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Conformational Studies of Lithium Phenyl Stearate
by Christopher Barron

Abstract

The structure and conformation of 1ithium pheny]l
stearate (and to a lesser extent, for comparative purposes,
cadmium stearate) was investigated using Fourier transform
infrared spectroscopy, and various modelling techniques. The
infrared results for LiPS show that the aliphatic portion of
the soap molecule is much more ordered at room temperature
than had been expected, having only 0.62 and 0.60 gtg and gg
defects per molecule respectively, where an isotropic chain
would have 1.35 and 1.21 gtg and gg defects per chain
respectively. As the temperature is increased the number of
conformational defects 1increases continuously, until at
x130°C the chain reaches an isotropic degree of disorder. At
this point the phase transition begins, so the chain reaches
1iquid 1ike disorder before the phase transition begins.

Modelling of the phenyl stearic acid showed that the
phenyl group was restricted to certain angle of rotation
values, and that the bonds close to the phenyl group were
prevented from attaining true rotational isomeric state
conformations. gtg defects near the phenyl group were
distorted only slightly from their usual angular position,
and an additional band in the infrared spectrum of LiPS at
1363 cm’! has been assigned to this distorted gtg/gtg’ defect.
The gg defects near the phenyl group have a much greater
distortion (and energy) resulting in a much reduced
probability of occurrence. The number of gg defects present
at the phase transition (x130°C) was only 75% of that
expected for an 1isotropic n-alkane of equivalent chain
Tength, indicating that the four bonds nearest to the phenyl
group have a reduced probability of forming a gg defect.

The modelling of the dionic core of LiPS gives a
reasonable estimate of between 5.6 to 7.1A for the core
radius. When this is used to calculate the hexagonal cylinder
diameter, at room temperature, along with the average chain
extension, it gives a value for the cylinder diameter of
between 33.9 to 36.8A. The hexagonal 1lattice parameter
determined by X-ray diffraction has a value 35.9A. Also after
the LiPS sample has gone through the phase transition
beginning at =130°%C, the hexagonal lattice parameter is 31.4A
while the cylinder diameter l1ies between 30.2 and 33.2A.

Crystalline cadmium stearate was found to contain two
crystal forms, orthorhombic which has lattice dimensions of
a,=5.05A, b,=7.35A and c,=48.6A and the other either
monoclinic or triclinic. In the reverse hexagonal phase, the
cadmium stearate molecule behaves like an isotropic n-alkane
of equivalent chain length. The model used to predict the
core radius of divalent metal soaps gives rise to some
inconsistencies: the cylinder diameter thus determined gives
a result between 28.8A to 31.7A, while the lattice parameter
determined by X-ray diffraction gives a value of 36.9A. The
assumption that the n-carboxylate ions in a divalent metal
-soap behave Tike two independent monovalent metal ion soaps
appears to be incorrect.
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1 Amphiphilic mesophases

Liquid crystalline phases, or mesophases, are
thermodynamically distinct states of matter, that have
differing degrees of order, lying between the Tlong range
order of crystalline solids and the long range statistical
disorder of liquids and gases (1).

Amphiphilic mesophases are based not on the structural
arrangements of individual molecules, as is the case with
most 1liquid crystals (1), but on the arrangement of multi-
molecular units (aggregation of molecules) termed "micelles”.
The formation of these amphiphilic mesophases depends broadly
on two types of interaction (2,3,4), short range 1intra-
molecular interactions which determine the shape (disc,
cylinder, sphere or sheet) and size, and the 1long range
interactions determining the mutual orientation of the
micelles (hexagonal, cubic or lamellar Tlattice).

Some of the simplest molecules to form amphiphilic
mesophases are the salts of long chain carboxylic acids, the
fatty acid soaps. These are capable of forming mesophases on
heating (2,5) and the alkali metal soaps also form mesophases
on the addition of a so]vent,-most commonly water (2-5).
These phases and are known as thermotropic and lyotropic
mesophases respectively. |

1.1 Thermotropic behaviour of alkali metal soaps

The soaps of fatty acids can undergo a series of compliex
stepwise melting transitions involving one or more
intermediate phase between the crystalline solid and
isotropic liquid (2,5), depending on the carboxylic acid and

the cation present.



1.1.1 Lithium soaps

Using X-ray diffraction, Gallot et al (6) investigated
the thermotropic behaviour of the 1ithium soaps L*icw1 to
Licm, and found that each formed 2 crystalline lamellar
(C.L.) structures. For N,, the number‘of carbon atoms in the
chain, being greater than or equal to 12, a 2 dimensional
ribbon type structure (B.R.) was also observed. These
structures were confirmed by Skoda (7), for L1‘C14 to Licm,
using dilatometric investigation. Table 1.1 shows the phases
and transition temperatures observed by Gallot and Skoulios
(6), for long chain 1ithium soaps.

Ferloni et al (8,9,10), investigated all the lithium n-
alkanoates from LiC; to LiCj, using DSC, confirming the
transition temperatures of Gallot (6), but also found a
remarkable odd/even effect for the transition temperature
between the two lamellar crystalline phases. Although the
temperature and enthalpy increases with 1increasing N, the
number of carbon atoms, the transition temperatures and
enthalpy were higher for odd chains lengths (Liég and LiCyy)
than for even chains lengths (LiCs, LiCm and LiCyy) (8). The
isotropic melting point shows no sucﬁ Behéviour; with the
transition temperature decreasing with increasing chain
length, and the enthalpy increasing up to LiC“ and then
decreasing rapidly for LiCyy. Ferloni et al (9,10) also showed
that for the Tlithium n-alkanoates, from LiC, to LiC;, only
LiC; and LiC; showed the two crystalline lamellar forms. So

we can conclude that for 1ithium alkanoates, only soaps with

Cnrefers to the n-carboxylic acid with n carbon atoms.



N,212 show any thermotropic 1iquid crystalline phases.
~Table 1.1

Thermotropic phases occurring on heating of
Tithium soaps from room temperature to

isotropic melt.

LicCy, LiCyy Licy, LiCyg LiCy
C.L. C.L., C.L., C.L., C.L.g
—399c—
| 679%C—
—87%c—
—102%-
—122%C—
C.L.y C.L., C.L.y C.L.y C.L.,
———190%c— |—190%—
B.R. B.R.
—210%Cc— +—211%
——215%C
B.R. - 219%C—
—2230c—
L —229%c— }—231%%C
B.R.
—238°c— |—239%- |—239%-
I 1 I I I

(N.B. not to scale)

C.L. is Crystalline Lamellar

B.R. is a 2 dimensional Ribbon lattice

I is the Isotropic Melt



1.1.2 Sodium_Soaps

The phase behaviour of sodium soaps 1is much more
complicated than the case of 1lithium soaps, and has been
subjected to extensive studies. M.J. Vold (11) et al observed
the phase behaviour of the even homologues from NaCy; to NaCy
using polarising microscopy and diTétometric observations.
The phases observed were named from their different textures
and are labelled “Crystalline”, "Curd", "Sub-waxy", "Waxy",
“Super-waxy", "Sub-neat"”, "Neat" and Isotropic melt.

Skoulios and Luzzati (12) used X-ray diffraction to
observe the even homologues from NaCy, to NaCm. The different
phases were found to result from the lattice changing from 3
to 2-dimensional order, from 2 to 1-dimensional order and
becoming isotropic on melting. In the transition from
crystalline to curd the lattice remains 3-dimensional with
the short spacings changing slightly. The sharp crystalline
spacings change to a single diffuse band at about 4.6A on
transition from the curd to sub-waxy (in some cases waxy)
phase. This is associated with the melting of the hydrocarbon
portion of the soap, and also there is a change from 3 to 2-
dimensional lattice. Skoulios (12) also showed that the phase
transitions sub-waxy to waxy, waxy to super-waxy and super-
waxy to sub-neat correspond to abrupt changes in the length
and width of the 2-dimensional lattice (see figure 1.1). The
transition sub-neat to neat corresponds to a transition from
a 2 dimensional lattice to a 1-dimensional lamellar phase.

Table 1.2 shows the transition temperatures for various

sodium soaps (NaC12 to Nan) (5).



Table 1.2 Phase transition temperatures of the various

phases present in the sodium soaps NaC, to

Nan .
Phase NaC12 NaCM Nan NaCm
Crystalline
80 82 85
curd
104 108 113 114
Sub-waxy
147-149 141 142-144 131
Waxy
191 182 172-175 151-159
Super-waxy
200 202-204 200 178-181
Sub—-neat
250 240 250 255
Neat
330 315 290 280
Melt

(N.B. all temperatures are in °C)

Ferloni et al (8) found that as with 1ithium soaps there
is an odd/even effect, which produces a higher transition
temperature and enthalpy for odd chain soap molecules (NaC9
and NaC,y) than for even chain soaps (NaCy, NaC,, and Nécw) for
the curd to sub-waxy phase transition. The isotropic melt
shows no such behaviour with both the neat to isotropic
transition temperature and enthalpy decreasing with
increasing chain 1ength;

Ferloni et al (9,10) also showed when investigating
sodium soaps NaC; to NéC,, with DSC, that the smallest sodium
soap to show any polymorphism was sodium n-butanoate (AQ=4).
For chain lengths of N, greater than 3, the soap passes
through 3 transitions with temperature, denoted by Ferloni as
Ty, Tg and Tp. The T, transition is the curd to sub-waxy

transition discussed earlier. T; is a type of "melting”






transition, which results 1in the formation of a turbid,
anisotropic liquid crystalline phase which only melts to an
isotropic liquid at a remarkably high temperature, T, (13).
For the soap NaCy the value of Tg was estimated by Ferloni
(8) to be »365°C.

1.1.3 Other alkali metal soaps

Non-sodium alkali metal soaps, such as potassium soaps
also go through a series of thermotropic phases (14,15).
Gallot and Skoulios (16,17,18) studied the phase behaviour of
potassium, rubidium and caesium soaps, and found that
potassium soaps formed similar phases to the sodium soaps,
with a 3-dimensional crystal form, a 2-dimensional ribbon
form and the 1-dimensional lamellar form.

The rubidium soaps do not show the ribbon structure, but
undergo chain melting to a Tamellar phase, which then breaks
up into a structure of discs oriented into planes, and then
reforms the lamellar phase again with different dimensions
(18). The caesium soaps melt to an island phase, consisting
of regularly fractured lamellae, similar to the disc 1like
phases formed by rubidium soaps, and characterised by islands
of polar groups packed in a quasi-crystalline lattice. This
then melts to a lamellar phase and finally to the isotropic
Tiquid (17).

The cation has an effect on the -disotropic melting
temperature of the alkali metal soaps. Lithium stearate melts
at %230% (6), sodium stearate melts at x290% (6) and caesium
stearate melts at x370°C (17). This shows that by increasing
the cationic radius, the melting temperature of the

corresponding soap is increased.



As with sodium soaps there is a minimum chain length
below which the K, Rb and Cs soaps show only conventional
melting from crystalline solid to 1isotropic 1liquid. For
potassium soaps N, must be greater than 3, for rubidium soaps
N, must be greater than 4 and for caesium N, must be greater
than 5 (10,13). |

1.2 Soaps of divalent metals

Divalent metals have the capacity to 1ink two fatty acid
chains together, giving many of these soaps a very regular
crystalline lattice. On heating, the crystalline Tlattice
often undergoes chain melting before ionic 1lattice
disruption, giving rise to thermotropic mesophases.
Hattiangdi et al (19) studied the heats of transition and
transition temperatures o% the soaps of stearic and palmitic
acids with a divalent cation. Most of the soaps exhibited a
complex series of transitions, with the formation of a
mesomorphic phase prior to the actual melting. It was also
found (19) that stearates and palmitates of the same metal
show similar transitions, but soaps of even chemically
similar metals show individual behaviour. This was confirmed
with X-ray analysis by M.J. Vold et al (20) for various
alkaline earth metal soaps.

R.D. Vold et al (21,22), investigating the crystal
structure and polymorphic behaviour of anhydrous calcium
stearate and calcium stearate monohydrate, found that the
anhydrous calcium stearate goes through a phase transition at
about ~150°C. The phase above 150°C is translucent and is an
anisotropic 1iquid (liquid crystal), showing birefringence

between crossed polaroids.



Spegt at al (23), investigated the phase behaviour of
calcium dicarboxylate soaps CaCj, to CaC, using X-ray
diffraction, and found that each soap with the exception of
caCyy showed at least five separate phases before melting.
Among these are two crystal phases with 3-dimensional
lattices, a discotic phase with the bo1ar groups packed on to
an orthorhombic lattice, a 1ame1iar phase having the same
distance between the layers as 1in the discotic phase, and
finally a reversed hexagonal phase. Figure 1.2 shows the
phases and transition temperatures for the soaps CaCy, to CaCy
and figure 1.3 shows a representation of these phases.
Figure 1.2 The phases and phase transition temperatures

of the calcium soaps CaCy, to CaCy.
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Figure 1.3 A schematic representation of the phases

present in calcium soaps.
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Spegt at al (24,25) also investigated the phase
behaviour of magnesium and cadmium soaps, with chain lengths
from Cy;, to Cy. These were found to have much simpler phase
behaviour than the calcium soaps. These soaps only showed
around 2 or 3 phases before the isotropic me]t:va crystalline
phase, a reverse hexagonal phase (HeXagona] B) and, for chain
lengths greater than 14, a Hexagonal C phase (see figure
1.4). The Hexagonal C phase has a slightly different lattice
parameter as compared with Hexagonal B phase.

Figure 1.4 Phases and transition temperatures of the

cadmium soaps CdCy, to CdGCy,.

7] Isotropic Liquid Hex C
i I
200 —
- ___J—
] Hex G
— i Hex B
S 100 ] ‘——————“J_—______J__—_—_——1_—_—“___r—_—‘__—_
s -
et _
i Crystal 1
0 —
l | ! ! l
12 14 16 18 20

Chain Length /Nc

12




The hexagonal phase gives a 2-dimensional lattice which
is characterised by a series of X-ray line spacings with the
ratios 1 : 1/43 : 1/44 : 1/{7 : 1/{9. The wide angle region
of the X-ray diffraction pattern for cadmium soaps in the
reverse hexagonal phase shows a single broad peak at 4.6A
(25). This is consistent with the aliphatic portion of the
chain behaving Tike a 1liquid.

1.3 Phenyl stearic acid

Phenyl stearic acid (PSA) obtained by a Friedel-Crafts
reaction of oleic acid with benzene, was originally thought
to consist of either 1 isomer (26) (10-phenyl stearic acid)
or of approximately equal portions of the 9- and 10-pheny]l
steric acid isomers (27). Smith et al (28) have shown, using
gas chromatography of the alkyl aryl ketones obtained from
chromic acid oxidation, that phenyl stearic acid is in fact
a mixture of 12 positional 1isomers with the phenyl group
occurring preferentially at the 9 and 10 positions (the
position of the double bond in oleic acid) (see table 1.3).
Substitution at positions lower than carbon number 6 (carbon
number 1 is part of the carboxyl group) does not occur, and
is thought to be prevented by the repulsive action of the

carboxylate group.

Phenyl stearic acid is a liquid a room temperature as a
result of the 12 positional isomers. The 1isomeric mixture
also gives the soaps of phenyl stearic acid different
structures from those expected for an unsubstituted aliphatic

chain.

13



Table 1.3 Percentage of each isomer present in pheny]l

stearic acid.

Isomer (phenyl Percentage
group position) of isomer

(28)

17 6.1

16 3.6

15 4.7

14 7.5

13 8.9

12 10.7

11 12.8

10 16.5

9 14.7

8 8.5

7 3.9

6 2.0

1.3.1 Lithium phenyl stearate

Lithium phenyl stearate (LiPS) 1is a near white waxy
solid when 1in the anhydrous state. Kagarise (29)
investigating various anhydrous soaps of phenyl stearic acid,
found that after exposure to moist air, the Tithium soap at
no time showed any detectable amount of water present. This
is not the case with sodium, potassium and calcium soaps.

An investigation of LiPS by Harrison et al (30) , using
DSC, showed that LiPS goes through 3 first order transitions,
and these transitions were labelled Hy, H, and Hy. The types
of phases formed were confirmed by polarising microscopy, X-
ray diffraction and 'Li NMR linewidth studies. The X-ray
diffraction showed that at room temperature LiPS is 1in a
reverse hexagonal phase, and on going through the transition
H, at 154%C it remains in a reverse hexagonal phase, but the
ﬁattice parameter changes from 36A to 31.5A. The TLi NMR
Tinewidth narrows on going through the H, transition, which

could dndicate the onset of 1limited rotational and

14



translational motion within the polar region of the
hexagonally packed cylinders. They also made the assumption
that the aliphatic chains are 1liquid 1ike at room
temperature, and therefore play no part in the transition H,.

Above the transition H, at 227°C a birefringent focal
conic texture of a fused hexagona1.mesophasé was observed
using polarising microscopy. The X-ray diffraction results
confirmed that LiPS still packs with some sort of hexagonal
ordering at temperatures above the H, transition. Transition
H, lead to the isotropic melt, and at 370°C is at a much
higher temperature than is observed for lithium stearate (6),
which has a isotropic melting transition of 219°C.
1.4 Aims

The aims of the current investigation were to try and
determine the effect of the hydrocarbon portion of the
Tithium phenyl stearate molecule on the phase, and also to
determine the effect of the phenyl group on the conformations
allowed in the aliphatic backbone. Infrared spectroscopy was
used to determine the numbers of gtg/gtg’ and gg defects
present in the aliphatic backbone at various temperatures.
Cadmium stearate was also investigated, as this also forms a
reverse hexagonal phase on heating, but does not have the
problem of the phenyl group. Thus using cadmium stearate as
a model compound we were able to determine the effect of the

phenyl group on the backbone of 1lithium phenyl stearate.
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2 Molecular vibrational spectroscopy

Molecular vibrational spectroscopy is an important tool
that is used for the identification of molecules and analysis
of molecular structure. These molecular vibrations occur in
the infrared region of the electromagnetic radiation
spectrum, from »1x10' Hz to »300x10'" Hz (*3 cm™ to 10,000 cm’
). There are two spectroscopic methods used to "view" the
molecular vibrational spectrum of a molecule: these are
infrared, which will be discussed further, and Raman
spectroscopy (1). These techniques have different selection
rules for which vibrations appear 1in the spectrum, and as
such are not mutually exclusive but complimentary techniques.
2.1 Infrared spectroscopy

Infrared spectroscopy is a technique used to examine the
vibrational modes of polyatomic molecules (1,2,3), the
incident infrared energy being absorbed at the frequency of
the vibration. The number of vibrational modes produced by a
molecule is 3N-6 or 3N-5 for linear molecules, where N is the
number of atoms in the molecule, and so for exampie COehas
four vibration modes. For a vibrational mode to be infrared
active (visible to infrared spectroscopy, if not too weak),
there has to be a change in the dipole moment of the molecule

during the vibration, i.e.:-

Ap =-gr+#o0 (2.1)
where Ap 1is the change in dipole moment
T is the distance the centre of charge moves
q is the charge
This can be affected by the symmetry of the molecule;

the higher the symmetry the molecule possesses, the less

19



Figure 2.1 The vibration modes of carbon dioxide a)
symmetrical stretching, b) .symmetrical

stretching, c¢) in plane bending and d) out of

plane bending.

O=C =0 0O— C=0

Usnti
a) Symmtri cal Stretching b) "lynmlricil Stretching
¢) !n Plana Banding d] Out of Plana Bending
probable it becomes that there will be of a change in dipole

moment. Also because of symmetry elements present in a
molecule, many vibrations could be degenerate. Figure 2.1
shows the vibrational modes present in carbon dioxide, namely
2 stretching and 2 bending vibrations. Of the stretching
vibrations only the asymmetrical vibration gives rise to a
change in dipole moment AV and so only this vibration is
visible in the infrared spectrum. The bending vibrations both
give rise to a change in dipole moment, and therefore are
both infrared active, but the symmetry of the C02 molecule
makes these vibrations identical, and therefore degenerate,
so only one bending vibration is seen in the infrared

spectrum. So from the four vibrations only two are seen in
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the infrared spectrum. Along with the low intensity of some
vibration modes, this reduces the number of vibration that
are observed in the 1infrared spectrum of any polyatomic
molecule.

2.1.1 Characteristic frequencies

It was noted early in the history of infrared
spectroscopy that many of the functional groups present in a
molecule, such as C=0, vibrate at approximately the same
frequency irrespective of the molecule to which the group is
attached (1). For example the vibrational spectra of n-
heptane, n-octane and n-nonane will have a number of bands in
common. The characteristic frequencies of these vibrations
are usually only perturbed slightly by the presence of other
functional groups, making the identification of the
functional groups present in a molecule easy. There are
however exceptions to this rule: hydrogen bonding for exampie
can for example cause a shift in the frequency of the O-H and
N-H stretching vibrations.

The characteristic, or group frequencies can be used in
qualitative analysis, such as identification of the
homologous series to which a molecule belongs. For example
the C-H Stretching vibration of hydrocarbons appear at 2995
em! for a methylene group, =3025 cm! for an ethene group,
x3055 cm| for a phenyl group and =3334 em! for an ethylene
group.

2.2 Fourier transform infrared spectroscopy

Fourier transform 1infrared spectrometers are a
relatively new instrument in most laboratories, increasing in

number over the last 20 years. This increase in number was
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caused by the development of a fast Fourier transform
algorithm by Cooley and Tukey (4), and also the introduction
of cheaper and more powerful microcomputers. At the heart of
a Fourier transform infrared spectroscopy (FTIR) 1is a
Michelson interferometer (see figure 2.2), with one mirror
anowed to move back and forth. A half silvered mirror,
reflects a portion of the 1incident radiation onto a
stationary mirror, and transmits the remainder through to a
moving mirror. These are then reflected back to the beam
splitter, and recombined, with a portion of the recombined
radiation going back to the source, and the remainder going
to the detector. When the two beams recombine at the béam
splitter, an interference pattern (interferogram) is
generated and the pattern varies with displacement of the
moving mirror along its axis.

Figure 2.2 Schematic diagram of a Michelson

interferometer.
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2.2.1 Monochromatic 1light source

As well as the infrared source (which emits radiation
over a broad range of frequencies) a monochromatic Helium-
Neon laser is used as a master clock signal to time data
collection. If the stationary mirror and moving mirror are
equidistant from the beam splitter then the two split laser
beams travel equal distances and return to the beam splitter
in phase and interfere constructively, and the beam splitter
(ideally) reflects the recombined laser beams back to the
source.

If the moving mirror 1is moved by a quarter of the
wavelength of the laser source, then the portion of the beam
travelling to the moving mirror has to travel an extra half
wavelength before returning to the beam splitter, making it
180° out of phase with the beam travelling to the stationary
mirror. The recombining beams interfere destructively, and
the beam splitter (ideally) reflects all the 1light to the
detector and none to the source. Thus the movement of the
mirror generates alternate 1ight and dark bands at the
detector, which is in fact a sine wave with a wavelength of
half that of the laser source. By counting the fringes of the
detected laser signal, the scanning mirror displacement can
be determined accurately.

2.2.2 Data collection

Before an infrared spectrum can be produced an
interferogram has to be collected. As mentioned before a
helium-neon Tlaser source, which generates a sinusoidal
interferogram, is used to determine the mirror position by

counting the interference fringes. If a data point is sampled
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at every zero crossing, when intensity of the He-Ne' laser
interference fringes are at minimum, the mathematics of the
Fourier transformation provides a spectrum from 0O to 15788
em’! with 31596 data pointsz.

Mattson instruments (5) use a more sophisticated method
for sensing the position and veJociﬁy of mirror. The He-Ne
laser 1is still used as above but a quarter-wave delay plate
and polariser are placed in the returning beam of the
interferometers fixed arm (see figure 2.83). Together, the
delay plate and polarisers generate a beam composed of 2 sine
waves at right angles and 90° out of phase with each other.
The two components (detected at photo diodes A1 and A2 (see
figure 2.3)) not only indicate the position of the mirror but
also the direction in which it is travelling. This allows
collection of data in both directions of mirror travel,
reducing time the required to collect large numbers of scans.

2.2.3 Cubic corner interferometers

In many interferometer designs flat mirrors are used to
reflect the incident radiation. Flat mirrors work
satisfactorily, as long as they remain exactly perpendicular
to the incident beam. When the mirror tilts the beam diverges
and loses coherence (the ability to produce a proper

interference signal) at the beam splitter.

The He-Ne laser has a wavelength of ~633x10" m and a
frequency of 15798 eml.

See Transform techniques in chemistry (6) for details
of discrete Fourier transforms.
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Figure 2.3 Interferometer used to determine position and
direction of moving mirror. A1 and A2 are
photo diocdes, B is the quarter-wave delay
plate and C are polarisers.
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One solution to this problem is to use air bearings,
where the mirror travels on a cushion of pressurised gas and
is virtually friction free. This has its draw backs in that
the system is expensive and requires a supply of compressed
gas.

Another solution 1is to use corner cube mirrors. These
consist of 3 mirrors placed perpendicular to each other. This
has the advantage that the outgoing beam is always reflected
parallel to the incoming beam (see figure 2.4). So corner
cube mirrors can be built with the more rugged and reliable
mechanical bearing, and sti11 produce the high resolution and

the stability required for FTIR.
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Figure 2.4 Comparison of corner cube and flat mirrors.
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2.2.4 Resolution

In dispersive infrared spectrometers, the resolution is
dependent on the slit width and on the reciprocal of the
Tinear displacement of the diffraction grating (see figure
2.5). As the sl1it width is narrowed the range of frequencies
passed to the detector decreases, resulting 1in higher
resolution. IanTIR the resolution is increased by increasing
the maximum displacement of the mirror from the equilibrium

position, and the resolution is given by:-

1
R-7§ (2.2)

where d is the displacement of the mirror
Nyquist sampling theory dictates that at least 2 data
points are required in the frequency range y to yi+g, where

vy is the frequency and g is the resolution, to prevent
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a]iasing3. So if the resolution is 1 cm! and the frequency

1, then 31596 data points are required

to represent the spectrum, with data points every 0.5 cm!.

range is 0 to 15798 cm

If the resolution was changed to 2 cm4, then only 15798 data

points would be required, with a data point every 1em!.

Figure 2.5 Schematic diagram of a dispersive infrared
spectrometer.
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2.2.5 Under sampling

As mentioned before, if a data point is sampled at each
zero crossing point of the He-Ne laser 1nterferogram, then we
have a spectrum of bandwidth 0 to 15798 cm'. If this is
sampled at one wavenumber resolution then 31596 data points
are required per spectrum. This is a large amount of data to
process and store, but it is possible to sample the

interferogram less often. For example if the data is sampled

Nyquist sampling theorem states that the highest
frequency sine wave 1in a spectrum must be sampled at
rate of at least two points per cycle in order to be
represented accurately. If less than 2 points are used
then the sine wave will appear to have a Tlower
frequency than it actually has, which 1is called
aliasing. '
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at every other zero crossing of the He-Ne laser
interferogram, then the number of data points will be halved.
This has no effect on resolution, as this is dependent solely
on the optical retardation of the mirror (distance mirror
moves), but the bandwidth is halved so the frequency range is ~
0 to 7899 cm!. As the mid infrared region is =400 to 4000 cm”!
no penalty is incurred, but the data set is half the size and

the processing time is reduced.

2.2.6 Zero filling

Zero filling is a technique used to increase the number
of data points in a spectrum (the digital resolution), thus
improving the spectral representation, without increasing the
spectral resolution, which increases scan time. If N is the
number of data points in the interferogram, then to double
the digital resolution N/2 zero data points are added to each
side of the interferogram before it is Fourier transformed
(6). The zero data is automatically interpolated into the
spectrum by the Fourier transform, giving a spectrum
containing 2N points. This technique 1is particularly useful
when investigating bands with small band widths such as gas
rotation bands. It also improves the reliability of removing
water and carbon dioxide bands at high resolution (Rs1 cm*)
and when the ratio of a single beaﬁ sample spectra with
single beam background spectra is taken.

2.2.7 Apodization

To be of any practical use the data collected as an
interferogram has to be processed by a Fourier transform
algorithm to produce a spectrum. A problem arises when

calculating the Fourier transform: to calculate the Fourier
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transform we need to integrate from negative to positive
infinity. However, the data collected only goes between *d/2,
where d 1is the optical retardation for the mirror. This
produces in effect the infinite data set multiplied by a
boxcar function (boxcar has values of 1 between *d/2 and O
elsewhere). The truncation of the 1n£erferogram abruptly can
cause problems of “ring‘ing“4 and increase background noise.
This can be improved if the interferogram is muitiplied by a
function which reduces gradually to zero at the truncation
point. Typical apodization functions 1include triangular,
Bessels and sinc functions, and all have varying advantages,
which tendh%ean that the more the ringing and noise is
improved the lower the resolution of the resulting spectrum.
So the choice is between a noiser spectrum or reducing the
resolution.

2.2.8 Interferometer advantages

A Fourier transform infrared spectrometer has several
advantages over dispersive instruments which are as follows:—
i) Multiplexing advantage (Fellgett’s advantage): An

interferometer does not separate the incident radiation

into individual frequencies before measurement. So each
point on the 1interferogram contains information from
each wavelength present in the input signal. This means
that 1if 8000 points are collected along the
interferogram, each wavelength is sampled 8000 times. By

contrast when a dispersive instrument is used,

Ringing 1is the name given to oscillations that can
occur around the base of bands 1in the infrared
spectrum.
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ii)

ii4)

measurement of 8000 individual points across the
spectrum samples each wavelength only once.
Throughput advantage (Jacquinot’s advantage): The simple
optical path of the interferometer (no slits and fewer
optical elements than a dispersive instrument) permits
much more energy to reach the détector than is possible
with a dispersive instrument (much of the energy being
Tost at the sl1it). This increasesthe potential signal to
noise ratio of the spectrum. Thus, with Fellgett’s
advantage, an FTIR spectrometer canvproduce high quality
infrared spectra in a fraction of the time required to
obtain the same spectrum on a dispersive instrument.
Also, as the resolution 1is increased on a
dispersive instrument, the slit must be narrowed, thus
reducing the energy to the detector. In a FTIR
spectrometer only the mirror’s optical retardation
increases with increased resolution, with no resulting
decrease in energy throughput.
Frequency precision (Conne’s advantage): With dispersive
instruments, the frequency precision and accuracy
depends on calibration with external standards, and on
the ability to move the gratings and slits uniformly
throughout the scan. By contrast an FTIR spectrometer
has its own frequency standard present, usually a He—Ne
laser. The mirror movement and beam sampling are clocked
by the fringes from the monochromatic interferogram. All
frequencies of the output spectrum are calculated from
the frequency of the laser source which does not vary.

So FTIR spectrometers can achieve a frequency precision
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of better than +0.01 cm’.

iv) Constant spectral resolution: In a FTIR spectrometer the
resolution of the measured spectrum 1is frequency
1ndependent._This is not the case with a fixed slit
dispersive instrument which has a frequency dependent
resolution. To keep the resolution frequency independent
for a dispersive instrument requires a complex drive
system for the slit, varying the slit width as the
frequency changes.

2.3 Interpretation

Among the problems with infrared spectroscopy is the
interpretation of data gathered, and the prediction of the
frequency and intensity. Maroncelli (7) and Jona (8), among
others, have had considerable success predicting frequencies
of vibrations produced by mn-alkanes (even for non-iinear
conformations) using normal co-ordinate analysis. Jona (9,10)
has also had l1imited success predicating the intensity of
infrared vibrations for n-alkanes and polyethylene. Problems
stil1l remain where band contours overlap, or baseline and
band profiles change when the phase of a sample changes.
There are several techniques available to the spectroscopist
to aid in the interpretation of these changes.

2.3.1 Subtraction of spectra

SUbtraction of spectra is a technique which can be used
to find changes in the area, the frequency and the profile of
infrared bands. It can also be used to find any bands that
have appeared or disappeared on going through a phase
transition, or to remove the solvent contribution from a

solvent/sample spectrum.
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To achieve a reasonable subtraction of spectra, a band
is required that 1is present 1in both spectra and is
unaffected by temperature or phase. This band is then used to
calculate a weighting factor for the two spectra before
subtraction, and this is then used to normalise the spectra.
The resulting subtraction spectrum should have zero intensity
at this band position, while the rest of the spectrum shows
up any differences.

2.3.2 Spectral derivatives

Spectral derivatives can be applied to the problem of
estimating the peak position of bands within a muitiplet. The
technique 1is applicable to many different spectroscopic
techniques, and produces a band sharpening effect, but
requires only limited computer power. The second and fourth
derivatives are the ones usually applied to spectra, as these
produce maxima at the position of the peaks within the
spectra (second derivatives have to be inverted to produce
the maxima at the peak position).

Figure 2.6 shows a synthesised overlapping band contour
and 1its 1inverted second derivative: the positions of the
bands within the band contour can be seen clearly. The
problem with derivative spectra is that although large peaks
can be clearly resolved, a deterioration in the signal to
noise ratio occurs with the derivative operation, so small
peaks may be hidden in the noise.

The intensities of the derivative components have no
direct relationship to the intensities of the original bands,
so only the positions and not the 1intensities can be

determined from the derivative spectrum. Another problem with
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this technique is the derivative process itself, for a single

th order derivative will generate n zero

peak spectrum an n
crossing points and n+1 turning points. So for the second
order derivative there are three turning points (2 maxfma and
1 minimum) present in the spectrum (the minimum being at the
actual peak position). So 1if the number of bands 1in the
original spectrum is increased then the complexity of the
derivative spectrum increases, and the interpretation can
become more difficult.
2.3.3 Fourier self deconvolution
Bands present in the infrared spectrum may have many

different contributions to the band profile, including the
intrinsic 1linewidth of the vibration and instrumental
broadening. By removing some of the contributions to the
linewidth and 1lineshape of a band, the bandwidth can be
narrowed, giving an apparent improvement 1in resolution.
Fourier self deconvolution is one of the techniques which
have be developed for removing a contributing l1ineshape from
a band profile, and thus increasing the apparent resolution
of overlapping band contours.

The original spectrum (undeconvoluted) can be seen as
the convolution of the lineshape we wish to remove, with the

deconvoluted spectrum;.Mathematica11y this can be written

as:-

E(v) = E/(v)*E,(v) (2.3)
where E(v) 1s the observed band profile.
E (v) is the Tineshape to be removed.

Eqv)is the deconvoluted spectrum.

33



Figure 2.6
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E,(v), the lineshape to be removed, is assumed to be
a Lorentzian line.

Fourier self deconvolution was developed for infrared
spectroscopy by Kauppinen et al (11,12,13) who demonstrated
the mathematics and possible applications and 1imitations of
the technique.

The Fourier self deconvolution technique operates on the
inverse Fourier transform of the frequency spectrum E(V),

I(x).

The Lorentzian lineshape has the form:-

. _o/m
EO(V) —o-rvz- (2-4)
where o is the half width at half height of the

Lorentzian band.
v is the frequency.

5

The 1inverse Fourier transform’ of egn. 2.4 is:-

I, (x) = g-2noA (2.5)
where I, (x) is the inverse Fourier transform of E,(v)
By taking the inverse Fourier transform of eqn. 2.3 we

get:-

The Fourier transform of the function f(x) is defined

as:—
g(v) - ff(x) g izmvxgy

The inverse Fourier transform of the function g(vy) is
defined as:-

£(x) = fg(v)eiz’“"dv
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I (x) = lf(("x)) (2.6)

The deconvoluted spectrum E/(v)is found by taking the
Fourier transform of I'(x)

There is a problem with using equation 2.6, 16 that the
noise in the spectrum is amplified excessively. The noise can
be reduced by the introduction of an apodization function,
which truncates the interferogram at a point L. So that when
multiplied by the interferogram 1/(x),this gives a resulting
interferogram which is equal to IVLx)ng(x) up to the point
L and zero for the rest ( D, (x) is the apodization function)

The resulting interferogram is given by:-

I(x) XDg (x)

7. (%) (2.7)

I'(x) =

and the deconvoluted spectrum is given by:-

E'(v) = FII' (%)} (2.8)
/
where Fir' (x) is the Fourier transform operation.
The apodization function can be one of many functions.

One example is the triangular squared function. This has the

form:-
Dy(x) = (1-%)2 ld<z
1 (2.9)
D (x) = 0 bd> L
where L is the truncation point of the interferogram.

The apparent resolution enhancement is given by (14):-

L}
K = ___/1/2 (2.10)
81/2
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where 3./ is the full width at half height of the
original spectrum.
54& is the full width at half height of the
deconvoluted spectrum.

K can also be defined as (13):-

K=40L (2.11)
a

where o is the half width at half height of the
deconvolution intrinsic lineshape function.
L is the truncation point of the 1ntefferogram.
a is a constant dependent upon the apodization
function used.

James et al (14) investigated the effect of apodization
functién on a single synthetic peak of FWHH = 50.14 cm’! and
an intensity of 0.2 absorbance units. Figure 2.7 shows the
effect of apodization function on the Gibbs oscillations
(ringing) (K is taken to be 3, g 1is taken to be 49 cm*).
Some functions reduce the ringing more effectively than
others, but at a cost of reducing the resolution enhancement.

Figure 2.8 shows the same synthetic spectrum as used in
Figure 2.6, and its deconvoluted equivalent. As can be seen
the Fourier self deconvolution produces an enhancement in the
spectral resolution, so peak positions can be found with
greater accuracy. A1so, in theory, if the correct 1ine shape
has been removed from the spectrum, the integrated intensity
of a band in the deconvoluted spectrum should be the same as
the integrated intensity of the same band in the original

spectrum.
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Figure 2.7 The effect of apodization function on Gibbs
oscillations in the deconvolution of a single

peak, with K = 3 and ¢g = 49 cm!.
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Fourier self deconvolution does have its limitations, in
the fact ﬁhat the bandwidth of the removed Lorentzian line is
1imited to the minimum bandwidth within the original
spectrum. If the bandwidth of the removed Lorentzian line is
v]arger than the minimum bandwidth in the original spectrum,
then side lobes begin to appear in ﬁhe deconvolution, as in
figure 2.9 which is an over deconvoluted version of the

spectrum of figure 2.8.
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Figure 2.9 A synthesised band contour with its Fourier
self deconvoluted spectrum, which has been

over deconvoluted.
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3 Non planar conformations in n—alkanes and their derivatives

Many organic compounds undergo a series of solid-solid
phase transition prior to melting (1-3). The simplest class
of organic molecules to exhibit this type of behaviour are
the n-alkanes. The n-alkanes are one of the most studied
groups of compound (especially if the 1imiting case of high
molecular weight polyethylene 1is 1included) (4-8), and an
understanding of the polymorphism of n-alkanes 1is useful in
the understanding of more complex molecules which have an
aliphatic portion, such as fatty acids, soaps and
phospholipids (9,10).

3.1 n-Alkanes

In the crystalline phase n-alkanes show a variety of
crystalline structures that depend upon the number of carbon
atoms present and if this number is odd or even (4,5,6,9).
Short chain n-alkanes with even numbers of carbon atoms have
been shown to pack on to triclinic unit cells, at least up to
n-octadecane (6,9), but for longer chain lengths they can
pack with orthorhombic or monoclinic crystal structures
(5,6,9). In the crystalline phase odd n-alkanes with nine or
more carbon atoms show nearly identical orthorhombic packing
(56,6,9,12), while shorter chains show triclinic packing
(6,9). This would tend to indicate that for longer chain n-
alkanes the odd/even effect on crystal structure is reduced.

3.1.1 Rotator phase

The phase behaviour of n-alkanes 1is quite complex (11),
but all the odd n—-alkanes n—-CgH,, and n—-CyHyy undergo at least
one pre-melting phase transition (7). Muller (4), in an early

study of solid-solid phase transitions of n-alkanes showed,
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using X-ray diffraction teéhniques, that over one of the
solid-solid phase transitions the unit cell changes so as to
approach hexagonal symmetry (only molecules longer than n-
CyyHyy give true hexagonal symmetry (13)). The study showed
that the phase transitions were accompanied by orientational
disordering: the molecules were envisaged as executing a more
of less complete rotational jump about the long axis while
maintaining a fully extended conformation. Models based on
the assumption that the n-alkane molecules rotate in the high
temperature solid phase, have been moderately successful in
predicting thermodynamic data (14). In fact the rotator model
found acceptance to such an extent that the high temperature
phases of n-alkanes and similar compounds are often called
rotator phases.

3.1.2 Kink block model

Absent from the rotator phase modeTIin its original form
is the consideration of conformational disorder. Blasenbry
and Pechhold (15) proposed a model based on conformational
defects termed "kinks". This required that the concentration
of gauche bonds in the n-alkane CyH,;, for example, would be
between 4 and 8 per molecule, 1if the rotator phase was
entirely due to kink defects.

Barnes and Fanconi (16) studied CyH,; in the high
temperature rotator phase using Raman spectroscopy. They
found that the concentration of gauche defects required by
the kink block model was not present in the high temperature
"rotator” phase, and concluded that "kinks" were not
important in the rotator transition. Maroncelli et al (11)

showed that although the concentration of gauche defects in
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n=CyHy is less than 4 per molecule, it is not negligible.

Strobl and his co-workers (17,18,19) found that the
highest temperature rotator phase of n-CyHgg is reached
through a series of at least 3 distinct phase transitions,
rather than a single transition as had previously been
believed. Strobl estimated that between 40 and 70% of the
molecules in n-CyHg are non-planar in the highest temperature
rotator phase. These estimates were based on small angle X-
ray studies and assumed the existence of kink defects
proposed by Blasenbry and Pechhold (15). Zerbi (20) has also
provided evidence for the presence of gauche bonds near the
end of the n-CiHy, molecule in its high temperature solid
phase, using infrared spectroscopy.

To summarise, this all seems to indicate that non-planar
conformations have a significant role to play 1in the
mechanisms involved in the phase transitions of n-alkanes,
and molecules containing a aliphatic portion.

3.2 Rotational isomeric state model

There are many models used to deécribe the
conformational behaviour of isotropic chain molecules. These
include freely jointed chains, rotating chains, Porod-Kratky
worm 1like chains and the rotational isomeric state model. The
mathematical complexity of these models increases from freely
Jjointed chains to the rotational isomeric state model. Of
these, the latter provides the most realistic representation
of the conformational characteristics of a real chain (21).

The rotational isomeric state model developed by Flory

(22), assumes that the bonds of a polyethylene chain are
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restricted to 3 positions, trans where the angle of rotation!
$=0, gauche where ¢=120" and gauche’ where $=-120°. Figure 3.1
shows the potential energy E(¢) for rotating the bond between
carbon atoms 2 and 3 in n-butane between ¢ = -180° and 180°
(this was calculated using the computer package Moly ’86: see
section 4.3). This shows that the minima are at 0° and t115u,
with the potential walls in E(¢) sufficiently steép to
confine the majority of the bonds in n-butane at ordinary
temperatures (0-300°C) to states of torsional oscillation
near one of the minima in E(¢). So the assumption that there
are only 3 possible rotational positions for a bond in a
polymethylene chain is reasonable.

Figure 3.1 The potential energy from rotating the bond

between carbon atoms 3 and 4 for n-butane.
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The angle of rotation, ¢, is the angle rotated by the
bond between the carbon atoms C; and Cisy -

The value of *120° for the gauche bonds is taken from
ethane, but for 1longer molecules there is a slight
variation from this value. This is not a problem as
when calculating the number of gauche defects present
the RISM only uses the energy differences between
gauche and trans not the angle.
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3.2.1 Statistical weight

The rotational isomeric state model only takes into
account the nearest neighbour interactions when calculating
the probability of a gauche defect at bond position i. This
is a reasonable approximation as, over a short range,
modelling shows that only the neafest neighbour hydrogen
atoms interact significantly (22). Interactions with hydrogen
atoms at a longer range are dependent on the probability of
the isotropic chain trajectory folding back on itself, which
is Tow for any particular pair of hydrogen atoms (22). The
energies for the various bond pairs (i-1 and i) in n—-alkanes
and polyethylene molecules are as follows® (23):-

ﬁn = 0 for u=t, g and g’
1

EW = 500 cal mole”
Egg = Epgr = By

- - -1
Egg: = Eg'g = 3000 cal mole

The statistical weight corresponding to these energies

is given by:-

-E
it = “RT- (3.1)
where R is the gas constant (8.31 J K1y

T is the temperature in degrees kelvin.

n is t, g or g’ and i bond position.

So by setting:-

300
c=e &7 (3.2)

1 cal = 4.18 joules.
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and

_ 3000
w=-e * (3.3)

We obtain a statistical weight matrix of:-

~

tgg

t]11 o o

U;= 9|1 0 @ (3.4)
gl o o

A partition function can then be calculated from the

statistical weight matrix and is given by:-

n-1
Z'j‘(pUi)j (3.5)
-2
where ] and , 1
j*=[1 0 o] F=l1
1

n is the number of skeletal bonds in the chain

backbone.

The a priori probability for the bond pair i-1 and i

occurring in the state . is given by:-

i-1 n-1
Pyg:s = Z‘IJ'*(I[ Uy) Uin s | 1;[ U)J (3.6)
-2 k=1+1

where is the statistical weight matrix U with
pn:d 1
all the elements set to zero except U , and 2<i<n-1.
Bn:l

The special cases of i=2 and i=n-1 are given by:-

n-1

P - Z'lj‘U,:n,i(H U J (3.7)
k=3

pn:2
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Pinin-t = Puniz (3.8)

Figure 3.2 shows the probability of trans-trans
conformations at bond positions i-1 and i. As can be seen
from the figure, the prqbabi]ity of a tt sequence approaches
a constant value with increasing chain 1length and bond
position i. The tt defect is of Tlower probability near the
end of a polymethylene chain than in the middle of the chain.
This is not the case with the tg defect: figure 3.3 shows the
probability of a trans—-gauche defect at bond position i-1 and
i and, as can be seen, the probability decreases with
increasing chain length and position of defect i, reaching a
constant value at bond positions greater than 5.

Figures 3.2 and 3.3 show that for shorter chains the end
effect on defect probabilities can be quite significant. As
the molecules become longer the end effect becomes less and
less. We can deduce from this that for polyethylene the
probability of a specific defect can be assumed to be the
same at all positions along the chain. The probability will

be equal to the value from figures 3.2 and 3.3 for values of

i greater than 5 and n greater than 3.
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3.3 Infrared and Raman studies of n—alkanes

The infrared and Raman spectra of solid state n-alkanes
have been well studied, with most of the peaks having been
assigned to particular vibrations. Snyder (24,25,26) in the
1960’s classified many of the peaks in the infrared spectra
of n-alkanes n-CgHy to n-CyHg, and also some of the
conformations present 1in 1iquid n-alkanes and molten
polyethylene (27).

Many of the peaks present 1in the infrared and Raman
spectrum are characteristic of the phase of the sample. In
the crystalline phase, peaks tend to be sharper than the
corresponding liquid phase peaks. Several peaks split into
doublets in the orthorhombic crystalline phase of n-alkanes.

1 ! bending

1

Among these are the 720 cm fccking and 1465 cm
vibrations (20,28), which have.additiona1 peaks at 730 cm
and 1475 cm’! respectively. These latter peaks approach zero
intensity on melting or on changing from an orthorhombic
lattice.

Several bands have a negaﬁive temperature co-efficient
(29,30), (i.e. as the temperature 1increases the band
intensity decreases), to be taken into account when looking
for changes in the spectrum with changing temperature. These
bands can still however be used to observe the changes in
order/disorder as the temperature coefficient can change over

phase transition (29).

3.3.1 Low frequency Raman spectroscopy

Raman spectroscopy is a technique used to investigate
the vibrational modes of polyatomic molecules. The technique

involves the scattering of the monochromatic source by the
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molecules present in the sample. A photon from the source
interacts with a sample molecule by inducm§ a dipole moment,
the photon can then be scattered to a lower frequency, with
the frequency shift corresponding to one of the vibrational
modes of the molecule, this is known as a Stokes shift. The
interaction of the photon with the molecule is a statistical
event and as such the majority of the source passes through
the sample without being affected.

One of the most important bands for measuring order 1in
the Raman spectra of n-alkanes (and related molecules) is the
Tow frequency 1longitudinal acoustical mode (LAM). This
vibration involves the motion of the whole molecule, in a
manner similar to an accordion. The frequency of the
vibration is dependent on the chain length within the crystal
(i.e. the crystal traverse) (31). By treating the alkane
chain as a homogeneous elastic rod, Schaufele et al (31)
derived an expression for the LAM frequency, expressed as a

function of the chain length L:-

1 E,
v—_ — 3-9
22\ (3.9)
where B is the Young’s modulus
c
0 is the density of the n-alkane
v is the frequency 1in Hertz.

L, the chain length, is the length of an all trans section of
an nh-alkane or polyethylene molecule. If a gauche defect
appears in that section, then the section would effectively
become two shorter sections, thus vibrating  at 2 new
frequencies and affecting the intensity of the original LAM

vibration. This makes the vibration sensitive to any
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conformational change. Khoury et al (32) observed slightly
different frequencies for the orthorhombic formsof n-CyH;, and
n-CyHygy and the monoclinic forms. For n-CyHy the frequency
of the LAM1 band for the orthorhombic form is 66.1 cm’! and
for the monoclinic form is 68.8 cm'. The difference in
density and end-to-end carbon distance of the two forms,
gives rise to the frequency difference, so the LAM mode can
be used‘to identify different crystal forms of the same
moliecule. |

Fraser et al (33) have used the technique of observing
the LAM vibration, to analyse the effect of a swelling agent
on mats of polyethylene crystallised from solution. A small
decrease in the frequency of the LAM vibration is observed on
swelling the crystal, indicating a sma]l increase in the all-
trans length in L. The swe11ing'effect seems to involve a
layer of a few loose chains rather than the majority of the
folds at the lamellar surface.

Present in the 1liquid and non-crystalline phases of n-
alkanes and polyethylene is the D-LAM vibration, and it is
attributed to a LAM-1ike "1in phase"”, or "breathing" vibration
of the contributing modes. This accounts for the LAM part of
the name, and the "“D" denotes a disordered phaée. The
frequency of the D-LAM . depends on the trans/gauche ratio
and the number of carbons atoms N, in the chain (34). The
bandwidth of the D-LAM . is determined by the variance in
the distribution of the trans/gauche ratio. This means that
the narrower the distribution of the trans/gauche ratio, then
the narrower the bandwidth of the D-LAM . The frequency

~of the D-LAM - - : is given by (34):-
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V=V, _ +

B
ot o (3.10
e )

where v_and B are constants and AQ is the number of

o
carbon atoms in the molecule chain.

Snyder et al (35), have used the D-LAM _ > to observe
the non-crystalline component of the bulk c¢rystallised
polyethylene, and found that the non-crystalline component
was conformationally liquid 1ike, even when the crystallinity
of the sample was greater than 90%. The frequency of the D-
LAM . - determined by Snyder (35) of semi-crystalline and
liguid samples of polyethylene was 206 and 202 em! with
bandwidths of 56 and 60 cm’ respectively. Equation 3.10
would seem to indicate that for shorter chain n-alkanes the

D-LAM . would have a higher frequency than polyethylene.

3.3.2 conformationally sensitive infrared bands

There are many bands 1in the infrared (and Raman)
spectrum which are sensitive to non-planar conformations
(11,20,27,36), but the frequencies of some of these peaks are
dependent on the 1length of the hydrocarbon chain. These
include peaks 1in the CH, rocking region of the spectrum
(1000-700 cm™') (11). Snyder (27) observed several bands in
the Cszagging region of the spectra of n-alkanes (1400-1200
cm'), which he assigned to various conformational defects,
and confirmed these using normal co-ordinate analysis. These

bands are as follows:-

gtg/gtg’ 1368 and 1308 cm’!
gg/g’g’ 1352 cm’!

tg 1344 cm”!' end gauche
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gttg 1338 cm’!

These were later revised (7) giving new frequencies of:-

tm(gtg’/gtg)tm Kink 1366 cm’! m, m¥x20
t,(99) Ly 1353 cm’!  m,mx20
(gt,) end gauche 1341 cm™! m21

t,(9tg’ )ty Kink 1306 cm’' m,mx20

m represents the minimum number of trans bonds required
so that, if the (m+1)th bond is gauche the frequency of the
vibrational mode will be within 5 cm!' of the limiting
frequency for large m.

Maroncelli et al (11) found that for the homologous
series of n-alkanes the vibration very quickly approached an
asymptotic frequency, with increasing chain length. Also the
CH, wagging defect frequency was found to vary slightly,
depending on the position of the defect 1in the chain. This
only affects defects near the end of the molecule.

By using the rotational isomeric state model (22),
Maroncelli (11) was able to calculate the theoretical
concentration of gtg and gg defects in the isotropic 1iquid
phase of n-CyHs; at 70°%. By measuring the intensity of the
gtg and gg non-planar conformational bands of n—-CyrHzs at 70%,
Maroncelli was able to find a calibration constant relating
to the number of defects in any n-alkane at any temperature.
It was assumed that the peak 1intensities were directly
proportional to the number of non-planar conformations such

that:-

n,,. = Loea*Pezrgrgro (3.11)

gt
g ICZ79’C97 o
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where Ngtg is the unknown number of gtg defects

Totg

"unknown"” sample

is the intensity of the gtg band for the

Noargtqrd is the number of defects calculated for n-
0

CyHgs at 70%c

Immwm is the intensity of the gtg defect band of

n_Cz7H56 at 7000.

This gave results for n-CyHg in the rotator phase (solid

II) of:-
Ngtg = 0.38-0.64 per molecule
Nyg < 0.002 per molecule.
In the 1liquid phase at 70°C n,, = 2.55 and n, = 2.34,

gtg 99
leading to the conclusion that the rotator phase contains

about 20% of the gtg defects present in the liquid state,
which is not an insignificant amount as suggested by Barnes
et al (16). The value of Ngg in the rotator phase is very
small, because the gg defect 1is much more difficult to
accommodate in an ordered solid than a gtg’ kink.

Snyder et al (37,38) investigated the distribution of
gauche conformations in the rotator phase of the n-a1kane n-
CotHyy s with two of the hydrogen atoms of n=CyHy, substituted
with deuterium, using infrared spectroscopy. The defects
found were almost entirely gtg’ kinks, as these are the
easiest to accommodate in a solid. Figure 3.4 (taken from
reference 37) shows the concentration of gauche bonds at
various sites along the chain. The highest concentration is

near the end of the chain, and the concentration decreases

rapidly towards the middle (38).
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Gauche bond concentration (%)

Figure 3.4 Variation of gauche concentration along the

chain of n-CyH,, at 30 and 39%.
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This result is at odds with the assumption of a uniform
distribution used 1in the interpretation of the X-ray
diffraction measurements of the rotator phase by Strobl (17).
However approximately 1% of the molecules have bonds near the
centre of the chain with a gauche defect, contrary to the
results of Zerbi (20) who observed gauche defects only near
the end of the chain.

Kim et al (39) observed, using infrared spectroscopy,
the i1increase in the concentration of gauche bonds with
temperature for n—-alkanes n—CyHpps9» Where n=17,25,26,36,50 and
60. Each n-alkane showed an increase 1in the gauche
concentration as the melting point approached. For Cy75 Cops)
C,; and Cyi this increase begins abruptly and occurs in

association with a solid-solid phase transition. For the Cg
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and Cg n-alkanes the onset of disorder is not associated with
a solid-solid phase transition, and occurs gradually. Despite
this difference, Kim et al found many similarities, including
the temperature range from the onset of disorder to melting,
total concentrations of defects and their distribution. They
also found that for melt crystallised n—a]kanes there was an
inherent disorder, the extent bejng independent of
temperature up to the pre-melting point, and on the basis of
the number of gauche bonds per number of bonds available in
the chain, the value was the same for all n-alkanes studied.
Hagemann ‘et al (40) used the technique of infrared CH,
wagging defect modes to observe the effect of temperature on
glassy films of n-CyH,;; and Tow molecular weight polyethylene
deposited on CsI windows held at 7 K. The samples were warmed
upto 300 K and the spectrum was observed. Hagemann found that
for both N=CyyHyy and polyethylene, the chains went through a

series of ordering transitions, as follows:-

Chain Monoclinic Orthorhombic Orthorhombic
Glass -> Fully -=> Subcell © => Subcell -> Crystal
Extended Lattice

Spells et al (8) 1investigated polyethylene single
crystals grown from various solvents in an attempt to observe
bands in the defect region (1400-1200 cm*) of the infrared
spectrum which could be assigned to regular folding at the

! and

surface of the crystal. A peak was observed at 1346 cm
the behaviour of this band on annealing and quenching from
the melt was consistent with a regular chain fold. This could
not be assigned to a specific type of fold ({110} or {200}).

Ungar et al (41) observed the infrared spectra of once

folded N=CyqgH1qg (F) and fully extended N=CyggH1gg (E). The layer
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periodicities (taken from small angle X-ray patterns) for E
and F were 253R and 125A respectively, and similar values
were obtained by Ungar using Raman LAM frequencies. This
shows that in the F form, all but a few methylene groups are
contained in equally long extended chain portions on each
side of the fold, the fold being adjacent and reasonably
tight (and in a {110} plane).

By subtracting the E spectrum from the F spectrum, Ungar
was able to observe any bands that might be assigned to a
{110} fold. Bands at 1369 1352, 1346, 1342, 1306 and 1295 cm’!
were found. The bands at 1369 and 1306 cm' had previously
been assigned to gtg and gtg’ defect bands (7), the 1352 cm”!
band to gg defects (7), and the 1342 cm! band to the end -
gauche defect (gt) (7). The 1295 cm’! band was thought to be
a slightly off-centre CHewagging mode (B%) which is strongly
Raman active. The 1346 cm’' was assigned to an adjacent tight
{110} fold.

Wolf et al (42)  confirmed these assignments using
Green’s functions to calculate the defect density of states
for a tight {110} fold in the frequency range 500-1400 em!.
Resonance modes for the {110} fold were calculated to be at
1348,1343 and 1288 cmq, and were assigned by Wolf to the
infrared bands at 1346, 1342 and 1295 cm™'. Wolf showed that
the {110} fold is approximately a g’g’ggtg defect, so that
the contribution to the 1369 cm' kink and the 1352 cm’! double
gauche bands found by Ungar (41) becomes apparent.

The technique of investigating the number of defects
present in an alkane chain has been applied to other systems

containing a polymethylene portion. Zerbi et al (28,43) used
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several bands in the 1infrared and Raman spectra of fatty
acids (28), to analyse the melt and pre-melt phase behaviour.
In the case of both the fatty acids and [CH3U}Q)wNHﬂ2MnC1“

1 and

the CH, rocking and bending vibrations at 720-730 cm
1475-1485 cm’! respectively remain as doublets throughout the
pre-melt phase, reverting to singlets only when the molecules
actually melt. Of the defect modes, only the kink defect
(1369 and 1306 cm!) bands appear on the transition from
crystalline to pre-melt phase. This is consistent with the
model proposed by Zerbi (28) that only the gtg’ (kink) defect
occurs in the pre—mé1t phase. The gtg’ defects are easier to
accommodate in the crystal lattice than gg or gtg defects,
because the direction in which the chain travels remains the
" same, but for gg and gtg defects the direction changes
dramatically. .

As the molecules melt the intensities of the gtg/gtg’
bands at 1369 and 1306 cm’’ go through a step, and the number
of gtg defects becomes the same as that for an isotropic n-
alkane of equivalent chain length and at the same
temperature. Also the band at 1352 cm! (gg) appears after
melting énd gives the same intensity as an isotropic n-alkane
of equivalent length and at the same temperature.

This method has also been used in the conformational
analysis of surfactant molecules in water solutions. Holler
(44) investigated sodium dodecyl sulphate (SDS) using the
technique of defect mode analysis. SDS forms micelles at a
minimum concentration of 0.2% w/w with water. The proportion
of surfactant used was 10% w/w, and it was estimated to

contain about 98% of the SDS molecules in micelles. The
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results showed that the concentrations of gtg and gg defects
were the same as for an alkane of equivalent length. Hence in
micelles the aliphatic portions of SDS behave 1ike a liquid.

Senak et al (45) used the 1369 cm’! and 1352 cm™' defect
modes to guantify the disorder present in two phospholipids,
1,2-dipalmitoylphosphatidylethanolamine (DPPE) and 1,2-
dipalmitoylphosphatidylcholine (DPPC). On calibrating the
intensity of these bands using n-alkanes and the rotational
isomeric state model (using a peak fitting program to
determine intensities), Senak found that the intensity of the
1352 cm’! gg defect increased with température as expected,
but the 1369 cm! defect mode intensity decreased with
increasing temperature. This latter result is contrary to the
result predicted by the RISM, and may be as a result of the
peak fitting algorithm. Also the value of n

g
Senak from the RISM for n-CyHy at 70°C differs from that

tg determined by

determined by Maroncelli et al (11) having values of 2.29 and
2.55 gtg defects per molecule respectively. The values of Ngg
determined by Senak and Maroncelli are 2.35 and 2.34

respectively. The expected result for n should be higher

g9tg

than n as the probability of a gtg defect is greater.

99’
The number of defects determined by Senak for DPPC wasb

found to be nﬂg

the gel/liquid crystal phase transition, while DPPE 1in a

=1.0 and n“=0.4 in a CHC13 solution just above

CHC13 solution in the L, phase is more ordered with r@w=1.0

and n,,=0.2, but both are Tower than values determined for an

99
isotropic n-alkane of equivalent chain length, showing that

the aliphatic chains in DPPC and DPPE are much more ordered.
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4 Molecular modelling

In addition to various experimental techniques used to
determine the structure of 1lithium phenyl stearate (LiPS)
(see chapters 5,6,7), various modelling techniques have been
employed to assist in the interpretation of the spectroscopic
data. The structural information required was the maximum
chain ektension of the aliphatic portion of the hexagonal
cylinders in LiPS, the ionic core radius of the hexagonal
cylinders, and the effect of the phenyl group on the chain
conformation of the aliphatic portion of the soap.

4.1 Maximum Chain Extension

The chain extension of any chain molecule depends upon
the bond conformations present 1in the <c¢chain, so by
determining the number of defects present in a chain, it
should be possible to determine the chain extension. The
maximum chain extension of the aliphatic portion of LiPS can
be determined from the intensity of the infrared bands at
1369 cm! and 1352 cm*, representing gtg’/gtg and gg/g’g’
defects respectively. The 1intensity of these bands is

directly proportional to the numbers of defects e.g.

Ngeg = Kgrglgrg (4.1)

where K is a calibration constant and is unknown.

gtg

Mgty

Iotg

The constant Kﬁg

for n-alkanes 1in the disotropic state and the number of

is the number of gtg’ and gtg defects
is the intensity of the gtg and gtg’ defects

can be determined from the defect modes

defects (nﬁg

state model for the same n-alkane at the same temperature

(1).

and nw) calculated from the rotational isomeric
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This gives:-

-_igﬁ-f_ﬂ_“_ (4.2)

gtg T
GtGtntrared

4.1.1 Rotational isomeric state model

Within the rotational isomeric state model (RISM)
developed by P.J. Flory (2), the number of gauche defects (ng
+ ng’ referred to simply as ng) present in various n-alkanes
was estimated over a range of temperatures. A fuller
mathematical description of the model 1is given in section
3.2,

The required inputs for the model are the chain length
(number of carbon atoms in chain backbone, N;), temperature
and the energy required for various conformations at bond
pair i-1 and i. The energies are as follows(3):-

E; =0 for the (1'-1)th bond u=t, g and g’

U

Eﬁ = 500 cal mole’! for the i bond M4 =g and g

E,. = E.

11

=Et

a9 9'g’ U
- _ -1
Egg, = Eg;g = 3000 cal mole

It 1is assumed that the energy of the various
conformations is independent of the bond position along the
chain. In the simulation, each n-alkane molecule was
simulated 10,000 times, so if the average number of defects
present in a molecule is 1 then the precision of the estimate
would be #0.01. Also the two end bonds (1 and AQ) were not
considered, as rotation of these bonds would have no effect

on the conformation.

mole value used here 1is Avogadro’s number (6.02x10“).
1 cal = 4.14 joules
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The number of defects calculated and presented are as

follows: -
2 3
2 . 3
Nog = Ngg * Ny (4.4)
2 - 3
ng = ng + ng; (4.5)

4.1.2 Constant temperature calculations
The number of g, gtg and gg (rﬁ, Ngtq and n“) bond

conformations was determined for n-alkanes 6 to 30 (n-CgH;, to
n-CyHgy) at constant temperature (20°C). n-Alkanes having more
than 16 carbon atoms are solid at room temperature (4), and
so the model is not valid for these molecules, but the
results have been included to show thé general trend. figure
4;1 shows the variation in the numbers of g, gtg and gg non-
‘planar conformations with the number of carbon atoms in the
n-alkane. Numbers of g,gtg and gg defects all idincrease
linearly with chain length. The form of this variation was

found from data in figure 4.1 to be described by:-

n, = 0.359N,-0.882 (4.6)
ng, = 0.093N_-0.362 (4.7)
Ry, = 0.109N.-0.497 (4.8)
where N, is the number of carbon atoms present in the n-
alkane.

These values represent the sum of all similar defects
i.e. n, = n#+n,, and 1is the value referred to

hencefo%th ingth%s thesis.

These values represent the numbers of these particular
defects (g 1is sometimes referred to in the other

. + .
l1iterature as g') such that Ngtg 18 r@+w+.
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Figure 4.1

Variation in the numbers of g, gg and

gtg

defects with number of carbon atoms 1in the
alkane chain.
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Plots of Nyefect VErsus N, intercept the N, axis at N=
2.45,3.91 and 4.58 carbon atoms for Ngs  Ngg and Ngtg
respectively. As the number of carbon atoms is physically

restricted to an integer, then the smallest n-alkane required

to obtain each defect is n-butane for a g defect,

for a gg defect and n-hexane for gtg defect. If

n—-pentane

the

rotational isomeric state model is a reasonable approximation

to actual

conformations present

in n-alkanes, one would

expect the intensity of the infrared gtg and gg defect bands

to 1increase 1linearly with dincreasing chain 1length.

This

provides a test for the validity of the RISM (see section

6.2).
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4.1.3 Constant chain length calculations

The numbers of g, gg and gtg conformations were
calculated within the temperature range -270 to 500°C for n-
heptadecane. n-Heptadecane was chosen because it has the same
number of -CH,~ groups as LiPS, and so could prov%de a direct
comparison. Figure 4.2 and figure 4.3 show the variation of
the numbers of g, gg and gtg defects with temperature. The
figures show that for all the defects, the concentration
increases non-linearly with temperature. The number of gg
defects becomes greater than the number of gtg defects in the
region 140 to 210%. This is expected as the number of
available trans sites becomes 1less and 1less as the
temperature increases. Eventua11y,' the number of gtg
conformations 1is expected to pass through a maximum and
ultimately to decrease as the number of trans units becomes
increasingly scarce. This behaviour is not predicted for the
temperature range -270 to 500% (figure 4.3), although the
gradient progressively decreases. The temperature at which
the number of gtg is a maximum is very high and has not been
achieved experimentally.

One sfgnificant feature in figure 4.3 is that although
the predicted number of gtg and gg defects increases with
temperature, the change for an isotropic n-alkane is quite
small, eg. the number of gg defects only doubles over the
temperature range 0 to 500%C. This fact is important because
the error in measuring the intensity of infrared bands can be
as much as 20%. Taking the temperature range from 300 to
500°C, the number of gg defects only increases by 15%, so

that any changes 1in the absorbance wdu]d be difficult to
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Nunber of g defects

detect. Over the range (0 to 200°%C) 1in which the

spectroscopic studies were carried out, the number of gg

defects 1is expected to increase by 50% if the aliphatic

portion of the molecule 1is behaving 1ike an isotropic chain,

so that the changes 1in the infrared absorbances should be

measurable.
Figure 4.2 Variation 1in the number of g defects with
increasing temperature.
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Figure 4.3 Variation in the number of gtg and gg defects

with increasing temperature.
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Figure 4.4 shows the variation of the numbers of gtg and
gg defects with the number of g defects. This 1is required
because calculating maximum chain extension requires the
number of g defects (r@), but infrared spectroscopy can only
indicate the proportions of gg and gtg/gtg’ defects and not
directly the number of g bonds present. The variation of the
number of gtg and gg defects with number of g defects is non-
linear, both increasing slowly at first with dincreasing
number of g defects (0<r@<2.3). This is expected for low n,,
as the probability of 2 g defects coming together to form
either gtg or gg defects is low. As the number of gauche

increases, both the numbers of gtg and gg defects increase

steadily, but at rbz5.6 the gradient of the gtg curve begins
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NHumber of defects

to decrease, and the number of gtg defects becomes equal to
the number of gg defects for ngz6.9. This is expected: as the
number of g units increase, the number of available t sites
decreases. It is expecﬁed that the number of gtg defects will
decrease as the population of g and t inverts (ng>n9.

The number of gg defects, on the other hand continues to
increase. Again this be expected: as ny increases the
probability of it forming a pair with another gauche
increases, so that Nyg increases. The only thing 1imiting the
number of gg defects (and of course ng) in theory is the
chain Tlength of the molecule, limiting ny to the number of

bonds in the chain.

Figure 4.4 Variation in the number of gtg and gg defects

with increasing number of g defects.
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Number of gtg+ggq defects

Figure 4.5 shows the variation in the total number of
both gtg and gg defects with number of g defects. The curve
is non-linear, but the addition improves the statistics,
giving a much smoother curve and making prediction of the
number of g defects from the number of gtg and gg defects

more precise.

Figure 4.5 Variation of the total number of gtg and gg

defects with increasing number of g defects.

o7
i : o
o
i : o :
2-7 ! ¢
: : ¢
Lo
0
" 07
108 E OV;
P 0
: 0
i 0
g o -------------------------------------- —
0.9 ; o
: ¢
0
) 0 ’ ] :
00\;\/‘ A 2 i i i : 1
0.0 1.6 3.2 4.7 6.3 7.9

Number of g defects

75



4.1.4 Chain dimensions

Having determined the number of gauche conformations
(ng) present 1in LiPS, from the infrared data and the
rotational 1isomeric state model, it becomes possible to
calculate the dimensions of the molecule (eg end-to-end
length) allowing the estimation of molecular volume etc (5).
Figure 4.6 shows the standard chain conformation (i.e. all
trans) for a linear n-alkane containing N, carbon atoms. A1l
the carbon atoms 1ie in the x-y plane (hydrogen atoms are
ignored in the diagram), with each successive atom having a
greater positive x-value, while y alternates between zero and
a positive value and z=0. This gives a "standard” (all trans)
vector position of the jm skeletal atom of xf. If all the

h

bonds are allowed to rotate then the jt skeletal co-ordinate

vector 1is given by (5):-

Jj | m
m=1 |I=1
where ¢; is the angle rotated by the 1" bond and T& is

defined as:-

where:-

cose,; sine; O
; = |-sine; cosa; O (4.11)
0 0 1

T

a
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and

o [~
@, - t:an'ly—lc,}ilo‘—l (4.12)
)Xy,
where a is the angle between the 1—1th and 1th bonds on

the x-axis and 1is alternatively positive and

negative.
1 0 0
Thz' 0 cosd; sind, (4.13)
0 -sing,; cos¢,
where ¢; is the angle of rotation of 1™ bond.

These factors can be combined into a single matrix:-

cos?a ;+cos$ ;sin®a ; cosa ,sine;(1l-cosd,;) -sine ,cosd,
Ty; = |CcOSa ;8ine ;(1-cosd ;). sin®«x ;+cos?e,cosd; cose,;sind,

sin¢ ;sine, -sing ;cose -cosd,

(4.14)

The above model can then be used to determine the
maximum chain extension (i.e. the furthest distance from the
origin reached by any atom of the chain), for a chain
containing N, carbon atoms and having n, gauche defects. The

g
maximum chain extension, R, can be represented thus:-

Re[(X4=%,) 2+ (y4=Y,) 2+ (25-2,) 2 (4.15)

where X

i» ¥; and z; are such that R is maximized.

The co-ordinates of y, are such that x,=0, y,=0 and Zz,=0,

thus simplifying egn 4.15 to:-

R-yxi+yi+z} (4.16)
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Figure 4.6 The co-ordinate system for the all-trans
conformation of an n-alkane with AQ carbon

atoms in the backbone (hydrogen atoms are not

shown).

This particular quantity was chosen because it best
represents the extent to which a molecule may extend beyond
the 1ionic core of a reverse hexagonal phase. The chain end-
to-end distance was not used, for example, because this
would give a very small value in the case of the chain
folding baék on itself.

When the calculation 1is applied to the reversed
hexagonal phase of 1lithium phenyl stearate, it was assumed
that the first carbon atom lies on the surface of the ionic

core, with the co-ordinate system defined by the first two
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bonds so that the carbon atom at Vs lies on the x-axis. The
y—-axis 1is then a tangent to the ionic core surface at Y.
Having determined the quantity R in this way, the value was
taken to be the maximum possible extension of the chain
perpendicular to the ionic core surface.

A computer simulation to calculate the maximum chain
Tength of n-heptadecane was performed, with the n-heptadecane
containing between 1 and 15 gauche defects, and a simulation
of 10,000 molecules. It was assumed that the molecule was
idealized, i.e. that the C-C bond 1is 1.54A& (6), and the C-C-C
bond angle is tetrahedral (109“285, giving a value for a; of
135016n and the bond rotation was the idealized gauche angle
of £120° (¢=120°). Figure 4.7 shows the variation of the
average value of R, Ry, with number of gauche defects. As can
be seen, the chain extension decreases with 1increasing
proportions of gauche defects, as the chain trajectory
becomes more compact. This leads to the result that for an
isotropic n-heptadecane with 5.6 gauche defects per chain
(see Figure 4.5) at room temperature, the chain extension,

R

.y, 1s found to be 9.8A while at 500°C (7.9 gauche defects

per chain) a chain extension of 8.7A is obtained. This shows
that once the molecule is in an isotropic phase, the chain

extension, R

s 18 relatively constant, and 1is therefore

1nsehsitive to temperature because of the relatively Tlarge
numbers of gauche bonds.

Figures 4.8 to 4.15 show the distribution of chain
lengths for various numbers of gauche defects. This shows
that when the number of gauche defects is 1 the distribution

is very narrow. As the number of gauche bonds increases
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(figures 4.9 and 4.10) the distribution becomes very broad as

the number of permutations of the positions of the gauche

bonds has a significant effect on the chain extension from

Then as ng

to 4.15) the distributions begin to

the 1ionic core.
4.11
approaching a minimum value of 7.3A for 15

This narrowing of the distributions s

reduction in the number of permutations of

the gauche bonds.

is increased even more (figures

narrow with Ray
gauche defects.
caused by the

the position of

Figure 4.7 The variation of the average chain extension,
Rays for n-heptadecane with increasing number
of gauche defects.
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Probability

Figure 4.8 Distribution of chain extension, R, for r@=1

0.4 — — é

0.3 ........... i

o
[ %)

b
[,
i

0.0 ’ i i
4,8 8.5 12.4 15,7 19.4
Chain Length 78

Figure 4.9 Distribution of chain extension, R, for r@=3
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