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ABSTRACT

"An investigation of the motion of liquid 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
andlysed in terms of a modified Stokes-Einstein-Debye relation. The
Stoke~;-;':instein-Debye volumes obtained are interpreted as the quantity
(g2/J2)apv, where (g2/J2) is associated with molecular correlation, P
and a with molecular shape and V is the molecular volume.

Values of a, the stick-slip 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
feound to dUCt'(_~ii~;(; de; the molecule becornea mor-e rigid and more spherical.

The liquid 2,2-dimethylbutane is analysed in terms of the theory
of Madden [Mol Phys, ~, 365 (1978)J; 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.

- 1 -
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Introduction

In recent years a number of authors have attempted to gain a

greater understanding of the dynamics of short chain polymer molecules
. [1,2,3] [4]from experlmental and theoretical 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 scattering 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 sche~tically in Figure 1.1.
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Figure 1.1 Schematic diagram of light scattering geometry

Incident Light
IVj

Scattered
Light

Collimated linearly polarised light is incident vertically (I.V, i)

upon the sample. The light scattered at 900 with respect to the

incident beam is detected and resolved into two components, one

vertically polarised (IV) and the other horizontally polarised (IIi).
s s

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

example, the ratio of the specific heat capacities Cp/Cv' liquid

viscosity and the hypersonic velocity of sound in the liquid.

Figure 1.2 Polarised Rayleigh-Brillouin spectrum of n-octane at 30 DC

-5 o +5
Frequency/GHz
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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

-20 +20
Frequency!GHz

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
[5Jchanges dominate the spectrum .

At present, theoretical descriptions and computer simulations in

the intermediate region between rigid and short chain flexible molecules

- 6 -



are not available and the experimental data is extremely limited[l].

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. In 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.

- 7 -



CHAPTER 2 - REVIEW OF THEORY

Contents

2.1 Introduction to Light Scattering in Molecular Liquids

2.2 Polarised Rayleigh-Brillouin Scattering

2.2.1 Low Viscosity Liquids

2.2.2 Viscoelastic Liquids

2.3 Depolarised Rayleigh-Brillouin Scattering

2.3.1 Low Frequency Region of the Spectrum

2.3.2 Collision Induced Light Scattering

2.4 Analysis of Molecular Correlation Times

2.4.1 The Stokes-Einstein-Debye Relation

2.4 .2 Stick-SUp Boundary conditions

2.4.3 Orientational Correlation Parameters

2.4.4 Computer Simulations
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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 constant[ 8 I. In

Fig 2.1.1 light of frequency wand wavevector q. is incident ono -1

the sample. The light is scattered at an angle 8 with wavevector

Ss and frequency distribution I(q,w). The scattering vector

characterising the fluctuations is defined as

(2.1.1 )

where Iq· I and Iq I are equal to 21Tn/A. and 21Tn/A respectively.
-1 -s 1 S

A. and A ure the free space wavelengths of the incident and scattered
1 s

light and n is the refractive index of the medium. In the case of

Rayleigh-Brillouin scattering the frequency shifts, of the order

10
8

- 1011 Hz, are small compared to the incident frequency w
o

14(approximately 5 x 10 Hz). Hence,

q
41Tn
A.
1

Sin (0/2) (2.1.2)

This is the Bragg condition. It specifies the wave vector component

of the dielectric constant fluctuation that gives rise to scattering

at an angle e.

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).

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

"depolarised" component.

- 9 -



Fig 2.1.1 Scattering diagram for Rayleigh-Brillouin spectroscopy:
wave vector representation

Incidentvector
9i ..wo

Scattered
vector

9s,Ws
Frequency
distribution

I(9/W~

Scattering
vector

q-q -q.- -s -I

Fig 2.1.2 Scattering geometry

y

Scattering plane

~~~~~----~~~---------__.x
Ivv(g,w)

~~- .... IVH(9,W)

z
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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 relat~d to the

power spectral density, via the Wiener-Khintchine theorem[ 91,

by time Fourier transform of the autocorrelation function,

co

I (g_,w)a f exp (-Dl)t) < 6t: (g,O) M* (g_,t) > dt
)

(2.1. 3)

where ~E 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-
. [101nents are g1ven by :

(1) In the polarised case

6.e (q,t)vv - 6.E (q,t)yy -
(2.1.4)

substituting (2.1.4) into (2.1.3) leads to

00

IVV(g_,w)a r exp (-jwt) < f..c (q,O) f..c* (g_,t)> dt) yy - yy
(2.1.5)

_00

'~'heaverage 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

00

IVV(g_,w)a J dt exp (-liut) < ~p(g_,O) f..p*(g_,t) > (2.1.6)
_';0

- 11 -



The density autocorrelation function has been calculated[9,10,12) and

the results are presented in Section 2.2.

(2) In the depolarised case

(2.1.7)

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

00

(
IVH(.1,w)(X I dt exp (-lldt)

) [<1':.£ (.1,0) f:..r:.* (q,t) > Sin2 (6/2)YX YX -
- Of>

+<f:..t: (a,O) /l.t_*(q,t) > COS
2(6/2)]yz .::a. yz -

(2.1.8)

where the cross correlation terms, for example

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

00

IVH(.9_,w)af dt exp (-iwt) [< tsa (q,O) /l.a*(q,t) > Sin2(8/2) +YX - YX -
-00

< f:..ayz(g_,O)f:..a~zl.1,t)> COS
2(O/2)]

(2.1.9)

where 6a ..(.1,t) is the fluctuation in the ij component of the
~J

polarisability tensor with wavevector .1 at time t. Equation (2.1.9)

be written[10,13]can

IyX(.1'W) Sin2(8/2) + IYZ(g_,w) Cos2(6/2)

- 12 -
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Thus there are two independent but related dynamical problems

to be solved: one for I (q,w) and one for I (q,w).
YX - YZ -

Section 2.3

reviews the various theories that have been developed to describe

the experimentally observed spectra.

- 13 -



2.2 Polarised Rayleigh-Brillouin Scattering

2.2.1 Low ViscosiSr_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 wand disposed symmetrically about
L

the Rayleigh line, is due to the inelastic scattering from the

longitudinal phonons. In supercooled liquids the transverse thermal

phonons can also propagate and give rise to transverse Brillouin

peaks. [14IThe Rayleigh-Brillouin spectrum of supercooled toluene

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

1 : [9 , 10, 12)inearised hydrodynamic equations of irreversible thermodynam1cs •
(17)The details of the spectrum are now well understood . The

central Rayleigh line has a half width at half maximum height given
2

by DTq where DT is the thermal diffusivity. In liquids observed
2at 90° ° q is too narrow (10 - 40 MHz) to be resolved with a Fabry-

T

Perot interferometer but is accessible using photon correlation

techniques. The widthsof the observed Rayleigh peaks in this work

are therefore entirely due to instrumental effects (discussed in

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

- 14 -



Fig 2.2.1 [ 111Polarised Rayleigh-Brillouin spectra of octamethylnonane
(a)

(b)
T 100°C
T = 23°C

(a)

-WL Wo +wL

Frequency

(b)

-WL Wo +wL
Frequency

Fig 2.2.2 Total Rayleigh-Brillouin spectrum of supercooled toluene [14J
showing both transverse (ws) and longitudinal Brillouin (w

L
)

w
o

-10 o +10

Frequency/GHz
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proportional to the frequency shift (WL) , typically in the range

o - 10 GHz for 90° scattering, and may be determined from the

expression

(2.2.1)

where Ai is the incident laser wavelength, e 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
L

fl V
L L

(2.2.2)

where (X is the attenuation coefficient for the phonons. The velocity
L

of the longitudinal acoustic phonons is determined by the

longitudinal modulus (M)

M K + 4/3 G (2.2.3)

where K is the modulus of compression and G is the shear modulus[151.

The sound velocity depends on the real part of M evaluated at the

frequency of the Brillouin shift

V «(D)L L (2.2.4)

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

significant viscoelasticity[17j In this case an additional feature

appears in the spectrum. [16]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]

S (w)
M

r P (T) T dT
) 1 + (WT) 2

o

(2.2.5)

where OtT) 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

shifted Brillouin peaks[17]. In a recent publication Carroll and
[18] .Patterson exami.ned the shape of the Mountain line over a r'anq e

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 Lorentzians; one

centred at the incident frequency and two shifted by ± fAlL. 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

infuis tensor, while the high frequency region, often called the

"Rayleigh wing", is associated with collisional effects.

Infue 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

Lat i f ,(13)corre a ~on unct~on

(27T l')-1 T LS (2.3.1)

where

r is the half width of the Lorentzian

T is the light scattering correlation timeLS
T is the single-particle correlation timeS

g2 is the static orientational correlation parameter

J2 is the dynamical orientational correlation parameter

The orientational correlation parameters, g2 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. In addition, when

interaction induced contributions to the polarisability fluctuations

are considered, the spectrum becomes yet 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 Leontovich[19] on the basic of a hydro-

dynamic theory. [20]Rytov 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
, [21 22 23]with exper~mental results ' , .

Numerous theories have been developed using both the simple

'1 [24,2~] d l' , h [13,26-29]v~scoe astic theory an severa m~croscop~c approac es

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

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 K~velson ,

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

- 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.
[28]Using, as an example, the notation of Andersen and Pecora the

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

top molecules is given by

Sin2(8/2) + ['( w2 + S2r2 (1 - R) ]Cos2(8/2)

(w2 _ sr2)2 + w2(r + rS(1 _ R))2

(2.3.2)

where
2

q 11 II's

q: nip, is the kinematic shear viscosity: n is the shear viscositys and p the density
q 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 r, 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 mode s , 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 S.

- 20 -



Four characteristic regions can be defined(32)

(1) B« 1

(2) ~~ < 1

(3) (3 >

(4) B» 1

Region (1) W « 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(32(rs Cos2(8/2))
(w2 + ((3f)2)2

(2.3.3)

In this regime the central dip is not observed since the half

width of the dip, given by q2n , is too small to be resolved
s

experimentally. The spectrum approximates to a single Lorentzian of

half width r (Fig 2.3.1(a)).

Region (2) :6 < 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. In this region R

represents a measure of the depth of the dip relative to the main

Lorentzian line.

Region (3) (6 > 1) is characteristic of viscous liquids. The dip

disappears and the spectrum is highly non-Lorentz ian becoming more

triangular in shape (Fig 2.3.1(c)).

- 21 -



Fig 2.3.1 Depolarised VH lineshapes predicted by equation (2.3.2) for
four characteristic regions of 0

(a) (b)

Rcq i.on 1 r~ " 0.02

(c)

Region 3 a - 3.0; R - 0.6

Region 2 a - 0.25; R = 0.4

(---- R -: 1.0)

-12 • 5 GHz 0 GHz + 12.
Region 4 Spectrum of benzybenzoate

~ - 60 oc[321. B ~ 5.5xl01

R 1.0;
R 0.9999 97;
R 0.9999 95
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~egion (4) (S» 1) corresponds typically to supercooled liquids

close to the glass transition temperature. In 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

2.2.1) . [33 JBezot et al observed the doublets in ethylbenzoat~ and

Enright and Stoicheff[34] also observed the splitting insalol.

liquid salol.

The early two-variable theories predict the spectra fairly well

in liquids of low and moderate viscosity. However, although

equation (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 (21 ) is exactly equal to the intensity (I )s c
[32 33 35] . .of the central term ' , .Th1S 1S contrary to experimental results

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

greater than that of the shifted side band[33,34,3h~ For example,

B l[33J. . /21 90 f th lb t tezot et a f1nd the rat10 I = or e y enzoa e ac s
-110 °C W » 1) (Fig 2.3.1(d)).

In an attempt to explain the much smaller intensities observed

in the side bands, several theories have been proposed. Chappell
(37) .et al der~ved a three-variable theory that described the

observed spectra of tripheny~hosphite (TPP) over the range -27.7 to

87 .5 °c (5000 > S > O. 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 q dependent and consists of two Lorentzians with two

greatly varying rate constants: (b) the frequency w of the shears
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peak (analogous to the Brillouin splitting w equation (2.2.1)) is
L

tq(r~l . According to the Stokes-Einstein-Debyeproportional to

relation (discussed in Section 2.4), r varies as T/~ (this follows

from equations (2.3.1) and (2.4.5)) and therefore Ws varies as qTt:

and (cl the width of the shear peak is independent of q. Using

photon correlation spectroscopy Wang et al have shown that predic-

tion (a) is in disagreement with the experimental results obtained
[38] [39]for (l-phenyl O-cresol and for o-terphenyl in which the

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-
[40] [41]rature for the liquids dibutylphthalate and 3-phenyl-propanol .

TIlis conflicts with prediction (bl. Prediction (cl does not agree

with the results of the angular dependence studies of Ct-phenyl
(42) [43)o-cresol and o-terphenyl in which the shear wave linewidths

2are found to be proportional to q. In a subsequent paper, Chappell
[441

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

W [35J
ang . 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 (f), the

shear wave oscillating frequency (n), the shear wave relaxation

rate (n), and the dynamic coupling coefficient between the
r

polarisability anisotropy and the shear wave (6). The spectral form

obtained by Wang is given by

2Cos (8/2)

+ Sin2(8/2) (2.3.4)

where l's'" l' + nris the overall relaxation rate of the polarisability

correlation function and w2 == f' r + 6.s r
The form of equation (2.3.4) differs from that of equation

(2.].2) by the presence of the quantity n, 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 high

temperature the elastic component of the system decreases and n

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.

I 1 t b 1 . t . [42 1 t.hi th d t 1 hn a a er pu aca a.on 1.S eory WdS use 0 ana yse t e

low temperature VH spectrum of u+ph eriyL 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

- 25 -



spectrum was a maximum. In addition, the shear wave frequency (~)

was found to be proportional to q and the linewidth to be proportional
2to q. The results are in accordance with Wang's theory but the q

2dependence of the shear wave frequency and tile q dependence of the

linewidth are in disagreement with the predictions of Chappell et
[37 Jal .

[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 q dependence of the shear wave frequency and the
2

q 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
. r 38 3':Jlexperlmentally , .

Recently, MacPhail and Kivelson[471 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 birefringenc~ transverse shear waves and

viscous flow) in a liquid. They find that a four-variable theory

is necessary to fit the VH light scattering data on a supercooled liquid

c:onposedof 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 q 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 B « 1 and S < 1. However, it only applies for

f h i.f t; f' -1 [28]requency s ~ s 0 approx~rnately 15 GHz (0.5 cm) . Several

authors have reported a broader Lorentzian background with a width

of the order 60 - 200 GHz [48 - 51]. (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.)
, [48,49 ]V~ovy et al , making use of a formalism developed by

, [52J [45,53)de Gennes and extended by Quentrec , have shown that the

second broad Lorentzian line is due to a second variable describing

local anisotropy. In this three-variable theory the two variables

linked to the local anisotropy are the density of molecular re-

orientation, !, and the anisotropy in the distribution of the centres

of gravity, G. G is effectively a measure of local translational

order.
[49 J ,Viovy et al cons~der three alternatives; (i) in the most

general case where ~ and! are mutually coupled primary variables

they show[48] that the depolarised spectrum depends on more unknown

parameters 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! 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-

[45 ]tion density as local variables, and Quentrec who uses ~ 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
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spectrum is the sum of five different Lorentzians. The three-variable
. [37] .theory of Chappel and K1velson also pred1cts a five Lorentzian

spectrum in the high temperature region. In their theory the two

I (q,w) Lorentzians are predicted to be indistinguishable from the
YZ -

two positive I (q,w) Lorentzian.YX - This results in a spectrum that can

be described by a Lorentzian plus a sharp negati ve t.or ent.eLan anti an

add i t.LonaI positive Lorentzians. However, t"lis theory ha s mor e un-

determined variables and fails to predict the observed spectra in more

ways than that of Quentrec's, (iii) ~ is a primary variable COUplEd to

the veLcc i ty gradient but not to .!_, which is also a primary variable.

By gerleralising Quentn'c' s resuLts to the case of two primary variables

and taking the limit q2 n/r A' C!2 n/I'B « 1, where I'A and I'B are the

widths of the two positive Lorentzians, they obtain a spectr·..m t.nat;

cont~ins lwo wide pusitivc 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

r v I'A A + 222w + (q n )
s

v R
cos2 (8/2) ( ~ A

A

(2.3.5)

where

rA,T'B are the halfwidths of the two positive Lorentzians,

VA represents the fraction of the depolarised light scattered

by molecular reorientation alone and Vs the fraction scattered

by the translational order.
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RA and RB 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:

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 or two

Lorentzians and fine structure, superimposed on a broad high frequency

background due to intermolecular interact1ons. 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.

Viovy et al[49) 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
. [44JChappell and K~velson , 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

are anisotropic in shape. [54] .Madden has calculated the depolar~sed

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-I).

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

spectrum is Lorentzian with a linewidth given by:

2r 0. 2 Dc;.
()

(2.3.6)

where

D is the translational self diffusion coefficient,

q 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

the experimentally observed central Lorentzian in liquid argon[55].

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
[ I ] .and Carroll exam~ned the depolarised light scattering spectrum

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. 'I'heabove 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 re9ime 1 « B « 1

is not available at present. Although Wang's theory seems to be the

most appropriate in the lim.tt B » 1 it does not predict a two

Lorentzian spectrum in the region B «1. In 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
. . . d d [38,39,56)performed wh~ch exam~ne th~s epen ence 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 Over the

complete viscosity range, 1 « S « 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 f ut ur-o theoretical

considerations of the nature of the liquid state.
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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 associated with the
[57 Jintrinsic molecular anisotropy. Keyes et al developed a theory

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. As

discussed in the previous section, if there is no time scale sepa-

ration then there will be contributions in the spectrum from 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

appears to be a piecewise exponential. The experimental and
[58 Jtheoretical progress has been reviewed by Gelbart and more

. [59 Jrecently by Tablsz .

In general, when two molecules collide they suffer distortions

in their electronic charge distributions. These distributions persist

for the time it takes a molecule to cross the effective range of
-13the intermolecular potential, approximately 10 seconds. Thus

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
-3

two molecules, and varies as x 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
-9separation, x ,than DID effects.

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

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

[60Jhas 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,

it would seem likely that for molecular liquids the high frequency portion

of the collisional spectrum is due to the short range intermolecular

interaction and hence is determined mainly by EO processes. BUcaro

and Litovitz[601 derived an expression for the line profile of iso-

tropic liquids at high frequencies using a binary collision EO model.
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2(m - 7)/7I(w) a w exp (-w/wo) i w > w
o (2.3.7)

-m
where the induced polarisability is taken to vary as x and wo
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-
o

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

fore

I(w) a exp (-w/w )o
(2.3.8)

The quantity w is related to the mass (m) of the colliding unit by
o

1 (2.3.9)
w o

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.
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2.4 Analysis 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 8T, the spectrum

decomposes to one Lorentzian of linewidth (q2 D + 68T). For small

molecules q2 D «6~and the single particle reorientation time

is given by

(2.4.1 )

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 (~)

of the fluid by the Stokes-Einstein-Debye relation[62]

(2.4.2)

where fR, the friction coefficient, is given by

38n~a (2.4.3)

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

T
S

34na ~
3k T

B
(2.4.4)
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This can be written in terms of the molecular volume V as

T
S

Vn
k T
B

(2.4.5)

This linear relationship between the macroscopic liquid

viscosity and the single particle reorientational time has been

found to hold for many liquids and solutions[63,64,671. In many

cases however, the straight line fit to equation (2.4.5) produces
[64-661a non-zero intercept . To take account of the non-zero inter-

cept, equation (2.4.5) is written

T
S

~
k T
B

+ To (2.4.6)

where T is the zero viscosity intercept.
o

uncertain but it has been associated with

The origin of T is
o

inertial rotation [641 ,

that is, the free rotor time in the limit of zero viscosity.

T o
2rr
9 (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 T is zero.
o

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

For ellipsoidal particles the theory is more complicated. Perrin[68J

has derived expressions for fR in terms of the particle dimensions

and the liquid viscosity.

For a prolate ellipsoid

(2.4.8)
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where r is the ratio of the minor semiaxis to the major semiaxis

of the ellipsoid and G (r) has the form

2 -I ~ + (1 - r
2)lj i

G(r) ( 1 - r) Ln r < 1 (2.4.9)
r

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

but with G(r) now given by

G (r)
2 -; -1 2 ;(r - 1) tan (r - 1) ; r > 1 (2.4.10)

Equation (2.4.6) can now be written

T
S

~
k T
B

+ T o
(2.4.11)

where P is the Perrin factor

P

4
2(1 - r ) (2.4.12)

The Perrin expression, which is simply the spherical formula

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

diffusion coefficient for an ellipsoidal particle is smaller than for

a spherical particle of the same volume.

2.4.2 Stick-Slip Boundary Conditions

1he stokes-Einstein-Debye relation and the Perrin model of

rotational diffusion both assume hydrodynamic conditions, that is,

the particles can be treated as being immersed in a continuum fluid.

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-

- 38 -



more, both models assume ct ick: boundary conditions , which stipulate

that at the surface of the particle the fluid velocity is zero
. [69] .relative tofue particle veloclty , that lS, the continuum rotates

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

molecules is usually better described using Dl?:p boundary conditions

In the case of perfect nlip 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

into account the ;;t:i·!k-:;l1:p behaviour. Equation (2.4.11) becomes

1
S

aPVn
k T
B

+ T
o

(2.4.13)

where a = 1 for <~tJc·k conditions and a = ¢ (0 < ¢ < 1) for cli p

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

for a long rod.

The degree of :Jlip depends on the departure of the molecule
. [69]Hu and Zwanlg have performed hydro-from spherical symmetry.

dynamic calculations of the rotational friction coefficients of

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

using el ip boundary conditions. In the disc limit (oblate ellip-

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

a (STICK) was found to be equal to one. In the limit of a sphere

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

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.

However, complex molecular shapes cannot always be well re-

presented by a spheroid.
. [70) .Youngren and AcrlVOS obtalned frictional

coefficients for ellipsoids rotating about their principal axes using

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

prolate ellipsoids their results agree with those of Hu and Zwanig.

Youngren and Acrivos were also able to obtain a frictional coefficient

for benzene. They modelled the molecular shape as six hemispheres

(hydrogen atoms) placed symmetrically on a base (carbon ring). Their

results were within 10% of the experimental results of Alms et al(64).

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

oblate spheroid.

The question has arisen as to why macroscopic particles obey eti-sk.

boundary conditions while the slipping boundary condition seems to be

more appropriate for molecular motion in liquids. One possible reconci-

liation of these observations was proposed by Richardson(74). He argued

that Sll1:P on a rough surface is asymptotically equivalent to etiok: on the

smooth surface which approximates the actual rough surface. However,

Richardson's treatment does not answer the question,of how large a

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

sticking boundary condition to be correct.
. (75)Zwanlg extended Richardson's

method to treat the rotation of a "bumpy" infinite cylinder. In the region

of bumps or cusps very large fluid velocity gradients cause a large

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

down. Zwanig found that in the limit of a large particle (500-1000 A)
with a molecularly rough surface, stick and slip boundary conditions give

the same result for the frictional coefficient. Therefore a macroscopic

'cle a ears to exhibit stick boundary conditions because the energy



dissipation due to the molecularly rough surface causes the plip

boundary condition to appear identical to ei.i o]; conditions on the

averaged surface.

From the above disct13sion it is evident that energy dissipa-

tion is an important factor when considering the appropriate choice

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

structure or a well defined surface and therefore there are

difficulties in assigning boundary conditions to a molecular surface.

An approach adopted by Peralta-Fabi and Zwanig [76] describes the

interaction of the mo Lacu Le with the fluid by an intermolecular

potential. The boundary ~onditions 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 inf.inity.

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
S

a.PVn + T

k T 0
B

(2.4.13)

However, depolarised light scattering is a coherent process and it

is the collective reorientational relaxation time that is measured[77] •

Recalling equation (2.3.1)

(2.3.1 )

the modified Stokes-Einstein-Debye equation for depolarised light

scattering is obtained

ra.pvn
k T

L B
+ T ]o (2.4.14)

The factor (g2/J2) may be written as (1 + fNY(l+ gN) where the

factors fN and gN measure the strength of the static (equilibrium)

and dynamic orientational pair correlations respectively.
[71]

Kivelson and Madden in a review of light scattering in

molecular liquids point out that equation (2.4.14) holds to a high

degree of accuracy. In the limit of zero viscosity 1S is equal to
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the purely inertial rotation time TO' equation (2.4.7), and is

therefore not dependent upon (g2/U2)· Hence equation (2.4.14)

becomes

+ T
o (2.4.15)

In most circumstances the difference between equation (2.4.14)

and (2.4.15) are negligible. T is usually much smaller than T
o LS

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

in which T is of the same magnitude as T the difference between
o LS

the two equations can cause significant inconsistencies in the

interpretation of the data.

The influence on the correlation time of the dynamic correla-

b d· d b G' [78]tion factor J2 has een ~scusse y ~erke for symmetric top

molecules. He concluded from symmetry considerations that this

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

J is equal to 1 in equation (2.4.14). However according to Wolynes
2

and Deutch[791 this result is incorrect if hydrodynamic behaviour is

an important component of orientational dynamics. Their calculations

were performed with a many particle model in which rotational and

translational diffusion were coupled. They also assumed a particle

immersed in a continuum which, as already discussed in section 2.4.2,

is not necessarily a valid assumption for molecular liquids. Evans

et al[97] in a computer simulation, discussed in more detail in

section 2.4.4, do not find any evidence for J2 > 1.

[71]
been found to be close to 1 •

The static correlation factor g2 is given by[BO,Bl]

In practice J2 has

2
3 Cos 8 .. - 1 >

~J (2.4.16)
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where e .. is the angle between the molecular axes of the ij pair
1J

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

When there is no correlation between pairs of molecules, the

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

1.0 to > 2.0 have been reported [71]. It has been shown by de Gennes [52]

that for liquids in the isotropic phase g2 follows the relation

T (2.4.17)
(T - T )o

where T is a temperature just below the observed isotropic-nematic
o

[82] .
transition. Patterson et al obta1n results consistent with

equation (2.4.17) for the n-alkanes and To was calculated to be > 100°C

below the melting point.

In conclusion the Stokes-Einstein-Debye equation represents a

useful method of relating molecular correlation times obtained from

depolarised light scattering experiments to the macroscopic viscosity

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

information can be extracted about the dynamical behaviour of mole-

cules in the liquid state.

2.4.4 Models and computer Simulations

The discussion presented in Sections 2.3.1 to 2.4.3 is based on

the model of a rigid symmetric top molecule. However, the experimental

work presented in this thesis describes light scattering from flexible

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

bridge this gap by examining models and computer simulations of alkane

chains.

The conclusion of the previous section is that the molecular

reorientational correlation time can be directly related to the line-

width of the Lorentzian component of the depolarised Rayleigh spectrum.
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By combining equation (2.3.1) and equation (2.4.1) this can be written

(~.4.18)

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

TS is only equal to (1/68T) in the limit of a rigid symmetric top mole-
[61Jcule. For an asymmetric rigid molecule Pecora has calculated the

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

[67J d' th'Alms et al lSCUSS e clrcumstances under which thespectra.

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 indivi-

'1 t has been ach;eved[83J•dual reorientatlona componen s •

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. In addition, further compli-

cations arise because the Dopulation 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 2.1.2) if two processes proceed on comparable time scales

then there is the possibility of coupling between them. In 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 is required before a

complete analysis and hence understanding of the observed depolarised

Rayleigh light scattering spectrum can be accomplished.
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computer simulations of liquid systems at the molecular level

are the primary source of non-experimental information about their

structure and dynamical properties. The original calculations were
[86]

based on Monte Carlo (MC) methods . From such simulations only

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

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

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

oof 1.53 A and the angles between adjacent bonds fixed at 1090 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 not

explicitly included. The simulations are performed by setting a number

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

number of molecules per unit volume matches the density in the thermo-

. state being simulated.dynaml.c The interactions between adjacent CH2
and CH

3
groupS are described by means of Lennard-Jones potentials

which are generally truncated to prevent an atom interacting more

than once with any other atom. From Molecular dynamics calculations

a variety of thermodynamic information is obtained, for example,

tpans/gauche ratios, pair distribution functions and internal chain

transition times.

The main problem with any molecular dynamics simulation involves

the choice of realistic potential functions to represent the model

system under consideration. Stochastic dynamics (SO) [95] simulations

have been used to circumvent this limitation. The simplest form of

. d . (BD) (95)SO is called BrOWnl.an ynaml.cs 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.

Rebertus et al[851 examined n-butane in a variety of non-polar

solvents using molecular dynamics simulations. These "exact" results

were compared with Monte Carlo calculations of Pratt et al [86,87]

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. In
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the case of n-octane Weber obtains rotational diffusion constants
-1

for the middle bond vector of 0.28 ps
-1to 0.57 ps 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-

[4 ]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. In

addition tr-ana 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

[93] .measurements on a serles of 1-bromoalkanes they conclude that

the appropriate potential is the U/kBT = 5; U/k T = 0 and U/k T = 00
B B

are the freely rotating chain and rigid body potentials respectively.

The U/kBT 5 potential was chosen by interpolating between results

for U/k T = 4 and U/k T = 8.
B B

In section 5.).4 the simulation results of Evans and Knauss are

compared to the experimental results obtained from depolarised light

scattering presented in this thesis.
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As already mentioned the conformational transition rate will

depend on the intermolecular collision frequency. Montgomery et

al[94], using stochastic molecular dynamics calculations, examine

the collision frequencies for n-butane, n-pentane and n-decane.

A comparison of results obtained for different collisional rates,

that is, the average frequency at which the velocity of a particular

mass on the chain is randomised, with results from molecular dynamics

simulation gives the closest « 10%) agreement when the collisional

rate is approximately 2.0 x 10
12

Hz. The average time between t.rane-.

gauche It-g) transitions for n-butane is calculated to be 24 ps.

This is approximately ten times longer than that calculated by

Ryckaert and Bellemans.

In a review of stochastic dynamics Gunsteren at al[95) discuss

how various approximations can be incorporated into the simulation

to produce a variety of stochastic dynamics models. They compare

a simple stochastic dynamics simulation (Brownian dynamics) with

the molecular dynamics simulation of Ryckaert and Bellemans for n-

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

lations are essentially the sane : an average time between ua,~U'h('

and tranu states of 15 ps and 03ps for n-butane and n-decane

respectively.
[96]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 elli.psoids and spheres

are assumed to be smooth and hard. 'I'hey 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 consistently

neglects part of the frictional drag since in all cases studied 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 J2 > 1. In recent publications the same

[97,98)authors 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
12

collisional rate for the n-alkanes would be wCOLL = 2 x 10 Hz and

an average time between conformational changes would be

1 = 1-4 ps
t-g

for n-decane and T = 10-30 pst-g for n-butane.

As already discussed the reorientational times depend upon these

timescalesj 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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CHAPTER 3 - EXPERIMENTAL TECHNIQUES AND DATA ANALYSIS
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3.1 Experimental Techniques

3.1.1 Description of the Light Scattering Spectrometer

Measurements of the depolarjS.ed (VH) and polari:Jed (VV)

Rayleigh-Brillouin spectra were made using the light scattering

arrangement shown in Fig 3.1.1. A Spectra-Physics model 165 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 r99] (Fig 3.1.2)

Fig 3.1.2 Focusing of the collimated laser beam

f

-

x
TId 2
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where: do
4Af/nD is the diameter of the focused beam

A incident laser wavelength

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/e2 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 ; 7.7 x 10 mm and X ~ 6 mm, that is,the

beam divergence was less than 10% over 6 mm.

The scattered light was monitored at 900 ± 0.20 [101] by a piezo-

electrically scanned Fabry-Perot interferometer. The interference

pattern produced by the interferometer was focused onto an EM! 9789B

photomultiplier tube, chosen for its spectral response, sensitivity

and low noise, using a lens (LF 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

had a resolution of 1 part in 256.

A clock was used to simultaneously control the rate meter of

the photon counting system, the increment rate of the transient

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

Perot scanning pads.

A spectrum was obtained by scanning over three Fabry-Perot '

orders at the end of which the transient recorder was triggered and

the information retained in the recorder. Scan times varied between

5 and 30 minutes.

- 55 -



The transient recorder was interfaced to a BBC 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 po Lar is ed 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 lO-48cm6
-48 6whilst that of benzene is 43.~ 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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6A

Fig 3.1.3 Instrumental function: finesse t.A/OA

The overall finesse of the system, defined as t.A/6A in Fig 3.1.3,

is determined by the reflectivity, optical flatness, inhomogeneity

and alignment of the mirrors in addition to diffraction effects at

[9]the pinholes In practice the limiting finesse is the

reflectivity finesse which is given by[ 101]:

1T (R )!
p

(1 - R )
P

(3.1.2)

where ~is the reflectivity of the plates.

F was maximised by careful mirror alignment. An overall finesse
R

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.
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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 mID. 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 ± 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 c 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

from a colloid sample. The circular fringes were arranged so as to

evolve symmetrically about the scattering volume. However, when

mirror separations < 0.2 rom 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

polar.ised 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

«lMHz) 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 optic bundle 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 (Fig 3.1.1) without opening the enclosure. The illuminated
s

colloid was then used to maximise the finesse as previously

described. This technique 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 i0 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 alkane sample and

traversing the interference pattern vertically across the pinhole

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 L .
F

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 Sample 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 1500C,

(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 0 °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 1200C.

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

hydraulic damper in the pump line and by several metres

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
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 99

2,3,4-Trimethylpentane F 95 113

n-Heptane A 99 98

2-Methylhexane A 99 90

3-Methylhexane A 99 91

2,2-0imethylpentane A >99 78

2,3-Dimethylpentane A 95 90

2,2,3-Trimethylbutane F >99 80

n-Hexane BOH puriss 69

2-Methylpentane A >99 62

3-Methylpentane F >99 64

2,2-0imethylbutane A 98 50

n-Pentane KL spectrosol 36

2-Methylbutane A >99 28

Ci3-9-0ctadecenoic Acid (Oleic Acid) BOH >92 220

n-Octanoic Acid BOH >97.5 237

Carbon-Tetrachloride BOH spectrosco- 77
pic grade

Supplier abbreviations: ,~- Fluka-Fluorochem Ltd, BOH - BDH Chemicals Ltd
KL _ Koch-Light Laborator~es Ltd, A - Aldrich Chemical Co 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 salO[les

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-2-0] 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 ~m filters. A few mls

of the liquid were filtered and discarded before a sample was col-

lected. This removed any remaining dust and any loose fragments on

the filter. A few of the samples required a 0.05 ~m filter in

addition to the 0.025 ~m 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.

'rhe oleic acid solution was filtered with a 0.22 ~m filter and

the octanoic acid solution with a 0.05 ~m 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. 'I'herefore, 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 ± 0.1 °C over the

temperature range 4 °c to 95°C.

The viscometers were calibrated using liquids of known viscosi-

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

Arrhen~us expression

n = n exp (-A/T)s 0 ( 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 0C

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 sample. The temperature of the sample was monitored with a

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°C. 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
-3to be 5 x 10 %.
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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 performed 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 E04GAF 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 DC. Every fourth data point is re-

presented by a dot and the solid line represents the fitted curve

using equation (A1.4.1). Fig 3.3.2(b) shows the depolarised (VH)

Rayleigh-Brillouin spectrum of n-octane at 23.5 DC. Every fourth

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

the fitted curve using equation (A1.4.3). 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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Fig 3.3.2 (a) polarised Rayleigh-Brillouin spectrum of n-octane.
T = 23.5 °C; FSR = 15 GHz. Every fourth data point
is represented by a dot.

~

I

\
\
\

(b) Depolarised Rayleigh-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:

(a) Chi-Square (X2) test, which is a "goodness-of-fit" type _

type (i).

(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

(FO 3 3 3) For this reason tests (b) and (c) are also used.1.g •• •

Fig 3.3.3 Example of misleading interpretation of the chi-square test.

= X~
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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

function. The reason for this is discussed in Appendix A2.1

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

cation of the optimum choice of objective function.

(i~) 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 (~ ) ~512 and
r

standard deviation (0 ) ~ 16). Hence both the number of runsr

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 and 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 asymmetry of the Fabry-Pe.Jt 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.

Integral 2 Reduced One-Sample i1umbe.rof LinearObjective X
Function probability X2 Runs Test Runs Correlation

Probability Obtained Test Proba-
bility

(i) One 0.0 2.24 3.0 x 10-26 342 4.1 x 10-2

Lorentzian
and Flat
Base

(ii) -3 1.07 1.0 10-2Two 2.5 x 10 514 3.0 x
Lorentzians
and Flat
Base

It is evident that function (ii) best describes the experimental

data. This is displayed pictorially in Fig 3.3.4. The crosses

represent every fourth data point and the solid line represen$ the

fit ted curve. Clearly, the lower curve matches the data points

most closely, in agreement with the statistical analysis.
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Fig 3.3.4 Depolarised Rayleigh-Brillouin spectrum of 2,2,4-trimethylpentane

Ev~ry fourth dQtd point is represented by a cross.

Ca) Single Lorentzian fit to data.

+
+

+
+

(b) Two Lor-en t zLan fit to data.

+
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CHAPTER 4 - OLEIC ACID: RESULTS AND DISCUSSION
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4.1 IntrGduction

Presented in this chapter is the experimental evidence that

suggests that oleic acid (cis-9-octadecanoic acid) undergoes a

thermotropic phase transformation approximately 5 DC above the

mel ting po i.nt ,

Fig 4.1.1 Oleic (uiS-9-octadecanoic) acid

'1~~;double bond
I,

The c t.» double bond causes a rigid kink in the hydrocarbon

chain. The rigidity is contributed by the nonrotating double bond.

The kink in the molecule reduces the packing efficiency compared to

the a l l+t.ra nc form (elaidic acid) and h'·'11C(· reduces the melting po Lnt,

from 45 DC for eLaLd i c acid to approximately 13 DC for oleic acid.

This is a very important effect of eiD unsaturation of fatty acids

and con soqv.en t Ly these structures are biologically very significant,
. . [6,7]part~cularly ~n membranes .

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 f o.rmati.o n 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 T phenomenon with the
u

. . . . . . .. [52,102]lsotroplc-ne~~tlc transltlon of low molecular wClght llqUld crystals

Unfortunately Brillouin scattering measurements on liquid crystals

close to t l.e transition temperature have been rather inconclusive [1()?'] •

It is pertinent therefore to investigate substances other than the

n-alkanes which are known to have definite liquid crystalline pro-

parties at accessLble temperatures.

Whilst 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
[105)of intensive research over the past 20 years . Extensive experi-

mental and theoretical research has shown that the transition has

its origin in the conformational changes in the lipid alkyl

h . [106-108]c aln . In membranes t.ho effect is cooperative and
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consequently influences the intramolecular forces leading to a change

in the macroscopic properties of the system[l06! The idea of meso-

phases resulting from changes in the configuration of saturated

hydrocarbon chains of Lip Lds is clearly relevant to the thermotropic
[107,109]behaviour of n-alkanes .

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 DC. 1~e 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

continuously over the range 13.6 °c to 16.4 °c[110,111! This gives

tentative support to the idea of an intermediate phase between the

isotropic liquid and solid.
[112,113) [114,115)Light scattering and other measurements on 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 DC. 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 substance8 implies a concomitance possible in

their thermotropic behaviour.
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In order to ascertain the importance of the cit: 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-tranB 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.

'I'osummari~e, oleic acid was investigated because of the recent

interest in alkane chain conformation 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 oleic acid is an oily liquid and freezes

to a white opaque wax at approximately 13 °e. To separate the

localised one dimensional ordering transition from the melting process

a small quantity of a non+p er-t.ur-b i.ng (inert) solvent was added to the

oleic acid. This depressed the freezing point and thus assisted in

ttl" e Luc Lda ti on of t.he prE,-fr'eezing t r-ana i t i.on, The solvent, carbon

tetrachloride, was added to oleic acid to obtain d 10% solution by

volume'. TlH:; quantity of carbon tetrachloride added was such that the

system was perturbed as little as possible to separate the transitions.

'1" f . . f h i . °c1)(: r'(;C:ZlIlg po i nt 0 t ne; soLu t ion was Y •

'I'ho soLu t ion choue n to rnol.ocuLar-Ly model the oleic acid solution

conc ist ed of l':".b'i, n+octane , 44.1+'b n-oc t ano i.cacid and lOq" car-bon

tet.rvrch.l.ori.de by vo Lurne . all d molecular level this oxac t Ly models the

oleLc acid !.wlution Lut with the -CII = ClI- gr-oup removed. The freezing
. . . . . 1 . 1 0 °C'po i.nt of t his so.Luti.on was d so appr-ox ima te y:J • All experimental

da ta WilS coLl.ectcd above this remper-aturc ,
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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 DC. 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 !?_<:~~~y

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(bJ. It is apparent that the dependence of

density on temperature for the oleic acid solution is nearly linear

except for a distinct change in gradient in the range 17 DC to 14 DC.

The variation of density with temperature for the octanoic acid

solution is also nearly linear apart from a small change in gradient

in the range 18 DC to 14 DC. ~~is 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(aJ. Clearly a point of

inflexion occurs at approximately 16.5 DC. 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(bJ. There is no clear d.i.scont.Lnui t.y in

the data although the spread un the data points is larger than for

the oleic acid solution. This WilS 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. ~ = 48B.Own

(a) Oleic acid solution
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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 Pola_E.~:>~~_~<::¥leigh-BrillouinScattering

'!'hepolarised 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 solut.ion were found to be improved when a Mountain line was

i.ncluded in the fitti.ng function (Equation A1.4.2» 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 (A1.4.1) was used to fit the data. Figure 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

ranqe centred on 16.5 DC. The real part of the longitudinal modulus,

M', was calculated from Equation (2.2.4).

V (ljJ )L L [

M I ((1) )]!
L (2.2.4)

The results are plotted in FJ.'Jun:~4.3.5 (b) and show a similar variation

to the frequency shift indicaLLnq that the anomaly is not only a

consequence of density. The linear dependence of Brillouin shift
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Fig 4.3.4 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.
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Fig 4.3.5 Oleic acid results

(a) Measured Brillouin shifts plotted against temperature

(b) Calculated hypersonic elastic modulus plotted against
temperature
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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 (FWI!H) of the Brillouin

linewidth for both solutions show no discernible anomaly in their

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.
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Fig 4.3.6 Measured deconvoluted Brillouin linewidths plotted against
temperature:

(a) Oleic acid solution
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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 ;:Jf t.he characteristically large scatter

on the data.
- 90 -



Table 4.4.1 Results of Statistical Analysis: Oleic Acid Solution
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Table 4.4.2 Results of Statistical Analysis: Octanoic Acid Solution
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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. In 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 is nearly equiprobable.
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Fig 4.4.1 Normalised sum of squares plotted against break pOint
temperature TB for the oleic acid solution.

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

(b) Density (+); Kinematic shear viscosity (*).
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Experiment Transition Temperature Range
Temperature T /rc forT ;ocB B

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

'I'hegeneral concurrence of the statistical analysis demonstrates

that in all cases, except that of the Brillouin linewidths, the oleic

acid soLut.Lon datu 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-
. . ( 117)Frenkel-Eyrlng equatlon .

n [
hN /JS* ] rtlli*]V exp I> T) eXPl RT (4.5.1)

where h is Planck's constant; N is the Avogadro number; V is the

molar volume; !JS* and !JH* 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

nip [ M
h /JS* J rL'1H~exp(- T) eXPlRTl (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 actlvation

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 (102). The Arrhenius plot cons Lst.s of

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

18.5 DC. The slope in the T < 18.5 DC range is greater than that in

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

cepts.

The activation energy (t.H*) increases from the high temperature
-1 1to the low temperature state from ~)(,.O kJmol to 32.2 kJmol- , a
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-1change of 5.2 kJmol , 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,

s k In W
B

(4.5.3)

where k is the Boltzmann
B

arrangements, in conjunction with equation (4.5.2) the ratio Wh/wl is

constant and W is the number of molecular

calculated to be approximately 3. The subscripts refer to the

high (h) and low (1) temperature stittes. 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 !?~ns i t_y_

The density variation with temperature of the oleic acid solu-

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

The volume expansion coefficient, y, is given by

y
1

Vo
(4.5.4)
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this can be written as

1
(4.5.5)

The variation of
3p
3T

and
a[iJ
3 T 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 -1 -4 -1region 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
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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
. [118 Jresult through the Lorentz-Lorenz equatlon

2
(n - 1)

(n2 + 2)
Ct pc

o (4.5.6)

where n is the refractive index, a is the molecular polarisability
(J

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. '!'hisis consistent with an inc-

rease in local ordering to produce a locally nematic phase.

4.5.4 Polarised R~eigh-Brilloyin Scatterin~

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. Th Ls

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. This transition

region involves a change of phd ;e anal.ogous to that of the glass-to-

rubber transition that occurs in amorphous polymers. This glass-to-
- 99 -



rubber transition has been found to be rate dependent[119! 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

oleic acid exhibits anomalous behaviour in the temperature variation

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, implicates

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-trunlJ configuration, the

lowest energy conformation, about the Cl:D-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 cis-double bond

absent thus removing the anchoring effect of the double bond about

which the transisomerisation can take place.

F· 4 6 1 AII-tronD configuration of oleic acid1.g ••

- 101 -



The temperature range over which the anomalous behaviour Occur::..:

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 Tu phenomenon occuring in the oleyl chain.

Depolarised Raleigh-Brillouin scattering can be used to study

molecular motion in liquids (Section 2.3). TI1e 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 (VB) 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-

pentylbiphenyJ.

>----CN

The width of the depolarised spectrum could be resolved only above

approximately 45 °C. At 80 "C the half-width was approximately

120 ;.1Hz, implying large scale cooperative motion even in the isotropic

phase. Hence, the behaviour exhibited by oleic ac Ld 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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5.1 Introduction

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 0 DC 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 coupl iny manifests itself as a dip in the VB

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 resol ved ,

In Fig 5.1. LJto Fig 5.1 ..1<l the all-tr'mw struc t.ur-s- of each 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 B
, B 18'

C7B16, C6H14 and C5H12 are presented. The molecular correlation 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
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n-octane

2-methylheptane

3-methylheptane

2,5-dimethylhexane

2,2,4-trimethylpentane

n-hcptane

2-methylhexane

3-methylhexane

2,2-dimethylpentane

2,3-dimethylpentane

2,2,3-trimethylbutane



n-hexane

2-methylpentane

3-methylpen tane

2,2-dimcthylbutanc

n-pentane

2-methylbutane

carbon-carbon bond in the plane of the paper

carbon-carbon bond into tho plane of the paper

carbon-carbon bC)I,,]out 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 functioll 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 and

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 Lor.entzian fit to the spectra for each of the isomers

discussed above. For rhese 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 an

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 5.2.5 2,2,4-trimethylpentane.
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flat. Instead, 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 (AI.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,

superimposed on a flat base (equation (Al.4.5)). This fitting function

was chosen on the basis of the results of Viovy et al(49], 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 in

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 intensity

second Lorentzian.

The combination of these two effects results in inadequate resolu-

tion of the two components and hence the computer program is unable

to effect a separation of the two Lorentzian features.

[ 671 di th' t .Alms et al 1SCUSS e Sl uat10n under which a separation

of two Lorentzians from a spectrum is possible. They conclude that

it is necessary for the noise level to be significantly smaller than

the maximum error and that a high signal-to-noise ratio is required

to observe a low intensity broad Lorentzian under a strong narrow

Lorentzian. The experimental considerations are realised at an FSR

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

by careful alignment of the optical components. However, above 400C

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

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

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

increase of peak half width with increasing temperature. In addition

to 2,2,4-trimethylpentane, the isomer 2,J,4-trimethylpentane was

examined but the results were not of sufficient reproducibility, due to

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

very similar trends to those of 2,2,4-trimethylpentane.
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5.2.2 Isomers of C7~16

The variation of the reorientational frequency with temperature

for the isomers of C7H16 investigated are shown in Fig S.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 base. 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. In

addition difficulties were encountered in containing liquids of high

vapour pressure.

The reorientational frequencies obtained from a two Lorentzian

fit 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 orders and hence the second Lorentzian

appears as a portion of the background.
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Fig 5.2.9 3-methylhexane.
(a) Single Lorentzian fit to data. FSR = 1250 GHz
(b) Single Lorentzian fit to data. FSR = 400-600 Gl-lz
(e) Two Lorentzian fit to data. FSR = 1250 GHz
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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
(e) Two Lorentzian fit to data: FSR 2000 GHz
(d) Two 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 a °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, ~1ere the signal-to-noise ratio

is the largest, are presented. The spread on the data points is large

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 2-methylhexane. Variation of second Lorentzian peak half
width with temperature: FSR = 450 GHz
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Fig 5.2.14 3-methylhexane. Variation of second Lorentzian peak half
width with temperature: FSR =1250 GHz
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Fig 5.2.15 2,2-dimethylpentane. Variation of second Lorentzian peak
half width with temperature: FSR = 1000 GHz
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Fig 5.2.16 2,3-dimethylpentane. Variation of second Lorentzian peak
half width with temperature: FSR = 2000 GHz
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half width with temperature: FSR = 2000 GHz
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5.2.3 Isomers of C6H14

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 Lor-ent zi.an plus a flat base , Table 5.2.tL

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

of C6H14• It is clearly evident that an exponential base does not

improve the fit.

The decrease of reorientati0nal frequency with increasing tempe-

rature for the isomer 3-methylpentane when fitted to two Lorentzians,

is probably due to the de crease in the signal-to-noise ratio at the

higher temperatures.

Shown in Table 5.2.5 is the variation of optical anisotropy for

some oJ tile 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

the order 3300 GHz. This corresponds to a Fabry-Perot plate

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 approxiwately

30 minutes.

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

Fig 5.2.22.
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Fig 5.2.18 n-hexane. Single Lorentzian fit to data: FSR = 450 - 625 GHz
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Fig 5.2.20 3-methylpentane.
(al Single Lorentzian fit to data: FSR = 1250 GHz
(bl Single Lorentzian fit to data: FSR = 715 GHz
(el Two Lorentzian fit to data: FSR = 1250 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 is

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 separation of the interaction

incuced component and corresponding improvements in the data analysis

however, this would require a monoch rorna tor 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 spread

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 5.2.20c) and is a resUlt

of low signal-to-noise ratio and hence inadequate resolution of the

two components. The isomer 2,J-dimethylbutane was also investigated.

The sample became contaminated within a few hours and 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 2-methylpentane. Variation of second Lorentzian peak half
widths with temperature: FSR = 1250 GHz
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Fig 5.2.24 3-methylpentane. Variation of second Lorentzian peak half
widths with temperature: FSR = 1250 GHz
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Fig 5.2.25 2,2-dimethylbutane. Variation of second Lorentzian peak half
width temperature: FSR = 3335 GHz
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5.2.4 Isomers 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.
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Fig 5.2.26 n-pentane
(a) Single Lorentzian fit to data: FSR = 1320 GHz
(b) Single Lorentzian fit to data: FSR = 670 GHz
(c) Two Lorentzian fit to data: FSR '" 1320 GHz
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Fig 5.2.27 2-methylbutane: FSR = 2200 GHz
(a) Single Lorentzian fit to data
(b) Two Lorentzian fit to data
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Fig 5.2.28 n-pentane. Variation of second Lorentzian peak half width
with temperature: FSR = 1320 GHz
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Fig 5.2.29 2-methylbutane. Variation of second Lorentzian peak half
width with temperature: FSR = 2200 GHz
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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 rel!ated

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

1
TLS 2n f VH (2.3.1 )

The molecular correlation times obtained are analysed in terms of the

Stokes-Einstein-Debye relation, given by

TLS (2.4.14)

where: (g2/J2) is the orientational correlation parameter (Section 2.4.3)

ex is the s1;-iek-nZ1:p coefficient (Section 2.4.2)

P is the Perrin factor (Section 2.4.1)

V is the molecular volume

n is the macroscopic liquid viscosity

k is the Boltzmann constant
B

T is the absolute temperature

The data is presented by plotting the quantity TLS' obtained from fits

to a single Lorentzian and where appropriate two Lorentzians, against

the quantity niT (Fig 5.3.1 to Fig 5.3.17).

The following observations are made from the straight line fits

to the results:

(i) 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
3in (angstroms)
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Fig 5.3.1 n-octane. Stokes-Einstein-Debye fit to molecular correlation
times
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Fig 5.l.? 2-methylheptane. Stokes-Einstein-Debye fit to molecular
correlation times
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Fig 5.3.3 3-methylheptane. Stokes-Einstein-Debye fit to molecular
correlation times

c:o._...,_
Cd...,_
c:
Q)
L-o
Q)

0:

enc.
<,

Q) 10E
8

+
+

4

2

°0~~--7-~--~~10~·1~2~1~4~~~~~
X 104/cPK-1

Fig 5.3.4 2,5-dimethylhexane. Stokes-Einstein-Debye fit to molecular
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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(a) Single Lorentzian fit to spectra: FSR = 1500 GHz
(b) Single Lorentzian fit to spectra: FSR = 685 GHz
(c) Two Lorentzian fit to spectra: FSR == 1500 GHz
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Fig 5.3.6 n-heptane. Stokes-Einstein-Debye fit to molecular correlation
times

Fig 5.3.7

CJ)

a.........
(])

E

c:o.-.....
ttJ.....
c:
(])
~o
(])

a: 1

00

.....
c:
0.....
ttJ.....
c:
(])
~
0
(])
a:

00

+

+

+

2-methylhexane. Stokes-Einstein-Debye fit to molecular correlation
times: FSR = 450 GHz
(a) Single Lorentzian fit to data
(b) Two Lorentzian fit to data
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Fig 5.3.8 3-methylhexane. Stokes-Einstein-Debye fit to molecular
correlation times
(a) Single Lorentzian fit to spectra: FSR = 1250 GHz
(b) Single Lorentzian fit: FSR = 400 - 600 GHz
(c) Two Lorentzian fit to data: FSR = 1250 GHz
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2,2-dimethYlpc~t~~t StokeS-Einstein-Debye fit to molecular
correlation times: FSR = 1000 GHz
(a) Single Lorentzian fit to spectra
(b) Two Lorentzian fit to spectra



Fig 5.3.10 2,3-dimethylpentane. Stokes-Einstein-Debye fit to mOlecular
correlation times.
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Fig 5.3.12 n-hexane. Stokes-Einstein-Debye fit to molecular correlation
times

Fig 5.3.13 2-methylpentane. stokes-Einstein-Debye fits to molecular
correlation times
(a) Single Lorentzian fit to spectra: FSR =
(b) Single Lorentzian fit to spectra:

FSR == 605 GHz
(c) TWo Lorentzian fit to spectra:

FSR '" 1250 GHz
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Fig 5.3.14 3-methylpentane. Stokes-Einstein-Debye fit to molecular
correlation times
(a) Single Lorentzian fit to spectra: FSR = 1250 GHz
(b) Single Lorentzian fit to spectra: FSR = 715 GHz
(c) Two Lorentzian fit to spectra: FSR = 1250 GHz
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Fig 5.3.15 2,2-dimethylbutane. Stokes-Einstein-Debye fit to molecular
correlation times: FSR = 3335 GHz
(a) Single Lorentzian fit to spectra
(b) Two Lorentzian fit to spectra
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Fig 5.3.16 n-pentane. Stokes-Einstein-Debye fit to molecular correlation
times
(a) Single Lorentzian fit to spectra: FSR = 1320 GHz
(b) single Lorentzian fit to spectra: FSR = 670 GHz
(c) Two Lorentzian fit to spectra: FSR = 1320 GHz
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(ii) Values of the intercept are all within ± 2.5 ps with the values

increasing with increasing branching.

The effective molecular volumes and the intercept:j 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-Debyc volumes obtained

in this work and the results presented recently by Bagshaw( 3 J and

Patterson and Carroll [ 1] is made in Table 5.3.2.

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 J). This is justified since

the molecular conformations are very similar. In 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) PVc(.

orientational correlation parameter, a is the Btiak.-3l-ip coefficient,

P is the Perrin factor and V is the molecular volume.

The molecular volume V was determined from t.he atomic and mole-

cular dimensions measured from a Framework Molecular Model (FMM). The

quantit.ies (g2/J2)' a and P are determined by the environment of the

molecule in the liquid. (g2/J2) is the angular correlation function
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and is related to the degree of molecular alignment in the liquid.

a and P are both related to the hydrodynamics of molecular re-

orientation in the liquid. a 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
[68J

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-tPWl3 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, and the all-trans conformation, Pt n V, where Pt. is therano nann
Perrin factor for the all-tr'an.s 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 Ptl"ansV• Axial ratios and molecular vOlumes are

calculated from Framework Molecular Models. Where appropriate the

comparison is made for Stokes-Einst:ein-Debye volumes obtained from

two Lorentzian fits to the data. All the isomers were modelled as
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prolate ellipsoids .except for 2,2,3-trimethylbutane which was

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 all backbone chains of the same length. For example, for the C
7

backbone the liquids n-heptane, 2-methylheptane and 3-methylheptane

have the same effective volume, within two standard deviations.

1~is 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-trann configurations of

the isomers.

The stokes-Einstein-Debye volumes shown in Table 5.3.3 are equal

Hence maximum and minimum values of the

quantity (g2/J2l ex can be calculated. For example, for the liquid

n-octane the range of values which PV can take lies between 163 ~3 and

443 A3. The experimentally observed Stokes-Einstein-Debye volume for

this liquid is 141 ~3. From this it can be deduced that the quantity

(g2/J2l a lies between 0.32 and 0.87.

Table 5.3.4 shows the maximum and minimum values of the quantity

(g2/J2l 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-tpannl chain.

Neither of those extremes is probable, however measurements of infra-

[121) d h f hred spectra have indicate t at or ten-alkanes CHand below8 18

in the liquid state, the population of gauche states is less than that

of tranc states.
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The values of (g2/J2)u are all less than unity with a decrease

with increasing branching for each set of isomers.

'" by

The quantity g2
[122]Bothorel et al .

has been measured for a range of n-alkanes

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 CSHIS to CSHl2 the factor g2 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 for the

isomers of CSH18 to CSHl2 is also likely to be unity. Assuming

the value of g2 obtained by Bothorel et al is correct then

the el ip+et ick coefficient a can be obtained. From Table 5.3.5 the

priMary observation is that for all the alkanes a 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 5.1.1ato 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 el ip limit as the mole-

cules becomes more spherical. Similarly the decrease in a with

decreasing chain length for the n-alkanes implies that the shorter an

n-alkane molecule the more it approximates to a sphere.
. [69]Hu and Zwanlg 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 a , calculated from the results of Hu and Zwanig, to theHZ
maximum a

MAX
and minimum aMIN values obtained from the Stokes-Einstein-

Debye fit to the correlation times. The values of a for the n-alkanesHZ
lie approximately midway between a

MAX
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 CSHIS and C7H16 groups of isomers

have a values that are approximately the same as the a values.MIN HZ
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-t:r>ans forms of the isomers will appear to have a "rougher"

surface than the all-t:r>ans n-alkanes and hence although 8lip

conditions will still apply, a degree of stick will be intro-

duced thus increasing a above aHZ•

(ii) In calculating aHZ from the results of Hu and Zwanig estimates

were made of the axial ratio. These measurements are re~dily

made for the all-Lrurw 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-tranD conformation divided by the length, and this results

in the lowest value of aHZ· 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
HZ

indicate that as for the longer chain monomethyl alkanes a MIN

is approximately equal to aHZ'

(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 mulecule 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

The optical anisotropy of the all-tpans form of 2-methylbutane

will be less than that of the all-trans form of n-pentane resulting in

lower intensities and broader linewidths. This discussion applies to

all the groupS of isomers, that is, that with increasing branching

the molecular optical anisotropy decreases and the

correlation times when compared at the same niT will decrease. This

is in fact observed for all the groups of isomers.

However, for the isomer 2,2-dimethylbutane, which

has a lower molecular optical anisotropy than 2-methylbutane, the

values of the correlation times obtained are shorter than those for
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2-methylbutane. The correlation times, when compared at constant

niT, 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

(2.3.6)

where:

D is the translational self diffusion coefficient

q is the magnitude of the scattering vector at the
a

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.

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 a
[123Jfunction of temperature by Douglass and McCall using the NMR

spin-echo technique. In a later publication McCall et al[1241also

measured the self diffusion coefficients for the isomers of C H using
6 14

a similar technique.
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A structure factor has been determined by electron diffraction

f 1 h 1 It (125]rom po yet y ene me s . 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

individual molecules. The maximum occurs at 1.5 ~-1 which corresponds

°to an interchain distance of approximately 5 A which is in agreement

with measurements made from molecular models. The value of q for
a

°_1
the branched isomers will be less than 1.5 A , that is the interchain

distance will be greater because of the methyl side groups. Patterson
( 1 ] °-1and Carroll assume a value of q = 1.3 A for the isomera

2,3-dimethylbutane. The value fur2,2-dimethylbutane will be very

similar. For the monomethylalkanes the value of q is taken to beo
°-11.4 A 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 is

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 .i.s 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 JPatterson 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

Lorentzian component. In addition the FSR used is too large to study

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

inspected; the line width quoted by Patterson and Carroll for

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 is 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 Origin of_theuS~cond Lorentzian
(49JAs discussed in Section 2.3.1 Viovy et al 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 Viovy

et al were composed of very small rigid molecules. The results

presented in this thesis are the first to show the existenc~ 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 Jbeen 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 qrea tly increased, that is, from

equation (2.3.9) 1/w am !
o (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 1

Bagshaw found a value of w , the time-
o

reorientation frequenc¥.

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 Wo ~ 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, (L) the

timescale of the collisional motion is larger than the above discussion

would suggest, that is, it is not the complete molecule involved 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 W)uld imply the absence of coupling between the reorientational

motion and the 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 niT, the correlation

times do fit to a straight line. In 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

from computer simulations by Evans and Knauss[4J. 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. In addition, changing the values of the
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Fig 5.3.18 2,2,4-trimethylpentane. Stokes-Einstein-Debye fit to data
from second Lorentzian
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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

is, the quantity apV, whereas the coherent probe of depolarised

light scattering measures the dynamic quantity modified by the

orientational correlation, that is, (g2/J2) aPV.
for the isomers n-pentane to n-octane has been measured

it [122Jto be approximately equal to unl y . 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/kBT = 5 and U/kBT = 00 indicating

that a torsional potential of U/kBT = 5, 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 trr2ns 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

liquid state dynamics.
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CHAPTER 6 - SUMMARY OF CONCLUSIONS AND SUGGESTIONS FOR FUTURE
INVESTIGATIONS
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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, (g2/J2)apv, was successfully

separated into the components (g2/J2)' a, 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 .
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(iii) For the first time evidence has been obtained that shows that

a, 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 al[49]
have shown that the second broad Lorentzian component is due to

a second variable describing local anisotropy although an

alternative possibility is that it is due to 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 relaxation

mechanism.

(v) The spectra obtained from the isomer 2,2-dimethylbutane are also

interpreted in terms of a theory proposed by Madden[54]; 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 corre2t inter-

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 is correct;

the second Lorentzian is due to a second variable describing

local order and is not attributable to reorientational cOupling.

(vi) Cis-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.

- 173 -



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 a 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 ~ 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.

(iii) Recent theoretical developments of depolarised Rayleigh spectra

have concentrated on the low temperature high viscosity

(S » 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, E04GAF, 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.

A1.1 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 Initial Estimates of the Fitting Parameters

To ensure that the fitting routine (E04GAF) 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 Y2. 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 A1.2.1 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. In 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 Al.2.1 Polarised Rayleigh-Brillouin Spectrum of n-octane
(a) Original (unsmoothed) data
(b) Data smoothed 250 times
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Once the peak positions had been located the positions of the three

Rayleigh peaks were used to lineariF( the data as discussed in t~2

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

{channels) between them. Each of these peaks was separated by one

FSR and hence six data points were available, giving frequency

against points (ie voltage)

following polynomials

These data were then fitted to the

(i) y A + BX + Cx2

(ii) y A + BX2

C
(iii) y A + BX (A1.3.l)

The choice of the above functions was governed by two considerations,

(i) the variation of the piezoelectric stacks with voltage was
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· t 1 d t' 11 (127] d (i i)known to very approx~ma e y qua ra ~ca y , an •• 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 takinq 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 A1.S). Errors on the fitted parameters were calcu-

lated by inverting the curvature matrix using NAG routine FOIABF.

Al.4 constructi~ 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.

Al.4.1 Fitting Function for the Polarised Rayleigh-Brillouin Spectra

In Chapter 2 the polarised spectrum from simple liquids was discussed.

The unshifted Rayleigh peak and the two symmetrically displaced

vi



Brillouin peaks are described by Lorentzian line shapes. The

fitting function is then given by:

Y. = Al/((X. - A2)2 + (A3/2)2)
1 1

+ A4/((X. - A2 + A5)2 + (A6/2)2)
1

2 (A6/2) 2)+ A4/ ( (X. - A2 - A5) +
1

+ Al/ ( (X. - A2 + A8)2 + (A3/2) 2)
1

+ A5
2 (A6/2)2)+A4/((X. - A2 + A8) +

1

2
(A6/2) 2)+ A4/((X. - A2 - A5 + AS) +

1

+ 3 overlapping orders

+ A7 (A1.4.1)

where

Al Rayleigh line peak height

A2 Starting position for evaluation of Y.
1

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 f!ountain

line is discussed in Section 2.2. However, under the experimental

conditions in which the liquids were investigated, the Mountain line can
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be described by a Lorentzian lineshape centred on the Rayleigh line.

Anding 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 (Al.4.1) with the initial

estimates calculated as described in Al.2. Two of the fitted

variables returned, A2 (starting position) and AS (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 AS 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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Y. AI/ ((X. - CI) + (A3/2) 2)
1. 1.

2 (A6/2) 2)+A4/((X. - Cl + AS) +
1.

2 (A6/2) 2)+ A4/((X. - CI - AS) +
1.

2 (A3/2) 2)+ Al/( (X. - Cl + C2) +
1.

2 (A6/2) 2)+ A4/ ((X. - CI + AS + C2) +
1.

2 (A6/2) 2)+ A4/ ((I{. - CI - AS + C2) +
1.

2 (A8/2) 2)+ A2/ ((X. - Cl) +
1.

+ A7

+ 3 overlapping orders

where

A2 Mountain line peak height

A8 Mountain line full width at half peak height

Cl and C2 are constants from the first fit.

(A1.4.2)

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.

AI.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 r~(= q~l /r) « I
s

the low frequency spectrum for many liquids was shown to be described

by a single Lorentzian curve.

In this case r~e fitting function has the form

2 (A3/2) 2)Y. AI/ ((X. - A2) +
1. 1.

2 (A3/2) 2)+ AI/( (X. - A2 + A4) +-
1.

2 2+ AI/((X. - A2 - A4) + (A3/2) )
1.

+ 12 overlapping orders (AI.4.3)
+ AS
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where

Ai Rayleigh line peak height

A2 Starting position for evaluation of Y.
1.

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

A5 I - A2) *AE.)1Y. exp -I ( (X.
1. 1.

+ A5 exp -I «X. - A2 + A4) *1\'))
1.

+ AS exp -I «X. - A2 - A4) i'A6)
1.

+ 12 overlapping orders

+ equation (A1.4.3) (A1.4.4)

where

A5 Amplitude of the exponential peak

A6 Width of the expon(:"ntia.lpeak

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 (Al.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 (A3/2)2)y. Al/ ((X. - Cl) +
~ ~

2 (A4/2)2 )+A2/((X. - Cl) +
~

2 (A3/2)2)+Al/((X. - Cl + C2) +
.i,

+A2/((X. -Cl +C2)2 + (A4/2)2)
~

+ 13 overlapping orders

+ AS (Al.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

Cl and C2 are constants from the first fit

AS = 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.l)

3y
3 (Al)

+ ..•. 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.

Al.S 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 I (w') convolved with an instrumental function f " (w - w')

which are related by the integral equation

00

f(w) ( f' (w') fll((J,l- (J,l')dw'
)

(Al.S .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 analyti~ally.

, [129]By applying the convolutlon theorem to equation (Al.S.l) 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]is a Voigt function . A Voigt function refers to a family of

d d' [12B]distribution the exact type epen lng upon one parameter, a .

They include Gaussian (a = 0) and Lorentzian (a = 00) functions as

special cases.

In general, the Voigt function will have the form

h (w)

00

C f [-B....~-+-~~--,-_-W-O)-,] • [ SI, exp (- (w ;, w' ) , )J dw'
_00

(A1 .5.3)

where B1 = 1'/2, r being the full width at half maximum height of the

Lorentzian peak. B~ = 20
2
,0

2 beinq the variance of the Gaussian function

and C is a constant.
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The exact shape of the resulting function depends on the values of

the Voigt parameters 61 and 62.

These parameters were determined for the l!.ght scattering system by

Fourier transforming the instrumental data, obtained using a colloid

as an elastic scatterer, using the NAG routine C06FCF 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 (-6~e /4 - 6
1
t) (Al.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

(A1.5.5)

where BlandB2arereferred to as the Voigt parameters of the function

with parameter 'a'.

5Typical values of'a' were found to be of the order 10 , 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"())') and f"(w - w') in equation (A1.S.1) are described by

Lorentzian distributions. These functions have the property that

f(w) is also described by a function of this type.

. [ 128]The parameters B1 are connected by the relat~on

61 r~ , + B II

1 1 (A1.S.6)

Therefore the 1 inewidth ((5 ') of the true spectrum f' (to ' )
1 is simply

the subtraction of the instrumental linewidth (8 ") from the observed
1
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APPENDIX 2 - STATISTICAL TESTS
~A2.1 The Chi-Square (X') Test

[126]The chi-square test can 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 (Y. - F.):'L 1. 1.
i=l o.1.

(A2.1 .1)

where a ? are the variances on the experimental points Y.,and F. are
i 1. 1.

the theoretical values. The reduced chi-square is defined as x2/n

where n is the number of degrees of freedom,tlat is,the number of

data points (N)minus the number (Jfparameters 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 X7 distri-

bution.

x2 Distribution

The probability density function (or frequency function) for X2 with

d . . b [13]n degrees of free am 1.Sg1.ven y

(x 2) (n-2)! (2/2).exp -X /
(A2.1.2)

2valid for 0 ~ X < 00

where f(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.

X2
n

(2n/2r(n/2)-1. r (X2) (n-2H exp(-x2/2) dX2 (A2.1.3)

o

and gives the probability of obtaining a X2 less than or equal to the

The complementary probability Q(X2 In) is simply

(A2.1.4)

and gives the probability of obtaining a X2 value greater than or

equal to 2X .n
(See Fig A2.1.1)

The procedure used to calculate P(X2 In) was complicated because of the

large X2 and n used; X2 ~ 1016 and n = 1016.

1

Fig A2.1.1 - Frequency function for X 2 distribution centred on the number

of degrees of freedom (n). The shaded area is P(X2 In).
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There are several types of functions that can be used to calculate
. (131)Examples are glven below .

(1) Series Expansions

I(-1) j (X2 /2) n/2+j

j==O j!(i + j)
(A2.1.5)

(X2/2)n/2
n+2

f(-)
2

exp (-X2 /2) . I (2) j ]
j == 1 (n +2) (n +4) •• (n +2j )

(A2.1.6)

(2) Asymptotic Expansion for Large X2

I1-1)j f(l n/2 + j)2j+1

j==O ['(1 - n/2) (x2) j
(A2.1.7)

(3) Asymptotic Distribution for Large n

PIX2 In) 'V PIx)

where x
2X - n

12n)1
and PIx) 1

I2n) t

x

f 2exp I-t /2)dt IA2.1.8)
_00

PIx) is the Normal (Gaussian) probability function with zero mean and

unit variance.

Computational problems were encountered when P(X2 In) was evaluated

using either equation (1) or (2). The problem was an overflow due

to the very large numbers evaluated by f(n/2) and/or (x2)n/2 and

consequent non-evaluation of P(X2 In).
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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.

erf(x) (A2.1.9)

The error function is directly related to P(x) using the substitu-

tion t x
~. P(x2 In) is then given by

(2) 1. t

J
2exp (-x /2) dx (A2.1.10)

o

. (132 )is then evaluated using the expans~on appropriate to the

required ranges.

For x ~ 2

(!_) 1 [x 3 5x x
+--

3 5.2!
1
J (A2.1.11)

For large x, x > 2, erf (x) has the same value as for erf (00). An

aymptotic series is then used to evaluate P(X2 In).

2exp(-x /2)
p(x2In) 'V 1 - l

X(7T)

1 1.3.5
2 3(2x )

1+ ••• J

(A2.1.12)

The subtraction of the series from unity results from the series

evaluating erf(x) from x to 00. It 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(X2 In)
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If the fitting function is a good approximation to the data, the

experimental value of the X2 should be average and P(X2 In) should be

approximately 0.5. For larger values of X2, the probability of

obtaining a X2 greater than or equal to the X2 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 occasionally, in general

the probability P(x2 in) 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
. [1331order or sequence in which the res~duals occur . This test is

applicable to data that is basically dichotomous.

If the objective function represents the data then the residuals are

pxppctE'd t.o be normally distributed independent random variables.

Fig A2.2.1 One-Sample Runs Test

x '" residual
+ ve x xx xx x x x

x x x xx x- ve

+ + + + + + + +RUNS
-__ --_.

2 3 4 5 6 7

A Run is defined as a succession of identical symbols which are follo-

wed and preceded by different symbols or by no symbols at all.
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For example in Fig A2.2.1 the number of positive residuals (pluses)

is n1 = 8, and the number of negative residuals (minuses) is n2 = 6.

The total number of runs is n = 7.
r

The total number of runs in a sample of any given size gives an

indication of whether or not thesam~eis random. If 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.

/ d .. [132)For large n
1

and or n2 a goo approx~mat~on to the sampling

distribution of n is the normal distribution with
r

mean Ilr (A2.2.2)

and Standard Deviation

(A2.2.3)

The standardised normal variable is then given by

nr - 11r (A2.2.4)x = a
r

The probability is then calculated using the normal probability

distribution function.

P(x) 1
x

f exp (_t2/2) dt (A2.2.5:
(2Tf) ;

_00

In fact the computer program calculates Q(x) 1 - P(x) using the
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· . t' [131]following asymptot~c approx~ma ~on

Q(x) 'V
2exp (-x /2)

!
(21T) .x

1 1.3
2 + --4- + .••

x x

(-1)n1.3 .•• (2n - 1) }
+ 2n

x
+ 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 nr, greater than or equal to ur + nr and less than or

equal to ~r - nr.

11 + nr r

Fig A~2.2 Frequency function for a normal distribution centred on ~ .
r

The shaded area is Q(x).

For example, with our data ~ = 512, lJ ~ 16 and Q(x) should then ber r

very close to 1.0 ie the probability of obtaining either above or

below nr 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 yare correlated

with the variations in the observed values of the other quantity x.

, f f i ien t; b d f' d[126)A linear-correlatlon coe lClen can e e lne

r = (A2.3.1 )

If there is no correlation r 0, and if there is complete correlation

Ir I = 1.

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]

f (r)
n

1

(1T) 1
f[(n+l)/2]

r (n/2) (A2.3.2)

where n N - 2 is the number of degrees of freedom for N data points.
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The integral probability p(rln) 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 Irl.

f (r)
n

-1 o

Fig A2.11 Frequency function fn(r). The shaded area is P(rln).

p(rln) f (r) dp
n (A2.J .3)

With this definition, p(rln) indicates the probability that the

observed data could have come from an uncor~elated (r = 0) parent

populations.

p(rin) 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.

p(rln) 1 - 2~ -----_ .._._..
(TI) I'(n/2)

f((n + 1)/2) I 2i+1I' {(_1)i I! Irl ]
i=O. (I-i) !i! 2i + 1

(A2.3.4)
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For odd values of n,

p(rln)

where x!!

[
I [1 - 1 -1 2 i--! Sin ( i r I) + Ir I L (1 - r )

('IT) i=!

x(x - 2) (x - 4) ... (3) (1) for x odd

(4) (2) for x even.

(2i -
2i! !

A probability of 1.0 is returned if the two variables are uncorrelated

and 0.0 if there is complete correlation.
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Evidence for a Thermotropic Phase Transition in Oleic Acid
John V. Champion*, James F. Crilly and Ralph P. Tatam

Phvsics Department, Citv o] London Polytechnic, J / Jewrv Street. London EC3;'v' ~E Y

Oleic acid has been investigated by Ra~ leigh-Brillouin spectroscopy. The
temperature gradient of [he hypersonic frequency shift and elastic stiffness
constant show anomalous behaviour in the range J +-18'C. This suggests
that oleic acid undergoes a change of phase to form a locally nematic
structure ca. 5°C above the melting point. Complementary measurements
of VISCOSity. density 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 IHtlkanes.1. ~ It is believed
that the transition involves the formation of a mesomorphic structure in the melt.
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 bv 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
con troversy."

Previous authors have associated the 7;. phenomenon with the isotropic-nematic
transition of low molecular weight liquid crvstats.' I Unfortunately. Brillouin scatterinlZ
measurements on liq uid crystals close to the transition temperature ha ve hee~
inconclusive. I It is pertinent therefore to investigate substances other than the n-albnes
which are known to have definite liquid crystalline properties at accessible temperatures,

Whilst the work of Kruger t!t al,': ~ concentrates on the n-alkane melts, rnanv
substances. such as lipids or fatty acids. comprise hydrocarbon chains in their motecular
structure. It is known that some of these do not undergo a direct thermal transition from
an isotropic liquid phase to. the gel or cry~tanine state. An intermediate or mesomorphic
state exists below a well defined characteristic transition temperature. The lipids of some
biornernbranes show this thermotropic behaviour. The nature oflipid 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 intramolecula.r forces leading to a change in the macroscopic
properties of the system." The Idea of mesophases. resulting from changes in the
configuration of the saturated hydrocarbon chams ot lipids is clearly relevant to the
thermotropic beha viour of »-ulkanes." 9

Oleic (cis-9-octadecenoicl acid is an important structural component of certain
biopolyrners, 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
biomembrane~ to maintain. fluidity below physiological temperatures. At room temper-
ature oleic acid IS an oily liquid and freezes to a while opaque wax at ('(1. 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 belO\~
ClI. 14°C. The appearance of such structures suggests that oleic acid in the higher
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temperature liquid state has some degree of short-range order which increases as the
temperature is reduced towards. the melting pOint.. Above a certain intermediate
temperature the melt may be considered an Isotropl~ liquid. The range In the published
values of its melting point suggests that oleic acid treezes continuously over the range
13.6-16'-+ "CIII. II This gives tentative support to the idea of an intermediate phase
between the isotropic liquid and solid.

light scattering!" I:l and other measurements!' 15 on membranes composed of the
rnonoulvcende ester of oleic acid (glycerol monoleate) have provided evidence of a
thermotropic structural transformation within the r.ange.IS-18 °C Ther~ ISclearly some
overlap between this temperature range and that ot the freezing range ot oleic acid. The
structural similarity. i.e. the oleyl chain between these substances implies a concomitance
possible in their thermotropic behaviour. .. .

This work is primarily concerned with following the thermotropic behaviour of oleic
acid and the techniques used are suited to measuring changes in. rather than absolute
values of the physical properties of the solution studied. Results of Brillouin scattering
experiments on oleic acid solutions complemented by measurements of density, viscosity
and refractive index are presented and detailed description IS given of the rigorous
statistical tests which were applied to all the data.

Experimental
Marerlals and Methods

In its low-temperature state oleic acid is a white, opaque wax having a melting transition
at ca. 13.0 "C. To separate the structural transition from the melting transition a small
quantity of a non-perturbing (inert) s,?lvent. was added to the oleic acid to depress the
freezing point and assist In. the .elucldatlOn 01 the trans.uons. All the light-scattering data
were collected above the freezing point.

The addition of CCI, depressed th~ melting transition to ca. 9.0 °C; separating the
freezing point from the temperature ~I the ~esomorphlC phase transition by some 70C
However, the solution properties are ~tJlIdominated by the oleic acid. In the light-scattering
experiments the refractive indices of' the components matched to better than 0.3"" and
were not complicated by concentration fluctuations. In the viscomerric measurements,
the temperature coefficient of viscosity for CCI, is 0.0 II cP K" c.f., 0.89 cP K - 1 for oleic
acid and the solution measurements paralleled those of oleic acid.

Sample preparation was carried out in a clean-air cabinet to minimise dust contami-
nation. CCI, (spectroscopic grade) was added to oleic acid ( > 92"" purity by assay) to
obtain a 10";, solution by volume. Both chemicals were obtained from B.O.H. Chemicals
Ltd. The solution was then filtered, using a Millipore filtration unit with a 0 ..2.2,urn filter,
into a fused-quartz light-scattering cell. This stoppered rectangular cell had a light path
of 1.0 ern and was supplied by Helma GmbH and Co.

Brillouin Scattering

A schematic diagram of the light scattering system is shown in fig. I. A Spectra-Physics
model 165 argon-Ion laser operaung 10 a single longitudinal mode at 488.0 nrn was used
as a source. The scattered light \~as monitored at 90° by a piezo-electrically scanned
Fabry-Perot interferometer. The tree spectral range was adjusted to ca. 15.0 GHz and
the finesse of the system was always greater than 40.

The interference pattern produced by :he interferometer was focused onto an EM r
9739B photomultiplier tube usmg a lens ot I .33 m focal length. The photomultiplier tube
output was fed directly Into a photon .countlng system and subsequently to a 10.24channel
data store. The data were then transferred to a microcomputer and stored on floppy disc
for subsequent processing on the mainframe computer. .
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Fig. I. Schematic diagram of the light-scarrering spt:ctromeler.

The sample cell was held in a thermostatically controlled brass block. Cooling was
provided by circulating water from a large thermostat ted water bath through a base
mounted on the brass heating. block. The. brass block was protected from pump
vibrations bv a hvdraulic damper 10 the pump hne 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 described
by the Arrhenius-Frenkel-Eyring (AFE) eqn!"

[hV ]'I = i-;- exp ( - i\S* / R) exp isn» / RT)

where h is Planck's constant . .v is the Avogadro number. V is the molar volume. !::.S"
and !::.H* are. respectively. the entropy and 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" = ,,/p = [(him) exp ( - ~S" / R)] exp (llH"/ RT) (~)

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 ~OOs-'. This decreased with the increasing viscosity as the
transition was approached. and hence the occurrence of non-Newtonian behaviour is
unlikelv to be detectable in this system.

Density measurements over ~he temperature range 10-40 °C were made using a Paar
DMA40 density meter and retracnve indices were measured using a Bellingham and
Stanley Abbe refractometer. Both systems were thermostatically controlled -[0 within
0.1°e.

()

(I)
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Results

Density. Viscosity. Refractive Index
Fig. 2(£1) shows the results of density measurements. The individual data pornts were
measured with an accuracy of 10 -I g crn":'. It IS apparent that the dependence of 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(/1). The

results arc presented in the form of an Arrhenius plot. There is a well defined
discontinuous chanue in slope which occurs at a temperature of ca. IX 5'C. Accordinu
to eqn (I) the change in slope is Indicative of an increase in the activation energy
associated with viscous flow between the high and low temperature ranges. The decrease
in the corresponding Intercept implies an overall increase in the entropy. A further
quantitative analysis of these results is presented In a later section.

The refractive index measurements are shown in fig. 2 (C). The accuracy was estimated
to be 5 X 10<1"". 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 as the result of photon-phonon Interactions; thermally
induced density fluctuations give rise II) propugaung longitudinal modes (phonons) from
which inelastic light scauenng occurs. The Brillouin doublet. shifted in frequency bv I'

and disposed symmetrically about the Rayl~igh line. is due to the inelastic scattering f~o~
the longitudinal phonons. The scauenng trom the heavily damped transverse phonons
is normallv not observed. Entropy. or heat fluctuations, give rise to the elasticallv

• . 1- -
scattered Ravleizh component. '

The velocity ;1' the longitudinal phon~ns, '<, is proportional to the frequency shift
(1'1\)' typically of the order of a tew GHz tor 90° scattenng, and can be determined from
the expression"

(3)

where z is the free space wavelength of the incident radiation. f) the scattering anule and
II, is the'liquid refractive index a.t the incident I.·requency. Hence from meas~rem~nts or'
the Brillouin shifts an estimate ot the elastic stiffness constant (K) may be evaluated from
the relationship

(4)

The frequency half-width at half m~xim~m height of the Brillouin line MH is related
to the shear and volume viscosrues ot the liquid. .

In order to determine the phonon frequency shift and Brillouin linewidth. three orders
of a Fabry-Perot s'pectr~m were analysed using a non-linear least-squares fitting
procedure. Overlap trom five adJacent orders was taken Into account in the analysis.

To obtain the actual Bnlloumlll1ewldth the observed spectrum was deconvoluted from
the instrumental profile. The instrumental profile of the light-scattering svstern was
Lorentzian. hence the corresponding width was subtracted from the observed Brillouin
widths.

The possibility of the occurrence of a Mountain line's in the Brillouin spectra, i.e. the
coupling of intramolecular relaxations to translatlOn.al motion, was included in the data
fittinu. The statistical analYSISshowed a lower sum of squares and the removal of cvclical
deviations when this effect was included in the data analysis (see section on statistical
analysis). Fig. 3 shows a Rayleigh-Bnllouin spectrum of oleic acid,' Cel, at 12'C. Only
two orders of the spectrum are shown tor clarity.
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The Brillouin frequency shit] as a function of temperature is shown in fig, "(aJ, This

quantity appears to vary linearly with temperature outside a narrow temperature range
centred on 16, S)C The elastic stiffness constant (K) is plotted in fig, .. (h) for comparison
and shows a similar variation indicating that the anomaly is not only a consequence of
densitv. 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, -l).

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
Iinewidth data is considerably larger than that on the shift measurements. A discontinuity
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 r.w h.m. tends to increase with decreasing
temperature.

The results for the temperature dependent kinematic viscosity agree with those found
bv other workers for a variety of polymer melts. 1 The Arrhenius plot consists of two
straight lines with a break point at 18.5 °C The slope in the T < 18.5 °C range is greater
than-that in the T> IS.S °C the converse is true for the corresponding intercepts. The
thermodynamic parameters that descnbe VISCOUS flow by the AFE rate theory are the
activation energy !lH* and the entropy of activation !lS* which appear in eqn (I ).

The activation energy increases from the high temperature to the low temperature state
from 26.04-32.15 kJ mol -I. 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. [I' two variables are statistically independent a
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 sensit!ve to systematic deviations in the data sample. The
results were fitted to two straight lines. For cornpanson the results were also fined to
a single straight line and an exponential.

For the case of two straight lines it was necessary to determine a statistically significant
break point between the high and low t:mpe~ature regions. This was achieved by making
the break point a variable parameter 01 the fitting procedure. The optimum value of the
break point (7;1) 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 I, It is apparent that two straight
lines intersecting at a unique temperature best describe the viscosity data offie. 2(h) a-nd
the density data of fig. 2(a). On the basis of the one-sample runs test. two st;aight 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 presented
in table I. 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. or' the Brillouin lines indicate that there is no preferred
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Table 2. Transition temperature (7;j) and range
of 7;j from each experiment

experiment

Brillouin shift
Brillouin f.w.h.m.
Viscosity
density

16.2 14.(}-J R.O
18.0 14.520.0
18.5 18.0-20.0
16.0 15.4--17.6

functional description. This is not surprising in view of the characteristically large scatter
on the data.

In fig. 5 the sum of sq uares 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 tit 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 equiprobable.

The transition temperatures (7;1) 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 straight
lines in agreement with previous results.!.! ~ ~
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Discussion

A rigorous statistical analysis of all the results shows that the change in the properties
of the oleic acid/CCII solutions between 15 and IHoC can be best described as being
discontinuous. The increase of activational energy IS consistent with this model.

The density variation 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 sample
of oleic acid, distinct changes in the temperature coefficients of these quantities 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 alkyl chains of which oleic acid is a fundamental constituent. This suggests
that the thermotropic phase transformations 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 fluctuations 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 aCld/CCI. 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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