps

9.610 .1
10.710.1
11.710.1
13.5+0.3
14.9+0.2
19.310.1
23 .910 .3
26.8+0.3
26.0+0.5
40.210.7
42.810.9
50.210.8
58.110.8
83.512.9
79.5H.6
87.514.3

116.912.9
188.614.2

J 2 (2u) ps

8.8+0.1
10.2+0.2
11 .310 .1
13.010.2
13.410.4
16.510.3
20.210.4
22.510.4
29.510.6
30.710.8
33.511.5
37.911.0
42.011.2
43.812.8
46.411.1
48.712.9
49.812.0
49 .9H. l

Measurements at 9.2 MHz

70.1 -0.051 20.310.9 11.810.3 7.910.2 8.710.5
62.2 -0.075 29.712.1 16.511.0 11.110.7 12.911.1
60.1 -0.082 28.612.5 14.510.7 12.510.5 9.811.3
52.6 -0.102 41.812.5 24.110.8 16.210.5 18.OH.3
47.5 -0.113 54.712.4 30.612.0 20.6H. 3 23.711.2
45.1 -0.119 52.912.2 30.HI.8 20.211.2 22.8H.1
42.6 -0.124 63.3+1.6 43.1H.1 29.010.7 26.510.8
40.1 -0.129 67.813.1 57.411.9 38.611.3 26.911.6
37.6 -0.134 78.012.4 59.911.5 40.311.0 31.811.2
35.2 -0.139 101.913.6 64.813.3 43.612.2 43.211.9
33.7 -0.142 102.416.1 81.317.4 56.714.9 41.413.2
32.9 -0.144 104.014.1 78.213.2 52.612.1 42.612.1
30.4 -0.149 108.715.0 120.614.8 81.113.2 39.612.6
28.0 -0.154 144.115.5 141.H4.9 94.713.3 54.912.8
26.0 -0.159 171.0119. 203.518.7 136.815.8 60.519.6

!l
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Two fits were obtained, each using a different set of static

order corrections. The first fit used the coefficients from

Lin and Freed (table 2.1) to calculate the<(0,l) and <(0,2)

values, while for the second fit these two correction factors

were calculated using an anisotropic rotation diffusion model

in the presence of an asymmetric potential. This calculation

was done using an 8 term expansion as indicated in eg. 2.42,

with an ordering potential given by eq. 7.4. The order

corrections for other values of K and M were calculated by

using the perturbation results for anisotropic rotation dif-

fusion as given in ref. [13] for both fits. The values of the

order corrections are given in table 7.4.

Table

Temp.
65.8

61.3
55.8
51.5
46.3
42.3
37.4
33.6

7.4 Static order corrections.

0.216
0.212
0.208
0.204
0.201
0.197
0.194
0.190

1 K ( 0 . 2 ) <

0.089
0.082
0.074
0.069
0.064
0.060
0.056
0.053

1 K ( 0 , l ) b

0.217
0.215
0.213
0.214
0.211
0.208
0.205
0.202

K(o,2)b

0.109

0.094
0.087
0.082
0.077
0.073
0.070
0.068

0.183
0.177
0.171
0.165
0.160
0.1S5
0.151
0 . 1 4 6

3 K ( 2 , 1 ) C

0.215

0.213

0.210
0.207
0.205

0.202

0.200
0.197

K(l 2)'
0.137

0.131

0.125
0.119
0.114

0.110

0.106

0.103

3 <<2,2)C

0.306

0.318
0.329

0.336
0.345

0.352

0.358
0.364

a> Rotational diffusion in a symmetric potential.

Anisotropic rotation diffusion in an asymmetric potential.

c' Anisotropic rotation diffusion in a symmetric potential.
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A first glance at the results in fig. 7.3 shows that the

rotational correlation times for both sets of kappas do not

change at the N-S phase transitions. This result agrees with

relaxation measurements on protons of the rigid core of

nematic and smectic liquid crystals [18]. Furthermore, both

sets of kappas lead to nearly equal results for the motional

behavior of the biphenyl probe. In the following discussion

the results for the asymmetric potential model will be used.

The activation energies areEA=6.8 kcal/mol for TJ. and 11.2

kcal/mol for x,, .

Fig. 7.3 The rotational correlation times for biphenyl-d.-. in

a mixture of 8OCB/6OCB. The values obtained for anisotropic

rotation diffusion in a symmetric potential are listed by O

andO i whereasA and O stand for the results obtained with an

asymmetric orienting potential.

: !

to.a.

CD*

IA-

a

o

2 M 1ST 2.«7 3.01 3.OS 3io. 3.
1000/T

5.IS 9.19 ».2S 3.28
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The relatively large activation energy for \,, is somewhat

surprising in view of other correlation times obtained from

nuclear spin relaxation measurements on similar systems [2].

For the activation energy of T X for the 8OCB/6OCB mixture

itself a value of 11.1 kcal/mol is reported [19,20]. Such a

high activation energy of T//is also found for spin probes in

the S_ phase/ indicating a relatively dense packing of the

rigid cores of the molecules 121]. The anisotropy of the

reorientation,D,//Dx , ranging from 3 to 5, is a reasonable

result in view of the slightly elongated shape of the biphenyl

molecule.

Table 7.5 and fig. 7.3 and 7.4 show the result of the fitting

procedure. The amplitude of the director fluctuations stays

constant in the entire temperature range, while the cut-off

frequency u decreases with temperature. This indicates that

the increase in the elastic constants K2 and K, is substan-

tially compensated by an increase in the viscosity coeffi-

cients. This latter is not surprising in view of the reported

increase in, for instance, the rotational viscosity coeffi-

cient Y for nematic, smectic and re-entrant netnatic liquid

crystals at lower temperatures [22]. It should be mentioned,

that the fitting procedure gives relatively well defined

values for Tj_ and x .. with estimated error bars up to 10%,

whereas the results for to and A contain a much larger

uncertainty (up to 40%).

The director fluctuation contributions at 38.4 and 9.2

MHz (fig. 7.5), and the cross contribution are given in table

7.6. At low frequency, director fluctuation form a very

substantial contribution to the relaxation of the para-deute-

rons. Around the N-Sft phase transition the director fluctua-

tions decrease sligthly relative to the fast reorientational

part, reflecting the changes in hydrodynamic properties of the

liquid crystal. As can be seen from table 7.6, the cross term

between the fast motional part and the director fluctuation

can not be neglected for a probe like biphenyl. This result

I
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agrees very well with the reported results for diethynyl-

benzene in phase V [2].

Table 7.5 The four parameters that result from the anisotropic

1000/T

2.945

2.991

3.036

3.082

3.128

3.173

3.218

3.264

rotation diffusion with an anisotropic potential

(ps) (PS)

121.1
136.6

152.6

176.2

209.6

251.9

301.6

358.5

24.5
29.7

38.7

50.5
66.1

37.8

115.0

141.2

A(10 s^) u)c(l(r rad/s)

0.27 0.95

0.30 0.82

0.29 0.81

0.27 0.73

0.26 0.61

0.26 0.46

0.27 0.33

0.32 0.23 I
Table 7.6 Director fluctuation contribution to spectral

densities of the para deuterons as compared

to the rotational diffusion and cross contribution.

RD

2.945

2.991

3.036

3.082

3.128

3.173

3.218

3.264

"1
ps
26.3

29.3

32.5

37.6

44.1

52.3

61.7

72.2

1
ps
18.3

22.4

25.2

25.5

24.5
.22.1

19.9

17.9

DP(38.4MHz) Jx
DP(9.2MHz)

ps

52.8

67.1

75.5

78.8

80.5

81.4

85.7

95.3

J

ps

- 1.7

- 2.3

- 3.0
- 3.4

C r O S S

- 3
- 4

- 5.1

- 6.4
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Fig.i_7_iA Director fluctuation amplitude A (in 10"6s^) and cut-
frequency UJC in units of 10

9 rad/s.

!••« 1.(7 9.01 S-Oi S.Oi 9.1! 9.1s 9.1» 9.29 9.2» 9.30

1000/T

F i 9 - 7- 5 The director fluctuation contributions for biphenyl-d
in 6OCB/8OCB at two frequencies. 1 0

s
ff

I
i

s
O.*

Q J (38.4 HHZ)0F

a J i 9.2 maiar

V ( 0 ' ?.« 1.(7 9.01 9.M 1.01 J.lï 5.11 »•<( J.JS sSl^ 1.90
1000/T



Ill

7.5 Summarizing remarks

The observed frequency dependent deuterium relaxation of

biphenyl dissolved in 8OCB/6OCB can be described by an

anisotropic rotation diffusion model in which also director

fluctuations modulate the quadrupolar interaction that causes

nuclear spin relaxation. No dramatic changes in molecular

dynamics or relaxation contributions were observed at the N-S

phase transition. The anisotropy of the rotational motion of

the biphenyl molecule could be determined (3 <D,i/Dj_ < 5) . In

contrast with the results obtained for acetonitrile in several

liquid crystals, the cross correlation between the di .ector

fluctuation and the fast reorientational motion cannot be

neglected for a strongly ordered spin probe like biphenyl.

Concludingly, it can be stated that the theories developed by

Polnaszek and Freed do also apply for relativ&iy strongly

ordered probes in the smectic phase. Frequency dependent

contributions to the realaxation stem from director fluctua-

tions as follows from the frequency dependent J-^ and frequency

independent 32 •
'\
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CHAPTER 8

2 14
H and N relaxation measurements of acetonitrile in ZLI 1167

8.1 Introduction

As shown in the previous chapters, significant information

can be obtained on the dynamic behavior of molecules in liquid

crystals by studying the magnetic relaxation of nuclei in a

small probe molecule. In the present chapter an example is

given in which the determination of the molecular dynamics by

relaxation measurements is less straightforward than for

acetonitrile in Phase V. Such is the case for NMR relaxation

of a probe molecule dissolved in a liquid crystal that does

not align parallel to the magnetic field direction. ZLI 1167

is an example of a liquid crystalline compound in which the

molecules align perpendicular to the magnetic field direction

because of its negative diamagnetic susceptibility anisotropy

[11.

The tilt angle B between the director and the magnetic

field complicates the relations between spectral densities and

relaxation rates. In this chapter, the methodology as deve-

loped by Void and Void [2,3] is chosen to determine individual

components of the spectral density functions for CD,CN in ZLI

1167 by means of Jeener-Broekaert experiments at two frequen-

cies. As will be shown in section 8.3, introduction of a tilt

angle between the director and the magnetic field has conse-

quences for the meaning of eqs. 3.1,3.2 and 3.3. In addition,

relaxation rates were determined by measuring the width of the

cyano - C line of a second sample containing CH, CN in ZLI

1167. This approach circumvents the difficulties associated

with measurements of C and H longitudinal relaxation rates,
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where relative contributions of inter- and intra-molecular

relaxation mechanisms have to be determined and where non

-dipolar interactions have to be approximated by assuming a

random local field model. Only to determine the ratio between

D ,, and D j. the longitudinal relaxation time of the inner and
13

outer lines of the methyl C quartet have been measured at

one temperature.

8.2 Experimental

Three samples were prepared: CD,CN , CH,CN and CH, CN in
13

ZLI 1167. For the enriched C samples 5 mm o.d. tubes were

used, for the H enriched sample a 10 mm o.d. tube. The tubes

were thoroughly cleaned to remove all paramagnetic traces.

After having been filled with ZLI 1167, the tubes were

connected to a vacuum line along with a calibrated tube

containing acetonitrile. The samples were degassed by carrying

out several freeze-pump-thaw cycles, after which an appro-

priate amount of acetonitrile was distilled into the sample

tube, which subsequently was sealed off. Because only very

little C enriched material was available, it was not

possible to carefully match the concentrations of the dif-

ferent samples. The deuterium enriched sample contained 15

mol% acetonitrile, whereas the cyano enriched C sample was

less concentrated as can be seen from the observed order

parameters. The transition temperatures were about 66°C for

the isotropic to netnatic phase transition. Below 14° C the

sample became smectic. The neat ZLI 1167 liquid crystal

exhibits these transitions at 83 and 32°C respectively.

The spectrometers used were a Varian XL-100-12 WG, a

Bruker WM 250 and WM 500 (SON high frequency NMR facility,

Nijmegen). For the cyano C Measurements on the XL-100 use

was made of a 10 mm o.d. outer tube containing D_0 as a lock

substance, which normally was spun, while keeping the inner
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sample tube at rest. In this way, the temperature gradients

were small, i.e. less than 0.1° C/cm along the sample tube

axis, even under proton decoupling conditions by irradiating

at the center frequency of the H spectrum. Cyano 1 C line

width measurements at 25.2 MHz required accumulation of up to

about 25000 scans (proton decoupled), while proton coupled

cyano C measurements at 62.9 MHz were obtained after 400

scans. Pulse widths used in the Jeener-Broekaert H relax-

ation measurements were about 40 us for a TT/2 pulse on the WM

250 and WM 500 spectrometers.

In several earlier papers the introduction of an angle 9

between the director of a liquid crystal and the magnetic

field direction has been discussed [4-6]. Voigt and Jacobsen

studied the molecular dynamics of CHDC1, in ZLI 1167 at one
1 2

temperature by means of H and H relaxation measurements [7].

Their conclusion was that in contrast with results that are

observed for spin probes aligned parallel to BQ , both J,(u))

and J2(2w) are frequency 'epe^dent. This follows directly from

inspection of the theoretical expressions for the spectral

density functions for a tilt angle 8=90° [4]

JK0(8=90,0) = } JK0(0) + | JR2(0)

JK1(6*=90,io) = i
 J
K1(<") + i JK2

(ü))

JK2(e=90,2u)= | JK0(2Ü>) + \ JK 1 JK2<2u>

8

8

8

. l a

. lb

. lc
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As to first order, director fluctuation contributions only

enter JQ1» both J (9=90,to)and j (8=90,2tu)can become frequency

dependent. The relevant expressions that relate the experimen-

tal data to the spectral densities are

R12(I=1) = 2|- (e
2qQ/h)'![ J1(9=90,u) + 4 J2 (6=90,2<o) ] 8.2a

R1Q(I=1) = ~ (e2qQ/h)2[ 3 J1(9=90,u)] 8.2b

As the static order corrections < (K,M),included in JRM in

eq. 8.1 (see eq. 2.33), are defined with respect to the

director axis z"z11,they must be calculated using the order

parameter S ., .,, which is simply related to S„„ byz z z z

s z " z " = " 2 Szz

Similarly, the director fluctuation contribution has to be

calculated using s ,, ,,.

8.4 Results and discussion

The resulting temperature dependent relaxation rates for
2 H and 1 4 N are listed in table 8.1. To match the temperatures

a data set was constructed by interpolation of the experimen-

tal data from figs. 8.1 and 8.2 (table 8.2). As can be seen

from fig. 8.1, the separate determination of the spectral

density projections of CD,CN shows that

J2(6=90,2w) >J,(6=90,co), a characteristic result for angle

dependent relaxation measurements. The frequency dependent
14

relaxation behavior is reflected by the N rates, measured at

7.2 and 18.1 MHz. This dependence was hardly observed for the
2
H measurements due to the relatively high Larmor frequency

(38.4 and 76.8 MHz) at which they were determined.
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Fig. 8.1 Spectral densities J,(9=90,UJ) and J-(9=90,2w) as de-
rived from Jeener-Broekaert measurements on CD

O Jl 3S.4HHZ
0 JZ 7B.8MMI
A Jl 7S.SHHZ
» JZ 1SS.BNHZ

e
o •

CDjCN in ZLI 1167.

«0 •

J-U ' 5-22 TiT s'.SS j'.3B 1
Fj,a. 8.2 1 4N relaxation rates of CH,13CN in ZLI 1167 at 7.2
and 18.1 MHz. J

Q R 7.1 I*»
a « it.l nm

1000/T
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Table 8.2 Interpolated data 3et from the experimental 2H and 14N

relaxation rates of acetonitrile in ZLI 1167.(in s" 1).

v MHz 1000/T

3.20 3.25 3.3Q 3.35 3.40

Rjt14*» 7.2 1.17 104 1.36 104 1.58 '0 4 1.84 104 2.14 104

Rjt14^) 18.1 0.93 104 1.08 104 1.25 10* 1.47 104 1.69 104

R12(
2H) 38.4 1.09 1.22 1.40 1.60 1.90

R1Q( H) 38.4 0.64 0.73 0.80 0.89 1.02

R12(
2H) 76.8 0.96 1.06 1.18 1.38 1.66 •

R1Q( H) 76.8 0.56 0.62 0.69 0.79 0.93 j'
14

S2,,z,,( N) 0.156 0.164 0.172 0.178 0.184 !
2 !

S ,, ., { H) 0.138 0.144 0.152 0.158 0.164 i

Before analyzing the results, a non-selective C longitu-

dinal relaxation experiment was used to confirm that D,, >>
13 "

Dj_ . The result for the inner lines of the C quartet (see

table 5.4), R O ( I I , $ ) and R O(III,3<), was 0.19 s~} whereas the

relaxation rate of the outer lines (R.(i,5f) and R (iv,$ ) was

0.29 s~1(measured at 62.2 MHz, 3 O T ) . This indicates that,

neglecting director fluctuation contributions at this frequen-

cy» J A(9=90) * J C(Ö=90)# which corresponds to a very aniso-

tropic rotational motion [8]. As in chapter 5, only D± has to

be taken into account when analyzing the acetonitrile relaxa-

tion data.

Fitting the relaxation rates with a fixed value for the

cut-off frequency ui (0.125 1O 1 0 rad/s) shows that the 2H

results do not agree with the values obtained for N. As can

be seen from table and fig. 8.3, the rotational corelation

times f_L derived from H and N relaxation times differ

nor* than can b* expected for samples with only a slightly

different composition (at most 10% or there about). The

'i
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difference in concentration may only account for a small part
14

of the discrepancy. Obviously, the measured T, ( N) values are
2

too short, or the H relaxation times are too long. Not only

the latter, but also the former statement is rather improbable
14

as a too short T,( N) corresponds with too small a value of
13 14.

Avi( C cyano). Testing the relation by which the Tl relaxa-

tion time is derived from the cyano line width as in chapter 4

is not possible, because sample spinning leaves the relevant

parameters unaltered for a tilt angle of 90° .

It seems also very unlikely that the discrepancy stems

from uncertainties in the quadrupolar coupling constant used

for 2H (159 kHz [9]) and 14N (3.6 MHz [10]). An apparent

solvent dependence of the deuterium quadrupole coupling con-

stants of some CD,X compounds (including CD,CN) in liquid

crystals has been observed by Diehl and coworkers [11]. The

authors explained the quasi dependency in terms of a two site

model, although they realized thac a description in terms of

reorientation - vibration interactions could be more appropri-

ate. It is not at all clear whether effects of this kind would

be large enough to account for the presently observed discre-

pancy.

Table 8.3 Rotational correlation times T X (in ps) and director fluc-

tuation amplitude A (in 10~6s'i) for CDjCN and CH,13CN in

ZLI 1167. for a fijced value of u>c» 0.125 10 1 0 rad s"1.

CDjCN

Tj.

A

CH 3
1 3CN

Tj.

A

3.2

19.6

2.35

32.7

2.61

3.

21

2

37

2

25

.4

.73

.9

.76

1000/T
3.3

24.2

2.74

43.9

2.96

3.

28

2

52

3

35

.7

.45

.9

.09

-,

35

2

59

3

4

.5

.25

.5

.52
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Fig. 8.3 The temperature dependence of the rotational corre-
lation time TJL of acetonitrile in ZLI 1167. The activation
energies are E.=5.9 and 6.1 kcal/mol for the CD,CN and
CH 13CN samples respectively.

Q MTMOCN
a oeumtiun

I.M I.» 1.11
1000/T

1.94

Concludingly one can say that the observed relaxation

data of CDjCN and CHj1 CN separately agree within reasonable

limits with the rotational diffusion model with director

fluctuation contributions for a system partially oriented
14

perpendicular to B„. The N measurements show the strong

frequency dependence at lower frequencies, whereas the spec-

tral densities as determined by H measurements show that

J2(8=90)>J1(8=90), just as predicted by eq. 8.1 and the values

of static order corrections as given by Lin and Freed [12].
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Obviously, a system where J and J_ can be determined at

lower frequencies might give more precise information about

the molecular dynamics involved. As an example of such a study

the reader is referred to chapter 7 of this thesis, where two

different deuterons of one probe were measured at two frequen-

cies to examine the relaxation and molecular dynamics in the

nematic and smectic A phase.



124

References

[ 1] L.Pohl,R.Eidenschink,J.Krause,G.Weber,

Phys.Letters 65A (169) 1978.

[ 2] R.R.Vold,R.L.Void,

J.Chem.Phys. 66 (4018) 1977.

[ 3] R.L.Void,W.H.Dickerson,R.R.Void,

J.Magn.Reson. 43 (213) 1981.

[ 4] J.H.Freed,

J.Chem.Phys. 66 (4183) 1977.

[ 5] J.W Doane,D.S.Moroi,

Chem.Phys.Lett. 11 (339) 1971.

[ 6] T.M.Barbara,R.R.Void,R.L.Void,

J.Chem.Phys. 79 (6338) 1983

[ 7] J.Voigt,J.P.Jacobsen,

J.Chem.Phys. 78 (1693) 1983.

( 8] W.Buchner,

J.Magn. Reson. 12 (82) 1973.

[ 9] D.Jaffe,

Ph.D.Thesis, University of California, San Diego, 1982.

[10] M.J.Gerace,B.M.Fung,

J.Chem.Phys. 53 (2984) 1970.

[11] J.Jokisaari,P.Diehl,J.Amrein,

J.Magn.Reson. 52 (193) 1983

[12] W.J.Lin,J.H.Freed,

J.Phys.Chem. 83 (374) 1979.

I



125

CHAPTER £

Magnetic susceptibility anisotropies of small molecules mea-

sured by NMR.

1. Introduction

Molecules with an anisotropic diamagnetic susceptibility

are aligned by a magnetic field. The Brownian motion coun-

teracts the ordering and the resulting alignment is small.

This phenomenon can be studied by the Cotton-Mouton effect, in

which the double refraction of light,induced by the magnetic

field, is studied [1].

In a series of papers the NMR analogue of the Cotton

-Mouton effect has been described and applied to measure

susceptibility anisotropies of aromatic molecules [2-7] .

Briefly, anisotropic interactions, like quadrupolar and di-

polar couplings, do not average out in partially oriented

liquids and may give rise to linesplittings. For instance , the

H resonances of deuterated aromatic hydrocarbons are split

into doublets at high magnetic fields. Up to now, only

molecules with relatively large susceptibility anisotropies

(Ax ) could be investigated, the limit being dictated by the

smallest observable line splitting ( 0.25 Hz).

Since it is obviously of interest to extend the method, we

have investigated how far relaxation studies can be used to

reveal small line splittings. We have found that the T~

dependent amplitude of an NMR line, measured as a function of

the magnetic field, can provide a suitable criterion from

which small susceptibility anisotropies can be derived'.
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2. Experimental

H spectra of the following solutions were measured at

different magnetic field strengths: a 53 mol% solution of

bromobenzene-dg in CD2CI ̂ /various solutions of benzene-d, in

CD-C1, and two solutions of deuterated hydrogen cyanide in

diethylether. Bromobenzene-d was included, because its ^ H

resonance can just be split if line-narrowing techniques are

applied, but they are only broadened without such techniques.

Hence, it can serve as a check on the reliability of the

method. It was assumed that the relative amplitude of the H

resonance of CDnCl0 is independent of the magnetic field

strength, on account of its small | Ax | .

The experiments were carried out on Bruker WM 250, HX 360 and

WM 500 spectrometers, operating at field strengths of 5.9,

8.5, and 11.7 T, respectively.

Relaxation times T were measured by the inversion recovery

method. Carr-Purcell-Meiboom-Gill measurements of T of bro-

mobenzene-d_ were carried out on the WM 500 spectrometer, to

confirm that T, and T_ are equal.

and result.;.-.

Line splittings of, say, 0.3 Hz can readily be resolved in

practice. Hence, the problem at hand is the detection of

smaller splittings, •v 0.1 Hz or thereabout, of a line with a

width of a few tenths of one Hz. After a series of preliminary

experiments, including hole-burning, T and T_ measurements,

it was established that the magnetic field dependence of the

amplitude of a H NMR line, in combination with accurate

determination of the effective transverse relaxation time T*,

proves a suitable criterion from which small splittings can be

deduced.

'\
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Consider a doublet of two identical overlapping lorentzian

lines. The relative amplitude at the center as a function of

the line splitting Av is

A(Av) = T* [1 + TT 2AV 2T* ]2 T * ] " 9.1

The line splitting for an aligned probe molecule can be

calculated from a comparison of the intensity ratios at two or

more field strengths of the probe molecule and of a nonaligned

molecule, used as internal standard. As an example, assume

that the field in one spectrometer (11.7 T) is twice that in

another (5.9 T). The alignment is proportional to the square

of the magnetic field so that the line splittings are in the

ratio 4:1. The line splitting at 11.7 T for the probe molecule

,say cfiD / with CD2CI2 as internal standard can be

calculated from

R(5.9 T)

RU1.7 T)

1 +

1 +

11.7 T)

, 5.9 T)

in which R is given by

T*(CD2C12) A(CD2C12) 9.3

Depending on T 2 a small line splitting can give rise to a

relatively large decrease in the amplitude of the signal. In

fig. 9.1 the relative decrease of the amplitude is given as a

function of the line splitting for several values of T*. The

transverse relaxation time T* cannot be derived from the line

width if the signal contains small splittings. Hence, T_ was

obtained by measuring 1'± and correcting this value for the
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fie'd inhomogeneity. This last contribution, in turn, was

der ved from the difference between the measured line width

and (Av ) of the internal standard CD2C12 assuming T,=T .

Fig. 9.1 The relative intensity decrease as a function of the
line splitting in Hz for several values of T2*. The upper curve
corresponds to T,* =0.2 s, the others to 0.6, 1.0, 1.4, 1.8, 2.2,
2.6, 3.0, 3.4 and 3.8 s, respectively.

o.io 0.20 0.30 0.40 0.S0 0.80

LINESPLITTING
0.70 0.90 1.00

The latter assumption is warranted in the limit of extreme

narrowing for isotropic liquids with low viscosity. It is well

known that it is not strictly valid in the anisotropic phase,

because of the inequality of the spectral densities J.,J. and

J~ [8]. However, in contrast to liquid crystalline media

dicussed in previous chapters, the ordering by the magnetic

field is so small, s z z ~
1 0 ~ ' t n a t t n e difference between T,

and T- is negligible in the experiments described in this

chapter (see also ref. [9]). This was shown by T 2 measurements

on bromobenzene-d_ (table 9.1). Because of higher accuracy,

the T. measurements were preferred to experimental T_ values.
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In view of the foregoing, all line splittings were calculated

from the change in intensity and the longitudinal relaxation

times.

Table 9.1 Relaxation times (ir. s) and line splittings (in Hz)

of 54 mol% C6D5Br in CD2C12

T.(CcDJBr) 0.62+0.01
1 0 3

T-(C,D,.Br) 0.61+0.03
Z 0 3

12) 2.23±0.111 2 2

AW8.45 T) 0.28 + 0.09

Av(11.7 T) 0.36±0.03

AvU1.7 T) 0 . 3 8 a

a) Measured directly, using line narrowing techniques.

The following expression holds for the splitting of the H

line of benzene-dg

Av(Hz) = | (e2qQ/h) <| cos26 - \> 9.4

2 2

e qQ/h is the quadrupole coupling constant of H,0 is the

polar angle of the field B. relative to the principal

molecular axis. For DCN the coefficient 3/4 should be replaced

by 3/2. In the derivation of eq. 9.4 it is assumed that the
molecule rotates as a rigid body.

3 2 1
With Boltzmann statistics the average <| cos 9- ~ > can be

related to the effective anisotropy Ax of the diamagnetic

susceptibility

cos2 6 - 2> = AXBQ/15

The relaxation times, the calculated line splittings and the

susceptibility anisotropy are collected in table 9.2
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Table 9.2

A. Concentration dependent CgDg measurements

mol% C

93

84

79

54

32

9

6D6 Tl(C6D6)s

1.40±0.02

1.27+0.06

1.30±0.06

1.42+0.03

1.34±0.05

1.28+0.06

Tl(CD2Cl2)s

2.77±0.08

2.65±0.16

2.79+0.14

2.82±0.19

2.89±0.14

2.72±0.l8

Av(8.45 T)Hz

0.08+0.02

0.07+0.03

0.11±0.02

O.13±O.O2

0.14±0.03

0.12+0.02

Av(11.7 T)Hz

0.14+0.02

0.17+0.02

0.19+0.02

0.17+0.03

0.20+0.02

0.19±0.02

|AX|

0.46

0.53

0.60

0.54

0.65

0.60

) 2 8 emu) a

The quadrupole coupling constant for CgDg is 186 kHz(see ref. 10)

B. DCN and CD-C1, dissolved in diethylether.

mol% DCN mol%CD2Cl2 T1(DCN)s T ^ C D ^ l ^ s Av(8.45T)Hz 4v(11.7 T)Hz

13 16 1.50±0.09 2.66±0.16 0.04±0.02 0.051+0.005

7 5 1.68+0.11 2.82±0.17 0.05+0.02 0.052±0.005

The quadrupole coupling constant for DCN is 199 kHz (see ref. 10)

(1028emu)

0.082

0.083

a) The uncertainty in the Ax values is estimated to be =10%
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4. Discussion

The experiments on CgD-Br illustrate the applicability of

the method under study: the line splitting of the ortho peak,

measured directly by applying a line-narrowing technique, is

0.38 Hz [11]. This is in excellent agreement with the value

obtained by the relaxation time method (0.36 Hz, see table

9.1). The line splitting measured at 8.5 T is 0.28 Hz. Since

the line splitting should be proportional to B Q , this value

is too high. Clearly, the small difference in the amplitude

ratios,eq. 9.2 , at 5.9 and 8.5 T introduces a rather large

uncertainty. For this reason all further Ax measurements are

based on comparison of 5.9 and 11.7 T amplitude ratios of the

probe molecule and the internal standard.

Obviously, the excellent agreement between the directly

measured line splitting and the calculated splitting implies

that indirect spin-spin couplings between the deuterons can

safely be neglected. However, this is not true for the

perdeuterated benzene molecule, as has been shown by means of

proton decoupled measurements on mono-deuterated benzene

[12]. This explains why even at 14.1 T line narrowing

techniques fail to resolve the quadrupolar splitting of

perdeuterated benzene. The expected line splitting at this

field strength should be about 0.31 Hz in view of values of
— 28

Ax based on the Couton-Mouton effect,namely -1.04 10

emu [13] and -0.96 10~ emu [14] for the neat liquid. The

relaxation method presented here leads to line splittings of

0.18 Hz at 11.7 T leading to susceptibility anisotropy values
— 28

of 0.5 10 emu (see table 9.2). The discrepancy of this
value with those of ref. [13,14] can be ascribed to the

unresolved indirect couplings between the six deuterons.

I
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For a molecule as DCN, the method is quite reliable as can

be shown by the results as presented in table 9.2. The
••28susceptibility anisotropy of DCN was found to be 0.08 10

emu. A value based on a calculated H splitting of 0.05 Hz

at 11.7 T. The results on both DCN samples are in good

agreement with those of a microwave study, which gave I Ax| *
—280.072 10 emu [15].The long relaxation time of DCN reduces

the detection limit of the line splitings to 0.03 Hz, one

order of magnitude lower than line narrowing techniques can

achieve. It may be concluded that, depending on relaxation

times, field inhomogeneity and the absence of unresolved

(in)direct couplings, the method proposed in this chapter

lowers the detection limit of NMR measurements of Ax con-

siderably.
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CHAPTER 10

Summary and conclusions.

Nuclear spin relaxation measurements can be used to study

the molecular dynamics of solutes in liquid crystals. Director

fluctuation contributions, as suggested by Pincus to describe

the o>~' dependent relaxation behavior of liquid crystal mole-

cules, proved to be a very efficient relaxation mechanism also

for nuclei in small solutes dissolved in liquid crystals at

low frequencies. Several nuclei can be used for such relaxa-

tion studies.

In chapter 4 and 5 it was shown that a combination of C

and indirectly measured 14N longitudinal relaxation times can

give a sufficient amount of information to unravel the

molecular dynamics of acetonitrile in Licristal Phase V.

However, too many different spectral density functions were

involved, by which the characteristic differences between

motional models like director fluctuations and slowly relaxing

local structures are obscured. A more direct approach can be

achieved by measuring the spectral density functions as

proposed by Void and Void. In chapter 8 it was shown that

deuterium relaxation measurements can conveniently be used for

this purpose. However, this method requires H measurements at

low frequencies for a reliable determination of the frequency

dependence. Applying this method to acetonitrile dissolved in

ZLI 1167 and using nitrogen relaxation rates to cover the low

frequency range gave rise to some discrepancies, which cannot

satisfactorily be explained at present. A clue might be found

in correlations between rotational and vibrational motions .

These inconsistencies did not occur in chapter 6 and 7.

Here, deuterium relaxation measurements proved to be a very

efficient method to determine the dynamical behavior of

I
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biphenyl in the nematic and smectic A phase of an 80CB and

60CB mixture. The results illustrate the promising possibi-

lities deuterium relaxation studies offer for systems that may

even be more complicated than the meso-phases used in this

thesis. However, the applicability of rotational diffusion

models in the presence of a slowly fluctuating potential may

become unwarranted for very highly ordered spin probes or in

systems with low symmetry. Extending nuclear spin relaxation

measurements to molecular dynamics studies in ordered systems

as, for instance, lipid bilayers requires a more comprehensive

theoretical framework than described in chapter 2. But for

solutes in nematic and smectic liquid crystals, this framework

has proved to be a substantial improvement in the understan-

ding of molecular dynamics of relatively small molecules in

partially ordered systems by means of NMR relaxation studies.

Y
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Samenvatting

Naast het gebruik van kernspinresonantie voor structuur-

opheldering kan NMR via relaxatietijdmetingen informatie var-

strekken over moleculaire bewegingen. In isottope vloeistoffen

kan een eenduidig verband gelegd worden tussen enerzijds

experimentele relaxatietijden en anderzijds rotatiecorrelatie-

tijden die een maat vormen voor de beweeglijkheid van de

bestudeerde moleculen. Het hierbij behorende theoretische

model en met name de toepasbaarheid ervan voor moleculen

opgelost in vloeibare kristallen is het onderwerp van dit

proefschrift. NMR spectra van moleculen in vloeibare kristal-

len bestaan i.h.a. uit een aantal scherpe lijnen. Door de

gereduceerde spinontaarding ten gevolge van niet uitgemiddelde

anisotrope interacties, bevatten dergelijke spectra veel meer

informatie dan het geval is bij normale isotrope vloeistoffen.

Het grote aantal overgangen dat in een vloeibaar kristallijn

oplosmiddel zichtbaar wordt, opent tevens nieuwe mogelijkheden

voor een veelvoud van verschillende relaxatie experimenten. In

dit proefschrift wordt beschreven hoe een aantal van deze

experimenten gebruikt kan worden bij het onderzoek naar de

moleculaire dynamica van kleine moleculen in vloeibare kris-

tallen. Het blijkt, zoals beschreven in hoofdstuk 4, dat een

groot aantal frequentie afhankelijke relaxatiemetingen nodig

is, voordat een sluitende interpretatie van de meetgegevens

zinvol is. In de daarop volgende hoofdstukken wordt uiteen-

gezet, hoe coöperatieve fluctuaties in het vloeibaar kristal

het waargenomen relaxatiegedrag van het opgeloste molecuul

bepalen. Een verschijnsel dat niet wordt waargenomen bij

kernspinrelaxatie in isotrope vloeistoffen. Bovendien wordt

beschreven, hoe de rotatie diffusie theorie aangepast moet

worden voor de statische ordening in het betreffende medium.

Hierbij is uitgegaan van het model zoals dat door Freed et al.

voor spinrelaxatie in vloeibare kristallen is uitgewerkt.

Tenslotte woedt in hoofdstuk 9 een methode aangegeven, waarin

relaxatiemetingen gebruikt worden voor het detecteren van zeer

I
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kleine opsplitsingen van moleculen die uitgericht zijn in

sterke magneetvelden tengevolge van hun anisotropie in de

magnetische susceptibiliteit.
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STELLINGEN

1. Bij de bestudering van dynamische verschijnselen in vloeibare
kristallen met behulp van kernspinrelaxatie is het belang van
frequentie afhankelijke metingen vaak onvoldoende onder-
kend.
E.P. Black, J.M. Bernassau, CL. Mayne, D.M. Grant,
J.Chem.Phys. 76 (265) 1982

2. In hun analyse van de relaxatie van CHDCI2 in een vloeibaar
kristal betrekken Voigt en Jacobsen ten onrechte alleen de
indirecte koppeling in eventuele scalaire bijdragen tot de
*H en 2H kernspinrelaxatie.
J. Voigï, J.P. Jacobsen,
J.Chem.Phys. 78(1693) 1983

3. De toekenning door Cantreras en de Kowalewski van de che-
mische verschuiving van de protonen in pyridine is onjuist.
R.H. Contreras, D.G. de Kowalewski,
J.Mol.Struct. 23 (209) 1974

4. Het 'toetsingskader voor de beoordeling van de concentratie-
niveau's van diverse verontreinigingen in bodem en water',
van het ministerie van Volksgezondheid, Ruimtelijke ordening
en Milieubeheer, vormt voor de beoordeling van verontreini-
ging door polycyclische aromaten een te zwakke basis.

5. NMR in electrische velden (EFNMR) kan een goede methode
zijn voor de bepaling van electrische dipoolmomenten.

6. Geneeskunde is een menswetenschap.

7. Het in toenemende mate afwentelen van de bezuinigingen
binnen het Hoger Onderwijs op nieuw aan te stellen mede-
werkers in tijdelijke dienst is niet bevorderlijk voor de weten-
schapsbeoefening.

8. Een minder strikte scheiding tussen personele middelen en
overige lasten zou het universitaire onderzoek ten goede
komen.

9. Het zich beroepen op het eigen karakter van instellingen voor
bijzonder Hoger Onderwijs in tijden van bezuiniging is een
zwaktebod.
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