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A U T H O R »3 NOTE

Saturated 1-nonoglycerides have been abbreviated t
MGn where n is the number of carbon atoms in the parent
fatty acid.
1-mono-olein has been abbreviated to MG//18.
n-Octylamine has been abbreviated to OA.

SUMMARY

The polymorphism of five 1-nonoglycerides has been studied*
Transition temperatures have been determined and the thermal
stability of the various polymorphs lias been investigated.

The

structure of several of the polymorphs has been investigated
using broad-line NMR e,nd some infra-red spectroscopy.
MGS/D20 and MG//l8/D20 phase diagrams have been obtained and
the structure of the neat phase in these two systems and the
KGll/water and OA/water systems has been investigated using Z-ray
diffraction and broad-line, high resolution and pulse N M R •
High resolution PMR spectra at 60 MHz and 220 MHz have been
obto.ined of 1-monoglycerides in solution.

An analysis has been

made of these spectra and together with some infra-red measurenents
they have enabled some conclusions to be drawn about the hydrogenbonding of 1-monoglycerides in the dissolved state.
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CHAPTER I
INTRODUCTION

The structure of lipids and their interaction with each other and
principally water, cholesterol, and proteins has been the subject of
an increasing amount of research over the past fifteen years.
From an academic point of view the above systems afford the
opportunity to study the van der Waals1 forces between alkyl chains, the
electrostatic forces between charged lipids and water, and also
hydrogen-bonding between lipids containing one or more polar groups of
the type OH, NH2 >

and water.

From an industrial point of view lipids are important as surfaceactive agents for cleaning purposes, in the production of stable
emulsions, and to promote suitable crystallisation.
However, the fundamental importance of these systems is that all
membranes found in plants and animals consist of lipids associated
with water, and usually cholesterol, other sterols, and proteins.
The structures of membranes can be investigated in two different ways.
Either actual membranes obtained from plants and animals can be studied,
or model systems can be set up to approximate the properties of actual
membranes, and these model systems studied.
been adopted in this

The latter approach has

research concerned with the study of simple lipid

water systems.
(I)

Lipid Systems
(a) Types of lipid and their interaction with water
Lipids can be divided basically into two types, non-polar and

polar (1).
1.

Non-polar lipids
These lipids are long-chain paraffins or unsubstituted aromatic

compounds.

They are insoluble in bulk in water and form either oil

-

droplets or crystals.

2

-

On the surface of water they appear as either

an oil drop or crystals and do not spread to form monolayer films.
They will not be considered further in this thesis.
2.

Polar lipids
These molecules have alkyl chains which are hydrophobic,

terminating in one or more polar groups which are hydrophilic.

Hence

they are also known as amphiphilic lipids.
In the solid state hydrogen-bonding between the polar groups
and the van der Waals* interaction between the alkyl chains hold the
lipid molecules in a layer lattice.

Figure 1 shows the formulae of some

of these amphiphilic molecules.
Amphiphilic lipids can be classified into three groups depending
on the way in which they interact with water (1, 2, 3).

Group I consists

of di- and triglycerides, fatty acids and alcohols, cholesterol, and
other sterols.

Group II consists of unionised monofunctional alkylamines,

bifunctional diols e.g. 1,2-hexadecanediol and 1- and 2-monoglycerides,
-hydroxyacids, and the biologically important lecithins, phosphatidyl
ethanolamines and inositols, and sphingomyelins.

Group Ilia includes

anionic, cationic, and non-ionic detergents and lysolecithin.

Group Illb

are generally aromatic compounds with three or more fused rings and are
steroids.

They consist of the sulphated bile alcohols and bile salts.

Other compounds which may belong to this group are the rosin,soaps,
saponins and phenanthrene sulphonic acids.
The lipids belonging to group I dissolve small amounts of water
but do not form liquid crystalline (I.e.) phases even when heated.
form stable monolayers on the surface of water.

They

Group II lipids dissolve

considerable amounts of water and form I.e. phases either at room
temperature or on heating.

These molecules also form stable monolayers
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Figure 1. Amphiphilic lipids; skeleton formulae showing shape of molecules
ancl location of hydrophilic groups.

on the surface of water.

Group Ilia lipids are soluble in water and also

form I.e. phases when small amounts of water are added to them.
Illb lipids are soluble in water but do not form I.e. phases.

Group
Both group

Ilia and b lipids form unstable films at the air-water interface and
demonstrate an equilibrium between molecules in the bulk phase and those
on the surface.

A summary of the above appears in figure 2.
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(b) Binary lipid/water systems
McBain (4) showed that the most complete way of illustrating the
interaction of lipids with water is by the construction of a phase
diagram.

When only one species of lipid is involved a binary lipid/water

phase diagram can be constructed.
1.

Group I lipids + water
The t/c diagram of the n-butanol/water system is shown in figure 3

and two major facts are indicated.

These are the very small change of

solubility in water over a wide temperature range, which becomes more
pronounced with higher homologues, and the solubility of water in
n-butanol which is three times larger than its own solubility in water.
The latter effect still occurs in the higher alcohols as shown in figure 4.
The phase diagram of the t-butanol/water system in figure 5 shows
two eutectics with a nearly flat top indicative of weak compound formation.
No specific hydrate exists however, owing to the prolonged flat between
the eutectics.
The alcohol-water interaction in the bulk has been investigated
by Lawrence et al. (5).

Under a polarising microscope fitted with a

heated stage alcohol single crystals from C ^ O H to C^gCH are seen to be
penetrated by water.

The temperature at which penetration occurs was

termed Tpen which is dependent on the chain length of the alcohol.

This

phenomenon has been observed with other lipids and will be described in
more detail in part III.
2.

Group II lipids + water
These amphiphiles are insoluble in water but form several well

defined I.e. phases.

The molecules also spread to form stable monolayers

on the surface of water.
part III.

They are described in greater detail in
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Group Ilia lipids + water
The phase diagram of a group Ilia soluble amphiphile is shown

in figure 6,

The diagram has been modified from the work of McBain (4)

to show the various I.e. and micellar phases.
The concentration for a specific temperature at which the micelles
fall apart giving an ideal solution is called the critical micellar
concentration (CMC).

Below the line marked *TC * there exists a mixture

of crystals and water usually termed a gel or coagel.

At T c the gel or

coagel melts and either micelles or an I.e. phase are formed.

This

line has been called the Krafft Point (6) or the critical micellar
temperature (7).
4.

Group Illb lipids + water
Figure 7 shows the phase diagram of an amphiphile of this type,

the sodium cholate/water system (1).

The sodium deoxycholate/water phase

diagram has also been published by Void and McBain (8).

In each case no

I.e. phases are formed (8, 9, 10) and the Krafft point for most of these
lipids is below 0°C (11).

(c) Summary
These phase diagrams show that polar lipids vary considerably in
their bulk interactions with water.

Group I lipids have small solubilities

in water, and water is slightly more soluble in them.

Group II lipids are

insoluble in water but can incorporate water into their various I.e.
phases.

The classical detergents of group Ilia form several I.e. phases

but in the presence of excess water form micellar solutions.

Soluble

lipids of group Illb have a high solubility in water, form micellar
solutions but do not form I.e. phases.
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(II) 1-monoglycerides
(a) Polymorphism
The polymorphism of racemic 1-monoglycerides and other glycerides
has been reviewed by Chapman (12) and later work by Larsson (13, 14) has
provided new information.
The polymorphism was studied first by thermal (15-22) and X-ray
diffraction (17,19,20,21,23) methods.

Later investigations of the

polymorphic forms were carried out using infra-red spectroscopy (24, 25),
broad-line N.M.R. spectroscopy (26), and dielectric measurements (27, 28).
The points of controversy between the two main investigators of
the polymorphism, Lutton (20) and Malkin (17, 21), are the temperature
ranges of existence of the at -forms, whether sub- c< forms exist, and
whether the o< to sub- ©C transitions are reversible.

Some of the above

points have been clarified by Larsson (13, 14) who studied single crystals
of racemic 1-monoglycerides using X-ray diffraction.
Data reported on the four polymorphic forms of racemic
1-monoglycerides is summarised below.
1.

Sub-alpha form
Lutton (20) reported that the oC -form is reasonably stable down

to a lower transition temperature, about 25°C below the oC -melting point,
at which it changes reversibly into a new crystalline modification sub
alpha.

The reversibility of the transition was confirmed using X-ray

diffraction, dilatometry, and microscope observations.

The X-ray

diffraction pattern consisted of a single strong short spacing at 4.15 A
and other medium spacings at 3.9, 3.75, and 3.55 A.

The long spacings are

similar to those of B 1 forms and the sub-alpha form is thought to have
tilted, common orthorhombic packed chains (25).

The X-ray data and the

reversibility of the transition have been confirmed by Larsson (14) who

found an angle of tilt of the chains towards the end group planes of
55°.
Dielectric constant and loss measurements (28) have indicated
that below the alpha ?=* sub-alpha transition point rotational freedom of
the molecules about their long axes ceases but that segmental
reorientation still occurs.
In the infra-red spectrum (25) of the sub-alpha form there are
two bands at 719 and 725 cm 1 similar to those observed in crystalline
polyethylene (29), and an orthorhombic (31) form of solid n-paraffins
(30).

Stein (32) ascribed the doublet to the in-phase and out-of-phase

components of the CH2 rocking frequency.

Chapman (25) deduces that the

sub-alpha form has at least a very ordered structure and probably a
crystalline lattice.

An infra-red spectrum of the sub-alpha form of

1-monopalmitin is shown in figure 8.
The line-widths and second moments of the sub-alpha forms of
1-monomyristin and 1-monostearin from the work of Chapman et al» (26)
are given in table I.

The large second moments confirm the probability

of common orthorhombic packing of the alkyl chains.
Only measurements on three specific sub-alpha forms have been
reported, those of 1-monomyristin (26), 1-monopalmitin, and 1-monostearin
(20,25,26,28).

Therefore, whether 1-monoglycerides with shorter alkyl

chains give sub-alpha forms is still open to conjecture.

Transition

temperatures for the above three 1-monoglycerides and possible transition
temperatures for others from the work of Malkin (17), and Lutton (20) are
given in table II.
2.

Alpha-form
The alpha-form is obtained by cooling the molten 1-monoglycerides

(15, 16, 17), and has the lowest complete melting point.

On the basis of

X-ray data (short spacing 4.2 A) Malkin (17) described the structure as

1500

1250

Absorption

2000

Wovelenglh,

Figure

8

Xnfra-red spectra of the polymorphic
forms of l-monopalmit±ru

Table I
Linewidths (/uT)*

1-Monoglyceride

B

B*

1-Monomyristin

1290 +_ 40

oC

Sub- <*
1260 + 40

430 + 20

1-Monostearin

1270

50

1310 + 20

800 +_ 30 750

293
303

400 + 10

1-Mono-olein

Temp.(K)

293
323

60

293

940 + 80

273

Second Moments ( l O y U T 2 )**

1-Monoglyceride
1-Monomyristin

B

B*

oC

19.7 +_1.3

Sub- oc
19.8 ^ 1.4

5.7 ♦ 1.0

1-Monostearin

4.5 + 0.1

1-Mono-olein

13.1 ^ 0.5 12.9 ^+1.4
13.7 + 1.2

** 1G2 = 104 ( ^ T ) 2 .

293
303

20.0 +_1.3

19.9 +_1.7

Temp.(K)

293
323

293
273

Table II

1-Monoglyceride

Transition Temperature (°C)

d

B*

B

*

Decanoin

27

49

53

8

Undecanoin

36.5

52

56.5

3

Laurin

44

59.5

63

15

Tridecanoin

50

61

65

9

Myristin

56

67.5

70.5

24

Pentadecanain

62

69

72

17

Palmitin

66.5(66.9)

74(74.6)

77(77)

Heptadecanoin

70

74.5

77

Stearin

74(74)

79(78)

81.5(81.5)

34(39)

28

47.5, 42(49)

Temperatures from Malkin (17) and those in brackets from Lutton (20)
* These temperatures are regarded by Malkin (17) as transitions to B f
and B and by Lutton (20) as transitions to sub-alpha.

vertical rotating chains hexagonally packed similar to that found for the
alpha-forms of long chain esters (33), alcohols (34), and n-hydrocarbons
(31).

The X-ray measurements of Lutton et al. (20) and Larsson (14)

indicated however that the chains were tilted.
Additional evidence for the considerable orientational freedom
of the alkyl chains has been obtained from dielectric measurements (28),
infra-red spectra (25), and broad-line N.MJt. 026), shown in fig. 8 and Table L
3.

B f-form
Malkin (17) obtained the B T form by cooling molten 1-monoglycerides

at a suitable rate and found that the melting points alternate as shown
in table II.

X-ray analysis gave long spacings similar to those of the

B form and short spacings of 3.86 and 4.24

A.

The structure was thought

to consist of rigid double molecules tilted at an angle of 55°.

Lutton

(20), Chapman (25), and Larsson (14) could only obtain a B* form by rapid
crystallisation from solvents.

A single crystal of this B* form was

shown by Larsson to give identical X-ray data to that obtained from one
form of optically active 1-monoglycerides (14, 35).

Larsson therefore

stated that the form earlier termed B* is optically active and that the
racemic form is separated by rapid crystallisation into antipode crystals,
and the B* form has nothing to do with a polymorphic transition in racemic
1-monoglycerides.

The structure was found to consist of molecules arranged

head-to-head with the alkyl chains packed in a common orthorhombic
sub-cell and tilted at 55°, the direction of chain tilt alternating in
successive double layers.
The infra-red spectra for the B* forms of three 1-monoglycerides
have been reported by Chapman (25), and that of 1-monopalmitin is shown
in figure 8.
4.

B-form
This form is normally obtained by slow crystallisation from

solvents or by transformation from alpha and B* forms.

It is the stable

form with the highest melting point, and gives X-ray short spacings of
3.9, 4.4, and 4.6 A (17, 20).

The melting points for a series of

1-monoglycerides are given in table II (17, 20).

The structure has been

shown by X-ray diffraction (13,14,17,20) to consist of rigid double
layers of molecules with the alkyl chains packed in a monoclinic sub-cell
and again tilted at 55°, the direction of tilt alternating in successive
double layers.as in the B' form.

The hydroxyl groups are thought to form

a hydrogen-bonded square array (14) similar to that found in
2-monoglycerides (36) shown in figure 9.
Dielectric constants (28), N.M.R. line-widths and second moments
(26,,table I) of the B-forms of 1-monoglycerides are those expected from
rigid structures in which no appreciable motion occurs.
Infra-red spectra of the B-forms of 1-monoglycerides have been
reported by Kurht et al. (37), Barcelo and Martin (38), O'Connor et al*
(39), and Chapman (25, 40).

Chapman notes that the main differences in

the spectra of the B-forms of different 1-monoglycerides (figure 10) occur
in the 1250 cm * region associated with the CH2 vibration patterns.

(b) Monoglycerides in solution
1.

Infra-red Spectroscopy
The infra-red spectra of various 1-monoglycerides have been

determined as solutions in carbon tetrachloride (38) and chloroform (39).
Some of the latter spectra with the most prominent absorption band
assignments are given in figure 11.
The spectra show two bands with maxima at about 2.7 and 2.8
microns associated with OH vibrations.

The 2.7 micron band was ascribed

(39) to a stretching vibration of a free OH group whilst the 2.8 micron
band was thought to be from an OH stretching vibration of the single

Figure 9
The molecular arrangement in 2-monolaurin as viewed along the b - a x i s ,
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Figure 10
The spectra of a series of 1-monoglycerides
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bands in the 1250 cci”^ region.
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Infra-red spectra of 1-monoglycerides
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J*
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bridged dimer.

The stretching vibration of more highly hydrogen bonded

OH was thought to be masked by the strong CH stretching vibration at
3.3 microns.
This last conclusion is highly
monoglycerides, where stronger hydrogen

unlikelysince even

in solid

bonding occurs, the OH bands

only appear up to 3.1 microns (25).
2.

N.M.R. Spectroscopy
The N.M.R. spectra of various 1-monoglycerides dissolved in

chloroform have been determined by Chapman (42) and Hopkins (43) at 40 MHz
and 60 MHz respectively.
shown in figure 12.

N.M.R. spectra from the work of Chapman are

The reported chemical shift values

they are assigned to are given in table

and the protons

III.

Table III
T
Chapman

Group
Hopkins

5.95

5.8

c h 2 .o

6.25

6.1

cap

6.39

6.3

CH2 .CH

7.9

7.7

CH2 .CO

8.7

8.7

9.1

9.1

.c o

n
OljCR,

The chemical shifts observed for the hydroxyl protons are not
given since they are strongly concentration and temperature dependent.
Chapman (42) investigated the N.M.R. lines from the glyceride
grouping CH2CHCH2 on the basis of an approximate AB^ system.

He also

studied similar model compounds to see whether and under what conditions
a good fit to an AB^ type pattern could be expected.

p.p .m .
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6
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CH-CO
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CH-OH
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CH-CH.

”2
A CH-OH
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^CHg-CO

nCH.
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CH-CH.

CO
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Figure 12
PMR

spectra
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1-monoglycerides in CHCl^

(a) 1-monoacetin
(b) 1-monopropionin
(c ) 1-monobu tyrin
(d) 1-monostearin
(e) 2-monostearin

- 13 ( H I ) Liquid Crystal Systems
The first observation of the lyotropic I.e. state, although
he did not realise it at the time, was made by the German physiologist
Virchow in 1854 (44).

In his own words "he soaked a piece of nerve

tissue in water for a long time” and then saw under his microscope this
curious ’’Newgate frill’* of tubular excrescences, which are now termed
myelins.
In 1863 Neubauer (45, 46) observed myelin formation of lyotropic
liquid crystals when ammonium hydroxide solution was brought into contact
with oleic acid and the study of liquid crystals began.
The I.e. state has been the subject of

four relatively recent

reviews by Brown et al. (47a, b), Chistyakov (48), and Winsor (49).
The bulk of this thesis is concerned with the lyotropic neat
I.e. state and to some extent the viscous isotropic state.

( a ) Formation of the lyotropic neat phase
Lawrence et al. (5,50,51,52) observed that for several group II
lipids including 1-monoglycerides, hexadecane-l,2-diol, and
©c-hydroxypalmitic acid, penetration of water into the solid crystals
occurred at or above a specific temperature which was termed Tpen.

The

penetration was observed using a heated stage polarising microscope and
Tpen was stated to be as sharp as a melting point.

The penetration is

shown diagramatically in figure 13.
Tpen can be considered as that temperature at which thermal
motion of the crystal lattice is great enough to allow water to penetrate
between the polar end groups of the lipid bilayer structure.

The

penetration is an equilibration process taking place spontaneously and
therefore A G is negative above Tpen«

Lawrence (2) defines Tpen as the

temperature at which A H m = T A S m where Hm and Sm are the heat and
entropy of the mixing process, which include the A S

and A H of the

Figure 3.3
Penetration of water into a bimolecular
layer of amph.iph.ilic lipicU

- 14 crystalline transition as well as the terms for the hydration process.
The penetration of water will only lead to liquid crystal
formation if a sufficiency of water can be incorporated into the
bimolecular lipid layer to provide a ceatre across which the fluid
shear, which is required for laminar flow of the liquid crystal, can
take place.

Therefore a liquid crystal phase will only be formed if

this sufficiency is reached before saturation occurs and the system
becomes two-phase.
(b) Structure of the Neat Phase
Prior to physical measurements on a particular neat phase it
is usually necessary to determine the region over which it exists in
the system being studied.

This is carried out most easily by determining

the phase diagram of the system as a function of temperature and
composition.

Condensed binary phase diagrams for numerous group II

lipid/water systems have been reported, and these include amine/water
(53), amine-oxide/water (54, 55), amine-hydrochloride/water (56, 57),
alkyl-imide/water (58), dimethylalkylphosphine-roxide/water (101),
1-monoglyceride/water (59,60,61,62,63,64), dodecylhexaoxyethylene glycol
monoether

(65), and lecithin/water (66), two of which are

shown in figures 14 and 15.

The presence of a neat phase is most easily

detected by the birefringent ’textures* which it shows under the
polarising microscope (67, 68).
The earliest investigations into the structure of the neat
phase were carried out using X-ray diffraction measurements on soap/
water systems (69, 70).

The structure was thought to be lamellar with

the alkyl chains taking up a highly ordered conformation.

Since then

a large amount of X-ray data has been reported, on the neat phases of
soap/water (71-82), amine-hydrochloride/water (76, 81), araine-oxide/
water (54, 83), alkyl-imide/water (84), 1-monoglyceride/water (61,62, •

isotropic
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63,80,82,85,86), C^E^Arater (65), and phospholipid/water (66,77,80,
82,87,88) systems.

In each system the neat phase was found to have a

lamellar structure with layers of water intercalated between the lipid
lamellae, as shown in figure 16.

The X-ray parameters dj. and d used to

characterise the structure are also shown.

d.
d

Figure
Structure

16>

of neat phase

X-ray parameters

showing

cl.j a n d d 0

In the neat phase regions of the above systems, at constant
temperature, d and s (the average surface area per hydrophilic group)
were found to increase with increasing water content, while d^ decreases.
At constant water content d and d^ decrease with increasing temperature
while s increases.

Luzzati and Husson (76) noted that the bulkier the

hydrocarbon moiety of the lipid the more extended is the range of
existence of the neat phase.
Gallot and Skoulios (77) found that in the neat phase for a
number of soaps the area s, at constant temperature and for one cation,
is a function of the number of polar groups per volume of water,
irrespective of the chain length.

They concluded therefore that the

dimensions of the structure elements are determined by the interactions
at the lipid/water interface, which in turn seem to be dependent on the
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- 16 molal concentration of hydrophilic groups.
Lawson et al. (83) studied the neat phase of dimethyldodecylamine-N-oxide ( D C ^ A O V D ^ O and noted that their X-ray data indicated
that water is associated with and around the polar end groups of the
DC^2A° molecules, with some kind of ordered structure.

They also derive

an angle of tilt for the D C ^ A O molecules of 50-56° from their X-ray
long spacing data, based on the assumption that the oxygen of the
amine-oxide group is incorporated into an ordered water lattice.

Too

much significance cannot be attached to this figure however since it
depends so much on the structure assigned to the polar interface.
Most workers regard the alkyl chains in neat phases as in a
’liquid-like* state, on the basis of an observed diffuse X-ray diffraction
band around 4.5 S similar to that of a liquid paraffin.

However,

Luzzati (82) states that in some cases a modulation of the intensity of
the band is observed, showing that the motion of the chains is restricted.
He also states that since d^ decreases as the temperature is raised the
conformation of the chains must be disordered and the interface must be
compressible, or in other words, the organisation of the hydrophilic
groups must be disordered.

The latter statement is construed as meaning

that the hydrophilic groups are disordered with respect to each other in
two dimensions laterally in the bimdlecular layer.

However if they

order water around themselves as visualised by Lawson and Flautt (83)
then we consider they must also be ordered with respect to the water
layer.
Electron microscopy studies have been carried out on the neat
phases of soap/water (78,79,84), and phospholipid/water (79,89,90) systems.
Electron microscopy studies of membranes have been reviewed by Chapman
(91),

The layered structure of the neat phase has been confirmed by

Mi

electron micrographs of anhydrous surface replicas (78,79,84), osmium
tetroxide fixed sections (78,79,90), and negatively stained specimens
(79, 89).

A typical electron micrograph is shown in figure 17.

The

dark bands are layers of hydrophilic groups and the light bands the
central parts of the bimolecular layers originally containing the alkyl
chains.

The step heights obtained from electron micrographs have been

found to be in good agreement with values obtained for the same neat
phase using low-angle X-ray diffraction.
At present lyotropic liquid crystals are being studied by
Wiljrord (92) using polarised infra-red and certain conclusions from this
work will be used in this thesis where appropriate.

Infra-red spectroscopy

has also been applied to the study of certain phospholipids in the I.e.
state (93, 94), and membranes (94,95,96,97,98).

The infra-red spectrum

of DL-oC-dipalmitoyl cephalin (m. pt. 194-195) at various temperatures
(93) is shown in figure 18.

At 110-120°C all the fine structure

disappears and the spectrum resembles that of a liquid.

This is inter

preted as indicating that the alkyl chains have melted and that the
smearing out of the spectrum is related to oscillation of the methylene
groups about the trans configuration or to the occurrence of rotational
isomerism.

In phospholipids containing an unsaturated alkyl chain e.g.

2-oleoyl-3-stearoyl-L-l-phosphatidyl choline (94) the alkyl chains were
shown, by infra-red spectroscopy, to be in a 'liquid-liker state at room
temperature.
Seelig (99) has carried out spin-label studies on an oriented
neat phase of sodium decanoate/decano1/water.

Both amphiphilic and

steroid spin labels were used to investigate different regions of the
bilayer, and their e.s.r. spectrum was found to depend on the orientation
of the sample with respect to the applied magnetic field.

Ibe amphiphilic

Figure 17. Negatively stained crystals + neat phase from
lecithin + water system.
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Infra-red spectra of 12,3 dipalmitoyl—D L —
1-ph.osphatidylethanolamine at different:
temperatures *■

- 18 spin-labels indicated an exponential decrease in the degree of order
down the chain from the polar head group.

However it was concluded that

the alkyl chains are in an almost extended configuration, and that the
polar interface is not restricted to a planar surface, but has a diffuse
structure.

The latter observation appears to suggest that some water

penetrates to a slight extent into the bimolecular lipid layer and
therefore the interface consists of perhaps one or two methylene groups,
the polar head group and •ordered’ water.

The behaviour of spin labels

in phospholipid dispersions was found to be very similar to that in the
neat phase model system.
The first N.M.R. investigation of lyotropic liquid crystals was
carried out by McDonald (100) who studied the neat phases of the
octylamine/water, sodium dodecyl sulphate/octano1/water, and sodium
dodecyl sulphate/caprylic acid/water systems.

For each system when the

I.e. state was formed there was a reduction of the intensity of the
water proton signal, and the signal from the alkyl chains was completely
suppressed.

The disappearance of the alkyl proton lines in the I.e.

phase was interpreted as indicating a restriction in the freedom of
motion of the alkyl chains caused by an increased regularity of structure
so that the chains take up ordered positions in liquid crystalline
lamellae.

Since only one signal was observed from the amine and water

protons it was concluded that they are exchanging rapidly.

The reduction

in intensity and broadening of the water line with the formation of the
I.e. phase was interpreted as indicating the effective removal of some
water molecules from the liquid state to be used to hold together the
lamellar structure by hydrogen bonding between polar groups and/or
through a pseudo-crystalline structure within the water layer.
Similar results to the above have been obtained by Gilchrist
et al. (102) and Corkhill et al. (103) who studied the neat phases of

- 19 alkyl-imide/water and Aerosol OT/water, and C^E^/water systems using
high resolution N.M.R.

An annealed capillary sample of

neat

phase was found to give a smaller line-width and a greater chemical
shift compared to a centrifuged sample of the same composition.

This

was discussed in terms of the effect on the water molecules of the
anisotropic magnetic susceptibility difference between the polar head
groups of oriented and random lamellar layers of surfactant molecules.
It was also observed that in the absence of orientation effects
in the neat phase the chemical shift and T^ (the spin-lattice relaxation
time) are continuous functions of temperature across the liquid crystalfluid isotropic phase boundary.

This was interpreted as indicating

that the hydrogen-bonding undergoes no radical change with phase
transition, and the mobility of the water molecules is independent of
the phase structure.
Lawrence and McDonald (60) have studied the neat phase of
1-monolaurin (MG12)/H 0 and D O
Ct

using broad-line N.M.R. spectroscopy.

6

The second moment of the neat phase was found to decrease with increasing
water content.

The widths of the four component lines (one narrow

’liquid-like* and three others symetrically about the centre) were also
found to decrease with increasing water content.

At the melting point

of the neat phase the broad lines disappeared and the fine structure of
the high resolution spectrum appeared.
Lawson and Flautt have studied the neat phases of the systems
sodium palmitate/D^O (55), and D C ^ A O / D g O (55, 104) using proton and
deuteron magnetic resonance.

For the neat phase of each system they

observed ’super Lorentzian* (105) lines of width at half-height c.a.
15yu.T.

The observed line-shapes were attributed to a distribution of

correlation times in the alkyl chains and described in terms of a
parameter R(8/2) which is the ratio of the line-width at one-eighth

- 20 -

height to that at one-half height.

The value of R(8/2) for a

Lorentzian line is 2.64 while values c.a. 6.6 were found for the neat
phase lines.

The larger values of R(8/2) were interpreted as indicating

an increase in the relative intensity in the ’wings* of the lines.

The

polar head group, two or three methylene groups, and ordered water
around the polar head group were assumed to be responsible for the
’wings* of the lines.

The line-shapes became more Lorentzian in nature

with increasing temperature which was interpreted as evidence for a
distribution of correlation times in the alkyl chains.
The D20 in the neat phase of DC12A0/D20 gaVe ’powder-type*
spectra with an assymetry parameter Yj of zero.

Quadrupole coupling

constants c.a. 2.8 kHz obtained from the spectra were observed to
decrease with increasing D^O content.

Similar spectra have been

obtained by Charvolin and Rigny (106) and Blinc et al. (107) from the
neat phases of potassium laurate/D^O and sodium palmitate/D20 giving
coupling constants c.a. 1.5 - 3 kHz and 100 - 500 Hz

respectively.

For each system the magnitude of the coupling constants was interpreted
as indicating rapid but slightly anisotropic motion of the water
molecules, and was thought to be an average of the coupling constants
of self-associated and surfactant-associated water molecules.
De Vries

and Berendsen (108) have obtained N.M.R. spectra

from samples of potassium oleate/D20 neat phase oriented between glass
slides as a function of the angle (6 ) between the normal to the slides
and the magnetic field B 0 .
from residual HDO.

At 0

At all angles they observed a small signal

8 55° they observed a large additional peak

shifted upfield approximately 4 ppm from the water signal and found
that the spectra were symmetrical about 9

- 90°.

They postulated that

the large peak was due to the protons of the alkyl chains, which were

- 21 rotating about their optical axes, making the r.verage direction of
the CH2 dipole-dipole interaction along the optical axis of the
system.

At 0

= 55

o

the dipole broadening term, 3 cos

2

0-1,

is

zero and so the dipolar broadening is effectively reduced to zero.
However, Berendsen has misinterpreted the situation slightly since
if the molecules are rotating about their optical axes, it is
unnecessary for the CH^ dipole-dipole interactions to be along these
axes because 0

is now the angle between the axis of rotation and the

magnetic field.

The

dipole-dipole interaction is probably in

fact at 90° to the axis of rotation.
The line-width at 55° was 2^uT and was interpreted as indicating
that the alkyl chains are in motion with respect to each other as well
as rotating about their long

axes. This is a reasonable conclusion

since long chain alcohols (109) give N.M.R. line-widths of c.a.
400/UT in their oC-phases in which the molecules are assumed to be
rotating only about their long axes with no diffusion occurring.
majority of the work in this

The

thesis is based on using Berendsen*s

technique to study oriented I.e. samples of non-ionic lipid/water
systems.
Drakenberg et al. (110) have studied the neat phase of the
system n-octylamine/n-octylamine hydrochloride/water using high
resolution N.M.R.

They observed a fine structure from the water

protons which was different for spinning and non-spinning samples.
This was explained in terms of chemical shift differences which were
attributed to magnetic susceptibility anisotropies in the neat phase.
Theoretical expressions for the line-shapes were deduced with the
assumption that the magnetic field experienced by the water protons
depends on the orientation of the neat phase lamellae with respect to
the external magnetic field.

-
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Several pulse N.M.R. studies have been carried out on lyotropic
liquid crystal systems (107, 111, 112, 113) and phospholipid/water
systems (114, 115).

Considerable controversy has arisen over whether

the line-widths and spin-lattice (T^) and spin-spin (T2 ) relaxation
times observed in these systems are caused by diffusion of water and
lipid molecules through local anisotropic magnetic field gradients
(111, 115), by ’.magnetic anisotropic effects’ (112), or by partially
averaged dipolar interactions (113).

There was also some doubt as to

whether the line-widths and free-induction decays were frequency
dependent or not.

The position has recently been clarified by Tiddy

(116) and Chan et al. (117).
Tiddy has studied neat phase samples of the system sodium
caprylate/decanol/I>20 using variable frequency pulse N.M.R.

He

obtained values of T2eff (the time taken for the decay to reach e"1
times the original height) from the free induction decay following a
90° pulse and found no correlation between T2eff and field strength.
^2eff was a*so measured using the Meiboom-Gill modification
(118) of the Carr-Purcell sequence (119) and found to depend on t
(the time between successive 180° pulses) being smaller for longer
values of t.

When ^2eff was measured using only the Carr-Purcell

sequence no dependence on t was observed.

This was interpreted as

indicating that the pulse-distance effect was not due to molecular
motion or chemical exchange as previously supposed (111).

It was

suggested that at short values of t the time constant for the decay
contains a contribution from

(the relaxation time in the rotating

frame), and is not a pure T2 .
The free induction decay after a 90° pulse was also observed
from neat phase samples of the same system, oriented between glass
slides, as a function of the angle &

between normal to the slides and

-

the magnetic field.
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A maximum value of T2eff was observed at 0

= 55°

in agreement with the line-width measurements of Berendsen (108).

It

was concluded therefore that the free induction decay following a 90°
pulse for mesomorphic systems is dominated by dipolar relaxation.
Chan et al. have obtained a non-exponential proton free
induction decay from lecithin bilayer dispersed in

and found that

T2eff calculated from the decay is independent of magnetic field strength.
They interpret these results as indicating that the N.M.R. spectral
line-widths of the lipids in the bilayer arise from slow molecular
motion with incomplete averaging of the dipole-dipole interactions.
They also recorded the high resolution P.M.R. spectrum at 220 MHz and
the Fourier transformed P.M.R. spectrum at 100 MHz of a lecithin bilayer
sample.

These spectra and the non-exponential free-induction decay lead

them to suggest that there is a distribution of transverse relaxation
times for the various protons in the bilayers, with an abrupt increase
of the transverse relaxation time near the end of the alkyl chains.

Conclusions
The structure of the neat phase as envisaged at present can be
summarised as follows.
It is lamellar and smectic with the lipid molecules arranged in
equidistant double layers with intervening layers of water.

The water

molecules are ordered to some extent by hydrogen-bonding to the polar
head groups of the lipid molecules, the degree of order being intermediate
between that of liquid water and ice.

The motion of the alkyl chains

consists of restricted rotation about their long axes with a distribution
of correlation times along the chain.

There is also some evidence for

chain diffusion in two dimensions and an abrupt increase in the molecular
motion near the end of the chain.
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CHAPTER II
NUCLEAR MAGNETIC RESONANCE THEORY

All nuclei with odd mass number possess the property of spin;
the spin angular momentum vector, denoted by 3& is measured in units of
*fe, where 4i is Planck’s constant divided by 2rr .
I, is an integral multiple of

The value of the spin,

The chemist is mostly concerned with

the simplest nucleus, the proton, having spin J.
The possession of both spin and charge confers on the nucleus
a magnetic moment Jx n which is proportional to the magnitude of the spin,
that is,
M-

N

= ^

K *

u >

5

^ N is the magnetogyric ratio of the nucleus and is measured in rad. s *.T
Quantum theory demands that the allowable nuclear spin states are
quantized;

the component mi of the nuclear spin vector in any given

direction can only take up one of a set of discrete values which are
+1, (I - 1), *•••• - I.
or

For the proton with I = §, mj can be either

If a steady magnetic field BQ is applied to the proton, there is

an interaction between the field and the magnetic m o m e n t w h i c h may be
represented in terms of the Hamiltonian

« =

(2)

If the direction of the magnetic field is defined to be the z direction,
the interaction may be written
H

*

B0 Iz

(3)

where Iz, the allowed component of the nuclear spin in the z direction,
has the value

or

In order to induce transitions between the resulting two nuclear
spin levels, an oscillating magnetic field is applied.

Absorption of

energy occurs provided the magnetic vector of the oscillating field is

-
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perpendicular to the steady field B0 and the frequency of oscillation
satisfies the resonance condition,
h -5

=

f k Bq

(4)

The oscillating field is equally likely to produce transitions
up or down, and absorption of energy from the radiation field can only
be detected if there are more nuclear spins in the lower energy level.
In practice a fixed frequency -0 is used and the magnetic field
swept through resonance to obtain a spectrum in which absorption of
energy is plotted as a function of magnetic field strength.
The process which maintains a population difference between the
two energy levels is known as spin-lattice relaxation, and is characterised
by T jl (the spin-lattice relaxation time).

T^ is a measure of the time

taken for energy to be transferred from the spin system to the lattice,
i.e. the other degrees of freedom of the system.
Other processes have the effect of varying the relative energies
of the spin levels, rather than their life-times.

Such processes are

characterised by a relaxation time T2 , often called the spin-spin
relaxation time but more satisfactorily the transverse relaxation time.

(I) Broad-line proton magnetic resonance
Molecules in the solid state generally possess very little
translational and rotational freedom.
two important consequences.

This lack of molecular motion has

The local magnetic field due to neighbouring

dipoles is static causing the nuclear spin system to have a large variety
of relative energies giving a short T£ and a broad resonance absorption
line.

Also it is difficult for the spin system to lose energy to the

lattice and this causes T^ to be long.

-
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(a) P»M«R. absorption spectra for rigid structures
1.

Two identical nuclei
Pake (120) treated the magnetic dipole-dipole interaction

between protons occurring in pairs as a perturbation of the energy levels
of the protons in the applied field BQ .By a first-order
calculation he found the

new energy levels

perturbation

and from these found that the

resonance peaks should occur at field strengths given by
B0 =

B* + 3/2yU.rjk-3 (3 cos2 © jfc- 1)

<5)

jU is the proton magnetic moment
r i s

the inter-proton separation

®jk is the an£le between BQ and r ^
The spectrum is therefore expected to consist of two resonance lines
equally spaced about the field strength B* - h o/2juk. by an amount
3/2/l rjk"3 (3 cos2 0

-k

- 1).

Pake (120) has determined proton resonance absorption spectra
for a single crystal of CaSO^^H^O.

Since the unit cell contains two

types of proton pair with in general different values of 0.^, two pairs
of symmetrically disposed resonance lines should be observed*

The lines

will be broadened by the smaller local magnetic fields of all other
neighbouring nuclei.

The measured spectra are shown in figure 19*

By

fitting the observed variation of line displacement to equation (5)
the angular disposition of the protons in the unit cell and also
were determined*
For a polycrystalline sample the orientation of the dipole
pairs is isotropically distributed and the normalised line-shape function
for the resonance absorption has been calculated to be (120)
f(b) = (6 /ly U
b

=

B

o

- B*

1 ♦ b/(3/2/lrj3 )]

(6)
(7)

-

27

1,0

-

0

1.0

b (m T )
Figure 19
PMR

spectra

of the
plane

for various

applied

field

directions
in the

of a CaS0^*2Iio 0 single

(OOl)

crystal

The line-shape obtained from equation (6) for polycrystalline
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of broadening by other neighbouring nuclei the full line is obtained.
The experimental line-shape obtained (.120) is in good agreement with
this and from the separation of the two peaks the interproton distance
in the water molecules r .. can be calculated, though the accuracy is less
jk

than that afforded by a single crystal.
2.

More complicated systems
Perturbation analysis has also been carried out to obtain the

line-shapes for the interaction of three (121) and four (122-126) identical
spin J nuclei.
The line-shape for general systems of nuclei cannot be
calculated bat Van Vleck (127) has shewn that the moments of the spectrum
can be readily calculated.

If the line-shape is described by the function

g(b) the nth moment Sn is defined as
+ oo

b"-. g(b) db

.

Sn =

(8)
g(b) db
cO

Since g(b) is an even function for magnetic dipolar broadening the odd
numbered moments are all zero.

For a crystal containing only one species

of magnetic nucleus the second moment S is
S = 3/2 I d

J
2LK

♦ 1) g

oN
"1 I I

k
w h e r e Q is the nuclear magneton, gy^ol is

nuclear magnetic moment,

N is the number of magnetic nuclei in the system over which the sum is
taken, and for a single crystal
W jk

=

(3 cos2 9 jk - 1) r jk3

(10)

Consideration of the symmetry of the system?and other approximations,
a l l o w equation (9) to be simplified so that it is of practical use.

2

For a polycrystalline sample(3 cos 0 .. - 1)
JK

2

is replaced

by its isotropic average 4/$ and the second moment using (9) and (10)

u2 ^

-
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becomes

s = 6/5 I d ♦ 1)

ez/A02
M_1 X T T j'6

(11)

J^ k
(b)

Restricted reorientation in solids
The frequency of motion of molecules or atomic groups in solids

about one or more axes increases with temperature.

Such motion modifies

the interaction between neighbouring nuclear magnetic dipoles in the
rotating groups and causes a considerable change in the resonance
absorption spectrum.

The local field at any resonant nucleus is now

time-varying and if the variation is sufficiently rapid the time average
of the local field must be taken to express the dipole interaction.

.

Since the time average over all permitted pairs can be expected in
general to be less than the steady local field for a rigid system, the
spectrum may be expected to be altered when the reorientation sets in.
Therefore a narrowing of the absorption line with increasing temperature
in many solids can be ascribed to increasing molecular motion within the
crystal lattice.
The molecular motion can consist of rotation about one or more
axes, either free or restricted by potential barriers, quantum-mechanical
tunnelling, or molecular diffusion.

The resonance line narrows when the

reorientation rate is of the order of the line-width in Hz;

this

4
5
frequency is usually about 10 to 10 Hz.
The effect of molecular motion on line-widths and line-shapes
was put on a quantitative basis by Gutowsky and Pake (128).
1.

Two identical nuclei
Figure 21 shows an isolated system of two nuclei which are

reorienting about some axis at a rate ^
line-width.

much greater than the frequency

OP is the vector r .. joining the two nuclei j and k and

making an angle 9 ^

with the applied field §o ;

ON is the axis of

reorientation making an angle 8 * with BQ , and an angle y

with *jk .

Figure
Diagram

21

illustrating

internuclear vector

the m o t i o n
OP about

of an

an axis

OM

If reorientation were not talcing place, then neglecting the broadening
effect of remoter nuclear dipoles, the spectrum consists of two lines
given by equations (5) and (7).
b =

i % / A

rjfc3 (3 cos2 © jk - 1)

The reorientation causes

0^

to vary

(12)
with time as

the

vector OP takes up positions on the conical surface shown in figure 21,
2
and it becomes necessary to take the time average value of (3 cos
The average over all

1)

azimuthal angles 6 in figure 21 is

(3 cos2 0 jk- l / = }(3 cos20 •- 1 X 3 c o s ^ k- 1)
and applies to cases

0 .. -

of free rotation, and reorientation

(13)
over, or

tunnelling through, an n-fold periodic potential barrier where n ^ 3 (128)

b *

The spectrum therefore again consists

of two

lines given by

+ 3/4/xrjk^(3 cos2 0 * - 1)(3 c o s ^ ^ k-

1)

(14)

If the axis of reorientation ON is perpendicular to the internuclear

- 31 vector OP,

= TT/2), equation (14) becomes
b = + 3/4yUr

(3 cos2 $ * - 1)

(15)

The dependence of the splitting on the orientation of the
system with respect to B^ is thus similar in form to that given by
equation (12), the axis of reorientation replacing the internuclear
vector in specifying the orientation;
only half that for a rigid system.
0* = 54° 44*

the maximum splitting however is

Also when (3 cos 0 * - 1) = O i.e.

b = O and the splitting vanishes.
In a polycrystalline solid all values of Q

and Q* occur,
jk

and so if the internuclear vectors of identical isolated pairs in the
solid are effectively stationary at low temperature

but reorient rapidly

at higher temperatures about a perpendicular axis, the absorption line
undergoes*a transition becoming half as wide and correspondingly more
intense at higher temperature.
2.

More complicated systems
The perturbation analysis for triangular groups of identical

spin i nuclei reorienting about any given axis has been carried out by
Andrew and Bersohn (121).

For reorienting systems containing more than

three nuclei Van Vleck*s second moment formula (9) is used averaging the
terms

over whatever motion is occurring.
Consider a single crystal containing a system of molecules

or atomic groups each reorienting about one axis only and that the only
nuclear dipoles present are those at resonance.

The second moment of

the spectrum can be divided into an intramolecular part
intermolecular part S2 *

From (9)

and an

is given by

Sl = 3/2 1(1 + D e / * 02 N'1

Z0( jk)2

(16)

j> k
where

is the average of

over the motion.

For free rotation, or

for reorientation over or tunnelling through, an n-fold periodic potential
barrier where n%,3

U .. is obtained from (10) and (13) giving

If the material is polycrystalline there is an isotropic distribution of
axes of reorientation, and the factor (3 cos2 6 * - l)2 is replaced by its
mean value of 4/5 giving
Sx = 3/10 1(1 ♦ X)g2»02

(3 coa^t
j^ 1

- l)2 rjk6

(18)

The reduction of the intermolecular constribution S2 by
molecular motion is more complicated since, in forming
as well as 0 ...
J*"

r ^ varies

Certain special cases have been treated by Andrew (129),

and formulae for the general case have been given by Andrew and Eades(130).
Isotropic reorientation of the molecules at a sufficient rate
will reduce

to zero, intramolecular local fields being averaged to zero.

Local fields which are intermolecular in origin and contribute to S 2 do
not average to zero so long as self-diffusion does not alter the centres
of mass of the molecules*
3.

Variation of line-width with temperature
A line-width transition has been expressed by the relation

(128, 130)

(< N )2 = v2 ♦
where

(U2 - V 2 )

2/ n

tan” 1**

(<^/^c)

(19)

is the frequency line-width during the transition, U is the

line-width for the rigid lattice, V is the line-width after completion
of the narrowing, at is a constant of the order of unity, and
-1
(2nr )
may be regarded as the reorientation frequency.

c 3

Equation (19)

was obtained by making an ad hoc adjustment of the Bloembergen, Purcell,
and Pound (131) equation (52) which expresses the width of an absorption
line in terms of the Debye correlation time,**" c *

Therefore any results

obtained using equation (19) are probably only accurate to an order of
magnitude.

- 33 Also the variation of -O c with temperature has been expressed

as (128)
O c

=

exp (-EAT)

(20)

a form met in the theory of rate processes. ^ Q is a constant and E is
analagous to an activation energy for the barrier restricting the
appropriate molecular reorientation.

(II)

Deuteron magnetic resonance
Besides a magnetic moment the deuteron has an electric

quadrupole moment Q which interacts with any electric field gradient at
the deuteron site.

The magnitude of the interaction is about 100 times

greater than the magnetic internuclear interactions between deuterons and
surrounding nuclei.
The main contribution to the electric field gradient arises
from the chemical bond in which the particular deuteron is involved.

TVo

parameters are required to define the derivatives of the electric field,
the field gradient Vzz, and the assymetry parameter Yj - (Vxx - Vyy)/Vzz»
where Vxx, Vyy, and Vzz are components of the electric field gradient

2

2

( £ V/^i),

i = x, y, z, and V is the electrostatic potential.

In the high-field case B0 is
quadrupole interaction energy is small

selected so that the electric
compared to the interaction of the

nuclear magnetic moment with the external field, and the N.M.R. experiment
is performed in the conventional manner.
In many cases the field gradients have axial symmetry and so
> J S 0.

The nuclear spin is quantised along B0 , making some angle £

with the molecular symmetry axis, and under these conditions the
effective field gradient along B0 is
Vzz =
where

\ eq (3 cos2£

- 1)

(21)

eq is a scalar descriptive of the electric environment (132).
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The resonance spectrum for each unique deuteron in a solid
s-inglc crystal consists of two lines at frequencies given by (132)

m -*m-l = <
m ^
where

+ 3 e2q Q(2m - 1)(3 cog2 f
81(21 - l)h

- 1)

(22)

is the unperturbed resonance frequency /ApB0/Ih.
For a polycrystalline sample the spectrum again consists of

two lines and the quadrupole coupling constant

I e2q Q/h I

obtained from the separation between the two maxima.

2

separation is 3 e q Q/4h (133).

(133) can be

If YJ - 0 the

-
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CHAPTER III
EXPERIMENTAL
(I) Materials
(a) Preparation of 1-monoglycerides
Racemic 1-monoglycerides were prepared by Malkin’s method
(17) but using di-isopropyl ether in the extraction to reduce the loss
of monoglyceride into the aqueous layer.

The preparation of 1-mono-

octanoin (MG8) is described in detail and the modifications for the
preparation of 1-monoundecanoin (MG11) and 1-mono-olein (MG//18) are
given.
i.

MG8
Dry HC1 was passed into a mixture of 25 g of n-octanoic

acid (Koch-Light puriss.,

^ 99% pure by GLC) and 34 g of isopropylidene

glycerol (IPG, additive ’A*, Laporte Industries Ltd.) until the solution
became cloudy, and then for a further fifteen minutes.

The resulting

solution was cooled in ice, shaken with 100 ml of ice-cold di-isopropyl
ether, and allowed to stand in ice for five minutes.

The supernatant

liquid was decanted from the glycerol which had settled out, shaken with
a further 100 ml of ice-cold di-isopropyl ether, and poured into an
ice-cold solution of 17 g of anhydrous calcium chloride in 165 ml of
concentrated hydrochloric acid.

The solution was shaken for two minutes,

200 ml of ice-cold water added, and poured into a separating funnel.
The lower water layer was run off and retained.

The ether layer was

washed with three 200 ml portions of ice-cold water to remove hydrochloric
acid and calcium chloride, and these retained.

Each of the four aqueous

layers was washed with 100 ml of ice-cold di-isopropyl ether and all the
ether layers bulked.

The ether was distilled off and the crude monoglyceride

crystallised twice from 80 ml of 40/60 petroleum ether at 0°C.
of pure MG8 was 70%.

The yield

The melting point determined using a heated stage

• 36 polarising microscope was 38°C (Lit. value 38°C, 17).
The reaction scheme is shown below.

CHLO
t 2

c h 2°

\

DRY HC1
RCOOH

Me2

\

CHO-

c m y/'

c h 2o h

c h 2o c o r

2.

CH_OH
! 2
M e,

CHOH

o°c

Oi2OC»R

MG11
For the preparation of MG11 30 g of IPG and 25 g of

n-undecanoic acid (Koch-Light pure, BP. 58) were used.
acid was found to be
75%.

^ 99% pure by GLC.

The n-undecanoic

The yield of pure MG11 was

The melting point was 56°C (Lit. value 56.5°C, 17).
3.

MG//18
For the preparation of MG//18 9 g of IPG and 10 g of

oleic

acid(Fluka purum ^

96%) were used.

After passing in the dry HC1,

80 ml of ice-cold di-isopropyl ether were added and the hydrolysis carried
out with an ice-cold solution of 10 g of calcium chloride in 70 ml of
concentrated hydrochloric acid.

Extractions were carried out as described

previously with 50 ml portions of ice-cold water and ice-cold di-isopropyl
ether.

The crude 1-mono-olein was crystallised twice from 30 ml of 40/60

petroleum ether at 0°C.

The yield of pure 1-mono-olein was 60%.

The

melting point was 35.5°C (Lit. value 35.5°C, 19).
The prepared 1-monoglycerices were stored in desiccators
over phosphorus pentoxide in the dark.
(b) Analysis of 1-monoglycerides
Samples of the prepared 1-monoglycerides were analysed for
the presence

of fatty acid, glycerol and di- and tri-glyceride impurities

using thin layer chromatography (T.L.C.).
Hie TLC analysis was carried out on glass plates 20 cm x 20 cm
coated with a 0.25 mm layer of kieselgel G, which was activated by heating

-

37

-

the plates in an oven at 110°C for thirty minutes.

One of these plates

was spotted with 200^ig of MG8, 200^0^ of MG11, and 200yu g of MG//18 in
40/60 petroleum ether using a micro-syringe.

The plate was developed

using a solvent system consisting of 106 ml of 40/60 petroleum ether,
47 ml of diethyl ether and 1.5 ml of glacial acetic acid (134).
development time was 45

minutes.

The

The plate was allowed to dry at room

temperature and sprayed with a 0.2% solution of 2*,7*-dichlorofluorescein
in ethanol.

The chromatogram was observed under u.v. light of wavelength

350 m/A and consisted of yellow spots on a green background.
of the plate is shown in figure 22.
was 0.14.

A diagram

The Rf value for the 1-monoglycerides

No other spots which would be impurities could be seen.
A second plate was spotted with 200^wg, 400 yig, GCOfXg and

800^1*g of MG8 in 40/60 petroleum ether, each containing 5% octanoic acid,
to determine where octanoic acid would appear on the chromatogram and
also the optimum spot size for development and detection.

The plate was

developed and observed as described previously and a diagram of it appears
in figure 23.

The Rf value of octanoic

acid was 0.58 and an optimum

spot

size of 800^ug was decided on.
A third plate was spotted with 800^Ag of MG8 + 5% octanoic
acid, 800y^g of MG8 ♦ 5% octanoic acid + 5% myristic acid, 80 0^ g of
glycerol, and 800y*g of MG//18 + 5% oleic acid, dissolved in 40/60
petroleum ether.

The plate was developed and observed as described

previously and a diagram of it is shown in figure 24.
The glycerol spot was not displaced at all whilst the octanoic
acid and myristic acid were separated easily.

The Rf values of myristic

and oleic acid were both found to be 0.66.
A summary of the observed Rf values
compared to those found using a solvent

is shown in table IV

system containing 70% 40/60

petroleum ether and 30% diethyl ether (135).

The higher Rf values found"
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Figure 22
Diagram of TLC plate spotted with 200^g of
the following 1-monoglycerides after developing
a« 1-mono-octanoin
b. 1-monoundecanoin
c. 1-mono-olein

/

solvent front

16>

o

o

o

o

o

o

0.0

O O

cms ,
9,0

c ms

o

o o o O
b

d

Figure 23
Diagram, of TLC plate spotted with following
amounts of l-mono-octanoin+5$ octanoic acid
after developing,
a,

200/og

b , 400/usg
C-, 600 ^ g

d, S O O ^ g
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Figure 2h
Diagram of TL.C plate spotted -with, the following
mixtures after developing,
a,

^00//g of glycerol,

b,

800/agof glycerol,

c,

8'00^igof 1-mono-olein +■5^

d,

SOOyiAgof 1-mono-octanoin

oleic: acid,
+ 5$ octanoic

acido
e, 80(Jwg of 1-mono-octanoin + 5$ octanoic
acid + 5$ myristic acid.
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TABLE IV

Solvent System

Component

Rf value

Glycerol

O

MG8, MG11, MG//18

0.14

Octanoic acid

0.58

Myristic acid

0.66

Oleic acid

0.66

Pet. ether/ether/AcCH

68 : 31.5 : 0.5

1- and 2-monoglycerides
Pat. ether/ether
70

:30

1,2-diglycerides

0.25

Fatty Acids

0.45

Triglycerides

R V lue
f

-

O - 0.05

distance travelled by sample spot
~ distance travelled by solvent front

0.8

- 39 here are due to the higher polarity of the solvent system used.
The Rf values indicate that the presence of di-glyceride,
tri-glyceride, glycerol, and fatty acid impurities can be easily detected
by the above method of analysis.

From the size of the spots on the

chromatogram it was established that impurities c.a. 1% could be detected
easily.

The solvent system used did not separate different 1-raonoglycerides

but this was considered unnecessary because of the high purity of the fatty
acids used.
(c) Additional chemicals
Octylamine (OA, Koch-Light pure

^ 97%) was found to be at

least 99% pure by titration with H/IO HC1 using phenolphthalein as an
indicator, and was therefore used without further purification.
The water used was de-ionised and then distilled from
alkaline permanganate.

It had a conductivity of < 1/* S.

Deuterium oxide

(99.7%) was obtained from Koch-Light.

(ii) Apparatus and Methods
(a) Construction and calibration of a continuous temperature
recorder
Ihe main part of the instrument consists of a highly stable
and linear D.C. amplifier, which amplifies the differential output voltage
from a pair of copper/constantan thermocouples, one in an ice/water mixture
and the other in the sample.

The amplified signal is fed to a chart

recorder with a full scale deflection (f.s.dO of 10 mV.

The basic range

of the instrument is 0-20°C but for measurement of temperatures above
20°C the output voltage from the thermocouples is opposed by a voltage
developed across the slider of a helical potentiometer by an internal
battery, and the resultant attenuated voltage presented to the input of
the amplifier for amplification and recording.

The instrument will

-
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therefore record temperatures from 0 - 120°C ^ 0.2°C in six 20°C ranges.
A circuit diagram of the amplifier and attenuator is shown in figure 25.
The instrument was calibrated after both the amplifier and
recorder had been allowed to stabilise for one hour.
With both thermocouples in an ice/water mixture, the helical
potentiometer set to zero, and the 1.35 V cell switched out of circuit,
the set-zero control of the D.C. amplifier was adjusted so that the pen
recorder read zero.

The recording thermocouple was placed in a

thermostatrted bath at 20
recorder read f.s.d.

0.05°C and TR4 adjusted so that the pen

The basic measuring range was now set at 0 - 20°C.

The 1.35 V cell was now switched into circuit and VR1 adjusted
until the voltmeter read 1.1V, establishing a known and reproducible
potential difference between points A and B on the circuit diagram.

This

enabled a highly reproducible potential difference to be set up across
the helical potentiometer VR3, which could be varied using VR2.
VR3 was now set to 200 (i.e. one fifth of its total rotation)
and VR2 adjusted to bring the recorder reading back to zero.

The

recording range was now theoretically 20 - 40°C and by further rotation
of the helical potentiometer in steps of 200 to increase its resistance
and hence the voltage dropped across it, 20°C ranges up to 100 - 120°C
can be covered.

However because of the non-linearity of the voltage/

temperature relationship of the thermocouples the required opposing voltage
does not vary linearly with increasing temperature range, and so VR2 and
VR4 were finally set to give a convenient range of calibration graphs
over the range 0 - 100°C.
The instrument was calibrated using a thermostatted bath as
a source of variable temperatures, the temperature being measured with a
calibrated thermometer accurate to +O.05°C.

The calibration was checked

using the melting or transition points of the following substances.

DC
Recorder

Amp

>*»«»&<* VR3

VRk
VR2

0 -

VR1

R2
uq

Figure 25
Circuit diagram oi temperature recordero
R1

220k

R2

8'.2k

VRl

5k

VR2

50k

VR3

lk Helical

VR^

15 .A-

V

0 -3 V

-

41 -

5.5°C

C6H 6
CH3OOOH

16.7°C

Na2S04 .lCH20

32.4°C

NaBr.2H20

50.7°C

MnCl2 .4H20

58.1°C

(b) Thermal Studies
The MG8, MG11, MG//18, and QA/water samples were made by
warming weighed mixtures to the temperature at which they formed
isotropic solutions, shaking, and then allowing them to cool.
Samples containing D20 were made up in a dry box, desicaated
with phosphorus pentoxide, under an atmosphere of dry nitrogen.
1.

Heating and Cooling Curves
The first investigation of the polymorphism and phase

diagrams was carried out using the temperature recorder described previously
to record the sample temperature during heating and cooling runs.

The

insulated container in which the sample was placed during heating and
cooling runs is shown in figure 26.
The procedure for the determination of phase transitions
shown by a flat or an arrest on the heating or cooling curve was as follows.
Approximately 2 g of the appropriate sample was made up
in an 8 mm glass tube and the sample homogenised as described previously.
The sample was heated to a temperature approximately 10°C above the phase
transition temperature, which was to be determined accurately, and the
tube, fitted with a thermocouple and sheath in the sample, placed in the
insulated container.

The whole assembly was placed in a thermostatted

bath approximately 10°C below the transition temperature and allowed to
cool.
The temperature of the sample was continuously recorded
on the chart recorder, and so a graph of sample temperature against time

Tlierm o couple
Thermocouple
Sheath

Sample
Tube

Glass
Tube s

Insulation

Sample

Figure 26
Cross section ol insulated sample tube
container

- 42 was obtained with a flat or an arrest corresponding to the transition
temperature.
The transition temperature was also determined from
heating runs using a similar technique to that described above and the
average of the runs taken to be the true transition temperature.
2.

Differential Thermal Analysis and Differential
Scanning Calorimetry
Later thermal studies were carried out using a Du Pont

900 differential thermal analyser (D.T.A.) because of its wider temperature
range, smaller sample requirements, and accurate and reproducible
temperature programming facilities.

Because of the supercooling which

can occur in these systems it was not possible to determine some transition
temperatures on cooling runs.

All samples were therefore cooled to -50°C

and allowed to warm up at a programmed rate of 3°C/minute to record the
thermogram.

The transition temperatures were taken to be the peaks of the

thermogram (136), as shown in figure 27.
A rubber sleeve over the thermocouple head and the top
of the 3 mm bore glass sample tube reduced the risk of water loss during
a run.
The points on the phase diagrams are mean values from at
least three thermograms.
Some of the transition temperatures were measured with a
Du Pont 900 differential scanning calorimeter (D.S.C.) using samples in
sealed pans.

The transition temperatures were taken to be the extrapolated

onset temperatures of the peaks on the thermograms as shown in figure 27.
Both the D.T.A. and D.S.C. were calibrated using the
transition temperatures of the compounds given previously and the melting
point of ice.
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3.

Microscopy
Transition temperatures between -10°C and 60°C were also

determined on samples sandwiched between a microscope slide and a cover
slip, using a polarising microscope fitted with either a heated or
cooled stage*
4.

Direct Observation
Some transition temperatures including l.c* melting

points and dispersion to two liquid phases were determined by direct
observation of samples contained in sealed glass tubes and heated in a
stirred glycerol bath.

The temperature was measured with a calibrated

thermometer.
The agreement between transition temperatures was always
at least 1°C.
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(c) N.M.R. studies
1.

Broad-line N.M.R*
Broad-line proton and deuteron resonance measurements

were carried out at 60 MHz and 5.8 MHz respectively on samples made up
as described previously in 8 mm bore glass tubes, using a JEOL 3H-60 dual
purpose spectrometer with variable temperature facilities at both
frequencies.

A graph of sample temperature against indicated probe

temperature was prepared using a calibrated thermocouple covering the
range over which measurements were taken.

Temperatures are accurate to

12°C.
Proton second moments, line-widths, and deuteron
quadrupole splittings A *

(the separation between the maxima in the

D.M.R. spectra) were calculated from at least six spectra.
The experimental second moments Se were calculated by
numerical integration using equation 23 derived from equation 8.
Se

=

1/3 C

Six3 y

(23)

where C is an instrumental calibration constant which relates x measured
from the centre of the derivative curve to the field sweep in Tesla and
y is the modulus of the amplitude of the derivative curve at each point x.
Both x and y were measured in convenient scale units, cm and mm respectively.
2.

N.M.R. of oriented samples
Oriented samples were prepared by smearing a thin layer

of neat phase onto a piece of microscope cover slip, 22 x 8 mm, (cleaned
with chromic acid and distilled water) and pressing a second piece of
cover slip gently down onto the I.e. layer

to make a sandwich.

A stack

fifteen such sandwiches can be fitted into

an 8 mm bore N.M.R. sampletube

just tightly enough to ensure that the slides are parallel to each other
and to the axis of the tube.

of

-

45

-

The sample tube was rotated about its long axis in order
to change the setting of the I.e. layers with respect to the magnetic
field §Q , and the value of 0 , the angle between the normal to the layers
—
O
and B0 was measurable to +2 of arc.

Doublet splittings were calculated

from at least four spectra, at each value of

0.

Some of the spectra from oriented samples of each of the
systems studied were integrated manually to obtain the absorption lineshape.

Gaussian line-shapes were fitted to these experimental line-shapes

using a Du Pont 310 curve

resolver and the percentages of protons

contributing to the different parts of
3.

the line-shapes obtained.

High-resolution N.M.R*
High resolution N.M.R. measurements were carried out at

60 MHz using a JEOL C-60 HL spectrometer with variable temperature
facilities accurate to ^1°C.
Line-shapes obtained from I.e. samples were compared with
Gaussian and Lorenztian line-shapes synthesised using an I.B.M. 1130
computer.
4.

Pulse N.M.R.
Pulse N.M.R. measurements on non-oriented samples were
Tji and T2 were

carried out at 23°C using

a Bruker BKR 201 spectrometer.

measured using 90 - T - 90

and 90 - T -180 - 2 T - 180 - 2 T' pulsesequences

respectively.

They are accurate to +5% and ^10% respectively.

Signal

intensities are accurate to +5%.
Pulse N.M.R. measurements on oriented samples were carried
out at 16 MHz using a Bruker D-KR 322S spectrometer.
measured using a 90 - T - 90 sequence.

T^ values were

The free induction decay of the

transverse magnetisation was observed following a 90° pulse and also using
the Carr-Purcell sequence (119) and the Meiboom-Gill modification (118)
of this sequence.

CHAPTER I V
POLYMORPHISM OF 1 -MONOGLY C E R ID E S

(I) Results
(a) Thermal Studies
When molten samples of the five monoglycerides studied were
allowed to cool, phase transitions, observed by DSC, occurred at the
temperatures given in table V and figure 28.

Typical thermograms

are shown in figure 29 and it can be seen that there are no further
o_
transitions down to -20 C.
When the same samples were now heated phase transitions
were observed at temperatures given in table VI, and the thermograms
for MG11 and MG12 are shown in figure 30.
When cooling was stopped after transition A and the samples
reheated, phase transitions were observed at the temperatures
given in table VII.

Typical thermograms observed for MG8 and MG11

are shown in figure 31,
When cooling was stopped after transitions A and B and the
samples reheated, transition B was reversed and the transitions
given in table VII were again observed with an increase in intensity
of transitions F and G for MG8 and MG11, and a decrease in intensity
of transition I for MG8.

Also transition H for MG8 now occurred at

6°C instead of 13.5°C.
Ihe procedure described in the previous paragraph was
repeated except that after transition H a sample of MG8 was cooled
down to -20°C.

No further transitions were observable, and on

reheating transitions I, F and G were observed as would be
expected if the sample had not been cooled.
The stability of the phase occurring for MG8 between
transitions H and I was investigated by keeping it at 15°C in the
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differential scanning calorimeter for various lengths of time
observing the phase transitions which occurred on heating.

and
It was

found that the phase was only stable for a period of minutes and
always changed to the highest melting form.
All the transitions which occur at or above room
temperature, except that of MG18 at 47°C, have also been observed
using a heated stage polarising microscope.
The first transition which occurred on cooling the molten
1-monoglycerides, except MG18, was the appearance of rings of
structure in the liquid.

A few degrees lower in temperature the

samples assumed a variety of irregular birefringent shapes as
described by Malkin (17).

This latter transition occurred

directly from the melt in the case of MG18.
Samples of MG8 and MG10, observed under the microscope,
after being melted and allowed to cool to room temperature, changed
slowly to the highest melting form over a period of hours, whilst
MG11 and MG12 took several days for the same change to occur.
MG18 appeared to be indefinitely stable at room temperature in the
form below transition C.
The effect of adding small amounts of D20 to MG8 on the
transition temperatures observed when cooling from the melt, is
shown in table VIII and figure 32a.

The relative intensity of

transition J increased with respect to the intensities of transi
tions A - C as the D20 content was increased.
When cooling was stopped after transition A and the
samples reheated, transitions now occurred at temperatures given
in table

IX and figure 32b.

When cooling was stopped after

transitions A and B and the samples reheated, the effect on
transitions F - I was similar to that described previously for
anhydrous MG8.
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(b) PMR Studies
The line-widths and second moments were measured for the
highest melting forms of MG8 and MG11 at low temperature, and for
the highest melting forms of MG8, MG11, and MG12 at room
temperature.
Hie line-shape for MG8 at low temperature is shown in
figure 33, that of MGll being similar.

The line-shapes at room

temperature are also similar to those at low temperature except
that the narrower line ca. 4 0 0 ^ T wide is not resolvable and a
weak narrow liquid-like component appears.
Attempts were made to obtain PMR spectra of samples of
MG8, MGll, and MG12 between transitions A and B but the life-time
of the phase was too short to allow any measurements to be made.
A sample of MG8 + 0.23 mole fraction of D^O was therefore used
since it appeared from the thermal studies that addition of D^O
stabilised the required phase to some extent.

This sample on

cooling from the melt to below transition A appeared to be a
cloudy highly viscous liquid.

The line-shape observed is shown

in figure 34.
Line-widths and second moments were also measured for
samples of MGll and MG12 between transitions B and C.

The phases

appeared as semi-transparent solids, and both gave similar lineshapes, that of MGll being shown in figure 35.
Attempts were made to obtain M R spectra of the forms of
MGll and MG12 below transition C, but due to the poor thermal
conductivity of the 1-monoglycerides the outer parts of the
samples passed through to the highest melting forms, while the
centres were still in the forms between transitions B and C.
The M R

spectra obtained confirmed this since they consisted of

the line-shapes of the two forms superimposed.

The line-widths

and second moments of the forms studied are given in tables X and XI.
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Figure
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TABLE V

DSC Transition Temperatures - Cooling from the melt.

1-monoglyceride

Temperature (°C)

A

B

C

5.5 (rs)

2.5 (rs)

-3

MG10

28.5 (rs)

25.5 (rs)

8

MGll

36.5 (rs)

34

(rs)

-5

MG12

45

44

(rs)

17 5

74

(rl)

47

MG 8

(rs)

MG18

All transitions are exothermic.
rs indicates transition is reversible over a sho.rt period of
time (minutes or sometimes hours).
rl indicates transition is reversible over a long period of
time (weeks).
All other transitions are irreversible.

(rs)

(rl)

TABLE VI

DSC Transition Temperatures - Heating from -20 C.

1-monoglyceride

Temperature ( C)
B

D

E

F

G

MG8

38

MG10

53

MGll

0-19 (exo)*

-5
49

MG12
47

MG18

53(exo)

52

56

59

62.5

74

All transitions are endothermic except where stated,
* The temperature at which this transition occurred depended
on the lowest temperature to which the MGll sample was cooled,
1

•

0

•

MGll cooled to (°C)
-3

Transition E Temperature ( ° C )
19

-10

7

-20

0

TABLE VII

DSC Transition Temperatures - Heating from below transition A,

1-monoglyceride

Temperature (°C)
A

MG8
MG10
MGll
MG12

5.5

H
13.5(exo)

I
23.5

F
34

38

52

56

28.5
36.5

38.5(exo)

45

B
MG18

74

All transitions are endothermic except where stated.

TABLE VIII

DSC Transition Temperatures for MG8 + D^O - Cooling from the melt.

Temperature (°C)

q

A

B

0

5.5

2.5

-3.5

0.1

5.5

1

-5

0.23

6

-2.5

-4.5

-8

0.43

8

-7

-11

-14.5

All transitions are exothermic.

J

C

TABLE

IX

DSC Transition Temperatures for MG8 + D^O

-

Heating from below

Transition A.

X

.

Temperature (°C)

V
A

H
(exo)

0

5o5

13.5

23.5

34

38

0.1

5.5

13.5

22.5

33

37

0.23

6

9

19

30*

35*

0.43

8

8.5

16

All transitions are endothermic except where stated.

* These transitions are very weak.

TABLE X

NMR Data

-

Highest melting fdrm.

1-monoglyceride

Line-width (a T)

Second Moment

Temperature (°C)

( l O ^ T 2)
MG 8

390 + 20

16.4 + 0.6

-58

1120

13.3 + 0.5

22

420 + 20

18.4 + 0,4

-65

1170

15.5 +_ 0.6

22

1180 + 10

16.7 + 0.5

27

1260 + 10

MGll

1280 + 10

MG12

TABLE XI

NMR Data

-

Cooling from the melt.

1-monoglyceride

Line-width (
.jjlT)

Second Moment

Temperature (°C)

( 1 0 % T2 )

MGll*

380 + 1 0

3.2 + 0.1

32

MG12*

395+5

5.1 + 0.05

25

MG8 + 0.23

ca. 145

mole fraction D O * *

ca. 220

*

Form between transitions B and C

**

Form between transitions A and B

2

(II) Discussion
(a) Complete cooling and heating cycle
The transitions observed on cooling the molten
1-raonoglycerides agree to some extent with the work of Malkin (17,21)
on MG10-MG18 and Lutton (20) on MG18, but certain additional features
have been observed, and it has been possible to confirm some of
i

their suggestions using PMR.
1.

At transition A for MG8 and MG10 - MG12 the liquid

1-monoglyceride passes through to a smectic I.e. phase.

The

ring-like structures observed under the polarising microscope are
’stepped drops’ which are formed by many smectic phases under
suitable conditions (137).

Also the line-widths of 1 4 5 ^ T and

220yuT observed for this I.e. phase in MG8 + 0.23 mole fraction of
D^O are consistent with the values obtained for the stable I.e.
phase of MG8 containing higher mole fractions of
Malkin (17) regards an alpha-phase to be formed first from
the

ire

It and this is described as ’dark greyish pools which give a

strong uniaxial interference figure’.

Such a form has been

observed but rings of structure were always present as well.

It

is possible that Malkin was observing the I.e. phase described
previously but in a completely oriented state.
2.

At transition B the I.e. phase transforms to a solid

phase, which Malkin (17) describes as ’aggregates of molecules in
all states from vertical rotating to tilted rigid’.
X-ray data, infra-red spectra, and PMR line-widths and
second moments have been reported for this solid by Lutton (20),
Larsson (14), Chapman (25), and Chapman et al. (26), and from
their evidence they consider it to be an alpha-phase in which
the alkyl chains are hexagonally packed and rotating about their
long axes.

In terms of currently accepted nomenclature this solid
cannot correctly be called an alpha-phase, since Larsson (14) and
Lutton (20) have reported that the alkyl chains are tilted (but
give no angle of tilt), whereas in the alpha-phases of long chain
hydrocarbons (31), esters (33), and alcohols (34) the alkyl chains
are known to be vertical.
The experimental values of the second moments of MGll and
MG12 in this solid phase are 3.2 x 10^u

and 5.1 x lO^piT^. The

low value of the second moment of MGll compared to that for MG12
is probably due to the fact that it was obtained at a temperature
only 2° below transition B, whereas the second moment of MG12 was
obtained at a temperature 20° below transition B.
The experimental values of the second moments can be com
pared with values derived theoretically, since for a long chain
hydrocarbon

H 2 n +2 unc*ergoing restricted reorientational motion

about the chain axis, sufficient to affect the second moment, the
reduced intramolecular contribution to the second moment, as
calculated by Andrew, is

j*6.8 - 11.6/(n + l)j

x 10^w T2 (109).

Applying this equation to MGll and MG12 gives values of
5.8 x 104m T2 and 5.9 x 10^1 T2 respectively.

For a hydrocarbon

4
2
the intermolecular broadening is about 2.6 x 10 /J* T (109) giving
4 _2
4
2
totals of 8.4 x 10 /jt t and 8.5 x 10 ^ T respectively.

Peterlin

(138) has also given an equation for calculating the second moment
of a non-oriented hydrocarbon in which the alkyl chains are
hexagonally packed and rotating about their long axes,
S =

| 7.25 - 16.73/(n + 1)

x 10^u T2 , which he claims is more

accurate than Andrew*s equation.

Using this second equation

4
2
4
2
values of 5.85 x 1 0 T and 5.95 x 10 yu T are obtained for the
second moments of MGll and MG12 respectively, which are closer
to the experimental values than the second moments calculated

using Andrew?s equation.
If the alkyl chains additionally undergo some lateral and
possibly longitudinal motion the contribution of intermolecular
broadening to the second moment will be reduced.

Also more com

plex motion of the alkyl chains other than just simple rotation
can combine with the above factcrs to reduce the theoretical
second moments to values close to those obtained experimentally.
The type of motion required to reduce the theoretical
second moments to the experimental values indicates that the
/
solid, which is henceforward termed o C , is intermediate between
a true alpha-phase and a smectic liquid crystal.
The PMR line-widths and second moments of the highest
melting forms of MG8, MGll, and MG12 are similar to those
reported by Chapman et al. (26) of MG16 and MG18.

The low

temperature value of the hydrogen resonance of a 1-monoglyceride
is expected to be ca. 25 x 1 0 T2 (26), and the experimental
4
2
values of ca. 17 x 10 >u T therefore indicate that little
molecular motion is occurring beyond methyl group rotation.
3.

The question of the reversibility of transition C

and the nature of the form produced have been subject of a
considerable amount of controversy between Malkin (17, 21) and
Lutton (20).

Lutton studied MG16 and MG18 and stated that at

the lowest transition temperature a sub-alpha crystalline form
is produced, and the transition is reversible.

We have confirmed

the reversibility of transition C in the case of MGll and MG18,
and the apparently low value of transition C for MGll is due to
an alternation effect implying greater mobility of the chains in
the 1-monoglycerides containing odd-numbered acids.

The infra

red spectra of a sample of MG18, which had been melted and then
cooled below transition C, showed a doublet at 720 cm \

which

Chapman (25) cites as evidence of a crystalline sub-alpha form.
For the other 1-monoglycerides studied transition C was
irreversible and several different types of behaviour have been
observed when samples were reheated after cooling past this
transition.

This is not surprising since the lengths of the

alkyl chains of these 1-monoglycerides are in the intermediate
range where changes of property occur.
In the case of MG8 and MG10, cooled samples remelted at
the B-melting points (transition G), indicating that below
transition C the B-form is obtained.

We have no evidence from

DSC that any intermediate form such as the B T suggested by
Malkin (17) occurs under these conditions.
For MGll, on heating past the reversible transition C,
a small exotherm (transition E) is observed at a variable
temperature, probably determined by the number of seed crystals
present and the previous thermal history of the sample.

At

transition E the B* and B-forms are produced since partial
melting now occurs at 52°C and 56°C (transitions F and G
respectively).

The relative intensities of the two peaks

indicate that the lower in temperature the sample is cooled the
more B-form is produced at transition E.
The behaviour of MG12 on reheating is more complex than
that of any of the other 1-monoglycerides studied.

At transition

C a solid is formed which melts at 49°C (transition D) and then
resolidifies (transition E).

The solid produced at transition

E is a mixture of the B* and B-forms which melt at 59°C
(transition F) and 62.5°C (transition G). respectively.

The

relative intensities of the two peaks vary from run to run and
from sample to sample indicating that the relative amounts of
each form produced at transition E are dependent again on the

number and type of seed crystals present and the previous thermal
history of the sample.
The solid form of MG12 produced at transition C cannot be
a sub-alpha form since it gives only a single infra-red band at
720 cm * compared to the sub-alpha form of MG18 which gives a
doublet in this region.

Since its melting point at 49°C is only

' to liquid crystal transition it is possible that
r
the solid is a slightly modified cL form in which the packing of

5°C above the

the alkyl chains is more ordered, and consequently their lateral
and longitudinal motion reduced.

(b) Partial cooling and heating cycle
In the cases of MG10 and MG12 cooling past only transitions
A and B, and then reheating causes the same two transitions to
recur•
MG8 and MGll however, after reheating past transitions A
and B, solidify (transition H).
For MGll the solid produced is a mixture of the B* and
B-forms since partial melting now occurs at 52°C (transition F)
and 56°C (transition G), similar to that described previously
after transition E.
For MG8 an intermediate form is produced with a subsequent
change to the B f and B-forms at 23.5°C (transition I) which melt
at 34 C (transition F) and 38°C (transition G) respectively.
The nature of this intermediate form is discussed in the next
section.

(c) The effect of D^O on the polymorphism of MG8
The addition of small amounts of D O

to MGS raises the

temperature at which transition A occurs and decreases the
temperature at which transition B occurs.

Therefore D O
u

is increasing the range of existence and

stability of a metastable I.e. phase in which considerable
molecular motion is occurring, just as it does for the alphaforms of aliphatic long chain alcohols (139).

This implies

that the hydrogen-bonding network involving D20 and 1-monoclyceride
hydroxyl groups is more stable than that involving just hydroxyl
groups.

Lack of X-ray data on the polar end group region prevents

any meaningful structure being assigned to either network.

i
At transition B the oc -form is produced and D20 is thrown
out of the crystal lattice to subsequently freeze at transition J.
Transition C is similar to that occurring in anhydrous MGS.
Addition of D O

also decreases the temperatures at which

transitions F - I occur when heating the I.e. phase from below
transition A.
This I.e. phase is metastable with respect to the inter
mediate solid existing between transitions H and I, which seems
to be similar to the *opaque crystal phase* observed in long chain
alcohols (139).

At low water contents this opaque phase in

alcohol/water systems was found to be a ft -form (140), which is
monoclinic with the alkyl chains tilted at approximately 60°.
The intermediate solid could be similar in nature to this

-form.

Also at increasing D20 contents transition I is tending towards
Tpen for MG8, and a similar tendency is observed for the transition
from alpha to opaque phase in alcohol/water systems.

CHAPTER V
LIPID/WATER SYSTEMS

(I)

Results

(a)

Phase diagrams
Tpen has been determined for the five 1-monoglycerides studied and

the values obtained are given in table XII,
Table XII
1-monoglyceride

Tpen (°C)

MG8

12.5

MG10

30

MGll

36

MG12

41

MG18

65

The phase diagrams of the MG8/D 0 and MG//18/D 0 systems have been

Cj

determined andare

O

shown in figures 36 and 37,

for thesamplesstudied are

given intables

XIII

Transition temperatures
and XIV.

The

phase

diagrams can be compared with those of the MG8/H20 and MG//18/H20 systems
determined by Larsson (61) and Lutton (59) respectively, shown in
figures 38 and 39.

The phase diagram for the MG11/D20 system is shown

in figure 40 (92).
The abbreviations used in the phase diagrams are:D

Dispersion

F*I.

Fluid isotropic

M

Middle liquid crystal

N

Meat liquid crystal

V.I,

Viscous isotropic

TABLE XIII
Data points for MG8/D20 phase diagram.

Transition Temperatures; C C )
V
0.22

0.5

11

28

35

0.31

1.5

11.5

27

32

0.36

2.5

12

27.5

30

0.45

3

12

27

0.5

3

12

25

27.5

0.55

3.5

12

24

31.5

0.675

3.5

12.5

18.5

42

0.73

4

12.5

15.5

44

0.76

4.5

13

14.5

46

0.78

4.5

12.5

46.5

0.83

5

12.5

45

0.86

5

12.5

43

0.88

5.5

12.5

38.5

0.90

5.5

12.5

36.5

0.92

5.5

12.5

33.5

0.94

5.5

12.5

33.5

0.96

34

0.98

34

TABLE XIV
Data points for MG//18/D O phase diagram.
u

X_ _
2

Transition Temperatures (°C)

0.15

19.5

34

0.25

17.5

31

0.36

16

22

28.5

0.40

15

19

30.5

0.47

1.5

14.5

17.5

34

0.53

2

13

15

38.5

0.59

2.5

13

46

0.65

3

13

54

0.68

3

12.5

54

61

0.71

3

12

50

69

0.76

3

12

36

79.5

0.775

3

12

32

82.5

0.82

3

12

27

0.85

3.5

12

25.5

0.875

3.5

12

0.90

3.5

12

0.95

4

12

89

93

85.5

97

80

86

96.5

24

59

88

94

23.5
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90

25

90
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TABLE XV

X-ray long spacings for MGS/D^O neat phase.

xd20

d(8)

0.66

27.1

+ 0.6

0.80

30.1

+ 0.7

0.89

37.6

+ 1.1

X-ray long spacings for QA/D O neat phase.

d*

0.80

29.7

+ 0.7

0.85

33.9

+ 0.9

0.92

44.7

+ 1.6

(b) X-ray studies
The variation of d with

content is given in table

XV for the neat I.e. phases of the systems MGG/D^O and OA/D^O.
L.c. samples of MGS/D^O and OA/D^O gave diffuse sidespacings of ca. 4.5$ which did not vary significantly with
water content.
(c ) NMR of non-oriented systems
1.

1-mono-octanoin/H^ O and D ^.0
The broad-line PMR spectra at — 58°C of MG 8 containing

0.55 and 0.90 mole fractions of D^O are shown in figures 4l
and 42.

The line-widths of the broad and narrow components

in figure 42 are ll40^T and 390/l*T respectively.

Second moment

values at -58°C are given in table XVI.
Table XVI
MG 8

+

Xp o
0

/

4

Second Moment (l O ^ T

2%

)

16.4 i 0,6

0.55

16.5 - 0 . 3

0.90

14.8 i 0 . 4

Figure 43 shows the PMR line-shape for MG 8 + 0.55 mole
fraction of h^O at 5°C and figure 44 the PMR line-shape for
MG 8 + 0190 mole fraction of D^O in the neat I.e. phase at
26°C.
The broad-line PMR spectra of the neat I.e. phases of
MG 8 containing 0.66, 0.80, and 0.89 mole fractions of
have been determined at 23°C and the line-widths and second
moments are given in table XVII.
The variations of the PMR line-widths and second moment
with temperature have been determined for MG 8 + 0.80 mole
fraction of D^O and are given in table XVIII.

Above room

temperature the outer line, ca. 200^T wide, was very weak

1.0

1.5

Figure 4l
PMR spectrum of M G 8 + 0„55 mole fraction
of D^O at ~58°C.

mT

Figure k2
PMR spectrum of MG-8 + 0.9 mole fraction
of D 2 0 at -58°C.

PMR spectrum of MG8 + 0.55 mole fraction
of D o0 at 5?C

100

10C

Figure kh
PMR spectrum of MG8 + 0 C9 mole fraction
of D^O neat phase at Z6°C

Table XVII
PMR line-widths and second moments for MGS/D^O neat phase
at 23°C.

/

\

Second Moment

0.25

0 .80

l4l * 5
ca. 200

0.23

0.39

125 i 5
ca. 18 C

0.19

+
+

H

146 i 2
ca, 200

H

0.66

/ h 2\
(10 julT )

O
•
o

Line-width

O
•
O

q

+ 0.01

Table XVIII

PMR line-widths and second moments for MG0 + 0.80 mole
fraction of I^O neat phase at various temperatures.

Temperature

(

C)

Line—width (/iff)

Second Moment

(1 0 /tT

2

172 ± 6
ca. 22Q

0.26 £ 0.01

10

161 * 5
ca. 200

0.24 ± 0.01

23

l4l £ 5
ca. 200

0.23 - 0.01

27

137 ~ 3

0.23 £ 0.01

33

126 £ 3

0.225 ± 0.005

37

121 £ 3

0.215 £ 0.005

41

118 £ 3

0.21 £ 0.005

)

and could not be measured.
had a width of ca.

The narrow line in the spectra

\3jul£ 'which

did not vary appreciably with

temperature or composition over the range described.
DMR spectra were obtained of neat I.e. samples of MG 8
containing various mole fractions of O^O, an(^ a

line —

shape, that from MG 8 + 0.73 mole fraction of D^O at 22°C, is
shown in figure 45.

The frequency separation in H z (a°)

between the two principal peaks as a function of X^ q is
given in table XIX and figure 46.

For a given composition & ^

was found to be independent of temperature.

The widths of

the component lines were c ct• 160 ± 20 Hz at 22 ° c,
broadened slightly itfith increasing temperature.

and they
For samples

containing greater than 0,92 mole fraction of DgO in the
dispersion region an additional line with a width of 50 — 5H z ,
appeared in the centre of the doublet.

For samples containing

0.90 and 0.92 mole fraction of D^O which are in the transition
region between neat I.e. phase and dispersion a typical lineshape is shown in figure 47.

The ratio of outer peak

separation to inner peak separation is between 1.7 and 1 .9 *
High resolution PMR spectra of MGS/H^O neat I.e.
samples at 23°C were not reproducible but showed similarities
to the 1p o w d e r patterns*
spectra.

observed in deuteron resonance

The spectra usually consisted of two or three

lines with widths between 20 and 100 Kz, the separation
between the outermost lines being several hundred Ha*

The

spectra were centred on ca. 5pp*n. and the line-widths and
separation between the outermost peaks decreased as the mole
fraction of water increased from 0 ,66 . to 0 ,90 .
Relaxation times have been determined for MG 8 neat I.e.
samples containing various mole fractions of H^O or D^O, the
values obtained being given in table XX.

The values listed

Table XIX

Quadrupole splittings for MG-S/D^O neat phase and dispers
at 23°C.

A^(kKz)

0.55

3.97

0.66

3.14

0.73

2.24

0.79

1.92

0.82

1.60

0.88

0.94

0,90

0.78

0.92

0.59

0.95

0.58

Error in measurement of

is - 2$,

Figure 45
DMR spectrum of MG 8 + 0*73 mole fraction
of D 20 at

22°G

Figure 4?
DMR spectrum of MG 8 + 0 o9^ mole fraction
of D 20 at

22°C

(kHz)
O

2.0
O

0,

1*0

0,5

l.o
Mole fraction of D^O
Figure
A *0 vs.

k6

q for neat phase and

dispersion of MGS/D^O

Table XX

Relaxation tines for MGG/H^O neat pha.se at 24°C.

^ 0

0.66

0.80

0.90

80 (D20 )

T 2 (fast)(^)

T 2 (med.) (ms )

Tg (slow) (s)

T 1 (■)

0.044

0.29

52

4.6

(3k%)

(52$)

54.6

5.6

0.113

(32$)

(50$)

(18$)

62
(22$)

5.1
(44$)

0.339
(34f»)

3.9

~

69
(50$)

(1W

Accuracy of
Accuracy of

(£ 5^)*

(fast) and ? 2 (med.) is £ 2 0 $ .
(slow) is £ 1 0 $ .

and

0.67

0.357

{ 50$)

Figures in brackets refer to signal intensities

0.46

better than £ 5$.

•were determined at
intensity of
decreases.

t

= 4 0 ^ s , and at i- = 80us and

(fast) increases and that of

200/ms the
(medium)

A similar type of pulse distance dependence was

observed for the decay of the water signal.

2.

1-monundecanoin/HUO and D ^O
PMR line-widths and second moments have been determined

at 27°C for MGll/D^O neat I.e. samples containing three
different mole fractions of EJ^O.

The results are shown in

table XXX and in the spectra there was also a narrow line of
xtfidth ca. 10^»T which did not vary significantly with
composition.
A solid sample of MG11 + 0.43 mole fraction of D^O at
25°C gave a line of width 1180 i 10yt/F and in the I.e. phase
at 45°C gave lines of widths 100 i
DMR spectra have been
ing

kpfT and

175 - 3/*T.

obtained at 25°C for MG11 contain

various mole fractions of EJ^O.

The variation of A-o with

mole fraction of D 2 0 is given in table XXII and figure 48.
The overall line-shapes observed were similar to those described
previously for MGS/D^O samples.
For a given sample

C^

over the range 25°C to 65°C,

showed no change with temperature
The width of the component lines

at 25°C was ca. 200 Hz and slight broadening occurred with
increasing temperature.
In the dispersion region above 0.8 6 mole fraction of E^O
an additional central line

of width ca. 50 Hz appeared in the

DMR spectra.
3.

1-mono-olein/H^O
Three neat I.e. samples of MG//18 containing 0.45, 0 .6 6 ,

and 0.77 mole fractions of water have been studied.

The PMR

spectra of the samples at 25°C consisted of a narrow line of

Table XXI
PMR line~vjidths and second moments for MGII/D 2 O neat phase
at 27°C.

/

X^ q
2

\

/

Line-width (i>T)

0 ,5 7

t3

158

0 .5 4

154 i 3
240

0.85

2

\

i

0 .0 3

i 10

260

0.70

h

Second Moment (10yt*T )

i

0.47 i 0.03

10

0 .4 l i 0.03

146 i 3

± 5

226

Table XXII
Quadrupole splittings for MG-ll/Do0 neat phase and dispersion
at 25°C.

A-O(kHz)
0 .7

2.1

0 .8 0 4

1 .4 8

0 .8 5

1 .0 9

0 .9 0

0.98

0 .9 5

0 .9 7

Error in measurement of A

is - 2^0.

3.0-

2.0
AO
(kHz)

O
loO

•o«— *o

0

0.5

loO

Hole fraction of 0^0
Figure 48
A^vs.

q

for neat phase and

dispersion of MGll/D^O

•width oa. 3^*T and wider lines of widths 94 - 5 » H O

- 3 > and

120 i 5 for the three different mole fractions of water.
When the sample containing 0,77 mole fraction of water
was heated up to 55 °C into the viscous isotropic region the
broad line disappeared leaving two principal narrow lines
chemically shifted by about 3ppm*

k•

Octylamine/H^O and D ^O
PMR spectra have been obtained at 0°C and 25°C from

neat I.e. samples of OA containing three different mole
fractions of I>20 .

The line-widths and second moments

observed are given in table XXIII.
also a narrow line of width ca,

In all spectra there was

5/jcr.

The variation of the

line—widths with temperature for OA + 0,835 mole fraction of
D 20 is given in table XXXV and figure 49*
A solid sample of OA + 0,843 mole fraction of D 2^
-35°C gave line-widths of 385 * 5yUT and 1230 i 20i*T whilst
a sample of anhydrous octylamine, with the amine protons
replaced by deuterons, at the same temperature gave a line
of width 1150 i ICJiaT.
A sample of OA + 0.80 mole fraction of D^O neat phase
at 23°C gave a similar DMR spectrum to those described
previously for MGS/D^O and MGll/D^O, A

in this case being

6.76 kHz.
High resolution PMR spectra from OA/H^O

neat phase

samples at 23°C were much more reproducible than the
corresponding spectra obtained from MG 8/H 20 samples described
previously.

The spectra always consisted of a single peak at

ca. 4..2 ppm. the line-width decreasing with increasing water
content from 40 Hz at X^_ ^ = 0.75 to 25 Hz at X^ ^ = 0.92.
2
2
Relaxation times have been determined for neat I.e.
samples of OA containing various mole fractions of H^O and

Table XXIII

Line-widths and second moments for OA/D^O neat phase*
Temperature 25 °C
Xjj 0
0.784

Line-width (^T)
94

214
0*843

87

+ 2
+ 2
4*

Second Moment
0.28

0.27

3

4*

(IO^JaT2 )

0*005

+ 0*005

212 + 2
0*916

77

+ 2

198

2

0.255

+

0.005

Temperature 0°C
Line-width

0*784

136 + 2
280

0.843

125

260
0*916

110
248

+
+
4-

Second Moment

0.53

(10% T 2 )

4r

0.01

4-

0.02

5
3

0.49

pm

3

+3
4-

(j*T)

3

0.47

+ 0.02

Table XXXV

Line-widths for OA + 0 . 8 3 5 mole fraction of D^O neat phas
at various temperatures.

Temperature ( ° c )

Line-width (^u.T)

-2 8

165

310
-22

160
300

-l 6

150
288

-10

143

278
-5

135

270
0

125
263

6

120
250

10

118
246

15

115

232
23

100
213

30

70
192

Average error in measurement is - 3yuT*

-20

0
Temperature(° C )
Figure ^9

Line-widths v s «, temperature for OA
mole fraction of L^O neat phaseo

T a b le

\

XXV

Relaxation times for OA/K^O neat phase at 23°C.

•V

•'

0.8

0.85

0.915

0.85 (D20 )

(med. )(ms )

T 2 (fast )(^a s )

T 2 (slow) (s )

111
(22#)

10

0.15

(58#)

(22#)

103

8

0.17

(24#)

(40#)

(24#)

0.19

10.8

90
(20#)

(32$)

(46#)

126

10

not
measurable
(ca. 13#)

(40#)

(47#)

Figures in brackets are intensity values (£ 5#)*
T 2 (fast)is accurate to £ 20#.
^(med,), T 2 (slow)tand

are accurate to - 10#.

T x (•

i.o4

1.16

1.4

1.17

D^O, the values obtained being given in table XXV.
and

(fast)

(medium) showed the same type of 'pulse distance

dependence*

that xvas observed for the MGS/K^O and

I.e. samples.

neat

This type of behaviour was also observed for

the decay of the water signal.
(d) NMR of oriented systems
1•

l-mono-octanoin/H^ O and D ^O
Measurements were first made on an oriented neat I.e.

sample of MG 8 + 0.8 mole fraction of il^Q at 23°C.

At small

modulation widths a doublet was observed with a splitting
(J“B ) from centre to centre of 22.6^aT at ^ = 0° and some
evidence of a very weak central line as shown in figure 50a
..
¥hen the modulation was increased a second doublet was observed
for which cT3 (peak-to-peak) was 3V 7/^f as shown in figure 5Gb.
Both these doublets varied in splitting as

0 was

varied

from 0° to 180° according to a X ( 3cos^# - l) relationship where
K is the value of cTb when 0 = 90° for each pair.

Experimental

values for the sample MG 8 + 0.66 mole fraction of H^O are
compared with calculated values in tables XXVI and X X V I I ,
and the results shown in figures 51 and 52.

The average

chemical shift of the inner doublet centre was 3 ppm to low
field of the outer doublet centre.
At

0=

55° only a narrow line of width ca. 5,x*T was

+
o
observed but within — 10 of this angle an additional peak,
whose position was angularly dependent, appeared on the high
field side of the spectrum as shown in figure 53.

When this

peak appeared the high field component of the outer doublet
was always smaller than that at low field.

However no

complementary peak could be resolved on the low field side
of the spectrum at any angle.

10

10

a

200

200

b

Figure 50
PMR spectra of oriented M G 8 + o ,8 mole fraction of
H^O neat phase a t 0 =Oo °
(a) inner doublet
(b) outer doublet

T a b le

XXVI

PMR splitting for inner doublet of oriented MG 8 + 0.66
mole fraction of H^O neat phase as a function of & at
23°C.

0 (degrees)

S B

<£B (experimental,^]?)

<fB (calculated,^aT)

0

38.3

38.2

10

36.6

36.6

20

33.0

31.5

30

24.8

23.8

40

l4.0

14.5

70

10.8

12.2

80

16.6

17.3

90

19.0

19.1

100

16.5

17.3

110

11.4

12.2

140

13.6

14.5

150

23.5

23.8

160

30.5

31.5

170

36.9

36.9

180

38.0

38.2

(calculated) values were obtained from

2

S B

(calculated)

-ow

Table XXVII

PMR splitting for outer doublet of oriented MG8 + 0*66 mole
fraction of H^O neat phase as a function of

& (degrees)

$3

/B

(experimental^piT)

9

Jb

at 23°C#

(calculated,yuT)

0

370

372

10

360

355

20

310

307

30

245

233

4o

131

141

6o

48

'47

70

120

120

90

184

186

110

123

120

120

49

47

i4o

133

l4l

150

240

233

160

320

307

170

360

355

180

376

372

(calculated) values were obtained from J* B (calculated)

= 186 ( 3 cos2 d - 1 ).
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low field

splittings
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side was

whose

component
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for this middle
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XXVIII and XXIX.

a d d i t i o n a l p e a k on the h i g h f i e l d

doublet.
of

S3

for a number

I.e.

to be

of

assumed

other component

of the
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and a temperature
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by
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o
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©
- 1 )/( 3 c o s
50
- l)
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table XXX.
Table XXX
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The

error

probably

310

0.75

3^0

0.80

330
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oriented

of #

Figure
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doublet

inner doublet was
and

slides

gave

not

outer doublets

sample made up with

the glass

is

only a single

observed whilst
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just wa te r

at

as before.

sandwiched

narrow

line

at

and modulation width.
shows

decreased

of wate r,

the

of the m i d d l e

all values

doublet

B for the mi dd le

s a m p l e s m a d e u p u s i n g 0 ^ 0 a n d MC-8, d e u t e r a t e d

the values

between

S

= 0°)

-

the h y d r o x y l groups,

An

(^T, £

0.66

ca.

For

SB

X^T

extrapolated
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SB
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0

= 0° for the

linearly with increasing mole

over an appreciable
linear portion
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fraction

concentration range and

of the

curve

cuts

the mole

Table XXVIII

PMR splitting for inner doublet of oriented KGS/H^O neat
phase at O - 0° and 23°C.

Xh 2 o

(r T)

0.66

33.3

0.75

28.8

0.80

22.6

0.8 6

16.3

0.89

00
•
00

Measurements of S B accurate to £ O . ^ T .

Table XXIX

PMR splitting for outer doublet of oriented NGS/H^O neat
phase at & = 0° and l6°C.

Xh 2 o

<TB (^t )

0.67

393

0.75

395

0.80

390

0.86

383

0.90

388

Measurement of

S

3 accurate to £

ho

$B

o

(/r)

20
o

O \

\

\

\

s

s

0

v

0.5

l.o
Mole fraction of H^O
Figure 5^J B

v s

.

X jj

q

for inner doublet from

oriented MGS/H^O neat phase at 0 =0°

fraction axis at the composition of pure water.
For the outer doublet cf B at

& - 0°

also varies with

~ but the variation is only slightly greater than the
2

experimental error.
The effect of temperature on these spectra was

*

investigated for a sample of MG8 containing 0.8 mole fraction
of H 2 0.

6

- 0°

Figure 55 and tables XXXI and XXXII show that cfB at
for the inner doublet is virtually independent of

temperature, whilst for the outer doublet 6 B at
decreases with increasing temperature.

9

&

= 0°

Although cT B at

= 0° is independent of temperature for the inner doublet,

the value o f A B ,

the line—width of the doublet components,

decreased with decreasing temperature from 7.6m T at 37°C
to

at -27°C where the I.e. phase is metastable.
When the temperature was reduced belov; -27°C the sample

became solid and the doublets disappeared.

On raising the

temperature again, first a narrow water line appeared around
0°C and then the three doublets reappeared above 12°C, the
penetration temperature for MG8.

The values of cf B for the

three doublets at corresponding temperatures on the cooling
and heating runs were the same.
No additional lines appeared in the PMR spectrum with
increasing temperature until the I.e. melting point was
reached when all three doublets disappeared leaving a three
line high resolution PMR spectrum.

The two outer lines were

both chemically shifted 2.5 ppm from the centre line and the
line to high field was the most intense whilst the line to
the low field v/as weakest.
The decay of transverse magnetisation following a

90° pulse has also been observed for an oriented neat I.e.
sample of MG8 + 0.8 mole fraction of H^O at 25°C and

B - 0°,

Table XXXI

PMR splitting for inner doublet of oriented MG8 + 0*8 mole
fraction of HgO neat phase at 0 = 0° and various temperatures

Temperature (° C )

J B </*)

-27

20.5

-16

21.0

0

21.5

8

22.6

23

22.6

31

22.0

37

22.8

18
after sample had
)
been solid at -30 )

22.6

— uv —

Table XXXII

PMR splitting for outer doublet of oriented MG8 + 0.8 mole
fraction of

neat phase at

Temperature

(° C )

B

=0°

and various temperatures.

Jb

(^T)

-15

46 5

*5

448

2.5

430

14

405

21

385

28

365

31

348

37

332

600 .

— o-

4oo

JB
(/O')

200

-0

0
-20

0

20

Temperature(° C )
Figure 55
Variation of Jb for inner and outer doublets
with temperature for oriented MG8 + 0.8 mole
fraction of H^O neat phase at 0 =0°

40

55°, and 90°.

The observed decays are shown in figure 5^

and the peak to peak separations from the modulated decays
are given in table XXXIII.

Table XXXIII

& (degrees)

Separation (ms)

0

ca, 0.1 and 0.17

90

ca. 0,2 and 0.35

The decays were also observed using a Carr-Purcell
sequence and found to be similar to those described previously
with no significant dependence on *r.

Tfhen the Meiboom—Gill

modification of the Carr-Purcell sequence was used the time
constant for the decay depended on *r and this indicated that
the time constant contained a contribution from T-

-which

■was largest at short values of -I-.
T^ was obtained using a 90° saturating pulse and
measuring the amplitude of the free induction decay after
a second 90° pulse as a function of the spacing between the
two pulses.

A single exponential decay was observed at all

angles and the values of T^ at 0 = 0 °

and 55° were 0.3s and

0,4s respectively.
2. 1-monoundecanoin/H^ O and D ^O
All oriented samples of MGll/water neat phase between
glass slides were contained in the NMR tubes between PTFE
plugs to prevent loss of water occurring at temperatures
significantly higher th.a.n room temperature.
PMR spectra have been obtained for these oriented neat
phase samples of MG11 containing various mole fractions of

t.

ms

0

0

1.0

ms

ms

0

(c)
Figure 5 6
Decay oF transvei’se magnetisation observed
from oriented MG8 + 0,8 mole Fraction oF I'^O
neat phase
(a )6 =0°
( b ) 0 =55°
(c )9 = 90 °

•water and three doublets have been observed whose splittings
have the same angular dependence as described previously. The
variation of

cT b

values with X^ ^ for 0

- 0°

tables XXXIV and XXXV and figures 57 and 58.

are given in
The inner

doublet was again absent in the spectra of samples made up
using £>2° and M&ll deuterated at the hydroxyl groups.

The

middle and outer doublets were clearly resolvable at 0 = 0 °
as shown in figure 59 , but at angles between ^ 0 ° and 70 ° ihe
two doublet components on the low field side coalesced to
give a single peak whose intensity was greater than either of
the two upfield doublet components which were still resolvable.
The resultant spectra were similar to those observed for
oriented samples of MGS/H^O neat phase also at angles between

b0° and

70°.

In addition to the three doublets,

in all spectra there

was also a narrow line slightly upfield cf the centre of the
inner doublet.

The width of this line at 45°C was ca.

while the width of the component lines of the inner doublet
was ca. ^ aT.

These component lines became narrower at lower

temperatures and broader at higher temperatures.
The splitting of the inner doublet was invariant with
temperature over the range 0 - 6o°C.

The variation of the

splittings of the two other doublets with temperature for
four different compositions is given in tables XXXVI - XXXIX
and figures 6 0 - 63 ,

At the neat I.e. melting points the

doublets disappeared leaving a three line spectrum similar
to that described for MGS/H^O samples.
The derivative spectra at 21°C of the middle and outer
doublets for oriented neat I.e. samples of MG11 containing
different mole fractions of H^O were integrated manually and

Table XXXXV

PMR splitting Tor inner doublet of oriented MGll/H^O neat
phase at

&

= 0° and 45 °C.

X

Jb
H 2°

U t )
^

0.51

58.0

0.58

49.0

0,64

42.5

0.72

33.0

0.80

22.5

0.85

18.5

Measurement of cFB accurate to — O.^uT

Table XXXV

PMR splittings for middle and outer doublets of oriented
MGll/Ho0 neat phase at O = 0° and 45 °C.

x

u
H2f
°\

Jb U

0.1*3

t

s

233
3kh

0.51

25k
365

0*58

260
380

0.64

274
410

0.72

291
430

0.80

311
440

0.85

319
453

Measurement of «fB accurate to - 5^/X

)

60

©

40

Sb
(/r)

o
20

\

o
\

1.0

Mole fraction of H^O
Figure 57

$B

vs. X^. q for inner doublet from

oriented MGll/H^O neat phase at

0 =0°

6 00

.

200 *

0 — ..

-..I....

jt_________ f.. —

»— --------- r--- -

i.o

0 .4

Mole fraction of H^O
Figure 58
<5B vs.

q for middle and outer doublets

from oriented MGll/H^O neat phase at

0 =0°

Table XXXVI

PMR splittings for middle and outer doublets of oriented
MG11

+

0,6^ mole fraction of 1^0 at B = 0° and various

temperatures.

Temperature

21

(°C)

Jb

(/*T)

378
652

23

375

625
30

3^3

560
37

323
515

45

27 ^
410

53

2kh
3^0

62

220
232

Table XXXVII

PMR splittings for middle and outer doublets of oriented
MG11

+

0,72 mole fraction of H^O neat phase at & = 0°

and various temperatures.

Temperature (°C)

22

Sb

(ytvT)

369

632
29

342
575

35

328
527

40

312
481

45

291
430

50

278
385

56

250
340

63

208

260

Table XXXVIII

PMR splittings for middle and outer doublets of oriented
MG11

+

0,80 mole fraction of H^O neat phase at 0 = 0°

and various temperatures.

Temperature

21

(°C)

c?B (jji T)

370
579

27

350
540

32

340

510
37

325
480

45

311
440

55

273
378

65

245

322

Table XXXIX

PMR splittings for middle and outer doublets of oriented
MG11

+

0.85 mole fraction of H^O at 6?= 0° and various

temperatures•

Temperature

24

(°C )

cT B

(^lT)

343
538

29

340

518
35

332
490

4o

323
476

45

319
453

50

305
437

54

301
421

60

285
395

65

280
371

75

262
335
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S
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of
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260
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o f t h e <TB v a l u e s

with temperature

= 0 °

XL

Xj

component

and a very weak

XL,

30.5

range

of M G / V l S / H ^ O

angular dependence

0

at

different

0.45

for the

over the

+

whose

splittings

Table
M G / / 18

samples

previously,

for three

in table

I.e.

doublets,

simi lar to that d e s c r i b e d

central

S3

The

the

correlation between

several different
fit

centre

64 s h o w s

outer doublet

composition.

the

of H^O,

significant

on the w i d t h an d

keeping

Figure

fraction

there being no
and

was

symmetrical about

+ 0*80 mole

contributing

percentage

3.

lines

for the middle

samples

and

containing 0.66

The

outer doublets
and

0.77 mole

m

•P
0

H
rO

£
O

TJ
+3

£
o
£
O
ft
s

\0

£
S -H
o

£

-P

£ O
-P

£

o £
0

<H

ft
W 0
H

ft O
a a
ft
o
CO o
ttO }®. 1!
c o „„

fractions of H^O is shown in tables XLI and XLII.
When an oriented sample of MG-//18

+

0.77 mole

fraction of H^O was heated to 55°C into the viscous isotropic
region all three doublets disappeared leaving only two
narrow high resolution lines chemically shifted by about
2.5 ppm.

Altering the angle

B had

no effect on this spectrum

When the sample was allowed to cool back into the I.e. region
all three doublets reappeared with splittings identical to
those recorded previously.

h,

Octylamine/KUO and D ^O
The PMR spectra of oriented neat I.e. samples of OA

containing H^O or D^O consisted of two doublets and a
central line with high resolution structure.

The doublets

had a similar angular dependence to that described previously
and the values of

SB

at

&

= 0° and a temperature of 20°C

for three different mole fractions of H^O are given in table
XLIII

Table XLIII

SB
0.8

2k0

5^0

0.85

236

5^0

0.92

225

520

Accuracy of measurement of

SB

- 5/l*T#

Table XLI

PMR splittings for middle and outer doublets of oriented
MG-//18

+

0.66 mole fraction of H^O neat phase at

and various temperatures.

Temperature

10

(°C)

S B (/r)

1^5
370

25

100

297
k3

not measurable

190

&

= 0°

-98-

Table XLII

PMR splittings for middle and outer doublets of oriented
MG//18

+

0.-77 mole fraction of H 20 at 9 = 0° and various

temperatures•

Temperature (°C)

10

J B

235

hl5
25

12h
3 63

33

66
225

The variation of the splittings ■with temperature for
OA

+

0,85 mole fraction of II^O is given in table XLXV

and figure 65 ,
Derivative spectra of oriented neat I.e. samples of
OA containing 0,8, O. 85 , end 0,92 mole fractions of HgO
at various temperatures were integrated manually and
curve fitting carried out as before.

The same difficulties

were experienced as described for MGll/H^O spectra and the
percentage of protons contributing to the outer doublet
was found to vary between

kOfo and

6O^o correlating very

little with mole fraction of H^O or tenperature,
The decay of transverse magnetisation has also been
observed for an oriented neat l,c, sample of OA

+

0,85

mole fraction of H^O at a temperature of 25°C a.nd 0 = 0°,
55 °t end 90 ° 21s described previously for MG-S/HgO samples.
The observed decays are shown in figure 66.and the peak to
peak separations from the modulated decays are given in
table XLV.
Table XLV

Q

(degrees)

Separation (ms)

0

ca, 0,1

90

ca. 0,2

Table XLXV

PMR splittings for middle and outer doublets of oriented
OA

+

0*85 mole fraction of H^O neat phase at

various temperatures.

Temperature (°C)
-20

cTb

(j/T)
400
725

«15

380

700
-10

360

680

-3

325
645

4

310

610
10

270
530

16

260
560

20

236
540

25

230
520

30

200
490

&

= 0

and

<Jb

(fXI)

o*-o.
'©«»»

4oo

'O'

O-

0

-20

20

0

Temperature(° C )
Figure 65
Variation of efB for middle and outer doublets
with temperature for oriented OA + 0.85 mole
fraction of H^0 neat phase at

0 =0°

0,25

0

0

ms

ms

0

o,5

ms

(o)
Piguro 66
Decay of transverse magnetisation observed
from oriented
H^O neat phase
( a ) 6 =0°

(b)0 =f>5°.
( c ) 6 - 90°

OA

+ 0,85 mole fraction of

)

Effect of dissolved ionic salts on stability of
MGu/H^ O neat phase and molecular motion in -water
layer
The systems studied,

their n©a.t I.e. melting points,

and the pH of the solutions used are given in table XLVI.
The middle and outer doublets of the broad-line PMR
spectra

at 22°C of oriented neat I.e. samples i^ith the

compositions given in table XLVI were unaffected.
effects
b e 1o x i
1*

The

on the inner doublet for each system are given

.

MG8

+ 0..8 mole fraction of M/lQQ HC1

No inner doublet was observed, there being only a narrow
line of width 3/*T which did not vary with 0 .

The effect was

also detectable in the high resolution spectrum xvhich for a
non-oriented sample of KGS

+

0,80 mole fraction of H^O at

23°C consisted of a two or three line
described previously.

’powder p a t te rn ’ as

'lien M/100 HC1 was used to make up the

sample only a single line of width 11 Hz was observed at 5ppra«
2.

MGS

+ 0.8 mole fraction of M/lQO NaOH

The splitting of the inner doublet was
and there was no centre line present.

21,6jmT at &

o
= 0 ,

Each doublet component

appeareo to consist of two lines whicn were ca. 3.5/*? a p a r t ,
Tfhen the temperature was raised to 3^°C a line-shape
which had two components ca.
of the doublet.

Altering

&

hjxT

apart appeared in the centre

had no effect on this central

line-shape except for the normal increase in intensity when

9

= 55°.
At the I.e. melting point the doublets vanished leaving

a three line high resolution spectrum with about 2.5 ppm
between each component.

The weakest line occurred at the

— 102 —

Table XLVI

Data for neat

phases

of MG 8

System

+

various

0.8 mole

fraction

pH

fraction

Temperature

solution

fraction

fraction

fraction

14/100 N a K p P O .
N a 2H P 0 ^

5.2

32

2.15

kz

11.6

30

12.2

37

6.9

36

7.0

of

M/100 NaCl
0.8 mole

hQ

of

M/10 NaOH
0.8 mole

(°C)

of

M / 1 0 0 NaOII
0.8 mole

of ionic

of

M/100 HC1
0,8 mole

solutions.

Transition
N —F I

M G 8 + 0.8 ogle fraction of

ionic

of

and M/lOO

-1U3lowest field strength and the most intense line at the
highest field strength.
High resolution PMR spectra were obtained from
several different non-oriented I.e. samples of MG8

+

0.8

mole fraction of M/lOO NaOH, which had been allowed to cool
slowly from the isotropic liquid state.

These spectra were

not reproducible and in several cases the line-shape observed
consisted of two broad overlapping peaks 1.5 - 2.5 ppm (2 3«^u-T) apart.

On other occasions a broad line-shape several

ppm wide with a single peak was observed.
3*

MGS

+

0.8 mole fraction of M/lO NaOH

The splitting of the inner doublet at ^
and no central line was present.

= 0

o

was I ^ iaT

Tfith increasing temperature

a narrow central line appeared and grew in intensity, while
the doublet components broadened and became weaker.

At the

I.e. melting point the doublets vanished leaving a three line
high resolution spectrum similar to that described previously.

h.

MG8

+

0.8 mole fraction of H / 100 NaCl

The splitting of the inner doublet at
and no central line was present.

0

= 0° was 2 l^T

Also no central line

appeared until the I.e. melting point was reached when the
doublets vanished and the three line high resolution spectrum
described previously appeared.
5 * MG8

+

0 .8 mole fraction of M/lOO Na^KPO^/NaHoPO^

The peak to peak splitting of the inner doublet was
23.^ caT.
15/*T.

The estimated centre to centre splitting was about
It was impossible to measure accurately because of the

presence of a central line of width

with an intensity

slightly greater than that of the doublet components.

-1 0 ^ -

TJith. increasing temperature this central line increased
in intensity while the doublet components became weaker and.
broader.

At the I.e. melting point the doublets vanished

leaving the three line high resolution spectrum described
previously,

(I I ) Discussion

(a)

Phase diagrams
1,

In figure 67 T

pen

for the 3-form is shown as a

function of alkyl chain length for the five 1-iaonoglycerides
studied and MGl4 (5)*
x '

T

pen

does not appear to alternate or

correlate with any transition in the anhydrous 1-monoglycerides„
However in the cases of MG8 and MG11 ?

pen

correlates well with

the lowest temperature at which the I.e. phase is stable as
shown by the phase diagrams

(figures

y&

and 40).

Since water is observed to penetrate along the edges of
the crystals this indicates that penetration is occurring
between layers of polar groups,
T

pen

seems likel 3r to be that temperature at which
J

thermal motion of the l-monogl 3^cerides is great enough to
cause a breakdown of the hydrogen-bonding system between
the hydroxyl groups in the c o s t a l lo,ttice, and the subsequent
incorporation of water into a new and more stable hydrogenbonding system.

At the same time the thermal motion has

reduced the Van der V a a l s * bonding between the alkyl chains
so as to allow them to move laterally and longitudinally to
expand the crystal lattice for water to be incorporated.

/
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-105Lawrence has also determined T
penetration of water info the

pen

cL phases

values for the
of two 1-nonoglycerides

(5) and these are also shown in figure 67 .
In t h e o
f.tp h a s e t h e a l k y l c h a i n s a r e r o t a t i n g a b o u t
their

long axes

and therefore

alkyl

chains w i ll be g r ea ter

the h y d r o g e n - b o n d i n g
be more
to

open and

less

the
than

spacing between

adjacent

in the 3- f o r m ,

Therefore

system between
stable

the hy dr oxy l

allowing penetration

groups will
of w a t e r

o c c u r at a lo w e r t e m p e r a t u r e *
2.

The main features of the M G o /D ^ O phase diagram are

similar to those of the M G S /H ^ O phase diagram as determined
by Larsson (6l) down to 1 0 ° C ,

However the deeply plunging

eutectic below 1GUC shown in Larsson f6 phase diagram at 0,39
mole fraction of H^O was not observed but a much shallower
eutectic at 2B°C and 0,45 mole fraction of E^O,
A

sample was made up with the composition MG8 + 0,39

mole fraction of H~0 and was found to be a highly viscous
but isotropic fluid when allowed to cool after being homo
genised,

It was kept in this state in a sealed tube at room

temperature for six months and so was presumed to be
indefinitely stable.

The sample was then frozen in liquid

nitrogen a.nd the solid formed was allowed to warm back up to
room temperature.

This solid remained unchanged at room

temperature for six months.

o

However when melted at 29 C and

allowed to cool back to room temperature it a.gain remained
in the fluid isotropic state indefinitely.

It is concluded

that at room temperature the sample remains in a metastable
fluid isotropic phase because its high viscosity reduces the
rate at which the system con crystallise.

Therefore the

correct phase behaviour for samples in this region of the
phase diagram is that shown in the KG8/D20 phase diagram in
figure 36 rather than Larsson*s

MG8/H20 phase diagram in

figure 38,
3*

The changes occurring during a heating run on samples

of MGS with a low D^O content are firstly the melting of
ice between 0°C and 5°C, and then the penetration of the liquid
D^O into the 3 crystals at temperatures between 11°C and
12,5°C to give a gel phase and 3 crystals.

This gel phase

melts at 28°C to give samples consisting of B crystals and
fluid isotropic liquid.

Samples finally become completely

fluid isotropic at a temperature which decreases with
increasing

content down to the shallow eutectic at 28°C

and 0,45 mole fraction of E^O.

Above 0.45 mole fraction of

D^O the gel phase transforms to l,c, phase N at a tenperature
which decreases from 28~C to 12.5°C at 0.8 mole fraction of
D^O.

There is no indication in the boundary between I.e.

phase and gel of the formation of a monohydrate.

This is

probably because the MG8 alkyl chains are shorter than required
for providing lateral bonds between adjacent molecules
sufficient to form stable hydrated cr 3^sta.ls as does MG11.
Broad— line PMR spectra show that no significant extra motion
of the alkyl chains is occurring in the gel phase compared to
the anhydrous 3 crystals.
4,

At higher D^O contents the 3 crystals + E^O transform

directly at T

pen

to I.e. phase N without forming an intcr"
0

mediate gel phase.

The composition at which this first

takes place, 0.8 mole fraction of Ei^O, is also that at which
I.e. phase N has its maximum melting point, and perhaps

indicates that an M G 8 . ^E20 aggregate is particularly stable,
although there is no evidence from the phase studies of a
solid tetrahydrate.
5*

For samples containing more than 0*92 mole fraction

of E^O, at T

n , a dispersion is formed.

Larsson (6l) concluded

from X-ray diffraction and optical microscopy studies that
the structure of this dispersion consists of concentric
bimolecular shells of 1-monoglyceride molecules alternating
with water shells.
At 33°C the dispersion becomes two isotropic liquids,
one being fluid isotropic and the other

The phase

boundary between fluid isotr op i c a nd fluid isotropic + D^O
rises almost vertically from the composition KG8 + 0.92 mole
fraction of EJ^O.

A sample containing 0.90 mole fraction of

D^O became two phase at 53°C whilst a sample containing 0.88
o

mole fraction of E^O was still one-phase at 130 C.
6,

The MGll/D20 system has similar phases to the MG8/D20

system but these exist at higher temperatures because of the
longer alkyl chain.
The I.e. region shows no well defined upper node as in
the MGS/D^O system but only a maximum melting point at MG 11 +
0.85 mole fraction of E^O.
There is a small peak in the phase boundary
gel and I.e. regions at

between the

MG11 + 0,5 mole fraction of D^O

suggesting the presence of a monohydrate.
7.

The MG// 18/Dp0

phase diagram is similar to that of

MG//18/K2C determined by Lutton (59) down to 25°C.

Penetration

of EgO into the MG //18 crystal lattice occurs at temperatures
between 12.5°C and 20°C forming a gel phase + B crystals.

- 1 0 8 -

With increasing D^O content this gel phase + 3 crystals pass
through to a fluid isotropic phase at decreasing t empera.tures
until at ca, 0,35 r.iole fraction of D^O an I.e. phase is
formed which exists up to 0,92 mole fraction of E^O.

The I.e.

phase has a maximum melting point at the composition MG//18
+

O .67

mole fraction of D 20 i.e. MG//18. 20^0, and although

the upper node is clearly defined at this composition it is
difficult to attach any special significance to the possible
role of an MG//18, 20^0 aggregate in the structure of the I.e.
phase.
For mole fractions of I>20 between O .67 and 0.92, at
higher temperatures the I.e. phase changes to an optically
isotropic and highly viscous phase, which has been classed as
cubic by Lussati et al. on the basis of X-ray diffraction
studies

(82).

The MG//I8/D2O system shows a region of middle I.e.
phase existing between 0,77 and O .87 mole fraction of E^O
and 85°C and 97°C.

Larsson (6l) has shown using X-ray

diffraction studies that the middle phase in the MG22/K20
system has a structure consisting of infinite hexagonally
packed arrays of water cylinders surrounded by 1-nonoglycoride
molecules with their polar groups in contact with the water
cylinders•
For MG//l8/DpO samples containing more than 0.92 mole
fraction of D o 0, at T
, a dispersion is formed as in the
2 1
pen;
HGB/DgO and MGll/D^O systems.

T^ith increasing temperature

the samples then change to viscous isotropic + E 90 at 25°C,
middle + B 20 at 90°C and fluid isotropic + B 2Q at 97°C.

-

(b)
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Liquid crystalline phases
The structure of the neat I.e. phase N in 1-nonoglyceride

/water systems was shown to be lamellar by Larsson (6l) and.
Reiss-Husson (80) using X - ray diffraction•
On the basis of microscope observations Ralston et al.
(53) originally assigned the I.e. phase N in the OA/l^O
system a nematic structure but X-ray diffraction studies by
Friberg and Mandell (l4l), and Ekwall et al,

{142) have shown

the structure to be lamellar and the results given in table
XV agree with this.
1•

Structure of the water layer
1.

The long spacings obtained from the KGG/D^Q neat

phase can be compared with the values obtained by Larsson (6l)
shown in table X L V I I .

The thickness of the water layer,7 d w .

can be calculated from these values, d = d- - d , and d. is
’ w
1
w
also shown as a function of mole fraction of water in table
XLYII

and figure 68.

Table XLYII
Neat

phase o f H G S / K g O

a t 25°C.

d(£)

dpi?)

d w (&)

0.39

26.5

24.2

2.3

0.57

27.1

2 4 . 2 2 . 9

0.75

29.5

23.4

5.1

0.84

32.9

22.7

10.2

0.89

3C.5

22.6

15.9

0.92

45.5

22.0

23.5

-h 2 o

20

dw

(«)
10

0

o

l.o

0.5

Mole

fraction
Figure

Thickness
vs,

0

of w a t e r

of H ^ O
68
layer

for MGB/H^O neat

(d w )
phase
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If we consider a mole fraction of water of 0.8 d

w

is7.8j£

(from figure 68 ) for an MG 8 : rhO ratio cf 1 : 4. Making the
assumption that the x^ater exists in an ice-type lattice a d
of 7*8

A

corresponds to a layer of 4 water molecules in

thickness.

This figure is in agreement with the total Yiumber

of water molecules per MG 8 molecule at this composition, whioh
seems to indicate that MG 8 molecules on opposite sides of the
water layer are joined by chains of water molecules, with one
chain between two hydroxyl groups.

This model suggests that

only slight penetration of water is occurring into or around
the glyceryl residue and so the carbonyl group of MG 8 is
playing only a small part in the hydrogen-bonding network.
2,

Now considering the neat phase in the OA/HgO system,

if we assume that OA molecules on opposite sides of the water
layer are linked by chains of x<?ater molecules with txvc chains
betxjeen two amine groups, and also that the water structure
is similar to that in the M G 8/H 9O system, using figure 68
we find that at mole fractions of xvater of 0 .8 , 0.85 » and
0.92 d

is 7.8,

10,8, and 23*5^ respectively.

Now using the

long spacing do.ta in table XV we obtain values for half the
thickness of the lipid layer of 21 .9 , 23 .1 , and 21.2
respectively.

R

These values are very close to the length

of an octylamine molecule with an extended alkyl chain,
which is 22

Rf

suggesting that in the OA/H^O neat phase the

alkyl chains are extended and are not tilted significantly•
3.

CVT P M R , DMR, and pulse NMR have been used previously

to obtain information on the structure of the water in
lyotropic I.e. systems (55, 60 , 64, 100, 102— 107 , 110-112,143,
l44t 1&7), mineral and olay/water systems (14-5-152), and
other systems of biological importance

(l53-l6o).

-1 1 1 -

The results have been explained using the following model
systems for the water structure,
1)

1Ordered* and 'free* water molecules with fast or

slow exchange occurring between the two (l43).
2)

A

similar model to l) but also allowing for exchange

between water protons or deuterons and protons or deuterons
covalently bonded to the lipid molecules in the lamellae.
This model will only be significant for lipid molecules with
end groups containing exchangeable protons such as N H ^ , OH,
COOII, etc.
3)

(143).

Chains of water molecules, with rotation of the

chains occurring only around one axis, while the water
molecules in each chain reorient anisotrcpically (153 ).
4)

Water molecules undergoing rapid diffu3icnal and

rotational motions which deviate slightly from spherical
symmetry (l45).

This deviation is caused by spatial

restrictions being applied to the water molecules due to the
overall structure of the system.
5)

A

slightly distorted lattice of water molecules

tetrahedraliy oriented in which one of the tetrahedral
positions has a population which is different from the other
three (152 ,160), i.e. a tetrahedral lattice of water molecules
undergoing anisotropic reorientation.

This model would seem

to be one particular case of model 4) with the spatial
restrictions producing a tetrahedral lattice.
4,

All of the above models require the water molecules

to undergo anisotropic motion or be ordered in some way, and
a general method of characterising partially oriented systems
was developed by Saupe (l6i) and extended by Buckingham and
McLauchlan (162 ).

-1 1 2 -

The probability P ( X , <
j>) that the constraint is at the
spherical polar angles

relative to the cartesian axes

1,2,3 fixed in the molecule nay be written as a series of
spherical harmonics:

P

S

a lm y l,m

= (4 tO ~ ^

<f>+

cos
5/2 (
+

£

1

3S2 sincCsin

+

)

33^ oos

+

5/2 S33 ( 3cos2 X

- ^22 ^ sin^oC cos 2 ^

<j) +

10 S^3 cos X sin X sin

+

10

sin2 X

10

33.^ sin oC
- 1)

n

sin ^

cos X sin oC cos

+
cos

(24)

where
S3

=

cos X

5^

=

s i n X cos ^

=

s i n X sin

=

* ( 3 cos oC — l)

=

i

S33
S 11

= ..•

S22
q

q

n . 2 , 2 J,f
( 3 sin X cos a

i( 30

■ 2 , . 2
sin X s m ^J

1)
-

1)

=

3/2

sin2X sin ^ cos

t

=

3/2

cos X sin X sin

t

=

3/2

cos X sin X

t

12
23

p

S3i

CCS

The S - coefficients have the following limits
-1 4
2
3

- 4

^ 4. 1 G2 * °3 ^

1

4

Sl l »

S2 2 * S 33 4

1

4

S12 1 S23» S31 4

i

(j>

-113Only five of the
S 11

coefficients are independent since

+ s 33

+ S22

=

0

Xn the case of a water molecule with Cgv symmetry and
the cartesian axes fixed as shown in figure 6 9 only

S 22

and 833 are non-vanishing coefficients,
5.

The proton-proton splitting in partially oriented

water is given by (162 )
J

3 =

3 /2 ? 2

s 22

(cos.fl)

(3 cos2J l - 1 )

|

(25 )

s 22 I

(26 )

where iX is the angle between the constraint and the magnetic
'ield

= 'K y 2/tt r 3

, anc!
3. L^rIrI)

B

o7

=

60.8 kH* for HgO.

In the case of the D ^ O BjolecUle if the electric field
gra.dient is axially symmetric and its principal tensor
component is directed along the 0 - D bond, the quadrupolar
splitting given by equation (22 ) can be rewritten in terms
of 3 - coefficients as
2

e2q Q

2h
sin 2 3

:-

r-(

2

cos

3-1.
2

2

33

3, cos jfL - 1.
2 c -

(2 7 )

2

where 3 is half the D-O-D angle.
In a randomly oriented phase a powder pattern is observed,
s-eparahion between :thc obsoration maxima bbd-ng given by: —

Ao

2

=

3 eg Q
I

where S =

.

(28 )

S

4h

[

11

2 Icos

3

- 1

+

1
2

22

- .S

33

. <3
in

(2 9 )

Accurate experimental values of the quadrupole coupling
constant, e qQ/h (henceforth denoted by E^ ) and the

constraint

2

Figure 6 9
Choice of axes in the coordinate
system fixed to the

molecule

-114asymmetry parameter,
a.nd gaseous states.

Yj

, in

are onk7 known for the solid

The value of Er is 215 kHz (163 ) (mean
K

value) and 305 kHz (164 ,165 ) in the solid and gaseous states
respectively:
and 0.115

the corresponding

(l64) respectively.

that, in the liquid state, both

Yj

values are 0.100 (163 )

It is reasonable to assume

En and Yj are

intermediate

between the values in solid and gaseous D^O and closer to
the values in the solid state.
The asymmet^r of the EFG has not been considered in
equations

(27 ) and (20) and no theoretical treatment of the

notional averaging of an asymmetric SPG has been reported in
the literature.

However the observed spectra show a line-shape

characteristic of a synnetric SFG since the separation between
the outer shoulders of the absorption line is within experiment'
al error exactly twice the separation between the maxima.

He

can therefore assume that the average EFG is nearly symmetric
and consequently equation (28) is applicable although the
definition of 3 is only approximate.

Changes in<A*^ cannot

be unambiguously related to a change in S since E n may vary
■si

also.

The value of E^, could be influenced

the degree of hydrogen bonding.
value of

hy variations

in

However the difference in the

between solid and gaseous EkO is ca, 50$ and we

therefore assume that the relatively small variations in the
degree of hydrogen—bonding present in the systems investigated
do not markedly influence the value of
6,

.

The effect of chemical exchange on an N M R line-shape

in the presence of quadrupole coupling has not yet been given
any detailed theoretical treatment.

However on the basis of

the general principles of NilR it is possible to make some
Qualitative statements.

Let us assume that deuterons are

-115exchanging between cliGrnioally distinguishable sites,

3 ...

1,2,

, which in the absence of exchange exhibit the

quadrupolar splittings

i = l f2 , 3 .......

If the life

times of the deuterons in the individual sites are much longer
than the inverse of the differences in quadrupolarsplittings,
i.e. 1 / j (

-A*)

J , separate resonance signals will be

observed from the deuterons in the various sites.

If, on the

other hand, the life-times are much shorter than
only an average resonance signal will be observed for which
the quadrupolar splitting is given by

where

x^

is the fraction of deuterons situated in site i.

For the intermediate case, i.e. when the life-times and. the
values of 1/ |

- A*^') J are °f ‘kk® same order of

magnitude, a more complicated line-shape may be expected*
7,

The quadrupolar splittings observed in this \\?ork

originate from an anisotropic orientation of the EFGs felt
by the water deuterons.

This can be caused

(a) by partial

orientation of D^O molecules or (b) by covalent bonding of
deuterons to lipid molecules in the lamellae.

The molecular

interaction giving rise to the partial orientation will be
hydrogen bonding to the polar end groups of the lipid

;

molecules,
A change in the quadrupolar splitting can arise from
both a change in the length of time any water molecule spends
in association with a lipid molecule and from an altered
degree of orienta.tion of the lipid molecules.

According to

the commonly accepted picture of the organisation of la.mellar
mesophases the orient at ion of the lipid molecules must be

-

116 i.

highly anisotropic, and thus any relative change in their
degree of orientation is expected to be small.
shown to be a valid conclusion in section 2,

This is
Tie therefore

conclude that the variations in the S coefficients observed
on changing the composition of the hydrophilic part of the
system are to a large extent caused by a change in the timescale of the lipid/water interaction,
8,

Brakenberg

(1^3) ha.s discussed his quadrupolar

splitting results from lyotropic l.c, S3^steii3s on the basis
of models l) and 2) with rapid exchange occurring between
’ordered'

and ’free' water.

We however consider it u n 

necessary to talk in terms of two types of water and prefer
instead model

h) in

which all the water molecules are

equivalent end have a certain degree of partial orientation
due to the fact that they all spend a fraction of their
time at the lipid/water interface.

If we assume that the

observed quadrupolar splitting/W is directly proportional
to the degree of partial orientation, D, and also that D is
directly proportional to the mole fraction of lipid molecules,
x^, we can write

ZW

=

kjD

=

k2x x

=

lc2 (l

where k^ and k^ are constants,

(3 1 )

independent of conrpost i on #

Therefore equation (3l) indicates that the quadrupolar
splitting due to partial orientation of water molecules will
decrease approximately linearly with increasing mole fraction
of D 20.
This behaviour has been found experimentally in the
MG-o/D^O and MGll/D^O systems and therefore the above model
for the water region of the l,c, phase would seem to be
appropriate in the case of these two systems.

The model

-117assumes that exchange between 1-monoglyceride hydroxyl
protons and water deuterons is slow or does not occur at all*
This assumption is probably valid for 1-monoglyceride/water
systems since the water resonance in the high resolution PMR
spectrum of a sample of HG8 + 0*8 mole fraction of H^O in the
fluid isotropic phase consisted of several overlapping lines of
total width ca, 30 Kz.

Also the fact that the high resolution

PUR spectrum of the I.e. phase of MGo/H^O shows the character
istics of a powder pattern, with a total overall width of ca,
600H z , caused by dipolar splitting,indicates that the rate of
any exchange which might be occurring is less than ca. 1kHz.
"Then M/lOO HC1 instead of water was used to prepare the I.e.
phase only a narrow line was observed for the water resonance
from both ordered and non-ordered sacples, indicating that the
increased rate of exchange caused by the presence of K«0
collapsing the water doublet.

.f

was

The above discussion means that

an earlier explanation of the quadrupolar splittings observed
from MGS/D^O I.e. phases is probably wrong (6^) since it
required rapid exchange to occur between water deuterons and
deuterons covalentl;?- bonded to MG8 molecules.
In the case of slow exchange we would also expect to observe
an additional large quadrupolar splitting from 1-monoglyceride
hydroxyl deuterons.

However in the KGS/Do0 and MGll/D^O

systems this has not been observed and we agree with
Drakenberg (1^3), who has also been unable to observe it in
the systems which he studied, that this is probably due to
its low intensity.
The quadrupolar splittings observed for the systems
MGS/DgO ^nd MGll/D^O were independent
range of existence of the I.e. phase.

of

temperature over the

The only ways in which

-118-

the quadrupolar splitting could become temperature dependent
is if either the time— scale of the lipid/water interaction or
the partial orientation of the lipid molecules was changing
with temperature.

The former is unlikely since the ratio

of the time spent by a water noleule at the lipid/water inter
face to the time it spends surrounded by other water molecules
should be independent of temperature*

In the case of the

latter even though measurable changes do occur in the partial
orientation of the chains of
temperature

(see section

the

2 ) the

lipid molecules with
small partial orientation

passed on to the water molecules, which are associated with
the end groups, will not change significantly.
In figures 46 and 48 the slopes of the graphs of A 1* against
mole fraction of D 2 O are - 8.4 kHz/ mole fraction and - 7*3 k
Hz/nole fraction for the MGG/D^O and MGll/D^O systems respect
ively,

The larger slope for the MGS/D^O system, reflecting

a faster decrease in partial orientation of the water molecules
with increasing ^ 2 ® content compared to the MGll/D^O system,
is probably due to the fact that slight changes in the partial
orientation of the 1-monoglyceride molecules due to increasing
D^O content will be greater for MGS than MG11 because of
its shorter a.lkyl chain.

9*

He now consider

how deuteron exchange

between water

and lipid molecules can affect the observed quadrupolar
splittings.

The previously discussed model has to be modified

to include the chemically distinguishable deuteron sites on
the end groups of the lipid molecules.

In the case of slow

deuteron exchange separate resonance signals may be observed
from the different types of deuterons.

If, on the other hand,

-119the deuterons are exchanging rapidly between water and lipid
molecules an average quadrupolar splitting x^ill be observed
(c.f. equation 3 0 ), which is given by :
ZW
where x

=

w

x

w

ZW

+

w

Z.
.

x n, i W
li

(32 )
' '

li

is the mole fraction of water deuterons and x - . is
li

the mole fraction corresponding to tho ith site of exchangeable
lipid deuterons* A 0^

and A 0^ ^

are the respective quadrupolar

splittings in the absence of exchange.
and assuming that x ^

Using equation (3l)

is proportional to the mole fraction of

lipid molecules we can write equation (3 2 ) as:
A 0^

=

(l -

)

+

(!

- xD 20 ^ ?

k i ^ * ° 1±

This equation fclso predicts a linear decrease of A * with
increasing mole fraction of D 20 but the slope and intercept
will be different from those in equation (3 l)*
The above model in which rapid deuteron exchange is
occurring between water and lipid molecules is probably
applicable to the OA/DgO I.e. phase.

Firstly the presence of

only a single narrow line of width ca. 30

P Iz

at 4.2 ppm in

the high resolution PMR spectrum of the neat phase supports
the assumption that rapid chemical exchange is occurring between
water protons at 4.8 ppm and amine protons at 0.8 ppm.

Since

the line is narrow the exchange rate must be much faster than
X v - A ^ (where^i^is the chemical shift difference betx^een the two

types of protons) i.e. 1.5 kHz.

Secondly ra.pid chemical

exchange faster than ca. 1kHz would tend to collapse any
doublet due to dipole-dipole interactions and none is
observable experimentally in the

P I 3R

spectra of ordered samples.

The value of 6.76 kHz for the quadLrupolar splitting

-120observed from anOA

+ 0,0 mole fraction of

sample is

larger than the values from MG 0/D 2 O and HGll/D^O samples of
similar compositions.

This is a result of the contribution to

the overall splitting from deuterons on the amine groups of
the OA molecules -which are appreciably more ordered than those
on water molecules,
Using equation (29 ) and the fact that

10,
^11

+ S22

+

S33
v‘

=

-S

=

0

WG can
c o s

2B

+

3^2

s in 2 3

(3^)

for the ^ 2^ molecule 3 = 5 2° l6 1 and so

S

= 0.375 S1:L

+

O.S25 S22

( 35)

Inserting appropriate values of the inner doublet
splitting and quadrupolar splitting in equations
(28) respectively, 3^2 and 3 can be calculated.
these values,
+

S33

=

(26 ) and
Then using

equation (35) and the fact that

0 , S 11 and S 22 ccin

calculated.

the moduli of S22 and S appear in equations

S 22

+

Because only

(26) and (28) their

sign is unknown and so only sets of possible S - coefficients
can be calculated using the positive and negative values of S
and S 0 0 .
MG8

The possible sets of calculated S coefficients for

+ 0,66 mole fraction of water and MG11

fraction ofwater

are shown in tables

Similar sets of S-coefficients for 0A
of water are shown in ta.ble XLIX,

+

0.66

mole

XLVII and XLVIII,
+

0.8 mole fraction

The rapid exchange process

which gives the increased value of S for the OA/D 2 O I.e.
phase causes the colla.pse of any doublet due to dipole-dipole
interactions and so S 22 is zero.
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Table XLYII

Calculated possible sets of S - coefficients for MG8 + 0,66
mole fraction of water.

0.02

S11

S22

S33

0.022

0.018

-0,04

0.02

0.082

-0.018

-0.064

•0.02

-0.082

0.018

0.064

•0.02

-0.022

-0.018

0.04

Table XLVIII

Calculated possible sets of S - coefficients for MG11
mole fraction of i^ater.

q

°11

q

q

22

33

0.015

0.008

0.019

- 0.027

0.015

0.071

- 0.019

- 0.052

•0.015

- 0.071

0.019

0.052

.0.015

-0.008

- 0.019

0.027

+ 0.66

—12 2 —

Table ZLIX

Calculated possible sets of 5 - coefficients for OA

+ 0.

mole fraction of water.

11
0.042
•0.042

-

22

33

0,11

-

0,11

+ 0.11

The S ^2 value for MG//18

0.11

+ 0.66 mole fraction of 11^0

is i 0.012 which is approximately 50$ lower than the values
for corresponding MG8 and liGll samples.

This indicates a

lower degree of order for the MG//18 molecules, which are
causing the partial orientation of the water molecules,
to MG8 and M G 1 1 .

compared

This might be expected because of the

disruptive effect of the double bond, with a cis configuration,
in the centre of the MG//18 alley 1 chain.
J B values and hence 3 ^

values for the water in biological

systems, and mineral and clay/water systems are ca. three to
four times greater than those described above.

This reflects

the larger partial orientation of the water molecules in these
systems due to the increased number of hydrogen-bonding sites
on large biological molecules and cle^ and mineral lattices •
Variations of the S - coefficients may be due to changes
in either degree of orientation or direction of preferred
orientation.

The former causes the variation of S -

coefficients with mole fraction of water while the latter
controls the maximum possible S - coefficient values.

-123The linear decrease of JB,

and hence

» with increasing

nole fraction of D^O for the I.e. phases in the M G 8 , MG11
and MG//18/H20 systems can be explained in a similar w ay
to that used previously for the similar behaviour of

(see

equation 3l)*
The two possible modes of hydrogen-bonding between water
molecules and 1-monoglyceride hydroxyl groups are shown in
figure 70*

JOo. corresponds

Figure

to hydrogen bonding between

a proton on the water molecule a.nd a lone pair on the hydroxyl
oxygen atom (mode a), and figure 70b to hydrogen-bonding
between a lone pair on the water oxygen atom and the proton
of a hydroxyl group (mode b).

The S - coefficients

calculated for the two modes using equation (24) are given
in table L.
Table L

3
Mode a

0.3

Mode b

-0.23

Average of
mode a and b
It

is

the wa te r molecule

The
rotation

0.062

0.44

-0.5

"0.333

-0.17

0.5

0,l4

0

both modes will be

the aver age v a l u e s

two modes

the values

S22

-0.14

likely that

and therefore
for the

0.034

S11

are also given
about

S33

equally probable

of the S - c o e f f i c i e n t s
in ta bl e

the hydrogen bond

L.

Rotation

does

not

of

alter

of the S - c o e f f i c i e n t s .

next
about

simplest

motion

of th e w a t e r m o l e c u l e s

an axis b i s e c t i n g

will periodically

interchange

is

the H-0-H angle wh i c h

the proton wh i c h

is b o n d e d

to

00
Figure '70
Possible hydrogen-bonding modes
of K^O molecule to polar lipid
end group

-12 J*the 1-monoglyceride hydroxyl group in case a, or the lone
pair of the oxygen atom which is bonded to the 1-nonoglyceride
hydroxyl group in case b.

New S - coefficients can be

calculated for the two hydrogen bonding nodes taking account
/

of this rotation ( node a

'

'

\

and node b ) and these and their

averages are shown in table LI,

Table LI

0,11

- 0.07

S22
0.22

S33
-0.15

Mod e b

0.11

-0.13

0.25

- 0.12

Average of node
f
t
a and mode b

0,11

l
o
•
H

S

Mode a

0.23

-0.14

/

S11

Comparison of the calculated S - coefficients in tables
L and LI with the experimental S - coefficients in tables
XLYII and XLVIII shows that the molecular motion associated
with the model water structure described above is too simple
to explain the observed values.

However the calculated S -

coefficients are approaching the values of the experimental
ones and a more complex model for the notion of the water
molecules involving rotation about more axes and allowing for t
the effects of diffusion, althcugh virtually impossible to
analyse mathematically, would probably load to G - coefficients
comparable to those observed experimentally.
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Structure of the lipid layer
1,

It has been well established that the neat I.e.

phase has a bilayer gt'racture•

The next step towards a

complete understanding of the structure of the lipid region
of the bilayer is to determine the molecular motion which the
alkyl chains of the lipid molecules undergo.

This molecular

motion can be divided into two parts a) any motion which does
not alter the position of the molecular axis e.g. rotation
and b) any motion which alters the position of the molecular
axis e.g. diffusion.

Considering a) first, two basic models

have been put forward for the reorientational motion of
individual chains in I.e. systems.
1)

The Porod-Ilratky model (99) involving free rotation

about each carbon-carbon bond, the angle between adjacent
carbon-carbon bonds being an adjustable parameter.

This leads

to an exponential decrease in degree of order along the alkyl
chain away from the liead group and hence a continuous increase
in amplitude of molecular motion.
2)

A model put forward by Charvnlin and Higny (l66) and

Hubbell and McConnell (1 6 7 ) of rapidly interconverting isomeric
states of a polymethylene chain involving
gauche-trans isomerism.
*
The model predicts that the first few methylene groups

(ca.

5-6) away from the head group behave as a rigid rod with
rapidly increasing possibilities for gauche configurations
at larger distances from the head group.

In both models

rotation of the alkyl chain as a whole about its long axis
is assumed to occur.
It has been shown that the Porod-Xratky model is a
poor representation of the physica,l properties of polymetiiylene
polymers (168) and it seems likely that the same limitations

-
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will apply to its use as a model for the motion of the
alkyl chains in a lipid bilayer.

Moreover Chan et al.

(117)

have studied dispersions of lecithin bilayers in D^O using
C¥ and pulse NMR and found both a narrow and a broad resonance
from methylene protons.

They therefore concluded that

‘the

end of the hydrocarbon chain is significantly more mobile than
the rest of the chain*.

This conclusion supports model 2).

Now considering motions of type b) Charvolin and Rigny
(l66) have studied the neat phase of potassium laurate/^^O
using pulse NMR and obtained a value of ca. 10

—6

s for the

correlation time for the two-dimensional diffusion of laurate
molecules in the plane of the

b

i

layer.

Also Kornberg and

McConnell (169) by measuring the broadening of NMR lines
caused by small amounts of spin-labelled phospholipids have
found the molecular frequency of the translation step for
lateral diffusion of phospholipid molecules in a vesicle
membrane, which has a bilayer structure,

to be much greater

than 3hl!z at 0°C,
The NMR results obtained in this work will now be
discussed in terras of the molecular motions described above.
They will also be used to provide substantial evidence for
the appropriateness of model 2) in describing the alkyl chain
motions of the lipid molecules in the systems studied.
2.

Non-ordered I.e. samples of MG8, MGil and OA/Vater

give PMR spectra with two broad and one narrow components.
Similar I.e. samples of MG//l8/water give PMR spectra with
only one broad component and one narrow one.

There are two

possible models to explain the occurrence of two broad lines.
The first model involves the presence in the bilayer of two

-127sites for the lipid molecules to occupy with two different
types of molecular motion of tlie alkyl chains.

Alternatively

all the lipid molecules may occupy identica.1 sites but there
may be two different types of motion along each alkyl chain.
The difference in half-widths between the two broad
lines is ca. 1-2 kHz and therefore any exchange of lipid
molecules between two possible sites faster than ca. 2kHz will
lead to only one averaged resonance line of intermediate
width being observable.

Since exchange of lipid molecules

occurs at a rate of at least 3kHz according to Kornberg and
McConnell (169 ) the two broad lines cannot be duo to two
types of alkyl chain on different sites as was proposed in
the first model.

The second model assumes that all the lipid

molecules are equivalent and so site exchange or lateral
diffusion of lipid molecules at any rate will not affect the
possibility of two types of notion along the alkyl chain.
Taking the OA/water neat phase first we would expect
the broader line of width ca, 210^T (table X X I I I ) to originate
from the methylene protons near to the hydrogen bonded NHg
group, with the other line of width ca. 90j*T originating
from methylene protons at the end of the alkyl chain.

The

end methyl group and water protons give the narrow central
line,
KG8/water neat phase also gives a line ca. 2G0^uT wide
(table X V I I ) which probably originates from the first few
methylene protons after the carboxyl group.

In the case of

MGll/water neat phase the line-width is ca, 2 h O^tcT (table X X I )
indicating the reduced molecular motion of these methylene
protons which one would expect to occur for a longer alkyl

- 1 2 8 -

chain.
The line of width ca. 150^T from MG8 and MGll/water
neat phases is assumed to be due to the end methylene protons
but probably also contains a contribution from the protons
of the glyceryl residue.

Since this residue will be some-

what restricted in its notion due to hyd3rogen bonding to the
water la.yer the line-width is greater than that of the
corresponding line for the #A/water neat phase.
The occurrence of only a single broad line ca. HQ^dP
wide from the MG//18/water neat phase is probably due to the
disruptive effect of th©

cis configuration around the double

bond allowing greater freedom of motion of all the methylene
protons along the alkyl chain and also the protons of the
glyceryl residue so that the line-widths are virtually
equivalent.
The line—widths and second moments

/

4

2 v

(0*2 - 0,5 x 10ylA T )

of all the n^at phases are only ca. ■§■ — \ and l/lO respectively
/

of those of the c*. - phases of anhydrous 1-monogTycerides •
This is a reflection of the increased motion of the terminal
metl^lene groups of the alkyl chains and also the increased
/

rate of diffusion in the neat phase compared to the oi - phase,
3,

The line-widths of MG8 and Oh/water neat phases at

room temperature decrease slightly with increasing water content,
A similar decrease is also observed for the MGll/water neat
phase at room temperature where the neat phase is metastable.
Measurements were not carried out above 40°C whore the neat
phase would be stable since the probable loss of water from
the samples would invalidate the results.

MG//lu/water neat

phase shows a slight increase of line-width with increasing

-129water content at room temperature.

The slight decrease in

line-widths for the first throe systems oan be explained by
the reasonable assumption that a slight increase in molecular
motion of the alkyl chain occurs with increasing water content
at room temperature.

The slight increase in line-width for

the MG//18/water neat phase is possibly associated with an
increasing interaction between the alkyl chains which event
ually leads to formation of the viscous isotropic phase at
higher water contents.

In the other three systems increase

of water content leads to the formation of a dispersion.
4.

The effect of increasing temperature on the line-

xtfidths from the necct phases of all four systems studied is
very similar causing a relatively linear decrease of linewidth with increasing temperature.

The decrease in line-

width with temperature for the broader line from samples
containing ca. 0.8 mole fraction of water is

- ^uT/ C, while

for the other line the figure is - l.^uT/°C.

The larger

negative slope for the broader line indicates that the motions
of the two parts of the alkyl chain are becoming increasingly
similar with increasing temperature,
5*

Relaxation time measurements on the neat phases of

the OA/water and MGC/water systems give three different T 2
values.

The shortest T„ observed,

ca, lOO^s, corresponds to

a line-width of ca, lOQ^uT(line-width

=

l/>/Jrt ^ 2 ^*

T^10

agreement between line-widths calculated from T^ values and
those measured from PMR spectra, is very good.
of

For samples

MG8 and OA both containing 0.8 mole fraction of water

the measured line-widths were 150/dT and

while those

calculated from T^ values were 155/aT anc* OA^uT.

This close

agreement indicates that the widths of the broad-lines are
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due solely to dipolar intera.ctions and are not due to
broadening by internal magnetic field gradients or diffusion
through such gradients as thought previously (111,112,115).
No shorter

value corresponding to the broader line of

width ca. 200 - 240/uT \\/as observable.

This is probably

because in the fast deca 3^ region part of the signal can be
lost in the apparatus recovery time*
If we assume that the methyl protons and water protons
are responsible for Turned.) and T ^ s l o w ) respectively we can
calculate the total number of protons responsible for all three
Tg values.

Therefore for a particular sample composition we

can calculate the number of protons contributing to the
broader line.
in appendix 1.

The w & y in which this is carried out is shown
For the MG8/water neat phase we can say that

the £>rotons of five methylene groups are contributing to the
broader line and the protons of one methylene group and the
glyceryl residue to the second broad line.
neat phase we can

For the OA/water

say that

the protons of ca. k

methylene

groups are contributing to

the broader line and

ca. 3

methylene groups to the second broad line.
Only one T^ value was observed for all sa.mples in each
system studied indicating that spin diffusion is occurring
making f^ uniform over the whole system.

We agree with

Charvolin and Rigny (l66) that the motion acting as an energy
sink for the system probably consists of the internal isomeric
rotations about the carbon-carbon bonds of the most
like1 part of the
6,

Further

’liquid

alkyl chain.
evidence for the occurrence of two

distinguishable types of molecular motion are provided by

-131the PMR spectra from oriented neat phase samples of all
four systems*

The middle and outer doublets in these spectra

originate from the dipole-dipole interaction of methylene
group protons making up the alkyl chain and probably also the
glyceryl residue.

The way in which the magnitudes of the

doublet splittings vary from system to system is very similar
to the way in which the widths of the two broad lines vary,
This indicates that the origins of the two doublets are the
same as the origins of the two broad lines, due, the outer
doublet originates from netlrylene protons close to the hydrogen
bonded head group while the middle doublet originates from
methylene protons near the end of the alkyl chain and also
probably on the glyceryl residue.
The splittings of the two doublets from an oriented
MG 8/watar neat phase are very similar indicating only a slight
difference in the motion of the protons producing them.

This

is beoause as the alkyl chain is short there is unlikely to
be a lo.rge distribution of motion along its length and so
the majority of the methylene protons along the cha.in contribute
to the outer doublet with apparently the protons of the
methylene group adjacent to the terminal methyl group and the
glyceryl residue protons giving the middle doublet.

Xf the

main contribution to the mi ddle doublet originates from the
protons of the glyceryl residue we would expect the middle
doublet components to be slightly chemically shifted with
respect to those of the outer doublet.

This would lea.d to

the downfield components of the two doublets overlapping
while the upfield components would be separated more and this
has been observed experimonta.lly.

-132OA has a chain length similar to MG 8 but now tho
middle and cuter doublets from oriented OA/water neat phase
are clearly distinguishable*

The amine head group of OA

is much smaller than tho glyceryl residue head group of MG 8
and therefore this might be expected to lead to better packing
of the first few OA methylene groups with reduced molecular
motion giving the wider outer doublet observed experimentally.
Relaxation data given previously have indicated that protons
from the first four methylene groups,
methylene group protons,

i.e. 57$

of

the total

contribute to the outer doublet from

oriented OA/water neat phase.

This compares reasonably well

with a value of 50 - 10$ calculated using curve fitting to
integrated doublet spectra..
The middle and outer doublets from oriented MGll/wator
neat phase are clearly defined indicating the smaller
relative contribution to the inner doublet of the g ^ c e r y l
residue protons for the longer alkyl chain.

If we assume that

the protons of the first five methylene groups give the
outer doublet,

a.s was

calculated earlier for MG3 from

relaxation data, we find that this constitutes 43$ of the
methylene group and glyceryl residue protons.

This compares

reasonably well with a value of 40 - 10$ calculated using curve
fitting to the integrated doublet spectra.
The middle doublet splitting f r o m KG//lo/water neat
phase is significantly smaller than those observed from the
other three systems.

This indicates a much larger degree of

motion for a part of the alkyl chain almost certainly that
between the double bond and the terminal methyl group, with
the cis configuration around the double bond being responsible
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for the increase in freedom of notion.

Since the outer

doublet splitting in this case is almost the sane as the
inner doublet splitting for MGll/water neat phase we consider
that the protons of the glyceryl residue and the remaining
methylene protons are giving the outer doublet corresponding
to the 1 1 0 wide line from non-oriented samples.

No line

from non-oriented samples corresponding to the methylene protons
at the end of the alkyl chain was observable because of its
possible low intensity and the difficulty of separating it
between the broad and narrow lines.
Tliere is only a slight suggestion of a narrow central
line in the spectra of oriented MG 8/water and MG//lo/water
neat phases.

This line is slightly more pronounced in spectra

from MGll/water neat phases but this is possibly due to the
greater difficulty in achieving a well-oriented sample since
the smearing must be carried out at 45°C,

A narrow central

line would be expected from the l~monoglyceride/water systems
in view of the high degree of rotational freedom of methyl
groups at these temperatures.

It has been established by
t
deuteration that methyl protons in nematic 4,4
- azoxy
dianisole do give rise to a central single line (170 ) but
Lippmann and r'reber (l7 l) noticed that in the nematic phases
#

of the 4,4

- azoxydi-n-alkyloxybensene series a middle peak

was obtained for even chain lengths only.

This alternation

in behaviour of the metliyl group nay be connected with our
inability to observe its resonance in our systems but further
investigation is required to explain either occurrence.
7.

Change in water content has only a slight effect

on the splittings of the middle and outer doublets from

- 1 3 4 -

OA/water and MG 8/water neat phases, the slight decrease
being virtually within experimental error.

However the middle

and outer doublet splittings increase significantly for the
KG//l 8/water neat phase with increasing water content.
similar significant increase

A

is also observed for* the MG 11/

water neat phase but only above ca. 4o°C when the neat phase
becomes stable as shown in figure 71 which is a superinposition
of figures 60 -63 .

This correlates with the fact that the

maximum melting point of the neat phase is higher for these
last two systems, being highest for the MGll/water neat phase
which shows the largest increase in splittings.

Therefore

the motion of the alkyl chains of the short chain lipids appears
to be independent of water content, while for the longer chain
lipids the motion seems to decrease with increasing water '
content.

It is possible tho.t with increasing water content

penetration of water into the region around the carboxyl group
occurs, and therefore this additional hydrogen bonding reduces
the motion of the alkyl chains to such an extent that additional
Van cler B a a l s ’ interaction occurs which is cnl}/ significant
for MG11 and MG//18 with their longer chains.

This apparently

significant increase in the Van dsr W a a l s ’ interaction between

)/

chains

ca, eight carbon atoms is also probably responsible

for the fact that only even membered alcohols with chain
lengths

>/ CIO

have been observed to form cC -phases, the

stability of which is very dependent on the water content

8.

(139 )•

The slopes for the changes of middle and outer

doublet splittings with temperature for the systems studied
are given in table Lll.

It is apparent that the slope for

the outer doublet splitting is the greater, as would be
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Table LII

Slope

V

Outer doublet

-9.0

+

0.72

MG 11

+

0.80

1

-5.3

MG 11

+

0.85

-1.6

-4.0

MG//18

+

0,66

-3.0

-5.5

OA

+

0.85

-4.0

-4.7

+

MG 11

1

MG 11

U)
•■
CO

-4,0

+

•
CO

0,64

MG8

o

-2.6

CO
•
CM

CO
•

«a%

!

Middle doublet

-
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expected, since the increasing temperature uill tend to
equalise the notions of the two parts of the chain.

In the

case of the MGll/water system it appears from extrapolation
of the experimental lines a.s shown in figures 60-63 that
at the temperature at -which the motion of the chains becomes
uniform the neat phase breaks d o w n •

For the other three

systems there is still a neasurable difference in the motion
of the two parts of the chain when the neat phase breaks down.
The stability of the neat phase will rjrobably be controlled
by the combination of the hydrogen bonding between the lipid
end groups a.nd the water layer, and the Van der B a a l s ’
interaction between the a.lkyl chains.

The longer the chain

the greater the interaction will be and therefore the MG 11/
water nest phase should be able to tolerate a much greater
degree of motion of the alkyl cha-ins before it breaks down
than the neat phases of the shorter chain length lipids.
The cis configuration around the double bond of KG//18 seens
to reduce the Van der V a a l s ’ interaction between MG//18 chains
to a level similar to that of KG8 chains on the basis of the
similarity of the maximum neat phase melting points.
Values of E, the activation energy for the outer doublet
narrowing notions,

can be calculated using equations 19 and

20 and the £ 3/temperature data for the MGll/water and OA/
water neat phases in tables XXXVI-XXXIX and XLIV respectively#
If we take U =

ybOuT the

splitting for methylene protons

undergoing restricted rotation about an axis parallel to
3

o

with the interproton vector making an angle of 9^° with

the axis of rotation, and V = 0 , x^/e obtain a value for E of
ca. 30kJ aole"^,

In obtaining this figure we are assuming

-137that equations 19 s-nd 20 are applicable to dipolar
splittings as well as line-widths which is not unreasonable
since a broad line is composed of many overlapping dipolar
splittings.

The value of S is probably only accurate to

about an order of magnitude but is relatively close to the
value which, has been obtained from the approximate treatment
of a hindered rotor (172 ).
Using the

3/temperature data on the inner doublets

from the OA/water and MGll/water neat phases we now obtain
a value for E of ca, 10kJ mole"*'*'.

Therefore the potential

barrier restricting the motion of the end of the a lkyl chain
is significa.ntly smaller than that for the part of the chain
nearest the head group.

This suggests that the motion of this

end of the chain can be circumscribed by a cone-shaped figure
whose apex occurs at some point along the chain.

The proposed

total chain motion is shown in figure 72 .
9.

Using the fact that the proton-proton distance in

a methylene group is 1 .7^62

R we

can calculate a value for

mi

IA

of 42kHz for the dipole-dipole interaction associated

with methylene group protons.

Putting this figure into

equation 26 leads to the expression
is in kHz) fox' the methylene groups.

S^^=Sb/^3

(where

OB

Using this expression

we can calculate 3„^ values for the different parts of the
alkyl chains in the four systems studied and these are given
in table LIII•
An alkyl chain undergoing single rotation about its
long axis would give an 5 ^
MG11

value of 0.5•

+ 0.64 mole fraction of water and OA

Samples of
+ 0,85 mole

fraction of water at 2 1 ° C and - 2 0 ° C respectively, where
the neat phase is metastable give

values,

calculated

polar
end
group

Figure 7^
Diagram illustrating possible alkyl
cliain motion in bilayer

-1 3 8 -

Table LIII

Calculated

values for middle and cuter doublets of

four different systems at 20°C.

Value
Xg q

Middle

Outer

MG 8

+

0.8

0.21

0.26

MG 11

+

0

CO
.

0.25

0.39

0.77

0.09

0.26

0.8

0.16

0.37

MG//10 +
OA

+

-139fron the cuter doublet splitting^,
respectively.

of 0.44 and 0.49

Therefore in the neat phase at low temper

atures the part of the alkyl chain near the hea.d group for
MG11 and OA is undergoing virtually simple rotation.
highest comparable

The

values observed for M G 8 + 0.8 nole

fraction of water and MG//13 + 0,77 mole fraction of water
were 0.32 and 0.31 at -15°C and 10°C respectively.

The

MGS/water sample became solid at this temperature but it is
probably possible to cool the MG//l8/water sample further
to obtain higher values of S0„,
Lippmann and Tfeber (171 ) have obtained a maximum dipole
split ting of 700/t*T for a magnetically oriented smectic
t
nesophase of 4,4
- azoxydi(n-heptyloxybenzene), giving an
S ^2 value of 0,48.

Our smaller S rp values in the stable neat

phase regions and their negative temperature coefficients are
more in line with the behaviour of nematic nesophases (171 ,
t
173-175) than that of 4,4
- asoxydi(n-heptyloxybenzene) in
which

0 is independent of tenoerature,
x

A greater restriction

to molecular motion might be expected in 4,4

- azoxydi(n-

heptyloxybenzene) since the molecule is effectively twice as
long as any of our straight chain lipids.

Tfhen the temper

ature is high enough (92^0 ) for this notion to affect the value
of J B the molecules have by then acquired freedom of motion
in a direction parallel to their long axes and transform to
a nematic phase.
10.

In the OA/water system we know that exchange is

occurring between water protons and amine protons.

Therefore

making some assumptions it is possible to calculate a degree
of order for the amine protons and hence the amine group,

-1^0-

and attempt to relate this to the degree of order of the
alkyl chain.
If

xie assume

firstly that the quadrupolar splitting

from Q^O molecules in the OA

+ 0,8 sole fraction of D^O

neat phase in the absence of exchange would be similar to
that from the MG8

+

0,8 mole fraction of

neat phase,

in which exchange does not affect the splitting,

i.e, 1 ,75kHz,

we can write for the overall splitting of 6 ,76kHz from the
OA/D^O neat pha.se:-

6.7

6 = 1.75

x

0.8

+0.2

2

where

is the quadrupola.r splitting of the amine
2
deuterons.
This gives a value for
of 26,8kHz.
Since
2
the magnitudes of the quadrupole coupling constants for

deuterons attached to oxygen or nitrogen are similar (163 ,176 )
we can use the value of

NDp

in ecuation (28) to obtain a

value of S of 0.17 for the amine deuterons and hence the
amine group.

The values of S and

;
E°r ^ke water molecules

are very similar (tables ZLYII and XLVIIl) and it seems
reasonable to assume therefore that
is 0,17,

f’or ^ke amine group

It can be seen in table LIII that the appropriate

3^2 value for the methylene protons near to the amine group
in the oriented neat phase is 0,37 which is approximately
double the value we have calculated above from DMR spectra,
of the non-oriented neat phase.

Since the dipolar and

quadrupolar splittings from the same protons or deuterons
are always twice as great in oriented as in non-oriented
systems this suggests that the assumptions made are
reasonable, and therefore that the notion of the amine group

- 1 ^1-

in OA/water neat phases is very similar to tho.t of the
more rigid part of the alkyl chain.

Therefore similar

degrees of order have been obtained for s. part of the
alkyl chain from qua.drupolar splitting of deuterons in the
•water layer and dipolar splittings of methylene protons
in the l^drocarbon layer.
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CH/.PTSR VI

HIGH RESOLUTION PHR OF l-MONOGLYCBRIDrSG

(l)

Results and Discussion
1,

High resolution PMR spectra have been obtained at 6 0 MHz

and 25°C for MG8 and MG11 dissolved in carbon tetrachloride.

The

spectra -were very similar, that of MG11 being shown in figure 73
and the band assignments given in table LX7.

These are sub- -

stantially in agreement with the assignments and chemical shift
values reported previously by Chapman (42) and Hopkins

(43).

The high resolution PMR spectrum has been observed at
220 MHz for

M G8

dissolved in deuterated dimethyl sulphoxide

(d^—DMSO).

The spectrum is similar to the 60 MHz spectrum of

M G 11 in CCl^ up to 3.2 ppm but beyond this the higher operating
frequency allows the hydroxyl and glyceryl residue protons and
their splitting patterns to be resolved.
5 -x expansions of the spectrum between 3.2 and 4.2 ppm, and
4.2 and 5.2 ppm are shown in figures 74 and 75.

The bands are

assigned in table LV.
2,

The resonances at 4.6 ppm and 4.85 ppm have been assigned

to primary and secondary hydroxyl protons respectively on the
basis of their spin— spin coupling patterns involving the methylene
and netliine protons.

which is known to be positive

(l7r/)>

is 5.5 Hz for the coupling between the primary hydroxyl proton
and the methylene protons, and 4.8 Hz for the coupling between
the secondary hydroxyl proton and the methine proton.
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Figure 75
220 MHz high resolution PMR spectrum
of MG8 in d^-DMSO between k *2 and
5*2 ppm
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Table LV

Band assignments for 220 MHz high resolution PKR spectrum of
KG8 in d^-DMSO.

Shift (ppm)

Type

Group

0.9

triplet

C H ^

1.3

singlet

(CHg)4

1.55

triplet

CH2CI-I2C0

2.3

triplet

c h 2c o

3.4

triplet

c h 2o h

3.7

sextet

CH

4.0

octet

CH20C0

4,6

triplet

c h 2o h

4.85

doublet

CHOH

-145values for simple unsubstituted primary and secondary alciicls
have been found to be 5*1 Hz and ca. 4.5 Hz respectively (178,179)*
It has also been found that electronegative substituents on the
p carbon atom increases J^ q ^
higher observed values,

values

(180), which explains our

the substituents being in one case OH

and in the other OH and CK^(CH^)^C00.
Chapman and King (lGl) have found the primary and secondary
hydroxyl proton chemical shifts of propane-1,2-diol in d^-DMSO
to be 4.45 ppm and 4.38 ppm respectively.

However in the case

of MG8 the secondary hydroxyl proton resonates downfield of the
primary hydroxyl proton which itself is only slightly chemically
shifted (0,15 ppm downfield) from the propane-1,2—diol primary
hydroxyl proton

resonance.

It has also been found that the

chemical shifts

of the two MG8 hydroxyl proton resonances are

virtually invariant with concentration over the range 1.5 - 15$ w/v
for solutions of MG8 in d^-DMSO,

the shifts being 1Hz downfield.

Furthermore in the infra-red spectrum of MG8 in d^-DMSO
the band
o
.

due to the carbonyl group is a doublet at 1731*6 cm

and 1739 cm

-1

the former band being from a hydrogen-bonded carbonyl group and
the latter a non hydrogen-bonded carbonyl group.

There was no

significant change in wavelength or intensity of the bands over
the range 1.5 - 15$ w/v of MG8 in d^-DMSO.
The above results suggest that the OH groups are predominant
ly involved in either intramolecular hydrogen bonds

(l82) or some

form of hydrogen bonding to DliSO (177-181) •
There are several possible intramolecular hydrogen bonded
structures and it is obvious from the above infra-red work that
the carbonyl group must be involved to a significant extent.
Some of the possible structures are shown in figure 7 6 and there

,
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in solution

of* 1 - m o n o - o c t a n o i n

-146are also sono structures which will involve the alkoxy oxygen.
Some attempt to estimate the predominating forms is being raade
by extended IR and NMR studies.
3.

To sinplify the discussion of the spin-spin splitting

pattern from the protons of the glyceryl residue we can regard
the MGS molecule as a substituted ethane CH^U -CHV17 , where U is
CH^(CHgJ^COO, V is OH and II is C H ^ O H .

The

three protons of the

substituted ethane f o r m an approximate ABX system which has been
analysed using the method described by Abraham (183)*

The geninal

protons of the CH^U- group give the octet at 4.0 ppm with values
of < f a n d
A3

J,_. of 25*75 Hz and -11 Hz respectively.
A3

J
Aa

have been found to be 4.45 Hz and 6,55 Hz respectively.

and

3X

Similar

J.„ values have been reported for compounds containing methylene
Ai3
groups adjacent to one oxygen atom (184,185)*
Because of the number of possible intramolecularly hydrogenbonded structures and the unknown effect of the three electro
negative substituents U,V and Tf it was decided that any attempt
to use the J\_r and
values in the ICarplus ecuation (186) to
AA
ihk.
calculate dihedral angles to obtain the conformation of the
glyceryl residue would not be worthwhile.
A
ABX

six line pattern would be expected from the

X

proton of an

system and such a pattern is observed from the methine proton

of the -CETH group at 3*7 ppm.

However this is probably only

fortuitous since this proton will also be coupled to the methylene
protons of group

~J and

the hydroxyl proton of group V, and there

fore a highly complex spin-spin splitting pattern would be expected.
However non-resolution and overlap of severa1 of the theoretical
lines has probably reduced this complex pattern to the sextet
observed•

-147Coupling of the methylene protons of group Tf to the
hydroxyl proton in the same group and to the proton of the
CHVTJ group would be expected to give a quartet but overlapping
of the two centre lines reduces this to the distorted triplet
observed at 3*4 ppm.
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CHAPTBR VII

CONCLUSIONS

(i)

Polymorphism of 1—raonogly car ides
The polymorphic forms of MGlo,

obtained by thermal treatment,

and their transition temperatures observed in this work are in
good agreement with those reported previously.

The polymorphic

transitions are reversible, and the polymorphs are stable over
their appropriate temperature ranges.
The polymorphism of l-monog^cerides in the range MG8—MG12
is exceptionally complex since most of the polymorphic transitions
are only reversible in the short term, and the majority of the
polymorphs are metastable changing at various rates to the stable
3-form.

i

PMR second moments and line-widths from the << - phase
(Lutton‘s *6. — phase (20)) are consistent with a structure in which
the alkyl chains are rotating about their long axes.

The

experimental values are slightly lower tha.n those predicted
theoretically which agrees with the concept that the chains are
Xoossibly tilted instead of vertical,

as in anoC- phase,

or that

the chain motion is slightly more complex than just simple rotation.
Two new polymorphic forms produced by thermal treatment
have been observed for KG8 and H G 1 2 .

Characterisation of these

forms has proved impossible due to their exceeding short life-

-lA9times •
In addition to the polymorphic forms reported previously,
for l-rionoglycerides in the range MG8-MGT2 an I.e. phase has been
observed existing over a range of 2-3°C before the transition to
- phase.

Addition of small amounts of -water (up to ca, 0,^5

mole fraction) increases the range of stability of the I.e. phase

I

and <x - phase, almost certainly by forming a hydrogen-bonding
network with the polar end groups.
Broad-line PUR spectra of the metastable I.e. phase are very
similar to those of the stable I.e. phase at high water contents,
indicating that the structures of the two phases are probably very
similar.
(ll)

Structure of the neat phases
(a )

hater layer

The NMR results can be adequately explained in terms of a
model for the water layer in which each water molecule possesses
a small partial orientation caused by it spending part of its
time hydrogen-bonded to the polar end groups of the lipid molecules.
The partial orientation is principally a function of the mole
fraction of water present end is only slightly affected by the
nature of the lipid in the systems studied.
Only slow exchange has been found to occur between 1-mono
glyceride hydroxyl protons or deuterons and water, while rapid
exchange occurs between OA amine protons or deuterons and water.
For this reason the degree of order calculated for the water in
the OA/water neat phase appears to be greater than that calculated
for the water in the 1-monoglyceride/water neat phase.
(b)

Lipid layer

NMR results have indicated that the lipid molecules in the

-150-

bilayer are undergoing rapid two dimensional diffusion at
^

ca, 3 kHz.

Each individual lipid molecule is also rotating

about its long axis with a significant increase in the complexity
of this rotational notion occurring at ca, 4-5 methylene groups
along the alkyl chain from the polar head group for the saturated
lipids.
Calculation of the activation energy for the motion of the
first feu methylene groups of the M G 11 and OA chains at low
temperatures lias indicated that virtually simple rotation of these
methylene groups is occurring with the remaining methylene grootps
and terminal methyl group sweeping out a cone-shaped envelope.
The significant increase in motion for the KG//lC molecule
probably occurs at the cis double bond.
significant

Tfe consider that a

insisting of the end part of the oleyl chain,

to make

it more cylindrical, will be necessary in order for it to rotate
about its long axis without interfering with the motion of adjoin
ing molecules in the bilayer.
(ill)

1-monoglycerid.es in solution
The resonance lines occurring in the high resolution PMR

soectra of 1—monoglycerides in C C 1. and d^-DMSO have been assigned
4

O

including those from the primary and. secondary hydroxyl protons.
Values of

J±iC
T7
dri

and J .^ , d A V , and J
Aji.

iJA

appropriate to the protons

of the glycer 3rl residue have been calculated.
Comparison of the chemical shifts of the primary a.nd secondary
hydroxyl protons with those from simpler but similar compounds,
and the effect of concentration changes on the chemical shift has
indi cated that a, large amount of intramolecular hydrogen-bonding
occurs in the 1-monoglyceride molecules in solution.

This has

been confirmed by an infra-red study of the carbonyl band.
Several possible hydrogen-bonded structures are discussed and

-151-

further experiments to determine which of these predominate
are outlined.
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APPENDIX I

Calculation of the number of protons contributing to the
two broad-lines in the PMR spectra from non-oriented MG8/water
and OA/water neat phases.
{1}

IIG6

*

0.66 mole fraction of E U Q

The total number of protons in the components of this system
(MG8.20LO) is 26 divided up as follows:-

Groups
Methyl
Alkyl chain

Number of
3
12

Glyceryl residue

5

Hydroxyl

2

Hater molecules

k

Since no f^ value was observed corresponding to the widest
line we assume that the signal due to the protons producing this
line has been lost during the recovery time of the apparatus.
vre also assume that Turned.} and Tp (slow) originate from the
methyl, hydroxyl,

and water protons, and therefore these nine

protons constitute 66$ of the total intensity (table XX) •

This

means that the total number of protons contributing to the decay
curve is fourteen which gives a total of twelve protons left for
the widest line.

This corresponds to all six methylene groups

of the MG8 chain.
To check the calculations we find that the five glyceryl

-153-

res iclue protons constitute 36$ of the total number of protons
contributing to the decay which agrees
experimental intensity of
(I I )

KG8

-r

very well

with the

fast of 34$*

0.8 and 0.9 mole fractions of li^.0

Similar calculations to those described above have been
carried out with the relaxation time intensities of the above
two systems.

It has been ca.lculated that the protons of five

methylene groups are contributing to the widest line.
The calculations have been checked as described above and
we find that the five glyceryl residue protons and the remaining
two methylene protons combined constitute 35f<> and 23$ of the total
number of protons contributing to the observed decays.

These

compare well with experimental values of 32$ and 22$*
(ill)

0A

+

Q.C. 0.85. and.0*915 mole fractions of h U O

Similar calculations to those described above have been carried
out with the relaxation time intensities of the above three
systems.

It has been calculated that the protons of ca. four

methylene groups are contributing to the widest line.
The calculations have been checked as described above and
good agreement has been obtained between calculated and experimental
percentages of the protons contributing to T 0 (fast).
The slight variation of the intensities of the relaxation
times with t * could make the above calculations somewhat suspect.
However the percentages of protons constituting the most rigid
part of the alkyl chain calculated above are in good agreement
with those co-lculated using the line-shapes derived by integrating
PKE spectra of the middle and outer doublet splittings from
oriented samples of the appropriate systems.
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