ULTRASONIC STUDIES IN SIMPLE

LIQUIDS AND BINARY MIXTURES
by

AKL MOHAMMED AWWAD

A thesis submitted to the Department of Pure and Applied
Chemistry, University of Strathclyde, in accordance with

the requirements for the Degree of DOCTOR OF PHILOSOPHY,

May 1983.



TO MY CHILDREN
HYTHAM AND RANA

AND MY WIFE, AMAL



CONTENTS



CONTENTS
Acknowledgements
Summary

CHAPTER 1 INTRODUCTION

1.1 General Introduction
1.2 Hydrocarbons

1.3 Alcohols

1.4 Morpholine Derivatives

CHAPTER 2 MOLECULAR ACOUSTICS AND THERMODYNAMIC
FUNCTTIONS

2.1 Introduction to Acoustics
2,2 Sound Propagation and Absorption in Liquids
(1) Shear viscosity contribution
(ii) Volume viscosity contribution
(iii) Thermal conduction contribution
2.3 Ultrasonic Relaxation
2.4 Evaluation of Energy Parameters
(i) Kinetic
(ii) Thermodynamic
2.5 Thermodynamic Functions of Binary Mixtures
(i) Introduction
(ii) Ideal mixture
(iii) Molar mixing functions
(iv) Excess functions

CHAPTER 3 EXPERIMENTAL

3.1 Generation and Detection of Ultrasonic
Waves

3.2 General Review of Experimental Techniques

Page
vi

vii

12

14

16

19

23

30

35

38



3.3 Techniques of Specific Relevance to 38
This Study
3.4 Swept Frequency Acoustic Resonator 40
(1) Principle of technique

(ii) Experimental system
(iii) Experimental procedure
(iv) Analysis of data

" (v) Accuracy

3.5 Conventional Pulse Equipment (15-72 MHz) 50

(1) Principle of technique
(ii) Experimental system
(iii) Experimental procedure
(iv) Analysis of data

(V) - Accuracy

3.6 Ultra-High Frequency Pulse Technique 57
(100-1000 MHz)

(1) Principle of technique

(ii) Experimental system
(iii) Experimental procedure
(iv) Analysis of data
(v)  Accuracy

3.7 13C nmr Spectra

3.8 Density Measurements

3.9 Viscosity Measurements

CHAPTER 4 ULTRASONIC STUDIES OF ROTATIONAL

ISOMERISM IN VARIOUS METHYLPENTANES

4,1 Introduction 68

4,2 Materials 70



4.4

4.5

Results

(1) Viscosities

(ii) Densities

(iii) Isoentropic (adiabatic) compress-
ibilities

" (iv) Ultrasonic relaxation

(v) Theoretical prediction of rotational
energy parameters

Discussion

Conclusions

CHAPTER 5 ULTRASONIC STUDIES OF ROTATIONAL

5.4

5.5

ISOMERISM IN VARIOUS METHYLPENTANES

Introduction

Materials

Results

(i) Viscosities and densities

(ii) Isocentropic (adiabatic) compress-
ibilities

(iii) Ultrasonic relaxation

(iv) Theoretical prediction of rotational
energy parameters

Discussion

Conclusion

CHAPTER 6 ULTRASONIC STUDIES OF MIXTURES OF

6.1

6.2

n-HEXADECANE WITH DIMETHYLPENTANES

Introduction

Materials .
Theory

Results

Discussion

93

104

105
106

106

120

132

133

136

138

140

151



6.6 Conclusion 159

CHAPTER 7 ISOENTROPICU(ADIABATIC),COMPRESSIBILITY
OF HYDROCARBONS AND THETR MIXTURES

7.1 Introduction 160
7.2 Materials ‘ 162
7.3 Results 162

(1) Sound velocity and density data
(idi) Iéoentropic compressibility data
7.4 Discussion 182
(i) Pure liquids
(ii) Binary mixtures
7.5 Conclusions 202

CHAPTER 8 ' ULTRASONIC INVESTIGATION. OF MIXTURES
" 'OF ISOMERIC OCTANOLS WITH n-OCTANE

8.1 Introduction 204

8.2 Materials - 205

8.3 Results 205
(i) Excess volume data

(ii) Acoustic velocity and isoentropic
compressibility

(iii) Ultrasonic attenuation and viscosity

measurements
8.4 Discussion 219
(i) Volume of mixing

(ii) Acoustic velocity and isoentropic
compressibilities

(iii) Viscothermal acoustic attenuation
coefficient

8.5 Conclusions 227



CHAPTER 9 ULTRASONIC STUDIES OF N-FORMYL-
MORPHOLINE-WATER MIXTURES
9.1 Introduction
9.2 Materials
9.3 Results
(i) Volume of mixing data

9.4

" (ii) Viscosity data

" (iii) Sound velocity data

(iv) Isoentropic compressibility and

excess isoentropic compressibility
data
(v) - 13C nmr spectra of N-formylmorpholine

(vi) Ultrasonic attenuation data

Discussion

A, Conformational dynamics of
- N-formylmorpholine

B. Conformational dynamics of
N-formylmorpholine in the presence
of water

C. Structure of N-formylmorpholine-
water mixtures

(1)
(ii)
(iii)

Conclusions

Excess volumes and compress-
ibilities of mixing

Viscosities

Ultrasonic absorption

228

229

230

252

256



ACKNOWLEDGEMENTS

I wish to express my deep and sincere gratitude to
Professor A;M; North and Dr R;A. Pethrick for their constant
encouragement; supervision and invaluable assistance
throughout the whole research-period. I am equally
indebted to my sponsor, The Petroleum Research Institute of
Iraqg for providing me with an opportunity to conduct my
research work in this Department.

The high frequency ultrasonic equipment and facilities
kindly made available by Professor J. Lamb of the Department
of Electronic and Electrical Engineering, University of
Glasgow are gratefully acknowledged. The technical
assistance offered by Mr T, Wright and R. Turnbull is
similarly recognised.

The efﬁicient and accurate typing by Mrs A, White is
also fully appreciated.

Finally, I must take this opportunity to express my
deep appreciation to staff, technical staff, fellow post-
graduates and postdoctorates for their assistance through-

out the whole period of this research.

Vi



SUMMARY



SUMMARY
This thesis is concerned with the study of four topics.

These are:-

1. Rotational TIsomerism in Methylpentanes and Methyl-

- hexanes

The rotational isomerism in methylpentanes and methyl-
hexanes has been studied using the ultrasonic relaxation
technique. The observed conformational energetics
obtained are compared with those predicted on the basis of
non-bonded van der Waals' interaction between neighbouring
groups. In general, the values of the activation and
energy difference obtained from experiment are in good
agreement with those obtained from the theory.

The adiabatic compressibilities and other ultrasonic
parametersAindicate that the_propagation of sound in these
liquids is controlled by the.hature of the molecular
structure and the effects of the basic shapes of the
molecules on the intermolecular interactions. .

2. Mixtures of Dimethylpentanes in n-Hexadecane

Studies of the physical and acoustic properties of
binary mixtures of dimethylpentanes and n-hexadecane at
298.15K indicate a concentration dependent phenomenon,
The observed acoustic attenuation is associated with a
rotational isomeric process and a clustering of the

molecules in the mixture.

3. Mixtures of Isomeric Octanols in n-Octane

Studies of the binary mixtures of isomeric octanols

with n-octane indicate that the observed volume, adiabatic

Vii



and acoustic excesses are a consequence of competing
effects of the alkane chain taking up the 'free' volume
in the system and the disturbance of the distribution
between cyclic, linear structures and monomer forms in
the mixtures.

4. N-Formylmorpholine-Water Mixtures

The acoustic, 13C nmr spectra and physical properties
of N-formylmorpholine and its aqueous solutions indicate
that N-formylmorpholine is more planar than its N-alkyl
analogues and this planarity is increased by the presence
of traces of water. This explains the increased
efficiency in the extraction of aromatics from petroleum

feedstocks.

Viii
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CHAPTER 1
INTRODUCTION

l.1 General Introduction

Recent developments in theoretical studies of simple

... 1-8 L 7-10
liquids ‘and liquid mixtures

have established the
relationship between the time averaged dynamic behaviour of
a molecular system and its equilibrium thermodynamic
properties. Studies of the time dependent behaviour of
simple liquids and liquid mixtures using relaxation
techniques have been performed for many yearsu-15 . The
correlation of dynamic and thermodynamic measurements has
not been considered adequately, although such inter-
dependence has often been inferred.

The following sections outline briefly topics that are
relevant to the study of the thermodynamic and dynamic
behaviour inthe context of the sul;j ect to be discussed later in this

thesis.

1.2 Hydrocarbons

A knowledge of the physical and chemical properties of
hydrocarbons and their mixtures is important both
academically and industrially. Many industrial processes
use both hydrocarbons and their mixtures and a knowledge
of this subject area is critical to the efficient
utilization and refining of crude oil. Proper developnment
and economic design of appropriate equipment for these
processes is only possible if the chemical and physical

properties of the substances to be processed are known.



For this reason, the properties of hydrocarbons and their
mixtures have been the subject of an international data
coilection exercise. Furthermore; many attempts have been
made to correlate these data using semiempirical or
theoretical approaches. Recently, computer-stimulated

-18 . . 19
and neutron-scattering experiments

calculations'®
have given insight into the relations between molecular
structure and macroscopic behaviour. Considerable
progress has also been made in the development of
statistical theories over recent yearszo’21 . The
calculation of physical properties using a complete,
statistical theory is still not yet possible for
'complicated' molecules such as long-chain hydrocarbons,
because of the range of different conformations which can
occur and the effects of these various structures on the
intermolecular interactions.

The most successful theories describing the thermo-
dynamic properties of mixtures of chain-like molecules or,
more generally, of molecules differing significantly in
shape and size was first developed by Prigogine
et a1>? , and later improved by Flory et a1?3-2% This
theory has been presented in a géneral form by Patterson
et al®® . It is commonly called the Prigogine-Flory
theory and its essential physical principles will be
briefly discussed in the following section.

The macroscopic volume of a liquid is envisaged to

be divided up into single cells, each occupied by a single

molecule. The theory is based upon the concept that the



structure of a liquid is closely related to that of a
solid. For chain-like molecules - linear or branched -
each segment of a chain occupies a unit cell.

The calculation of thermodynamic properties usually
starts from the free energy, F; of the pure component or
the mixture. For that purpose the following assumptions
are made:-

1. Each segment of the molecule has a hard-core volume
of v . The hard cores of the segments of different
molecules, i and j, interact with one another with an
attractive potential, nij/u r which only extends to the
next nearest neighbours of a particular segment; VU is
the volume of the liquid and the constant of proportion-
ality, mij’ characterizes the interaction between i and j.
In a binary mixture, there are three types of such inter-
actions, between segments of holecules of the same kind,
Nyir N,pa2r and of different kinds, n,,.

2. The segments of the chain molecules are randomly
distributed within the cells. It therefore follows that
the probability of 1-1 contacts with an interaction
parameter n,, or of 2-2 contact with an interaction
parameter n,, is proportional to the probability of finding
two segments of type 1 or 2 neighbouring each other.

These probabilities are proportional to ¢i or ¢z which are
the squares of the probabilities ¢, or ¢2 of finding a

segment of type 1 or 2 in a particular cell, The values

of ¢1 and ¢, are identical with the segment fractions for



the two types of molecules present in the mixture.

*
XX ,v

where xj is the mole fraction and r; is the number of
segments of a molecule of type i present. Hence riJ is
the hard-core volume of one molecule, i, which is

expressed as:

Vi = Ty 1.2
3. The third assumption concerns the flexibility of the
segments within their cells. A single molecule consisting

of one segment only (ri=l) has three degrees of translational
freedom to move around within its cell. The volume

available for unrestrained motion - free volume, Ugr is

1/ *l/ 3 ] .
3~ p "3) ., Since the diameter of

1/3

given by constant (v

a segment is proportional to b* , the distance between the

,1/3
4

centres of two neighbouring segments is proportional to vy
and hence the third power of the difference in the volume is

proportional to v A chain segment does not have three

f.
degrees of freedom, as it is chemically bonded to neighbour-

ing segments, and thence is constrained in its motion to

within its unit Cell. This effect is accounted for by Ve

1 1 3
v = constant (v /3 U /3) c 1.3

f
where c< 1. The smaller the value of ¢, the more rigid
is the chain. The general expression for the free energy

Fpiof a mixture of chain molecules is given by:



Fy = - (Apng, + RaaNay + Agzﬂ;z)/vM +

T[3kaéln(ul/3 - u*1/3)+k 1
M n WM] +

constant 1.4

In the first term, Aij signifies that number of contacts
‘between segments of type i and j in the mixture. Multi-

plication of these values by nij and division of the whole

term by UM’ the molar volume of the mixture, yields the

internal energy, UM’ of the mixture. The contribution

enclosed between square brackets islthe entropy SM of the

mixture, corresponding to FM = UM - TSM. SM contains the

of the mixture. The parameter, W

free volume, M

Vemr
designates the number of distinguishable distributions of
chain molecules within all cells and r and € respectively
are the average values of the number of segments per

molecule in the mixture, and of the flexibility parameter,

c, of the mixture. A.., W, r and ¢ depend on the mole

ij M’

fraction X, or the segment fraction ¢i of the mixture.

In order to calculate the volume, V of the mixture, the

M’
relation 3F/9V = P is applied to equation 1.4 yielding the
‘thermal equation of state which can then be used to
calculate vM at a given pressure and temperature.

For x, = 1 or x, = O, the free energy, F, of the pure
components is obtained from equation 1.4 and the following

24
expressions have been adequately derived elsewhere .

= - f 1.
AFM AUM TASM 5



* * - _ _ -
AU = (lel + szz) [(vl ) . UM 1)¢1P1 +

(B DT1)0LF 4 | S2/8, ) X12
2 M 2* 2 ¢1¢2 ¢’1+52/51¢z GM 1.6
2 Ny Y
' -
A s .
ASy = - k[N,1n¢, + N,In¢,] = 3 L == 1n(137__£) 1.7
. i v 13-1
i=1 M
AVM = (lel + VZXZ) (DM_q)lﬁl - ¢2{)2) 1.8
AHM = AUM - PAVM 1.9
AG, = AH, _ TAS, 1.10

The abbreviation ﬁi = Ui/Vl has been used in equations 1.6
to 1.10. The parameter Pi has the dimensions of pressure
and is proportional to UFFE; the quantities f; have the

dimensions of temperature and. are defined as:

* - *v* .
T} Py /kci 1.11

Another important definition is that of X,,:

S,
1 .
Xy2 = 5 (n,: + Ny — 2n,,) 1.12

The parameters,‘si, are given as the ratio surface/volume
of the hard cores.which are a measure of the compactness
of a molecule.

Without discussing the derivation of the above
equation, the following general statements can be made:

i) The energy of mixing AUM, given by equation 1.6,

is the sum of two contributions. The first term, the



interaction-energy term with Xy, contains the pair-
interaction parameter, n, of the mixture multiplied by
BLPR This term causes‘AUM to have the typical;
parabolic composition dependence which is in fact observed
experimentally. The second term is the equation of state
term accounting for the difference of the free volumes of
the pure components and the mixture; The second
contribution usually is small compared to the first and
takes into account the changes of volume upon mixing and
the corresponding effects of'AUM;
ii) The entropy of mixing also contains several
contributions. The first term with 1n¢>i is the éombin-
atorial entropy, which takes into account the number of
distinguishable distributions of all molecules of the
mixture within all cells; reduced by the corresponding
number for the pure componenfs. This combinatorial
entropy was first derived by Floryz37 and later by Hugginszq

The second contribution to AS, is the equation of state

M
term which contains the logarithmic difference of the free
volumes of the mixture and the pure components, and is
usually small compared to the combinatorial contribution.

iii) The enthalpy of mixing AE, differs from AUM

M
only by the additional term PAVM which is negligible at
ambient pressures, but plays a major role at high pressures.
For practical application of these theoretical
expressions to the mixing properties, it is important that
all parameters of the pure components, V;; Cir Ugr Sy and

ﬁ; be obtained by fitting the theoretical thermal equation



of state to experimental data of the pure components.

The thermal expansion coefficient and compressibility are
suitable for such a fitting procedure; Hence, the
theoretical expressions for the mixing properties are
defined for any particular mixture; X,, is the only
adjustable parameter. This is one of the reasons for the
success of the Flory theory, using only one adjustable
parameter, X120 @ good representation of the mixing
properties for a wide range of mixtures of chain molecules
and polymer solutions has been obtained. Binary mixtures
of long-chain n-alkanes with globular molecules such as
2,2-dimethylbutane or branched isomeric nonanes have been

29-81  +6 test the Prigogine-Flory

studied extensively
~theory.

The thermodyanic properties of binary mixtures of
hydrocarbons are extensively studied. These studies

32,33 ; excess enthalpy of

include the excess volumes
mixing34 ; excess free energy of mixingso, excess chemical
potential3®/36  and the phenomenon of lower critical
miscibility®" .

The ultrasonic relaxation studies of pure hydrocarbons
and their binary mixtures are very limited. Early
ultrasonic relaxation studies of the lower members of the
alkane series at frequencies around 5 MHz failed to
indicate any relaxation behaviour38 . Later low
temperature measurements exhibit relaxation behaviour

showing that in normal alkanes processes associated with

9
spatial rearrangements of the backbone can be observed®? .



Analysis of the acoustic data as a single relaxation
process was carried out and the process ascribed to the
motion of single units of the alkane backbone. Studies

of the analogous branched-chain molecules‘m’41

indicate
the presence of rotational isomers in these systems. A
more recent study of n—alkanes; octane to tetradecané42
over the freguency range 15-270 MHz and a temperature
range of ambient to their melting points, has considerably
clarified the description of the relaxation behaviour in
the normal hydrocarbons;

In this thesis some aspects of thermodynamic and
dynamic behaviour of branched-chain hydrocarbons, namely
methylpentanes, mehtylhexanes and binary mixtures of
dimethylpentanes with n-hexadecane will be reported.

1.3 Alcohols

Aliphatic alcohols in tﬁeir pure state exist in a
variety of cyclic and 1inear associated forméﬁ3, the
precise detail of the distribution between possible
structures being a function of the stereochemistry of the
alkane chain. Chemical structure has two effects:- first

it can sterically inhibit the formation of hydrogen bonds
between pairs or groups of molecules and, secondly, it can
influence the internal rotation of the chain to which the
hydroxyl group 1is attached.a

Pure alcochols have been studied extensively by

. . - ' . . . __49~51
ultrasonic relaxation??48 , dielectric relaxation ’
. 52 . 5 .
1H and 1!3C nmr relaxation % and infra-red®® . The aim

of these measurements is usually twofold: firstly to



determine the nature of the hydrogen bonding structure and
secondly, to quantify the dynamic changes which occur.

Aqueous solutions of alcohols exhibit abnormalities
in their properties such as viscosity-composition maxima
and have been studied extensively using thermodynamic
measurements, i.r. and Raman spectroscopic and ultrasonic
relaxation studies5&4?Recent1y€1ultrasonic relaxation
studies have shown that the ultrasonic absorption-
composition maxima depends strongly on the structure of
the alcohol. The composition at which the absorption
exhibits a maximum is called the PSAC (Peak Sound
Absorption Composition). Andreae et al®® have compiled
a list of PSAC values for a number of binary mixtures.

In general, it is observed that the behaviour of an
aqueous mixture is very different from that observed when
the same cosolvent is mixed Qith other polar compounds.
However, not all binary aqueous mixtures show an intense
absorption maximum. It appears that only those with a
high degree of hydrophilic character show this behaviour.

The above acoustic observations in aqueous solutions
of alcohols have been discussed in the following way:

i) Solute molecules can lead to an énhancement of
the water structure with the effect that it resembles the
structure observed at lower temperatures. This type of
model explains the observations that the partial molar

volume decreases with increase in solute concentration.

The alcohol molecule therefore appears to be accommodated

in voids in the lattice.

10



ii) Enhancement of water structure around a hydro-
phobic solute contributes a negative contribution to the
entropy of the' s6élution and thus a positive contribution to
the free energy; In real solutions, this unfavourable
entropy change can be minimised if the hydrophilic parts of
different molecules come together and so minimise their
contact with water.

Aqueous solutions of alcohols have been studied
systematically over many years with the aim of obtaining
information on solute-solvent and solute-solute interactions
through thermodynamic propertiesse. These interactions
are particularly interesting in view of the high degree of

structure in aqueous solutions, both in the solvent itself

and in the aggregates that can exist as a result of the

structure of water. The thermodynamic excess functions of
- - . 7
alcohol mixtures and alcohol + n-alkane m1xture§; 69

are extensively studied.

6 studied the relaxation

Recently Emery et ar®?
béhaviour'of isomeric octanols. The observed dispersion
in less hindered octanols is attributed to hydrogen bond
exchange processes associated with structural relaxation
of the liquid. In the highly hindered octanols, an
additional contribution is associated with internal
rotational relaxation processes.

One part of this thesis is concerned with studies of

binary mixtures of isomeric octanols with n-octane. These

6
systems have been studied extensively by Emery et a1%e:? .

11



1.4 Morpholine Derivatives

In recent years, the petroleum industry has given much

attention to morpholine derivativeé"»71

such as N-hydroxy-
ethylmorpholine, N-dimethylmorpholine, N-formylmorpholine,
N-acetylmorpholine and N—phenylmorpholine. This interest
has resulted from their high selectivity and solvent power
for low molecular monocyclic aromatic hydrocarbons (C4-C,).

Among these derivatives; N—formylmorpholiné71 is of
particular interest in view of its suitability as an
extractive agent in the recovery of aromatics by distillation.
Moreover, it is chemically and thermally stable and non-
corrosive,

N-formylmorpholine, while possessing good selectivity,
also offers sufficient solvency for non-aromatics. The
solubility .of non-aromatics is reduced by adding 2-5 per
cent by weight of water’! .This small amount of water is
sufficient to bring about an optimum efficiency in the
N-formylmorpholine process for liquid-liquid extraction,
The maintenance of the proper ' water volume is important;
too much water would reduce the solubility of the aromatics,
too little would reduce selectivity. As the individual
process stages require different qualities, a change in
the amount of water added permits the solvent to adapt to
different requirements.

The selectivity of an extractive agent is defined as

the following:

S = Yi/Yj 1.12

12



where y is the activity coefficient, i refers to an
aromatic compound and j refers to a paraffinic compound.
The selectivity and solvent power of N-formylmorpholine
have been studied extensively7h7374 . However, the
thermodynamic and ultrasonic properties of N-formyl-
morpholine and its aqueous solutions have not as yet been
reported.

In this thesis, N-formylmorpholine and its aqueous
solutions are reported. The aim of this study is to
understand the dynamic behaviour of N-formylmorpholine
and its aqueous solutions and to gain information about
its efficiency in recovery of aromatic hydrocarbons from

petroleum products.

13
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CHAPTER 2 ’
MOLECULAR ACOUSTICS AND THERMODYNAMIC

FUNCTIONS

2.1 ‘Introduction ‘to Acoustics

Experimentally, sound waves can be produced in the
frequency range of a few cycles to over 1.0 GHz. The
acoustic spectrum can be divided into four ranges?5 : the
infra-audible (1072 to 10 Hz); the audible (10 Hz to 14 KHz),
the ultrasonic (14 KHz to 800 MHz) and the hypersonic
( =1l0° Hz).

Sound waves are propagated in a liquid as longitudinal
waves. A longitudinal wave may be considered as being the
superposition of a pure compressional and a pure shear wavgs.
This is illustrated in Figure 2.1. A cbmpressional wave
may be conéidered as creating an alternating periodic
pressure variation which resuits in a given volume being
successively compressed and decompressed. Since the
period of pressure fluctuation is short compared with the
time required for thermal equilibration with the
surroundings, the process is essentially adiabatic;i7 and
can be therefore visualised correctly as a sinusoidal
temperature wave. However, the adiabatic approximation
fails at very high frequencies (above 10? Hz) because the
mean free path becomes comparable with the wavelength of
the sound wave; so that enough energy can be exchanged by
direct transfer of molecular momentum (heat conduction) to

77 o ,
simulate isothermal propagation . Equilibria

14
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Longitudinal

Figure 2.1.

:
'
\

Pure expansion Pure shear

A longitudinal wave resolved into pure

compression and pure shear.
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sensitive to temperature or pressure variation can
therefore'be studied using longitudinal waves.

When a medium is subjected to shear perturbation
the medium does not experience a volume or temperature
change. The medium responds to the shear wave perturb-
ation by viscous flow in the case of a liquid.

2.2 Sound Propagation and Absorption in Ligquids

In the studies of molecular acoustics, plane waves of
low amplitude are generally used. In an isotropic homo-
geneous medium, the pressure amplitude, P, of a one-
dimensional sound wave travelling in the positive x-direction,

is given by78
P = P_ exp(-ax) explin (t = %)] 2.1

where Po is the pressure amplitude at x = 0 and time t = O,
o is the absorption coefficignt related to the attenuation
of the sound wave, c is the pﬁase velocity and w = 27f
where f is the frequency of the sound wave. In equation
2.1 the quantity Q)eXp(—ax) represents the amplitude of
the sound wave at a distance x from the source. The real
part of equation 2.1 can be seen to be analogous to the
Beer-Lambert Law governing light absorption. The imaginary
part of equation 2.1 represents the particle velocity or
density variation.

The total absorption coefficient, o, is made up of

three main components as expressed in equation 2.2
= + .
o o + a, LN 2.2

where

16



oy = the attenuation contribution arising from shear

viscosity,-nS

a, = the attenuation contribution arising from volume

viscosity, Ny

Oy = the attenuation contribution arising from
thermal conductivity, Q.
These contributions are assumed to be additive and

can be discussed separately.

(1) Q. = shear viscosity contribution

Calculation of the shear viscosity contribution
to the total absorption attenuation, o, based on the Stokes-
Navier equation and its use in the description of ultra-
sonic propagation has been reviewed by Herzfeld and
Litovitz76 . The contribution arising from shear viscosity

is: -

_2m? 4, '
ag = -k -§nsf _ 2.3
where p and c¢ are the density and sound velocity of the

liquid respectively.

(ii) o, = volume viscosity contribution
Truesdell79 has shown that the concept of
'volume' viscosity can be accommodated within hydrodynamic
theory and leads to an expression for the absorption

coefficient of the sound wave of the form:

_ 2?2 2 2.4
%y (bc3) Nyt )



(144) Oy = thermal conduction contribution

The thermal conduction contribution due to
thermal conduction, Q, and the relationship obtained by
80
Kirchoff is:-

: . 2wy -1
oy = (253) {(g;-’ofz; 2.5

where y is the ratio Cp/CV, C.. is the specific heat per

P
unit mass at constant pressure and Cv the specifié heat
per unit mass at constant volume.

It is normal to term the combined effects of
viscosity and thermal conductivity as the 'classical'

absorption. The classical absorption can thus be given

in the form:

\ 2m2 4 (y-1)9Q
(F%) = (=) t(n, + 5 n )+ —] 2.6
£ classical pc v 3 s Cp
viscous thermal

The classical absorption is important in the analysis
of results from measurements of acoustic absorption. For
a given liquid at a stated pressure and temperature it is
a constant value and usually is denoted by B.

The difference between the measured absorption
coefficient (%y) and the classical absorption coefficient
represents all absorptions in excess of that due to the
additive effects of shear viscosity, volume viscosity and
thermal conductivity and is usually referred to as the

'excess' absorption:

1R



2.3 Ultrasonic Relaxation

In order to explain the principles involved in
ultrasonic relaxation,Litovitz81 has described the energy
content of a liquid in terms of the energy boxes shown
diagramatically in Figure 2.2. In brief, the total energy
content of the liquid is the sum of many components,
including translational, rotational, and vibrational
components and the less familiar contributions from the
existence of conformational and structural equilibria.

When a sound wave is passed through a liquid, the
periodic compression and decompression accompanying the
propagation of the pressure wave will produce a
corresponding alternation in the temperature and hence
energy content of the translational box. Since the
energies of all the boxes are coupled, an increase in the
translational energy contentiwill lead to energy being
transferred to all other modes until a new equilibrium is
reachedsz.

The behaviour of the acoustic parameter during a
single relaxation process is shown in Figure 2. 3. At any
given temperature the absorption coefficient (*/£2) will
decrease with increasing frequency, f, in accordance76"83
with equation 2.8 and the derivation of this equation has

-78
been described adequately elsewheré76 7 .

(%_2_) = ﬁ%ﬁ;ﬁ + B 2.8

where A is a relaxation parameter, fc is the relaxation

frequency (1/,7m7) and B represents contributions to (%/£2)
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Figure 2.2. Simplified diagram of the energy box.



which are not related to the relaxation (equation 2.6).

These contributions are shear viscosity and any excess
absorption due to a relaxation process with a relaxation
frequency much higher than fc. The loss per cycle or
absorption per unit wavelength, u, relating to the

relaxation is

7/ . . .
where o, is the excess absorption for the relaxation

process. Thus
p = (a - BE2)A
Acf 2.10
1+ (f/fc)2
where f = fc (w7=1), u reaches a maximum value Moo, 9iven
by equation 2.11.
Hmax 2 8Cte s '

The dispersion in the sound velocity, c, is given by

the expression:

2“max) (wT)?

c €o ( coco° 1+(pw 7) 2

T
where the subscripts o and » refer to the sound velocity
at low and high frequencies. Typical variation of the
acoustic parameters for a single relaxation process can
be seen in Figure 2.3.

Provided that the relaxation can be described by a

single relaxation time, then only two parameters, Miax

and fc’(or‘T), are involved in a complete specification

of the behaviour within the region of relaxation. The
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objective of ultrasonic experiments is to be able to
derive these two parameters from experimental results so
that further analysis can be carried out. Moreover, it

is desired to determine the dependence of Moo and fc on

X
temperature and pressure in order to make possible a
complete interpretation of the relaxation process.
There is a fundamental difference in principle between

these two parameters; u is given in terms of thermo-

max
dynamiczquantitites while fc is determined by kinetic

considerations.

2.4 Evaluation of Energy Parameters

A unimolecular equilibrium of the type A ﬁil B can
be represented by the Gibbs free energy diagram of
Figure 2.4. The various kinetic and thermodynamic
parameters' of\the system can be determined through
ultrasonic studies and the méthod of evaluation is
outlined below.

" (i)  Kinetic
"The derivation of the kinetic parameters are
based on three important assumptions:-
(a) A unimolecular reaction is considered.
(b) All reactions take place in an ideal solution.
(c) The backward rate is faster than that of
the forward reaction.

The relaxation frequency, fC of the first-order

reaction is given by:

£, = %WT = (kyy + kyy) /2w 2.13
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where 7 is the relaxation timerof the equilibrium, ky, is
the forward rate constant and k2, is the backward rate
constant. The theory of rate processes84 expresses the
rate constant k,, of a reaction in terms of the increase in

4

free energy AG’" on moving from the initial state to an

intermediate activated state.

7
= (kT/h) exp(zs-) 2.14

Hence .
+* #

AGI) + ex p( AGZ)}

(—m)(kT/h){exp( 2.15

c
where AGf and AGf are the activation free energies of the
forward and backward reactions and k and h are the
Boltzmann and Planck constants. The theoretical analysis
0f ultrasonic relaxation and the evaluation of the energy
parameters associated with the equilibrium has been

85,86

described adequately elsewhere ’ . If conditions are

a *
such that AG, <<AG, , then k,, would be neglected in

comparison with kgy;. In such a case
Y

£, = 5 [g1lexp(—x~) exp( )] 2.16
since

AG = AH -~ TAS
where ASf and AHf are the activation entropy and energy
of the backward reaction.respectively. An increase of

4

the potential barrier, AG,, will result in a decrease of
the characteristic frequency, fc. Experimentally, fC is

obtained over as wide a rarnge of temperatures as possible

25



and AHf can be obtained from the slope of the plot of
log fc against 1/T following which Asf can be calculated
by insertion in eqﬁation 2.16.,

(ii) Thermodynamic

The energy difference between the two assumed
equilibrjum states can be evaluated from the ultrasonic
data is it is assumed that no change in volume occurs when
the molecule passes from one state to another, It has

been shown by Heasell and Lamb‘35

_ _ _ ) ©,.0 41,
2umax/ﬂ' (v 1)Acp/<'cp ACp)[l AV cp/v AH o] 2.17
e 2 e e 2
_ _,AH -AG - AG
ACp = R(ﬁﬁ— fexp( RT )/ (1 + exp( RT ) ) 2.18

where ﬁm is the acoustic loss at the characteristic
frequency, Cp and ACp are the specific heat at constant
pressure and the relaxing specific heat respétively, AHe,
AVe, AGe and ASe are the standard state enthalpy, volume,

c
free energy and entropy differences respetively associated

with the equilibrium, o is the expansion coefficient and

(y-1) = c?0? T/Jcp 2.19

where ¢ is the sound velocity of the ultrasonic wave at
temperature T°K and J, the mechanical equivalent of heat.
The detailed derivation of the above relationships and
discussion of the associated approximations are presented
elsewhere82 .

Very often there is no experimental information

available over a range of pressures and it has to be

26



assumed that CéAVQ<<’AHeVeo and that AVe/Ve is small.

Then combination of equations 2.17 and 2.18 gives

ﬁ _T(y-1)R ( e){exp( AGe/RT) 2)

max _ 2C [1 + exp(-AGP/RT)] 2.20

Another assumption is made AGe> 3RT to yield unique

solutions for AHe and AGe, then equation 2.20 can be
simplified to yield

2
AHe‘

_T(y-1) ) {exp(-aH®/RT) exp(as®/r)} 2.21

u = (
max 2C RT
p

By substituting equation 2.19 into 2.21

8,2 ~an®
[§3§E;7 (AH™) exp( )] exXp—gm 2.22

m

Making a further assumption87

that the expansion
coefficient and the specific heat of the liquid remain
fairly constant over the temperature range under

consideration

‘AH ) 2.23

U = constant x exp(

max

Hlo

% is thus linear and

A plot of log (Tum/cz) against
its slope gives AHe/R and hence AHe, the enerqgy difference
between the two isomeric forms of the molecule.

This procedure is inaccurate when AG6< 3RT and an

alternative assumption is then required about the

magnitude of 4s®, 1f as® = o,

82
ac_ = R[AH) exp(-sH® /RT)
P e [1+exp(-AHC/RT)]? i



and .

;ﬂi%fl)R '(AH?)?”‘exp(—AHe/RT) .5
C

* T RT ° [l+exp(-AHO/RT)] 2.25

umax

AHe can be evaluated here from a series of values of
umax by an iterative process. The variation of ACp with
AHe/RT (the Schottky function) is shown in Figure 2.5. It
may be noted that the maximum, whilst being a function of
ASe, is located at approximately AHe=:2.4 RT. Information
about the equilibrium thermodynamic parameter AHe can now
be obtained by comparing.the experimental variation of

1
(p ax/Tc2) /2 with the curves shown in Figure 2.5. Three

m
cases can be distinguished:

(a) If (Umau{/T'c:z')l'/2 increased with increasing
temperature, then it is evident from Figure 2.5
thét AHe> (2.3-3.2) RT, and thus it is safe to
assume that AGe is so>1arge that the term
exp(-AGe/RT) is small compared with unity. In
this case an approximate value of (AHe/R) can be
obtained from the slope of the plot log(TpmaX/cz)
against %.

{(b) If the plot of (um/Tcz)l/2 against temperature
reaches a maximum, then it is evident that
AHe = (2.3-3.2) RT where T is the temperature at

the maximum. The exact value of AHe can be

determined if ASe is known.

1
(c) 1If (uﬁ/Tcz) /? decreases with increasing

temperature, then from Figure 2.5 it allows that
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au®

. < (2,3-3.2) RT where T correspdbnds to the
lowest temperature measured experimentally,

2.5 " Thermodynamic Functions of Binary Mixtures

(1)  Introduction

There are two principal reasons for the
considerable amount of experimental and theoretical research
which has been performed.on the properties of liquid
mixtures. The first is that it provides one way of
studying the physical forces acting between molecules of
different species. The second reason is the appearance
of new phenomena which are not present in pure substances.
The most interesting of these are new types of phase
equilibrium which arise from the extra degrees of freedom
introduced by the possibility of varying the proportions
of the components. The number of degrees of freedom may
be calculated from the phaseirule of Gibbs. A system of
one phase has two degrees of freedom, i.e. the two
intensive properties, pressure and temperature, may both
Be changed without causing any new phase to appear. A
two-component system of one phase has three degrees of
freedom, for the composition may also be freely varied.

A one-component system of two phases has one degree of
freedom. If the femperature is fixed arbitrarily, then
there is only one value of the pressure for which the two
phases can exist together.in equilibrium,

The basic thermodynamic relationships which are
applicable to simple and binary liquid mixtures are

derived adequately elsewhere8&89 .



" (ii) Ideal mixture ,

The ideal mixture is a hypothetical one whose
properties are introduced into the thermodynamic
description of real mixtures as convenient standards of
normal behaviour.

There are several definitions of an ideal liquid
mixture; one of the most convenient is that it is a
mixture in which the chemical potentials of all components

are given the equation

o
ui(P,T,x) = ui(P,T) + RT 1n Xy 2.26

where ﬁz(P,T) is the potential of pure component, i, at
the same pressure and temperature as the mixture being
studied.

For an ideal mixture the molar functions of mixing

are- given by

A, Go8 = me [(1-x)1n(1-x) + x In x) 2.27
Amixsid = -R {(1-x)1n(1-x) + x 1n x} 2.28
a4 B = 0 2.29
a vid = o 2.30

For an ideal mixture the molar Gibbs function of
mixing is negative and the molar entropy of mixing is

positive for any value of x.
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(1ii) Molar mixing functions
The molar functions of mixing for a binary
mixture [(1-x) A + xB], where x denotes the mole fraction

of B, are defined by

i = X, - (10X, - x X 2.31
where Xm is the molar quantify of a binary mixture
[(1-x)A + xB] at the temperature T and pressure P and
where i; and X; are the molar quantities of the pure
substances A and B at the same temperature and pressure,

X denotes any extensive quantity such as G, H, S, or V.,

(iv) Excess functions

The principal excess partial molar quantities
can be written as the difference between the partial molar
quantities for the non-ideal mixture and those of an ideal
mixture. |

It has become customary to use instead of the molar
function of mixing,AmiXXm, the excess molar function,
E

Xm,which is defined as follows:

E _ id
N S o 2.32

so that 'excess' means 'excess over ideal'.
For a binary mixture, the excess molar volume of
mixing can be calculated from measurements of the density,

p, of liquid mixtures by the following relation:

- (l‘—x)MA. + XMy , (l.—.x),MA XM 233
v = [ ] - [ ———— + —]
m P DA QB

where MA and MB are the molar masses of components A and B
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and p, p. and

*
A P

mixture having mole fraction x of B, of pure A and

are respectively the densities of a

B. To measure the excess volume in this case, it is
necessary to measure the densities of pure liquids and the
binary mixture with the highest possible accuracy in order
to achieve even a modest accuracy in Vﬁ. Direct
dilatometér measurement of Vﬁ gives the highest possible
accuracy of determination of this quantity.

The excess isoentropic compressibility, KE, for a
binary mixture can be calculated from measurements of the
density and sound velocity of liquid mixtures by the

following equation

~1
Kg —[x,V,x + x,Vk o 1[x,V,+x,V,]
- 2

S(1) )

K
S(obs)

2,34
where x,, X,, V;, V,, K and « are the mole fractions,
(1) 5(2)
molar volumes and isoentropic compressibilities respectively
of the pure components designated 1 and 2. Ks(obs) is the
measured isoentropic compressibility of the binary mixture.

The isoentropic compressibility of the pure components

and binary mixtures were calculated using the Laplace

relation

-1
= 2.35
K (pc)
where p and ¢ are the measured density and sound velocity
of the medium respectively.
In the case of molar enthalpy of mixing Hi there is no

alternative to direct measurements since Hm cannot be

measured. Neither molar Gibbs function Gm nor molar



entropy Sm can be measured. Various techniques have

9095

been described adequately for measurement of excess

molar functions.
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CHAPTER 3

EXPERIMENTAL



CHAPTER 3 r

EXPERTMENTAL

3.1 " Generation and Detection of Ultrasonic Waves

Sound waves are generated or received by a device
called a transducer; this converts energy from one form to
another. The acoustic transducers are used to convert
acoustical energy into electrical, mechanical; or thermal
energy.

The most widely used transducers forthe conversion of
electrical energy to acoustical energy and vice versa are
based on the piezoelectric effect?s_98 . A solid is said
to be piezoelectric if electric charges are produced on
its surface when it is subjected to a mechanical stress-
Equal and opposite electric charges appear on the parallel
surfaces. | Provided that the solid is not strained beyond
its elastic limit, the magnitude of the charge density or
dielectric polarization is directly proportional to the
applied stress. Piezoelectric substances also exhibit
the converse piezoelectric effect: the substance changes
in size when an electric field is applied to it, the sign
of this change being reversed when the direction of the
field is reversed. These effects were shown to exist in
crystals which lack a centre of symmetrygg

One of the most widely used piezoelectric crystals is
quartz on account of its chemical and mechanical stability.
Quartz belbngs to the trigonal crystallographic system,

and a typical simplified section through part of a quartz
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crystal 1s shown in Figure 3.1. The Z-optic axis runs
along the crystal, the crystal section at right angles to
the Z-axis being hexagonal in shape. The three axes
joining opposite corners of this hexagon are known as the
Y-axes, while the three axes joining the opposite faces,
perpendicular to the X-axes, are called V-axes. X;cut
crystals with faces normal to the X-axis are normally
used in the generation and detection of ultrasonic
longitudinal waves.

Consider an X-cut quartz crystal in the shape of a
retangular prism, as shown in Figure 3.1, is silvered on
opposite faces and an alternating voltage of frequency £
is applied across them. Electric field direction across
the crystal will be compressed in the X direction and
expanded in the normal Y direction. When the electric
field is reVersed, expansion will occur along the X-axis
and interaction along the Y-axis. Thus the crystal
dimensions will oscillate at the frequency f. These
oscillations will be of small amplitude 'unless f coincides
with one of the natural frequencies of mechanical
vibration of the quartz disc.

The fundamental resonance frequency of a quartz disc
is inversely proportional to its thickness. For an X-cut
crystal of 2.8 mm thickness the fundamental resonance
frequency is 1 MHz. For frequencies above 10 MHz,

crystals vibrating in their fundamental mode become so

thin and fragile that it is preferable to operate at a

harmonic of a crystal with a lower fundamental resonance
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Figure 3.1. Simplified diagram of part of a quartz
crystal, showing the X, Y and 7 axes. The cylindrical

disc represents an X-cut transducer.
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frequency. Operation of quartz crystal transducers

bonded to delay lines is limited to below ZOOMHz'because

of a significant loss in the piezoelectric efficiency of
the crystal and attenuation due to losses in transducer-
delay line bond above this frequency; These can be
reduced, however; by using a crystalline delay rod made

of Z-cut quartz activated by surface activation; a
technique developed by Baranskiil00 and Lamb and Richtei‘o1
for frequencies above 100MHz, but the transducer efficiency
is still low.

Other types of transducers have been developed in
order to overcome the difficulfies encountered in the use
of quartz crystals. These include the vapour-deposited,
thin film, insulating, piezoelectric transducers such as

102-109
Odsm GaAS,  ZnS, and ZnO . Polycrystalline ceramic

transduce’rsjuo_113 such as barium titanate, lead zirconate-
titanate, lithium tantate and lithium niobate are now in
common use to produce sound waves of high intensity and
sénsitivity or for operation at high frequency. Polyf
vinylidene fluoride (PVDF,) thin film transducerslm:—117

are also being developed for wide band use.

3.2 General Review of Experimental Techniques

The various experimental techniques available for
measurement of sound propagation has been extensively
discussedw’lmn128 . A brief summary of the technigues
available and an indication of their limitations are

presented in Table 3.1.

3.3 Techniques of Specific Relevance to this Study

In this thesis all ultrasonic longitudinal investig-

ations have been made using X-cut quartz and lithium
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TABLE 3.1. Various experimental techniques available for measurement of sound propagation.

Frequency Range

Volume required

Technique (MHz ) (ml) Comments
Spherical reverberation Large quantities of liquid
technique 0.01 - 1 2000 sample required. Absolute
value of attenuation
cannot be obtained.
Swept frequency 0.1 - 10 2 - 10 Accurate determination of
acoustic resonator sound velocity and
attenuation provided
. matching of reference liquid
is carefully performed.
Low frequency pulse 5 - 100 5 - 20 Precise measurement of
technique sound velocity and
attenuation - precision 2% o))
o
High frequency pulse 100-2000 l -5 Precise measurement of
technique attenuation - 2% using
lithium niobate or zinc
oxide transducers.
Acousto-optic techniques 5 = 1000 5 - 20 Precise measurements of

sound velocity and
attenuation, 3-5%,




niobate (LiNbQ,) transducers. The frequency range
available is nominally 1-1000 MHz and employs three
techniques, namely a swept frequency acoustic resonatorl22
from 1-10 MHz, the conventional pulse technique]31 from
15-75 MHz and ultra-high-frequency pulse technique127
from 100-1000 MHz. Each of these is discussed below.

3.4 Swept Frequency Acoustic Resonator

(i) Principals of technique

This technique has been devised by Eggersl21 for
studying liquids in the frequency range 200 KHz - 10 MHz.
The major advantage of this technique is that only a small
quantity of sample liquid is required - about 10 ml.

The resonator is shown in Figure 3.2 constructed from
two X-cut quartz crystals with the liquid sample introduced
between them. One crystal acts as the transmitter and the
second as receiver with the liquid sample forming the
coupling medium for the elastic displacements produced by
the sound waves. The transmitting crystal is continuously
éxcited and the resulting sound waves produced are
propagated through the liquid sample and are partially
reflected and detected by the receiver crystal and
recorded as voltage against frequency on a display
dscillograph. The ratio of the amount of energy trans-
mitted to that reflected is determined by the relative
magnitudes of the acoustic impedances of the two media
involved. The observed electrical signal generated at
the receiver crystal is the sum of all in-phase displace-

ments generated by the time average of the transmitted
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waves,

(ii) Experimental system

A block diagram of the resonance apparatus is
shown in Figure 3. 3. Thé essential components of the
acoustic cell are shown in Figure 3.4. It comprises two
matched, 1 MHz, X-cut quartz crystals mounted on teflon
rings. The cavity is completed by a teflon cylinder
separating the two crystals. This material has a low
acoustic reflectivity and so lowers the effect of
diffraction and radial mode interference on plane wave
propagation.

The two crystals' mountiﬁgs are in thermal contact
with a water jacket and their relative alignment is
adjustable via high pitched micrometer screws. The
electrical contacts to the crystals, which are gold
plated on both flat faces, are through silver plated
copper spirals. The highly mechanical compliance of
theaaspiralglninimise damping of the crystal resonances.
The reverse faces of the crystals are earthed to the water
jacket to complete the electrical circuit.

The liquid sample, typically 3 ml, is introduced
into the cavity with the aid of a syringe through one
of two holes drilled in the teflon waveguide. A Lauda
thermostat unit, alcohol bath, and a cooling machine
(Cryocool CC-80II) are incorporated in the cell system in

order to maintain a constant temperature with a precision

of‘i0.0lK.
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(iii) Experimental procedure

A liquid sample, 3 ml for 1 MHz cell is
introduced into the acoustic cavity slowly with the aid
of a syringe to avoid air bubbles. The acoustic cell is
first aligned at 298.15K and 7 MHz by using n-octane as
the reference liquid sample. Alignment is achieved by
adjusting the three micrometers as shown in Figure 3.4.
When the cell is perfectly aligned, a sharp resonance
peak with a satellite peak at the right hand side is
observed, Figure 3.5, The minimum half-peak width occurs
at 2 MHz and for n-octane will give a value of approx-
imately 140 Hz.

The experiment, therefore, comprises sweeping
through the resonance peaks of the cavity from 1.5-3 MHz,
measuring the frequency of each peak at max-0dB, fn and
the half-peak width Af in Hz at the 3dB point. A
typical plot of Afn against fn is shown in Figure 3.6 for
n-octane and l-octanol.

(iv) Analysis of data -

The two ultrasonic parameters are obtained from
the resonance technique, namely the sound velocity (c/ms™ 1)
. . . O jeqp 1025, 5 )
and the ultrasonic absorption coefficient (- /f2x /s?m—1),
Two sets of data, one of which is obtained for a standard
reference (n-octane), are needed to calculate the sound

velocity and ultrasonic absorption coefficient of the

unknown liquid sample.

Eggerslzl has shown that the sound velocity inanunknown

medium cs may be related to that of some reference medium,
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Figure 3.5. A typical resonance peak, Afn ~ 140Ez at

£, = 2 MHz when n-octane is the sample.
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cr, through the following equation:

—_— = 2 - 7 3.1

Cgq DS [1 . .ZV(D.S‘Z.S. - D’I"Zfr)]
c D
g q

r r
where Ds’ Dr are separation between adjacent resonances
for unknown and reference samples respectively, and Zs, Zr
are the acoustic impedances of the unknown and reference
samples respectively, and fq’ Zq are the resonance
frequency and acoustic impedance of the quartz crystal
respectively.

If the impedances of the unknown and reference samples

are comparable, that is Z::Zo,.then equation 3.1 reduces

to:
Cq Ds
= = 5 3.2
r A r
Thus
‘ D . X c
_ S r
cg = —5 3.3

r
In this study an average value of six consecutive
separations of adjacent resonance peaks, in the frequency
range 1,5-3 MHz, for unknown and reference samples were
taken in obtaining the Ds’ Dr values. The sound velocity
of the unknown sample can then be calculated from equation
3.3.
. The ultrasonic absorption is obtained by using a
graphical plot. The half-peak width (Af) values are
plotted against frequency (f) as shown in Figure 3.6 for

both the unknown sample and the reference standard
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Figure 3.6. A typical plot of half-peak width

Af against frequency f.
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(n-octane in this case). A smooth curve is drawn passing
through the maximum number of points in both cases. Then
the difference of the half-peak widths for the unknown and
reference samples are taken at each regular frequency
intervals, say, 1.5 MHz, 1.75 MHz, 2 MHz, and so on.

The ratio of the half-peak width and the resonance
peak position is related to the quality factor QT of the
resonator and is given by:

_f
Qr = 3F

or

QT1 -

The total measured quality factor QT is given by:

=1 = -1 -1
O Q" + Q9 3.4

where QL and QM are the quality factors due to the liquid

sample and mechanical damping and electrical losses

respectively.
But
' Af
-1 - &2 )
QT T 3
=1 = 9—2\- 3.6
QL ™
and
QM"1 = constant 3.7

Equations 3.4, 3.5, 3.6 and 3.7 give:

(A%) = %l + constant

If we denote s and r respectively for the unknown and

reference standard, then we have:
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Af aA

(=) = (= + constant

£ ) g 3.8

(%ﬁ) = (%l) + constant 3.9
r r

By manipulating equations 3.8 and 3.9 and using the
relationship ¢ = fA, a standard equation of ultrasonic

absorption coefficient is derived as shown in equation

3.10:
(a ) _ (Ot ) (cr) +'TT SAf
o= () g e 3.10

where SAf indicates the difference in half-peak widths,
SAf = (Of _-Af ).

(v) Accuracy

Sound velocity measurements obtained using the

resonator technique are reproducible within an error of
+1%, The precision of measurements is determined by the
precision to which the sound velocity of the reference
sample is known.

The absorption coefficient can be estimated with a
precision of +2%, In this case, the accuracy is
determined by the alignment of the acoustic cell.

3.5 Cohventional Pulse Eouipment (15-75 MHz)

(i) Principle of techmique

The general principle of this technique is to
excite a piezoelectric crystal and its fundamental or an
odd harmonic with a high voltage radio frequency (RF)
pulse. The resultant mechanical oscillation passes along

a delay line (in this work both crystal and delay lines
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are quartz) and propagates through the liquid sample and

is detected by a receiving transducer upon passage along

a second delay line. As in the swept frequency resonator,
the transmitting and receiving crystals are a matched pair
to give maximum mechanico-electrical coupling.

The received electrical signal is demodulated and
displayed on an oscilloscope together with a comparison
pulse of the same frequency. The electronic and
131132

mechanical systems have been discussed previously

(ii) Experimental system

A block diagram of the apparatus is shown in

Figure 3.7. A separate diagram showing the various
components of the acoustic cell are illustrated in Figure
3.8. Basically, the requirements for conventional pulse
technique cells are (a) a stable holder for one crystal
delay/line system, (b) a precise mechanical drive for
moving the second crystal/delay line relative to the first
one, (c) an accurate micrometer screw couplied to this
drive for measuring relative distance to 2.5x1075m, (d) a
goniometer which comprises the base of the cell and moves
the fixed crystal laterally with respect to the other thus
allowing the two crystals to be aligned, and finally‘(e) a
thermostated jacket which fits around the fixed delay line
and thus completes the cell cavity. The two quartz crystals
are coated on each side with a gold electrode 1 um thick.
These are then bonded to the polished delay line.

A Lauda temperature water bath proportional temper-

ature controller was linked to thermostatting jacket of the

o1
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cell for measurements at temperatures above 298.15 K, and
Townson and Mercer 'Minus Seventy' alcohol bath and a
cooling unit (Cryocool CC-80II) were used for measurements
at very low temperatures.

(iii) Experimental procedure

Measurements using this technique give
information on the ultrasonic absorption and sound
velocity of the liquid sample. For a particular
frequency of operation, the acoustic signal is tuned to
give a maximum amplitude. The comparison pulse is super-
imposed on the ultrasonic pulse by the use of a variable
time delay. The comparison and acoustic pulses are
subsequently tuned to the common frequency by the 'zero
beat' methodus. The comparison signal is then moved to a
cohvenient.place for measurement. It is now possible to
measure the attenuation, a. °~ This was done by varying the
distance of separation between the two delay lines, relative
distances being accurately measured by the micrometer
drive. At each setting of the micrometer the comparison
pulse was adjusted to the level of the first pulse by
means of the variable attenuators, a procedure accurate to
0.1 dB. Attenuation of the comparison pulse was recorded
as the separation of the delay line was both increased and
decreased. From the gradient of the plot of relative
attenuation in dB against the distance between the two

delay lines in m, an absolute value of a in dB/m is

obtained.
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(iv) Analysis of data

A typical plot of attenuation against the
distance displaced is shown in Figure 3.9, The slope of
the smooth straight line plot gives the ultrasonic
attenuation, a, in dB/mm.

By definition, attenuation in sound waves is given
by:

In(®,/P,)
o (Nepers/m) = g

2.303 log(»,/P,)

o (Nepers/m) = - = 3.11

However, from the definition of dB75, and the observed

attenuation of o in d4B/m, then
| 20 log(V,/V,)

aobs(dB/m) = "
' 20 lAO,g:'(,P,l‘/P.z ) ‘
apo(dB/m) = - " - 3.12

Equations 3.11 and 3.12 give

o] _ 2.303
aobs 20
= 0.115
or o(Nepers/m) = 0.115 aobs(dB/m)

Generally, acoustic absorption is expressed as
(a/£2), the absorption coefficient. Throughout this
work, the absorption coefficient is quoted as (o/f2?) x
1015/s2 m™1,

(v) Accuracy

The accuracy of measurements is determined by
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the volatility of the liquid sample, operating frequency,
stability of the electronic components of the system and
temperature under investigation. A maximum error of
+2% is estimated in all measurements,

3.6 Ultra-High Frequency Pulse Equipment (100-1000 MHz)

(i)  Principle of technique

The production of ultrasonic waves above 300 MHz
by the use of conventional techniques using quartz trans-
ducers bonded to delay lines gives rise to problems
associated mainly with the quartz delay line bond and
losses in the fused quartz delay line. These can be
eliminated by using a crystalline delay rod made of Z-cut

101
quartz activated by surface excitation, but the trans-

ducer efficiency is still low. With the introduction of
133-
lithium niobate 135 as a transducer material with its

attendant high efficiency, this has simplified operation at
1 GHz and- just above.

The principle of operation of this equipment is
similar to that used for studies below 100 MHz. A 2
microsécond pulse of 3 kilovolts in amplitude is produced
by a pulse generator with a repetition frequency of 1 KHz,
The RF pulse of a few hundred watts generated by the
transmitter is applied to the transmitting crystal. The
resulting acoustic pulse passes through the liquid sample

and the electrical energy is reconverted to an electrical

signal by a second transducer before amplification and

displayed on an oscilloscope together with a comparison

pulse.
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(1i) Experimental system ’

A block diagram of the whole equipment is shown
in Figure 3.10. In this equipment, two 50 cm stub tuners
separated by a 20 cm air line are used to replace the
conventionally tuned system, A linear voltage differential
transformer is incorporated into the electronic system,
thus facilitating the detection of small displacements,
typically a few microns of separation, The electrical
and mechanical systems are discussed in more detail by
Wright and Campbelf27.

The essential components of the acoustic cell are
clearly illustrated in Figure 3.11. The lithium niobate
transducer is a Z-cut cylindrical crystal, polished to
optical standards and the surface excited by VHF electric
fields of strengths up to 5 KV mm™1, The crystal is
shown in Figure 3.12. The mechanical system was enclosed
in a Perspex box and the temperature controlled using ducted
air which was either heated or cooled by means of a
pfoportional temperature controller. The temperature of
the test liquid was measured by a platinum resistance
thermometer element inserted in the liquid., The cell had
a built-in water jacket through which water or alcohol
could be circulated as an alternative to the ductair
system. To overcome the evaporation of the test liquid

at high temperatures, a polythene seal was used to surround

the two crystal holders.

(iii) Experimental procedure

Before ultrasonic absorption measurements, it is
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necessary to calibrate the linear voltage differential
transformer against the displacement between the two
transducers, A plot of such a calibration is shown in
Figure 3.13. The acoustic cell is aligned by adjusting
the micrometers on the goniometer at 300 MHz and checked
at 1GHz. Pure deionized water is used for the purpose
of alignment because it has a low absorption coefficient.
The method of measurement is quite similar to that
of the conventional pulse technique described previously.
A typical plot of signal level (dB) against displacement
(mm) for water at 450 MHz is shown in Figure 3.14. A

smooth line is drawn through the maximum number of points,

136 -
From the analysis developed by Musa , the

pressure P-X at a distance x from the transmitting crystal

is given by:

. exp[—(o+iB)x]+¢ exp[—(atiB) (2r-x) ]
PX=PO(1-¢)exp(1wt)exp[ qli¢1 ixpffzzgis) 5T .

3.13

where

o4 = amplitude

B = phase propagation

PO = incident wave pressure

r = distance between the crystals

W = angular frequency of signal

¢ = reflection coefficient at each liquid/crystal

interface
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For a given system the received signal voltage, V, ,is
proportional to the magnitude of Px; hence setting x=r,

equation 3.13 gives:

v =v {1-¢%)exp(-ar)
" 'r "oll-2¢%exp(-2ar)cos(2Br)+¢‘exp(-4dar)] /2 3.14

From equation 3,14 Vr is maximum when r = 2% and V_ is
r

B
o (2n+1
minimum when r = i—igllﬂ where n is a positive integer,

For an even number of quarter-wavelengths

= (1-¢%) exp(-or)
Vmax = Vo' (I=¢7) expl-Zor) 3.15

and for an odd number of quarter-wavelengths

=y {1=¢?) exp(-or)
Vmin = VoTlIF6 7 exp(-20r) 3.16

1271
Three alternative methods /136

for determining the
absorption coefficient of the liquid sample can be used,
depending 6n the value of the quantity, ar.

In this study, the third method was used as the most
convenient giving a linear plot for dB against the distance.

-Qr

Since ar>1l.5 Vh exp —~ O as ar»>1l, equations 3.15 and

ax

3.16 approach a common equation given by:

Vr = VO(1-¢2) exp(~-ar) 3.17

and this equation can be expressed by:
20 log(Vr/Vo) = 20 log(1l-¢2) - (20a/2.303)r 3.18

or attenuation (dB) = constant - (slope)(column length).
Hence a plot of attenuation (dB) against the column length

(r) would give a slope of 20a/2.303 or:

a(Nepers/m) = slope x 0,115 3.19
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(v) Accuracy
Accuracy has a similar magnitude as in the
conventional pulse technique. A maximum error of +2%

is estimated in all measurements.

3.7 13C nmr Spectra

13C nmr spectra were obtained at 306K in deutero-
benzene using a Bruker WM250 MHz Fourier transform
spectrometer operated at 62.9 MHz with tetramethylsilane
as reference. The spectra were obtained with and without
proton decoupling.

3.8 Density Measurements

Densities of all sample liquids in this study were
measured using an Anton Paar (DMA 601) digital densimeter.

The principle of operation is that a hollow, flexible,
glass vessel be excited to an undampened oscillation by
electronic means. The resonant frequency of the
oscillator is determined by its mass and thence by the
density of liquid filling the vessel,

Air and pure distilled water were used to calibrate
the cell constant (K) at each temperature according to
the following equation:

Py - P

air
= 3.20
K=1T2 = - TZ,
H,O air

where p and T are the density and the time required for
5x103 periods of oscillation respectively. Then the
density of the unknown liquid sample is calculated from
the following equation:

+ K(T2 - T2 ) 3.21

Punknown pHZO unknown H,O
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The temperature of the sample vessél is controlled
to +0.01lK by a Lauda thermostat unit.

The overall precision of the densities measured were
estimated to be better thanm +3x107¢ kg/m3.

3.9 Viscosity Measurements

The viscosities of all liquid samples in this study
were determined using a suspended level Ubbeholde
viscometer. The flow times were determined electronically
using an electronic stopwatch with a precision of +0.5s.
The temperature of the thermostat bath was controlled to
be better thanm +0.01K. The Viscosity values obtained
are estimated to be accurate to 10.5%.

The viscosity of the liquid samples can be calculated

from the following equation:

n = Ct 3.22
where C is the calibration constant of the viscometer

(cSt) and t is the flow time (s).
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CHAPTER 4

ULTRASONIC STUDIES OF ROTATIONAI ISOMERISM
IN VARIOUS METHYLPENTANES

4,1 ‘Introduction

The saturated hydrocarbons have been regarded for a
number of years as a group of molecules, the study of
which might form a useful precursor to the understanding
of the dynamics of polymer molecules137 . Of particular
interest is the way in which the two-state rotational
isomeric change of single covalent bohds in very short
chains contribute to 'polymeric' modes of motion in long
chains.

Molecular rearrangement in normal alkanes has been
investigated by ultrasonic relaxation®”*? , nuclear
magnetic resonancéﬂs, neutron scatteringmg, vibrational

-141 , . 143
spectroscopy140 ! and X-ray dlffractloﬁ4%

and inter-
preted in terms of trans—gauche isomerism of carbon-carbon
covalent bonds.

The ultrasonic relaxation technique is ideally suited
to the investigations of rotational isomerism in molecules
possessing relatively low activation energies and finite
energy differences associated with the internal rotation
processm‘l_147 . The normal and branched-chain alkanes

fall into this class having activation energies typically

12-80 kJ mol~1, Ultrasonic measurements of the rotation-

al jsomerism in normal alkanes have been reported by

9

Piercy and Rac>? and by Cochran et al*? , It was found

that in the longer chain alkanes the activation energy
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exhibits a molecular weight dependence indicative of some
degree of co-operative motion of units in the chain
backbone.

Branched-chain hydrocarbons have been used in recent
years to test the validity of various theories of the

C 48-151,30
liquid staté ¢

- However, detailed quantitative
observations of the rotational isomerism in branched chain
hydrocarbons are very limited. To correct this deficiency,
a systematic evaluation of internal rotational energies in
common branched chain alkanes, using ultrasonic relaxation
was carried out and is the substance of this chapter.
Young and Petrauskas?1  Chen and Petrauskaéu), have
reported the ultrasonic studies of 2-methylpentane, 3-
methylpentane and 2,3-dimethylbutane at low temperatures
using a limited frequency range 5 to 35 MHz,

In this study the influence of methyl group
substitution on certain alkanes with a five carbon atom
main :chain is explored. An extended frequency range of
l;lOOO MHz has been used, allowing the relaxation to be
measured precisely and at ambient temperatures. The
systems which were studied earlier by Petrauskas are re-
measured, so allowing both comparison with the earlier
data and extension of the temperature and frequency range.
The systems studied are of particular interest to thermo-

dynamicists since they have been widely studied as

mixtures with linear hydrocarbons.
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4,2 Materials

The branched-chain alkanes, 2-methylpentane, 3-
methylpentane, 2,3-dimethylpentane, 2,4-dimethylpentane,
2,2,4-trimethylpentane and 2,3,4-trimethylpentane were
obtained from Aldrich Chemical Company Ltd. and were
dried over molecular sieves Type 4A (BDH) before use.
Their purity was better than 99.5%. The densities,
refractive indices and ultrasonic velocities are
presented in Table 4.1, The data obtained are in good
agreement with those published in the literaturé>~'%% |,
4,3 Results

(i) Viscosities

The variation of viscosity with temperature was
measured, Figure 4.1. It was found that the data over
the whole temperature range of 293 to 233K can be fitted
to an empirical equation suggested by Barlow et a1’®”

having the form:

lnn = A + B/[T(°C) + 273.15) - T] 4.1
where TO is a reference temperature and A and B are two
adjustable parameters. Values of the parameters
obtained by fitting this equation to the observed
Viscosities are presented in Table 4.2,

(ii) Densities

The variation of density with temperature was
found to be linear over the whole temperature range of

263 to 313K and could be fitted by:

po/gem™3 = Aq + B4T(°C) 4.2
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TABLE 4.1. Densities,

P

Refractive Indices, n

Studied at 293.15K

D

, and Ultrasonic Velocities, ¢,

of Liquids

p/ gcm” 3 np c/ms~1
Component obs. 1it. obs. lit. obs. 11t.

2-methylpentane 0.65343 0.6356 1.37182 1.3722 1070 -
3-methylpentane 0.66443 0.6642 1.37581 1.37662 1099 -
2,2,4-trimethylpentane 0.69201 0.6918 1.39148 1.39151 1107 1105

- 0.6919 - 1.39145 - 1103
2,3,4-trimethylpentane 0.71905 | 0.71903 1.40398 1.40422 1180 1181

- 0.7191 - - - 1191
2,3-dimethylpentane 0.69505 0.6952 1.39224 1.39210 1150 1148.50

- 0.6942 - - - -
2,4-dimethylpentane 0.67298 0.6731 1.38121 1,38153 1087 1083.50

0.6745
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n, 2-methylpentane; A, 3-methylpentane;
O r 2,3-dimethylpentane; A » 2,4-dimethylpentane;

O, 2,2,4-trimethylpentane; @, 2,3,4-trimethylpentane.

72




TABLE 4.2. Viscosity and Density Temperature Dependence Parameters

2-methyl- 3-methyl- 2,4-dimethyl- 2,3-dimethyl- 2,2,4-tri- 2,3,4-tri-
pentane pentane pentane pentane methyl- methyl-
pentane pentane
AV -1.542 -1.737 -1.736 -1.602 -3.049 -1.5341
*BV 124.7 178.1 223.6 228.9 720.0 211.1
To 144.9 124.2 124.2 114.3 30.17 136.4
Ad 0.6717 0.6822 0.6898 0.7116 0.7082 0.7345
Bd x* 104 -9.136 -8.900 -8.422 -8.317 -8.137 -7.755
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values of the empirical parameters Ad and Bd are also
listed in Table 4.2.

(iii) TIsoentropic (adiabatic)' compressibilities

The sound velocities and hence the isoentropic
compressibilities defined in section 2. 5(iv) were
measured as a function of temperature and the data will
be discussed later.

(iv)' Ultrasonic relaxation -

The ultrasonic absorption coefficient as a
function of temperature and frequency is presented in
Figures 4.2-4.7. The variation of absorption attenuation
with frequency is fitted to the equation 2.8. Computer
fits to the observed data for each compound yielded the
parameters summarised in Table 4.3.

Energy parameters associated with internal rotation
can be derived from the temperature dependence of the
relaxation frequency and its amplitude, equation 2.16.
The logarithm of the relaxation frequency was observed to
vary linearly with inverse temperature, Figure 4.8,
indicating the validity of the simple kinetic analysis in

12
which the equilibrium constant, K = If—<Xl where k;,r ki

21
are the rate constants for passage across the conformation-
al energy barrier, Values of the Arrhenius activation
energy, AE#, so obtained are presented in Table 4.4. If
it is further assumed that the change in volume associated

with the rotational isomeric process is small, then a

1. . . .
plot of log(TumaX/cz) versus x; equation 2.23, is linear
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TABLE 4.3. Ultrasonic Relaxation Parameters

Molecule T/°C Ax1015/s2m™1 Bx1015/s2m™! £ ,/MHz

2-methylpentane 19.40 30 42 364
-3.10 47 37 270

-13,30 66 31 218

-25.00 86 25 172

-40,80 98 25 131

3-methylpentane 19.40 100 29 268
0.60 124 30 174

-10.40 162 28 135

-19.80 221 24 110

-40.20 261 20 55

2,3,4-trimethylpentane 19.40 53 43 275
-1.60 68 41 183

-17.60 82 39 132

-42.,20 115 36 80

2,2,4-trimethylpentane 19.40 12 52 265
15,40 30 42 160

-13.90 40 38 133

-32,70 62 35 78

-43.,40 88 28 60

2,3-dimethylpentane 15.50 59 33 263
-6.50 73 32 180

-23.00 87 32 122

~35.00 105 30 94
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TABLE 4.3 (cont)

Molecule T/9C Ax1015/s2m™1 Bx1015/s2m™1 fc/MHz
2,4-dimethylpentane 16.10 55 64 202
-3.40 90 43 150

-22.,50 116 40 103

-41,.60 138 33 66
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TABLE 4.4. Rotational

Energy Values

Molecule

AE¥/kJ mol~1

2s®/3 K™1 mol1™1

AE® /kJ mol-1

2-methylpentane
3-methylpentane
2,3-dimethylpentane
2,4-dimethylpentane
2,2,4-trimethylpentane

2,3,4-trimethylpentane

9.8
14.9
11.7
10.2
13.4

11.2

-65.6
-68.1
-68.2
-70.4
-68.2

-67.9
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and its slope gives AHe/R. The validity ofrthis analysis
is supported by the linearity of the plots shown in
Figure 4.9, although neglect of AVe must contribute an
uncertainty to the values of AHe and particularly rs®
presented in Table 4.4.

"~ (v) Theoretical prediction of rotational energy

parameters

Among the simplest phenomena caused by inter-
actions between non-bonded atoms in molecules are the
potential barriers to internal rotation about single bonds.
Since these barriers have been known to exist for some time
and a considerable body of experimental evidence pertaining
to their size has been accumulated, they provide a
convenient body of data on which to test proposed methods
of calculating such interactions.

There have been a number of empirical attempts to

explain the origin of a potential barrier to internal
158-160

rotation ., none of which appears to have been

éntirely successful. More empirical approaches have
161 162

been made by Aston et al and French and Rasmussen

who adopted the idea of simple van der Waals' repulsion
between atoms, but had to use values of known barriers
to determine the repulsions, rather than calculate
barriers from known repulsions. Later , the approach
proposed by Mason and Kreev0ym3’164 showed a successful

calculation of potential barriers caused by van der Waals'

repulsions between non-bonded atoms oOr groups of atoms 1in
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the molecules. They have proposed that the repulsions
are the same as those between similar fragments existing
as free particles, For example, the force law governing
the interactions between two fluorine atoms bonded to
different parts of a larger molecule have been assumed to
be the same as the force law governing the interactions
between two isolated neon atoms and the interactions
between two chlorine atoms to those between argon atoms,
The form of the potential energy function proposed by
Kreevoy and Masorf164 used a Lennard-Jones (6:12) inter-
action potentiar165 to define the short range interactions,
and Buckingham exponential -6 function ®67to determine the
longer range interactions. Scott and Scheraga168
proposed another approach for calculating potential
barriers for internal rotation which includes two effects,
namely non-bonded interactions and exchange interactions
of the electrons in bonds adjacent to the bond about which
internal rotation occurs (e.g. C-H bonds in ethane). A
modified Buckingham or '6-exp' potential is used to
calculate non-bonded interactions and a method is
developed for obtaining the constants in the '6-exp'’
potential for any pair of atoms based on'the experimentally
available parameters for the inert gases. This approach
uses an equation which is basically the same as that used
by Mason and Kreevoy163 and combinesthis with the effects
169,170

of exchange interactions as proposed by Pauling .

The model proposed by Scott and Scheraga is as
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follows: A molecule of type

(%,%,%,) C-C (xgXgx,)
where in general all of atoms xi could be different and
where some of them may in certain cases be missing. For
example, for ethane x,, x,, x,, x,, X, and x, are
hydrogens and C is carbon. The bond between C-C is the
one about which rotation occurs, the dihedral angle of
internal rotation being ¢. All ﬁhe bond distances and
bond angles are considered fixed, thus making the molecule
a'rigid structure except for the one degree of rotational
freedom about the C-C bond. The internal rotation angle,
¢, is considered zero in the éclipsed configuration and
the minima occur at 60°, 180° and 300°, the maxima
occurring at 0°, 120° and 240°. As mentioned before,
the potential barrier includes two effects, the exchange
interactions of electrons in orbitals x,-C, x,-C and x,~C
with orbitals C-x,, C-x; and C-x, and non-bonded inter-
actions between atoms x,, x, and x, with atoms x,, x; and

X¢ and this could be expressed mathematically:

(V)§ = v _(L+cos ¢ ) + L fagexp(-byr -le /(x5 )°] +
k=1

(dy/ry )} 4.3
The first term on the right hand side of equation
4.3 takes account of the exchange interactions and the

second term, involving the summation, the non-bonded

interactions. The first term contains the parameter
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Vo which would be the barrier height in the absence of
non-bonded interactions. According to Pauling's theory]69
it should be a constant for each class of molecules having
the same atoms C-C, regardless of the substituent atoms,
The second term which takes account of the non-bonded
interactions, consists of a sum of modified Buckingham or
'6-exp' functions, m is aninteger.For example, m=9 for
CH,;-CH,; and m=3 for CH,O0H. Since the molecule is
considered to be rigid except for the internal rotational
degree of freedom, it is necessary to calculate non-
bonded interactions only of the type (x,, x,, Xz)eoas

(x,» X5, x4) and not such interactions as Xy oo X3y

Xg eaee Xgo The parameters a), bk and C) are the usual
ones for the '6-exp' potential but dk/r| is an additional
term necessary for a few cases and has therefore been
included'®3/168 . The parameter c| in equation 4.3
is obtained by using the Slater-Kirkwood equatiorf71 but
172

replacing N by an 'effective' N as suggested by Pitzer

and therefore calculated from the Slater-Kirkwood equation:

3/2e(h/m*/2)a,0,

Ck 4.4

?;1/N1)1/2 + (0, /N,) /2

where o, and a, are the atomic polarizabilities, e and m
are the electronic charge and mass, and N, and N, are the
'effective' values for atoms 1 and 2. Values of the
parameters discussed above are summarised in Table 4.5.
The potential barrier for molecules of the ethane type

V(0¢) was computed from equation 4.3 using the values of
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parameters listed in Table 4.5, ’
In this study, the intramolecular potential
governing internal rotation of methylpentanes was
estimated using the approach proposed by Scott and
Scheragal68 . The same coefficients published by Scott
and Scheraga]‘68 are used in this study; the only
modification introduced was for the methyl group which
was treated as suggested by Overend and Scherer'" .
A recent review by Smith]"74 has indicated that the above
combination does represent the interaction potential
between non-polar groups, at least for semi-quantitative
comparison with experiment and for prediction of stable
rotational states. The total steric potential
contribution between atoms and groups used in this study
are presented in Table 4.6, In these calculations, the
non-bonded intramolecular interaction is assumed to be
similar to that for the intermolecular interaction between
similar isoelectric species. Also the effects of polar-
Aization changes due to non-valence electrons have been
neglected. The inclusion of these interactions is
unlikely to change the energy differences between the
states involved. It has been further assumed that the
electrostatic contributions are negligible and that the
geometry of the staggered state is retained in eclipsed
conformations. This latter assumption probably leads

to predicted rotational barriers which are artificially

high, since bond angle distortion and bond lengthening
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TABLE 4.5. Parameters for Non-bonded Potential Functions using 6-exp Potential Function
Interaction r * i ay bk Cr dk
wi
H - H 2.8 9.17x103 4,54 42.5 O
F - F 2.94 6.62x104 4,60 118 14.4 (C-F bonds)
Cl-Cl 3.50 3.14x10° 3.75 2520 1.16 (C-Cl bonds)
Br - Br 3.70 3.46x107 2,78 5180 O
O0-0 3.04 1.35x10° 4,59 217 O
H-F 2,67 1.69x104 4,57 62,7 O
H-Cl 2.95 3.90x104 4,15 321 O
H - Br 3.05 2,18x104 3.66 465 0
H-0 2.72 2.68x104 4,57 90.4 O
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TABLE 4.6.

Total Steric Potential Contribution

Potential 6 = o 60 120 180
Between 60 300 240 360
H-H 3.03 1,48 0.42 0.21
H - Cl 4,39 1.33 0.09 -.01
H - Br 4,39 1.47 0.14 0.01
H-1 4,93 1.54 0.14 0.02
CH, - H 10.86 3.99 0.59 0.21
CH, - CH, 24,62 8.65 -.43 -.17
CH, - Cl1 11.40 3.60 -.21 -.27
CH, - Br 16.96 6.26 -.16 -.3
CH, - I 24,26 7.06 -.24 -.38
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will allow minimization of the energy of the eclipsed
state.

In this way simplified energy-angle diagrams were
obtained as illustrated in Figures 4,10 to 4.16,

4.4 Discussion

Comparison of the observed values of the energy
differences and activation energies to internal rotation
with the potential energy profiles predicted by theory
indicate that certain of the possible rotational isomeric
pfocesses can be eliminated. For instance, in 2-methyl-
pentane, if the C(5) is eclipsed with the C(2) the profile
predicts for C(2) -~ C(3) bond rotation an energy difference
and an activation energy which are much larger than those
observed. The process responsible for the acoustic
relaxation is therefore interchange between the singly
degenerate upper state'(300°)kand the doubly degenerate
lower (60° and 180°) state of the staggered C(3) - C(4)
geometry. The predicted activation energy is rather
higher than that observed. However, this is partly a
consequence of bond angle distortion and bond length
changes. A further effect which would lead to a lowering
of the activation energy when a pair of methyl rotors is
involved is the so-called 'cogwheel' effect. If in
forming the eclipsed state the rotation of the methyl
group on C(2) is synchronized with the motion of the ethyl
group a meshing of the two rotors can occur leading to a

lowering of the interactions in the eclipsed state. Both

the measurements and the predictions are in fair agreement
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with the earlier studies of Chen and Petrauskasf!0 and

Gochran et al42 . The earlier studies‘m'41

were
performed at low temperatures and over a limited frequency
range and hence are of lower precision than these data.

In a similar way, 3-methylpentane can exhibit both
gauche and trans structures of the C(5) carbon with respect
to the C(3) carbon. In this case, we find that the
rotation around the C(2) - C(3) bond is easier when the
terminal methyl group is trans to the C(2) atom.

However, the predicted energy levels show poor agreement
with the experimental observation. It is probable that in
this system there is a relativély high degree of coupling
or meshing of the rotation of neighbouring methyl groups.

In 2,3-dimethylpentane, rotation around the C(2) -
C(3) leads to the energy level diagram shown in Figure 4.12.
Here the predictions are significantly greater than the
experimentally observed values. Alternative calculations
based on rotation about the C(3) - C(4) bond yields the
alternative diagram shown in Figure 4.13. This structure
is less sterically hindered and the energetics appear to be
more consistent with the acoustic observations.

In 2,4-dimethylpentane there are two identical
rotational energy potentials for motion about the C(3) -

C(4) and c(2) - C(3) bonds. In this case the agreement

0 _
between experiment and theory is good; AH® (theory) =

4

3.4 kJ mol™ % and AHe(experiment) = 3.7 kJ mol~™1, AE’ (theory)

= 11.1 kJ mol~1 and AE#(experiment) = 10.2 kJ mol™1?,

This appears to imply that the rotation about the
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* backbone occurs as two independent relaxations which are
are not significantly influencing one another, although
intuitively it is probable that there is some synchroniz-
ation of neighbouring groups during the process.‘

Similarly, 2,2,4-trimethylpentane, which has a plane
of symmetry, exhibits good agreement between experiment

*(theory) = 12 kJ mol~?! and AE¥(experiment)

and theory AE
= 13,4 kJ mol™1?, AHe(theory) = 2,5 kJ mol™1 and AHe
(experiment) = 1.4 kJ mol-1, Likewise in the case of
the 2,3,4-trimethylpentane there is good agreement with
the predictions of theory AE¥(theory) = 11 kJ mol™1?,
AE¢(experiment) = 11.2 kJ mol~1, AHe(theory) = 2,5 kJ mol~1?
and AHe(experiment) = 3.6 kJ mol™ 1, In both of these
cases a higher value is observed in the experiment than in
theory, implying that coupled rotation of the methyl rotors
may contribute to the activation energy. Recent
calculations' ® using the additivity scheme of Benson  °
(based on enthalpies of formation) have supported the
aSsignment of the most stable state presented in this
study.

A summary of the states contributing to the
acouSticaliy active conformation changes, together with
the appropriate energetics, is provided in Table 4.7.
This study of the rotational isomerism of branched chain
pentanes indicates that the activation energy to internal
rotation increases with the extent of steric hindrance,

although the increase is less than might be expected

on the basis of simple additivity of pair interactions.
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TABLE 4.7. Comparison of Experimentally Determined Activation Energies and Energy
Differences with the Values Predicted Theoretically.

~

Molecule ¢ AE#(EXD) AEf(thedr) ‘Aﬂe(exE) 'AHQ(theOr)

k g mol-* %k J moi-1? kJd mol-1 k J mol-1I
2-methylpentane 60,180 —300 9.8 12 2.6 2.5
3-methylpentane 60 —180 , 300 14.9 12 4.0 2.5

2,3-dimethylpentane Cc(3)- C(4)

60 —-180 , 300 11.7 12 4,1 2.6
180— 300 11;7 10.6 4.1 4.9
2,4~-dimethylpentane 60 —180 , 300 10.2 11.1 3.7 3.4
2,2,4-trimethylpentane 60 , 180—300 13.4 12 1.4 2.5
60 , 180 —300 13.4 15.7 1.4 1.5
2,3,4-trimethylpentane 60 , 300—-180 11.2 11 3.6 2.5
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Surprisingly good agreement is observed for the enerqgy
differences between calculated and observed stable
rotational states, However, the high negative ASe
values are difficult to explain on statistical grounds.
Possibly the assumptions in the analysis of the acoustic
data create a larger uncertainty in AGe than in its
temperature dependence (AHe). For this reason we
emphasise the energy rather than the entropy aspects of

the measurements and their analysis.

4,5 * Conclusions

1. The observed relaxational behaviour is attributed to
perturbation by the sound wave of an equilibrium between
stable rotational states.

2. The potential energy barrier restricting internal
rotation and the energy difference between stable isomers
is due to a single relaxation process.

3. The single relaxation process confirms the intra-
molecular nature of internal rotation about carbon-carbon
bonds. ‘

4, The activation energy to internal rotation increases
with the extent of steric hindrance.

5. Good agreement is observed for the activation energy

and energy differences between calculated and observed

stable rotational states.
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CHAPTER 5

ULTRASONIC ‘STUDIES OF ROTATIONAL ISOMERISM

IN VARIOUS METHYLHEXANES

5.1 ‘Introduction

In the previous chapter, ultrasonic relaxation arising
from the perturbation of a chemical equilibrium by a sound
wave has been observed in methylpentane. Investigations
of this type provide an extension of conventional methods
of studying reaction kinetics to the range of very short
reaction times in the range of 1075 to 10 %s. A particular
advantage of the ultrasonic technique is that if the
experiments are conducted over a sufficiently wide range of
temperature and frequency, it is possible to obtain
directly.the energy differences between stable rotational
states and the activation energy associated with the
reaction. |

The conformational energetics obtained from ultra--
sonic relaxation study of six methylpentanes are compared
with those predicted on the basis of non-bonded van der
Waals’ interactions between neighbouring groups. in
general, there is agreement between the theoretical and
experimental activation energy for rotation. In this
chapter, experiments extending the study of conformational
energetics of five methyl substituted hexanes are
reported. A possible explanation fop the anomalous

behaviour of branched—chain hydrocarbons is due to the

rotation of methyl groups about carbon-carbon bonds and
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the extent of steric interaction between adjacent groups.

5.2 Materials

The branched-chain alkanes, 2-methylhexane, 3-methyl-
hexane, 2,2-dimethylhexane, 2,5-dimethylhexane and 2,2,4~-
trimethylhexane were obtained from Fluorochem (UK) Ltd and
dried over molecular sieves (BDH type 4A) before use.
Their purity was better than 99%. The densities,
refractive indices and ultrasonic velocities are
presented in Table 5.1. The data obtained are in good
agreement with those published in the literaturelsz"]ss’lw',l78
5.3 Results

(i) Viscosities and Densities

The measured viscosities, Figure 5.1, and
densities over the whole temperature range of 253 to 313K
were fitted to the empirical equations 4.1 and 4.2 and the
adjustable parameters are listed in Table 5.2.

(ii) Tsoentropic ‘(Adiabatic) Compressibilities

The sound velocities and hence the isoentropic
compressibilities were measured as a function of temper-

ature and the data will be discussed later.

(iii)Ultrasonic Relaxation

The ultrasonic absorption coefficient as a
function of temperature and frequency is presented in
Figures 5.2 to 5.6. The variation of the absorption
coefficient with frequency can be expressed by equation

2.8. Computer fits to the experimental data for each

compound yielded the adjustable parameters summarised in
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TABLE 5.1. Densities, ¢, refractive indices, nD, and ultrasonic velocities, c, of
liguids studied at 293K.

p/g cm 3 c/ms™1?
Component
obs. lit. obs. lit. obs. lit,
2-methylhexane 0.67888 0.6785 1.38487 1.38485 1126.9 1120
0.6789 1121
3-methylhexane 0.68739 0.6870 1.38867 1.38864 1148,2 1136
1141
1145
2,2=-dimethyl- 0.69538 0.6953 1.39352 1.39349 1138.2 1135
hexane 0.6952

2,5~-dimethyl- 0.69384 0.6930 1.39249 1.39246 1141.8 1137
hexane 0.6935 1133

2,2,4-trimethyl- 0.71567 0.7156 1.40335 1.4033 1164.9 -

hexane

107



N/ cSt

| ] ] 1 ] |

-20 0 20 40

O
T/ C
vVariation of viscosity with temperature for:

Figure 5.1.
0, 2,2-di-

X , 3-methylhexane i

B, 2-methylhexane ;
® ,2,2,4-trimethyl-

methylehexane; 4 , 2,5-dimethylhexane;

hexane.

108



TABLE 5.2. Viscosity and density temperature dependence parameters.
2-methyl- 3-methyl- 2,2-dimethyl- 2,5-dimethyl- 2,2,4-trimethyl-
hexane hexane hexane hexane hexane
AV -2.04 -1.98 -1.42 -1,53 -1.24
BV 274 243 127 167 112
TO 111 123 182 150 195
Ad 0.696 0.704 0.712 0.710 0.730
Bd x 1lo¢ -8.52 -8153 -8.37 -8.18 ~7.56
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Table 5.3.

Continuing the analysis as discussed in section 4,3(iv),
the required linear dependence of log relaxation frequency
(log £_) and of log(Tu__./c?) on T~! are illustrated in
Figures 5.7 and 5.8 respectively and the derived energy
parameters are summarised in Table 5.4, The above
.analysis assumes that the volume changes, av® associated
with the rotational isomeric process are negligible,

This need not hecessarily be the case and hence the values
of AHe and ASe are subject to some uncertainty.

(iv) Theoretical Prediction of Rotational Energy

Parameters

Unlike the previous systems, methylpentanes
investigated, rotations about more than two bonds have to
be considered to include all possible isomeric states.
However, the linear portion'of the hydrocarbon chain will
exhibit a rotational isomeric potential closely resembling
that of the unbranched hydrocarbons, with AE# and AHe
known to be considerably lower than those associated with
rotation about the more hindered methyl-substituted bonds.
In the hexanes, in all but one case, the problem thus
reduced to consideration of rotational motion about the
two bonds C(2) - C(3) and C(3) - C(4).

The inter-group potentials used in the calculations,

théir applicability and their deficiencies are discussed in

the previous chapter. These calculations are believed
to provide a useful basis for the representation of the

changes in the potential energy as a function of azimuthal
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TABLE 5.3. Ultrasonic relaxation parameters

Molecule T/°C Ax1015/s2m™1 Bx101!3/s2m™1! fc/MHz
2-methylhexane 22.9 28 46.5 300
12.5 45 40 240
1.7 56.5 37.5 200
-12.2 70 35 170
-23.9 89 33 120
3-methylhexane 27.2 33 43 330
19.75 48 : 37 295
8.0 77 27 255
-1.2 107 25 180
-16.2 124 26 140
2,2,4-trimethylhexane 22.0 90 42 200
10.4 118 36 160
-1.2 138 36 120
2,5-dimethylhexane 22.4 71 43 300
10.3 90 39.5 250
2.8 111 38 200
-2.5 129 33 180
2,2-dimethylhexane 26,10 43 34 370
16.00 63 27 270
5.4 79 25 220

-5.9 94 22 190
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TABLE 5.4. Rotational Energy Values

Molecule

AE#/KJ mol-—1

As® /gK=1 mo1”1

AHe/KJ mol~1

2-methylhexane
3-methylhexane
2,2-dimethylhexane
2,5-dimethylhexane

2,2,4-trimethylhexane

11.3
13.2
13.6
14

14,7

-105.5
-110.6
-114.8
-114.7

-116.7

3.6

2.9
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angle although since they are derived from inert gas
fields they may not be considered to be absolute.
Preliminary quantum mechanical calculations have indicated
that these semi-empirical calculations are quantitatively
correct.

The resulting energy profiles are presented in
Figures 5.9 to 5.13 and AE# and AH® values compared with
experimental quantities in Table 5,5,

5.4 Discussion

In the calculations presented in Figures 5.9 to 5.13
it has been assumed that the linear 'tails' of the
molecules adopt an all-trans structure. Clearly, since
the activation energy for the rotational isomerism of this
part of the molecule is relatively low, ca. 8 kJ mol~—1,
the minimum energy structure can be rapidly achieved when
rotations occur about the more hindered C(2) - C(3) or
C(3) - c(4) bonds. In support of this assumption, ultra-
sonic studies of linear hydrocarbons have indicated that
conformational changes at room temperature occur at rates
greater than 10% sec™! and contribute only a small
increment to the observed attenuation.

2=methylhexane. Reasonable agreement between theory and

experiment is obtained for AE# by assuming that the
process corresponds to rotation about the C(2) - c(3)
bond, involves the doubly degenerate 60°, 180° states and

the 300° state. The discrepancy between experiment and

theory for the rather small AHe probably reflects

inadequacies in the form of the potential function used
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TABLE 5.5. Comparison of experimentally determined and theoretically predicted
activation energies.

# # e 3)
Molecule @ 85 (exp)/  OF (theor)/ Af (exp)/ AR (theor)/
kJ mol-—? kJ mol™1? kJ mol-1? kJ mol—1

2-methylhexane Cc(2)-c(3)

60,180—300 11.3 12 3.6 2.5
3-methylhexane c(2)-Cc(3)

60— 180,300 13.2 12 2.9 2.6

c(3)-Cc(4)

60,180 300 12 2.5
2,2+dimethylhexane c(2)=-Cc(3)

60,180,300 inactive 14,4 inactive )

c(3)-Cc(4)

60,3005 180 13.6 5.1 0.8 3.6
2,5-dimethylhexane C(2)-C(3) and

c(4)-Cc(5)

60,180-» 300 14 12 1.2 2.5
2,2,4-trimethylhexane C(2)-C(3)

60,180,300 inactive 14.4 inactive O

c(3)-Cc(4)

60,180 300 14.7 12.7 3 1.9

c(4)-c(5) :

60,180—300 12,7 1.7
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and we feel that the acoustic value is a more dependable
quantity for use in conformational equilibrium
considerations.

3-methylhexane. Considering the rotation about either

the C(2) - C(3) or C(3) - C(4) bonds, the energy

differences and activation energies are very similar and
it is not possible from these experiments to differentiate
between these processes. It therefore seems likely that
the observed relaxation is the result of both. However,
since agreement between theory and experiment appears
based on a single profile, we suggest that isomerism
involves two asynchronous motions rather than one
coordinated process.

2,2-dimethylhexane.. Rotation about the C(2) - C(3) bond

is an isoenergetic process, and so is acoustically
inactive, However, rotation about C(3) - C(4) leads to
the generation of states with a profile which might be
expected to reflect the observed relaxation, Comparison
with theory indicates a poor agreement and this probably
reflects inadequacies of the potential for interactions

of the t-butyl group. Again we suggest that the acoustic
data form a more reliable base for conformational
equilibrium calculations.

2,5-dimethylhexane. Rotations about C(2) - C(3) and

C(4) - C(5) are identical. In this case the theoretical
energy difference for exchange between the degenerate
60° and 180° positions and the 300° position is larger

than that observed experimentally, although the activation
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parameters are in reasonable agreement.

2,2 ,4-trimethylhexane. Rotations about C(2) - C(3) lead

to 1soenergetic states which will not be observed
acoustically. There are two other possible isomeric
processes which must be considered. First rotation about
C(3) - C(4) leads to a doubly degenerate lower energy
state and a single upper state, Rotation about C(4) -
C(5) leads to a similar situation. Again from the
acoustic data we are unable to decide between these two
possibilities, and presumably both occur with possibly
some degree of coordination.

The entropy difference, ASG, associated with the
internal rotational process in these systems is observed
to be high. This reflects the complexity of the
processes -being observed and is probably a consequence of
the 'cogwheeling' effect of neighbouring methyl groups
in formation of the eclipsed transition state form.

5.5 Conclusion

(i) Study of the rotational isomerism of branched
chain hexanes indicates that the activation energy to
internal rotation increases with the extent of steric
hindrance, although the increase is less than might be
expected on the basis of simple additivity of pair inter-
actions and probably reflects the effects of long range
interactions on the rotational isomeric exchange processes

observed by ultrasonics.

" (ii) In general, there is a reasonable agreement
between the theoretical and experimental conformational

energetics.
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CHAPTER 6
ULTRASONIC STUDIES OF MIXTURES OF n-HEXADECANE

WITH DIMETHYLPENTANES

6.1 Introduction

The study of the thermodynamic properties of hydro-
carbon mixtures and attempts to interpret the excess volume,

enthalpy, free energy and entropy have a long history,

starting with binary mixtures of n-alkaneg > ‘82 , later

32,183-185
a

extending to linear and branched chain alkanes nd

still more recently to cyclo-alkanes and n—alkaneslse"189 .
The binary mixtures of linear and branched chain

hydrocarbons have been subjects of some of the most

painstaking experiments on binary mixtures of non-polar

ligquids. These studies have been concerned with the
' .. 190-194
excess volume of mixing , excess enthalpy of
, . 195-197,30,31 , .. 198,199
mixing , excess heat capacity of mixing and
. . . 148
excess Gibbs free energy and entropy of mixing . Three

contributions to the excess functions of liquid mixtures
were recognised by Prigogine-Flory theory%’9 .

1. The Combinatbrial or configurational part of
ASm‘as predicted for chain-molecule mixtures by Flory
and Huggins28 . Using the excess of the experimental
mixing function, in this case ASm, over the ideal value,
then the combinatorial excess entropy is positive and
increases with the difference in molecular size of the two

components.

2, An interactional contribution represented by
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the X,, parameter which arises becalse of any difference
in chemical nature of the components leading to a
difference in contact energies between the molecules.

3. A free volume contribution due to volume changes
taking place during the mixing process.

Recently two contributions to the mixing functions

30,149,150, 200
! ", both

have been distinguished by Patterson et al
involving molecular ordering.

4, Thermodynamic effects associated with the
presence of short-range orientational order in one of the
component liquids, e.g. a long-chain normal-alkane such as
n-hexadecane. The orientational order is thought of as a
partial alignment of neighbouring segments or possibly of
whole molecules. On mixing with another liquid whose
molecules ére more globular in shape, e.g. n-hexane or
2,2-dimethylhexane, the order between n-hexadecane
molecules is destroyed or replaced by weaker correlations,
giving positive contributions to HE, cE and Ts”.

5. A condensation effect associated with creation
of order during the mixing process. With order-creation
one finds negative contributions to HE and SE which
decrease with inérease of T, the signs therefore being
opposite fo those which characterize destruction of order.

Various attempts have been made to understand the
phenomena of excess volumes of n-alkane mixtures. The

1 .
theory of OrwOll and Flory20 has been used extensively,

for the prediction of excess volumes of n-alkane mixtures

at different temperatures. This model predicts the
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volume of mixing from differences in the expansion of the
components, and the heat of mixing from a pair interaction
energy parameter X,, itself obtained from the excess
enthalpies. Currently there is considerable disagreement
as to whether X,, derives solely from an interaction

, 201
energy (as proposed by Flory ) , or contains geometrical

packing terms (as pointed out by Patterson'®® ).

Further,
time-averaged thermodynamic measurements seem unable to
resolve the relative signif icance of intramolecular
conformational isomerism and intermolecular short range
order in any such geometrical contributions.

Comparison of theory and experiment based on mixtures
of n-alkanes are inconclusive because disturbance of order
in one n-alkane by another is very small. Both molecules
are linear, have the same cross section and can easily
correlate their molecular orientations. However,
introduction of a branched alkane into a linear alkane
could lead to significant changes in short range
éorrelations in the liquid. A study of branched and

149,150, 30,202 .
linear alkanes has suggested that the influence
of order perturbation on excess thermodynamic quantities
is, (i) proportional to m/n where m is the number of
methyl groups and n is the number of carbon atoms in the
longest chain of the order-breaking branched molecule,
(ii) proportional to the number of carbon atoms in the
linear ordered component, and (iii) inversely proportional

to temperature. Thus mixtures such as n-hexadecane-

dimethylpentane should be suitable for examination of
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conflicting theories.

Barbe and Patterson' = have reported the thermodynamic
studies on binary mixtures of n-hexadecane-dimethylpentanes.
Molar excess mixing enthalpies; HE, Gibbs free energies,

E E

. E %
, and entropies S, Values of H® and Ts® are strongly

G
positive, while those of GT are only slightly less
negative.. The values are explained by the contributions

;22

9
suggested by Prigogine-Flory theory and Patterson et

al 148,150

The technique of ultrasonic relaxation, by the
introduction of frequency/time dependence, can in principle
separate conformational effects (contributing to the
relaxing specific heat) and packing characteristics
(determining the bulk viscosity which contributes to the
non-relaxing viso-thermal absorption). The method does
not seem to have been applied before to a test of solution
theories in this way and also the study of ultrasonic
relaxation of such binary mixtures.

6.2 Materials

The branched-chain hydrocarbons 2,2-dimethylpentane,
2,3-dimethylpentane, 2,4-dimethylpentane, 3,3-dimethyl-
pentane and n-hexadecane were obtained from Aldrich
Chemical Company Ltd and were dried over molecular sieves
Type 4A (BDH) before use. Their purity was better than
99%. The densities, refractive indices and ultrasonic
velocities are presented in Table 6.1. The data

obtained are in good agreement with those published in

the literature?’2-2%¢ |
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TABLE 6.1. Densities, p, refractive indices, Nyy and sound velocities, ¢, of pure
liquids studies at 298.15K.
p/gem™3 ny c/ms™ 1
Compound

obs. Lit. obs. Lit. obs. Lit.
2,2-dimethylpentane 0.6696 0.66953 1,37958 1.37955 1065 -
2,3-dimethylpentane 0.69089 0.69091 l.3893i 1.38945 1130 -
2,4-dimethylpentane 0.66877 0.66832 1.37881 1.37882 1068 -
3;3-dimethy1pentane 0.68915 0.68908 1.38846 1.38842 1115 -
n-hexadecane 0.77006 0.7703 1.43249 1.4325 1341 1337.88

0.76998 - - - 1340.5
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6.3 Theory
The rotational isomeric process is an intramolecular

effect and it is additive. Hence the contribution to

the total attenuation in a mixture can be expressed as:

‘ (a/fz)total = xl(a/fz))r{i’ + x, (a/fz)f{:’t + B 6.1

where x,; and x, are the mole fractions of components 1 and

2 which make rotational isomeric contributions (a/f’);Ot
1

Each rotational isomeric contribution will have the form:-

(a/£2)1%F = A, /(1 + (£/£, 1)?) 6.2

where Ag is the amplitude of the relaxation measured in
the pure component i and fc,i is its relaxation time.
Equation 6.2 makes the assumption that each relaxation
conforms to a simple Debye process. In practice, this is
justified for rotational isomerism in the hethyl pentanes
and lower n-alkanes, although it is inappropriate for much
longer chains. Although the addition of two Debye
relaxations will lead to a total observed process which is
broader than ideal, in this case the dispersion is very
small and does not justify an equation more sophisiticated
than 6.1.

The classical contribution, B, in equation 6.1 contains
three components. A viscous term arises from isovolumetric
shear, and a volume viscosity and thermal term is
associated with energy migration between the compression

and rarefaction regions of the propagating wave. This

. s . o]
last is negligible for most organic liquids, 1.e. /f? of
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less than 1 x 10™%5/s2 m™ 1, The shear contribution can

be calculated from the macroscopic viscosity equation 2.3,
The difference between the observed 'classical! attenuation,
B, and that predicted;equation 2.3, gives the volume

viscosity, Nye

B _(a ) _ 2m?
T?/shear = p¢T v 6.3

‘(%T)vol -
In time-averaged thermodynamic studies the phase

'volume viscosity' is associated with conformational,
vibrational and structural relaxation in the liquid.
However, the analysis outlined above separates out the
contribution to the attenuation from rotational isomerism,
so that equation 6.3 describes the contributiohs from
structural and vibrational relaxation only. In normal
alkanes and similar organic molecules low symmetry
vibrational relaxation makes a minor contribution to the
volume viscosity (ca. 2 x 1071%) s? m~! and may be

neglectedzls.

For many organic liquids the ratic’®

/(a/£2) 6.4

K = (a/f?) shear

vol
is characteristic of the intermolecular interactions which
determine the liquid structure. So in real mixtures the
way in which K varies with composition will reflect packing
contributions to the intermolecular interaction terms such
as Xja-. Thus comparison of non-linearity in the

should help decide

E
composition dependences of K and AvmiX

whether X,, is purely energetic, oOr contains both energy
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and packing components.,
6.4 TResults -

The measured density;-sound Velocity and viscosity
for the binary mixtures of n-hexadecane and dimethyl-~
pentanes and pure n-hexadecane are presented in Table 6.2.
The excess volumes of mixing computed by using equation
2.33 and the data fitted to an empirical equation of form

m
vE = x(1-x) ¥ a XL 6.5
n
n=1

where a, is the fitting coefficient of order n obtained
from a least-squares fit of the data presented in Table 6. 3.
The standard deviations associated with this analysis are
also presented in Table 6.3, along with the coefficients
for a . Comparison of the plots of the actual data and
the predictions of equation 6.5 indicates that the
deviation is in all cases < O.1%. The excess volumes for
the binary mixtures of n-hexadecane with dimethylpentane
are all negative over the whole mole fraction range,

Figure 6.1 at 298.15K.

The variation of ultrasonic absorption coefficient
for pure n-hexadecane as a function of frequency and
temperature is presented in Figure 6.2. Figures 6.3-6.6
show the variation of ultrasonic absorption coefficient as
a function of frequency and the mole fraction, x, of di-
methylpentane for the binary mixtures.of n-hexadecane-=
dimethylpentane at 298.15K.

The variation of absorption coefficient, (a/f?) with

frequency is fitted to the empirical equation 2.8.
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TABLE 6.2. Physical and Ultrasonic Parameters

- 15 15 9
STk pleen™ emen njese  OL Baol fgao
Hexadecane
298.15 o) 0.7700 1341 4,2 21 62 0.9 0.35
305.15 o) 0.7653 1314 3.4 20 58 1.01 0.47
315.15 0 0.7587 1281 2.8 18 54 1.06 0.54
321.15 0 0.7547 1260 2.6 16 51 1.08 0.50
Hexadecane 0 0.7700 1341 4.2 21 62 0.9 0. 35
and 0.24 0.7577 1304 3.0 20 53 0.75 0.49
2,2-dimethyl- 0.52 0.7365 1244 1.7 20 43 0.45 0.85
pentane 0.74 0.7129 1181 1.1 20 42 0.41 1.36
0.90 0.6893 1117 0.8 20 40 0.36 1.65
298.15 1.00 0.6696 1065 0.5 20 39 0.32 2,58
Hexadecane O 0.7700 1341 4.2 21 62 0.9 0.35
and 0.24 0.7603 1311 2.9 19 57 0.82 0,68
2,3-dimethyl- 0.41 0.7515 © 1287 2.3 19 51 0.71 0.80
pentane 0.64 0.7357 1242 1.5 18 49 0.4 1.38
0.84 0.7163 1190 0.9 19 43 0.37 2,05
298.15 1.00 0.6929 1133 0.6 19 42 0.3 2.85
Hexadecane 0 00,7700 1341 4,2 21 62 0.9 0.35
and 0.24 0.7571 1303 2.9 20 56 0.75 0.62
2,4-dimethyl- 0.41 0.7452 1271 2.2 18 53 0.61 0.88
pentane 0.64 0.7237 1209 1.3 16 50 0.54 1.58
0.85 0.6979 1142 0.8 15 49 0.48 2.48
298.15 1.0 0.6690 1068 0.5 14 49 0.4 3.54
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TABLE 6.2 (cont.)

15 l5 9

Somporents . ejgemmr e/t oafese IO BN RO
Hexadecane 0 0.7700 1341 4,2 21 62 0.9 0.35
and 0.24 0.7500 1309 3.0 19 59 0.7 0.68
3,3~-dimethyl- 0.51 0.7440 1268 1.9 18 53 0.5 1.16
pentane 0.72 0.7258 1218 1.3 15 50 0.39 1.65

0.89 0.7067 1158 0.8 15 49 0. 36 2.65

1.0 0.6890 1115 0.6 16 47 0.32 3.12

- -
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TABLE 6.3. Coefficients a_ and standard deviations oV/cm?® mol~! for least squares
representations of excess volumes for [xC,H,, + (1-x) n-hexadecane] at

298.15K by equation 6.5.

2,2-dimethyl- "~ 2,3-dimethyl- 2,4-dimethyl- 3,3-dimethyl-

2n pentane pentane pentane pentane
a, -8.7504 x10" ~0.0003 3.450 x10-S ~0.0001
a, -1.1334 -0;333 -0;606 ' -1.157
a, -10.536 -8;454 -18.114 -3.246
a, 41,191 33;584 ' 121;559. 15,194
ag ~54,300 -55;163 -368;357 —20;297
a, 24,780 41.872 576,926 9.507

oVE /em? mol-? 9.76x10~+4 4.58x10~3 1.59x10~3 1.48x10-3
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X
Figure 6.1. Excess volumes for [xC.,H,, + (1-x)n-

hexadecane] at 298.15k: I, 2,2-dimethylpentane;
O, 2,4-dimethylpentane; @ , 3,3-dimethylpentane;

A r 2,3-dimethylpentane.
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Computer fits to the observed data for pure n-hexadecane
and binary mixtures of n-hexadecane and dimethylpentane
yielded the parameters (A; the relaxing amplitude due to
conformational changes} B, the classical viscothermal
absorption; and f_, the relaxation frequency), Table 6.2,
Since this is the first recorded acoustic studies for
n-hexadecane and so the temperature dependences are given
in Table'6;2; These lead to conformational energies of
25 + 2.5 KJ/mole for AE# and 9 + 2,4 KJ/mole.for AHG.
Tests of ‘the form of the dispersion in those cases
where the full dispersion curve could be obtained
indicated no significant deviation, within experimental
error, from ideality. The discussion presented in the
remainder of this study is critically dependent upon the
value of B obtained from the analysis. A least squares
computer fit of the data need not necessarily provide a
unique value for this parameter and does not help with an
indication of the associated uncertainty in its value.
Ih view of the necessity to quantify precisely the error,
two additional types of analysis have been applied to the
data presented here. It should be pointed out at this
stage that it is not possible to extend the observations
to higher frequency or to lower temperature, the lowest
accessible tempefature being controlled by the melting
point of hexadecane which is 291K;

) 57,207, 208
Equations 6.1 and 6.2 can be written in the form

(a/£2) = BA/(1 + (£/£)?) + B 6.6



Rearrangement of equation 6.6 will give

A _ f2
[‘(a/f)-B -1]1 = fg 6.7
and hence a plot of [ A/((a/f2) - B) - 1] against f2

should pass through the origin and have slope fé. These
plots for thg data obtained were found to be linear and
checked the computer calculations.

An alternative method208 of analysis is to plot
((a/£f2) - B)™! versus £2 in which case the intercept is
1/A and the slope is (fé)'l. The latter plot is
extremely sensitive to the choice of B, Figure 6.7. It
can clearly be seen that a variation of the value of B by
+2 leads to a marked deviation.from linearity of the plot
and therefore allows determination of this quantity to
the precision of measurement of the attenuation ca. ¥2%.
Valﬁes of the constants obtained from the analysis are
presented in Table 6.2.

6.5 Discussion

The magnitude of the relaxing absorption, A, vary
linearly (within the +2 x 1015/s2 m~! experimental error)
with composition, supporting the hypothesis that the
intramolecular isomerism conforms to a simple additivity

relationship.

From B and K we note that the volume viscosity

contribution changes with composition, Figure 6.8. It

is highest in the branched chain hydrocarbons and does not

follow a simple additivity relation. A high value of the
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Figure 6.8. Variation of B, shear viscosity contribution and K with mole

fraction, x, of dimethylpentane for [xC,H,, + (l-x) n-hexadecane] at 298.15K.



unresolved volume viscosity is sometimes attributed to a
high frequency rotational isomeric process, but in this
study this possibility has been removed as the relaxation
term A; Vibrational relaxation, too, cannot account for
the values obtained and so this indicated that the assign-
ment of structural compression as appropriate absorption
phenomena.

The deviations from ideal mixing characterized by the
variation of B with concentration, Figure 6.8, are in the
case of 2,2- and 2,4-dimethylpentane an order of magnitude
larger than the error involved in its determination. In
the case of 2,3- and 3,3-dimethylpentane, the deviation
from ideality is only slightly greater than experimental
error. However, correction of the data for the shear
contribution leads to an excess volume contribution that
once more exhibits a deviation from ideality which is
greater than the uncertainty in the experimental data.

In all cases the variation of the volume contribution with
concentration exhibits a negative deviation from ideal
mixing behaviour.

Contributions to the acoustic attenuation, B, arising
from dynamic fluctuations between transient strongly inter-
acting forms have been successfully predicted for alcohol
water mixtures and related systems from the measured thermo-
dynamic excesses®® . Using the approach outlined by

' 9,210 . : :
Blandamer59 and otherszo’ , the appropriate contributions

to the acoustic absorption have been calculated. The

154



eéuations predict a positive excess absorption rather than
the negative observed in practice. All manipulations of
the basic relaxation equations lead to the same
conclusions.

This apparent contradiction can be resolved by
considering in more detail the process being affected by
the sound wave. This is a perturbation of the distribution
between various structural forms adopted by the molecules
in the liquid. Unlike aqueous systems these structures
are less well defined. However, the hydrocarbon is
considered to exist in a compact pseudo solid-like
structure having low attenuation and in a more disordered
liquid-like structure. Various theories of liquids have
been proposed on this basis; in fact the two state liquid
model211 has been used for the description of water
itself212-24 | accuming that the fraction of the
material in the more closely packed regions is x and the
volume difference between states is AV. A two state
model would predict that the volume viscosity will have

15
the forn? :

- (av)2 7 _ 6.8
v =T » ST: (1 xX) x?2

3
|

where Ny is the shear viscosity, K is the adiabatic
compressibility defined as (Ks = 1/p c?) and R and T have
their usual meanings.

Application of equation 6.8 with AV estimated from

X-ray data leads to a value of x = 0.28 for water at

1RAK
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298.15K™ . In the present systems, the magnitude of AV is

unknown and therefore F(v,x) can be calculated defined as

lv

Ns

F(v,x) = (k)2 RT 6.9

If the binary mixture is considered to be a simple
combination of the structures found in the pure liquids
then equation 6.9 should have a Raoult's Law form for the
mixture. Plots of F(v,x) as a function of temperature
for pure n—hexédecane and as a function of concentration
in various binary mixtures are shown in Figures 6.9 and
6.10 respectively.

An increase of F(v,x) with temperature, Figure 6.9,
would be consistent with a decrease in X, since (AV)? will
always exhibit a positive temperature dependence. A
reduction in x is associated with a loss of order in the
liquid.

A negative deviation from Raoult's Law would imply an
increase in x consistent with the creation of a larger
proportion of close packed structure or a decrease in the
(AV)2 on mixing. Both possibilities are consistent with
an observed negative volume of mixing and lead to the
conclusion that the mixture has a more tightly packed
structure than the component liquids. These observations
may be directly related to the existence of a structural
contribution to X,;,, in the theory of liquid mixtures.

The creation of closely packed structures might be
expected to lead to a reduction of the molecules under-

going internal rotation and hence to the observed values
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Figure 6.9. Variation of the function F(v,x) with
temperature for pure n-hexadecane.
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F(v,x)

Figure 6.10. Variation of the function F(v,x) with
mole fraction, x, of dimethylpentanes for [xC,H;, *
(1-x) n-hexadecane] at 298.15K:

O, 2,4-dimethylpentane; @, 2,2-dimethylpentane;

A + 3,3-dimethylpentane; B , 2,3-dimethylpentane.
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of A. This is not observed. The explanation of this is
that whilst a change of 5-10% in the concentration of
close packed structures can significantly influence the
value of B, it is bafely detectable.as a deviation from
simple additivity of A because of the low amplitude of the
relaxational contribution,

6.6 Conclusion

The behaviour in these mixtures is consistent with
the observed acoustic attenuation being described by two
contributions: a rotational isomeric process associated
with hindered rotation and a clustering of the molecules
in the mixture. The analysis'of the data supports the
hypothesis that the X,, value should contain a contribution

from packing in the mixtures.

159



CHAPTER 7

ISOENTROPIC (ADIABATIC) COMPRESSIBILITY

OF HYDROCARBONS AND THEIR MIXTURES



CHAPTER 7
ISOENTROPIC (ADIABATIC)COMPRESSIBILITY

OF HYDROCARBONS AND THEIR MIXTURES

7.1 Introduction

Ultrasonic velocity data have been obtained for a

variety of liquids as a function of temperaturé712u+azo

These studies showed that, with the exception of watef¥%222
the sound velocity of the pure liquids varies linearly
with temperature.

. 223-2
It has been recognised for many years 25

that

there exists a strong correlation between the magnitude of
the ultrasonic propagation velocity and the chemical
structure of its molecular entities. A major contribution

in this direction was made by Rao> =8

when he showed that
a characteristic molecular sound velocity exists for each
liquid, whicﬁ is a function of the ultrasonic velocity,
the density and the molecular weight. The Rao constant
has been determined for the first few members of a number
of homogeneous series. These results indicated that the
Rao constant is additive and Bas an increment of about
195 units for each -CH,- group in n-alkaneéma, 190 for
n-alkanols 22? 189 for 1-olefins228 and 188 for n—alkanesz.29
It appears that the size of the increment associated with
a particular structural entity varies from homolagous
series to homolOgous series; The parachor increment is,

however, often sufficiently small for doubt to exist as to

whether the variation is larger than experimental error.
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Ultrasonic velocity measurements have played am
important role in the investigation of intermolecular
interactions in liquid mixturesmﬂhg¥he'strength of
molecule-molecule interactions is characteristic of a
particular class of liquids and is indicative of the
strength of the structural interaction and extent of
molecule-molecule correlations. Properties of a liquid
are influenced, not only by the shape and size of the
molecules, but also by the strength of dipolar interactions
and/or the presence of hydrogen bonds.

This study and the previous ultrasonic studies of
branched~-chain hydrocarbons attempt to identify the nature
of the molecule-molecule interactions in hydrocarbon
mixtures, Chapters 4-6. The ultrasonic velocity and
density were measured accurately over a wide range of
temperature for a series of branched-chain hydrocarbons
and for binary mixtures 6f dimethylpentanes with n-hexadecane
at 298.15K., These data have been usedvto compute other
parameters, Rao constant, van der Waals' b parameter,
molecular radius and isoentropic compressibility.

The isoentropic compressibility of a liquid provides
an extremely powerful tool for the investigation of
deviations from ideal behaviour in liquids. Since the
excess isoentropic compressibility is sensitive to any
perturbation of liquid structure, it is influenced by
changes in molecular shape and the form of the interaction

potential. Tt can therefore be a more sensitive measure
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of specific molecular interaction than the excess
enthalpy or free’energy:

The data obtained in this study are discussed in
terms of the effects of stereochemistry and intermolecular
interactions occurring in these 1iquids;

7.2 Materials

The purification, purity and physical properties of
the materials have all been reported previously in
sections 4.2, 5.2 and 6.2.

7.3 Results

(i) Sound velocity and density data

The measured densities and sound velocities of
pure methylpentanes, methylhexanes, pure n-hexadecane and
the binary mixtures of dimethylpentane with n-hexadecane
are listed in Tables 7.1-7.13. It was found that the
sound velocity of pure hydroéarbons varies linearly with
temperature over the whole temperature range studied,
Figures 7.1 and 7.2. The variation of sound velocity of
binary mixtures of dimethylpentanes and n-hexadecane with
mole fraction, x, of dimethylpentane at 298.15K is
presented in Figure 7.3.

(ii) Isoentropic (adiabatic) compressibility data

Isoentropic compressibility, Ko of the pure
components and the binary mixtures was calculated using
equation 2,35. The data so obtained are listed in Tables
7.1 - 7.13 and plotted as a function of temperature for

methylpentanes, Figure 7.4, and methylhexanes, Figure 7.5,

The variation of the isoentropic compressibility with mole

162



TABLE 7.1.

Densities, Ultrasonic Properties and other Parameters of 2-methylpentane.

stloIZ/ R/(cm3mol~1) bxl0¢/

T/°C p/gcm™3 c/ms~1 - Y r /nm
Pa~ 1 (ms™1) 73 m3 mol~1?

40 0.63516 988 1613 1351 136 0.2378
35 0.63972 1009 1535 1351 135 0.2372
30 0.64429 1032 1457 1352 134 0.2367
25 0.64886 1054 1387 1352 133 0.2361
20 0.65343 1070 1337 1349 132 0.2356
15 0.65800 1097 1263 1351 131 0.2350
10 0.66256 1118 1207 1350 130 0.2345
5 0.66713 1139 1156 1349 129 0.2339
0.67170 1160 1106 1348 128 0.2334
-5 0.67627 1184 1054 1348 127 0,2329
-10° 0.68084 1205 1011 1347 127 0.2324
-15 0.68540 1225 971 1346 126 0.2318
=20 0.68997 1247 931 1345 125 0.2313
-25 0.69454 1271 891 1349 124 0.2308
-30 0.69911 1300 846 1345 123 0.2303
-35 0.70368 1313 824 1341 123 0.2298
0.70824 11334 793 1340 122 0.2293

-40
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TABLE 7.2.

Densities, Ultrasonic Properties and other Parameters of 3-methylpentane.

st1012/ R/(cm3mol~1!) bxlo¢/

T/°C p/gcm™3 c/ms™? pa~1 (ms-1)1/3 m3mol—1 r/nm
40 0.64658 1012 1510 1338 133 0.2364
35 0.65107 1034 1437 1338 132 0.2358
30 0.65555 1056 1368 1339 131 0.2353
25 0.66004 1079 1301 1339 131 0.2348
20 0.66453 1099 1246 1338 130 0.2342
15 0.66902 1124 1183 1340 129 0.2337
10 0.67351 1144 1135 1338 128 0.2332
5 0.67800 1167 1083 1338 127 0.2327
0.68249 1188 1038 1337 126 0.2322
-5 0.68687 1212 891 1338 126 0,2317
-10 0.69146 1231 954 1336 125 0.2312
-15 0.69585 1256 911 1336 124 0.2307
-20 0.70044 1278 874 1335 123 0.2302
=25 0.70493 1299 841 1331 122 0.2297
-30 0.70842 1322 807 1334 122 0.2292
=35 0.71390 1345 774 1333 121 0.2287
—40 0.71839 >1364 748 1330 120 0.2282
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TABLE 7.3.

Densities, Ultrasonic Properties and other Parameters of

2,3-dimethylpentane,

. -, -, stlolz/ R/(cm3mol=-1) bx1l0S§/

T/CC p/gcm c/ms - (ms_1)1/3 mimol-1 r /nm
40 0.67841 1068 1292 1510 148 0.2446
35 0.68340 1088 1236 1508 147 0.2440
30 0.68673 1107 1186 1510 146 0.2436
25 0.69089 1130 1134 1511 145 0.2431
20 0.69505 1150 1088 1511 144 0.2427
15 0.69921 1169 1047 1510 143 0.2422
10 0.70336 1190 1004 1510 142 0.2417
0.70752 1211 964 1510 142 0.2412
0.71168 1232 926 1510 141 0.2408
-5 0.71584 1254 888 1510 140 0.2403
~-10 0.71999 1272 858 1508 139 0.2398
-15 0.72416 1292 827 1507 138 0.2394
-20 0.72831 1312 798 1506 138 0.2389
-25 0.73247 1332 770 1505 137 0.2385
-30 0.73665 1353 742 1504 136 0.2380
-35 0.74079 1373 716 1503 135 0.2376
-40 0.74495 13983 692 1502 135 0.2371
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TABLE 7.4. Densities, Ultrasonic Properties and other Parameters of 2,4-dimethylpentane.

stlolz/ R/(cm3mol~1) bxl06/

T/°C o/gcm™3 c/ms” 1 Pa-1 (ms“1)1/3 mimol=1 r/nm
40 0.65613 996 1633 1525 153 0.2474
35 0.66034 1019 1458 1527 152 0.2468
30 0.66455 1042 1386 1529 151 0.2463
25 0.66877 1068 1131 1524 150 0.2458
20 0.67298 1087 1258 1531 149 0.2453
15 0.67719 1118 1181 1536 148 0.2484
10 0.68140 1143 1123 1537 147 0.2443
5 0.68561 1162 1080 1537 146 0.2438
0.68982 1187 1029 1538 145 0.2433
-5 0.69403 1207 989 1537 144 0.2428
-10 0.69824 1226 953 1536 144 0.2423
-15 0.70245 1249 913 1536 143 0.2418
-20 0.70666 1272 . 875 1537 142 0.2413
-25 0.71088 1295 839 1537 141 0.2408
-30 0.71508 1318 805 1537 140 0.2404
-35 0.71930 1341 773 1536 139 0.2399

-40 0.72351 1364 743 1536 139 0.2394
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TABLE 7.5.

2,2,4-trimethylpentane.

Densities, Ultrasonic Properties and other Parameters of

stlolz/ R/(cm3*mol~1) bxlos/

T/°C p/gcm™3 c/ms~? _ Y r /nm
Pa 1! (ms™ 1) 73 m3mol~1

40 0.67573 1016 1434 1700 169 0.2559
35 0.67980 1039 1363 1712 168 0.2554
30 0.68387 1068 1282 1718 167 0.2549
25 0.68794 1083 1239 1705 166 0.2544
20 0.69201 1108 1177 1708 165 0.2539
15 0.69608 1128 1129 1708 164 0.2534
10 0.70014 1148 1084 1709 163 0.2529
5 0.70420 1169 1039 1704 162 0.2524
0.70828 1188 1000 1708 161 0.2519
-5 0.71235 1214 953 1711 160 0.2514
-10 0.71642 1236 914 1711 159 0.2509
-15 0.72049 1259 876 1712 159 0.2505
-20 0.72456 1283 838 1713 158 0.2500
_25 0.72862 1306 805 1714 157 0.2495
-30 0.73269 1328 774 1714 156 0.2491
-35 0.73676 1384 747 1713 155 0.2486
-40 0.74083 719 1712 154 0.2482
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TABLE 7.6.

2,3,4-trimethylpentane

Densities, Ultrasonic Properties and other Parameters of

k x1012/ R/(cm3®mol-1!) bxl0S¢/
T/°C p/gcm™3 c/ms~1 S 'y _ r/nm
Pa~1 (ms—1) 73 m3mol~1

40 0.70354 1091 1194 1671 162 0.2525
35 0.70742 1113 1141 1673 162 0.2520
30 0.71130 1135 1091 1675 161 0.2515
25 0.71517 ';161 1037 1679 160 0.2511
20 0.71905 1180 999 1679 159 0.2506
15 0.72293 1198 964 1678 158 0.2502
10 0.72681 1225 917 1682 157 0.2497
5 0.73068 1249 877 1684 156 0.2493
0.73456 11269 845 1684 156 0.2488
=5 0.73844 1289 815 1684 155 0.2484
-10 0.74232 1311 784 1684 154 0.2480
-15 0.74619 1334 753 1685 153 0.2476
=20 0.75007 1356 725 1686 152 0.2471
=25 0.75395 1378 699 1686 152 0.2467
=30 0.75783 1400 . 673 1686 151 0.2463
-35 0.76170 1422 649 1686 150 0.2459
-40 0.76558 1444 626 1686 149 0.2455
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TABLE 7.7. Densities, Ultrasonic Properties and other Parameters of 2-methylhexane.

stloIZ/ R/(cm3®mol™ 1) bxl0Ss/

t/%C p/gcm™3 c/ms™1 _ 1/ r/nm
Pa 1 (ms—1) 73 m3mol~?1

40 0.66171 1048 1376 1538 151 0.2467
35 0.66600 1067 1319 1538 151 0.2461
30 0.67030 1087 1263 1537 150 0.2456
25 0.67457 1107 1210 1537 149 0.2451
20 0.67888 1127 1160 1536 148 0.2446
15 0.68318 1147 1113 1535 147 0.2441
10 0.68747 1167 1068 1535 146 0.2436
5 0.69177 1186 1028 1534 145 0.2430
0.69606 1206 988 1533 144 0.2425
-5 0.70028 1226 950 1532 142 0.2422
-10 0.70454 1246 914 1531 142 0.2416
-15 0.70880 1266 880 1529 141 0.2411
-20 0.71307 1286 848 1528 141 0.2405
-25 0.71733 1306 817 1527 140 0.2401

-30 0.72160 1325 789 1525 139 0.2396
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TABLE 7.8.

3-methylhexane.

Densities, Ultrasonic Properties and other Parameters of

k_x1012/ R/(cm3mol~?!) bxl0%/

T/°C p/gcm—3 c/ms-—1 Pz‘l (ms'1)1/3 nPmol-1 r/nm
40 0.67032 1069 1306 1529 150 0.2456
35 0.67459 1089 1250 1528 149 0.2451
30 0.67886 1109 1198 1528 148 0.2446
25 0.68312 1128 1151 1527 147 0.2441
20 0.68739 1148 1104 1527 146 0.2436
15 0.69165 1168 1060 1526 145 0.2431
10 0.69592 1187 1020 1525 144 0.2426
5 0.70019 1207 980 1524 143 0.2421
0 0.70445 1227 943 1523 142 0.2416
-5 0.70872 1246 909 1522 141 0.2411
~10 0.71298 1266 875 1520 141 0.2406
~15 0.71725 1286 843 1519 140 0.2401
-20 0.72151 1305 814 1518 139 0.2397
-25 0.72578 1325 785 1516 138 0.2392
-30 0.73005 1344 758 1515 137 0.2387
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TABLE 7.9. Densities, Ultrasonic Properties and other Parameters of
2,2-dimethylhexane.
_ st1012/ R/(cm3mol~1) bxl0¢/ r/nm

T/°C p/gcm™3 c/ms™t oo, (ms'z)l/a m3mol~1
40 0.67865 1063 1304 1718 168 0.2555
35 0.68284 1083 1249 1718 167 0.2550
30 0.68702 1101 1201 1717 166 0.2545
25 0.69101 1119 1156 1716 165 0.2540
20 0.69538 1139 1109 1715 l64 0.2534
15 0.69958 1157 1068 1714 163 0.2529
10 0.70377 1176 1027 1713 162 0.2524
5 0.70796 1195 989 1712 161 0.2519
0.71214 1213 954 1711 160 0.2514
-5 0.71633 1232 920 1710 160 0.2509
-10 0.72051 1251 887 1708 159 0.2505
=15 0.72470 1270 856 1707 158 0.2501
=20 0.72889 1288 827 1705 157 0.2495
-25 0.73308 1307 799 1704 156 0.2490
-30 0.73726 1326 771 1702 155 0.2486
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TABLE 7.10.

Densities,

2,5-dimethylhexane.

Ultrasonic Properties and other Parameters of

o _ kgxlot?/  R/(cm?mol=?!) bxlo¢/

T/5C p/gcm—3 c/ms™1 pa-1 (ms‘1)1/3 mPmol= 1 r/nm
40 0.67748 1066 1299 1723 169 0.2557
35 0.68157 1085 1246 1722 168 0.2551
30 0.68566 1104 1197 1722 167 0.2546
25 0.68975 1123 1150 1721 166 0.2541
20 0.69384 1142 1105 1721 165 0.2536
15 0.69793 1161 1063 1720 164 0.2531
10 0.70202 1180 1023 1719 163 0.2526
5 0.70611 1198 987 1718 162 0.2521
0 0.71020 1217 951 1717 161 0.2516
-5 0.71429 1236 916 1716 160 0.2511
-10 0.71838 1255 884 1715 159 0.2507
~15 0.72470 1247 850 . 1709 158 0.2502
-20 0.72656 1293 823 1713 157 0.2498
-25 0.73065 1312 795 1711 156 0.2493
-30 0.73474 1331 768 1710 156 0.2488
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TABLE 7.11.

Densities,

2,2,4-trimethylhexane.

Ultrasonic Properties and other Parameters of

k x1022/ R/(cm3mol™1) bxl0¢/
T/°C p/gcm=3 c/ms™1 S_ 1/ _ r/nm
Pa 1! (ms—1) 73 m3mol~ 1
40 0.70056 1090 1201 1884 183 0.2628
35 0.70435 1108 1157 1885 182 0.2623
30 0.70813 1129 1108 1886 181 0.2618
25 0.71193 1146 1070 1885 180 0.2614
20 0.71567 1165 1030 1886 179 0.2609
15 0.71949 1184 992 1886 178 0.2604
10 0.72327 1202 - 957 1886 177 0.2600
5 0.72706 1221 923 1886 176 0.2595
0.73084 '1240 890 1885 176 0.2591
=5 0.73464 1259 859 1885 175 0.2586
-10 0.73841 1277 831 1885 174 0.2581
=15 0.74220 1296 802 - 1884 173 0.2578
-20 0.74598 1315 775 1884 172 0.2573
-25 0.74976 1334 750 1883 171 0.2569
=30 0.75355 1352 726 1882 170 0.2564
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TABLE 7.12,

of n-hexadecane.

Densities, Ultrasonic Properties and other Parameters

k x1012/ R/(cm3mol™ ') bhxl0s/
T/°C p/gcm™3 c/ms=t S 1) _ r/nm
Pa~! (ms=1) 73 m3mol™ 1
25 0.77006 1341 722 3243 294 0.3077
30 0.76673 1323 745 3243 295 0.3082
35 0.76337 1306 768 3242 297 0.3086
40 0.75982 1288 793 3243 298 0.3091
45 0.75668 1271 818 3242 299 0.3095
50 0.75334 1253 846 3241 301 0.3100
55 0.74999 1236 873 3240 302 0.3105
60 0.74665 1218 903 3239 303 0.3109
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TABLE 7.13. Density, p, sound velocity, c, isoentropic
compressibility, K and excess isoentropic
compressibility, Kg, at 298.15K for

[xC,H, +(1-x)n-hexadecane].

E .
= k_x1012/ « xlo012/
X p/gcm—3 c/ms=1 S S
Pa~1 Pa” !

X,2,2-dimethylpentane + (1l-x) n-hexadecane

0.000 0.7700 1341 722 ceeene
0.130 0.7636 1323 748 -15.85
0.237 0.7576 1304 776 -27.56
0.521 0.7365 1245 876 -57.49
0.744 0.7127 1181 1006 -70.77
0.901 0.6893 1117 1163 -51,05
1,000 0.6696 1065 1317 ceeece

x,2,3-dimethylpentane + (1-x) n-hexadecane

0.083 0.7669 1331 736 -2.97
0.241 0.7603 1311 765 -11.,76
0.411 0.7514 1287 803 -21.27
0.638 0.7356 1242 881 -27.39
0.835 0.7163 1190 986 -23.25
0.942 0.7020 1154 1070 -9.04
1,000 0.6927 1134 1123 coeeven

x,3,3~-dimethylpentane + (1-x) n-hexadecane

0.102 0.7661 1328 740 -6.44
0.243 0.7598 1309 768 -15,.60
0.512 0.7439 1268 836 -28,28
0.727 0.7258 1218 929 -46.05
0.890 0.7066 1158 1055 -23.49
1.000 0.6891 1115 1167 ceeane
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TABLE 7.13 (cont.)

p/gcm™3

c/ms™1

E
12
KSX]_O / stlolz/

Pa~1

Pa~1

Xy2,4=-dimethylpentane + (1-x) n-hexadecane

0.104
0.239
0.411
0.645
0.844
0.921
0.956
1.000

0.7648
0.7571
0.7451
0.7236
0.6979
0.6851
0.6784
0.6689

1326
1303
1271
1209
1142
1107
1089
1068

744
778
831
945

1089

1191

1243

1311

-11.11
-25,95
-45.89
-60,36
-57.86
-36.23
-19.,32
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Figure 7.1. Variation of ultrasonic velocity with

temperature for: A , 2-methylpentane; O 3-methylpentane;

J, 2,3-dimethylpentane; k ; 2y 4-dimethylpentane;

) ,2,4-trimethylpentane; A, 2,3, 4-trimethylpentane.
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for: @, 2-methylhexane; Q. 3-methylhexane; 4, 2,2,-dimethy-

hexane; A , 2,5-dimethylhexane; ® ., 2,2,4-trimethylhexane.
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Figure 7.3. Variation of ultrasonic velocity with mole

fraction, x, for [xC,H,, + (1-x) n-hexadecane] at 298.15K.
O, 2,2-dimethylpentane; [, 2,3-dimethylpentane;

A y 2,4-dimethylpentane; B , 3,3-dimethylpentane.
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temperature for: *, 2-methylhexane; ‘, 3-methylhexane;
O, 2,2~dimethylhexane; M, 2,5-dimethylhexane;

®, 2,2,4-trimethylhexane.
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fraction, x, of dimethylpentane for binary mixtures of .
dimethylpentanes and ﬁ-hexadecane at 298;15K is illustrated
in Figure 7.6.

The excess isoentropic compressibility, KE, of binary
mixtures of dimethylpentanes and n-hexadecane was
calculated using equation 2.34. The data so obtained are
listed in Table 7.13 and plotted as a function of mole

fraction, x, of dimethylpentane at 298.15K, Figure 7.7.

7.4 Discussion

(i)  Pure liquids

It has been proposed that the velocity of sound
propagation in a molecular liquid can be calculated on the
basis of a simple additivity. The molar sound velocity

223
(Rao constant) can be calculated using the relation

R = Mc1/3/p 7.1
where M is the molecular weight, c is the sound velocity
and p is the density. This equation would indicate that
liquids of the same density should have the same sound
velocities. A plot of R values for branched chain hydro-
carbons at 298.15K, Figure 7.8, indicates the general
validity of this hypothesis. However, it is clear that
molecules with the same molecular weight do not necessarily
have the same universal constants. Values for the molar

226-229

velocity constant range between 188 and 195 The

values obtained by analysis of the data obtained in this
study of branched chain hydrocarbons range from 167 to 187,

Table 7.14. It is clear that, whilst this approach can

182



1400
To %
N /g
"o 1000} 4 o
" O o~
* ‘/ ~
0=6— ®
800 — ‘/
——
. -
[ (ut
600 l 1 l 1
0 0.2 0-4 0.6 0-8 1
X
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TABLE 7.14. Ultrasonic Properties of Branched Chain Hydrocarbons at 293K.

R/(cm3mol~1) ~-CH,/(cm3mol~1)
Molecule (ms_l)l/g (ms—l)l/s
2-methylpentane 1349
3-methylpentane 1388
177
2,3-dimethylpentane 1511
2,4-dimethylpentane 1531
_ 172
2,2,4~trimethylpentane 1708
2,3,4-trimethylpentane . 1679
188
2-methylhexane 1536
3-methylhexane 1527
187
2,2-dimethylhexane 1715
2,5-dimethylhexane , 1721
167
2,2,4-trimethylhexane 1885

Average 178
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provide an approximate guide as to the molar sound velocity,
other factors occurring within the liquid will ultimately
determine the observed values,

In an attempt to explore the nature of these inter-

actions, the van der Waals' b parameter and the molecular

radius were calculated. The van der Waals' b parameter
is defined by Schaafsns—237 in terms of

b = M/p -RT/pc? [(1 + Mcz/3RT)1/2 - 1] 7.2
where the constants have their definitions above, The

molecular radius similarly can be defined as

r3 = 3b/l67N 7.3
where N is Avogadro's number,

The values of van der Waals' b parameter and the
molecular radius so obtained are listed in Tables 7.1-
7.12 and presented in Figures 7.9 and 7.10. It is clear
from these plots that the values of the molar sound velocity
and also b are sensitive to the molecular structure of the
molecule being studied. The above equations illustrate
that the properties of the fluid can be considered to arise
predominantly from the repulsive non-bonding interactions
between molecules. Molecules of a similar branched chain
structure might be expected to exhibit similar intermolecular
interactions. It has recently been shown by Chandlegﬁﬁg%t
the thermodynamic properties of a liquid are dominated by
the repulsive part of the non bonded interactions.  The
interpretation of the sonic propagation data in terms of

Rao constants is in keeping with the views promoted bY‘
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Chandler. The differences observed must therefore reflect
the differences in the shape of the molecules as a
consequence of the differences in the stereochemical
structure of the molecules. Jacobsen?th 242 proposed a
method of data analysis which proposes that for molecules
having similar structures their properties can be scaled

on the basis of an intermolecular free length, The inter-
molecular free length, Lf, was calculated for the above

systems as a function of temperature from the following
235,243,244

relation:
_ _ Cyv /49 v/

Lf = 2 [V(l "é':)]/(Z-TTsz) 3 7.4
where

\% = the molar volume

c = the sound velocity

c_, = 1600 ms~—1

N = Avogadro's number

b = van der Waalg' parameter

It was found that the theory and experiment are in dis-
agreement contrary to the claims in the literature. The
theory proposes that the isoentropic compressibility should

be described by the relationship

K = k Lp 7.5
s

where p and k are temperature dependent constants and L is
the free intermolecular length. Most probably the theory
is failing to reflect the fact that within the hydrocarbon

liquids clustering of the molecules can occur and this will
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change significantly with temperature, Figure 7.11. The
clustering may arise as a consequence of weak interactions
or as a result of entropic considerations in binary
mixtures or liquids capable of existing in more than one
rotational isomeric form. As a consequence, heating the
ligquid will lead to a reduction of the number of inter-
acting molecules and as a consequence the molecules will
approach ideality.

The isothermal compressibility of these systems has
been reported previously in the literature154 . The

calculations are based on the equation

Kp = Kg + 5&~ 7.6

where o isAthe expansion coefficient, Cp is the specific
heat of the liquid and the other terms have their usual
meanings. The isothermal compressibilities were
calculated from the measured velocity and density of the
hydrocarbons which had been mdasured over an extended
temperature range. In the earlier work154 the API project
data had been used for CD and it was assumed that a is
independent of temperatufe. Subsequently Cp has been
measured by Huffman et a1245 and Shawzl46 and they have shown
that the API data are very low compared with experimental
data. Examination of the temperature dependence of the

densities for the hydrocarbons indicates that a is not

independent of temperature and is, in fact, markedly

temperature dependent. Using the revised experimental



-9.4

Log Lf

Figure 7.11. Adiabatic compressibility plotted as a
function of intermolecular free length for methylpentanes

and methylhexanes.
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data isothermal compressibilities for 2,4-dimethylpentane
and 2-methylhexane were calculated, Table 7.15, These
data are significantly different from those reported
previously which are considered to be in error.

The principal reason for the difference between the
data presented in this study and those published
previouslyﬁ4 appears to be that the previous workers used
the API project values for Cp (approximately 143,0(J/K™1
mol~1) whereas the experimentally determined values
(approximately 220.5 (J/K~1 mol~1!) have been used in this
study. According to the API_project datg? there is no
difference in the Cp of the branched chain hydrocarbons
and the same value is applicable to all. In practice,
small differences are observed and these lead to differences

between the 'theoretical' and experimental values.

(ii) Binary mixtures

In all binary mixtures of n-hexadecane with
dimethylpentanes studied the excess isoentropic compress-
ibility exhibits a negative deviation from ideal behaviour,
Figure 7.7, and this parallels the variation observed in
the excess volume (section 6.4). These observations are
consistent with the previous hypothesis (section 6.5) that
the variation in the limiting high frequency ultrasonic
attenuation B reflects the formation of aggregated more
compact structure in the mixtures compared with that

existing in the pure branched chain hydrocarbons. In

the pure liquids, Rao constant has been used to predict
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TABLE 7.15. Thermal Expansion Coefficient, a, Isothermal Compressibility, K and

TI
Internal Pressure of 2-methylhexane and 2,4-dimethylpentane as a function

of temperature.

2-methylhexane 2,4-dimethylpentane

T/°C  axl0?/K™! k. x10°%/ P/ 0X103 /K™ k x10°/. P/
Pa~1? Jcm™ 3 Pa—1 Jcm™ 3
30 1.28 4.56 85.14 1.27 4,63 83.05
25 1.27 4.41 85.84 1.26 4,46 84.27
20 1.27 4,25 87.54 1,25 4,32 84,68
15 1.26 4.10 88.50 1,24 4,16 85.86
10 1.25 3.97 89.21 1.24 4,08 85,98
5 1.24 3.84 839.76 1.23 3.94 86.86
1.23 3.74 89.88 1,22 3.80 87.61
-5 1.22 3.61 90.51 1.21 3.68 88.16
-10 1.21 3.54 90.03 1,21 3.61 88.28
=15 1.20 3.42 90.64 1.20 3.48 88.87
=20 1.20 3.33 91.12 1.19 3.37 89.45
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the sound velocity for binary mixtures, This constant-
was used to describe the properties of mixtures. The

226
Rao constant is defined by equation 7.1 which also equals:

1
R = Vc /3 . 7.7

where V is the molar volume and for the mixture will have

the form:

XMy + XM,

v = [ 5 ] 7.8

where X;s X3, M; and M, are the mole fractions and
molecular weights respectively of the pure components
subscripted as 1 and 2 and p is the density of the binary
mixture. Assuming the linearity of the molar sound
velocity, the following relation for binary liquid mixtures

can be established:

R = x,R; + XxX,R, 7.9

where x,, x%,, R, and R, are the mole fractions and Rao
constants of the pure components of the mixture respectively
subscripted as 1 and 2. The RE was calculated using the
following equation:

E = - 7.10
R™ = Rialculated Rexperimental

Values of the excess normalized by the values of R are

presented in Table 7.16.

In all cases a deviation from ideal behaviour is
observed. The basis of the Rao approach is that the
sound velocity is directly related to the strength of the

<intramolecular potential which in turn reflects the
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TABLE 7.16. Molar Sound Properties of [%C,H, ¢+(1-x)

n-hexadecane] at 298,15k,

RmiX(eXp)/ Rmix(theor)/ RE/
(em3mol~1) ~(cm3mo1-1)
. (mS‘_l)l/a

(cm3mol~1)
'(ms”1)1/3

'(ms_l)l/3

X,2,2-dimethylpentane + (1-x) n-hexadecane

0.130
0.237
0.521
0.744
0.901

X,2,3-dimethylpentane

0.083
0.241
0.411
0.638
0.835
0.942

X,3,3-dimethylpentane

0.102
0.243
0.512
0.727
0.890

3018.6
2833.2
2345,9
1964.8
1696.2

3096.6
2820.7
2525.6
2130.9
1789.8
1605.2

3063.9
2817.2
2353.5
1980.4
1695.2

3019.4
2835.6
2348.8
1966.9
1697.6

+ (1-x) n-hexadecane

3098, 2
2824,2
2529.9
2136.9
1795.8
1610.0

+ (1-x) n-~hexadecane

3065. 2
2820.0
2353.9
1980.6
1698. 3

0.8
2.4
2.9
2.1
1.4

l.6
3.5
4.3
6.0
6.0
4.8

1.3
2.8
0.4
0.2
3.1
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TABLE 7.16 (cont.)

(cm3mol™1)
(ms™1)%

RMiX(exP)/ RMix(theor)/

" (cm3mol—1)
(ms~=1)Y,

RE/(cm3mol-1)
(ms—1? )1/3

x,2,4-dimethylpentane + (l-x) n-hexadecane

0.104
0.239
0.411
0.645
0.844
0.921

3062.6
2830.0
2536.7
2134.8
1794.0
1662.1
1602.4

3064.0

2832.9

2539.7
2140.4
1799.0
1667.5
1607.9
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nature of the nonbonding interactions between molecules,
1f the molecule-molecule interactions were simply a
consequence of additive non-bonding interactions, then
the Rao constant should predict the observed behaviour.
The fact that this is not the case impiies that some
additional interactions must be present in the mixtures
compared with those which exist in the simple liquids.
Values of the excess thermodynamic quantities for
the mixtures investigated here are presented in Table 7.17.
The values148 of the excesé enthalpy and T-entropy product
are strongly positive whilst those of the free energy are
negative except in the case of 2,4-dimethylpentane which
is positive, These data have been interpreted in terms of
the Prigogine—Flory'g’22 theory in terms of two effects:
first a decrease of order when correlations of orientation
between n-C, , molecules in the pure liquid are replaced in
the solution by weaker correlations whose strengths depend
on the shapes of the lower alkane isomers. Secondly, for
léwer alkane isomers of the same shape but highly sterically
hindered, the enthalpy and T-entropy products are small
manifesting a negative contribution, ascribed to a
rotational ordering of the h-C,, segments on the sterically
hindered molecule. Enthalpy-entropy compensation is
observed for these contributions from studies as a function
of temperature. The compressibilities studied here
exhibit a minimum in the region of 0.6-0.75 mole fraction,

the region where the excess volume of mixing also exhibits
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TABLE 7.17. Excess Thermodynamic Quantities for

[xC,H, ;+(1-x)n-hexadecane] at 298.15K.

avE/ AHE/ AGE/

X cm3mol~1? J mol~1? J mol—1

X,2,2-dimethylpentane + (1-x) n-hexadecane

0.130 -0.25 . 107.7 ~3.7
0.237 -0.47 172.0 -7.7
0.521 -0.68 237.1 -16.4
0.744 -0.70 189.6 -16.2
0.901 -0.52 92.5 -8.8

X,2,3-dimethylpentane + (1l-x) n-hexadecane

0.083 -0.07  44.8 -8.6
0.241 ~0.26 118.5 -29.3
0.411 -0.37 151.2 ~50.2
0.638 ~0.42 148.6 -62.3
0.835 -0.34 89.8 ~43,7
0.942 ~0.16 38.5 -19.9

x,3,3-dimethylpentane + (1-x) n-hexadecane

0.102 -0.14 47.9 - -29.2
0.243 -0.32 98.0 -63.0
0.512 -0.46 138.1 -96.3
0.727 -0.46 112.5 -82.4
0.890 -0.32 57.5 -43.2

199



TABLE 7.17 (cont.)

avE/ AHE/ AGE/
% cm3mol~1 J mol~1? J mol~1
Xy2,4~-dimethylpentane + (1-x) n-hexadecane

0.104 -0.16 91.2 1.8
0.239 -0.35 167.5 4.6
0.411 -0.51 220.9 8.5
0.645 -0.61 213.7 11.0
0.844 -0.52 122.6 7.6
0.921 -0.40 71.9 4,7
0.956 -0.28 37.9 2.5
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a minimuni, The order of the magnitude of the deviation
shows no apparent correlation with that presented for the
free energy enthalpy terms, However, the order exhibited
by the volume coincides with that observed with the
compressibility.

An analysis of the acoustic absorption data at high
frequency (section 6.4 ) indicated that the volume viscosity
contribution changes with composition and structure and the
magnitude varies approximately in the same order as that
exhibited by the compressibility. The latter observations
are subject to a significant uncertainty and therefore the
absolute order of the deviation is difficult to quantify.
The explanation advanced for this negative deviation
involves a proposition that a fraction of the molecules can
become organised into clustered regions. Thede regions
would therefore also be less éompressible and hence this
would explain the deviation observed in the isoentropic
compressibility. The fact that the deviation in the excess
vdlume of mixing also coincides both in order and magnitude
with that observed using the acoustic measurements provides
further support for this hypothesis. The lack of
correlation with the free energy, enthalpy and T-entropy
product can be explained in the following manner. The
formation of the ordered regions will occur as a conseqguence
of a balance of entropy-enthalpy interactions. However,
changes in the distribution of ordered-disordered molecules

will also have an effect on the rotational isomeric

contribution to the total energy. Thus increasing the
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temperature will lead to the generation of a different
distribution of isomeric structures and consequently a
different number of structures available for cluster
formation. Clearly; both effects are intimately
connected and hence the overall average free energy, -
enthalpy and T-entropy product is a combination of
clustering-ordering in the liquid and the change in the
total energy distribution as a consequence of a change
in the distribution of rotational isomeric structures.

7.5 Conclusions

(a) From the data presented it is clear that the
propagation of a sound wave through the pure hydrocarbons
is controlled not only by the nature of the molecular
structure but also by the effects of the basic shape of
the molecules on the intermolecular interactions. It is
possible that clustering of the molecules may lead to
ordered structures which in turn will influence the time
volume average interactions.

(b) Analysis of the variation of the excess
isoentropic compressibility with mole fraction and
comparison with other excess thermodynamic propérties
indicates that the behaviour of mixtures of branched and
linear hydrocarbons requires the proposition that ordering
occurs in these mixtures. The apparent simple correlation
of the free volume, acoustic attenuation and the isoentropic
compressibility can be explained on the basis that these

properties are more directly related to the extent of
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ordering than to enthalpy, free energy and T-entropy
product. The latter contain elements relating to the
rotational isomeric state of these molecules and as such

are not directly correlated with the ordering process in

the mixtures.
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CHAPTER 8

ULTRASONIC TNVESTIGATIONS OF MIXTURES

OF TSOMERIC' OCTANOLS WITH n-OCTANE

8.1 ‘Introduction

Thermodynamic studies of n-alkanols in various solvents
. . 247~
have been extensively investigated 245 . Recent studies
of the behaviour of binary mixtures of n-alkanols and n-

alkanes have been undertaken in an attempt to interpret the

way in which structure in the associated alkanols is

modified by the addition of n-alkaneszaﬁes%ss. It has been
254
suggested by Tresczanowicz and Benson that the behaviour

observed in the high alkanols dilution region for binary
mixtures of n-alkanols and n-alkanes is the result of two
opposing effects; self-association of alkanols and dipole-
dipole interactions between alkanol monomers and multimers
and change of 'free volume' ih the real binary mixture.
Ultrasonic studies of aqueous solutions of n-—alkanolgo’sg'253
indicated that the large excess acoustic attenuation be
aftributed to the effect of the sound wave on the

distribution of structural forms present at different

concentrations.

Recently Dugue et al#s studied the structural behaviour
of the pure isomeric octanols using the ultrasonic and 13C
nmr techniques. They suggested that the relaxation
observed in octan-l-ol and octan-2-ol be attributed to
hydrogen bond exchange associated with structural relax-
ation of the pure liquids; an additional contribution

associated with rotational relaxation. Later they
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extended their work to the binary mixtures of these octanols
with methanoI45 . The excess in acoustic attenuation was
found to be similar to those observed for aqueous solutions
of n-alkanols.

This study of binary mixtures of isomeric octanols
with n-octane is an extension to the previous investigations
of Dugue et a146’45 . The main aim of this study is to'
clarify the role played by the environment of octanol’s
hydroxyl group in determining the extent and type of
association and steric environments. This study will also
provide an adequate basis for understanding the volumetric
behaviour of these binary mixtures. Particular attention

has been given to the dilute octanol region.

8.2 Materials

The isomeric octanols: octan-1-o0l, octan-2-ol, 2-ethyl-
hexan-1-0l, 2,3-dimethylhexan-3-o0l, 2,4-dimethylhexan-3-ol
and n-octane were all obtained from Aldrich Chemical Company
Limited as better than 99% pure. The purity was confirmed
uSing glc and the structural integrity using 13C nmr
spectroscopy. The liquids were all stored over molecular
sieves, type 4A (BDH) and filtered before use. Densities,
refractive indices and sound velocities of the pure
components were measured, Table 8.1, and found in good
46,60,155,255-258
agreement with those published in the literature .
8.3 TResults

(i) Excess volumes data

E .
Values of the excess volumes, v, of the binary

ted
mixtures of isomeric octanols and n-octane were calcula
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TABLE 8.1.

Densities, p, Refractive Indices, nD, Sound Velocity, c, of the Pure Components
at 298, 15K.
p/g cm™3 ng c/ms™ 1
Molecule
Obs. Lit. Obs. Lit. Obs. “Lit.
n-0Octane 0.69876 0.69867 1,39522 1.39518 1177.8 1177.25
- 0.69861 - 1.39505 - -
Octan-1l-o0l 0.82113 0.82139 1.42724 1.42757 1349,8 1348.83
- 0.82157 - 1.4275 - -
Octan-2-01l 0.81627 0.81802 1.42434 '1.424 1309.7 1307.75
2=ethylhexan-1-o0l 0.82906 - 11.42920 - 1323.4 1321.8
2,4-dimethylhexan-3-0l 0.83205 0.83272 1.42921 - 1288.5 -
2,3-dimethylhexan=3-o0l 0.83418 0.83481 1.43022 - 1286.5 -
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using.equation 2.33. The data were fitted to the
empirical equation 6.5 and the fitting coefficients a

of order n obtained from a least squares fit of the dzta
presented in Table 8.2, The standard deviations
associated with this analysis are also presented in Table
8.2 along with the coefficients for a . Comparison of

the plots of actual data and the predictions of equation 6.5
indicate that the deviation is in all cases less than O0.1%.
The excess volumes for the binary mixtures of branched-
chain octanols and n-octane are all positive over the whole
mole fraction range, figure 8.1. In the case of the
straight chain octan-1-o01l, VE values are negative except

at low mole fractions, where it is positive.

(ii) Acous tic velocity ‘and ‘i'soentropic compressibility

The measured sound velocities at ca. 2 MHz for
binary mixtures of isomeric octanols and n-octane at 298.15
are presented in Table 8.3 and illustrated in Figure 8.2.
The isoentropic compressibilities, Kgr and excess compress-
ibilities, Kg, were calculated using equations 2,35 and
2,34 respectively. Values of K and Kg so obtained are
listed in Table 8.3 and KE is plotted as a function of mole
fraction, x, of octanol at 298.15K, Figure 8.3.

(iii)Ultrasonic attenuation and viscosity

measurements

Attenuation data (a/f2?) obtained over the

frequency range 1.5 to 3 MHz presented in Figure 8.4 as a

function of mole fraction of the mixture. The viscosities

of the mixtures are presented in Figure 8.5. The
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TABLE 8.2. Coefficients an and standard deviations o VE/cm3 mol~! for least squares

representations of excess volumes at 298.15K by equation 6.5.

a Octan-1-o01 2-ethylhexan- Octan-2-0l 2,4-dimethyl- 2,3-dimethyl-

n - 1l-ol hexan-3-o0l hexan-3-o0l
a, 0.2441 0.0040 0;0047 0.0958 0.0621
a, ~0.9384 1.2413 2.5149 3.3962 3.9973
a, -5.9462 -7.0093 -12.9164 -13.7878 -23.5198
a, | 24,2826 18.7009 31.1446 ©33.6940 65.8922
a, -32.9092 -26.0802 -41,2848 -~52,3344 ~99.8554
ag 21.1767 18,3939 28,4913 42,7372 76,3898
a, -5.6965 -5.1608 -7.9542 ~13,8082 -23.0773
ovE/
cm3? mol™? 0.0004 0.0005 0.0009 0.0002 0.0007
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Figure 8.1.

n-octane] at 298.15K: (), octan-1-01l;

Excess volumes for [xC, HQOH+ (1-x)

[], octan-2-o0l;

A, 2-ethylhexan-1-o0l; A , 2,3-dimethylhexan-3-01;

®, 2,4-dimethylhexan-3-ol.
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TABLE 8.3. Densities, p, sound velocities, c, isocentropic

compressibilities, i _, and excess isoentropic

compressibilities, kgr for [xC4H, ,O0H+(1-x)
n-octane] at 298,15K,

X p/gcm™3 c/ms™ 1 |<leO“/Pa‘1 .<Es:x10“’/Pa‘1

x,0ctan-1-0l1 + (l-x) n-octane

0.0000 0.6987 1177.8 1031.6 e
0.0014 0.6989 1177.9 1031,2 0.05
0.0032 0.6991 1178.1 1030.7 0.10
0.0056 0.6994 1178.3 1029.7 0.13
0.0089 0.6999 1179.0 1027.8 0.14
0.0102 0.6999 1179.1 1027.6 0.18
0.0144 0.7008 1178.9 1026.7 0.29
- 0.0202 0.7010 1179.3 1025.7 0.51
0.0300 0.7029 1180.3 1021.1 0.91
0.0351 0.7035 1180.8 1019.6 1.05
0.0411 0.7042 1181.1 1017.9 1.20
0.0466 0.7044 1181.9 1016.3 1.35
0.0511 - 0.7049 1182,2 1015.0 1.49
0.0612 0.7062 1183.1 1011.5 1.71
0.0709 0.7075 1184,2 1007.9 1.75
0.0772 0.7077 1185.1 1005.9 1,78
0.0850 0.7080 1186.6 1003.1 1.74
0.0908 0.7094 1186.6 1001.0 1.72
0.1034 0.7107 1188.3 996.4 1,50
0.1428 0.7166 1192.3 981.5 0.63
0.2108 0.7236 1201.3 957.6  -0.88
0.3068 0.78355 1212.3 925.0  -3.01
0.3755 0.7456 1225,5 893.0  -4.63
0.4144 0.7494 1232.6 878.3  -5.25
0.4717 0.7574 1241.7 856.3  =6.52
0.5066. 0.7602 1249.0 843.0  =7.13
0.5832 0.7708 1262.2 814.2  -8.01
0.6084 0.7728 1267.9 804.9  -8.25
0.6785 0.7821 1281.2 778.8  -8.50
0.7092 0.7851 1288.1 767.7  -8.38
0.7719 0.7933 1300. 4 745.4  =7.55
0.8040 0.7967 1307.6 734.1 = -6.99
0.9108 0.8096 1330.6 697.6  =3.77
0.9582. 0.8160 1340.8 681.6  -1.88
0.9860 0.8193 1346.7 672.9  -0.38
1,0000 0.8211 1349.8 668.4 ceeas
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TABLE 8.3 (cont.)

x p/gcm™3 c/ms™! k_x1012/pa~1 «Ex1012/pa1
B s

x,octan-2-01 + (1-x) n-octane

0.0045 0.6992 1178.0  1030.6 0.49
0.0074 0.6995 1178.1  1029.9 0.81
0.0102 0.6998 1178.2  1029.3 1.01
0.0223 0.7011 1178.9  1026.3 1,72
0.0298 0.7019 1179.2  1024.6 2,32
0.0420 0.7040 1179.2  1021.,5 2.74
0.0535 0.7042 1180.9  1018.3 3.25
0.0594 0.7047 1181.2  1016.9 3.52
0.0722 0.7065 1182.0  1013.0 3.95
0.0811 0.7075 1182.6  1010.6 4,25
0.0900 0.7085 1183.3  1007.9 4.45
0.1006 0.7097 1184.1  1004.9 4,75
0.1586 0.7162 1188.5 988. 4 6.25
0.2263 0.7240 1194.8 967.5 6.50
0.2534 0.7272 1197.5 958. 9 6.38
0.3141 0.7344 1204,2 938.9 5.75
0.3470 0.7382 1207.9 928.5 5.38
0.4129 0.7459 1215,7 907.1 4,75
0.4538 0.7508 1220.7 893.8 4,38
0.5154 0.7581 1228.9 873.5 3.63
0.5624 0.7681 1235.4 853.1 3.13
0.6366 0.7725 1245.9 833.8 2.55
0.7047 0.7806 1256.5 811.3 1.82
0.7526 0.7863 1264.3 795.6 1,41
0.8054 0.7927 1273.2 778.2 1.03
1 0.8526 0.7924 1281.0 769.0 0.80
0.8973 0.8037 1289.7 748.0 0.51
0.9553 0.8107 1300.8 728.9 0.25
0.9834 0.8141 1306.3 719.7 0.13
1.0000 0.8162 1309.7 7142 e
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TABLE 8.3 (cont.)

X p/gcm™ 3 c/ms~1 st1012/pa‘1 Kgxlolz/mfl

x,2-ethylhexan-1-0l1 + (1-x) n-octane

0.0051 0.6994 1178.2 1030.1 0.27
0.0112 0.7001 1178.5 1028.3 0.52
0.0154 0.7006 1178.8 1027.1 0.69
0.0262 0.7019 1179.6 1023.9 1,05
0.0316 0.7026 1180.0 1022,2 1.23
0.0424 0.7039 1180.7 1019.1 1.61
0.0510 0.7049 1181.3 1016.5 1.89
0.0660 0.7068 1182.4 1012,0 2.33
0.0710 0.7074 1182.7 1010,5 2.45
0.0845 0.7091 1183.8 1006 .3 2.75
0.0912 0.7099 1184.3 1004, 2 2.85
0.1156 0.7130 1186.3 996.5 3.28
0.1496 0.7173 1189.4 985. 4 3.50
0.1836 0.7216 1192.8 974.1 3.49
0.2155 0.7256 1196.1 963. 1 3.25
0.2623 0.7316 1201.4 946.9 2,75
0.3203 0.7391 1208.2 926.9 2.25
0.4123 0.7510 1219.8 894.9 1.50
0.4661 0.7580 1227.1 876.1 1.01
0.5206 0.7651 1234.6 857.4 0.98
0.5606 0.7706 1240.3 843.5 0.73
0.6218 0.7784 1249.9 822,2 0.68
0.6536 0.7826 1255.1 811.1 0.60
0.7009 0.7889 1262.9 794.6 0.51
- 0.7523 0.7958 1272.1 776.5 0.38
0.8070 0.8031 1282.3 757.3 0.31
0.8564 0.8097 1291.9 739.9 0.25
0.8863 0.8137 1298.1 729.3 0.21
0.9651 0.8244 1315.3 701.1 0.13
0.9824 0.8278 1319.2 694.1 0.01
1.0000 0.8290 1323.4 688.6 e
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TABLE 8.3 (cont.)

X p/gcm™3 ¢/ms™1  k_x1012/pPa=1 kEx1012/p1
S

X,2,3-dimethylhexan-3-01 + (1-x) n-octane

0.0114

0.7004

1177.7 1029, 3 1.91

0.0200 0.7009 1177.9 1028, 3 2.75
0.0313 0.7021 1178.,2 1025,9 3.60
0.0360 0.7027 1178.3 1024.9 4,05
0.0406 0.7032 1178,5 1023.9 4,35
0.0514 0.7041 1179.0 1021.7 5.35
0.0568 0.7051 1179,1 1020.0 5.51
0.0636 0.7059 1179.1 1018.9 6.25
0.0712 0.7071 1179.4 1016,7 6.62
1 0.0767 0.7076 1179.6 1015,7 6.84
0.0807 0.7081 1179.7 1014.6 7.05
0.0904 0.7094 1179,9 1012.6 7.62
0.1124 0.7123 1180.7 1007.1 7.88
0.1397 0.7130 1181.5 1004.7 9.50
0.2180 0.7255 1186.9 978.5 11.74
0.2510 0.7298 1189.1 969.1 12,25
0.3348 0.7407 1195,7 944,2 12,63
0.4182 0.7521 1203.3 918.3 12,13
0.5079 0.7645 1212.7 889.3 10.70
0.5508 0.7704 1217.7 875.4 9.95
0.6096 0.7785 1224,9 855.9 8.80
0.6518 0.7846 1230.2 842,1 8.10
0.7098 0.7928 1238.3 822.6 6.75
0.7540 0.8011 1243,2 807.7 5.75
0.8029 0.8054 1252,8 791.0 4,55
0.8521 0.8133 1260.0 774 .4 3.51
- 0.9058 0.8202 1270.0 755.8 2.13
0.9512 0.8279 1277.9 739.6 1.13
1.0000 0.8341 1286.5 724, 3 ceen
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TXBLE 8.3 (cont.)

—3 -—
x p/gcm c/ms”1  _x1012/pa=1 Kg}don/pa-l

X,2,4-dimethylhexan-3-01 + (1-x) n-octane

0.0052 0.6994 1177.8 1030.7 0.75
0.0123 0.7001 1177.9 1029.5 1.65
0.0238 0.7013 1178.2 1027, 2 2.38
0.0314 0.7020 1178.6 1025, 4 3.21
0.0360 0.7026 1178.7 1024.4 3.51
0.0421 0.7033 1179.0 1022.8 3.75
0.0476 0.7039 1179.3 1021.6 4.15
0.0501 0.7042 1179.3 1021.0 4,35
0.0549 0.7052 1179.4 1019.4 4.61
0.0602 0.7065 1179.6 1018.6 4,95
0.0660 0.7061 1179.9 1017.3 5.35
0.0714 0.7067 1180.1 1016.0 5.68
0.0858 0.7083 1180.8 1012.6 6.49
0.0955 0.7095 1181.3 1010.1 6.87
0.1075 0.7111 1181.9 1006.8 7.13
0.2100 0.7239 1187.9 978.9 9.88
0.3204 0.7383 1196.7 945.8 10.11
0.3567 0.7470 1199.5 934, 2 9.52
0.4247 0.7519 1207.1 912.6 8.75
0.5074 0.7650 1214.4 886.3 7.63
0.5512 0.7700 1220.4 871.9 6.91
0.5964 0.7750 1226.9 857.1 6.03
0.6544 0.7841 1233.6 838.1 5.08
0.7004 0.7904 1239.,7 823.2 4,51
0.7504 0.7973 1246.9 806.6 3.63
0.8050 0.8032 1256.7 788.4 2.63
0.8521 0.8115 1262.7 772.8 1.98
© 0.8971 0.8156 1271.9 757.8 1.25
0.9512 0.8254 1279.6 739.9 0.63
0.9823 0.8298 1285,3 729.5 0.25
1.0000 0.8320 1288.5 723.9 cenn
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Figure 8.2. Sound velocity, c, for [xC4H,,OH + (1-x)

n-octane] at 298.15K: (O, octan-i-o0l; IR, octan-2-o0l;
A, 2-ethylhexan-1-ol; [J, 2,3-dimethylhexan-3-ol;

®, 2,4-dimethylhexan-3-ol.

215



o N
- A .
Ef ‘\LA \O \.

~ ~
2 \D‘D ‘< N
UJ!U) -« D-— D_D_D-D—

\.\
. /
o
N

.\...
1
0 0-5 1
X
Figure 8.3. Excess isoentropic compressibility for

[xCgH, ,OH + (1-x) n-octane] at 298.15K: @ , octan-l-ol;
A, octan—2-o-1} (], 2-ethylhexan-1-o0l; B, 2,3-dimethyi-

hexa’n—3—ol} O, 2,4-dimethylhexan-3-ol.
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Figure 8.4. Ultrasonic absorption coefficient for

[XC¢H, ,OH + (1-x) n-octane] at 298.15K and 2MHz.
O, octan-1-0l; @ , octan-2-0l; /\ , 2-ethylhexan-1-ol;

U, 2 , 3-dimethylhexan-3-0l; H, 2, 4-dimethylhexan-3-ol.
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Figure 8.5.
mole fraction, x, of octanols for [xCgH,,0H + (

n-octane] at 298.15K: A , octan-1-01; (. octan-2-01l;

Zl, 2-ethylhexan-1-01l1; B, 2,3—dimethylhexan—3—ol;

®, 2,4-dimethylhexan-3-ol.
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attenuation of an organic liquid can be separated into two
parts: a relaxational element associated with the disturb-
ance of rotational isomeric equilibria or hydrogen bonded
associated forms of the alcohol and a classical contribution
associated with viscous and thermal contributions. The
contribution from shear relaxation can be calculated from
the viscosity using equation 2.3, The calculated shear
contribution is presented in Figure 8,6, The viscous
contribution contains a volume viscosity element and the
total attenuation contains also a thermal conductivity 1loss.
The latter for most organic liquids makes a contribution of
much less than 1% to the observed attenuation. Estimates
based on very imprecise literature data indicate that this
is also true in the present case. In which case, the

volume viscosity can be calculated from
: £2 - 2 3 = 2 - 2
(a/£2) = (2m2n /pc?) = (a/£?) ;o - (a/f%) 8.1
where ny is the volume viscosity of the mixture. Calculated

values for (cx/f-z)V are presented in Figure 8.7.

8.4 Discussion

A survey of the literaturé indicates that few measure-
ments have been performed in a systematic manner of the
changes in the structure of alcohols with the addition of
non polar molecules. This is in contrast to the
considerable attention which has been given to alcohol
with other hydrogen bonding molecules. In this present
study the isomeric octanols allow the effects of chain
isomerism, hydrogen bond accessibility and configurational

mobility of the second molecule to be studied.
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Figure 8.6. Ultrasonic absorption contribution

from shear viscosity (oc/fz)s for [xC,H,,O0H + (1-x)
n-octane] at 2MHz and 298.15K: A , octan-1-01;
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dimethylhexan -3-o0l; W ., 2,4-dimethylhexan-3-ol.
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Figure 8.7. Ultrasonic absorption contribution from

volume viscosity (a/f")V for [xCgH,,OH + (1-x)roctane]
at 2MHz and 298.15K: @, octan-1l-ol; O , octan-2-01l;
A\, 2-ethylhexan-l-ol; [J] , 2,3-dimethylhexan-3-ol;

M, 2,4-dimethylhexan-3-0l.
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(1)  volume of mixing

The VT values in the case of the straight chain
octan-1l-0l are negative except for mole fractions of less
than 0.02 where they become positive, Figure 8,1, | The
maximum values of the excess volumes for branched octanols
decrease in the order, 2,3-dimethylhexan-3-01, 2,4-dimethyl-
hexan-3-o0l, octan-2-0l, 2-ethylhexan-1l-ol,. According to
Tresczanowicz and Bensonz55 , the VE data for similar binary
mixtures can be explained qualitatively by postulating
that the excess is the result of two opposing effects;
self association of the octanol and physical dipole-dipole
interactions between octanol monomers and multimers, leading
to increases in volume., Negative contributions arise from
changes of 'free volume' in the real binary mixture.
Additional contributions can be envisaged as arising from
the restrictions in rotational motiorflG which arise when
the octane molecule is accommodated intersticially within
the branched octanol mixture.

The data presented in Figure 8.1 indicate that the
negative contribution reaches a maximum at approximately
0.4 mole fraction of octan-1l-ol,and at very low dilution
octan-1-o0l it becomes positive dué to hydrogen bond
breaking. The positive values of vE for the branched
chain octanols are a consequence of steric interactions
associated with the branched alkyl chains reducing the
For instance,

extent of hydrogen bonding in the system.

in the case of 2,3-dimethylhexan-3-ol, the hydroxyl group
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is highly hindered by the alkyl groué and gives the
highest maximum excess volume values. As the steric
effect of the alkyl group is increased; SO the positive
effect becomes more important than the negative, In
octan-l-ol the octane molecules are accommodated in the
octanol structure and a negative direction is observed,
Similar effects have been reported by Benson for other
254, 255

alcohol/alkane systems

- (ii) Acoustic velocity ‘and ‘isoentropic ‘compress-

ibilities

As indicated above the main effect of addition of
octane is a change in the 'freé' volume in the mixture
compared with that in the pure components. Disruption of
the alcohol structure and restriction of the rotational
motion has -been described as the condensation effecgom3y
Interstitial accommodation and orientational order lead to
a more compact strﬁcture and to an observed decrease in the
excess compressibility, Figure 8.3. At low alkanol
concentrations the negative deviations observed are
attributed to the effects of break-up of the hydrogen bond
structure and this tends to increase the compressibility
and leads ultimately to the positive trend. The behaviour
reported here is similar to that reported by Kiyohara and
Benson248 on various n-alkanol + n-octane systems.

The main conclusion with regard to the low mole
fraction data is that breaking of multimer structure leads
to a positive Kg and a concomitant increase in the ability

far interstitial accommodation of the alkane. This
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behaviour is modulated by the steric interactions of the
alkyl group both on the stability of the multimer structure
but also on the ability of the liquid to accommodate the
straight chain alkane, The infrared spectrum of these
nixtures is very complex and does not allow either positive
identification or estimation of the concentrations of the
various multilinear structures present.

- (iii) Viscothermal acoustic attenuation coefficient

The frequency dependence of the acoustic
attenuation in the isomeric octanols has been reported
previously‘46 . In the following analysis, account has
been taken of the contribution associated with rotational
isomerism in octan-2-o0l, 2,3-dimethylhexan-3-ol and 2,4-
dimethylhexan-3-o0l to the acoustic attenation. In all
cases the rotational isomeric contribution decreased
linearly with the concentration of the octanol allowing
the viscothermal acoustic attenuation to be defined as a
frequency independent contribution.

The concentration variation of the viscosity reflects
the complex manner in which the 'hydrogen bonded structure'’
with concentration and reflects the extent to which
'associated cyclié and linear hydrogen bonded structures
are destabilized by thé addition of non polar molecules.
The observed deviations are negative, implying break up of
associated structure in all cases. The ultrasonic

attenuation is observed to increase rapidly on the addition

of alcohol to the alkane and a maximum in the attenuation

coefficient is observed in the dilute region for
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octan-1-0l, octan-2-ol and 2-ethylhexan-1-o1l and implies
that as the alcohol concentration is increased so the
.probability of formation of cyclic forms increases, The
maximum is probably of similar origin to that observed

in water-alkanol systems where the excess is attributed to
disturbance of the distribution between cyclic and linear

structured pure forms and mixed associated forms60

The height of the absorption maximum decreases as the
steric effects of the alkyl group increase. The height
decreases in the order: octan-1-o0l, 2-ethylhexan-1-ol,
octan-2-ol, 2,4-dimethylhexan-3-o0l and 2,3-dimethylhexan-
3-o0l. The steric effects in the 2,4- and 2,3-dimethyl-
hexan-3-0l lead to less self association in these systems
than in the corresponding linear systems. Introduction
of n-octane to 2,3-dimethylhexan-3-o0l leads to a slow
increase in the attenuation and no maximum at low
concentrations is observed, hydrogen bonding between these
molecules being insufficiently strong to lead to association
ahd hence the mechanism of relaxation observed in the other
systems is excluded here. The excess absorption at low
concentrations appears to be due to a structural relaxation
contribution to the volume viscosity rather than to the
classical shear viscosity absorption, Figures 8.6, 8.7 and
8.8.

As the concentration of the octanols increases, the
disordering action of the n-octane molecules becomes less

important in comparison with the effects of hydrogen

bonding between neighbouring molecules.  Studies of the
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Figure 8.8. Ultrasonic absorption coefficient for

[xCg H,,0H + (1-x) n-octane] at 298.15K, 2MHz and low
mole fraction, x, of octanols <O0.l: (), octan-1-ol;
A\, octan-2-01; M, 2-ethylhexan- 1-ol; A, 2,3-

dimethvlhexan-3-0l; @, 2,4-dimethylhexan-3-ol.
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temperature frequency dependence of the attenuation in the
pure alcohols have indicated that the total attenuation

of the pure alqohol is a combination of contribution from
rotation isomerism and processes associated with
structural relaxation of hydrogen bonded clusters and
dynamics of the structural association. This analysis is
further supported by the trends observed at high mole
fractions of alcohol, the rotational isomeric contribution
being a linear function of the concentration of alcohol.

8.5 Conclusions

This study indicates that in mixtures of alcohol and
alkane the observed excesses afe a consequence of a number
of competing’effects. In the sterically unhindered
alcohols, cyclic and linear associated forms can be formed.
Addition of alkane allows the 'free' volume in the
lattice to be filled and also will perturb the degree of
clustering present. In the sterically hindered alcohols
the cyclic associated forms cannot be formed and no
ekcess features associated with.critical association are
observed. These latter effects are observed in the
region of 0.1 mole fraction for the majority of systems
studied. A lack of definitive spectroscopic-data
precludes a detailed analysis of these data at the present

time in terms of linear and cyclic associated structures.
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’ CHAPTER 9

ULTRASONIC STUDIES OF N-FORMYLMORPHOLINE-
WATER MIXTURES

9,1 ‘'Introduction

Morpholine derivatives and their aqueous solutions are
used for the extraction of monocyclic aromatic hydrocarbons
70-74,259
from petroleum feedstocks ' . N-formylmorpholine

(NFM, I) is particularly useful because its high selectivity

o
7\

CH, CH,

| I I
CH, CH,

N

&ro
and specific solvent power increase the activity coefficients
of non-aromatics to a higher degree than aromatics in hydro-
carbon-morpholine or hydrocarbon-morpholine-water systems,
SO permitting distillation or liquid-liquid separation.
These solvation characteristics have their origin not only
in the general pair interactioﬂs between polar and polaris-
able molecules, but also in the way the particular conform-
ational geometry of N-formylmorpholine permits insertion into
the bulk hydrocarbon or water structure. These specific
aspects of the solvation interaction are not understood,
and this work was undertaken so as to elucidate and evaluate
their significance.

Since the economically attractive extraction processes

use N-formylmorpholine-water mixtures, this study concentrates

on the structural characteristics of aqueous solutions.
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Water has an ordered structure (at low temperatures)

mainly of ice I tetrahedral packing interspersed with
numerous cavities containing more closely packed non-
hydrogen-bonded molecules. Addition of an hydrogen
bonding solute can both enhance the ordering of the non-
bonded water and alter the structure of the ordered
regions.,

Ultrasonic studies of liquid systems can evaluate
dynamic properties, such as conformational and structural
changes (through relaxation observed in acoustic absorption)
and 'static' thermodynamic properties, such as adiabatic
compressibility (from sound veiocity). Interpretation of
ultrasonic measurements requires knowledge of both density
and viscosity, and these properties too shed light on the
structural characteristics of the liquid under investigation.
Such methods have been used to investigate, in aqueous
systems, the structural changes caused by non-electrolyte

60,61,262-268
solutes ' , and particularly the temperature dependence

' C g ‘s . . _269-272
of the compressibility-composition relationship .
In this study, such observations have been extended to the

N-formylmorpholine-water system.

9.2 Materials

N-formylmorpholine was obtained (glc grade) from
Fluorochem (UK) Ltd. The liquid was refluxed over barium
oxide for two hours, then degassed and stored over molecular

sieves, type 4A (BDH). Its purity was found to be better

than 99.9%. Solutions were prepared using deionized

boiled water and filtered N-formylmorpholine. Densities
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and sound velocities of pure N-formylmorpholine and
deionized water were measured, Table 9.1, and found to be
in good agreement with values published.in the

73,273-275
literature

9,3 Results

(1) vVvolume of mixing data

The values of excess volumes, vE for aqueous
solutions of N-formylmorpholine were calculated using
equation 2.33, The data were fitted to the empirical
equation 6.5, where a_ is the fitting coefficient of order
n obtained from a least squares fit of the data presented
in Table 9.2. The standard déviations associated with this
analysis are also presented in Table 9.2, along with the
coefficients for a . Comparison of the plots of the actual
data and the predictions of equation 6.5 indicates that the
deviation is in all cases. < 0,1%. The excess volumes for
the aqueous solutions of NFM are all negative over the whole
mole fraction and temperature range studied, Figure 9.1.

(ii) viscosity data

The measured viscosities of aqueous solutions of
NFM at various temperatures are plotted as a function of
mole fraction, x of NFM, Figure 9.2.

(iii)Sound velocity data

The measured sound velocities of aqueous solutions
of NFM are presented in Table 9.3 and illustrated in Figure
9.3. The temperature dependence of the sound velocity for
ted in Figure 9.4.

various mole fractions of NFM is presen

. i AN
The sound velocity-mole fraction curves show maxima at lo

220



i

TABLE 9.1. Densities, p, and sound velocities, ¢, for the

component liquids,

NFM ' H,0
T/°C
obs. 1it, obs, lit.

p/gcm—3 20 1.1505 1.1528 - 0.998207

25 1.1461 - - 0.997048

35 1.1374 - - 0.994035
c/ms™1 20 1639.0 - 1482.5 1482.383

25 1623.6 - 1497.3 1496.739

35 1588.1 - 1520.3 1519.81
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TABLE 9,2, Coefficients an

representation of excess volume VE/cm3 mol~1 for [x NFM + (1l-x) water] by

equation 6.5.

and standard deviations aV'E/cm3 mol~™ ! for least squares

L T/K
4n 298.15 308.15 318.15 328.15

a, -6.531 x 10 ¢ -3.005 x l0~* 6.63 x 10~* -2,959 x 103

a, -3.263 -3.051 -3.392 -2.442

a, -4,479 1.1019 22,237 -2,631

a, 101.385 12.877 -274.222 49.592

a, -513.05 31.974 1953,424 -189.065

a, 1464.171 -282.339 -7633.424 403.576

a, -2488,518 672.346 17700. 84 -497.873

a, 2465,.539 -787.311 -25055, 88 -325,822

a, -1308.987 466,361 -9917.329 -86.975

a;, 287.116 -111.877 1958.013

o‘VE/cm3 mol~1 6.08 x 103 2.343x10° 3 4,15x10 3 6.915x10" 3
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Figure 9.1. Excess volume of NFM-water mixtures

as a function of mole fraction, x, of NFM at various

temperatures.
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Figure 9.2. Viscosity of NFM-water mixtures as a

function of mole fraction, x, of NFM at various

temperatures.
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TABLE 9.3. Density, p, sound velocity, c, isoentropic
compressibility, Kgr and excess isoentropic
compressibility, KE, for [ x NFM + (1-x) water]

K_x1lo12/ KExlolz/
X p/gem™?3 c/ms™1 _S_ s
pPa~1 Pa—1
T = 298.15K
0.0000 0.9970 1497.3 447 .4
0.0164 1,0126 1535.5 418.8 Z18.65
0.0252 1.0201 1553.3 406.3 -26.43
0.0629 1.0467 1611, 1 368.0 ~47.73
1 0.0914 1.0624 1640.3 349.8 -55.70
0.1456 1.0845 1671.1 330.2 -60.59
0.2872 1.1159 1685.8 315.3 -51.62
0.4275 1.1299 1672.6 316.4 -37.24
0.5332 1,1341 1659.0 320.4 -26,50
0.6162 1.1389 1650.5 322,3 -20.42
0.7338 1.141°2 1639.,1 326.2 -11,95
0.8867 1.1448 1626.5 330.2 -3.42
0.9268 1,1451 1625, 2 330.6 -2.00
0.9657 1.1457 1624.6 330.8 -1,03
1.0000. 1.1461 1623.6 331.0 ceene
T = 308.15K
0.0000 0.9940 1520.3 435.3 covee
0.0164 1.0089 1547.1 414,1 -13.72
0.0252 1.0160 1559.8 404.5 -19.74
0.0629 1.0414 1603.0 372.7 -38.95
- 0.0914 1.0562 1625.6 358.3 -45,.79
0.1456 1.0776 1651.8 340.1 -52.87
0.2872 1.1078 1659.3 327.8 -47.41
0.4275 1.1214 1641.7 330.9 -34.48
0.5332 1.1272 1628.4 334.6 -25.73
0.6162 1.1303 1616.4 338.6 -18.70
0.7338 1.1333 1604.7 342.6 -11.25
0.8867 1.1359 1591.1 347.7 -2.81
0.9268 1.1369 1590.0 347.9 -2.33
0.9657 1.,1369 1589.3 348.2 -0.92
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TABLE 9.3 (cont.)

X p/acm™3 c/ms~1 stlolz/ Kgxlolz/
Pa-l Pa-l
T = 318.15K
0.0000 0.9902 1536.4 427.8 e
0.0164 1.0045 1557.8 410.2 _12.40
0.0252 1.0115 1570.2 401.0 ~19.11
0.0629 1.0355 1601.0 376.8 _34.46
0.0914 1.0498 1618.0 363.8 ~42.12
0.1456 1.0702 1635.5 349.3 -48,92
0.2872 1.0993 1633,.4 340.9 -44,91
0.4275 1.1126 1612.0 345,8 -33.12
0.5332 1.1183 1597.0 350.6 -24,88
0.6162 1.1212 1585.8 354.6 -17.71
0.7338 1.1244 1572.9 359.5 -11.50
0.8867 1.1272 1556.8 366.0 -2.64
0.9268 1,1275 1555, 2 366.7 -1.48
0.9657 1.1281 1554, 3 366.9 -0.80
1.0000 1,1286 1553, 1 367.3 e
T = 328.15K
0.0000 0.9857 1547.7 423.5 Ceeees
0.0164 0.9995 1563.6 409,2 ~11.4
0.0252 1.0063 1573.3 401.4 -17.31
0.0629 1.0289 1595.5 381.8 ~31.57
0.0914 1.0432 1607.8 370.8 -32.79
0.1456 1.0627 1618.1 359.4 ~45,93
0.2872 1.0909 1608.9 354,1 -43.65
0.4275 1.1041 1584.4 360.8 -32.71
0.5332 1.1095 1567 .3 366.9 _24,45
0.6162 1.1125 1555.0 371,2 -18.35
0.7338 1.1157 1540.5 377.7 -10.95
0.8867 1.,1185 1524.0 384.9 -2.25
0.9268 1.1188 1522.8 385.4 -1.46
0.9657 1.1194 1521.5 385.9 -0.68
1.0000 1.1199 1520.3 386.3 e
T = :343.15K

0.0000 0.9777 1555.1 422.9 e
0.0252 1.0042 1568.1 405.0 ~17.4
0.0914 1.0329 1578.0 388.8 -32.68
0.1456 1.0524 1580, 2 380.5 _45 .24
0.2872 1.0799 1564 . 4 378.4 -41.79
0.4275 1.0911 1533.7 389.6 -30.11
0.5332 1.1008 1515.1 395.7 -23.73
0.6162 1.1018 1504 .2 401.1 -18.27
0.7338 1.1035 1489.0 408.7 -10.45
0.8867 1.1056 1472.7 417.0 -2,02
1.0000 1.1067 1468.5 419.0 R
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concentration and decreases as the temperature is
increased.

" (1v) Isoentropic compressibility and excess

Isoentropic compressibility, Kgr of the pure
components and aqueous solutions of NFM was calculated
using equation 2,35, The data are presented in Table 9.3
and plotted as a function of mole fraction, x, of NFM at
various temperatures, Figure 9.5.

The excess isoentropic compressibility Kg, was
calculated using equation 2,34 and the data so obtained
are presented in Table 9.3. Figure 9.6 illustrates the
variation of Kg with mole fraction, x, of NFM at various
temperatures. The excess isoentropic compressibilities
for aqueous solutions of NFM are all negative over the
whole mole fraction range and the various temperatures
studied.

(v) '13C nmr fs‘pectraf of N—‘f‘OI'mYlm'O'rph'O'l ine

The proton decoupled and non proton decoupled
spectra of N-formylmorpholine are presented in Figures 9.7

and 9.8. The peak assignments and splitting constants

are presented in Table 9.4. The 13C spectrum of this

compound is analysed as follows. The highest field peak

is associated with the formyl group and under conditions

of non-proton decoupling is split into a doublet. The

remaining carbons in the decoupled spectra are grouped

into two separate regions, that at the higher field

being associated with the carbon joined to the ring oxygen,
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TABLE 9.4. 13C nmr spectrum of N-formylmorpholine

C atoms labelled; a, B ring position from

N, y formyl.

8

/ppm C atom Intensity J/Hz
162.02 1.61
158.96 Y 1.54 192.35
69.34 1.70

68.63 B ".1.96 142,42
67.03 1.61

66.29 1.79

64.81 R 2.05 142,2
63.48 1.10

47.47 1.81

45,28 o 3.77 139.64
43.11 1.94

42.77 1.67

40.52 o 2.53 139.64
38.32 "1.70
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and that at the lower field to the carbon attached to the
nitrogen atom, Each of these is split into a doublet
under proton decoupled conditions, and further split into

a doublet of triplets on non proton decoupling, The
primary splitting is associated with different conformations
of the ring. Examination of the beta carbon resonances
indicates further splitting due to the quadruple of the
nitrogen atom to which it is attached.

(vi) Ultrasonic attenuation data -

The ultrasonic absorption coefficient as a
function of frequency and mole fraction, x, of NFM at
various temperatures is presented in Figures 9.9 — 9,11,
The variation of absorption coefficient with frequency
was fitted to the equation 2.8, Computer fits of the
observed data for the aqueous solutions of NFM yielded the
parameters summarized in Table 9.5.

Continuing the analysis as discussed in section 4.3(iv),
the energy parameters associated with the rotational
felaxation process could be derived. Plot of log(TumaX/cz)
against the reciprocal temperature is linear and has a
slope aE® /R, Arrhenius plots of the relaxation frequency,
Figure 9.12, give the activation energy AE# for the overall

e #

relaxation processes. The values of AH and AE" are

summarized in Table 9.6.
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TABLE 9.5. Ultrasonic relaxation parameters

Mole fraction of

NFM Temperature/K A x 1l015/s2m™1 B x 1015 /s2m™1? fC/MHz
Pure NFM 292,95 34,5 67 500
298.15 20.4 59.4 500
318.15 12.5 52 552
0.7338 292.95 33 61.5 510
298.15 19.7 55.6 516
318.15 12.5 44.9 560
0.6162 292,95 28 57.5 520
298.15 20 46.5 540
318.15 11 35 575
0.5332 292,95 27 52.7 523
298.15 20 46,5 540
318.15 11 35 575
0.4275 292,95 21 48 540
298.15 16 41 560
318,15 9.5 32 575
0.2872 292,95 15 44 555
298.15 14.5 33 570
318.15 6 25.5 592
0.1456 292,95 11 36 568
298.15 8.5 24.5 580
318.15 4.5 19.5 600
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TABLE 9.6. Relaxation activation energies and enthalpy

differences,

mole fﬁgﬁtion of AE*/kJ mol-1 AHe/kJ nol-1

1.0000 3.10 9.00
0.7338 2.97 8.52
0.6162 2.88 7.62
0.5332 2.80 7.10
0.4275 1.98 4,98
0.2872 1,71

0.1456 1.59
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9.4 Discussion -

A. ConfbrmatibnalnynamiCS‘bf‘N—Fbrmy1mbrpholine

There are two possible causes of the acoustic
attenuation observed; rotational isomerism of the formyl
group,and ring inversion. Rotational isomerism in
formamide structures has:been of interest for many years
and in general the activation energies reportedm6 lie in
the range 60-120 kJ mol~—1?1, In a,B unsaturatea aldehydes,
however, values lie in the range 20-60 kJ mol=1, In such
systems a corfelation between the 13C-1H coupling constant
and the activation energy for aldehyde group rotation has
been demonstrated, and this correlation would predict a
value of 75 kJ mol™! for N-formylmorpholine. It is
unlikely, therefore, that such a rotation is the cause of
the ultrasonic relaxation observed in this study.

Turning now to ring inversion phenomena, an activation
energy of 24.3 kJ mol™ ! has been found in N-methyl-
morpholine, and this has been ascribed:w7 to inversion of
the bonds to the nitrogen atom, which inversion occurs
several times during the lifetime of any specific conform-
ation of the remainder of the ring. Since the-splitting
of the 13C nmr spectrum at 62 MHz indicates that in this
case the ring geometry is effectively frozen at such
frequencies, the acoustic process must be a localised
change and is most likely again an inversion of the

nitrogen atom. The very low activation energy indicates

that electron delocalization of nitrogen to formyl

creates a more planar structure at the N-atom, Thus the



D)

conformational dynamics are seen as a rapid (low

activation energy) inversion of an almost planar geometry
at the N-atom superimposed on a much slower interchange

between the normal six-membered ring conformations

/\/N\ O;-———“/\/

=y

This suggests that the planarity is enchanced and
diminished rate of more gross conformational change
underlies the structural contribution to the greater
specificity towards aromatics shown by N-formylmorpholine
by comparison with other morpholine derivatives.

.....

B. Conformational Dynamics of N-Formylmorpholine in

‘the Presence 'of Water

In aqueous mixtures there is always the possibility
of.a proton transfer equilibrium (as observed in amine
systems):w6 contributing to the observed acoustic relaxation.
The fact that the acoustic relaxation amplitude changes
almost linearly with the concentration of the N~-formyl-
morpholine is consistent with the assumption that the
relaxation is associated with a conformational change
rather than with some form of proton transfer equilibriun%78
Furthermore, the highly resolved nmr spectrum described
earlier indicates that a proton exchange could not be

taking place at the frequencies of the acoustic
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relaxation.
The acoustic attenuation displayed in Figures 9.9

-9.11 and the energy parameters presented in Table 9.6

show that the presence of water modifies the conformational

4

relaxation (lowering AE’ and AHB) increasing the distinction
between N-formyl and other derivatives of morpholine.
This parallels an increased efficiency of aromatic
extraction in the presence of small quantities of wategl'73

C. ‘Structure of N-Formylmorpholine-Water Mixtures

(i) Excess volumes and compressibilities of mixing

An indication of packing changes in the structure

of liquid mixtures can be obtaihed frém excess functions
of mixing, particularly the excess volume, VE, and excess
isoentropic compressibility, Kg. The excess volumes are
all negative over the whole composition and temperature
range, Figure 9.1. This behaviour is similar to that
familiarmg_280 in aqueous mixtures of liquids
such as acetone, dimethylformamide and dimethylsulphoxide.
The general explanatjxu?81 , applicable in this case, is
that hydrogen bonding to the carboxyl group is stronger than
to water, so the solute enhances structure and close
packihg in the disordered regions.

Excess isoentropic compressibilities are illustrated
in Figure 9.6. It is interesting that the largest negative
excess compressibility occurs at a lower mole fraction of

NFM (ca. 0.3) than does the largest negative excess volume

(ca. 0.4). This must arise from the high volume but low

compressibility of the ijce I structure, and indicates that



larger amounts of NFM disrupt the structure so decreasing
the volume without decreasing the compressibility,

It was also observed that on addition of NFM the sound
velocity, Figure 9.3, and isoentropic compressibility,
Figure 9.5, show that close packing is a maximum at low mole
fraction of NFM and the temperature coefficient of sound
velocity (at 310K) becomes positive at mole fraction of NFM
<0.06, as expected from thermal disruption of the water
ice I structure. At given temperature, the sound velocity
increases with increasing the mole fraction of NFM up to
0.29. Above this critical concentration the sound
velocity profile is essentially-dominated by NFM properties,
Figure 9.4.

(ii) Viscosities

The viscosities of aqueous solutions of NFM are
illustrated in Figure 9.2. Again an enhanced viscosity at
intermediate mole fractions is indicative of intermolecular
association. Viscosity measurements by themselves do not
shed much light on the form of this interaction, but of
course must be used in the calculation of the viscothermal
contribution to ultrasonic absorption.

(iii)Ultrasonic absorption

The most interesting aspect of the attenuation
measurements is found at low mole fractions NFM, The

relaxation in water is ascribed to exchange of molecules

between ordered and disordered regions. The amplitude of

this must depend on the volume fractions of the ordered

and disordered regions, and so like excess volume and
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excess compressibility should show a correlation with break
up of ice I structure or ordering of non hydrogen bonded
molecules of NFM, The values of excess volume of

Figure 9.1 and KS, Table 9.3, were used to calculate the
structural volume contribution to the total relaxing

amplitude

u = 'n(AVef) 2/2KSRT

vol
A comparison of an excess absorption (calculated as usual
from a Raoult's Lawmolefraction of absorption coefficients

of pure water and pure NFM) against the structural
contribution calculated from excess volumes and compress-
ibilities is shown in Figure 9.13. A good correlation is
observed at low mole fractions NFM, lending strength to the
general correctness of the hypotheses.

9.5 Conclusions -

Ultrasonic attenuations and velocities, !3C nmr spectra
densities and viscosities of NFM and its agqueous mixtures
have been used in an interrelated way to investigate
conformationél and structural changes in the liquids.
Conformational analysis (based mainly on nmr and ultrasonic
relaxation) suggests that N-formylmorpholine is more planar
than N-alkyl analogues, and that this planarity is increased
by the presence of traces of water. This could explain
the increased efficiency in extraction of aromatics from
petroleum feedstocks. N-methylmorpholine <N-formyl-
Structural analysis

morpholine< N-formylmorpholine/water.

(based mainly on excess volumes and compressibilities of
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mixing) suggests that as NFM is added to water, it first
introduces hydrogen bonding and ordering to water molecules
not bound into the ice I tetrahedral structure, then at
higher concentrations it disrupts the ice I structure to a
less open, but no less compressible, hydrogen bonded
mixture. This array of solvated NFM is capable of

absorbing the aromatic rings in the 'solvation' process.
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