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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 vibrabtions 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
banding in pinacol and its hydrates have been elucideated from a
study of the decoupled 0D stretching vibrations.

In part two a number of lipids and 1ipid/water systems have
been studied. The polymorphism of four l-nonoglycerides has been
investigated, Transition temweratures 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 mosf stable form of the pure
and partly deuterated l-monooctanoin.

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

The 1—monoundecanoin/D20 phase diagram has been determined
and the structure of the neat liquid crystelline phase of this
systvem, along with that of the l-monooctanoin/Dzo system, have
been investigated using polarized and unpolarized infra-red spec-
troscopy.

Polarized and unpolarized infra-red speétra and X-ray long

spacings of dimethyldecyl - and dimethyldodecylphosphine oxide



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

The dimethyldecylphosphine oxide/Hzo phase diagram lhas been
determined and the structures of the neat and middle liquid cry-
stalline phases of this system and the dimethyldodecylphosphine
ozide/HZO system, as well as the hydrated solid phese of the di-
methyldecylphosphine oxide/Hzo 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 1lipids
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 1lipids 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 1lipids 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 (1), Hatt (1) gives a list of mounohydric
alcohols of an aliphatic nature which are known to form
hydiates.

A1l the alcohols forming hydrates have a compact molecular
shape and most of them are tertiary alcohols possessing consid-
erable symmetry. Methanol, tertiary butanol and pentamethyla-
ethanol (P.}M.E.) are the only saturated aliphatic alcohols
which form crystalline hydrates., The replacement of threec
nethyl groups in P.M,B, with threce chlorine atoms still
preserves the ability to form a hemihydrate., This fact suggests
that spatial factors and not electronic factors are imporiant
in the formation of alcohol hydrates. Fatt (1) has inspccted
some alcohols closely related to P.l.E. which do not form
hydrates and has concluded that these spatial facltors can be
closely defined.

The aliphatic glycols that have been reported to form
hydrates (1) are methyl substituted glycols and show a striking
correspondence to the Lhydrate forming monohydrié alcohols,

The series ethylene glycol, meso~2;3~-butanediol, 2-methyl~2,3«
butanediol and pinacol being snalogous to methanol, tertiary
butanol and P,M.E.

Pinacol (2,3-dimethylbutan-2,3 diol) forms two hydrates,
the mono- and hexahydrate. The cxistance of these two lLydrates
was first shown by Pushin et al (2). The phase diagram of
Pushin et al (2) is shown in figure 1. There are two compounds
with congruent meclting points clearly shown by the maxima at
50 molar ﬁer cent and 41,25°C (pinacol monohydraite) and 14.3
molar per cent and 45.4°C (pinacol hexahydrate).

0'Connor (3) has proposed, using X-ray diffraction that .

pinacol crystallizes in an orthorhombic structure with sixtecn
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‘Pinacol/water phase diagram.(2)



molecules per unit cell. DPigures 2a,b and ¢ show the proposed
structure assuming all the molecules are in the gauche config-
0
uration, In figure 2aeach symbol of the type G—jﬁ—c or
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 dotited lines represent the H-bonding
system. The molecules are oriented in space in one of two
positions, The first typec of molecule have their C-C bond
parallel to the 'a' crystallographic axis., The scecond type
of molecule have their 0~C connectving line parallel to the
'a' crystallographic axis. Going across the unit cell in the
'p!' crystallographic direction the molecules are alternately
above and below the central layer of oxygen alboms,

FPigure 5 shows across section of pinacol monohydracte
structure suggested by Hatt (1), Rotabtion through 90° gives
the arrangement in the adjacent layers of the pinacol molecules.
0'Connor (3) using X-ray diffraciicn has shown the monohydrate
to crystallize in the tetragonal system with itwo molecules per
unit cell and with a structu?e similer to thet suggested Dby
Hatt (1), TFigures4aand B show the structure proposed by
OfConunor (3). TFigure 4ashows the tetrahedrally positioned
water molecule, the oxygen of that molecule being represented
by 0, with the threce water molecules Wl’ W2 and WB occupying
positions vertially below each other., The line connecting
0p3 0,4 oxygen atoms is in the 'ac' plane ond the line connect-
ing OA2 OAl oxyzen atoms is in the 'be! plane., Figure 4D shows
the chain structure of the monohydrste with pinacol in the
trans configuration,

0'Connox (3) has also shown using X-ray diffraction that
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Structural diagram of pinacol projected onto the
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Figure 3.

A cross section of tne pinacol monohydrate
structure suggested by Hatt(1).
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the hexahydrate crysbtallizes in the monoclinic system with
eight molecules per unit cell. He also concludes that posgibly
the structure of the hexahydrete has some similarity to thet of
the monohydrate.

To date no infra-red spectroscopic studies have becn
carried out on any of the above organic hydrates. However
several have bcen made on inorgenic hydrates (4-11). In some
of these studics (6-11) the isotope dilution technique has
proved very useful for scnsing the environment about +the water
molecules in the hydrates, the number of v (0H) and -~ (0D) bands
directly reflecting the number of physically different OH and
0D bonds in the hydrate.

Several unpolarized (12, 1%, 14) and polarized (12, 15-18)
infro-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, 13, 15). Some studies have also been carried
out on tle H-bonding in solid monohydric alcohols (16, 17).

In these studies use has been made of the decoupled v (0I) and
Q(Ob) modes, The physical basis of coupling and decoupling
is as follows,

The oscillations of weakly connect§d 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



a*. Coupled systems

b.. Decoupled systems

Figure 5
Coupled and decoupled vibrating systems.

and this sort of interaction can occur between neighbouring
molecules 1in 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
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coupled Y(0H) vibrations showed two componen%s polarized at
right angles, Spectirs of the partially deuterated alcohols
demonstrated that the appearance of two bands was due to
crystal splitting. This splitting was explained in terms

of ncarest neighbour coupling of the vibrations of the OH
groups along the H-bond chain., The decoupled V(OH) vibration
cf these alcohols gave a narrov singlet absorption with a half
bond width (A~ %) of approximately 30cm™'. Thus it vas
inferred that V(OH) was not inherently broad but theot it
gained breadth as a result of coupling between 0L groups.

A further study of the partially deuterated liquid alcohols
indicated that the coupling was responsible for only a small
part of the V(OH) band widths in liquids. It was therefore
concluded that different mechanisms controlled the V(O0T)

band widths in liquid and solid alcohols,

The hydrates of pineacol suggest themselves as model
systems for looking at the possible structure of water in the
501id l-monoglyceride/ water systems as well as in the ligquid
crystalline pheses., Therefore the object of the wvvork 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 technigque to derive information obout the environment

of the hydroxyl protons in these substances.



EXPERIMENTAL

(i) Theory

Infra-red spectra arise from the interaction betwecen
electromagnetic radiation and matter, the fundamental roange
of frequencics for this interaction being 5000 - 550cm~l,

For an infra-red band to occur by absorption of energy it is
essential that there wshould be a change in the dipole
moment of the absorbing molecule during its vibraticne. The
nunber of normal modes of vibration for non-linear molecules
is equal %o 3N-6 (where N is the number of atoms in the
molecule).,

The vast maojority 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 casesvof 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 poorly resolved spectra., Thercfore
in these stoates there is no resultant dircction of vibration.
In the crystalline state, on the other hand, the methylene
chaing are gencrally extended, the carbon gotoms lying uniformly
spaced on two parallel stfaight lines ond the different chains
parallel to one another. Consequently the vibrationel specira.
are betﬁer'resolved and often simpler even though more bands
may appear.

Polarized infra-red spectroscopy has becn used extensively

to study oriented films ond single crystals of polymers (19-27),



n paraffins (22, 23, 24, 28), carboxylic acids (29~39) 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 radistion 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, Tor cases in-
betﬁeen a gradual change occurs.

In polarized infra-red work it is necessary to be very
careful as to the interpretation of tlhie resulting dichroism,
This is because whilst it is convenient %o speak of 'bond!'
vibrations, eg. N-~I, the normal vibrations in polyatomic
molecules involve the movement of all the atoms to some extent,

especially those atoms which are adjacent to the ’bond? ;

=

involved. Turther Coulson (40) has pointed ocut 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 are involved. Hence
uncertainties ardé introduced because of the perturbations which
occur through interaction and coupling of vibratiouns. These
difficulties are inherent in the exact determination of
directions of transition moments and limit +the accuracy in
determining the direcctions 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 suitsble transmission
polarizers 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 ®

WVhere n is the refractive index of the dielectric for
the wavelength of the light.

Under the conditions stated above the reflected bean
contains only the component W%th electric vector perpendicular
to the plane of incidence. Thercefore the transmitied 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 %o 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 unpolarized 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
Tfirst dried by refluxing it for 24 hours over calcium oxide,
which had been ignited for 24 hours at 900°C. The pinacol
wags then distilled, the material collected being that which
boiled at 172.500 at 750mm pressure,

The purity of this distilled material was checked using
8 Pye 104 gas chromatograph (G.L.C) with flame ionisation
detector, An 11ft., column was used and the oven temperature
was set at approximately 5°C below the boiling noint of the
pinacol sample. The stationary phase used was polyethylene
glycol adipate., The purity was found to be at least 99.5%.
The pure anhydrous pinacol was subsequently stored in a

dessicator over ?205.
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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 alloved %o 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 hexehydrate were found to be 41.100 and 45.2°C respectively
(Literature values 41.25°C and 45.4°C (2)). The hydrates
thus prepared were stored in sealed flasks in a dessicator
over P205. .The pure water utilized in the preparation of the'
hydrates was obtained by refluxing distilled water over
alkaline permanganztc and then distilling, the water collected
having a conductivity of less than 2pS cm"l.

To investigate the decoupled vw(0D) vibration it vas
necessary to prepare samples of pinacol, pinacol monohydrate
end pinacol hexahydrate contaiﬁing approximately 4% of OD
referred to as pinacol~d,; pinacol-~d monohydrate, and pinacol-d
hexahydrate in the following text., Pinacol-d woas prepared by
refluxing pinacol with a small amount of D,0, in the presence
of freshly ignited calciun oxide for 24 hours. Pinacol-d was
then distilled, the fraction collected being that which boiled
at 172.500 at 750mm Pressure,.

Pinacol-d monohydratec was prepared by adding pure water
to pinacol in Jjust under the correcct mole proportion. The
remainder of the mole proportion was then added as Dy,0. The
addition of D20 was carried out in a dry box desi&pated by
P205 under an atmosphere of dry nitrogen. Pinacol-d hexahydrate
wes 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
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were found to be 41.1°C and 45.2°C respectively.
"In the three cases above sufficient D20 wvas added to

ive a 4% deuteration if 100¢5 exchange had taken place.

~ 3

iii) Growing of single crystals

Single crystals of pinacol and pinacol monohydratec were
grown from the melt between silver chloride windows kept at
a constant temperature of BOOC. Single crystal portions
were then detected using a polarizing microscope and the
remainder of the cell blanked off with cecrdboard,

Ixtreme difficulty was encountered in trying to grow
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 weas found
to be very stable when kept betvween the plates for a period
of days and did not tronsform into the crystalline form,
Several methods of crystallization werc tried including sced-
ing from the melt, crystallization at a constant temperature
and gradient cooling,; none of which verc successful. A method
was devised finally which gave the crystalline hexahydrate,
but not as a single crysial. This involved melting the
hexohydrate betveen 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 saround  the edgés with insulating tape to prevent
moisture being absorbed or lost. Then not in use the sealed
samples were stored in a desiccabor over P2O5.

(iv) BRunning of ‘Spectra

The liquid and polycrystalline samples were produced

as thin films betiwieen silver chloride windows,.
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Single crystal polarized spectra were obtained with
a silver chloride, six plate polarizer, mounted bebtwecn the
monochromator and detector (figure ) so that the polarized
radiation produced had the clectric vector parallel to the
exit slit. Dichroisms were observed by rotation of the
sample.

Two methods were utilized in variable temperature runs.
(1) Tor temperctures above ambient an electrically heated
jacket ((J-2) - R11C) was used.

(2) Tor temperatures between -170°C and ambient the VILT2
(R11C) cell enclosure was used (figure T ). This is a Dewvar
cell maintained at a pressure of less than 0.05mm by constant
pumping. Liquid nitrogen was used as a cooclant 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%¢,

Solution spectra vwere obtained in cells of pathlength
l1.0mm with NaCl windows. These spectra were run with a
balanced reference cell containing the solvent,

All the infra-red spectra were run on a Grubb Parsons
'Spectromaster’ double beam spectrometer, the range of the
scan covered becing 4000-550pm"1. Calibration of the spectro-

naster was accurate to tlcm"l.
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CHAPTER III

RESULTS AND 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 -170°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 semples of
pinacol and the monohydrate were obltained 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 %ables I and II,

The unpolarized infra-red spectra of the decoupled-o(op)
in crystalline pinacol-d, pinacol-d monohydrate and pinacol-d
hexahydrate were obtained at the beam temperature and ~170°C

and are shown as figure 17.

(ITI) Discussion

(a) Beam Teﬁperature

(1) In the unpolarized spectrum of pinacol (figure 10).
WV (0H) is resolved as two components at 344lcm™ Y and 3390cm~1,
In the polarized spectra these components are polarized at
right angles to one another, the highexr frequency band being

narrower than the band at lower frequency (figure 10).
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' ' Figure 9, :
Infra-red spectra of pinacol as:- Liquid (50°C),Wavelength(a) 6=14a.
/ (e) 2.75=3.5 p. ‘_
Solution (0.005M in GCl, ), o
Wavelength(b) 6-1L4p,(d) R.75-3.5u.
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(e) . : (d)
Figul‘.‘e 10.

, qura-red spectra of pinacol at beam tem erature.
, Polycrystalline, Wavelength(a) 6~18p, éc; 2. 625—;..\44. :
~ Folarized single crystal , Wavelength(b) 6- 18,u,(d) 2.625

=L Opy
alignment of sample ; OP—---; 90° . _
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I'igure 11.

Infra=-red spectra of pinacol at -170°C:- ‘
Polycrystalline, Wavelength(a) 6-18p,(c) 2.625-4. 0.
Polarized single crystal,Wavelengthtzb) 6-18f,(d) 2.625

’—LLCOF’,

‘alignment of sample ; 0% ====; 90°—.
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- Figure 12.
Infra-red spectra of pinacol monohydrate at beam temperature:-

Polyerystalline, Wavelength(a)36-18pz(c) 2.5625-l, 0u.

Polarized single crystal, Wavelength(b) 6-18x,(d) 2.525-4.0n,
alignment .of sample ; 0°~----; 90% . .
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Figure 13.

Infra-red spectra of pinacol monohydrate at =-470°C:~
Polycrystalline, Wavelength(a) 6-18,(c) 2.525-U,Ou.
Polarized single crystal, Wavelgngth(b) 6=18p,(d) 2.525-4. 0, -
alignment of sample; 0°---=; 9 ‘ ’




Pinacol hexahydrate at beam. temperature

. L Pinacol hexadeuteriohyéréte at -170°C
%0 3.5 6 8 o L % 18
() |
Figure 1L4.

Infra-red spectra of polycrystalline pinacol hexahydrate and
hexadeuteriohydrate.

Wavelength 2.625-3.875u and 6-18u



14 -

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 1in the spectrum of ~(0Il), 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

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 atorn. (n)

to an out-of-phase vibration and did not involve tmutomeriza-
tion.
It is therefore thought that the appearance of two comp-

onents in the beam temperature spectrum of pinacol and their
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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 specira
do not help us to decide which way the crystal samnples were
aligned with respect to the polarized beam since the above
effect might be expected to arise along all three crystallo-
granhic directions,

Significant dichroisms have been observed for the skeletal
modes of the pinacol molecule (figure 10) at ‘891len™t, 8830m'l,
832cm"1, and 822cm"1 whilst only very small dichroisms have
~ been observed‘for the symmetrical and asymmetrical CH;
stretching bands,\)S(CHB) and \)a(CHB), in the range 2985~
28780m"1. Also only very small dichroisms are observed for
the symmetrical and asymmetrical CH3 bending vibrations,

$s(CHs) snd &,(CHz), in the range 1455-136lcm™" and CHj
rocking mode,/O(CHB), at 95701‘:1"l and 95lcm™ T,

Figures 2a and ¢ show the proposcd structure of pinacol
(3) projected onto the 'ab' and %We' 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 obscrved dichroisms
of these skelctal modes are parallel and perpendicular fto the
'al! direction.

If this is the case with the crystal aligned with the ta!
axis in the plane of the silver chloride plates it can be scen
that the resultant components of the~0(CH3), § (crz) and/’(CH3)
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
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to that of pinacol is reflected in the smeller dichroisms
observeble in the beam tenperature spectrum (figure 12). The
structure of the monohydrate proposed by Hatt (1) was recently
confirmed by O!'Connor using X-ray diffraction (3) and figure
4b shows a section of the structure in the 'be! plane. The
II-bonded chains of pinacol OH groups linked by woter molecules
extend along the '¢' axis. The pinacol molecule takes up a
trans conformation so that its two oxygen atoms become involved
with two different H-bonded chains and it forms a cross-link
between the chains, This cross~linking occurs in the 'a' and
'p! direcfions on alternate planes perpendicular to the 'c!?
axis,

A negligible dichroism is observed for the <V (0H) band in
the monoaydrate spectrum (figure 12), Also small but sign- .
ificant dichroisms are observed for the bands associated with
the OH-in-plane d¢formation,[3(OH) at 1346cm'1,-0(CH3) in the

-1 and S(CHB) in the raunge l467-1563cm'l, as

well as the skeletsl vibrations at 89lcm™% and 824cm™r.

range 2990-2882cn

Referring to figurc 4b it secms likely that this magniiude
of dichroism would arise if the single crystal samples were
aligned with their 'c! axes in the plane of the silver chloride
plates.

(iii) In dilute solution (figure 9) two bands are observed
for 9(0H), 2 sharp band ot 3630cm™t. associated with 'free!
N(0m) and & broader bend atb BSGOcmal associated with the
intramolecular H-bonded W OE)., The appearance of these two
components in dilute solution has been previously observed by
Knun (46).

(iv) In the solid state there is a progressive broadening
of V(0H) towards lower frequency with incrcesing hydration

of pinacol (figures 10, 12 and 14, table I). In pinacol the
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1 which is much lower

-1

highest frequency peak occurs at 344lcm”
than the intramolecular H-bond frequency of 3580cm observed '
in dilute solution., In solid sucrose which contains two. intra-
molecular H-bonds (47) a sharp peak does occur at 3564cm~1. ;t
would therefore appear that there is no intfamolecular H-bond=
ing in the solid pinacol nor in the two hydrates whose highest
frequency peaks are below 34410m_1.
(v) Bands due to HOH bending (V) of water are visible
in both the hydrate spectra (figures 12 and 14) and the assogia-

1 in the hexa~

tion band of weter (V,) also appears at 2210cm”
hydrate spectrum, There is a shift in the V5, band in the hexa-
hydrate to a higher frequency (table I) relative to the mono-

hydrate indicating an increase in the strength of the H-bonding

1in liguid water at

in the hexshydrate. VM, occurs at 1645cm”
30°¢ (48) and 16500m“1 in ice I at =160 (49) whils% \h is

found at 21250m-1 in liquid water and at 2270c3m'-1 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. A Therefore the positioning of these
bands may be in error +10cm™% for \)2 and £20cen~! for V;.

(vi) 1In the light of present evidence the OH-in-plane
deformation‘frequency,[3(OE), in alcohols occurs in the region
.1400--15000m"'1 (50(a)). A shoulder is seen in the liguid spectra
of pinacol and the hexahydraote at 1350cm™1 and 13460m"1 in the
monohydrate and these have been assigned to F(OH). In methanol
(14) B (0H) occurs at 1346em™) in the vapour, 1420cm™ ' in the
liquid and is split into two components at 14920m'1 and J.S].4c:rr1"1
in the solid é%llow temperatgre. It therefore appears that

increasing the strength of H-bonds causes an increase in the



frequency of B(OHE) and it might be expected therefore that in
the crystalline pinacol and its hydrates, ﬁ(OH) would occur at
a much higher frequency than in the liquid. However B(OI)
cannot be identified with certainty in the spectra of the
solids at oMbient temperature,

In the crystalline monohydrate spectrum (figure 12) a
weak shoulder is observed at 1546cm"1 with a significant
dichroism and has been assigned to P(0H), 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 B(OH), the latier
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 weak bands are observed
at 13580m-1 and 1316cm"'1 which have been assigned to intra-
molecularly H-bonded and non-bonded RB(OI).

(vii) The out-of-planec OH deformation, ¥ (0Hl), in the
bonded state is known to absorb very broadly and diffusely near
6500m'1 (51). In the pinacol spectrum (figure 10) ¥(OH) is

1

visible as a very broad band centred at 626cm™  and shows quite

a strong dichroism, whilst in the monohydrate it is centred at
65lcn™t and shows no dichroism (figure 12).

1

The broad band centred at 760cm” ~ in the monohydrate and

hexahydrote is undoubtedly the librational band of Water,\)L,

1 4t 30% (48) and at

which appears in pure wabter at 685cm”
840cu~t in ice I.at -160°C (49). 1In the monohydrate Vi is not
dichroic.

(viii) Hlost oxygen containing compounds show bands due



to CHy asymmetric streteh, \)a(CHB), in the range 2990-2922cm™%
(50(b)) and the average poéition for the band associated with the
CH3 sym@etric stretch,‘oébﬂﬁ, in these compounds is 288001‘11"1
(SO(b)). Also in this region of the spectrum occur overtones of
the asymmetric and symmetric CHy bend, §,(CHz) and d.(CHz). Bands
occur in this region of the spectrum of pinacol and its hydrates '
and they have been assigned to V (CHz) and V (CHz), It is notice-
able that there is a significant increase in the frequency of
Va(CHz) with degree of hydration (table I),

(ix) Bands due to the asymmetrical CH deforination, Sa( CH3)
occur around 1460cm=1 (50(c)). The position of +the symmetiical

1 and its

CHy deformation,éb(CHB), lies in the region of 1380cm”
position is dependent on the nature of the element attached to
it (52)s For example in the case of methyl ketones bands assoc-
iated with JS(CH3) are found in the vicinity of 1359cm™1 (52).
Also a characteristic splitting occurs when two methyl groups are
found on the same carbon atom (52)., Therefore the 55<CH3> mode
gives rise to at lecast 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
monohydrate spectrum (figure 12) there are only two bands at
Z[.B'?Ocm"l and 13630m“1 but in pinacol (figure lO) there seem to
be five components at 1399cm4, 1579cm'1, 15750m‘1, 1370cm“; and
136lom71 and in the hexahydrate (figure 14) four at 1394cm'1,
13750m_1, 1365cm"l and 1556cm”1. The large number of 6S(CH3)
bands present in the spectfa of pinascol and the hexahydrate may
be due to crystal splitting since it is known (3) that pinacol'
crystallizes with sixtecn mglecules per unit cell and the hexa-
hydrate with eight molecules per unit cell.,

Although it is tempting to assign the bands at approximately

159Ocm"'1 to the B (0H) mode there is still a band ot 1399cm'1
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in pinacol hexadeuteriohydratc (figure 14) and so there must be
at least one §,(CH3) band at that frequency. There is also a

band at 1389om"1 in the dilute solution spectrum (figure 9) in

1 which must arise from

addition to those at 1379cm"l and 1370cm™
the SS(CH3) node since the P(OH) bands are at a 1owér frequency
in this spectrum. The number of bands associated vith.SS(CH3) in
the dilute solution spectrum is not suprising since there may be
both trans and gauche conformers presont (53).

(x) In isopropyl groups in hydrocarbons a band involving the
CHz rocking mode, /0 (CHB)’ usually occurs ot 922-919cm~t and in
t-butyl groups in hydrocarbons at 952;9260m'; (54(2))., 1Imn non
hydrocarbons the regions are wider 950~875cm‘1 and 935-8100m“1.
Strong bands might be expected in a compound containing four .
-1

methyl groups. A strong doublet is observed at 95T7cm and

9510m"1 in the pinacol speclirum (figure,lo) while single strong

1 1 in the mono and hexa=-

bands are obscrved at 947cm™~ and 943cm”
hydrate spectra (figures 12 and 14) which have been assigned to
/:(CH;). Also in solution a strong ,(CH3) band is observed atb
956em"1 in the same position as in the liguid spectrum (figure 9).

(xi) The C=0 stretching vibration, V(C0), in tertiary
alcohols usually gives rise to a band of strong intensity and is
found in the region 1210-11000m'1(54(b)). Strong bands at llllc:m"1
in the pinacol spectrum (figure 10) and 1114em~l in the mono-
hydrate and hexahydrate spectra (figure 12 and 14) have becn
assigned to'o(CO). In the spectrum of the hexadeuteriohydrate
(figure 14) the band at 11l4em~! in the hexahydrate is nissing
and anpears at 950cm“1 therefore confirming the assignments.

In solution it is known that tertiary alcolols give rise to

association and monomer V(C0) bands (51), the 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 W OH) and intramolecular V(OH) are obscrved there is no
band at 111lem™! and it is assumed that the 1095cm~1 band is due
to monomer V(CO), the intramolecular band being cclipsed by the
higher frequency bands,

(xii) The remaining bands are more difficult to assign, All

-1

threec substances have strong absorptions between 1200cm and the

V(C0) band at approximately 11llem™+ (figures 10, 12 and 14).
This region is simplest in the dilute solution- spectrum (figure 9)
where only two significant bands oceur at 1173cm™1 and 1159cm™1,
It is well known that strong bands occur iﬁ this region in
branched chain hydrocarbons (53) and alcohols (55) duc to the
interaction of C-C and Cﬁ~ skeletal modes with CH3 rocking ovr
CO stretching modes. Itcis therefore thought that bands in +this
region are duc to various mixtures of these modes. The strong
band which appears at 1140cm“l in all the solids including the
hexadeuteriohydrste (figure 14) and liguid 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~-820<:,m"l region to skeletal modes of the tertiary
butyl, group. There are two quite dichroic doublects at 89lcm'1,
8830m“l and 8320m'1, 822cen™t in solid pinacol (figure 10) with
corresponding singlet absorptions at 885cm"1 and 82901&1"1 in the
liquid pinacol (figure 9). In the monohydrate spectrum (figure

12) only a band at 824cm"1 is significant and is quite dichroic

wvhilst in the hexahydrate there is no strong absorption in the



vicinity of 885cm'1 or 829(:111“l possibly because of .OL of water
vhich is already quite significant in intensity at these frequenc~
ies (figure 14). This is confirmed by the fact that these ban@s
are present at 8880m"1 and 829cm'1 in the spectrum of the hexa-
deuteriohydrate. In the dilute solution spectrum of pinacol
(figure 9) there is a band at 883cm"’1 but not in the 8.’290111"1
region. These bands are undoubtedly associated with the skeletzal
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“1, like that at 1140cm'l, seems to be strongly

dependent on tie nature of the I-bonding in these systems.

(b) Low Tempersture

(i) A considerable narrowving of the absorption bands occurs
in the low tenperasture spectra (figures 11,1%,14) and there is
generally a small increase in the size of the dichroisms in the
polarized spectra of pinacol and the monohydrate (figure il and
13).

(ii) It is knovn from X-ray mcasurements (3) that pinacol
crystallizes in an orthorhombic structure with sixteen molecu;es
in the unit céll. On the other hand the monohydraite is tebtra-
gonal with tvo 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 specitrum
of pinacol than in those of the two hydrates. Infoct it can be
clearly sceen in the lov temperature spectra of the monohydrate
(figure 13) that a single band occurs at 1575em~ L, 136lcem™1,

-1 1 in the same‘region as doublet

9480m‘% 885cm and 825em™
absorptions occur in the pinacol spectrum (figure 11),

(iii) There are several distinet pecks in the V(OI) region
of the pinacol spectrum (figure 11) and a nunber of these are

appreciably dichroic., In the low temperature spectrum of the
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monohydrate and hexahydrate (figures 13 and 14) however no struct-
ure is resolved, the Y (0H) bands being broad and featureless.
However they have shifted to lower frequency, the monohydrate

1 at the

V(0H) from 3306em™% at the beam temperature to 3225cm™
low temperature and the extremely broad band in the hexahydrate
from 3441-31810m~% to 5413-3i250m"1. 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, of water at 1688cm~Y in the bean

‘

temperature spectrum of the hexahydrate (figure 14) is now obsery-
ed at 169Ocm"1 in the low temperature spectrum (figure 14). How-

ever in the low temperature spectrum of the monohydrate \E is not

observed (figure 13).

The band due to VA_of water at 2210em~l in the beam temper-
ature spectrum of the hexahydrate now occurs at 22750m'1. Bearing
in mind the likely error involved in determining the peak positign
it would appear that the IF-bond strength in the case of the hexa-
hydrate is greater than that found in ice I (49).

(v) The dichroic band assigned to B(OH) at 1346cm'l 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 fregquency of lBSOcm"1 which is
extremely dichroic and is not present at beam temperature., It is
therefore thought to be the EB(OH) band showing a low temperature
shift similar to that observed in the case of methanol (14) and
ethanol (58).

(vi) It is noticeable that there are at lecast three Y(OH)
bands, in the low temperature spectrum of pinacol (figure 11) at

1

795cm”l, 725cm”~ and 65Ocm'1 and these bands are more intense than

the single band observed at 626cm~l at beam temperature (figure



10), Furthermore the 725cm'1 band is very dichroic.

In the spectrum of the monohydrate (figure 13) several weak
broad bands are now obscrved at 787cm’1, 7450m‘1, 7300m“1 and
684cm'1, where previously at the. beam temperature (figure 12)
there had only been two at 7600m'1 and 651(:111"l due to vL and Y (0H).
These bands show a small dichfoism. Also at low temperature in
the hexahydrate spectrum where previously, only one intense broa@

=l gt the beam temnera-

band due to QL had been observed at 762cm
ture several bands are now observed (figure 14). Intense broad
bands are seen at‘854cm-l and 7930m"1 with weak shoulders at
675cm~1 and 57.om-1.

The increase in frequency and intensity of ¥ (OH) vibrations
with decrcasing 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 McClellsn in 1960 (59)
that there are interesting parallels between the increcase in
frequency of ¥ (OH) &nd the decreasing frequency of V(0H) with
increcasing 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, 7930m‘1,
6750m'l and 5'j{0<>m"l may be due to the components of'QL which occur
in ice I, at =160°C, at 840cm™%, 770cm~1l, 660cu~1 and 555cm~1 (49).
However in the monohydrate there is a more complex situation
because both Vi and § (OH) bands are present and it is not possible
to distinguish between them,

(¢) Decoupled Spectra

(1) The use of curves relating the distance between oxygen

atoms involved in a hydrogen bridge, R and the frequency

0-.H-0’
of the'o(OH) stretcl ing vibration in X-ray and spectroscopic

investigations has already become widcly accepted (60-64).
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A relationship between V(OE) and the interatomic separation,
RO;O, was first noticed by Rundle et al (65)., Since this carly
investigation several groups of workers have studied this problen
(66-70). In spite of the large spread in experimental points
extremely similar correlation curves were obtainede.

However in recent ycars a considerable proporiion of the
interatomic separations, RO;O , used in the ecarlier correlation
curves have proved to be incorrect and some doubt has arisen on
the reliability of spectroscopic data used., In the light of this
information Efimov ot al (71) have critically rc-exsmined the
ielationship and figure 15 shows the correlation curve they
produced from the data they consider to be reliesble, Turthermore
theylhave also produced a correlation curve foz'Q(OD) v's RO;O
from a limited number of data points. This curve was found to
agree well with the V(0H) v's By.0 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 V(0H) band
while in the decoupled v(OD) band of the polycrystalline sample
alt -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‘Q(OH) band was princinally due to
nearest neighbour coupling between OH groups along a H-bonded
chain. Single crystal studies show that coupling tetween ident-
ical OH groups leads to two bands separated by between 9Ocm'1 _
and 160cm™% in the undeuterated alcohol studied. On progressive
deuteration these two bands diminish in intensity and a new band
appears at a point midway bebween the original bands. In a 95%

deuterated semple only a small narrow V(O0F) band remains, the twu
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original bands having disappeared. The same effect can be
observed on the V(0D) vibration for a sample which has been
deuterated to only a small extent say 5%.

Since there are eight peaks in the V(0H) band and four in
the decoupled V(0D) band of pinacol at low temperaturcs it has
been possible to sclect four pairs of ¥V (0H) pecak frequencies and
relate the mean frequency of each peir to one of the components
of the Q(OD) band, bearing in nind the likely isotopic retio.

The result of this procedure is shown in table ITI, The splitting
AV, between components of the ¥V (0H) pairs increases as the
frequencies decrease until the final peir when there is an abrupt
decrecase in AY, The isotope ratios for the first threec 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

J.

I (49), The low valuec for the fourth pair may be due to the
inaccuracies in measuring peak frequencies in the rather extended
tails of V(0H) and Y (0D).

The appearance of the four decoupled v (0D) bands indicates
possibly that there are four distinctly different OD environments
in pinacol. Using the correlation curve relating V(0D) to RO;O
in figure 16 it has been possible to obtain RO-O values corres-
ponding to these frequecencies, The results of this procedure
are shown in table IIT, It must be added that values obiained
using the correlation curves involve o likely error of 2}().043
since this is the size of the error involved in many of the X-ray
determined RO;O distances. Towever since the date used for
comparison with these results from the correlation curves has

sinilar errors it was thought that use of the correlation curve

was not invalidated.



The RO;O values obtained for pinacol lie in the range 2.75-
2.78X and are of a similar sizec to that of nentaerythritol of
2,748 (72) but are much longer than that of 2,664 for methonol
(73).

In view of the rather complex siructure @igure 2)proposed
(3) for pinacol the fact that therc are four RO;O distances
corresponding to the four V(0D) frequencies is not suprising.

As a check of the validity of V(CD) v's RO;O correlation
curve in view of the relatively few data points used in the piot,
the mean V(0H) frequencies of the pairs of bands was related to

R distances using the V(0H) v's Rg.g correlation curve shown

0~0
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 pcak frequencies in the
rather extended tails of V(OE) and ¥(0D) as previously mentioned.
On the basis of this analysis it seemed reasonable to utilize

the RO;O v's V(0D) correlation curve further.

(ii) PFor pinacol monohydrate and hexahydrate the low temp-
erature W (0H) bands are broad and featureless and yield very
little structural information, but the decoupled ¥V (0D) bands can
be scen to comprise a number of distinguishable pecaks (figure 17).

In the case of the hexahydrate therec are only two resolvable
bands associated with the decoupled V(0D), the higher frequency
component being much sharper and less intense than the low
fréquency coﬁponent (figure 17).

The lower frequency V(0D) band occurs at about the same
frequency as the decoupled 9(0D) band in partly deuterated ice

I (49)., PFrom the correlation curve (figure 16) the value of
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RO;_O corresponding to this frequency is 2.74%& and this ié identi-
cal with that found for ice I (74). he higher frequency comp-
onent of ¥V (0D) gives rise to an RO;O value of 2,77 L.

It would therefore appcar that the majority of the water
molecules in the pinacol hexahydraté occupy similaxr sites in an
ice like lattice, which confirms the suggestion of Cook et al (75).

(iii) There are three components in the decoupled V (0D)
band of the monohydrate. The bands may arise in the foilowing
waye. Iigure 4b shows a section of the chain structure of the”
monohydrate in the 'be' plane with the pinacol molecules in the
trans configuration., In this structure the water oxygen atoms
may be 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 scts of water molecules which will thercfore give
rise to two WV (0D) bands at slightly differcnt frequencies (64),
Since the decoupled ™) (0D) bond in ice I (49) occurs at 242lcm™*
it is proposed to assign the 24430m‘1 and 24llcm‘1 components
of the monohydrate YV (0D) band to water molecules and +Hhe
23850m"1 component to pinacol,

(iv) In the hexahydrate the broad WV(0D) component at
2434cm'l is in the same range as the highest freguency W (0D)
bands at 24450m“; and 24.13.<:m"l in the monohydrate. It therefore
appears that'there is o similar strength of H-bonds in these
hydrates. However in the case of the hexahydrate the weaker (
band observed at 2496em~l is probably duc to ldwer strength He-
bonded 0D groups. ‘These points do not support fully the fact
suggested by_the higher §E value in the hexahydrate that the
vater in this material is involved in stronger I-bonding than the

case of the monohydratec.



Table I
Assignments of the absorption bands of Pinacol and its hydrates at

the beam temperature.

Pinacol Pinacol Pinacol
Monohydrate Hexahydrate
(a) w -1 (a) 00 (a) (0
cm~” Intens Polariz- cm Intens Polariz- <cm” ¥ 1Intens Assignm-
ation ation ents
3441 s 9° 3441- VCOH)
3390 s 0 3306 s 0° 3181 s.br.
A 3003 s
2985 s 90° 2990 s 0° 2994 s
297 8 s - 2980 s 0° eJa (CHx)
2963 sh 90°
2941 m 90° 2945 m 0° 2929 sh
2914 m 90°
2878 w 90° 2882 w 90° 2882 sh >)s ( CH*)
2210 m. br. VA (H2 (
1667 wr - 1688 s *hr.
1467 m °
1455 m 90 1460 m 0° 1460 m
o
1399 m °0 1394 sh
137 9 s 0
137 5 s 90° 1375 s M cH5)
1370 s - 1370 s 1365 s
1361 s - 1363 s 0° 1356 sh
1346 sh 0°
1258 sh 90°
1235 W 90° 1240 7 90°
1208 X o
1198 sh 309 1198 sh 0°
1187 sh 90°
1180 m 90° 117 6 s
1170 m o 1170 s 0°
1156 s 0°
1139 s 90° 1143 s 0° 1139 s
1130 sh 0°
1124 sh 0°
1111 sh 90° 1114 s 0° 1114 s V(co)
1105 s 0° '
1008 w 90° 1005 w - 1007 w
995 \7 90° 993 v,\7,
985 w 90° 97 5 v 0° 97 8 v ,Vi,
957 s 90° J/>(cn3)
951 s 90° 947 S 0° 943 S
891 m 90° 891 w 0°
883 m 90°
832 m 90° 824 m 0° 823 r
822 m 2
760 w.br. - 762 s ,br.
626 w.br. 90° 651 Viebr. - X (OH)



cm" 4

3419
3376
3355
33389
3266
3226
3163
3124
2994
2990
2980

2941
2931
2920

2914
287 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.

v.

(a)

Int ens

n 0
=2

£ 3888 nounn3d3nnnnon

8

sh

)]

wCoonononon3pgSK000o0

X7
sh

3

Pinacol

Polariz-
ation

90
Ol
0
00
00

90°

90°
90°
90°
90°

90°
90°
90°
90°

90°
90°
90°

00
90°
90°
90°
90°

90°
90°
90°
90°
90°

90°

90°
90°

cm"

3225

2994
2988

2977
2955

2920

2885
2848

1465
1455
1439

1380
1375

1361

1262
1250

1235

1176
1152
1146

1126

1117
1111

1033

Pinacol
Monohydrate
A (b)
Intens Polariz-
ation
sh 0°
s 0°
s 0°
XT 90°
XT
XT
V. XTIt
m 90°
m 0°
XT 0°
sh 0°
s 90
s 90°
XT 90°
Xr 9°Q
v.\7. 90
S 0°
sh 0°
s 0°
s 0°
sh 0°
s
w«br. 90°

Pinacol
Hexahydrate

cm

Ifg-

3002
2990
2980

2888

2275
1690

1460

1394
1370

1361

1351
1258

1180

1139

1117

1008

a
Inteés)

sh

sh w

(0)
Assignm-
ents

V (0oH)

, Va (CH3)

<fs (CH5)

N> (CO)



cm"'1

995

985
960
955
951

930

893
888

839
833
823
818

795
725

650

Pinacol

(a)

Intens

v

VeWe
S

S

Vele

WebTe

Mgy br.

m, bTe

(2)

(v)

(¢)

Pinacol Pinacol
Monohydrate Hexahydrate
(») (2) () 3 (=)
Pg}arlz- cm Intens Polariz-~ cm Intens
ation ' ation
90° 995 Vel 0o 995 w
990 Velle 0
902 980 VeWe 0°
90
90°
900 ggg s 0° 946 5 }
v -
90° |
90° 885 W - s.br.z
500 854
902 833 sh 908
380 825 n 90
909 787 mebr. 902 793 SebTe
745 MebTs 90o
90° 730 m.,br, 90
684 mebre 90
o 675 WVesSh
90
570 Wesh

The following abbreviations are used: )
<} -tstrong, m - me@ium, W - weak, V =~ very,
sh « shoulder, br - broad

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

The meanings of the symbols used are as follows:

VY - stretching

N

bending

rocking

§
B - in-plane bending
y)
¥

out=of=plane bending

(e)
Assignme
ents

o (CHz)

V1(H,0

¥ (om)

and

VL(Hzo



Wavelength To Frequency Conversion Table
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Table III

Frequencies and corresponding Ro-o distances for the decoupled

V(0D) of pinacol and its hydrates.

Pinacol

Pinacol
mono-
hydrate

Pinacol
hexa-
hydrate

~(o0H
(cm”l)
5419

i 3379
3339
3376

] e
3266
3355

}3290
3226
3163

} 3144
3124
3225
3413-3125

2.79
2,77
2.76

2.72

V(0D
(em™)

2510

2496

2473

2447

2443

2411

2385

2496
2434

Ro=o0

(1)

2.78

2.77

2.76

275

2075

2.73
2.72

2.77
2.74

RatioM OH
0D

1.34
1.33

133
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GFAPTER IV

COHCLUSIONS

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 ping=
col spectra than its hydrates which is to be expected in view of
the proposed crystal structures, with sixbteen 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 hexam
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 V(O0H) of pinacol are discussed in terms
of ﬁautomerization’along the intermolecularly H-bonded chain of
OH groups.

The decoupled V(0D) bands of pinacol end its hydrates have
been obtained at low tempersiture. In pinacol four bands are obs-
erved corresponding to the eight observed in the undeuterated
molecule. In the monohydrate three bands sre observed and in the
hexahydrate only two. The number of bands present, the frequency
positions and Ro-o(X) values are discussed in terms of the prop~

osed crystal structures.
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CHAPTER I

INTRODUCTION

(1) 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 (76, 77, 78). TFigure 18 abstracted from the paper
by Lawrence (76), shows the skeleton formulae of some amphiphiw
lic lipids placed in the group classification. Group T consists
of the monofunctional unionized fatty acids and alcohols and
includes the importent 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, phosphétidyl ethanolamines,; inositols and
sphingomyelins, Group III may be split into two sections and
these are group III(2) and (b). Group JII(a) includes many of
Athe classic anionic, cationic and non-ionic detergents as well
as the important biological compound lysolecithin, Group III(Db)
in general are aromatic compounds with three or more fused rings
and although these molecules may have definite hydrophobic and
hydrophilic regions, these regions may occur randomly through-
out the ﬁolecule leaving no overall polaritj. Compounds in this
group include the sulphated 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 liguid
or solid solutions of wabter in lipid; the fatty alcohols reach
saturation at the composition of a quarter hydrate. In the
bulk they are virtually insoluble in weter but they form stable
monolayers on wabter. Ifuch more ﬁaﬁer 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 wabter and spread on
water, as do those in group I to form stable monolayers, In
group ITI(a) the lipids possess one distinet hydrophilic regipn
and can be distinguished from group III(b) lipids by the fact
that they form liguid crystalline phases when small quantities
of water are added to them, whereas group III(b) do not. Both
these groups are soluble in water, do not form stable monolayérs
at the air/water interfoce but demonstrate an equilibrium
between molecules in the bulk phase and those on the surface.;

In this thesis the polar lipids studied belong to group II.
These soluble amphiphiles Interact with water to form liguid
crystalline phases and spread to form monolayers at the air/
water interface. These systems will be described in greater
detail in part V.

(I1) 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 angles
of tilt to the plane of the layer which these modes of packing
produce,

The different polymorphic forms of l-monoglycerides hayve
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been studied by various techniques including thermal analysis
(80-87) 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)*

(1) l-monoglycerides

The polymorphism of racemic l-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 1l-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 l-monoglycerides. These were a low melt-
ing alpha. ) form and two higher melting modifications beta-
prime (33f) 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 ,pP andjd 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 1is not crystalline, whether the sub- a to cctransformation
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 1is given below. The infra-red spectra of the
different polymorphic forms of 1l-monostearin are shown as
figure 109. The frequencies of the OH and C=0 stretch, 0(011)
and >) (C*0), of the different polymorphs of l-monostearin are
shown in table 1V, The melting points of the polymorphic forms

of some l-monoglycerides are shown in figure 20,
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Table IV *~(0H) and V(C=0) band position

in l-monostearin (90).

Phase \) (0H) H) (C=W
(on ) (on~15
Liquid 3453 1706
3350 1721
Sub- 1730
1 3342 1736
3243
0 3307 1736
3243

(a) Algha... form
The form is separated first from the molten

l-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 alls (85) re-examination, however, showed that the chains
were infact tilted and this was confirmed by Larsson (96)e

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



- 38 -
frequency (table IV) upon going to the «form,

(b) Sub-alpha form

Malkin (82,86) stated that the Xform was
stable only near its melting point. ILution et al (85) showed
by X-ray diffrsction, dilatometry and microscope examination ‘
that infact the Xform was stable down to 2506 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- Kform consist of one single sitrong line
at 4.15% with other medium lines at 3.9, 3.75 and 3.554. The
sub- ®is thought to have tilted chains with long spacings
similar to the ﬁ' form. The reversibility of the transition as
well as the X-ray deta of Lutton et al (85) has been confirmed
by Larsson (96) who showed that the angle of tilt of the chai&s
to the end group planes was 55°.

Broad line N.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 ct al (93)
explain the dielectric data from the sub-« form in terms of
segment orientation, on which they do not claborate,

Infro~red spectroscopic examination (90) showed that the
xform was stable down to a lower transition temperaturec and
changed into a form giving a spectrum of a crystalline‘modifica-
tion; the sub-K form. However the bands were broad which is
rather suggrestive of some orientational freedom. The spectrum
also shows a splitting of the single band at.7l9cm"1 of the X
spectrum, into “two components (at 727cm'1 and 719cm'1). An
analogous situation occurs in n paraffins. In the hexagonal
form of the paraffin, similar to theeXform of l-monoglycerides,

a single band exists near 7200m“1. Below the transition point
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to the crystal form the band is split into two (24). A similgr
situation occurs in polyethylene (19,98). Stein (99) showed
that the splititing arises in n parafiians and polyethylene only
when these materials are in a certain crystalline state, the
two components being due to interaction of nearest neighbour
CH2 groups giving rise to the out-of-phase and in-~phase conpone-
ents at different frequencies. I'rom this Chepman (90) deduced
that the sub-« form exists at least as a very ordered system
and probably a crystalline lattice of the common orthorhombic
types MAlso from a shift of the V(OH) band to even lower
frequency and the V(C=0) band to higher freguency (table IV) he
was able to deduce that in the sub-X 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
anzlysis and X-ray diffraction‘has found evidence for the
existence of a reversible transition sub—o(z'«‘—-" sub-o(l
(indicated by Malkin et al (82) for l-monostecarin) below the
reversible sub-°§f5°< transformation for C;g to Coo 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-o‘l
forms were found to be very similar. ILutton (97) found a
value of the heat of transformation of, the sub-oié—? sub-O(l of

1 of the sub- o(‘——>o(

12.6Jg"l compared with a value of 48Jg”
transition., It is still uncertain what the transition is due
to.

Only five sub-&K forms have been observed for l-monomyristin
(91), 1-monopalmitin and 1-monostearin (85,90, 91, 93), 1=
monoarachidin and l-monobehenin (97). Therefore whether this

form exists for shorter chain l-monoglycerides is open to

conjecture,
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(¢) Beta-prime form

Malkin et a1 (82) obtained the B! form by a
particular form of heat trestment of molten l-monoglycerides,
He showed that the melting points of the B' form of the 1-
monoglycerides alternate as shown in figure 20. The X-ray
analysis showed short spacings of 4,24 and 3,862 whilst the
long spacings were similor to the ﬁform.

If was therefore deduced that the structure consisted of non-
rotating alkyl chains tilted at an angle of 59° in the bilayers.
Iutton et al (85), Chapman (90) and Larsson (96) obtsined the
B' form by rapid crystallization from certain solvents. A
single crystal of the F' form obtained by rapid recrystalliza-
fion was exramined by Larsson (96) using X-ray diffraction. He
showed that the single crystal data was identical with that
recorded for one form of l-monoglycerides (96,100). herefore
Larsson (9G) stated that the crystal form ezrlier known as the
p’ form was optically active and thet the racemic form separated
into antipode crystals on rapid crystellization and this B!
form had nothing to do with the polymorphic transitions in
rocemic l-monoglycerides. The principal arrangeument of the
molecules are directed head to head and the chain packing is
the common orthorhombie, The angle of tilt of the chain is 55°
and the direction of tilt alternated in successive double .
layers.,

Dielectric (93) and broad line N.M.R. (91) measurecments
on the B! form have shown that the chains sre indeed non-
rotators.

Chapman (90) has studied the infra-red svecira of three
l-monoglycerides in the B'form, The spectra were more typical

of the type of specltrum normally obitained with fully crystalline
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materials, ie* the bands were narrow and sharp. This 1is 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) Dband 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 H! form,

Lutton (97) using differential thermal analysis has recent-
ly determined a heat of. transformation for the B’ form to liquid
at approximately 206 Jg*"~. This wvalue compares favourably with

A

the heats of transformation of the highly crystalline form
of even chain length fatty acids to melt (101) on a mole
basis.
() 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 6’
forms is also found for the Bform (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
which characterises this form is at 4«55£{

Dielectric (93) and broad line N.M.R. (91) measurements
yielded values of dielectric constants, line widths and second

A

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
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the @' form, of e« more é;ys%alline nature., Chapman (90)
observed that the V(0H) band was shifted even further %o lower"
frequency (table IV). Te deduced that this overall shift sign-
ified stronger H-bonds which could be correlated with the ﬁ 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 12500111'l region where
the vibrations are due to CH2 wagosing and twisting modes,

Lutton (97) using differential thermal analysis has found
a value for the healt of transformation of the Bform fto liquid,
similar‘to that of the B' form to licuid, of approximately
2065¢™ 1,

(ii) Unsymmetrical trialkylphosphine oxides

Ho reports have been made, to date, of the
structure of unsymmetricalhtrialkylphosphine oxides. Some info=
rmation is available however from the studies made on the analog—
ous unsymmetrical trialkyl-l-oxides (106, 107).

In the case of the X-ray measurements (107) spacings have
been observed, but not distinect ones. ILutiton (107) has suggested
this is due to the presence of several different crystalline
phases with different degrees of hydration., TIrom the side spac~
ing data it would appecar that the N-oxides crystallize in the
normal bimolecular layer structure of long chain compounds.

There is no evidence for the existence of different poly-
morphs in the unsymmetrical trialkylphosphine oxides.

(III) Hydration of Lipids

Polymorphism of a similar nature to that of 1-nono-
glycerides is observed in long chain alcohols (108, 109) and
acids (110, 111). Tor fatity alcohols three principal crystal

modifications have been distinguished o, ﬁamd ¥ forms. Similarly
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the long chain acids also exhibit three different crystalline
forms. These are A, B and C for even acids, and A', B! and C!?
for odd acids, although there has been recent spectral cecvidence
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), dilatometry (115),
thermal analysis (116, ll?) and dielectric measuvements (115,118,
119), It was found that small traces of water ofifected the
polymorphic transitions.

L better understanding of the intersction of alcohols and
acids with water was obtained later by Trapezunikov (120-129).

He showed that in fthe bulk, higher aliphatic alcohols and acids
interact with water and form hydrates characterized by definite
physical properties such as the teuperature of transition,
melting and density, Also hydrates of these compounds exhibited
sharply pronounced polymorphism, in particular formntion of the
liguid crystalline mesomorphic struciture on surfaces,

Further evidence of hydrate formation was also obltalined by
Brookes et al (120,131) who used both monolayer pressure measure-
ments as well as thermal analysis in their investigastion of the
effect of water on the polymorphic transition of teitradecanol
and hexadecanol, They found a ratio of onc wabtexr molecule to
two alcohol molecules reduced the tenperature of the Lto B trans-
ition by a full 10°c. Lawrence et al (132) however in their
study of the effect of water on the o« forn of lons chain alcohols
found a value of one water molecule to four alcohol molecules at

saturation for alcohols above octanol, hey also found that

water infact increcases the freezing point from the liguid to
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hexagonal form and reduces the transition temperabture to -the
lower symmelry packing there by stabilizing the o form, Al=-
Mamun (12) obtained further evidence of the incrcased range of
existence of the Lform of alcohols in the presence of water using
infra-red spectroscopy. Figure 21 shows the pure hexadecanol
spectra when in the ¥ anon(forms as well as that when satbturated
with water. VWhereas at 39°C pure hexadecanol exists in the ¥
form, with water at the same temperature an of phase spectrum is
obtained.

LIven 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 l-monolaurin/water
system has been proposed by Lawrence et al (133)., The phase )
diagram for this system is shown as figure 22. The solid 3 mod i-
fication of l-monolaurin melts at 61°C and addition of water
lowers this to a eutectic minimum at 41°C after which the ppase
boundary rises to a pesk suggesting the formation of a mono«
hydrate. ITurther evidence for_this monohydrate wasvobtained from
broad line N.M.R. measurements. The solid Bmodification has a
second monent of l7.62(i.0.47)G2 whilst the value of the mono-
hydrate was 19.41(110.51)G2. The value for the monohydrate is
in agreement with what would be expected due to interaction of
tiro or more protons on the water molecule with each other and the
effect of H-bonding thereof, However there is no real evideno?.
for any higher hydrate designated by the dotted line at approx-
imately 16°C. |

In the case of the unsymmetrical ' frialkyl~N-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,i. R, spectroscopy and Luiton (107) using X-ray diffraction have

looked at the crystalline phase. In neither casc was evidence
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Figure 21 .

Infra-red spectra of hexadecanol A- form(30<C), 3-saturated with
water at 39°C, G-<xforrn( A5°C).

V/avelength ¢6-1S%and 2 .75-3 . ( » 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 1in 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 (£.0.P.0O,). The extraction of water in CCl” solu-
tions of T.0.P.0O, was studied at various phosphine oxide concent-
rations. From infra-red and II.II. It. spectroscopic data as well as
vapour pressure lowering data in addition to partition data, it
was found that T.0.P.0. extracts water to form a monohydrate for
concentrations of T.0.P.0O, of less than 0. I,

(IV) Structure of Water from Infra-red .and Ram&n Spec tro sco.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 1little 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 1in 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 ’'structurel 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 (10"""; to 10 "'s)
for both intra and iniemolecular modes of water are short comp-
ared with the average time (10'41 to 10"1%3) 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, 'mixturel and
"continuuml 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 Qil 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 ( ®»7]) and asymmetric ( stretch
and the first overtone of the bending vibration ( A2)> 2s>0,
happen to be very close to one another in liquid HZ20. 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

A

vibrations and enter into Fermi resonance with the over-
tone of V 2 (156). Fermi resonance within each ‘and 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 \)1 and V_S leading to a
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, I56-158) produced by isotopic
dilution dilution of HgO in FgO 0T ~2* versa. The
residual 0Ol and OF stretching bands, - (OH) and b) (0F) , thus
produced are said to be decoupled.

Figure 23 shows the decoupled ”~ (OF) Dbands in ligquid waiter
obtained by Wall et al (60) and Walrafen (159) using Raman spect-
roscopy, along with that obtained by Falk et dl (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
critical temperature at densities below O.lg cm_s, 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 (1597
1e6l). 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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Decoupled V(0D) bands of liquid water obtained
(a) Falk et al (156) (infra-red) , (b) Walrafen
(Raman) , (c¢) Wall et al (60) (Raman).
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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 followss-

A range of OH environments, or H-bond strengths is present
in ligquid 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 Crystalline, 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 1lsoaked a piece of nerve tissue
in water for a long time* ari then saw this curious 1Newgate
frillT of tubular looking exrescences which are now termed
myelins. Later in I063 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 (ijlj
Benedy (17 2) and Chandrasekhar et al (175)*

The first step in the structure analysis of multicomponent
systems 1is to characterize the different phases and determine

their range of existence. This 1is 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
(174) , amine oxide/water (1072 138), amine-hydrochloride/water
( 175, 177)? alkyl-imide/water (177)? dimethylalkylphosphine oxide
/water (141l), dodecylhexaoxyethylene glycol monoether/water (178),
l-monoglyceride/water (135> 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 1neat’ 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), amine-hydrochlorido/water (1952 199), amine oxide/
water (107, 137)? alkyl-imide/water (200), 1l-monoglyceride/water
(180, 181, 182, 198, 201-203), dodecylhexaoxyethylene glycol mono-
efcher/water (17 3) and phospholipid/water (184, 1952 198, 201, 203-
205) systems. IN 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 1if the water cont-

ent 1is kept constant, s is again found to increase with increasing

di C

alL

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 1is the neat phase range of stability, although other
chemical factors also play a role such as the presence of double
bonds 1in paraffin chains which increases s.

Gallot et al (195) determined the specific surface area, s,
of polar groups 1in 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

hydrophilic groups.



Recent X-ray data of Lawson et al (157) on 'k neat phase of
the dimethyldodecylamine N-oxidc/Dg0O system indicated that the
water 1is 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 1s 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
basis of the rather broad and diffuse band at 4*5§ 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 1is
concluded from an observed modulation, 1n some cases, of the int-
ensity of the 4*5§ band showing that the movement of the chains
are restricted. Further he states that since d* decreases continu-
ously as the temperature rises it 1is indicative of the polar
groups in the plane of the water layer, and conformation of the
chains being disordered. However, 1if 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 1is 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»19772200), osmium tetroxide fixed sections
(196,197>206) and negatively stained specimens (1972207). 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 decrecase in the degreec of order down the

chain from thepolar head, The ordering of the walter was found to
be much smaller in magnitude and comparcble to that previously
observed in some hydrated silicates and fibrous material. Also
the polar interface was not restricted to a planar surface dbut had
g diffuse structure giving rise to an interface consisting,
possibly, of the polar head group and 'ordered' watcr as well as
one or ftwo methylene groups. Therc was also found to be evidence
for lateral diffusion of the molecules in the lipid bilayer. |

Thermotropic liquid erystals have becen studied by both polar-
ized (221-225) and unpolarized (226-228) infra-red spectroscopy.
Maier et al (224) using nolarized infra-red spectroscopy made a |

quantitative measure of the degrce of order in the nematie phase
of some of the 4,4'-di-n~alkoxyazoxybenzenes, which compazed .
favourablx'with that found by brood line H.M.R., spectroscopy.
Unpolarizéd infra-red spectroscopy has been applied to the siudy
of phospholipids (229, 230)and phospholipid/water mixtures in the
l.c, state and membranes (230-234).

Tigurc 26 shows the spectrum at various temperaturcs of DL-
dipalmitoylecephalin (m,pt. 195°C). At low temperature, -186%¢, -
tho spectrum shows a great decal of fine structure, eg, tle band
near 7200m-1 associated with the CH, rocking mode, A (CH,), is
split into a doublet. At room temperature some of this fine
structure has disappeared and now only a single band occurs ab
7200m~l. In the region 100°-120°C all the renmaining fine struct-~
ure disappears. This behaviour can be equated with the melting
of the chains, the smearing oult of the bands being related to
possible iéomerism. In a »hospholipid c?ntaining an unsaturated

alkyl chain, as in 2-oleoyl-3-stecaroyl-L-l-phosphatidyl choline,



cm!
5000 2000 12001000 70

- '\’\W\gf;
AT
JUW‘\/ \\}

"% Abeorption e———e

-~'

Figure 26
Infra-red spectra of 2,3 dlpdlmltoyl-DL-
l—phosphat1dy1ethanolam1ne at differcent

temperatures, (230)



_54_
the alkyl chains were also shown, using infra-red spectroscopy, to
he in this *liquid 1like* state at room temperature*

Bulkin et al (2272 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 1lliquid 1likel 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.

(11) Middle ;ghase

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 1in 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 ) oail
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 (1072 137)? alkyl-imide/water (200), dodecyl-
hexaoxyethylene glycol monoether/water (178) , l-monoglyceride/
water (180, 182), and phospholipid/water (1942 198, 205? 200)
systems* The arrangement described by McBain (237) 1is 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 wvalue 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 socaps 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
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the rods and the lipid moleccules filled the gap between. This
structure has conformation from the electron microscopy studies of
Stoeckenius (206), In this case as the waler content was
increased, 4, dw (the diameter of the water cylinders) and s
increased.

A controversy has ariscen about the middle phase structure.
This controversy centres around the details of the geometry of the
rod like units. ILuzzati 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 (177) have suggested,
recently, that the units ‘consists of linearlyraggrcgated spher-
ical micelles! having the appearasnce 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 recenily 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 mode}&
Their results indicated that in their cases the middle phase con=
sists of cylindrical units packed in a hexagonal latiice although
on the information obtained, it was not possible to make a comp%
letely unambiguous choice between the models, The interface wvas
viewved by Lawson et al (137) as a layer of 'orxrdered' water aith
the oxygen of the amine oxide group substituting for a water mole-
cule in the layer, This is a contradiction of the stetement of
Iuzzati et 2l (191) who believed that the water in the middle
phase behaved as a continuous medium,

It is believed as in the case of the neat phase, that the
motion of the hydrocarbon chains is again 'liguid like' but nmust

be restricted to some extent by the anchoring of the polar groups
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at the solvent/surfactant intcrface.

Confirmation of the hexagonal structure of the middle phase
has been obtained from the elecitron micrographs of anhydrous
surface replicas (197), osmium tetroxide fixed sections (197, 206),
and negatively stained specimens (197). The interporticle
spacings are in good agrecment with the valuces found from I-roy
measurements,

High resolution (137, 213) and broad line N.M.R, (215, 216)
spectroscopic measurements have been cariied out on the middle
phase, The results of these studices indicated a looser npacking ,
of the chains than in the neat phase with a distribution of corre~
lation times along the hydrocarbon chains. Also there is evidencé
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,

The structure of the ncat and middle phases may be sumnarized

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 laycrs of waters 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 sitructurc does exist).
In both cases the hydrophilic groups occupy the solvent intcrfaces
and the water molecules are ordercd by H-bonding to these polar
head groups, although the H~bond strengbh is greater in the ncat

than the middle phase. The degree of order of the water in the
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neat phase is similar to that found in some fibrous materials. )
In both cases the motion of the alkyl chains consists of restricte
ed rotation with a distribution of correlation times; lcss motion

near the polar head groups. There is also some evidence for

chein 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 anhydrdus
polar lipids and the solid and liquid crystalline phasces produced
in the hydrated statec.

The polar lipids studied in this case vwere the l-monoglye
cerides and unsymnmetrical trialkylphosphine oxidés. 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 complementary to thatb
carried out by Mr, W.I. Pecl, who used broad line N.,#.,Il. spectro-

scopy to study the anhydrous and hydrated forms of l-monoglye

cerides.,
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CHAPTER 11

EZPERIMENTAL

(I) Preparation and purification of mabcrials

(i) Preparation of l-monoglycerides

Racemic l-monoglycerides were prepared by Malkins'!
method (82), but using di-isopropyl ether in the extroction to
reduce the loss of monoglycerides into the aqueous layer, The
preparation of l-monooctanoin (1iG8) is described in detail and the
modification for the preparation of l-monoundecanoin (MG1l) is
given,

() 1C8

Dry HCl was passed into a mixbure of 25g of
n-octanoic acid (Koch Light puriss., » 99% pure by G.L.C,) and
34g of isopropylidene glycerol (I.P.G.)(additive 'A', Laporie
Industries Ltd.) until the solution became cloudy, and then for
a further fifteen minutes. The resulting solution was cooled in
ice, shaken with 1QOcm3 of ine-cold di~isopropyl ether, and allow=-
ed to stand in ice. The supernatant liquid was decanted from the
glyvcerol which had settled out, shaken with a further lOOcm3 of
ice~cold di-isopropyl cther and poured into an ice~cold solution
of 17¢ of anhydrous calcium chloride in 165cm3 of concentrated
hydrochloric acid. The solution was shaken for two minuves, and
treated with 2OOcm3 of ice-cold water and pourcd into a separating
funnel, The ether layer was washed with three ZOOcm5 portions
of ice-éold vater to rcmove hydrochloric acid and calecium chloride
and these retained, Each of the four agueous layers was washed

with lOOcm3 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 BOcm5 of 40/60 petroleum ether
at 0°C. The yield of pure MG8 was 70%. 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.

fHQO\\‘q CEON_ . . CH,0H

__Stitep { __>Clte, |

CHO DRY HC1  CHO HC1/CaCl, , CHOH
RCOOE | 0°C |

CH,0H CH,0COR CHE,0COR

(v) o1l
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 > 99% pure by G.L,Ce The yield
of pure MGll was 75%. The melting point was 56°¢C (Literature
value 56.5°C (82)).

(ii) Analysis of l-monoglycerides

Samples of the prepared l-monoglycerides were a}so
checked for the presence of fatty acid, glycerol and di-and tri-
glyceride impurities using tuin 1ayer\chromatography (r.5L.C.)(209).

The T.L.C. analysis was carried out on glass plates 20cm,
X 20cm, coated with 0.25mm layer of Kieselgel G, which was active
ated by heating the plates in an oven at 110°C for half an hour.
One of these plates was spotied with 200pg pf 1G8 and 200pg of
MG11 in 40/60 petroleum ether using a micro-syringe, The plate
was developed using a solvent system consisting of 106cm® of
40/60 petroleum ether, 4'7cm3 of diethyl ethexr and 1.50m5 of
glacial acetic acid (238). The development time was 45 minutes.
The plete was dried at room temperature and sprayed with a 0.,2¢

solution of 2',7'=dichlorofluoresceinin alcohol, The chromatogranm



was observed under u.v. light of wavelength ESqu and consisted
of yellow spots on a grecen background. No other spots which
would be caused by the presence of impurities could be seen.
From the size of the spots used on the chromatogram it has been
established (209) that impurities of approximately 1% could be
detected,

The solvent system used did not separate different l-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,0 and cocled to the l.c. state. The l,c.
phase was then freeze dried at liquid nitrogen temperabtures, This
process was repecated seven times after which the resultant
deuteration was approximétely 95% as found by comparative inten-
sity measurements of the V(0H) band before and after deuteration.

(iv) Preparation of unsymmetrical trialkylphosphine oxide

The unsymmetrical trialkylphosphine oxide, di=-
methyldeeylphosphine oxide (Cy1oP0) 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 rcaction,

(a) Preparation of diphenyl decylphosphonate

Decyl alcohol was distilled from freshly ignited
calcium oxide,; the fraction colleccted being that which came over
at 22900. Triphenylphosphite was dried over anhydrous magnesium
sulphate and sodium iodide was dricd 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 litrc three nccked flask

equipped with a condcnser, nitrogen inlet and stirrer. Vater from



a 50°C reservoir was circulated through the condenser. The fla;k
was lagged thoroughly and heated to a temperature of 240°C by a
300 watt isomantle while 2-30u.ft./hr. of nitrogen were swept over
the reaction. Phenol began to distil from the reaction as the
above temperature was reached.’ The total reaction time was
approximately twenty hours, the contents of the flask remaining
colourless throughout,

The reaction mixture was then distilled at a pressure of less
than 0,05mm and taken up in ether, This solution wes washed with
2N sodium hydroxide to remove the phenol, separated from the
agueous layer and dried over magnesium sulphate.s The ether was
then removed on a rotary evaporator and the remaining mixture
distilled, The material collected came over at 180°C at a presse
ure of 0,0lmm, 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 53%.

(b) »Preparation of Cj,20

(1) 200cm3 of ether, which had been dried over
sodium, were used to cover 1l4.6g of magnesium turnings in a three
necked one litre flask fitited with a cardice condenser, and
stirrer, 57g of methyl bromide (Db.pt. 4°C) werc taken up in a
1OOcm3 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 onc crystal of
iodine, The reaction mixture was cooled by ice/salt and stirred
during the addition., When the addition was conpleted the mixture
was stirred for a further 30 minutes.

3500m3 of tetrahydrofuran (T.H.F.), which had been digested
over and distilled from lithium aluminium hydride, wrere then
added dropwise., During this addition the reaction mixture was

stirred and cooled in ice/salt. The apparatus was modified
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temporarily to permit distillation and the cther was distilled
off until the liquid temperabture reached 65-70°C. The reflux
condenser was replaced and stage 2 of the preparation commenced:
(2) 37g of diphenyl decylphoéphonate, in T,H,F. solu=
tion, was added slowly to maintain a steady reflux. The react?on
was kept under a slightly positive pressure of nitrogen and ree
fluxed for twelve hours. It was then cooled in ice and hydrolysed
with 2500m3 of water, making sure during the addition of the
wvater that the temperature did not rise above 15°C. To the §1urry
of salts was added approximately 60cm? of concentrated hydroe
chloric acid, The pH of the agqueous layer measured 3.‘ The
conbined layers were hecated on a stecam 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 2500m3 flask, immersed in
an oil bath maintained at 120°C by a hot plate. Stcam was passed
through a trap, then with a ten turn 0,25inch copper coil also
immersed in an oil Dbath maintained at 130°C and the phenol was
steam distilled from the reaction mixture until the distilate no
longer gave a ferric chloridsz test,.

The residue was exbtracted by four times lOOcm3 of hot benzene,
the solvent removed on a rotary evaporator and the crude product
taken up in 200cm3 of ether and dried with anhydrous magnesiun
sulphate, The solvent was again removed on a rotary evaporator
and the crude product extracted with hot hexane which had been
dried over sodium. C;gP0 was then crystallized from the hexanc
at low temperature and finally recrystallized twice from hexané
at room temperature., The melting point of this material was T5°C
(Literature value 75°C (141)). The yield was 20¢, Elemental |

analysis gave the following results:-



Caleculated for Cy Hyy PO : C, 66,065 H, 12.394%
Found : C, 66.,05; H, 12.36%

The overall recaction scheme is shown below

-

Nal 9
(i) ROE  + (CgH50) 5P CATALYST® Rﬁ(oc6H5)2 * Cg4H5OH

Q — N . 9
(ii) 315(0061—15)p + 2CH;lgBr T H.F. RP(CHz), + 2CgH5OUgBr

(v) Other materials

Carbon tetrachloride, CCly, (analar grade) used in
solution studies was driced over magnesium sulphate,
Water used was purified as described on page 10.
Deuterium oxide (99.7%) was obtained from Koch ligh®t and
used without further purification,
(II) Hethods

(4) Thermal Analysis

The MG8, MG1l and CypPO samples were made by
warming weighed nixtures to the temperature at which they formed
isotropic solutions, shaking and then allowing them %o cool,
Samples containing D20 wvere 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 jpossible to determine
transition temperatures on ccoling runs, All swumples were there~
fore cooled to -60°¢ and allowed to warm up at a progrommed rate
of 3°C/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.wabter was absorbed oxr lost during the
recording of e thermogrem the sample pans vere hermetically
sealed. All the points on the phase diagrams were mean Values

from at least #wo thermograms,
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Equilibrium

figure 28

The instrument was calibrated using the melting or decompos

tion points of the following substances.

CgE®6 M. Pt. 5.5°C
CHJjCOOH K. Pt. 16.7°C
~2307. 10B"O decomp. Pt. 52*%4°C
BaBr. 2H20 decomp. Pt. 50.7°C
I.InClge4"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 1in 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 1in 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, MG1l2 and MG18. Both heating
and cooling runs were undertaken in that case to obtain the
position and nature of the polymorphic transition.

(11) 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 01 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). T 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
Cl0PO were grown from the melt bet-ween silver chloride and sodium

chloride windowse During the crystallization the samples were
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00
.0
vy detector
(a) yfcC
source .
sample polarizer
_\i/
(b) detector
source sample
polarizer

Figure 29.
Diagramatic representation of position of oricntod I.e.
samples at:-

(a) 0° (v=0°)
(b) E(=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
were recorded, as above, but only for the sample position V=O,o
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 sampie 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.

(¢) For temperatures between -170°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 (B11C) temperature controller. All temperatures measured
were accurate to * 2°C,

The samnples used were all sealed around the edges as bef9re.

Solution spectra in CCl4 vere obtained in a cell of path-
lengthrl.Bmm with sodium chloride windows and using a reference
cell containing pure solvent.

A1l infra-red spectra were run on a Grubb Parsons 'Spectro-
master! double_beam spectrometer, the range of scan covered was

1

4000 - 550cm”~, The calibration of the instrument was accurate

to * lcm"l.
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CHAPTER IIT

ANHYDROUS_ LIPIDS

I) 1-MONOGLYCERIDES

(i) Results

e et et

(a) Thermal Analysis

Then molten samples of the four l-monogly~
cerides studied were allowed to cool, phase transitions observed
by D.S.C. occured ot the temperatures given in teble 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 obéerved at the temper-
atures given in table VI and the thermograms for MGLll and MGLl2
are shown in figure 31, ,

211 the transitions which occured at or above room temper=-
ature, except that of ME18 at 4700, have also been observed
using a heated stage polarizing microscope.

The first transition which occured on cooling the molten
l-monoglycerides, except MG1l8, was the appearance of rings of
structure in the liguid (transition A). A few degrees lower
in temperature the samples assumed o variety of irregular
birefringent shapes as descrived by lMalkin (82)., This latter
transition, B, occured directly from the melt in the case of
11G18.,

Samples of M(G8 observed under the microscope after being
melted and allowed %o cool to room temperaiture, changed slowly

to the highest melting form over a period of hours, whilst MGI1l1l
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and MG1l2 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 Jjust 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)e¢ Liquid spectra of MGS8
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 MG1l8 above transition
A (liquid), Dbetween B and C (ocphase), below C(sub-<* phase) and
in the most stable form (p phase) * MGl11l and LIGl2 gave almost
identical spectra in the ligquid, ot and (S5phases so these are not
shown. In the case of JIGll 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 MGl2 a unique
phase occurs below transition C and its spectrum is shown in
figure 37 -

Tables IX and X show the positon of *S>(E) , "~ (C— O) and
symmetric and asymmetric stretching of CH and CH” groups,

S> (CHO) , S> (CHO) 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 MGl2 because the lifetime

of the phases was so short.

Spectra of the decoupled S)(OH) of DIIG8 in the stablest form



(a)‘

(b)

0 . 30 ‘ 5 5 60 ‘ o 05 6 O
N (e¢) - (d) . -
: Figure 32, - ,

Infra-red spectra of MG8 av:- Ee m temperature ,Wavelength(a) 6~18u,
. . 2,75=3.625 and 5,5-6.
-170°C wavelength(b) 6- 18p,(d) 2,75-
3.625 and 5¢5=660u



(a)

(b)

[ 2 A " n A

3.0 3.5 5.5 6.0 3.0 3.5 5.5 6.0
- (e) - (a) o :
Figure 33,

Infra-red spectra of DMGS. at:-Beam temperature ,anelength(a) 6=18p,
¢) 2,875-3.625 and ? ¢5=640pte
-170°C ,Wavelength(b) 6-18u, (d) 2, 875
-3.625 and 5.5-6.0p.



(a)

3.0 3.5 5.5 6.0 3.0 3.5 5.5 6.0
Figure 34.

Infra~-red spectra of liquid MGB(u2°c), Wavelength(a) 6-18m,(c) 2,625

-3' 75 and 50 5-60 OPO :
and of liquid DuG8(42°C), Wavelength(b) 6-18p,(d) 2.625
’ . ,‘3. 75 and 50 5"'60 0,10 ‘



6 8 10 12 14 16 18
' Figure 35, ' "

Infra-red spectra of the polymorphic forms 6f'MG185
A, Liquid; B,%; C, Sub-d; D,R;Wavelength 6-18M.



 { ]

9

.0 35 5.5 6.0

~Wigure 36.

Infra-red spectra of the polymorphic forms of G418 , L
. A, Liquid; B,%; C, Sub-%; D,B;W%avelength 2,625=3,625 and 5.5~6.0/L-



(a)

3.0 3.5"5.5 5.0 3.0 3.5 5.5 6.0
: (e) o ' (a) :
. . Figure 37.

Infra-red spectra of the ﬁ‘form of MG114 Wavelength (a) 6-1§ﬂ,(c) 2. 625
and the form below transition.C fop’ dG12,Navelength (b) 6-18 :
B , (a) 2. 625-3 625 and 5.5-6. 0.
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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 S(0r) and N(C==0) regions are shown in
figure'39. The concentration range covered was 0,0048 - 0.15M.

(i1) Discussion

(a) Polymorphism

The transitions observed on cooling the molten
l-monoglycerides agrce to some extent with the results of Malkin
on MG11-MG18 (82) and of ILuitton on ¥G18 (85). However certain
additional features have been observed and it has been possib;e
to confirm some of these observations using infra-red spectro-
SCODY

1) 4Above transition A the l-monoglycerides are in
their liquid state., The spectrum of lG18 is almost identical,
to that of Chapman (90) shown in figure 38. The V(0H) absorp-

1

tion is broad at 3448cm™ " and a single band is observed at

7200m"1 for the lowver limit of +the CH, rocking mode, /O(CHQ),

2
whilst there are four components in the CH stretch region due
to the symmelric and asymmeitric stretching of CH, and CH3 groups.
However the V(C==0) band has been resolved as two compon-
ents at 17%9cm~! and 1728cm~1 (figure 36) whereas Chapman (90)
only reported a single band at 1706cm=1, '
The occurence of two V(C==0) bands usually (50(e)) indicatb-
es the involvement of the carbonyl in H-bonding, the lower
frequency component arising from the bonded caorbonyl. It can
be seen from table IX that the highest frequency component in
the solid and liquid phases occurs regularly between 1756cm'1
and'17400m"1. The fact that in the solution spectrum a compon-

ent occurs at 1754cm“l makes it difficult to decide whebther the



3000 /0Cco 750
iVavt numbers (cm.n

Figure 38.

e Polymorphic forms of 1l-monos tear in ~NVIG18)
A, Liquid; ; C, Sub-oc; D, p'; 3,p. (%0)



0.1M

2.75 3.0 3.25

Figure 39.

\) (OH) and\) (C=0) bands of MG8 in CCl”* solutions.
Wavelength 2.625-3.25/*~and 5.5-6.0*.. '
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1"{36--1740cm"1 band is due to free ~)(C=0) or another H-bonded

snecies, In the present discussion we have merely considered
the changes in the low frequency component of the Q(C==O)
doublet as beinz connected with the changes. in the H-bonding.:
The possibility occurs that the 1736-174Ocm"1 band arises from
the’intramolecular H-bond referred to in part (b) of this dig-
cussion,

In this work the lower frequency component of V(C==0)
appears as an intense shoulder at l’{280m"l to that at 1739om;.
Two components have been resolved in the liquid state spectra
for all the l-monoglycerides studied (table IX),. ‘

2) At tronsition A for 1168, MG1l and MG1l2 the l-mono-
glycerides pass through to a smectic l.c. phase the ring like
structures observed under the polarizing microscope are 'stepped
drops! which are formed by smectic phases under suitable condi-~
tions (241).

The o phase was regarded, by Halkin (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 figurec'. It is almost certain that
in this case he was observing the l.c. state.

Attempts were made to obtain infra-red spectra of samples
of MG8, MG1ll and MGl2 in this state but the lifetime of the
phasc was too short to asllow any measuremenits to be made.

3) At transition B the l.c. phase transforms into a
solid phase which Halkin (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,UM.R. line
widths and second moments (91) have been reporied for this solid
and from this evidence it is considered to be an o phase in

wvhich the alkyl chains arc hexagonally packed and rotating about
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thelr chain axes, However more recently it has been sugrested
(209) from P,M.R, second moment caleulations that the phase
observed in the case of IMGll and MGl2 is intermediatc between

a truec A phase and a smectic l.c, phase in that rotation tokes
place but the chain axes are tilted with respect to the planc of
the bilayers,

The infra—red spectrum of the o(phase of MG18 (figure 35)
is similer to that reported by Chapman (90), A series of bands
occurs in the 1180-154Oem"1 region, which were not present in
the liquid spectrum and are due to various vibrational modes of
the CH2 groups of the chain, élthough.the appearance of the
spectrum belowy 1170en~! is that more typical of a‘liquid. The
series of bands between 1180cm~1 and 13400111"l in this study show
more structure than in the earlier work (90) (figure 38), Sim-
ilarly in figure 35 can be seen a very intense and éharp'band
at 146%3cm~1 associated with the CH, bending mode, J'(CH2) 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
liguid and in the same position (table X), thosec gssociated wvith
asymmetric and symmebtric strstching of the CHsp groups,\)a(CHg)
and \)S(Cﬁz), at 2928cm~! and 2854cm~1l, arc much more inﬁensé
in the solid, Thesc differences in infensity of +the \)a(CH2),'
\)S(CHQ) and & (CH,) in the liquid and X phases are very strik-
ing in our spectra but are not visible in those of Chapmen (90)
and have not been reported previously.

In the earlier work (90) (figure 38) o single band was

observed for W(C=0) at 1706cm~1 in the liquid which shifted
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to 172lem~! in the K phase and on the basis of this and the
shift of V(0U) to lower frequency upon going from liquid to the
oA phase, Chapman (90) drew the conclusion that the H-~bonding
was preferentially between OH groups in the solid phasec.

¥e have not observed this single WV(C=0) conmponcent. V(C=0)
was resolved, as in the liguid, as a doublet (figure %6, table
IX) with the lower frequency compoinent having reduced intensity
relative to its counterpart in the liquid, and moved to a lower
freqency of 1718cm™% whils® the other V(C=0) componecnt is
relatively unchanged in position at 1738cm'1 and has only a
small increase in intensity. However‘Q(OH) is broad and has
ghifted to a lower frequency of 5590cm‘l relative to the liquid
at 54480m"1, which is similar to that previously obscrved (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 corbonyl are stronger. The H-bonding may
therefore be predominantly between OH groups as Chapman (90)
suggested,

These general obscrvations have becen made with the Xphases
of both MGll and MGl2.

4) Tronsition C has been the centre of a great deal

of controversy betwveen Malkin (82,86) and Iution (85) as %o
whether the transition was reversible and the noture of the
phase produced, Lutton (85) studied MGl6 and !iGl8 and stated
that at the lowest transition teupersture a sub- X crystalline
phase was produced and the transition was reversible., iTe have
confirmed the reversibility of the transition C in vhe case of
1IG1ll and MG18. The much lower value of transition C in MG1ll
than in MG1l2 (table V) is due to an alternation effect implying

a greater mobility of the chains in the l-monoglycerides
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containing odd numbered chains.

The spectrum of the sub- % phase of 1MG1l8 obtained in this
study ies shown in figures 35 and 36 and the earlier spectrum in
figure 38, Similarities are apparent but again there are marked
differences as follows:=-

i. lMore structure is observed, in this work, in the
1170—1340cm"l region., The bands in this region now have the
appearance of those of a crystalline solid.

ii. The 720cm‘1 band is now split into two compoﬁ-
ents at 7300m"l and 721cm"1 and +the intense single band at
1463cmn=1, due to & (CH2), in, the o phase spectrum is now split

-1 and l462cm"l. This latter

into two components at 1466cm
doublet has not been previously observed in the sub-o& phase
of 11G18,

The splitiings of the 720cm“1 and 1463cm~! bands are
thought (99) to arise because of the gearest neighbour CH2
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 was therefore
sugzested (90), on the basis of the splitiing of the 7200m"1
band, that the sub~ KX form had a crystalline latiice (or at
least a very ordered system) possibly of the common orthorhombic
type.

iii., TFurther evidence of the highly crystalline
nature of the sub- X form can be seen in the splititing of the
single band associated with ig(CHz) at 29_‘300111"1 in the o form,
into +two components (table X and figure 36) and the gencral
intensgification and narrowing of the bandg in the CH stretch

region compared with the o Torm, This behaviour has not
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previously been reported. The components observed here have
sinilar relative intensities and positions to those found in
triclinic n-Cpgl,, (29) although in that case a further compon=-
ent was resolved at 2922cm'1.
ive In the earlier work (90) a single V(C=0) band
has been observed a% 1750cm*1 in the sub- K phase of IIG18
(figure 38), This is a shift to a higher frequency relative to
the X phase and on the basis of this and the shift of W(O0H) to
lower frequency upon going from the & to sud-X Chapman conclud-
ed that the H~bonds between OH groups are beconing stronger,
In this work (figure 36) the 9(C=0) is still resolved
as two components of a simiiar intensity to those of the X phase
but narrower overall, with the lower frequency component now
at a slightly higher frequency of 1722cm~l, However ~V(0I) is
broad and has shifted to a lower frequency at 53200m"1 which is
gimilar 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 vo that in the
A form although the H-bonds formed are slightly weaker. Also
the predominating H-bonds between OH groups have becone strongen
5) Tor the other l-monoglycerides studied transiticn
C was irreversible and several differcat types of behaviour have
been observed when samples were reheated ofter cooling past this
transition.
In the case of l1G8 the cooled sample melted at the P
melting point (transition G), indicating that below transition
C the B form is obtained. There is mno evidence from the D,.S.C.
measurenents made that any intermediate form such as B ' sugg-

ested by Halkin (82) occurs under these conditions.

Tor IIG1l on heating »nast the reversible transition C, a



- 17 -

small éxotherm (tronsition E) is observed at a variable temper-l
ature, probubly determined by the number of sceced crystals pres-
ent and the previous thermal history of the sample, At tran-
sition E the 5' and ﬁ.forms are produced since partial melting
now occurs at 52° and 56° (transitions T and G), The positions
of these obscrved transitionsagrees well with those of Malkin
(82), The relative intensities of the two peaks indicate that
the lower in temperature the sample is cooled the more B form
is produced at transition E.

The infra-red spectra of tThe B' forms of IIG18 and MGl2
have previously been reported (90) and that of MGl8 is shown
as figure 38+ The spectrum of the B’ form of 1IG1l1l 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 specira may be due to the fact
that the ﬁ’ phase of the carlier work was obtained by rapid
recrystallization and run as a nujol mull, whilst the present
work involved the use of a heating cycle. In Dboth cases there
will undoubtedly be a certain small amount of the ﬁ:form prescnt.

In this work the overall resolution of the spectrum (figure
37) is much better thpn that previously reported by Chapman (90).
The region 1470-7000m"l shows more components generally than
the sub-oX although the split bands associated with 5'(CE2) and

AD(CHQ) are now single componenis but still quite intense ab
1461cn~L and 7220m"l respectively.

There are now five components in the CH streteh region,
the intensity of %the components due to V,(CH,) and V (CH,)
at 2919cm“1 and 2852cm“1 being similaf t0 those of the X phase
of MG1l1,

In the earlier work (90), ¥ (C=0) is resolved as a single
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band at 1736cm"1, showing a significant shift from that in the
sub- ®& phase, whilst V(0H) is nov resolved as two broad comp-
onents at 3342cm=! (main component) and 3243cm™1,

In this work V(C=0) is resolved as two componcats atb
J.’739cm"l and 1729cm~t (figure 37). The lower frequency compon-
ent now has increased intensity compared with the oL and sub-ock
phases signifying an increase in the participation in the Hw
bonding scheme of this phasec. lowvever this component has
moved to a higher frequency relative to the o« and sub~o<¢ phases

and shows therefore a decrease in the H-bond strength., Also

-1 1

V(0E) is resolved as two broad bands et 3408cm and 3%02cm”
(@main component),

The behaviour of !MG1l2 upon recheabting is more complex than
that qf any of the otlher l-monoglycerides studied., At transitim
C, 26,5°C below the l,c.- ok phase transition (B) a solid is
formned, the spectrum of which is shown as figure 37., The
spectrum is nei%her that of a sub=X , & or ﬁ’. It has pairs
of bands at 1464cm_1, 14600m"1 and 728om"1, 72lcm’1 for & (CHQ)
and,ﬁ)(CHz) modes respectively. The bands in the 1340—11800m-1
region shovw a structure similar to the sub-X, There are seven
components in the CH stretch region (figure 37, table X) showing
a marked similarity in position and relative inteonsity to Those
of the sub=- X slthough there is also a component at 2950cm“l
which is not present in ithe spectrum of the sub- X of MG18
(figure 36 and table X).

Also the “(0F) band is markedly asymumetric at 5347om'1
possibly showing the presence of further \)(OH) components
whilst $hat of +the sub=-o of MG18 is symmetric. The V (C=0)

absorption is present as a single compounent (figure 37) at

.
-1 . .. - . o
1738cm = which is in the sane position as the higher frequency
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V(C==0) componeat of %the sub~%form., It would therefore
appear that any H-bonding in this phase is taking place solely
between OH groups.

By compa:ison of the spectrum of +this phase vwith a‘sub-O(
spectrum of 1G18 (figures 35, 36 and 37) it can be scen that
this phase is possibly a modified sub-o&K structure with H-bond-
ing only taking place between OH groups,

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

The specirum of the B.form of 11G18 has been previously
reported (90) and is shown as figure 38. The spectrum of fB
form of MG1l8 from this work is shewn as figures 35 and 36,

Again there arc general similarities between the two, however
the spectrum from this work is of a greater resolution and
shows more detail especiclly in the region 1470—7000m"1.

There are seven components in the CI stretch region (figure
36 table X) however it was not possible to compare the intensity
of these with any of the other phases of I1G1l8 since the B spec-
trum was obtained as a nujol mull whilst the others of INMGL8
were obtained by suitable heating cycles., The intensities of
the CH stretch components of the ﬁ and B! phases of HG1ll vere
similar,.

In the earlier work (90) a single component was observed
for V(C=0) at 1756em~ in the B form of 4G18 end two bmnds
were observed for Y (0I) at 33o7cm"1 and 324%cn~t (main comp-

onent) (figure 38)., This single V(C=0) band was also obscrved



in other l-monoglycerid.es by Barcelo et al (103).

In this work the 0Oil) absorption bands are present at
3292cm™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 MG1ll signifying a further increase in the H-bcnd
strength upon going to the {3 form. There 1is also an increase
in intensity and narrowing of B?(0il) components of theBform
of MGll relative to the R 71 form of MG11.

The *9(C= 0) absorption is resolved as a doublet in the p
forms of all the 1l-monoglycerides studied (table IX) . The lower
frequency component in the longer chain l-monoglycerides (MG1l1,
MG 12, MG18) 1is 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) pform of MGS8
Assignments of the bands was made by comp-

aring the MGS spectra with those of long chain saturated alcoh-
ols (12,13)? n-paraffins (297242), acids (30, 35) and ethylene
glycol (57)* Further help in the assignment of the bands was
obtained from the spectra of DMGS8. The following points arise:-

i. The 3 phase spectrum in figure 33
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"™’l in the non-
deuterated compound because the ratios of the frequencies betw-
een the two compounds, 1398/1025 ** 1*36 and I063/800 = 1.34

respectively, are close to (8. In the low temperature spectrum

indicates
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of DMG8 the bands in the vicinity of any residual B(OH) ave
intensified (figure 33) and split into a large number of compon-
ents, It is possible that the band at 14030m'l is the residual ‘
B(OH) which has shifted to higher frequency due to the low temp=
erature and appears mnore intense because of strong adjacent
bands. Also in the low temperature spectrum of MGS (figure 32)
B(OH) at 1063cm™% has increased in frequency and split into
two components at 1075 and 1068cm™ ",

ii. In the beam teuwperature spectrum of DMG8 (figure
33) & very broad band, quite weak, appears at approximately
1030c1;n.'l upon which gll the other bands in the region 1200~
950cm"l are superimposed, This broad band intensifies consider=
ably at low temperature (figure 33) whilst remaining in the seome
position. Because of this allteration in intensity, bands in this
region of the spectrum_are drastically effected. The origin of
this band is not known,

iji., In the low temperature spectrum of MGE there
are at least four §(OH) bands (figure 32) at 633em~L, 668cm—1,
-775‘>cm"l and 300cm™t and these bands are more intense than the
two weak broad bands observed at 62201&1"l and 6420m"1 in the beanm
temperature spectrun (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 thalt case a broad band at 626em=1 at beam
temperature was replaced by at least three more intense compon=-
ents at 650cm“1, 7250m"1 and 795cm’1.

iv. A band at 656cm™! is observed in the beam
temperature spectrum of DIMGS (figure 33) which is not present

in the spectrum of MG8 (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 adjaccent bands which were previously strong at 944cm"l1l
and 916cm"1 in the undeuterated spectrum (figure 32) now have
greatly reduced intensity at 943cm"1 and 915cm"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) (111llcm"1l 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 32) ®») (CO) is
resolved as two components at 1113cm” 1 and 110lcm”1l. The splitt-
ing of *7?(C0) at low temperature has been previouslyobserved in
the case of methanol (14)e

vii. At lower temperatures in both the spectra of
MG8 and DMG8 (figures 32 and33) bands in the CHstretch 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"1l at low
temperature) but not in the 1liquid spectrum (figure 34)* This

band is also present in the beam and low temperature spectra
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(figure 33) of DilG8, This band could be due %o :;

ae V,(CHy) of CH, groups atitached to the primary
alcohol group of the glyceride residuc.

b. "V, (CHy) of a CHy group adjacent to the carbonyl
group.

¢. Turther component of xg(CHB) due to interaction
within the lattice.

This bond is unaltered in position or intensity by deutera-
tion and thereforec is not associzted with g above. The shift
from the general V), (CH,) position is greater than would be
expected for the CH2 group abtitached to the carbonyl, although a
weak band has becen observed in the case of CHBCﬁchCHQCH3 (244)
at 2955cm™' which has been associated with “Q(CHz). Therefore
the 29850m'1 band is thought not to bec due to b. above.

Therefore the band is assigned tentatively as a further
component of \Q(CHB) as in c. above,

8) Decoupled Spectra

There arc threc destinct pecaks observed in
the V(0H) region of the low tenperature spectrum of the [ nod-
ification of MG8 (figure 32) at 32750m"1, 5252cm”l and 3187cm"1
whilst, only two are obscrved in the decoupled spectrum atb
3296om"1 and 32130m"l (figure 33).

It has becn 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 a 3317cm"l in the normal spectrum of IiG3
(figure 32).

The highest fregquency peak of the coupled V(0H) occurs at

32’750111'l which is much lower than the 'free! and intramolecular

H~bond frequencics in the region 3646-3523cm“1 observed in dilute



solution of the MGG in 0014 end also lower than the intramolew
cular frequency of 5564cm"1 in solid sucrose. It is therefore
thought that there is no intramolecular T-bonding in the solid

is the case it is possible

RN

B modification of JMG8 and if this
to use the correlotion curve relating Ry_o to V(0H) in figure
15 and obtain RO;O valucs corresponding to these decoupled W (om)
frequencies,

The appearance of two bands associated with the decoupled

V(0H) indicates there are two distinct OH environments giving

‘.
(-]

rise to RO;O distances of 2.761 and 2,734 for the V(0H) frequenc-
ies 3296cm—l and 3213cm'1 respectively.

In pinacol o value of 2.76K has been obtained asgsociated
with one of %he components of the decoupled ~ (om) at 329Ocm'1.
Since in this compound only O-H---0 intermolecular H-bonding con
take place it is suggested that the value 2. 79& is associated
with the H-bond distance 0~H---0=C, THowever even though crystal
studies have been carried out on the B form of l-monostearin by
Larson (96) using X-ray diffroction no structural information
has becn obtained about the end group configuration and there-
fore no confirmation for the type of H-bonding is available,.

(b) Solution
1) Solution spectra have been obtained of l-mono~
glycerides by Barcelo et a2l (103) but no information weos obtain-
ed in that study as to the H-bonding qtudles have becn made how-
cver by Debye et al (245,246) of the II~bonding toking place in

L

l-monoglyceride solutions. They assigned overlepping bLands (at

-1 and“34600m-l in one paper and 3676 and 757 2em~t in the

7

5584 cm
second) to 'free' and 'bonded! OH groups, respeciively, and
found the ratio of the estimeted intensitics of thesc bands; 0H

free/0H bound decreased linearly with concentration in CC1
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solution because of increcasing molecular association, In
chloroforn and benzenc, however, the ratio remained almost const-
ant, indicating that association was taking place between gly=-
ceride and solvent molecules. Unfortunately, Debye does not
disting uish between intra- and intermolecular H-bonding.

In thig study of MG8 in 0014 solution eight components are
observed in the OH stretch’region (figure 59) in the most dilute
solution in the range 3646-55250m'1. The band at 35230m“1 is
broad, The concentration at which this specitrum was obtained,
0.0048M is so low that there is little possibility of inter-
moleccular H-bonding (247).

Diols in dilute solution are known to give two bands (46).
These bands are due to the 'free' (0H) at around 3630cm™% and

1

intramolecular H-bonded ~V(OH) at approximately 3550cm™~ which

is broader than the 'frec' V(O0I).

Also in the case of saturated alcohels which arc incapable
of intramolecular I-bonding asymmeltry has been observed in the
monomer band in dilute solution (248-255), This asymmetry has
becen resolved as definite component bands which have becn inter-
preted in terms of OH groups in conformgtionally distinct
environments in equilibrium (249,252-254). It has also been
suggested that these bands are due to C-H---0 intramolccular
H-bonding (251,255). In the case of l-propanol (251) a partially
resolved triplet VW (OH) absorpticn was obscrved ab 3639cn™ T, ’
3633cm~+ and 3627cm~%, In this study Krueger et al (251) PTOpOS=
ed the band at 3627cm'1 wag due to a C=H=--~0 intramoleculasr I~
bond betveen a methyl hydrqgen and the lone pair of o%ectrons
on the oxygen atom. TFowever there is a certain zmount of scept-
icism concerning this hypothesis (252). That o very weak C-H~--

0-H lowvers the Y(0H) frequency is challenged by the obsexrvation
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that a stronger 0l 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) 1is the same as that of the correspond-
ing methoxy alcohol (figure 41)« Therefore the more generally
o.ccepted theory is that of comformational heterogeneity (24972 252-

254)

\VAV4 VvV GO-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 ’freel and iniraniolecularly E-bondod O (OH)
bauds in compounds containing OH OH, OL. N and 0Oil 0—C are
in the ranges 3644-3600cm™” and 3616—346Ocm”!Rrespectively (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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contributions from the structures shown in figure 40 with comp-
onents present from the comformationally distinct 'free! OI
groups. It is not feasible to agssign the individual components
herec because of the complexity of the specira and lack of data
vith which to correclate,

Also on present evidence it secms likely that the remaining
bands at 3587cm‘1, 357lcm"1, 356Ocm'l and 35250m'1 may be due to
the intramolecularly H—ﬁonded V(0F) from species shown in figure
40,

2) It is well known that the carbonyl group participa-
tion in H-bonding in solution wvith doner molecules gives rise to
V(C=0) bands at a lower frequency (256).

Evidence for the participation of the carbonyl in the H-
bonding schemes shown in figure 40 can be scen from the obscrva-
tion of two equal intensity components of ﬁ)(C=O) in very dilute

. e ) -1
solution (figure 39). These componeants are observed at 1753cm

and 17350mfl. In an 0.05} solution the bands occur at l7500m"1
and 17?34cm"l and the addition of a small amount of DZO caused
the lowver frequency H-bonded component to increase in intensity
relative to the 'frec' comp-ncent,

When the concentration of MG8 in CCl4 was increased the
relative intensities of the \)(C=O) componecnts altered. The
tfree' V(C=0) at higher concentrations is of greater intensity
than the H-bonded component and also there is o small shift of

the 'free! component from 17530m‘1 to l7500m“1. It is apparent
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from measurcments in the V(0H) region of the spectrum (figure 39)
over this concentration range‘that as the conccantration of MG8
is increased intermolecular H-bonding takes place.

Upon altering the type of association taking place, from
intra-to intermoleculsar, it might be expected that by analogy
with the shifts in V(0H) an increasecd shift to lower frequency
of ¥(C€=0) might occur, Tor example vhen ecthanol is added %o
n-hexane solutions of ethyl acetate (257) & shift is observed
of V(C=0) of 17cm'1 relative to the 'free! V(C=0). Towever a
similar size shift is observed in V(C=0) when intramolecular
H-bonding takes place in the compound éﬁE_OH in 0014 (258).

Therefore it may be that sny intermolecular W(C=0) compon-
ents present at higher concentration in l-monoglyceride solutions
would not infact be obscrved as separate low frequency V((¢=0)
bands since they are likely to occur at the same frequency os the
intramolecular bands, Thus even though thecrc appears to be more
intermolecular H-bonding at higher concentrations it is not
possible to infer this from the carbonyl bands.

3) Evidence of alkoxy oxygen participation in intraﬁ
molecular H-bonding schemes of aryloxyacetic acids has been shown
by Oki et al (259). In dilute solutions various aryloxyeacetic
acids showed bands a%‘153525cm'1 and 349Ocm'1 duve to structures
I and II (figure 42).

o} ' 0

7
N

i ROgH,OCH, - C

Y
\H/

OCE, - C

R - OC.H
6547 2 5

0
(1) (11)

figure 42.

Evidence for the parxticipation of the alkoxy oxygen in

triglyceride H-bonding scheme was obtained from the following



observatibns on trilaurin-ethanol in CCl4 solutions, Trilaurin
contains only two acceptor sites, a carbonyl'and an alkoxy
oxygen, In a range of solutions from 0,005 -~ 0.1M in CCl4,.the
V(C=0) band appeared as a single intense band (figure 43) at

17500m-1.

A dilute solution of ethyl alcohol (0.005M) in CCl4 showed
only a single 'free' V(OH) at 3636cm™! (figure 43). When solu-
tions were made up containing 0.1M trilaurin and 0,005M ehtyl
alcohol in CCl4 and run against a reference solution containing
only 0,1M trilaurin in CCl4 a”free"V(OH) was observed at
5636cm71 and also an association band which was much broader at
3570cn™t (figure 43). This association band could only be due
to either 0-H----0=C or OH*-—é\ or both interactions since the
concentration of ethanol was only sufficient to produce a 'free!
V(0H) band. In the mixed solution the V(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
associagtion band must have arisen because of OH-—~é interaction,

4) At the higher concentrations of MG8 (figure 39) the
broad band st 35230m‘l intensifies in 0,1M solution, broadens

1 whilst shoulders

and shifts to a lower frequency of 3448cm”
appear at 3376cm'l and 35100m“1. In the butane diols three dist-
inet bands arc observed (46) which are unambiguously assigned to
the stretching vibration of the 'free!, intramolecularly and )
intermolecularly H-bonded OH groups. The latter is at a considex-
ably lower frequency than the others.

It is thought therefore that the two broad bands at 5376cm'1

and 3310cm-1 in MG8 solutions are probably due to formation of

dimers and higher multimers either of the linear or cyclic type.
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Figure 43.

(a) *\)(C=0) of 0.1M polution of trilaurin in CCI*.

(b) V(OH) of 0 .005M solution of ethanol in (Ci*, .4

(c) V(OH) and V(C=0) bands of solution containing
0.11.1 trilaurin and 0 .005M ethanol in GCIk.
Wavelength 2.625-3.125yixand 5.5-6. Oyu.
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TABLE V

DSC Transition Temperatures = Cooling from the melt.

l-monoglyceride Temperature (°C)
A B ¢
1G8 5¢5 (xs) 2.5 (xs) ~3.5
MG11 36.5 (rs) 34 (vs) -5 (xs)
MG12 45  (rs) 44  (rs) 17.5
MG18 74 (rl) 41 (zl)

A1l tronsitions are exothermic.

rs indicates transition is reversible over a short period of
time (minutes or sometimes lhours),

rl.indicates transition is reversible over a long period of
time (weeks),

A1l other transitions are irreversible,
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TABLE VI

DSC Transition Temperatures - Heating from -20°¢,

l-monoglyceride
¢ B
HMG8
MG11 -5
MG12
}G18 47 74

Temperature (°C)

D I 7 ¢
38
0-19(exo) 52 56

49 53(exo) 59 62,5

All transitions arc endothermic except vrhere stated.

* The temperature at which this treonsition occurrcd depended

on the lowest temperature to which the MMG1ll sample was ccoled,

i.e.
MG1l cooled to (°C)
-3
-10

-20

Transition E Temperature (°C)
19
T
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Table VII

Assignments of the absorption bands of the MG8 spectrum,

Liquid Solid " Solid
42°C Beam Temp. -170°%¢C
2 () ) () (2) (v)
cm Intensity cm™ Intensity cm™ Intensity Assignments
3466 s.br,
3291 s
5275 s Vv (0E)
3249 S 3252 s
3187 s
2084 W 2982 w
2962 m 2963 m \)a(CHB)
2957 m 2955 m
2952 s 2949 3
2936 s
2929 s 2930 s 2928 s
2922 s Va(CH»)
2914 s 2914 s
2910 s
2899 m
2883 n } Vs ( CH3)
2878 m 2873 m 2868 m
2857 m } Vs(CHp)
2854 s 2853 s 2852 s
1739 s 1739 s 1739 s § v (c=0)
1733 sh 1732 ) 1732 s
1478 sh 1477 sh 8a( CEz)
1468 m 1468 s 1469 s
1460 sh 1458 sh 1454 m
~ 1437 v § (cHp)
1430 Velle
1422 7 1425 m 1423 m
1398 W 1393 w7 B (0E)
1385 m 1385 W 1389 u
1370 w 1375 v 5S(CH3)
1366 v
1346 Vel
1330 w 1329 w
1312 Vele
1301 Velle 1302 Vele
1282 m 1283 m W(CHz)
1272 m
1253 Vells 1255 VeWe and
1250 VeVe
1232 m 1233 m 1230 m
1220 Velie 1218 VeWe
1212 VeVWe
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Liquid Solid “Solid
42°C Beam Temp. -170°¢C
» (), () 3 (a) (v)
cm Intensity cm Intensity cm Intensity Assignments
1189 SebT. 1188 S
1183 s } v(coc)
1174 s.br. 1175 m
1125 n 1125 m s
1113 m.br. 1113 m } V(o)
1105 m 1101 sh
1075 sh }
1068 n B(oxm)
1063 MeSe
1053 me.br. 1049 s 1053 1, Se s
1036 Vaelie 8
1031 Velle S
1026 Velle 8
1010 VeWe 1008 7 s
990 w 993 m.Se 993 jul s
980 Velle 980 y¥
970 Velle 967 Velle
96/ Vele
' 944 n 947 m
935 Tf.bro 936 Vaelle
916 I 916 T (CHy
912 w o\ CHp
895 Velle 889 Velle e CH3
870 Ve DY,
852 4 853 w » CH2§
826 W 830 Al A CH
800 sh } ¥(om
T75 Mmebr,
773 7 173 m
769 sh T67 m
736 VeV A(CH,)
T30 w
726 Velle 723 ¥4 723 n
T1ll Vel
706 VeTre
651 TebT, 668 WVebTe
| } ¥(om)
626 TebTe 633 WebTo
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Table VIII

Assignmnents of the absorption bands of the DMG8 spectrum,.

Liquid Solid Solid
42°¢ ‘ Beam Temp. -170°¢C
_1 (a) (2) (2) (v)
cm Intensity cm Intensity cn Intensity Assignments
3418 W
3306 W
3296 W v (OH)
3252 w7
3213 w
2984 W 2982 w
2962 m 2963 m Va( CHz)
2957 m 2955 m
2952 S 2950 8
2929 s 2930 s 2936 s
2926 s
2920 s ~Na(CH,)
2916 8 2914 s
2909 s
2898 m
2883 m } Vs ( CHz)
2870 m 2873 n 2867 n
2857 m } Vs ( CHo)
2853 s 2854 s 2852 s
2527 SebT,
2462 s
2442 s vV (0D)
2417 s 2410 s
2370 s
1739 5 1739 s 1739 s } V(c=0)
1733 sh 1732 8 i7132 s
1477 sh 1477 sh Sa( cH5)
1468 m 1468 m 1468 s
1459 n 1456 n 1456 m
1449 w 8 (CEz)
1433 Velle
1422 w 1422 \% 14123 n
1411 I
1408 2%
1403 n B(oH)
13983 VeWe }
1%88 w 1391 m
1385 m 1383 m
1379 T 1375 n } 65(033)
1372 4 1372 sh
1364 m
1331 w 1332 W
1325 v 1320 m w( CHy)
1312 sh
1304 Velle and
1294 Velle
1282 n 1277 M.Se T( CH,)
1272 n
1257 Velle 1256 Vel .
1250 Velle
1232 m 1233 m 1232 m



cont*

cm

117 4

1111

1050

1000

939

849

.7 24

(a)

Liquid Solid
42°c Beam Temp.
(a) ! (a)
Intensity cm~ Intensity
1193 S
117 9 sh
s.or
1127 m
1114 i
m.br
1093 W
107 3 W
w .or. 1052 S
1025 W
w.br. 998 m.br.
967 W
943 W
T7.br.
931 W
915 W
899 W
T7.br. 845 W
831 W
825 W
800 W
77 4 W
770 Ly
722 w
658 T7.br.
The following abbreviation?
s - strong, m - medium, w -
br - broad.

cm

1190
1184

117 4
1133
1124
1121
1117

1093
1083
107 3
1056

1037

1003
994
991
985
966
959
945

932
914
899
889
87 9
845
830
824
795
772
769
735
729

723
708

658

'Solid
-170°C

(a)
Intensity

9]

sh

sh
sh

are used;

weak,

v - very, sh

(

As signmen

~(coc)

/9 (CH2)

- shoulder,

The meanings of the symbols used are as follows;

>)- stretching
£- bonding
in-plane bending

s- skeletal
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cont,
AN -~ rocking
¥ - out-of-planc bending
T- twisting

W=~ vagging

These bands may be combination bands (35).
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TABLE IX TPrequencics of the V(0I') and V(C¢=0) in the different

phases of l-monoglycecride

Phase l-moroglycorido 70 V(Og) V(C=?)
cm”™ cm”
MG8 42 3422 17%9 1733
Lioois MG11 65 3428 1739 173%2
iqui
MG12 70 3430 1740 1730
HG18 93 3448 1739 1728
MG11 30 3361 1736 1717
?—-?c MGE1o ' 40 7361 1739 1718
94
MG18 65 3390 1738 1718
MG12 15 3347 1738
Belov
¢ Me18 28 3%20 1738 1722
(sub-«)
E—3TF MG11 20 3408 } 1739 1729
( g") 3302
HMG8 30 3291 } 1739 1732
3249
1611 30 3092 } 1739 1731
Eighest 3253
Melting
forn MG12 45 3292 } 1738 1731
(B) 3259
MG18 30 3292 g 1740 1732
3238



Table X

Frequencies (cm”-*) of the components of * (CB”) and

\) (CE*) for the different polymorphic forms of l-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-®%) (Bl form) MG18 ents
form
2983 (w)
2963 (sh) 2963 (sh) 2963 (sh) 2962 (sh  \Ja(<3H,)
2954 (8 ) 2954 (m) 2954 () 2953(m) 2954 (s) 2952 (b)
2928 (b) 2930 (b) 2930 (s) 29?1 (s)
2919 (s) * \ va(cH2)
2915 (s) 2916 (s) 2913 (e)
2899 (01)* 2899(b)*
287 0 (m) 2870(ra) 2870 (m) 2868 b ) 2868 (m) 287 2(m) Vs (CHJ)
2853 (s) 2854 b) 2850 () 2852 () 2652 (s) 2854 (s) Vs (CH2)

A These bands may be combination bands (35) o 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 l-monoglyceride
is shown, are those of MG18. The others agree to 1 3cm-* with

respect to the frequencies shown.



(I1) Unsymmetrical Trialkylphosphine, Oxides,

(1) Results

Infra-red spectra of the liquid and polycrystall-
ine C20P0O 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 1in 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”oPO and C”PO are given
in table XIII#
(ii) Pip cussion
(a) A structure analysis of trimethylphosphine oxide
has beenmade in the gas phase using electron diffraction (260)#

The bondangles and bond lengths obtained in this study are

shown in figure 47*

K C A I.SIA

A 106°7*~

— 0O

4r*112*3

c!

Figure 47.
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"Figure 2H.

Infra-red spectra of C QPC, (a) Liquid(80°C),Wavelength 3.0-3.75 and
6-18/i, (b) polycrystalllne (beam temperature ),Wavelength 3.C-3.75 and
6-18%, (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 6-17H: electric vector parallel to chains — , and

perpendicular .to chains
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- (e) - ' (a)
Figure 45.

Infra—red spectra of C, PO, Liquid(90° C), Wavelength(a) 6-18m,(c) 2.875
v"2o 75 .
Solid(beam temperatdﬁé), Wavelength(b) 6-18m,
- (a) 2.875-3. 872%
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Assuming that in the long chain phosphine oxides studied in
the solid state, a similar C-P length of 1.01£ is present then
the average distance parallel to the chain axis between the
adjacent C and P atoms 1is approximately 1.18&1 Also assuming
that the chains pack in a zig-zag manner with C E 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"QPO and G"~""G (table XIII) are too
great to correspond with the length of a single molecule (12.52£
and I5.04A for C-| g0 and C-"PO respectively). However they are
consistent with a double molecule and therefore indicate that
C"gPO and C”"PO crystallise in bimolecular layers as do n para-
ffins (262), 1l-monoglycerides (82,96) and fatty alcohols (263)*
(b) The proposed assignments of the C PO and G""O0O
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"gPO (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)-e Some of the very weak bands observed in
the polycrystalline spectra of C*"gPO 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"gDO (figure 44) may be attributed to
the regularity of molecular orientation in the latter case.
(c) In the polarized spectra of CIQPO (figure 44) -
1. Significant dichroisms, in the same direction,
have been observed for the bands associated with the CHo bending
mode, <£(GH&), at 1464cm"-5, the lower limit CH8 rocking mode,

yO( CHg) at 719cm™" and the CH2 twisting modes, 1 (0IX2), at



1269cm"1, 1239cm'1, 1206cn~! and 1190cm™! whilst opposite di-
chroisms are observed for the bands associated with the CH2
wagzing modes, W(CHpy), at 1355em~1, 1339cm~1, 1258cm™t and
122%cn~l, and skeletal modes, S, in the ronge 1121-943cm™ T,
Similar, but not identical dichroisms have been observed
previously for thesec modes in the polarized spectra of single

crystals of n-C (29), orthorhombic n—CzAI-I50 (29), and the B

18H58
form of octadecanoic acid (35) and were related to directions para-
llel and perpendicular to the alkyl chein axis in these crystals,

Therefore it secms likely from our dichroisms that the
single crystal of ClOPO has formed with the alkyl chains 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 bvetween
sodium chloride plates by gradient cooling. In that woxrk the
axes of the alkyl chains were almost perpendicular to the pleone
of the plates.

2. Relatively small dichroisms are observed for the
bands associabted with the hydrocarbon chain CHy and CH3 synmetric
and asymmetric stretch,‘OS(CH2), \Q(CHQ) and  W,(CHz), Va(CH3)
(figure 44) in the region 2987-28510m‘1. All these bands should
show appreciable dichroisms if the skeletal plane was in the
plane of the plates. It would therefore appear that thesc skele=~
tal planes are approximately parcllel to the incident beam and
therefore perpendicular to the plates,

3. The phosphoryl. absorptions, V(P=0), at 1168cm™t andi
1156cm~1 have strong dichiroisms in the same directions as those

of §(0CHy) and o (CH,) and it thus appears that the transition
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moments have a similax 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 énalysis has becn
carried out on trimethylphosphine 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 'd!' orbital on the phosphorus atom mey then overlap with
a 'p! orbital on the oxygen atom to give a multiple bond. It
would therefore be eipected that the C-$=O bond angles in this
compound would be greater in agrecment with the view (260) that
the electrons in a double bond repel those in a single bond, as
in POClB. No structure aneslysis 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 approximete tetrahedron with the
C~$=O angles greater then the 109° 28! for o perfectly sp’
hybridized system and possiﬁly of,the order of thaf shown for
trimethylphosphine oxide with C-?—G bond angles being smagller
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,

(4) The bands due to V (CHy) and Y (ci;) lie in tho
range 3000 - 2850cm”1(50(b)). In the spectrum of trimethyl-
phosphine oxide a medium strong band has bcen assigned to
Va(PCl3) at 2955cu~1(142). Veak bands occur in the unpolarized
C1oP0 spectrum (figure 44) ét 2987cm"1 and 2980cm~l. However
in the spectrum of the ligquid (figure 44) the band at 2987cm"1



is not prescnt and therefore may have been dug %o crystal splitt-

ing of the V,(CH;) mode. The band ab 2980cm™! is therofore

assigned to \%(PCH3) and shows a small perpcndicular dichroism.

In the polycrystalline spectrum of C;,P0 (figure 45) weak
bands afe observed at 2990cm‘l and 29810m“1., In the spectrum
of the liquid (figure 45) the band at 2990em=1 is not present,
Therefore the bands at 299Ocm‘1 and 29810m"l have again been
assigned to \%(CHB) and'oa(PCEB) respectively.

(e) A band at 2898cm=1 has been observed by Krimm et al
(22) in the case of monoclinic n-C55H74 and some controversy has
arisen as to the assignment of this band. In the work of Krimm
et al (22) the band was essigned to the 'b! polarized component
of Vy(CH,) whilst in the case of twiclinic n-C,olg, (29) where
no inverchain coupling could occur, the band was assigned to a
combingtion band of Raman and infra-red active S(CHZ) modes .

In the polarized single orystel spectra of n-Cpogllyo (29)
the polarized radiation was thoﬁght to be incident approximately
parallel to the chain axis and dichroisms were ebserved perpend=-
icular and parallel to the skeletal plancs, Other bands were

1 showing a parallel dichroism

observed in this region, at 2922cm”
whilst a band at 2916cm"1 Las a perpendicular dichroism. The
band at 2916cen~t was assigned to'Qa(CHE) whilst the band at
2922<>m"1 was assigned with {the band at 28980m"'l to a combination
band, These bands have also becn observed by Al-Mamun (12)in
the spectrum of hexadecanol and have been similarly assigned,

In the polycrystalline spectrum of C oP0 (figure 44) =
strong band occurs at 29220m'1 with a shoulder of medium inten-
sity at 2900cm™l, In the polarized spcctra (figure 44) in the
parallel position an intense band is obscrved ab 29220111"l 7ith

a wecak shoulder at 2898cm’1. In the perpendicular position an

intense band is observed at 2916cm“1 with an intense shoulder a¥b
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29O4cm“1. It is thought that the band at 2900cm'l has an appar;
ently strong dichroism because it enters into Fermi resonance |
with the Dand at 2922cm”l when in the perpendicular position,
This interpretation fits in with the relatively small dichrolsms
vhich occur throughout this region, The bands at 29220m“1 and
2900cn™t have been agsigned to combination bands as previously
described in the case of n~020H42’(29). )

(£) In %he spcetzum of n-CpoH,, (29) bonds at 2953 cm=1
and 29620m"1 have strong dichroisms perpendicular and parallel
to the skeletal planes respectively., Bands in the same position
have also been obscrved in the spectrum of hexadccenol with a
much smaller dichroism which is perpendicular to the chain axis.
These bands have been assigned to'Va(CHB). |

In the polyorystalline spectrum of Cy,P0 (figure 44) a
medium intensity band at 2955¢m~1 which shovws a very small
perpendicular dichroism has a shoulder at 2963cm‘1 wvhich shows
no observable dichroisms These bands have been assigned to
Va(CHz) of the CH3 group of the hydrocarbon chain,

In the spectrum of C1oPO (figure'45) a medium intensity band
at 2954cm'l with a shoulder at 2963cm=l have been simiiarly
assigned to V,(CIz). ' .

() 1In the spectrum of n-C,nHyo (29)rbands at 285lcm™d
and 28720m'1 have very strong dichroisms parallel to the skeletal
planes. Bands are observed in the spectrum of hexadccanol (12)
in the same positions but show o much smaller dichroism which is
perpendicular to the chain axis, These bands were assigned to
Vs(CH,) and \@(Cﬂa) respectively.

In the spectrum of Cj3,PO (figure 44) medium and strong bands
arc observed atb 28750m“l and 2851cm“1 which have been assigned

to Vg(CE3) and VE(CHZ) respectively and shov small dichroisms



- vy -

perpendicular to the chain axis.
In the specetrum of Cy,P0 (figure 45) a medium band atb

1 1 neve boen assigned to

2874cm™ " and a strong band at 2850cm™
‘OS(CHB) and \%(CHQ).respectively.

(h) 1In the polycrystalline spectrum of CioP0 (figure 44)
a strong band is obscrved at 293lcm"1. Strong bands associated
with W,(CH,) ususlly lic in the range 2936-2916en™t (54(c)).
This band has been assigned to \L(CHZ) and has a small parallel
dichroism. Also a strong band at 2934cm“l in the polycrystelline
spectrum of C1,P0 (figure 45) has becen assigned as‘oa(CHz).

(i) Veak bands associated with <SS(CH3) are found in
the region of 1380cm~! (52). A very weak parallel band ot
13'74c>m"l in the polarized spectrum of ClOPO (figure 44) has also
been assigned to 6§(CH3) of the CHz group of the hydrocarbon
chain, Also this band is found in the same position in the
spectrum of ClQPO (figurc.45).

In the spectrum of the A form of octadecanoic acid (35) a
medium intensity band was observed at 14500m“1 with o dichroism
perpendicular to the skeletal plancs, This band was assigned
to the CHz asymmetric deformation, 6aﬂCH3). In the spectra of
C10P0 (figure 44) 2 medium intensity shoulder is observed at
1456cm"1 with a dichroism perpendiculaxr to the chain axis and
this has becn assigned to & 4( CE3)' |

A mediun intensity band is observed in the spectrum of
C1,P0 (figure 45) at 1458cm™! which has also been assigned to
§o(cHz). | | | |

(j) The presence of a P-CH5 linkage ih 2 molecule is
usually charactexiied by threce setls of absorptions in the regions
1420cem~1, 1300cm~1, 900cm™Y (264).

Near 1420cm'1 bands which are weak due to the CH3 asymmetric



deformation, <Ja(PCHJjj), generally occur (264). In the case of
trimethylphosphine oxide (142) bands associated with ” a(PCH")
have been observed in the range I1486-I4I1lcm"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)
at 1425cm l, l4100m_1 and 1408cm 1. 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 Cl10P0 (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-jJ*PO (figure 45) bands of
medium to very strong intensity associated with o s (PCHj) occur
at 1297cm”1, 129%94cm"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 , <0 ( 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
Cl0PO, two bands occur one of medium intensity at 919cm"1 with
g 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"1l and 870cm"1 and are of medium



- AU[ =

intengsity. These bands have been assigned %o /O(PCHB).

The dichroisms may be explained in terms of the model
(figure 46) where it can be seen that if the two methyl groups
are at approximately 16° to the chain axis then when they
'breathe! in-phase there will be a larger component of the
transition moment in a direction parallel to the chain axis.
When they 'breathe! out-of-phase there will be a larger component
of the transition moment perpendicular to the chain axis,

Also when these methyl groups rock ih-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 thatl
the components of the transition moment perpendicular and
parallecl 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 thab the
phosphoryl absorption, W(P=0), range is abouts 1415-1080cm“1. In
trimethylphosphine, oxide an intense band was found by Goubeaun et
al (142) at 1160cm™! and by Daasch ot al (265) at 1170cm™'! which
have been assigned to V(P=0). In the latter refcrence a low
frequency shoulder is observed to the V(P=0) band wvhich, by the
presence of strong bands associated vwith water is undoubtedly
due to the H-bonded component of VW(P=0). Goubeau et al (142)
also observed weak bands in the spectrum of trimethylphosphine
oxide at 1180cm~1 and 1102cm™! which they have zlso assigned to
V(P=0) and the appearance of all the V(P=0), bands at & much '
1ower‘frequency than the gas phase at 12280m"1 has been interw. .
preted in terms of the associations such as those shown in figure
48,

Dipole - dipole association of the phosphoryl groups of
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Figure 48.

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 Ocm™ ~ and moves to1142cm"’” in the solid.

In this work two intense bands are observed at 1156cm”~ and
1168cm"’'l for I%L PO in the s 1id whilst 1in dilutesolution in
CCl/ the band moves to 1190aum**'*"', In the case of CppFO only one
intense band (figure 45) 1is observable at 1166cm"~ due to the
presence 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 099P0 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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(1) Absorptions occur in compounds containing P-C link-
ages due to the P~C stretching mode, V(PC), in the range 770-
650cm™t (264)., In the specbrum of trimethylphosphine oxide (142)
three bands have been assigned to V,(PC) at 74len=Y, T77cem~1 and
8050m-1 which are of strong, medium and weak intensity respeccte.
ively. In the spectrum of C1oP0 (figure 44) two bands awve
observed at 744cm"1 and 82lcn~Y of medium and wealk intensity
respectively vhich have been assigned 1o \%(PC) and vhose parall-
el dichrvisms agree with expectation, In the spectrum of ClzPO
(figure 45) bands associated with V,(PC) arc observed at 7460m"}
and 819cm‘1 and are of medium strong and weak intensity respecct-
ively.

Also a band is observed in the spectrun of trimethyl-
phosphine oxide (142) at 664cm'1 of very wcak intensity and this
vas assigned to'VS(PC). Very weak bands are observed at 676cm'1
and 679cm"1 in the spectra of ClOPO and ClzPO (figures 44 and
45) respectively which have been assigned to \Q(PC).

(m) Turther absorptions have becen noted previously due
to the deformation of a (I, group adjocent to phosphorus (54(e)),
6(PCK2), in the region 14400m-1. WHeak bands dccur at l449cm"1
and 1437cm'1 in the spectrum of anhydrous ClOPO and ‘these have
been assigned to 6(PCH2) modes, These bands have the sane perp-
endicular dichroisns as those due to S(CHZ). In the specctrum of
C1oP0 yeak bands associated with S(PCHQ) occur at 1445cm™t and
1437 en™ 3,

(n) The infra-red spectra of most long chain molecules
show very regular progressions of absorption bands in the approx-
imate region of 1380-1180cem~1 and 1300-1170cm"JL (267) due to the
W(CHp) and T(CHp) modes respectively, These bands are usually

veak in intensity in the case of n peraffins but in the case of
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molecules having a pnolar head groudp the intensity may be increas-
ed somovhat (287,268).

In the spectra of CygP0 (figure 44) and C;,P0 (figure 45}
a series of weak and very weak bands are observed in the freq-
uency range 1380-1170cm-l.

The very weak parallel bands at 1355cm"1 and 13%39cm~! in
the polerized spectrum of C;,PO (figure 44) and the very weak
bands at 13560m'1 and 15280m'l in the spectrum of ClzPO (figure
45) have been assigned to W(CH,).

Bolow 1280cm™ % several bands of very weak and weak intensity
are obéerved in both spectra, six in the case of ClOPO and eight

in the case of C._ PO, although two bands in the spectrum of

12
C12PO at 1217cm"1 and 119O<:m"1 are of medium and strong intensity.
This increase in the number of bands within this region of the
spectrum with increase in chain length is to be expected and

is observed in long chain fatﬁj acids (269,270) and alcohols (13)
as well as in n paraffins (242,267), 1In the polarized spectrum
of C1oP0 (figure 44) the six bands observed in this region have
alternate perpendicular and parallecl dichroisms. Since the
T(CH,) mode is aﬁ out of pline mode it is expected to be polar-
ized perpendicularly and therefore thé very weak perpendicuiar
bands at 1269cm“1, 1239cm~L, 1206cm=1 and a weak perpendicular
band at 1190cm~! have been assigned tentatively to T(CH,) whilst
the parallel bands at 12580111‘~l and 12250m“1 which arec of very
weak and weak intensity respectively have beon assigned to W(CHQL
. Bands in this region of the C3,P0 spcetrum (figure 45) below
iZBOcm“l have been assigned to W(CHp) and T(CH2) modes. The
reason for the strong inteﬁsity of %he 11900111'1 band associated
with W(CHp) is not known,

(o) In the spectra of n paraffins weak bands due to the
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skeletal modes, S, usually occupy the range 1150-950amn'** (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 1lie between about 1070arw*-
ond 950cm” *. Bands assigned to skeletal vibro.tions are found

in n-C24H50 in the range 1121-1058cm (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 0-“qPO (figure 44) in “he
range 1121-962an"'*- 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-*-0 (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 20am"-*- (267). A band assoc-
iated with é%cup) 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 CyoPO spectrum (figure 44) for §(CHy)
and/o(CHQ) at 1473cm~1, lz‘;64cm'l and 727cm“1, 719c¢m~1 pairs of
bands are obscerved at the same position in the spectrum of
C1,P0 (figure 45)« It thercfore appears that the chains are
similarly packed in an orthorhombic sub-cell in both cases.

In the polarized spectra of the B form of octa§ecanoic acid
(35) bands associated with,O(CHz) in the region 991-7550111':L
possess perpendicular dichroisms. In the polarized spectra of
C10P0 no further bands occur with perpendicular dichroisms,
This is not suprising since as previously staited only a small
perpendicular dichroism is observed for the strong /Q(CHQ) band
at 719cm‘l in the polycrystalline spectrum of Cy,70 and therefore
even smaller perpendicular dichroisms might be expected for
veaker ﬁg(CHg) bands., Weak bands at 780cm~1 and 7350m'l wvhich
are scen as very weak bands in the unpolarized single crystal
spectrum of C10®0 (figure 44) and show no observable dichroisn
have been assigned as further /D(CHZ)'oomponents. Weak bands

1 and 7300m“1 in the spectrum

at 781cm"1 and shoulders at T35cm”™
of C1,P0 have been similarly assigned %o O(CHp).
(q¢) A band occurs rbout 890em=l in the spectra of even

n paraffins of C;, chain length and above (242), This band is
said to consist of a mixture of CH5 in-plane rocking and stretch-
ing of terminal C-C bonds (242). In the shorter even members
two components are obscrved, onc extremely veak whilst the other
is quite strong. Two components of/O(CH3) are also observed in
the spectra of cven and odd.chain length alcohols (13).

In the spectrum of n-Cy l,, (242) o medium band is obscrved

at 897cm"1 with an extrencly weal: shoulder at 9040m"1

and thesc
have been assigned to /O(CH;). Also in The speetrum of n-Cj,lpg

(242) a medium intensity band associated with/O(CH3) is observed
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at 893cm™ although two very weak bands have becn assigned to
P(CcHz) at 878cn~1 and 89lcem~! in C1pH,508 (13).

A medium intensity baond at 887cm“1 in the spectrum of n-
CosHgo (29) shows a parallel dichroism as docs a weak band af
894cn™1 in the spoctrum of the B form of octadccanocic acid (35).
These bands have been ossigned o /D(CHE) rocking parallel to
the skeletal planes.

A parallel band of weak intensity is pbsérved in the polar-
ized spectra of ClOPO (figure 44) at 897cm'1 and this band has
been assigned tO/D(CHB) rocking parallecl %o ithe skeletal »lanes,

In the spectrum of Cy,P0 (figure 45) a medium intensity band is

observed at 8900m'1 and +this has becen assigned similarly to

/O(CHB) .
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Table XI Assignments of liguid and crystalline PO

liquid Intensity' Crystal Intensity POlarization
cm-1) (cm™ )

2987 W 1 a(  3).
2981 W ;ggg vsqﬂ 1 Mo, PCHP
2955 m 2955 m 1 \k (gH-p
2931 s 11 VoA CH2
2925 s 2922 s - comolnation
2899 m«sh e 2900 m .sh 1 ba,nds
287 3 m. sh. 287 3 m 1 Vs (cn3)
2855 m. s 2851 S 1 >§ (CH*5
147 3 m.she - 6 (cu2)
1465 m 1464 il.s. 1
1456 m 1456 m.sh, 1 4 (CHJ)
1449 w 1 # (PCH, )
1437 w 1437 w 1
1427 w 1425 ' 11
1413 V.W. 1418 w 11 4 (pcH3)
» 1408 X 1
137 4 v.w. 137 4 v.w. 11 4 (CH.
1355 V.W. 11 t ( CH:
1343 V.W.
1339 V.w 11 w( CHZ2)
1335 V.W.
1299 m 1299 V. S, 1
1290 m 1 PCH,),
1287 m, s. 1287 V. S. 11 <§\$ 2
1269 V.W. 1 T CH2
1258 V.W. 11 J Gii
1238 v.w.sh. 1239 V.W. 1
1224 w.she 1223 w 11
1206 V.W. 1 T CO
1190 i 1 T CH
1180 s.br, 1168 s (br) 1 V (P=0)
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 Voew e 11
962 w 11
943 m 11
935 m. s.
919 m 1 A pent)
894 w.bre 897 w 11 /O( CI1gd
868 m 11 ApcH3Jj)
858 w. br.

853 V.W. 11
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Table XI Ascignments of liquid and crystalline G, PO

(em

776
736
125
708

Liguid Intensity?
q_i)

VeWabDXTs
\T'br.
VeWe

VeV

Crystal
(em=t)

821
780
T44
735
T27

719
676
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Intensity?

.

VeWe
m

We.sh,
m

8

VeV

Polarization®

11
11

Interpretatior’
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Liquid
(em=1)

N N N

0 \Ne]
N Ui @
(e G N

> o

(&)
=
=

1465
1460

1425
1412
1376
1370
1352
1299

1292

1256

1190
1117

1G58

1008
987

Intensity®

Velle
Velle

VeWe

Velle
Vel

S.bT.

w

Velie
Velle
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Assigunents of liguid end crystalline C3,P0

Intensity?

e SeDIre

v

Y
Velle

W
Velie
Veile

w7
Vaelie

W
WeShs
mesS.sh,

Interpretotion®

CIiz )
PCEE)
CH3
CH3§
CH

K F oo

v

} combination

bands

\L§0H~;

. (Pcrs)
é,( cuz)

W( CHy
w(C,
7( Cll,)

and
T(CHo)

'W(CHzg
vV (P=0

NN nh hononiond
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conve

Table XITI Assigunments of ligquid and crystalline ClQPO

Liqﬁid Intensitya Crystal Intensity® Interpretation®
(em™") en™)
935 eSe 935 8
' ' 917 n ,o(pczz;)
898 VeWe DT,
890 i A(cHs)
870 m A PCﬁ3)
860 WeDT,
850 n
819 W : \la'éPC)
781 Veiie p CH2)
T76 Vela.br,
752 m, sh,
746 m.es. V. (®C)
758 Vebx, T35 n o (CH,
730 ]Tl.shc /o CH2
T23 sh, T27 MeSe A (CHo
‘ - T19 a8 0 (CHy
709 VoW, .
679 VeVie M, (Pc)
e Fer the mecaning of the abbreviations used, sce footnote
to table VIIT,
b, The symbols 1 and 11 indicate that the bands are polarized
perpendicular and parallel to the alkyl chein axis.
Co The neaning of the symbols usecd are as follows,

\), stretching
é » bending

V o wogging

T , twisting

skeletal

o3

L » rocking



Tabie XIII

Phosphine cxide
€120
ClzPO

C10P0 + 0.5 mole

fraction of DQO
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X~ray long spacings of ClOPO and C

a(y)
25.5
28,9

25.5

12

Po
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PHASE BEHAVIOUR

(I) Results

Tpen has been determined for MGll and this value along
with values determined by Peel (209) and Lawrence et al (79) are

given in table XIV,

Table XIV

l-monoglyceride Tpen (°C) Reference
HGS 12.5 209
MG10 3C.0 209
MG11 3540 This work
G112 41,0 209
MG14 49.5 79
MG18 65.0 79,209

The phase diagrams of theAMGll/DZO‘and C1oP0/I,0 systems
are shéwn as figures 49 and 50. Transition temperatures for
the samples studied are given in tables XV and XVI, he phase
diagram of ClOPO/H2O can be compared with that determined by
Hermann et al (141) shown in figure 51, whilst that of MGll/DQO
can be compared with that determined by Lawrence et al (133) for

MG12/1,0 and Peel (209) for MGB/Dzo shown in figures 22 and 52

respectively.
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('I1) Discussion
(1) MG11/DoQ system

(a) In figure 53 Tpen for the B form is shown as
function of alkyl chain length for the six 1l-monoglycerides
shown 1in table XIV. Tpen does not appear to alternate or corre-
late with any transition in the anhydrous 1l-monoglycerides. How-
ever 1in the cases of MG8 and MGll Tpen correlates well with the
lowest temperature at which the I.e. phase in the 1l-monoglyceride
/PpO systems 1s stable as shown by the phase diagrams (figures 52
and 49) .

Since water 1is observed to penetrate along the edges of the
crystals it 1s assumed that penetration is occuring between
layers of polar groups.

Tpen seems likely to be that temperature at which thermal

motion of the 1l-monoglyceride molecules 1is 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 syStein, 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 (79) has also determined Tpen values for the
penetration of water into the oC phases of two l-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 MG11/DpO phase diagram
are similar to chose of the part phase diagram of MGI2/H20
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 MGIZ2/H20. further evidence of the
existence of this hydrate was found in the following way*

Samples containing below 0.47 mole fraction of PpO were 'ehomo-
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
D20 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*475 mole fraction of D20
and increasing 1in size.

The gel phase is thought by Larsson (180) to have the same
structure as the oC crystal form of l-monoglycerides. If this is
so, 1t 1is 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 MG1ll and MG1l2. Infact Peel

(209) observed a 'free* 120 peak on the D.S*C. at all mole fract-
ions of DpO,

(c) The changes oceuring during a heating run on
samples of MGll with low D”0 content are firstly a transition
to a gel phase and (Gcrystals between 27°G and 34°G. This gel
phase melts at a temperature which decreases from 560°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, TII, 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 0 .47
mole fraction of DpO*

(d) Above 0.47 mole fraction of D*O the first cha.nge
which occurs 1is the melting of D”0 ice initially at -11.5°C and
increasing to 3°C at a mole fraction of 0.93 o.nrd 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, II, at a temperature which decreases to 32.5°C at 0.825
mole fraction of DpO.

(e) At higher DpO contents the $ crystals and D20
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transform direct!/ to the 1,c, phase, N* at 32,5°C at 0,825 mole
fra,ct:ion of DpO without forming an intermediate gel phase. In
system the position at which this occurs, 0.8 mole
fraction of 120, corresponds to a distinct position of maximum
melt indicating possibly that an MG8, 4E20 aggregate 1is 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 MG11/DpO system the melting point of the
I.e. phase, I, 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 MG1l1l/
D20 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 HZ20.
(f) From 0,3 to 0,87 mole fraction of DpO the I.e.

phase, 1II, partially melts to give a two phase region labelled,

T 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 wvisually and is completely undetectable on the D.S.C,

(9) For samples containing more than 0.88 mole frac-
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 1l-monoglyceride molecules alternating with
water shells.

At 79.5°C the dispersion becomes two liquids, fluid
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isotropic and D20. The phase boundary between fluid isotropic
and fluid isotropic + Do0 rises almost vertically from the
composition MG1ll + 0.91 mole fraction of Dp0., The steepness Of,
this phase boundary is indicated by the fact that a sample cont-
aining 0.85 mole fraction of D0 became two phase at 115°C whilst
a sample containing 0.83 mole fraction of D,0 was sti1ill one phase
at 150°C. |

(i1) C1020/H,0 system

The C19P0/Ho0 phase diagram was determined in
order to discover the exact range of stability of the neat and
middle l.c. phase regions since we wished to carry out infra-
red investigations in these regions.

The ClOPO/HgO phase disgram is similar to that determined
by Hermann et al (141) ebove 0°C except that the phase marked
'two isotropic fluids' (figure 51) was not investigated in this
work so it has not been included in the phase diagram, The
phases below 0°C have not beecn reported previously. Certain
other points have been noted and are discussed below.

(a) The solid C30P0 melts at 75°C and addition of
water lowers this to a eutertic minimum of 37°C at 0.66 mole
fraction of Hp0. Above this concentration of Hp0 a neat l.c.
phase, N, is formed. The phase boundary between the l.c. phase,
N, and the fluid isotropic phase rises to a peak at 0.8 mole
fraction of HoO whilst that betivieen the lic. phase; W, ond gel
descends to a minimum at -14°C and 0.86 mole fraction of H,0.
This latter phase transition has only been observed visually,

Samples containing less than 0.46 mole fraction of Ho0 were
cooled below -60°C using D.S.C. and one cxotherm was observed

at =37°C which increassed in size with increasing Ho0 content,
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For samples containing 0.45 to 0,52 mole fraction of IisC an
additional minute exotherm was observed at approximetely -13°C,
When these samples were heoted only one endotherm ivvas obscrved
at -17°C at 0.2 mole fraction of H,0 rising to -12°C at 0.52
mole fraction of U0 and the size of the peak increased with
increasing 50 content, Between 0.52 and 0.86 mole fraction of
320, two exotherms were observed upoun cooling at approximately
-129C and -34°C, the higher temwerature pesk increasing in size
relative to the lower temperature pcalk as the amount of Hp0
increased., Two endotherms were then observed upoun subsequent
heating at -«14.5°C and -8.5°C, *the high temperature pecak increas-
ing in size relative to the low temperature peok as The amount
of HQO increcased, At 0.86 mole fraction of H20 only a single
exotherm was observed at ~3%22°C on cooling and an endotherm at
~14°C on heating.

A1l this indicates that up to 0.52 mole fraction of Jip0 the
first change taking place during a heating run is concurvent
melting and penetration of H,0 into the Cy4T0 lattice in the
vicinity of the polar group giving rise to a hydrated crysitalline
solid. Between 0.52 - 0.836 mole fraction of HoC it is possibdle
that the 1l:1 hydreted solid is produced first at -14.500 followed
at -8.5°C by a further mclt and concurrent penetration of excess
H,0 %o produce a gel phase.. At 0,86 mole fraction tfansformation
from crystalline solid + ice takes place directly to the necail
lsc, phase, I, and this has been confirmed visually.

(b) The changes occuring ot higher temperaiures
during & heating run on samples containing less than 06.52 mole
fraction of H50 are a transformation between 330C and 36°9C to
crystals and fluid isotropic. Sauples finelly became {luid

isotropic at a btemperature vhich decrecascd with increasing H,y0
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content. Betweon 0.52 and 0.65 mole Traotion of H,0, the gol
phase goes through the same two transformations,

(c¢) The maximum melt of the l.c. phase, I, occurs a}
0.8 mole fraction of H20 indicating that a ClOPO:4H20 aggregate
is particularly stable, although there is no evidence from the
phasc studies of a solid tetrahydraie.

(d) The C1oPO/H,O0 system shous a region of middle l.c.
phase, 14, existing between 0,88 and 0,96 mole fraction of H20.

It has been shown by X-ray diffraction studies (190) that the
middle phase structure consists of a two dimensional array of
eéuidistant cylinders or rods arranged in a hexagonal form, the
élkyl chains being located in the interior of the rods and the
water filling the gaps between. Howvever there is evidence (194)
that in certain systems the reverse structure does exist.

(e) A% 0.88 mole fraction of Hy0 the first transition
vhich occurs upon heating is dircctly from the crystalline Cy,P0
+H,0 ice to the l.c. phase, II, at -14°C and this transition can
be seen by D.S.C, as well as visually., "The l.c, phase, I, then
melts ét 11°¢ o give a fluid isotropic phase but the transition
does nét show on the D,S.C., Tor sanples containing this mole
fraction of HQO no two phase region, M+T.I., vas detected, At
2400 zones of l.c¢, phasec, N, appéar in the fluid isotropic'phase;
as the system passes through the two phase region, Nk+ FreI., and
disappears at 34°cC, |

(£f) The two phase region, I + F,I., appeérs at both
sides of the peak of the 1l,c, phase, N, at 0.8 mole fraction of
H20 and can only be seen visually. However it was not obéerved
in the case of samples containing 0.87 mole fraction of H20
(figure 50).

Similarly the two phase region, M + 7.I., appears ab both
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sides of the peak of the l,c. phase, M, at 0,925 mole fraction
of HoO, In this case no two phase region was observed in samples
containing 0.88 or 0.95 mole fraction of H2O.

(g) U¥We direct transition has been observed visually or
on D.S.C., of the l.c, 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
Ho0 were cooled below -60°C using D.S.C. and *wo exotherms were
observed at approximately ~12%¢ and -5400, the higher temperature
peak increasing in size relative to the lower temperature peak as
the amount of H20 was increased., Two endotherms were observed
upen subsequent heating, one at -14°C and the other at -9%
rising to -0,5°C and increasing in size relative to the lower
temperature peak as the amount of H20 increased., Tt would there-
fore appear that during heating runs the changes taking place
here are firstly concurrent melting and penetration of H,0 into
the C,0P0 lattice to produce the 1:1 hydrated solid. This is
followed by further melting and penetration of excess Hy0 to
produce the l.c. phase,M, up to 0.96 mole fraction of HoO where
transformation directly to the fluid isotropic phase takes place.
The latter transition can be observed visually.

When the HQO content is increased from 0,88 mole fraction
the phase boundery between the two phase region, M + F.I.,, and
the fluid isotropic phase r'ses to a maximum at 33°C at 0.925
mole fraction of Hzof This boundary then decreases to a shallow
cutectic minimum of -5°C at 0.96 mole fraction of 0.

(i) Tor all samples containing more than 0,61 mole frac-
tion of H,0 an endotherm is observed at -49.5°C for all heaﬁing
runs. Jt is thought that this transition may be due to a poly-
morphic transition al this temperature., This transition canno?

be seen in the thermograms of anhydrous ClOPo.



TABLE XV

Data points for MG11/D,0 phase diagram.

Transition Temperatures (°C)

3245
295
29.2
28,0

27.5

41.0

45.0

50.0

795
80.0
7945
795
79.5

65.3
14.0
84,0
92.5
96.0
97.8
97 .4

515
59.5
62.5
62,8
64.0
6645
6644
68.6

78,0

38.0

9545

115
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TABLE XVI

for CyoPO/H,0 phase disgTam.

Transition Temperature (°C)

217.0
25,0
~14.5
712.0

“1200

-900

-8.5
=T+5
-6.5
~5.0
-3,0
70.5

-0,5

12,0

11.0

22.0

28,0

72.0
67+5
6245
48.0
42.0
40.0



CHAPTER Y

HYDRATED DTHE THYLEECTLPEO3PHIHE 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 H20 at the beam
temperature are shown as figure b55* Alsopolarised and unpolar-
ized spectra of the decoupled 'O(OH) havebeen obtained at this
mole fraction of H20 at the beam temperature and these spectra
are also shown in figure 055* Attempts were made to grow single
crystals of samples containing higher mole fraction of HgO but
without success* Also attempts were madeto obtain low temper-
ature polarized spectra. The lowest temperature atwhich single
crystal spectra were obtained was -3°C.

The effect of temperature on a sample containing 0,48 mole
fraction of H20 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.

(11) Piscussion

(1) The X-ray long spacing values for the anhydrous and
hydrated 8-"PO (table XIII) 're i1dentical 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-lattice, ? anc® 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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Infra-red spectra of C*Qpo + 0.48 mole fraction of HpO at

beam temperature, Wavelength unoolarized

(c) 2.625-3.625/u.. Polarized spectra (b) 6-18/s (d)
for this mole fraction at the same temp-

Also decoupled V (0H)
erature (e ) unpolarized,

electric vector parallel to chains

chains —— .

(£)

spectra (a) 6-18,%
2.625-3.625;A.

polarized, Wavelength 2.5-3.25/-.:
,and perpendicular to
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Figure 56 .

\) (OH) and V(p=0) bands in C.nP0 + 0. I8 mole fraction

of H20 at 1U
(a) beam temperature
b -13@C
(o) -45 c

Wavelength 2 .625-3 .25 and 8 .0-10 .0/..



107 or 105 had occured then this would have been reflected in an
increase in the values of T, and T2 relative to the anhydrous
material. However the values for Tl and T2 cf 0.7 seconds and
10p seconds respectively remained constant showing no apparcnt
loosening had taken place. '

The value of T, found here for both the aﬁhydrous 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 (272).

" Line width _ _ 1
L .1,

T, and Ty measurements for the methyl group protons adjacenﬁ
to phosphorus show the same effect. Upon going from the anhydro-
us to hydrated form Tl shows a marked incrcase from 50-~150p sec~
onds as does T2 from 75-150p 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;oP0 (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 dichroismse

(ii) The infra-red spectra obtained for the hydrated mat~
erial (figure 55) when compared with the anhydrous C,oP0 spectra
(figure 44) also reinforce the conclusion that the addition of
water has very little effect upon the structure of CloPo. The
general features of the spectra as to band position, relative
intensity and dichroisms are the same. This ealso indicates that
the hydragted crystal has formed with the moleculesbof ClOPO hav-
ing the same erientation 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)
are observed at 11680m_1 and 1156cm_1- 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 wn?(P=0) to a lower frequency when participat-
ing in H-bond formation with a donor atom has been previously
observed in solution (273-274) as well as in the solid state
(142,265).

Gouboau et al (142) observed throe bands 1in 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-
1103cm2}-which they have interpreted in terms of the phosphoryl

group H-bonded with water as shown in figure 57.

A=Y /

(1) H / nH
(rz1;

IO ft

H
(2 1)
Figure 57.
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In the spectrum of hydrated clOPO (figure 55) since the
mole fraction of H,0 does not exceed 0,5, the low frequency'
shoulder at 1138c:m"1 is probably duc to the H-bonded species
of the type shown as I and III in figure 57.

The Gichroism observed for the shoulder at 11380m'1 due
to the H-bonded \D(P=O) is only very small in contrast to the
large dichroisms shown by the strangerhigher frequency Y (P=0)
bands.

At a teuperature of <3°C the bands at 1168em~1 and 1156cm”1
remain in the samc position but the shoulder moves to 1136cm-1.
The dichroisms obtained at this lower temperature sre almost
identical with those at beam temperaturc.

(b) . A very broad medium intensity V(OE) band is observ-
ced at 34250m'l (figure 55) which is markedly asymmetric at
33060m”1 in the hydrated C;45PO, This band does not show an
observable dichroism (figure 55) even at the lower temperature
of -3°¢,

A spectrum of liquid water has been obtained at beam temp-
erature and V(OH) from this spectrum is shown as figure 58,

The band maximum occurs at 34080m'1 and the band is extremely
broad and markedly asymmetric at 5306cm‘1.

The decoupled V(OH) in the hydrated form of C1oP0 (figure
55) at the beam temperature, appears to have a single maxinmun
at 3596cm"1 and is very broad with 4V} of 2750m'1. This band
also shows no observable dichroism. In liquid water the de-
coupled N (0H) band (figure 58) appears to have a singlc maxi-
mum at 3410cm™% and is also broad with AV % of 268en~l,

No other bands associated with liquid water were observed
in the hydrated spectrum of ClOPO’

l

From this data i% would appcar that the water incorporated

in C1gP0 up to a mole fraction of 0,48 is in a liquid state,.
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Figure 58.
uciter
\) (OH) bands of liguid/at beam temperature: (« ) coupled,
(b) decoupled. Wavelength 2*5-3»5/*«



However from the shift of the decoupled V(0H) band to lowver
frequency in the hydrated ClOPO spectrun compared to liguid
water it does appecar to have a distribution of H~bonds on the
averoge stronger than in liquid water. .

In the spectrum shown by Daasch et 2l (265) for trimethyl-
phosphine oxide a strong band is observed ot 34100m'1 which is
undoudbtedly due io '\KOH) of water incorporated in the phosphine
oxide, This band appcars to have shoulders ot 3520cm”1 and
35000m‘1. However this band is not mentioned in their paper,

Goubeau et al (142) observed a very strong band at 3260cm=1
which moves to 3400cm"l os the amount of H,0 is increased. Thesec
bands again are not referred to in their paper.

(e¢) At a temperature of -13°C, V(O0H) in the unpolarized
spectrum of the hydrated C;, PO (figure 56) shifts to a lower
frequency of 3394cm"1 and is asymmetric at 3294cm'1 whilst the
H-bonded component of ~(P=0) shifts to 1l36cm™%, is better
resolved but has the same intensity as the shoulder at the
bean temperature. The bands at 1168em~t and 1156cm"l at the
beam temperature (figure 55) due to V(P=0) are also better
resolved ot this lower tempecrature but remain in the same posie-
tion,

At a temperature of -45°C the spectrum of V(O0H) reverts %o
that shown in figure 56 with a main component at 3296(*,m"1 and
shoulders at 53200m"1 and 31500m°1. This spectrum may be comp-
ared with that obtained for ice I by Falklet a2l (49) at -160°cC
where fQ(OH) has a main component at 32200m"1 and shoulders at
3380(:111"1 and 51500m'1. These spectra are very similar the
differences probably being due to the different temperaturcs at
which the spectroa were obtaincd.

At this temperature of =45°C the H-bonded component of

N (P=0) reduces in intonsity ot 1136em~1 (figure 56), It is not
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swprising that o small band remains at llchm’l since there is
a band at this frequency in the specitrum of the anhydrous
C1oP0 (figure 44).

Generally at ~45°C the spectrunm of the hydrated matorial
is identical wvith that of the anhydrous C;4P0 except for the
presence of bands due to ice I in the former spectrun., It
would therefore appecar that at a temperature of -45°C the water
in the hydrated material freczes out as ice I giving the region
indicated on the phase diagram as, crystalline ClOPO + Ice

(figure 50).



CHAPTER VI

LIOUID CRYSTALLINE PHASES

(I) DNeat phase
| (1) Results

(a) Both polarized and unpolarized spectra have been
obtained of oriented sanples of MGB/HQO, DMGS/DQO at 1500, and
MGll/Hzo, DMG11/D,0, at 45°C in the composition range of the lam=
ellar l.cs region of the phase d?agrams. The neat l.c. phase is
stable in systems containing 0,5-0,9 and 0,3-0.9 mole fraction of
D,0 for the MG8/D,0 (figure 52) and MG11/D,0 (figure 49) systems
respectively,

The absorption spectra of samples containing 0.45 mole frac-
Tion of Hp0 with MG8 and DpO with DHGS, 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 V(0H) for samples containing 0.45 and 0.8 mole
fraction of D,0 with DHGS upon going from-sample position V= 0°
to V=45° (figure 29) bebween silica plates. However this proce-
dure could not.be carried out satigfactorily with silver chloride
plates since transmission was too greatly reduced when they were
used at 450 to the beam. It was only possible therefore to
obtain spectra in the 3000(;m"1 region since the silica plates do
not transmit satisfactorily below this frequency. The polarized‘
and unpolarized spectra,vat 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 V(O0H) of the DMGll/DQO neat
phase in samples containing 0,52 and 0.73 mole fraction of D50

at 45°C, and the values of the V(OH) frequency, half band width,



AY i, and intensity ratios, D45/Do, for the sample positions
V=0° and V=45° are shown in table XIX for the two systems
studied,

Also the effect of temperalure on the dichroisms observed in
the DMGll/DQO samples has been studied and the polarized spectra
for the decoupled 'Q(OH) at YSOC along with that at 45°C foxr the
0,73 mole fraction sample, for sample positions V=0° and V=45°
are shown in figure 61. The unpolarized spectra of the decoupled
V(0H) bands for this sample at 45°C and 75°C are also shown in
figure 61.

(b) Both polarized and unpolarized infra-red spectra
have been obtained on oriented samples of ClzPO/HZO at 45°C in
the composition range of the lamellar l.c, region of the phase.
The neat l.c, phase is stable in systems containing 0.82 - 0.92
mole fraction of H,0 (figure 62).

The absoipﬁién speotrum of ﬁéhplés containing 0.34 mole =~
fraction:of Héd with C1oP0 at 45°C is shown in figure 65; The
frequenéies and proposed assignments of the absorption bands are
listed in table‘XX. No sigﬁificant~dichroisms have been obsefvéd,
however the polarized and unpqlarized spectra of the decoupled
V(0H) of sémples contdining 0.84 mole fraction of Déo with Cy,P0
at 45°¢ are‘showﬁ iﬁ figure 64. “ |

The neat l.,c. phase of theAClOPO/HQO sjstem'ié sﬁéble in
systems contaiﬁiné 0,656 = 0.87 mole fraction 6f Hzov(figure 50).
The unpolérized spectra of the decoupled V(O0H) at 4°CAand bean
temperature are‘shoﬁn in figure 64 for‘samfles confaining 0;86
mole fraction of b20 with Cq k0. | | | |
| (¢) The unpolérized spectra of the decoupled‘v(oﬁ).of.
liguid water has been obtained ab 4°¢, 15°C, bean temberature and
75°C and the bands are shown in figure 64. ~Also the polarized

spectra at 4°C'have been obtained for sample positions V=00 and
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figure 59 .

Infra-red spectra ofJMG8+0*45 niole fraction of HoO( 15°C) eWavelenctii
(a) 6-18/*,(b) 2 .5-5 .0/*

DMG8+0.1*5 mole fraction of Op0( 15°C)>Wavelength
(c) 6-18/*,(a) 2.5-5.9%*,
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"Figure 60 ‘
‘Decoupled V(OH) bands in DMG8 containing A- 0.45 mole fraction

D0 ,(I) unpolarized (II) polarized. B~ 0.89 mole fraction D20
,(I) unpolarized (II) polarized. Wavelength 2.5-3.25m

Temperature 15°C.
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Figure 61.

Decoupled V(OH) bands in DMG41 containing 0.73 mole fraction
of D,0 A-unpolarized , B-polarized. Wavelength 2,5-3.25u.
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Infra-red spectrum of C oPO + 0.84 mole fraction of H,
' 18ngth 2.5-5.0 ana 6-18p.

at 45°C. Wave
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Decoupled V(OH) bands of A= C,,P0 + 0.84 mole fraction D,0(L45°C),
(I)unpolarized,(II)polarized. B~ Liquid water (unpolarized) at
éI)beam temperature and 75°C,(II)L and 15°C. C- Liquid water
polarized) at 49C. D= G44PO + 0.86 mole fraction D,0 at 4LOC and
beam temperature., Wavelength 2.5-3.25;0 ‘ : E
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V=45" for the decoupled V(OE) band and these spectra are also
shown in figure 64. Mo differences are observed in the spectra
at V=09 and v=45°,

Table XXTI shows the various spectral parameters for the
decoupled W(OH) of liquid water with those for the l.c. phases
at the various temperatures.

Unpolarized spectra of liguid Ho0 and D50 were obtained at
the beam temperature and are shown as figure 65.

(ii) Discussion

The structure of the neat l.c. phase in l-nmono=-
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 Cl2PO/

E,0 and C1oP0/H,0 systems was carried out by Hermaun et al (141)

2
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 water laver
(1) w(om)

The N (0H) band of the samples containing 0,45

mole fraction of H,0 with HGS (figure 59), 0.52 mole fraction of
H20 with MG1ll, and 0.84 mole fraction of HZO with ClgPO (figure,
63) is extremely broad, has its maximum a% approximately 34100m'}
and is markedly asymmetric at approximately BBOOom'l. The bread7
th of this band is so great (AV —;’;-}4000m"1) that there is consid-
erable overlap with bands associated withW(CHs) and \)(CHB) in
the region of 3000cm™l. The shape and position of V(0H) is un-
changed by increasing the concentration of HQO present.

This band is very similar in appearance to that observed in

liquid water (figure 65). In liquid water the band envelope of

V(0H) is made up of contributions from the following components
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3.5 4.0 - ¥5 5.0
. . Figure 65. |
Infra-red spectra of liquid water:- Hy0, Wavelength(a) 5-18p,
~+ (beam temperature) - + (b) 3.5-5.0m,

D,0, Wavelength(c) 5-18p,
(d:) e 5"‘50 Of"
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(156) ¢~
i, OF gsymmetric stretch,'QB.
ii, OH synmetric stretch, Vi.
-and iii, the first overtone of the'bending vibration, 2\)2
Each of these components is broad and hence overlap tekes
place giving rise to the observed broad asymmetric band, In the
casc of l-monoglycerides, in addition to the componénts listed
there is also a contribution in some parlt from ithe glyceride

residue OH groups.

it would appear that the

o

Prom a comparision of these specyr
water incorporated in the neat l.c. phese is in a similar stote
to liquid water.

(2) Decoupled V(OE)

i, The decoupled V(0¥) bands in the unpolarized
spectra of DIG3 and DMG11/D,0 samples occur at 34 410em~t (15°¢) |
and 3419cm-1 (45°C) and are broad withdﬁ)% of 262¢m=1 aund 268cm™1
respectively. In the decoupled ™ (0H) spectra of 0,45 and 0.80
mole fraction of Do0 with DHGS (figure 60) and 0,52 mole fraction
of Do0 with DMG1l1 the bands appear to have & single maximum and
are markedly asymmetric at the low frequency side of the band
envelope, at 35580m“1 and 35680m'1 respeétively, whilst those of
the 0.89 mole fraction of D,0 with DIG8 (figure 60) and 0,73 and
0.86 mole fraction of Dy0 with DIEGLll are symmetric.

Spectra of samples of DNA1l containing 0,73 mole fraction of
D,0 were also obtained at 75°C (figure 61). The decoupled VY (0H)
band is broad and symnmetric with a value of109%~of 27Ocm”1 and
shifted to a higher frequency of 3424cm'l. There is also a dec=
rease in the infensity relative to the lower temperature spectrum
In liquid waber the decoupled Y (OH) is a symictric band

fTigure 64), appears to have a single maximum at 3398cu~l (15°C),
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3410cm” (bean femperature), and 3415em™t {75°C) and has AV %
values of 2650m"1, 268cu”"t and :2730111“l respeetively., There is
also a gradual decrcase in the intensity with incrcasing teupcr-
ature (figure 64), This sort of behaviour is %o de expected ot
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 similor band widths and frequency
positions,

It would therefore appear that at high molc fractions of
D20 in both neat phases studied, the decoupled \)(OH) not only

occurs in o similar position, has o siniler &M%, bui also has a

%}

inilar temperature behaviour as well as observed band shape as

}_l

quid water. Although from +the positions of the decoupled V(0i)

bands the average H-bond strength in the neat phasc appears to he
slightly lower than in liguid watcr,.
At lower mole froctions, howvever, even though the band max-
ima arc in the samec position as the high water content somples
zuxiAO%-is gimilar, the bands have not the same shape, being
narkedly ssymmetric at the low frequency side. The asymmetry may
be due %o conitributions direcetly from the water molecules qSSOC“

ated wvith the glyceride hydroxyl groups. It is known that He-

e

bonding between alcoholic hydroxyl grouns and water molecules is
stronger than that between the hydroxyl groups or water molecules
alone (275)., It would theref»rec bo expected that the V(O0H) of
groups involved in such bonding would occur at a lower freguencg]

At the low water contents all vater mo]ecul ¢s would, say, be
attached flecetingly %o one or other of the l-monoglyccride molcw-
cules, but as the water content is increased there will be an
increcasing number of water molecules instantaneously attached
only to other water molecules therefore swanping the former

cffect ond hence giving a more symmetrical, liguid water like,
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band envelopec.

Further cvidence for this orientnotion of the water was found
in the l-~monoglycecride systems studied in this thesis by lcDonzld
et al (220) using broad line W.M.Kk. on oriented l.c. samples, A
narrowv doublet ossocioted with the protons on the wvater molecules
wos observed indicating o degree of anisotropy in the motion of
the vater molecules. This anisotropy was also seen to decrease

with increasing concentration of water.

e

i, The peak of the neat l.c. phase of the MGE/Dy0
phasce disgram (figurc 52) occurs ot o composition of 1G8, 4D ,0
suggesting that a complex of that composition is particularly
stable in the l.c. phasce The maximum is 2ot o mole fraction of
0.8 in D20. If it is assumed that the 0.3 mole fraction complex
is a2 type of hydrote then comparison with other hydrates moy be
made, Using the correlation curve shown in figure 15 relating
RO;O distances to V(O0H) fregquencies, a value of 2,824 is found
to correspond to the V(0I) frequency of 34lOcm"l for this sample.

From the decoupled V(OD) frequencies of pinacol hexahydrate,
RO;O values of 2.772 ond 2.74K vere obtainced via the V(0D) v's
RO;O correlation curve (figure 16). Thus the aversge valuc of
the l.c. RD;O is much higher than either of the values obtained
for pinacol hexchydrote. An overage volue for 20 hydrates (155)
is 2.80K and probably reprcscents o reliable estimate of the H-
bond lengths in organic hydra.es. The l.c. RQ;O value domparcs
very fovourably with this avercge valucee Thewe is however no
cvidence from other sources that such a hydrate cxists.

iii. In the MGll/D20 phase dicgron (figurc 49) there

is o small pcak in the phase boundory between the gel ond le.c.

region at IMGll + 0,47 mole fraction of D20, suggesting the pres-

ence of a monohydrate.
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A comparison of the unpolarized spectrum of the decoupled
V(0H) in samples containing 0,47 mole fraction of D,0 (figure

66) con be made with samples contsining 0.53 molc fraction of

(o}

D,0 (figure 66) 2ot 45 C. Both decoupled V(0H) bands appecar Ho
have a singlec maximun at 34190m"1 but the former band is much
more symmetrical ond has &V of 206cn=L which is a reduction of
approximately 40cm-l compared with the latier band,

In liquid wobter the breadth of the decoupled N (0I) bands
was concluded by Wall et 2l (60) to be due to structural disordexn
In liquid water the decoupled VW (O0H) has a value of 8V3 of
268(:1?1“'1 whilst in the. case of ice I (49) and CaS0,.2H,0 (11),
oV values are 50cm"l and E’)Ocm"'1 respectively. It would be
expected therefore thal an increasc in the structure would give
rise to narrower bands in the decoupled spectra. This narrowing
effect has been obscerved in the spectrum of DMG1l + 0,47 mole
fraction of Dy0 and suggests that the nonohydrate is stable in
the l.c., phase,

The frequency of the decoupled V(OH) bend, 3419em~1, for
the DNG11+ 0.47 mole froction of Do0 samples corresponds to an
RO;O velue of 2.834 (figure 15). This valuc compares very fav-
ourably with the aversge value previously guoted for organic
hydrates at 2.805 (155), However it is much higher than thosc
previously obtained for pinacol monohydrate from the W(O0D) v!'s
BO;O correlation curve (figure 16) which lie in the renge 2.75 -
2,724,

ive Polerized spectra

1., Dichroisms have been obscrved in the polarized
spectra of the decwoupled V(0H) of DMGB/DQO and DMG11/D,0 (figures
60 and 61) ncat l.c. samples upon going from sample positions
V=0° to v=45°,

For samples containing 0.45 and 0.80 mole fraction of D0
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Figure 66.
Decoupled V(OH) bands in DMG411 containing

(a) 0,53 and (b) 0.47 mole fraction of D0
at 45°C. Wavelength 2.5-3.25p, '
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with DMG8 for sample bosition Vv=0° broad bands are observed ﬁith
a single maximum at 34060m"l and 3404.cm"l respectively. TUpon
going %o sample position V==45° single broad bands are again
observed with similar &V values dbut with increased intensity at
3382cn™ % and 3385cm~! respectively. The decoupled NV(OH) of
liquid water showed none of these effects.,

At higher D50 mole fractions, 0.89, with DMG8 single broad
bands are observed at 3404cm“1 and 34030m‘1 for sample positions
v=0° and V==45° respectivély, with only o very small increase
in intensity between sample positions (table XIX),

Similar behaviour is observed in the case of the DMGll/DzO
neat l.c. phase (table XIX), -

This data may be interpreted in the following way:
Considering the samples centaining 0.45 and 0.80 mole fraction of
Dp0 with DME8 (0.52 and 0.73 in the case of the DMG11/D,0 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 effectlof
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 én
the V=09 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::4.5o the incident radiation now interacts with
any resultant transition moment at an angle which would give rise
to a considerable contribution to the V(OH) band envelope in
addition to the ligquid like water contribution., This contribu~
tion would be Qt a lower frequency due to the fact that the H-

bonds formed by the water associated with the O0H groups of the
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residue at the interface are stronger, This.would also account,
in part, for the increase in intensity of the decoupled
N(0E) band at this sample position, relative to V=0°,

When the concentration of D20 in the system increases it
leads to an increase in the thickness of the water layer (180)
but not in the number of molecules insfantaneously H-bonded to
the monoglyceride OH groups. Therefore in the case of sanples
containing 0.89 mole fraction of Dp0 with DMGS8 (0.86 in the case
of DMGll/DQO 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 e neat l.c. phase which was stable at, or about,
room temperature. An upsymmetrical trialkylphosphine oxide was
chosen for this purpose, In the C1,P0/H,0 system the neat 1.c.
phase is stable in systems containing 0.82 to 0.92 mole fraction
of HoO (figure 62).

The decoupled V(0H) band in the unpolarized spectrum (figure
64) of samples containing 0.84 mole fraction of D20 in ClzPO
appears to have a single maximun at 3414cm™1 (45°C) and is broad
with AV} of 268cn™Y and symmetrical.

The decoupled WV(0H) bands in the polarized spectra (figure
64) showed no shift in frequency upon going from sample position
v=0° to V==45°, the frequency of the bands being 3408cm‘1.

These bands have the same behaviour as the polarized spectra obi-
ained in the case of the DMG8/D,0 (figure 60) and DMGll/D20 Sys=
tems for the samples containing the highest mole fraction of DoO,

In this study of the ClgPO/HEO neat l.c. system, broad line
N.M,Rs has been used on oriented l.c. samples, HNo dipolar splitt-

ing of the water molecule resonance has been observed in this
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system at the lowest mole fraction of Ho0 for wvhich the l.c.
phasc 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, Whercas in the casc of the l-monoglycerides studiced
by W.E. Peel (209) & small splitting was observed even at the
highest watcr concentration for which the ncat l.,c. phascs are
stable, Also the angular dependence of the doublet splitving in
this case (209) showed that therc was a measurable degrec of mole-
cular ordering along 2 direction perpendicular to the lamellar
plancs of the mesophasc,

Therefore comparing both infrg-red and W.,M,R., data on the
ClzPO/EQO systen with that obtained for the l-monoglyceride sys-
tems it would seem that the interpretation placed upon the obserw
ed dichroisms is reasonable.

2, Polarized spectra for samples containing 0.73
mole fraction of Do0 with DMG1ll were cbbtained abt 75°C as well as
at 45°C (figure 61), Detsils of the various spectral paramcters
are given in table XIX., Tor sample position V=0°, at 75°C, the
broad band iz observed ot 34180m“1. Upon going to sample position
V=459, at this temperature, a single broad band is again observd
with a similar AN 4($able XIX) at 3414cm=1 (3418 and 3396cm=~1
respectively in the same sample at 4500). There is an increase
in intensity in the sample position V=45° but the ratio (Dy5/D,)
(table XJIX) is reduced compa.ced with that observed for the lower
temperature spectra and indeed is tending to the value obtained
for the much higher water concentration, 0.86 nole fraction, at a
lowver temperature of 45°c,

The effccts produced on the V(O0H) hand by an increcase of
temperature arc duc to a greater relative decrcasc in the numbers

of the most strongly assoclated species sthich give rise to the
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low frequency vibration, similar to thol occuring in alcohols
and other hydroxylic substances.

v.e GCalculation of averaze 920 distance

"he decoupled V(0H) band in the unpolariz-
ed spectrum of C;,PO containing 0.86 mole fraction of D,0 (figure
64) at 4°C is broad with A\)% of 270cm~1, symmetrical and appears
to have a single maxinum at 339lcm"1, whilst at the bean temperr
ature V(OH) occurs at 3412cm~! with AV L of 2730m‘;. The corr-
esponding bands in liguid water are found at 5589cm"1, and 341001}1-71
and thesoc bands have AV % values of 263cm~l and 268cm™1 respect-
ively (figure 64).

Both sets of bands appcar to have similar frequcncy positiors
and band shapes as well as undergoing similar oltcrations with
increasing temperature., It is assumed that, as in the case of
liquid water (60), the breadth of the deccoupled bands in the
C10P0 ncat phase is duc %o structural disorder and the shape of
these bands is duc to a continuous distribution of nearest neigh-
bour o;o separations, then it is possible to obtain an average
value for this distance, Bo;o, by invoking the correlation =~ -
botween V(0H) and the intermolecular distance, RO;O (71) (figure
15).

Wall et al (60) have recently utilized a curve of this type
to obtaoin a radial distribution type of curve,; similar to those
obtained by X-raoy spectroscopists in their studics of liquids
(276), for liquid water from a Raman study of the decoupled ) (0B
band., Ice I fititcd on the correlation curve and they justified
the extension of the usc of a correlation curve, referring to
crystals, to liquid water on the basis of the nature of the infep
action in water and ice being qualitatively identicals Van Eck
et al (61) estimated the o-o distance in watcr from the frequency

of the infra-red absorpiion maxinum of HDO. In both cases the
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correlation with X-roy dote was cxcellent,

If it is now assumed that the degree of interaction within
the water layer of the ncat phase l.c. ond water arc identical
then extension of the correlastion curve to the water region of
the lece phase appeoars valid,

In construction of the correlation curves used by Van Eck et
al (67,277,278) and Wall c% al (6,67,277) somc of the dota utilim
ed has sincc been found to be unrelisble (71). The correlation
curve used in this present study is that of Efimov et 21 (71)
(figurc 15).

To convert the vibrational spcetra to a distribution Func-
tion, the linéal height of the infra-red band at cach frequency
(actually at 30<:m"1 intervals) is taken as a mecasure of the numb-
er of oscillators with that frequency ot any instant. The ordin-
ate in the éistribution functions is lincal band height multipli-
ed by the slope of the correclation curve ( se@r) at the point in
question.

To test the validity of the use of tThis particular proccdure
the decoupled V(O0H) bands of liquid water at 4°C and 75°C were
analysed in the above manner. The resulting distribution funce
tions are shown in figure 67 and it can be seen that the shori
distance side of the curves rise sharply and the peaks occur at
2.82(1) and 2.8414 respectively.

Nerten et al (276) have obtained distribution functions for
liguid water at various temperatures, including 4°C and 75°¢C,
using the X-ray technigue. They obscrved a gradual increasc in
the average Ro:o valucs from the pesks of the funcitions of 2.822
ot 4°C and 2.94K at 200°C, If this is a gradual incrcasc then o
a value of approximately 2.862 would be expected at T59C.

LA comparison of the values obtained from this band analysis,

with the values from the X-ray study, at 4°C and 7500 shows
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Figure 67

Dlstrlbution function for the decoupled Y(OH) bands of i-
A. Liquid water at 4°C,beam temperature and 75°C , ana
B. G4oP0 + 0.86 mole fractlon of D50 at L°C and beam
temperature. .
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excellent agreemént, although there is a difference of 0.02X at
the higher temperature. On the basis of this agreement it seem-
ed reasonable to utilize the infra-red RO;O analysis technique
further. ’

The distribution functions foxr the decoupled \Q(OH) bands
of samples containing 0,86 mole fraction of DQO in ClOPO at 4°C
and beam temperaturc are shown in figure 67, along with those
for the decoupled \)(OH) bands of licuid water at the same temp=-
érafurea. The resulting aversge BO;O distances obtained from
the meaks of these functions are given in table XXIT.

The distribution curves and the average Rp-g distances are
Very similay in the two cases: However the distribution curve
of the neat phase is rather broader and indicates a greatber
proportion of shorier RO;O distances comparcd with those for
liquid water., This may be duc to participation of the phosphoryl
group, present at the interface,;, in the ncarest neighbour inter-
action in the neat phasc cousing an incrcasein the numbers of
species with shorter Ro;o distances,

(3) Other bands associated with ligquid water.

i. In the unpolarized spectra of samples of MHGS
conteining 0.45 mole fraction of H,0 (figure 59) at 15°C a very
weak broad band is observed at 2150cm'l, whilst in the case of
samnples of 0,52 mole fraction of Hy0 with MG1ll, and 0.84 molec
fraction of I,0 with C1,P0 (figure 63) at 45°C the band occurs
at 2118cm~!, This band in liquid water (figure 65) has its
maximum near 2125<3m"l and is the counterpart of the association
band, \)A’ which occurs in ice T at 2270cn~1 (49)., It is thought
that this band is composed of overtones of intermolecular modes,

or a combination of the HOH deformation, V at 1645cm"l with an

2,
intermolecular mode or both., Williams (279) proposed the assign-

ment (V,+ NV - Vi) for this band, where V7 is the librational
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mode, \)t is the tranélational nede usually found at approximatee
1y 685cm-1 and 1930m'l (280) respectively, in the spectrun of
liquid water, The intcensity of this band incrcases as the amount
of H20 is incrcased but it remsins in the same position,

ii, In the unpolarized spectra of samples of HG8
containing 0,45 mole fraction of Hpo0 (figure 59),\)2 oceurs atb
1656cmf'l compared with 16480m'1 in liquid water (figure 65) and
1650cm™t in ice T (49).

In the DUGS sample (figure 59) the band due to V,(D,0)
appcars at approximately 1216em™% in the region of W(CHp) and
T(CH,) which compares with the value of liquid D,0 of 1215cm~?!
(figure 65),

A similar effect is observed in the case of the neat phase
spectra of the HG11l/Hp0 and D,0 samples at 45°C,

In the case of the spectra of the 0.84 mole fraction of H»0

with C1,P0 at 4500‘02 occurs at 1648 (figure 63). '

The highcer frequenecy in the HGS8 and MGll/HQO casc 1s probab-
ly due to the prescncc of V(C=0),

iii. Recently a prcviously unrecported absorption
meximun in the infra-red spectrum of liquid water at 1350cm~1
in H,0 and at IOOOcm~l in D,0 has been assigned to the first
overtone of the far infra~red Vi band (281), This band lies
between \)2 and\oL for liquid water and is clcarly visible in the
spectra of liquid Ho0 and D,0 shown in figure 65.

In the neat l.c. phasc spectra shown of the samples of 0,45
mole fraction of H,0 and D,0 with 1168 and DHMG8 (figure 59) this
band is not observed due to the fact that suporiﬁposed over this
region of the spectra arc the bands arising from various modes
associated with the hydrocarbon chain, This band is not obsecrved

in %he neat l.c. spectra of MG11/H,0 or the C1pP0/H,0 samplcs

for similar reasons,



ive The librational mode (ﬁOL) in the spcecitra of
samples of MG8, HMGll and ClzPO containing 0.45 (figure 59)7 0.52
and 0.84 (fizure 63) mole fraction of HZO rospectively is a broad
band and occurs at approximately 6860om~1 which is approximately
the same position as in liquid water at 685cm"1 (figure 65), In
ice I \E ig at 846cm~1 (49). Thercfore the position in the neatb
l.ce phascs 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 watcr. This band remains in approximately the
sane position with increcasce in concentration of water in all
systens,

(4) N(c=0)

At 15°C in the unpolarized spectra of samples
containing 0.45 mole fraction of Dol with DMGB,'Q(C==O) is resolw
cd into two componcnts at 1746cm'1 and l7350m‘1 the former being
the stronger band. Changes occur in the V(C=0) doublet on
increasing the amount of D,0 prescnt. The V(C==0) bands of the
various DMG8 hydrated phases arc shown diagramatically in figurc
68, The frcquencics of +these components of ’0(0::0) for the DUGS
and DMG11/Dp0 neat phascs arc shown in table XXITI,

In very dilute solution in CClﬁ thc"Q(OH) spectrun indicated
e .

that there was no intcrmolecular H-bonding ond o doublet assoc-

ated with WV(C=0) vas observed at 1754cm~% and 1735em~1 and

.

these componeants were assigneu to 'free!' and intrameclccular H-
bonded V(C=0) (chapter IIT (b)).

The lowest frequency V(C==0) band in the neat phascs of HGS8
and MGll/DgO systems occurs in the same position as the lowes?:

d thercfore be duc to

=

frequency component in solution and it cou
intramolecular I-bondecd carbonyl groups. However as mentioned

carlier V(C=0) for intermoleccularly H-bonded carbonyl groups
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sonetimes occurs ot this frcquency and therefore an uncguivocal
assignment cannot be made,

The relative intensity of the low frequency compnoncnt in
the neat phasc of MGB/DQO system (figure 68) is scen Hto increcasc
with incrcasing Do0 content of the sample and this scguence also
occurs with incrcasing content of D20 in the l,c. phase of the
MGll/DZO systcme. ITn the MGll system increcasing D2O conteont
causes increased melting point of the l.c., phase (figurc 49) dui
in the ¥G8 system (figurc 52) the meliting point goes through a
maximum at approximately 0.8 mole fracfion of D20. Since the
relative intensity of the low frequenecy component of the carbonyl
band continucs tp increase above 0,8 mole fraction of D20 it
secems that the H-bonding in which the carbonyl group is involved
is not importanit to the stability.of the lamcllar phasc.

(5) N(e=o0)
Several authors have studied the complex
formation of phosphine oxides with various protor donors in 0014
solution (143,273,274,282,283).

Mrochck et al (282) have suggested from shifis observed in
the N(P=0) and changes in V(O0H) of %ri-n-octylphosphinc oxide
(T,0.P,0.) and various other phosphinc oxides in H,0 satureted
solutions of 0014 certain aggregates werce formed, in particular
2T.0+P,0,.Hp0, - Morc recently in the casc of T.0,P.0,., it was
postulated by O'laughlin et al (143) on the basis of infra-red,
N.M.R. and vapour pressurc mcasurements that o l:1 complex is
formed in solutions containing less than 0.1 of T.0.P.O0,

Gremstad et al (274) have studicd +the pentafluorophcenol
(P.F.P.) and triphenylphosphine oxide (T.P.P.0.) mixturcs in
CCl, solution, Alterations in the V(0H) spectrum of P.I7,P.
with concentration changes in T.P.P.0, have been correlated with

the formation of complexes of the 1:1, 1:2 and 2:1 ratio of donor
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to acceptor and AH, as well as AS vealues for these complexes have
becen calculated., TFurthecrmorc in the tfimothylphosphine oxidc/
methanol system in 0014 (275), AH values were found to be depcnd-
ent upon concentration., This was thought to be due to the forma-
tion of molccular aggregates of o similar naturce to those found
by Gromstad et 2l (274). Support for the existance of such comp-
léxcs was found in the speetra of Riltsev et al (273), figure 69,
wvhich show that the addition of methanol causces changes in the
complexity of V(P=0) of trimethylphosphine oxidec.

L study has been mode, using high resolution W.M.R. (283),
of solutions of water in tri-n-butylphosphate (T.B.P.). The
chemical shift of the HQO protons, was found to incrcase almosd
linearly with increasc in Ho0 concentration. This was intcrpret-
ced in terms of strong interactions of the water molccules with ,
the organic base and the following model cquilibria were postulate
ed.

dimecr —— trinmer —/=2 ~~---—ingmer

Incrcasing T,B.P.«— —> incrcasing Ho0 contcnt

The N(P=0) bands of the mole fractions of H,0 covering the
concentration renge for which the neat phase of the ClQPO/HzD
system is stable arc showrn dicgramatically in figure 70. The
frequencics of‘thcse components arc shown in table XXIV,

In the ncat l.c. phasc of ClQPO/Hzo systom, initially at o
HoO0 mole fraction of 0.84 at 45°C o broad band is obscrved at
11380m"1. This is o shift of 18cm~1 from that obscrved in the
solid state at llSGcm"l. An intense shoulder is clso observed at
ll48cm"1 (figurc 70, table XXIV). When the concontration of
water was incrcased a further comporcnt ras resolved ot the low
frequency side of the principal band, now at 11360m-1, at
llQOcm'l, whilgt the shoulder ot 1148cm"l has much reduced inten-
sity at ll49cm"‘l (figure 70). Pinally at the maximum concentra-

-

tion of water for which the l.c. phese is stable (0.90 mole
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Figure 69.

V(P=0) bands of trimethylphosphine oxide ,0.01%il,1in
CC1, (1), also 0.01M in CCl, solutions containing
met%anol concentrations ,0.045M(2), 0.09i(3), 0.45M
(L), 1.94(5). (273) _ |
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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 70). At this concentration of water no distinct low
frequency shoulder is observed.

The three new components associated with can be
discussed 1in the terms of the complex species present. It is
thought that complexes of phosphine oxide and water with a comp-
osition 2%l ? Isl and Is2 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*

0—i-f-p—H—0=p/VVV\

o —pAAAA

x 0
P.IIItb)

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 71) e Some assistance 1s 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 1sl and 1:2

complexes of the type shown in figure 7 2.
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Figure 72.

Of the two structures which represent the /f 2 complexes,

structure Il(a) in figure 72 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,
the shift amounted to only 5*3cra’ while the shift of the 1;1

complex (structure I in figure 72) band from the ’'free’ ketone

band was 16.8cm~".
Therefore on this basi considered that because of the
relatively large frequency shift that resulted from the addition

of the second molecule of E20 in the system the structure

which best represents the 1:2 complex is that shown as structure
P.IT1(b) in figure 71%*
From the observed spectra, (figure 70) it can be seen that

the participation of the different H-bonded species alters as the

amount of B”0O is increased. Even though at all concentrations all
the structures postulated are present to some extent, it appears
that at low E"0O concentration structures PI and PJI predominate

whilst at higher HoO concentrations structures PII and PII1 (b)

predominatee



- 155 =

(v) Lipid laoyer

It has becn well established that the neat 1l.c
phase has a bilayer structure (180,195,197,198,201)., The motion
of the hydrocarbon chains within the bilayer is regarded as 'lig-
uid like! by most workers. This has been confirmed in the systoms
studicd in this thesis.

Generally the spectra obtaincd for the various neat l.ce.
systems (figures 59 and 63) have the appcarance of those obteained
for the liguid anhydrous material (figures 34 and 45), the frequ-
encics of the observed absorption bands being in approximately
the same positions (tables XVII and XX). The bands which have
been assigned to the various vibrational modes of the CH, groups
of the hydrocarbon chain, are rather broad and diffuse, In the
liquid states of polymcthylene compounds the molecules arc gencr-
ally bent and curled into o varicty of differcnt conformations
and thus give rise to diffusc spectra.

Furthermore dichrecisms of the bands associated with the
hydrocarbon chains have not been obscrved in any of the systoems
studied,

W.E. Pcel (209) has used broad linc N,l.R. %o study the mot-
ion and oricntation of the hydrocarbon chains in the l-monoglycce~
ride/H,0 neat l.c. phases studied here. 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 ?he
N.M.R., spectrum of the first few methylene grouns of the l-mono=-
glyceride hydrocarbon chains also indicated that the motion of

these methylene groups was virtuglly a simnle rotation,
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One might therefore have expected 1o observe dichroisms
from these more ordered segments of the hydrocarbon chain dbut
not from the remainder in which there must also be torsional

and flexing motion as well as simple rotation.
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Table XVII

Assignments of the absorption bands MG8/H,0 neat phase

spectrum (0,45 mole fraction of Hy0)

Liquid MG8 Neat phase
(42°%¢) MG-B/H20 (15°¢)

g (a) o (2) (9
cm .. Intensity cm Intensity Assignments
3466 S.br. 3 v (0H)

3410 S»bx,.
2957 m 2959 m Va CH3
2929 s 2929 s Va CHY,
2878 m 2878 n Vs CH3
2854 s 2855 s Vs ( CH
2130 VeWebTo VA H2
17 46 s
1759 s } v (c=0)
1733 sh 1734 sh
© 1656 m \lZ(HQO)
1468 m 1469 m
1460 m 1460 m i § (o)
1422 w 1422 w
1385 m 1385 m
1272 m - 1272 m T CH2§ &
1232 m 1233 m W(CH
1174 s.br, 1174 Sebr, V) 008
1113 m.bz. 1114 m,br. V(o)
1053 me.br. 1053 m,bxr,s s
990 WebT, 990 Webr. 8
935 Webr, 936 WebTo
870 VebTe 868 Webr.
726 VeVl 725 VeWe /DéCHQg
686 s.br,. VL H,0



Table XVIII

Assignment of the absorption bands DMG8/D,0 neat phase

spectrum (0.45 mole fraction)

Liquid DMGS8 Neat phase
(42°¢) DMG8/D 50 (15°C)

.1 (a) o1 () (v)
cm Intensity cm Intensity Assignments
3418 w } Vv (oH)

3410 W
2957 m 2956 m Va CH3
2929 s 2930 s Va( CH7
2870 m 2870 m Vs CH3
2853 s 2853 s Ns(cH
2527 S.br. N (0D
2500 SebT,
1558 VeWebr. : Nu(E,0)
1746 s .
1739 s vV ( C= O)
1733 8 1735 sh
1468 m 1469 m
1459 m 1460 m ? § (cmy)
1422 w 1423 w
1385 m 1385 m
1272 m 1272 m
1232 m
1215 m \5 D,0)
1174 S.bT. 1175 SebTe V(cbe)
1111 m.br, 1112 m.br, V (¢o)
1050 TebTe 1052 WebX, s
1000 Webra 1000 Webre s
938 WebT, 940 WeDT
849 w.br, 852 WebTa
724 W 725 w A(CH,)
658 WebrT.

(a) For the meanings of the abbreviations used sece the

footnote to Table VIII,

(b) The meanings of the symbols used are as follows:-

Y Stretching
§ Bending
é Skeletal
P Rocking
| T Twisting
w

. Wagging
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Table XIX

ratioes, D45/Do, for the decoupled V(OH) bands (Polarized)

for the NMG8 and MG11/D,0 neat phases.

l-Monoglyceride

MG8

MG11

Temperature
(°c)

15
15
15

45
45
15

45

N( 0"
(cm”l

3406
3404
3404

3418
3418
3418
3416

Sample position

ava viom av

; (em™1) (cm“lg (on=1)
269 3382 275
267 3585 272
271 3403 268
265 3404 269
270 3396 272
272 3414 275
264 3414 270

D45 /Do

1.2130
1.2269
1.0311

1.2565
1.2988
1.0535
1.0423



cm

2982
2956
2926
2873
2851

1465
1460
1425
1412
1376
1370
1352
1299
1292
1256
1190

1117
1056
1008
987
935
898
860
178
738
723
709

Table XX
Assignments of the absorption bands of the ClzPO/HQO

neat phase spectrum (0.84 mole fraction of H2O)

Liquid Gy ,PO Neat phase
(90°¢ C10P0/E0 (45°C)
(a) 1 (a) (v)
Intensity cm” Intensity Assignments
3410 SebTe v (0H)
w Va(PCH)
m 2956 m Va CHgz
s 2929 s Va( CH2
m 2875 m Ns CH3z
s 2852 8 Vs( cH
2118 V.WebT, VA H28
1648 m.br, \b H.O
m 1465 m L) cﬁg
m 1462 m f
w 1425 W 6a(PCH3)
Velle 1412 VeWe }
VoW, 1397 VeWe Ss(CH3)
VeWe 1370 VeWe
VeV 1350 Vel
M.Se 1298 MeS, gs(PCHB)
MeSe 1295 MeSoe z
w 1256 VelWe
SebTe
1148 sh Y (p=0) N
1138 S.bT,
w
W 1058 A7l s
VaeWe 1008 w s
VeWe 987 VeWe s
MeSe 935 m
VeWebTs 896 VeWes DT,
WebT, 863 WebT,
VeWebTe . T78 Vele DT A(CcH )
WebT, T 40 WebTe Ve, PC?
sh 723 VeWebTo A (CHy)
Velie A
686 S.br. M.(E,0)

(a) Tor the meanings of the abbreviations used see foot=

note to Table VIII,

(b) The meanings of the symbols used are as follows:=

AY) Stretching
8 Bending
s Skeletal

V) Rocking



- 10§ -

Table XXI

Frequencies and half band widths,AV%, of decoupled V (0H)
(unpolarized) of liquid water MG8, MG11/D,0 and Cy,P0/Hp0

neat phases.

Temperature Liquid water Neat phase
(°0) V(0H AV N (0H aAv 1
(cm“l) (em=1) (cm“z) (cmgl)

(a)

4 3389 263 3391(b) 270

15 3398 265 3410( ) 262
a

33 3410 268 3412( ) 273
c

45 5419 268
' | (c)

5 3415 273 3424 270

(a) ©4,P0/HE,0
(v) Me8/D,0

(e) me11/D,0



Teble XXII

Average Ro-o values for liquid water and the CloPO/HéO neat phase,

. :
Temperature Ro-o (&)

(°c) liquid water neat phase
(0,86 mole fraction)

4 2,821 7 2,818
33 2,829 2,826

15 2.84



I I I
5-5 5.75 6.0
Figure 68.

V(C=0) bands in the neat l.e. phase of the DMG8/D20systeml
temperature 15°G,

(a) 0.45 )
(b) 0.80 ) aole fraction 0
(c) 0.89 )

Wavelength 5.5-6.05u
Table XXIII

Frequencies of the "~ (C— O) bands for MGS and MG11/1"0

neat phases.

l-monoglyceride Temperature X M(C=0)
(°C) D20 (cm~1)
15 0.45 1746,1755
MG 3 15 0.80 1745,17 54
15 0.89 1745 217 34
45 0.52 1744 >17 33
45 17 45,17 34
MG11 0.73
75 17 45 917 33

45 0.86 1744,17 34



Figure 70

\) (P=0) bands in the neat I.e. phase of the Ci12PQ/H20 system,
temperature 145°C,

(a) o.81+ )

(b) 0.87 ) mole fraction DpO
(c) 0.90 )

Wavelength 8.0-9.5/n.

Table XXIV

Frequencies of the 'V(P==0) Dbands for the nea-t phase

at 45°C

XHgO \>(P=0)
(as)
0.84 1148, 1138
0.87 1149, 1136, 1120

0.90 1148, 1137
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(II) Middle Phase

(i) Results
Unpolarized infra~red spectra have been obtained
of samples of Cy1,P0 at 15°C in the composition range of the
middle l.c. region of the phase diagram (figure 62). The middle
phase is stable in systems containing 0,90 and 0.95 mole fraction
of Hy0.

The absorption spectrum of the samples containing 0.90 mole
fraction of HoO with CyoP0 at 159C is shown in figure 73, The
frequencies and proposed assignnents of the absorption bands are
listed in table XXV,

The unpolarized absorption spectrum of the decounled V(OH)
of samples containing 0.94 mole fraction of Do0 with Ci10P0 at
15°C has been obtained and is shown, along with the decoupled
'V(OH) of liquid water at the same temperaiture in figure T74.

(1i) Discussion

The structure of the middle phase in various
1ipid/H2O systems is envisaged (137,190-193) 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 gap between; although there is evidehce that in certain sys-
tems the reverse structure does exisi (194).

The identification of the middle phase, M, in the case of
the C1,P0/E50 and C1oP0/H,0 systems was carried out by Hermann
et al (141) using a polarigzing light microscope. They reported
the textures characteristic of this phase reported by Rosevear
(185).> This identification has been confirmed in this wozxk.

(a) Bands associated with the water/lipid interface
(2) \(om)

The VW(O0H) band of the 0.90 mole fraction

of Ho0 in C3,P0 spectrum (figure 73) ot 15°C is extremely broad,
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Figure 73.

Infra~red Spectgum of C,,PO + 0.90 mole fraction of H;0
at 15°C Waveldfigth 2.5-5.0 and 6-18p.
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Figure 7h.
Distribution functions of the decoupled Y(OH)bands of:-

A, Liquid water at 15°C and B. C4oPO + 0.94 mole fraction of
D50 at 15°C.
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has its maximum at approximaitely 34O4cm“1 and is narkedly asy-
mmetric at approximately 3300cm™t., As in the case of the™V (OH)
band of the l.c. phase observed in the case of MGS/HQO, MGll/
H20 and ClzPO/HzO systens (figures 59 and 63) the breadth of

this band is so great, with A é% in excess of 400cm“1, thet there
is considerable overlap with bands associated with V(CHjp) and
‘Q(CH3) in the region of 3000em~! and the general shape and
position of this band at this temperature is unchanged on increa=
sing the concentration of H,0,

From 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.

(2) Decoupled V(0H)
The decoupled V(OH) band in the unpolariz-

ed spectrum of C7;0PO samples containing 0.94 mole fraction of

D50 (figure 74) at 15°C appear to have a single maximum at

3394em" 1, These bands are broad and symmetrical with a AVWL of
269em=1, like those of the neat phase of the ClOPO/H20 system
and high water content neat phase samples of the MGB/DQO and
MG11/Do0 systems (figure 60) and ligquid wabter (figure 74).

In liquid water at 15°C the decoupled V(O0H) band appears
to have a single moximum at 3398cm™+ and has a value of AV} of
265em=t,

Assuming that the degree of interaction within the water
incorporated in the middle phase of the C;,P0/H,0 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 RO;O distance from
this band. The distribution function for this sample is shown

in figure T4 along with that obtained from the decoupledV (OH)
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of liquid water, at this temperature.

In both cases, the short distonce side of the curves rise
sharply and the peaks occur at 2.82(4)K &nd 2;82(2)z for liquid
water and middle phase respectively.

AMlso the general shape of the distribution curve is more
similor to that of water than thobt of the neat phase (section (I)
part V. of this chapter). This is to be expected since in this
phase there is more water present cnd therefore the contribution
of the phosphoryl group to the nearest neighbour interaction
would be proportionately smaller,

This dota does not assist in determing whether or not the
water is located in the interior of the rods or between them,

(3) Other bands associoted with liguid water

Tn the unpolarized spectra of samples of
ClzPO containing 0.90 mole frection of IIy0 at 15°¢ (figure 73)
the other bands associated with liquid water are found in the
following positions:-
i. VY, a broad very weak band at 2125¢m~1 -

(21300m'1)

ii, \)2, o broad bond of medium intensity at
1649cm~t (1648cm=1)

iii, \)L, an extremely broad and intense band ot
approximately 682cm~! (686cm-1),

A1l the bands i-iii increase in intensity upon increasing
the amount of HpO, but do not alter their position. The frequen-
cies of these bands in liquid water (figure 65) ore shown in
parenthesis after the frequency positions shown for the middle

phase counterparts.

The band associated vwith the firsv overtone'ﬁL, as in the

neat phase spectra previously discussed, is not observed,
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(4) M(p=0)

The V(P=0) bands for the various mole frac-
tions of H,0 coveringithe C1oP0 midcle phase, are shown diagram-
atically as figure 75. The frequencies of these components of
N(P=0) within the middle phase are shown in teble XIVI,

In this study of V(P=0) bands in the middle l.c. phase of
the clzpo/nzo system, initially at a mole fraction of 0.90 of
Hy0 at 15°C o broad beand is observed at 11l34em™1 with shoulders
at .;!.119cm"1 and 1147cm"l (figure 75). This particular compositim
also exists as a neat phase at a temperature of 45°C. A comparie-
son of the two spectra (figure 75) shows that the component at
1147cm"1 is much wecker in the middle phase spectra, whilst the
asymmetry observed in the neat phase spectra in the vicinity of
11?_0cm'1 has increased in intensity in the middle phasec spectrup
and is now present as o definite shoulder at 1119cm=1, The int=
ensity of the broad band at 1157cm“1 in the neat phase, now found
at 1134cm‘1 in the middle phase is unchanged.

The three components are observed in the sane relative posi-
tions with the scme relative intensity at o mole froction of 0,94
However ot a water mole fraction of 0,95, the highest mole frac~
tion for which the middle l.c. phase is stable, the high frequengy
shoulder diseppears completely. The principal band is now obse:v;
ed at 11320m'1 whilst on intense shoulder is observed at 1119cm“1
(figure 75).

It would appecr thet upon reducing the temperature from 4500
to 159C and hence changing the structure from ncat to middle
phase the relative proportions of the types of C12PO.H20 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 PIII(Db),
figure T1) and a corresponding decrecase in the aomount of the 2:1

complex (structure PI, figure T1l) relative to the neat phase.
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There is also o shift to lower frequency of the V(P=0) bvonds
which might be expected with increased H-bond strength at lower
temperature,

When the amount of H20 is dincreased, within the phase,
eventually this high frequency shoulder assoclated with the 2:1
conmplex disappears and it seems therefore reasongble t0o assume
that complexes present are almost entirely of the 1:1 and 1l:2
type (structures PII and PIII(Db), figure 71). However the
presence of conponents from the 2:1 complex maoy still be present
as part of the rather extended high frequency tail of the broad
V(P=0) bands remcining,

(b) Bands_associnted with the hydrocarbon chroin

It is beliceved,; as in the case of the neat
phase, that the motion of hydrocarbon chains is ogain 'liquid
like's This has been confirmed in the middle phase of the
C1pP0/Ho0 systcm. The spectra obtained for the middle phase
have the appearance of thosc obteined in the neat phase of this
system (figures 63 and 73) as well as fhe anhydrous liquid
material (figure 45), the frequencies of the observed broad
and diffuse absorption bands being iﬁ approximately'the same

positions (table XXV).



cm

2982
2956
2928
2873
2851

1465
1460
1425
1412
1376
1370
1352
1299
1292
1256
1190

1117
1058
1008
987
935
898
860
178
738
723

709

Table XXV

Assignments of the absorption bands of the lePo/ngo

middle phase spectrum (0.95

quuld C}zPO

(90°c¢C

Intensity

niBgaoalBg-

488

VeWe
V'W.
VeWe
v.w.
MeSe
MeSe

Sebr,

A74
w
VeWe
VeWe
WeBe
VeWe bI‘.
Webr,
VeWebT,
WebT,
sh
V. m‘.

(2)

mole fraction of E,0)

Middle phase
clgpo/H 0 (15°c¢)

cm"l

3404

2956
2930
2876
2851
2125
1649
1465
1462
1424
1411
1376
1369
1350
1298
1293
1256

1132
1119

1057
1008
987
935
897
862
778
740
723

682

Intensity

Se«br,.

3 ng

VeWe DTe
m,br,

I

W
VeWs
VeTle
VeVWe
VeWe
MeSe
MeSe
VeWe

S.bT,
sh,

W
w
Vete
m
V.Wobro
w.br,
VeWebI,
WebT,
Veloe b,

SebT,

a)

(v)

Assignments

V (o0mH)

Va( PcH)
\)a CH7
Ve CP2
\)S CH3
Vs( CH

VA 528

RER
/D(CHQ)

\L(E,0)

(a) Tor the meanings of the abbreviations used see footnote

to Table VIII,

(b) The meanings of the symbols used are as follows:-

V
§

Stretching
Bending
Skeletal

Rocking



(a)

(b)

(c)

8*0 8.5 9.0 9.5

figure 75.

\) (P=0) bands in the middle I.e. phase of the C12P0/H20 system
temperature 15 °G,

a) 0.90 )

b) 0.94 ) mole fraction H”O

c) 0.95 )

Wavelength 8 .0 -9 .5 A.
Table XXVI
Frequencies of the V(P==0) bands for the C*PO/170 middle phase

at 15°C.

X4 20 >) (B=0)

( anll*})
0.90 1147 , 1134~ 1119
0.94 1147, 1133? 1119

0.95 1132, 1119



-172 -

CEAPTTLR VIT

CONCLUSIONS

(I) Anhydrous Lipids

(i) l-monoglycerides

(a) Polymorphism

The polymorphic forms of MGlS,robtained by
thermal treatwent, ond ftheir 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 polymoxrnhic
transitions are reversible and the polymorphs are stable over
their revorted temperature ranges. Also the infra-red spectra pf
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 WV (C=0)
band for the participeation of the carbonyl in the H-bonding
scheme in all the polymorphs obtained, and from a doublet|S(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 trecatment have
been observed for MG8 and MGl2, Characterization of the phase in
the case of MG8 proved impossitle due.to the exceeding short life
time but in the case of }Gl2 an infra-red spectirum of the new

phase was obtained and appears to be that of a modified sub- X

Unpolarized infra-red spectra of i'G8 and DIG8 have been
obtained of the liquid and polycrystalline stotes and most of the

bands have been assigned tentatively to vibrational modes. Two



decoupled W OH) bands are observed in the spectrum of DNGS and
indicate that the OE groups are present in two different environ-
ments, A comparison of the RO;O(Z) values, obtained for thesc
bands, with those of pinacol indicate that the ON groups of NGO

are probably involved in O-H,,.,0-H and O0~E.,...0=C FE~bonding.

(b) l-monooctanoin in solution

Concentration changes in V(O0H) and WV(C=0)
have been observed and indicate that there is o considerable
amount of intramolecular H-bonding occuring in dilute solutions
of YMG8., Several possible H-bonded structures are discussed and
measurements on a triglyceride/alcohol systen in solution have
been made in order to investigate the possible involvement of the
alkoxy oxygen in the F-bonding scheme of 1MGS.

(ii) Structure of unsymmetrical triglkylphosphine oxides

The observed dichroisms in the polarized infra-
red spectra of C1oP0 have assisled indeciding the orientation of
the molecules in the éiﬁgle crystal samples, The molecules are
aligned with the alkyl chains in, and making an angle of less
then 45° with, the plane of the blates, the 2lkyl chain skeletong
being avproximately at right angles to this plane. The phosphor—
vl groups also lie in the plane of the plates and arce approx-
imately at right angles to the alkyl chains. Also the dichroisms
have assisted in the assignment of the bauds of Cy;oP0 and Cl2PO
spectra. The complexity of the YV (P=0) vands has becn discussed
in terms of dipole-dipole association species.

X~ray long spacings of C10P0 and 012P0 indicate that the
molecules crystallize in a bilayer structure and from the infra-

red spectra it would appear that the alkyl cheins pack in an

orthorhombic sub-cell,

(II) Uydrated dimethyldecrylphosnhine oxide

The infra-red specira, X-ray and Tl and T2 measurc-

ments indicate that the presence of water up to a mole fraction



of 0.5 does not effect the crystallizetion of CipoF0 in its bi-
moleccular layer latitice. Differences do occur betucen the
spectra of the hydrated and unhydrated maberial which indicate
that H-bonding is teking place belween the phosphoryl group and
water, Also the water at normal temperatures is ligquid like
below o mole fraction of 0.5 although the slight shift to low
frequcncices of the decoupled V(0H) band suggests o slightly highe
cr H-bond strength than in liquid watcer.

However when the temperaturc is reduced to -45°C changes
occur in V(P=0) and V(OH) which show the wobler is now present

as icc I in the phasec (ClOPO + ice I).

(IIT) Liquid Crystalline Phases

(1) DThe water/lipid intcrface

The unpolarized infro-red spectra of the bands
associated with water in the l-monoglyceride and Cy,PO0 systems
studied indicate that water in the neat ond middle l.c. phases
is liguid like.

In both l.c. phases the decoupled WV (0H) bands arc dbroad.
The shape of the bands in the case of the l-monoglyceride neat
phase is found to alter with mole fraction of water. They are
narkedly asymmetric at low water content and syumetric ot high
concentrations, the bands looking like those of liquid waterf o
dichroisms are obscrved for these bands by rotation of the 1
monoglycerﬁde neat phasec samples in the V=O°position. However
when the samples are turned to V=45° to the beam whilst still in
o vertical plane a shift to lower freguency and increase in in-
tensity of the decoupled V(OK) bands is observed in the low water
content polarized specira whilst ot high water content these
effects are not observed.

The asymnetry of the unpolarized deccoupled V (0H) bands at

low water contonts and the dichroic cffects in the polarized



.

spectra arc both due to the structuring cffects of the l-mono-
glyceride OH groups within the water layer of the mesophase. The
validity of this interprectotion has been checked by obscrvations
on the decoupled V(OH) bands of the neat phase of the Cy ,P0/H,0
systen,

Effects similoxr to those observed on increasing the water
content arc observed when o low water content sauple of G1ll +
Ho0 neat phase is heated to a higher temperature., These effects
are duc to a gréater relative decrcase in the rnumbers of tlhe most
strongly associated species which give rise to the low frequency
vibration.

Evidence has been obtained for the staoble monohydrate, ind-
icated by o small peak in the phase diagran of the HGll/DEO sys-
tem from a significant narrowing of the decounled V (O0H) band at
that composition, .

Evidence has also becn obtained in the #G8 and MGll/DZO neat
phases for the participation of the carbonyl in the H-bonding
scheme but it seems that the H-bonding in which the carbonyl is

involved is not important in the stability of the neat phase.

The presence of several \J(P=O) bands in both neat and midd-
le phases of Cy,PO/H,0 system is explained in terms of the pres-
ence of 2:1, 1:1, and 1:2 acceptor to donor H-bonding complexes.
At all water contents all these complexes arc present to some

extent, However at low water contents complexes of the 2:1 and

1l:1 type predominate whilst alt higher water concenirations, in
the middle phase, the 1:1 and 1:2 complexes predominate.

The decoupled W (0H) bands of the Cloﬁowheat and middle
phases and liquid wvabter have been analysed to produce radial
distribution cﬁrves. The averoge RO;O(R) values indicate that

the water in both phases is liguid like, although the shape of



the distribution function is broader in the case of the neat
phase, relative to water, duc to the appreciable participotion
of the phosphoryl groups in the nearest neighbour interaction.

(ii) The hydrocarbon chains

Comparison of the specira 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. Di-
chroisms have not been observed for bands associated with the
hydrocarbon chains for semple positions V=0° or V=45° in all

the neat phascs 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 erystallography, by Dr. N. A. Bailey (6 lectures).

3. Computing and chemistry, Dr. D. B. Cook (6 lectures)



