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ABSTRACT

"An investigation of the motion of liguid short chain molecules using
Rayleigh-Brillouin spectroscopy."
RALPH P TATAM

Dynamic laser light scattering spectroscopy is used to study
the motion of short chain flexible molecules in the liquid state.

Depolarised Rayleigh-Brillouin scattering is used to investigate
the isomers of the homologous alkane series n-pentane to n-octane. In
addition to the low frequency Lorentzian component, associated with
molecular reorientation, a second Lorentzian component is found in the
spectra from the liquids 2,2,4-trimethylpentane, 2-methylhexane,
3-methylhexane, 2,2-dimethylpentane, 2,3-dimethylpentane, 2,2,3-
trimethylbutane, 2-methylpentane, 3-methylpentane, 2,2-dimethylbutane,
n-pentane and 2-methylbutane. The contribution to the spectra of this
second Lorentzian, which is broader than the Lorentzian associated with
molecular reorientation and distinct from the interaction induced
component, reduces as the molecules become more anisotropic and flexible.
The origin of this component is associated with local translational order.

The correlation times obtained from molecular reorientation are
analysced in terms of a modified Stokes-Einstein-Debye relation. The
Stokes-ilinstein-Debye volumes obtained are interpreted as the quantity
(gZ/JZ)aPV, where (g,/J)) is associated with molecular correlation, P
and a with molecular shape and V is the molecular volume.

Values of a, the stick-glip coefficient, obtained for the n-
alkanes indicate that the average molecular conformation is approximately
midway between a sphere and an extended chain., For all the isomers a is
found to decrease as the molecule becomes more rigid and more spherical.

The liquid 2,2-dimethylbutane is analysed in terms of the theory
of Madden [Mol Phys, 36, 365 (1978)]; dipole-induced dipole interactions
between pairs of density fluctuations cause intermolecular optical aniso-
tropy. The results indicate that molecular reorientation may not be the
Predominant relaxation mechanism.

Oleic acid was investigated using polarised Rayleigh~Brillouin
spectroscopy. The temperature gradient of the hypersonic frequency
shift and elastic modulus show anomalous behaviour in the range 14 - 18 °C.
This suggests that oleic acid undergoes a change of phase to form a
locally nematic structure about 5 °C above the melting point. Comple-
mentary measurements of viscosity, density and refractive index support
this interpretation.
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CHAPTER 1 - INTRODUCTION



Introduction

In recent years a number of authors have attempted to gain a
greater understanding of the dynamics of short chain polymer molecules
from experimental[1'2'3] and theoretical[4] studies., Computer simulation
studies have concentrated on the smaller molecules with characteristic
relaxation times in the picosecond region as these molecules have the
simplest structures and are therefore the easiest to 'model' for the
simulations. Conversely, most experimental studies have been performed
on longer chain molecules, predominantly the n-alkanes. These molecules
are more anisotropic, therefore scattering more light, and are
consequently more easily studied experimentally. The n-alkanes have
relaxation times greater than two picoseconds.

The purpose of this work was to examine the intermediate regime
between small rigid molecules and short chain flexible molecules in
order to provide high quality experimental data. This data can be
compared to both computer simulations and simple theoretical models thus
providing further insight into the structure and dynamics of molecular
behaviour in the liquid state.

The technique used to investigate the molecular behaviour in this
regime was that of Rayleigh-Brillouin spectroscopy; light scattéring from
molecular liquids arises from local variations in the dielectric constant
caused by density and orientational fluctuations of the molecules, hence
the spectrum of the scattered light contains structural and dynamical
information about the relative positions and orientations of the molecules.

This technique is shown schematically in Figure 1.1.



Figure 1.1 Schematic diagram of light scattering geometry

Incident Light

Iv; Sample
| N
\ : Scattered
I Light
[y,

Collimated linearly polarised light is incident vertically (Iyi)
upon the sample. The light scattered at 90° with respect to the
incident beam is detected and resolved into two components, one
vertically polarised (IVS) and the other horizontally polarised (IHS).
The vertically polarised component is that due to polarised Rayleigh-
Brillouin scattering (Figure 1.2) from which information about the
macroscopic quantities associated with the liquid is obtained, for
liquid

example, the ratio of the specific heat capacities CP/CV'

viscosity and the hypersonic velocity of sound in the liquid.

Figure 1.2 Polarised Rayleigh-Brillouin spectrum of n-octane at 30 °C
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The horizontally polarised, or depolarised component, (Figure 1.3)
reflects the dynamics of optical anisotropy fluctuations, that is, the

microscopic properties of the liquid.

Figure 1.3 Depolarised Rayleigh-Brillouin spectrum of n-octane at 30 °C

R
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For rigid symmetric top molecules these fluctuations arise from
reorientational motions of the symmetry axis of the molecule. However
for flexible molecules, for example the n-alkanes, there will be many
motions which lead to anisotropy fluctuations and hence there will be
a distribution of relaxation times which will determine the spectrum.
For the lower n-alkanes conformational changes are slow compared to
overall molecular reorientation and molecular reorientation will there-
fore be the predominant mechanism. However, as the chain length
increases, a limiting value of n > 28 is reached, where n is the number
of atoms in the carbon chain, at which intramolecular conformational
changes dominate the spectrum[S].

At present, theoretical descriptions and computer simulations in

the intermediate region between rigid and short chain flexible molecules



(1]

are not available and the experimental data is extremely limited .
In this thesis the liquids chosen to investigate this regime were the
isomers of the homologous alkane series n-pentane to n-octane; the
flexibility decreases as the branching increases for each alkane
homologue.

In addition, to study the effect of decreasing the flexibility of
a longer chain molecule, the properties of cis-9-octadecenoic (oleic)
acid were investigated. This molecule has less flexibility than the
saturated form of the acid, stearic acid, imposed by the presence of
a carbon-carbon double bond midway along the backbone chain. Oleic
acid was also chosen because of its vital importance in biological
systems[6'7].

A review of depolarised light scattering theories is presented
in Chapter 2 and the limitations of present theories are also discussed.
Chapter 3 describes the experimental techniques and the implementation
of the data analysis schemes. 1In Chapter 4 the results and discussion
from the oleic acid experiments are presented. The depolarised light
scattering results from the homologous alkane series are presented
and discussed in Chapter 5. Finally in Chapter 6 a summary of the

results and conclusions are presented and outlines for future

experimental investigations are suggested.
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2.1 Introduction to Light Scattering in Molecular Liquids

Light scattering in simple liquids may be considered to be
due to local fluctuations in the dielectric const:ant(8 ]. In
Fig 2.1.1 light of frequency W, and wavevector q; is incident on
the sample. The light is scattered at an angle 6 with wavevector

4 and frequency distribution I(9,w). The scattering vector

characterising the fluctuations is defined as
9479 - 94 (2.1.1)

where 1gi! and lgsl are equal to 27m/)\i and 2nn/ks respectively.
Xi and As are the free space wavelengths of the incident and scattered
light and n is the refractive index of the medium. In the case of

Rayleigh-Brillouin scattering the frequency shifts, of the order

8 11

107 - 10 Hz, are small compared to the incident frequency wo
(approximately 5 x 1014 Hz) . Hence, lgil T ]gs[ and
4mn .
a = lg, - gl =5 sin (0/2) (2.1.2)

This is the Bragg condition. It specifies the wave vector coﬁponent
of the dielectric constant fluctuation that gives rise to scattering
at an angle 9.

The scattering geometry is shown in Fig 2.1.2. Light polarised
vertically with respect to the scattering plane, defined by the X
and Z axes, is scattered at 90° to the incident wavevector. The
scattered light can be resolved into two polarisation states, one
vertically polarised (VV) and the other horizontally polarised (VH).
Vv

I is called the "polarised" component and IVH is called the

"depolarised" component.



Fig 2.1.1 Scattering diagram for Rayleigh-Brillouin spectroscopy:
wave vector representation
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All theoretical formulations of light scattering spectra
require the calculation of a time-dependent autocorrelation function
of the dielectric constant fluctuation. This is related to the

. . . . . [9]
power spectral density, via the Wiener-Khintchine theorem ’
by time Fourier transform of the autocorrelation function,

[ee]

I(g,w)a ( exp (-iwmt) < Ae(q,0) Ae* (g,t) > dt (2.1.3)
) 9 4
where Ac is the dielectric constant fluctuation and the angular
brackets denote an ensemble average.
From the scattering geometry (Fig 2.1.2) the specific components

of the dielectric fluctuations that give rise to the spectra compo-

nents are given by[lol:

(1) In the polarised case
A€ , = , (2.1.4
svv(g t) ACYY(g t) )

Substituting (2.1.4) into (2.1.3) leads to

(e )

Ivv(g,w)a J exp (-jwt) < Aeyy(g,O) AE;Y (q,t)> dt (2.1.5)

“he average dielectric tensor for an isotropic amorphous medium is a
scalar, and it is longitudinal density fluctuations that couple to

) . , . (12
the dielectric tensor and lead to polarised light scattering .
Equation (2.1.5) can then be written

(e ]

Iy (Qwa J at exp (-iwt) < Bdp(g,0) Ap* (g,t) > (2.1.6)

—_—



[(9,10,12]

The density autocorrelation function has been calculated and

the results are presented in Section 2.2.

(2) In the depolarised case

AEVH(g,t) = AEYX(g”t) Sin (8/2) - AEYZ(gjt) Cos (06/2) (2.1.7)

Substituting equation (2.1.7) into equation (2.1.3) leads to

x>

( 2
Ivﬁ(g,m)u J dt exp (-iwt) {‘<A£Yx(g,0) Ae;x(gjt) > 8in" (8/2)

-

2
+ <Agyz(310) Ag§z(g,t) > Cos (6/2)}

(2.1.8)

where the cross correlation terms, for example

. {10])

< Ae - .

YZ(3,0) Acyx(g_,t) >, are zero

The depolarised Rayleigh-Brillouin scattering spectrum is also
due to light being scattered from fluctuations in the local dielectric
tensor. However, in this case the spectrum arises from fluctuations
of the polarisability anisotropy. Equation (2.1.8) then becomes

o0

2
s " ]
I_(g,wa J dt exp (-iwt) P:AGYX(SJO) Aayx(g,t) > Sin“(6/2) +

= o

2
< A * . >
ayz(g,O) Aayz(g t) Cos (O/Zﬂ
(2.1.9)
where Aaij(g”t) is the fluctuation in the ij component of the
polarisability tensor with wavevector g at time t. Equation (2.1.9)
(10,13]

can be written

2 2
IVH(g,w) = IYX(g,w) Sin  (8/2) + IYZ(g,w) Cos™ (8/2) (2.1.10)

- 12 -



Thus there are two independent but related dynamical problems

to be solved: one for Iyx(gjw) and one for I__(q,w). Section 2.3

YZ(

reviews the various theories that have been developed to describe

the experimentally observed spectra.



2.2 Polarised Rayleigh-Brillouin Scattering

2.2.1 Low Viscosity Liquids

The polarised Rayleigh~Brillouin spectrum arises from localised
density fluctuations in the liquid; thermally induced density
fluctuations give rise to propagating longitudinal modes, that is
the longitudinal phonons (sound waves) , from which inelastic light
scattering occurs. Entropy, or heat fluctuations, give rise to the
elastically scattered Rayleigh component. A typical polarised
Rayleigh-Brillouin spectrum is shown in Fig 2.2.1[11]. The Brillouin
doublet, shifted in frequency by W and disposed symmetrically about
the Rayleigh line, is due to the inelastic scattering from the
longitudinal phonons. 1In supercooled liquids the transverse thermal
phonons can also propagate and give rise to transverse Brillouin
peaks. The Rayleigh-Brillouin spectrum of supercooled toluene[14I
is shown in Fig 2.2.2. The longitudinal and transverse Brillouin
peaks are not at the same frequencies. Light scattering from
transverse shear modes is discussed in Section 2.3.1.

The light scattering spectrum arising from density fluctuations
from a simple purely viscous liquid has been calculated using the

. . . , 0,12
linearised hydrodynamic equations of irreversible thermodynamlcstg'1 1 ].

The details of the spectrum are now well understood[17]. The
central Rayleigh line has a half width at half maximum height given
by DTg2, where DT is the thermal diffusivity. 1In liquids observed
at 90° DTq2 is too narrow (10 - 40 MHz) to be resolved with a Fabry-
Perot interferometer but is accessible using photon correlation
techniques. The widthsof the observed Rayleigh peaks in this work

aretherefore entirely due to instrumental effects (discussed in

Section 3.1.1). The velocity of the longitudinal phonons (VL) is

- 14 -



Fig 2.2.1

(a)

(b)

Fig 2.2.2

Polarised Rayleigh-Brillouin spectra of octamethylnonane

(a) T = 100 °cC
(b) T = 23 °C
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proportional to the frequency shift (wL), typically in the range
0 - 10 GHz for 90° scattering, and may be determined from the

expression
vL = mLAi/(Zn Sin(6/2)) (2.2.1)

where Ai is the incident laser wavelength, 6 the scattering angle
and n the liquid refractive index. Because the sound waves are
damped the shifted peaks,which are Lorentzian in shape, have a

width given by:
r = 2.2.2
a v ( )

where uLis the attenuation coefficient for the phonons. The velocity
of the longitudinal acoustic phonons is determined by the

longitudinal modulus (M)

M=K+4/3G (2.2.3)
. . , . [15]
where K is the modulus of compression and G is the shear modulus .
The sound velocity depends on the real part of M evaluated at the

frequency of the Brillouin shift

[M'(wL)1§

i (2.2.4)
L

VL(mL) =

where M' is the real part of the longitudinal modulus and p is the

density.

~ 16 -



2.2.2 Viscoelastic Liquids

In a liquid the relaxing molecular internal degrees of free-
dom may couple to the translational motion. When the time scale of

these relaxations is of the order 10—10 seconds the liquid exhibits

(17)

significant viscoelasticity . In this case an additional feature

. 16
appears in the spectrum. This line, first predicted by Mountain[ ]

and called the "Mountain line", is centred on the Rayleigh line and

has a spectral shape given by[17]

. pl(r)r dar
S = ———— e
M(w) [ s (wT)2 (2.2.5)
o

where p (1) is the distribution of relaxation strengths for the
relaxation processes. The shape of the Mountain peak is independent
of q. Equation (2.2.5) represents a distribution of Lorentzian
functions which when combined do not produce a single Lorentzian
lineshape. However, in practice, as the temperature rises one
relaxation mechanism dominates and the spectrum shown in Fig 2.2.1(b)
can be fitted to a sum of two central Lorentzian peaks and two

(17]

shifted Brillouin peaks . In a recent publication Carroll and

(18]

Patterson examined the shape of the Mountain line over a range
of temperatures down to near the glass transition for a series of
highly branched alkanes. They found that a distribution of rela-
Xation times was needed to describe the observed Mountain peak in
the high viscosity regime.

To summarise, the polarised Rayleigh-Brillouin spectrum for a
purely viscous liquid is well described by three lLorentzians; one
centred at the incident frequency and two shifted by ¢ wL. An
additional peak, the Mountain line, that can be represented by a

Lorentzian centred on the Rayleigh line is present in the visco-

elastic regime.
- 17 -



2.3 Depolarised Rayleigh-Brillouin Scattering

The depolarised Rayleigh-Brillouin scattering spectrum is
caused by anisotropy in the molecular polarisability tensor. The
low frequency region of this spectrum is associated predominantly with
the reorientational motion of the molecules causing local variations
inthis tensor, while the high frequency region, often called the
"Rayleigh wing", is associated with collisional effects.

Inthe simple case where molecular reorientation gives rise to
anisotropic fluctuations, the spectrum is a single Lorentzian centred
at the exciting frequency. The width of this line is inversely
proportional to the collective reorientational correlation time. The
single~particle orientational correlation function also decays
exponentially and can be related to the collective reorientational

correlation function[13)

-1
2m T = = 2.3.1
(2m T s (gz/Jz) g ( )
where
' is the half width of the Lorentzian
T is the light scattering correlation time
T_ is the single-particle correlation time

9, is the static orientational correlation parameter

J, is the dynamical orientational correlation parameter

The orientational correlation parameters, 92 and J2, are discussed
in Section 2.4.3.

The correlation times obtained may be related to simple models
of molecular reorientation based on rotational diffusion. However,
when coupling between molecular reorientation in microscopic terms

(or the fluctuations in the stress tensor in macroscopic terms) and

- 18 -~



the hydrodynamic shear modes occur, new features appear in the
spectra. These are discussed in Section 2.3.1. 1In addition, when
interaction induced contributions to the polarisability fluctuations
are considered, the spectrum becomes yvet more complex. The effects

of these contributions are discussed briefly in Section 2.3.2.

2.3.1 Low Frequency Region of the Spectrum

The depolarised doublet, Fig 2.3.1(b), found in the light

scattering spectrum of a system of optically anisotropic molecules

]

was first predicted by Leorxtovich[19 on the basic of a hydro-

. il
dynamic theory. RytOV’ZO] presented a more general approach to

the same analysis. Fundamentally, the Leontovich and Rytov theories
assumed that the light scattering spectra were due to fluctuations

in the stress tensor and that the doublet arises due to coupling

of the stress tensor to low frequency shear waves. However, Rytov's
phenomenological theory was not found to be in quantitative agreement
with experimental results[21’22'23].

Numerous theories have been developed using both the simple

Q4’25]and several microscopic approaches[13'26-29]

based on the Mori formalism[30]. The Mori formalism is essentially

viscoelastic theory

a statistical mechanical approach to generalised hydrodynamics; a
set of "primary" variables is chosen, generally an orientation or
polarisability tensor, which couple directly to the local dielectric
constants. Additional "secondary" variables, generally a momentum
density tensor, are also chosen. These are not directly related to
the dielectric fluctuation but are coupled to the primary variable
through linear transport equations.

{31}

The various theories are discussed by Tsay and Kivelson P

who examined the merits of the early theories and by Searby et al[32]

- 19 -~



who compared and contrasted results predicted by the theories under
different physical conditions. The number of variables in each
theory and their physical interpretation differ from author to
author. However, all the two-variable theories predict the same
general spectral distribution in the region of low viscosity.
Using, as an example, the notation of Andersen and Pecora[28] the

depolarised (VH) spectrum from a liquid composed of rigid symmetric

top molecules is given by

Loy (Grwa ~2—I~—2 sin®(68/2) + I'l w? + B82T%(1 - R) ]Cos®(8/2)
orw (w2 - BT 2 + w2(I + FB(1 = R)) >
(2.3.2)
where
2
B =g nS/I

ng 2 n/p, is the kinematic shear viscosity: n is the shear viscosity
and p the density
g is the scattering vector (equation(2.1.2))
I' is the reciprocal of the molecular reorientation time
R is the dynamic coupling parameter.
The first term in equation (2.3.2) describes a 'sharp' Lorentzian
line with half width at half maximum height of ', which arises from
molecular reorientation. The second term arises from the coupling
of shear modes to the molecular reorientation. R, which lies in the
range 0 < R < 1, is a dimensionless coupling parameter which
represents the strength of the coupling between molecular re-
orientation and the shear modes, that is, R measures the ability of a

system under shear to relieve the shear by molecular reorientation.

Equation (2.3.2) can be analysed in terms of the parameter R.

- 20 -



Four characteristic regions can be defined[32]

(1) B << 1
(2) £ <1
(3) 8 >1
(4) B > 1

Region (1) (B << 1) corresponds to that of liquids composed of small
simple molecules, which have very short reorientation times
(: picoseconds) and low viscosity.

In this limit equation (2.3.2) reduces to

r _ RRY(IB cos”(8/2))
e W’ w s (8037

(2.3.3)

In this regime the central dip is not observed since the half
width of the dip, given by q2ns, is too small to be resolved
experimentally. The spectrum approximates to a single Lorentzian of

half width ' (Fig 2.3.1(a)).

Region (2) (B < 1). The central dip is clearly observed in the
spectrum (Fig 2.3.1(b)). R parameters are readily obtained from fits
to the spectra and lie in the range 0.2 to 0.7. 1In this region R
represents a measure of the depth of the dip relative to the main

Lorentzian line.

Region (3) (B > 1) is characteristic of viscous liquids. The dip
disappears and the spectrum is highly non-Lorentzian becoming more

triangular in shape (Fig 2.3.1(c)).

- 21 -



Depolarised VH lineshapes predicted by equation (2.3.2) for

Fig 2.3.1
four characteristic regions of £
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Region (4) (B >> 1) corresponds typically to supercooled liquids
close to the glass transition temperature. 1In this regime the
shear waves become propagative and give rise to well separated
doublets, centred upon a sharp depolarised unshifted component.
These doublets are analogous to the longitudinal Brillouin spectrum
but are not at the Brillouin frequencies (see Fig 2.2.2 in Section

(331

2.2.1). Bezot et al "~ observed the doublets in ethylbenzoate and

salol. Enright and Stoicheff[34]

also observed the splitting in
liquid salol.

The early two-variable theories predict the spectra fairly well
in liquids of low and moderate viscosity. However, although
eéquation (2.3.1) predicts an oscillating doublet at low temperature,
when B >> 1 the theory fails to reproduce the experimental intensity.
It can be shown that for 90° scattering the integrated intensity of
the two shifted terms (2IS) is exactly equal to the intensity (IC)

[32,33,35]

of the central term .This is contrary to experimental results

in which the intensity of the central peak is found to be much

33,234,361
greater than that of the shifted side band[ T, For example,

{33]

Bezot et al "7 find the ratio IC/ZIS = 90 for ethylbenzoate at
=110 °Cc (B >> 1) (Fig 2.3.1(4)).

In an attempt to explain the much smaller intensities observed
in the side bands, several theories have been proposed. Chappell
et a1[37] derived a three-variable theory that described the
observed spectra of triphenylphosphite (TPP) over the range -27.7 to
87.5 °C (5000 > 8 > 0.1).

In the supercooled state, that is, at a temperature where the
shear wave doublets can be resolved, their theory predicts: (a) the

central peak is g dependent and consists of two Lorentzians with two

greatly varying rate constants: (b) the frequency W of the shear
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peak (analogous to the Brillouin splitting W equation (2.2.1)) 1is
proportional to q(Fn)}. According to the Stokes-Einstein-Debye

relation (discussed in Section 2.4), T varies as T/n (this follows
from equations (2.3.1) and (2.4.5)) and therefore wg varies as qT&:
and (c) the width of the shear peak is independent of gq. Using

photon correlation spectroscopy Wang et al have shown that predic-
tion (a) is in disagreement with the experimental results obtained

(38) ]

and for O—terpherxyl[39 in which the

for a-phenyl c¢-cresol
shape of the central peak is found to be q independent and cannot
be represented by two Lorentzians. In addition, the frequency of
the shear peak is found to be directly proportional to the tempe-
R , [40} {41)
rature for the liquids dibutylphthalate and 3-phenyl-propanol .
This conflicts with prediction (b). Prediction (c) does not agree
with the results of the angular dependence studies of ®-phenyl
[42) (431 . .

O-cresol and o-terphenyl in which the shear wave linewidths
are found to be proportional to q2. In a subsequent paper, Chappell

, [44& , , . .
and Kivelson also found that their three-variable theory was in dis-
agreement with their experimental results for TPP when studied at
three scattering angles (60°, 90° and 120°) at one temperature.
This led them to modify their three-variable theory by introducing
an additional variable, whose physical meaning was not specified,
thus making it a four-variable theory. This modified theory contains
eight parameters therefore making it difficult to access the physical
parameters and hence to assess the value of the theory.

An alternative three-variable theory has been developed by

35
Wang[ ]. This theory associates the two weak symmetrically displaced

side peaks with the propagating shear phonon. The main advantage

of this theory is that only four parameters are needed to describe
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the spectra; the collective molecular reorientation rate (I'), the
shear wave oscillating frequency (), the shear wave relaxation

rate (E), and the dynamic coupling coefficient between the
polarisability anisotropy and the shear wave (8). The spectral form

obtained by Wang is given by

2 2 2,2
n + T -
rﬂsw (w 29 C032(6/2)
Ivﬂ(g,m)a
wz(—m2 + (%: + Qz))2 + (wzrs- I‘QZ)2
r
¢ ——— sin%(0/2) (2.3.4)
w? + p?
where VS = I+ Nyls the overall relaxation rate of the polarisability
correlation function and w? = QI + 6.

The form of equation (2.3.4) differs from that of equation
(2.3.2) by the presence of the quantity £, which is associated with
the oscillation frequency of the shear wave. This is important in
viscoelastic systems because the shear wave frequency has both a
real and imaginary (relaxation) component. If the real component is
neglected the result is an incorrect description of the light
scattering data in the viscoelastic regime. Conversely, at hiéh
temperature the elastic component of the system decreases and
vanishes. In this case the shear motion is diffusive and equation
(2.3.4) is reduced to the form of equation (2.3.2), that is, the
Andersen and Pecora expression.

In a later publication[42] this theory was used to analyse the
low temperature VH spectrum of a-phenyl o-cresol at various scattering
angles. Experimentally the shear wave frequency was observed to

decrease linearly with increasing temperature and vanished at a

temperature at which the linewidth of the longitudinal Brillouin
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spectrum was a maximum. In addition, the shear wave frequency (i}

was found to be proportional to g and the linewidth to be proportional
2

to q . The results are in accordance with Wang's theory but the g

dependence of the shear wave frequency and the q2 dependence of the

linewidth are in disagreement with the predictions of Chappell et

al[37].

{45,46, 53]
Quentrec has derived a three-variable theory where

local order of the centres of gravity of molecules and local orienta-
tional order were added to the stress tensor of the fluid. This
theory predicts the g dependence of the shear wave frequency and the
q2 dependence of the sidepeak linewidth. While this is consistent
with Wang's theory, Quentrec's theory also predicts that the central

peak is strongly q dependent. Such a prediction has not been observed

experimentally[38'39!
R . ; [47] .
ecently, MacPhail and Kivelson have presented a generalised
hydrodynamic theory of viscoelasticity, In this paper they

discuss two-, three- and four-variable theories in an attempt to
describe the dynamic behaviour of transverse phenomena (VH depolarised
light scattering, flow birefringence, transverse shear waves and
viscous flow) in a liquid. They find that a four-variable theo;y
is necessary to fit the VH light scattering data on a supercooled liquid
conposed of symmetric top molecules (TPP). They find their results
are consistent with viscous flow and flow birefringence experiments.
However, two of the four variables used in the theory do not have
clear physical interpretations.

It would appear that at present the three-variable theory of
Wang represents the best model to describe the shear-rotational coup-
ling in the low frequency high viscosity regime. However, as pointed

42
out by Wang et al[ ],the comparison of theory with experiment has
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only been made with respect to the g dependence. The proportionality
constants were not evaluated, and much work is still needed to
ascertain the validity of this theory.
Equation (2.3.2) describes the experimentally observed spectra
in the limits 8 << 1 and 8 < 1. However, it only applies for
-1, 28]

frequency shifts of approximately 15 GHz (0.5 cm ) . Several

authors have reported a broader Lorentzian background with a width

48 - 51l

of the order 60 - 200 GHz (This is not equivalent to the

high frequency spectral wing, discussed in Section 2.3.2, which
generally occurs at frequencies greater than 900 GHz and is approxi-
mately exponential in shape.)

l[48,49]

Viovy et a , making use of a formalism developed by

de Gennes[szl and extended by Quentrec[45'53], have shown that the
second broad Lorentzian line is due to a second variable describing
local anisotropy. 1In this three-variable theory the two variables
linked to the local anisotropy are the density of molecular re-
orientation, I, and the anisotropy in the distribution of the centres
of gravity, G. G is effectively a measure of local translational
order.

Viovy et al[49] consider three alternatives; (i) in the most
general case where G and 1 are mutually coupled primary variables

481 that the depolarised spectrum depends on more unknown

they show
bParameters than there are measurable quantities. Therefore it is not
possible to obtain a unique set of values for the unknown parameters,
(ii) G is a secondary variable coupled to both I and the velocity
gradient (ie shear modes). This case has also been considered by

28
Andersen and Pecora[ ], who use the stress tensor and an orienta-

tion density as local variables, and Quentrec[45] who uses G and I

as local ordering parameters. The results are very similar, identi-

cal in the limit of small q and low frequency, and the VH depolarised

- 27 -



spectrum is the sum of five different Lorentzians. The three-variable
theory of Chappel and Kivelson[37] also predicts a five Lorentzian
spectrum in the high temperature region. In their theory the two
IYZ(g,w) Lorentzians are predicted to be indistinguishable from the
two positive Iyx(g,w) Lorentzian. This results in a spectrum that can
be described by a Lorentzian plus a sharp negative Torentzian and an
additional positive Lorentzians. Howcver, this theory has more un-
determined variables and fails to predict the observed spectra in more
ways than that of Quentrec's, (iii) G is a primary variable coupled to
the velccity gradient but not to I, which is also a primary variable.
By gereralising Quentrec's results to the case of two primary variables
and taking the limit q2 nS/FA, q2 nS/FB << 1, where FA and FB are the
widths of the two positive Lorentzians, they obtain a spectrvm that
contains two wide pozitive Lorentzians plus one negative narrow Lorentzian.
By combining the experimental results of depolarised light scatter-
ing and flow birefringence on the liquids benzene, pyridine, cyano-
propyne, 2-butyne, carbon tetrachloride and iodopropyne they propose
that G is probably a primary variable (case iii). However, the experi-

mental precision was not sufficient to enable them to be conclusive.

With G as a primary variable the depolarised spectrum is given by

2
v._ T v_ T an v_ R v_R
IVH(_q_,w)a[ Ah -, ER- . —5  costio/2) R 2B
L@z + F; w? + F; w® + (g ns) A B
(2.3.5)

where

FA'FB are the halfwidths of the two positive Lorentzians,

VA represents the fraction of the depolarised light scattered
by molecular reorientation alone and \é the fraction scattered

by the translational order.
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R and R_ are the coupling parameters between the velocity

gradient and I and G respectively.

The relative intensity of the negative Lorentzian now depends
on two coupling parameters. Under certain conditions the two posi-
tive Lorentzians are of comparable intensity, but typically the
second Lorentzian B contains between 10% and 30% of the total de-
polarised intensity. If the Lorentzian B is disregarded, the
remaining terms are formally equivalent to equation (2.3.2) with the

following relationship between the parameters:

vela

R

In the above theoretical development Viovy et al make the assumption
that all fast processes, for example collisions and vibrations, are
not coupled to the slow variables and are contained in a tensor F.
This assumption, which is inherent in all the theories discussed in
this section, is only valid if a time scale separation of the fast
and slow processes can be achieved. For many liquids composed of
anisotropic molecules a separation is possible and the resulting
spectrum consists of the low frequency region, containing one of two
Lorentzians and fine structure, superimposed on a broad high frequency
background due to intermolecular interactions. Conversely, if there
is no time scale separation, then there are contributions to the

spectrum due to cross-correlations between the intrinsic and inter-

action induced polarisability fluctuations.
) (49] _. ; . .
Viovy et al find that the separation of time scales gives
good agreement between their theory and experimental results in the
range * 600 GHz. However, they also argue that I and G cannot relax

exponentially at times comparable with the time between molecular
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collisions. In this case F contains the short-time behaviour of
both G and I. A separation of the variables is extremely compli-
cated and has not yet been achieved. Indeed, as indicated by
. [44] .

Chappell and Kivelson , as one moves to the higher frequency
regime the number of dynamical variables needed to describe the
spectra proliferates rapidly and the theory becomes unwieldy.

The theories discussed so far all assume that the molecules

[54]

are anisotropic in shape. Madden has calculated the depolarised
Rayleigh spectrum from a system of isotropically polarisable mole-
cules. Scattering is due to dipole-induced-dipole interactions
between pairs of density fluctuations. The full spectrum is compli-
cated, extending to frequencies of approximately 3000 GHz (100 cm—l).

However, in the central region, out to approximately 600 GHz, the

spectrum is Lorentzian with a linewidth given by:

[ o Zquz (2.3.6)

where

D is the translational self diffusion coefficient,
a, is the magnitude of the scattering vector at the maximum
{ .

in the centre of mass structure factor.

Qualitative agreement has been obtained using this theory to describe
. , . . [55]
the experimentally observed central Lorentzian in liquid argon .
This translational self diffusion central Lorentzian is present
for all liquids but its intensity may be very small in comparison to
the scattering from the intrinsic molecular anisotropy. Patterson

1 .
] examined the depolarised light scattering spectrum

and Carroll[
of the alkanes n-pentane to n-nonane and several branched isomers.

They reasoned that since the intrinsic molecular anisotropy decreases
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with decreasing molecular size and increasing branching, the
Lorentzian component of the spectra of the small almost spherical
alkanes may be due to interaction induced effects.

However, Patterson and Carroll's approach assumed that the
proportionality constant in equation (2.3.6) was equal to unity, that
is, they calculated the theoretical halfwidth and compared it to that
determined experimentally. The linewidths were found to be equal and
hence Patterson and Carroll concluded that Madden's theory was
appropriate. The above assumption is not necessarily valid for mole-
cular liquids and hence the results for the highly branched alkanes
are open to interpretation. Nevertheless, it is possible that trans-

lational diffusion and light scattering from intermolecular pair aniso-

tropy could play an important role in the highly branched pseudo-

globular alkanes.

To summarise, it would appear that a complete theory that
quantitatively describes the experimentally observed VH depolarised
light scattering spectrum over the entire viscosity regime 1 << B << 1
is not available at present. Although Wang's theory seems to be the
most appropriate in the limit B >> 1 it does not predict a two
Lorentzian spectrum in the region B << 1. 1In fact it reduces to the
two-variable theory of Andersen and Pecora (equation 2.3.2).

At this time the theory of Quentrec is probably the most
appropriate over the complete viscosity range. In the high viscosity
region the inconsistency is that the theory predicts a strongly
angularly dependent central peak that has not been observed experi-
mentally. However, only a limited number of experiments have been
performed which examine this dependence[38'39'56] and more data is
needed, not only to analyse this effect but also to quantify the

proportionality constants in Wang's theory[35],
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Each theory must be assessed on its ability to describe the

experimentally observed data using parameters that can be related to

physical properties of the liquid. However, at the present time a

single theory is not available to describe the observed data ovep the
complete viscosity range, 1 << B << 1, even for rigid symmetric top

molecules. The situation is far more complex when flexible molecules

with time varying conformations are considered. It is hoped that the

experimental data presented in this thesis can aid future theoret ical

considerations of the nature of the liquid state,.



2.3.2 collision Induced Light Scattering

For liquids composed of isotropic molecules depolarised light

scattering arises exclusively from intermolecular interactions

causing polarisability fluctuations.

For anisotropic molecular liquids the interaction induced
phenomena contribute to the depolarised light scattering spectrum,

in addition to the polarisability fluctuations associlated with the

57
Keyes et al[ ) developed a theory

intrinsic molecular anisotropy.

relating depolarised light scattering spectra to two separate
Processes, one being molecular reorientation, a relatively slow

process, and the other being a fast intermolecular interaction. ag
discussed in the previous section, if there is no time scale sepa-
ration then there will be contributions in the spectrum fron cross

correlations between the intrinsic and interaction induced polari-

sability fluctuations. All the theoretical calculations assume that
there is such a time scale separation. However, this simple spectral

form, in which the interaction induced and intrinsic anisotropy

fluctuations are separable is only likely to hold for liquids over

a limited range of temperatures, if at all.

The interaction induced contribution dominates the depolarised

spectrum in the high frequency regime, > 900 GHz, and the lineshape

The experimental and

(58]

and more

appears to be a piecewise exponential.

theoretical progress has been reviewed by Gelbart

. [59]
recently by Tabisz .

In general, when two molecules collide they suffer distortions
in their electronic charge distributions. These distributjong persist

for the time it takes a molecule to cross the effective range of

the intermolecular potential, approximately 10 seconds. Thyg

equation (2.1.9) will not account for the short time phenomena .
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There are three mechanisms thought to be mainly responsible

for the time evolving properties of the polarisability fluctuations:

(i) the dipole-induced-dipole (DID), (ii) electron overlap (EO), and
(iii) frame distortion interactions.

(i) In the DID model the incident field induces a moment on a
molecule. A neighbouring molecule, which is in the field of
the first dipole, has induced on it an additional small moment,
in general not in the direction of the incident field. This
model accounts for relatively long range effects of the
collisional process, that is, moderate separations of the
two molecules, and varies as x-3 where x is the intermolecular
distance.

(ii) In the EO model the anisotropy fluctuations arise from the
overlap and subsequent distortion of the electron clouds. This
effect has a much stronger dependence on the intermolecular
separation, x—g, than DID effects.

(iii) Molecular frame distortion is a very short range collisional

distortion that occurs in molecular liquids. An x"13 dependence

60]
has been proposed[ .

In the liquid (dense) state all three effects are likely to be

present and it may be that it is impossible to separate them However
r
it would seem likely that for molecular liquids the high frequency portj
rtion
of the collisional spectrum is due to the short range intermolecular
interaction and hence is determined mainly by EO processes. Bucaro
[60] . . .
derived an expression for the line profile of iso

and Litovitz

tropic liquids at high frequencies using a binary collision EQ model
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o mz(m - 7)/7 exp (_w/wo); w > w (2.3.7)

I(w) o

where the induced polarisability is taken to vary as x ™ and w
0

is related to the mean frequency of collision. They propose that

m = 13, that is, that the polarisability fluctuations are due to

molecular frame distortion. However, equation (2.3.7) assumes a zero

impact parameter which is physically unrealistic. When this limi-

i o
tation is removed the pre-exponential factor reduces to w . There-

fore

I(w) o exp (—w/wo) (2.3.8)

The quantityu%)is related to the mass (m) of the colliding unit by

1 2 m |}
A orxl—
w kT (2.3.9)

o) B

The calculations of the theoretical interaction induced spectrum

from anisotropic molecular liquids is much more complicated than the

above model, which assumes isotropically polarisable molecules under-

going binary collisions, because of the added complexity of molecular

reorientation and flexible molecules.



2.4 BAnalysis of Molecular Correlation Times

2.4.1 The Stokes-Einstein-Debye Relation

Pecora[61] has calculated the depolarised light scattering
spectrum from a system of rigid anisotropic molecules. He assumes
that reorientation takes place by rotational diffusion and neglects
orientational correlations and the coupling with hydrodynamic modes.
The spectrum is the weighted sum of five Lorentzians. If the mole-
cules have cylindrical symmetry, that is, are symmetric tops, and
are undergoing independent translational and rotational diffusion
with respective diffusion coefficients D and GT, the spectrum

. , , 2
decomposes to one Lorentzian of linewidth (q” D + 69T), For small

molecules qzr) << 6Qrand the single particle reorientation time

is given by

(2.4.1)

oL
s 66T

For a spherical hydrodynamic particle, that is one in which

the rotating particle is much larger than the continuum particles,

the rotational diffusion coefficient is related to the Viscosity (n)

of the fluid by the Stokes-Einstein-Debye relation[62]
. kBT
) (2.4.2)
T fR
where fR’ the friction coefficient, is given by
(2.4.3)

3
fR = Bmna

and a is the particle radius. Equation (2.4.1) then becomes

_ 4ﬂa3n
(2.4.4)
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This can be written in terms of the molecular volume V as

= (2.4.5)

T = T

s kB

This linear relationship between the macroscopic liquid

viscosity and the single particle reorientational time has been

found to hold for many liquids and solutions[63’64’67]. In many
cases however, the straight line fit to equation (2.4.5) produces

64-661
a non-zero intercept[ . To take account of the non-zero inter-

cept, equation (2.4.5) is written

vn ]
= a1 2.4,
's kB o) ( 6)

is the zero viscosity intercept. The origin of 1 is
o

where T
0
uncertain but it has been associated with inertial rotation[64],
that is, the free rotor time in the limit of zero viscosity.
2r | I |4
o T {kB'I:I (2.4.7)

However, free rotor reorientation is not consistent with the
rotational diffusion model used in the derivation of the Stokes-
Einstein-Debye model. In this model TO is zero.

Equation (2.4.5) and (2.4.6) apply only to spherical particles.
(681

For ellipsoidal particles the theory is more complicated. Perrin

has derived expressions for fR in terms of the particle dimensions

and the liquid viscosity.

For a prolate ellipsoid

1 - r 1
r (2.4.8)




where r is the ratio of the minor semiaxis to the major semiaxis

of the ellipsoid and G(r) has the form

- _ 24
G(r)=(1—r2)iLn{1+(1 r)};r<1 (2.4.9)

For an oblate ellipsoid fR is described by equation (2.4.8)

but with G(x) now given by

2
G(r) = (xr° =1 tan (r~ - 1)°; ¢ >1 (2.4.10)

Equation (2.4.6) can now be written

o)

= PVn 4 ¢
s kB"I‘ o) (2.4.11)

where P 18 the Perrin factor

4
p = 2(1 - r)
- 2 i
3r2((2 - r)G(xr) - 1) (2.4.12)
The Perrin expression, which is simply the spherical formula

multiplied by functions of the axial ratio, shows that the rotational
na

giffusion coefficient for an ellipsoidal particle is smaller than c
or

a spherical particle of the same volume.

2.4.2 8 ick-Slip Boundary Conditions

The Stokes-Einstein-Debye relation and the Perrin model of
rotational diffusion both assume hydrodynamic conditions, that is,
the particles can pe treated as being immersed in a continuum f£luid.
This is a good approximation for a macromolecule immersed in a
solvent of small molecules but not for a particle undergoing rota-
tional diffusion in a liquid composed of similar molecules. Further-
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more, both models assume stick boundary conditions , which stipulate

that at the surface of the particle the fluid velocity is zero

691

relative tothe particle velocity , that is, the continuum rotates

with the particle.

[69-72]
It has been shown that the reorientation of small

molecules is usually better described using ©lip boundary conditions
In the case of perfect slip there are not tangential forces on the
surface of the rotating molecule and only non-spherical molecules
are subject to a hydrodynamic drag. The process of rotational
diffusion in the perfect slip limit can be envisaged as the mole-
cule reorientating within its own cavity without disturbing the
surrounding molecules.

The Stokes-Einstein-Debye equation can be modified to take
otirk-¢lip behaviour, Equation (2.4.11) becomes

into account the

aPVn L ¢
(2.4.13)

1 for stick conditions and a = ¢ (0 < ¢ < 1) for ui{
PRy p

where o =

conditions. ¢ is A geometric factor; it is 0 for a sphere and 1

for a long rod.
The degree of #lip depends on the departure of the mOleéule
[69]

from spherical symmetry. Hu and Zwanig have performed hydro

dynamic calculations of the rotational friction coefficients of

prolate and oblate ellipsoids as a function of the axial ratio (r)
r

using slip  boundary conditions. 1In the disc limit (oblate ellip

soid) and the needle limit (prolate ellipsoid) the value of o (SLIP)/

o (STICK) was found to be equal to one. In the limit of a sph
ere

o (SLIP) /a (STICK) is equal to zero. The results of Hu and 2
wanig

have been applied to the experimental results of Bauer et al[73]
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who studied the reorientational relaxation times of a wide variety

of small molecules in organic solvents. The experimental results

were found to be in general agreement with theoretical predictions

using slip boundary conditions, whilst the theoretical predictions

using stick boundary conditions were much too large

complex molecular shapes cannot always be well re-

) [70
Youngren and Acrivos ] obtained frictional

However,

presented by a spheroid.

coefficients for ellipsoids rotating about their principal axes usin
g

a curvilinear coordinate system. In the special cases of oblate and
n

prolate ellipsoids their results agree with those of Hu and Zwani
g.

Youngren and Acrivos were also able to obtain a frictional coefficient
en

for benzene. They modelled the molecular shape as six hemispheres

d symmetrically on a base (carbon ring). Their

(hydrogen atoms) place
(64]

results were within 10% of the experimental results of Alms et al
a

This compares to a difference of 40% when benzene was modelled a
s an

oblate spheroid.

The question has arisen as to why macroscopic particles obey slirk

poundary conditions while the slipping boundary condition seems to b
= e

more appropriate for molecular motion in liquids. One possible re
conci=

(74]

liation of these observations was proposed by Richardson H
. e argued

that slipon a rough surface is asymptotically equivalent to stiek on th
« A n e

smooth surface which approximates the actual rough surface How
. ever,
Richardson's treatment does not answer the question:of how la
rge a

particle must be, relative to the scale of surface roughness, for th

sticking boundary condition to be correct Zwani [75]
. nig extended Richard !

son's

method to treat the rotation of a "bumpy" infini i
nite cylinder In th i
. e region

of bumps or cusps Very large fluid velocity gradients cause a 1

arge

dissipation of energy and the tangential flow along the surface i 1
is slowed

down. 2Zwanig found that in the limit of a large particle (500-1000 A)
- A

with a molecularly rough surface, stick and glip boundary conditi
ions give

the same result for the frictional coefficient. Therefore a ma
croscopic

~~yrticle appears to exhibit stick boundary conditions because the
enerqgy



dissipation due to the molecularly rough surface causes the slip

boundary condition to appear identical to #tick conditions on the

averaged surface.

From the above discussion it is evident that energy dissipa-
tion is an impor tant factor when considering the appropriate choice

of boundary conditions. However, a molecule does not have a rigid

structure or & well defined surface and therefore there are

difficulties in assigning boundary conditions to a molecular surface.

. . [76
An approach adopted by PeraltaFabi and Zwanlg[ ] describes the

interaction of the molecule with the fluid by an intermolecular

potential. The boundary conditions are replaced by the actual inter-

molecular force field between the molecule and its surrounding fluid.

when a molecule moves it pushes fluid out of its path and sets up

velocity gradients. These cause viscous energy dissipation and

consequently a viscous drag on the moving molecule. The drag forces

were modelled using two simple interaction potentials; a step
potential and a ramp potential. Only translational motion was
investigated in this study and the results showed that it is possible

to calculate the hydrodynamic drag exerted by the fluid on the mole-
cule without imposing boundary conditions. The frictional coeffi-
cient calculated was found to be a strong function of the shape of
the potential, approaching one as the potential approached infinity.
This type of calculation for the hydrodynamic drag on a molecule
probably represents the best method of obtaining theoretical values
of the molecular friction coefficients since it does not involve any
assumptions about boundary conditions. However, the models used
were very simple and only apply to translational drag. Until this
method is further developed to include more complex potentials and
rotational drag, the method of Youngren and Acrivos represents the

best approach to obtaining theoretical frictional coefficients.
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2.4.3 Orientational Correlation Parameters

In a molecular fluid atoms can be strongly bound to others
by intramolecular interactions thus producing molecules. These
forces tend to constrain the configuration space available to the
atoms, and it is these constraints that produce orientational pair
correlations between the molecules.

Equation (2.4.13) may be applied to single-particle corre-

lation times measured, for example from Raman scattering and NMR

spin-lattice relaxation experiments.

+ T
(2.4.13)

However, depolarised light scattering is a coherent process 4d
and it

i he collective reorien i . ;
s t tational relaxation time that is measured[77]

Recalling equation (2.3.1)

Ls (9,795 75 (2.3.1)

the modified Stokes-Einstein-Debye equation for depolarised light
1g

scattering is obtained

) ["_ZJ fapun
J2J kBT 0 (2.4.14)

T
LS
The factor (g2/J2) may be written as (1 + fNY(1+ gN) where the
factors fN and gN measure the strength of the static (equilib
ibrium)
and dynamic orientational pair correlations respectively
| (711 '
Kivelson and Madden in a review of light scattering i
in

molecular liquids point out that equation (2.4.14) holds t
T 0 a high

degree of accuracy. In the limit of 2z :
ero viscosi i
OSlty TS ls equal to

+

- 42 -



the ly inertial i i ;
purely inertia rotation time TO, equation (2.4.7), and is

therefore not dependent upon (gz/Jz). Hence equation (2.4.14)

becomes

. aPVN ,
g T (9777 kT T (2.4.15)

In most circumstances the difference between equation (2.4.14)

is usually much smaller than t

and (2.4.15) are negligible. TO
LS

and values of (g2/J2) are of the order of one. However, in systems

i ich 1 is of the same magni :
in which o gnitude as TS the difference between

the two equations can cause significant inconsistencies in the

interpretation of the data.

luence on the correlation time of the dynamic correla

(78]

r J. has been discussed by Gierke for symmetric top

The inf

tion facto

molecules. He concluded from symmetry considerations that this

factor does not affect the depolarised Rayleigh profile, that is
’ ’

i 14 ti 4. ;
J, is equal to 1 in equation (2.4.14). However according to Wolynes

79 . .
and Deutch[ ] this result is incorrect if hydrodynamic behaviour is

an important component of orientational dynamics. Their calculation
s

were performed with a many particle model in which rotational and
translational diffusion were coupled. They also assumed a particl
icle
immersed in a continuum which, as already discussed in section 2.4.2
4.2,
is not necessarily a valid assumption for molecular liquids Ev
: . ans
[971 . : . .
in a computer simulation, discussed in more detail in

et al

not find any evidenc
e for J2 > 1. 1In practice J2 has

[71]

Section 2.4.4, do

been found to be close to 1

mhe static correlation factor g, is given by[80,81]

N 2
1+3<g 3CosTO 1> (2.4.16)

g =
2 i%5
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where eij is the angle between the molecular axes of the ij pair

of molecules and the summation is over a system of N molecul
es.

when there is no correlation between pairs of molecules, th

’ e

ideal gas case, g2 = 1. In liquids however, values of g2 ranging from

[71
1.0 to > 2.0 have been reported ]. It has been shown byfh!Gennes[Szl
that for liquids in the isotropi
opic phase g, follows the relation
S S

2 (T - To) (2.4.17)
where T_ 1S @ temperature just below the observed isotropic-nematic
transition. Patterson et al(82] obtain results consistent with

i

equation (2.4.17) for the n-alk
q anes and TO was calculated to be > 100 °C

below the melting point.

In conclusion the Stokes—-Einstein-Debye equation repre
sents a

useful method of relating molecular correlation times obtained f
ine rom

depolarised light scattering experiments to the macroscopic vi
viscosity

of the liquid. BY fitting experimental data to equation (2.4.15)

information can be extracted about the dynamical behavio £
ur of mole~

cules in the liquid state.

2.4.4 Models and Computer Simulations

The discussion presented in Section
s 2.3.1 to 2.4.3 i
.4.3 1is based on
the model of a rigid symmetric top molec
ule. However, th

’ e experimental

work presented in this thesis describes 1i
ight scattering fr
om flexible

non-symmetric molecules. In this section an attempt is 4
made to

bridge this gap by examining models and computer simulation £
s of alkane

chains.
The conclusion of the previous ] ;
section is that th
e molecular

reorientational correlation time can b i
e directly relat
ed to the line-

width of the Lorentzian component of th
e depolarised Raylei
yleigh spectrum
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By combining equation (2.3.1) and equation (2.4.1) this can be written

_ 1
g = (9,/9,)1g = (g2/J2)66T (2.4.18)

All the terms are as previously defined. As discussed in Section 2.4.1

is only equal to (1/68T) in the limit of a rigid symmetric top mole-
[61)]

For an asymmetric rigid molecule Pecora has calculated the

s
cule.
depolarised Rayleigh spectrum to be composed of five Lorentzians cor-
responding to rotational diffusion about the different axes. Each

Lorentzian is weighted according to the optical anisotropy about the

corresponding reorientational axis. In general the linewidths are

comparable and the individual components are not separable in the

[67] ., ,
discuss the circumstances under which the

spectra. Alms et al

various components are separable, the conclusion being that this is
only possible if the Lorentzian linewidths are significantly different,
the intensities comparable, and the signal to noise ratio very high.
There have not been any light scattering measurements in which the
individual Lorentzian components due to rotation about the different
molecular axes have been separated. However, there have been NMR

relaxation experiments in which a successful separation of the indivie
dual reorientational components has been achieved[83].
For flexible molecules such as the alkanes the situation is

even more complex as any single molecule can take up a number of

different conformations. Each conformation will have a different
characteristic reorientation time about its separate axes. The

observed depolarised Rayleigh spectrum will be the sum of up to

five separate Lorentzians for each conformation, with each weighted
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according to the anisotropy of each conformation about the axis
concerned. The optical anisotropy of the alkanes is a strong function
of chain conformation being a maximum for the all-trans state and a
minimum for the most globular state. 1In addition, further compli-
cations arise because the population of the individual conformations

are constantly changing and molecules continuously undergo transi-
tions between them. The rate of the transition is important. If the
transition time between conformational states is longer than the
characteristic reorientational time the spectra could be analysed,
theoretically at least, in terms of individual conformation contri-
butions. Conversely, if the transition time is of the same order,

or less than the reorientational time, the observed spectra could be
analysed in terms of the reorientation of a molecule in an average
conformational state.

As already mentioned in preceding sections (Section 2.3.1 and
Section 2.3.2) if two processes proceed on comparable time scales
then there is the possibility of coupling between them. 1In the above
case where the reorientational and conformational rates are comparable
extra features, due to coupling interactions, could appear in the
spectrum. Further, the time scale of the conformational changes will
be related to the collisional processes in the liquid. This allows
for the additional possibility of coupling between reorientational
motion and collisional processes.

From the above discussion it is apparent that flexible aniso-
tropic molecules can appreciably complicate the theoretical formu-
lations discussed in Section 2.3.1 and Section 2.3.2. Therefore a
knowledge of the dynamics of chain molecules ig required before a

complete analysis and hence understanding of the observed depolarised

Rayleigh light scattering spectrum can be accomplished.

- 46 -



Computer simulations of liquid systems at the molecular level

are the primary source of non-experimental information about their

ical properties. The original calculaticns were

[86]
(MC) methods . From such simulations only

structure and dynam

based on Monte Carlo

the static properties are available although a limited amount of

dynamical information may be derived from the static properties

A more direct way of obtaining information about the dynamical

properties of chain motion is the technique of molecular dynamics

[84]
(MD) . In general for the n-alkanes the model consists of rigid

carbon-carbon bonds, that are free to rotate, with a common length

of 1.53 A and the angles between adjacent bonds fixed at 109° 28°

(the tetrahedral bond angle). The barrier to rotation of two parts

of a chain adjacent to a carbon-carbon bond are modelled with a

potential energy function. In most cases the hydrogen atoms are £
no

explicitly included. The simulations are performed by setting a number

of molecules, of the order of a hundred, in a volume such that th
e

number of molecules per unit volume matches the density in the ther
mo-

g simulated. The interactions between adjacent CH

dynamic state bein
2

and CH, groups are described by means of Lennard-Jones potentials

which are generally truncated to prevent an atom interacting mor
e

than once with any other atom. From molecular dynamics calculati
tions

a variety of thermodynamic information is obtained, for exampl
le,

trans/gauche ratios, pair distribution functions and internal chai
‘hain

transition times.

The main problem with any molecular dynamics simulation invol
olves

realistic potential functions to represent the model
e

ideration. Stochastic dynamics (SD)[95] simulation
s

the choice of

system under cons
rcumvent this limitation. The simplest form of
o

SD is called Brownian dynamics (BD)[95]

have been used to ci

in which one molecule in vacuo
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is considered. The influence of neighbouring molecules is represented

by a potential that includes the average interaction with the sur-

rounding molecules. In addition, a randomly fluctuating force having

stochastic properties that are determined by the liquid considered is

used to represent the deviation of the real force from the mean force

exerted by the molecular environment. These are the basic simulation

techniques that have been applied to the n-alkanes. A discussion of

the results and limitations of some of these simulation is now

presented.

[84] ,
Ryckaert and Bellemans applied one of the first molecular

dynamics simulation to short n-alkane chain liquids. They studied

the liquids n-butane and n-decane. An important result for the

interpretation of spectra is that the average time between con-

formational changes for each of the nine carbon-carbon bonds in n-

decane at 480 K is approximately 2 ps. Thus for the n-decane molecule

the average time between conformational changes is approximately

0.22 ps.

(851 ) .
Rebertus et al examined n-butane in a variety of non-polar

lecular dynamics simulations. These "exact" results

l[86,87]

solvents using mo

were compared with Monte Carlo calculations of Pratt et a

where n-butane was modelled as two cavities. Qualitative agreement

was found but the approximate two-cavity theory was found to over-
estimate the solvent effect on the conformational equilibrium.

Weber[88'89] has performed molecular dynamics calculations of

n-butane and n-octane using a realistic model incorporating bond

stretch and bend potentials, rotational potentials and Lennard-Jones

fluid interactions. The additional flexibility of this model, that

is, the bond stretch and bend potentials, resulted in good agreement

between available experimental and simulation data for n-butane. 1In
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the case of n-octane Weber obtains rotational diffusion constants

for the middle bond vector of 0.28 ps- to 0.57 ps_1 over the

temperature range 300 K to 600 K. This corresponds to re-

orientational frequencies, of the middle bond vector, of 270 GHz

and 54% GHz. However, Weber does not discuss how the reorientational

diffusion coefficient of the middle bond vector relates to that for

the whole molecule.
[90,91,92]

In a series of papers Evans and Knauss simulated

the reorientational motion of alkane chains, up to six carbon-

carbon bonds, using a statistical theory where bond lengths and

nearest neighbour bond angles were held constant. The correlation

times obtained sampled overall tumbling of the molecule investigated
in addition to the internal torsional dynamics. In a later pub-

lication[ they compare the results of the statistical theory

with results from a Brownian dynamics simulation of the alkanes

n-pentane to n-undecane. Similar approximations are made in this

simulation: rigidly constrained bond lengths and bond angles. 1In

addition trans and gauche minima are treated equally. Evans and

Knauss identify the Q = 1 mode, first harmonic correlation time, as

the closest to molecular reorientation. Comparing their simulation

results with correlation times obtained from dielectric relaxation

measurements[93] on a series of l-bromoalkanes they conclude that

the appropriate potential is the U/kBT = 5; U/kBT = 0 and U/k.T = w
B

are the freely rotating chain and rigid body potentials respectively.

The U/kBT = 5 potential was chosen by interpolating between results
for U/kBT = 4 and U/kBT = B.

In Section 5.3.4 the simulation results of Evans and Knauss are

compared to the experimental results obtained from depolarised light

scattering presented in this thesis.
LY
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As already mentioned the conformational transition rate will
depend on the intermolecular collision frequency Montgomer t
- y e

[94] . .
al using stochastic molecular dynamics calculations, exami
r € ne

14

the collision frequencies for n-butane, n-pentane and n-dec
- ane,

A comparison of results obtained for different collisional rat
ates,

that is, the average frequency at which the velocity of a particul
ular

mass on the chain is randomised, with results from molecular dy i
namics

simulation gives the closest (< 10%) agreement when the collisional
siona

, . 1
rate 1s approx1mately 2.0 x 10 2 Hz. The average time between fran
2w L PaAnG—

gauche (t-g) transitions for n-butane is calculated to be 24
> 24 ps.

This is approximately ten times longer than that calculated by

Ryckaert and Bellemans.
[95]

In a review of stochastic dynamics G
unsteren et al di
iscuss

how various approximations can be incorporated into the simulat
g ulation

to produce a variety of stochastic dynamics models They co
. ~ompare

3 Sjmp] e Stoc as i dynamiCS Sil“ulatio“ (BIOWnian dynamiCS) w.th
h tic 1
] ] o :u] ar d:]n(]][l .l Slmulation Of f(yckaert and Belleman f -
[ed=} S or n

putane and n-decane. They find that the results from the two si
simu-

lations are essentially the same: an average time between JAAH
AT

and trans states of 15 ps and 3 ps for n-butane and n-dec
~decane

respectively.

9e) .
Evans et al using an Enskog type kinetic theory calculate

the collective and single-particle orientation correlation times for
ellipsoids in a bath of spheres. Both the ellipsoids and spheres
are assumed to be smooth and hard. They find that the particle
shape anisotropy plays the role of the roughness parameter used in
hard sphere calculations. Comparison of their theory with experi-

mental results indicates that the kinetic theory consistentl
ently

neglects part of the frictional drag since i
in all cases studi
S udied the
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calculated times were a factor of 2 to 4 below the experimental values.

They conclude that the rotational relaxation problem requires a

more comprehensive treatment of the dynamics of the bath. From

their calculations they find no evidence that the dynamic orientational

correlation parameter J, > 1. 1In recent publications the same

authors[97'98] have used the kinetic theory to calculate the coupling

parameter (R) for a neat fluid of hard smooth ellipsoids. They find

that the theory predicts that R is insensitive to molecular shape,

the density of the liquid and to the temperature, as borne out by

experiment. The calculated values of R ranged from 0.5 to 0.65 as

compared to the experimental values of approximately 0.4 for a

variety of symmetric top molecules.

From the results of the simulations an average value of the

collisional rate for the n-alkanes would be WooLn = 2 x 1012 Hz and

an average time between conformational changes would be

Ty = 1-4 ps for n-decane and Tt—q = 10-30 ps for n-butane.
-9
As already discussed the reorientational times depend upon these

timescales; if a timescale separation does not exist between the

collisional and reorientational motion then extra features may be

observed in the spectrum due to rotational-collisional coupling.
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3.1 Experimental Techniques

Description of the Light Scattering Spectrometer

3.1.1
Measurements of the depolarised (VH) and polarised (vv)

Rayleigh-Brillouin spectra were made using the light scattering

arrangement shown in Fig 3.1.1. A Spectra-Physics model 16§ argon

ion laser operating in a single longitudinal mode was used as a

source. Single mode operation was attained by the inclusion of an

intra-cavity air spaced etalon (Spectra Physics Model 589) .

The power of the focused beam passing through the sample was
< 300 mW for the work on the oleic acid and octanoic acid solutions.
For the measurements on the small branched alkanes laser powers up
to 700 mW were used. A uniform low divergence distribution of the
power density within the scattering volume was attained by using the
Gaussian line shape of the laser mode combined with a lens of 16 cm
focal length.

The divergence of the beam within the scattering volume was

calculated from the equation of Kogelnik and Li [99] (Fig 3.1.2)

Fig 3.1.2 Focusing of the collimated laser beam
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axf/mD is the diameter of the focused beam

1

where: d
o)

incident laser wavelength

A o=
f = focal length of the lens

D = diameter of the unfocused laser beam

X = distance over which the power density is reduced

by 10%

The laser beam diameter D, the diameter at which the laser

beam intensity falls to 1/e* of the peak on-axis value, was measured

by scanning with a photodiode and computer fitting the resulting

profile to a Gaussian lineshape. The values calculated from

, - -2
equation (3.1.1) are dO z 7.7 x 10 mm and X T 6 mm, that is,the

e was less than 10% over 6 mm.

beam divergenc

The scattered light was monitored at 90° * O 20[10U by a pi
. piezo-

electrically scanned Fabry-Perot interferometer The interfere
. nce

pattern produced by the interferometer was focused onto an EMI 9789B

photomultiplier tube, chosen for its spectral response, sensitivit
’ Yy

and low noise, using a lens (Lg in Fig 3.1.1) of 1.33 m focal length.

The output of the photomultiplier tube was fed to a photon counting

system via a discriminator. The analogue output from the photon

counting system was input to a 1024 channel transient recorder which
c

had a resolution of 1 part in 256.

A clock was used to simultaneously control the rate meter of
o

the photon counting system, the increment rate of the transient

recorder channel and a 300 V staircase ramp,applied to the Fab
ry-

Perot scanning pads.

A spectrum wWas obtained by scanning over three Fabry-Perot

orders at the end of which the transient recorder was triggered d
> ed an

the information retained in the recorder Scan ti
. imes varied bet
ween

5 and 30 minutes.
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The transient recorder was interfaced to a BRC microcomputer

via the 'user' port. The data was stored on floppy disc and

subsequently transferred to a mainframe computer for analysis.

The choice of mirrors used in the Fabry-Perot was made so as
to obtain spectra with a good signal to noise ratio and scan times
shorter than the time taken for the interferometer to go out of
adjustment due to thermal and mechanical fluctuations,typically

about 30 minutes. The mirrors used for polarised Brillouin spectra

were 25 mm in diameter and had reflectivities of 98.4%. However the
light scattering levels involved in depolarised Rayleigh scattering
from the n-alkanes and branched isomers was very low. For example,

the optical anisotropy of n-octane is approximately 6.6 x 10—48cm6

. - -48 6 )
whilst that of benzene is 43.35 x 10 cm . The optical anisotropy

of the branched isomers decreases with increasing branching, that is
as the molecule becomes more globular in shape, and is much lower

than that of the n-alkanes; experimentally 2,2,4-trimethyl-

pentane was found to have approximately 0.1 times the light scatter-
ing level of n-octane.
These very low light levels required very careful alignment

of the optical components to produce spectra with a reasonable

Signal to noise ratio. Mirrors of 50 mm diameter and with

reflectivities of 93.5% were used to maximise the light transmission

whilst still maintaining adequate resolution with a maximum obtainable

finesse of 47.
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SA

Fig 3.1.3 Instrumental function: finesse = A)/8A

The overall finesse of the system, defined as AA/S§A in Fig 3.1.3,
is determined by the reflectivity, optical flatness, inhomogeneity
and alignment of the mirrors in addition to diffraction effects at

o1y | In practice the limiting finesse is the

(1e11

the pinholes

reflectivity finesse which is given by

i
T R

11 - R (3.1.2)
R ( p)

F

where %)is the reflectivity of the plates.

F was maximised by careful mirror alignment. An overall finesse
of approximately 30 at an incident laser wavelength of 514.5 nm was
used for the depolarised spectra, whilst a finesse of at least

45 at an incident wavelength of 488.0 nm was used for polarised

spectra.

- 57 -



3.1.2 Measurement of the Free Spectral Range

For the polarised spectra and the depolarised spectra from the
longer chain alkanes, the mirror separation was measured to within
+ 0.01 mm using a travelling microscope and vernier scale. How-
ever the depolarised spectra of the more globular branched alkanes
studied required mirror spacings as close as 0.05 mm. These very
small mirror spacings were measured using a calibrated graticule in
the eye-piece of the travelling microscope.

The error in measuring the free spectral range (FSR) ranged

from + 0.1% for an FSR < 15 GHz, to t 20% for the largest FSR used

of approximately 3300 GHz.

The FSR was then calculated from the relation

FSR = c/2d (3.1.3)
where ¢ = velocity of light

d = mirror separation.
An FSR of approximately 15 GHz was used for the polarised

spectra, whilst that used for the depolarised spectra ranged from

100 GHz to 3300 GHz.

3.1.3 Adjustment of the Fabry-Perot Interferometer

A telescope, focused on infinity, replaced lens L_ and was
F
used to view the scattering volume and interference pattern produced

froma colloid sample. The circular fringes were arranged so as to

evolve symmetrically about the scattering volume. However, when

mirror separations < 0.2 mm were used this procedure was found to
be inadequate because the fringe pattern was composed of rings more

widely spaced than the telescope field of view. The adopted proce-
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dure was to reflect the incident laser beam down through the
detection optics and project the interference pattern onto a screen
placed in front of the photomultiplier tube pinhole. The interference

pattern was then symmetrically aligned about the undeviated

incident beam.

Before a spectrum could be recorded the finesse of the Fabry-

Perot had to be maximised. This was accomplished by monitoring the

polarised spectrum of a colloid whilst scanning at the maximum rate.

The voltage across each scanning pad was varied until the narrowest

peak was obtained; the spectrum from a colloid is too narrow

(<1MHz) to be resolved with a Fabry-Perot and hence the width of the

peaks are due entirely to instrumental effects.

A refinement was introduced that allowed fine tuning of the

Fabry-Perot without removal of the sample or heating block. One end
of a fibre opticbundle was positioned in the laser beam and the
other end was incident into a cell containing a colloid. This cell
could be lowered into position in front of the detection aperture

A (Pig 3.1.1) without opening the enclosure. The illuminated
S

colloid was then used to maximise the finesse as previously

described. This technigque has the advantage that once positioned

the sample is left undisturbed for data collection over the complete

temperature range to be studied, thus avoiding thermal currents
causing condensation on the cell walls when the sample 15 below
ambient temperature.

To ensure equal intensity peaks in the spectrum and to maximise
the signal to noise ratio the spectral distribution pattern must be
centred on the photomultiplier tube pinhole. This was attained by
fast scanning a Brillouin spectrum from an aikane sample and
the interference pattern vertically across the pinhole

traversing

using lens LF' In addition, to ensure equal intensity of successive
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orders and, in the case of a Brillouin spectrum, equal intensity
of the Stokes and anti-Stokes lines, the interference pattern was
centred horizontally on the pinhole using lens LF.

A Glan-Thomson polariser with an extinction ratio greater

, 6
than 1 in 10 was used as an analyser for the depolarised spectra

The polariser was set to within % 0.1°, horizontally polarised

with respect to the scattering plane (Fig 2.1.1), by minimising

the polarised Brillouin spectrum from carbon tetrachloride.

3.1.4 Sample Cell Holder

To minimise the effects of parasitic light scattering, for
example, from the sample cell walls and reflections inside the
heating block, the sample cell was held in place by the brass cell
holder shown in Fig 3.1.4. The rectangular ports restrict the

scattering volume to 7 mm. This effectively removes parasitic

scattering from the entrance and exit faces of the light scattering
cell.
The cylindrical tube mounted on the top of the cell holder

serves two functions. Firstly, it allows positioning of the cell

relative to the incoming laser beam and secondly, it permits

passage of the thermocouple probe down the inside of the tube to

the top of the sample cell.

3.1.5 Thermostatting of the Sample

The sample cell and cell holder were held in a thermostatically

controlled brass block - The block has a four-port

configuration to enable precise positioning of the sample cell with
respect to the incident laser beam and the detection optics Thermo-
statting of the sample was provided in two ways: (i) electrical

heating was supplied by a wire coil wound around the centre of the
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Fig 3.1.4 sSample cell holder
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block, from which it was insulated by two layers of fire cement .
The temperature was sensed by a thermocouple probe and accurate
control (+ 0.1 °C) was provided in the range 25 °C to 150 °c,
(ii) an aluminium alloy base was attached to the bottom of the
brass block. A water/ethylene glycol mixture from a constant

temperature bath, approximately - 5 °C, was pumped around the channels

milled in the base (Fig 3.1.5). The arrangement of the channels

allowed cooling across a large area of the base whilst maintaining

efficient recirculation of the coolant. Sample temperatures down to
- 2.0 °C were obtained with this arrangement. Fine temperature cont-
rol from O °C to 25 °C was provided by the heating coils inside the
brass block.

The base and block were enclosed in a wooden box packed with
insulating wool and mounted on an insulating slab. This prevented
condensation forming on the cell walls and reduced temperature
fluctuations to * 0.05 °C in the range 0 °C to 120 °cC.

The temperature was monitored with a thermocouple probe
positioned at the top of the sample cell. At equilibrium this
temperature was found to be the same, within experimental error,
as that measured directly in the liquid but with the advantage that
dust particles were less likely to be introduced into the sample.

The base and block were protected from pump vibrations by a
in the pump line and by several metres

hydraulic damper

of silicone rubber tubing. The hydraulic damper, constructed of
glass, removed a large percentage of the pump vibrations by using

the air trapped inside as a damping medium.
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3.2 Sample Preparation and Ancilliary Measurements

The liquids studied are listed in Table 3.2.1. All the

samples were used without further purification.

TABLE 3.2.1
Liquid Supplier % Purity by Bpt/°C
Assay
n-Octane F >99.5 125
2-Methylheptane A 99 116
3-Methylheptane F >98 115
2,5-Dimethylhexane A 99 108
2,2,4—Trimethylpentane F >99.5 g9
2,3,4—Trimethylpentane F 95 113
n-Heptane A 99 98
2-Methylhexane A 99 90
3-Methylhexane A 99 91
2,2-Dimethylpentane A >99 78
2,3-Dimethylpentane A 95 90
2,2,3-Trimethylbutane F >99 80
n-Hexane BDH puriss 69
2-Methylpentane A >99 62
3~-Methylpentane F >99 | 64
2,2-Dimethylbutane A 98 50
n-Pentane KL spectrosol 36
2-Methylbutane A >99 28
ois-9-Octadecenoic Acid (Oleic Acid) BDH >92 220
n-Octanoic Acid BDH >97.5 237
BDH spectrosco- 77

Carbon-Tetrachloride
pic grade

Fo- Fluka-Fluorochem Ltd, BDH -~ BDH Chemicals Ltd

Supplier abbreviations:
A -~ Aldrich Chemical Co Ltd.

KL ~ Koch-Light Laboratories Ltd,
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3.2.1 Filtration Techniques

To obtain good quality light scattering spectra the liquid

samples must be as free from dust a. possible. Dust in the samples

causes large increases in the intensity of the polarised and de-

polarised Rayleigh peak. This leads to large errors in the

measured widths and can hide any fine structure Present in the

depolarised spectrum.

All samples were filtered using Millipore filtration units

and Millipore filters. The filtration unit and syringe, used to

force the sample through the filter, were thoroughly cleaned before
use. Firstly they were washed with distilled water followed by

methanol, propan-Z-o)l and finally rinsed in chloroform. To minimise

dust contamination all the components were dried in a stream of
filtered air and placed in a clean air cabinet for assembly,

The alkanes were filtered using 0.025 um filters. A few mls
of the liquid were filtered and discarded before a sample was col-
This removed any remaining dust and any loose fragments on

lected.
the filter. A few of the samples required a 0.05 um filter in

addition to the 0.025 um filter to produce a clean sample after one
filtration. This was especially important for some of the liquids,

for example 3-Methylheptane, of which only 10 ml was available due

to the high cost involved. For these samples only 4-5 drops could

be filtered through before a sample was collected.

The oleic acid solution was filtered with a 0.22 um filter and

the octanoic acid solution with a 0.05 um filter.

The sample being prepared was filtered directly into a Helmar

fused-quartz light scattering cell. The cell had been thoroughly
cleaned using the procedure previously described. The Prepared

sample was placed in the laser beam and examined for dust particles.
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These appear as bright scintillations passing through the beam. With
some of the more viscous samples scintillations were observed when
examined immediately after filtration. However, if the sample was
allowed to stand for 24 hours the scintillations were found to have
disappeared. Therefore, the scintillations were thought to arise

from small air bubbles introduced at the filtration stage

The samples which were prepared in this way were judged to be

of a very high quality.

3.2.2 Viscosity Measurements

For all the liquids investigated viscosity measurements were
made using Ubbehlode viscometers. The viscometers were immersed in
a thermostatically controlled water bath. The water bath was

insulated enabling temperature control to within + Q 1 °¢
- M. over the
temperature range 4 °C to 95 °C.

The viscometers were calibrated using liquids of known viscosi
l-—

ties and the accuracy of the calibration was * 1%,
Several flow times were measured at each temperature and the

average value taken. The data obtained in this way were fitted to the

Arrhenius expression

Ng= N exp (-A/T) (3.2.1)

A typical standard deviation on the fitted slope was 2% and

the maximum extrapolation made was 10 °C.

3.2.3 Density Measurements

Density measurements for all the liquids examined were made
using a Paar DMA 40 digital density meter.
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The instrument was calibrated over the temperature range 5 °cC
to 80 °C using water and air. Thermostatting of the system was pro-
vided by circulating a water/ethylene glycol mixture around a water
jacket. The water jacket surrounded a thin glass U~tube containing
The temperature of the sample was monitored with g

the sample.

thermocouple probe positioned in the liquid at the end of the U-tube.

Thermal stability was * 0.05 °C over the range 5 °C to 90 oc. The

individual points were measured with an accuracy of 0.0001 g cm_3.
Density values for the alkanes were calculated from linear fits to
the data. Typical standard deviations on the fitted slope were 2%.

The variation of density with temperature for the oleic acid

solution was found to be non-linear. This is discussed in detail

in Chapter 4.

3.2.4 Refractive Index Measurements

Refractive index measurements were made on oleic acid and

octanoic acid solutions using a Bellingham and Stanley Abbe refrac-

tometer thermostatically controlled to + 0.1 °C in the temperature

range 5 °C to 60 °C. All measurements were made using the laser

wavelength of 488.0 nm and the measurement precision was estimated

to be 5 x 10-3%.
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3.3 Analysis of the Spectral Data

3.3.1 Description of the Analysis Program

In order that a full spectral decomposition could be performed,
a comprehensive data analysis program was developed. This incorpo-
rated a non-linear least-squares fitting procedure to account for
multiple overlapping of the Fabry-Perot orders and non-linearity
of the piezo-electric scan, together with rigorous statistical tests

designed to compare the experimental data with the theoretical model

under investigation.

A detailed description of the operations performeqd by the

computer program is given in Appendix 1. Shown in Fig 3.3.1 is a

flow diagram of the operations performed by the analysis program.

The peak positions as a function of channel number are located.
From these the data arelinearised and initial estimates of the fitting

parameters calculated. A theoretical spectrum is then generated and

compared with the experimentally observed spectrum. The program

then uses the minimisation routine EO4GAF to adjust the fitting

parameters so as to minimise the chi-square (Appendix 2 (A.2.1)).

Finally, the fitted values of the input parameters are returned

together with the results of the statistical analysis,
Shown in Fig 3.3.2(a) is the polarised Rayleigh—Brillouin

spectrum of n-octane at 23.5 °C. Every fourth data point jig re-

presented by a dot and the solid line represents the fitted curve
using equation (Al.4.1). Fig 3.3.2(b) shows the depolarised (VH)

Rayleigh-Brillouin spectrum of n-octane at 23.5 °cC, Every fourth

data point is represented by a cross and the solid line represents

the fitted curve using equation (Al1.4.3). It is evident in both

cases that the experimental data is well represented by the fitting

function employed.
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Fig 3.3.1 Flow diagram showing operations performed by the computer program
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polarised Rayleigh-Brillouin spectrum of n-octane
T = 23.5 °C; FSR = 15 GHz. Every fourth data point

Fig 3.3.2 (a)
is represented by a dot.

(b) Depolarised Ravleigh-Brillouin spectrum of n-octane
T = 23.5 °C; FSR = 110 GHz. Every fourth data point

is represented by a cross.
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3.3.2 statistical Analysis of the Experimental Data

A full discussion of the statistical tests and definitions
of the terms used is given in Appendix 2. Three independent statis-
tical tests were used to:(i) test quantitatively that the data and
fitting function were compatible, and (ii) to test for lack of
independence in the residuals.

The three tests are:

Chi~-Square (x2) test, which is a "goodness-of-fit" type -

(a)
type (1i).

(b) The One-Sample Runs Test, which indicates the randomness of
a sample from the order or sequence in which the residuals
occur - type (ii).

(c) The Linear Correlation Test, which is very sensitive to any

long range systematic deviation of the residuals from the

fitting function - type (ii).

The Chi-Square test gives a reliable indication of the match
between the data and the fitting function but it can be misleading
in that it does not take account of the order of the residuals
For this reason tests (b) and (c) are also used.

(Fig 3.3.3).

Fig 3.3.3 Example of misleading interpretation of the chi-square test
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The One-Sample Runs test and Linear Correlation test are
complementary; the One-Sample Runs test does not give a quantitative

estimate of the lack of independence when the number of runs obtained

is low, whereas the Linear Correlation test returns a quantitative

value for the non-randomness of the residuals for both a low and
high number of runs.

The significance level for tests (b) and (c) was taken to be 5%,
that is, the residuals were not considered to be random if there was
less than one chance in 20 of obtaining the given set of residuals
purely by chance.

The statistical tests were used to examine the applicability
of the theoretical function chosen to describe the experimental data.
Three important results were found when the tests were applied to the
light scattering data.

(i) It was not always possible to use the integral chi-square
probability as a test of the validity of the choice of fitting
The reason for this is discussed in Appendix A2.1

function.

and results in the use of the reduced chi-square as an indi-

cation of the optimum choice of objective function.
(i1) The One-Sample Runs test was found to return values for the
probability when the number of runs obtained was in the

range 300 < number of runs < 520 (for a mean (ur) 2512 and

standard deviation (Or) ® 16) . Hence both the number of runs

obtained and the Runs test probability were used as indica-

tion of the validity of the objective function.
(iii) The Linear Correlation test probability was found to return

values ranging from 0.0 to 1.0 for both appropriate ang in-

appropriate choices of objective function. This was, therefore
’

the least useful of the of the statistical tests.
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A pessible reason for obtaining a probability < 0.05, when

the other tests indicated an optimum choice of fitting function,

was an asvmmetry of the Fabry-Pe.ot orders (discussed in Section 3.1.3)

causing a systematic deviation from the fitting function.

An example to illustrate the three points discussed above is shown

in Table 3.3.1.

Table 3.3.1

Results of the Statistical Tests for the Experimental

Data Fitted to Two Different Objective Functions.

Objective Integral x’ Rgduced One-Sample  HNumber of Linear

Function Probability X Runs Test Runs Correlation
Probability Obtained Test Proba-

bility

CVR 0.0 2.24 3.0 x 10726 342 4.1 x 1072

Lorentzian

and Flat

Base

(1) o 2.5 x 107 1.07 1.0 514 3.0 x 1072

Lorentzians

and Flat

Base

1t is evident that function (ii) best describes the experimental

data.

represent every fourth data point and the solid line

fitted curve.

This is displayed pictorially in Fig 3.3.4.

The crosses

represents the

Clearly, the lower curve matches the data points

most closely, in agreement with the statistical analysis.

- 72 -




Fig 3.3.4 Depolarised Rayleigh-Brillouin spectrum of 2,2,4-trimethylpentane

Every fourth data point i1s represented by a cross.

Single Lorentzian fit to data.

(a)
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Wy
(b) Two Lorentzian fit to data.
' h
3
)
)
4
+
+ g1 1 e ¥ + +
M S *



CHAPTER 4 - OLEIC ACID: RESULTS AND DISCUSSION
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4,1 Intrcduction

Prescnted in this chapter is the experimental evidence that
suggests that oleic acid (e¢Zs~-9-octadecanoic acid) undergoes a
thermotropic phase transformation approximately 5 °C above the

melting point.

Fig 4.1.1 Oleic (¢7ic-9-octadecanoic) acid

«*7: double bond

|

'

HC——CH

N\

CH4(CH,) (CH,) CO,H

The 7 double bond causes a rigid kink in the hydrocarbon
chain. The rigidity is contributed by the nonrotating double bond.
The kink iIn the molecule reduces the packing efficiency compared to
the gll—trans form (elaidic acid) and hencereduces the melting point
from 45 °C for elaidic acid to approximately 13 °C for oleic acid.
This is a very important effect of ¢7c unsaturation of fatty écids
and consequently these structures are biologically very significant,
particularly in membranes[6'7].

The reasons for studying oleic acid are now discussed.

Recent Brillouin Spectroscopy experiments have provided con-
siderable evidence for the existence of a phase transformation in
the melts of various n—alkanes[102'103] . It is believed that the

transition involves the formatinn of a mesomorphic structure in the

melt, occurring at a particular temperature. This temperature is
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above the melting point and depends on the molecular weight of the
alkane homologue. As this transition is characterised by a change in
the hypersonic attenuation properties it has become known as the Tu
phenomenon. A variety of experimental techniques including densi-
tometry, viscometry and ultrasonic attenuation measurements have
corroborated the results of the Brillouin work. In spite of much
convincing experimental work the very existence of the phenomenon in
the higher n-alkanes continues to be the subject of considerable
[104[

controversy

Previous authors have associated the Tu phenomenon with the

. . . o i L 52,102
isotropic-nematic transition of low molecular weight liquid crystals[ ! ]
Unfortunately Brillouin scattering measurements on liquid crystals

s . . 11021
close to the transition temperature have been rather inconclusive .

It is pertinent therefore to investigate substances other than the
n-alkanes which are known to have definite liquid crystalline pro-
perties at accessible temperatures.

Wwhilst the work of Kruger et al concentrates on the n-alkane
melts many substances, such as lipids or fatty acids, comprise hydro-
carbon chains in their molecular structure. It is known that some
of these do not undergo a direct thermal transition from an isotropic
liquids phase to the gel or crystalline state. An intermediate or
mesomorphic state exists below a well defined characteristic transi-
tion temperature. The lipids of some biomembranes show this thermo-
tropic behaviour. The nature of lipid transitions has been the object
of intensive research over the past 20 years[losl Extensive experi-
mental and theoretical research has shown that the transition has
its origin in the conformational changes in the lipid alkyl

chain[106'108]_ In membrancs the effect is cooperative andg



consequently influences the intramolecular forces leading to a change
in the macroscopic properties of the system[106l The idea of meso-
phases resulting from changes in the configuration of saturated
hydrocarbon chains of lipids is clearly relevant to the thermotropic
behaviour of n—alkanes[107'109].

Oleic (cis-9-octadecenoic) acid is an important structural
component of certain biopolymers, for example sphingomyelin. It
occurs in most natural fats in the form of the glyceride and it is
believed that lipids with oleyl chains are preferentially synthesized
in biomembranes to maintain fluidity below physiological temperatures.
There is some evidence for the existence of a thermotropic mesophase
in the melt of oleic acid; prior to freezing at approximately 13 °C
colourless needles form in the melt and become visually observable
below about 14 °C. The appearance of such structures suggests that
oleic acid in the higher temperature liquid state has some degree of
short range order which increases as the temperature tends to the
melting point. Above a certain intermediate temperature the melt may
be considered an isotropic liquid. Moreover, the discrepancy in the
published value of its melting point suggests that oleic acid freezes

1
[ 10'1111 This gives

continuously over the range 13.6 °C to 16.4 °C
tentative support to the idea of an intermediate phase between the
isotropic liquid and solid.

112,113 114,11¢
g[ gnd other measurements[ llJé

Light scatterin n mem-
branes composed of the monoglyceride ester of oleic acid (glycerol
monoleate) have provided evidence of a thermotropic structural
transformation within the range 15 °C to 18 °C. There is clearly
some overlap between this temperature range and that of the freezing
point of oleic acid. The structural similarity, that is the oleyl

chain, between these substances implies a concomitance possible in

their thermotropic behaviour.
- 77 -



In order to ascertain the importance of the eZs double bond
configuration a control solution was also studied. This solution
was chosen so as to model oleic acid on a molecular level but with
the double bond removed. The saturated form of octadecenoic acid,
stearic acid, and the all-irang form were not chosen because of their
relatively high melting points, 45 °C and 72 °C respectively. The
solution chosen consisted of n-octane and n-octanoic acid.

To summarise, oleic acid was investigated because of the recent
interest in alkane chain conformaticon and the relationship between
this and biological membranes.

Presented in this chapter are the results of polarised Rayleigh-
Brillouin scattering experiments on oleic acid and octanoic acid
solutions complemented by measurements of density, kinematic shear

viscosity and refractive index.
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4.2 Experimental Considerations

At room temperature cleic acid is an oily liquid and freezes
to a white opaque wax at approximately 13 °Cc. To separate the
localised one dimensional ordering transition from the melting process
a small quantity of a non-perturbing (inert) solvent was added to the
oleic acid. Thic depressed the freezing point and thus assisted in
the elucidation of the pre-freezing transition. The solvent, carbon
tetrachloride, was added to olelc acid to obtain a 10% solution by
volume. The quantity of carbon tetrachleride added was such that the
syctem was perturbed as little as possible to separate the transitions.
The freezing point of this solution was 9 c.

The solution chosen to moleculurly model the oleic acid solution
consisted of 4%.6% n-octane, 44.4% n-octanoic acid and 10% carbon
tetrachloride by volume. On a molecular level this exactly models the
oleie acid solution but with the -CH = CH- group removed. The freezing
point of this solution was also approximately 9 °c. All experimental

data was collected above this temperature.
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4.3 Results

4.3.1 Kinematic Shear Viscosity

The kinematic shear viscosity measurements are shown in Fig 4.3.1.
The results are presented in the form of an Arrhenius plot. In the
case of the oleic acid solution there is a well defined discontinuous
change in slope which occurs at a temperature of 18.5 °C. For the
octanoic acid solution a linear plot is obtained which does not ex-

hibit a discontinuous change at any unique temperature.

4.3.2 Density

The results of the density measurements for the oleic acid
solution are shown in Fig 4.3.2(a) and those for the octanoic acid
solution in Fig 4.3.2(b). It is apparent that the dependence of
density on temperature for the oleic acid scolution is nearly linear
except for a distinct change in gradient in the range 17 °C to 14 °C.
The variation of density with temperature for the octanoic acid
soluticn is also nearly linear apart from a small change in gradient

in the range 18 °C to 14 °C. This change in slope is smaller than

that for the oleic acid solution and appears to be more gradual.

4.3.3 Refractive Index

The results of the refractive index measurements for the oleic
acid solution are shown in Fig 4.3.3(a). Clearly a point of
inflexion occurs at approximately 16.5 °C, The low temperature
state has a steeper gradient than the high temperature state.

The refractive index results for the octanoic acid solution
are shown in Fig 4.3.3(b). There is no clear discontinuity in
the data although the spread on the data points is larger than for

the oleic acid solution. This was possibly due to the differential
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Fig 4.3.1 Arrhenius plot of the kinematic shear viscosity:

(a) Oleic acid solution showing the two best fit straight lines
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Fig 4.3.2 Density measurements

(a) Oleic acid solution showing the two best fit straight lines
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Fig 4.3.3 Refractive index measurements.
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evaporation of n-~octane whilst measurements were in progress. LOss
of carbon tetrachloride from the oleic acid solution may also have
taken place. However, this would have been rather less noticeable
as the refractive indices of oleic acid and carbon tetrachloride are
almost exactly matched; 1.458 and 1.460 respectively at 20 °C and
589.6 nm. It is highly unlikely that the inflexion point in

Figure 4.3.3(a) could have resulted from a gradual loss of carbon

tetrachloride from the oleic acid solution.

4.3.4 Polarised Rayleigh-Brillouin Scattering

The polarised Rayleigh-Brillouin spectra for both solutions
were fitted with the objective functions described in Section Al.4.1.
The results of the statistical analysis (Section 3.3.2) for the oleic
acid solution were found to be improved when a Mountain line was
included in the fitting function (Equation Al1.4.2)) implying that
the oleic acid solution was in its viscoelastic regime. A Mountain
line was not detected in the octanoic acid solution spectra and
hence Equation (Al1.4.1) was used to fit the data. Fiqgure 4.3.4
shows a polarised spectrum of the oleic acid solution at 12 °C,

The Brillouin frequency shift as a function of temperature
for the oleic acid solution is shown in Figure 4.3.5(a). This
quantity appears to vary linearly with temperature outside a narrow
range centred on 16.5 °C. The real part of the longitudinal modulus,

M', was calculated from Equation (2.2.4).

(2.2.4)

The results are plotted in Figure 4.3.5(b) and show a similar variation
to the frequency shift indicating that the anomaly is not only a

consequence of density. The linear dependence of Brillouin shift
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Experimental polarised Rayleigh-Brillouin spectrum of
oleic acid at 12 °C showing two Fabry-Perot orders. The
solid line indicates the theoretical fit incorporating

a Mountain line (equation Al.4.2) and every fourth data

point by a circle.

Fig 4.3.4
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Fig 4.3.5 Oleic acid results

(a) Measured Brillouin shifts plotted

(b) Calculated hypersonic elastic mod
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on temperature is typical and has been found for a wide range of

[116]

polymer melts . It is evident that there is considerably more

spread on the data within the transition region than outside it.

The variation of frequency shift with temperature for the
octanoic acid solution is very slightly exponential (Fig 4.3.5(c¢))
with no evident discontinuity. The small deviation from linearity
is probably due to different temperature coefficients for n-octane
and n-octanoic acid. The spread on the data points appears to be
constant across the entire temperature range.

The difference in spread on the data points between the two
solutions is significant and is discussed in Section 4.5.4.

The Full-Width at Half-Maximum Height (FWHH) of the Brillouin
for both solutions show no discernible anomaly in their

linewidth
variation with temperature (Fig 4.3.6). The scatter on the linewidth
data is considerably larger than that of the shift measurements. A
discontinuity in the Brillouin linewidth variation with temperature
may indeed exist, but even if this is the case it is smaller than

that for the shift and masked by the large scatter on the original

data. However, the FWHH tends to increase with decreasing temperature

for both solutions.



Fig 4.3.6 Measured deconvoluted Brillouin linewidths plotted against
temperature: gains
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4.4 Statistical Analysis of the Results

Three independent statistical methods were employed to ascertain
the optimum choice of fitting function for the results. In addition
to the usual least squares criteria a Linear Correlation test and
the One-Sample Runs test were used. (A full description of these
tests is given in Section 3.3.2 and Appendix 2.)

The results were fitted to two straight lines and for comparison
a single straight line and an exponential.

For the case of two straight lines it was necessary to deter-
mine a statistically significant break point between the high and low
temperature regions. This was achieved by making the break point
a variable parameter of the fitting procedure. The optimum value of
the break point (TB) was that which corresponded to a global minimum
in the sum of squares and maximised the One-Sample Runs test proba-
bility.

The statistical analysis of the data from the oleic acid
solution is shown in Table 4.4.1. It is apparent that two straight
lines intersecting at a unique temperature best describe the viscosity
data of Fig 4.3.3 and the density data of Fig 4.3.1. On the basis
of the One-Sample Runs test two straight lines were found to be
preferable to the other functions because the systematic deviations
on the fitted variables are lower. The results of the statistical
analysis for the Brillouin measurements are also presented in
Table 4.4.1. As with the previous results the variation of frequency
shift with temperature is best described by two straight lines with
a marked change in slope of approximately 50% between the high and
low temperature regions. The results for the FWHH of the Brillouin

lines indicate that there is no preferred functional description.

This is not surprising in view of the characteristically large scatter

on the data.
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Oleic Acid Solution

Results of Statistical Analysis

Table 4.4.1
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Octanoic Acid Solution

Results of Statistical Analysis

Table 4.4.2
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For comparison the results of the statistical analysis for
the n-octanoic acid solution are shown in Table 4.4.2. Although
the results of the Brillouin shift against temperature visually
display an anomaly the statistical analysis of the data indicates
that there is no preferred fitting function; the fitted values of
the two straight-line fit overlap when the associated standard
deviations are considered, that is, the two lines are indistinguishable.

Similar arguments apply to the Brillouin linewidths, the density and

the viscosity results.

In Fig 4.4.1 the sum of squares corresponding to each selected

break point for the oleic acid solution results are depicted. The

sum of squares is normalised such that a single straight line fit is

equal to 10. 1In all cases, except that of the Brillouin linewidths,

there is a clear optimum range of values over which the sum of squares

varies little from its minimum value. This was also found to be the

case for the One-Sample Runs test probability. The Linear Correlation

test returned a value of 1.0 for all the functional forms investigated
’

indicating that none of the functions investigated was preferred.
This test was therefore not useful in distinguishing the appropriate
function.

The transition temperatures found for each experimental set are

shown in Table 4.4.3. The ranges shown are those for which the

transition temperature 1is nearly equiprobable.

- 93 -



Normalised sum of squares plotted against break point

Fig 4.4.1
for the oleic acid solution.

temperature TB

(a) Brillouin linewidths (+); Brillouin shifts (*).

(b) Density (+); Kinematic shear viscosity (*).
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Experiment Transition Temperature Range
Temperature TB/°C for TB/°C
Brillouin Shift 16.2 14.0 ~ 18.0
Brillouin FWHH 18.0 14.5 - 20.0
Kinematic Viscosity 18.5 18.0 - 20.0
Density 16.0 15.4 - 17.6

Table 4.4.3 Transition temperature (TB) and range of TB from each

experiment: Oleic Acid Solution

The general concurrence of the statistical analysis demonstrates
that in all cases, except that of the Brillouin linewidths, the oleic
acid solution data are best represented by two intersecting straight
lines. However, the statistical analysis of the data for the

n-octanoic acid solution indicates that there are no preferred functional

forms.
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4,5 Discussion

4.5.1 Kinematic Shear Viscosity

The viscosity of the solutions can be described by the Arrhenius-

Frenkel-Eyring equation[1171

n = |5 expl- P AT (4.5.1)

where h is Planck's constant; N is the Avogadro number; V is the
molar volume; AS* and AH* are, respectively, the entropy and heat of

activation of the process of viscous flow; R is the gas constant;

T is the absolute temperature.

The corresponding kinematic shear viscosity is given by

- - | n _ Asr AH
ng =n/p = [M exp(- —|4 )J exp[—ET—‘] (4.5.2)

where M is the molar mass and p the density. According to equation

(4.5.2) a change in slope is indicative of a change in the activation

energy associated with viscous flow between the high and low tempe-

rature ranges.

The results for the temperature dependence kinematic viscosity

of the oleic acid solution agree with those found by other experimenters

for a variety of polymer melts[102L The Arrhenius plot consists of

two straight lines with a break point occurring in this case at

18.5 °C. The slope in the T < 18.5 °C range is greater than that ip

the T > 18.5 °C, the converse is true for the corresponding inter-

cepts.
The activation energy (AH*) increases from the high temperature

to the low temperature state from 26.0 kJmol"1 to 32.2 kJmol_1 a
4
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change of 5.2 kJmol—l, that is, the low temperature state has a higher
activation energy for the process of viscous flow. The intercept for
the high temperature state exceeds that for the low temperature state
indicating a change in entropy at the transition temperature, that is,
an increase in the entropy change required for the process of

viscous flow from the high to the low temperature state.

Using the Boltzmann relation,

(4.5.3)

where kB is the Boltzmann  constant and W is the number of molecular
arrangements, in conjunction with equation (4.5.2) the ratio wh/wl is
calculated to be approximately 3. The subscripts refer to the
high (h) and low (1) temperature states. This implies that there are
nearly 3 times as many molecular arrangements in the high temperature
state as in the low temperature state.

Both the increase in activational energy and the increase in

the entropy in going from the high to the low temperature state imply

that the transition involves an increase in the local order of the

liquid.

4.5.2 Density

The density variation with temperature of the oleic acid solu-

tion shows a discontinuity in the region 14 °C to 17 °C.

The volume expansion coefficient, vy, is given by

_ 1 EX]
Y =9 |%T (4.5.4)
o ip

- 97 -



this can be written as

@j
Y a 1 ipJ
(1/90) T p (4.5.5)

1
=
ap [o]

The variation of 3T and Spo are shown in Fig 4.5.1. Clearly,

the low temperature state has a smaller expansion coefficient This
result implies an increase in the local order of the liquid consistent
with the viscosity result. The value of y in the low temperature

4

. . -4 -1 -4 -
region is 5.65 x 10 K compared to 7.87 x 10 K ! above the transi-

tion region.
Fig 4.5.1 Oleic acid solution

(a) variation of thermal comparison coefficient

(b) Variation of density with temperature

E
,'_p 1047
o
)
o
X 1036
>
(7]
c
o
0 1026
p
9 9.75]
£
S |
o
2 l
x 9.65
2 l
(7]
c
5 |
0O g55 ] 1 1 1 4
10 15 20 25 30 35

Temperature/°C

- 98 -



4.5.3 Refractive Index

The temperature variation of refractive index is greater below

16.5 °C than above. This result .s closely connected to the density

result through the Lorentz-Lorenz equation[118]
-
2 (4.5.6
(n” + 2) )

where n is the refractive index, ao is the molecular polarisability
and p is the density.

According to equation (4.5.6) a decrease in the slope of density
against temperature should be accompanied by a proportionately
smaller decrease in the temperature gradient of the refractive index.
This is not found experimentally. Fig 4.3,3(a) shows an increase in
the refractive index gradient. This implies that the average mole-

cular polarisability has increased. This is consistent with an inc

rease in local ordering to produce a locally nematic phase.

4.5.4 PolarisedAgaylg;gh—Br;;ngin_sgg;;gxing

The longitudinal hypersonic modulus evaluated from the Brillouin
measurements also reflects the change in structure; two straight
lines, intersecting at a temperature of 16.2 °C with a change of slope
of approximately 50%, describe this behaviour most closely. fThis
large change in gradient must be associated with a change in the
local structure of the liquid to form a more ordered phase.

As mentioned in Section 4.3.4 there is an increase in scatter
on the data points within the transition region. Thisg transition

region involves a change of phase analogous to that of the glass-to-~

rubber transition that occurs in amorphous polymers. Thisg glass~to
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rubber transition has been found to be rate dependent[llg] It is
likely therefore, that the ordering phenomenon in oleic acid is also
a rate dependent process, thus accounting for the increased spread

on the data within the transition region. This was not found in the

octanoic acid solution.
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4.6 Conclusions

From the various measurements described above, it appears that
a

oleic acid exhibits anomalous behaviour in the temperature variati
on
of the physical properties investigated. The important fact that

different physical properties of oleic acid show anomalous behaviour

within the same narrow temperature range, 14 °C to 18 °C, implicate
' s

a change of structure.

It is highly probable that the ordering of the liquid is caused
by a transisomerisation of the alkyl chains to form a locally nematic
structure, that is, alignment of the molecules can take place far more
easily if the alkyl chains take up an all-truns confiquration, the
lowest energy conformation, about the c¢is-double bond (Fig 4.6.1).

This conclusion is supported by the fact that the physical

properties of the octanoic acid solution show no discernible anomaly

over the same temperature range. This solution was chosen to mole

cularly model the oleic acid solution but with the ¢Zs-double bond

absent thus removing the anchoring effect of the double bond about

which the transisomerisation can take place.

All-trans configuration of oleic acid

Fig 4.6.1
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The temperature range over which the anomalous behaviour occurs
is similar to that found in some biological membranes, containing

fatty acid alkyl chains, of which oleic acid is a fundamental

constituent, for example, glycerol monoleate. This suggests that the

thermotropic phase transformation seen in these systems can be
associated with the T, phenomenon occuring in the oleyl chain.
Depolarised Raleigh-Brillouin scattering can be used to study

molecular motion in liquids (Section 2.3). The depolarised spectrum

monitors fluctuations in the anisotropy tensor associated with mole-

cular reorientation. This spectrum would be very sensitive to any

mesomorphic ordering in the liquid. The depolarised (VH) spectrum of

the oleic acid solution was examined but the line width obtained was

found to be too narrow to resolve with the Fabry-Perot interferometer.

This implies that the multiparticle correlation time is very long and

that there is large scale cooperative motion in the liquid. A similar

effect was found when the depolarised spectrum of the liquid crystal

4—cyano-4'-n—pentylbiphenyl (Fig 4.6.2) was examined.

Fig 4.6.2 Molecular Structure of the Liquid Crystal 4-cyano-4'-n-

pentylbiphenyl

CH,(CH,); CN

The width of the depolarised spectrum could be resolved only above
approximately 45 °C. At 80 °C the half-width was approximately

120 MHz, implying large scale cooperative motion even in the isotropic

phase. Hence, the pehaviour cxhibited by oleic acid resembles that

of a liquid crystal; the high temperature region equivalent to the
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isotropic phase and the low temperature region equivalent to the

nematic phase.
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CHAPTER 5 - RESULTS AND ANALYSIS OF DEPOLARISED RAYLEIGH-BRILLOUI
SCATTERING FROM THE ALKANES C5H12 to C_H N
8 18
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5.1 1Introduction

Presented in this chapter are the depolarised light scattering
results from the alkanes n-pentane to n-octane and some isomers of

the homologous series. The liquids, listed in Table 3.2.1, were studied

over a temperature range of O °C to within 25 °C of their boiling points.
Three to four spectra were consecutively obtained at a particular

temperature. The values obtained for the peak half widths were

averaged thus reducing the scatter on the final results. To optimise

the error in the data analysis the FSR's used were such that the ratio

of the peak half width to the FSR was approximately 0,1.

Since coupling between shear modes and molecular reorientation

may occur, the depolarised Rayleigh~Brillouin spectrum can potentially

be very complex. This coupling manifests itself as a dip in the VH

spectra, Section 2.3,and such a dip has been observed for longer chain

n—alkanes[3'104'1201- However, for all the alkanes studied in this

thesis the dip was too narrow and too small to be resolved.

c

In Fig 5.1.Lito Fig 5.1.Lithe all=trans structure of ecach of

the liquids investigated is depicted. Each line represents a carbon-

carbon bond and the hydrogen atoms have been omitted for clarity. From
these diagrams it is clear that the molecules become more spherical
and have more restricted conformational degrees of freedom as the

branching increases.

The results obtained for each group of isomers, that is, C}H
818"

C_H are presented. The molecular cor i i
C7H16’ C6H14 and sHio P relation times

are then analysed in terms of the Stokes-Einstein-Debye relation

discussed in Section 2.4.
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Fig 5.1.1 Schematic all-trans representation of the isomers
ig 5.1.

n-octane

2-methylheptane

\\\\\“////ﬁ\\\\\////SQZ\\\V///// 3-methylheptane
!
!
/

2,5-dimethylhexane
2,2,4~trimethylpentanc
n-heptane

Z2-methylhexanc

\\\\\V/////N\\\2§;////\\\\\ 3-methylhexane
\
\
\&
/
/
!

2,2-dimethylpentane

2,3-dimethylpentane

2,2,3-trimethylbutane
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n-hexane

\\\\\v////’\\\zzg//// 2-methylpentane

3-methylpentane

2,2—dimethylbutane

\\\\\y/////A\\\\\////// Tremtane

2-methylbutane

carbon-carbon bond in the Plane of the paper

_____________ carbon-carbon bond into the Plane of the paper

Sl ] carbon-carbon boni oyt of the plane of the paper
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5.2 Results

5.2.1 Isomers of C8§18

The results for the peak half width as a function of temperature

are presented in Fig 5.2.1 to Fig 5.2.5. Clearly the reorientational

frequency increases with increasing temperature for all the isomers

For the isomers n-octane, 2-methylheptane, 3-methylheptane angd

2,5~-dimethylhexane the spectra were all successfully fitted to a

single Lorentzian superimposed on a flat base (equation (Al.4.3) for

the entire range of FSR's used. The flat base arises from the

multiple overlapping of the broad collisional background. The standard

deviation on each individual peak half width measured was of the order

12%., However, the peak half widths were found to be reproducible to

within *+ 5%. Table 5.2.1 shows examples of the statistical analysis

of a single Lorentzian fit to the spectra for each of the isomers

discussed above. For these isomers the peak half widths measured at

different FSR's were found to agree within experimental error. However,

when the isomer 2,2,4-trimethylpentane was investigated at FSR's of

685 GHz and 1500 GHz the results for the peak half widths as a function

of temperature did not agree - Fig 5.2.5. The values measured at ap

FSR of 1500 GHz are approximately 50% larger than those measured at

an FSR of 685 GHz. The implication of these results is that the spectra

are not single Lorentzian.

The cause of this discrepancy was investigated in some detail

and is discussed below. As already discussed in Chapter 2, in order to

obtain spectra that are composed of single Lorentzian lineshapes super-

imposed on a flat background, there must be a timescale separation

between the rotational and the collisional motion. with the large

FSR's used to examine the spectra from 2,2,4-trimethylpentane the

first possibility that arises is that the background is no longer
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Fig 5.2.1 n-octane. Single Lorentzian fit to data: FSR = 110 - 170 GHz
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Fig 5.2.3 3-methylheptane. Single Lorentzian fit to data.
FSR = 170 - 370 GHz .
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Fig 5.2.5 2,2,4~trimethylpentane.

(a) Single Lorentzian fit to data: FSR = 1500 GHz
(b) Single Lorentzian fit to data: FSR = 685 GHz
(c) Two Lorentzian fit to data: FSR = 685 GHz (+)
FSR = 1500 GHz (*)
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flat. 1Instead, due to the Fabry-Perot resolving part of the collisional

motion, the base is better represented as exponential. The spectra

were then analysed using a fitting function of a Lorentzian super-

imposed on an exponential base (equation (Al.4.4). a comparison of

the statistical analysis of the two objective functions, Table 5.2.2,

indicated that the exponential base did not significantly improve the

fit.
The second possibility investigated was that the spectra were

composed of two Lorentzians, both centred at the incident frequency,

This fitting function

superimposed on a flat base (equation (A1.4.5)),
[49]

was chosen on the basis of the results of Viovy et al ,» discussed in

Section 2.3.1, where a second broad Lorentzian component was found
superimposed on a collisional background for several small 'rigid’'

symmetric and spherical top molecules. Since 2,2,4—trimethylpentane

has far less flexibility than n-octane and is essentially globular ip
structure it is conceivable that similar effects could be influencing

the spectra. The data were re-examined using the two Lorentzian

fitting functions and the resulting fit found to be significantly

improved. Indeed, the statistical analysis of the fit (Table 5.2.2)

indicates that this is an appropriate choice of fitting function.
Fig 5.2.5 shows the variation of peak half widths, with tempe~

rature for the different fitting functions and different FSR's, Up to

temperatures of approximately 40 °C a two Lorentzian fit to the data

at both FSR's gives values for the reorientational frequency that

are the same within experimental error. This is another indication

of the validity of the choice of fitting function. At higher
temperatures the values obtained at an FSR of 1500 GHz increase whilst

those obtained at 685 GHz FSR start to decrease. This decrease is due

to:
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(i) the decrease in signal-to-noise ratio of the spectra, and
’
(ii) the increase in the peak half width of the broad lower intensit
nsity

second Lorentzian.

The combination of these two effects results in inadequate resol

u—

tion of the two components and hence the computer program ig unabl
e

to effect a separation of the two Lorentzian features

Alms et al[67] discuss the situation under which a separatio
n

of two Lorentzians from a spectrum is possible. They conclude that
a
it is necessary for the noise level to be significantly smaller th
an

the maximum error and that a high signal-to-noisge ratio is requireq
re

to observe a low intensity broad Lorentzian under a strong nar
row
Lorentzian. The experimental considerations are realised at an Fs
n R

of 1500 GHz, and over a limited range of temperatures at 685 GHz FsSR
’

by careful alignment of the optical components. However, above 40 o
’ C

at an FSR of 685 GHz exactly the opposite effects are seen thus
causing the erroneous result of a decrease of peak half width with

increasing temperature. Fig 5.2.6 depicts the variation of peak half

width for the second Lorentzian component. All the values are

presented to illustrate that the spread on the fitted values is much
uc

larger for the broad low intensity Lorentzian. This jis to be

expected from the previous discussion. However, the trend is an

increase of peak half width with increasing temperature In additi
. < p i10n
to 2,2,4-trimethylpentane, the isomer 2,3,4—trimethylpentane was
examined but the results were not of sufficient reproducibility due t
’ e o

a poor quality sample, to be included. However the results indicateq
cate

very similar trends to those of 2,2,4—trimethylpentane,
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5.2.
2 1Isomers of C7H16

The variation of the reorientational frequency with temperature

for the isomers of C7H16 investigated are shown in Fig 5.2.7 to

Fig 5.2.12. The peak half width increases with increasing tempera-

ture for all the isomers.

The spectra obtained from n-heptane over the complete range of

FSR's used were all successfully fitted to a single Lorentzian super-

imposed on a flat pase. However, the fits to the spectra from the

isomers 2-methylhexane, 3-methylhexane, 2,2-dimethylpentane,

2,3-dimethylpentane and 2,2,3-trimethylbutane were all found to be
significantly improved when fitted to two Lorentzians superimposed
on a flat base. An improvement was not found when the spectra were

fitted to a single Lorentzian plus an exponential base. These

observations are similar to those made for 2,2,4~trimethylpentane
A comparison of the statistical analysis of the various fitting func-
tions for the isomers of C7H16 is given in Table 5.2.3.

The liquids 2-methylpentane, 2,2~dimethylpentane and 2,2,3-

trimethylbutane were only examined over a single FSR because in general

a significantly different FSR gave very poor signal-to-noise ratios on

the spectra and consequently very unreliable fits to the data. 1In

addition difficulties were encountered in containing liquids of high

vapour pressure .

The reorientational frequencies obtained from a two Lorentzian

f£it to the spectra from 3-methylhexane at lower FSR's were found to

exhibit large scatter and are not shown. This scatter is due to the

multiple overlapping of adjacent crders and hence the second Lorentzian

appears as a portion of the background.
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Fig 5.2.9
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Fig 5.2.11 2,3-dimethylpentane
(a) Single Lorentzian fit to data: FSR = 2000 GHz
(b) Single Lorentzian fit to data: FSR = 950 GHz
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However the results of a two Lorentzian fit to the data from

2,3-dimethylpentane are consistent for both FSR's used over a

temperature range of 0 °C to approximately 50 °C. Hence both

Lorentzian components are well resolved. The decrease of reorienta-

tional frequency with increasing temperature above 50 °C at an FSR
of 950 GHz is due to the same effects as already discussed for the
case of 2,2,4-trimethylpentane.

Shown in Fig 5.2.13 to Fig 5.2.17 are the variations of peak
half width with temperature for the second Lorentzian components.
only the results at the larger FSR's, where the signal-to-noise ratio
The spread on the data points is large

is the largest, are presented.

due to effects already discussed. However, the general trend is an
increase of peak half width with increasing temperature similar to

that found for the isomer 2,2,4-trimethylpentane,
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Fig 5.2.13
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Fig 5.2.14
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Fig 5.2.16
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5.2.3 1Isomers of CrH14

O

The results of the reorientational frequency as a function of
temperature for the isomers n-hexane, 2-methylpentane, 3-methylpentane
and 2,2-dimethylbutane are presented in Fig 5.2.18 to Fig 5.2.21.

The peak half width increases with increasing temperature for all the

isomers.

The spectra obtained from the isomer n-hexane all fitted to a

single Lorentzian plus a flat base. The spectra from the isomers

2-methylpentane, 3-methylpentane and 2,2-dimethylbutane all gave improved

fits when fitted to two Lorentzian plus a flat base. Table 5.2.4

gives examples of the statistical analysis of the fits to the isomers

It is clearly evident that an exponential base does not

of C6H14'

improve the fit.

The decrease of reorientatinonal frequency with increasing tempe-
rature for the isomer 3-methylpentane when fitted to two Lorentzians
’

is probably due to the dccrease in the signal-to-noise ratio at the

higher temperatures.

Shown in Table 5.2.5 is the variation of optical anisotropy for

some of the isomers. The isomer 2,2-dimethylbutane has the lowest

optical anisotropy of any of the liquids studied. The FSR needed to

obtain an adequate resolution of the spectra was very large, of
This corresponds to a Fabry-Perot plate

the order 3300 GHz.

separation of only 0.05 mm. Hence the error in the measured FSR, and

consequently the peak-half-widths, is of the order 20%. However

spectra were successfully obtained with scan times of approximately

30 minutes.

An example of the quality of the data obtained is shown in

Fig 5.2.22.
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Fig 5.2.
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Fig 5.2.20 3-methylpentane.

(a) Single Lorentzian fit to data: FSR = 1250 GHz
(b) Single Lorentzian fit to data: FSR = 715 GHz
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Fig 5.2.22 Depolarised Rayleigh-Brillouin Spectra of 2,2-dimethylbutane
FSR = 3335 GHz; T = 41 °C
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With reference to Table 5.2.4 it is evident that although a two

—-—

Lorentzian fit significantly improved the statistical analysis it isg

still not the most appropriate fitting function. Due to the very large

FSR used it is highly likely that part of the collisional background is

being resolved. This was examined by fitting the data to a fitting

function that incorporated two Lorentzians plus an exponential base,
However, this did not result in an improvement in the statistical analysis,
The most probable reason for this is that the exponential base cannot

be adequately separated from the second broad Lorentzian due to the

FSR used; a larger FSR would enable a sevaration of the interaction

induced component and corresponding improvements in the data analysis
however, this would require a monochromator since the Fabry-Perot was

set close to its maximum FSR. Since the most appropriate fitting

function, of those analysed, consists of two Lorentzians superimposed
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on a flat base the analysis is presented on the basis of this fitting

function. Although a more appropriate fitting function could result

in different peak half-widths for the narrow Lorentzian component the

error in assuming the above fitting function should be less than or

comparable to the * 20% uncertainties in measuring the FSR (Section 3.1.2).

The peak half-widths of the second Lorentzian component are shown

as a function of temperature in Fig 5.2.23 to Fig 5.2.25. The spreagd

on the fitted values is large. However for the isomers 2-methylpentane

and 2,2-dimethylbutane the trend is an increase of peak half-width with

increasing temperature. For the isomer 3-methylpentane the values above

40 °C decrease with temperature. However this pattern was also observed

in the reorientational peak half-widths (Fig 5.2.20¢) and is a result
of low signal-to-noise ratio and hence inadequate resolution of the

two components. The isomer 2,3~dimethylbutane was also investigated.

The sample became contaminated within a few hours ang therefore very
few results could be obtained. Consequently the results are not Presented

although the preliminary measurements indicated similar trends to those

of 2,2-dimethylbutane.
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Fig 5.2.23
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2,2-dimethylbutane. variation of second Lorentzian peak half

Fig 5.2.25
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5.2.4 1Isomers of C5§12

The peak width variation with temperature for the isomers n-
pentane and 2-methylbutane are presented in Fig 5.2.26 and Fig 5.2.27
For both isomers the reorientational frequency increases with increasing

temperature. In the case of both isomers the most appropriate fitting

function, at the larger FSR for n-pentane, was two Lorentzians super-

imposed on a flat base. Examples of the statistical analysis of the fit

are given in Table 5.2.6.

The variation of the peak half widths with temperature for the

second Lorentzian are shown in Fig 5.2.28 and Fig 5.2.29. For both

isomers any trend in the second Lorentzian peak half width is masked by

the large spread on the fitted values.

- 134 -



Fig 5.2.26
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Fig 5.2.28
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5.3 Analysis of Spectral Data

5.3.1

The Stokes-Einstein-Debye Relation

The reorientational peak half widths (FVH) obtained are related

to the molecular correlation times (TLS) by equation (2.3.1)

T
LS

ZHFVH

(2.3.1)

The molecular correlation times obtained are analysed in terms of the

Stokes-Einstein-Debye relation, given by

where:

T

LS

rg," [ggyg . ]
LJ2.J LKBT O_l

(2.4.14)

(g2/J2) is the orientational correlation barameter (Section 2.4.3)

a

P

\'

n

kg

T

is the stick=slip coefficient (Section 2.4.2)

is the Perrin factor (Section 2.4.1)
is the molecular volume

is the macroscopic liquid viscosity
is the Boltzmann constant

is the absolute temperature

i db lotti : ] .
The data is presente y plotting the quantity TLS' obtained from fits

to a single Lorentzian and where appropriate two Lorentzians against
I’

the quantity n/T (Fig 5.3.1 to Fig 5.3.17).

The following observations are made from the Straight line fit
S

to the results:

(1)

In all cases the graphs approximate, within the limits of

experimental error, to straight lines.

The gradient of these

graphs can be related to an effective molecular volume by

multiplying by Boltzmann's constant and expressing the result

} 3
in (angstroms) .
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Fig 5.3.1 n-octane. Stokes-Einstein-Debye fit to molecular correlation
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Stokes-Einstein-Debye fit to molecular

Fig 5.3.3 3-methylheptane.
correlation times
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Fig 5.3.5 2,2,4-trimethylpentane. Stokes-Einstein-Debye fit to molecular

correlation times
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Fig 5.3.6
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Fig 5.
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Fig 5.3.10
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Fig 5.3.12 n-hexane.
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Fig 5.3.14
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Fig 5.3.16
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(ii) vValues of the intercept are all within + 2.5 ps with the values

increasing with increasing branching.

The effective molecular volumes and the intercept: obtained

for all the alkanes are presented in Table 5.3.1. Where appropriate

the values obtained from a two Lorentzian fit to the spectra are also

shown.

A comparison between the Stokes—Einstein~Debye volumes obtained

in this work and the results presented recently by Bagshaw[:gj and

-

is made in Table 5,3.2.

Patterson and Carroll

There is clearly agreement between the results of Bagshaw and

this work for the n-alkanes. However the results of Patterson and

Carroll are significantly lower although the trend is similar. The
results from the isomer 2,2-dimethylbutane (this work) are compared
with those from 2,3-dimethylbutane (ref [1]). 1hig is justified since

the molecular conformations are very similar. 1Ip addition as already

discussed in Section 5.2.2 preliminary results from 2,3—dimethylbutane
indicate close agreement with those from 2,2—dimethylbutane. A full

discussion of the results from these isomers is presented in Section

5.3.2.
From the Stokes-Einstein-Debye relation (equation 2.4.14) it can

be seen that the effective molecular volumes obtained from the
gradients are given by the quantity (g2/J2)PVo(, (g2/J2) is the
orientational correlation parameter, o is the stick-slip coefficient,
P is the Perrin factor and V is the molecular volume.

The molecular volume V was determined from the atomic and mole-
cular dimensions measured from a Framework Molecular Model (FMM) .  The

quantities (g2/J2), a and P are determined by the environment of the

molecule in the liquid. (g2/J2) is the angular correlation function

- 148 -



EF°0 ¥ 95°0 6°9 ¥ L ¥C 90°0 * ¥2°0 01T ¥ L°6 suelnqrAy3laul-g
SS°0 ¥ 9270 S'6 ¥ 6769 C1°0C ¥ 92°0- 0°¢ ¥ ¢°s¥% ZHO Q0C€T = ¥S4 (T1T)
€1°C ¥ 1970 0" ¥ 0°¢ev ZHD QL9 = ¥Sd (T)
suerjuad-u
S'1 ¥ 6°¢ 0°¢€ ¥ 211 S0°C ¥ €€°0 | 9°0 ¥ L°C QuUBINqTAYIDWIP-Z ‘g
06°0 ¥ €271 0°8 ¥ 6°¢% 06°0 ¥ L£°0 ! 8°S ¥ L79C ZHD QG2 = ¥Sd (TT)
SS°0 F I€°0 0°8 ¥ 6°2% | ZHD Q7L = ¥Sd ()
H ] surjuadTAyzau-¢
Z8°0 ¥ ¥S°0 0°C1 ¥ 6789 ¥2°0 ¥ 01°0 w L°€ ¥ 9°pg | ZHD 0GZT = ¥sd (TT1)
12°0  ¥5°0 ! 0°¢ ¥ §°1¢ ZHD ¢09 = ¥sd (T)
auvjusdiiyjzsu-7
SE°0 F IP°O 0°S ¥ 8°%9 suexay~-u
S°T0F 91 0°€ ¥ 0°6 900 ¥ €570 0 7 9°¢ JueINqQrAYIDWIAI-€ ‘77
62°0 ¥ €2°0 L€ F €7€9 L0°0 % 970 8°0 ¥ 8791 ZHD 0007 = ¥s4q (TT)
81°0 % 9¢°0 9°¢ ¥ 2°¢9 P1°0 ¥ ¥5°0 | S°T ¥ §°9¢ ZHD 056 = ¥sd (T)
auejuadTAyswIp-¢“7
09°0 7 ¥E° T v°9F L°GE L €170 F ILT0 AR S Al oT4 durjuad TAY3aWIp-2 ‘7
19°0 ¥ OF°1 £€°6 ¥ L efb 61°0 ¥ ¥¢°0 m 0"t ¥ 2°¢% ZHD 0671 = ¥Sd (TI71)
62°0 ¥ G0°0 w 8¢ ¥ Z2°09 ZHD 009-00F% = ¥SJd (1)
; UEX2AyTAYIOW~¢
0°1 ¥ 0G6°C 6°¢ ¥ 67C¢5 | VI'0 ¥ ¥0°1 w ST ¥ £€°0¢ auexayrAylau-z
0L°0 # S0°0 W 0°'e ¥ ¥°96 sueiday-u w
w i
¢S°0 ¥ 92°¢2 L°Vv ¥ €1V M 90°0 ¥ ¥¥°0 w 9°0 ¥ 1791 ZHD 0097 = ¥sd (TT)
11°0 ¥ €5°¢ 6°0 F 1°LE | LZ°0 F S6°0 { S°Z ¥ 6781 ZHD 689 = ¥s4d (1) |
. surjuadAUIDWTIAI-'Z2'7 |
9¢°0 ¥ t0°1 0'% ¥ 2799 wcmxwﬂawsumaaﬁum~mﬂ
L0 F ¥°0- 0°L ¥ 07006 sueydeyriypeu-¢ |
€V°0 ¥ 90°1 0V ¥ 0726 wcmumwﬂamzumalmﬂ
09°0 ¥ €L 0~ 0°S ¥ L°0%1 due3D0-U |
| |
sd/adeoxeaur mm\wasao> IeTUDODTOW 2AT1093I3Y sd/ydeoas3ury m@\wESHo> IeTNO8TOW SAT1D933H M
pTNnbT]
eleg 03 1TJd URTZIUSIOT OM], eled 03 3TJd UPTZIULIOT BUQ

SHWIL NOILVTIAYH0D AaNIWLE0 ATNINANIYAdXd FHL OL SLIJ JAGIA-NIFLSNIZ~SIIOLS WO¥d QILVINDTYD SAWNTOA AYINITTIOW

1°€°S FI9VL

149



*sjutod ejep oml ATuo moxj paute3lqo ST 3IT IJUTS 9IgeT(aiun sT aue3ingriyidm-z I03 YZp JO anTea S, [[OIXeD PUE UOSISIIed

to
(s3qutod e3ep 7) (sautod ew3ep 7)

Z 1~ - 0 ¥ 9°0 [4% - L 7 9C aueyngrAy3zLwW-¢

Z2°0 ¥ 1°0- 1°0 ¥ €°0-{1°0 ¥ €70~ £ ¥ 0F 7 ¥ 6V 0l F 69 suejuad-u

1°0 7 9°0- - - S'0 ¥ S°¥I1 - - auelnq TAYILDWIP-¢ ‘¢

- - £°0 F ¥°0 - - € F 11 suelngTiAylsuwIp-z‘Z

£€°0 ¥ 970 1°0 5 2°0 ¥°0  ¥°0 vV ¥ 2¢g Z ¥ 99 S ¥ 99 auexay-u

¥°0 ¥ §°0 Z2°0 ¥ 1°0- _h.o F1°0 9 % 69 £ ¥ 6 6 F 96 sueiday-u

L"0 F €70 2°0 ¥ L'0-19°0 % L O- ¢l F 901 Z ¥ 6l S ¥ Iv1 sue300-u

(1 Haaouumo B UOsId33ed 0 mHBM£mmmm 3IOM STUL (1 Haaouumo ¥ UOSId3I3ed Hm_smzmmmm 3IOM STYL

sd/adsoasjur mm\mEsHo> 3Ageg-UT93SUTH-S240]S PINbTT

SENTVA FTINLYIALIT

HLIM YHOM SIHL WOYA QIAASVIW SHWNTOA FAFIA-NIALSNIA-SENOLS A0 NOSIUYIWOD

Z°€7g dTdVYL

150



and is related to the degree of molecular alignment in the liquid.

o and P are both related to the hydrodynamics of molecular re-
orientation in the liquid. o is related to the hydrodynamic drag

imposed on the molecule by its environment, that is the surrounding

molecules. P is determined exclusively by molecular shape. An oblate

or prolate ellipsoid immersed in a continuum undergoes both translational

and reorientational diffusion at a slower rate than a sphere of the

8
same volume. Perrin ] calculated the effect of shape, for prolate

and oblate ellipsoids, on both the translational and rotational

diffusion times. The results are expressed in terms of a Perrin factor

P, discussed in Section 2.4.1, greater than unity. An ellipsoid of
volume V and Perrin factor P undergoes diffusion Processes such that

it acts as a sphere with an equivalent volume pv. The Perrin factor

for prolate and oblate ellipsoids is given by equations (2.4.9) to

equation (2.4.12).

The liquids investigated are composed of flexible molecules
that have time varying conformations, hence the average molecular
conformation lies between the all-fruns configuration, that is with

the chain completely extended, and the chain completely coiled such

that the molecule approximates to a sphere. Therefore the effective

molecular volume, PV, should lie between the actual molecular volume,

V, where p is the

- ns conformation, P
and the all-tra c " T trang trang

v,
Perrin factor for the all-trans molecule.

In Table 5.3.3 a comparison is made between the Stokes-Einstein—

Debye volume (g2/J2) aPV  and the quantity PV which may lie within

the range of V and Poirans’ Axial ratios .and molecular volumes are

calculated from Framework Molecular Models. Wwhere appropriate the
comparison is made for Stokes-Einstein-Debye volumes obtained from

two Lorentzian fits to the data. All the isomers were modelled ag
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except for 2,2,3-trimethylbutane which was

prolate ellipsoids

modelled as an oblate ellipsoid.

For each set of isomers the general trend is a decrease in the

Stokes-Einstein-Debye volume with increasing branching. In addition

it appears that the measured Stokes-Einstein-Debye volume is similar

For example, for the C

for all backbone chains of the same length. .

backbone the liquids n-heptane, 2-methylheptane and 3-methylheptane

have the same effective volume, within two standard deviations.
This implies that replacing a hydrogen atom by a methyl group on the
backbone chain does not affect the effective molecular volume

measured by light scattering. This conclusion is supported by

examining space filling models of the all-trans configurations of

the isomers.

The Stokes-Einstein-Debye volumes shown in Table 5.3.3 are equal

to the gquantity (g2/J2) aPV. Hence maximum and minimum values of the

quantity (gZ/JZ) o can be calculated. For example, for the liquid

3 . o
n-octane the range of values which PV can take lies between 163 A3 and

443 A3. The experimentally observed Stokes-Einstein-Debye volume for

[+
this ligquid is 141 A3. From this it can be deduced that the quantity

(gZ/J2) o lies between 0.32 and 0.87.

Table 5.3.4 shows the maximum and minimum values of the guantity

(g2/J2)a for each liquid. The maximum value would be appropriate if

the molecules were completely coiled up in the liquid, whereas the

minimum values correspond to a completely extended (all~-tragns) chain.

Neither of those extremes is probable, however measurements of infra-

21]

red spectra[1 hav and below

e indicated that for the n-alkanes C8H18

in the liquid state, the population of gauche states is less than that

of trang states.
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The values of (gz/J2)a are all less than unity with a decrease

with increasing branching for each set of isomers.

The quantity 9, has been measured for a range of n-alkanes

by Bothorel et al[122]. The results were obtained from the

integrated intensities of depolarised light scattering from the neat

liquids and solutions in carbon tetrachloride. The measurements

indicate that for the n-alkanes C8H18 to C5H12 the factor 9, is

approximately equal to unity. As already discussed replacing a hydro-

gen atom by a methyl group does not appear to significantly change

the measured effective volume. Hence the value of g2 for the

isomers of C8H18 to C5H12 is also likely to be unity. Assuming

the value of g, obtained by Bothorel et al is correct then

the slip-stick coefficient a can be obtained. From Table 5.3.5 the

primary observation is that for all the alkanes o is less than unity.
For the n-alkanes a decreases with chain length and also decreases with

increasing branching for each group of isomers. As the branching

increases for each group of isomers the molecule becomes more spherical
in shape (Fig 5.1.lato Fig 5.1.1d)and is thus more likely to rotate
within its own cavity in the liquid, interacting less with its neigh-

bours than the hydrodynamic model, which is inherent in the Stokes-

Einstein-Debye relation, would suggest. This implies that the process

of rotational diffusion approaches the perfect 517p limit as the mole-

cules becomes more spherical. Similarly the decrease in o with

decreasing chain length for the n-alkanes implies that the shorter an
n-alkane molecule the more it approximates to a sphere.

Hu and Zwanig performed classical hydrodynamic, Navier-

Stokes, calculations of the rotational friction coefficients of rigid

prolate and oblate ellipsoids as a function of the axial ratio using

slip boundary conditions (Section 2.4.2). Table 5.3.5 compares the
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value of L calculated from the results of Hu and 2Zwanig, to the

and minimum o values obtained from the Stokes-Einstein-

maxi
xXimum Ayax MIN
D , , .
ebye fit to the correlation times. The values of QHZ for the n-alkanes
lie approximately midway between % yax and aMIN indicating that the

average conformation of the n-alkanes lies between the straight all-

trans chain and the coiled sphere.

The monomethylalkanes of the C8H18 and C7H16 groups of isomers

values that are approximately the same as the o values
HZ *

have
“MIN

This implies that these longer chain lightly branched alkanes have
average conformations that are more spherical than the equivalent
length backbone chain n-alkane.

For the rest of the isomers of all the groups the range of

values all lie above aHZ' Three reasons are possible for this:

(i) The molecules are influenced more by their neighbours than the

Hu and Zwanig model would suggest. On a molecular level the

all-trans forms of the isomers will appear to have a "Yougher"
surface than the all-trans n-alkanes and hence although slip

conditions will still apply, a degree of atick will be intro-

duced thus increasing o above GHZ.

(ii) In calculating aHZ from the results of Hu and Zwaniqg estimatesg

were made of the axial ratio. These measurements are readily
made for the all-trans form of the n-alkanes, however for the
branched isomers difficulties are introduced because of the
assymetry of the molecules about the longest axis. The smallest
axial ratio was measured, that is, the maximum radius of the
all-iranes conformation divided by the length, and this results
in the lowest value of Oyt It is possible that because the

molecule is not well modelled as an ellipsoid that the values
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of A should in fact be larger. If this is the case it would

indicate that as for the longer chain monomethyl alkanes o
MIN

is approximately egual to Apae

(iii) It is possible that for the highly spherical molecules molecular

reorientation is not the dominant process. Hence a Stokes-
Einstein-Debye analysis of the correlation times obtained

would not be appropriate. This possibility is further discussed

in the following section.

5.3.2 Molecular Self-Diffusion

The molecular optical anisotropy correlation time for small mole
cules is determined principally by the reorientation about the longest

axis of the molecule. For a molecule with cylindrical symmetry, re
, -

orientation around the long axis does not contribute to the depolarised
Rayleigh spectrum. Therefore only reorientation about an axis perpen-

dicular to the long axis contributes to the reorientational degrees of
freedom, the spectrum is dominated by the conformations that have the
largest optical anisotropy. For example consider the isomers of

C5H14.

The optical anisotropy of the all-trans form of 2-methylbutane

will be less than that of the all-trans form of n-pentane resuitin i
g in

lower intensities and broader linewidths. This discussion appli t
es to

all the groups of isomers, that is, that with increasing branchin
9

the lecul optical anisotro o
molecular op py decreases and the

correlation times when compared at the same n/T will decrease Thi
. is

is in fact observed for all the groups of isomers.

However, for the isomer 2,2-dimethylbutane, which

has a lower molecular optical anisotrovy than 2-methylbutane, th
’ e

values of the correlation times obtained are shorter than th £
- ose for
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2-methylbutane. The correlation times, when compared at constant

n/T, would be expected to be similar or longer than for 2-methylbutane

because of the increase in molecular size. It is possible therefore

that molecular reorientation is not the predominant mechanism of

optical anisotropy.

In addition to the depolarised Rayleigh scattering due to inter-
molecular optical anisotropy, there will be scattering due to dipole~
induced-dipole interactions between pairs of density fluctuations.

Madden[54] has calculated the depolarised Rayleigh spectrum from a

system of isotropically polarisable molecules. In the central region

the spectrum is Lorentzian with a linewidth given by

2
I'm @ P9 (2.3.6)

where:

D is the translational self diffusion coefficient

CHl is the magnitude of the scattering vector at the

maximum in the centre of mass structure factor.

This diffusional central feature will be present for all liquids,

however, its intensity will be small in comparison to the molecular

optical anisotropy.

g

A comparison between Maddens' theory and the values of the peak

half widths obtained for all the isomers from depolarised light

scattering is presented.
The values of D for the n-alkanes have been measured as 3

[123]

function of temperature by Douglass and McCall using the NMR

spin-echo technique. 1In a later publication McCall et al[124]also

measured the self diffusion coefficients for the isomers of c g using
6714

a similar technique.
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A structure factor has been determined by electron diffraction

from polyethylene melts[1251 The data of Voigt~Martin and Mijlhoff[125]

indicates that the first maximum in the radial distribution function

is determined by the interchain distance not by the overall size of the

, °-1 .
individual molecules. The maximum occurs at 1.5 A which corresponds

to an interchain distance of approximately 5 ; which is in agreement
with measurements made from molecular models. The value of 9 for

the branched isomers will be less than 1.5 g_l, that is the interchain
distance will be greater because of the methyl side groups. Patterson

O—.

and Carroll[ 1] assume a value of q0 = 1.3 A for the isomer

2,3-dimethylbutane. The value for 2,2-dimethylbutane will be very

similar. For the monomethylalkanes the value of qO 1s taken to bhe
1.4 2_1 since the average interchain distance will be between the
values for the n-alkanes and that for 2,2-dimethylbutane.

Table 5.3.6 compares the range of peak half width values
predicted by Madden's theory, using values for D obtained from the
data in ref [123] and [124] to the experimentally determined peak-
half-width values.

It is evident from Table 5.3.6 that, except for the isomers
2,2~dimethylbutane and 2,3-dimethylbutane, the calculated peak~half-
widths are very much larger than the experimentally determined ones.
Patterson and Carroll conclude that when this large linewidth ig
coupled with the small intensity associated with this effect, the
observed depolarised Rayleigh linewidth for all the alkanes, apart
from 2, 3-dimethylbutane, is dominated by molecular optical aniso-
tropy relaxation determined by overall reorientation of the molecules.
They find for the isomer 2,3-dimethylbutane that their experimental
values are in agreement with the values predicted from the Madden

theory. However, this conclusion is based on the assumption that
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the proportionality constant in equation (2.3.6) is equal to

unity. (The values tabulated in Table 5.3.6 also assume this.)

Patterson and Carroll do not provide any justification for this

assumption and it is not clear, at least to this author, why this

should be the case. Nevertheless, the proportionality constant is

most probably greater than 0.1 since the diffusional central
Lorentzian is not found in the spectra from the n-alkanes.

1 , .
Patterson and Carroll ] do not mention the existence of a

second Lorentzian in any of their data. The reason for this is

that the fixed FSR of 870 GHz that they used to obtain all their
spectra is in general too small to adequately resolve the second
In addition the FSR used is too large to study

Lorentzian component.

the longer chain n-alkanes. It has been demonstrated in this work

that in order to obtain high quality spectra that have sufficiently
high signal-to-noise ratios to resolve two Lorentzian components the
range of FSR's needed is approximately 100 GHz to 3300 GHz. Data
that has been collected over only one FSR should be carefully

the line width quoted by Patterson and Carroll for

inspected;

2,3-dimethylbutane at 20 °C is 400 + 20 GHz. When overlap from

adjacent orders is taken into account this would result in a very

low intensity signal-to-noise spectrum from which only very un-

reliable linewidths could be obtained. It seems fortuitous then

that the linewidth measured at 10 °C exactly corresponds to that
predicted by the Madden theory assuming a proportionality constant
of unity.

However, these reservations aside, the conclusion from this
work is that it is possible that for 2,2-dimethylbutane it is dipole-
induced-dipole interaction between pairs of density fluctuations that
are the predominant mechanism for optical anisotropy. It ig also
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probable that similar arguments apply for the liquid 2,2,3-trimethyl-

butane. Unfortunately however, self diffusion data was unavailable

to make a direct comparison.

5.3.3 oOrigin of the Second Lorentzian

As discussed in Section 2.3.1 Viovy et al[49] have shown that

the second broad Lorentzian component present in the depolarised
Rayleigh spectra of small rigid molecules is due to a second variable

describing local anisotropy. In their three-variable theory the

variable associated with the second Lorentzian is the anisotropy in

the distribution of the centres of gravity (G). G is effectively a

measure of local translational order. The liquids examined by Viowy

et al were composed of very small rigid molecules. The results
presented in this thesis are the first to show the existence of a

second Lorentzian component in liquids composed of flexible molecules

with time varying conformations. An alternative possibility for the

occurrence of the second Lorentzian also exists - the possibility of
coupling between the reorientational motion and interaction induced
effects. For the more spherical rigid molecules the time scale
separation between the reorientational and collisional motion is
reduced because of two different but related effects - (a) It has
3]

been shown recently by Bagshaw that the entity involved in

collisional processes in n-alkanes is the methyl groups at the chain
ends. However, it is far more likely that for the more globular
molecules, for example 2,2,4-trimethylpentane, the entity involved
in the collisional processes is the entire molecule. This would
result in a much narrower interaction induced component because the

mass of the colliding unit has greatly increased, that is, from

. } .
equation (2.3.9) l/woanl » (b) Conversely, the reorientational
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portion of the spectrum is much broader because of the spherical shape
of the molecule, that is, the molecule can rotate within its own
cavity without affecting or b .ng affected to the same extent by

surrounding molecules as an n-alkane molecule, thus increasing the

[3)

reorientation frequency. Bagshaw found a value of w . the time-

scale of the collisional motion, of approximately 900 GHz for the
n-alkanes. This corresponds to a mass of 19 amu, the mass of a

terminal methyl group. In comparison the peak-half-widths obtained
for n-octane are in the range 10 GHz to 30 GHz and hence the time-
scale separation between the two processes is approximately 30,
Conversely if the entire molecule is involved in the collisional
process in the case of 2,2,4-trimethylpentane then w, F 390 GHz.

The peak-half-widths are in the range 20 GHz to 50 GHz and the time-

scale separation is reduced to approximately 8.

However, it should be noted that in the analysis of the spectral

data incorporation of an exponential base into the fitting function

was not found to improve the fit. This implies that either, (i) the

timescale of the collisional motion is larger than the above discussion
would suggest, that is, it is not the complete molecule involveq in
the collisional process but still only a portion of it or, (ii) that

the intensity of the interaction induced component is too small to

resolve.

A possible insight into the appropriate mechanism responsible
for the second Lorentzian comes from examining the depolarised Rayleigh
spectra from 2,2-dimethylbutane. As already discussed, Section 5.3.2,
there is evidence that the narrow central Lorentzian component is due
to dipole-induced-dipole interactions and not molecular reorientation.
This would imply the absence of coupling between the reorientational

motion andthe interaction induced component and hence that the
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theory of Viovy et al is more appropriate.

For all the liquids found to exhibit a second Lorentzian in
their depolarised Rayleigh spectra, the scatter on these fitted

peak-half-widths is very large thus precluding any quantitative

analysis. The results from 2,2,4-trimethylpentane have the lowest

scatter and hence it is these that are discussed further.

A Stokes-Einstein-Debye fit to the data is shown in Fig 5.3.18.

It is clear that apart from a few points at low n/T, the correlation

times do fit to a straight line. 1In addition, the ratio of the

integrated intensities of the second Lorentzian to the total integrated
intensity of both Lorentzians was found to be approximately constant over

the complete temperature range studied (Fig 5.3.19).

The conclusion from these results is that there is the same

temperature dependence for the two mechanisms.
A more detailed discussion is not presented because of the

limited amount of data available. However, the existence of this
second Lorentzian in the depolarised Rayleigh spectra from short

flexible molecules is of fundamental importance to the development of

theoretical descriptions of the liquid state.

5.3.4 Comparison of Experimental Molecular Correlation Times with

Results from Computer Simulations

In this section a very limited comparison is made between the

experimentally obtained molecular correlation times and those obtained
4]

from computer simulations by Evans and Knauss - Evans and Knauss

obtained results for the alkanes n-butane to n-undecane using a
Brownian dynamics simulation, discussed in Section 2.4.4. a significant
point about these theoretical results is that on changing from one

model of torsional motion to another, the values of the correlation

times obtained changed significantly. 1In addition, changing the values of the
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torsional potentials significantly changed the correlation times.

When the results obtained are so sensitive to the form and detail

of so many of the parameters involved in the simulations, one must
be confident that the input data selected for the simulation is a

reasonable representation of the physical processes involved.

Evans and Knauss identify the Q = 1 mode, first harmonic
correlation time, as the closest to molecular reorientation. They
propose that the U/kBT = 5 potential is the most appropriate by
comparing their simulation results with those from dielectric
relaxation measurements.

In Table 5.3.7 a comparison is made between the Stokes-Einstein-
Debye volumes calculated from the results of Evans and Knauss for
various potentials and those measured from depolarised Rayleigh
scattering.

The simulation results provide only the dynamic quantity, that
whereas the coherent probe of depolarised

is, the guantity oPV,

light scattering measures the dynamic quantity modified by the

orientational correlation, that is, (g2/J2) aPV.

For the isomers n-pentane to n-octane g, has been measured

[122]

to be approximately equal to unity - Hence a comparison of the

results from the simulations with those from light scattering for the
liquids n-pentane to n-heptane indicates that the values of the Stokes-

Einstein-Debye volumes from light scattering are approximately half way

between the simulation results for U/k;T = 5 and U/kgT = = indicating
5

that a torsional potential of U/kBT » which Evans and Knauss propose

as the most appropriate, is too weak to explain the observed light

scattering results.
Due to the limited amount of data available for comparison the

only qualitative conclusion is that there is reasonable
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agreement between the simulation and experimental results. However it
is worth noting that the model of Evans and Knauss is very simple -
rigidly constrained bond lengths and bond angles and tpang and

gauche potentials are treated equally. Despite this, the model of
Evans and Knauss is the only one that can be compared to experimental

results and is thus a useful contribution to the understanding of

ligquid state dynamics.
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CHAPTER 6 - SUMMARY OF CONCLUSIONS AND SUGGESTIONS FOR FUTURE
INVESTIGATIONS

Contents

6.1 Summary of Conclusions

6.2 Suggestions for Future Investigations
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6.1 Summary of Conclusions

(1) The results of an experimental study of the motion of short chain

flexible molecules using dynamic light scattering techniques have

been described in Chapters 4 and 5.

A comprehensive computer fitting procedure designed to match the
experimental data to theoretical spectra has been developed. This
program incorporates, in addition to the least squares fitting
process, a set of statistical tests designed to detect inade-
quacies in the theoretical fitting functions. This feature has

lead to a more rigorous interpretation of the experimental spectra

Conclusions arising from the experimental work have been drawn

in Chapter 4 and Chapter 5. The following paragraphs are a
summary of these.

(ii) The depolarised Rayleigh-Brillouin spectra obtained from the
alkanes n-pentane to n-octane and their branched isomers were
analysed in terms of the Stokes-Einstein-Debye relation. This
provides a useful approach to analysing the data resulting in a
quantity, the Stokes-Einstein-Debye volume, that can be inter-
preted in terms of the dynamic behaviour of the molecules in the
liquid. The quantity obtained, (92/J2)aPV, was successfully
separated into the components (92/J2), &, P and v resulting in
values of a, the stick-slip coefficient, that indicate that for

the n-alkanes studied the average molecular conformation lies
approximately midway between a coiled sphere and an extended chain.
These results are in agreement with the comparison made between the
experimental Stokes-Einstein-Debye volume and the computer

[4]

simulation results of Evans and Knauss .

- 171 -



(iii) For the first time evidence has been obtained that shows that
o, the stick-slip coefficient, decreases as the molecule becomes

more rigid and more spherical. This increase in the degree of

slip with decreasing flexibility is in qualitative agreement with

the hydrodynamic calculations of Hu and Zwanig[69].

(iv) Improved experimental techniques and a rigorous data analysis
routine have provided evidence for the existence of a second
Lorentzian component in the depolarised Rayleigh spectra obtained
from small flexible and semi-rigid molecules. Viovy et a1[49]
have shown that the second broad Lorentzian component is due to

a second variable describing local anisotropy although an

alternative possibility is thatitis dueto reorientational-

collisional coupling that occurs due to the reduced time-scale

separations between the two processes.

The contribution to the spectra from the second Lorentzian becomes

less dominant as the flexibility increases and hence the shape
becomes less spherical.

Future computer simulations of both rigid and flexible small mole

cules should incorporate the existence of this additional relaxati
ion

mechanism.

(v) The spectra obtained from the isomer 2,2-dimethylbutane are also
interpreted in terms of a theory proposed by Madden[54j; the

relaxation of intermolecular optical anisotropy is due to dipole-
induced-dipole interactions between pairs of density fluctuations.

From the evidence it is not clear that this is the correct int
o) er-—-

pretation however, it is possible that molecular reorientation is

not the predominant relaxation mechanism.
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A second Lorentzian component was found in the spectra from

2,2-dimethylbutane. This would suggest, in conjunction with

the previous result, that the theory of Viovy et al ig correct;
the second Lorentzian is due to a second variable describing

local order and is not attributable to reorientational coupling.

(vi) CZs-9-octadecenoic (oleic) acid was investigated by Rayleigh-

Brillouin spectroscopy. The depolarised Rayleigh spectra were

found to be too narrow to resolve with a Fabry-Perot inter-
ferometer implying a large scale cooperative motion in the
liquid. The temperature gradient of the hypersonic frequency
shifts and elastic modulus, measured from the polarised spectra,
were found to show anomalous behaviour in the range 14 °C to

18 °C. This suggests that oleic acid undergoes a phase

transformation to form a locally nematic structure approximately

5 °C above the melting point. Complementary measurements of

viscosity, density and refractive index support this interpretation.
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6.2 Suggestions for Future Investigations

(i) In order to obtain more precise information on the behaviour of
the second Lorentzian, in addition to more accurate determination

of the linewidth of this profile, the spectra need to be examined

over a larger frequency range. This could be accomplished using

a monochromator which can resolve the spectra out to frequencies

> 10000 GHz.

A monochromator could also be used to examine the time-scale
separation between the reorientational and interaction induced

motions. This would give an indication as to whether coupling

between these two phenomena is likely.

(ii) To obtain further information about the intermediate region

between rigid and completely flexible molecules requires a

study of a series of molecules that can be changed in flexibility

whilst minimising the change in molecular shape. An obvious set
of liquids that would satisfy this requirement are the alkenes

where extra degrees of rigidity are imposed by the presence of

carbon~carbon double bonds. By examining molecules with an in-

creasing number of double bonds whilst keeping the chain length
essentially constant the differences between a rigid and
flexible chain can be investigated. In the present work, as the
flexibility decreased, the value of a also decreased. However this
is also a result of the change in shape of the molecule. with

the alkenes it is likely that o will increase with increasing

rigidity since the molecular shape remains essentially linear.

Investigation of the time-scale separation between molecular re-
orientation and the interaction induced component using a mono-

chromator combined with a study of the behaviour of the second
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Lorentzian in the spectra, if it is resolvable, could provide

a further insight into the mechanism responsible for this effect.

(1ii) Recent theoretical developments of depolarised Rayleigh spectra

have concentrated on the low temperature high viscosity

(B >> 1) regime from rigid symmetric top molecules[38’41’42’43].

A great deal of information could be obtained from low temperature
studies of the isomers of the alkanes and the alkenes. The effect on
the spectra as the molecules become more flexible should provide

a basis for refining present theories and extending them to aniso-

tropic flexible molecules.

There are obviously a number of ways in which this work may develop
in the future. It is hoped that the results presented in this
thesis will form the basis of both future experimental and

theoretical studies leading to a more comprehensive understanding

of the behaviour of molecules in the liquid state.
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APPENDIX 1 - DEVELOPMENT OF A DATA ANALYSIS PROGRAM

A Numerical Algorithm Group (NAG) routine, EO4GAF, which finds a

least-squares solution of M non-linear equations in N variables by

126]
the method due to Marquardt[  was used to fit the experimental

data. Subroutines to calculate the residuals (the difference between

the object function and the ordinate value at the corresponding

abscissae) and the first partial derivates with respect to each

fitting parameter were supplied. Details of these are given in the

following sections.

Al.l Weighting of the Data Points

Statistical weighting of the data points was required in order to

maximise the efficiency of the minimisation routine and to evaluate

the integral chi-square probability (Appendix A2.1).

Poisson statistics were used to weight the data points by scaling

the output from the transient recorder, ranging from 0 to 255, to

the count rate. The count rate required to produce full scale
deflection of the transient recorder was found by applying a frequen-

cy generator to the rate meter of the photon counting system. Under

the experimental conditions used the maximum count rate was found

to be approximately 2000-

Al.2 1Initial Estimates of the Fitting Parameters

To ensure that the fitting routine (EO4GAF) finds the global
minimum,and to increase computing efficiency, the initial estimates
of the fitting parameters should be reasonable estimates of the

ultimate values, that is, within a few standard deviations.

In order to calculate the initial estimates the peak position had to

be determined as a function of channel number. This was achieved by

ii



numerical differentiation of the data and searching for changes in

sign of the first derivative. However, because of the noise on

the data (statistical fluctuations), the total number of turning

points greatly exceeded the 'true' number. To eliminate the noise

the data was smoothed; three successive data points, Y1, Y2 and Y3

were averaged using the relation

Y2 (NEW) = (Y1 + 2 * Y2 + Y3) /4 (A1.2.1)

where Y2 (NEW) is the new (smoothed) value of ¥2. This method ensured

that the peak positions were not shifted during the smoothing

operation. Initially, 100 smooths were performed. If the number of

turning points was outside the required range the data was re-

smoothed as appropriate. Only true turning points survived such

large scale smoothing. Fig Al1.2.1 shows an unsmoothed polarised

Rayleigh—Brillouin spectrum of n-octane and the same spectrum after

smoothing 250 times.

The Rayleigh peaks contain less data points than the Brillouin peaks

and hence on smoothing, the ratio of the Rayleigh/Brillouin height

is reduced. 1In addition, equivalent peaks in successive orders

(from left to right) of the smoothed version are also reduced in

height. The reason for this is that due to the non-linear scan there

are less points per order.

To allow for the possibility of a maximum or minimum at the first
turning point, the second derivative at the first data point was
examined; a negative value implied a maximum and a positive value

a minimum.
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Fig A1.2.1

Polarised Rayleigh-Brillouin Spectrum of n-octane
(a) Original

(unsmoothed) data
(b) Data smoothed 250 times

(a)

(b) ' \
// | j\ /\/ \'x
| |

, o /
N
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Once the peak positions had been located the positions of the three
Rayleigh peaks were used to linearisc the data as discussed in tha

next section. This manipulation of the data is undertaken only to

find the peak positions and hence to linearise the data points.

Once this has been accomplished the original unmanipulated data is

used in the fitting routine.

Al.3 Linearisation of the Data Points

The variation of displacement with voltage of the piezoelectric

stacks is non-linear. This results in a non-linear scan, the degree

of non-linearity depending upon the initial and applied voltages.

The result of this non-linearity is that successive Fabry-Perot

orders become closer together.

In order to ascertain the most relevant linearisation function the

following procedure was adopted. Using the voltage control on the

ramp generator it was possible to observe up to six orders in one
scan. A colloid was used to produce narrow sharp peaks and the

separations of these peaks were determined as the number of points

Ichannels) between them. Each of these peaks was separated by one

FSR and hence six data points were available, giving frequency

against points (ie voltage). These data were then fitted to the

following polynomials

(i) ¥ = A + BX + Cx?

A + BX2

(i1) Y

A + BXC
(A1.3.1)

il

(iii) Y

The choice of the above functions was governed by two considerations
1

(i) the variation of the piezoelectric stacks with voltage was
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known to very approximately quadratlcally[ 1 and (ii) three orders

contained in 1024 points is the optimum number for good resolution
of any fine structure within the individual orders. This limited

the number of parameters that could be determined from an individual
spectrum to three.

Function (i) was found, using the statistical analysis discussed in

Section 3.3.2,to give the best fit. It was therefore possible to

linearise any experimental spectrum by taking the separations of the

Rayleigh peaks as one FSR and peforming a least-squares quadratic

fit to the 1024 data points.

The initial estimates of the fitting parameters were then found from
the linearised data and used in the minimisation routine. The fitting

routine returned the final values of the fitted parameters and the

chi-square value (Section 3.3.2). The instrumental function was

deconvoluted from the fitted variables to obtain the actual spectral

widths (Section Al1.5). Errors on the fitted parameters were calcu-

lated by inverting the curvature matrix using NAG routine FOI1ABF.

Al.4 Construction of the Fitting Functions

Several different fitting functions were employed in the course of

this work to compare the experimental data with theoretical models.
In this section detailed descriptions are given of the fitting
functions used to fit data from polarised and depolarised Rayleigh-
Brillouin spectra.

Fitting Function for the Polarised Rayleigh-Brillouin Spectra

Al.4.1

In Chapter 2 the polarised spectrum from simple liquids was discussed.

The unshifted Rayleigh peak and the two symmetrically displaced
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Brillouin peaks are described by Lorentzian line shapes. The
fitting function is then given by:

Y, = Al/((x, - a2)° + (a3/2)%)

A4/((X, - A2 + a5)% + (86/2)°)

+ A4/((xi A2 - AS)2 + (A6/2)2)

+ Al/((xi A2 + A8)2 + (A3/2)2)

A4/((Xi - A2 + A5 + A8)2 + (A6/2)2)

+ A4/((Xi - A2 - A5 + A8)2 + (A6/2)2)

+ 3 overlapping orders

+ A7 (A1.4.1)

where

Al = Rayleigh line peak height

A2 = Starting position for evaluation of Yi

A3 = Rayleigh full width at half peak height

A4 = Brillouin line peak height

A5 = Brillouin shift

A6 = Brillouin full width at half peak height

A7 = Base

A8 = Free Spectral Range (FSR)
Thus the fitting function allows for overlap from five Fabry-Perot
orders. This increases the accuracy with which the Brillouin line-

width and shift can be determined.

In addition, for viscoelastic liquids there is the possibility of

a Mountain line in the spectrum. The exact shape of the Fountain

line is discussed in Section 2.2. However, under the experimental

conditions in which the liquids were investigated, the Mountain 1i
ine can
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be described by a Lorentzian lineshape centred on the Rayleigh line.

Adding this additional component into the fitting function increases
the number of fitting parameters from eight to ten. A ten parameter

fit has several problems. Firstly, the initial estimates need

to be relatively close, within a few standard deviation of the

actual values, otherwise it is highly likely that a false minimum

will be found by the minimisation routine. Secondly, there will be

larger errors on the fitted parameters and an increase in the

computational time involved. These problems were overcome by replacing

the ten parameter fit by two consecutive eight parameter fits.

Initially the data were fitted using equation (Al1.4.1) with the initial

estimates calculated as described in Al.2. Two of the fitted

variables returned, A2 (starting position) and A8 (FSR), are
functions only of the particular scan and not the type of spectrum;
additional unshifted peaks do not distort the positions of other
unshifted peaks although they will distort the linewidths. In

addition, the Mountain line will distort both the position and line-

width of the shifted Brillouin peaks.

For the second fit A2 and A8 are held constant and two new variables
introduced to describe the Mountain line. The returned values of

the fitting parameters for the first fit are used as initial esti-

mates in the second fit. For the Mountain line, the initial value

for the linewidth was taken as half the FSR and the peak height as

0.25 x Rayleigh peak height.

The fitting function now becomes
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c1) + (A3/2)2)

Yy, = Al/((xi

c1l + AS)2 + (A6/2)2)

+ A4/ ((X,
i

+ A4/((xi - Cl - AS)2 + (A6/2)2)
+ AL/((x, - CL + c2)? + (a3/2)%)

Cl + A5 + c2)2 + (A6/2)2)

+ A4/ ((X, -
1
2 2
+ A4/<(xi - Cl - A5 +C2)" + (A6/2)7)
2 12
v a2/((x, - CD” + (28/2) %)
+ A7

+ 3 overlapping orders (A1.4.2)

where

A2 = Mountain line peak height
A8 = Mountain line full width at half peak height

Cl and C2 are constants from the first fit.

All the other parameters are as given previously. This 'two-fit!'

approach was found to work faster and with more accuracy than a single

ten parameter fit when tested with generated data.

Al1.4.2 Fitting Function for Depolarised Rayleigh-Brillouin Spectra

In Chapter 2 the theoretical lineshapes of the depolarised spectrum

from molecular liquids was discussed. In the limit B (= q% /T) << 1
]

the low frequency spectrum for many liquids was shown to be described

by a single Lorentzian curve.

In this case the fitting function has the form

2 2
Al/((Xi - A2) + (A3/2) )

Yy, =
i
2 2
+ Al/((xi - A2 + Ad)  + (A3/2))
2 2
+ A1/((xi = A2 - A4)  + (A3/2)7)
+ 12 overlapping orders (A1.4.3)
+ A5
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where

Al = Rayleigh line peak height

A2 = Starting position for evaluation of Yi
A3 = Rayleigh full width at half peak height
A4 = FSR

A5 = Base

The linewidths in the depolarised spectrum are much broader than

those in the polarised spectrum, therefore overlap from many

adjacent orders can have a significant effect on the measured line-

widths. To allow for this, overlap from 15 adjacent orders was

incorporated into the fitting function. A flat base was used since

multiple overlapping of the broad collisional induced component
appeared as a flat background at the majority of the free spectral
ranges used. However, it is possible that for the large free

spectral ranges used to study the small branched alkanes the inter-
action induced contribution to the spectrum can be resolved. This

possibility was allowed for by incorporating an exponential base into

the fitting function. The fitting function then becomes

Y. = A5 exp -|((X, - A2)*ag) |

1 1
+ A5 exp —!((Xi - A2 + A4)*A5),
+ A5 exp —(((Xi - A2 - A4)*A6)[

+ 12 overlapping orders

+ equation (Al1.4.3) (Al1.4.4)

where

Amplitude of the exponential peak

A5

Width of the exponential peak

il

A6

All the other terms are as described previously.
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The depolarised spectra of many of the branched alkanes investigated
in this thesis were found to give significantly improved fits when

the objective function was described by two Lorentzians centred on

the incident laser frequency. (Section 2.3.1 contains a theoretical

discussion of this effect and the experimental development is

discussed in Chapter 5.)

The method of incorporating this effect into a fitting function is

similar to that of a Mountain line (Section Al.4.1). Initially a

fit is performed using equation (Al1.4.3). The two parameters A2 and

A4 are then held constant for the second fit and two new variables

introduced to describe the width and height of the second Lorentzian.

The fitting function then has the form

2 2

Yy = A1/((xi - Cl) + (A3/2))
2

+ A2/((Xi - c1)2 + (R4/2)7)

2
Cl + C2) + (A3/2)2)

+ A1/ ( (X,
1
ct + c2)’ + (a4s2)?)

+ A2/((Xi

+ 13 overlapping orders

+ AS (A1.4.5)

where
Al = First Lorentzian peak height
A2 = Second Lorentzian peak height
A3 = First Lorentzian full width at half peak height
A4 = Second Lorentzian full width at half peak height
¢c1 and C2 are constants from the first fit
A5 = Base
The base can be either flat or represented by an exponential function

as in equation (Al.4.4).
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For each fitting function examined the first partial derivatives

with respect to each fitting parameter were evaluated. For example,

from equation (Al.4.1)

£)' 2 2,1 . 2 -
(Al = ((X - A2)° + (A3/2)%) + ((X - AL + AB)“ + (A3/2)2) 1
+ .... each term in Al

Each objective function and set of partial derivatives was tested by

fitting to a spectrum that had been generated from the appropriate

objective function. In every case the analysis program returned the

values used to generate the spectrum.

Al1.5 Deconvolution of Instrumental Broadening

Linewidth broadening of the power spectrum relative to the theoretical
distribution occurs due to effects of Fabry-Perot resolution, finite
frequency distribution and finite scattering solid angle[28]. The

observed spectral profiles must therefore be corrected for instrumen-
tal effects.

Mathematically the observed spectrum f(w) consists of the true

spectrum f'(w') convolved with an instrumental function £"(y - w")

which are related by the integral equation

flw) = J friw") £"(w - w')dw' (A1.5.1)
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Numerical methods for solving this integral equation are very

. 128 . .
laborlous[ ]and in practice f'(w') can only be found if the

profiles are known analytically.

{129]

By applying the convolution theorem to equation (Al.5.1) the

integral can be solved by computing the product of the Fourier
transforms of the constituent functions. Denoting the Fourier

transforms of the spectral distributions f(w), f'(w') and f"(w - w")

by their corresponding capital letters, the observed distribution in

the inverse (time) domain becomes

F(t) = F'(t).F"(t) (A1.5.2)

The true spectrum f'(w') can be described by analytical functions

(Chapter 2) and it is therefore the form of the instrumental function

that has to be determined.

The generally accepted form of the Fabry-Perot instrumental function

[130] , :
. A Voigt function refers to a family of
[128]

is a Voigt function

distribution the exact type depending upon one parameter, a

and Lorentzian (a = ») functions as

They include Gaussian (a = 0)

special cases.

In general, the Voigt function will have the form

61
h(w) = C ( » ) 1 w - 2
J e w=w?| | B &P 0 )] dw' (a1.5.3)
_ 1 0 2
where f; = 1'/2, T being the full width at half maximum height of the

2

— 2 1 i
= 20°, 0" being the variance of the Gaussian function

Lorentzian peak. B;

and C is a constant.
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The exact shape of the resulting function depends on the values of
the Voigt parameters B; and R;.

These parameters were determined for the light scattering system by
Fourier transforming the instrumental data, obtained using a colloid
as an elastic scatterer, using the NAG routine CU6FCF and thereby

converting convolution into simple multiplication of the transformed

functions. The resulting data was fitted to a function of the

form

H(t) = A exp (-B;t*/4 - B t) (A1.5.4)

where A is an amplitude factor.

The parameter'a' which determines the exact form of the Voigt function
’

h(w), is defined by

a = B8,/8, (A1.5.5)

where B:andBrarereferred to as the Voigt parameters of the function

with parameter 'a'
Typical values of'a' were found to be of the order 105, implying that

the frequency domain instrumental function was predominantly Lorentzian

The same data were also fitted to a Gaussian and Lorentzian profile
The statistical analysis of the fit (Section 3.4.7) indicated that
the Lorentzian was the most appropriate form for the Fabry-Perot

instrumental function, in agreement with the value of the Voigt

parameter 'a'
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In Chapter 2 the lineshapes of the polarised and depolarised spectra
were shown to approximate very closely to Lorentzian profiles. Hence,
both f£'’w') and f"(w - w') in equation (Al.5.1) are described by

Lorentzian distributions. These functions have the property that

is also described by a function of this type.

fw)
. [128]
The parameters 81 are connected by the relation
By = Byt o+ BT (A1.5.6)
Therefore the linewidth (Bl') of the true spectrum f'(w') is simply

the subtraction of the instrumental linewidth (Bl") from the observed

linewidth (Bl).
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APPENDIX 2 - STATISTICAL TESTS

A2.1 The Chi-Square (x?) Test

126
The chi-square test[ kan be used to test the validity of the

object functicn (eg Lorentzian or Gaussian) as representative of

the experimental data.

x? is defined as

N X .
1 1
] — (A2.1.1)

2 ' .
where o, ° are the variances on the experimental points Y ,and F. are
1 i i

the theoretical values. The reduced chi-square is defined as xz/n

where n is the number of degrees of freedom,that is,the number of
data points (N)minus the number of parameters of the distribution

determined from the N data points. For example, for an eight para-

meter fit to 1024 data points, n = 1016.

Although the x2 test is a reliable indicator of goodness-of-fit it
is not as meaningful statistically as the Cumulative Distribu-

tion Function or Integral chi-square probability for a X2 distri-

bution.

x2 Distribution

The probability density function (or frequency function) for X2 with

n degrees of freedom is given by[13]

(xz)(n-2)§.exp(—x2/2)
(A2.1.2)

2
f (x7) =
n 221 (n/2)

valid for 0 < X2 < ®

where I'(n/2) is the gamma function.
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Physically, the important statistic is the probability of obtaining

a particular value of x2 for a given number of degrees of freedom

assuming normal statistics hold.

2
P(x*in) = &] £ (x*) ax®
0
Xn
- ™%/t { ) P ep 2 /2) ax? (A2.1.3)

and gives the probability of obtaining a x2 less than or equal to the

2]

2 optained (Xi)’ that is, P(x4|n) = Prix? - X2 1.
1

X

The complementary probability Q(len) is simply
o(x?|n)y =1 - P(x*|n) (A2.1.4)

and gives the probability of obtaining a x2 value greater than or

equal to x;. (See Fig A2.1.1)

The procedure used to calculate P(xzfn) was complicated pecause of the

large x2 and n used; x2 ¥ 1016 and n = 1016.

2
£ )
2
n X
2
X —
Fig A2.1.1 - Frequency function forx2 distribution centred on the number

of degrees of freedom (n). The shaded area is P(len),
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There are several types of functions that can be used to calculate

P(X2|n). Examples are given below[131]

(1) Series Expansions
o 3,02 ,,,0n/2+]3
-1 -1 2
@ pix*lm = (@)l e (A2.1.5)
j=0 it + 3)
2
n/2 I, .
(x*/2) 2 (v2) ]
(b) Q(x%|n) = EE5—— exp(-x*/2). ‘-1 + X
20" | F(ngz) L jgl (n+2) (n+4) .. (n+23)
(p2.1.6)
(2) Asymptotic Expansion for Large X2
(Xz)n/2 -1 R
ox*In) ~ . exp (-x"/2).
272 1(n/2)
N A F(1 _ 2 . J+1
[ =17 nig X (A2.1.7)
j=0 M1 - n/2) (x%?
(3) Asymptotic Distribution for Large n
P(x*|n) v P(x)
X
X2 - n 1 2
where x = == and Plx) =~ ] exp (-t7/2)dt (A2.1.8)
(2n) (2m)

P(x) is the Normal (Gaussian) probability function with zero mean and

unit variance.

Computational problems were encountered when P(len) was evaluated

The problem was an overflow due

to the very large numbers evaluated by I'(n/2) and/or (Xz)n/2 and

using either equation (1) or (2).

consequent non-evaluation of P(len)_
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The problem was overcome by casting equation (3) (Asymptotic

approximation) in the form of the error function erf(x) for which

approximations exist for the ranges x £ 2 and x » 2.5.

X
2 2
exp (-t ) dt (A2.1.9)
(m)

erf(x) =

The error function is directly related to P(x) using the substitu-

tion t = —iig-. P(len) is then given by
(2)
2.t
2 2
P(len) " (;7}. j exp (-x /2) dx (A2.1.10)
o
2 . . . [132] )
P (X ]n) is then evaluated using the expansion appropriate to the
required ranges.
For x £ 2
3 5
2. % f X X 1
2 = (= - = -
P(x?|n) = () X 73 sy e (A2.1.11)
For large x, x > 2, erf (x) has the same value as for erf (). An

aymptotic series is then used to evaluate P(x?|n).

2
exp(-x /2) 1 1
P(x*[n) ~ 1 - ——EL——?J;— 1 - — ¢ ; 5 - 1'3553 . ]
x (1) 2x (2x°) (2x“) 1
(A2.1.12)

The subtraction of the series from unity results from the series

evaluating erf(x) from x to ®. 1t should be noted that equation

(A2.1.12) is a divergent series. This is accommodated for in the

computer program by truncating the series when the term in brackets

is sufficiently small not to significantly affect the value of P(len),

XX



If the fitting function is a good approximation to the data, the
experimental value of the x2 should be average and P(Xzin) should be
approximately 0.5. For larger values of xz, the probability of

obtaining a x2 greater than or equal to the x> obtained from the

correct fitting function is smaller, indicating that the fitting

function used may not be appropriate. Although there is an ambiguity

in interpreting the probability, because even correct fitting
functions can yield large values of x2 occaéionally, in general
the probability P(xzfn) is either close to 0.5, indicating an

appropriate fitting function, or unreasonably small, indicating an

inappropriate fitting function.

A2.2 The One-Sample Runs Test

The One-Sample Runs Test is a non-parametric test that examines the
order or sequence in which the residuals occur[133{ This test is

applicable to data that is basically dichotomous.

If the objective function represents the data then the residuals are

expected to be normally distributed independent random variables

One-Sample Runs Test

Fig A2.2.1
X = residual
+ ve X X
X X
X X X
X X X
x X
- ve X
+ - - - + + - + - -
RUNS S A + 4
2 3 4 5 6 7

A Run is defined as a succession of identical symbols which are foll
o~

wed and preceded by different symbols or by no symbols at all

XxX1i



For example in Fig A2.2.1 the number of positive residuals (pluses)

is n, = 8, and the number of negative residuals (minuses) is n_ = 6
2 .

1
The total number of runs isn = 7.
r

The total number of runs in a sample of any given size gives an

indication of whether or not the samdeis random. 1If very few runs

occur, a time trend or some bunching due to lack of independence is

suggested. If too many runs occur, systematic short-period cyclical

fluctuations could be influencing the data.

For large n, and/or n, a good approximation[132]to the sampling

distribution ofrhfis the normal distribution with

mean = {4 =-——L—a~ + 1 ;
n + n (A2.2.2)

- - n
2n1n2(2n1n2 n, 2)
0 =
Y 2 (A2.2.3)
+ — i
(n, + n,) (n, +n, 1)
The standardised normal variable is then given by
n_ - u
x = — -k (A2.2.4)
o
r

The probability is then calculated using the normal probability

distribution function.

X
1 2
(2m) T
In fact the computer program calculates Q(x) = 1 - P(x) using the
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following asymptotic approximation[131]

2
Q(x) n exp (=% /2) J 1 - —£-+ 1.3 +
(2n)§.x { x2 x4

(-1) 1.3 ... (2n = 1) + Rn (A2.2.6)

where Rn is a remainder and is less in absolute value than the first

neglected term.

This is a two-tailed distribution and calculates the probability of

obtaining n_, greater than or equal to u, + 0 _and less than or

equal to Mo o~ nr-

Fig AZ2.2 Frequency function for a normal distribution centred on u
r

The shaded area is Q(x).

i

For example, with our data ur = 512, Ur 16 and Q(x) should then be

very close to 1.0 ie the probability of obtaining either above or

below N, should be equal.
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A2.3 The Linear Correlation Test

The Correlation Test indicates whether or not there exists a

relationship between the variables x and Y, that is, whether or not

the variations in the observed values of one quantity y are correlated
e

with the variations in the observed values of the other quantity x.

A linear-correlation coefficient can be defined[126]

(A2.3.1)

_ Nxiy, - bxyy

r= 2 2.4 2 2,4
(x5 = QxS 7Ny S - (v

If there is no correlation r = 0, and if there is complete correlation

Clearly, because of random fluctuations r = 0, even if there is no
real connection between x and y, and conversely, if a linear
relationship exists r will not be exactly equal to one. Hence, the

correlation coefficient cannot be used directly to indicate the

degree of correlation.

A common test of r is to compare its value with the probability
distribution for a parent population which is completely uncorrelated.
Such a comparison will test the hypothesis that the data points could
represent a sample derived from uncorrelated parent populations. The
frequency function for a random sample of uncorrelated experimental

data points which would yield an experimental linear—correlation

coefficient equal to r is given by[134]

_ 1 Tl +1)/2] (n-2) /2
£ (r) = 7 T (n/2) ) (A2.3.2)

(m)

(1 - r2

where n = N - 2 is the number of degrees of freedom for N data points
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The integral probability P(r[n) is the probability that a random
sample of N uncorrelated experimental data points would yield an

experimental linear-correlation coefficient as large as or larger

than the observed value of lr].

Fig A2.31 Frequency function fn(r). The shaded area is P(r]n).

With this definition, P(r|n) indicates the probability that the

observed data could have come from an uncorrelated (r = () parent

populations.

P(r|n) can be evaluated by expanding the integral. For even values

of n the exponent is an integer and the binomial expansion can be

used to expand the argument of the integral.

; 2i+1
{(—1)l 1! [r]
(I-D) 11t 21 + 1

_ , I
P(r'n) = ! _g_?_F[(n ’ lliij Z

{m) I'tn/2) i=0

(A2.3.4)
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For odd values of n,

I 5 o
prlm = 1T g sinT e+ fx| ] [u _ r2)le_+__-_iz_!!_J]
(m) i=4 21t J

where x!! = x(x - 2)(x - 4) (3) (1) for x odd

(4) (2) for x even.

A probability of 1.0 is returned if the two variables are uncorrelated

and 0.0 if there is complete correlation.

XXvi
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Evidence for a Thermotropic Phase Transition in Oleic Acid

John V. Champion*, James F. Crilly and Ralph P. Tatam
Phvsics Depariment, City of London Polvtechnic, 31 Jewry Street, London EC3IN JEY

Oleic acid has been investigated by Ravieigh-Brillouin spectroscopy. The
temperature gradient ot the hypersonic frequency shift and elastic stiffness
constant show anomalous behaviour in the range 1418 “C. This supgests
that oleic acid undergoes u chunge of phase to form a locally nematic
structure cg. 5 °C above the melting point. Complementary measurements
of viscosity, denstty and refractive index support this interpretation,

Recent Brillouin spectroscopy experiments have provided considerable evidence for the
existence of a phase transformation in the melts of various n-alkanes.! * [t is believed
that the transition involves the formation of a mesomorphic structure in the mels,
occurring at a particular temperature. This temperature is above the melting point and
depends on the molecular weight of the alkane homologue. As this transition is
characterized by a change in the hypersonic attenuation properties it has become known
as the T, phenomenon. The results of Brillouin scattering measurements have been
corroborated by a variety of experimental techniques including densitometry, viscometry
and ultrasonic attenuation measurements. In spite of much experimental evidence the
existence of the phenomenon in the higher n-alkanes continues to be the subject of
controversy.?

Previous authors have associated the 7, phenomenon with the isotropic-nematic
transition of low molecular weight liquid crystals.!- * Unfortunately. Brillouin scattering
measurements on liquid crystals close to the transition temperature have heen
inconclusive.! It is pertinent therefore to investigate substances other than the n-alkanes
which are known to have definite liquid crystalline properties at accessible lemperatures,

Whilst the work of Kruger er al'-* concentrates on the n-alkane melts, many
substances, such as lipids or fatty acids, comprise hydrocarbon chains in their molecular
structure. Itis known that some of these do not undergo a direct thermal transition from
an isotropic liquid phase to the gel or crystalline state. An intermediate or mesomorphic
state exists below a well defined characteristic transition temperature. The lipids of some
biomembranes show this thermotropic behaviour. The nature of lipid transitions has been
the object of intensive research over the past 20 years.’ Extensive theoretical and
experimental research has shown that the transition has its origin in the conformational
changes in the lipid alkyl chain."* In membranes the effect is cooperative and
consequently influences the intramolecular forces leading 1o a change in the macroscopic
properties of the system.” The idea of mesophases resulting from changes in the
configuration of the saturated hydrocarbon chains of lipids is clearly relevant to the
thermotropic behaviour of n-alkanes.®-*

Oleic (eis-9-octadecenoic) acid is an important structural component of certain
biopolymers. e.g. sphingomyelin. It occurs in most natural fats in the form of the
glyceride and it is believed that lipids with oleyl chains are preferentially synthesised in
biomembranes to maintain fluidity below physiological temperatures. At room temper-
ature oleic acid is an oily liquid and freezes to a white opaque wax at cq. 13°C. There
is some evidence for the existence of a thermotropic mesophase in the melt of oleic acid:
prior to freezing, colourless needles form in the melt which become visually evident below
ca. 14°C. The appearance of such structures suggests that oleic acid in the higher



)

)
temperature liquid state has some degree of short-runge order which increases us the
temperature 1s reduced towards the melting point. Above a certain intermediate
temperature the melt may be considered an isotropic liquid. The range in the published
values of its melting point suggests that oleic acid freezes continuously over the range

Phase Transition in QOleic Acid

13.6-16.4>C."" ' This gives tentative support to the idea of an intermediate phase
between the isotropic liquid and solid.
Light scattering!* ' and other measurements’*- ' on membranes composed of the

monoglyceride ester of oleic acid (glycerol monoleate) have provided evidence of a
thermotropic structural transformation within the range [5~18 °C. There is clearly some
overlap between this temperature range and that of the freezing range of oleic ucid The
structural similarity. i.e. the oleyl chain between these substances implies a concomiiuncc
possible in their thermotropic behaviour.

This work is primarily concerned with following the thermotropic behaviour of oleic
acid and the techniques used are suited 1o measuring changes in. rather than absolute
values of the physical properties of the solution studied. Results of Brillouin scaticrinu
experiments on oleic acid solutions complemented by measurements of density, viscosity
and refractive index are presented and detailed description is given of lhc‘ riszoroui
statistical tests which were applied to all the data. T

Experimental

Materials and VMethods
In its low-temperature state oleic acid is a white, opaque wax havine : : .
at ca. 13.0 °C. To separate the structural (runsitio‘:) ?rom thehr;:zllr!li%); i?jg:ﬁigot;dam.m?;;
quantity of a non-perturbing (inert) solvent was added to the oleic acid l;) depre bm;
freezing point and assist in the elucidation of the transitions. All the light-scatt N »:j't :
were collected above the freezing point. ering data
The addition of CCl, depressed the melting transition to ¢q. 9.0 °C: separating th
freezing point from the temperature of the mesomorphic phase transiu’o'n‘by ‘some % "‘[Ce
However, the solution properties are still dominated by the oleic acid. [n the light-scattering
experiments the refractive indices of the components matched to better than 0.3° e'rmég
were not complicated by concentration fluctuations. In the viscometric measu're 1 dn,
the temperature coefficient of viscosity for CCl,is 0.011 ¢P K ! ¢/ 0.89 cP K-1f mer'\f§:
acid and the solution measurements paralleled those of oleic acid. . orotete
Sample preparation was carried out in a clean-air cabinet inimi R
nation. CCl, (spectroscopic grade) was added to oleic acid (;09?:n1?&i?[d%5: .C(.)?(dml-
obtain a 10°, solution by volume. Both chemicals were obtained r‘ronm B DyH 'C‘;:fd)./f'“?
Ltd. The solution was then filtered. using a Millipore filtration unit with 4 0 22 emicals
into a ftused-quartz light-scattering cell. This stoppered rectangular cell hq d'-:-l'ﬂm hlter..
of 1.0 cm and was supplied by Helma GmbH and Co. ad a light path

Brillouin Scattering
A schematic diagram of the light scattering system is shown in §

ET scat g 5} owninfig. |. A “tra-Phvsics
model 165 argon—ion laser operating in a single longitudinal modi at 48858':[:3 thb.le
as a source. The scattered light was monitored at 90° by a piezo-electricall was used
Fabry-Perot interferometer. The free spectral range was adjusted to ca. |3 OYGch{anlncd
the finesse of the system was always greater than 40, R z and

The interterence pattern produced by the interferomete ;
. A . S r was focused :
9789B photomul'txpher‘tube using a lens of 1.33 m focal length. The PhOlOr:;IL[? ﬁg E!\;)H
output was fed directly into a photon counting system and subsequently to a l()75 ‘hf tu le
data store. The data were then transferred to a microcomputer and stored on 60 < ‘mnfe
for subsequent processing on the mainframe computer. ppy disc
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Fig. 1. Schematic diagram of the light-scattering spectrometer.

The sample cell was held in a thermostaucally controlled brass block. Cooling was
provided by circulating water from a large thermostatted water bath through a base
mounted on the brass heating block. The brass block was protected from pump
vibrations by a hydraulic damper in the pump line and by several metres of silicone rubber
tubing. The water bath was held at a constant temperature of ca. 5 °C. and the fine
temperature control was provided by heating coils inside the brass block. The complete
cell holder. base and block. were enclosed in an insulated box to avoid condensation
forming on the cell walls. The sample temperature was monitored with a digital
thermometer and was stable to within 0.1 °C over the temperature range studied.

Kinematic Viscosity, Density and Refractive Index
The kinematic viscosity was measured using a Ubbehlode viscometer immersed in a water
bath thermostatically controlled to 0.1 °C. The viscosity of the solution can be descr bed

by the Arrhenius-Frenkel-Eyring (AFE) egn'$
AN ’
n =[7’_ exp(—AS*/R) [exp(AH*/RT) ()

where A is Planck’s constant. .V is the Avogadro number. V" is the molar volume, AS*
and AH* are. respectively. the entropy uvnd enthalpy of activation of the process of
viscous flow, R is the gas constant and T is the absolute temperature.
The corresponding kinematic viscosity is given by
n* =n/p=1[(h/m)exp(—AS*/R)] exp(AH*/RT) (2

where m is the molar mass and p the density.

In the viscosity measurements the maximum velocity occurring in the isotropic
solution was of the order of 200 s~*. This decreased with the increasing VISCOsity as &e
transition was approached. and hence the occurrence of non-Newtonian behaviour is
unlikely to be detectable in this system.

Density measurements over the temperature range 10-40 °C were made using a Paar
DMA40 density meter and refractive mdices were measured using a Bellinqhbam and
Stanley Abbe refractometer. Both systems were thermostatically controlled to within

0.1 =C.
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Results

Density. Viscosity, Refractive Index

Fig. 2(a) shows the results of density measurements. The individual data points were
measured with an accuracy of 10+ g cm™*. Itis apparent that the dependence ot density
on temperature is nearly linear. except for a distinct change in gradient between 17 and

14 °C.

The corresponding kinematic viscosity measurements are shown in fig. 2(h). The

results arc presented in the form of an Arrhenius plot. There is a well delined
discontinuous change in slope which occurs at a temperature of ca. 18.5 °C. According
to egn (1) the change in slope is indicative of an increase in the activation cnergy
associated with viscous flow between the high and low temperature ranges. The decrease
in the corresponding tntercept implies an overall increase in the entropy. A turther
quantitative analysis of these results is presented in a later section.

The refractive index measurements are shown in fig. 2(¢). The accuracy was esimated
1obe 5 x 1074, . Clearly. a point of inflexion occurs at a temperature similar to that found
for the change in slope of both the density and viscosity.

Brillouin Scattering
Brillouin scattering occurs ds the result of photon-phonon interactions; thermally
induced density fluctuations give rise to prupagating longitudinal modes (phonons) from
which inelastic light scattering occurs. The Brillouin doublet, shifted in frequency by v
and disposed symmetrically about the Rayleigh line, is due to the inelastic scattering t";on’;
the longitudinal phonons. The scattering from the heavily damped transverse phonons
is normally not observed. Entropy. or heat fluctuations, give rise to the clastically
scattered Rayleigh component.'? 3
The velocity of the fongitudinal phonons, ¥, is proporuonal to the frequency shift
(vyy). typically of the order of a few GHz tor 90° scattering, and can be determined from
the expression'”
= vy 2 /120 sin(6/2)] 3
where 4, is the free space wavelength of the incident radiation. # the scattering angle and
n, is the liquid refractive index at the incident frequency. Hence from measurements of
the Brillouin shifts an esumate of the elastic stiffness constant (K) may be evaluated from
the relationship
K=phs (4)

v

hl

The frequency half-width at half maximum height of the Brillouin line Avy is related
‘o the shear and volume viscosities of the liquid. B ,

In order to determine the phonon frequency shift and Brillouin linewidth. three orders
of a Fabry-Perot spectrum were analysed using a non-linear least-squares fitting
procedure. Overlap from fve adjacent orders was taken into account in the an‘ulvsis N

To obtain the actual Brillouin linewidth the observed spectrum was deconvoluted s
the instrumental profile. The instrumental profile of the light-scattering system was

Lorentzian. hence the corresponding width was subtracted from the observed Brillouin

widths.

The possibility of the occurrence of a Mountain line!? in the Brillouin spectra. i.c. the

coupling of intramolecular relaxations to translational motion, was included in the dat
fitting. The statistical analysis showed a lower sum of squares and the removal of cycli i
deviations when this effect was included in the data analysis (see section on stut‘i‘tFL‘fll
analysis). Fig. 3 showsa Rayleigh-Brillouin spectrum of oleic acid)CCl, at 12 °C s(_)u[x
two orders of the spectrum ure shown tor clarity. pat b= Unly
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The Brillouin frequency shift as a function of temperature is shown in fig. 4(u). This
quantity appears to vary linearly with temperature outside a narrow temperature range
centred on 16.5 °C. The elastic stittness constant (K) 1s plotted in fig. 4(h) for comparison
and shows a similar variation indicating that the anomaly is not only a consequence of
density. The linear dependence of Brillouin shift on temperature is typical. and has been
found for a wide range of polymer melts.* It is evident that there is considerably more
spread on the data points within the transition region than outside it. This increased
scatter has been found in other light scattering experiments on lipid phase transitions.!?
Two straight lines describe this behaviour most closely. intersecting at a temperature of
16.2 °C with a marked change in slope of ca. 50°, (fig. 4).

The full-width at half maximum height {f.w.h.m.) of the Brillouin linewidths show no
discernible anomaly in the variation with temperature. The scatter on the Brillouin
linewidth data is considerably larger than that on the shift measurements. A discontin uity
in the slope of the Brillouin linewidth with change in temperature may indeed exist, but
even if this is the case it is smaller than that for the shift and masked by the large scatter
on the original data. However, the fwh.m. tends to increase with decreasing
temperature. N

The results for the temperature dependent kinematic viscosity agree with those found
by other workers for a variety of polymer melts.! The Arrhenius plot consists of two
straight lines with a break point at 18.5 °C. The slope in the 7 < 18.5 °C range is greater
than that in the 7 > 18.5 °C. the converse is true for the corresponding intercepts. The
thermodynamic parameters that describe viscous flow by the AFE rate theory are the
activation energy AH* and the entropy of activation AS* which appear in eqn (1).

The activation energy increases from the high temperature to the low lemperature state
from 26.04-32.15 kJ mol~!. The intercept for the high temperature state exceeds that for
the low temperature state. indicating a change in entropy at the transition temperature.
This result implies that the transition involves an increase in the local order of the fluid.

Statistical Analysis of the Results

Three independent statistical methods were employed to ascertain the optimum choice
of fitting function for the results. In addition to the usual least-squares criteria a linear
correlation test and the one-sample runs test were used. The correlation test indicates
the interdependence of two variables. If two variables are statistically independent d
correlation coefficient of zero is expected. However, any long range trends will increase
the result of the test. In addition. the one-sample runs test*! examines the order in which
the residuals occur. It is very sensitive to systematic deviations in the data sample. The
results were fitted to two straight lines. For comparison the results were also ﬁttc.:d to
a single straight line and an exponential.

For the case of two straight lines it was necessary to determine a statisticallv significant
break point between the high and low temperature regions. This was achieved by makin
the break point a variable parameter of the fitting procedure. The optimum value of [hg
break point (7T;;) is that which corresponded to a global minimum in the sum of squares
and maximised the runs test probability. '

The statistical analysis of the data is shown in table 1. It is apparent that two straight
lines intersecting at a unique temperature best describe the viscosity data of fig. 2(h) and
the density data of fig. 2(a). On the basis of the one-sample runs test. two stfaigh( lines
were found to be preferable to the other functions because the systematic deviations were
less pronounced. Moreover, the standard deviations on the fitted variables were lower
The results of the statistical analysis for the Brillouin measurements are also prcsented
in table 1. As with the foregoing results the variation of frequency shift with temperature

is best described by two straight lines.
The results for the f.w.h.m. of the Brillouin lines indicate that there is no preferred
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widths (+): Brillouin shifts (£). (h) Density (+): Kinematic viscosity ().

Table 2. Transition temperature (7) and range
of T, from each experiment

experiment Ty/°C  range of T;,/°C
Brillouin shift 16.2 14.0-18.0
Brillouin f.w.h.m. 138.0 14.5-20.0
VISCOSItY : 18.5 18.0-20.0
16.0 15.4-17.6

density
functional description. This is not surprising in view of the characteristically large scatter
on the data.

In fig. 5 the sum of squares corresponding to each selected break point for all the results
is depicted. The sum of squares is weighted to that of a single straight line fit, i.e. the
sum of squares for a single straight line fit is 10. In all cases there is a clear optimum
range of values over which the sum of squares varies very little from its minimum value,
This was also found to be the case for the runs test probability. The ranges shown in
table 2 are those for which the transition temperature is nearly cquiprobuf)]e_

The transition temperatures (Tj,) found for each experimental set are shown in table 2.
The correlation test returned a probability of 1.0 for all the functional forms
investigated. indicating that none of the fitting functions investigated was preferred. They
were, therefore, not useful in distinguishing the appropriate function. ’

The general concurrence of the statistical tests demonstrates that in all cases. except
that of the Brillouin widths, the data are best represented by two intersecting strajght
lines in agreement with previous results.!-* : N
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Discussion

A rigorous statistical analysis of all the results shows that the change in the properties
of the oleic acid/CCl, solutions between 15 and 18 °C can be best described as being
discontinuous. The increase of activational energy is consistent with this model. B

The density vanation with temperature shows the same behaviour as the Arrhenius
plot of the viscosity. The low-temperature state has a smaller expansion coefficient than
the high temperature state.

From the various measurements described above, it appears that oleic acid exhibits
anomalous behaviour in the temperature variation of the physical properties investigated.
In separate measurements of density. viscosity and refractive index for a single S':xmple
of oleic acid. distinct changes in the temperature coetficients of these quanzitics were
observed. This behaviour is also reflected in the hypersonic propagation over the same
temperature range. As mentioned above there is an increase in scatter on the data points
within the transition region. This transition region involves a change of phase analogous
to that of the glass-to-rubber transition that occurs in amorphous polymers. The
glass-to-rubber transition has been found to be rate dependent.®? It is likely, therefore,
that the T, phenomenon is also a rate dependent process accounting for the increased
spread on the data.

The important fact that different physical properties of oleic acid show anomalous
behaviour within the same narrow temperature range (14-18 °C) implicates a change of
structure. This range compares with that found in some biological membranes containing
fatty acid atkyl chains of which oleic acid is a fundamental constituent. This suggests
that the thermotropic phase transtormations seen in these systems can be associated with
the T, phenomenon occurring in the oleyl chain.

Depolarised Rayleigh scattering can also be used to study molecular motion in liquids.
The depolarised spectrum monitors fluctuanions in the anisotropy tensor associated with
molecular reorientation. This spectrum would be very sensitive to any mesomorphic
ordering in the liquid. The depolarised (VH) spectrum of oleic acid/CCl, was examined,
but the width of the Lorentzian peak obtained was found to be too narrow to resolve
with the Fabry-Perot interferometer. This implies that the multiparticle correlation time
is very long and that there is large scale cooperative motion. Future studies will require
the use of light-beating spectroscopy to adequately resolve the central component.
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