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The analysis of NMR spectra of molecules in the liquid crystal phase gives rise to
information that can be used to determine molecular structure and internal flexibility. The
information extracted, the dipolar couplings, are directly related to the separation between
atomic pairs averaged over the entire motion of the molecules in the liquid crystal phase.
The dipolar couplings are modelled using the Additive Potential model, which yields the
order parameters and the potential barriers for rotation within flexible molecules.
Traditionally, due to the complexity of these spectra, studies have been restricted to small
molecules dissolved in liquid crystal solvents, often with simplified spin systems from
chemical substitution. The analysis of phenyl benzoate is an example of this type of work
and is presented here. In order to advance beyond these limitations, the possibilities of
Variable Angle Sample Spinning combined with PC-{'"H} NMR spectroscopy are explored.
Early work concentrates on the analysis of fluorobenzene and 2,2'-difluorobiphenyl
dissolved in nematic liquid crystal solvents. VASS has proved to be a powerful tool which
has allowed the analysis of NMR spectra to be simplified and has demonstrated that spectra
taken near the magic angle can be used to determine the absolute signs of the scalar
couplings simply. Different decoupling schemes are also investigated and compared to
further optimise the procedure being developed. Finally, the NMR spectra of the liquid
crystals I35 and 152 in the liquid crystal phase were successfully analysed combining all the

preceding techniques, and the internal motion of the molecules successfully modelled.
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Chapter 1

NMR of Liquid Crystals

1.1 Introduction

The analysis of the Nuclear Magnetic Resonance (NMR) spectra of molecules in a liquid

crystal phase 1s well documented [1]. The first such example was that by Saupe and Englert
[2]. They published the proton (‘"H) NMR spectrum of benzene dissolved in a nematic liquid

crystal. The spectrum consisted of 72 transitions, compared to a single transition in the
1sotropic liquid, the extra lines are because the dipolar interaction between a pair of protons,
D;;, is not averaged to zero, as it is in an isotropic sample. Since then, many other similar

liquid crystal NMR experiments have been conducted, covering a wide range of molecules
from simple rigid molecules such as fluorobenzene [3, 4][chapter3] to much more complex,
flexible molecules such as phenyl benzoate [5][chapter 2], 2,2'-difluorobiphenyl [6, 7]
[chapter 4, chapter5] and liquid crystals themselves [8][chapter 6]. The partially averaged
D;; are directly related to molecular structure. They are averages over all motion which 1s
fast compared to their magnitude. The motion producing the averaging is of the whole
molecule relative to the magnetic field, and internal motion such as bond rotations.
Therefore it is possible in principle to determine conformational distributions of molecules
in the liquid crystalline phase. There are many examples of such studies on relatively simple
molecules [9, 10, 11]. In theory it appears possible to subject many other molecules to such
conformational analysis, however, in practice it soon becomes impossible to analyse their
proton spectra. In the case of the large molecules which form liquid crystals, the proton
spectrum is so complex it appears as a broad unresolved line and is difficult to distinguish

from the baseline. The solute spectrum is superimposed on this and through spectral

manipulation can be enhanced. It is also possible to study the solvent molecules by NMR,
but now the most useful techniques have been deuterium [12] and carbon-13 [13]. We will
describe how "C-{'H} spectra may be used when the molecules contain one or more “F
atoms. Before discussing the experiments we will briefly discuss some properties of liquid
crystals, followed by the eftects of the magnetic field in the NMR experiment on molecular
alignment. The contributions to the NMR spectrum will then be discussed and methods of

spectral simplification described. Finally in this chapter we will see how the experimental



data 1s used to obtain molecular structures and to gain an insight into the flexibility of the

molecules

1.2  Orientational Ordering of Liquid Crystals

In order to understand how the NMR experiment allows us to extract information otherwise

unobtainable from solutions in the 1sotropic phase, we first discuss some properties of liquid

crystal phases themselves and their behaviour within the magnetic field.

Liquid Crystal describes a phase that molecules can form in certain conditions that lies
structurally somewhere between the liquid and solid phases, a bridge between these two

very different phases. In the liquid crystal phase, the molecules are free flowing, and they
are constantly undergoing rotational and translational motion, however, individual

molecules are affected by their neighbours to such a degree that they are forced to align to

form some sort of order, depending on the class of liquid crystal phase formed.

There are two classes of liquid crystals, the lyotropics form phases in solution, and are
especially important in the detergents industry and in biology, and the thermotropics which
form phases under certain conditions of temperature and pressure, and are prominent in the

polymers and display device industries. Thermotropics can be further subdivided on the

basis of the shape of the molecule, where calamitics are rod-like and discotics are disc-like,

the size of the molecules, where monomers have low molar mass and polymer have high

)

Figure 1 Schematic of the nematic liquid crystal phase. Net
alignment of the molecules is given by the director, n.
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molar mass and on chirality where molecules have a chiral centre. A more important

division 1s between the nematic phases, in which molecules have only orientational order

and smectics which also have spatial order. The work described in this thesis has been

concerned only with the nematic calamitic phase.

1.3  The Liquid Crystal Director

The nematic phase exhibits long range orientational order, whilst maintaining its liquid like
properties i.e. low viscosity. Molecules that form calamitic nematic phases are often
approximated to be rigid and of uniaxial symmetry. We can see that the molecules are

anisotropic in nature and have a preferred direction of orientation, as shown in figure 1,

known as the director, n.

In an unconstrained environment the directors are randomly oriented with respect to a fixed

direction in space. There is therefore microscopic orientational order of the liquid crystal

molecules but macroscopic disorder of the directors.

Macroscopic alignment of the directors may be induced by the presence of an external

constraint such as an electric or magnetic field, or confinement between glass plates. In the

case of NMR we are particularly interested in the effect of the magnetic field.

The application of a magnetic field induces a torque on the molecules due to the dependence
of the magnetic free energy on the director orientation. For a single, rigid, cylindrically

symmetric molecule at fixed orientation 6;, with respect to the magnetic field, By, the

magnetic {free energy (F;) 1s given as

1

F e g 8,5 )
where
3cos’0, -
Ay - Ax"‘"( — 2‘ 1) (2)



to give

1

F =-—= Ax™ B} ( (3)

2

3cos’0, - 1
2

A yg 1s equal to the difference in the magnetic susceptibilities perpendicular and parallel to
the magnetic field and whenA x™ is > 0, the minimum free energy occurs when 6. = 0° and

molecules will prefer to orientate themselves parallel to B,, however, when Ax™' <0, the

minimum occurs when 0; = 90°, and molecules will prefer a perpendicular orientation to B,,.

In the 1sotropic phase, molecular collisions cause a randomising effect which is larger than
the orientational effect of By, however, in the liquid crystal phase, the magnetic field can be

regarded as acting on the directors, n,, and the free energy becomes

3003’&, -1

Fe) - —Axr™P.B; [ ___.2_) )

where «; is the angle between n; and B, and P, is the average of the Legendre polynomial,
P, - (3 cos? B - 1)/2, where B is the angle between the molecular symmetry axis and the
director. The energy F(e;) is a minimum at « = 0° with Ay™ positive and a = 90° with
Ax™! negative. It can now be seen that when Ax™ is positive the director aligns with B,,

and when Ax™ is negative the director aligns perpendicular to B,, and virtually complete

director alignment 1s obtained.

We know that molecular motion in the liquid crystal phase is rapid but not random. At any
point in time a molecule has a preferred orientation which can be described in relation to the
director, n. In the simplest case of a cylindrically symmetric molecule in a uniaxial phase

the probability that a molecule is at an angle between cosp and cosp + dcosp (figure 2) 1s

given by the singlet orientation distribution function, f(p).

f(p) can be used to characterise the orientational order of the molecules, however, this 1s

difficult to measure, and is usually unknown. We can expand f(B) as a sum of the Legendre

polynomials, P, (cosp):

fB) = > £,P,(cosp) (5)

L even



mol
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Figure 2 The probability {(f) that a molecule adopts an angle between
cosp and cosp+dcosp to the director, n.

f, are the expansion coefficients, where L is even to reflect the mesophase symmetry about

the plane orthogonal to n. The {; are given by

— | 2L+]
f, - 2l ©)
so that the singlet orientation distribution function is
2 —
1) - ¥ 24P Py (eosp) )

L even 2

where P, are the averaged values of P; over all cosp and are known as the order parameters.

To completely characterise f(p), we need to measure an infinite set of order parameters

Figure 3 Euler angles defining orientation of the director
in axes fixed in a biaxial molecule.



where all of P, are finite, however, only P, is easily obtained experimentally, hence we only

obtain a partial description of the ordering.

To describe the orientation of rigid biaxial molecules 1n a uniaxial mesophase two angles, 8

and y are required (figure 3). The singlet orientation function is now an unknown function

of two angles, 1(f,y), and must therefore be expanded as a series of orthogonal functions of

8 and y, known as modified spherical harmonics

f(B’Y) - Li FL,,, CL_,,. (B!Y) (8)

where L is even and m takes values of +L to -L. Equation 8 can be expanded to

16y - 2L, ¢, (8.) 9)

for L 1s even E‘:.,.. . EL,,.- Again, an infinite number of order parameters are required to

completely characterise f(B,y), however, only the second rank ones (L=2) are measurable

with NMR. There are five independent second rank order parameters, Cv,,, Cv,,, C+,,, C,
and C., ,.
The C., are related to S,;, the Saupe order matrix elements which are defined as

S.p = (BeosO cosb, - &)/ 2) (10)

where 6, is the Kronecker delta and is equal to 1 if «=p and equal to 0 otherwise and « and
B are Cartesian axes. Using X, Y and Z fixed in a molecule. the Saupe order parameters for
a molecule are Sz7, Syx-Syy, Sxys Sxz and Sy,. In the principal axis system, defined
according to the structure of the molecule in such a way that the order matrix is diagonalised

removing the off diagonal elements, this is reduced to S,, and Sy4-Syy, while for a uniaxial

molecule this can be further reduced to S,, only.



1.4 NMR of Liquid Crystals

Nuclear Magnetic Resonance (NMR) spectroscopy i1s based upon the measurement of
absorption of electromagnetic radiation in the radio frequency range. Nuclei are required to

develop energy states for absorption to occur. Exposure to a magnetic field leads to a
splitting 1n energy levels of nucle1 with properties of spin. Not all nuclei have properties of
spin and cannot therefore be observed in NMR, a property that is used to our advantage (see
chapters 3-6, ’C NMR). Nuclear spins act like small bar magnets, in that they align with the
magnetic field. The nuclei absorb the radiation, which results in the spinning axis tipping

over away from the magnetic field direction. The nuclear spin relaxes back to the
equilibrium position over time, whilst emitting a radio frequency that is received by the
spectrometer. The signal, known as the free induction decay (fid), is measured as a function
of time. Although it is possible to analyse this signal, it becomes very complex, very
quickly with the occurrence of inequivalent nuclei contributing their distinctive patterns to
the decay signal. Fourier transformation of the fid converts the data into the frequency
domain, and transitions appear corresponding to the frequency of radiation emitted by each
type of nucleus during relaxation, to give the NMR spectrum, in which it 1s possible to

extract the information about inter nuclear interactions.

The frequency and intensity of the lines in the NMR spectrum are given by the nuclear spin

Hamiltonian, 3¢, when used in the time independent Schrédinger equation

sy, - E¥, (11)

where E, are the eigenvalues and ¢, are the corresponding eigenfunctions. The form of the

Hamiltonian is

3 = 30+ 3,0 3, + 36, (12)

which in the 1sotropic phase 1s simplified to

H=H+H (13)



Here, the Hamiltonian will be described using the spin operator, I, where Z is the direction

of B,, and the ladder operators, I,;, given by

I = Iil,

and (14)
I =1 -il,

1.4.1 The Zeeman Hamiltonian s,

G = e Dl - 07) (15)

Note that 3¢ has been divided by h, Planck's constant, to give units of Hertz. The component

along B, of the partially averaged total shielding tensor at the ith site, o;, can be divided

into a contribution, o;*°, which is non-zero in all phases, ando,,*"*°, which vanishes in an

1sotropic phase:

Gm = D:m+ Ogm (16)

The anisotropic term is related to o,,, where « and p are axes fixed in the molecule, by

aniso 2 |
Oz = 3 Sm[cmf "~ (obb: * om)]

* 'i' bb'Schbei'om) | (17)

Choosing the molecular axes a, b and ¢ to be either the principal axes for the order matrix,

S, or for the shielding tensor, o, simplifies the equation since all the terms involving S,

with a#p vanish.



1.4.2 The Spin-Spin Hamiltonian

H

. g {J;” [Iz.fz,- ' -;- g IJI_J)] « I [Iajz; - -}(I"]J ' I,I})]} (18)

J;*° is the scalar spin-spin coupling constant, and J;,;*"* is the component along B, of the

anisotropic part of the spin-spin interaction.

1.4.3 The Dipolar Hamiltonian s¢,

3, - gzuilz;zj_%(@djj)] | (19)

D; is the component along B, of the dipolar interaction tensor. It is an entirely anisotropic
interaction occurring between two nuclei i and j with spin, and unlike the scalar coupling
occurs through space. It can be seen that the operators in equation 19 are identical in form to
the anisotropic component of equation 18, J,,,;*™* and so the two are spectroscopically

indistinguishable and must be taken into consideration when measuring the magnitudes of

the dipolar couplings.

The manifestation of these interactions is not unique to the liquid crystal phase. The
complexity of solids stems from intermolecular as well as intramolecular interactions. The
viscosity of the liquid crystal phase is comparable, in the nematic phase at least, to that of
isotropic liquids and molecules undergo rapid rotational and translational motion in the bulk
medium. This results in the averaging of the intermolecular interactions to zero. The low

viscosities and fast relaxation rates also result in higher resolution of individual resonances.

The averaged dipolar coupling between a pair of nuclei, i and j, is given by

Yyyh) [3cos’0. -1
Du--(”)____'i.__ (20)

412 3
2ry.

where y is the gyromagnetic ratio of a nucleus and h is Planck's constant. For r;; fixed, the

9



angular term only is averaged over all orientations of r;; with respect to the magnetic field

and as such 1s termed the order parameter, S, for the ij axis. For axes X, Y and Z fixed in a

rigid molecule, the dipolar couplings are given as

Y,Y,h[

P/
D, - - -5 ’ Sy(3cos0,, - 1)

+ (SXX - Syy)(coszeyx B COSZGW) (21)

+ 4Sn, cosﬂg ¥ cosBy},

+ 4sz cosﬁyx cosﬂﬁz

+ 48, cosd,, cosB,, |

In a flexible molecule, the dipolar couplings are also averaged over all internal motions

ij = fD;j(ﬁ’Y!d)) Pm(ﬁ!Y:(b) smB dﬁd’fdd) (22)

where B and y are the Euler angles describing the orientation of r; with respect to By, and ¢
is the conformation described by a set of internal angles. P, (B,y,$) is the probability of any

particular conformer ¢ at an orientation B, y to B,, which is the singlet orientation
distribution function for the molecules, f(B,y), in the conformation ¢ D;(B,y,$) 1s known

for any fixed molecular geometry, however, P, <(B,v,$) is unknown and must be modelled.

The method used for modelling P, , in order to calculate values of the D;;, is discussed later.

1.4.4 The Quadrupolar Hamiltonian s,

The nuclear electric quadrupole-electric field gradient interaction occurs with nuclei which
possess a spin greater than %. The charge distribution in such nuclei is not spherical and has

an electric quadrupole moment that interacts with any electric field gradient at the nucleus.

ot + | 4! (41,22;1) (31,1, 1) (23)

qzz; 1S the component of the quadrupolar tensor along B,. Quadrupolar interactions also

provide information on the orientation of the molecule in the liquid crystal phase, and can

be used to determine the order parameters for a molecule, as the tensor q; is purely

10



anisotropic. The components in the molecular frame, q,;, are related to qzz; by

G * G| S 30,50 5, 24)
where ‘qaail > lqbbi‘ > lqcci‘ and
M, - (qbbiq )} qm) (25)

The axes a, b and c are principal axes for q;. The splitting from each inequivalent nucleus

with I>1 in the molecule gives rise to a doublet in the NMR spectrum with a splitting of

Av = 3q,,/2.However, the effect of n; is small and can usually be ignored and then the

splitting 1s
Av =32q_ S, (26)

In the case of a liquid crystal, we usually observe the quadrupole interaction of deuterons

attached to carbons and in this case the axis a is along the C-D bond, so that

3
Av= 2 4ep S @7)

The order parameter, S.p, for the C-D bond is

5. - (E‘.ﬂia&ll) 28)

where Ocp; is the angle between the ith C-D bond and B,, and <> is an average over all the
molecules. The order parameter Sp; 1s equal to zero in the isotropic phase, as all
orientations within the solvent are possible. In this case the splitting disappears from the

spectrum. The Scp,; are related to order parameters Syy, Syy, Szz, Sxys Sxz and Syz which are

defined with respect to the director.

11



Sep = Szz(3coszﬂmz- l)/2
‘ (SH-SWXCOS”BCM -cos’0_. f2

CDiY

+ 25, co0s0. . cosO 29
XYC CDIX CDiY
' 2SHcosBCD " cosﬁmz

+ 2§ cos0 ., cosO . .

1.5  Analysis of Liquid Crystal NMR Spectra

The additions to the Hamiltonian in the liquid crystal phase from the partially averaged
anisotropic interactions have a dramatic effect on NMR spectra. These spectra may consist

of many hundreds of lines compared to their respective spectra in isotropic solution. As the
size of the spin system studied increases, the spectra become even more complex with the
growth 1n the number of internuclear interactions producing further splittings in the spectra.
In the case of liquid crystals themselves, 'H NMR spectra consist of so many transitions that
in fact the spectra appear as broad humps spanning tens of kilohertz. The spectra of
molecules dissolved in liquid crystals are, however, superimposed over the top of the liquid
crystal spectra and are distinguishable from the liquid crystal background, and are therefore

analysable.
It was said by Jacques Courtieu in a review article

"Our drawers are full of spectra that we have never been able to analyse, and the situation

is probably the same in many specialised laboratories around the world" [14].

The purpose of this work was not to analyse those spectra which had defeated Jacques, but
to develop the technique to obtain new, better and more friendly spectra to analyse. There
are methods that can be used 1n order to reduce the complexity of the problem, ranging from

complex chemistry to different types of NMR experiments.

In cases of nuclei with spin = Y4, such as 'H, we only observe contributions from the dipolar
coupling to the nuclear spin Hamiltonian. It is these dipolar couplings that we aim to extract
from the liquid crystal NMR spectra of liquid crystals or molecules dissolved in the liquid
crystal phase, so that we can determine structural information. A problem exists in that the

anisotropic part of the scalar coupling constant, J "™, is not separable from the dipolar

12



coupling constant, D, and in fact it is a total interaction, T;;, that is measured from the NMR

spectrum

T, = 2D, + J™ (30)

We cannot therefore determine molecular structures unless J;** is known, however, in

many cases this is much smaller than D;; and can therefore be safely ignored.

In order to analyse these spectra we must use computer simulation and iteration programs as
it is only possible to analyse very small spin systems analytically. Such programs calculate
NMR spectra from a set of trial parameters, provided by the user, which are varied through

iteration until a good agreement is found between the calculated and experimental spectra.

The 'H NMR spectra were analysed using a program, ARCANA [15], running on a Silicon
Graphics Indy platform. ARCANA is based on LAOCOON [16], which uses the Castellano
- Bothner-By iterative method of refining the spectral parameters. ARCANA uses symmetry
to factorise the Hamiltonian matrix which gives a reduction in the computer memory

required, and a reduction in the computation time.

The method of obtaining starting parameters is an important part in the successful and
speedy analysis of complex spectra. ARCANA requires a set of chemical shifts, scalar and
dipolar couplings as starting parameters. The chemical shifts for protons are not affected
greatly by the anisotropic term and so those for the isotropic phase can be used as starting
values. The same is true for the scalar couplings, whose values can be assumed to be those
in similar compounds, if an isotropic spectrum is not available, or is itself very difficult to
analyse. Dipolar couplings can be calculated from the order parameters and the molecular
geometry. Geometry can be either assumed or may have already been determined. The order
parameters can be obtained either through analysié of the anisotropy of the chemical shifts
of the carbon atoms in *C NMR, or more simply through the measurement of quadrupolar
splitting in the 2H NMR spectra of perdeuterated isotopomers. This method works very well
for rigid fragments, but for flexible molecules the splittings are averaged over all motion,
and it is not so easy to determine the conformation of molecule through the use of the

quadrupole interaction. Again assumptions must be made and the D;; calculated from a small

set of probable minimum energy structures.

13



Very often, the '"H NMR spectra of the fully protonated isotopomers are so complex that

even with these starting parameters it is not possible to relate the calculated and
experimental spectra. We must therefore seek methods of simplifying such spectra to enable
us to succeed 1n the final analysis. Three methods are commonly used for such purposes,

partial deuteration, scaling of the anisotropic interactions and multiple quantum NMR. The
first two methods are explored within this thesis, however, multiple quantum was not a

method of choice here and will not be discussed further.

Partial deuteration of molecules can be used to reduce the number of protons within a

molecule. This actually increases the complexity of the proton spectrum, but the 'H-"H
interactions can be removed by spin decoupling. However, there is a price to pay. The
deuteration is often difficult to perform and then to achieve with a reasonable yield. The
compounds are also expensive. However, through this method it becomes possible to
analyse spectra that would have otherwise defeated us. The result of the analysis of the 'H-
{’H} spectra of the partially deuterated samples is the collection of refined dipolar couplings

to be used as the starting set in the analysis of the more complex spectra 'H spectra.

Scaling of the anisotropic interactions to such an extent that the dipolar couplings are in the
same order of magnitude as the scalar couplings, makes the spectrum easier to analyse, in
that the spectrum is similar to that in the isotropic phase. Spinning samples at or near the
magic angle in the NMR experiment, achieves scaling of the dipolar couplings without

chénging the sample conditions.

1.6  Variable Angle Sample Spinning

Spinning a liquid crystal about an axis D, tilted from B, by an angle, n, at an angular
velocity, w, greater than a critical spinning speed, w., (figure 4) the director, n, does not
have time to realign to the direction of the magnetic field, but will orient such that over one
cycle the potential energy 1s a minimum. For nematics with Ax > 0 when n <0_, the
potential energy is a minimum at y=0° and the director will align along D; when n =0, the
potential energy is independent of y which means that the director has no preferred
orientation and the distribution 1s isotropic; when n > 6_ the potential energy is a minimum

for y=90° and the director is distributed in the plane perpendicular to D. For liquid crystals
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Figure 4 The position of the director, n, with respect to the
spinning axis, D.

with Ay <0 the situation is reversed. When the director is at an angle p to B, all anisotropic

interactions are changed by (3cos®p - 1)/2, known as the reduction factor, R.

Here we discuss the application of VASS to solutes dissolved in liquid crystal solvents. It 1s
the reduction of the dipolar interactions that is important in the application to enable the

simplification of complex NMR spectra. In chapter 3 we show how the 'H-'H dipolar
couplings are reduced in a sample of fluorobenzene dissolved in the liquid crystal ZLI-1167,
however, it is the simplification of PC-{"H} NMR spectra that is found to be most useful,

and 1s described in chapters 3 and 4.

The goal of the experiment is to reduce the anisotropic interactions, in particular the D; in a
complex liquid crystal NMR spectrum in a controlled way. It is possible to see how the
spectrum changes as the spinning axis 1s varied through a range of angles to B,. When n =
0,,, the spectrum 1s dominated by the 1sotropic scalar couplings, J ; and chemical shifts, 6,
and is equivalent to the NMR spectrum of the solute in an isotropic solution and as such 1s
relatively easy to assign. Once the spectrum at 0,, is assigned, we may observe the growth in

magnitude of the anisotropic interactions and see the effect they have on the liquid crystal

spectrum.

The resonance frequency of a carbon, §;, which for liquid crystalline samples is usually

measured relative to the transmitter frequency, depends on §,°, the value for an isotropic
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sample, and 8™, the anisotropic contribution (see equation (16)) by

exp ua+_1_ _ aniso
67 = 2(3(:05’7] 1)8 (31)

The value of 6 1s zero when B 1s < 54.7° for Ay positive, and when B > 54.7° for Ay

negative. In these cases plotting (§; - §,°) against R gives 8",

This application, is ideal for the analysis of C-{'H} NMR spectra, in which the spectra
consist of multiplets arising from single '°C atoms. The natural low abundance of "*C
ensures that no C-"C couplings interfere with the spectrum, and we only observe single
3C atoms coupling with other nuclei with nuclear spins greater than zero. In liquid crystals
without other nuclei with spins greater than zero, the liquid crystal spectrum is simply a
single peak for each non equivalent carbon where the position is the result of the effect of
chemical shift anisotropy on the °C atoms. For our experiments we are interested in
observing dipolar couplings, which will occur if another nucleus spin greater than zero 1s
present. It is convenient that many liquid crystals contain a small number of fluorine atoms.

The F isotope is 100% naturally abundant and has a spin of 1/2. The liquid crystal

spectrum of a liquid crystal containing one F atom would then consist of doublets arising

from the *C-"F dipolar coupling. VASS NMR spectra would then show the effect of the
growth in magnitude of the D;".

1.7  Conformational Analysis of Flexible Molecules

Molecules which are flexible can be regarded as consisting of several rigid sub-units, or

fragments. The dipolar and quadrupolar couplings obtained from analysis of the NMR

spectra of flexible molecules dissolved in the LC phase are the averaged couplings over all

internal motions, as well as the motion of the molecule within the solvent. Therefore it 1s
possible to investigate the internal motions of the molecules using the partially averaged

dipolar and quadrupolar couplings. For rigid molecules we need only one set of order
parameters to describe the orientation of the molecule within the solvent. However, for
flexible molecules, we need a set of order parameters for each rigid fragment, as the D;'s

depend on the internal motions of these fragments.
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Equation 22, shows the relationship between the dipolar couplings and the singlet

orientational distribution function. The dipolar couplings depend not only on the orientation
of the liquid crystal molecules but also on the internal conformation. The probability that a

liquid crystal is in any particular conformation regardless of its orientation with respect to

the director is

PA®) = [P AB.v.d)sinBdpdy (32)

which describes the conformation distribution of molecules in the liquid crystal phase.

Writing D;; as

D, « [P,44)D4)dd (33)

where D;(¢) can be determined from equation 21 for each éonfonner, which is treated like

one rigid unit and has a set of related order parameters gives

Y, ¥, h

8n’ r)
v (Sud) - Spld) (cos’ﬂﬁx - cos’ﬁ,ﬂ,)
+ 485,{$) cosB, cosb,,

+ 48,($) cosB , cosO,,
+ 4S,[$) cosb,, cosh,

D,(¢) - - S {$)3cos0, - 1]

(34)

Similarly, the doublet splitting from the quadrupolar interaction, given in equation 27, 1s

conformationally dependant.

In order to calculate an averaged dipolar coupling it is necessary to be able to model the

conformational dependence of the order parameters, and the P (¢).
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1.8 The Additive Potential Method

The energy of interactions for flexible molecules are dependant on their orientation and

conformation [16]. The singlet orientation function is given by

- PL(B.d) - 2 ep{-—U—‘};’T—*f‘-’l} (35)

where U(B,y,$) 1s the mean potential of the molecule in conformation ¢ and orientation

(B,y) and Z 1s the normalisation function

z . exp{ﬂ}%l’:@} sinB dB dy dé (36)

The mean potential can be written as the sum of the internal energy U, (¢$), dependant only

on conformation, and U,,(B,y,$), dependant on both orientation and conformation.

U(B:Ys‘b) = Um(¢) + Um([}:Y’¢) (37)

The external energy U..(B,y,$) , the potential of mean torque for rigid conformation ¢, 1s

expanded in terms of modified spherical harmonics to give

U, (B,,0) = -€,{) C,,(B,Y) - 2¢,,($) C,, (BY) (38)

In the AP method, the conformation dependence of the interaction coefficient e, ,,(¢) 15

approximated as a sum of terms, €, ;(J), from each of j rigid fragments.

) - z}: 2. €0) Dy (Qf¢) (39)

Dp_mz(Q ;s) 1s the second rank Wigner rotation matrix, which describes the orientation of the

jth fragment in the molecular reference frame for the conformation ¢.

The probability of a conformation, P; (), depends upon the energy of the conformation and

the potential for rotation within the molecule

Pd¢) - 2" exp| -V¢)/ RT] [exp|-U,(B,y,$)/ RT|sinp dp dy (40)

where for a continuous distribution, V(¢) can be expressed as a cosine series which is
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provided as part of the assumption of the general shape of the potential barrier for rotation

M) = X V,cos(nd) (41)

and Z 1s the normalisation function

Z - f exp-V($)/RT} dd f exp[-Um(B,y,(b)/RT ] sinP dp dy do (42)

The AP method also allows the calculation of P, (¢), the probability distribution 1n the

1sotropic phase, thus

P($) = Q' exp| -Vd)/ RT] (43)

where Q 1s

0 - [ expl-MGYRT) (49)

1.9 The Rotational Isomeric State Model

The RIS model, often referred to as the jump model, is the simplest as it approximates the
conformational distribution of molecules to the set of minimum energy conformations. The
molecules are assumed to jump between these conformations. This model is also
particularly useful in cases of many degrees of freedom with respect to flexibility. With
these molecules, such as liquid crystals, the number of possible conformations that would
need to be explored using a continuous distribution method would be too great. This 1s

shown to good effect in chapter 6, the Analysis of liquid crystals I35 and 152.
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Chapter 2

The Conformation of Phenyl Benzoate

when Dissolved in a Nematic Liquid Crystal Solvent

2.1 Introduction

Phenyl Benzoate, whose structure is shown in figure 1, is an example of a simple fragment
that commonly occurs in both monomeric and polymeric liquid crystals. The popularity of

the ester linkage and the importance of the phenyl benzoate fragment is clear. It should then

Figure 1 The structure of phenyl benzoate showing the atomic and axes labels.

be of great interest to study the conformational behaviour of this fragment in the liquid
crystal phase. The reason we choose phenyl benzoate as opposed to other common liquid
crystal fragments is that it extends our techniques of spectral and conformation analysis
successfully used in the past to a more complex situation. Structural studies have been

performed on mesogens and the mesogenic fragments such as biphenyl [1],

chloroethylbenzene [2] and phenyl acetate [3]. The structural study of phenyl benzoate
introduces new difficulties as the two rings are not equivalent. This complicates the
anisotropic '"H NMR spectrum for this ten spin system compared to the ten spin system of

biphenyl whose two rings are equivalent. We are helped by the presence of symmetry within

the two rings about their respective rotation axes, rotation about Z,, for example,

interchanges pairs of protons and creates a symmetry in the nuclear spin Hamiltonian. From

the analysis of the anisotropic 'H NMR spectrum of biphenyl it is possible to obtain twelve

independent spin-spin, dipolar, couplings. From the same type of spectrum for phenyl

benzoate we can obtain twenty one independent D;.. A fragment of this degree of complexity
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has not in the past been successfully analysed. With regard to the conformational analysis,

we have the possibility of three axes of rotation within the molecule, this brings in a
substantial time factor in the analysis when we consider all possible conformers, as in
theory the number of conformers increases by the power of the number of rotors. The
structure in the solid phase has been determined through X-ray diffraction [4]. This showed
that ring 2 1s rotated about Z, by ¢$,=9.8°, and ring 1 is rotated about Z, by ¢,=65.1° both
relative to the planar OCO group determining the resulting dihedral angle between the two
rings to be 55.3°. Phenyl benzoate has also been the subject of a molecular orbital
calculation on a single 1solated molecule. This determined the minimum energy structure to
be ¢$,=46.4°, $,=0.2° and ¢,;=0° which 1s comparable to the X-ray structure. The difference
in twist angles determined, can be easily explained, as the barrier for rotation about the Z,
axis is said to be very low, and that the difference in energy between ¢,=65.1° and ¢,=46.4°
is of the order of RT [5]. Also the lowest energy structure in the crystal form often has slight
geometry differences to those of free molecules due to the packing forces involved. Rotation
about Z, if it occurs will result in severe steric hinderance as ¢; approaches 180°. A survey
of crystal structures of esters [6] found none of type 2 (¢,=180°), with most structures being
of type 1 approximate to ¢;=0°. This does not rule out the possibility of rotational freedom
about Z, in fluid phases, however, we would not expect a great deviation from ¢,=0° for the
minimum energy structure of phenyl benzoate in any phase. Here we are interested 1n
determining the rotation potentials of phenyl benzoate in the nematic liquid crystal phase at
approximately room temperature. As described in chapter 1, the proton NMR spectrum of
such a sample can be analysed in order to extract the dipolar couplings, D;;, which are
directly related to the molecular structure and are averaged over all internal motions and the

motion of the molecules within the sample.
We have already discussed the improvement in our ability to analyse more complex NMR

spectra due to increase computer power and speed, in chapter 1. With these facilities it 1s

now possible to attempt the analysis of this ten spin system within a reasonable time frame.
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2.2  Experimental

2.2.1 NMR Spectroscopy of Phenyl Benzoate in the Nematic Liquid Crystal Phase

The 200 MHz '"H NMR spectrum of phenyl benzoate as a 10% w/w solution in the nematic
muxture ZLI 1132 (Merck Ltd.) 1s shown in figure 2. The spectrum consists of hundreds of
transitions which need to be properly assigned in order to obtain the correct parameters.
This can be contrasted to the proton NMR spectrum of phenyl benzoate in isotropic
solution, shown 1n figure 3, which although itself is a difficult spectrum to analyse is no
where near as complex as the spectrum of phenyl benzoate in the LC phase as the
anisotropic interactions which dominate LC spectra are averaged to zero. It is practically
impossible to start from scratch with the analysis of the liquid crystal spectrum, so we
proceeded in stages by first analysing the deuterium decoupled proton spectra of samples of

the four i1sotopomers 3, 4, S and 6, shown 1n figure 4, dissolved at the approximate same

concentration in ZLI 1132. For each isotopomer we recorded both 'H-{*H} and 2H NMR

spectra which are shown in figure 5.

8000 .8000
0 /n.

Figure 2 The 200 MHz proton spectrum of a sample of phenyl benzoate approximately 10%
w/w dissolved in ZLI 1132 at 300K.
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Figure 3 200MHz 'H NMR spectrum of phenyl benzoate dissolved in chloroform.

O D D O
e O
O3
D D
3 D D 4
D O D O
O 3O
D O O
D D
5 6

Figure 4 Partially deuterated phenyl benzoate isotopomers
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Compound *H NMR spectra 'H-{*H} NMRspectra
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Figure 5. 30.7 MHz °H and 200 MHz 'H-{*H} NMR spectra of samples of partially

deuterated phenyl benzoate approximately 10% w/w dissolved in the nematic solvent ZLI

1132 at 300K
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2.2.2 Synthesis of Phenyl Benzoates

The four isotopomers were synthesised from the appropriate deuteriated materials by the

following procedure as described by Vogel [7].

OH +
Cl 10% (aq)
Stir & Cool
Phenol Benzoyl Chloride Phenyl Benzoate

Phenol (0.95g, 0.0101M) in 10% NaOH solution (15ml) were stirred together in a RB flask
fitted with a condenser. Benzoyl chloride (1.42g, 0.0101M) was added and the mixture was
stirred and allowed to cool for 30 minutes. After this time the solid product formed was

filtered off under suction and washed with water. The solid product was recrystallised using

rectified spirit, and filtered. The colourless crystals produced were dried and weighed. The

mass of the product formed was 1.18g (0.0051 mol), corresponding to a yield of 50%. Thin

Layer Chromatography (TLC) showed the product to be free of impurities and the melting
point of the solid was found to be 71°C (cf. 69°C [8]).

The isotopomers 3-6 were synthesised by the same procedure, but using deuterated starting

materials.

2.2.3 Synthesis of Fully Deuterated Benzoyl Chloride

Thionyl Chloride (2.5g, 0.0210M) was added dropwise to deuterated benzoic acid (1g,
0.0079M) (Aldrich) in a 3 way flask, in a water bath at 70° C, fitted with a separating

funnel and a condenser. The water bath was removed and the mixture stirred for 2 hours

under reflux. The excess thionyl chloride was then distilled off, followed by the deuterated

benzoyl chloride, both under a reduced pressure to yield the product.

2.2.4 Synthesis of 2,4,6-d;-phenol

20% DC1/D,0 (8ml) solution was added to phenol (2.01g, 0.0214M) in a RB flask and

26



heated under reflux for 48 hours at 150° C, whilst stirring. The deuterated phenol was

extracted with diethyl ether. The product was dried overnight with CaCO,, and filtered. The

solvent was extracted using a rotary evaporator to leave an oily product, which can be used

without further purification in the synthesis of compound 5.

2.2.5 Synthesis of 2,4-d,-phenol

The reaction was similar to the synthesis of 2,4,6-d;-phenol. However, the reaction was
carried out over 72 hours, using 20% HCI/H,O (8ml) and fully deuterated phenol (2g,
0.0202m), and used in the synthesis of compound 6.

2.3 Results and Discussion

2.3.1 Analysis of the NMR spectra from the Partially Deuterated Isotopmers

Deuterium Spectra

The analysis of the 2H NMR spectra of 3 and 4, in figure 6, yield the local order parameters
for each benzene ring, which are in turn used to calculate D; values for those rings assuming
a geometry as starting points for the analysis of the corresponding 'H-{*H} NMR spectra.
The spectra were assigned as follows. Both the spectra of 3 and 4 give rise to three doublets

from the three inequivalent deuterons in each ring. The doublet splittings are related to the

order parameters through equation 1.

Avi * 'f.:'qc.fn SC‘D (1)
where

Sep = S,;(3c0s0,,,-1)/2 + (S, - Syy) (cos?0 ., - cos’0 ) 12 (2)
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The order parameters are then related to the D;; through equation 3.

D, - - (Kg/r; )S(3c0s0,,- 1) + (Sy, - Sy)(cos’d, - cos’0 )] (3)

In our reference frame, figure 6, the C-D3 bond lies along the Z axis and only contributes to

the S,; order parameter. The outer doublets in the °H spectra of 3 and 4 are assigned from

their relative intensities to the C-D3 deuterons.

Figure 6 Reference frame for deuterated rings

The C-D1,2 bonds lie in the XZ plane so both depend on S,, and Syx-Syy which can be
calculated from the corresponding quadrupole splittings. The inner doublets are from
D1(=D5) and D2(=D4), but cannot be assigned. In order to calculate the order parameters,
the ring was assigned a regular hexagonal geometry, and q.p' = qcp’ and the average

splitting, 2(Av, + Av,) used. The contribution to S, is already known from Av,, then Syx-

Syy can be calculated.

2.3.2 Proton Spectra

In order to be able to analyse the very complex 'H spectrum in figure 2, we first need to
analyse simpler systems, and build up to the final analysis of the most complicated system.
To begin the analysis of the proton spectra we require the calculated D,g, obtained through
the analysis of the deutertum spectra and equation (3). To complete the analysis correctly,

we need to consider the Jyy. Although we have not determined these in phenyl benzoate,

they should be very similar to those determined in other substituted benzenes (*J;; ~ 8Hz,
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Juu ~ 2Hz, °Jyy ~ OHzZ) [9]. The values of the J,,,, are small compared to the Dy, in a highly

ordered system such as we are dealing with, and any effect on the final results due to small
errors in the values of the Jy,; are negligible. The substitution of deuterium for protons in the
1sotopomers of phenyl benzoate, removes the Dy, that were associated with those
substituted protons. As a result the spectra are much simplified, and are easier to analyse.
From the 'H-{*H} NMR five spin spectra of 3 and 4 we obtain six independent Dy, we
obtain ten independent Dy, from the seven spin system in 5, fourteen from the eight spin

system in 6 and twenty one from the ten spin system. Analysis of 5 and 6 also gives the

values of some of the inter ring couplings.

The results of the analyses are given in tables 1 - 4 and were used as starting parameters in

the analysis of the ten spin '"H NMR spectrum in figure 3, the final results of which are
reported 1n table 3.

2.3.3 Structure of Each Phenyl Ring

The dipolar couplings between protons within a rigid group, such as each of the phenyl

rings, are given by equation (3). The rotational motion about the Z, and Z, axes imparts a
2-fold permutation symmetry to the nuclear spin Hamiltonian. Explaining more simply,

without motion about these axes, the protons in each ring are all inequivalent and the spin
system becomes an ABCDE. Motion about Z, averages, the chemical shifts of H-1 and H-5,
and H-2 and H-4 (protons mirrored about the axis of rotation) and the spin system becomes
AA'BB'C. The same applies for motion about Z,. The molecular symmetry is also
effectively C,, for each phenyl fragment, so that the terms in equation (3) with S,;, a#p, 1..
the off diagonal elements are averaged to zero, if we assume that no geometry change

occurs during rotation, and we are left with 2 independent order parameters Syy-Syy and S,

for each ring.

The relative positions of the protons, and the S, ;(n) were obtained by comparing observed

and calculated values of D;; and minimising the error function

R = %: AD; (4)
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j» obtained from

the analysis of the 30.7 MHz “H and the 200 MHz '"H NMR Spectrum, of 10% w/w phenyl

Table 1 - Chemucal shufts, &;, scalar couplings J;;, and dipolar couplings, D

\benzoate isotopomer 3 dissolved in the nematic solvent ZLI 1132,

De¢ D7
| . e 2 1 O
lDoublet splittings from *H spectrum: \ D

8
Avg = 104428 £50 Hz 3 O
Aves =0781 £50 Hz D1o D9
4 5

A\";m — 6302 :{:150 HZ
|

Calculated order parameters:

S,y = 0.376
Syy =.0.212 (or -0.289)
Sox =.0.164 (or -0.087)

Final results from analysis of 'H spectrum

ij J;/Hz D; /Hz (1)
12 8.0 4222
13 2.0 534
1.4 00 42
1,5 2.0 370
23 8.0 374
24 20 370
i 5. /Hz (£1)

ll - =177

2 -189

3 7

RMS deviation of transition frequencies = 3Hz
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benzoate 1sotopomer 4 dissolved in the nematic solvent ZLI 1132,

'Doublet Splittings from 2H spectrum:

Av; = 107760 £50 Hz
AV”Z = 2304 +50 Hz
AVZII — 1358 :-I:SO HZ

l(AV|+AV2)/2 =:|:1831 HZ

Calculated order parameters:

S,, | =(.388
Syy = -0.248 (or -0.269)
Syx =-(.140 (or -0.119)

Final results from analysis of 'H spectrum

1,] J; Hz D; /Hz (x1)
6,7 8.0 -3772
6,8 2.0 -483
69 0.0 12
6,10 2.0 272
7,8 8.0 121
79 2.0 272

1 5; /Hz (£1)

6 -170

|7 -260

8 0

RMS deviation of transition frequencies = 3Hz
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Table 2 - Chemical shifts, 6,, scalar couplings J;;, and dipolar couplings, D

10

j» obtained from

the analysts of the 30.7 MHz *H and the 200 MHz 'H NMR Spectrum, of 10% w/w phenyl




Table 3 - Chemical shifts, 8,, scalar couplings J;;, and dipolar couplings, D;;, obtained from

1)?

the analysis of the 30.7 MHz *H and the 200 MHz 'H NMR Spectrum, of 10% w/w phenyl

benzoate 1sotopomer S dissolved in the nematic solvent ZLI 1132.

10 9
4 D

Final results from analysis of 'H spectrum

ij J,/Hz D, /Hz (1)
67 8.0 -3935
68 2.0 495
69 0.0 16
6,10 2.0 289
26 0.0 155
78 8.0 128
79 2.0 277
2,7 0.0 76
28 0.0 58
24 2.0 35

1 5. /Hz (£1)

6 161

7 8l

g 352

2 64

RMS deviation of transition frequencies = 4Hz
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Table 4 - Chemical shifts, 6;, scalar couplings J;;, and dipolar couplings, D

j» obtained from

the analysis of the 30.7 MHz *H and the 200 MHz 'H NMR Spectrum, of 10% w/w phenyl

'benzoate isotopomer 6 dissolved in the nematic solvent ZLI1 1132.

Final results from analysis of 'H spectrum

Jij /Hz

1,

6,7
6,8
6,9

6,10

1,6
3,6
7,8
1,9
1,7
3,7
1,8
3,8
1,5
1,3

o0 ~] O

8.0
2.0
0.0
2.0
0.0
0.0
8.0
2.0

0.0
0.0
0.0
0.0
2.0

2.0

6;. /Hz (1)
123

30

301

10

200

10 9
D, /Hz (1)

-3978
-498

RMS deviation of transition frequencies = §Hz
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Table S - Chemical shifts, §;, scalar couplings J;, and dipolar couplings, D
the analysis of the 200 MHz proton NMR Spectrum, of 10% w/w phenyl benzoate dissolved |

1
12
13

14
15
16
17
18
23
24
26
27
28
36
37
38
67
68
69

610

78
79

J;/THz *

8.0
2.0

0.5
2.0

0.0

0.0
0.0

6.0
2.0
0.0
0.0

0.0

0.0
0.0

0.0
8.0
2.0
0.5
2.0
6.0
2.0

'in the nematic solvent ZLI 1132.

D; /Hz
-3918.3 £ 0.1
-499.6 £ 0.2
139+ 0.1
285.1+0.1

-373.9+0.1

-155.1 £ 0.1
-126.0+ 0.1

138.9+0.2
285.1 £ 0.1
-156.4+ 0.1
-73.2+0.1

-60.1 £ 0.1
-126.5 £ 0.1
-59.5£0.1
-48.2 £ 0.1
-4167.3 £ 0.1
-518.3+0.2
42.7+0.1
364.3£0.1
363.3+£0.2
3643+ 0.1

1

I

oo o)

;» obtained from

6./ Hz
0.0+ 0.2
-155.0£ 0.2
330.6 £ 0.1

-167.3 £ 0.1
-176.6 £ 0.2
-162.0 £ 0.1

* Fixed at values assumed by comparison with similar compounds
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with

AD, - [Dq. (observed) - D, (calculated)] (5)

The X-ray geometry was initially assumed as a good starting point for the relative positions
of the ester linkage fragment C(11)-O(13)-C(14)-C(12). The rings in the solid state are
distorted from regular hexagonal symmetry by small amounts, but in the solution where the
rings are also distorted, the motion about Z, and Z, averages these distortions between the
mirrored pairs of protons and the rings becomes symmetric about the axes of rotation. To
begin with the two phenyl rings were assumed to have hexagonal symmetry with ree = 1.4A
and rey = 1.09A. For ring 1, for example, the proton coordinates X,( =-X;), Z,(=Z,), and Z;

were varied together with S;,(1) and Syx(1) - Syy(1) to minimise R. A similar procedure

was adopted for ring 2. The results are shown 1n table 6.

Table 6 - Local order parameters S,;(1) and S, ;(2) for the phenyl rings of phenyl benzoate

dissolved in the nematic solvent ZLI 1132, together with the relative coordinates (A) of the

protons.
Ring 1 Ring 2
Syx(1) - Syy(1) 0.0597 Sxx(2) - Syy(2) 0.1300
S,,(1) 0.5490 S,,(2) 0.5142
X,=-X, 2.1636 X=X 2.1689
Y=Y, 0.0000 Y=Y, 0.0000
Z,=Zs 1.2450 27, 1.2450
X,=-X, 2.1564 X=X, 2.1564
Y=Y, 0.0000 Y=Y, 0.0000
Z,=2, -1.2652 Z,=Z, -1.2620
X, 0.0000 X 0.0000
Y, 0.0000 Y, 0.0000
Z, -2.5084 Ze -2.4966
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2.3.4 Conformational analysis

The intra-ring dipolar couplings cannot be calculated with eqn(3) since in principle the order
parameters for the whole molecule vary with the angles ¢,, ¢, and ¢5. This dependence will

be modelled using the Additive Potential (AP) method [10].

The molecular fragments used to construct e, ,,({¢}) in this model are shown in figure 7.

O\

/7
/

4

Figure 7 Fragment definition for phenyl benzoate

Symmetry requires €, (1) and e, ,(1) to be non-zero, but it is assumed that fragments 3 and 4
are axially symmetric, so that the only non-zero elements for these are €, ((3) and ¢, ((4).
Ring 2 also requires €, o(2) and €, ,(2), but in practice it was found that the data cannot

distinguish e, o(1) from e, ((2) and ¢, ,(1) from e, ,(2) and so these pairs of interaction
coefficients were kept equal. This has an advantage that the number of variables 1s
reduced, which although two degrees of freedom are lost the fit to the data is more

constrained to find a reasonable minimum.

2.3.5 The two rotor model

An attempt was made to fit the D;; to the case with no motion about ¢;.We choose this
model as we have no evidence, 1n the literature, for any appreciable motion about Z,. The
rotation about ¢, and ¢, have repeat periods of 90° and the simplest potential is, therefore,
V,cos2¢ + V, cos4d. The internal conformationally dependent energy U. .({d,}) therefore

becomes :

UM({II)*}) = V210082¢!| + Vncos4¢'l . Vncoszd)z + V42c’054¢'2 (6)

Varying the Vy,, V4 and the e, ,,(j) values gave the differences AD;; shown in table 7. The
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'Table 7 - The values of AD, = D,(calculated) - D,(observed) obtained by the AP method

with a 2- or 3-rotor model for the internal rotations.

J

12
13
14
15
16
17
18
23
24
26
27
28
36
37
38
67
68
69
610
78
79

-1.9
-0.3
-0.1

-0.2
2.2
5.7

15.0

-0.2
12.2
6.2
1.9
13.2
6.3
6.3
1.1
0.0
-0.2
-0.5
-1.8
-0.5

L A e A i GG AR el e s, s I S it ol e e L —3- il

AD,;/Hz
2 Rotor Model
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3 Rotor Model

-0.2
-0.0
-0.0
-0.0
0.0
3.7
1.7
-0.1
-0.0
4.8
-0.1
1.9
3.1
0.6
1.3
0.3
0.0
-0.0

-0.0
-0.2
-0.0




agreement between calculated and observed couplings s unacceptable, and in particular, the
calculated value of Ds; 1s too large. But D4 1s virtually independent of the motions about Z,
and Z, as both H-3 and H-8 lie on the axes of rotation Z, and Z, and so its value could be
reduced only by bringing the two rings closer together. However, reasonable changes in the
bond lengths and angles fail to reduce D;; sufficiently to give an acceptable value of R. This
indicates that there is an additional motion required to average D4, and the most reasonable

candidate 1s motion about Z,.

2.3.6 Evidence for average non-parallel alignment of Z,; and Z, from quadrupolar

splittings.

A deuterium spectrum of a mixture of 3 and 4 in ZLI 1132 in a ratio of 2:1 was recorded
and is shown in figure 8 and the quadrupolar splittings, Av;, are given 1n table 8. The
quadrupolar splittings are related to Sp', the orientational order of the C - D' bond by
equation 1. The values of the quadrupolar coupling constants, qcp' can be reasonably
assumed to be identical and hence the differences in the splitting arises because S’ # Sep°.

The ratio Av,y : Avg = Scp’ ¢ Sep” 1s 1.0 : 0.8965. If ning 1 1s kept fixed, Z, has the same

40000 20000 0 (Hz) -20000 ~40000

Figure 8 30.7 MHz deuterium spectrum of a mixture of compounds 3 and 4 in the approximate
ratio 2:1 dissolved in the nematic solvent ZLI 1132 at 300K.
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Table 8 - The magnitude of the quadrupolar splittings, |Av;|, from the mixture of
‘compounds 3 and 4 in ZLI 1132

1 |Av; |/ Hz

1 or2 6716 150
2orl 10218 + 36
3 109 889 + 56
6or7 1 150+21

7 or6 2 108 + 33

8 98 516 + 41

orientation in the X,, Y,, Z, frame in all conformations. Thus, we can express Avg as

Av, - % - [Szz(l)(3cosz¢msz -1) + (S (1) - S(1))cos b,y - cos’d)cw)] (7)

Av, = =gq,[S D) (8)

where ¢ is the angle between Z, and Z,, and 6.psx and 0.psy are the angles between the C-

D8 bond and X, and Y. If the two axes Z, and Z, are near parallel to one another then the

Syx(1)-Syy(1) term in equation (7) becomes small compared to the Sz;(1) term. If this 1s

indeed the case, as we think 1t 1s here then

Av 3cos0 ... -1
v 2cm ©)
k

This gives ¢ as 15.23°. This compares to the X-ray geometry which shows that the
difference in the two axes Z, and Z, is only 7.8°. Reasonable changes in the planar geometry
of the O-C-O group cannot cope with an angle between Z, and Z, of the magnitude
determined in this experiment if we constrict the two axes to the X,Z, plane. Combining the
evidence from the value of D;; with that from the Av; suggests that the average separation

and orientation of the two rings has to be changed in a way additional to that produced by

motion only about Z, and Z,.
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2.3.7 The three rotor model

The model was adapted to include rotation about Z,. Symmetry 1s such that rotation about
this axis will be subject to a potential which has a repeat period of 180°, the simplest

description being V,cosé. U, .({$,}) becomes :

U b)) = Vyc0s20, + V,cos4d, + V,cos2d, + V,cos4d, + V,cosd, (10)

Varying all the V,, and e, (1) = €,(2), €;5(1) = €;4(2), €,((3) and e, ((4) reduced the sum of
squares error to 252 Hz with acceptably small AD;; values for all the couplings, shown in
table 7, and gave the parameters shown in table 9. The very large values for V,, and V,, are
not reliable estimates of the potential function for rotation about Z, since they give
probabilities P, (¢,) everywhere effectively zero except for the positions ¢, = 0°or 180°,
which correspond to the ring 2 and the C = O bond being coplanar. This is in agreement
with the crystal structure of phenyl benzoate, and with the structure of acetophenone [11].
The distribution P, (¢,,,¢;) can be simplified to P, (¢,, 0°,45), which is shown in fig. 6.
The model also predicts the conformation in the isotropic phase (Ps0), which 1s not
orientationally dependent. In this case the results of P, compared to P;sq are identical to

within less than 1%.

Table 9 Potential Terms, V,, (kJmol™) for rotations about Z,, Z, and Z, , and values of the

fragment interaction parameters, €,,()) and €,,(j) (kJmol™).

Fragment, ] €200) €,.()
1=2 2.98 £ 0.03 2.77+0.13 i
3 -0.85+0.14
4 -0.047 £ 0.04
Ibond,, k V, V, V,
! 1 1.9 £0.5 2.9+0.5 I
2 -84 -186
5 e
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2.4 Conclusion

The probability distribution obtained for phenyl benzoate in the liquid crystal phase is
consistent with the structure determined for a crystalline sample in that the minimum energy
form has ¢, = 50°, ¢, = 0°, and ¢, = 0°. However, 1n the liquid crystalline, and i1sotropic
phase, of the solution in ZLI 1132 the conformations are distributed over a wide range of
values of all three angles. The distribution in ¢; is large, as shown in figure 9, and extends

to £50° from the O-C-O plane. It is interesting to speculate on whether there will be such a

Figure 9 Probability distribution P, ~(¢,,$;) relative to a fixed ring 2 ($,=0°) of
phenyl benzoate dissolved in the nematic solvent ZLI 1132 at 300K.

wide distribution of conformers with ¢, # 0° in mesogenic molecules of the same type. The
presence of bulky substituents X and Y, shown in figure 10, particularly in polymers in
which the ester is part of the backbone, may quench the motion about Z,, but this may not

be the case in low molar mass compounds, or when the ester group is part of the side chain

in a polymer. To investigate this possibility by the NMR method will be difficult in that the

Figure 10 Substituent positions on phenyl benzoate as seen
in many liquid crystals
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presence of X and Y, shown in figure 11, removes from the data set the valuable coupling

D,;, whose magnitude was important in revealing the necessity for motion about Z,.

2.5 References

[1] G.Celebre, G.De Luca, M.Longeri, D.Catalano, C.A.Veracini, J.W.Emsley,
J Chem.Soc.Faraday Trans., 87,2623, (1991)
[2] G.Celebre, G.De Luca, M.Longeri, D.Catalano, M.Lumetti, J.W.Emsley, Mol.Phys.,

85,221, (1995)

[3] E.K.Foord, J.Cole, M.J.Crawford, J.W.Emsley, G.Celebre, M.Longeri, J.C.Lindon,
Lig.Cryst. 18, 615, (1995)

[4] JM.Adams and S.E.Morsi, Acta.Cryst. B32, 1345 (1976)

[5] J.Bicerano and H.A.Clark, Macromolecules, 21, 585 (1988)

[6] W.B.Schweizer and J.D.Dunitz, Helv.Chim.Acta, 635, 1547 (19382)

[7] A.I Vogel and B.S. Furniss, "Vogel's Textbook of Practical Organic Chemistry", 5th
edition (Longman Scientific and Tecnical, London).

[8] Aldrich Catalogue Handbook of Fine Chemicals. (1994 - 1995)

[9] J.W.Emsley, L.Phillips, V.Wray, "Fluorine Coupling Constants" Pergamon Press 1977
[10] J.W.Emsley in "Encyclopedia of NMR" eds. D.M.Grant and R.K.Harris, John Wiley &
Sons Ltd. (Chichester), 1996, p. 2781

[11] Y. Tanimoto, H. Kobayashi, S. Nagakura and Y. Saito, Acta.Cryst., B29, 1822 (1973)

42



Chapter 3

Fluorobenzene.

A Simple Example of Using Variable Angle Sample Spinning.

3.1 Introduction

As described in chapter 1, Variable Angle Sample Spinning (VASS) NMR allows the
variation of the angle that an aligned sample makes with the magnetic field direction, B,. In
liquid crystalline solutions, the director aligns to the sample spinning axis rather than to B,
when the threshold spinning rate 1s exceeded. The effect of spinning at an angle to B, is the
reduction, R, of the anisotropic interactions in the NMR spectrum, given by equation 1.

When R = 0, at the magic angle (54.7°), all anisotropic interactions are scaled down to zero

and the spectrum becomes equivalent to that in 1sotropic solution but with spinning side

bands.

3cos’0 - 1
R - (-—2—-—) (1)

Fluorobenzene, whose structure 1s shown in figure 1, dissolved in a liquid crystal solvent,
ZLI 1167, was initially chosen as a test sample for the VASS technique. Using this sample

we attempted to obtain well resolved spectra through optimisation of the conditions for a

range of angles to B, and to see the quality of information that could be obtained. There has

Figure 1 The structure of fluorobenzene

43



been a great deal of work already on the analysis of fluorobenzene in isotropic and liquid

crystalline solutions of which some aspects of these studies will be discussed shortly. The
information obtained from these studies provides us with the answers we expect to obtain
from the VASS experiments with which we may make comparisons to our results. The data

we expect to obtain from VASS NMR includes, the absolute values of the J; and D, from

which we can obtain order parameters and the molecular structure. We can also obtain the

anisotropy in the chemical shifts, 5,*"*°, which may be used to aid spectral assignment.

As mentioned, 1t 1s possible to obtain the absolute values of the J; from VASS experiments.
In 1977, Emsley et al. [1] published a compilation of fluorine coupling constants based
upon over a thousand separate references. While the magnitudes of these couplings are
easily measured from NMR spectra, the determination of signs is sometimes more difficult.

Relative signs of the couplings may be obtained from the spectrum for strongly coupled
spin systems, for example F-F, H-H but not when the coupling is weak, 1.e. H-F, C-H and
C-F. There are experimental methods for obtaining the relative signs, i.e. spin tickling [2],
however, these are difficult experiments to perform. The absolute signs of the couplings
may be obtained from the spectra in liquid crystalline samples if a comparison can be made

between J; and D;. If the order parameters, S;, of a molecule are known, the D; may be

calculated and the J;; determined.

The determination of the absolute signs of carbon-fluorine coupling constants, J¢, is of
particular interest to us. The signs of the couplings used by many researchers are based upon
findings by Tiers [3], who determined that the 'J¢ and %J; are of opposite sign in
CIFC=CFCl and CL,FC-CFCI,. There have been several attempts to calculate 'J; for the
fluoromethanes, these are reported by Emsley et al. [4] from which the authors show how

difficult it 1s to calculate the coupling constants. However, all calculations do agree that this

coupling, 'J, has a large negative value. Longer range couplings are usually assumed to be

positive, but there are only a very few examples of the determination of these signs.

Determination of the absolute signs of the couplings has been shown through the spinning
of liquid crystalline samples in the magnetic field. In 1974, Emsley and Lindon [5]
separated the isotropic from the anisotropic interactions in the '"F NMR spectrum of

trifluoroacetic acid dissolved in the nematic liquid crystal Merck Phase V by using slow

sample rotation. Here 1t was shown that 1f the sample was spun at a particular speed, Q,
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below a critical spinning speed, Q, the forces due to B, and the sample viscosity are in a

balance and the director, n, is at a constant angle, 0, to B,, as given in equation 2. The

sin20 = — (2)

anisotropic interactions are therefore reduced by R, given in equation 1. R can then be

calculated at any rotation speed below Q, allowing the separate values of Jor and D¢ to be
determined. The same experimental technique was employed again by Emsley and Lindon

[6], in 1974, and the F NMR spectrum of cis-difluoroethylene dissolved in a nematic
phase. Through assumption of the molecular geometry it was shown that it is possible to

determine the magnitudes and the relative signs of all the coupling constants. Courtieu [7],

in 1982, extended this theory to VASS and recorded a set of "°F spectra of CF,=CFBr in the
nematic phase. They noted that two sets of the three splittings passed through zero as the
angle was changed and concluded that in these cases, J; was of opposite sign to Dj;
however, for the third splitting it was concluded that J;; and D;; were of the same sign.
Courtieu also mentions that in order to determine the absolute signs of the couplings it 1s
necessary to know the orientation of the molecules. There is no reason to believe that this

technique cannot be applied to the determination of J.r in more complicated aromatic

molecules. We chose to study fluorobenzene as a preliminary step in the applications of
VASS to more complicated aromatic molecules, for example, the liquid crystals I35 and 152

(chapter 6).

In 1971, Weigert and Roberts [8] analysed the ?C NMR spectrum of fluorobenzene in
isotropic solution, from which the values of Jo were determined. However, Weigert and
Roberts assumed the absolute values of Jg, choosing 'J.¢ as negative whilst the signs of the
other "J ¢, where n=2,3 and 4, were chosen to be positive. In 1977, Wray et al. [9] reported
the complete analysis of fluorobenzenes in isotropic solution and obtained a full set of J; in

which the signs of 'J and 'J¢ were assumed to be positive and negative respectively.

These results were later confirmed by Chertkov [10], however, the Jo¢ determined by

Weigert and Roberts were used as starting parameters which would have biased the final

results.

In 1965, Snyder [11] presented the analysis of fluorobenzene in the nematic phase of p,p'-di-
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n-hexyloxyazoxybenzene, in which the values of D,;;; and D, were reported to be of
opposite sign to J,,; and Jye. Long et al [12] analysed the NMR spectrum of fluorobenzene
in a nematic potassium laurate mesophase and reported that the Dy, and D, are of the same

sign as the Jiy;; and Jy;. The contradiction 1n these results may be easily explained by the
liquid crystal solvents used in the respective experiments having opposite anisotropies in
their magnetic susceptibilities. Jokisaan et al. [13] demonstrated this difference through the
analysis of the NMR spectra of fluorobenzene in both the nematic liquid crystal solvents
ZLI 1132, which has anisotropy in the magnetic susceptibility, Ay, positive, and ZLI 1167,
which has Ay negative. In ZLI 1132 the D,y; and D, are of opposite sign to the

corresponding J;, while in ZLI 1167 the Dyy; and Dy are of the same sign as the

corresponding J;. This study obtained the coupling constants from the °C satellites in the 'H
and '°F spectra. This gives the couplings with high precision, but it cannot be used for more
complex molecules. The C-{'H} VASS experiment to be described here obtains the
couplings to a lower precision, but the method has a much wider range of application. The
experiments on fluorobenzene allow us to assess how accurate the method 1s for
determining the D;*, and also how accurately the structure can be determined from these
values. Jo and D Were also obtained in both solvents, considering the usual assumption of
the absolute signs of Jo¢. The absolute experimental proof of the signs of the J¢ in aromatic
systems has not been previously published, however, through the technique of Variable
Angle Sample Spinning (VASS) it will be simply shown here that 'J¢ 1s of opposite sign to
the "J in fluorobenzene and that all previously made assumptions for the signs of the

couplings have been correctly made.

In liquid crystalline solutions we may also need to consider the anisotropy of the chemical
shift, 62"s°. VASS NMR provides easy access to the determination of this quantity through

simple observation of the changing centres of the multiplets corresponding to &; with 6.

3.2 Experimental

A sample of fluorobenzene (Fluorochem Ltd.) was prepared for the VASS experiment,
using 10% by weight solution dissolved in the nematic liquid crystalline solvent ZLI 1167.

ZLI 1167 is chosen as it contains no aromatic carbons which may interfere with the

spectrum from fluorobenzene. The sample was contained in a glass bottle sealed by epoxy
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resin which fits into a Zirconium rotor of 7mm o.d. for use in a VASS probe type MAS200

SB BL7 (figure 2). The spinning rate used has to be above the threshold at which the
directors align along the spinning axis, and not to the magnetic field. In this case we chose

to spin at 1000 Hz.

o |
i rotor > i
-
sample sample

Figure 2 Sample containment for liquid VASS NMR.

A range of 'H spectra were recorded between 54.7° <6 <90°, on a Bruker MSL200 NMR

spectrometer at 300K, and used to calibrate the 'H decoupling pulse and to optimise the

magnet homogeneity. In fact, the VASS technique has not been previously used to record

'H spectra. This seems to have been because it was thought that the background spectrum of
the liquid crystal, which also reduced in width as 8 approaches 54.7°, would obscure the

spectrum of the solute. A corresponding range of "C-{'H} VASS NMR spectra were

recorded at the same angles as the 'H spectra Proton decoupling was achieved using

WALTZ-16 [14] pulse sequence with a 90° proton pulse of 5.75us.

3.3 Results and Discussion

3.3.1 'H NMR of fluorobenzene

The '"H VASS NMR spectra of fluorobenzene, an ABB'CC'X spin system, are shown in
figure 3. The spectrum at =90°, was analysed using the J,;, and J;z reported by Wray [9]

and the corresponding D;; from Jokisaari [13] in ZLI 1167 as starting parameters and a

calculated spectrum obtained. The calculated spectrum was assigned to the experimental

spectrum and the D;; and 6; varied, using an iterative parameter fitting program, ARCANA

[15], based on LAOCOON [16], until a good agreement was found between the

experimental and the calculated spectra. The analysis was also attempted using opposite

signs for the starting D;;, however, a good agreement between the experimental and
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Figure 3 200 MHz 'H VASS NMR spectra of fluorobenzene dissolved in ZLI 1167 at 300K.

calculated spectra could not be found, in this case. The final set of Dyy;, Dy and 64 are

given in table 1.

It has also been possible to analyse spectra at various angles to B,. In these cases, the J;

remain fixed and the D;; are scaled by the reduction factor, R. The procedure of line
assignment and iteration on the parameters was repeated and the spectra successfully

analysed in the range 61° <8 <90°. The results are also reported in table 1.

3.3.2 13BC NMR of Fluorobenzene

The PC-{'"H} VASS NMR spectra of fluorobenzene are given in figure 4. Fluorobenzene is
an example of an AX spin system, which give rise to simple spectra consisting of doublets,
where the splitting, Av = 2D + Jcg. There are in fact four inequivalent carbon atoms in the
molecule giving rise to four doublets, centred about the carbon chemical shift, 4. The
spectrum at 6=90° can be analysed and a set of D obiained, through the following

procedure.
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Figure 4 50.3 MHz PC-{'"H} VASS NMR spectra of a sample of fluorobenzene dissolved
in the nematic solvent ZLI 1167. Most of the peaks from the solvent are at high field and
are not shown. The angle, 0, between the spinning axis and B, is shown against each
spectrum.

. calculated from the 'H data

A trial set of D were calculated from the order parameters, Sii»

and an assumed geometry. The geometry chosen is that determined by Jokisaari [13], in ZLI
1167 including vibrational corrections. The liquid crystal spectrum may now be analysed
using known Jr and the set of calculated Dy, as starting parameters, in order to obtain the
experimental D¢g. Firstly the spectrum at 6=54.7° (the magic angle) is assigned according to
the assignment of the transitions in isotropic solution, given by Weigert and Roberts [8]. As
0 is changed in range 54.7° <8 <90° so the positions of the transitions change due to the
increasing magnitude of the anisotropic interactions. Each transition is followed and the
spectrum at 8=90° assigned. The final parameters are given in table 2. Given that there may
be more than one correct assignment, we can make a correct analysis in that we know the
magnitude and signs of the D¢r and we have evidence for the signs of the J¢ in the above
spectra. The way the splittings evolve gives the relative signs of Jor and D as the splittings
are equal to the total coupling, Tep = 2D + J¢p. Clearly D, |, is opposite in sign to J; ;,F,

because the splitting decreases as 8 increases away from 54.7° until it collapses to a singlet

where |D¢g| = -0.5 |J¢¢| As 0 approaches 90° the splitting reemerges and steadily grows. For
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Table 1.Chemical Shifts, &;, and dipolar couplings from 'H VASS NMR spectra of
fluorobenzene dissolved in ZLI 1167 at 300K.

1]

78
79
710
711
712
8 9
8 10

8 12
912

Ji; I Hz [9]

8.4

1.1
0.0
2.8
9.2
7.5
1.8
5.8
0.3

6; /ppm

90°

0.00 £ 0.01
0.31 £0.01
0.07+0.01

D; /Hz

90°

454.4 £ 0.1
8§2.2 £ 0.1
44,8 + 0.1
61.8 £ 0.1
303.4+0.2
349.6 £ 0.1
60.8 £ 0.2
68.4 £ 0.1
48.2 + 0.2

78°

0.02 £ 0.01
0.33 +£0.01
0.09 +0.01

718°
392.2+0.1
70.8 £ 0.2
38.5+0.1
53.4+0.1
261.7+0.2
301.8+0.2
32.5+0.2
39.2+0.2
41.9+0.2

50

o1°

0.10 £ 0.01
0.39 £ 0.01
0.18 £ 0.01

61°

157.6 £ 0.1
28.6 £ 0.1
15.7+0.1
21.5+0.1
105.7 £ 0.1
122.0+ 0.1
21.2+0.1
23.8 £ 0.1
16.3+0.2




the other three '*C and "°F pairs the D;“" and J;F are of the same sign and we observe
consistent growth 1n the magnitude of the splittings with 8. As with the 'H VASS spectra it

1s possible to analyse the spectra at various angles to B,,.

Table 2 Chemical Shifts, 8;, and dipolar couplings from C VASS NMR spectra of
fluorobenzene dissolved in ZLI 1167 at 300K.

1 50.204 + 0.01
5 0.0+0.01

3 12.752 £ 0.01
4 6.115+0.01

ij J;/Hz[13] D, / Hz

112 -245.8 667.4% 1.0
212 20.8 117.8 + 1.0
312 7.6l 33.5+ 1.0
412 3.18[9] 25.0% 1.0

3.3.3 Chemical Shift Anisotropy

We may determine the anisotropy in the chemical shift, & 2", of the fluorobenzene °C

nuclei through analysis of the changing chemical shifts in the individual VASS spectra.

For the °C-{'H} VASS NMR spectra 1t is possible to follow each individual carbon doublet
in the spectrum as 1t shifts with changing 6, hence allowing the determination of the
changing chemical shift, of A in each AX spin system, where the '*C is denoted as the A

part. Although this information is not very useful to us as a quantity on its own, it may be

o1




used to locate the position of the doublet in any of the VASS spectra. In this case, it is not

necessary as the doublets are clearly seen throughout and never overlap. The spectrum at
0=90° 1s easily assigned, however, in more complicated spin systems there may be some

overlap leading to the apparent disappearance of some multiplets. 6,2"° may be used to

understand where the 'missing’ transitions are located in order that these complicated spectra

may be assigned.

The chemical shift in a liquid crystalline sample can be expressed as the contribution of 62,
the isotropic value which is orientation independent, and 6", the anisotropic part which is

orientation dependent, thus,
5 = &, « & (3)
where

S-Sl on)+ 35w 2

The XYZ axes are the principal axes for the order matrix, but not for the o [17]. The order

parameters are known in this case, but the shielding tensor components are not.

For our purposes the anisotropy of the chemical shifts are reported for completeness of
results only. In the VASS experiment the anisotropic part of the chemical shift depends on

the angle between the director and B,, thus

_ p
6‘ _ 6:) . 6;:?:1.90[ 3C0526 - 1) (5)

A plot of &, against (3cos” - 1)/2 should be linear with a slope of 6. Figure 5 shows that

equation 3 is obeyed and yields the values of §,>™*° shown in table 4.
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Table 3 Chemical Shift Anisotropy of ’C and 'H of fluorobenzene dissolved in ZLI 1167 at
300K

i 6ianiso / ppm
1 14.67 £ 0.25
2 19.51 £ 0.38

|3 23.38+0.44
4 24.73 £ 0.49

7 0.30 + 0.01
8 0.25 + 0.01 |
9 0.30 = 0.02 l

A similar procedure should be possible for the determination of the anisotropy of the

chemical shifts of the protons, from analysis of the '"H VASS NMR spectra. The anisotropy

in the chemical shifts of the protons are shown in figure 6 and the values reported in table 3.

3.3.4 Determination of Molecular structure

The elements S, with « # B in equation (21) of chapter 1 are zero for a molecule like

fluorobenzene with C,, symmetry. Thus
D, -k, [S‘[,,z(3coszefjz - 1) + S - Sﬁ)(coszﬁm, - cos’ﬁfﬂ,)] (6)

From the relationship given in equation (6), we know that the D;; are directly related to
molecular structure, where k;; 1s constant and depends on the magnetic properties of the
nuclei 1 and j, rj; 1s the internuclear distance and the XYZ axes are shown in Table 3. We
wish to investigate how accurately the structure can be determined when using a simplified
model which can be applied to more complex molecules. Thus, we will also neglect the
contribution from J,,;,~ (see equation 30 chapter 2). Jokisaari [13], calculated the

geometry of fluorobenzene in both ZLI 1167 and ZLI 1132, using vibrationally corrected

D;. The structure and order parameters determined in ZLI 1167 were used as a starting
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parameters for comparison with our experimental, non vibrationally corrected, D;; obtained

from the VASS experiments. The order parameters and selected atomic positions were

varied until a good agreement between the experimental and calculated D;; was obtained.

There are eight independent vanables which determine the nine values of D;** and D,

For the determination of the structure from the D;"" and D', seven of the nine variables

were chosen, Syx-Syy, Szz, X(7) = X(11), Z(7) = Z(11), Z(8) = Z(10), Z(9) and Z(12). The
distance rg,, was held fixed at 4.2888 A [13] and others distances allowed to vary.

For the determination of the structure from the D;**, two of the four variables were chosen,
Z(4) and Z(12). The order parameters remained fixed from the 'H data above. The positions
of C2 and C3 could not be varied as they require two variables which depend on only one

Dcr each. The error in the fit gives an indication of how good the VASS data is compared to

that published by Jokisaari [13].

The final carbon, proton and fluorine positions and order parameters are given in table 4.
These are translated into bond lengths and angles and show that the dipolar couplings
obtained here through VASS predicted a molecular structure close to that obtained by

Jokisaari. There are differences that may be explained through the use of vibrational

corrections on the D; made by Jokisaan. In particular the comparison between the ratios of

D, ;2 : Dy 12, which are independent of the order parameters, can be made. This value was
found to 26.7£0.1, from this work, compared to 26.87, from uncorrected D, and 27.59,
from corrected couplings. The difference to r,,, on comparison with the VASS to the
vibrationally corrected structure, is 0.045A. Jokisaari showed that vibrational corrections do
not, however, have a large effect on the C-F couplings except 'Dcg, less than 1%, and only
have a slightly larger effect on the H-H and H-F couplings, on average around 1%.
Uncorrected H-H and H-F couplings will give rise to slightly incorrect order parameters and
molecular structure. These incorrect order parameters are then translated to the structure
determined from the D¢;. 'D¢r only really becomes significant in regards to rq, and
Jokisaari shows a large deviation in the determination of this value, 1.355A in ZLI 1132 and
1.371A in ZLI 1167, however the magnitude of the anisotropic contribution is such that a
more probable rop = 1.353A is suggested. The structure determined here gives ree = 1.344A.

These compare with the value obtained by microwave studies of rep = 1.354A [18]. The
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Table 4 Order parameters and molecular geometry of fluorobenzene in ZLI1 1167.

This Work

I This work
|Syx = Syy -0.0395 - 0.0966
S, -0.0570

1 X L

l 0.0 0.0
2 -1.2175 0.6427

3 -1.2097 2.0347

4 0.0 2.6732

5 1.2097 2.0347

6 1.2175 0.6427

Bond Lengths / A

T2 1.377
I3 1.392
I34 1.363
I 12 1.344
oF 1.067
I3g 1.068
Iso 1.101
Bond Angles/ °

12-1-2 117.8
1-2-3 117.5
2-3-4 118.1
3-4-5 124.3
6-1-2 124.3
1-2-7 120.4
2-3-8 118.6
3-4-9 117.8

Jokisaari [13]

-0.0499 - 0.1226
-0.0726
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\O o0

10
11

12

Jokisaari [13]

1.377
1.392
1.398

1.371/71.353

1.078
1.077
1.076

117.8
117.5
120.4
119.8
1243
120.4

119.5
120.1




order parameters are consistent with those calculated by Jokissari and are all reduced by

79%.

3.4 Conclusions

We can conclude that vibrational corrections are important to make, in the determination of
very accurate molecular geometries, but their neglect still leads to reasonable geometries

and it has been shown here that the uncorrected D,; obtained from VASS NMR spectroscopy

are accurate enough for the purposes we require.

The experimental proof of the absolute values of J¢ in fluorobenzene has also been
presented here. It is the first such proof of the signs of these couplings in aromatic systems.
The results agree with all previous assumptions and calculations especially with respect to
the values of the 'J¢ which is found to be large and negative. It will be shown 1n chapters 4
and 6 how this technique has proved to be robust in the determination of the absolute signs

of the J in 2,2'-difluorobiphenyl and the liquid crystals I35 and 152.
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Chapter 4

3C NMR Spectroscopy of 2,2'-difluorobiphenyl

4.1 Introduction

2 2'-difluorobiphenyl, shown in figure 1, is another example of a liquid crystal fragment.

However, unlike phenyl benzoate (chapter 2) it 1s not nearly so commonly used in liquid

F F

Figure 1 The structure of 2,2'-difluorobiphenyl

crystalline materials. Hird et al. [1] synthesised several terphenyls containing this group and
discussed the relationship between the mesomorphic properties and the molecular structure

of a range of difluoro substituted terphenyls, while a few years earlier Vauchier ef al. [2]
synthesised ‘a new family of bifluorinated liquid crystals' and suggested that compounds

exhibited broad mesomorphic ranges due to the presence of this group.

However, 2.2'-difluorobiphenyl! is an interesting molecule in its own right, and the analysis
of which through *C-{'H} NMR spectroscopy has provided some interesting and very
important results. It is actually a little studied group, with most attention being placed on the

other 2,2"-ha