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SUMMARY
The work described in this thesis has been divided into two 

parts.
In part one the infra-red spectra of pinacol, a model 

compound with two OE groups, and its monohydrate and hexahydrate 
have been recorded at the beam temperature and low temperature 
and assignments made of the principle vibrations- in each case. 
Also low temperature spectra of pure and partly deuterated sub
stances have been recorded. These spectra are discussed in terms 
of their crystal structures which have been investigated pre-• 
viously by X-ray diffraction. Certain features of the hydrogen 
bonding in pinacol and its hydrates have been elucidated from a 
study of the decoupled OR stretching vibrations.

In part two a number of lipids and lipid/water systems have 
been studied. The polymorphism of four 1-monoglycerides has been 
investigated. Transition temperatures have been determined and 
the thermal stability of the various polymorphs has been invest
igated. The structure of the various polymorphs has been invest
igated using infra-red spectroscopy. Assignments of the princip
le vibrations have been made of the most stable form of the pure 
and partly deuterated 1-monooctanoin.

Infra-red spectra of 1-monooctanoin in solution have been 
obtained and conclusions have been drawn about the hydrogen bond
ing of 1-monooctanoin in the dissolved state.

The 1-monoundecanoin/D^O phase diagram has been determined 
and the structure of the neat liquid crystalline phase of this 
system, along with that of the 1-monooctanoin/D q system, have
been investigated using polarized and unpolarized infra-red spec
troscopy.

Polarized and unpolarized infra-red spectra and X-ray long 
spacings of dimethyldecyl - and dimethyldodecylphosphine oxide



have been obtained. Assignments of the principle vibrations have 
been made and the results are discussed in terms of a model 
structure.

The dimethyldecylphosphine oxide/U^O phase diagram has been 
determined and the structures of the neat and middle liquid cry
stalline phases of this system and the dimethyIdodecylphosphine 
oxide/HgO system, as well as the hydrated solid phase of the di
methyldecylphosphine oxide/lIgO system have been investigated 
using polarized and unpolarized infra-red spectroscopy.

Useful information has been obtained on the hydrogen bonding 
in most of these systems.
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CHAPTER I

INTRODUCTION

In recent years the study of the structure of polar lipids 
and their interaction with themselves and water has intensified 
considerably.

Industrially and academically they are of great interest. 
From the industrial point of view they are important not only 
as surface active agents for cleansing purposes but they are 
used in the production of stable emulsions and also to promote 
solidification of fats in suitable crystal forms. From an 
academic point of view a study of these systems leads to an 
understanding of the Van der Waals forces between the alkyl 
chains, the electrostatic forces between ionic head groups of 
lipids and water, as well as the hydrogen bonding (II-bonding) 
which takes place between lipids containing one or more polar 
groups of the type -COOH, JP=0, JN=0 and water.

Polar lipids are of great biological importance. The 
extent to which polar lipids interact with water is crucial 
to the organisation, structure and function of the living cell. 
The basic unit of life is really an aqueous system in which 
there are suspended various lipids and complex proteins, the 
organisation and structure of which ultimately dictate its 
function.

The work recorded in this thesis involves a study of the 
structure of certain polar lipids which contain -OH and ^PrO 
groups, and the systems formed when they interact with water.
A hydroxylic model compound, pinacol, which forms two definite 
crystalline hydrates has also been investigated.

The number of crystalline hydrates of monohydric alcohols



known is small (l). Hatt (l) gives a list of monohydric 
alcohols of an aliphatic nature which are known to form 
hydrates•

All the alcohols forming hydrates have a compext molecular 
shape and most of them are tertiary alcohols possessing consid
erable symmetry. Methanol, tertiary butanol and pentamethyl- 
etha,nol (P.M.E.) are the only saturated aliphatic alcohols 
which form crystalline hydrates. The replacement of three 
methyl groups in P.M.E, with three chlorine atoms still 
preserves the ability to form a hemihydrate. This fact suggests 
that spatial factors and not electronic factors are important 
in the formation of alcohol hydrates. Hatt (l) ha.s inspected 
some alcohols closely related to P.M.E. which do not form 
hydrates and has concluded that these spatial factors can be 
closely defined.

The aliphatic glycols that have been reported to form 
hydrates (l) are methyl substituted glycols and show a striking 
correspondence to the hydrate forming monohydric alcohols.
The series ethylene glycol, meso-2 ,3-hutaneaiol, 2-metIiyl-2 , 3- 
butanediol and pinacol being analogous to methanol, tertiary 
butanol and P.M.E.

Pinacol (2,3-dimethylbutan-2,3 diol) forms two hydrates, 
the mono-and hexahydrate. The existance of these two hydrates 
was first shown by Pushin et al (2). The pha.se diagram of 
Pushin et al (2) is shown in figure 1. There are two compounds 
with congruent melting points clearly shown by the maxima at 
50 molar per cent and 41#25°C (pinacol monohydrate) and 14«3 
molar per cent and 45*4°C (pinacol hexahydrate).

0 1Connor (3) has proposed, using X-ray diffraction that . 
pinacol crystallizes in an orthorhombic structure with sixteen
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'Pinacol/water phase diagram.(2)



molecules per unit cell* Figures 2a,1> and c show the proposed
structure assuming all the molecules are in the gauche config-

0
uration. In figure 2aeach symbol of the type C— f — C or 

C 0
0— t— 0 represents a pinacol molecule* The C-C part represents
the central carbon-carbon bond of the pinacol molecule, 0-0
represents an imaginary line joining the two oxygen atoms of
the pinacol molecule. The methyl groups have been excluded
for convenience. The dotted lines represent the H-bonding
system. The .molecules are oriented in space in one of two
positions. The first type of molecule have their C-C bond
parallel to the ’a1 crystallographic axis. The second type
of molecule have their 0-0 connecting line parallel to the r
’a* crystallographic axis. Going across the unit cell in the
’ b ’ crystallographic direction the molecules are alternately
above and below the central layer of oxygen atoms.

Figure 3 shows across section of pinacol monohydrate 
structure suggested by Hatt (l). Rotation through SO0 gives 
the arrangement in the adjacent layers of the pinacol molecules 
01 Connor (3) using X-ray diffraction has shown the monoliydrate 
to crystallize in the tetragonal system with two molecules per 
unit cell and with a structure similar to that suggested by 
Hatt (1). Figures 4a and b show the structure proposed by 
0*Connor (3)* Figure 4a shows the tetrahedrally positioned 
water molecule, the oxygen of that molecule being represented 
by 0Xf with the three water molecules W^, \7 and W- occupying 
positions vertially below each other. The line connecting 
0 0  0^4 oxygen atoms is in the ’ac* plane and the line connect
ing 0 AO 0 •) oxygen atoms is in the ’b e 1 plane. Figure 4h showsAd 0

tlie chain structure of the monohydrate with pinacol in the 
trans configuration.

O ’Connor (3) has also shown using X-ray diffraction that
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Figure 3.
A cross section of tne pinacol monohydrate 
structure suggested by Hatt(l).
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the hexahydrate crystallizes in the monoclinic system with 
eight molecules per unit cell# He also concludes that possibly 
the structure of the hexahydrate has some similarity to that of 
the monohydrate•

To date no infra-red spectroscopic studies have been 
carried out on any of the above organic hydrates. However 
several ha.ve been made on inorganic hydrates (4-H)* In some 
of these studies (6-11) the isotope dilution technique has 
proved very useful for sensing the environment about the water 
molecules in the hydrates., the number of v> (OH) and'O(OD) bands 
directly reflecting the number of physically different OH and 
OD bonds in the hydrate.

Several unpolarized (12, 13? 14) nnd polarized (12, 15-18) 
infra-red studies of the monohydric alcohols themselves have 
been reported. In some cases complete analysis of the 
vibrational modes has been carried out in relation to their 
structure (12, 15, 15)* Some studies have also been carried 
out on the H-bonding in solid monohydric alcohols (16, 17)«
In these studies use has been ma.de of the decoupled *0 (OH) and 
V(Oh) modes. The physical ba.sis of coupling and decoupling 
is as follows.

The oscillations of weakly connected vibrations having 
nearly the same characteristic frequency are said to be 
coupled. Two pendulums suspended from a taught string are 
examples of such a coupled system (figure 5)? since dis
placement in one vibrator produces forces in the other vibrator
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Coupled and decoupled vibrating systems.

and this sort of interaction can occur between neighbouring 

molecules in a crystal*

If the frequencies of the decoupled vibrators are nearly 

the same, then the introduction of s. physical connection 

between them will produce a much larger shift in the frequencies 

of the system than if the frequencies of the decoupled vibrators 

are quite different* The frequency changes produced by 

connecting two pendulums of very different length or bob mass 

a.re therefore sma.ll and the pendulums a/re said to be decoupled. 

Similarly the OH bond in a particular alcohol molecule is 

strongly coupled with the other OH bonds in a crystal of 

ordinary alcohol but if all the other protons in the environ

ment of the particular OH bond are replaced by deuterons then 

the OH is decoupled from the lattice*

Both decoupled and coupled V (OH) and 0 ( OD) bands of 

monohydric alcohols have been studied by Brasch et al (16, 17) 

using unpolarized and polarized infra-rod spectroscopy, both 

at normal and high pressures. The polarized spectra of the



-  b -

coupled \?(OH) vibrations showed two components polarized at 
right angles. Spectra of the partially deuterated alcohols 
demonstrated that the appearance of two bands was due to 
crystal splitting. This splitting was explained in terms 
of nearest neighbour coupling of the vibrations of the OH 
groups along the E-bond chain. The decoupled V(OH) vibration 
cf these alcohols gave a narrow singlet absorption with a half 
band width ( A V  J) of approximately JOcm’"'*', Thus it was 
inferred that\>(OH) was not inherently broad but that it 
gained breadth as a result of coupling between OH groups,
A further study of the partially deuterated liquid alcohols 
indicated that the coupling was responsible for only a small 
part of theV(OH) band widths in liquids. It wa3 therefore 
concluded that different mechanisms controlled theV(OH) 
band widths in liquid and solid alcohols.

The hydrates of pinacol suggest themselves as model 
systems for looking at the possible structure of water in the 
solid 1-monoglyceride/ water systems as well as in the liquid 
crystalline phases. Therefore the object of the work incorp
orated in this part of the thesis was to study the structure 
of pinacol and its hydrates using polarized and unpolarized 
infra-red spectroscopy. Also to make use of the isotope 
dilution technique to derive information about the environment 
of the hydroxyl protons in these substances.
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CHAPTER II

EXPERIMENTAL

(i) Theory
Infra,-red spectra arise from the interaction between 

electromagnetic radiation and matter, the fundamental range 
of frequencies for this interaction being 5000 - 550cm*"-*-,
For an infra-red band to occur by absorption of energy it is 
essential that there should be a change in the dipole 
moment of the absorbing molecule during its vibration. The 
number of normal modes of vibration for non-linear molecules 
is equal to 3N-6 (where IT is the number of atoms in the 
molecule)•

The vast majority of infra-red spectra have been recorded 
in the liquid, solution or solid state. The major difference 
from those in the vapour state is the disappearance in nearly 
all cases of any rotational structure.

In the liquid state of polymethylene compounds the 
molecules are curled and bent into a variety of conformations 
and thus give rise to x>oorly resolved spectra. Therefore 
in these states there is no resultant direction of vibration.
In the crystalline state, on the other hand, the methylene 
chains are generally extended, the carbon atoms lying uniformly 
spa.ced on two parallel straight lines and the different chains 
parallel to one another. Consequently the vibrational spectra, 
are better resolved and often simpler even though more bands 
may appear.

Polarised infra.-red spectroscopy has been used extensively 
to study oriented films and single crystals of polymers (19-27) »



n paraffins (22, 25» 24? 28), carboxylic acids (29-59) and 
alcohols (12, 15-18) and the technique has provided essential 
information for the complete assignments of bands in the infra
red spectra and also aided structural elucidation. In single 
crystals the direction of the transition moment may be found 
using polarized infra-red radiation. If the electric vector,
E, of the radiation is parallel to the direction of the trans
ition moment, M, maximum absorption will occur, but if they 
are perpendicular the absorption will be zero. For cases in- 
between a gradual change occurs.

In polarized infra-red work it is necessary to be very 
careful as to the interpretation of the resulting dichroism.
This is because whilst it is convenient to speak of fbondf 
vibrations, eg. N-E, the normal vibrations in polyatomic 
molecules involve the movement of all the atoms to some extent, 
especially those atoms which are adj acent to the ^ond* 
involved. Further Coulson (40) has pointed out that it is 
necessary to take into consideration the displacement of the 
electrons as well as nuclei . Also it is not free molecules 
but crystalline arrays of molecules which a.re involved. Hence 
uncertainties ard introduced because of the perturbations which 
occur through interaction and coupling of vibrations. These 
difficulties are inherent in the exact determination of 
directions of transition moments and limit the accuracy in 
determining the directions of bonds from polarization measure
ments •

The most satisfactory way of producing polarized radiation 
in the infra-red region is by the use of a suitable transmission 
polarizer* This usually consists of a pile of infra-red 
transparent plates set at Brewsters (polarizing) angle so 
that the angle of incidence,©, on the front face of each



plate is given by
n =  tan ©

Y/here n is the refra,ctive index of the dielectric for 
the wavelength of the light.

Under the conditions stated above the reflected bean 
contains only the component with electric vector perpendicular 
to the plane of incidence. Therefore the transmitted beam 
will be enriched in the component with electric vector parallel 
to the plane of incidence. Both silver chloride (41) plates 
or selenium sheet (42,43) are commonly used as the dielectric. 
Silver chloride polarizers are to be preferred because of their 
robustness even though they are not as efficient as the 
selenium type and produce more beam displacement.

Prisms (44) and gratings (45) introduce some polarization 
into an unpola.rized beam* It is therefore necessary to 
position the polarizer with the E vector of the radiation 
either parallel, perpendicular or at 45° (44) to the exit slit.
(ii) Preparation and purification of materials.

Pinacol was obtained from Koch light laboratories and was 
first dried by refluxing it for 24 hours over calcium oxide, 
which had been ignited for 24 hours at 900°C. The pinacol 
was then distilled, the material collected being that which 
boiled at 17 2*5°C at 750mm pressure.

The purity of this distilled material was c?necked using 
a Pye 104 gas chromatogr aph (G.L.C) with flame ionisation 
detector. An lift, column was used and the oven temperature 
was set at approximately 5°C below the boiling point of the 
pinacol sample. The stationary phase used was polyethylene 
glycol aflipate. The purity was found to be at least 99*5$*
The pure anhydrous pinacol was subsequently stored in a 
dessicator over
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To prepare the monohydrate and hexahydrate forms, pure 
anhydrous pinacol was melted, mixed with water in the required 
ratio by molecular weight and allowed to solidify# To test 
whether the correct hydrate had been prepared, melting points 
were carried out on a Du Pont 900 Differental Scanning 
Calorimeter (D.S.C). The melting points of the monohydrate 
and hexahydrate were found to be 41«1°C and 45«2°C respectively 
(Literature values 41*25°C and 45#4°C (2)), The hydrates 
thus prepared were stored in sealed flanks in a dessicator 
over P2O5* .The pure water utilized in the preparation of the 
hydrates was obtained by refluxing distilled water over 
alkaline permanganate and then distilling, the water collected 
having a conductivity of less than 2JJ.S cm" .

To investigate the decoupled •\>(0D) vibration it was 
necessary to prepare samples of pinacol, pinacol monohydrate 
and pinacol hexahydrate containing approximately 4c/o of OD 
referred to as pinacol-d, pinacol-d monohydrate, and pinacol-d 
hexahydrate in the following text, Pinacol-d was prepared by 
refluxing pinacol with a small amount of D2O, in the presence 
of freshly ignited calcium oxide for 24 hours, Pinacol-d was 
then distilled, the fraction collected being that which boiled 
at 17 2.5°C at 7 50m® pressure.

Pinacol-d monohydra,te vras prepared by adding pure water 
to pinacol in just under the correct mole proportion. The 
remainder of the mole proportion was then added as D 2O. The 
addition of DgO was carried out in a dry box desiccated by 
PgO^ under an atmosphere of dry nitrogen. Pinacol-d hexahydrate 
was prepared in a similar manner. Again a check of the hydrate 
prepared was made by carrying out a melting point on the D.S.C. 
The melting points of the pinacol-d monohydrate and hexahydrate



Y/ere found to bo 41#1°C and 45*2°C respectively.
In the three cases above sufficient was added to

give a 4$ deutera,tion if 100^ exchange had taken place,
(iii) Growing of single crystals

Single crystals of pinacol and pinacol monohydrate were 
grown from the melt between silver chloride windows kept at 
a constant temperature of 30°C, Single crystal portions 
t/ere then detected using a polarizing microscope and the 
remainder of the cell blanked off with cardboard.

Extreme difficulty was encountered in trying to groYf 
a single crystal of the hexahydrate in this way# This was 
due to the hexahydrate becoming what may be a glass when 
cooled just below its melting point. This glass found
to be very stable when kept between the plates for a period 
of days and did not transform into the crystalline form. 
Several methods of crystallization were tried including seed
ing from the melt, crystallization at a constant temperature 
and gradient cooling, none of which were successful. A method 
was devised finally which gave the crystalline hexahydrate, 
but not as a single crystal. This involved melting the 
hexahydrate between silver chloride windows and then pouring 
liquid nitrogen over the sample. This method only produced 
polycrystalline samples.

All the samples between silver chloride windows were 
sealed around the edges 7/ith insulating tape to prevent 
moisture being absorbed or lost. IThen not in use the sealed 
samples were stored in a desiccator over
(iv) Running of-Spectra

The liquid and polycrystalline samples were produced 
as thin films between silver chloride windoY/s.
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Single crystal polo.rized spectra were obtained with 
a silver chloride, six plate polarizer, mounted between the 
monochromator and detector (figure 6 ) so that the polarized 
radiation produced had the electric vector parallel to the 
exit slit. Dichroisms were observed by rotation of the 
s ample•

Two methods were utilized in variable temperature runs.
(1) For temperatures above ambient an electrically heated 
jacket ((J-2) - R11C) was used.
(2) For temperatures between -17 0°C and ambient the VLT2 
(Rile) cell enclosure was used (figure 7 )• This is a Dewar 
oell maintained at a pressure of less than 0 .05mm by constant 
pumping. Liquid nitrogen was used as a coolant and a built 
in electrical heating jacket used for fine adjustment of 
temperature.

In both cases the temperature Was controlled and 
monitored by the TEM 1 (R11C) temperature controller. All 
temperatures measured were accurate to ± 2°C.

Solution spectra were obtained in cells of pathlength 
1.0mm with EaCl windows. These spectra were run with a 
balanced reference cell containing the solvent.

All the infra-red spectra were run on a Grubb Parsons 
TSpectromaster’ double beam spectrometer, the range of the 
scan covered being 4000-550cm"*'*'. Calibration of the spectro- 
ma3tcr was accurate to ±lcm“^.
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. CHAPTER III 

RESULTS AM) DISCUSSION

(I) Results
The unpolarized infra-red spectra have been obtained of 

pinacol (figure 9) and its two hydrates in the liquid state 
at 50°C and as crystalline solids at the beam temperature 
(figure 10, 12 and 14) and -17 0°C (figure 11, 13 and 14)#
Also the infra-red spectrum of pinacol in dilute solution 
(0 .005M) in CCl^ (figure 9) Has been obtained at the beam 
temperature as well as that of the crystalline hexadeuterio- 
hydrate at the beam temperature and -170°C (figure 14)*

Polarized infra-red spectra of single crystal samples of 
pinacol and the monohydrate were obtained at beam temperature 
(figures 10 and 12) and -170°C (figures 11 and 13)*

The proposed assignments of the absorption bands of pinacol 
and its hydrates are shown in tables I and II.

The unpolarized infra-red spectra of the decoupled \)(OP) 
in crystalline pinacol-d, pinacol-d monohydrate and pinacol-d 
hexahydrate were obtained at the beam temxoerature and -17 0°C 
and are shown as figure 17•

(II) Di scussion
(a) Beam Temperature

(i) In the unpolarized spectrum of pinacol (figure 10) 
\?(0H) is resolved as two components at 34410®"^ and 3390021”'*’• 

In the polarized spectra these components are polarized at 
right angles to one another, the higher frequency band being 
narrower than the band at lower frequency (figure 10)«
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Similar behaviour to this has previously been observed 

in the polarized spectra of single crystals of monohydric 

alcohols (16917)* In that work Brasch et al (16,17) observed 

two components in the spectrum of ̂ (OIl), a narrow component 

at a higher frequency than a broad component, polarized at right 

angles. The appearance of these two components (16,17) was 

interpreted in terms of crystal splitting since only 9. single 
component was observed in the spectrum of the partially 

deuterated alcohol. To account for the polarization of the 

two components at right angles, nearest neighbour coupling 

of OH groups along the H-bond chain was postulated (figure 8). 

Thus it was said ( 16,17) that the broader lower frequency 

component was due to an in-phase vibration of adjacent OH groups 

involving tautomerization, whereas the narrower band was due

to an out-of-phase vibration and did not involve tmutomeriza- 

t i o n.

It is therefore thought that the appearance of two comp

onents in the beam temperature spectrum of pinacol and their

IN-PHASE OUT-OF-PHASE
Figure 8.

Stretching vibration in H-bonded chain 
of a solid alcohol, (0),hydrocarbon portion 
of alcohol molecule; (0),oxygen atoms;
(0 ), hydroxyl hydrogen a torn.(n)



polarization at right angles may be due to a similar tautomeri- 
zation effect along the intermolecularly II-bonded chain as 
described by Brasch et al (16,17)* However referring to the 
proposed (3) structure of pinacol shown in figure 2 the spectra 
do not help us to decide which way the crystal samples were 
aligned with respect to the polarized beam since the above 
effect Slight be expected to arise along 8.11 three crystallo- 
graphic directions.

Significant dichroisms have been observed for the skelets.1
modes of the pinacol molecule (figure 10) at '891cm-'1', 883cm-’1’,
832cm-\  and 822cm-*1' whilst only very small dichroisms have
been observed for the symmetrical and asymmetrical CH^
stretching bands , \> Q (CH^) and "v>q,(CH^), in the range 2985- 

„1287 8cm • Also only very small dichroisms are observed for 
the symmetrical and asymmetrical CH^ bending vibrations, 
is(CH^) and <Ja(CH^), in the range 1455-136lcm-*1' and CHj 

rocking mode, /> ( CH^) , at 957 cm"’’1' and 951cm-'1'.
Figures 2a and c show the proposed structure of pinacol 

(3) projected onto the 1 ab 1 and lac1 planes. It would appear, 
referring to this structure that the resultant components of
the skeletal vibrations may give rise to a predominant cont
ribution in the !a! direction and that the observed dichroisms 
of these skeletal modes are parallel and perpendicular to the 
1 a1 direction.

If this is the case with the crystal aligned with the ta f 
axis in the plane of the silver chloride plates it can be seen 
that the resultant components of the'O(CHj), «T(CH^) and/>(CH^) 
modes may be approximately the same for both positions of the 
sample and hence give rise to only very small dichroisms.

(ii) The symmetry of the monohydrate structure compared



to that of pinacol is reflected in the smaller dichroisms 
observable in the beam temperature spectrum (figure 12). The 
stiucture of the monohydrate proposed by Hatt (l) was recently 
confirmed by O ’Connor using X-ray diffraction (3) and figure 
4b shows a section of the structure in the 'be1 plane. The 
H-bonded chains of pinacol OH groups linked by water molecules 
extend along the ’c 1 axis. The pinacol molecule takes up a 
trans conformation so that its two oxygen atoms become involved 
with two different E-bonded chains and it forms a cross-link 
between the chains. This cross-linking occurs in the ’a’ and 
1 b ’ directions on alternate planes perpendicular to the ' c* 
ax r s ,

A negligible dichroism is observed for the O(0H) band in 
the monohydrate spectrum (figure 12). Also small but sign
ificant dichroisms are observed for the bands associated with 
the OH-in-plane deformation, p (OH) at 1346cm""-*-, -O(CH^) in the 
range 2990-2882cm*"'*" and S(CH^) in the range 1467-1363cm"’*', as 
well as the skeletal vibrations at 891cm~^ and 824cm~^,

Referring to figure 4'c it seems likely that this magnitude 
of dichroism would arise if the single crystal samples were 
aligned with their fc ’ axes in the plane of the silver chloride 
plates.

(iii) In dilute solution (figure 9) “two bands are observed
for-^(OH), a, sharp band at 3630cm""-*-. associated with ’free1

-1-'O(OE) and a broader band at 3500cm associated with the 
intramolecular H-bonded S)(0E). The appearance of these two 
components in dilute solution has been previously observed by 
Khun (46)•

(iv) In the solid state there is a progressive broadening 

of V(0E) towa,rds lower frequency with increasing hydration
of pinacol (figures 10, 12 and 14? table I)« In pinacol the



highest frequency peak occurs at 3441cm"’'*’ which is much lower 
than the intramolecular H~bond frequency of 3500cm”'*’ observed 
in dilute solution. In solid sucrose which contains two. intra
molecular H-bonds (47) a sharp peak does occur at 3564cm . It
would therefore appear that there is no intramolecular H-bond- 
ing in the solid pinacol nor in the two hydrates whose highest 
frequency peaks are below 3441cm”’*'.

(v) Bands due to HOH bending (h^) of water are visible
in both the hydra,te spectra (figures 12 and 14) and the associa
tion band of water (vA) also appears at 2210cm”’*' in the hexa- 
hydrate spectrum. There is a shift in the *^2 band in the hexa- 
hydrate to a higher frequency (table I) relative to the mono
hydrate indicating an increa.se in the strength of the H-bonding 
in the hexahydrate. V g  occurs at 1645cm”’*' in liquid water at
30°c (48) and l650cm“l in ice I at -160 (49) whilst is

-1 -1found at 2125cm in liquid water and at 227 0cm in ice I. It
would therefore appear that the H-bond strength in these 
hydrates is above that in liquid water as well as in ice I,
although it must be added that these bands are extremely broad
and have indistinct maxima. . Therefore the positioning of these 
bands may be in error ilOcm”'*- for \)^ and ±20cm“  ̂ for

(vi) In the light of present evidence the OH-in-plane
deformation, frequency , (3 ( OE) , in alcohols occurs in the region
1400-1300cm”’*’ (50(a)). A shoulder is seen in the liquid spectra
of pinacol and the hexahydrate at 1350cm”’*’ and 1346cm”’*’ in the
monohydrate and these have been assigned to P(0E). In methanol
(14) P (OH) occurs at 1346cm"**’ in the vapour, 1420cm”**’ in the

-1 -1liquid and is split into two components at 1492cm and 1514cm 
in the solid â . low temperature. It therefore appears tho.t 
increasing the strength of E-bonds causes an increase in the



frequency of p(OE) and it might he expected therefore that in 
the crystalline pinacol and its hydrates, p(OH) would occur at 
a much higher frequency than in the liquid. However p (Oil) 
cannot be identified with certainty in the spectra of the 
solids at e^bient temperature.

In the crystalline monohydrate spectrum (figure 12) a 
weak shoulder is observed at 1346cm*"'*' with a significant 
dichroism and has been assigned to P(OH), although this is at 
the same frequency as the band assigned to this vibration in 
the liquid.

Stuart et al (51) observed a pair of bands for monohydric 
alcohols in solution in this region of the spectrum due to 
intermolecularly H-bonded and non-bonded p (Oil) , the latter 
band being at a lower frequency than the former. In the dilute 
solution spectrum of pinacol (figure 9)? where only intra
molecular, H-bonding is. taking place, two we ale ba,nds are observed

— 1 — 1at 135 8cm and 1316cm” which have been assigned to intra-
molecularly H-bonded and non-bonded ]3(0Il).

(vii) The out-of-plane OH deformation,V (OH), in the
bonded state is known to absorb very broadly s,nd diffusely near
650cm  ̂ (51)* In the pinacol spectrum (figure 10) If (OH) is
visible as a very broad band centred at 62ocm“ and shows quite
a strong dichroism, whilst in the monohydrate it is centred at
651cm”'*' and shows no dichroism (figure 12)*

— 1The broad band centred at 7^0cm in the monohydrate and 
hexahydrate is undoubtedly the librational band of water,V ,Lt

which appears in pure water at 685cm"*'*’ at 30°C (48) and at 
840cm” •*• in ice I at -160°C (49). In the monohydrate is not 
dichroic.

(viii) Most oxygen containing compounds show bands due



to CH, asymmetric stretch, O a(CHj), in the range 2990-2922cm 
(50(h)) and the average position for the band associated with the 
CH^ symmetric stretch, >Og(CĤ ), in these compounds is 2880cm"*'*' 
(50(b)). Also in this region of the spectrum occur overtones of 
the asymmetric and symmetric CH^ bend, ^ a(CH^) and 5 S(CH^)* Bands 
occur in this region of the spectrum of pina,col and its hydrates 
and they have been assigned to S)a(CH^) and S)s(CH^). It is notice
able tha,t there is a significant increase in the frequency of 
-Oa(CH5) with degree of hydration (table I).

( ix) Bands due to the asymmetrical CH^ deformation , S  a(CH^) 
occur around 1460cm"-*- (50(c)), The position of the symmetrical 
CH^ deformation, <5g (CIÎ ) , lies in the region of 1380cm’"'*' and its 
position is dependent on the nature of the element attached to 
it (52). For example in the case of methyl ketones bands assoc
iated with <JS(CH^) are found in the vicinity of 1359cm” **• (52)*
Also a characteristic splitting occurs when two methyl groups are 
found on the same carbon atom (52)* Therefore the <JS(CH^) mode 
gives rise to at lea,st two bands in the spectrum of pinacol and 
its hydrates due to the in-phase and out-of-phase interaction of 
the two methyl groups on the same tertiary carbon atom. In the 
monohy^rate spectrum (figure 12) there are only two bands at 
137 0cm”-*' and 1363cm''**' but in pinacol (figure 10) there seem to 
be fivp components at 1399cm'**-, 137 9cm"**-, 137 5cm*"'*-, 137 Ocm”;*■ and 
1361cm”**' and in the hexahydrate (figure 14) four at 1394cm" **-, 
1375cm”'*', 1365cm"*'*' and 1356cm"**-, The large number of c5s(0H^) 
bands present in the spectra of pinacol and the hexahydrate may 
be due to crystal splitting since it is known (3) that pinacol 
crystallizes with sixteen molecules per unit cell and the hexa
hydrate with eight molecules per unit cell*

Although it is tempting to assign the bs,nds at approximately 
1390cm*"■*" to the p (OH) mode there is still a band at 1399cm”'*'



in pinacol hexadeuteriohydra,te (figure 14) and so there must be 
at least one $ 8 (CRj ) band at that frequency. There is also a 
band at 1389cm"-*- in the dilute solution spectrum (figure 9) in 
addition to those at 137 9cm"-*- and 137 0cm”*’*' which must arise from 
the <5g(CHj) mode since the p(0H) bands are at a lower frequency 
in this spectrum. The number of bands associated with (fg(CH^) in 
the dilute solution spectrum is not suprising since there may be 
both trans and gauche conformers presont (55)*

(x) In isopropyl groups in hydrocarbons a band involving the 
CH^ rocking mod e , /> (CII^), usually occurs at 9 22-919 cm" "* and in 
t-butyl groups in hydrocarbons at 952-926cm“;* (54(a)), In non 
hydrocarbons the regions are wider 950-875cm"-*- and 955-810cm"-* • 
Strong bands might be expected in a compound containing four 
methyl groups, A strong doublet is observed at 957cm"-* and 
951cm""* in the pinacol spectrum (figure, 10) while single strong 
bands are observed at 947 cm”-* and 945cm"** in the mono and hexa
hydrate spectra (figures 12 and 14) which have been assigned to 
/o(CH^). Also in solution a strong pO ( CxÎ ) band is observed at 
956cm"-* in the same position as in the liquid spectrum (figure 9)*

(xi) The C-0 stretching vibration,V(CO), in tertiary 
alcohols usually gives rise to a band of strong intensity and is , 
found in the region I2l0-1100cm~"*(54(k) ) • Strong bands at llllcm*^" 
in the pinacol spectrum (figure 10) and 1114cm"-* in the mono
hydrate and hexahydrate spectra (figure 12 and 14) have been 
assigned to ^(co). In the spectrum of the hexadeuteriohydrate 
(figure 14) the band, at 1114cm"-* in the hexahydrate is missing
and appears at 950cm"-* therefore confirming the assignments.

In solution it is known that tertiary alcohols give rise to 
association and monomer *̂ ( CO) bands (51)? ihe monomer band being 
at a lower frequency than the intermolecularly H-bonded component.



In the dilute solution spectrum of pinacol (figure 9) where only 
monomer S)(OH) and intramolecular >)(0E) are observed there is no 
band at 1111cm"-* and it is assumed that the 1095cm“I band is due 
to monomer V(CO), the intramolecular band being eclipsed by the 
higher frequency bands,

(xii) The remaining bands are more difficult to assign. All 
three substances have strong absorptions between 1200cm"-* and the
>)(C0) band at approximately 1111cm"-* (figures 10, 12 and 14) »
This region is simplest in the dilute solution- spectrum (figure 9)
where only two significant bands occur at 117 5cm"-* and 1159cm"-*.
It is well known that strong bands occur in this region in
branched chain hydrocarbons (55) and alcohols (55) due to the

CN ‘interaction of C-C and C~ skeletal modes with CH3 rocking or
C

GO stretching modes. It is therefore thought that bands in this 
region are due to various mixtures of these modes. The strong 
band which appears at 1140cm"** in all the solids including the 
hexadeuteriohydrate (figure 14) and liquid pinacol (figure 9) 
appears to be absent in the dilute solution spectrum. It is 
assumed that this band arises from a coupling which only occurs 
in the intermolecularly H-bonded state of the solids and pure 
liquid pinacol but not in dilute solution where only intra*? 
molecular H-bonding occurs.

(xiii) In the study of modes associated with the tertiary
butyl group in tertiary butoxide derivatives, Ory (56) assigned
bands in the 920-820cm"1 region to skeletal modes of the tertiary

-1butyl, group. There are two quite dichroic doublets at 891cm ,
883cm"'*' and 832cm"**, 822cm"-* in solid pinacol (figure 10) with

— 1 "icorresponding singlet absorptions at 885cm" and 829cm"A in the 
liquid pinacol (figure 9)* In 'kke monohydrate spectrum (figure 
12) only a band at 824cm"-* is significant and is quite dichroic 
whilst in the hexahydrate there is no strong absorption in the



vicinity of 885cm"-*- or 829cm"-*- possibly because of of water
which is already quite significant in intensity at these frequenc
ies (figure 14)* This is confirmed by the fact that these bands 
are present at 888cm--*- and 829cm”-*- in the spectrum of the hexa
deuteriohydrate* In the dilute solution spectrum of pinacol 
(figure 9) there is a band at 883cm"’*- but not in the 829 cm"-*" 
region. These bands ^are undoubtedly associated with the skeletal 
modes of pinacol and are typical of those observed in branched 
chain hydrocarbons (53)* However it appears that the occurence 
of a band at 829cm"*-*-, like that at 1140cm"-*-, seems to be strongly 
dependent on the nature of the n-bonding in these systems.
(b) Low Temperature

(i) A considerable narrowing of the absorption bands occurs 
in the low temperature spectra (figures 11,13>14) and there is 
generally a small increase in the size of the dichroisms in the 
polarized spectra of pinacol and the monohydrate (figure 11 and

15).
(ii) It is known from X-ray measurements (3) that pinacol 

crystallizes in an orthorhombic structure with sixteen molecules 
in the unit cell. On the other hand the monohydrate is tetra
gonal with two molecules in the unit cell and the hexahydrate is 
monoclinic with eight molecules in the unit cell. It is therefore 
not suprising to find a larger number of bands in the spectrum
of pinacol than in those of the two hydrates. Infact it can be 
clearly seen in the low temperature spectra of the monohydrate 
(figure 13) that a single, band occurs at 1375cm" , 1361cm” , 
948cm"**-, 885cm"-** and 825cm"-*" in the same region as doublet 
absorptions occur in the pinacol spectrum (figure 11).

(iii) There are several distinct pea.ks in the\)(01l) region 
of the pinacol spectrum (figure 11) and a number of these are 
appreciably dichroic. In the low temperature spectrum of the



monohydrate and hexahydrate (figures 13 and 14) however no struct
ure is resolved, the ^(OH) bands being broad and featureless. 
However they have shifted to lower frequency, the monohydrate 
■'O(OH) from 3306cm"*'*' at the beam temperature to 3225cm”’'*' at the 
low temperature and the extremely, broad band in the hexahydrate 
from 3441-3181cm”*'*' to 3413-3i25cm~^# This is indicative of an 
increase in the H-bonding at a lower temperature and this sort of 
shift has been observed previously in methanol (14) and ethylene 
glycol (57).

(iv) The band due to V 2 water at 1688cm*" **• in the beam 
temperature spectrum of the hexahydrate (figure 14) is now observ
ed at 1690cm*”**- in the low temperature spectrum (figure 14)* How
ever in the low temperature spectrum of the monohydrate is not 
observed (figure 13)-

The band due to of water at 2210cm“**- in the beam temper
ature spectrum of the hexahydrate now occurs at 227 5cm’*'*'* Bearing 
in mind the likely error involved in determining the peak position 
it would appear that the IT-bond strength in the case of the hexa
hydrate is greater than that found in ice I (49)*

(v) The dichroic band assigned to p(0H) at 1346cm”’'*' in the 
beam temperature spectrum of the monohydrate is not present in 
that position at low temperature (figure 13)• However a shoulder 
is observed at the much higher frequency of 1380cm"'*' which is 
extremely dichroic and is not present at beam temperature# It is 
therefore thought to be the ^(OH) band showing a low temperature 
shift similar to that observed in the case of methanol (14) und 
ethanol (58),

(vi) It is noticeable that there are at least three Y(0H) 
bands, in the low temperature spectrum of pinacol (figure 11) at
7 95cm"’*', 7 25cm""'*' and 650cm"-*- and these bands are more intense than 
the single band observed at 626cm"^ at beam temperature (figure



10). Furthermore the 7 25cm"1 hand is very dichroic.
In the spectrum of the monohydrate (figure 13) several weak 

broad bands are now observed at 7 87 cm”-*-, 7 45cm”-*-, 7 50cm”-*- and 
684cm"1 , where previously at the, beam temperature (figure 12) 
there had only been two at 760cm"1 and 651cm"1 due to and Y(OH)* 
These bands show a sma.ll dichroism. Also at low temperature in 
the hexahydrate spectrum where previously, only one intense broad, 
band due to had been observed at 7 62cm"1 at the beam tempera
ture several bands are now observed (figure 14)* Intense broad 
bands, are seen at. 854cm"1 and 793cm”1 with weak shoulders at 
67 5 cm”-*- and 57̂ -cni”1.

The increa.se in frequency and intensity of *8 (OH) vibrations 
with decreasing temperature and resolution into multiple bands 
has been observed previously in the case of methanol (14) ? ethanol 
(58) and ethylene glycol (57) and has not been explained. Al
though it was pointed out by Pimentel and McClellan in i960 (59) 
that there are interesting parallels between the increase in 
frequency of Y (OH) and the decreasing frequency of 'O(on) with 
increasing strength of H-bonding, no systematic investigation of 
the relationship has been made since that time.

In the hexahydrate spectrum the bands at 854cm”1 , 7 93cm”-*-,
67 5cm”1 and 57 0cm"1 may be due to the components of ̂ ^  which occur 
in ice I, at -160°C, at 840cm"1 , 770cm”^, 660cm”-*- and 555cm”-*- (49)* 
However in the raonohydrate there is a more complex situation 
because both andY (OH) bands are present and it is not possible 
to distinguish between them.
(0) Decoupled Spectra

(i) The use of curves relating the distance between oxygen
atoms involved in a hydrogen bridge, H , and the frequency0—H— 0
of the ̂ (OH) stretching vibration in X-ray and spectroscopic 
investigations has already become widely accepted (60-64).



A relationship between 9(0E) and the interatomic separation, 
V o *  was first noticed by Handle et al (65). Since this early 
investigation several groups of workers have studied this problem 
(66-70). In spite of the large spread in experimental points 
extremely similar correlation curves were obtained.

However in recent years a considerable proportion of the 
interatomic separations, Eq^o , used in the earlier correlation 
curves have proved to be incorrect and some doubt has arisen 011 
the reliability of spectroscopic data used. In the light of this 
information Efimov ot al (71) have critically re-examined the 
relationship and figure 15 shows the correlation curve they 
produced from the data they consider to be reliable, Furthermore 
they have also produced a correlation curve for9(0D) v ’s Rq_q 
from a limited number of data points. This curve *7as found to 
agree well with the 'J(OH) v*s Rq„q correlation when the scale of 
the abscissa, was multiplied by 1*33 (71) and is shown as figure 16.

In the single crystal spectra of pinacol at low temperature 
(figure 11) there are at least eight components of the \)(0E) band 
while in the decoupled 9(03)) band of the polycrystalline sample 
at -170°C there are four distinguishable peaks (figure 17)*

In Brasch’s original work on solid alcohols (16,17) it was 
shown that the breadth of the 9 ( OH) band was principally due to 
nearest neighbour coupling between OH groups along a H-bonded 
chain. Single crystal studies show that coupling between ident
ical OH groups leads to two bands separated by between 90cm"•*• 
and 160cm”1 in the undeuterated alcohol studied. On progressive 
deuteration these two bands diminish in intensity and a. new band 
appears at a point midway between the original bands. In a 95$ 
deuterated sample only 0. small narrow 9(0E) band remains, the twe
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original bands having disappeared. The same effect can be 
observed on the 'O(OD) vibration for a sample which has been 
deuterated to only a small extent say

Since there are eight peaks in the ^(OH) band and four in 
the decoupled N (OB) band of pinacol at low temperatures it has 
been possible to select four pairs of"0(OH) peak frequencies and 
relate the mean frequency of each pair to one of the components 
of the "^(OD) bandp bearing in mind the likely isotopic ratio.
The result of this procedure is shown in table III. The splitting 

between components of the "0(011) pairs increases s.s the 
frequencies decrea.se until the final pair when there is an abrupt 
decrease in The isotope ratios for the first three pairs are
also very similar and compare favourably with the values 1.34 
found for decanol (17)» 1.35 for methanol (14) and 1.33 for ice 
I (49)* The low value for the fourth pair may be due to the 
inaccuracies in measuring peak frequencies in the rather extended 
tails of 'O(OH) and (OB).

The appearance of the foul’ decoupled V  (OD) bands indicates 
possibly tha,t there are four distinctly different OD environments 
in pinacol. Using the correlation curve relating >)( OD) to Rq^q 
in figure 16 it has been possible to obtain Rq «.q values corres
ponding to these frequencies. The results of this procedure
are shown in table III. It must be added that values obtained

v  ousing the correlation curves involve a likely error of ^  0.04A 
since this is the size of the error'involved in many of the X-ray 
determined Rq „o distances* However since the data used for 
comparison with these results from the correlation curves has 
similar errors it was thought that use of the correlation curve 
was not invalidated.



The Rq _0 values obtained for pinacol lie in the range 2.7 5-
o2*78A and are of a similar size to that of penxaerythritol of 

2,7 4^ (7 2) but are much longer than that of 2.66A for methanol
(75).

In view of the rather complex structure (figure 2) proposed 
(3) for pinacol the fact that there are four Rq-O distances 
corresponding to the four "^(OD) frequencies is not suprising.

As a check of the validity of N?(OD) v's Rq_q correlation 
curve in view of the relatively few data points used in the plot, 
the mean S?(0H) frequencies of the pairs of bands was related to 

distances using the ^(OH) v*s Rq-o correlation curve shown 
in figure 15* The results of this procedure are also shown in 
table III, It can be seen that in general there is very good 
agreement except in the last case. The discrepancy here could 
arise from inaccuracies in measuring peak frequencies in the 
rather extended tails of *0( OE) and ^(OD) as previously mentioned. 
On the basis of this analysis it seemed reasonable to utilize 
the Rq„o yts ^(OD) correlation curve further.

(ii) For pinacol monohydrate and hexahydrate the low temp
erature (OH) bands are broad and featureless and yield very 
little structural information, but the decoupled >?(0D) bands can 
be seen to comprise a number of distinguishable peaks (figure 17).

In the case of the hexahydrate there are only two resolvable 
bands associated with the decoupled ’'d(OD), the higher frequency 
component being much sharper and less intense than the low 

frequency component (figure 17).
The lower frequency \>(0D) band occurs at about the same 

frequency a,s the decoupled S)(0D) band in pa.rtly deuterated ice 
I (49). From the correlation curve (figure 16) the value of



o . . . .Rq -o corresponding to this frequency is 2*7 4A and this is identi
cal with that found for ice I (7 4)* Ike higher frequency comp
onent of (OD) gives rise to an Rq.q value of 2.77 A*

It would therefore appear that the majority of the water 
molecules in the pinacol hexahydrate occupy similar sites in an 
ice like lattice, which confirms the suggestion of Cook et al (7 5)*

(iii) There are three components in the decoupled *0 (OD) 
hand of the monohydrate. The hands may arise in the following 
way. Figure 4h shows a section of the chain structure of the 
monohydrate in the ’he’ plane with the pinacol molecules in the 
trans configuration. In this structure the water oxygen atoms 
may he covalently bonded either to two protons in the same chain 
segment or to two protons in adjoining segments (figure 4a). It 
is possible that these arrangments correspond to the presence of 
two distinct sets of water molecules which will therefore give 
rise to two (Of) hands at.slightly different frequencies (64)» 
Since the decoupled *0( 033) hand in, ice I (49) occurs at 242lcm~'*' 
it is proposed to assign the 2443cm""*- and 2411cm"-*- components
of the, monohydrate S) (OD) hand to water molecules and the 
2385cm"-*■ component to pinacol.

(iv) In the hexahydrate the broad \)(033) component at 
2434cm~^ is in the same range as the highest frequency N)(OD) 
hands at 2443cm**'*- and 2411cm"-*- in the monohydrato. It therefore 
appears tha/fc there is a similar strength of H-honds in these 
hydrates. However in the case of the hexahydrate the weaker 
hand observed at 2496cm--*- is probably due to lower strength H- 
bonded 033 groups. These points do not support fully the fact 
suggested by the higher ^  value in the hexahydrate that the 
water in this material is involved in stronger H-honding than the 
case of the monohydrate.



cm~^

3441
3390

2985
297 8
2963
2941
2914287 8

1455
1399
137 9
137 5
1370
1361
1258
1235
1208
1198
1187
1180
1170
1156
1139

1111
1105
1008
995
985
957
951
891
883
832
822
626

T ab 1 e I
Assignments of the absorption bands of Pinacol and its hydrates at 
the beam temperature.

Pinacol Pinaco1 
Monohydrate

Pinacol 
Hexahydrate

( a) 
Intens wPolariz- -1cm

( a) 
Intens 0 0Polariz cm”'*'

(a) 
Intens

ation ation
s 9°o 3441-
s 0° 3306 s 0° 3181 s.br.

r\ 3003 s
s 90° 2990 s 0° 2994 s
s - 2980 s 0°
sh 90°
m 90° 2945 m 0° 2929 sh
m 90°
w 90° 2882 w 90° 2882 sh

2210 m. br.
I667 vr - 1688 s • hr.
1467 m 0°

m 90o 1460 m 0° 1460 m
m 9°o 1394 sh
s 90°
s 90° 1375 s
s - 1370 s 1365 s
s - 1363 s 0° 1356 sh

1346 sh 0°
sh 90°
W 90° 1240 T7 90°
X7 9°osh 90° 1198 sh 0°
sh 90°
m 90° 117 6 s
m 9°o 117 0 s 0°
s 90°
s 90° 1143 s 0° 1139 s

1130 sh 0°
1124 sh 0°

sh 90° 1114 s 0° 1114 s
s 0° '
w 90° 1005 w - 1007 w
\7 90° 993 V , \7 ,
w 90° 97 5 T7 0° 97 8 V , V7 ,
s 90°

0°s 90° 947 S 943 S
m 90° 891 w 0°
m 90°
m 90° 824 m 0° 823 VT
m cm0y w

760 w.br. - 762 s, br.
w.br. 90° 651 V7 • br. -

( 0Assignm
ents
VCOH)

•Ja(CHx)

>)s ( CH^) 
VA(H2(

M c h5)

J

V ( c o )

/>(c h 3)

X (OH)



cm"’*’

3419
3376
3355
3339
32 66
3226
3163
3124
2994
2990
2980
2941
2931
2920
2914287 8
2857

1471
1450
1430
1403

137 9
1365
1361
1351
1258
1242
1235
1205
1194
117 3
1156
1143
1139
1130

1108
1015
1010
1008

Table II
Assignments of the absorption bands of Pinacol and its hydrates 
at -170°C.

Pinacol

( a) 
Int ens (t)Polariz- 

ation
-1 ^cm" Intens

Pinacol 
Monohydrate

(b)
Polariz- 
ation

Pinacol
Hexahydrate
-1 (a) cm Intens

(0)
Assignm
ents

s
sh
s
s
s
s
s
m

90
0' I f g -

m
m
m
m
w

v.w.

m
m
sh
s
s
s
s
s
XT
XT
XT
m
s
s
s
s
s
s

0
0°
0°
0°

XT
XT
sh

90° 
90° 
90° 
90° 
90° 
90°

90°
90°
90°
90°

90°
90°
90°
0°

90°
90°
90°
90°
90°
90°
90°
90°
90°

90°

90°
90°

3225

2920
2885
2848

XT

XT
V. XTt

1465 m 90°
1455 m 0°
1439 XT 0°

1380 sh 0°
1375 s 90

1361 s 90°

1262 XT 90°
1250 XT 9°q
1235 V.\7. 90

1176 S 0°
1152 sh 0°
1146 s 0°

1126 s 0°
1117 sh 0°
1111 s

1033 w«br. 90°

V ( o h )

s 90° 2994 sh 0° 3002 sh
s 0° 2988 s 0° 2990 s
s 0° 2977 s 0° 2980 s

2955 XT 90° , Va(CH3)

2888
w ]

Vs(CHj)

227 5
J

w.br* ^ a(h 2o )
1690 m.br* V 2(h 2o )

1460
3 ] £a(CH5)

1394
✓

sh ^ s (c hO
P (OH;

1370 s

1361 s <fs(CH5)
1351
1258

sh w

1180 s

1139 s

1117 s N>(C0)

1008 XT



Pinacol Pinacol Pinacol
Monohydrate Hexahydrate

. (a) (b) (a) (b) ^  (a)
cm**-1- Intens Polariz- cm"* Intens Polariz- cm Intens 

ation ation

995 w 90° 995 v.w. 0°
990 v.w. 0°

985 v.w. 90° 980 v.w. 0°
960 s 90°
955 s 90° 0951 s 90° 948 s 0

935 w •a
930 v.w. -
893 m 90°
888 m 90° 885 w -
839 sh 90°
833 m 9°o 833 sh 9°o823 m 90° 825 m 90°
818 sh 90°
795 w.br. 90° 7 87 m.br. 9°q

7 45 m.br. 9°o7 25 m. br. 00G\ 730 m.br. 90°
684 m.br# 90°

650 m.br. 90°

995 w

946

854
s.br

J
.1

)
793 s.br,

67 5 w.sh
57 0 w.sh J

(a) The following abbreviations are used;
,  ,  ,  ✓

s - strong, m - medium, w - weak, v - very,
sh - shoulder, br - broad

(b) Polarizations 0° and 90° indicate perpendicular 
alignments of the sample.

(c) The meanings of the symbols used are as follows;
V - stretching
S - bending
p - in-plane bending 
/o - rocking

* 4

X - out-of—plane bending

(c)
Assignm
ents

/>  ( ch3)

^ l ( h 2o

y (o h )
and



Wavelength To Frequency Conversion Table
cnf~1 P cm” 1'

1+000 2 .5 1299
3 81+6 2 .6 1282
3701+ 2 .7 1266
3571 2 .8 1250
31+1+8 2 .9 1235
3333 3 .0 1220
3226 3*1 1205
3125 3 .2 1190
3030 3*3 1176
291+1 3.1+ 1163
2857 3*5 111+9
2778 3 .6 1136
2703 3 .7 1121+
2632 3 .8 1111
2561+ 3 .9 1099
2500 l+*0 1087
21+39 1+. 1 1075
2381 1+.2 1061+
2326 1+.3 1053
2273 1+.1+ 101+2
2222 1+.5 1031
2171+ 1+.6 1020
2128 1+.7 1010
2083 1+.8 1000
201+1 l+*9 990
2000 5 .0 980
1961 5.1 971
1923 5 .2 962
1887 5 .3 952
1852 5.1+ 91+3
1818 5 .5 935
1786 5*6 926
175*+ 5 .7 917
1721+ 5*8 909
1695 5 .9 901
1667 6 .0 893
1639 6.1 885
1613 6 .2 877
1587 6 .3 870
1562 6 . 1+ 862
1538 6 .5 855
1515 6 .6 81+8
11+93 6 .7 81+0
11+71 6 .8 833
11+1+9 6 .9 826
11+29 7 .0 820
11+08 7.1 813
1389 7 .2 807
1370 7 .3 800
1351 7.1+ 791+
1333 7 .5 787
1316 7 .6 781

P cm” ^ P

7.7 775 1 2 .9
7 .8 769 1 3 .0
7 .9 763 13*1
8 .0 758 13*2
8.1 752 13*3
8 .2 71+6 13. U
8 .3 7U1 13*5
8 . 1+ 735 13*6
8*5 730 13.7
8 .6 725 1 3 .8
8 .7 720 1 3 .9
8*8 711+ 11+.0
8 .9 709 11+. 1
9 .0 701+ 11+.2
9.1 •699 11+.3
9 .2 691+ 11+.1+
9 .3 6 90 11+.5
9.1+ 685 1l+. 6
9 .5 680 11+. 7
9 .6 676 11+.8
9 .7 671 11+. 9
9*8 667 1 5 .0
9 .9 662 15.1

1 0 .0 658 15 .2
10.1 65I+ 15 .3
10 .2 61+9 15.1;
10 .3 61+5 15*5
10 . 1+ 61+1 15 .6
10.5 637 15 .7
10.6 633 15 .8
10 .7 629 15 .9
10 ,8 625 1 6 .0
10 .9 621 16.1
1 1 .0 617 16 .2
11.1 611+ 16 .3
11 .2 610 16 .I+
11 .3 606 16 .5
11 . 1+ 602 16 • 6
11 .5 599 16 .7
11 .6 595 1 6 .8
11 .7 592 16 .9
11 .8 588 1 7 .0
11 .9 585 17.1
12 .0 581 17 .2
12.1 578 1 7 .3
12 .2 575 17.1+
12*3 571 17 .5
12 . 1+ 568 17 .6
12*5 565 17 .7
12 .6 562 1 7 .8
1 2 .7 559 17 .9
1 2 .8 556 1 8 .0
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Table H I

Frequencies and corresponding Ro-o distances for the decoupled 
^(OD) of pinacol and its hydrates.

Pinacol

•tf(OH) Ro-o ^(OD) Ro-o Ratio^COH]
(cm“^) (1) (cm"* ) (A) 'sKOD,

3419'
3379 2.79 2510 2.78 1.54

]
3339 
337 6

f 3321 2.77 2496 2.77 1.335266 )
3355 7

> 5290 2.7 6 2473 2.76 1.53
5226 J

31657
> 5144 2.72 2447 2.75 1.29

31243

2443 2.75
Pinacol
mono- 3225 2411 2.73
hydrate

2585 2.72

Pinabol ' 2496 2.77
hexa- 3413-3125
hydrate 2434 2.7 4
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CHAPTER IV

CONCLUSIONS

Infra-red spectra of pinacol and its hydrates have been 
obtained at the beam and low temperature and assignments of the 
principle vibrations made. More bands are observed in the pina
col spectra- than its hydrates which is to be expected in view of 
the proposed crystal structures, with sixteen molecules in the 
unit cell of pinacol whilst there are only two and eight mole
cules respectively in the unit cells of the monohydrate and hexa*~ 
hydrate* Also the dichroisms observed in the polarized spectra ; 
of pinacol and the monohydrate have assisted in deciding the 
orientation of the molecules in the single crystal samples. The 
dichroisms observed for >)(0H) of pinacol are discussed in terms 
of tautomerization along the intermolecularly H-bonded chain of 
OH groups.

The decoupled S>( OH) bands of pinacol and its hydrates have 
been obtained at low temperature. In pinacol four bands are obs
erved corresponding to the eight observed in the undeuterated 
molecule. In the monohydrate three bands are observed and in the 
hexahydrate only two. The number of bands present, the frequency 
positions and Ro-o(a) values are discussed in terms of the prop
osed crystal structures.
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INTRODUCTION
(-0 Lipid Systems

Polar lipids contain hydrocarbon chains which are 
hydrophobic (water hating) terminating in one or more polar 
groups which are hydrophilic (water loving)* Because of this 
dual nature such molecules are described as amphiphilic* All 
of these amphiphilic lipids crystallize in bimolecular layers.

The amphiphilic lipids can be classed in three main groups 
on the basis of their molecular make up and their interaction 
with water (j 6 > 77? 7 8). Figure 18 abstracted from the papea? 
by Lawrence (76)? shows the skeleton formulae of some amphiphi
lic lipids placed in the group classification. Group I consists 
of the monofunctional unionized fatty acids and alcohols and 
includes the important cholesterol and other sterols. Group II, 
also unionized, includes the monofunctional alkylamines, the 
bifunctional diols such as 1,2 hexadecane diol, 1,2 and 1,3 - 
monoglyceride diols, <x-hydroxy acids as well as the biologically 
important lecithins, phosphatidyl ethanolamines, inositols and 
sphingomyelins. Group III may be split into two sections and 
these are group Ill(a) and (b). Group IIl( a) includes many of 
the classic anionic, cationic and non-ionic detergents as well 
as the important biological compound lysolecithin. Group Ill(b) 
in general are aromatic compounds with three or more fused rings 
and although these molecules may ha/ve definite hydrophobic and 
hydrophilic regions, these regions may occur randomly through
out the molecule leaving no overall polarity. Compounds in this 
group include the sulpha.ted bile alcohols and bile salts which 
are steroids.
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The physical interaction with water varies from group to 
group. Group I dissolve up to 2,5$ water to form either liquid 
or solid solutions of water in lipidj the fatty alcohols reach 
saturation at the composition of a. quarter hydrate. In the 
hulk they are virtually insoluble in water but they form stable 
monolayers on water. Much more water dissolves in the group II 
lipids which then form certain well defined liquid crystalline 
phases (79)? for instance with the monoglycerides, up to 50$ 
by volume is dissolved in liquid and liquid crystal phases.
These substances are virtually insoluble in water and spread pn 
water, as do those in group I to form stable monolayers. In 
group Ill(a) the lipids possess one distinct hydrophilic region 
and can be distinguished from group Ill(b) lipids by the fact 
that they form liquid crystalline phases when small quantities 
of water are added to them, whereas group Ill(b) do not. Both 
these groups are soluble in water, do not form stable monolayers 
at the air/vrater interface but demonstrate an equilibrium 
between molecules in the bulk phase and those on t.he surfa.ce.

In this thesis the polar lipids studied belong to group II, 
These soluble amphiphiles interact with water to form liquid 
crystalline phases and sprea’d to form monolayers at the air/ 
water interfa.ce. These systems will be described in greater 
detail in part V,
(ii) Structure of Lipids

In most lipid material the polymorphism arises 
because of the different ways in which the hydrocarbon chains 
can pack together in bimolecular layers and the different a.ngles 
of tilt to the plane of the layer which these modes of packing 
produce.

The different polymorphic forms of 1-monoglycerides haye
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been studied by various techniques including thermal analysis 

(8O-87) and X-ra.y diffraction ( 82 ,84 > 85 » 86 ,88) as well as infra

red (89?90) and broad line N.M.R, spectroscopy (91) and di<- 

electric measurements (92,93)*
(i) 1-monoglycerides

The polymorphism of racemic 1-monoglycerid.es 

and other glycerides has been reviewed by Chapman (94) and 

later new information has been provided by the work of Larsson 

(95>96) and button (97).
The pioneer work on the polymorphism of 1-monoglycerides 

was carried out by Fischer et al (80) and Rewadikar et al (81), 

The work was extended by Malkin et al (82) who deduced from 

X-ray and thermal measurements that there existed three 

modifications for the 1-monoglycerides. These were a low melt

ing alpha. (<*) form and two higher melting modifications beta- 

prime ( j3f) and beta, (p) • Later button et al (85) after a re

investigation gave a further description of the crystallization 

phenomena. They not only observed the , p' and j3 forms but also 

a sub-alpha (sub~<*) form. The main points of the controversy 

over the polymorphism centred, around whether the sub- <* form 

is or is not crystalline, whether the sub- oc to c* transformation 

is genuinely reversible a.nd whether infact the cxform is stable 

down to the lower transition temperature (86), A brief outline 

of the data reported on the polymorphic forms of l-mono« 

glycerides is given below. The infra-red spectra of the 

different polymorphic forms of 1-monostearin are shown as 

figure 19. The frequencies of the OH and C=0 stretch, 0(011) 

and >)(C*0), of the different polymorphs of 1-monostearin are 

shown in table IV, The melting points of the polymorphic forms 

of some 1-monoglycerides are shown in figure 20,



<

7SOtoco
Wavt numbers (cm.’1)

figure 19*
Polymorphic forms of 1 -monosteari 
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Table IV *^(0H) and V(C=o) band position

in 1-monostearin (90).
Phase \)(o h )

(on )
-n)(C=W
(on~15

Liquid 3453 1706
3350 1 7 2 1

Sub- c* 1730

. p ' 3342
3243 1736

0 3307
3243 1736

(a) Alpha... form

The form is separated first from the molten 

1-monoglycerides (80-82) and has the lowest complete melting 

point. On the basis of X-ray measurements (single strong side 

spacing at 4*2A) Malkin et al (82) suggested that the °^form 

exists as vertical rotating chains hexagonally packed. button 

et al1 s (85) re-examination, however, showed that the chains 

were infact tilted and this was confirmed by Larsson (9 6)•
Dielectric measurements (93)> broad line H.M.R. (91) and 

infra-red (90) spectroscopy have given further evidence for 

considerable freedom of motion of the alkyl chains not only 

about the chain axis but also longitudinally and laterally.

Using infra-red spectroscopy, Chapman (90) found that upon 

going from the liquid to the o^form the H-bonding scheme altered. 

In the liquid state the II-bonds occured between OH and 0=0 

groups but in the °*form the bonding was found to be preferent

ially between OH groups. This was inferred from the shift of 

the OH) band to lower frequency and the ^(C=0) band to higher
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frequency (table IV) upon going to the otform,

(b) Sub-alpha form
Malkin (82,86) stated that the oCforra was 

stable only near its melting point, Lutton et al (85) showed 
by X-ray< diffraction, dilatometry and microscope examination 
that infact the o^form was stable down to 25°C below the solid
ification point where a reversible transition took place to 
what was termed the sub-®<form. The side spacings which 
characterized the sub-c»tform consist of one single strong line

O Oat 4*15A with other medium lines at 3*9* 5*75 and 3*55A. The 
sub-<*is thought to have tilted chains with long spacings 
similar to the j£T form. The reversibility of the transition as 
well as the X-ray data of Lutton et al (85) has been confirmed 
by Larsson (96) who showed that the angle of tilt of the chains 
to the end group planes was 55°•

Broad line H.M.R. (91) and dielectric (93) measurements 
have shown that just below the sub-^transition point the
motion about the long axis ceases, though Crowe et al (93) 
explain the dielectric data from the sub-oCform in terms of 
segment orientation, on which they do not elaborate.

Infra-red spectroscopic examination (90) showed that the 
cxform was stable down to a lower transition temperature and 
changed into a form giving a. spectrum of a crystalline modifica
tion; the sub~«* form. However the bands were broad which is 
rather suggestive of some orientational freedom. The spectrum 
also shows a splitting of the single band at-719cm~^ of the

T *1spectrum, into two components (at 7 27cm and 719cm" )♦ An
analogous situation occurs in n paraffins* In the hexagona,l
form of the paraffin, similar to the®cform of 1-monoglycerides,

— 1a single band exists near 7 20cm . Below the transition point
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to the crystal form the band is split into two (24) • A similar 
situation occurs in polyethylene (19?98). Stein (99) showed 
that the splitting arises in 11 paraffins and polyethylene only 
when these materials are in a certain crystalline state, the 
two components being due to interaction of nearest neighbour 
CHg groups giving rise to the out-of-phase and in-phase compon
ents at different frequencies. From this Chapman (90) deduced 
that the sub-o< form exists at least as a. very ordered system 
and probably a crystalline lattice of the common orthorhombic 
type. Also from a shift of the \>(0E) band to even lower 
frequency and the N>(c=0) band to higher frequency (table IV) he. 
was able to deduce that in the sub-oC form the OH groups become 
more strongly H-bonded whilst the reverse occured with the C= 0 
group.

More recently Lutton (97) using differential thermal 
analysis and X-ray diffraction has found evidence for the 
existence of a reversible transition sub- DC sub-oC ̂
(indicated by Malkin et al (82) for 1-monostearin) below the 
reversible sub- transformation for C-̂ g to C22 compounds;
it occured at about 50°C and was found to be independent of 
chain length. The X-ray patterns of the sub- 2 and sub-6* ̂  

forms were found to be very similar. Lutton (97) found a
value pf the heat of transformation of. the sub-o^— * sub- of

— 1 — 112.6Jg" compared with a value of 48Jg of the sub-
transition. It is still uncertain what the transition is due 
to.

Only five sub-oCforms have been observed for 1-monomyristin 
(91), 1-monopalmitin and 1-monostearin (85,90? 9 1 ? 93), 1- 
monoarachidin and 1-monobehenin (97)* Therefore whether this 
form exists for shorter chain 1-monoglycerides is open to 
conj ecture•
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(°) Beta-prime form

Malkin et al (82) obtained the p* form by a 
particular form of heat treatment of molten 1-monoglycerides.
He showed that the melting points of the p 1 form of the 1- 
monoglycerides alternate, as shown in figure 20. The X-ray 
analysis showed short spacings of 4*24 and 3.86? whilst the 
long spacings were similar to thepforin.
It was therefore deduced that the structure consisted of non
rotating alkyl chains tilted at an angle of 59° in the bilayers. 
Lutton et al (85), Chapman (90) and Larsson (96) obtained the 
p ! form by rapid crystallization from certain solvents. A 
single crystal of the p T form obtained by rapid recrystalliza
tion was examined by Larsson ( 9 6 ) using X-ray diffraction. He 
showed that the single crystal data was identical with that 
recorded for one form of 1-monoglycerides (96,100). Therefore 
Larsson (96) stated that the crystal form earlier known as the 
p1 form was optically active and that the racemic form separated 
into antipode crystals on rapid crystallization and this p ! 

form had nothing to do with the polymorphic transitions in 
racemic 1-monoglycerides. The principal arrangement of the 
molecules are directed head to head and the chain packing is 
the common orthorhombic. The angle of tilt of the chain is 55° 
a,nd the direction of tilt alternated in successive double - 
layers•

Dielectric (93) and broad, line N.M. R. (91) measurements 
on the J5! form have shown tha.t the chains are indeed non
rotators.

Chapman (90) has studied the infra-red spectra, of three 
1-monoglycerides in the p'form. The spectra were more typical 
of the type of spectrum normally obta.ined with fully crystalline
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materials, ie* the bands were narrow and sharp. This is more 

easily seen in figure 19* Also a further shift was observed 

of the >?( OH) band to lower frequency (now split into two comp

onents) , and the V(C==0) band was also shifted again to higher 

frequency (table IV), These two effects were taken to indicate 

a further decrease in the participation of the 0 = 0  group in the 

H-bonding scheme in the |E£! form,

Lutton (97) using differential thermal analysis has recent

ly determined a heat of. transformation for the |3’ form to liquid 

at approximately 206 Jg*"̂ . This value compares favourably with 

the heats of transformation of the highly crystalline ^ form 

of even chain length fatty acids to melt (101) on a mole 

basis.

(cL) Beta form
The (B form is the stable form with the highest 

melting point and can either be obtained by transformation via 

the oC and forms or by slow crystallization from a suitable 

solvent. The alternation of melting points found for the (5 ’ 
forms is also found for the JB form (82) and is shown in figure 

20. X-ray diffraction (82, 85, 95, 96) has shown the structure 

to be rigid double layers of molecules with the alkyl chains 

packed in a monoclinic sub-cell with again an alternating angle 

of tilt of 55° in successive double layers. The short spacing
owhich characterises this form is at 4«55A.

Dielectric (93) and broad line N.M.R. (91) measurements 

yielded values of dielectric constants, line widths and second 

moments which lead to the conclusion tha,t the ^ form is a rigid 

structure with no a.preciable motion occuring.

Several workers (90, 102-105) have obtained infra-red 

spectra of the p form. In these spectra the bands are, as in



- 42 -
the ^51 form* of a more crystalline nature. Chapman (90) 
observed that the>?(OH) band was shifted even further to lower 
frequency (table IV), He deduced that this overcall shift sign
ified stronger H-bonds which could be correlated with the p form 
having the highest melting point and is therefore the most stable 
polymorph. Chapman (105) notes that the major differences 
between the spectra of the pform lie in the 1250cm region where 
the vibrations are due to CE2 wagging and twisting modes,

Lutton (97) using differential thermal analysis has found 
a value for the heat of transformation of the pform to liquid, 
siiailar to that of the p* form to liquid, of approximately 
206J g “ 1 ,

( ii) Unsymmetrical trialkylphosphine oxides
Ho reports have been made, to date, of the 

structure of unsymmetrical trialkylphosphine oxides. Some info
rmation is available however from the studies made on the analog
ous unsymmetrical trialkyl-H-oxides (106, 107)*

In the case of the X-ray measurements (107) spacings have 
been observed, but not distinct ones, Lutton (107) has suggested 
this is due to the presence of several different crystalline 
phases with different degrees of hydration. Prom the side si^ac- 
ing data it would appea.r that the H-oxides crystallize in the 
normal bimolecula.r layer structure of long chain compounds.

There is no evidence for the existence of different poly
morphs in the unsymmetrical trialkylphosphine oxides.
(III) Eydrati on of Lipids

Polymorphism of a similar nature to that of 1-mono
glycerides is observed in long chain alcohols (108, 109) and 
a,cids (110, 111). Por fatty alcohols three principal crystal 
modifications have been distinguished <x , |3and K forms• Similarly
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the long chain acids also exhibit three different crystalline 
forms. These a.re A, B and C for even acids, and A*, B 1 and C* 
for odd acids, although there has been recent spectral evidence 
of a fourth modification of some even acids (hexadecanoic and 
octadecanoic acids)(35?36)*

Several workers whilst studying the polymorphism of these 
compounds have noted the effect of water. The techniques used 
in these studies were X—ray (112, 113» 114), dil atometry (115)? 
thermal analysis (116, 11?) and dielectric measurements (115?118, 
119)• It was found that small traces of water affected the 
polymorphic transitions.

A better understanding of the interaction of alcohols and 
acids with water was obtained later by Trapeznikov (120-129)*
He showed that in the bulk, higher aliphatic alcohols and acids 
interact with water and form hydrates characterized by definite 
physical properties such as the temperature of transition, 
melting and density. Also hydrates of these compounds exhibited 
sharply pronounced polymorphism, in particular formation of the 
liquid crystalline mesomorphic structure on surfaces,

Further evidence of hydrate formation was also obtained by 
Brookes et al (150,151) who used both monolayer pressure measure
ments as well as thermal analysis in their investigation of the 
effect of water on the polymorphic transition of tetradecanol 
and hexadecanol. They found a ratio of one water molecule to 
two alcohol molecules reduced the temperature of the otto ^ trans
ition by a full 10°C. Lawrence et al (132) however in their 
study of the effect of water on the form of long chain alcohols
found a value of one water molecule to four alcohol molecules at 
saturation for alcohols above octanol. They also found that 
water infact increases the freezing point from the liquid to



**
hexagonal form and reduces the transition tempera, ture to the 
lower symmetry packing there hy stabilizing the oC form. Al- 
Mamun (12) obtained further evidence of the increased range of 
existence of the oCform of alcohols in the presence of water using 
infra-red spectroscopy. Figure 21 shoy/s the pure hexadecanol 
spectra, when in the  ̂ and ©< forms as well as that when saturated 
with \/ater. Whereas at 39°C pure hexadecanol exists in the ^ 
form, with Y^ater at the same temperature an o t phase spectrum is 
obtained•

Even though this large volume of work has been carried out 
there is no X-ray evidence of the specific hydrate structure.

The existence of a monohydrate in the 1-monolaurin/water 
system has been proposed by Lawrence et al (133)• The phase 
diagram for this system is shown as figure 22. The solid p modi
fication of 1-monolaurin melts at 61°C and addition of water 
lowers this to a eutectic minimum at 41°0 after which the phase 
boundary rises to a pea.k suggesting the formation of a mono
hydrate. Further evidence for this monoliydrate was obtained from 
broad line N.M.R. measurements. The solidp modification has a 
second moment of 17*62(±. 0.47)0^ whilst the value of the mono
hydrate was 19*4l ( i 0 .3l)G^. The value for the monohydrate is 
in agreement with what would be expected due to interaction of 
two or more protons on the water molecule with each other and the 
effect of H-bonding thereof. HoY/ever there is no rea.l evidence 
for any higher hydrate designated by the dotted line at approx
imately 16° C.

In the case of the unsymmetrical ' trialkyl-ll-oxides there 
are several reports of their behaviour with water (106, 107» 134- 
139). Of the studies only Lawson et al (106) using broad line 
N.M. R. spectroscopy and Lutton (107) "using X-ray diffraction have 
looked a.t the crystalline phase. In neither case v/as evidence



10

Figure 2 1 .

W

2.7: 3.25

Infra-red spectra of hexadecanol A- form(30<,C ), 3-saturated with 
water at 39°C, G-<x forrn( A5°C) .
V/avelength 6 -lS^and 2 .7 5 -3 . ( » 2 )
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found for tlie presence of a hydrate although Lutton (107) has 

remarked that in the crystalline phases different degrees of 

crystal hydration seemed likely. In the case of the unsymmetrical 

trialkylphosphine oxides only two studies, to da.te, have been 

reported on the binary system with water (140, 141)« In neither 

case was a study made of the crystalline regions of the phase 
diagram.

However in the case of the symmetrical trialkylphosphine 

oxide, trimethylphosphine oxide, Goubeau et al (142) have postul

ated the formation of various hydrates to account for the appear

ance of several P = 0  stretching, P=- 0) , bands in the infra-red 

spectra of the solid hydrated material. This spectral data was 

supported by vapour pressure measurements.

Also more recently evidence has been reported by O ’Laughlin 

et al (143) for hydrate formation in the case of tri-n-octyl- 

phosphine oxide (f.O.P.O,). The extraction of water in CCl^ solu

tions of T.O.P.O, was studied at various phosphine oxide concent

rations. From infra-red and IT.II. It. spectroscopic data as well as 

vapour pressure lowering data in addition to partition data, it 

was found that T.O.P.O. extracts water to form a monohydrate for 

concentrations of T.O.P.O, of less than 0. Ill,

(IV) Structure of Water from Infra-red .and Ram&n Spec tro_s co.py

Several reviews (144-146) have been produced on the 
structure of water, a subject which has attracted much attention 

in recent years from both biologists and physical chemists.

Before a discussion of the structure of liquid water, it is 

necessary to consider what exactly is meant when talking about 

structure in connection with liquids.

In solids there is little doubt about the meaning of the 

word structure, a term used to describe the spo/tial relations



between molecules. Such descriptions are possible because spatial 

relations persist much longer than the time necessary for measur

ing these relations. As a result, uncertainties in average mole

cular (and atomic) positions are very small because measurements 

can be extended over periods of time many orders of magnitude 

longer than the correlation times of molecular motions. In 

liquids however, it is doubtful whether these prerequisites are 

fulfilled.

In liquid water the molecular motions may be divided into 

rapid oscillations and rotations and slower diffusional motion* 

Therefore the ’structure1 depends on whether one considers a time 

interval short compared to the period of oscillation, or an 

interval longer than the period of an oscillation but less than 

the time for a. displacement, or an interval considerably longer 

than the displacement time.

Spectroscopic techniques such as infra-red and Raman yield 
information about the so-called vibrs.tiona.lly-averaged (V) struc

ture. This is because the periods of vibration (iO"^"; to 10 ^'s)

for both intra and iniemolecular modes of water are short comp-
■•11 12ared with the average time (10" to 10" t*s) between diffusional 

motions of molecules.

On the basis of a wide range of studies of liquid water, 

models have been postulated for liquid water. Most of these 

models can be grouped into two general categories, ’mixture1 and 

’conti nuum1 models.

The mixture models (147-151) describe liquid water as an 

equilibrium mixture of molecular species with different numbers 

of H-bonds per molecule.

The continuum models (152-154) describe liquid water as a 

still essentially complete H-bonded network with a distribution
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of H-bond energies and geometries. These models consider the 
average strength of E-bonds in water to be weaker than in ice as 
a result of irregular distortions and elongations both of which 
increase with temperature.

On the basis of the vibrational spectrum it should be poss
ible to choose between the two types of models (as the frequency 
of OE stretching vibrations is known to decrease in a regular 
manner with increasing strength of H-bond (155))* If liquid water 
consisted of a mixture of molecules with broken and unbroken H- 
bonds then every OH stretching band would consist of twc sub- 
bands, The sub-band corresponding to the non-II-bondod Oil groups 
should occur at a frequency considerably higher than that of the 
sub-band due to the li-bonded OH group's and should be detectable. 
Moreover the relative intensity of this high frequency sub-band 
would increase rapidly with tempere,iure as the proportion of 
broken H-bonds increased. If on the contrary, liquid water cont
ains a continuous distribution of the H-bond energies, then a. 
single broad band would be expected, which would shift gradually 
towards higher frequencies as the temperature is increased and 
the average strength of the H-bonding decreased.

However with the stretching bands of liquid T/atcr some 
complications arise. The frequencies of the two OH stretching 
vibrations, the OH symmetric ( *>?]_) and asymmetric ( stretch
and the first overtone of the bending vibration ( ^ 2) > 2S>0 , 
happen to be very close to one another in liquid H2O. A similar, 
but even more complex situation holds for higher overtones and 
combination bands, so that the spectrum infact consists not of 
single bands but of ’band clusters’ which contain a rapidly in
creasing number of vibrational transitions. The situation in 
liquid I^O is the same as in HgO, all the vibrational frequencies



being simply reduced by a nearly constant factor of 1.36. The 

vibrations and  ̂ enter into Fermi resonance with the over

tone of V 2 (156). Fermi resonance within each ‘band cluster’ 

may produce intensity borrowing and frequency shifts which will 

vary with temperature in a complex manner, since the frequencies 

of the three fundamentals va.ry differently with temperature. 

Finally intermolecular coupling occurs between like vibrations of 

neighbouring molecules and intramolecular coupling occurs between

the closely spaced vibrational levels \) and V-, leading to al >
general broadening and distortion of all band shapes.

However most of the above complications can be ruled out by 

the far simpler spectra of EDO (60, I56-I58) produced by isotopic 

dilution dilution of HgO in FgO 0T ^2  ̂ versa. The

residual Oil and OF stretching bands, -\> (OH) and b)(0F) , t hu s 

produced are said to be decoupled.

Figure 23 shows the decoupled ^(OF) bands in liquid waiter 

obtained by Wall et al (60) and Walrafen (159) using Raman spect

roscopy, along with that obtained by Falk et cl 1 (156) using infra
red spectroscopy. Two interpretations were placed on the shape of 

the decoupled bands. The first was due to Wall et al (60), Falk 

et al (156) and Frank et al (160) all of whom emphasized that 

their results indicated an intensity distribution that wan cont

inuous and passed through a single maximum (except above the
-  3critical temperature at densities below O.lg cm , where rotation

al fine structure became important (160)).

The second interpretation of the shape of the decoupled Raman 

stretching bands shown in figure 23 was given by Walrafen (159? 

l6l). Walrafen believes that the observed band shape arises from 

the superposition of two or three relatively broad ovei’lapping 

gaussian component bands. Further support for Walrafen*s inter

pretation has been reported by Hartmann (162) and Senior et al
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(164) using infra-red spectroscopy. However more recently doubt 

has been cast on the interpretation of Walrafen (146, 164). Prom 

information obtained from the studies on the decoupled stretching 

bands the present style of knowledge 011 the structure of liquid 
water can be summarized as fo1lowss-

A range of OH environments, or H-bond strengths is present 

in liquid water. Water probably does not contain a small number 
of distinctly different molecular species, however the possibility 

is not ruled out that the liquid contains two or more species, 

each of which exhibits a wide range of molecular environments.

Also the presence of some non-II-bonded' OH ~roups in the liquid 

which have environments distinctly different from the majority of 

OH groups cannot be ruled out, although it seems unlikely.

(V) Lyotropic liquid Crystal line, phases.
Lyotropic liquid crystalline (i.e.) phases are formed 

by large numbers of lipids plus water at temperatures below their 

melting points,

The first lyotropic I.e. phase was observed in 1854 by 

Virchow (165) who in his own words 1 soaked a piece of nerve tissue 
in water for a long time* ari then saw this curious 1 Newgate 
frillT of tubular looking exrescences which are now termed 

myelins. Later in IO63 Neubauer (166, I67) observed their form

ation when ammonium hydroxide solution was brought into contact 

with oleic acid.

The I.e. state has been the subject of six relatively recent 

reviews by Brown et al ( 168, 169) , Christyakov (170), Winsor ( i j l j  

Benedy (17 2) and Chandrasekhar et al (17 5)*

The first step in the structure analysis of multicomponent 

systems is to characterize the different phases and determine 

their range of existence. This is cai-ried out by determining the



phase diagram of the system as a function of temperature and 

composition. Condensed binary phase diagrams of various group II 

lipid/water systems have been reported. They include amine/water 

(17 4) , amine oxide/water (107? 138), amine-hydrochloride/water 

( 17 5, 17^)? alkyl-imide/water (177)? dimethylalkylphosphine oxide 
/water (141), dodecylhexaoxyethylene glycol monoether/water (178), 

1-monoglyceride/water (13 5 > 178-183, 209), and lecithin/water 

(184) systems, two of which are shown in figures 22 and 24* A 
number of different I.e. phases have now been characterized the 

two most frequently encountered being the so called 1 neat’ and 

’middle’ phases.

Ci) heat phase
The presence of a neat phe.se is most easily detect

ed by the birefringent textures which it shows under the polariz

ing microscope (185, 186) and the way in which these textures 

flow when pressure is applied to the microscope slide. The text

ures can take the form of myelins, batonnot and ’maltese cross’ 

focal conics as well as many others, between crossed polarizers.

A large amount of X-ray data, has been reported on the neat 

phase of many systems since the early measurements of Stauff (187) 

and Doscher et al (180), The systems studied include soap/water 

(189-199), ami ne-hydrochlorido/water (195? 199), amine oxide/ 

water (107, 137)? alkyl-imide/water (200), 1-monoglyceride/water 

(180, 181, 182, 198, 201-203), dodecylhexaoxyethylene glycol mono- 

efcher/water (17 3) and phospholipid/water (184, 195? 198, 201, 203- 

205) systems. I11 each system the neat phase was found to have a 
lamellar, smectic structure with the lipid lamellae separated by 

layers of water. This sort of arrangmont is shown in figure 25, 

which also shows the X-ray parameters dg and d used to character

ize the structure.
It is found in the neat phase region of the above systems that
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at constant tenperature, d and s (the average surface area per 

hydrophilic group at the water interface) increase with increas

ing water content while dg decreases. However if the water cont
ent is kept constant, s is again found to increase with increasing

di C

a L
Figure 25 

Structure of neat phase showing 
X-ray parameters and d.

temperature whilst d and dg decrease. Luazati et al (194) have 

also found that in general the bulkier the hydrocarbon chains the 

more extended is the neat phase range of stability, although other 

chemical factors also play a role such as the presence of double 

bonds in paraffin chains which increases s.

Gallot et al (195) determined the specific surface area, s, 

of polar groups in a number of soaps. They found at a. constant 

tginp0rQ,ture and ior one cation, s was a xu.action ox one numioer 

of polar groups per volume of water present in the mixture, 

irrespective of the length of the hydrocarbon chain. They conc

luded, therefore, that the structure element dimensions are in the 

main determined by the interactions at the lipid/water interface, 

which in turn appears to be dependent on the concentration of the 

hyd ro p h i 1 i c groups.



Recent X-ray data of Lawson et al (157) on 'k̂ e neat phase of 

the dimethyldodecylamine N-oxidc/DgO system indicated that the 

water is associated with and around the polar ends of the amine 

oxide molecules# By assuming that the surfactant and water are 

not incompletely separated layers but instead, the oxygen of the 

amine oxide is incorporated into an ordered water lattice they 

derived an angle of tilt of 50-56° for the hydrocarbon chains.
The motion of the hydrocarbon chains is regarded as ’liquid 

like’ by most workers. This conclusion has been reached on the
obasis of the rather broad and diffuse band at 4*5A which is nearly 

identical with that found in liquid paraffins. However Luzzati 
(201) states that although the short range order is similar to 

that of liquid paraffins the disorder is not complete* This is 

concluded from an observed modulation, in some cases, of the int-
oensity of the 4*5A band showing that the movement of the chains 

are restricted. Further he states that since d^ decreases continu
ously as the temperature rises it is indicative of the polar 

groups in the plane of the water layer, and conformation of the 

chains being disordered. However, if as according to Lawson ct al 

(137) the amine oxide groups order the water around themselves 

then a reciprocal ordering of the amine oxide groups is expected 

at the interface.
Direct confirmation of the layered structure of the neat 

phase has been obtained from the electron micrographs of anhydrous 

surface replicas (196»197?200), osmium tetroxide fixed sections 

(196,197>206) and negatively stained specimens (197?207). The 

step heights obtained from electron micrographs have been found 

to be in good agreement with the long spacing values obtained 

from X-ray diffraction.

Electron spin resonanance (208) and nuclear magnetic reson

ance (155?138 ,183 ,209-220) studies on the neat phase showed that 

there was a measurable degree of molecular ordering along a
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direction perpendicular to the lamellar planes of the mesophase 
although there is a decrease in the degree of order down the 
chain from the polar head. The ordering of the water was found to 
he much smaller in magnitude and comparable to that previously 
observed in some hydrated silicates and fibrous material. Also 
the polar interface was not restricted to a planar surface but had 
a diffuse structure giving rice to an interface consisting, 
possibly, of the polar head group and ’ordered1 water as well as 
one or two methylene groups. There was also found to be evidence 
for lateral diffusion of the molecules in the lipid bilayer.

Thermotropic liquid crystals have been studied by both polar
ized (221-225) and unpolarized (226-228) infra-red spectroscopy, 
Maier et al (224) using polarised infra-red spectroscopy made a 
quantitative measure of the degree of order in the nematic phase 

of some of the 4»4,"*<3.i-*1~alkoxyazoxybenzenes, which compared 
favourably with that found by broad line I'T.M.R, spectroscopy. 
Unpolarized infra-red spectroscopy has been applied to the study 
of phospholipids (229> 250)and phospholipid/water mixtures in the 
I.e. state and membranes (250-254)*

Figure 26 shows the spectrum at various temperatures of DL- 
dipalmitoylcephalin (m,pt. 195°C), At low temperature, -186°C, : 
the spectrum shows a great deal of fine structure, eg, the band 
near 7 20cm 1 associated with the CB^ rocking mo-do, yO (CB^)* is 
split into a doublet. At room temperature some of this fine 
structure has disappeared and now only a single band occurs at 
7 20cm*-1. In the region 100°-120°C all the remaining fine struct
ure disappears. This behaviour can be equated with the melting 
of the chains, the smearing out of the bands being related to 
possible isomerism. In a phospholipid containing an unsa.turated 
alkyl chain, as in 2-oleoyl-5~stearoyl-I-l-phosphatidyl choline,
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the alkyl chains were also shown, using infra-red spectroscopy, to 

he in this *liquid like* state at room temperature*

Bulkin et al (227? 228) showed in their study of the I.e. 

phase of the phosphatidoyl ethanolamine/water system by infra

red and Raman spectroscopy, that the room temperature spectrum 

shows the 1 liquid like1 behaviour of the anhydrous spectrum at 

140°C, Also by intensity alterations with temperature it was 

shown that infra-red and Raman spectroscopy were sensitive tech

niques for determining phase changes in these systems.

Friberg et al (235) have used infra-red spectroscopy to study 

the effect of octanoic acid on the I.e. phase of the octylamine/ 

water system. They found that when the carboxylic acid was intro

duced into the I.e. phase of amine and water, an amine/acid salt 

was formed. This was evident from the infra-red spectrum in which 

the 1715cm"^ band due to non-ionized carboxylic acid groups was 
found to be absent.

( ii) Middle ;qhase

As with the neat phase the presence of the middle 

phase can be most easily detected by the characteristic birefring- 

ent textures (185? 186) and the way in which the textures flow 

when pressure is applied to the microscope slide. When viewed 

between cross polarizers the sample appears bright. The consist

ency of the phase is strikingly stiff and it will not flow under 

the force of gravity.

Early observations using X-ray diffraction were carried out 

by Bernal et al ( 236) on tobacco mosaic virus and McBain ( 237 ) oil 

the middle phase of the lauryl sulplionic acid/water system. 

According to McBain (237) the middle phase apparantly consisted of 

fibres or long rods or elongated elipsoids which lay parallel at 

a distance from each other in a hexagonal array. X-ray data has 

been reported on several systems including soap/water (190-197)?



amine oxide/water (107? 137)? alkyl-imide/water (200), dodecyl- 

hexaoxyethylene glycol monoether/water (17 8) , 1-monoglyceride/ 

water (180, 182), and phospholipid/water (194? 198, 205? 206) 

systems* The arrangement described by McBain (237) is shown as 

.figure 27 which also shows the X-ray parameters d^ and d used to 

describe the structure.

Figure 27.
Structure of middle phase showing 
x-ray parameters d^ and d.

In the above systems it was found that d and s increase with 

increasing water content while d^ remained relatively constant. 

However the incres.se in s is small compared to the corresponding 

neat phase and the value of s was found to be independent of the 

length of the hydrocarbon chain.

Luzzati et al (194) have found that in general the bulkier 

the hydrophilic moiety then the more extended was the range of 

stability of the phase. Also Gallot et al (195) have shown that 

s is a function of the molal concentration of the polar groups in 

the water of the system for all soaps of the same cation,

In the phospholipid/water system studied by Luzzati et al 

(194) a reverse middle phase was observed similar to that shown 

in figure 27 in which the water was located on the interior of

9



the rods and the lipid molecules filled the gap between. This 
structure has conformation from the electron microscopy studies of 
Stoechenius (206), In this case as the water content was 
increased, d, dw (the diameter of the water cylinders) and s 
increased•

A controversy has arisen about the middle -phase structure. 
This controversy centres around the details of the geometry of the 
rod like units, Luzzati et al (190-194) maintained on the basis 
of X-ray studies, that the units were uniform cylinders of a given 
diameter and definite length, Clunie et al { i l l )  have suggested, 
recently, that the units 1 consists of linearly aggregated spher
ical micelles1 having the appearance of a string of beads. Their 
argument was based on the fact that they observed no abrupt 
changes in the X-ray spacings across the phase bounderies and on 
a consideration of the relative volume filling capabilities of 
spheres and cylinders.

More recently Lawson et al (137) have studied the middle 
phase of the dimethyldodecylamine N-oxide/water system by X-ray 
diffraction and attempted to fit the data to both the above models* 
Their results indicated that in their cases the middle phase con
sists of cylindrical units packed in a hexagonal lattice although 
on the information obtained, it was not possible to make a comp-, 
letely unambiguous choice between the models. The interface was 
viewed by Lawson et al (137) as a layer of O r d e r e d 1 water with 
the oxygen of the amine oxide group substituting for a water mole
cule in the layer. This is a contradiction of the statement of 
Luzzati et al (191) who believed that the water in the middle 
phase behaved as a continuous medium.

It is believed a,s in the case of the neat phase, that the 
motion of the hydrocarbon chains is again 1liquid like1 but must 
be restricted to some extent by the anchoring of the polar groups
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at the solvent/surfactant interface*

Confirmation of the hexagonal structure of the middle phase 
has been obtained from the electron micrographs of anhydrous' 
surface replicas (197)? osmium tetroxide fixed sections (197? 206), 
and negatively stained specimens (197)* The interparticle 
spacings are in good agreement with the values found from X-ray 
measurements.

High resolution (137? 213) and broad line H.Ll.R, (215? 216) 
spectroscopic measurements have been carried out on the middle 
phase. The results of these studies indicated a looser packing 
of the chains than in the neat phase with a distribution of corre
lation times along the hydrocarbon chains. Also there is evidence 
of lower H-bond. Strength in the middle phase than in the neat 
phase.

To date no infra-red studies on the middle phase have been 
reported.
Summary

The structure of the neat and middle phases may be summarized 
as follows.

The neat phase is thought to consist of a conventional 
lamellar, smectic structure of equidistant bimolecular layers of 
an amphiphilic lipid separated by layers of water. The middle 
phase is envisaged as being a two dimensional array of equidistant 
cylinders or rods, the alkyl chains being located in the interior 
of the rods and the water filling the gap between (there is 
evidence that in certain systems the reverse structure does exist). 
In both cases the hydrophilic groups occupy the solvent interfaces 
and the v/ater molecules are ordered by H-bonding to these polar 
head groups, although the H-bond strength is greater in the neat 
than the middle phase. The degree of order of the v/ater in the



neat phase is similar to that found in some fibrous materials*
In both cases the motion of the alkyl chains consists of restrict 
ed rotation with a distribution of correlation times, less motion 
near the polar head groups. There is also some evidence for 
chain diffusion in two dimensions.

The work incorporated in this part of the thesis was part 
of an overall study of the structure and H-bonding in anhydrous 
polar lipids and the solid and liquid crystalline phases produced 
in the hydrated state.

The polar lipids studied in this case were the 1-monogly* 
cerides and unsyrnmetrical trialkylphosphine oxides. The object 
of the work was to use polarized and unpolarized infra-red spect
roscopy to investigate the structure of the lipids in the anhyd
rous and hydrated forms. This work was complementa.ry to that 
carried out by Mr, W.E. Peel, who used broad line N.M.R. spectror* 
scopy to study the anhydrous and hydrated forms of 1-monogly
cerides .
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CHAPTER II

EXPERIMENTAL 
(I) Preparation and purification of materials

(i) Preparation of 1-monoglycerides
Racemic 1-monoglycerides were prepared by Malkins’ 

method (82), but using di-isopropyl ether in the extraction to 
reduce the loss of monoglycerides into the aqueous layer. The 
preparation of 1-monooctanoin (MG8) is described in detail and the 
modification for the preparation of i-monoundecanoin (MGll) is 
given,

( a) MG 8
Pry HC1 was passed into a mixture of 25g of 

n-octanoic acid (Koch Light puriss., ^  99$ pure by G.L.C.) and 
34S of isopropylidene glycerol (I, P.G, ) ( additive ’A ’, Laporto 
Industries Ltd.) until the solution became cloudy, and then f o r  

a further fifteen minutes. The resulting solution was cooled in 
ice, shaken with lOOcm-^ of ice-cold di-isopropyl ether, and allow
ed to stand in ice. The supernatant liquid was decanted from the 
glycerol which had settled out, shaken with a further lOOcm^ of
ice-cold di-iso|>ropyl ether and poured into an ice-cold solution

•zof 17g of anhydrous calcium chloride in 165cm of concentrated 
hydrochloric acid. The solution was shaken for two minutes, and 
treated with 200cm^ of ice-cold v/ater and poured into a separating 
funnel. The ether layer i/as washed with three 200cm^ portions 
of ice-cold wa-ter to remove hydrochloric acid and calcium chloride 
and these retained. Each of the four aqueous layers was washed 
with 100cm of ice-cold di-isopropyl ether and all the ether



layers bulked, The ether was distilled off and the crude mono
glyceride crystallised twice from 80cm^ of 40/60 petroleum ether 
at 0°C. The yield of pure MG8 was 7 0^. The melting point deter
mined using a heating stage polarizing microscope and D,S.C. was 
38°C (Literature value 38°C (82)).

The reaction scheme is shown below.

CH 0v C H p O ^
|  ̂ ^TCMep | J ^ C M e p
C H O ^  DRY HC1 . CHO'^^
| RCOOH * |
c h 2o h c h 2o c o r

(b) MGll
For the preparation of MGll, 30g of I.P.G. and 

25g of undecanoic acid (Koch Light pure, B.P. 58) were used. The 
undecanoic acid was found to be ^ 9 9 $  pure by G.L.C. The yield 
of pure MGll was 7 5/« The melting point was 36°C (Literature 
value 56*5°C (82)).

(ii) Analysis of l-monoglycerides
Samples of the prepared 1-monoglycerides were also 

checked for the presence of fatty acid, glycerol and di-and tri
glyceride impurities using thin layer chromatography (T.L,C.)(209).

The T.L.C. analysis was carried out on glass plates 20cm, 
x 20cm. coated with 0.25^m layer of ICieselgel G, which was activ
ated by heating the plates in an oven at 110°C for half an hour.
One of these plates was spotted with 200pig of MGS and 200jAg of 
MGll in 40/60 petroleum ether using a micro-syringe. The plate 
was developed using a solvent system consisting of 106crP of 
40/60 petroleum ether, 47 o f  diethyl ether and l,5cm^ of 
glacial acetic acid (238). The development time was 45 minutes.
The plate was dried at room temperature and sprayed with a 0.2$ 
solution of 2 7,71-dichlorofluorescein in alcohol. The chromatogram

CHnOH
IHCl/CaClr, Y CH0H 

0°C
c e 2o c o r



was observed undor u.v. light of wavelength 350mji and consisted 
of yellow spots on a green background. No other spots which 
would be caused by the presence of impurities could be seen.
From the size of the sj)ots used on the chromatogram it has been 
established (209) that impurities of approximately 1 fo could be 
detected•

The solvent system used did not separate different 1-mono- 
glycerides but this was considered unnecessary because of the 
high purity of the fatty acids used,

(iii) Deuteration of l-monoglycerides
The l-monoglycerides were shaken above their 

melting points with D 20 and cooled to the I.e. state. The I.e. 
phase was then freeze dried at liquid nitrogen temperatures. This 
process was repeated seven times after which the resultant 
deuteration was approximately 950 as found by comparative inten
sity measurements of the *̂ ( OH) band before and after deuteration.

(iv) Preparation of unsymmetrical trialkylphosphine oxide
The unsymmetrical trialkylphosphine oxide, di- 

methyldecylphosphine oxide (CqQPO) was prepared according to 
Laughlin, The synthesis initially involved the preparation of 
the phosphonate (239) with subsequent conversion, to the phosphine 
oxide (240) via a Grignard reaction.

(a) Preparation of diphenyl decylphosphonate
Decyl alcohol was distilled from freshly ignited 

calcium oxide, the fraction collected being that which came over 
at 229°C, Triphenylphosphite was dried over anhydrous magnesium 
sulphate and sodium iodide was dried in an oven at 100°C for 
twenty four hours.

32g of decyl alcohol, 62g of triphenylphosphite and 2.5g of 
sodium iodide were then placed in a one litre three necked flask 
equipped with a condenser, nitrogen inlet and stirrer. V/ater from



a 50°C reservoir was circulated through the condenser. The flask 
was lagged thoroughly and heated to a temperature of 240°C "by a 
300 watt isomantle while 2-3cu.ft./hr. of nitrogen were swept over 
the reaction. Phenol began to distil from the reaction as the >
above temperature was reached. The total l-eaction time was 
approximately tv/enty hours, the contents of the flask remaining 
colourless throughout.

The reaction mixture was then distilled at a pressure of less
then 0.05mm and taken up in ether. This solution wen washed with
2N sodium hydroxide to remove the phenol, separated from the 
aqueous layer and dried over magnesium sulphate. The ether was 
then removed on a rot any evaporator and the remaining mixture 
distilled. The material collected came over at 180°C at a press
ure of 0.01mm. The diphenyl decylphosphonate was a colourless 
liquid and the purity of it was shown to be greater than 98/ by 
G.L.C. The yield of pure phosphonate was 55/*

(b) Preparation of
(l) 200cm3 of ether, which had been dried over

sodium, were used to cover 14.6g of magnesium turnings in a three 
necked one litre flask fitted with a cardice condenser, and 
stirrer. 57g of methyl bromide (b.pt, 4°C) were taken up in a 
lOOcm^ of ether, both of which had been cooled separately in ice/ 
salt. This ethereal solution was added dropwise to the magnesium/ 
ether mixture, to which had been previously added one crystal of 
iodine. The reaction mixture was cooled by ice/salt and stirred 
during the addition. When the addition was completed the mixture 
was stirred for a further 30 minutes.

350cm^ of tetrahydrofuran (T.II.P,), which had been digested 
over and distilled from lithium aluminium hydride, were then 
added dropwise. During this addition the reaction mixture was 
stirred and cooled in ice/salt. The apparatus wa,s modified



temporarily to permit distillation and the ether was distilled 
off until the liquid temperature reached 65-70°C. The reflux 
condenser was replaced and stage 2 of the preparation commenced.

(2) 37g of diphenyl decylphosphonate, in T.n.F. solu
tion, was added slowly to maintain a steady reflux. The reaction 
was kept under a slightly positive pressure of nitrogen and re
fluxed for twelve hours. It was then cooled in ice and hydrolysed 
with 250cm3 of water, making sure during the addition of the
water that the temperature did not rise above 15°C. To the slurry

/

of salts was added approximately 60cm^ of concentrated hydro* 
chloric acid. The pH of the aqueous layer measured 3* The 
combined layers were heated on a steam bath between 60-80°C and 
the upper layer decanted. The lower aqueous layer was kept hot 
and thoroughly extracted, by decantation, with chloroform. The 
solvents were then removed on a rotary evaporator.

The product was transferred to a 250cm^ flask, immersed in 
an oil bath maintained at 120°C by a hot pla,te. Steam was passed 
through a trap, then with a ten tiirn 0,25inch copper coil also 
immersed in an oil bath maintained at 130°C and the phenol was 
steam distilled from the reaction mixture until the distilate no 
longer gave a ferric chloride test.

The residue was extracted by four times lOOcur of hot benzene, 
the solvent removed on a rotary evaporator and the crude product 
taken up in 200cm of ether and dried with anhydrous magnesium 
sulpha,te. The solvent was again removed on a rotary evaporator 
and the crude product extracted with hot hexane which had been 
dried over sodium. C^qPO was then crystallized from the hexane 
at low temperature and finally recrystallized twice from hexan'e 
at room temperature. The melting point of this material was 7 5°C 
(Literature value 7 5°0 (l4l))« The yield was 20?'. Elemental 
analysis gave the following results;-



Calculated for C-^HgyPO s C, 66,06; H, 12.39$
Pound s 0 t £6 .05$ E, 12*36$

The overe.ll reaction scheme is shown below
. I

Hal , 0
(i) ROE + ( C ^ O ^ P  CATALYST" R P ^ C ^ E ^  +• C ^ O H

8 IN $
(ii) RP(OC6E5)2 *«- 2CEjMgBr “ T.E.F. RP(CE3)2 + 2C6E5OMgBr

(v ) Other materials
Carbon tetrachloride, CCl^, (analar grade) used in 

solution studies was dried over magnesium sulphate.
Water used was purified as described on page 10,
Deuterium oxide (99*7$) vras obtained from Koch light and 

used without further purification.
(II) Methods

(4) Thermal Analysis
The MG8, MGll and C^q PO samples were made by 

warming weighed mixtures to the temperature at which they formed 
isotropic solutions, shaking and then o.llowing them to cool. 
Samples containing D 20 were made up in a dry box,

(a) The investigations of the phase diagrams were carried 
out using the Du Pont 900 D.S.C. Because of the supercooling 
which occured in these systems it was not possible to determine 
transition temperatures on cooling runs. All samples were there-* 
fore cooled to -60°C and allowed to warm up at a programmed rate 
of 3°0/min. to record the thermogram. The transition temperatures 
were taken to be the onset of the peaks on the thermogram (figure 
28)

To ensure that no .water was absorbed or lost during the 
recording of a thermogram the sample pans were hermetica,lly 
sealed. All the points on the phase diagrams were mean values 
from at least two thermograms.
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Recovery

Equilibrium

figure 28

The instrument was calibrated using the melting or decompos 

tion points of the following substances.

CgE6 M. Pt. 5.5°C

CHjCOOH K. Pt. 16.7°C

^230^. lOB^O decomp. Pt. 52*4°C

BaBr. 2H20 decomp. Pt. 50.7°C

I.InClg • 4^2^ decomp. Pt, 58.1°C

(b) Transition at temperatures between -60°C and 60°C 

were also observed using a polarizing microscope. The samples 

were sandwiched betv^een two microscope slides precooled to -60°C 

by immersion in liquid nitrogen and allowed to warm up in air.

(c) Some of the transitions at high temperature includ

ing, I.e. melting points and dispersions to two liquid phases 

which gave very small or negligible D.S.C. peaks were also 
determined by direct observation of samples contained in sealed
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glass tubes and. heated in a stirred glycerol bath, the temperature 

being measured by a calibrated thermometer.

The agreement between transition temperatures determined 

by the different methods was always at least 1°C,

Methods (a) and (b) were used to investigate the polymorphism 

of the l-monoglycerides, MGS, MGll, MG12 and MG18. Both heating 

and cooling runs were undertaken in that case to obtain the 

position and nature of the polymorphic transition.

(ii) Infra-red studies

The liquid and polycrystalline samples were 

produced as thin films between both sodium chloride and silver 

ohloride windows.
The oriented neat I.e. films were produced by smearing the 

sample on silica or silver chloride windows and by successive 

translation of the windows in the direction of the long dimension 

of the pla.tes. Polarized spectra were obtained 011 the oriented 
samples using the silver chloride polarizer in the position shown 

in figure 6. The sample positions are shown diagramatically in 

figure 29 (plan view). ITo significant dichroisms were obtained 

upon rotation of the sample about the axis of the spectrometer 

beam (V=d) . Dichroisms were obtained however when the sample 

was turned at 45° (V=r45°) to the bean, while still in a vertical 

plane.

The films of middle phase were produced by smearing the 

samples on silica or silver chloride windows but these samples 

could not be oriented so dichroisms were not obtained.

The partly deuterated samples were made up in a dry box.

Single crystals of solid anhydrous and partly hydrated 

C10PO were grown from the melt bet-ween silver chloride and sodium 
chloride windows• During the crystallization the samples were
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_\i/(b)
source sample 

Figure 29.

detector
polarizer

Diagramatic representation of position of oricntod I.e. 
samples at:-

(a) 0° (V=0°)
(b) k5(V=45°) to the beam.

kept at a constant temperature of J0°C. Single crystal portions
/

wore then detected under the polarizing microscope and the remain

der of the cell blanked off with cardboard. Polarized spectra
Owere recorded, as above, but only for the sample position V=0, 

Dichroisms were obtained by rotation of the sample.

Three methods were utilised for variable temperature runs.

(a) For temperatures in the range 15-50°C cooling was 

effected by circulating water through a coil of copper tubing 
round the sam pie cell. The lowest temperatures were obtained 

using water from a reservoir of ethylene glycol/water cooled by 

a TECENE (ITT5) refrigeration unit,

(b) For temperatures higher than 50°C an electrically 

heated jacket ((J-2) - E11C) was used.
(c) For temperatures between -17 0°C and 15°C an R11C- 

VLT2 cell (figure 7) was used.
In cases (b) and (c) the temperature was controlled by the
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TEM 1 (RllC) temperature controller# All temperatures measured 
were accurate to ± 2°C,

The samples used were all sealed around the edges as before# 
Solution spectra in CCl^ were obtained in a cell of path- 

length l*5mm with sodium chloride windows and using a reference 
cell containing pure solvent*

All infra-red spectra were run on a Grubb Parsons 1Spectro- 
master1 double beam spectrometer? the range of scan covered was 
4000 - 55Pcm",,̂ , The calibration of the instrument was accurate 
to ± lcm"^.
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CHAPTER III

ANHYDROUS LIPIDS 

I) 1-MONOGLYCERIDES
* ■■ m» m III || ■■■■■!. »!■ «■ mt mnim * im|

(i) Results
( a) Thermal Analysis

When molten samples of the four 1-monogly
cerides studied were allowed to cool, phase transitions observed 
by D.S.C* occured at the temperatures given in table V, Typical 
thermograms are shown in figure 30 and it can be seen that there 
is no further transition down to -20°C. When the same samples 
were now heated phase transitions were observed at the temper
atures given in table VI and the thermograms for MG11 and MG12 
are shown in figure 31,

/

All the transitions which occured at or above room temper
ature, except that of MG18 at 47°C, have also been observed 
using a heated stage polarizing microscope.

The first transition which occured on cooling the molten 
1-monoglycerides, except IIG18, was the appearance of rings of 
structure in the liquid (transition A). A few degrees lower 
in temperature the samples assumed a variety of irregular 
birefringent shapes as described by Malkin (82). This latter 
transition, B, occured directly from the melt in the case of 
IIG18.

Samples of MC-3 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
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and MG 12 took several days for the same change to occur. MG18 

appeared to be indefinitely stable at room temperature in the 
form belo?^ C.

In the case of MGS, by holding the temperature just below 

eacn transition and then reheating, rapid conversion was observ

ed on D.S.C, to the highest melting (most stable) form,
(b) Infra-red

The infra-red spectra of MG8 and DMG8 in the 

highest melting form were obtained at- the beam temperature 

of 33°C and -170°C (figures 32 and 33)• Liquid spectra of MG8 

and DMG8 were obtained at 42°C (figure 34)• The frequencies 

of the absorption bands together with proposed assignments are 
listed in tables VII and VIII.

Figures 35 and 36 show the spectra of MG18 above transition 

A (liquid), between B and C (oc phase), below C( sub-<* phase) and 

in the most stable form ( p phase) • MG11 and LIG12 gave almost 

identical spectra in the liquid, ot and (5phases so these are not 

shown. In the case of JTG11 samples were cooled down to -3°C and 

then heated to 20°C and the spectra just above transition E 

( p ’ phase) obtained (figure 37)• In the case of MG12 a unique 

phase occurs below transition C and its spectrum is shown in 

figure 37 •
Tables IX and X show the posit on of *S>(0E) , ^ ( C — O) and

symmetric and asymmetric stretching of CH and CH^ groups,

S> (CH0) , S> (CH0) andSKCHx), respectively for the

various phases.
It was not possible to obtain spectra of the phases between 

D and E, and E and F in the cases of MG12 because the lifetime 

of the phases was so short.
Spectra of the decoupled S)( OH) of D1IG8 in the stablest form
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Infra-red spectra of MG8 at:-

3.0

acs- Beam temperature ,We\relength(a) 6-18̂ c*
Cc) 2.75-3.625 ana 5.5-6.0/«.-170 C ,Wavelength(b) 6-18̂ <,(a) 2.75- 
3*623 and 3.3-6.Oyu.
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Figure 33.

Infra-red spectra of DMG8 at:-Beam temperature ,V/nveIength(a) 6 -1  8 m ,
U )  2.875-3.623 and 5.5-6.0/-.
-170°C ,Wavelength(b; 6-18/*, (d) 2.875 
-3.625 and 5.5-6.0/a.
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Infra-red spectra of liquid MG8(42*“c), Wavelength(a) 6-18«.,(c) 2.625
 ̂ . 0 . -3.75 and 5.5-6.0/u*and Qf liquid DMG8(42 C), Wavelength(b) 6-l8a,(d) 2.625

- 3 * 7 5  and 5 « 5 - 6 . 0 y i u
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Infra-red spectra of the polymorphic forms of MG18* !A, Liquid; B,o(.; C, Sub-e(; D,p;Wavelength 6~18^U .
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Figure 36. '

Infra-red spectra of the polymorphic forms of MG18 ,
A, Liquid; B,*; C, Sub-*; D,/3;Wavelength 2.625-3.625 and 5.5-6.0^.
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ana the form below transition.C for MG12,Wavelength (b) 6-18 ,
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were obtained at beam and low temperature and they are shown 
in figure 33.

Infra-red spectra were obtained of various concentrations 
of MG8 in CCl^ and the OH) and >0(C=0) regions are shown in 
figure 39. The concentration range covered was 0.0048 - Q.15M.

(ii) Dis cussion
(a) Polymorphism

The transitions observed on cooling the molten
1-monoglycerides agree to some extent with the results of Malkin
on MG11-MG18 (82) and of Lutton on MG18 (85). However certain 
additional features have been observed and it has been possible 
to confirm some of these observations using infra-red spectro
scopy.

l) Above transition A the 1-monoglycerides are in 
their liquid state. The spectrum of I.IG18 is almost identica<l 
to that of Chapman (90). shown in figure 38. The ^( OH) absorp
tion is broad at 3448cm“  ̂ and a single band is observed at 
7 20cm”  ̂ for the lower limit of the CH^ rocking mode, / o { 0 ¥ . ^ )  , 

whilst there are four components in the CH stretch region due
to the symmetric and asymmetric stretching of CH2 and CH^ groups.

However the \)(C— 0) band has been resolved as two compon
ents at I739cm“ -̂ and 17 28cm“l (figure 36) wherea,s Cha.pman (90) 
only reported a single band at 17 06cm“*̂.

The occurence of two *^(c=0) bands usually (50(e)) indicat
es the involvement of the carbonyl in H-bonding, the lower 
frequency component arising from the bonded carbonyl. It can 
be seen from table IX that the highest frequency component in 
the solid and liquid phases occurs regularly between 17 36cm“’̂  

and 17.4’Ocm~^# The fact that in the solution spectrum a compon
ent occurs at 17 54cm“  ̂ makes it difficult to decide whether the
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\)(0H) and\)(C=0) bands of MG8 in CCl^ solutions. 
Wavelength 2.625-3.25/*- and 5.5-6.0^.. '
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1736-1740cm~^ band is due to free -0(C=0) or another H-bonded 
species* In the present discussion we have merely considered 
the changes in the low frequency component of the ^ ( c = o )

doublet as being connected with the changes, in the H-bonding.
—  1The possibility occurs that the 1736-1740cm“ band arises from 

the intramolecular H-bond referred to in part (b) of this dis
cussion*

In this work the lower frequency component of >0(C=0) 
appears as an intense shoulder at 17 28cm~^ to that at 1739c^* 
Two components have been resolved in the liquid sta.te spectra 
for all the 1-monoglycerides studied (table IX).

2) At transition A for MG8, HG11 and MG12 the 1-mono
glycerides pass through to a smectic I.e. phase the ring like 
structures observed under the polarizing microscope are 1 stepped 
drops’ which are formed by smectic phases under suitable condi
tions (241).

The oC phase was regarded, by Malkin (82), to be formed 
first from the melt and to be stable near the melting point.
He has described this phase as ’dark greyish pools which give a 
strong uniaxial interference figure’• It is almost certain that 
in this case he was observing the I.e. state.

Attempts were made to obtain infra-red spectra of sam pies 
of MG8, MG11. and MG12 in this state but the lifetime of the 
phase was too short to allow any measurements to be made.

3) At transition B the I.e. phase transforms into a 
solid phase which Malkin (82) describes as ’aggregates of 
molecules in all states from vertical rotating to tilted rigid’.

X-ray data (85,96), infra-red spectra. (90) and P.M.R. line 
widths and second moments (91) have been reported for this solid 
and from this evidence it is considered to be an c< pha.se in 
which the alkyl chains are hcxagonally packed and rotating about
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their chain axes, However more recently it has been suggested 
(209) £  rom P.M.R, second moment calculations that the phase 
observed in the case of MG11 and MG12 is intermediate between 
a true phase and a smectic I.e. phase in that rotation takes 
place but the chain axes are tilted with respect to the pla.nc of 
the bilayers.

The infr0.-red spectrum of the c>< pho.se of MG18 (figure 35) 
is similar to that reported by Chapman (90), A series of ba.nds 
occurs in the 1180~1340cm“-*- region, which were not present in 
the liquid spectrum and are due to various vibrational modes of 
the CH2 groups of the, chain, although the appearance of the 
spectrum below 117Ocm~^ is that more typical of a liquid. The 
series of bands between 1180cm“^ and 1340cm""-*- in this study show 
more structure than in the earlier work (90) (figure 3$)• Sim
ilarly in figure 35 can be seen a very intense and sharp band 
at 1463cm*"-*- associated with the CH2 bending mode, <f (CE^) which 
is more typical of bands in the spectra of highly crystalline 
solids.

Even though there are the same number of components in the
CH stretch region in this solid phase (figure 36) as in the
liquid and in the same position (table X ) , those associated with
asymmetric and symmetric stretching of the CH2 groups , V  a( CEp)
and V s( CE2) , at 2928cm"-*- and 2854cm"* •*-, are much more intense
in the solid. These differences in intensity of the V  ( CH ) ,a c.

CH^) and &  (CE2) in the liquid and phases are very strik
ing in our spectra but e„re not visible in those of Chapman (90) 
and have not been reported previously.

In the earlier work (90) (figure 38) 0. single band was 
observed for V ( C = 0) at 17 06cm*"-*- in the liquid which shifted
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to 17 21cm*"'*- in the oC phase and on the basis of this s.nd the 
shift of *̂ (01i) to lower frequency upon going from liquid to the 
OC phase, Chapman (90) drew the conclusion that the H-bonding 
was preferentially between OH groups in the solid phase.

We have not observed this single V ( C = 0 )  component, S)( C—0) 
was resolved, as in the liquid, as a doublet (figure 56, table 
IX) with the lower frequency component having reduced intensity 
relative to its counterpart in the liquid, and moved to a lower 
froqency 03? 1718cm*"-*- whilst the other *\)(C=0) component is 
relatively unchanged in position at 17 38cm"-*- and has only a 
small increa.se in intensity. However *0( OH) is broad, and has 
ohifted to a lower frequency of 3390cm"-*- relative to the liquid 
at 3448cm"-*-, which is similar to that previously observed (90). 
Therefore it may be deduced that the carbonyl has become less 
involved in the H-bonding scheme, although the H-bonds which 
are formed with the carbonyl are stronger. The H-bonding may 
therefore be predominantly between OH groups as Chapman (90) 
suggested.

These genera.1 observations have been ms.de with the ̂ phases 
of both MG11 and MG12.

4) Transition C has been the centre of a great deal 
of controversy between Malkin (82,86) s.nd Lutton (85) as to 
whether the transition was reversible and the nature of the 
phase produced, Lutton (85) studied MG16 and I.1GI8 and stated 
that at the lowest transition temperature a sub- ** crystalline 
phase was produced and the trs.nsition was reversible. Y/e have 
confirmed the reversibility of the transition C in the case of 
UGll and MG18. The much lower value of transition C in MG11 
than in MG12 (te.ble V) is due to an alternation effect implying 
a gres.ter mobility of the chains in the 1-monoglycerides
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cont a.inirig odd numbered chains.
The spectrum of the sub- phase of IIG18 obtained in this 

study is shown in figures 35 and 36 and the earlier spectrum in 
figure 38. Similarities are apparent but again there are marked 
differences as followss-

i. More structure is observed, in this work, in the 
117 0-134 Ocm-■*• region. The bands in this region now have the 
appearance of those of a crystalline solid,

ii. The 7 20cm band is now split into two compon
ents at 7 50cm-’*' and 7 21cm-’*’ and the intense single band at 
1463cm*"-*-, due to S (CB^)* in. the <=* phase spectrum is now split 
into two components at 1406cm"’'*' and 1462cm-’*’, This latter 
doublet has not been previously observed in the sub- oC pha.se
of HG18,

The splittings of the 7 20cm ^ and 1463cm*"•*- bands are 
thought (99) to arise because of the nearest neighbour CHg 
groups interacting to give the out-of-phase and in-phase modes. 
This sort of behaviour is found in the highly crystalline 
n-paraffins (24) and polyethylene (19?98) and it wan therefore 
suggested (90), on the basis of the splitting of the 7 20cm-’*' 
band, that the sub- form had a crystalline lattice (or at 
least a very ordered system) possibly of the common orthorhombic 
type,

iii. Further evidence of the highly crystalline 
nature of the sub- oC form can be seen in the splitting of the 
single band associated with "̂ a( CE^) at 2930cm-’*' in the form, 
into two components (table X and figure 36) and the general 
intensification and narrowing of the bands in the CH stretch 
region compared with the form. This behaviour has not
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previously been reported. The components observed here have 
similar relative intensities and positions to those found in 
triclinic ***-820^/12 (^9) although in that case a further compon
ent was resolved at 2922cm"*1.

iv. In the earlier work (90) a single O(C=.0) band 
— 1has been observed at 1730cm in the sub- oC phase of MG 18 

(figure 38). This is a shift to a higher frequency relative to 
the oC phase and on the basis of this and the shift of ( OH) to 
loY/er frequency upon going from the oC to sub-<x Chapman conclud
ed that the H-bonds between OH groups are becoming stronger.

In this work (figure 38) the *0( C— 0) is still resolved 
as two components of a similar intensity to those of the ©< phase 
but narrower overall, with the lower frequency component now 
at a slightly higher frequency of 17 22cm*-1* However ''O(OIl) is 
broad and has shifted to a lower frequency at 33 20cm"*1 which is 
similar to that previously observed. It would therefore appear 
that in this highly crystalline phase the contribution of the 
carbonyl to the H-bonding network is similar to that in the 
o4form although the E-bonds formed are slightly weaker. Also 
the predominating H-bonds between OH groups have become stronger.

5) For the other 1-monoglycerides studied transition 
C was irreversible and several different types of behaviour have 
been observed when samples w e re reheated after cooling past this 
transition.

In the case of MG8 the cooled sample melted a/fc the p 
melting point (transition G) , indicating that below transition 
C the p form is obtained. There is no evidence from the D.S.C, 
measurements made that any intermediate form such as p 1 sugg
ested by Malkin (82) occurs under these conditions.

For HG11 on heating past the reversible transition C, a
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small exotherm (transition E) is observed at a variable temper
ature, probably determined by the number of seed crystals pres
ent and the previous thermal history of the sample. At tran
sition E the p 1 and p  forms are produced since partial melting 
now occurs at 52° and 56° (transitions P and G) , The positions 
of these observed transitions agrees well with those of Malkin 
(82), The relative intensities of the two peaks indicate that 
the lower in tempera,ture the sample is cooled the more p  form 
is produced at transition E.

The infra-red spectra, of the p 1 forms of HG18 and MG 12 
have previously been reported (90) and that of MG18 is shown 
as figure 38* The spectrum of the p* form of MG11 from this 
study is shown as figure 37• The spectra have general similar
ities but again there are differences from the earlier work.

The differences between the spectra may be due to the fact 
that the p 1 phase of the earlier work was obtained by rapid 
recrystallization and run as a nujol mull, whilst the present 
work involved the use of a heating cycle. In both cases there 
will undoubtedly be a certain small amount of the p  form present.

In this work the overall resolution of the spectrum (figure 
37) is much better thpn that previously reported by Chapman ( 9 0 ) .  

The region 1470-700cm"1 shows more components generally than 
the sub-c< although the split bends associated with & (CH^) and 
/O (CHg) are now single components but still quite intense at 
1461cm"*1 and 7 22cm’*'1 respectively.

There are now five components in the CH stretch region, 
the intensity of the components due to V a(CH2) and "^(CHg) 
at 2919cm**1 and 2852cm"'1 being similar to those of the c* phase 
of MG11,

In the earlier work (90), *0(C=0) is resolved as a single
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band at 1736cm**1 , showing a significant shift from that in the 
sub- oC phase, whilst S>( OH) is now resolved as two broad comp
onents at 5342cm**1 (main component) and 3243cm"*1.

In this work V(Cs=:0) is resolved as two components at 
1739cm**1 and 17 29cm"*1 (figure 37) • The lower frequency compon
ent now has increased intensity compared with the oc and sub-c>C 
phases signifying an increase in the participation in the 11- 
bonding scheme of this phase. However this component has 
moved to a higher frequency relative to the oc. and sub-c* phases 
and shows therefore a decrea.se in the E-bond strength. Also 
V(OE) is resolved a.s two broad bands at 3408cm"*1 e.nd 3302cm*'1 

(main component) ,
The behaviour of MG12 upon rehea.ting is more complex than 

that of any of the other 1-monoglycerides studied. At transition 
C, 26.5°C below the l,c.-oC phase transition (B) a solid is 
formed, the spectrum of which is shown as figure 37* The 
spectrum is neither that of a sub- ©C , or p T. It has pairs 
of bands at 1464cm~^, 1460cm"*1 and 7 23cm“1 , 7 21cm"*1 for £  (CHg) 
and />( CH2) modes respectively* The bands in the 1340-1180cm~1 
region show a structure similar to the sub~oC , There are seven 
components in the CH stretch region (figure 37 t table X) showing
a marked similarity in position and relative intensity to those

— 1of the sub- oC although there is also a component at 2950cm"* 
which is not present in the spectrum of the sub- ©C of MG18 
(figure 36 and table X).

Also the \?(0H) band is markedly asymmetric at 3347cm"1 
possibly showing the presence of further V (OH) components 
whilst that of the sub- oC of T.1G18 is symmetric. The V  (C^O) 
absorption is present as a single component (figure 37) at 
17 38cm*" which is in the same position as the higher frequency



*̂ ( C=0) component of the sub-^form, It would therefore 
appear that any H-bonding in this phase is taking place solely 
between OE groups.

By comparison of the spectrum of this phase with a sub-oC 
spectrum of MG18 (figures 35? 36 and 37) it can be seen that 
this phase is possibly a modified sub-oC structure with H-bond
ing only talcing place between OH groups.

6) Transition G is due to the melting of the highest 
melting or jj form. The p  form has been studied extensively 
by X-ray (82,85,95,96), infra-red (90,102-105) and P.M.R. (91). 
From this evidence it is considered that the crystalline habit 
of the p> form is monoclinic with layers of chains tilted at 
55° (95) towards the end group plane with chain tilt alternating 
in successive double layers.

The spectrum of the form of MG 18 has been previously 
reported (90) and is shown as figure 38. The spectrum of (3 
form of MG1# from this work is shewn as figures 35 and 36.
Again there are general similarities between the two, however 
the spectrum from this work is of a greater resolution and 
shows more detail especially in the region 1470-7 00cm"1.

There are seven components in the CH stretch region (figure 
36 table X) however it was not possible to compare the intensity 
of these with any of the other phases of 1IG18 since the spec
trum was obtained as a nujol mull whilst the others of 1IG18 
were obtained by suitable heating cycles. The intensities of 
the CH stretch components of the p  and p 1 phases of MG11 were 
similar.

In the earlier work (90) a single component was observed 
for *^(C=:0) at 1736cm**1 in the {3 form of MG 18 and. two bends 
were observed for %>(0H) at 3307 cm*"1 and 3243cm*"1 (main comp
onent) (figure 58). This single S)(C=.0) band was also observed



in other l-monoglycerid.es by Barcelo et al (103).
In this work the Oil) absorption bands are present at

3 292cm“1 and 3238cm*"1 (main component) for MG18, which is a 

shift to a lower frequency for the components relative to the 

(3* phase of MG 11 signifying a further increase in the H-bcnd 

strength upon going to the {3 form. There is also an increase 

in intensity and narrowing of b?( Oil) components of the Bform

of MG11 relative to the j2 1 form of MG11.

The *9( C= 0) absorption is resolved as a doublet in the p 

forms of all the 1-monoglycerides studied (table IX) . The lower 

frequency component in the longer chain 1-monoglycerides (MG11, 

MG 12, MG18) is of greater intensity than the other component 

whilst in the case of I1G8 the reverse is found, (figure 32). It 

therefore appears that the carbonyl may play a much larger role 

in the H-bonding scheme of the longer chain compounds than the 

shorter ones.

7) p f o rm of MG8

Assignments of the bands was made by comp

aring the MGS spectra with those of long chain saturated alcoh

ols (12,13)? n-paraffins (29?242), acids (30, 35) and ethylene 

glycol (57)* Further help in the assignment of the bands was 

obtained from the spectra of DMG8. The following points arise:-

i. The 3 phase spectrum in figure 33 indicates 

that the OH has not been completely replaced by OB, New bonds 

at 1025cm”1 and 800cm”1 are assignable to OB in plane vibrations, 

$(0D) , corresponding to the bands previously found at 1398cm""1 

(1437 cm”1 in ethylene glycol (57)) and 1063cm"’1 in the non- 

deuterated compound because the ratios of the frequencies betw

een the two compounds, 1398/1025 ** 1*36 and IO63/8OO =  1.34 

respectively, are close to 0§". In the low temperature spectrum
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of DMG8 the bands in the vicinity of any residual (3(0H) are 
intensified (figure 33) and split into a large number of compon
ents. It is possible that the band at 1403cm"1 is the residual 
p(0H) which has shifted to higher frequency due to the low temp
erature and appears more intense because of strong adjacent 
bands. Also in the low temperature spectrum of MGS (figure 32)
P( OH) at 1063cm”1 has increased in frequency and split into 

two components at 1075 and 1068cm ,
ii. In the beam temperature spectrum of DMG8 (figure 

33) a very broad band, quite weak, a,ppea,rs at approximately 
1030cm"1 upon which all the other bands in the region 1200- 
950cm"1 are superimposed. This broad band intensifies consider
ably at low temperature (figure 33) whilst remaining in the same 
position. Because of this alteration in intensity, bands in this 
region of the spectrum are drastically effected. The origin of 
this band is not known.

iii. In the low tempere/bure spectrum of MGS there
are at least four .Jf(OH) bands (figure 32) at 633cm"1 , 668cm”1 ,
775cm”1 and 800cm”1 and these bands are more intense than the

-1 ltwo weak broad bands observed at 622cm and 642cm”-1 in the beam 
temperature spectrum (figure 32). These bands are not observed 
in the DMG8 spectra. The increase in frequency and intensity of 
&(0H) vibrations with decreasing temperature and resolution into 

multiple bands was observed in the case of pinacol (part I, 
chapter III). In that case a broad, band at 626cm”1 a„t beam 
temperature was replacpd by at least three more intense compon
ents at 650cm”1 , 7 25cm"1 and 7 95cm”1 .

iv. A band at 656cm"1 is observed in the beam 
temperature spectrum of DMG8 (figure 33) which is not present 
in the spectrum of MGS (figure 32). This band although it



intensifies at low temperature does not change in position. It 
is therefore unlikely to he a ^(OB) component.

v. Several other new bands appear in the deuterated 
spectrum at beam temperature (figure 33) and several are reduced 
in intensity. Some of the new bands are adjacent to bands which 
have greatly reduced intensity relative to the undeuterated comp
ound spectrum at beam temperature (figure 32). Therefore it is 
reasonable to expect that these are not new bands but bands which 
are eclipsed by previously strong bands and helped to intensify 
these bands. New bands at 931cm 1 and 899cm”1 are both weak, 
whereas ad j accent bands which were previously strong at 944cm"1 
and 916cm"1 in the undeuterated spectrum (figure 32) now have 
greatly reduced intensity at 943cm"1 and 9 1 5cm"1,

vi. A strong band observed at 1105cm” 1 in the spect
rum of MGS (figure 32) has reduced intensity at a lower frequency 
of 1093cm"1 in the DMG8 spectrum (figure 33). This band has 
been assigned to V (CO) (1111cm"1 in the pinacol spectrum).
This shift to lower frequency on deuteration has been observed 
previously in the case of t-butyl alcohol (243)* In the t-butyl 
alcohol spectrum "^(CO) is shifted from 1214cm" 1 to 1210cm”1 on 
deuteration.

In the low temperature spectrum of MGS (figure 3 2) *>) (CO) is
resolved as two components at 1113cm” 1 and 1101cm”1. The splitt
ing of *>?(C0) at low temperature has been previously observed in
the case of methanol (14)•

vii. At lower temperatures in both the spectra of 
MG8 and DMG8 (figures 32 and 33) bands in the CH stretch region
split into a large number of components,

viii. A weak band occurs at 2984cm"1 in the beam 
temperature spectrum (figure 32) of solid MGS (2982cm"1 at low 
temperature) but not in the liquid spectrum (figure 34)* This 
band is also present in the beam and low temperature spectra



(figure 33) of DMG8. This band could be due to :~
a. ^~2 groups attached to the primary

alcohol group of the glyceride residue.
D. V ^ C B ^ )  of a CH2 group adjacent to the carbonyl

group.

c. Further component of \>a(CE^) due to interaction 
within the lattice.

This band is unaltered in position or intensity by deutera
tion and therefore is not associated with a* above. The shift 
from the general ^ a(CHg) position is greater than would be 
expected for the CH2 group attached to the carbonyl, although a 
weak band, has been observed in the case of CH^CE2COCE2CH2 (244) 
at 2955cm*’'*’ ’which has been associated with ^(CI^)* Therefore

•1the 2985cm band is thought not to bo due to b. above.
Therefore the band is assigned tentatively as a further 

component of V( CE^) as in c. above.
®) Decoupled Spectre,

There are three destinct peaks observed in 
the *O(0I-l) region of the low temperature spectrum of the (3 mod
ification of MG8 (figure 32) at 327 5 cm"*1 , 3252cm”’’*' and 3187 cm 1
whilst,only two are observed in the decoupled spectrum at
3296cm*-'*’ and 3213cm”'1' (figure 33)*

It has been shown (14) that the decoupled frequency should 
fall between the two observed frequencies for the coupled
vibrations. Therefore taking account of this a fourth band would
have been expected at 3317 cm**'*' in the normal spectrum of MG-8 
(figure 32).

The highest frequency peak of the coupled \) (OH) occurs at
3275cm**1 which is much lower than the ’free1, and intramolecular

— 1 .H-bond frequencies in the region 3646-3523cm observed in dilute



solution of the MG8 in CCI4 and also lover than the intramole
cular frequency of 3564cm~*1" in solid sucrose. It is therefore 
thought that there is no intramolecular H-bonding in the solid 
(3 modification of MG8 and if this is the case it is possible 
to use the correlation curve relating Rq-o ^(OH) in figure 
15 and obtain Rq.q values corresponding to these decoupled S> (OH) 
frequencies«

The appearance of two bands associated with the decoupled 
S>(OH) indicates there are two distinct OH environments giving
rise to Rg-0 distances of 2.76A and 2.73A for the V( OH) frequenc-

— 1 — iies 3296cm and 3213cm * respectively.
oIn pinacol a value of 2*76A has been obtained associated 

with one of the components of the decoupled “'O(OH) at 3290cm ***. 
Since in this compound only 0-H— 0 intermolecular H-bonding can

otake place it is suggested that the value 2*7 3 A is associated
with the Jl-bond distance 0-If 0=C. However even though crystal
studies have been carried out on the j3 form of 1-monostearin by 
Larson (96) using X-ray diffraction no structural information 
has been obtained about the end group configuration and there
fore no confirmation for the type of H-bonding is available*

(b) Solution
l) Solution spectra have been obtained of 1-mono

glycerides by Barcelo et al (103) but no information was obtain
ed in that study as to the H-bonding. Studies have been mo.de how
ever by Debye et al (245 >24-6) of the H-bonding taking place in 
1-monoglyceride solutions. They assigned overlapping bands (at 
3584cm“  ̂ and 9460cm’-'*' in one paper and 3676 e.nd 357 2cm*"-1- in the 
second) to ’free1 and ’bonded’ Oil groups, respectively, and 
found the ratio of the estimated intensities of these bands 5 OH 
free/OH bound decreased linee.rly with concentration in CC1
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solution because of increasing molecular association. In 
chloroform and benzene, however, the ratio remained almost const
ant, indicating that association was talcing place between gly
ceride and solvent molecules. Unfortunately} Debye does not 
disting nish between intra- and intermolecular H-bonding.

In this study of IIG8 in CCl^ solution eight components are 
observed in the OH stretch region (figure 39) in 'the most dilute 
solution in the range 3646*0523chi"’ The band at 3523cm**^ is 
broad. The concentration at which this spectrum was obtained, 
0.0048M is so low that there is little possibility of inter
molecular H-bonding (247)*

Diols in dilute solution are known to give two bands (46). 
These bands are due to the ’free1 S>(OH) at around 3630cm"^ and 
intramolecular H-bonded S?(OH) at approximately 3550cm'"’*' which 
is broader than the ’free’ ■'O(OIl),

Also in the cs.se of saturated alcohols which are incapable 
of intramolecular H-bonding asymmetry has been observed in the 
monomer band in dilute solution (248-255)* This asymmetry has 
been resolved as definite component bands which have been inter
preted in terms of OH groups in conformationally distinct 
environments in equilibrium ( 2499252-254) • It has also been
suggested that those bonds are due to C-H 0 intramolecular
H-bonding (251?255)* In the case of 1-propanol (251) a partially 
resolved triplet >?(0H) absorption was observed at 3639cm“^, 
3633cm“  ̂ and 3627 In this study Krueger et al (251) propos
ed the band at 3627 cm"’’*' was dtie to a C-H 0 intramolecular H-
bond between a methyl hydrogen and the lone pair of electrons 
on the o x y g e n atom. However there is a certain amount of scept
icism concerning this hypothesis (252). That a very weak C-H--
0-H lowers the \?(0E) frequency is challenged by the observation
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that a stronger Oil O-H bond in diols does not appear to affect

the ’free' “>)( OH) . When the OH oxygen of a diol serves as a 

proton acceptor the b)(0-H) is the same as that of the correspond

ing methoxy alcohol (figure 41)« Therefore the more generally

o.ccepted theory is that of comf ormational heterogeneity ( 249? 252-

254) .

o c  h 3— q  p — H

W  v(o-h) \ CHy

Figure 41*

1-Monoglycerides not only possess two hydroxyl groups in the 

1,2 positions but also further acceptor sites in the carbonyl 

and alkoxy oxygen. Using these donor and acceptor sites part

icipating in intramolecular H-bonding six possible structures 

exist. These are shown in figure 40*
The positions of ’free1 and iniraniolecularly E-bondod O  ( OH)

bauds in compounds containing OH OH, 01. 0N and Oil 0—C are
R

in the ranges 3644-3600cm“  ̂ and 36l6-3460cm”! respectively ( 247)* 

It may be therefore that the V (OH) bands of KGS in dilute 

solution at 3645cm"!, 3636cm"!, 3618cm”! and 3597 cm"x are due to
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Possible intramolecularly K-bonddd 
structures of 1-monooctanoin in 
solution.
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contributions from the structures shown in figure 40 with comp
onents present from the comformationally distinct ’free’ OH 
groups. It is not feasible to assign the individual components 
here because of the complexity of the spectre, and lack of data 
with which to correlate.

Also on present evidence it seems likely that the remaining 
bands at 3587 cm”-*-, 3571cm**'1', 3560cm"*-*- and 3523cm*"'*' may be due to 
the intramolecularly H-bonded V( OH) from species shown in figure 
40.

2) It is well known that the carbonyl group participa
tion in H-bonding in solxition with doner molecules gives rise to 
'O(C-O) be,nds at a lower frequency ( 256).

Evidence for the participation of the carbonyl in the II- 
bonding schemes shown in figure 40 can be seen from the observa
tion of two equal intensity components of S)(C—0) in very dilute 
solution (figure 39)• These components are observed at 1755cm  ̂

and 17 35cm"*-1-. In an 0.051! solution the bands occur at 1750 cm’"'*- 
and 17 34cm"*'1- and the addition of a small amount of HgO caused 
the lower frequency H-bondod component to increase in intensity 
relative to the ’free' component.

When the concentration of MG3 in CCl^ was increased the 
relative intensities of the *^(C=0) components altered. The 
’free* V (C=0) at higher concentrations is of greater intensity 
than the II-bonded component and also there is a small shift of 
the ’free* component from 17 53cm"**1- to 17 50cm"***". It is apparent
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from measurements in the \)(01l) region of the spectrum (figure 39) 
over this concentration range that as the concentration of MG8 
is increased intermolecular H-bonding takes pla,ce.

Upon altering the type of association taking place, from
intra,-to intermolecular, it might be expected that by analogy
with the shifts in V(OH) an increased shift to lot/er frequency
of V(C=0) might occur* For example ■'./hen ethanol is added to
n-hexane solutions of ethyl acetate (257) a shift is observed
of V( C=0) of 17 cm"1 relative to the ’free1 h)(C-0). However a
similar size shift is observed in \)(C=0) when intramolecular

OAC
H-bonding takes place in the compound OH in CC14 (258).

Therefore it may be that any intermolecular *\)( C=-0) compon
ents present at higher concentration in 1-monoglyceride solutions 
would not infact bo observed as separate low frequency S>( C=0) 
bands since they are likely to occur at the same frequency as the 
intramolecular bands. Thus even though there appears to be more 
intermolecular H-bonding at higher concentrations it is not 
possible to infer this from the carbonyl bands.

5) Evidence of alkoxy oxygen participation in intra** 
molecular H-bonding schemes of aryloxyacetic acids has been shown 
by Oki et al (259). In dilute solutions various aryloxyacetic

-1 iacids showed bands a t ^ 3 5 2 5 c m  and 3490cm~-L due to structures 
I and II (figure 42).

' A . „  .............. ..E - c6h4och2 - cVf/>n nc6H4oNCH2 - c;
''H

a

(I) (II)

figure 42.
Evidence for the participation of the alkoxy oxygen in 

triglyceride H-bonding scheme was obtained from the following



observations on tri1anrin-ethanol in CCl^ solutions, Trilaurin 
contains only two acceptor sites, a carbonyl and an alkoxy 
oxygen. In a, range of solutions from 0,005 - 0.1M in CCl^, the 
^(C=0) band appeared as a single intense band (figure 43) at 
17 50cm-1.

A dilute solution of ethyl alcohol (0.005M) in CCl^ showed 
only a single ’free’ V(0H) at 3636cm-1 (figure 43)* When solu
tions were made up containing 0,1M trilaurin and 0.005M ehtyl 
alcohol in CCIa and run against a reference solution containing

f

only 0.1M trilaurin in CCl^ a !freeT >)( OH) was observed at
5636cm-1 and also an association band which was much broader at
3570cm-1 (figure 43)* This association band could only be due

/to either 0-H---0=C or OH 0̂  or both interactions since the
concentration of ethanol was only sufficient to produce a ‘free1
"̂ (OH) band. In the mixed solution the "?(C=0) band was found to
be the same intensity and in the same position as found for the
comparable concentration of trilaurin alone. Therefore the
association band must have arisen because of OH 0 interaction.

\
4) At the higher concentrations of MG8 (figure 39) the

broad band at 3523om-*** intensifies in 0.1M solution, broadens
and shifts to a lower frequency of 3448cm~1 whilst shoulders

—  1 1appear at 337 6cm- and 3 3 1 0 c m ,  In the butane diols three dist
inct bands are observed (46) which are unambiguously assigned to 
the stretching vibration of the ’free1, intramolecularly and 
intermolecularly H-bonded OH groups. The latter is at a consider
ably lo wer frequency than the others.

It is thought therefore that the two broad bands at 3376cm-1 
-1and 3310cm in MG8 solutions are probably due to formation of 

dimers and higher multimers either of the linear or cyclic type.



-J_____________4
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Figure 43.

(a) *\)(C=0) of 0.1M polution of trilaurin in CCI^.
(b) V(0H) of 0 .0 0 5 M solution of ethanol in CCî ,.4
(c) V(0H) and V(C=0) bands of solution containing 

0.11.1 trilaurin and 0 .0 0 5 M ethanol in GCIk. 
Wavelength 2.625-3.125yix and 5.5-6. Oyu.
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TABLE V

DSC Transition Temperatures - Cooling from the melt.

1-monoglyceride Temperature (°C)

A B C

MG 8 5*5 (rs) 2.5 (rs) -3.5
MG 11 36.5 (rs) 34 (rs) -5 (rs)
MG 12 45 (rs) 44 (rs) 17.5
MG 18 74 (rl) 47 (rl)

All transitions are exothermic.
rs indicates transition is reversible over a short period of 
time (minutes or sometimes hours),
rl indicates transition is reversible over a long period of 
time (vreeks).
All other transitions are irreversible.
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TABLE VI

DSC Transition Temperatures - Heating from -20°C.

1-monoglyceride Temperature (°C)
C B D E F G

MG 8 38
MG11 -5 0-19(exo) 52 DO
IG12 49 53(exo) 59 62.5
MG 18 47 74

All transitions a,ro endotiiermic except where stated.
^  The temperature at which this transition occurred depended 
on the lowest temperature to which the MG11 sample was cooled,
i.e.

MG11 cooled to (°C) Transition E Temperature (°C)
-3 19
-10 7
-20 0
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Table VII

Assignments of the absorption bands of the MG8 spectrum.
Liquid Solid #Solid
42°C Beam Temp. 17 0 C

- 1cm
(a)

Intensity cm"^
U )Intensity - 1cm

(
Intensi

3466 s* br.
3291 s

3275 s
3249 s 3252

3187
s
s

2984 77 2982 17

2962 m 2963 m
2957 m 2955 m

2952 s 2949 e

2936 s
2929 s 2930 s 2928

2922
s
s

2914 s 2914
2910
2899
2883

s
s
m
m

287 8 m 287 3 m 2868 m
2857 m

2854 s 2853 s 2852 s
17 59 s 17 39 s 17 39 s
17 33 sh 17 32 s 17 32 s

147 8 sh 1477 sh
1468 m 1468 s 1469 s
1460 sh 1458 sh 1454 m

1437
1430

17

V . 1 7 .

1422 17 1425 m 1423 m
1398 17 1393 17

1385 m 1385 17 1389 11
137 0 17 137 5 17

1366
1346

17
V . 1 7 .

1330 V7 1329
1312

77 

V .  17.

1301 V  .  17 . 1302 V . 1 7 .

1282 m 1283 m
127 2 m

1253 V . 1 7 , 1255
1250
1238

V . 1 7 .
V . 1 7 .
V . 1 7 .

1232 m 1233 m 1250 m

1220 V . 1 7 . 1218
1212

V .  17. 
V . 7 7 .

(*)

\>(0H)

\k(CHj)

Va( CH2)

V s (CH3)
^ s ( C H 2)

^  (c=o)

Sa( CHj)

5 ( C H 2 )

p(OH)
£s(CH5)

W(CH„)2- 
and

"T( CH2)
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Liquid
42°C

Solid 
Beam Temp.

'Solid 
-17 0° C

' (a) , (a) (a) . (b)
cm Intensity cm" Intensity cm Intensity Assignments

117 4 
1113

1033

990

935

870

726

s.br.
m.br.

17. br.

\7. br.

v.i7.

1189

1125
1105

s.br.

1063
m.br. 1049

1010 
993 980 
97 0
944
916
895
852
826

773
7^9

7 23

651
626

m
m

m. s.
s

v.17. 
m. s •
v . 17.
V . T 7 .

m
m

v.17.
1/
17

17
sh

17

u.br.
17.br.

1188 
1183 
1175 
1125 
1113 1101 
107 5 1068
10531036
1031
1026
1008
993980
967
964
947
936
916
912
889
853 830 
800 
775 
773 
7 67 
736 
730 
7 23 
711 
7 06 
668
633

s
s
m
m
m
sh
sh
m

m, s•
V . 1 7 .
V . 1 7 .
V  .  17 •

17

m
17

V.17.
V . 1 7 .

m
V .  1 7 .

17

17
V . 1 7 .

17
17

sh
m.br.
m
m

v.17.
17
m

V ,  1 7 .  

V . 1 7 .

17. br. 
17. br.

j  ' j (coc )  

j  v (co )

J 0(OE)

yO( 0H2(
CH-

X  c h 5
/D( CHp 
/0(CHp
f *(0HJ

yO( CH2)
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Table VIII

Assignments of the absorption bands of the DMG8 spectrum*
Liquid
42°C

Solid 
Beam Temp*

cm
(a)

Intensity -1cm
1

Int ens:
3418 17

3306 17
3252 17
2984 17
2962 m

2957 m
2952 s

2929 s 2930 s

2916 s

2870 m 2873 m

2853 s 2854 s
2527 s. br.

2462 s

2417 s

17 39 s 1739 s
17 33 sh 1732 s

1477 sh
1468 in 1468 m
1459 m 1456 m

1422 17 1422 17
1408 17
1398 V.17
1388 17

1385 in
137 9 17
137 2 17

1331 17
1325 17

1282 m
127 2 m

1257 V. 17

1232 a 1233 m

(a) -1cm

3296
3213
2982
2963
2955
2950
2936
2926
2920
2914
29092898
2883
2867
2857
2852

2442 
2410 
237 0 
17 39 
17 32 
1477 
14 68 
1456 
1449 
1433 
1423 
1411
1403
1391 
1383 
137 5 
137 2 
1364 
1332 
1320 
1312 
1304
1294
1277
1256
1250
1232
1227

Solid 
-17 0°C

(a) (T>)
Intensity Assignments

17

17
17
m
m
s
s
s
s
s
s
m
m
m
m
s

s
s
s
s
s
sh
s
m
17

V.17*
m
m
m
m
m
m
sh
m
17
m
sh

V. 17, 
V.17*
m. s •
V • 17 •
V * 1/ •
m
m

Y ( o h )

Ya(CH3)

Ya( CH2)

| Vs(CHj) 
Vs( CH2)

V(0D)

j  V (c *0 )

<Ja( CHj)

(c h 2)

j
J

P(0H) 

&B(CHj)

w (c b 2)
and

t ( c h 2 )



cont*

-1cm

117 4

1111

1050

1000

939

849

.7 24

( a) 

(b)

Liquid
42° c

(a)
Intensity cm

s. or.

m.br.

w .or.

w.br.

T7.br.

T7.br.

Solid 'Solid
Beam Temp. -170°C

*| (a) — 1 (a) (
cm~ Intensity cm Intensity As s ignmen

1193 s 1190 s
1184 Sll

117 9 sh I ^(coc)

117 4 sh
1133 m

1127 m 1124 m
1121 sh

1114 i r 1117 sh

1093 W 1093 s v(co)
1083 sh J

107 3 W 107 3 m
1052 s 1056 s s

1037 m s
1025 w p(0D)

1003 m s
998 m.br. 994 w s

991 XT s
985 sh

967 w 966 m
959 m

943 w 945 v. w.

931 w 932 m
915 w 914 m />(CHp)
899 w 899

889 m j ✓
87 9 v, w.

845 w 845 m /J( 0Ho)
831 w 830 m X5( CH2)
825 w 824 m
800 w 795 w, br. P(0D)
77 4 V 772 m
770 ry 769 m

735 Tfl< /9(CH2)
7 29 m

722 w 7 23 s708 W
658 T7.br. 658 m

The following abbreviation? are used;
s - strong, m - medium, w - weak, v - very, sh - shoulder, 

br - broad.

The meanings of the symbols used are as follows;

>)- stretching 

£- bonding

in-plane bending 

S- skeletal
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cont.

/o - rocking
X - out-of-plane bending
T- twisting 
W -  wagging
These bands nay be combination bands (35)•
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TABLE IX

Phase

Liquid

B— 4C 
(*)

Below
C

E »F
( S’)

Highest
Melting
form(p)

Frequencies of the OH) and C=0) in the different 
phe.ses of l~monoglycerido

loglycorido T°C V(0H)
cm"

Nj(C=0)
cm"*1

MG 8 42 5422 17 59 17 55
MG 11 65 5428 17 59 1752
MG 12 70 5450 17 40 17 50
MG 18 95 5448 17 59 17 28

MG 11 50 5561 1756 1717
MG 12 40 5561 17 59 17 18
MG 18 65 5590 17 58 17 18

MG 12 15 5547 17 58
MG 18 
suh-eC)

28 5520 1758 17 22

MG 11 20 5408 } 
5502 J

17 59 17 29

MG 8 50 5291 ) 
5249 5

17 59 1752

MG11 50 5292 ) 
5255 J

17 59 1751

MG 12 45 5292 I
5259 5

17 58 17 51

MG 18 50 5292 ) 
5258 I

17 40 17 52



Table X

Frequencies (cm”-*-) of the components of ^(CB^) and 
\)(CH^) for the different polymorphic forms of 1-monoglycerides.

Highest
Liquid B ----- K! Below C E  ----- Melting

(reform) form
MG11,MG12 MG11,MG12 MG12 MG18 MG11 MG11,MG12 Assignm-

MG18 MG 18 (sub-®*) (B1 form) MG18 ents
form

2983(w)
296 3 (sh) 296 3 (sh) 296 3 (sh) 2962(sh \Ja(<3H,)

2954(b ) 2954(m) 2954(b ) 2953(m) 2954(b ) 2952(b)

2928(b) 2930(b) 2930(s) 29?l(s)
2919(s)* \ Va(CH2)

2915(s) 2916(s) 2913(e)
2899(01)* 2899( b ) *

287 0(m) 287 0(ra) 2870(m) 2 8 6 8(b) 2868(m) 287 2(m) Vs(CHj)
2853(s) 2 8 5 4(b) 2 8 5 0(b) 2 8 5 2(s) 2 6 5 2(s) 2 8 5 4(s) V s (CH2)

^  These bands may be combination bands (35) • Intensities 
of these bands are shown in parenthesis.

For the meaning of the abbreviations used see footnote to 
Table VIII.

The frequencies quoted, where more than one 1-monoglyceride 
is shown, are those of MG18. The others agree to 1 3cm--*- with
respect to the frequencies shown.



(II) U nsymmetrical Trialky 1 phosphine, Oxides,

(i) Results
Infra-red spectra of the liquid and polycrystall

ine C20PO were obtained at 80°C and beam temperature whilst those 

of C^PO were obtained at 90°C and beam temperature respectively. 

These spectra are shown as figures 44 and 45* Single crystal 

spectra of C^qPO were obtained at the beam temperature and are 

shown in figure 44* Proposed assignments of the bands in these 

spectra are given in ta/oles XI and XII# Prom the observed di- 

chroisms the direction of the alkyl chain axis was deduced and 

has been marked (figure 46). Parallel dichroisms are taken to 

be parallel to the chains.

Long spacing values for anhydrous C^q PO and C^PO are given 

in tab1e XIII#
(ii) Pip cussion

(a) A structure analysis of trimethylphosphine oxide
has been made in the gas phase using electron diffraction (260)#
The bond angles and bond lengths obtained in this study are

shown in figure 47*

K C ^ i.sia 
^  1 0 6 ° 7 ^ ^

R—rO4r^l12*3/c
Figure 47.
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(b)

10
(c)

12 14 16

6 83.5 10 12 1i O

"Figure 2+4.
Infra-red spectra of C QPC,(a) Liquid(80°C ),Wavelength 3.0-3.75 and 
6-l8/i,(b) polycrystalllne(beam temperature ),Wavelength 3.C-3.75 and 
6 - 1 8 ^,(c) unpolarized single crystal(beam temperature ),'Wavelength. 
3.0-3.75 and 6-18/*,(d) polarized single crystal(beam tempe -ture),
3.25-3.625 and 6-1^h: electric vector parallel to chains --  , and
perpendicular .to chains .
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3.0 3.5 3.0 3.5(c) (d)
Figure 45 •

Infra-red spectra of C.pPO, Liquid(90°C), Wavelength(a) 6-18m,(c) 2.875
1 -2.875y*.Solid(beam temperature), Wavelength(b) 6-18^

(d) 2.875-3.875/*.
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Assuming that in the long chain phosphine oxides studied in
othe solid state, a similar C-P length of 1.01A is present then

the average distance parallel to the chain axis between the
oadjacent C and P atoms is approximately 1.18A. Also assuming

A
that the chains pack in a zig-zag manner with C C C angles of 

109°28’ with the average distance parallel to the chain axis 

between adjacent C atoms being approximately 1.26A (261), then 

the spacings obtained for C^q PO and G^^G (table XIII) are too
o

great to correspond with the length of a single molecule (12.52A 

and I5.O4A for C-|_qP0 and C-^PO respectively). However they are 

consistent with a double molecule and therefore indicate that 

C^qPO and C^PO crystallise in bimolecular layers as do n para

ffins (262), 1-monoglycerides (82,96) and fatty alcohols (263)*
(b) The proposed assignments of the C PO and G^^O 

spectra are given in tables XI and XII and were made with refer

ence to their liquid spectra (figure 44 and 45) as well as the 

single crystal spectra of C^qPO (figure 44)• Also analogy was 

made with assigned spectra of trimethylphosphine oxide (I42), 
long chain hydrocarbons (29,242), fatty acids (30,35) and long 

chain alcohols (12,13)• Some of the very weak bands observed in 

the polycrystalline spectra of C^qPO have not been observed in 

the single crystal spectra because the single crystal was too 

thin. Differences between the unpolarized polycrystalline and 

single crystal spectra of G^qDO (figure 44) may be attributed to 

the regularity of molecular orientation in the latter case.

(c) In the polarized spectra of C-iqPO (figure 44) •-

1. Significant dichroisms, in the same direction,

have been observed for the bands associated with the CHo bending 

mode, <£(GH0), at 1464cm"-5-, the lower limit CH0 rocking mode,C- cL

yO( CHg) at 719cm“" and the CH2 twisting modes, 1(01X2), at



1269cm"*^, 1206cm'"'1' and 1190cm" whilst opposite di-
chroisms e,re observed for the bands associated with the CE^
wagging modes, W(CH2), at 1355cm"-1-, 1339cm"-*-, 1258cm"-1- and
1223cm"•*•, and skeletal modes, S, in the range 1121-943cm-*1'.

Similar, but not identical dichroisms have been observed
previously for these modes in the pola.rized spectra of single
crystals of n-C_ _H_o (29) s orthorhombic n-C0 .Hp.n (29) » and the B 1 8 3 8  *■
form of octadecanoic acid (35) and 7/ere related to directions para
llel and perpendicular to the alkyl chain axis in these crystals* 

Therefore it seems likely from our dichroisms that the 
single crystal of C^q PO has formed with the alkyl cha,ins aligned 
either in the plane of the sodium chloride plates or tilted at an 
angle less than 45° to them*

This is in contrast with the work of Suzi (30,31) who 
obtained single crystals of various long chain acids between 
sodium chloride plates by gradient cooling. In that work the 
axes of the alkyl chains were almost perpendicular to the plane 
of the plates.

2. Relatively small dichroisms are observed for the 
bands associated with the hydrocarbon chain CHg and CH^ symmetric 
and asymmetric stretch, \)g( CE^) » V  ( CH2) and ^(CII^), \)a(CHj) 
(figure 44) in the region 2987-2851cm"-*■ • All these bands should 
show appreciable dichroisms if the skeletal plane was in the 
plane of the plates. It would therefore appear that these skele
tal planes are approximately parallel to the incident beam and 
therefore perpendicular to the plates.

3. The phosplioryl. absorptions, ^(P=:0), at llo8cm ^ and 
1156cm-l have strong dichroisms in the same directions as those 
of <y(cn2) and / © ( C H 2) anĉ  ihns appears that the transition



moments have a similar direction. Therefore it is thought that 
the phosphoryl group lies as shown in figure 46 and is approx
imately perpendicular to the chain axis.

As previously mentioned a structure analysis has been 
carried out on triraethylphosphine oxide (260) in the gas phase.
In this compound the phosphorus atom has formed four approximate
ly tetrahedral sp3 bonds to the three carbon atoms and the oxygen 
atom. A fd* orbital on the phosphorus atom may then overlap with
a 1 p* orbital on the oxygen atom to give a multiple bond. It

A . . .would therefore be expected that the C-P^O bond angles m  rhis
compound would be greater in agreement with the view (260) that
the electrons in a double bond repel those in a single bond, as
in POCl^. Ho structure analysis of trimethylphosphine oxide has
been carried out in the solid state*

In the phosphine oxides studied in this work one of the
methyl groups attached to phosphorus has been replaced by a
hydrocarbon chain. It would be expected that the phosphorus atom
would be at the centre of an approximate tetrahedron with the
C-PsO angles greater than the 109° 28T for a perfectly sp^
hybridized system and possibly of the order of that shown for

Atrimethylphosphine oxide with C-P-C bond angles being smaller 
than this value. Therefore the methyl groups might be expected 
to take up a position relative to the phosphoryl group as shown 
in figure 46 at 16° to the axis of the chain.

(d) The bands due to *>) (CE^) and (CH^) lie in the 
range 3000 - 2850c m " ^ 50(b)) • In the spectrum of trimethyl
phosphine oxide a medium strong band has been assigned to 
\>a( PCII3) at 2955cia“^( 142) • T/eak bands occur in the unpolarised 
C^qPO spectrum (figure 44) at 2987 cm"^ and 2980cm"-1'. However 
in the sj)ectrum of the liquid (figure 44) ^he band at 2987cm-*1-



is not present and therefore may have been dup to crystal splitt
ing of the •N>a(CHj) mode. The band at 2980cm-'1’ is therefore 
assigned to PCH^) and shows a small perpendicular dichroism.

In the polycrystalline spectrum of C ^ P O  (figure 45) weak
1 "1bands are observed at 2990cm- and 2981cm ., In the spectrum

of the liquid (figure 45) the. band at 2990cm"-1- is not present. 
Therefore the bands at 2990cm"*1- and 2981cm"-1- have again been 
assigned to ^(CH^) and *0 a( PCH^) respectively.

(e) A band at 2898cm"-1- has been observed by ICrimm et al 
(22) in the case of monoclinic n-C36^  ̂ and some controversy has 
arisen as to the assignment of this band. In the work of Krimm 
et al (22) the ba,nd was assigned to the fb I pole„rizcd component 
of V a( CH2) whilst in the case of triclinic n- c20n 42 ( 2^

no interchain coupling could occur, the band was a.ssigned to a 
combination band of Raman and infra-red active ^(CI^) modes.

In the polarized single cryste.l spectra of n-C 20H42 (29) 
the polarized radiation was thought to be incident approximately 
parallel to the chain axis and dichroisms were observed perpend
icular and parallel to the skeletal planes. Other bands were

-1 .observed in this region, at 2922cm showing a parallel dichroism
whilst a band at 2916cm-*1- has a perpendicular dichroism. The
band at 2916cm"*1- was assigned to "0 (CB_) whilst the band ata 2
2922cm-*1' was assigned with the band at 2898cm"*1' to a combination 
band. These bonds have also been observed by Al-Mamun (12)in 
the spectrum of hexadecanol and have been similarly assigned.

In the polycrystalline spectrum of C^qPO (figure 44) & 
strong band occurs at 2922cm-*1' with a shoulder of medium inten
sity at 2900cm"*1-. In the polarized spectra (figure 44). I*1 
parallel position an intense band is observed at 2922cm"^ with 
a wo ale shoulder at 2898 cm"-1-. In the perpendicular position an 
intense band is observed at 2916cm"-1 with an intense shoulder at



2904cm"1, It is thought that the hand at 2900cm"-1- has an appar
ently strong dichroism because it enters into Fermi resonance 
with the band at 2922cm"-*- when in the perpendicular position.
This interpretation fits in with the relatively small dicliroisms

which occur throughout this region. The bands at 2922cm"-1- and 
2900cm"1 have been assigned to combination bands as previously 
described in the case of n-CgQH^ (29)*

(f) In the spectrum of n-020^2 (^) bands at 2955cm"1 
»• 1and 2962cm" have strong dichroisms perpendicular and parallel 

to the skeletal planes respectively. Bands in the same position 
have also been observed in the spectriim of hexadece.nol with a. 
much smaller dichroism which is perpendicular to the chain axis. 
Those bands have been assigned to *\}0(CHj)*

In the polycrystalline spectrum of C^qPO (figure 44) a 
medium intensity band at 2955cm"1 which shows a very small 
perpendicular dichroism has a shoulder at 2965c111"1 which shows 
no observable dichroism* These hands have been assigned to 
VqXcHj) of the CH^ group of the hydrocarbon chain.

In the spectrum of C ^ P O  (figure. 45) a medium intensity band 
at 2954cm"1 with a shoulder at 2965cm“l have been similarly 
assigned t o ^ a(cn^).

(g) In the spectrum of n-CgQH^g (29) bands at 2851cm"1 
and 287 2cm"1 have very strong dichroisms parallel to the skeletal 
planes. Bands are observed in the spectrum of hexadecanol (12) 
in the same positions but show a much smaller dichroism which is 
perpendicular to the chain axis. These bands were assigned to 
V-^CHg) andVs(CHj) respectively.

In the spectrum of C^q PO (figure 44) medium and strong bands 
are observed at 287 5cm-1 and 2851cm"1 which have been assigned 
to ^ ( C H ^ )  a n d S ^ C H g )  respectively and show small dichroisms



perpendicular to the chain axis.
In the spectrum of C ^ P O  (figure 45) a medium hand at 

287 4cm"* ̂ and a strong band at 2850cm""1 have been assigned to 
>?S(CH^) and V S(CH2) respectively,

(h) In the polycrystalline, spectrum of C^qPO (figure 44) 
a strong band is observed at 2951cm""1, Strong bands associated 
with V a(CH2) usually lie in the range 2936-29l6cm~1 (54(c)),
This band has been assigned to \^(CE^) and has a small parallel 
dichroism. Also a strong band at 2954cm"1 in the polycrystallino 
spectrum of C12PO (figure 45) has been assigned as ^0a( CE^) •

(i) Weak bands associated with <Js(CH:j) are found in 
the region of 1380cm"1 (52), A very weak parallel band at 
1374cm"1 in the polarized spectrum of C^q PO (figure 44) has also 
been assigned to <Ss(CE^) of the CJÎ  group of the hydrocarbon 
chain. Also this band is found in the same position in the 
spectrum of C ^ P O  (figure 45)*

In the spectrum of the A form of octadecanoic acid (35) a 
medium intensity band was observed at 1450cm"1 with a dichroism 
perpendicular to the skeletal planes. This band was assigned 
to the CH^ asymmetric deformation, <Ja(CE^), In the spectra of 
C-j.()P0 (figure 44) a medium intensity shoulder is observed at 
1456cm" 1 with a dichroism perpendicular to the chain axis and 
this has been assigned to<5a(CHj).

A medium intensity band is observed in the spectrum of 
C ^ P O  (figure 45) at 1458cm"1 which has also been assigned to 

<fa(0H3).
(j) The presence of a P-CH^ linkage in a molecule is 

usually characterized by three sets of absorptions in the regions 
1420cm"1, 1300cm"1 , 900cm"1 (264)*

Hear 1420cm"1 bands which are weak due to the CH^ asymmetric



deformation, <J’a(PCHjj), generally occur (264). In the case of 

trimethylphosphine oxide (142) bands associated with ^ a(PCH^) 

have been observed in the range I486-I4Ilcm"1 and are of medium 

stfong intensity. There are weak bands in this region of the

unpolariz^d spectra, of C-^PO (figure 45) and C^PO (figure 44)
l —l 1at 1425cm , 1410cm and 1408cm . In the polarized spectra

of C-^qPO these bands possess small parallel, parallel and perp

endicular dichroisms respectively (figure 44)• All these bands 

have been assigned to <Ja(PCH^).

In the spectrum of trimethylphosphine oxide (142) bands of 

medium strong intensity were observed in the range 1336-1259cm"1 

and these have been assigned to the symmetric CH^ deformation, 

cJs(PCH^), Bands of medium to very strong intensity occur in 

the unpolarized spectrum of anhydrous C10 P0 (figure 44) at 
1299cm"1, 1290cm"1 and 1237cm"1 , have been assigned to<fs(pcHj) 

and possess perpendicular, perpendicular and parallel dichroisms 

respectively. In the spectrum of O-j^PO (figure 45) bands of 

medium to very strong intensity associated with o s( PCHj) occur 

at 1297cm”1 , 1294cm"1 and 1290cm"1.

The third characteristic band due to P-CHs; linkage lies 

within the limits 930«840cm"1 (264) and is usually of medium or 

strong intensity. This absorption is due to the CH^ rocking 

mode , </o( PCH*) • In the case of trimethylphosphine oxide (142) 

strong bands are observed at 944cm”1 , 870cm"1 and 863cm"1 which 

have been assigned to /O(PCIIj), In the unpolarized spectrum of 

Cl0P0, two bands occur one of medium intensity at 919cm"1 with 
a, perpendicular dichroism and another at 868cm"1 also of medium 

intensity with a parallel dichroism, and in C-^PO (figure 45) 

bands are observed at 917cm"1 and 87 0cm"1 and are of medium



intensity. These bands have been assigned to /O(PCE^).
The dichroisms may be explained in terms of the Plodel 

(figure 46) where it can be seen that if the two methyl groups
are at approximately 16° to the chain axis then when they
’breathe1 in-phase there will be a larger component of the 
transition moment in a direction parallel to the chain axis.
When they ’breathe1 out-of-phase there will be a larger component 
of the transition moment perpendicular to the chain axis.

Also when these methyl groups rock in-phase there will be
a larger component of the transition moment perpendicular to the
chain axis but when they rock out-of-phase it would appear that
the components of the transition moment perpendicular and
parallel to the chain axis are the same. That more than two
bands are present in some of the above cases is possibly due to
crystal splitting,

(k) On present evidence (264) it can be said that the
phosphoryl absorption, \)(P— 0), range is about 1415-1030cm"•*•. In
trimethylphosphine, oxide an intense band was found by Goubeau et
al (142) at 1160cm*"^ and by Daasch et al (265) at 117 0cm"*^ which
have been assigned to VCP^O). In the latter reference a low
frequency shoulder is observed to the V(P=0) band which, by the
presence of strong bands associated with water is undoubtedly
due to the H-bonded component of ^ ( P —0). Goubeau et al (142)
also observed weak bands in the spectrum of trimethylphosphine
oxide at 1180cm**-*- ©aid 1102cra“  ̂ which they have ©.Iso ©.ssigned to
V(P=0) and the appearance of all the V(P»0). bands at a much

—  1lower frequency than the gas phase at 1228cm has been inter**. . 
preted in terms of the associations such as those shown in figure 
46.

Dipole - dipole association of the phosphoryl groups of
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type III (figure 48) has also been postulated (266) to account

for the large frequency shift of h)(P=0) in the tri-n-octyl-

phosphine oxide spectrum, upon going from the dilute solution

in CSp to the solid state. Jn dilute solution V(P=0) occurs at

117 0cm“~ and moves to 1142cm"’̂  in the solid.

In this work two intense bands are observed at 1156cm”~ and

1168cm"’1 for CL PO in the s lid whilst in dilute solution in10
CC1/ the band moves to 1190cm**'*'. In the case of CppFO only one

intense band (figure 45) is observable at 1166cm"~ due to the
-1presence of a strong band superimposed upon it at 1190cm .

These bands have been assigned to N)(P-0). It is thought that in 

the case of 0-j_qP0 that the large shift in frequency of V( P—0) 
upon going from solution to solid is due to dipole-dipole assoc

iation, the two bands in the solid being due to types I and III 

(figure 48). As mentioned earlier the strong perpendicular 

dichroism of these bands has assisted in determining the orient

ation of the molecules in the specimen.
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(i) Absorptions occur in compounds containing P-C link
ages due to the P-C stretching mode, \}(PC), in the range 770- 
650cm-'*' (264)# In the spectrum of trimethylphosphine oxide (142) 
three bands have been assigned to *\)a(PC) at 7 41cm"-*-, 777cm*’-*- and 
805cm"**’ which are of strong, medium and weak intensity respect**.
ively. In the spectrum of C-̂ q FO (figure 44) two bands are

-1 1observed at 7 44cm paid 821cm of medium amd weak intensity 
respectively which have been assigned to *V^(PC) said whose parall
el dichroisms agree with expectation. In the spectrum of O ^ F Q  
(figure 45) bands associated with V a(PC) are observed at 7 46cm"’*'
and 819 cm"-*- and are of medium strong paid -weak intensity respect
ively.

Also a band is observed in the spectrum of trimethyl
phosphine oxide (142) at 664cm*"-*- of very weak intensity and this

—  1was assigned to b)s(PC). Very weak bands are observed at 676cm
and 67 9cm"’*' in the spectra of 0-^qPO nnd O-j^FO (figures 44 and
45) respectively which have been assigned to ^ S(PC).

(m) Further absorptions have boon noted previously due 
to the deformation of a CHg group adjacent to phosphorus (54(c)), 
<5(PCE2) s ?-n "khe region 1440cm~^. Weak bands occur at 1449cm"’*1 
and 1457cm"'*' in the spectrum of anhydrous C^qPO euid these have 
been assigned to <S(PCE2) modes. These braids have the same perp
endicular dichroisms as those due to §(CE2)« In the spectrum of 
C12EO weak bands associated with £(PCE2) occur at 1445cm"-*- and
14370m"1.

(n) The infra-red spectra, of most long chain molecules 
show very regular progressions of absorption bands in the approx
imate region of 1380-1180cm“-*- and 1500-117Ocm'*’*’ (267) due to the 
W(CEp) and T( CBp) modes respectively. These bands are usually 
week in intensity in the case of 11 paraffins but in the case of
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molecules having a polar head eroun the intensity may be increas
ed somewhat (267,268).

I11 the spectra of C]_qPO (figure 44) and C ^ ^ O  (fi£ure 45) 
a series of weak and very weak bands are observed in the freq
uency range 1580-117 Ocm"**' •

— 1 1 The very we ale parallel bands at 1555cni and 1559cm"-1- m
the polarized spectrum of C10 P0 (figure 44) nnd the very weak
bands at 1556cm"■*■ and 1528cm"'*' in the spectrum of C ^ F O  (figure
45) have been assigned to W(CE2)*

- 1 .Below 1280cm several bands of very weak and weak intensity
are observed in both spectra, six in the co.se of C^qPO and eight 
in the case of .C-^PO, although two bands in the spectrum of 
C12PO at 1217 cm"**' and 1190cm"'*' are of medium and strong intensity. 
This increo.se in the number of bands within this region of the 
spectrum with increo.se in chain length is to be expected and 
is observed in long chain fatty acids (269,270) and alcohols (15) 
as well o.s in n paraffins (242,267). In the polo.rized spectrum 
of C2qP0 (figure 44) the six bands observed in this region have 
alternate perpendicular o.nd parallel dichroisms. Since the 
T(CH2) mode is an out of plane mode it is expected to be polar
ized perpendicularly and therefore the very week perpendicular 
bands at 1269cm"'*', 1259cm"-*-, 1206cm“-*- o.nd a weak perpendicular 
band at 1190cm"-*- have been assigned tentatively to T(CH2) whilst 
the parallel bands at 1258cm"-*- o.nd l225cm“-*- which arc of very 
weak o.nd weak intensity respectively have been assigned to W(CH2).

Bands in this region of the C ^ P O  spectrum (figure 45) below 
1280 cm*" have been assigned to W(CH2) and T( CH2) modes. The 
reason for the strong intensity of the 1190cm"'** band associated 
with W(CH2) is not known.

(0) In the spectra of n po.raffins weak bands due to the
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skeletal modes, S, usually occupy the range 1150-950cm"*** (242). 
These bands are much stronger in the spectra of molecules such 
as the straight chain alcohols where the participation of the 
polar C-0 bond in the skeletal vibrations causes a marked 
increase in the intensity of these bands (267). In alcohols the 
majority of the skeletal frequencies lie between about 1070cm**-
o.nd 950cm”'*’. Bands assigned to skeletal vibro.tions are found 
in n-C24H50 in the range ll2l-1058cm (29) are of weak intensity
and have dichroisms parallel to the chain axis although a very 
weak band at 1051 assigned to a skeletal vibration has a perp
endicular dichroism, A scries of weak and very weak parallel 
bands is observed in the spectra of O-^qPO (figure 44) in ^he 
range 1121-962cm"'*- and these have been assigned tentatively to 
skeletal vibrations. In this spectrum a band at 945cm*"-- of 
medium intensity also shows a parallel dichroism and this has 
been assigned to a skeletal vibration since its intensity may 
have been increased by the presence of the polar phosphoryl 
group. Similarly bands in the range 1124-945cm”-*- in the poly
crystalline spectrum of C-^-O (figure 45) have been assigned to 
skeletal vibrations,

(p) Bands due to yO(CH ) occur in long chain compounds 
in the range 1050-7 20cm"**" (267). The set of bands due t°/°( on2) 
is more prominent in the spectra of n paraffins than in the 
spectra of polymethylene compounds particularly those with polar 
groups (267). The lower limit of the distribution is well de
fined and occurs at approximately 7 20cm"-*- (267). A band assoc
iated with (S( Clip) is usually found in the region of 1460cm”-*-,
It has already been mentioned that pairs of bands occur for 
S(CEp) and the lower limit of/?( CH2) in long chain compounds 
with orthorhombic chain packing. In addition to the pairs of
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bands observed in the C^qPO spectrum (figure 44) for ̂ (CI^) 
and yO( CH^) at 1473cm"-*-, 1464cm”-*- and 727 cm"-*-, 719cm"-*- pairs of 
bands are observed at the same position in the spectrum of 
C12PO (figure 45) • It therefore appears that the chains are 
similarly packed in an orthorhombic sub-cell in both cases.

In the polarized spectra of the B form of octadecanoic acid 
(35) bands associated with/0 ( CII2) in the region 991-7 33cm”"*- 
possess perpendicular dichroisms. In the polarized spectra of 
CiqPO no further bands occur with perpendicular dichroisms.
This is not suprising since as previously stated only a small 
perpendicular dichroism is observed for the strong />( CH2) band 
at 719cm"-*- in the polycrystalline spectrum of CjqPO and therefore 
even smaller perpendicular dichroisms might be expected for 
weaker ,0 (0112) bands. Y7eak bands at 7 80cm”-*- and 7 55cm"-*- which 
are seen as very weak bands in the unpolarized single crystal 
spectrum of C^qPO (figure 44) and show no observable dichroism 
have been assigned as further /0 (ch2) components. Weak bands 
at 7 81cm"-*- o.nd shoulders at 7 35cm"**- and 7 30cm"-*- in the spectrum 
of have been similarly assigned to ^(CE^) .

(q) A band occurs '-.bout 890cm"l in the spectra, of even 
n paraffins of chain length and above (242). This band is
said to consist of a mixture of CH- in-plane rocking o.nd stretch
ing of terminal C-C bonds (242). In the shorter even members 
two components are observed, one extremely weak whilst the other 
is quite strong. Two components of A  CIÎ ) are also observed in 
the spectra of even a.nd odd. chain length alcohols (13)*

In the spectrum of n “ ^ iQ ^ 2 2 (^42) a medium band is observed 
at 897cm”-*- with an extremely weal: shoulder at 904cm”"*" and these 
have been assigned to /O(CE^). Also in the spectrum of n-C-L2*l26 
(242) a medium intensity band associe.tcd withyO( CH^) is observed
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at 893cm"*'*' although two very, weal: bands have been assigned to 
^(CH^) at 87 8cm"**- and 891cm”**- in c12h 25o h (13).

A medium intensity band at 887 cm"*̂  in the spectrum oi' n- 
^24^50 (29) shows a parallel dichroism as does a weak band at 
894cm”’*' in the spectrum of the B form of octadccanoic acid (35)* 
These bands have been assigned to (CH^) rocking parallel to 
the skeletal planes.

A parallel band of weak intensity is observed in the polar
ized spectra of C^q PO (figure 44) at 897 cm”'*' and this band has 
been assigned to^o(CIIj) rocking parallel to the skeletal planes. 
In the spectrum of C-j^PO (figure 45) a medium intensity band is 
observed at 890cm”-*- and this has been assigned similarly to

/ > ( ch3) .
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Table XI Ass ignments of liquid and crystalline

liquid Intens ity' Crystal Intensity P01 ar i z, at ion
cm-1) ( cm“ -1-)

2987 w 1
2981 w 2980 w 1

2963 sll -
2955 m 2955 m 1

2931 s 11
2925 s 2922 s -
2899 m « s h • 2900 m . s h. 1
287 3 m. sh. 287 3 m 1
2855 m. s • 2851 s 1

147 3 m . s h • -
1465 m 1464 ill . s. 1
1456 m 1456 m . s h , 1

1449 w 1
1437 w 1437 w 1
1427 w 1425 w 11
1413 v.w. 1418 w 11

» 1408 Xf 1
137 4 v.w. 137 4 v.w. 11

1355 v.w. 11
1343 v.w.

1339 v.w. 11
1335 v.w.
1299 m 1299 V. S 0 1

1290 m 1
1287 m, s. 1287 v. s. 11

1269 v.w. 1
1258 v.w. 11

1238 v.w.sh. 1239 v.w. 1
1224 w . s h • 1223 w 11

1206 v.w. 1
1190 ft 1

1180 s.br, 1168 s (br) 1
1156 s (br) 1
1136 w. sh. 1

1117 v. w* 1121 w -
1062 v.w. 11

1058 v. w, br. 1052 v.w. -
1037 v.w. -
1017 v.w. 11
1008 V. w . 11
996 V . w . 11
97 8 V • w • 11
962 w 11
943 m 11

935 m. s.
919 m 1

894 w . b r ♦ 897 w 11
868 m 11

858 w. br.
853 v.w. 11

PO

a( 3).
Mb. PCHP  \k CH3CH* 
VoA CH2comoination 

b a,nd s
Vs(cn3) 
>§(CH*5

6 ( c h 2)

4(CHj) 
#(PCH,)

4 ( p c h 3)

4  ( CH. 
t( CH:
w( c h 2)

<f (PCH,)S v 2 '
T CH2
J Gii

T CII
T CH
V(P=0)

A pen*)
/0( CIlJ 
A p c H j )
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cont.

Table XI Asg ignments of liquid and crystalline C^q PO

Liquid Intensity8, Crystal Intensity8, Polarization^ Interpretation 
(cm ) (cm"*-1-)

821 vr 11 Vp (pcj)v/O CH?)
V a PC\  /o (o h 2)
/ 0 ( ch2)

116 v. t7.br. 7 80 V*W* -
7 44 m 11

136 \7#br. 735 y, sh. -
7 27 m —

125 v »y •
719 s 1

1 0 8 v.y.
I

67 6 V.w. VS(PC)
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Table

Liquid.
(cm-1)

2982
2958
2926

287 5 
2851

1465
1460

1425
1412
157 6 
157 0 
1552
1299
1292

1256

1190
1117
1058

1008
987

II Assignments of liquid and crystalline Ci2P0

Intensity21 Crystal 
(cm~l)

Intensity21 Interpretation0

2990 w ^a( )
W 2981 w Va PCfij)

2965 sh Nk c e 3;
m 2954 in va cnj

2954 s Va( CH?) 
combinations 2925 i2900 m.sh. J b and s

m 287 4 m
s 2850 s v3(ch^)

147 5 6 (CH2)
m 1464 s 1

6 1  cn3) 
<T(pch2)m 1458 m

1445
1457 ’ 1v.w. 1425 w

6a(PCH5) 
4S( 0113)

v. vu 1418
1408

w
w

v.w.
v.w*

157 4 v.w.
v.w. 1556 v.w. T7(CH2) 

\t( cn2)1528 v.w.
m. s . 1297 V .  s .

<Js (p c h 5)1294 V .  s .

m. s • 1290 m.sli.
1-17 9 
127 2

w ^
w

w (c h 2)w 1254 w
1245 v.w. ► and
1225
1217
1200

\7
m
w

t (c h 2)

1190 s w( c h 2)
s. br. 1166

1156
m.s.br,

w
N>(p=0)

w 1124 w s

1076 v.w. S

w 1065 w S

1050 v.w. s
1027 V  .  w . s
1020 w s

V  .  w . 1008 V  .  w . s
v.w. 985 w s

980 w. sh. s

945 m«s•sh. s
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cont •

Table XII Assignments of liquid and crystalline

Liquid Intensity"" Crystal Intensity0, Interpretation0 
(cm" ) (cm“ )̂

893

860

77 G

7 56 
7 25 
709

m, s.
v.u.br.

w.br.

v# w. br.

y.br.
sh.

v.w.

935
917
890
870
850
819
781
752 
7 46 
735 
730 
7 27 
719
679

m
m

m
w

v.w.
m, sh. 
m. s •

m
m. sh. 
m. s •
1:1. s.
v.w.

/o O?c h3)
✓<>( CH,) 
/o( PCHj)

/o(CH2)

(PC) 
/o(CH2) 
/O ( CHg)
/o(ch2
/O ( CII2 
\>(PC)

b.

c.

For the moaning of the abbreviations used, see footnote 
to table VIII.
The symbols 1 and 11 indicate that the bands are polarized 
perpendicular and parallel to the alkyl chain axis.
The meaning of the symbols ’used are as follows.

V  , stretching 
<$ , bending 
T7 f wagging 
T , twisting 
s • , skeletal 
yO * rocking
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Table XIII X-ray long spacings of C^q PO and C^^PO

Phosphine oxide d-(^)

c10?o 25.5
Cl2P0 28.9

CjQfO + 0.5 mole 
fraction of DgO

25.5
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CHAPTER IV 

PHASE BEHAVIOUR

(i) Results
Tpen has been determined for MG11 and this value along 

with values determined by Peel (209) and Lawrence et al (7 9) are 
given in table XIV.

Table XIV

1-monoglyceride 
MG 8 
MG 10 
MG 11 
MG 12 
MG 14 
MG 18

Tpen (°Ci

12.5
50.0
55.0
41.0
49.5 
65.0

Reference 
209 
209 

This work 
209 
79 

79,209

The phase diagrams of the MGll/l^O and Gjlq P 0 /E 2 0 systems 
are shown as figures 49 and 50. Transition temperatures for 
the samples studied are given in tables XV and XVI. The phase 
diagram of C^o^O/^O can comPare(i with that determined by 
Hermann et al (141) shown in figure 51, whilst that of KGll/l^O 
can be compared with that determined by Lawrence et al (135) for 
MGl2/lI20 and Peel (209) for MGO/D^O shown in figures 22 and 52 
respectively.
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('II) Discu s s ion

( i) MG 11 /DqQ system

(a) In figure 53 Tpen for the B form is shown as a 

function of alkyl chain length for the six 1-monoglycerides 
shown in table XIV. Tpen does not appear to alternate or corre

late with any transition in the anhydrous 1-monoglycerides. How
ever in the cases of MG8 and MG11 Tpen correlates well with the 
lowest temperature at which the I.e. phase in the 1-monoglyceride 
/PpO systems is stable as shown by the phase diagrams (figures 52 
and 49) .

Since water is observed to penetrate along the edges of the 
crystals it is assumed that penetration is occuring between 

layers of polar groups.
Tpen seems likely to be that temperature at which thermal 

motion of the 1-monoglyceride molecules is great enough to cause 

a breakdown of the H-bonding system between the hydroxyl groups 

in the crystal lattice and the subsequent incorporation of water 

into a new and more stable E-bonding sy s tein, At the same time 

the thermal motion has reduced the Van der Waalsr interaction 

between alkyl chains so as 10 allow them to move laterally and 
longitudinally to expand the crystal lattice for water to be 

incorporated.
Lawrence et al (7 9) has also determined Tpen values for the 

penetration of water into the oC phases of two 1-monoglycerides 
and these are also shown in figure 53* Tpen for the oc phases 

occur at a lower temperature than those for the ft form.

In the phase the alkyl chains are rotating about their 

long axes and therefore the spacing between adjacent alkyl chains 

will be greater than in the |3 form. Therefore the E-bonding sys

tem between the hydroxyl groups will be more dynamic perhaps
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therefore allowing penetration of water to occur at a lower 

temperature*
(b) The main features of the MGll/DpO phase diagram 

are similar to chose of the part phase diagram of MGI2/H2O 
determined by Lawrence et al (133) and that of MGS/DpO determin

ed by Peel (20°) (figures 22 and 52).

The solid £ modification melts at 56*5°C and addition of 

water lowers this to the eutectic minimum at 43°C after which 

the gel to I.e. phase boundary rises to a peak at 0.47 mole 

fraction indicating the formation of a monohydrate. This sort 

of behaviour has been previously observed by Lawrence et al (133) 

(figure 22) in the case of MGI2/H2O. further evidence of the 

existence of this hydrate was found in the following way*

Samples containing below 0.47 mole fraction of PpO were '•homo

genised as isotropic fluid and then cooled to temperatures below 

-50°C using D.S.C. No transition was observed either on cooling 

or the subsequent heating runs, which could be associated with 

D 2O freezing or melting (figure 54)* However above this mole 

fraction of PpO peaks were observed (figure 54)» ^he melting 

peak moving steadily from -11.5°C at 0*47 5 mole fraction of D2O 

and increasing in size.

The gel phase is thought by Larsson (180) to have the same 

structure as the oC crystal form of 1-monoglycerides. If this is 

so, it is possible that at certain water contents the structure 

of the gel pha.se may have an optimum stability as reflected in 

the higher melting point* This sort of thing occurs in the oC 

phases of long chain alcohols (132) which take up a quarter mole 

of water with an increase in melting point of up to 3°C.

The shorter chain alcohols do not show this behaviour and 

therefore stable hydrated crystals would not be expected to form
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in the HGB/DgO system since the hydrocarbon chains are probably 
too short for sufficiently strong Van dor Waals forces to stabil

ize these crystals as they do in MG11 and MG12. Infact Peel 

(209) observed a 'free* I) 2O peak on the D . S * C. at al 1 mole fract

ions of DpO,
(c) The changes oceuring during a heating run on 

samples of MG11 with low D ̂ 0 content are firstly a transition 

to a gel phase and (5 crystals between 27 °G and 34° G. This gel 

phase melts at a temperature which decreases from 56 o ° G  as the 

amount of DpO is increased up to 0.3 mole fraction of DpO giving 

a fluid isotropic phase. The fa,ct that no further transition is 

observed before finally melting to the fluid isotropic phase as 

is observed in the MGQ/ppG phase diagram at low DoG content 

(figure 52) may be due to increased stability of the gel phase 
with increased chain length.

Samples above 0*3 but below 0,47 mole fraction of DpO trans
form from the gel phase to the neat I.e. phase, IT, This takes 

place at a temperature which initially shows 0. small decrease 
from 47.5°C to 43°C between 0,3 and 0.4 mole fraction of L^O, 

but finally rises to a peak at a temperature of 45«4°C and O.47 
mole fraction of Dp0*

(d) Above 0.47 mole fraction of D^O the first cha.nge 

which occurs is the melting of D^0 ice initially at -11.5°C and 

increasing to 3°C at a mole fraction of 0.93 o.nd then the 

penetration of the liquid DgO into the hydrate crystals at temp

eratures between 27°G and 30°C to give a gel phase with crystall

ine inclusions. This gel phase then transforms to the I.e. 

phase, IT, at a temperature which decreases to 32.5° C at 0.825 
mole fraction of Dp0 .

(e) At higher DpO contents the $ crystals and D2O
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transform direct!/ to the l,c, phase, N* at 32,5°C at 0,825 mole 

fra,ct:ion of DpO without forming an intermediate gel phase. In

fraction of 1)20, corresponds to a distinct position of maximum 
melt indicating possibly that an MG8,4E20 aggregate is part

icularly stable although there is no evidence from the N*M,R, 
and phase studios (209) of a solid tetrahydrate,

En the case of the MGll/DpO system the melting point of the
I.e. phase, IT, increases with increasing water content until the 

system forms two phases at 0,86 mole fraction of DpO. The maxi

mum melting point is 99*0°C and is of a lower value than 108°C 
for MG10/IT20 (180) and 115°C for MG12/H20 (133) systems. It is 

not clear why the maximum melting point in the case of the MGll/ 

D 20 system should be so low. However it may be due in part to 
some sort of chain length alternation effect in addition to the 
use of DpO rather than H20.

phase, IT, partially melts to give a two phase region labelled,

IT F.I., consisting of regions of I.e. pha.se, If, floating in 

fluid isotropic, F.I. The maximum temperature range over which 

this region is stable is 4°C, This two phase region melts to 

give a fluid isotropic phase. This transition can only bo 
observed visually and is completely undetectable on the D.S.C,

tion of DpO, at Tpen, a dispersion is formed, Larsson (180) 

concluded from X-ray diffraction and optical microscopy studies 

on the MGS/HpO system that the structure consists of concentric 

bimolecular shells of 1-monoglyceride molecules alternating with 

water shells.

At 7 9.5°C the dispersion becomes two liquids, fluid

system the position at which this occurs, 0.8 mole

(f) From 0,3 to 0,87 mole fraction of DpO the I.e.

(g) For samples containing more than 0.88 mole frac-



isotropic and DpO. The phase boundary between fluid isotropic 
and fluid isotropic + DpO rises almost vertically from the 
composition MG11 0.91 mole fraction of DpO. The steepness of 
this phase boundary is indicated by the fact that a sample cont
aining 0.85 mole fraction of DpO became two phase at 115°G whilst 
a sample containing 0.85 mole fraction of DpO was still one phase 
at 150°C.

(ii) ClQPO/EgO system
The CqoPO/EpO phase diagram was determined in 

order to discover the exact range of stability of the neat and 
middle I.e. pha.se regions since we wished to carry out infra
red investigations in these regions.

The C10P0/n20 phase diagram is similar to that determined 
by Hermann et al (141) above 0°C except that the î liase marked 
’two isotropic fluids’ (figure 5l) "tfas n°t investiga.ted in this 
work so it has not been included in the phase diagram. The 
phases below 0°C have not been reported previously. Certain 
other points have been noted and are discussed below.

(a) The solid C^oDO melts at 7 5°C and addition of 
water lowers this to a. eute- tic minimum of 37 ° 0 at 0,66 mole 
fraction of HpO. Above this concentration of HpO a neat I.e. 
phase, IT, is formed. The phase bounda.ry between the I.e. phase, 
IT, and the fluid isotropic phase rises to a peak at 0.8 mole 
fraction of HpO whilst that between the I.e. phase, H, and gel 
descends to a minimum at -14°C and 0.86 mole fraction of HpO.
This latter phase transition has only been observed visually.

Samples containing less than 0.46 mole fraction of HpO Y / e r e  

cooled below -60°C using D.S.C. and one exotherm was observed 
at -37 °C T/hich increased in size with increasing HpO content.



- 125 -

F o r  samples containing 0.4-6 to 0.52 mole fraction of J/pO an 
additional minute exotherm was observed at approximately -13°C. 
When these samples we re heated only one endotherm was observed 
at -17 °C at 0.2 mole fraction of HpO rising to -l2°0 at 0.52 
mole fraction of HpO and the size of the peak increased with 
increasing HpO content, Between 0,52 and. 0,86 mole fraction of 
HpO, two exotherms were observed upon cooling at api^roxiraately 
-12°C and -34°C, the higher temperature peak increasing in size 
relative to the lower temperature peak as the amount of HpO 
increased. Two endotherms were then observed upon subsequent 
heating at -14.5°C and -8.5°C, the high temperature peak increas
ing in size relative to the low temperature peak as the amount 
of HpO increased. At 0.86 mole fra„ction of HpO only a single 
exotherm was observed, at -32°C on cooling and o.n endotherm at 
-14°C on heating.

All this indicates that up to 0,52 mole fraction of JIpO the 
first change taking place during a heating run is concurrent 
melting and penetration of HpO into the 0-^qPO lattice in the 
vicinity of the polar group giving rise to a hydra/bed crystalline 
solid. Between 0.52 - 0,86 mole freaction of HpO it is possible 
that the 1:1 hydrated solid is produced first at -14*5°C followed 
at -8.5°C by a further melt a.nd concurrent penetra.ticn of excess 
HpO to produce a gel phase.* At 0.86 mole fraction transformation 
from crysta.lline solid + ice takes place director to the neat 
I.e., phase, 17, and this has been confirmed visually.

(b) The changes occuring at higher temperatures 
during a heating run on samples containing lesv3 than 0.52 mole 
fraction of HpO are a transformation between 53°C and 56°C to 
crystals and fluid isotropic. Samples finally became fluid 
isotropic at a temperature which decreased with increasing HpO
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content. Between 0*52 and 0.66 mole fraction of It20 * the gol 
phase goes through the same two transformations,

(c) The maximum melt of the I.e. phase, IT, occurs at 
0,8 mole fraction of HpO indicating that a C^QP0:4Hp0 aggregate 
is particularly stable, although there is no evidence from the 
phase studies of a solid tetrahydrate.

(d) The C-^o3?0/HpO system shows a region of middle I.e. 
phase, M, existing between 0,88 and 0.96 mole fraction of HpO,
It has been shown by X-ray diffraction studies (190) that the 
middle phase structure consists of a two dimensional array of 
equidistant cylinders or rods arranged in a hexagonal form, the 
alkyl chains being located in the interior of the rods a.nd the 
water filling the gaps between. However there is evidence (194) 
that in certain systems the reverse structure does exist.

(e) At 0,88 mole fraction of HpO the first transition 
which occurs upon heating is directly from the crystalline C-̂ q PO
+-HpO ice to the I.e. phase, II, at -14°C and this transition can
be seen by D.S.C. a.s well as visually. The I.e. phase, M, then
melts at 11°C to give a fluid isotropic phase but the transition
does not show on the D.S.C. For samples containing this mole
fraction of H^O no two phase region, H + F.I., was detected. At 

o24 C zones of I.e. phase, IT, appear in the fluid isotropic phase 
as the system passes through the two phase region, IT -*■ F.I., and 
disappears at 34°C.

(f) The two phase region, IT ■+• F.I., appears at both 
sides of the peak of the I.e. phase, IT, at 0.8 mole fraction of 
HpO a.nd can only be seen visually. However it was not observed 
in the case of samples containing 0.87 mole fraction of H^O 
(figure 50).

Similarly the two phase region, M + F.I., appears a.t both



sides of the peak of the I.e. phase, M, at 0,925 mole fraction 
of H2O. In this case no two phase region was observed in samples 
containing 0.88 or 0,95 mole fraction of B^O.

(g) No d irect transition has been observed visually or 
on D.S.C. of the I.e. phase M to N and the transition is only 
drawn in tentatively as an almost vertical dotted line,

(h) Samples containing more than 0.88 mole fraction of 
H 2O were cooled below -60°C using D.S.C. and two exotherms were 
observed at approximately -12°C and -54°C, the higher temperature 
peak increasing in size relative to the lower temperature peak as 
the amount of H^O was increased. Two endotherms were observed 
upon subsequent heating, one at -14°C and the other at -9°C 
rising to -0.5°C and increasing in size relative to the lower 
temperature peak as the amount of HgO increased. It would there
fore appear that during heating runs the changes taking place 
here are firstly concurrent melting and penetration of H 2O into 
the C-̂ oiPO lattice to produce the lsl hydrated solid. This is 
followed by further melting and penetration of excess H 2O to 
produce the I.e. phase,M, up to 0.96 mole fraction of H2O where 
transformation directly to the fluid isotropic phase takes place. 
The latter transition can be observed visually.

When the 11̂ 0 content is increased from 0,88 mole fraction
the phase boundary between the two phase region, M *♦* P.I., and
the fluid isotropic phase r:*ses to a maximum at 53°C at 0.925
mole fraction of H^O. This boundary then decreases to a shallow 
eutectic minimum of -5°C at O.96 mole fraction of II2O.

(i) For all samples containing more than 0.61 mole frac
tion of E^O an endotherm is observed at -49*5°C for all heating 
runs. It is thought that this transition may be due to a poly
morphic transition at this temperature. This transition cannot
be seen in the thermograms of anhydrous Ci q PO.



TABLE XV

Data points for MGll/D20 phase diagram.

xd 20 Transition Temperatures (° c)

0.12 52.5 51.8
0.29 29.5 48.2
0.51 29.2 47.0
0.56 20.0 45.5 49.7 51.5
0.44 27.5 45.0 54.5 59.5
0.47 27.2 45.4 58.0 62.5
0.475 -11.5 27 .o 42.8 58.5 62.8
0.49 -11.0 27 .0 42.0 60.5 64.0
0.52 -10.5 27.5 41.4 62.5 66.5
0.525 - 8.6 27.5 40.5 65.1 66.4
0.55 - 7.5 27.6 40.8 65.5 68.6
0.62 - 5.2 27.7 57 .5 74.0 78.0
0.71 - 5.5 28.0 55.0 84.0 88.0
0.79 - 1.8 50.0 52.0 92.5 95.5
0.825 - 1.2 52.5 96.0 93.5
0.85 - 0.0 52.5 97 .8 99.0
0.87 - 0.6 52.4 97.4 99.2
0.88 0.5 51.5 41.0 93.6
0.89 0.5 50.5 45.0 99.0
0.90 1.5 50.0 50.0 99.0
0.91 1.8 29.8 79.5
0.95 2.7 29.6 80.0
0.95 2.8 2 0 • 0 79.5
0.97 2.9 29.0 79.5
0.98 5.0 29.7 79.5
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TABLE XVI

Bata points for C1opo/H 2° Pilase diagram.

X Transition Temperature (°C)
b 2o

0.20 -17 .0 55.0 7 2.0

0.31 -15.0 54.5 63.5

0.39 -14.5 55.0 62.5

0.46 -12.0 55.5 48.0

0.52 -12.0 36.0 42.0

0*61 -49.5 -14.5 -8.0 37 .0 40.0

0.66 -49.5 -14.0 -8.5 37.0

0.70 -49.5 -14.5 -8.5 30.0 45.0 46 • 0

0.76 -49.5 -14.5 -8.5 17.0 55.0 56.0

0.80 -49.5 -14.5 -8.5 12.0 59.5

0.84 -50.0 -14.5 -8.5 54.0 57 .5

0.86 -49.5 -14.0 45.0 48.0

0.87 -50.0 -14.5
0.88 -49.5 -14.0 11.0

0.895 -49.5 -14.5 -9.0 22.0 27.5
0.925 -49.5 -14.0 -8.5 55.0

0.94 -49.5 -14.0 “7 .5 28.0 32.5

0.95 -49.5 -14.0 -6.5 13.0

0.96 -49.5 -14.0 -5.0

0.97 -50.0 -14.0 -3.0

0.98 -49.5 -14.0 -0.5

0.99 -49.5 -14.5 -0.5
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CHAPTER Y
HYDRATED DTHE THY LEE CT L PE 0 3 PH I HE OXIDE 

(I) Results

Infra,-red spectra have been obtained of single crystal 

samples of C^PO containing up to 0.48 mole fraction of IIpO at 
the beam, temperature and -3°C. Unpolarized and polarised spectra 

of a sample containing 0.48 mole fraction of H2O at the beam 
temperature are shown as figure 55* Also polarised and unpolar

ized spectra of the decoupled 'O(OH) have been obtained at this

mole fraction of H2O at the beam temperature and these spectra 
are also shown in figure 55* Attempts were made to grow single 

crystals of samples containing higher mole fraction of HgO but 

without success* Also attempts were made to obtain low temper

ature polarized spectra. The lowest temperature at which single

crystal spectra were obtained was -3°C.

The effect of temperature on a sample containing 0,48 mole 

fraction of H2O has been studied. Eigure 56 shows the absorption 

spectrum of this sample over the ranges 4000-3000cm“ -̂ and 1300- 
1000cm~^ at -13°C and -45 ° C along with the spectra taken in these 

regions at the beam temperature.

(ll) Pis cus s ion
(i) The X-ray long spacing values for the anhydrous and 

hydrated 8-^PO (table XIII) ’re identical and it is concluded 
that the introduction of water in the vicinity of the phosphoryl 
group has not affected the hydrocarbon chain packing to any 

observable extent.

This is born out by spin-1 attice, ? anĉ  spin-spin, T2,
relaxation times which were obtained for the alkyl chain protons

in the anhydrous and hydrated state of C^qPO. If upon addition 

of water any change in molecular motion in the frequency ranges
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figure 55.

Infra-red spectra of C^Qpo + 0 .4 8  mole fraction of Hp0 at  
beam temperature, Wavelength unoo lar ized  spectra (a) 6- 18 ,̂,

( c )  2 . 625-3.625/u.. Polarized spectra (b) 6 - 1 8/ s (d) 2 .625 -3 .625;^ .  
Also decoupled V(0H) for this mole fraction at the same temp
erature (e ) unpolarized, (f) polarized, Wavelength 2 .5 -3 .25 / - . :
electric vector parallel to chains ,and perpendicular tochains ---- .
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Figure 5 6 .
\)(0H) and V(p=0) bands in C.nP0 + 0. lj.8 mole fraction of H20 at 1U

(a) beam temperature 
b -13®C

(o) -45 c
Wavelength 2 .6 2 5 -3 .2 5 ^  and 8 .0 - 1 0 .0/..



7 510 or 10 had occurred then this would have been reflected in an 

increase in the values of T^ an(̂  ^2 re -̂a^^ve anhydrous
material* However the values for T^ and T2 of 0*7 seconds and 
10p. seconds respectively remained constant showing no apparent 
loosening had taken place.

The value of T2 found here for both the anhydrous and hydra
ted material compares very favourably with the theoretical value 
of approximately 6p seconds for a hydrocarbon chain calculated 
from the theoretical line width of 15 gauss (271) using the stan
dard relationship (27 2).

Line width _  1
J27T . T2

T^ and T2 measurements for the methyl group protons adjacent 
to phosphorus show the same effect. Upon going from the anhydro

us to hydrated form T-̂  shows a marked increase from 50~150p. sec
onds as does T2 from 7 5-150/a seconds. The dichroisms of bands 
associated with the various vibrational modes of these methyl 
groups are almost identical in the hydrated (figure 55) and 
anhydrous C^qPO (figure 44) •

The lengthening of the relaxation times is consistent with 
a greater freedom of motion of the methyl groups* This increase' 
in motion does not appear to alter the observed dichroisms.

(ii) The infra-red spectra obtained for the hydrated mat
erial (figure 55) when compared with the anhydrous spectra
(figure 44) also reinforce the conclusion that the addition of 
water has very little effect upon the structure of Cj q PO. The 
general features of the spectra as to band position, relative 
intensity and dichroisms are the same. This also indicates that 
the hydrated crystal has formed with the molecules of C ^PO hav
ing the same orientation relative to the polarized beam as those 
in the anhydrous case. However there are differences apparent



between the spectra as follows

(a) In the anhydrous C PO spectrum (figure 44) » at

the beam temperature, strong broad bands associated with \)( P=0)
-1 -1are observed at 1168cm and 1156cm • In the spectrum of the

hydrated material (figure 55) there is also a shoulder at 

1158cm~^ which increases in intensity as the amount of H^O is 

increased. This shoulder has been assigned to the H-bonded 

component of V(p=0).

This shift of n?(P=0) to a lower frequency when participat

ing in H-bond formation with a. donor atom has been previously 

observed in solution ( 27 3-27 4) as well as in the solid state

(142,265).
Gouboau et al (142) observed throe bands in the spectrum of

anhydrous trimethylphosphine oxide which they interpreted in

terms of various phosphoryl dipole association species. Upon

addition of water they observed five bands in the range 117 5- 
"11103cm“,J- which they have interpreted in terms of the phosphoryl 

group H-bonded with water as shown in figure 57.

^=4
" ' H

(I)

/
H ----

/
/

/

H
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Figure 57.
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In the spectrum of hydrated C-̂ q PO (figure 55) since the
mole fraction of HgO does not exceed 0,5, the low frequency

-1shoulder at 1138cm is probably due to the H-bonded species 
of the type shown as I and III in figure 57•

The dichroism observed for the shoulder at 1138cm'’'*' due 
to the H-bonded \>(P=0) is only very small in contrast to the 
large dichroisms shown by the stronger higher frequency *0 (P=0) 
bands.

At a temperature of -3°C the bands at ll68cm“l and 1156cm"! 
remain in the same position but the shoulder moves to 1136cm~'*’, 
The dichroisms obtained at this lower temperature are almost 
identical with those at beam temperature,

(b) . A very broad medium intensity h)(0E) band is observ
ed at 3425cm"'1' (figure 55) which is markedly asymmetric at 
3306cm"-*- in the hydrated CjqPO. This band does not show an 
observable dichroism (figure 55) even at the lower temperature 
of -3°C.

A spectrum of liquid water has been obtained at be ami temp
erature and V (OH) from this spectrum is shown as figure 58#
The band maximum occurs at 3408cm"-*- and the band is extremely 
broad and markedly asymmetric at 3306 cm"-*-.

The decoupled *\)(0H) in the hydrated form of G^qPO (figure 
55) at the beam temperature, appears to have a single maximum 
at 3396cm’’'*' s.nd is very broad with A>)A- of 275cm”*'*'. This band 
also shows no observable dichroism. In liquid water the de
coupled Ny)(0H) band (figure 58) appears to have a single maxi
mum at 3410cm"'*' and is also broad with J of 268cm"-*-.

Ho other bands associated with liquid water were observed 
in the hydrated spectrum of C^PO.

i
Prom this data it would appear that the water incorporated 

in C^q PO up to a mole fraction of 0,48 is in a liquid state.
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\)(OH) bands of liguid/at beam temperature: («
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However from the shift of the decoupled S)(OH) band to lower 
frequency in the hydrated C-̂ q PO spectrum compared to liquid 
water it does appear to have a distribution of E~bond.s on the 
average stronger than in liquid water.

In the spectrum shown by Eaasch et al (265) for trimethyl- 
phosphine oxide a strong band is observed at 3410cm"^ which is 
undoubtedly due to *'0( OH) of water incorporated in the phosphine 
oxide. This band appears to ha.ve shoulders at 33 20cm"'*' and 
3500cm”'-*-. However this band is not mentioned in their paper.

Goubeau et al (I42) observed a very strong band at 3260cm"-*' 
which moves to 3400cm" as the amount of H2O is increased. These 
bands again are not referred to in their paper.

(c) At a temperature of ~13°C, ^(OH) in the unpolar’ized
spectrum of the hydrated C ^ P O  (figure 56) shifts, to a lower 
frequency of 3394cm"'*' and is asymmetric at 3294cm"-*' whilst the 
H-bonded component of ^(P=0) shifts to 1136cm"'1', is better 
resolved but has the same intensity as the shoulder at the 
beam temperature. The bands at 1168cm"-*- and 1156cm"'*' at the 
beam temperature (figure 55) due to V(P=0) are also better 
resolved at this lower temperature but remain in the sarnie posi
tion.

At a. temperature of -45°0 the spectrum of "0(OH) reverts to
that shown in figure 56 with a main component at 3296cm”**- and

-1 -1shoulders at 3320cm and 3150cm" . This spectrum may be comp
ared with that obtained for ice I by Falk et al (49) at -160°C 
where ,*>)(on) has a main component at 3220cm"'*' and shoulders at 
3380cm"**' and 3150cm"'*'. These spectra are very similar the 
differences probably being due to the different temperatures at 
which the spectra were obtained.

At this temperature of -45°8 the H-bonded component of 
*>)(P=0) reduces in intensity at 1136cm~l (figure 56), It is not



surprising that a small band remains at 1136cm"'*' since there is 
a band at this frequency in the spectrum of the anhydrous 
Ci q PO (figure 44).

Generally at -45°8 the spectrum of the hydrated material 
is identical v;ith that of the anhydrous C^qPO except for the 
presence of bonds due to ice I in the former spectrum. It 
would therefore appear that at a temperature of -45°C the water 
in the hydrated material freezes out as ice I giving the region 
indicated on the phase diagram as, crystalline C10PO 4. ICO 
(figure 50).



CHAPTER VI

LIQUID CRYSTALLINE PHASES 
(I) Neat -phase

(i) Results
(a) Both polarized and unpolarized spectra have been 

obtained of oriented samples of MG8/E20, DMG8/D20 at 15°C, and 
MGll/H20, DMGll/D20, at 45°C in the composition range of the lam
ellar I.e. region of the phase diagrams. The neat I.e. phase is 
stable in systems containing 0.5-0,9 and 0.5-0.9 mole fraction of 
D 20 the IvIG8/D20 (figure 52) and MGll/DgO (figure 49) systems 
respectively.

The absorption spectra of san^les containing 0.45 mole frac
tion of HpO with MG8 and D 2O with DMG8, at 15° C, are shown in 
figure 59• The frequencies and the proposed assignments of the 
absorption bands are listed in tables XVII and XVIII,

Significant dichroisms have only been observed in the case 
of the decoupled \) ( OH) for samples containing 0.45 and 0.8 mole 
fraction of D 20 with DKG8 upon going from-sample position V =  0° 
to Vrr45° (figure 29) between silica plates. However this proce
dure could 110t.be carried out satisfactorily with silver chloride 
plates since transmission was too greatly reduced when they were 
used at 45° to the beam. It was only possible therefore to 
obtain spectra in the 5000cm"-*- region since the silica, plates do 
not transmit satisfactorily below this frequency. The polarized 
and unpolarized spectra, at 15°C, of the 0.45 and 0.89 mole frac
tion samples are shown in figure 60. Similar dichroisms have 
been observed for the decoupled \) (OH) of the DMGll/D20 neat 
phase in samples containing 0,52 and 0.7 3 mole fraction of D 20 
at 45°C, and the values of the \)(0H). frequency, half band width,
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and intensity ratios, D ^ / D q , for the sample positions 
V = 0° and V =  45° are shown in table XIX for the two systems 
studied.

Also the effect of temperature on the dichroisms observed in 
the DMG11/D20 samples has been studied and the polarized spectra 
for the decoupled OH) at 7 5°C along with that at 45°C for the
0.7 3 mole fraction sample, for sample positions == 0 ° and V = 4 5 °  
are shown in figure 61. The unpolarized spectra of the decoupled 
\)(0H) bands for this sample at 45°C and 7 5°C are also shown in 
figure 61.

(b) Both polarized and unpolarized infra-red spectra 
have been obtained on oriented samples of C^PO/HpO at 45°C in 
the composition range of the lamellar I.e. region of the phase. 
The neat I.e. phase is stable in systems containing 0.82 - 0.92 
mole fraction of H 20 (figure 62) •

The absorption spectrum of samples containing 0.84 mole . 
fraction of E 20 with C^2P0 at 45°C is shown in figure 65. The 
frequencies and proposed assignments of the absorption bands are 
listed in table XX. Ho significant dichroisms have been observed, 
however the polarized and unpola.rized spectra of the decoupled 
V ( OH) of samples containing 0.84 mole fraction of B2O with C^2P0 
at 45°C are shown in figure 64.

The neat I.e. phase of the C^qP0/H20 system is stable in 
systems containing 0.66 - 0.87 mole fraction of E 2O (figure 50). 
The unpolarized spectra of the decoupled *\) (OH) at 4°C and beam 
temperature are shown in figure 64 for samples containing 0.86 
mole fraction of I>20 with C^qPO.

(c) The unpolarized spectra of the decoupled ,<0( OH) of 
liquid water has been obtained at 4°C, 15°C, beam temperature and 
7 5°C and the bands are shown in figure 64. Also the polarized 
spectra e„t 4°C have been obtained for sample positions V =  0° and
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B(II)A( II)

3.0 2.5 3.02.5
Figure 60

DecoupledV(OH) bands in DMG8 containing A- 0.1+5 mole fraction 
D2O ,(l) unpolarized (il) polarized. B- 0.89 mole fraction D20 
,(l) unpolarized (II) polarized. Wavelength 2.5-3*25/«.

Temperature 15*0.
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Figure 61.

Decoupled \J(OH) bands in DMG11 containing 0.73 mole fraction 
of D2O A-unpolarized , B-polarized. Wavelength 2.5-3.25̂ 1.
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Figure 63.
Infra-red spectrum of C . 2 P 0  + 0.84 mole fraction of H o 0  

at k5 C. Wavelength 2.5-5.0 and 6-l8y*.
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V =  45 for the decoupled >) (Oil) band and these spectra are also 
shown in figure 64* Ho differences are observed in the spectra 
at V =  0° and V=.45°.

Table XXI shows the various spectral parameters for the 
decoupled V(OE) of liquid water with those for the I.e. phases 
at the various temperatures.

Unpolarized spectra of liquid H^O and I^O were obtained at 
the beam temperature and are shown as figure 65*

(ii) Pis cussion
The structure of the neat I.e. phase in 1-mono- 

glyceride/water systems was shown to be lamellar by Larsson (180) 
and Reiss Husson (198) using X-ray diffraction.

The identification of this phase in the case of the CjgPO/ 
E 2O and C-^oPO/HgO systems was carried out by Hermaun et al (l4l) 
using a polarizing light microscope. They observed the textures 
characteristic of a lamellar structure reported by Rosevear (185) 
and this identification has been confirmed in the present work.

(a) Structure of the v/ater layer
(1) Vionl

The "0 (OH) band of the samples containing 0.45
mole fraction of II2O with MGS (figure 59)? 0,52 mole fraction of
H 2O with KG11, and O.84 mole fraction of HgO with C12 PO (figure,
65) is extremely broad, has its maximum at approximately 5410cm~

/̂

and is markedly asymmetric at approximately 5500cm The bread
th of this band is so great (£N> 400 cm--*-) that there is consid
erable overlap with bands associated with>)(CH2) and n)(CE^) in 
the region of 5000cm**-*-. The shape and position of *\)(0H) is un
changed by increasing the concentration of EgO present.

This band is very similar in appea.rs,ncc to that observed in 
liquid water (figure 65). In liquid water the band envelope of 
V( OH) is made up of contributions from the following components
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Figure 65.

Infra-red spectra of liquid water:- H20, Wavelength(a) 5-18/1, 
(beam temperature) (b) 3.5“5*(tyt.

Dq0, Wavelength(c) 5-18/S * (a) 3.5-5.Oyu.



(156)
i. OH asymmetric stretch, S)^#

ii. OH symmetric stretch, 
and iii. the first overtone of the bending vibration, 2*^2* 

Each of these components is broad and hence overlap takes 
place giving rise to the observed broad asymmetric band. In the 
case of 1-monoglycerides, in addition to the components listed 
there is also a contribution in some part from the glyceride 
residue OH groups.

From a comparision of these spectra it would appear that the 
water incorporated in the neat I.e. phe.se is in a. similar state 
to liquid water.

(2) Decoupled >)( OH)
i. The decoupled^(OH) bands in the unpolarized 

spectra of DJ1G8 and DMGII/D2O samples occur at 3410cm"1 (l5°C) / 
and 3419cm-1 (45°C) and are broad with a O j  of 262cm"1 arid 268 cm"*1 
respectively. In the decoupled **0 (Oil) spectra of 0.45 and 0.80 
mole fraction of DgO with DMG8 (figure 60) and 0.52 mole fraction 
of D 2O with DMGli the bands appear to have a single maximum and 
are markedly asymmetric at the low frequency side of the band 
envelope, at 3558cm"1 and 3568cm"1 respectively, whilst those of 
the 0.89 mole fraction of DgO with DUG8 (figure 60) and 0.75 and 
0.86 mole fraction of D 2O with DJIG 11 are symmetric.

Spectra of samples of DIvTGH containing 0.7 3 mole fraction of 
D 2O were also obtained at 75°C (figure 6l). The decoupled ^  (OH) 
band is broad and symmetric with a value of of 27 0cm"*1 and
shifted to a higher frequency of 3424cm*"1. There is also a dec
rease in the intensity relative to the lower temperature spectrum.

In liquid water the decoupled N0 (OH) is a symmetric, band 
(figure 64) t appears to have a single maximum at 3598cm"1 (l5°C),
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3410cm’*'*’ (beam temperature), and 3415cm-■*' (75°C) and has 
values of 265cm-'*', 268cm-'*' and 27 3cm"*-*- respectively. There is 
also a gradual decrease in the intensity with increasing temper- 
a/fcure (figure 64). This sort of behaviour is to be expected at 
higher temperatures because of the weakening of the E-bond inter
action. Similar spectra have been obtained previously in the 
case of liquid water (156) with similar band widths and frequency 
positions.

It would therefore appear that at high mole fractions of 
EgO in both neat phases studied, the decoupled \)(OH) not only 
occurs in a similar position, has a similar but also has a
similar temperature behaviour as well as observed band shape as 
liquid water. Although from the positions of the decoupled *0(Oll) 
bands the average E-bond strength in the neat phase appears to be 
slightly lower than in liquid water.

At lower mole fractions, however, even though the band max
ima are in the same position as the high water content samples 
and is similar, the bands have not the same shape, being
markedly asymmetric at the low frequency side. The asymmetr3r may 
be due to contributions directly from the water molecules assoc
iated with the glyceride hydroxyl groups. It is known that Bi- 
bonding between alcoholic hydroxyl groups and water molecules is 
stronger than that between the hydroxyl groups or water molecules 
alone ( 27 5)* It would therefore be expected that the ^(OH) of 
groups involved in such bonding would occur at a' lower frequency*

At the low water contents all water molecules would, say, be 
attached fleetingly to one or other of the 1-monoglyceride mole
cules, but as the water content is increased there will be an 
increasing number of water molecules instantaneously attached 
only to other water molecules therefore swamping the former 
effect and hence giving a more symmetrical, liquid water like,



■band envelope.
Further evidence for this orientation of the water was found

in the 1-monoglyceride systems studied in this thesis by McDonald
et al (220) using broad line IT.M.R. on oriented I.e. samples, A
narrow doublet associated with the protons 011 the water molecules
was observed indicating a degree of anisotropy in the motion of
the water molecules. This anisotropy was also seen to decrease
with increasing concentration of water.

ii. The peak of the neat I.e. phase of the MGS/DgO
phase diagram (figure 52) occurs at a composition of MG8.4^2®
suggesting that a complex of that composition is particularly
stable in the I.e. phase. The maximum is at a mole fraction of
0,8 in D O .  If it is assumed that the 0.8 mole fraction complex 2
is a type of hydrate then comparison with other hydrates may be 
made. Using the correlation curve shown in figure 15 relating

eRq^O distances to 'O(OH) frequencies, a value of 2.82A is found 
to correspond to the S) (OH) frequency of 3410cm-'*' for this sample. 

From the decoupled ̂ (OD) frequencies of pinacol hexahydrate,
0 0

^0-0 values of 2.77 A nnd 2.74A were obtained via the^(OD) v !s 
^0-0 correlation curve (figure 16) . Thus the average value of 
the I.e. R^-O Is much higher than either of the values obtained 
for pinacol hexahydratc. An average value for 20 hydrates (155)

ois 2.80A and probably represents a reliable estimate of the 11- 
bond lengths in organic hydra-es. The I.e. R:o*-0 value compares 
very favourably with this average value. There is however 110 
evidence from other sources that such a hydrate exists.

iii. In the MGII/D2O phase diagram (figure 49) there 
is a small peak in the phase boundary between the gel and I.e. 
region at MG11 + 0.47 mole fraction of D^O, suggesting the pres
ence of a monohydrate.
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A comparison of the unpolarized spectrum of the decoupled
^(OH) in samples containing 0.47 mole fraction of DgO (figure
66) can be made with samples containing 0.53 mole fraction of
D^O (figure 66) at 45°C. Both decoupled ">) ( OH) bands appear to
have a, single maximum at 34^9ca"^ but the former band is much
more symmetrical and has J of 226cm""’*' which is a reduction of

-1approximately 40cm compared with the latter band.
In liquid water the breadth of the decoupled ^  (Oil) bands

wo.s concluded by Wall et al (60) to be due to structural disorder.
In liquid water the decoupled V(0H) has a value of o f

-1268cm vrhilst in the- co.se of ice I (49) and CaS0^.2H 20 (ll),
^S> -J- values e,re 50cm  ̂ e.nd 30cm"*^ respectively. It would be 
expected therefore that an increase in the structure would give 
rise to narrower bands in the decoupled spectra,. This narrowing 
effect has been observed in the spectrum of DMG11 +  0.47 mole 
fraction of DgO and si;ggests the.t the nonohydro.te is stable in 
the I.e. phase.

The frequency of the decoupled S) (OH) band, 3419cm"**’, for 
the BlIGll+O.47 mole fre.ction of D2O samples corresponds to an 
R0-0 value 0;? 2.83A (figure 15)* This value compares very fav
ourably with the overage value previously quoted for organic

o . Nhydrates at 2.80A (155)* However it is much higher them those 
previously obtedned for pine.col monohydrate from the "0( OD) v 1 s 
Eq^q oorrelodion curve (figure 16) which lie in the range 2.7 5 - 
2.7 2A.

iv. Polarized spectra
1, Dichroisms have been observed in the polarized 

spectra of the decoupled "n)( OH) of DMGS/DgO and DMGll/l^O (figures 
60 and 61) neat I.e. samples upon going from sample positions.
V == 0° to V=45°,

For samples contadning 0.45 und 0.80 mole fre.ction of
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Figure 66.
Decoupled V(OH) bands in DMG11 containing
(a) 0.53 and (b) 0.1+7 mole fraction of D20 
at 1+5#C. Wavelength 2.5-3*25y*.



with DMG8 for sample position V = 0 °  broad bands are observed with 
a single maximum at 3406cm-  ̂ and 3404cm’"’̂  respectively. Upon 
going to sajnple position V = 4 5 °  single broad bands are again 
observed with similar values but with increased intensity at
3382cm--*- and 3585cm--1- respectively. The decoupled \)(0H) of 
liquid water showed none of these effects.

At higher I>2̂  mole fractions, 0.89» with DMG8 single broad 
bands are observed at 3404cm--1- and 3403cm"1 for sample positions
V ==0° and V = 4 5 °  respectively, with only a very small increase
in intensity between sample positions (table XIX).

Similar behaviour is observed in the case of the DMGll/DgO 
neat I.e. phase (t able XIX).

This data may be interpreted in the following ways 
Considering the samples containing 0.45 and 0.80 mole fraction of 
I>20 with DMG8 (0.52 and 0*7 5 in the case of the DMGll/l^O system )̂ 
the OH groups of the glyceride residue are 'anchored* at the 
interface and this will probably mean the OH bond direction is 
effectively parallel to the direction of propogation of the 
incident radiation and give rise to a general ordering effect of 
the water molecules, at the interface, in a direction perpend
icular to the interface. Then any contribution of the resultant 
transition moment for the interface structure, to the spectrum in 
the V = 0° position would be expected to be very small. The obs
erved band at this sample position is therefore the contribution
from the 'liquid like* water molecules.

However at V:= 45° the incident radiation now interacts with 
any resultant transition moment at an angle which would give rise 
to a considerable contribution to the \>( OH) band envelope in 
addition to the liquid like water contribution. This contribu
tion would be at a lower frequency due to the fact that the H- 
bonds formed by the water associated with the OH groups of the



residue at the interfe.ce are stronger. This.would also account, 
in part, for the increase in intensity of the decoupled 
*S>(OE) hand at this sample position, relative to V = 0°.

When the concentration of DgO in the system increases it 
leads to an increase in the thickness of the water layer (180) 
hut not in the number of molecules instantaneously H-bonded to 
the nonoglyceride OH groups. Therefore in the case of samples 
containing 0.89 mole fraction of H 2O with DMG8 (0.86 in the case 
of DMGll/DgO system) it would be expected that the relative int
ensity of the low frequency vibration would diminish and infact 
the differences between the two polarized spectra decrease with 
increasing water content (table XIX).

To test the above interpretation it was decided to examine 
also a long chain lipid which did not possess a. hydroxyl group 
and which formed a neat I.e. phase which was stable at, or about, 
room temperature. An unsymmetrical trialkylphosphine oxide was 
chosen for this purpose. In the C12PO/H2O system 'tbe neat I.e. 
phase is stable in systems containing 0.82 to 0.92 mole fraction 
of HpO (figure 62).

The decoupled >)(0E) band in the unpolarized spectrum (figure 
64) of samples containing 0.84 mole fraction of DgO in C ^ P O  
appears to have a single maximum at 3414cm*’1 (45°C) and is broad 
with o f  268cm"'1 and symmetrical.

The decoupled V(0H) bands in the polarized spectra (figure 
64) showed no shift in frequency upon going from sample position

o o iV =  0 to V =  45 , the frequency of the bands being 3408cm"-1-.
These bands have the same behaviour as the polarized spectra obt
ained in the case of the DMG8/D2O (figure 60) and DMGll/DgO sys
tems for the samples containing the highest mole fraction of D2O.

In this study of the C ^ P O / ^ O  neat I.e. system, broad line
H.M.R. has been used on oriented I.e. samples. ITo dipolar splitt
ing of the water molecule resonance has been observed in this
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system at the lowest mole fraction of EUO for which the I.e. 
phase is stable, thus showing that in the case of this neat phase 
there is no observable ordering of the water by the phosphoryl 
end group. Whereas in the case of the 1-monoglycerides studied 
by W.E. Peel (209) a small splitting was observed even at the 
highest water concentration for which the neat I.e. phases are 
stable. Also the angular dependence of the doublet splitting in 
this case (209) showed that there was a. measurable degree of mole
cular ordering along a direction perpendicular to the lamellar 
planes of the mesophasc*

Therefore comparing both infra-red and U.M.R. data on the 
C^^O/EgO system with that obtained for the 1-monoglyceride sys
tems it would seem that the interpretation placed upon the observ
ed dichroisms is reasonable.

2. Polarized spectra, for samples containing 0.73 
mole fraction of D 2O with DMG-11 were obtained at 7 5°C as well as 
at 45°C (figure 6l). Details of the various spectral parameters 
are given in table XIX. Por 3ample position V=0°, at 7 5°C, the 
broad band i3 observed at 3410cm**1. Upon going to sample position 
V =  45°, at this temper attire, a single broad band is again observed 
with a similar A-Q J-( table XIX) at 3414cm"1 (3418 and 3396cm"1 
respectively in the same sample at 45°C). There is an increase 
in intensity in the sample position V =  45° but the ratio (D^/Dq) 
(table XIX) is reduced compa: ed with that observed for the lower 
temperature spectra and indeed is tending to the value obtained 
for the much higher water concentration, 0.86 mole fraction, at a 
lower temperature of 45°C.

The effects produced on the '\)(0H) band by an increase of 
temperature are due to a greater relative decrease in the numbers 
of the most strongly associated species which give rise to the



low frequency vibra,tion, similar to that occuring in alcohols 
and other hydroxylic substances.

v. Calculation of average distance
The decoupled V  (OH) band in the unpolariz

ed spectrum of C-̂ qIPO containing 0.86 mole fraction of I^O (figure 
64) at 4°C is broad with of 270cm"-*-, symmetrical and appears
to have a single maximum at 3391cm-'*’, whilst at the beam temper
ature *S?( OH) occurs at 3412cm"-*- with of 273 cm-?’. The corr-;
esponding bands in liquid water are found at 3389cm ^ and 3410cm"l

/ *

and these bands have AS) J values of 263cm"! and 268cm"’-*' respect
ively (figure 64)*

Both sets of bands appear to have similar frequency positions 
and band shapes as well as undergoing similar alterations with 
increasing temperature. It is assumed that, as in the case of 
liquid water (60), the breadth of the decoupled bands in the 
C-j_q P0 neat phase is due to structural disorder and the shape of 
these bands is due to a continuous distribution of nearest neigh
bour 0-0 separations, then it is possible to obtain an average 
value for this distance, Bq-0 1 invoking the correlation 
between S)(0H) and the intermolecular distance, R^. (7 1 ) (figure
15).

Wall et al (60) have recently utilized a curve of this type 
to obtain a radial distribution type of curve, similar to those 
obtained by X-ray spectroscopists in their studies of liquids 
(276), for liquid water from a Raman study of the decoupled "̂ (OlJ) 
band. Ice I fitted on the correlation curve and they justified 
the extension of the use of a. correlation curve, referring to 
crystals, to liquid water on the basis of the nature of the intes?- 
action in water and ice being qualitatively identical. Van Eck 
et al (61) estimated the 0-0 distance in water from the frequency 
of the infra-red absorption maximum of HDO. In both cases the
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correlation with X-ray date, was excellent.
If it is no;/ assumed that the degree of interaction within 

the water layer of the neat phase I.e. and water arc identical 
then extension of the correlation curve to the water region of 
the I.e. phase appears valid.

In construction of the correlation curves used by Van Eck et 
al (67»277 *278) nnd Wall et al (6,67 *277) some of the data utilis
ed has since been found to be unreliable (7l)* The correlation 
curve used in this present study is that of Efimov et al (71) 
(figure 15).

To convert the vibrational spectra to a distribution func
tion, the lines,! height of the infra-red hand at each frequency 
(actually at 30cm“^ intervals) is taken as a measure of the numb
er of oscillators with that frequency at any instant. The ordin
ate in the distribution functions is lineal band height multipli
ed by the slope of the correlation curve ( * - )  at the point in 
question.

To test the validity of the use of this particular procedure 
the decoupled \)(0H) bands of liquid water at 4° 8 and 7 5° 8 were 
analysed in the above manner. The resulting distribution func
tions are shown in figure 67 and it can be seen that the short 
distance side of the curves rise sharply and the peaks occur at 
2.82(1) and 2.84A respectively.

ITarten et al (276) have obtained distribution functions for 
liquid water at various temperatures, including 4° 8 and 7 5°8, 
using the X-ray technique. They observed a gradual increase in

©the average R()~0 values from the peaks of the functions of 2.8 2A
o _at 4 C and 2.94A at 200 C. If this is a gradual increase then a

oa value of approximately 2.86 A would be expected at 75°8.
A comparison of the values obtained from this band analysis, 

with the values from the X-ray study, at 4°8 and 7 3°C shows
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Figure 67
Distribution function for the decoupled V(OH) bands of:-
A. Liquid water at Zj-°C,beam temperature and 73°C , and
B. C10P0 + 0.86 mole fraction of D20 at 4°C and beam 
temperature.



excellent agreement, although there is a difference of 0.02A at 
the higher temperature. On the hasis of this agreement it seem
ed reasonable to utilize the infra-red Ro-0 analysis technique 
further.

The distribution functions for the decoupled bands
of samples containing 0*86 mole freaction of I^O C-^qPO 4°C 
and beam temperature are shown in figure 67, along with those 
for the decoupled (OH) bands of liquid water at the same temp
eratures. The resulting average Hq^q distances obtained from 
the peaks of these functions are given in table XXII.

The distribution curves and the average Rq-q distances are 
very similar in the two cases; However the distribution curve 
of the neat phase is rather broader and indicates s. greater 
proportion of shorter Rq^q distances compared with those for 
liquid water. This may be duo to participation of the phosphoryl 
group, present at the interface, in the nearest neighbour inter
action in the nea,t phase causing an increase in the numbers of 
species with shorter R,q_o distances.

(5) Other bands associated with liquid water•
i. In the unpolarized spectra of samples of MGS 

containing 0.45 mole fraction of H 2O (figure 59) at 15°C a very 
weak broad band is observed at 2130cm--5-, whilst in the case of 
samples of 0.52 mole fraction of E 2O with MG11, and 0.84 mole 
fraction of H 2O with (figure 6 3) at 45°C the band occurs
at 2118cm--5-. This band in liquid water (figure 65) has its

—  1maximum near 2125cm- and is the counterpart of the association 
band, ^0 which occurs in ice I at 2270cm--5- (49)* It is thought 
that this band is composed of overtones of intermolecular modes, 
or a combination of the H0H deformation, V^, at 1645cm--5- with an 
intermolecular mode or both. Williams (27 5) proposed the assign
ment (nJ2 + ^)l . N> ̂.) for this band, where Vj, is the librational



mode, V -j. is the translational mode usually found at approximate
ly 685cm **" and 193cm"'*' (280) respectively, in the spectrum of
liquid water. The intensity of this band increases as the amount
of H^O is increased but it remains in the same position.

ii. In the unpolarised spectra of samples of MG8 
containing 0*45 mole fraction of II2O (figure 59) > V 2 occurs at 
1656cm"*'*' compared with 1648cm"*'1' in liquid water (figure 65) and 
1650cm’*'*' in ice I (49)*

In the DUG8 sample (figure.59) the band due to "^(i^O) 
appears at approximately 1216cm"'**' in the region of TJ(CH2) and 
T( CH2) which compares with the value of liquid © 2^ 1215cm"-*-
(figure 65).

A simila,r effect is observed in the case of the neat phase 
spectra of the MGII/H2O and D 2O samples at 45°G.

In the case of the spectra, of the 0.34 mole fraction of H 2O
with C]_2^0 at 45°C ^2 occurs at I648 (figure 63).

The higher frequency in the MG8 and IIGll/HgO case is probab
ly due to the presence of \)(C=0).

iii. Recently a previously unreported absorption 
maximum in the infra-red spectrum of liquid water at 1350cm~-*- 
in H 2O and at lOOOcm*"'*" in D2O *las "been assigned to the first 
overtone of the far infra-red V  ̂  band (281). This band lies 
between 'N) 2 a n d V p  for liquid water and is clearly visible in the 
spectra of liquid II2O a,nd D̂ _0 shown in figure 65.

In the neat I.e. phase spectra shown of the samples of 0.45
mole fraction of H^O and with MG8 and DMG8 (figure 59) this
band is not observed due to the fact that superimposed over this 
region of the spectra are the bands arising from various modes 
associated with the hydrocarbon chain. This band is not observed 
in the neat I.e. spectra of MGll/l^O or the C^^O/HgO samples 
for similar reasons.
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iv. The librational mode ( *^l) in the spectra of 
samples of MG3, MG11 and Cqg-O containing 0*45 (figure 59) j 0.52 
and 0.84 (figure 63) mole fraction of H O  respectively is a broad 
band and occurs at approximately 686cm"*^ which is approximately 
the same position as. in liquid water at 685cm-’*' (figure 65). In 
ice I V L is at 846cm’"'*' (49)* Therefore the position in the neat
I.e. phases of these systems would give the impression that the 
strength of the H-bond is on average the same order of magnitude 
as that in liquid water, This band remains in approximately the 
same position with increase in concentration of water in all 
systems.

(4) S)(.c=o)
At 15°C in the unpolarizcd spectra of samples 

containing 0.45 mole fraction of Dp® with DMG8, ^ ( C ^ O )  is resolv
ed into two components at 17 46cm""**' and 17 35cm"-*- the former being 
the stronger band. Changes occur in the n)(c=0) doublet on 
increasing the amount of D ^0 present. T h o >0(C =  O) bands of the 
various DUG8 hydrated phases are shown diagramatically in figure 
68, The frequencies of these components of "^(0 =  0) for the DMG8 
and 3)MG11/D20 neat phases are shown in table XXIII.

In very dilute solution in CC1, the >)( OH) spectrum indicated- r
that there was no intermolecular H~bonding_ and a doublet assoc
iated with V (  C = 0 )  was observed at 17 54cm"-1- ana 17 35cm"-*- and 
those components were assignee to ’free1 and intramolecular K- 
bonded V ( C = 0 )  (chapter I I I  (b)).

The lowest frequency V( C=0) band in the neat phases of MGS 
and MGII/D2O systems occurs in the same position as the lowest 
frequency component in solution and it could therefore be due to 
intramolecular H-bondod carbonyl groups. However as mentioned 
earlier V(C=-0) for intermolecularly H-bonded carbonyl groups



sometimes occurs at this frequency and therefore an unequivocal
assignment cannot bo made.

The relative intensity of the low frequency component in
the neat phase of MGG/HgO system (figure 68) is seen to increase
with increasing P 2O content of the sample and this sequence also
occurs with increasing content of DgO in the I.e. phase of the
MGll/DpO syct cm. In the MG11 system increasing H O  content  ̂ 2
causes increased melting point of the I.e. phase (figure 49) hut 
in the MGS system (figure 52) the melting point goes through a 
maximum at approximately 0.8 mole fraction of PgO. Since the 
relative intensity of the low frequency component of the carbonyl 
band continues to increase above 0.8 mole fraction of I^O it 
seems that the E-bonding in which the carbonyl group is involved 
is not important to the stability.of the lamellar phase.

(5) N)(p=o).
Several authors have studied the complex 

formation of phosphine oxides with various proton donors in CCl^ 
solution (145>273 >274>282,285).

Mrochck et al (282) have suggested from shifts observed in 
the ^(p=0) and changes in N)(0H) of tri-n-octylphosphine oxide 
(T.O.P.O.) and various other phosphine oxides in E^O saturated 
solutions of CCl^ certain aggregates wore formed, in particular 
2T.0.P.0..E2O. More recently in the case of T.O.P.O. it was 
postulated by 0 *laughlin et al (143) on the basis of infra-red, 
H.M.R. and vapour pressure measurements that a 1:1 complex is 
formed in solutions containing loss than 0.1M of T.O.P.O,

Gramstad et al (274) have studied the pontafluorophonol 
(P.P.P.) and triphenylphosphinc oxide (T.P.P.O.) mixtures in 
CCl^ solution. Alterations in the \)(01l) spectrum of P. P. P. 
with concentration changes in T.P.P.O, have been correlated with 
the formation of complexes of the 1 :1 , Is 2 and 2s1 ratio of donor
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to acceptor and A H , as veil as A S  valves for these complexes have 
been calculated. Furthermore in the trimcthylphoaphino oxide/ 
methanol system in CCl^ ( 2 1 5 ) ,  A H  values vere foimd to be depend
ent upon concentration. This was thought to be due to the forma
tion of molecular aggregates of a similar nature to those found 
by Gramstad et al (274)• Support for the existance of such comp
lexes was found in the spectra of Riltsev et al (273)? figure 69?
which show that the addition of methanol causes changes in the 
complexity of N)(P=*0) of trimethylphosphine oxide.

A study has been made, using high resolution IT.M.R. ( 283)? 
of solutions of water in tri-n-butylphosphate (T.B.P.). The 
chemical shift of the HgO protons, was found to increase almost 
linearly with increase in HgO concentration. This was interpret
ed in terms of strong interactions of the water molecules with ✓
the organic base and the following model equilibria were postulat
ed •

dimer 1 t rimer ------ ringmer
Increasing T«B,P.<—   > increasing IĴ O content
The ^(P— 0) bands of the mole fractions of HgO covering the

concentration range for which the neat phase of the C22PO/H2O
system is stable are shown diagramatically in figure 70. The
frequencies of these components arc shown in tp,ble XXIV.

In the neat I.e. phase of C-j^FO/lI^O system, initially at a
H2O mole fraction of O.84 at 45°C a broad band is observed at
1138cm"**-. This is a shift of 18cm--*- from that observed in the
solid state at 1156cm’*’*'. An intense shoulder is also observed at 

*|1148cm" (figure 70, table XXIV). When the concentration of 
water was increased a further component was resolved at the low
frequency side of the principal band, now at 1136cm"’*', at

— I 11120cm" , whilst the shoulder at 1148cm“J* has much reduced inten
sity at 1149cm"*** (figure 7 0) . Finally at the maximum concentra
tion of water for which the I.e. phase is stable (0.90 mole
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Figure 69.
V(P=0) bands of triraethylphosphine oxide ,0.011-1, in 
CClr(1), also 0.01M in CCIk solutions containing 
metnanol concentrations ,0.045^(2), 0.09M(3)» 0.45M 
(4), 1.9M(5). (21S)
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fraction) , the principal band is noy observed at 1137 cm“-- whilst 
the shoulder on the high frequency side is now found at 1148cni~^

(figure 7 0). At this concentration of water no distinct low

frequency shoulder is observed.

The three new components associated with can be

discussed in the terms of the complex species present. It is 

thought that complexes of phosphine oxide and water with a comp

osition 2%1 ? Is 1 and Is 2 could be involved corresponding to the /
components observed at 1148cm , 1158cm“x and 1120cm respective

ly. The possible structures of these complexes are shown in 

figure 71*

It is difficult to make an unequivocal choice between the 

two structures shown for the 1%2 complex (structures P.IIl(a) and 
(b), figure 7 l)• Some assistance is obtained from a considerati
on of tho behaviour of >\)( C= 0) . In the study of the effect of 

p-cresol upon acetone and acetophenone, in CCl^ solution where 
Whetsel et al (284) observed the appearance of two new bands 
associated with S>(c=0) and correlated them with lsl and 1:2 

complexes of the type shown in figure 7 2.

0—i-f-p —!-!—o = p /VVv\

' ' p —pAAAA

x O
P.IIItb)

Figure 71•



I.

/
At

Figure 72. H U )

Of the two structures which represent the I t  2 complexes, 
structure Il(a) in figure 7 2 was chosen as the most favourable 
because of a small frequency shift that resulted from the additia 
of the second p-cresol molecule. With cyclohexenonc for example,

complex (structure I in figure 7 2) band from the ’free’ ketone 
band was l6.8cm~“'.

relatively large frequency shift that resulted from the addition 
of the second molecule of E 2O in the system the structure
which best represents the 1:2 complex is that shown as structure 
P.IIl(b) in figure 71*

From the observed spectra, (figure 7 0) it can be seen that 
the participation of the different H-bonded species alters a,s the 
amount of B^O is increased. Even though at all concentrations all 
the structures postulated are present to some extent, it appears 
that at low E^O concentration structures PI and PJI predominate 
whilst at higher H o0 concentrations structures PII and PIIl(b) 
predominate•

the shift amounted to only 5*3cra' while the shift of the 1;1

Therefore on this basi considered that because of the



- 155 -

( b ) Lipid layer
It has been well established that the neat I.e. 

phase has a bilayer structure ( 180 ,195 > 197 * 198 , 20l) , The motion 
of the hydrocarbon chains within the bilayer is regarded as l i q 
uid like1 by most workers. This has been confirmed in the systems 
studied in this thesis.

Generally the spectra, obte,incd for the various neat I.e. 
systems (figures 59 and 65) have the appearance of those obtained 
for the liquid o,nhydrous materie,l (figures 34 and 45) t the frequ
encies of the observed e,bsorption bands being in approximately 
the same positions (tables XVII and XX). The bands which have 
been assigned to the various vibra,tional modes of the CH2 groups 
of the hydrocarbon chain, are rather broad and diffuse. In the 
liquid states of polymethylene compounds the molecules arc gener
ally bent and curled into a variety of different conformations 
and thus give rise to diffuse spectra.

Furthermore dichrcisms of the bands associated with the 
hydrocarbon chadns have not been observed in any of the systems 
studied.

W.E. Peel (209) has used broad line N.H.R. to study the mot
ion s,nd orientation of the hydrocarbon chains in the 1-monoglyce-** 
ridc/E^O neat I.e. phases studied hero. His results both on 
oriented and non-oriented samples have indicated that the lipid 
molecules are rotating about their long axes with a significant 
increase in the freedom of the rotational motion occuring at four 
methylene groups along the alkyl chains from the polar head group 
of the saturated lipid. The dipolar splitting associated with the 
N.IvI.E. spectrum of the first few methylene groups of the 1-mono- 
glyceride hydrocarbon chains also indicated that the motion of 
these methylene groups was virtually a simple rotation.
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One might therefore have expected to observe dichroisms 
from these more ordered segments of the hydrocarbon chain but 
not from the remainder in which there must also be torsional 
and flexing motion as well as simple rotation.



-1cm

3466

2957
2929287 8
2854

17 59
17 35
1468
1460
1422
1385
127 2
1252
117 4
1113
1053
990
935
870
7 2 6
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Table XVII

Assignments of the absorption bands MG8/H2O neat phase 
spectrum (0.45 mole fraction of B^O)

Liquid MG-8
(42°c)

. Intensity
(a)

Neat phase 
MG8/H 0 (15°C)

cm-1 Intensity
( a) Assignments

s .br.
3410 s.br.

m 2959 m
s 2929 s
m 287 8 m
s 2855 s

2130 v.w,br
1746 s

s
sh 17 34 sh

I656 m
m 1469 m
m 1460 m
17 1422 W
m 1385 m
m 127 2 m
m 1233 m

s.br. 117 4 s.br.
m.br. 1114 m.br.
m, br. 1053 m. br.
w. br. 990 w.br.
w.br. 936 w.br.
w.br. 8 68 w.br.
v. w. 7 25 v. w.

686 s.br.

1

(OH)
c h 5

^a( CH^ 
Vs(CH* 
V s (CH,
v a (h 2(
V  (c=o) 
n^(h 20)
& (ch2)

T( CHn' &
W CH

M c e 2)
\Sl ( h 20)
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Table XVIII

cm"1

3418
2957 
2929 287 0 
2855 
2527

17 39 
1733 1468 
1459 
1422 
1385 
127 2 
1252

1174  
1111 
1050 
1000 

938 
849 
7 24 
658

Assignment of the absorption bands DMG8/D2O neat phase 
spectrum (0,45 mole fraction)

Liquid DMG8 Neat phase
( 42°C) 3)MG8/D20 ( I 5°c )

(a) nIntensity cm" Intensity
w

3410 w
m 2956 m
s 2930 s
m 287 0 m
s 2853 s

s.br.
2500 s.br.
1558 v.w.br,
1746 s

s
s 1735 sh
m 1469 m
m 1460 m
w 1425 w
m 1385 m
m 127 2 m
m

1215 m
s.br. 1175 s.br.
ni.br. 1112 m. br.
w.br. 1052 w.br.
w.br. 1000 w.br.
w.br. 940 w.br.
w.br. 852 w.br.
w 7 25 w

(a) (b)
Assignments
7 V (OH)

w.br.

N>a( CHj 
Va( CHp' 
•\fc(CHz 
"Ob ( Cflo',
N ( 0 D |

Np.(HgO)
n) (c=o)

<S (CHp)

VpfDpO)v  ( coc)v  ( co)

/o (c h 2)

(a) For the meanings of the abbreviations used see the 
footnote to Table VIII.

(b) The meanings of the symbols used are as follows:-

'x) Stretching
& Bending
s Skeletal

/> Rocking
T Twisting
W . Wagging
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Table XIX

Frequencies, half band widths , A  \> , and intensity
radioes, D45/Po, for the decoupled s\)(OH) bands (Polarized) 
for the MG8 and MGll/l^O neat phases*

1-Monoglyceride Temperature
(°c)

X
d 2o

( cm

Sample • 0°
(cm*-*-)

position
V=

V ( 0 E )
( cm"’1)

=45°AS)|- 
(cm“l)

D45/Do

15 0.45 3406 269 3382 275 1.2130
MG 8 15 0.80 5404 267 3385 27 2 1.2269

15 0.89 3404 271 3403 2 68 1.0311

MG11

45 0.52 3418 265 3404 2 69 1.2565

45
0.73

3418 270 3396 27 2 1.2988

75 3418 27 2 3414 27 5 1.0535

45 0.86 3416 26.4 3414 27 0 1.0423



Table XX
Assignments o±‘ the absorption bands of the c12po/h2o 

neat phase spectrum (0.84 mole fraction of H 2O)

Liquid Cn oP0 Heat phase
(9o°or C12P0/H20 (45 C)

(a) (a)
cm"-*- Intensity cm*" Intensity

3410 s , br.
2982 xr
2956 m 2956 m
2926 s 2929 s
2873 m 2875 m
2851 s 2852 s

2118 v,w.br.
I648 m.br.

1465 m 1465 m
1460 m 1462 m
1425 T7 1425 w
1412 V. W, 1412 v, w.
137 6 V. W. 1397 V. w.
1370 V  » \7 , 1370 V. w.
1352 v,u. 1350 v.u.
1299 m. s. 1298 m. s .
1292 m. s. 1293 m* s •
1256 xr 1256 v* w.
1190 s.br.

1148 sh
1138 s.br.

1117 w
1058 XT 1058 XT
1008 v, w. 1008 XT
987 v. w. 987 V. W.
935 m« s, 935 m
898 v,¥.br. 89 6 v.¥,br,
860 ¥.br. 863 w. br.
778 v,¥,br, 778 v,i/,br.
738 w, br. 740 w. br.
7 23 sh 7 23 v,¥.br.
709 V.Y/,

686 s, br.

(a) For the meanings of the abbreviate
note to Table VIII,

(b) The meanings of the symbols used a:
\) Stretching

6 Bending
s Skeletal

/O Rocking

Assignments
b) (OH) 
\)a(PCH) 
M a  CH: Va( CH2;
N ) S (  C H 3
b>s( Clip' 
S>A( H 20i
iTcf
6a(PCHj)
Ss(CHj)

^ s (PCH5) 

b) ( P=0)

(b)

/O(CHp)MbCPcJ /o( c h 2)
^(HpO)



Table XXI

Frequencies and half band widths,AS)^, of decoupled V (OH) 
(unpolarized) of liquid water MG8, MGll/DgO and Cj q P0/E20 
neat phases.

Temperature Liquid water Neat phase
(°C) V(°H) AN) b N)(o h) A'O a2( cm"-1-) (cm“l) (em”l) (cm-

4 3589 263
(a)

3591
0>)3410

270
15 3398 265 2 6 2

33 3410 2 6 8
(a)

3412 273
45
75 3415 27 3

(e)
3419

(o)
3424

2 6 8

270

(a) C10P0/H20
(b) MG8/D20
(o) HCll/DgO



Table XXII

Average Ro-o values for liquid water and the C^q PO/H^O neat phase.

Temperature Ro-o (A)
(°C) liquid water neat phase

(0,86 mole fraction)

4

33
75

2 ,8 2 1

2 .8 2 9

2.84

2 .8 1 8

2.826



 I___________I___________I_______
5 -5  5 .75  6 . 0

Figure 68.
V(C=0) bands in the neat I . e .  phase of the DMG8/D20systeml 
temperature 15°G,

(a )  0.45 )
(b) 0.80 ) aole fraction 0
(c) 0.89 )

Wavelength 5 .5 -6 .0 ju
Table XXIII

Frequencies of the "^(C— O) bands for MGS and MGll/l^O 

neat phases.

1-monoglyceride Temperature
(°C)

15
MG 3 15

15

X M( C=0)
D2O (cm~l)

0.45 1746,1755

0.80 17 45,17 54

0.89 17 45 ? 17 34

45 0.5 2 17 44 >17 33

45 17 45,17 34
MG 11 0.7 3

7 5 17 45 917 33
45 0.86 17 44,17 34



8.0 8.5 9.0 9.5
Figure 70

\)(P=0) bands in the neat I.e. phase of the C 1 2 PQ/H2 O system, 
temperature 1+5°C,(a) 0.81+ )

(b) 0.87 ) mole fraction DpO
(c) 0.90 )

Wavelength 8.0-9.5/n.

Frequencies of the 'V(P:==:0) bands for the nea-t phase

Table XXIV

at 45°C

XHgO \>(P =  0) 
(cm"*-*-)

0. 84 1148, 1138
0.87 1149, 1136, 1120

0.90 1148, 1137
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(11) Middle Phase 
(i) Results

TJnpolarized infra-red spectra have been obtained 
of samples of C ^ P O  at 15°C in the composition range of the 
middle I.e. region of the phase diagram (figure 62). The middle 
phase is stable in systems containing 0.90 and 0.95 mole fraction 
of E 2O.

The absorption spectrum of the samples containing 0.90 mole 
fraction of E^O with C ^ P O  at 15°C is shown in figure 7 5* The 
frequencies and proposed assignments of the absorption bands are 
listed in table XXV.

The unpolarized absorption spectrum of the decoupled V(01l) 
of samples containing 0.94 mole fraction of DpO with CjqPO at 
15°C has been obtained and is shown, along with the decoupled 
V(0H) of liquid water at the same temperature in figure 7 4*

(ii) Pis cussion
The structure of the middle phase in various 

lipid/HgO systems is envisaged ( 13 7 , 190- 193) as being a two dimen
sional array of equidistant cylinders or rods, the alkyl chains 
being located in the interior of the rods and the water filling 
the ga,p between, although there is evidence that in certain sys
tems the reverse structure does exist (l94)«

The identification of the middle phase, M, in the case of 
the C^PO/^E^O and O^qPO/h^O syst eras was carried out by Hermann 
et al (141) using a polarizing light microscope. They reported 
the textures characteristic of this phase reported by Rosevear 
(185). This identification has been confirmed in this work.

(a) Bands associated w ith the water/lipid interface
(1) n)(0H)

The \) ( OH) band of the 0.90 mole fraction 
of H2O in ^12^® spectrum (figure 73) at 15°C is extremely broad,



_  1-------- 1-------- 1-------- »-------- 1-------- •-------- 1-------- 1---------1---------1-------- I________ I________ I________ « * * » »

2*5 3.0 3.5 4.0 4.5
Figure 73.

~ r -----% ““* +  0 * 9 0  i u u x c  i r a u b i u
at 15 C Wavelength 2.5-5.O ana 6-18/a.

Infra-red spectrum of C.,oP0 + 0.90 mole fraction of H20



Decoupled
V(0H)(15°C)

2.5
M

3.02.8 2.9

Decouoled 
V( OH) ( 15 °C),

2.5 3.0

M

2.8 2.9 3.0

Figure 74.
Distribution functions of the decoupled V(0H)bands of:- 
A. Liquid water at 15°0 and B. C^qPO + 0.94 mole fraction of D20 at 15°C.
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has its maximum at approximately 3404cm“l and is markedly asy
mmetric at approximately 3300cm’" ■*". As in the case of the^COH) 
band of the I.e. phase observed in the case of MG8/H2O, MGll/
H2O and C^PO/EgO systems (figures 59 and 63) the breadth of 
this band is so great, withA^J in excess of 400cm“^, that there 
is considerable overlap with bands associated with \)(CE2) and 

CIÎ ) in the region of 3000cm“ -̂ and the general shape and 
position of this band at this temperature is unchanged on increa
sing the concentration of H 2O.

Prom a comparison of this spectrum with that of liquid 
water (figure 65) it would appear that as in the neat phase 
studied, the water incorporated in this middle phase is in a 
similar state to liquid water.

The decoupled N) (OH) band in the unpolariz
ed spectrum of CqOPO samples containing 0.94 mole fraction of 
I>20 (figure 7 4) at 15°C appear to have a single maximum at 

-13394cm ; These bands are broad and symmetrical wi th a of
269cm"^, like those of the neo.t pha.se of the CqQPO/HgO system 
and high water content neat phase samples of the MG8/D2O and 
MGII/E2O systems (figure 60) and liquid water (figure 7 4)*

In liquid water at 15°C the decoupled V (OH) band appears 
to have a single maximum at 3398cm”  ̂ and has a value of of
265cm* ^ ,

Assuming that the degree of interaction within the water 
incorporated in the middle phase of the C^qP0/H20 system is 
identical to that in liquid water itself then it is possible, 
utilizing the band analysis technique employed in the previous 
section of this chapter to obtain an average distance from
this band. The distribution function for this sample is shown 
in figure 7 4 along with that obtained from the decoupled'S) (OH)
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of liquid water, at this temperature.
In both cases, the short distance side of the curves rise

O Osharply and the peaks occur at 2.82(4)A and 2.82(2)A for liquid 
water and middle phase respectively.

Also the general shape of the distribution curve is more 
similar to that of water than that of the neat phase (section (i) 
part 7. of this chapter). This is to be expected since in this 
phase there is more water present and therefore the contribution 
of the phosphoryl group to the nearest neighbour interaction 
would be proportionately smaller.

This data does not assist in determing whether or not the 
water is located in the interior of the rods or between them.

( 3) Other bands associated with liquid water
Tn the unpolarized spectra of samples of 

C-j^K) containing 0.90 mole fraction of B^O at 15°C (figure 7 3) 
the other bands associated with liquid water are found in the 
following positions?-

i. >*)«, a broad very weak band at 2125 cm*"1
(2130cm"*1)

ii. a broad band of medium intensity at
1649cm”"1 (1648cm**1)

iii. an extremely broad and intense ba,nd at
approximately 682cm”*1 (686cm**l),

All the bands i-iii increase in intensity upon increasing 
the amount of H2O, but do not alter their position. The frequen
cies of these bands in liquid water (figure 65) are shown in 
parenthesis after the frequency positions shown for the middle 
phase counterparts.

The band associated with the first overtone as in the
neat phase spectra previously discussed, is not observed.



The >)(P=0) bands for the various mole frac
tions of H 2O covering the middle phase, are shown diagram-
atically as figure 75* The frequencies of these components of 
>J(p=o) within the middle phase are shown in table XXVI.

In this study of ^ ( P = 0 )  bands in the middle I.e. phase of 
the C^PO/HgO system, initially at a mole fraction of 0.90 of 
H 2O at 15°C a broad band is observed at 1134cm*"1 with shoulders 
at 1119cm*"1 and 1147cm”1 (figure 75)* This particular composition 
also exists a3 a neat phe.se at a temperature of 45°C. A compari
son of. the two spectra (figure 75) shows that the component at 
1147cm”1 is much weaker in the middle phase spectra, whilst the 
asymmetry observed in the neat phase spectra in the vicinity of 
1120cm”1 has increased in intensity in the middle phase spectrum 
and is now present as a definite shoulder at 1119cm“l. The int
ensity of the broad band at 1137cm**1 in the neat phase, now found 
at 1134cm**1 in the middle phase' is unchanged.

The three components a,re observed in the same relative posi
tions with the same relative intensity at a mole fraction of 0.94* 
However c,t a water mole fraction of 0.95> the highest mole frac
tion for which the middle I.e. phase is stable, the high frequency/
shoulder disappears completely. The principal band is now observ* 
ed at 1132cm whilst an intense shoulder is observed at 1119cm*“A 
(figure 75) •

It would appear that upon reducing the temperature from 45°C 
to 15°C and hence changing the structure from neat to middle 
phase the relative proportions of the types of C12 PO.H2O complexes 
are altered. In the middle phase at 15°C there appears to be an 
increase in the amount of the 1:2 complex (structure PIIl(b) , 
figure 71) and a corresponding decrease in the amount of the 2:1 
complex (structure PI, figure 71) relative to the neat phase.
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There is also a shift to lower frequency of the h)(P=0) bands 
which might be expected with increased K-bond strength at lower 
temperature.

When the amount of E^O is increased, within the phase, 
eventually this high frequency shoulder associated with the 2:1 
complex disappears and it seems therefore reasonable to assume 
that complexes present are almost entirely of the 1:1 and 1:2 
type (structures PII and PIIl(b), figure 7 l)• However the 
presence of components from the 2:1 complex may still be present 
as part of the rather extended high frequency tail of the broad 
' O ( V - o )  bands remaining,

(b) Bands associated with the hydrocarbon chain
It is believed, as in the case of the neat 

phase, that the motion of hydrocarbon chains is again ’liquid 
like’. This has been confirmed in the middle phase of the 
C12PO/H2O system. The spectra, obtained, for the middle phase 
have the appearance of those obtained in the neat phase of this 
system (figures 63 and 73) as well as the anhydrous liquid 
ma.terial (figure 45) » the frequencies of the observed broa.d 
and diffuse absorption beuids being in approximately the same 
positions (table XXV) .



cm“^

2932
2956
2928
2873
2851

14651460
14251412
137 6
137 0
1352
1299
1292
1256
1190

11171058
1008
987
935698
860
778
738
7 23
7 09

Table XXV

Assignments of the absorption bands of the c12po/h 0 
middle phase spectrum (0.95 mole fraction of EpO)

Liquid oP0(90°cj Middle phase
(a) •j 2 ' ' '

Intensity cm Intensity
3404 s. br.

w
m 2956 m
s 2930 s
m 2876 m
s 2851 s

2125 v.w. br.
1649 m. br.

m 1465 m
m 1462 m
w 1424 w

v.w. 1411 v.w.
v.w. 137 6 v.w.
v.w. 1369 v.w.
v.w. 1350 v.w.
m. s. 1298 m.s.
m. s. 1295 m.s.

w 1256 v.w.
s.br.

1132 s. br.
1119 sh.

w
w 1057 w

v.w. 1008 w
v.w. 987 V, w.
m.s. 955 m

v.w.br. 897 v.w.br.
w.br. 862 w.br.

v.w.br. 77 8 v.w.br.
w.br. 740 w.br.
sh 7 23 v.w. br.

v.w.
682 s.br.

(a)
Assignments

V  (OH) Va( PCH) 
Va( CHr, 
Va( CHp 
Vs(ch3 
Vs (CHp 
Va(h2o 
Vp(HpO)
6 (c h 2)
ia(PCH5)
6 b (C113 )

| 6 s(pch5)

] V  (p~o)

/O ( CHp) 
•>}a( Pc;
/o (c h 2)
V l(h 2o )

(*)

(a) For the meanings of the abbreviations used see footnote 
to Table VIII.

(b) The meanings of the symbols used are as follows*-
V Stretching

Bending
s Skeletal

/O Rocking



(a)

(b)

(c)

8*0 8.5 9.0
figure 7 5 .

_i
9.5

\)(P=0) bands in the middle I.e. phase of the C 1 2 P0/H20 system 
temperature 1 5 °G,

a) 0.90 )
b) 0.94 ) mole fraction H^O
c) 0.95 )Wavelength 8 .0 - 9 .5 /4.

Table XXVI
Frequencies of the V(P==0 ) bands for the C^PO/l^O middle phase 
at 15°C.

Xh 2o

0.90
0.94
0.95

>)(P=0)
( cm"*1-)

1147 , 1134? 1119
1147, 1133? 1119

1132, 1119
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CHAPTER.VII 

COKCLUSIOHS

(I) Anhydrou s Lipids
(i) 1-monoglyoerides 

(a) Polymorphism
The polymorphic forms of MG18, obtained by 

therm?J treatment, and their transition temperatures observed in 
this work using D.S.C. are in good agreement with those reported 
previously using cooling and heating curves and differential 
thermal analysis. It has been confirmed that the polymorphic 
transitions are reversible and the pol3nnorphs are stable over 
their reported temperature ranges. Also the infra-red spectra of 
these polymorphs are in good agreement with those obtained prev
iously. However certain differences have been observed.

These include evidence from the structure of the n) (C=0) 
band for the participa.tion of the carbonyl in the H-boncVing 
scheme in all the polymorphs obtained, and from a doublet (CH2) 
band and bands in the CH stretch region in a similar position to 
highly crystalline n paraffins further evidence of the crystal
line nature of the sub- ^  phase.

Two new polymorphic forms produced by thermal treatment have 
been observed for MG8 and MG12. Characterization of the phase in 
the ca.se of MG8 proved impossible due to the exceeding short life 
time but in the case of MG12 an infra-red spectrum of the new 
phase was obtained and appea.rs to be that of a modified sub- 
phase.

Unpolarized infra-red spectra of MG8 and DMG8 have been 
obtained of the liquid and polycrystalline states and most of the 
bands have been assigned tentatively to vibrational modes. Two



decoupled V( OH) bands are observed in the spectrum of EIIG8 and 
indicate that the OH groups are present in two different environ
ments. A comparison of the values, obtained for these
bomds, with those of pinacol indicate that the OH groups of JIG 8 
are probably involved in 0-H....0-H and 0-H....0=C E-bonding.

0>) 1-monooctanoin in solution
Concentration changes in V (OH) and V(c=0) 

have been observed and indicate that there is a. considerable 
amount of intramolecular H-bonding occuring in dilute solutions 
of MG8. Several possible E-bonded structures are discussed and 
measurements on a triglyceride/alcohol system in solution have 
been made in order to investigate the possible involvement of the 
alkoxy oxygen in the E-bonding scheme of MG8.

(ii) Structure of unsymmetrical trialkylphosphine oxides 
The observed dichroisms in the polarised infra

red spectra of C^q PO have assisted indeciding the orientation of 
the molecules in the single crystal samples. The molecules are 
aligned with the alkyl chains in, and making an angle of less ■* 
than 45° with, the plane of the plates, the alkyl chain skeletons 
being approximately at right angles to this plane. The phosphor- 
yl groups a,lso lie in the plane of the plates and are approx
imately at right angles to the alkyl chains. Also the dichroisms 
have assisted in the assignment of the bands of C-^oPO and 
spectra. The complexity of the N) (P=0) bands has been discussed 
in terms of dipole-dipole association species.

X-ray long spacings of ClQpo and Cl2?0 indicate that the 
molecules crystallize in a bilayer structure and from the infra
red spectra it would appear that the alkyl chains pack in an

orthorhombic sub-cell,
(II) Hydrated dimethyIdecylphoswhine oxide

The infra-red spectra, X-ray and T^ and Tg measure
ments indicate that the presence of water up to a mole fraction



of 0.5 does not effect the crystallization of C-^qPO in its bi- 
mo 1 ocular layer lattice. Differences do occur between the 
spectre, of the hydrated and unhydrated material which indicate 
that H-bonding is telling place between the phosphoryl group and 
water. Also the water at normal temperatures is liquid like 
below a mole fraction of 0.5 although the slight shift to low 
frequencies of the decoupled V( Oil) band suggests a slightly high
er H-bond strength than in liquid water.

However when the temperature is reduced to -45°C changes 
occur in V (P=0) and V(OE) which show the water is now present 
as ice I in the phase ( C^qPO -+* ice I) .
(ill) Liquid Crystalline Phases

(i) The water/lipid interface
The unpolarized infra-red spectra of the bands 

associated with water in the 1-monoglyceride and C-^PO systems 
studied indicate that water in the neat and middle I.e. phases 
is liquid like.

In both I.e. phases the decoupled \) ( OH) bands are broad..
The shape of the bands in the case of the 1-monoglyceride neat 
phase is found to alter with mole fraction of water. They are 
markedly asymmetric at low water content and symmetric at high 
concentrations, the bands looking like those of liquid water. Ho 
dichroisms are observed for these bands by rotation of the 1-. 
monoglyceride neat phase samples in the V— O°position. However 
when the samples are turned to 7= 4.5° to the beam whilst still in 
a vertical plane a shift to lower frequency and increase in in
tensity of the decoupled OK) bands is observed in the low water 
content polarized spectra whilst at high water content these 
effects are not observed.

The asymmetry of the unpolarized decoupled V (OH) bands at 
low water contents and the dichroic effects in the polarized



spectra are both due to the structuring effects of the 1-mono
glyceride OH groups within the water layer of the mesophase. The 
validity of this interpretation has been checked by observations 
on the decoupled V  (OH) bands of the neat plia.se of the C-^PO/^O 
system.

Effects similar to those observed 011 increasing the water 
content are observed when a low water content sample of HG11 +
H 2O neat phase is heated to a higher temperature. These effects 
are due to a. greater relative decrease in the numbers of the most 
strongly associated species which give rise to the low frequency 
vibration.

Evidence has been obtained for the stable monohydrate, ind
icated by a small peak in the phase diagram of the MGll/D^O sys
tem from a significant narrowing of the decoupled *N) ( OH) band at 
that composition.

Evidence has also been obtained in the MG8 and MGll/l^O neat 
phases for the participation of the carbonyl in the H-bonding 
scheme but it seems that the H-bonding in vrhich the carbonyl is 
involved is not important in the stability of the neat phase.

The presence of several »(B=0) bands in both neat and midd
le phases of C-^PO/^O system is explained in terms of the pres
ence of 2s1, Is 1, and Is 2 acceptor to donor H-bonding complexes. 
At all water contents all these complexes are present to some 
extent. However at l o w water contents complexes of the 2s1 and 
lil type predominate whilst at higher water concentrations, in

the middle phase, the lsl and Is 2 complexes predominate.
The decoupled V (OH) bands of the C^q PO neat and middle 

phases and liquid water have been analysed to produce radial 
distribution curves. The average I*q a q( A) values indicate that 
the water in both phases is liquid like, although the shape of



the distribution function is broader in the case of the neat 
phase, relative to water, due to the appreciable participation 
of the phosphoryl groups in the nearest neighbour interaction. 

( ii) The hydroca,rbon chains
Comparison of the spectra of the liquid anhyd

rous lipids with those of the neat and middle phases indicate 
that the motion of the hydrocarbon chains is liquid like. Ei- 
chroisms have not been observed for bands associated with the 
hydrocarbon chains for sample positions V = 0° or V=* 45° in all 
the neat phases studied.
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Postgraduate course of studies

The following series of lectures given to postgraduate 
students at the University of Sheffield were attended*

1. Structure of membranes, by Professor D. Chapman 
(6 lectures).

2. X-ray crystallography, by Dr. N. A. Bailey (6 lectures).
3. Computing and chemistry, Dr. D. B. Cook (6 lectures)


