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SUMIMAIY

This thesis is concerned with the theoretical
and experimental aspects of ultrasonic absorption and
vibrational spectroscopic studies of aqueous solutions.

Emphasis is placed upon the role of water in these systems

Measurements of ultrasonic absorption in the systems
methyl cyanide 4 water and acetone + water are reported
over the frequency range 200 kHz to 230 MHz. The
construction of an apparatus for measurement of ultrasonic
absorption over the frequency range 200 to 1500 kHz is

described.

Ultrasonic velocity measurements are reported over
a wide range of mixture compositions and temperatures for

the system methyl cyanide + water.

Current theoretical models for ultrasonic absorption
in binary liquid mixtures are reviewed and one model, that
due to Romanov and Solovyev, is examined in detail. The
model of Romanov and Solovyev is set dowm analytically in
a convenient form for direct comparison with other models.
The treatment of Romanov and Solovyev, together with the
discrete relaxation model, is examined critically for the
systems t butyl alcohol 4 water, acetone + water, methyl

cyanide + water.

In addition, the Roma.nov-Solovyev theory, is extended

to treat electrolyte solutions and, in its extended form.



is applied with some success to the systems tetra-

alky1ammonium bromide + water, and urea + water. The
results of these applications reveal an important link
between thermodynamic excess functions and ultrasonic

absorption.

Infra-red and Raman spectroscopic studies of aqueous
solutions of electrolytes and organic solutes are reported.
Particular attention is given to the study of metal

perchlorate solutions.

An attempt is made to distinguish between current
models for the behaviour of salts when dissolved in
HOD/HAO solutions, with special reference to the influence

of anions and cations on band parameters.

An ALGOL computer program for band deconvolution is

described.

The design of a thermostatted Raman cell-holder for

the CODERG Raman spectrometer is given.



*’We live in the hope and in the faith that, by
the advance of molecular physics, we shall by and
by be able to see our way as clearly from the
constituents of water to the properties of water,
as we are now able to deduce the operations of a
watch from the form of its parts and the manner in

which they are put together.”

T.H. Huxley



CHAPTER ONE

INTRODUCTION



The studies reported in this thesis are primarily
concerned with ionic solvation and molecular interactions
in aqueous solutions. Two techniques have been used;

(i) wultrasonic relaxation and absorption, and (ii)

vibrational spectroscopy (Raman and infra-red). The
results of previous investigations of the ultrasonic
absorption properties of binary aqueous mixtures are
reviewed in Chapter 2, together with brief details of

theoretical treatments of sound absorption.

In Chapter 3, details of the experimental methods
of measuring ultrasonic absorption are discussed. In
addition the construction of an apparatus for ultrasonic
absorption measurements within the frequency range 200
to 1500 kHz, is described. The measurement of sound
velocities, using an ultrasonic interferometer, is

described.

Despite many investigations of the properties of

binary aqueous mixtures,relatively little success has
been achieved in linking such properties with molecular
models. Only for those systems, in which the co-solvent

is a monohydric alcohol, has any real success been

achieved, and then only at low alcohol concentrations.
In an attempt to extend these investigations, data are
reported in Chapter 4 for two further liquid systems,

acetone + water and methyl cyanide + water.

An analysis of the data has revealed several import-
ant features. One possible interpretation is that the

ultrasonic absorption properties are controlled by water-



water, and water-solvent interactions.

Until very recently, the early theories of ultra-
sonic absorption have remained largely unchallenged,
despite a growing bulk of experimental evidence against

them.

In Chapter 5 the analytical details of two recent
theoretical models of sound absorption are discussed and
extended to enable application of these theories to
experimental data. In particular, one of these models
has been applied to aqueous electrolyte solutions and
solutions of solids, such as urea, in water. One of these
theories describes ultrasonic absorption in terras of
composition fluctuations, whilst the second is a treatment
of sound absorption in critical mixtures. The results
of analyses of the systems, t butyl alcohol + water, acetone
+ water, methyl cyanide + water, tetraalkylammonium salts
+ water, and urea + water, in terms of the concentration
fluctuation approach, are reported in Chapter 6. A
clear link is established between ultrasonic absorption

properties and thermodynamic properties of mixtures.

The role of water in solvating ionic species in solu-
tion has been the subject of many investigations, which
are briefly reviewed in Chapter 7, The vibrational spectra
(Raman and infra-red) of water are reviewed. Where
appropriate, details of recent theoretical models for water
are described. A detailed comparison of two major theories
of solvation is given and an attempt to distinguish

between these is reported. Briefly, one theory suggests



that the addition of sodium perchlorate to water increases
the concentration of 'free* (non-hydrogen-bonded) OH
groups. The second theory suggests that the perchlorate

and sodium ions are solvated by the water.

The Raman and infra-red spectrometers used are
described in Chapter 8, together with the design of a
thermostated liquid cell for the Raman spectrometer, the
formulation of a Gaussian (and Lorentzian) contour
deconvolution program, and design of associated digital

data output devices.

Experimental studies of the Raman and infra-red spectra
of water and aqueous solutions of deuterium oxide containing
salts such as sodium iodide are reported in Chapter 9.

The uncoupled OD stretch of HOD, observed in dilute solu-
tions of deuterium oxide in water, has been extensively
investigated, and the effects of several inorganic salts

upon the stretching band were studied.

In particular, interesting features were observed
when sodium perchlorate and sodium fluoroborate were added
to these HOD systems. The new features observed in the
vibrational spectra have been assigned to solvent-anion
interactions, and the effects of cations upon the spectra
have also been studied. It has also been possible to
obtain approximate solvation numbers for perchlorate and

fluoroborate ions.

The effects of added alcohols, and other organic co-

solvents, have been studied. This investigation has been.



perhaps, less fruitful owing to the considerable complexity

of these systems, and the spectra obtained.

Finally, in Chapter 10, the results of these invest-

igations outlined above, are briefly summarised.



CHAPTER TWO

ULTRASONIC ABSORPTION PROPERTIES OF

BINARY AQUEOUS MIXTURES



2-1 INTRODUCTION

This chapter® reviews the application of ultrasonic
absorption techniques to the study of aqueous binary
mixtures. Several reviews""?* have touched upon the subject
but little attention has usually been devoted to theoret-
ical models for absorption in these systems. The import-
ance of linking information gained from ultrasonic
experiments with spectroscopic and thermodynamic observ-
ations is stressed. The importance of this approach has
been indicated with reference to t butyl alcohol + water
mixtures.The design and operation of ultrasonic
apparatus has been reviewed elsewhere.? Important
features of ultrasonic theory and methods of analysing
the experimental results are examined here.A*A*AA The
theories discussed treat the sound wave as a perturbation
and no new chemical reactions take place when the sound
wave passes (i.e. the power level is insufficiently high
for cavitation). The technique may thus be regarded as
involving a coupling between the sound wave and the dynamic

changes taking place in solution.

2-2 ULTRASONIC ABSORPTION DATA

Three parameters are involved in measurements of
ultrasonic absorption, the absorption coefficient,
(c) the sound velocity, and f the measurement frequency
Experimental data are conveniently summarised in four

types of plot.



Plot A; The ratio ° is plotted against liquid
composition at a fixed frequency and temperature, and
at a pressure of 101325 Nm It is usual to express the
composition in terms of mole fraction of component two
xA. An example is shown in Figure 2-1 for t butyl alcohol

+ water.

Plot B: Here the quantity oL/f2 is plotted as a
function of frequency (or log f) at fixed temperature and
composition. A variant of this is to plot jl-(=cCX) the
absorption per wavelength (A) against composition. Many
problems of interpretation are presented by this plot
and these are considered below. An example is diown in
Figure 2-2 for t butyl alcohol + water. It is desirable

that a large frequency range be covered.

Plot C: The ratio or.‘z/f2 is plotted as a function of
temperature at a fixed frequency and composition. A
typical example is given in Figure 2-3 for a ternary liquid
mixture. This plot is of most use close to the critical

temperature of liquids which show phase separation.?”‘20 &1

2
Plot D: This plot shows the dependence of o?/f on
pressure at fixed frequency, temperature and composition.
This type of experiment has found little application to

date because of a paucity of data.

2-3 WATER AND AQUEOUS SOLUTIONS

Water is not a typical liquid and thus it is not

surprising that the ultrasonic absorption properties of
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aqueous mixtures are atypical of most other binary
mixtures. The characteristic feature of PLOT A for
aqueous systems is the intense maximum in oi/f observed

in many binary aqueous mixtures. Maxima are detected
28

for instance when the organic co-solvent is an alcohol,
substituted alcohol,2? amineAA'AA'AA'AA Kketone,*2,
24,30,31 cyclicether,22,32,33 “itrile,**'*”* but not for
t butyl alcohol + methainol mixtures.22 A pattern is
observed within each group of co-solvents. For instance,
as the size of the alkyl group increases (the series
Et, nPr, tBu, alcohols) (c"lf%) A increases and moves to
lower co-solvent mole fraction. (c6/f2)"" is relatively
independent of temperature and the corresponding composi-
tion is termed the "peak sound absorption composition",
PSAC. Andreae24 has reported an extensive list of PSAC
values for many systems. There is a considerable body of
information regarding the properties of w a t e r . A
number of attempts at a theoretical treatment of sound
absorption properties of water have been reported, that
due to HaII40 being of most significance historically.
Hall used a mixture model41 and not the uniformist model
due to Bernal and Fowler.42 The co-operative model of
Frank and Wen43 has also found application in ultrasonic

absorption studies.

O ften, much information can be gleaned from studies
of crystalline clathrate hydrates in interpreting the

. . 44
behaviour of aqueous solutions. There must, however,

be certain reservations when solid hydrate information is



carried over to the liquid state because of the solid/liquid
phase boundary separating these states. An interesting
extension of this model is concerned with paraffins having
one functional group. For instance, alcohols, ROH, may

be treated as a solubilised paraffin with a hydrophilic

45,46 In dilute

hydroxyl group and hydrophobic R-group.
solutions the localised 'zonesf of enhanced water struc-
ture interact to give a mutual enhancement of the water
structure, accompanied by a further decrease in entropy.
For some systems this mutual enhancement of water-water
interactions is minimised by association of hydrophobic
groups, the driving force being the resultant entropy

. 47-50
increase.

The thermodynamics of mixing is the key to the role
of water in controlling processes in aqueous solutions.
Thus, the excess Gibbs function of mixing (G?) is usually
positive; the systems remain miscible where G” is less
than RT (2.5 kj mol“? at 298 K).A* A link can be esta-
blished between entropy changes in aqueous systems and
tendencies toward phase separation at a lower critical

1.52 For example the critical

solution temperature (LGST).5
solution behaviour of trimethylamine + water mixtures is
well established.*? There lies, in this property,
another method of linking the hydrophobic character of the
co-solvent with the properties of the mixture. Along the
series Et*N + water, Et*NH + water, and EtNH” + water, the

LCST increases,and the intensity of (c<2A/f(the

at a fixed temperature deer.eases.



It thus seems, from this last comment, that ultra-
sonic absorption properties could be linked with liquid

A 0O Oy CO
miscibility.»" ' ’ One suggestion is that the excess
absorption in a binary liquid mixture (i.e. the PSAC)

should correspond to the composition of the azeotrope.

Not all non-polar solutes increase the ultrasonic
absorption. Among the many examples, urea is the most
frequently quoted,the value of (<?/f*) decreasing
as more urea is added. This has been interpreted as the
structure breaking action of urea upon water.It is
likely that this approach is naive,one puzzle being
the near ideality of urea solutions.In relation to
the discussion in Section 2-4 it is of interest that
Hammes et al.*”* found no evidence for self association in
urea and water mixtures, despite the fact that such a

model can fit the thermodynamic data.AA'AA

There is a striking contrast between the absorption
properties (PLOT A) for aqueous mixtures where the co-
solvent contains one hydrophilic group and the same
properties when the co-solvent contains two hydrophilic
groups. (Figure 2-4). It is of interest that despite a
marked increase in the hydrophobic content of the molecule,
polyhydric alcohols show little evidence for an excess
absorption.The effects of changes in the substi-
tuent X in X'CH”A* CH”* OH was studied by Treloar*” who noted
a steady decrease in the excess absorption along the series
CH”, Br, CIl, H, OH, i.e. as X becomes more hydrophilic and

less hydrophobic. The relatively small absorption of
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sound by glycol + water mixtures has been used with
advantage in studying the effects of solvents on the
absorption properties of 2:2 electrolytes in water.
However, the replacement of a proton in ethyl alcohol to
form chloroethanol or bromoethanol has little effect upon
the absorption properties. The conclusion is that
halogeno groups behave towards water in a fashion not un-

like the methyl group.

2-4 ULTRASONIC THEORY

The theory of ultrasonic absorption can be thought
of as an amalgam of two subjects, thermodynamics and
kinetics. Similarities also exist between ultrasonics
and spectrophotometry, both subjects being concerned with
the absorption of energy at a chosen frequency. The vital
difference is that a sound wave is not an electromagnetic
wave but a pressure-temperature variation and requires a

medium for propogation.

Conventional thermodynamics is only applicable when
fluctuations in thermodynamic quantities are small, and
this restricts its application to non-critical systems.
Initially therefore attention is confined to non-critical
systems and those processes taking place when a plane

progressive wave passes through it are reviewed briefly.A'A"

11,14,15

The response of a system, measured in terms of extent,

direction and rate, is a property of the system, as are
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the parametersby which it is measured. The response is
described by * indicating the change, and A indicating

the affinity to undergo change. For stable equilibrium

A = 0. Should the changes in the constraints (pressure, =
temperature) take place sufficiently fast for the system
to be unable to respond, the system is described by a

set of independent variables for which? is constant. An
equilibrium isentropic compressibility can be defined,

for example:
= - (UV)(W/la>)3» A =0 (2-1)
and an instantaneous isentropic compressibility;

) = - (1IV)(OVI3i>)anna (2-2)

The difference between these two quantities is called the

relaxational isentropic compressibility

(A=0) - % (I) (2-3)
Similarly, a relaxational heat <capacity can be defined
SCp = Cp (A=0) - Cp (") (2-4)

It is possible to derive a series of important thermo-
dynaanic relations connecting equilibrium, frozen and

5,53 At this stage the limit of

relaxational properties.
thermodynamics is reached and it becomes necessary to
appeal to kinetic information which characterises the rate

of change in a system between the two situations of *» fixed

and equilibrium. Thus an expression for d % ( ) is
dt A

required in terms of the properties of the system. It is
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at this point that the rigor

of ultrasonic absorption is lost

tions are introduced.

for the kinetics of changes in

linked to the molecular

In one case, following the

the
ered as stochastic or
are

analytical results

Cole-Cole plots . This
of dielectric properties

encountered in

of an approach

Thus the final

interpretation
theory of dielectric
relaxation processes occurring in
Markoffian processes
represented in
diversion
illustrates

studies of relaxational

to a theory
and simplifying assump-

expressions derived

the system are very closely

of the phenomena.
relaxation,
solution are consid-
and the
terms of a number of
into a discussion

some of the problems

and decay processes.

The most straightforward approach to ultrasonic
absorption is clearly to assume, following dielectric
theory, that the system has an associated relaxation time
VvS,P' This embodies two assumptions; (i) the rate of
change, » , is directly proportional to the affinity, and
(ii) the displacement from equilibrium is small. For a
perturbation due to a pressure wave of velocity,c and
frequency f (= w/2'U ) an expression for the complex
isentropic compressibility % * can be derived

SK.

s =K - (2-5)

>(1 icofs,Plz

is the imaginary (out-of-phase) component and"K/* the

real (in-phase) component of the

If the velocity dispersion is

= (I/c?*) where

small

isentropic compressibility

then

(2-6)
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A is the solution density and c the sound velocity.

By solving for the real and imaginary parts o fK

a relation between (o?/f*") and frequency f is obtained.

= | A I[I+ (f/f~)2]1 ~ B (2-7)
where A = SK,,
(A=0)
and fc = 2T(Ts ,p in the limit that
[%'A (A% (A=0)j « 1
3 is the shear viscosity {yj*) contribution. The absorp-

tion per wavelength jl. (=*X) has ideally the shape shown

in Figure 2-5 which is similar to a plot of dielectric
loss against frequency for a simple system. The data are
more conveniently represented using equation (2-7) which
has a sigmoid shape (Figure 2-5). This latter method
permits easy identification of a B contribution. For a
system with a spectrum of relaxation times, these express-

ions can be modified to give

.
= A Fft) dt (2-8)
J 1 + (wX)
with average relaxation time "X = J'CF('C) dX , This
I*o

approach has been used in a study of polymer-water inter-

. 78
actions.

(i) WATER RICH MIXTURES

A remarkable feature of PLOT A for monohydric alcohols

, o
+ water is the initial region of insensitivity of ((K,/f")



FIGURE 2-5 Idealised variation of {o*/f*) |

(%13 SR e— ) with log” for a system

with a single relaxation frequency f
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to added alcohol, prior to the rise to the PSAC. This
transition is particularly marked for t butylalcohol +
water mixtures1’7 but less distinct for ethanol + water
mixtures.79 This region of insensitivity may be called

a tplateau*, e.g. the region O* x*A* 0.04 for t butyl
alcohol + water. There is a possibility that {cC/fz)

does not remain completely independent of composition in
the fplateau* region, sometimes the points lie on a shallow
curve and sometimes there is a small rise. For t butyl
alcohol + water mixtures the plateau length increases as

the temperature is lowered.

2
This initial insensitivity of (c6/f)to added solute
can be contrasted with other propertieswhich show a change
in this region. Examples are observed in the thermo-

6,45,80-82 . . 81,83
kinetic

dynamic, and spectroscopic proper-
ties ,A’Mr e.g. the rapid decrease in the relative partial
molar volume of alcoholAA*AA"AA and the shift to
high energy of the charge-transfer-to-solvent (CTTS)

spectra of loaide in the mixtures.89’90

Clearly those molecular processes which are responsible
for the absorption at the PSAC play no part in these dilute
solutions. Consequently one region can be identified and
considered without regard to the region displaying a large
excess absorption. At first sight it is difficult to re-
concile the insensitivity of (oC/f ) with the marked sensi-
tivity of spectroscopic techniques or volume parameters.
These latter techniques lead to the conclusion that t butyl

alcohol lowers the effective temperature of water.
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Thus the alcohol could enhance water-water interactions
such that the structure tends to resemble the alcohol
clathrates. This is in opposition to the theory of
Andreae,24 who concluded that the alcohol destroyed the
water structure. Andreae was, in fact, attempting to
resolve the initial rise in both (cé/x ) and the sound
velocity c. However, ¢ increases whilst (0o6/f*) remains
constant, and there are grounds for examining not c

but the deviation of c¢c from ideality.

Although there is no direct evidence for a t butyl
alcohol + water hydrate, ethanol + water is thought to
form one.91 Franks has shown,46 by using molecular models,
that t butyl alcohol could be accommodated in a hydrate
lattice. This model accounts for the decrease in plateau
length with increase in temperature since the latter effect
w ill decrease the ability of the water to form cages.18
Even if the liquid structure bears little relationship to
the structure of the hydrate, the small change in (06/f*)
means that no new physical or chemical changes take place
in the liquid which are sensitive to the sound wave. This
can be contrasted with the amine + water mixtures where

(<A/fA) increases when amine is added initially. This effect

has been ascribed to an acid-base equilibrium of the form:
RANH + H”O =S + OH“

The above conclusion was derived from a detailed analysis

of the absorption properties of diethylamine + waterg" and

can probably be extended to other amine + water systems.’;15
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Addition of more amine causes a rapid increase in the
absorption and a change is noticeable in the absorption
behaviour (PLOT A) which is reminiscent of alcohol + water
mixtures. Indeed there is good evidence that amine
clathrate hydrates exist from freezing point data = °°

and X-ray crystallography.?*? Also the thermodynamic
properties are consistent, in many cases, with the idea
that amines are structure makers.99 It can thus be
suggested that, in the absence of an acid-base equilibrium,

each amine + water plot (PLOT A) would show a plateau

region.

In the foregoing discussion attention has been concen-
trated on those mixtures where there is little excess
absorption. This sets the stage for the discussion of those
mixtures formed by adding more organic co-solvent. That is
those mixtures where the absorption is large. By contrast
to the dilute solutions, there is a real lack of under-
standing of these mixtures in terms of ultrasonic and
spectroscopic data. In particular the kinetic contribution
becomes difficult to assess. Thus there is no clear indica-
tion from other sources of hov; to set up theoretical
treatments of these mixtures. Indeed, it is at this point

that the development of ultrasonic theory becomes complex.
(ii) THE CHEMICAL APPROXIMATION

One way of explaining the sigmoid dependence of «*/fA
on f is to assume that the sound wave perturbs an equilibrium

of the form;
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Two simplifying assumptions are made (i) molecules A and
B mix to form an ideal solution or are ideal solutes in
a solvent, (ii) the thermodynamic equilibrium constant K
is given by the ratio of the rate constants. A thermo-
dynamic analysis of the system leads to an expression for
\i in terms of the standard volume ZiV and enthalpy

A" max.

differences.

T /¢’ R f-o- che f
- % AIT (2-9)

where » describes the sinusoidal variation of the equili-
brium constant about its mean value caused by the sound wave.

This equation cannot be solved for both bS and £iH wunless

other assumptions are made. For example in dilute aqueous
solutions bN is thought to dominate. One feature of
interest is that | jand could both be large but

effectively cancel with respect to their effect oh X,

A kinetic analysis, based on an exponential decay of
the calculated absorption, leads to a relaxation time for

the equilibrium, (k*® + k#*)"A.
For a more complex equilibrium

A + m3 AB
m

additional factors come into the treatment. For instance,

the chemical relaxation time is now a function of composition.
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In some cases the dependence of on frequency (PLOT
B) cannot be fitted to a single relaxation but requires

two or more frequencies:

1 fb

=" A -—
Such an example is provided by 2:2 electrolytes in
w at e r . T h e usual procedure is to fit the values
of [cL/f*) over a range of frequencies to equation (2-10),
using the smallest value of n consistent with the estimated
experimental accuracy and the number of experimental points.
The fit of the data to equation (2-10) is obviously improved
the greater the value of n. The final, and most difficult,
stage is to assign each derived relaxation time to a
chemical reaction which involves setting up a series of
chemical equilibria for the mixture. If the relaxation
frequencies differ by a factor of ten or more then the two
equilibria involved are considered to be effectively un-

104
coupled.

Often, in practice, an analysis of the absorption
properties usually starts out with a consideration of PLOT
A, followed by PLOT B. Storey'95 suggested that the absorp-
tion properties of ethanol + water mixtures can be considered
in terms of an alcohol - water complex (1:4). He used as
evidence of this the inflection in the freezing point curve

at the same composition as the PSAC.

A more specific approach is to use an equilibrium of

the form:
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RX + nH?O RX'MH”*O

where the absorption is attributed to intermolecular

association. If m = 1 and RX, H”O and RX «H”O mix

2
ideally then the theory predicts that {~/f for
acetone + water occurs at x*» = 0.5. Although for acetone

+ water the PSAC is 0.4 at 273 K.

In general x# A1 (Th b ) s (2-11)
and 5 can be obtained from PLOT A. Some values of are
shown in Table 2-1. This theory was extensively developed

by Andreae and has been described uncritically in a number

9,13 The essential features are examined below.

9
Analysis of the dependence of (fA/f") on frequency often

of reviews.

shows that the assumption that is zero is invalid.
It has been assumed that the association of RX with mH”O
is a single step process. Andreae and co-workers examined

a stepwise model, a series of n-equilibria:

RX + (m-1) HAO + HAO RX-mH"O

where m = 1,2,3, -—n in which it is assumed that the
forward rate constant, the association step, is independent
of m. The calculations are formidable. A commendable

treatment suggested by Andreae used a two state model
having bound and *free* water. Addition of an organic
co-solvent brings about changes reflected by the two
equilibria :

RX + H”O ~ RX'HgO

H (HgO) bound



TABLE 2-1 Approximate values of m derived from values

of the peak sound absorption composition

Svstem studied Value of m
t butyl alcohol + water 10
acetone + water 1.5
diethylamine + water 9
methyl cyanide + water 1.5

ethyl alcohol + ethyl chloride 95
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For acetone + water, assuming AH =0, a fair fit v;as

achieved for the absorption and velocity results. The
ultrasonic relaxation is associated with the former
equilibrium, the latter being above 230 MHz. Thus generally
when relaxations are observed within the range 1 to 230
MHz, these involve the added co-solvent. In many ways

this model resembles more recent models which suggest that
the added solute may dissolve in regions of bound or free

water molecules.

The above equilibria go some way tov/ards describing
the effects of urea as a structure brealcer. In contrast,
alcohols and acetone are more satisfactorily described as
structure formers .Thus, addition of RX would involve64
interaction with (H*O) bound, thereby diluting the (H?O)

bound "phase" with the result that H*"O molecules associate

to maintain the equilibrium:

H (HAO) bound

Hammes and Knoche32 used a similar model to account for the
absorption properties of dioxan. The excess absorption is
small and the PSAC around 0.5 mole fraction dioxan. Their
results were interpreted using two equilibria:

2H*0 4 2 DIOXAN * DIOXAIx + DIOXAN *2H*0

DIOX.1N + DIOXAN.2H*0 2 DIOXAN-2H*0

The formation of 1:1 and 2:1 complexes was indicated from
previous dielectric relaxation data. Hammes et al discussed

the results in terms of hydrophobic hydration of dioxan by

the ..... 52,85,106,107
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These treatments go some way towards an explanation
of the important features of the absorption properties of
aqueous mixtures, and have found wide acceptance. They
have, however, several shortcomings which have become

clearer as more data has become available.

A major criticism concerns the assumption of ideal

mixing of all components involved in the equilibria. This
requires that all non-ideal properties of these systems
be explicable using the same equilibria. Other approaches

find this analysis unsatisfactory, and the model does not
satisfy the requirements of spectroscopic observations.
The equilibrium constants and associated parameters
(AK*and GV cannot be independently determined. It is
certain that rates and equilibrium constants for chemical
reactions are sensitive to the composition (x?*) of binary

. 81,103
aqueous m ixtures.

Another major criticism is concerned with the shape
of PAT A. The theory predicts a large excess absorption
at x*» = 0.5 mole fraction of t butyl alcohol, whereas the

observed absorption has almost fallen to zero at this stage

None of the modifications often introduced to counter
these criticisms can explain the shape of the curve at low
mole fraction, namely the plateau and subsequent rise.
Often the derived values of m are quite reasonable, but in
the case of ethylene chloride + ethanol, it is quite

unreasonable, i.e. 95.

Finally, the meaning of the equilibria invoked to
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explain the absorption is often not clear. Consider the
equilibrium,

RX +HO RX-H”O.

If this equilibrium were present in a third, non-interacting,

solvent, then RX, H2O and RX®H”AO would be surrounded by

solvent. In the present context RX is surrounded by water

and RX molecules, the actual environment changing with
Thermodynamic and spectroscopic evidence shows that

at low x*, RX molecules have an effect on neighbouring water

molecules. Thus, the structural difference between RX in

its environment in the solvent, and RX'HAO in the solvent,

is clearly not well defined by the above equilibrium.

In view of these difficulties, a new model has found
application in these laboratories which overcomes quali-
tatively the major objections. This model directs attention
towards the hydrophobic part of the RX molecule, previously
shown to be the controlling factor in determining the
magnitude of (<*/f*). The model followed the discover?/ that,
in general, two relaxations were required to fit the data
in PLOT B. For those mixtures where the thermodynamic
properties indicated the organic co-solvent to be a structure
former, a common pattern in the ultrasonic absorption
parameters (derived using equation (2-10)) was found.

For alcohols, for example, fc?, fc? and ( ) Aand
JoJ have extrema at the PSAC. The temperature

(

dependences of the relaxation frequencies are small and this

J lu cOC -

uggests isothermal behaviour. Following the proposed
clathrate hydrate model, it becomes clear that as more

alcohol is added there will come a time when there is
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insufficient water to satisfy the needs of all the alcohol
molecules. Prior to this there were no major relaxation

processes other than that of water.

The reduced availability of water leads to the rapid
rise in (oL/f*) (PLOT A). In this region cavities are
formed which can hold two or more co-solvent molecules

possibly associated in a hydrophobic sense.
(ROH)H O A (KCa-ROH)j,,"Q

Such equilibria are thought responsible for the observed
relaxations. A similair model may hold for methyl cyanide

but a hydrate has not been characterised.34 10

A more quantitative linic between thermodynamic and
ultrasonic absorption data is clearly required. Such a
link is briefly described in the next section and in
subsequent chapters. This approach moves away from the
chemical approximation and examines ultrasonic absorption
phenomena from a different standpoint, which does not

invoke the formation of well defined molecular associates.

(iii) CONCENTRATION FLUCTUATIONS

Nomoto/rAA made an interesting suggestion which
does not require the chemical approximation approach.
Instead he formulated a molecular mechanism for sound

absorption113 which he described as 'relaxation of molecular

rearrangement' or 'diffusion relaxation mechanism’. As
a basis it used the mixture model of HaII,40 although there
are similarities to the clathrate hydrate model. A link

was woven between dynamic équilibré associated with ‘bound’

and ‘'free* water molecules and sound absorption. Added
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alcohol causes partial collapse of the associated molecules.
The sound wave (a pressure wave) passes through the liquid
and groups of associated water molecules collapse. Solute
molecules now diffuse into these zones because a solute
molecule can only be accommodated in regions of single
molecules. The transition to an equilibrium position is
diffusion controlled. This mechanism avoids the problem
that the equilibrium between associated and single water
molecules is at higher frequencies than observed in aqueous

solutions.

Many authors have noticed the resemblance between
PLOT A and a similar plot of the intensity of scattered
light. .1t seems probable that a theory of concentration
fluctuations, similar to that used to describe light
scattering, may be able to offer a description of the
ultrasonic absorption properties of binary aqueous mixtures.
Subsequent chapters are given towards the development of
one such theory proposed by V.P. Romanov and V.A. Solovyev.

A major advantage being the link provided by this
theory between ultrasonic absorption and thermodynamic

measurements.

(iv) CRITICAL PHENOMENA

Recently there has been a resurgence of interest in
critical phenomena and a number of reviews are devoted to

detailed analyses of critical properties.

Many forms of critical phenomena occur in nature, for



example, in binary mixtures, liquid-gas transitions,

and magnetic properties.

For ultrasonic absorption it has been shown that
for a single component system, the absorption increases
rapidly as the critical temperature is reached from
above or below. A strong link has been established between
ultrasonic absorption properties of critical phenomena and
statistical treatments of the critical properties of

magnetic materials.

It is of some importance when discussing the prop-
erties of mixtures to consider the effects of critical

phenomena.

Several times during the previous discussion, reference
has been made to upper or lower critical solution temper-
atures (UCST or LCST) which are close to the temperature
at which the ultrasonic absorption properties were studied.
V;here measurements of the critical temperature are available
a number of links can be drawn between critical behaviour
and sound absorption. Thus Settez'3 first drew attention
to the similarity in shape between the co-existence curve
and PLOT A for n-hexane W nitrobenzene mixtures, which
display a UCST at 298.17 K. The absorption properties of
phenol + water have been measured close to the UCST.3’I'{:7
The system water + (40:60 t amylalcohol + t butyl alcohol)
has a lower critical solution temperature at 301 K at x

= 0.08 and (A/f")AAA occurs at x*» = 0.03 at 298

o]
The dependence of (c6/f") upon temperature shows a
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marked rise as the critical temperature is reached. An
examination of the properties of alcohol + water mixtures
reveals a number of puzzling features. For instance,as

the critical temperature is approached, the heat capacity
Cp of a binary liquid mixture increases with decrease in
jT-T The shape of these curves resembles PLOT A,
especially the rise in (c((If'g') following the plateau. It
is possible that the rise in (*4/f ) reflects a tendency
towards phase separation. It was mentioned above that this

rise in ®AM/f" can be thought of as a consequence of the lack

of sufficient water to accommodate all the alcohol molecules

in a hydrate fashion. A further observation, which

strengthens the link with incipient phaseseparation, is
that the plots of C”A against x* for ethanol + water predict

that CA» shows a large maximum before falling to zero at
x,» = 0. It may well be argued that thosechanges taking
place in mixtures at mole fractions closeto the end of
the plateau region are in some way linked to incipient

phase separation.

Changes also take place when salts are added to these
mixtures. Some salts increase the absorption,whilst others
decrease it. No clear evidence has been obtained for the
effect on the absorption of ion size, but there is a
general similarity with the effects of added salts on the

solubility of partially miscible systems.

If these properties do not reflect phase separation
then they reflect the increasing intensity of composition

(0]
fluctuations close to the position where [<*/f*) tends to
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a maximum (PLOT A). This idea is borne out by X-ray
scattering results,131 despite an opposite temperature
dependence of the scattering from that observed by
ultrasonic absorption. However, the X-ray technique

probably probes molecular interactions at a more micro-

scopic level than ultrasonic absorption.

An early theoretical analysis of critical properties
of ultrasonic absorption by Lucas132 examined the effects
of time dependent density fluctuations and linked these
to sound absorption. Sette3 reported that a test of this
theory showed that the intensity of the absorption was
not accountable for. A recent analysis by Fixman133_139
has been much more successful in dealing with critical

properties and is outlined in Chapter 5 for comparison with

the Romanov-Solovye.v approach.

Finally, it is noted that it is not yet possible to
predict the magnitude of the excess absorption observed
when two liquids are mixed. For binary aqueous mixtures
the ability to make such predictions is closely linked

with theoretical treatments of water structure.



:HAPTER THREE

ULTRASONIC ABSORPTION AND VELOCITY MEASURE*-IENTS

( EXPERIMENTAL)
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3-1 INTRODUCTION

The construction and operation of the apparatus
used for making ultrasonic absorption and velocity

measurements is described in this chapter.

Two methods were used for absorption measurements,
known as tne pulsz’s"14o'14a3n,(\j reveraeration 144-147
techniques. The former Technique covers the frequency
range 1.0 to 230 MHz, using two instruments referred to
as the Low Frequency Pulse Apparatus (LFPA) (1.0 to
30 MHz), and the High Frequency Pulse Apparatus (HFPA)
(30 to 230 MHz). The pulse technique is unsuitable for
accurate measurements below about 1.0 MHz because very
large path lengths and, consequently, large volumes of
liquid are required. An apparatus was built to cover
the range 200 to 1500 kHz utilising the reverberation
technique. The recorded applications of this technique
are few and a brief comment upon some of these is included,
The apparatus was constructed in these laboratories by
Dr. NoJ. Hidden. The high and low frequency nuise equip-

148,149
ment has been described in detail elsewhere.

In addition to the absorption measurements, a
description of an apparatus for the measurement of ultra-

sonic velocities, at 2MHz, is also given.

3-2 REVERBERATION APPARATUS

(i) Low Frequency Ultrasonic Measurements
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In principle a vessel containing the test liquid
is ultrasonically excited so that standing waves are
established in the fluid. The ultrasound source is
then switched off and the decay of sound amplitude
followed, using a detecting transducer connected to an

amplifier and display oscilloscope.

Attempts to measure ultrasonic absorption in the
frequency range 30 to 1000 kHz were reported in 1948 by
C.E. Mulders. Mulders, using aluminium cylinders to
contain the fluid under examination, established some of
the basic theory of this technique. If the only form of
energy loss in the liquid is due to absorption by the

liguid then the decay may be expressed as:
AN = AN exp ( —CBCL i (3-1)

where odis the amplitude absorption coefficient of the
fluid, and c¢c is the sound velocity in the fluid. However,

Mulders suggested other sources of energy loss:

(a) added damping of the decay by the support of
the vessel and transducer connections.

(b) radiation to the air from the outer surface of
the container.

(c) absorption of sound in the walls of the container
- 'wall loss"'.

(d) losses due to viscous drag between the fluid

and the walls of the container.

These additional losses arc often represented by
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The total damping is given by
S = (JjCc + k) (3-3)

A quantity "V, the decay time constant, is measured»
A”r= AN exp (- VR) is the standard equation for any
exponential.

Where
(3-4)

Therefore "C= )
(*c + k)

The problem is thus resolved into one of determining

the damping constant k by some independent method.

Two methodsare available. Firstly, since k is dependent
upon the surface area to volume ratio of the container,

'Ccan be determined for several different sized vessels

having similar geometry. Consequently k can be calcul-
ated. Secondly, a liquid of I<uiown absorption can be
used as a standard for calibration. Low frequency

measurement can be divided into two classes, those using

- A A A
a resonance142'144”151 154 technique and those using a

reverberationfAA’ ?7230,155 , A The former
method involves the excitation of single radial modes in a
spherical container. Low k-values are obtained since

no fluid displacement takes place parallel to the liquid
vessel boundary. It has been most successful in the range
30 to 300 kHz. Above 300 kHz the close spacing of

radial modes makes them difficult to excite, without

exciting the other modes as well»

Several worker®*?2"have shown that k varies with

frequency according to
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k = a-fb f* . . . . . (3-6)

o
The term b f", dominant at high frequency, is believed

to represent residual viscous losses at the liquid-

solid boundary, because 'b' depends upon the absorption

of the liquid. It is likely that the term 'a' represents
147

ka and kc loss. Stuehr? et al have used this technique,

151

and an apparatus similar to that of Leonard and Wilson,
to make absorption measurements at 30 kHz on dilute
potassium cyanide solutions. The estimated error is
around - 20%. Other noteworthy applications of this
technique have been reported by Ohsawa and Wada 7and
Karpovitch.144The former workers studied toluene and
aqueous solutions of magnesium sulphate at approximately
25 kHz. Karpovitch14%tudied rotational isomerism in

cyclohexane derivatives. The reverberation technique

has been employed more frequently than the resonance

technique. No attempt is made to excite a particular
resonance mode of the vessel and contents. Instead,
all resonance frequencies within a small frequency range

(usually about 8 kHz) are excited,and the average decay
time recorded. If all the component modes have the

same damping coefficient E, then an exponential decay
curve will be observed. Experiment shows that this holds
for all non-radial modes. Occasionally, when a spherical
container is used a long time constant ‘trai1off'is
observed. In such cases the time constant of the initial
decay is measured, since the 'trail off'is produced by

radial modes.
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Since excitation of radial modes is not necessary,

. 145 .
containers of any shape may be used. Tamm used cylin-
derical vessels. One disadvantage of this method is that

uniform excitation of a number of modes often leads to
a non-exponential decay curve. This effect can be

partially eliminated by employing a noise generator and
selecting an 8 kHz band of noise centred on the desired

frequency.

The damping loss factor (k) is larger than in the
resonance method and this tends to raise the low frequency
limit of measurement. The method is simpler and more
accurate than the resonance method and the dependence

of k on frequency is said to obey the relation?A?”
k = a b f (3-7)

The limits of detectability are governed by the volume

of sample and the sensitivity of the method used to
measure the decay time constant. The frequency range

of the method is limited to about 300-1500 kHz, for liquids
of low absorption ( ~ 200 x IcTA* n.sec™ cm *).

This method has been applied, with moderate success.

The estimated error is about - 20%.

Table 3-1 illustrates the systems studied, methods

employed and frequency range covered up to date.

Recently another method for the. measurement of
ultrasonic absorption at low frequencies (200 to 1500
158
kHz) has been developed by Eggers. This technique

has not been widely used. An apparatus is at present
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under construction in these laboratories with a view
A
to applying this nethod to aqueous and organic liquid

mixtures.

In these laboratories low frequency measurements
have been made using the reverberation technique.
Preliminary experimental work has shown that”"the resonance
technique is unsuited to routine ultrasonic absorption
measurementso The operational difficulty and low accuracy
and reproducibility also render this technique unsatis-
factory.

m
(ii) Original Design of the Pev”“eration Apparatus
The apparatus shown diaorammatically in Figure 3-1,

was designed to cover the frequency range 200 to 1500
148

klic. For liquids with high ultrasonic absorption this
range was restricted. One and three dm vessels of
spherical geometry with very narrow necks were used. The

vessels were suspended using three thin piano wires,
thereby minimising sound losses in the suspension.

Barium titanate transducers were coupled to the walls

of the sphere, one for excitation and one for detection.
An 8 kHz band of white noise centred about the desired
frequency was selected by a tuneable amplifier and
applied to one transducer. The receiving transducer
followed the sound decay which was displayed on an oscill-
oscope. Two methods for measuring”?, the decay time
constant,were used. In the first method an exponential

decay of adjustable time constant and magnitude was
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generated and compared directly with that produced by
the sphere. A differential oscilloscope was used and
the generated exponential adjusted until the differences
between the two signals was zero. In the second method
a large number of decay curves were fed to a time
averaging computer. The average decay curve was then

recorded from the computer output.

Several problems were encountered with this apparatus
The results 1A-:ghowed a considerable scatter despite being
in broad agreement with those obtained at 1.0 MHz. The
measurements at certain compositions were repeated and
considerable lack of reproducibility was evident. In

consequence extensive modification of the apparatus was

undertaken.

(iii) Reverberation Apparatus - Redesigned Version

(a) Construction

A block diagram of the apparatus is shown
in Figure 3-2. Piezoelectric ceramic transducers (barium
titanate, dimensions 12.5 mm dia.) were attached to
two metal mounting plates on diametrically opposite
outside surfaces of a spherical vessel of capacity about
one dm3 . Electrical contact was made to each of the
transducers using small copper springs fitted with copper
contacting plates. The vessel, filled with the fluid
under examination, was suspended, using throe piano wires

in air in a sealed chamber. The chamber formed the
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inside of a thernostat/ed tank. The thernostati*ing fluid,
an ethylene glycol + water mixture, was cLrculated from
a variable temperature thermostat bath. The temperature

inside the air chamber was measured using a thermistor,

A white noise generator (Dawe Type 419 C) fed white’
noise to a tuneable transmitter and modulator unit.
This produced an amplitude modulated square wave output
of variable period (steps 1.6, 0.7, 0.42, 0.17 seconds)
and having a band width of 8-10 kHz. Each pulse of sound
at the transducer caused excitation of the sphere and
a second transducer monitored the decay in energy of the
sphere and contents between successive pulses. The signal
from this transducer was amplified by a tuneable amplifier,
a modified EC 433 receiver. A low pass filter removed
the high frequency component of the noise. A signal from
the transmitter triggered an oscilloscope which displayed
the decay curve. An improvement in signal to noise ratio
was achieved using a Varian Associates C-1024 Time Averag-
ing Computer (C*A.T*). This stored and averaged 64 decay
curves. The output level from the C.A.T. was recorded
directly over a 25 db range, using a Bruel and Kgaer

Type 2305 logarithmic pen recorder.

(b) Oneration

The liquid under examination was thoroughly
degassed in an ultrasonic degassing apparatus. This
apparatus (shown in Figure 3-3) consisted of a high

power generator Type L279 (Midland Equipment Ltd.),
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connected to a series of barium titanate transducers
attached to the mounting plate. The sound waves passed
into the vessel via a layer of oil, which ensured acoustic

contact with the transducer mounting.

Degassing produced by the ultrasonic treatment was
assisted by reducing the pressure above the liquid to
about 1 mm Kg. The sphere, after degassing, was complete-
ly filled with liquid, sealed and inserted into the
air chamber and allowed to equilibrate for 24 hours. A
frequency was selected and the apparatus tuned to
maximise the signal amplitude at the receiver, A pulse
repetition rate was selected such that the decay was
essentially completed before transmission of the next
pulse. The various waveforms involved are illustrated
in Figure 3-4. The low pass filter was adjusted to
minimise the high frequency component of the noise, care
being taken not to alter the shape of the decay curve.
The C.A.T. recorded and averaged 64 decay curves and the
output was recorded using the logarithmic pen recorder. The
C.AoT. readout time (p seconds), sweep time (s seconds)
and the paper speed (q cm per second) were recorded. The
best straight line was drawn through the recorder tracing
and the time, measured by the distance on the chart paper

(AX cm) also recorded.
(*») Analysis of the Decay Curves

From equation (3-4)

loghy _o .t S .. .. (3-8)
AA 2.303"C
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The first 25 db fall in level was recorded and thus,

following the definition of the Bell,

A
-2 = .. % L. (3-9)
AN 20

Nov; the time on the chart is AXx seconds. The fraction

of the total sweep time is thus

This corresponds to a display time t of

t = XS (3-10)
79

and so from equations (3-10), (3-9) and (3-8)

X = A XS o (3-11)
2.303'1.25"pq

From equation (3-5)

A = Ctx- k2 (3-12)
2 c x-2

The apparatus required calibration with a fluid of known
absorption (£2) in order to determine k. Water was used

as a caIibraIi;g quid.154 It v;as assumed, therefore, that
losses at the water/glass interface were unchanged when

the binary liquid mixture under test was added.Conse-
quently measurements were made with a mixture having very
different absorption properties from those of the calibration
liguid. The system could have been calibrated with a liquid

having absorption similar to that of the liquid under

examination, if such a liquid were available. This,
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however, required the nore drastic assumption that
- - - < A
losses ax tne rntertace rcmarnec constant.152’154’156’159

A number of calibration methods were examined and that

finally selected was as follows.

The value of *k' was determined at each frequency
by measuring the time constant of the decay when the
sphere contained water. Figure 3-5 shows a typical
plot of T against frequency (kHz). The value of k
was dependent upon the size of the transducers. The
accuracy of { o 9L for a particular mixture was very
sensitive to the value of the decay time constant. When

was less than 1 millisecond the results were rejected,
because this was vc-*y close to the time constant of the
receiver circuit. The accuracy was also critically
dependent upon the precision with which the distance
on the recorder chart could be measured. If the displace-
ment on the time axis of the recorder chart (A x) was
small, as was observed for highly absorbing liquids and
at high frequencies (> 800 kHz), a large error in X
resulted. The estimated accuracy - 20% is similar to

that obtained by ot h e r s i n g this technique. In

an attempt to solve some of these problems different

sizes of transducers were used. Also various methods
and periods of degassing were assessed. However, the
main problem, calibration, remained. Unfortunately the

sparsity and inaccuracy of low frequency acoustic
measurements have imposed a serious limit on the testing

of theoretical treatments of ultrasonic absorption.
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3-3 LC.J FREQUENCY PULSE APPARATUS (LFPA)

(i) Description of Apparatus

A block diagram of the apparatus, Figure 3-6,
shows the main features. The sample fluid (1000 cm3),
was contained in a vertical steel cylind”rical vessel
having double walls. Thernostat/ing fluid, from a
variable temperature thermostat bath, was circulated
between the outside walls of the cylinder. The cylinder
was insulated by expanded polystyrene blocks. The upper
end of the cylinder was fitted with a movable piston
to which was attached the receiving piezoelectric trans-
ducer crystal. The lower end of the cylinder was sealed
by the transmitting transducer. Delay rods of silica
were attached to the two crystals and the ultrasonic
waves entered the solution after passing along these.
The delay rods served to increase the total path length
traversed by the signal between the transmitting crystal
and the receiving crystal. This ensured that the detector
could distinguish the signal which passed through the
liquid from that radiated directly from the transmitter.
The receiving crystal was moved using a system of gears
and magnetic clutches linked to a motor. The separation
of the two crystals was measured using an electro-
mechanical counter. A brass disc was rotated by the
Icadscrcw which raised and lowered the receiving transduce:
The disc was mounted between a light source and a photo-

transistor detector. Holes in the perimeter of the disc
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permitted light to rail periodically on the photo-
transistor, producing electrical pulses. These drove
the counter which, after calibration, measured the

displacement of the piston.

The transmitter output was modulated to produce
r.f. pulses which were fed to the transmitting transducer
T- via a matching network M,. This network, consisting
of a tuned circuit of which the transducer formed part,
matched the transducer impedence with that of the
transmitter. The potential across this tuned circuit
was measured by a meter which was used for making tuning

adjustments.

Measurements were made at all the odd harmonics of

1 MHz, the fundamental frequency and the crystal (1,

The receiving crystal T*» converted the sound wave
to an r.f. signal which passed through a second matching
network (similar to the first). The signal then
passed through an attenuator into the tuneable receiver
Rx. A blanking pulse from the modulator reduced the
level of any transmitter breakthrough. The received and
amplified signal passed, together with a reference signal
from the transmitter, into a comparator unit. A balance
meter controlled by this unit indicated the difference
(or error) between the reference signal and the received
signal. In the balance position, the received signal

level and the reference level were identical. The received
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signal was also supplied to an oscilloscope, the time
base of which was triggered by a signal from the modulator
This provided the tuning signal for the apparatus. The
alignment of the two crystals such that they were both

parallel was quite critical.

(ii) Operation

With the cell filled with liquid sample, a frequency

was selected. The transmitter H.T. supply was switched
on and set to about 500 v. The correct matching circuit
was selected and tuned with fine tuning control. The

H.T. voltage was adjusted for maximum reading on the
tuning meter scale. The receiver tuning and receiving
crystal matching were adjusted to maximise the signal
intensity displayed on the oscilloscope. The tuning was
then repeated to remaximise the signal displayed on the

oscilloscope.

The crystals were driven together until a suitably
large signal intensity was obtained using a fairly Ilow
attenuator setting. The attenuation was increased to
zero the comparator 'balance* meter (a centre zero
milliameter). Some attenuation (usually about 10 to 20
db) was removed and the transducers driven apart until a
balance position was regained. The change in path length
(p cm) registered on the electromechanical counter and
the change in attenuation (Aa db) were recorded. The

value of the absorption was obtained from equation (3-13).
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cl = A a . 0.1115 (3-13)
M
The coefficient 0.1115 includes a factor for conversion
of attenuation in db to nepers and a correction factor

of 3% for the error in the pitch of the leadscrevj thread.

It was possible to measure the change in path length
£
to - 0.1 mm and the change in attenuation to - 0.1 db.
At low frequencies (particularly 1 and 3 MHz) a diffraction

correction had to be made.

3-4 HIGH FREQUENCY PULSE APPARATUS (HFPA)

(i) Description of Apparatus

A block diagram of the apparatus is shown in Figure
3-7, A X-cut quartz piezoelectric transducer was excited
in the thickness expander mode by radio frequency pulses
generated by an oscillator of known frequency. The
ultrasonic pulses passed through the liquid contained in
a thermostatsed cell and were detected by a second quartz
crystal. Discrimination could be made at the receiver
between signals travelling through the liquid and signals
radiated directly from the oscillator by virtue of the
time delay of the ultrasonic waves in the silica delay
rods. A variable attenuator was interposed between the
transmitter and tranducer. The total attenuation v;as
held constant by servo-mechanical adjustment of the

attenuation as the path length of solution was varied. A
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comparator compared a reference signal from the transmitter
with the signal from the solution. Measurements were

made at five frequencies 30, 70, 110, 170 and 230 MHz.

The path lengths of liquid were in the range 0.1 to 4 cm;

3
10 cm of sample was required.
(ii) Operation

The operation of the HFPA has been described in detail

A A
7,343,149 ihe sample was contained in a cylinder-

ersewhere.
ical cell with hollow walls containing thermostatiing
liguid supplied from a thermostat tank. Delay rods,
mounted vertically in the solution, were linked to a servo
drive system. The upper rod, supported by an electro-

magnet, was movable and the lower rod fixed. A thermistor

measured the liquid temperature and operated as a stirrer

for the solution in the cell. The top of the cell was
covered to prevent losses by evaporation. The maximum
and minimum pathlengths were determined manually. The

minimum position was located by lowering the upper rod
until the peaks of the first pulse, and the first reflected
pulse started beating. The maximum position was located
by driving the upper rod out until either the maximum

possible path length available was reached, or the signal

level approximated to the noise level. Suitable gears
were selected and a trace recorded on a rotating drum. The
trace was linear. The absorption coefficient was given
by

oL = Ag.R (3-14)
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where and R are the slope of the trace and the gear

ratio respectively.

The experimental accuracy was approximately 2%.
Measurements were made at 263, 273, 283 and 298 K and

temperature controlled to better than - 0.25 K.

3-5 ULTRASONIC VELOCITY MEASUREMENTS

(i) Methods of Sound Velocity Measurement

Instruments for ultrasound velocity measurements 100,261

are usually termed 'interferometers’. The theory of the
161-164
acoustic interferometer has been developed by Hubbard,
155 166 167
Mason and Borgnrs. Fletcher and Parbrook have

shown how interferometric measurements can be used to

measure absorption of sound also.

In general the technique consists of setting up
"standing’ ultrasonic waves in the liquid sample and
measuring the distance electronically, */2, where A is

the wavelength, between successive nodes or antinodes.

Then, c =f A (3-15)

(ii) Description and Operation of Ultrasonic
Interferometer
The instrument. Figure 3-8, was designed by J.H.
Andreae”°%nd P.D. Edmonds in 1961. A similar apparatus

has been described by Bergman"A* (1938).

The cell, shown in Figure 3-9, comprised a stainless
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steel tube A. The lower end of this tube was closed by
a 2 iMHz, 1 inch diameter X-cut* quartz crystal, B. The
flat edge of the tube made good electrical contact with
the transducer. The clamping ring C was insulated from
the lower surface of the crystal by a thin polythene
disc, C. A Bakelite insulator D insulated spring E

from C and supported the contact terminal F. A coaxial
conductor passed down the hole G and the centre core was
soldered to F. The outer sheath made contact with the
stainless steel cell body A. The cell was filled through
H and a thermocouple dipping into the liquid through this
entrance recorded the temperature of the liquid. A non-
rotatable stainless steel reflector K attached to a rod
L was parallel to the transducer, closing the lower end
of the tube. The rod L was guided by two bushes M, M*
The whole assembly was insulated from the measuring plat-
form above by a Bakelite tube N. On the upper measuring
platform a large nut geared to a fine screw moved the
reflector K vertically but did not rotate it. A dial
gauge measured the displacement of the reflector K. The
cell was surrounded by a close fitting brass container

suspended from a light Bakelite tube and immersed in a

thermostat tank. Temperatures could be controlled to
- 0.1 K at all temperatures at which measurements were
made.

The crystal was driven at 2 MHz by a conventional
push-pull oscillator (see Figure 3-8) having an over-

coupled output coupling coil. Over-coupling ensured that
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small variations in crystal impcdencc altered the oscilla-
tor frequency. The change in frequency was followed by
monitoring the audio beat frequency between this oscilla-
tor and a standard 2 MHz oscillator(BC221 frequency meter).
The audio frequency was monitored using either headphones
or an oscilloscope. The liquid was placed in the cell
and allowed some thirty minutes to come to thermal
equilibrium at the required temperature. The oscillator
B (Figure 2-8) was adjusted to give zero beat frequency
at some position of the reflector corresponding to a node
in the standing wave form. This was achieved by adjusting
alternately the position of the reflector, and the tuning
of oscillator B to obtain a single beat position. If this
was not carried out correctly a pair of close zero beat
positions were observed (see Figure 3-10). The reflector
was moved in close to the crystal and the positions of

20 successive zero beat positions were recorded on the
dial gauge. This was repeated starting at some distance
from the crystal and moving towards it. In all,three sets

of measurements were recorded and the results averaged.

The mean distance between successive standing wave
positions,was calculated and the velocity of sound

calculated using equation (3-15).

3-6 MATERIALS uHD PREPARATION OF SOLUTIONS

(i) Materials

All materials used were Durchased from British Drug
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Houses or Koch-Light and were of IlanalaR’ or 'puriss*®
grades. These were used without further purification.

Deionised water was used.

(ii) Preparation of Solutions

An appropriate volume of solution of the required
mole fraction was prepared by mixing previously calculated
volumes of the components. Solution densities were

obtained from the literature.



CHAPTER FOUR

ULTRASONIC ABSORPTION MEASUREMENTS

(RESULTS)
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4-1 INTRODUCTION

The ultrasonic absorption properties of mixtures of
methyl cyanide and water at 273, 298 and 308 K and
70 MHz have been reported by Blandamer et. al.A? Measure-
ments have been made by Foster148 over the frequency
range 200 kHz to 230 MHz at several mixture compositions.
In general an absorption in excess of that of the pure
components was observed. The frequency range 200 to
1500 kHz was covered using the original reverberation
apparatus described in section 3- 2 These measurements
were much less accurate than those made within the range

1.5 to 230 MHz for the reasons given previously.

The results, excluding those obtained over the range
200 to 1000 kHz, were analysed in terms of one, two and
three relaxations (see Chapters 2 and 5). It was found
that at low methyl cyanide concentrations and high
temperatures a single relaxation fitted the data. At high
concentrations of methyl cyanide and low temperatures

two, and sometimes three, relaxations were required.

Ultrasonic velocity measurements for the system
methyl cyanide + water have not been reported.The
system acetone + water has long been known to show a peak
in the plot of sound velocity against mixture composition
at about 0.08 mole fraction acetone (at 300 A22,30,169

2

Further, the composition at which is a maximum is

x» = 0.4 for both the methyl cyanide + water and acetone
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+ water systems. Foster suggested that, on the basis
ox the similarity between acetone + water and methyl
cyanide + water, it might be expected that methyl cyanide
4 water mixtures should show a peak sound velocity at
a similar composition. The suggested similarity between
these two systems is substantiated by a comparison of

the composition dependence of the excess functions of

mixing G*, K*, and The excess Gibbs
function of mixing,G”, is positive and almost symm-
etrical for both systems. The excess volumes of mixing

VA, are negative and show minima at about 0.4 mole fraction

of solute for both systems. The excess enthalpies of

172
mixing are not identical. For acetone + water mixtures
the excess enthalpy of mixing crosses the axis at x* =

0.55 mole fraction of acetone, and in the region of the
peak sound absorption is negative. Methyl cyanide + water
mixtures,conversely, show a similar sign inversion at
J

x* = 0.1 mole fraction of methyl cyanide, and K is strongly
positive at the peak sound absorption concentration (PSAC).
The behaviour of acetone + water mixtures is very
L 7,148
similar to that for t butyl alcohol + water system.
The relative partial molar volume for methyl
cyanide does not, when plotted as a function of mole
fraction of methyl cyanide, display a pronounced minimum,
in contrast to similar plots for the alcohol + water

. 148 .
mixtures. This was also found to be the case for

acetone + water mixtures. However the data available

were less reliable than that used for the methyl cyanide
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f water system. Mixtures of methyl cyanide + water have
an upper critical solution temperature at 272.1 - 0.2 K
at 0.38 N 0.02 mole fraction of methyl cyanide.35 Vv/hercas
methyl cyanide + water displays UCST behaviour, alcohol

T water mixtures have a tendency toward LOST behaviour.

A UCST is characteristic of a system where the mixing is
thought to be enthalpy controlled, whereas with a LCST
the mixing is entropy controlled.Acetone -mwater
mixtures do not have a UCST. However, Frank and Quist173
have demonstrated the formation of a clathrate hydrate

between acetone and water. No such hydrate has been

reported for the system methyl cyanide + water.

In an attempt to investigate the similarity between
the systems methyl cyanide + water and acetone + water,
ultrasonic absorption measurements have been made which
extend those reported p r e vi ous Il y . The
results have been analysed in terms of the simple models
involving solute + water equilibria originally proposed by
Andreae.24 In a later chapter (Chapter 6) the data are
analysed using two current theoretical treatments, detailed

in Chapter 5.

4-2 METHYL CYANIDE + WATER

(i) Sound Velocity Measurements

Sound velocities were measured for the system methyl
cyanide + water over a wide range of mixture compositions

and at 273, 298 and 308 K. The apparatus and thermostating
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system was described in Chapter 3- 5. For each composition

of methyl cyanide { water three measurements were made

and averaged. The estimated accuracy was better than
ArA2 per cent. The results are tabulated in Appendix
4-1. The ultrasonic velocities for the methyl cyanide

+ water system are plotted as a function of mixture
composition (x?*) in Figure 4-1. At each temperature a
maximum v;as observed in the dependence of the sound
velocity upon mole fraction of methyl cyanide in the
highly aqueous region. The effect is most dramatic at
low temperatures, but the position of the peak is, within

experimental error, independent of temperature.

The maximum in the sound velocity occurs at a composi-
tion which corresponds closely with the end of the *plateau
region*, i.e. at x*» = 0.03 - 0.02 mole fraction of methyl

cyanide.

(ii) Ultrasonic Absorption Measurements

The ultrasonic absorption of solutions of methyl
cyanide in water were measured over the frequency range
200 to 1500 kHz at 298 - 0.1 K at compositions correspond-
ing to 0.1, 0.3, 0.4 and 0.5 mole fraction of methyl
cyanide.34 These measurements were made using the modified
reverberation apparatus described in Chapter 3. The
apparatus was calibrated using pure degassed water, assum-
ing the ultrasonic absorption to be 21 x 10 nepers s*
cm ». The measured values of the decay time constant

defined in Chapter 3 are plotted against frequency in
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Figure 4-2 for three mixture compositions. With increase
in the ultrasonic absorption the observed decay time
constant decreased quite markedly and it became impossible,
in many instances, to measure these accurately. Values
of <close to one millisecond were rejected since this
value was too close to the time constant of the receiver
circuit. A considerable scatter was noticed (Figure
4-2) but the trend was for the absorption to increase on
going from 0.1 to 0.4 mole fraction of methyl cyanide.
The probable error which could be assigned to the.data
was about - 20 per cent. Despite the large error?the
calculated values of the ultrasonic absorption, plotted
as a function of frequency, as shown for 0.1 and 0.5 mole
fraction methyl cyanide in Figure 4-3, the general trend
was distinguishable. Thus the low frequency results
show that the absorption continues to increase with decrease
in frequency over the range 200-1500 kHz, for a mixture
containing 0.5 mole fraction of methyl cyanide, but remains
approximately constant for 0.1 mole fraction of methyl
cyanide. These results would seem, in general, to be

148

marginally better than those obtained by Foster. The

results are tabulated in Appendix 4-2.

4-3 ACETONE + WATER

(i) Composition Dependence of

Ultrasonic absorption measurements were made on

mixtures of acetone and water over a wide range of mixture
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composition and at 263, 273, 203 aund 298 K and 70 MHz.
The data are summarised in Figure 4-4 and are tabulated

in Appendix 4-3. The data are in excellent agreement
with the early measurements of Willard , Willis?? and
Burton.3" The peak sound absorption composition (PS'IC)
was located at 0.38 - 0.02 mole .fraction of acetone at
298 K. Measurements made at 263 K showed a PSAC at

0.3 - 0.02 mole fraction of acetone. However between

273 and 298 K the PSAC is constant to - 0.03 mole fraction

of acetone.

The absorption in the low mole fraction of acetone

region displays an initial insensitivity to added acetone
up to about 0.07 - 0.02 mole fraction of acetone. The
absorption thereafter increases rapidly. This is clearly
shown in Figure 4-5. At high mole fractions of acetone,

x* y 0.4, the ultrasonic absorption steadily falls to the

value for pure acetone.

(ii) Ultrasonic Absorption Measurements over the

range 3 to 230 MHz.

Measurements of the ultrasonic absorption as a function
of frequency were made at 2 73, 283 and 298 K at several
compositions in the water and acetone rich mixtures. The
results are tabulated in Appendix 4-3 and are summarised
for 0.1 and 0.3 mole fractions of acetone in Figures

4-6, 4-7 and 4-8, at 273, 283 and 298 K respectively.

(iii) Ultrasonic Absorption Measurements over the

range 200 to 1500 kHz.
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Figure 4-8 summarises the results obtained from
ultrasonic absorption measurements in the frequency range
2GO to 1500 kHz at 298 K, and compositions of 0.1 and 0.3
mole fraction of acetone. These data were obtained using
a similar technique to that described in Chapter 3-2
and also in the previous section. The transducer size
was, however, reduced on the assumption that the inflec-
tion in the plot oftagainst frequency for calibration
with degassed water at about 400-500 kHz (Chapter 3,
Figure 3-5 ) was due to some form of transducer resonance.
This seemed to reduce the scatter of the calibration

points, but the inflection was not completely removed.

The observed inflection in% is probably a function of
the shape of the containing vessel. Possibly it is some
form of sphere resonance. Certainly anomalous dependence
of"t*upon frequency contributes to the large experimental
error in the measurements. The apparatus is s till in its
early stages of development, but these results show that

spheres are not the ideal shape of containing vessel.

The data obtained does, however, show that the system
acetone + water may be described in terms of two relaxa-
tion frequencies, one at about 200 kHz and one at about
100 MHz. The present data are not sufficiently accurate
to render such an analysis possible. It would appear that
an even greater range of frequencies is necessary to pin-

point the second relaxation at low frequencies. The

analysis of the results in terms of one relaxation frequency,
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excluding the data at frequencies below 3 MHz, is discussed

in Chapter 6. The results are tabulated in Appendix 4-4.

(iv) Composition dependence of (cC/f*) for
Acetonyl Acetone + Water Mixtures
Prompted by the early investigations of Andreae
et. aI.24 and the need for a comparison between a simple
ketone and a diketone the ultrasonic absorption of a
wide range of compositions of acetonyl acetone + water
were measured at 273, 283 and 298 K. The resulting data

is summarised in Figure 4-9 and is tabulated in Appendix

4-5.

The general outline of the plot resembles that for
acetone + water. The absorption at the PSAC is remarkably
similar to that for acetone + water at each temperature.
The striking feature, however, is that the PSAC occurs
at x» = 0.25 - 0.02 at 298 K and is slightly temperature
dependent. This is in accord with the preliminary results

13

reported by Andreae et. al. Further, there seems to be

no indication of a 'plateau* region.

Andreae identified a single relaxation frequency of

84 MHz.

4-4 DISCUSSION

The ultrasonic absorption properties of the systems

acetone + water and methyl cyanide + water may be considered
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as arising from the relaxation of a series of chemical
equilibria. The relaxation data is summarised in Appen-
dix 6- 3, In accounting for the type of behaviour, many

24 lag Srer
workers * have proposed an equilibrium of the type:

where m molecules of type B (say water) are associated
with one molecule of type A. If the PSAC is due to

the perturbation of an equilibrium of this nature, then
the position of the PSAC can be explained by simple adjust-

ment of m. Thus XA = 1 ; where x* is the mole
1—r m

fraction of molecules of type A at the PSAC. In the cases
of methyl cyanide + water and acetone + water x* =
0.38 - 0,02 and so m = 1.63 or 5/3. Thus, a probable

equilibrium would be

(MeCN)A + (HAO)A A SMeCN'SHgO
or {{CK*)~C=0)~ + (H”0)7;=13 Acetone.SH”O
If xA is taken as 0.4, then m = 1,5 and the equilibria
become
2(Acetone) + 3H”O0 P 2(Acetone)* 3K*0
and
2(MeCN) ‘m SHgO 2(MeCN)*3H”0

This shows that a change in the PSAC (say - 0.02) results

in different equilibria.

Further, whilst such a simple model accounts approxi-
mately for the PSAC at 0.38, it cannot account in an

obvious way for the temperature dependence or intensity
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ox the absorption. Further, the model cannot account for
the observed shapes of the plots of (&6/f2) against compo-
sition and frequency. Attempts have been made to clarify
this situation, notably by Andreae ct. al.** with reference

to the acetone + water system.

(i) The water-rich region

The ‘plateau* region for methyl cyanide + water
extends to higher concentrations of methyl cyanide as
the temperature is raised. This trend is also observed
for mixtures of acetone + water and over the temperature
range 273 to 298 K the ‘plateau* lengths x"* in these

two liquid systems are roughly equal.

For aqueous solutions of alcohols in the water rich
region, Clarke7 has noted the similarity between the
compositions of the ‘plateau* and the sound velocity
maximum. This observation has been discussed in terms of
an enhancement of water structure by the alcohol. An
increase in sound velocity requires a decrease in the
isentropic compressibility which implies a structuring of
the solution. The acetone + water and methyl cyanide +
water systems also show an increase in the ultrasonic
velocity in the region close to the end of the plateau.
This strongly suggests that it is in this region that
some form of water structure enhancement takes place. The
increase in the f‘plateau* length with increase in temper-
ature, however, suggests that methyl cyanide in these

regions does not enhance the water structure (i.e. an
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enhancement of water-v;axer interactions). Rather some
short lived methyl cyanide water complex is formed.
Previous studies?’ have explained the presence of

a plateau region by introducing a second equilibrium

The two complexes differ in structure only and this
equilibrium is of most significance at low solute
concentrations, where water structure is s till taking

a dominant role in the liquid mixture. Such a model

does not seem unreasonable and its plausibility is further
established by a consideration of some other properties

of these systems.

Thus, the enthalpies of mixing for the two systems are
exothermic in the low solute mole fraction region (consider-
ably so in the case of acetone) and only become endothermie
beyond this region. The infra-red absorption results
have also shown (see Chapters 8 and 9) that enhancement
of water-water interactions does not dominate but rather
it is the water-solute hydrogen bonded interaction which
is significant. Acetone in particular forms quite strong

hydrogen bonds with water.

These observations are completely in accordance with
the situation portrayed in the second model and with the
temperature dependence of the f‘plateau* lengths and sound
velocity pealcs. (see Tables 4-1 and 4-2). Thus, it
seems that the f‘plateau* regions in acetone + water and

methyl cyanide + water, which are much less sharply defined



TABLE 4 -1

*

Plateau lengths (x*» ) and sound velocity

pealc locations - methyl cyanide 4 water
Temp/K Plateau Length Location of Sound
(% 2*) Velocity Peak
273 0.07 - 0.02 0.08 - 0.02
283 - -
298 0.08 - 0.02 0.08 - 0.02
308 - 0.08 - 0.02
323 0.12 - 0.02
TABLE 4 -2
Plateau lengths ) and sound velocity
peak locations - acetone + water
Temp/K Plateau Length Location of Sound
(% 2*) Velocity Peak
273 0.06 - 0.01 -
283 0.06 - 0.01 -
298 0.07 - 0.01 0.09 - 0.02

300 — 0.08 - 0.02
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than those of the alcohol + water mixtures, correspond
to the formation of a solute + water hydrogen bonded
complex. Further support for this explanation, at least
in the case of acetone + water, is found in the isolation
of an acetone hydrate by Frank and Quist.3 These workers
showed that the composition of the hydrate was about

9 to 14 weight per cent acetone. Allowing for the
evaporation of acetone during the determination of the
composition, it seems that a composition of 14 weight
per cent acetone is most probable- This corresponds to
about 0.06 mole fraction of acetone and is very similar
to the composition at the end of the f‘plateau®*. No such
hydrate has yet been reported for methyl cyanide + water.
It is possible that the entropy terra dominates in this

region.

(ii) The methyl cyanide or acetone rich region

This region, beyond x* = 0.7 mole fraction of solute,
is of little interest in an investigation of the properties
of water. Methyl cyanide and acetone cannot bo regarded

as possessing a rigid structure akin to that postulated

in water. Any equilibria of the type proposed earlier
would be strongly displaced towards the complex. There
are little data available to demonstrate the presence of

such equilibria in this region.

(iii) The PSAC region

The region lying between the water-rieh and acetone-

rich regions previously described contains the maximum
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ultrasonic absorption. The location of the absorption
maximuit, the pealc sound absorption concentration, occurs
at = 0.38 - 0.02 itole fraction over the temperature
range 273 to 298 K for both systems. The presence of

this PSAC has been previously described in terms of
simple equilibria. To glean information which will help
in the construction of a model for this region, other

data are required. Examination of G', K and v shows

no direct indication of which parameter could be respons-
ible for the appearance of a PSAC and this is also found
to be the case for the alcohol + water mixtures. Usually
water attempts to retain its own structure and the
formation of complexes takes place in opposition to this.
This situation can, in some cases, be resolved by phase
separation, the mixture exhibiting critical behaviour.

For methyl cyanide + water mixtures this is the case and
the upper critical solution temperature composition
corresponds well with the location of the PSAC.35 However,
for the system acetone + water critical solution behaviour
has not been reported. The only thermodynamic difference
between these two systems is apparent in the dependence of
Trupon mixture composition. For acetone + water mixtures,
which display hydrate formation, H is strongly negative,
whereas for methyl cyanide T water mixtures is only
weakly negative in the water rich region (0.0 to 0.1 mole
fraction of methyl cyanide) but becomes strongly positive
beyond. A condition for phase separation and an upper

critical solution temperature is that &H should be less
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than zero. As will be illustrated in a later analysis
(Chapter 5 and 6) this is the case for methyl cyanide +
water mixtures, whereas in the case of acetone + water

mixtures is greater than zero over most of the range

up to x*» = 0.7 mole fraction of acetone.

Comparison of the H dependence upon concentration
for acetone + water with that for t butyl alcohol + water
shows a marked similarity. This suggests that the ultra-
sonic behaviour of acetone in water lies between that of
t butyl alcohol + water and methyl cyanide + water, but
is more closely comparable with the methyl cyanide +
water system. The importance of the double differentials
of thermodynamic functions of mixing will be shovm in
Chapter 6 to be paramount in describing the dependence of

ultrasonic absorption on mixture composition.

If the peak in the sound absorption of methyl cyanide

+ water mixtures reflects the critical behaviour and the
tendency of the mixture to phase separation, then it is
difficult to see how a simple equilibrium model can describe
the situation. It would be incorrect to suggest that
complex formation does not take place at low mole fractions
of methyl cyanide, but it seems likely that the controlling
feature in the PSAC region is the tendency toward phase

separation.

Summary

INhi1st there are striking similarities between the
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systems water + methyl cyanide, and water + acetone

148
as originally suggested by Foster, there are important
differences. The general ultrasonic absorption proper-
ties of acetone + water and methyl cyanide + water
mixtures cannot be accounted for completely by the use
of simple models such as proposed by Andreae et. al. In
particular the differences between the systems manifest
in the behaviour of the enthalpy of mixing cannot be
accounted for. A later analysis (Chapter 6) in terms of

a spectrum of relaxation times pinpoints the similarities

and differences between these systems.

The simple equilibrium approach can, however, go
some way towards describing the ultrasonic absorption

behaviour in the water-rich region close to the 'plateau’.



CHAPTER FIVE

THECRETICAL INTERPRETATION OF ULTRASONIC

ABSORPTION DATA
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5-1 INTRODUCTION

The theoretical interpretation of the absorption
of sound by liquids and liquid mixtures is complex.
Many theoretical treatments are difficult to apply
experimentally and require knowledge of parameters which
are at present inaccessible. Current theories may be
divided into two groups. Those of the first group assume
that a chemical equilibrium is perturbed by the sound
wave. The second group is based on an analysis of localised
composition or density fluctuations. One example of the
latter group is provided by the theory of Romanov and

Solovyev.A

These two approaches, the chemical equilibrium and
the composition fluctuation theories, have been applied
to the data reported in Chapter 4, along with other data

taken from the literature.

There is an important difference between these two
models. The former considers that the response of the
system to a perturbation can be characterised by a small
number of discrete relaxation times. The latter model

considers a 'spectrum* of relaxation times.

A further theory, due to Fixman#AA’ has been
examined in less detail. This theory describes the
absorption of sound by binary mixtures close to their

critical point.
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5§-2 THE RELAXATION APPROACH

(i) Origin of the Relaxation Equations

The passage of a sound wave through a fluid is
accompanied by local changes in volume and temperature
(i.e. adiabatic compression). Experimental observations
have shown that the attenuation of a sound wave travelling
through a liquid cannot be wholly ascribed to sheer
viscosity effects.”? (For liquid systems the absorption
arising from heat loss is negligibly small). The

additional attenuation can be described in terms of a

volume viscosity (* ). Thus, Litovitz and Davis 12 write,
(“ n 1 = (=_)

where is the 'classical', or shear, viscosity.

However, in real liquids is frequency dependent. Thus,

the response of the system to a change in pressure is

controlled by the system. Therefore, the compressibility
(isentropic) is frequency dependent. Equation 5-1

is correct at low frequencies where the rate of change

of pressure (or temperature) is much lower than the

longest response time of the liquid system. With increase

in f , (A**)obs decreases. In order to describe the

rate control by the system, the mode of response of the

system and its kinetic parameters must be understood.

Any theoretical description of ultrasonic absorption

must, therefore, be linked with an analysis of the volume
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viscosity contribution.

Many different molecular mechanisms for the change
in the system following adibatic compression have been
proposed. For example, in unassociated liquids isomeric

and vibrational relaxation are said to be the causes

of frequency dependent volume viscosity. In associated
liquids is ascribed to some form of structural relax-
ation, Two methods of derivation of the structural

volume viscosity have been examined. That described

in section (5-3) relates the volume viscosity to
composition fluctuations in the liquid. The interpret-
ation discussed in this section is due to Andreae and
Lamb.w5 They suggest that this viscosity, and hence the
excess ultrasonic absorption, arises from the perturbation
of a molecular equilibrium due to the temperature alterna-
tions in a compressional wave. Lamb, in an analytical

treatment of this relaxation process, has derived the

equations below.

TL

NojJolw A,

where;

A is the ith relaxation time,
B is a constant representing the high frequency

absorption (e.g. includes shear viscosity).

The maximum value of the absorption per wavelength

for the ith relaxation process,JLL, is given by:
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U. co = ~ C C- 5-3
Y o " ) (5-3)

jiLj the absorption per wavelength, is given by

. (5-4)
/*max also be derived thermodynamically from the
expression below;

%
=%, dS_'il « 4

pnax 2 “RT' L ep ° (5-9)

where ;

A v'» and A H"*represent the standard volume and enthalpy

changes associated with the reaction equilibrium.

odeis the thermal expansion coefficient of the liquid and
/Oits density. C and C . are the equilibrium and limit-
ing high frequenc; value: of the heat capacity. The
function * represents the sinusoidal variation of the

equilibrium constant about its mean position brought about

by passage of the sound wave.

Equation (5-5) cannot be solved for both A a n d

A H and so, in the absence of additional evidence, one

or other is assumed to be dominant. For reactions in dilute

aqueous solution at around 277 K, AVA”*is thought to be
much larger than the enthalpy term. Several applications
of this equation have been reported, A'"AA*AAA pbut none of
these provides a clear link between the ultrasonic data
and the values of* calculated from thermodynamic data.
Further, A and AH"* are difficult parameters to determine

experimentally.
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IVhenever ultrasonic absorption measurements are
reported equation (5-2) has generally been used to
deduce the relaxation times. These times are then assigned
to postulated equilibria in solution but the interpretation
is far from straight forward. The derived A and f* values
for many aqueous systems have shown similar trends which
may be considered as highlighting the important role of

water in these systems.

(ii) Computer Analysis

Ultrasonic absorption data was fitted to equation
(5-2) using a least squares program originally written
by Dr. A. Weinmann.?»?*° This program, written in ALGOL,
modified to provide further controlled output s
listed in Appendix 5-1. The observed values of fcC\ are

UL

required by the program at various frequencies f, making

N observations in total. If F is defined as
I-A 1\ _ (A. (5-6)
L f" )obs ifVcaL

then A Q at the minimum.

The program estimated values of the parameters, together
with upper and lower limits and ‘'variation lengths' and
repeatedly computed F whilst varying one or more parameters

until F was a minimum. The values o f/calc, f, fc(i)

and A (i) were output. This program was, however, found to
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be unsatisfactory because the squares of the differences

in the two quantities __ (4] were not
cbs \ f jcalc
normalised. Thus, large values of
-2) " (4)
f Xobs 'f Jcalc

were given greater ‘'weight' by the program than other

values. This was effectively overcome by normalising the
squares; redefining F as;
F = (hw . (3-7)

The program listed in the Appendix 5-1 uses this 'weighted’

form of the sum of the squares of the deviations.

Another method of fitting equation (5-2) to the
observed experimental quantities follows that discussed
77
in Chapter 8 for the analysis of spectral band contours

This method used the approximation that for any generalised

parameter p a refined or 'better ' value can be obtained
o

from the equation

(5-8)

where” is an adjustable minimising parameter having a
value between 1.0 and O. The relevant equations are

summarised below.

Let
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then F I e (5-9)

<--)

This method reduces the computing time required for data
analysis. In addition the minimisation is improved and

'false minima' are eliminated.

One criticism of the use of equation (5-2) in analys-
ing ultrasonic absorption data is that this theory describes
a closely defined situation which is difficult to under-
stand in dynamic terms. Further, the values of A (i) and
fA (i) for the 'ith relaxation' cannot be endowed with a

simple meaning.
5-3 THE THEORY OF ROMANOV AND SOLOVYEV

(i) Fluctuation Model

The theory of Romanov and Solovyev attempts to explain
the presence of a maximum in the plot of (c"fz) against
the concentration. The usual explanation is founded upon
the formation and decomposition of polymeric molecular

associates,175 all having rigorously defined stoichiometry.

Vuks and Ldsnyanskii*AA*AAA drew attention to the

similarities between the concentration deoendence of sound
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absorption and light scattering. They accounted for the
excea sound absorption in liquid mixtures in terms of
concentration fluctuations. The analysis which follows

assigns the absorption to fluctuations which are treated

as regions of variable concentration in a continuous
medium. This approach is only rigorous for large scale
fluctuations but it may be considered as offering an
approximate description of small scale inhomogeneities also.
Some sound absorption can be attributed to heat exchange,
the Zener-lsakovitch???* effect, but a simple estimate??A
shows that this effect is small. A more likely mechanism

considers the relaxation of the fluctuations.

(ii) Derivation of the Romanov-Solovyev Equation

The volume occupied by one mole of solutionVis
divided into elementsdV , sufficiently small that the
concentration may be considered constant throughout the
elemental volume. The thermodynamic potential of the

element is

V. (5-12)

where x is the concentration in the volume element ciV,
and x* is the concentration of the bulk solution in mole
fraction units. (*C'ayis the thermodynamic potential per
mole in the absence of fluctuations. Further terms are
omitted in the absence of experimental data for the

determination of the correction coefficients.
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Integrating over the volume V gives the molar thermo-

dynamic potential in the presence of fluctuations.

A (5-13)

that is

G,(=cx) « -k

The molar enthalpy H and molar volume V are similarly

derived as

~ U.C«0 (5_15)
2.
....................... (5-16)

where a = and h =T A and vr = “r -

mdjg-

n ]

These quantities g , h , vr“ are derivable from experimental
data. Thus V, H and G are dependent upon the mean square

fluctuation.

The passage of a sound wave is accompanied by varia-
tions in pressure (p) and temperature (T). These p and T
variations alter the distribution and magnitude of the

fluctuations.

(lote that; tr" =% and A )

The rate at which the nev; distribution is established is

controlled by diffusive processes. It is assumed that
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the restoration of the distribution of fluctuations

proceeds according to the equation

where D is the diffusion coefficient.
Further, it is assumed that the rate of formation of a
new distribution takes place independently of the distri-

bution of fluctuations already established.

The instantaneous concentration distribution may be

represented as a Fourier spectrum

=22 B.C-t) G- (f) d) (5-18)

The amplitudes (B*) may be shown to vary as

BAis the average value of , at a given pressure and
temperature, and B” is the amplitude of the harmonic wave

vector f . The relaxation time IT = 1 . In any sound
4 ~2

wave p =p T =T +&T, and?*®® Gp % G T ? exp

(id)t), thus

SB. = ___ .. (5-20)
I 4 L(jjfj

For a small volume increment GV
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= — TV H - A A (5-21)

where od and g are the instantaneous coefficients of
ca

expansion and compressibility.

Now <( A = 5 (5-22)
so S<(x-xpp = SE B”
f F
= LEB .8 S. = % E Bf (5-23)
f +
but g % I*~p and hence
Voll
s

From equation (5-21)

M vV ci where
6=g A~k ZIM E vy -J (5-25)
F r« a\) 1A LWYTF
EM e¥Jy (5-26)
\  Vuo UA
f f
By analogy SH= CIpST -XV 7 S~ (5-27)
and Gp = Cp t" \' LI (56-28)
' 1 LUJ-Vr
A J ip A

The complex adiabatic modulus K may be expressed as
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'<. = K. CT\V7,"/q )] (5-29)

By substituting for # and from equations (5-25),
(5-26), (5-27), and extracting the real and imaginary
parts of the complex adiabatic modulus Romanov and

Solovyev showed that

/ '
» oVhT d L (5-30)
AC3
and from the imaginary part;
= Koo VBT / f (5-31)
2.C5"7y A
where is the volume viscosity coefficient. The
instantaneous quantities q __, . may be replaced
(o]

to a good approximation, by their equilibrium values

Cp, K. Romanov and Solovyev made use of the Debye

wavenumber distribuxion function

aC-f)cif = f i -if (5-32)
in order to convert the summation in equation (5-33)
to an integral; they obtained

L (b)

IIO

and X = friVD/CJ".



75

fA is the maximum wavenumber of the Fourier expansion

and defines the limit of the model. The model is only
strictly applicable for f « I3jj, where Ji is the mean
distance between the molecules with the lower concentration

Taking into consideration the approximate nature of the

model we have set fm = .
The link between the volume viscosiity and the
quantity A — cb6classical is/A'AA
(5-36)
o
2, cy 70
from which it is easily shown that
cov A
Following ladtovit*&nd writing f = and redefinin’
TA= a-Vati (=p);
co(i®(ab)ah g ... (5-37)
Co I V (0-
r‘_
co
(5-38)
writinc

co

o e
¢ o’ 14 (5-39)
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The integral I(i) has been evaluated as below; putting
a = C3/2D
....................... (5-40)
o0
—2F O (5-41)

by partial fractions

(56-42)
thus; f
'"sOAA
XU") = 2.Qy - - 2a | e
JLa J
Q.
A 15. _ a,a f (5-43)
X m
®©
let the integral / = T
using partial fractions J becomes
a
T= 4 _ AAA (5-44)
Q@VA'-J SAE+O I (AEVJIFA +1)
«...
which may be rewritten as
T =
(5-45)
fhaXbMM.Ii /" 1 .
m+jAri+-0

j(air+78Si+i) 7
0..
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o o
writing x" = and integrating gives;
, .r /. | _ \\oo
!= _b
4-JT X M1/
J5~ clx AF d% (5-46)
< -t-i) -WTax. 4-0

Eut (x* + X f 1) may be written as (x +4°%) + (1% )
2 2

and (x* -J2x + 1) may be written as (x - ~ )2 + (* )
2 2

Thus the two integrals in equation (5-46) become similar
to the standard integral

=-1- to.A 4- con’t.
4 x®' /\ VA

Thus, after integration, the expression for J is

T = (>14-Jn) Tatt _

L V'3Ax7:+ar'€~f 1/
(5-47)
The resulting expression for may be summarised as
fA
follows ;
oL (5-48)
(00)
where
Q =
v c
and
iX p
co
(note 1%* =ySA = isentropic compressibility)
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where p =

2,~ _"ind 2* "\UXA AA VA ]
( a*vA J2<M+

and a = 60/2D.

(iii) The Quantity Q

A quantity, Q, defined in equation (5-49)

(5-49)
h Cfy ¢

has been identified since it contains, in principle, all
those quantities which are independently determinable.
To a close approximation at a fixed frequency the quantity
P is independent of composition. Thus the dependence of
oi/f upon composition should be reflected in the behaviour
of the quantity Q as a function of mixture composition. In
an attempt to test this hypothesis the variables contained

within Q were determined from experimental data.

The composition dependence of the quantities g", h",
v",(Z, Cp, 14*, V, ¢ ancyc were required. The quantities

Cp, ¢ andyowere directly obtained from the literature.

The isentropic compressibility was obtained using

the equation of Newton and Laplace.

= ('flochb
(5-50)

Further details of these parameters are given in Chapter

6 .
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The quantities g", h",

the analysis below, from

v” and V were obtained,

reported excess volume,

and Gibbs function measurements.

Consider a binary mixture comprising molzfractions

xA and x* with molar free

Q=-1qg +

energy G.

where GA» and G*» are the partial molar

two components.
For a real system;
q = Xi Gj, +

For an ideal system;

so that the excess molar

E GJ Q
= ‘real ‘ideal

For a real system

+

+

XiRT1lnx*f* + x”“RTlnXgfg

XARTInxA

using

enthalpy

(5-51)

free energies of the

+ XxARTInx.

free energy of mixing

Gj - XA<AA + A 2 A 2

Thus, after differentiation with

Similarly, it can be shown for

volumes of mixing that;

M LH!

For any general excess function

XxA*RTInfA

&T

+

the heats

XARTInfA

+ XgRTInXg

respect to x*,

¢

is;

+

(5-52)

of mixing and

the derivation of
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'b2X* (= X") places rigorous demands on the thermodynamic

data for a binary mixture. The following technique of

analysis of the data has been applied.

The general excess function may be represented as

a power series,
X = Xy A2 (1222 C() curnerrmrerssss seserrssnersssnerssnes (5-53)

By differentiation with respect to x vie derive,
£

(a-i) —

(5-54)
y.-=.0
Where data was not reported in the literature liquid-
vapour equilibrium measurements were used to obtain
as a function of composition using the method of Barker."181

The molar volumes were obtained from excess volume measure-

ments using the equation

vV - 74"

1?2 w 1(2)

where *# (1) and yo (2) are the densities and and

the molecular weights of the pure components.

(iv) Computer Analysis

() The Computation of Q



81

An ALGOL computer program was written to evaluate
the quantity Q as a function of liquid mixture composi-
tion. The program, together with a summary of the input
data, is given in Appendix 5-2. For calculation of the
parameters v", h" and g" as a function of mixture composi-
tion the constants A* (i = 0,1,2, n) had to be evaluated
in equation (5-53). This was accomplished by a least

squares procedure as follows;
A X Xca\c) (5-56)

= o for all i at a minimum.
%A.

Now

Thus the set of n equations in the n parameters A* may be

represented by

for i = 0,1,2, n.

The set of equations so generated were solved on an

A
Elliott 4130 computer using an ALGOL progran;lswhich incor-
porated an Elliott Library program for the solution of

a series of linear equations (of e.g. (5-58)). Successive
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series of equations were solved for values of n increasing
from zero to 10. The set of parameters which gave the

'best fit' were then used in the program to evaluate Q.

(b) The Romanov-Solovyev Equation

A computer program was written in ALGOL which derived
the values of Q, 12, D and B in the 'full' Romanov-

Solovyev equation. (See equation (5-48)).

The frequency dependence of (_*) was fitted to
equation (5-48) using a modified fgrl;'n of the program
described in section 5-2 (ii). Initial approximate values
of Q, 17, D, and B (defined previously) were input to the
program which refined these values in order to minimise
the sum of the squares of the deviations. The output
consisted of the values of the constants above, together
with a table of f, oE/f )AA and (c6/f ) A ]=4G ting

of the program is included in Appendix 5-3.
5-4 ULTRASONIC ABSORPTION IN CRITICAL MIXTURES

The thermodynamic condition for critical mixing is that
g" = O0.A* The Romanov-Solovyev treatment requires that
Af~ is infinite at the critical point. This is in agree-

ment with experimental observation.

However, critical phenomena cannot be treated using
conventional fluctuation theory, since the fluctuations

become large close to the critical point.

According to equation (5-13) a fluctuation in composi-
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tion or density is reflected in a change in G. However
at a critical point there is little change in G and the
fluctuations become very large. Another approach to this

problem has been proposed by FixmanAAA'AAAIAAA 139,171

(i) Outline of the theory of Fixman

The treatment proposed by Fixman discusses ultrasonic
absorption in terms of a coupling between the fluctuating
anomalousheat capacity of a system close to a critical
point, and the oscillating temperature changes induced by
the sound wave. The lim it of applicability of the theory
requires that T - T~ |< 1 The theory has connections
with the Ornstein-Zernike183 theory of correlation and the

Debye184 theory of light scattering.

If two points A and B are separated by distance r
such that and represent local fluctuations in some
property of the system, then is the average

product of the fluctuations at a fixed distance apart.?

As r > 0; A A A br A < And as r ------—--- y «o

A A decreases. The extent of this dependence is
measured by a correlation function c(r). c(r) = 1.0 when
r = CO and c(r) = Owhen r = O. The value of r correspond-
ing to c(r) = 0.5 is called the correlation or persistence
length L. Debye18u‘ showed that for a fluid at critical

density and critical temperature T?*;

(T/TX - (5-59)
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The length 1 is characteristic of interraolecular inter-
83
actions. The classical equation of Ornstcin and Zernike

provides a means of dealing with these correlation functions.

If g is the Gibbs function per unit volume and n#* the

number of molecules of species i, then the change in g,
following a composition fluctuation, is
~ (s.'n.y”y ( (SnJd) (5-60)

Assuming no volume change on mixing

SS = - {(bC&SVAT)} (5-61)

Using these two equations, an expression for the average
entropy change associated with a critical fluctuation may

be derived;

<GS>=4" (5-62)

where is the volume fraction of species 2 and
is the Fourier component of the pair distribution function

g(r) with wave vector k.

The form of g(r) is taken as;

=. O. (5-63)

where h(r) = c(r) + n J'" c¢(r) h(r) dr, and h(r) is the

total (or long range) correlation function. n is the number
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of molecules in the system.

Absorption arises from an out-of-phase component
of the fluctuating heat capacity. The frequency depend-
ence of the heat capacity arises out of the properties of
the Fourier transform of g(r). The response of the system
is governed by diffusion processes and if the excess heat

capacity per unit volume A is

(5-64)
then, Fixman writes;
A K= (5-65)
(4-'vy\c*rg
where h is a diffusion coefficient, and
(5-66)

The imaginary root Im (f) is requiredAAA'AAATAAA in an

analysis of the sound absorption.

dr/f* _ nmC H H-rn (f) (5-67)
cf
where
(5-68)
putting U = fT-l equation (5-67) becomes
f= {(HC'Tm f* 4 B (5-69)
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where ¢ is the sound velocity. This equation is simpli-
fiable to;

ci , J-

IT = A 7 4- B ettt ettt (5-70)
where \) and are constants.

(ii) Application of the Fixman Theory

Many attempts have been made to explain the shape of

the plot of cl/f* against f for a critical mixture.

Attempts to apply the '"'full”" Fixman equation have
proved difficult since the theoretical treatment incorpor-
ates several parameters which cannot be satisfactorily
estimated. These parameters include one term used to
define h and the quantity . K may be re-expressed as
a function of JI, and % is uhs-l:ad to determine the quantity

d, which in turn lead to a deduction of Im (f).

133,135-139
have

Severa,l\ authors,1 including Fixman,
attempted to calculate these parameters and have thus
attempted to predict the dependence of {ou/f ) upon f.

These tests show the theory to be satisfactory in a
description of the absorption properties of critical mix-
133 ,135**T39

tures. Unfortunately, the theory fails to predict

the observed dependence of the sound velocity on frequency.

2
The theory does predict that (cVfA) should show a
maximum at some intermediate composition, but the agreement

between the observed and predicted curve is unsatisfactory.
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A program was written in ALGOL to 'fit* equation
(5-70), using a least squares procedure, to the experi-
mental values of (oyfz)’“‘" at various values of f for
an aqueous solution, showing critical behaviour.

The analysis showed broad agreement between the

1,69
experimental results and the theoretical treatment.



CHAPTER SIX

APPLICATIONS OF THE THEORY OF Ra-IANOV

AND SOLOVYEV AND DISCUSSION OF RESULTS
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6-1 t BUTYL ALCOHOL + WATER MIXTURES

Recently much attention has been devoted to studies
of the properties of t butyl alcohol and water mixtures.
This is, in part, because t butyl alcohol is the last of
the lower alcohols which is completely miscible with water.

19 measured the ultrasonic absorption prop-

Clarke7’
erties of mixtures of t butyl alcohol and water over a
wide range of compositions, and at several temperatures.

Burton22 reported sound velocity measurements at various

compositions and 298 K,

The thermodynamic properties of t butyl alcohol and

water mixtures have been extensively examined by Kentamaa
et ... 185
(i) Calculation of Q

The calculation of the values of the quantity Q,

defined by equation (5-49), were undertaken as described

in Chapter 5. Sound velocity data, taken from reference
22 and values of VA, H”A and obtained from reference
185 were used. The values of Q calculated at several

mole fractions (x?) are plotted in Figure 6-1, together with
the ultrasonic absorption measurements of Clark.7'19
Figure 6-2 displays the dependence upon the mole fraction

of t butyl alcohol (x*,) of the computed parameters g",

v"/IV and/ Cp which have been previously defined.

Figure 6-3 shows the composition dependence of the
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quantities g”, h", v" which were evaluated from the
excess function measurements in reference 185 using

the technique discussed in Chapter 5.

Some difficulty was experienced in obtaining values
ofou, the coefficient of expansion and Cp, the heat
capacity as a function of composition. Thus values for
these two quantities had to be estimated. It was found
that the analysis was not significantly affected by
small variations in these two quantities. One final
point regarding the accuracy of the analysis is relevant.
The magnitude of Q (therm) evaluated is critically depend-
ent upon the second derivatives of the excess thermo-
dynamic functions of mixing. Thus these derivatives cannot
be obtained by taking tangents to a plot of versus xA*
but must be derived using an analytical method similar to

that described in Chapter 5.

Tables of the input data to the program (entitled
QCALC) and the values of Q, g”, h", v", <>*VCp and */V

output by the program are given in Appendix 6-1.

(ii) The Significance of Q (therm.)

In the last chapter it was noted that the Q factor
calculated from thermodynamic measurements should behave
in a manner similar to 0*/f . At least the form of a plot
of Q (therm.) versus x* should have a shape similar to
a plot of o06/f versus x*. Figure 6-1 confirms this pre-

diction .
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The quantity Q (therm.) is relatively small over the
range O < x2\< 0.03, where ° is only slightly different
from that of water and then rises sharply to a maximum
close to the composition at which ( /f ) is a maximum
(at x* = 0.1.7). Unfortunately the high melting point of
t butyl alcohol precludes extension of the comparison
between Q and (o”/f) to higher mole fractions. At low

alcohol mole fractions AV and c¢-cVCp would combine to

yield a large value of Q (Figure 6-2) but this is prevented

by large values of g". As more alcohol is added g”
decreases and up to x*» = 0.1 the volume parameter ( v"/V)
becomes increasingly more important. However, it should

be noted that the enthalpy term (cA*VVCp) is not negligible.
The decrease in Q (therm.) following the maximum at about
xA = 0.17 arises initially from the decrease in ( *'lV)

while (tie*Vcp) remains relatively constant.

At x*» = 0.365, Q (therm.) is almost zero since ('?/V)
and (A“t*"yCp) are small and g" is small and changing very

slowly.

Previously the mole fraction for which (oC/f ) changes
rapidly (x» = 0.04), was linked with the minimum in the

. 6 ,35 .
partial molar volume. * It is now clear that the trends
in the volume dependent parameters would require rapid
variations in the absorption which g" essentially offsets,
at least initially. The intense maximum in Q (thermo) at

xA» = 0.17 bears out the previous conclusion?”'that water

is an important feature in systems with intense ultrasonic
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absorptions. This clearly demonstrates that the link
between ultrasonic absorption and the excess thermodynamic

functions of mixing is a key one.”?

6-2 ACETONE + WATER

The ultrasonic absorption properties of mixtures of

acetone and water were presented in Chapter 4. The

velocity of sound in these mixtures has been reported by

Burton.Heats of mdxing,ArAA"'AA? liquid-vapour
equilibrium189'192 and densit;}gr%'1a9s7urements have been

reported by many groups of workers.

*73 1Q3
Frank and Quist”? ' have characterised a solid

hydrate of acetone and water, the composition of which,
as noted in Chapter 4, corresponds to the end of the

plateau region.

(i) Calculation of Q (thermo)

The calculation of values of Q (thermo) at 293 K was
carried out as described in Chapter 5 (see Appendix 6-2).
The excess volumes of mixing were calculated from the
density measurements of Young197and used to evaluate v".
Heats of mixing were obtained from a compilation by
Mobius,172 and used to calculate h". Excess free energies
of mixing were calculated from the liquid-vapour equili-
brium data of Taylorusing the method of Barker.

These values were used in the evaluation of g" as a function

of mixture composition.
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Sound velocity measurements reported by Jacobson
were used together with estimated values for the expan-
sion coefficient 2cand the molar specific heat Cp. The
values of Q (thermo) at 293 K were then computed at various
moist fractions of acetone (x?) and are shoxvn in Figure

6-4 together with (&ii/f“) at 298 K for comparison.

The parameters g", (v/"/V) and (c*VJ/Cp) are shown as

a function of composition in Figure 6-5.

(ii) The Significance of Q (thermo)

The striking feature of Figure 6-4 is the close
correspondence of the predicted and observed plateau

lengths (x*» = 0.06).

From Figure 6-5 it is clear that in the region where
the concentration of acetone is low, the value of g" is
large, A"/v and d<,L/ICp are quite often small, and thus the
plateau region is again dominated by the magnitude of g
As the concentration of acetone is increased beyond 0.06
mole fraction, the term AVv shows a dramatic increase and

the value of g" becomes very small.

Further examination of Figure 6-5 reveals that the
term “c.A/Cp, although initially large, is offset by the

terms “~Vv and g".

Thus the ’'plateau region* would seem to be dominated
by g", whilst the region of peak sound absorption, and
the initial rise to this peak, are dominated by the volume

parameters ( ~'*/V). The correspondence between the predicted
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(x» = 0.46) and observed (x*» = 0.38) peak sound absorp-
tion compositions is not so close as in the Aplateau
region*. This may, however, be due in part to the approx-

imations used for and Cp in the calculation.

This would again seem to support the close link prov-
ided by the Romajiov-Solovyev theory between thermodynamic

observables and ultrasonic pararaeters.

(iii) Analysis in terms of the Discrete Relaxation

Anoreach

The ultrasonic absorption data presented in Chapter
4-3 has been analysed using equation (5-2 ), tor a single
relaxation process. The results of this analysis are
given in Table 6-1. Certain general trends in the relax-
ational behaviour are clear. Firstly, the relaxation
frequency increases with concentration up to =0.3 mole
fraction, except at 273 K. Secondly, the relaxation
frequency increases with decrease in temperature. The
relaxation frequency in general is around a value of 50
to 70 MHz. This means that the relaxation process giving
rise to the absorption has an associated relaxation time

lying in the range 2*10***"to Ixlo””*seconds.

The results were examined in terms of two relaxations.
A better fit of the experimental data to the computed curve
was observed, but this is only to be expected in view of
the larger number of variables (5) involved in the minimi-
sation. Until better experimental accuracy can be obtained

with the present apparatus, the analysis of data in terms



TABLE

298 K

283 K

0.3

0.4

273 K

6 -1

10~ fc

nepers s cm Hz
15 5

69 60

34
I0'AA 10~ fc

2 -1 .

nepers s cm riz
18 59

115 70

103 70
IOAAA lo"? fc

nepers s cm Hz
33 78

116 67

134 67

Relaxation Parameters

1

nepers s

33

69

79

I0AAB

2
nepers s

41
66

S3

I0OAAB

nepers s*

59
115

105

-1
cm

cm A

RMS

0.06

0.05

RMS

0.07

0.08

0.08

RMS

0.05

0.08
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of two relaxation processes is probably invalid. However,
if a cage-like interstitial model is to be accepted, then
two relaxations would be predicted associated with the
equilibria between cavities containing zero, one and two
molecules of acetone. This assumes, however, that these

two equilibria are not concerted or very fast (> about

6-3 METHYL CYANIDE + WATER MIXTURES

Ultrasonic absorption properties for mixtures of
water and methyl cyanide have been reported at 273, 298
and 308 K over the frequency range 1.5 to 230 MHz by
F oster.S ound velocities have been measured”"’
at 273, 298 and 308 K and are presented in Chapter 4- 2 .
Methyl cyanide + water mixtures show an upper critical

solution temperature at 272.10 - 0.2 K at a composition

L
corresponding to 0.38 - 0.02 molefraction of methyl cyanide.

For this system a plot of (o"lf2) against x* at 4.5 MHz
has a peak sound absorption composition (PSAC) at x* =
0.4 mol* fraction. The intensity of the absorption at the
PSTC increases with decrease in temperature to a greater
extent than the intensity at the PSAC in t butyl alcohol

7
-r water mixtures, a system showing a tendency to phase
a

separation but with a LCST. ¢ The increased sensitivi':

o
to temoerature of (oC/f")max for methyl cyanide + water
mixtures may vieil be due to the combined effects of those
processes which bring about absorption in the alcohol and

those which bring about absorption in mixtures close to

35
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their critical point. Based on the assumption that this
A A
IS correct, there are ground521’138’200”201f0r suggesting

o
that co/f* should continually rise with decrease in frequency

and not level off.

(i) Calculation of Q (thermo)

Values of Q (thermo) were calculated as described
(equation 5-49) using the enthalpies of mixing reported by
Morcom and S mith,the excess volume measurements of
Armitage et al,?’5 and the liquid-vapour equilibrium data
of Vierk. 170 The liquid-vapour equilibrium data was used
to compute values of Gs‘, the excess Gibbs function of
mixing as a function of mixture composition using the
method of B arker.Values of the molar heat capacity

Cp and coefficient of expansion cj*were estimated from

literature data.

The computed Q (thermo) factors are displayed, toge-
ther with (d/f~) at 4.5 and 70 MHz and 273 and 298 K in
Figure 6-6 as a function of mixture composition. The
dependence of the quantities AVv, cAMVCp and g" upon
mixture composition is shovm in Figure 6-7. The data is

also presented in detail in Appendix 6-3.

(ii) Analysis in terms of the Concentration

Fluctuation Model

A method of deriving the parameters Q, 1, D and B
from the Romanov-Solovyev equation (equation (5-48)) was

described in Chapter 5-3. This method has been employed



FIGURE 6-6 Comparison of (a) Q(thcrmo); (b) at 273 K
and 4.5 MHz; (c) d/ a t 273 K and 70 MHz;
(d)z~/f" at 200 K and 70 MHz; (c)<d/fA» at 298 K
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to derive the parameters from the dependence of

on frequency at 273 K using an ALGOL program (RSCF - see
Appendix 5-3). The program required a provisional estimate
of the four parameters which it then refined to minimise

the sum of the squares of the deviations.

In some cases difficulty was experienced in obtaining
a satisfactory fit (tested by the variation in the root-
mean-square deviation) of the experimental points to the
equation. One reason for this difficulty was the occurence
of the product and ratio. (D and Az’\IZD) in equation
(5-48). This also would account for the lack of success
in deriving the parameters at 298 K, where the difference
between the low and higli frequency values of (Oj/f2) is
less than 1000 x 10 nepdG.s*.cm . The analysis was
successful, however, at 273 K and the derived parameters

Q, 17, D are presented in Figure 6-8.

The dotted curves shown in Figure 6-9 represent the
computed ?best fit * curve resulting from the application
of the Romanov Solovyev equation (equation (5-48)) to the
data at 4.5 MHz and 273 K. (x» = 0.1; 0.3; 0.5 molQ
fraction MeCN). A table of the data obtained at each

composition is presented in Appendix 6-4.

(iii) Analysis using the Discrete Relaxation

Ecuation

The ultrasonic absorption data measured over the
range 1.5 to 230 MHz were fitted to equation (5- 2) using

the new weighted version of the regression program described
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in Chapter 5-2. An original estimate of the values of

the parameters was required and this was obtained from a
graphical representation of the data. These values were.
then refined to constant minimum root-mean-square devia-
tion. Each point was given an equal weighting such that

the final sum of the squares of the deviations (F) was

equally sensitive to each data point. Thus a point
corresponding to a largo (> 1000 x 10 "“A“Anepers cm *)
absorption could not dominate the magnitude of F. This
. . . 148
had been the case in a previous analysis.
The fit obtained for a single relaxation (n = 1 in
equation (5- 2)) was unsatisfactory. Since there were

only nine experimental points, any analysis for more than

two relaxations (n = 2 in equation (5-2 )) is invalid.

Thus an analysis for two relaxations was carried out for

five variable parameters (average root-mean-square devia-

tions ~0.03 - normalised). The results are presented in
. - A

Appendix 6-5 and the values of; ma)((\1) and max‘z)'

(cf equation (5-3)) are represented in Figure 6-10. Both

/P i.namé’“) and IjA- - (2) show a pealc at x = 0.4 molQ fractior

whereas using the unweighted program no correlation was

obea'rnedT. 148

The relaxation frequency f2(l) was relatively in-
sensitive to composition (1.5 to 6 MHz over the range
0.1 < x*» < 0.7 molefraction), whereas the relaxation
frequency f72(2) initially changed rapidly from 145 MHz
at x*» = 0.1 to 60 MHz at x* = 0.2 and thereafter varied
over the range 34 to 50 MHz. The computed “relaxation?

curves are compared in Figure 6-9 with the observed
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frequency dependence of o /fThe total absorption at

298 K was insufficiently large to place any great confi-
dence on the parameters but the shape of the curve produced
was consistent with equation (5- 2). Figure 6-9 compares
these curves at 298 K with the observed frequency dependence

of G /f-.

(iv) Discussion of Results for the System Methyl
Cyanide - Water and Comparison with t Butyl

Alcohol 4 Water

For the methyl cyanide H water system the maxima
in Q (thermo) and o/ £’ correspond to 0.4 molefraction of
methyl cyanide. In t butyl alcohol + water mixtures
Q (thermo) shows little variation over the range O #
xA 0.04, the raiige for which cdlf*9 is insensitive to
added alcohol. That such a region also exists in methyl
cyanide ? water mixtures is not clear from the experimen-
tal data, but the calculated values of Q (thermo) suggest
strongly that such a region does exist (Figure ¢- ¢).
Evidence in support of the suggestion that the thermodynamic
excess functions of mixing and the excess ultrasonic
absorption are strongly linked”” is provided by the close
agreement between the values of Q calculated from thermo-
dynamic data (Q (thermo)) and the values of Q derived
from fitting equation (5-48) to the experimental data.
Thus the importance of enthalpy or volume parameters in
determining the absorption can be assessed. The major
problem in applying equation (5-5 ) has been in separating

the terms and . Usually one of these terms is
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assumed to be zero , i.e. A = 0’ for conformational
isomerisms and 'AE”* = O’ for equilibria in water. For
MgCX water the quantities (o0oV) and g" remain fairly
constant over the region 0.2 0.7. Thus the marked
changes in Q (thermo), and consequently in (c"lf*?'), arise
from the concentration dependence of (cA*AVCp). For t
butyl alcohol + water mixtures it is (JY'VV) which seems to
be the controlling parameter.? The fact that the enthalpy
dependent term dominates the absorption in methyl cyanide
+ water mixtures can be linked with the presence of an
upper critical solution temperature which is usually the
case for mixtures where enthalpy of mixing, A controls

the sign and magnitude of

The analysis using equation (5-48) reveals, however,
9
that is not totally controlled by Q, but that the
frequency dependent term leads to a mutual diffusion co-

efficient D and an interaction length (see Figure 6-35).

The minimum in the diffusion coefficient close to
xA = 0.4 molt fraction is consistent with the model which
requires that the lower the diffusion coefficient, the less
rapid the re-establishment of equilibrium, and thus the
greater the contribution to the out of phase component
of the isentropic modulus, i.e. the absorption. No
independent measurements of the diffusion coefficients for
methyl cyanide + water mixtures have been reported, but
(Qslf"o) often shows a maximum at the composition for which
the diffusion coefficient shows a minimum for other

systems. 1mdescribes the distance over which the
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composition fluctuations can correlate and shows a maxi-

mum close to x*» = 0.4 mole fraction.

The treatment of Romanov and Solovyev predicts that
Cvlf’g should vary smoothly with frequency. This is a
consequence of the assumption of a distribution of relax-
ation times. Unlike the thermal relaxation equation, the
equation of Romanov and Solovyev is unable to account
directly for more than one ’relaxation’ in the plot of
Alf'A against frequency. In order to use the treatment
given by Romanov and Solovyev to account for two relax-

ations, the equation (5-48) would have to be rewritten as

(Q/E XC N A S' oo

However, such an extension of the theory is probably

unrealistic.

One method of interpretation of the results envisages
that the v;ater-water interactions encourage the methyl
cyanide molecules to cluster and this process may clearly
be approximated as a series of equilibria. At low temp-
eratures the water-water interactions become so strong as
to eject nearly all the methyl cyanide in the interstices,
and this may be considered as phase separation. In contrast,
the alcohols, which tend towards the formation of hydrates,

are more easily accommodated at lower temperatures by water.

2
When x*» = 0.5, (cd/f ) for MeCN o water apparently

shows a continual rise with decrease in frequency. This
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rise resembles that required by the theory of Fixman,
Possibly the experimental data at x* = 0.5 indicates a
transition from systems where the composition fluctua-
tions are small, to those where the fluctuations are
large. However, it seems unlikely that this can be the
complete explanation since the temperature is around

25 K from its critical temperature.

6-4 TETRA-ALICYLAFIMOXIUM SALTS 4 WATER

VJhen tetra-n-butylammonium bromide is added to water,
the ultrasonic absorption at 298 K and 70 MHz changes
only slowly at first, but then shows a sharp increase at
concentrations greater than 0.8 mol dm 371<8,207 marked
contrast, when tetraethylammonium bromide is added to
water, the change in (cL/f*) is much more gradual, and the
absorption much smaller. Aqueous solutions of alkyl-
ammonium salts have generated considerable interestAAA'~AA
and Franks52 has indicated the wide variety of experimental
information available. The ultrasonic absorption properties
remain puzzling, however. .Atkinson'zl0 has considered a
number of models based upon the concept of ionic associa-
tion/dissociation equilibria. A further complication has
been added by the discovery that the excess absorption may
be a product of allcyl chain reorganisation.zl:L A possible
rationalisation of some of the ultrasonic absorption

results with the observed thermodynamic behaviour has been

obtained as a direct result of applying the Romanov
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Solovyev treatment to these systems.'g

(i) Application of the theory of Romanov and Solovyev

to Aoueous Electrolyte Solutions

The analysis of the Romanov and Solovyev equation
described in Chapter (5-3) is only directly applicable to
binary liquid mixtures. The application of the analysis to
aqueous electrolyte solutions is not so straightforward.
The mole fraction (x?) of alkylammonium salt in a solution
containing m* moles of salt in 1 kg of solvent, relative

. . 213
molecular mass M”, is defined as follows

XR = ICT/M.)"A (6-2)
= 2 for tetra-alkylammonium salts.

The analysis is simplified by defining, for any given

thermodynamic function X, the following quantities:

X (total) for asolution of molality ra*,

X(salt) whichequals XAtotal)/#* and

X(solution) whichequals X (total) (2ml, + 10A/MA)
These properties are required in the analysis. A related
ser of excess functionSX were also used. The standard

state chemical potential for the salt iswhere the
standard state is the hypothetical 1 mol dm“3 solution
with the mean activity coefficient Al equal to one. The
standard state for the solvent is the pure liquid when

the osmotic coefficient o is one, at constant pressure and

temperature, and the chemical potential isj* * . The
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problem is conveniently divided into two parts; (a)
relating the required parameters g”, h”, v" to the excess
functions, (b) curve fitting the excess functions to a

suitable equation.
Cibbs Punctions:
G(total) = n*jA, nAjvbr (6-3)

The chemical potential of the solventjjL® may be written
in two ways defined below. This leads to dual defini-
tion for G (total). A choice of the appropriate defini-
tion is controlled by the function used to evaluate GA*
(total). Both of these definitions are derived below.
Taking the solute as component (2) and the solvent as

component (1);
For the solute:  ——— (6-4)

For the Rivent ; T

013
From the definition of the osmotic coefficient,A? 0;

r,. c.f, = = 2z 56ca®™ (M. Ti0"Jurrrrrers sererereresssssssenens (6-0)

thus; P.T (H.Il0'Q ciccrerrrcerrrsscaeenen,

Thus two definitions for G (total) may be derived;

%
G (total) = N o (e-9)
or
100
G (total) = (6-9)

1]
-
o

1]
-
[V
=]
Q.

For an ideal mixture (or solution) f,

= 1.
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Thus two ideal Gibbs functions can be derived.

\c"' - o
G(ideal, total) =M . . (6-10)

q 221- +TA (6-11)

G (ideal,total)=
\o

Using the relationship that

GAMr(total) = G (total) - G (ideal,total) 6-12)

two excess functions are derivable.

;" A (total)= f1roA (6-13)

~ 9 (TpTA*Autu)

or

Gp (total)= {\0MM.') zs.T(\-<P) £ . (6-14)

Rearranging equation (6-14) yields

GAr(épq ,tobrO = 2rw, RT (i-9 i . (6-15)
In general per mol of salt is given by
=. 2R-T (I-~T 'ta . (6-16)

Two definitions of G (total) are thus arrived at.

G (total) = EI [IAf 4= g.T JUAA . (6-17)
J 4 "

S Cf; . A trobal)
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c?
G (total) =rn jl \oA J Z.(ITJZv\ , (6-18)

" T (9%, |

For a 1:1 electrolyte the total number of moles in

solution will be (m* + :10~'Aq ).
Thus G = Gibbs function per mol total solution =
— Q.(d.P."EU . . (6-19)

(2mq r 10°2/M*?)

so, using equation (s-2) with ~ = ;;

= X,||*.'"P-S-T-2-A=2E '1 e e+ (6-20)

= = t K " "4 4+ .. (0-21)

Note that G*(f-,s« j ) and G*(0 +) are both per mole of

solution now.

If m is substituted for in terms of and both

equations (s-20) and (s-21) differentiated twice with

respect to then
r,"_yG, _ R.T 3RT ~f (T (r.qh . . (6-22)
A A2. Cc-'==1.")

or

The relationship between the two derived excess functions

is given by
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'‘N- % / \ u
¥-.,% (1~40 2
Now GA(solution) = x* GA*(salt) and if G~(salt) =y then;
2
AR So\n* = M. i- A
and A
u-f A 2:3"A
md'x.: 'ox?’™ n 6oxj-
(6-25)
but 31 =11 . fb = il .- . . (6-286)
3
where a = 10 /M-, and so;
A
oy (6-27)
bxE C'~""E ur. \» L(~
This combination of equations (6-26), (6-25), (6-27)
leads to the result
A f ol . . (5-28)
0 oy o\ _ X k-N
-I
T
A similar expression could have been derived using G
(fn) UX) solution). However, the available data in the

literature provides values of o andY *» as functions of
m* mol dm"'A, Thus, for our purposes this definition in

terms of o and A+ is most useful.

\Wi and Friedm an,have shown that for a general

p
electrolyte the excess function (salt,per mol) may be



Gxpressea as

(salt) =

For a 1:1 electrolyte

convenient to extend the

1
XA(salt) =
If y = XA(salt) then
— = (Acl/2.mj)
and
E = _ &
td

Thus values of g” as a function

calculated using equation

quantities by and * b

where XA (salt) =

can be calculated from equation

Enthalpies

The derivation

parameter h" follows from a similar

Consider a solution

2) and 10 Ah i%iol of solvent

The real total

(10r/M A7) +

the coefficient

(0, o

of expressions for

containing mol

enthalpy K

nq id,

.07

(6-29)

it
2=0 and/was found

eouation to the form

E.

A A A, .. .. (6-30)
1=1

A .. .. (6-31)

(6-32)

of composition can be

(6-25) after deriving the
from equations (6-31) and (6-32)
salt). This latter quantity

(6-16).

the enthalpy

analysis to that above

of solute (component

(component 1).

(6-33)
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The ideal total enthalpy H.#* =

(6-34)

Now the relative molal heat content 02 is defined such
that the real total enthalpy is given by

H= (10'""/M*) P0 + oA C e (6-35)
thus 0* is identified with K®

But pf(total) = K(real) - K{(ideal)

= (10*/M*)(H. - H°) + - af')

= A2 [ A - 1 e (6-36)
Let L = li(real) - H(ideal) then

U0 =q - h; ;% =mn; - he 5 ofh= 0. o

thus 0~ = (per mol of salt) .. . . (6-37)
Hence,

H(real, per mol solution) = (1 - xA)H* 4 A

and so, differentiating twice with respect to x*

h." = E I e (6-38)
A 2:2" A btcE
This is the required form because0” is knownas a function

of mA. Thisdependence is fitted to equation (6-30) and
since, _ "6 'Z’'m,
N
then,
W = TiL =LS_3— A( gA ("PA"

6xA Ki—--01



109

Volumes

An analysis for V (total) and v" similar to that

described under Enthalpies follows.

Real Volume = V (total) = (IC//IM_)vi + - *- " (6-40)
Ideal Volume=V\: (total)= (10A/MA)V* + . .. . (6-41;
The excess volume is given by ;

V(total)=(loViMA) {\T - v° ) +ai®*(q - v*“). .. . (6-42)
Thus the total volume may be expressed as;
V(total)=(lo3/M*) + VA(total) . .. . (6-43)

V¢ + VA(per mol solution)

. - +
V(per mol solution) x'hV-L I o

and differentiating this latter equation twice with

respect to x,, gives

1- (6-44)
V4 £
but ~ \ — bV_ ~ASEn and using this expression
equation (6-44) becomes;
= -1 A~ Ti (6-45)

Thus if XT' is fitted as a function of m” to equation
(6-30); then values of v" at various compositions can be
derived. The usual experimental volume parameter is

0”, the apparent molal volume.
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A ~ A1 A1 by definition (6-46)
V(total) = (10-A/MA) V, + 0A and
Vid (total)= (10~"/iMA) .m, 07 where 0jis the

apparent molal volume at infinite dilution.

Hence (per mol of solution)= A (0 - 0* ). . . (6-47)
2

Thus values of the excess volume of mixing per mol of
solution can be calculated from equation (6-47). OV
the standard partial molar volume of the salt in

solution.

Densities

Densities were calculated from the apparent molal

volume using the equation

yo (solution) = (1000 + n, Mj) (6-48)

(104/O0 4. m, 0J

where /o is the density of the solvent and M the molecular
/o

weight of the solute.
(ii) Calculation of Q(thermo) for aqueous solutions
of tetra-n-butylammonium bromide and tetra-

ethylammonium bromide at 298 K«

Osmotic and activity coefficients reported by

Lindenbaum and Boydz15 were used in the analysis for g
oi 5
Enthalpy data reported by Lindenbaum??? were used to derive

917
h". The volume data of Wen and Saito” were used toeether
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wixh values reported by Franlcs and Smith** in order

to derive v".

An ALGOL program for an Elliott 803 computer employed
a multiple regression method similar to that described in
Chapter 5-3 (cf excess functions of binary liquid mixtures)
to fit the excess functions for the salt to equation
(6-30) as a function of salt molality. The program is

similar to that previously described (Appendix 6-6).

Figure 6-11 shows the fitted curve (solid line)
4
obtained using this method for the G (salt) data of tetra-
ethylammonium bromidco The derived parameters are

presented in Appendix 6-6.

The values of Q(thermo) as a function of composition
were calculated using equation (5-49) for each salt and
are shown, together with in Figure 6-12. The
thermal expansivities55 and hear capacities” of these
mixtures were taken as estimated values in the absence of
sufficient data over the entire range. Nevertheless, it
was found that the effects of salts upon these parameters
are very small. The isentropic compressibilities were
calculated using the equarion of Newton and Laplace, using

917
the density data of Wen and Saito."

The dependence upon salt molarity of the parameters
.h” ”
g’s A ICp and ' IV is shown for tetr aethylammonium
bromide in Figure 6-13 and for tetra-n-butylammonium

bromide in Figure 6-14.
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(1iii) Discussion

The key feature of Figure 6-12 is the dramatic
increase in Q(thermo) for tetra-n-butylammonium bromide
in water at 293 K, where c¢c* > 0.8 mol dm a trend also
observed in (c6/?). In sharp contrast, Q(thermo) for
tetraethylammonium bromide in water remains quite small,
as also does (c6/f2), when the salt concentration is

increased.

Comparison of the parameter J.‘llhmle) and (V*I;V) shows
that the enthalpy controlled term dominates the large
absorption in aqueous solutions of tetra-n-butylamraonium
bromide. It will be recalled that hf"(salt) (s /). ) for
the butylammonium salt in water is large and positive,
whereas K% (salt) for the ethylammonium salt in water is
small and negative. For the tetraethylammonium salt in
water the parameters (cgh”le) and (v"/V) are. of the same
order of magnitude. The low values of Q(thermo) at low
concentrations of the butylammonium salt can be related to
the large positive value of g". The parameter g” falls

with increase in salt concentration c”, the fall being

less marked for the ethylammonium salt.
6-5 UREA 4- WATER MIXTURES
Urea has played a prominent role in many studies of

water structure and is frequently cited as a v*ater struc-

2
ture brealcing solute. 30 Not the least among such studies
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are ultrasonic absorption measurements. Addition of urea
to water at 273 K brings about a decrease in over

the range O “c?:*» 8 mol dm

No evidence has been found for a relaxation over the
frequency range aA*f 230 MHz.~* Further, the ultrasonic
velocity (measured at 5 MHz) increases with increase in

pressure, concentration and temperature.??

. . . . . 62 271
Subtraction of the viscosity contribution

results in the structural contribution showing a sharp
decrease with increase in urea concentration, before

eventually levelling out.

These trends are consistent with the theory that urea
acts as a structure brealccr, although the mechanism for

290
this structure brealcing action is not fully understood.

(i) Calculation of Q(thermo) for Urea + Water

The Q(thermo) values for urea + water mixtures were
derived following an analysis similar to that used for

the tetra-alkylammonium salts (see section 6-4).

Stokes”” has presented an extensive compilation of
thermodynamic data for the system urea - water, and his

data were used in this analysis.

Free Energies

Following the treatment for tetra-alkylammonium salts

and defining the molefraction of urea (x ) as;

12 = g (6-40)



then G/mol = G = t-RTTJIA. f
u/\o H A
and differentiating this equation twice with respect to
013

X , and employing the Gibbs-Duhem? relationship, gives

R - ) i i
I j - . . (6-51)
( ("--4q V('-A'Oh
-r -r- -r %
/
where 0 is the osmotic coefficient and the activity

coefficient of the urea.

Now Stokes°” gives the relationship between the

osmotic coefficients and the salt molality (m ) as

o.ra”? (6_52)
where a = 0.042783, b + 0.15 and ¢ = 0.0004198.
After a little algebra and a further application of the
Gibbs-Duhcm relationship
RT Ci- 'Xy._) ~ 10 A (@Q5~3c)g”lo” IlacxF 100
(6-53)

where A={ XA (1 - x*) + bx"l03¥

Enthalnies

The parameter h" was derived following section 6-4

as
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Stokes™* has shown that the dependence of 0* upon

may be expressed by

0g = - am + bm * - crn?? dia® " (6-55)
where a = 85.87, b = 6.815, ¢ = 0.4569 and
d = 0.01470.
Thus, differentiating equation (6-55) and substituting the
results into equation (6-54) gives
b. = A A QM0 ~ <0X-= 10 AA
....................... (6-56)
Thus h" as a function of m_ can be calculated.
Volumes
An equation relating v" to the apparent molar volume
OV was derived.
r” it itA y
A relationship has been derived by Stokes”” connecting the

apparent molal volume 0” with the molar volume at infinite

dilution 07

A \Y (6-58)

1 + bn#
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where 02° = 44.17, a = 0.212 and b = 0.15, at 298 K.

Using equations (6-57) and (6-58) a relation for v" was

derived.
1 7 = o A g 107 _ dab %% \O
ftCi-xO BCi-xO
3.o.te:,, \07 _ a.g.bcar [ct
A=-Cv-Xi)?
....................... (6-59)
vihere A =] MA(1 - x?*) + bx*AIOAA,
Thus the dependence of v” upon could be calculated.

Heat capacity data and thermal expansion coefficients
reported by Sfokes,*”* together with the sound velocity
data of Beauregard and Barrett 62 wore used to evaluate
Q(thermo) at 298 K as a function of composition. An
ALGcoL program for an Elliott 803B computer was used and

all relevant data is given in Appendix 6-7.

Fiigure 6-15 shows the dependence of Q(thermo) and
2
(d*/f ) upon molality of urea. Figure 6-16 displays the
*k

dependence of the parameters g", h /ICp) \gnd ( /V) upon

mixture composition, at 298 K.

(iii) Discussion of Q(thermo) for Urea + Water

Consideration of Figure 6-15 shows that over the
range Os m*tsS mol dm_3 the calculated value of Q(thermo)

is very small, (c”/f*) also shows no increase, but rather
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a gradual decrease, over this region. At around =

8 mol dm ”» urea the value of (Ov/f*) is tending to

increase and this is qualitatively reflected in Q(thermo).
The relatively large value of g" seems to dominate the

Q factor (Figure 6-16) and appears to be responsible for

the lack of absorption in the lor; molarity of urea region.

This analysis again confirms the usefulness of the
link developed between thermodynamic measurements and

ultrasonic absorption.

6-6 GENERAL DISCUSSION

The results of the applications of the Romanov -
Solovyev analysis lend support to the contention that the
parameter Q(thermo) provides a useful link between thermo-
dynamic and ultrasonic measurements. In itself, it should
be stressed that the absolute magnitude of Q(thermo)
indicates little . It does however provide an excellent
qualitative indication of the presence or absence of an
excess ultrasonic absorption in binary liquid and electro-
lyte mixtures. In particular it is helpful in pinpointing

'plateau regions’ and PSAC regions.

The trends in the evaluated parameters /ICp)
and (v**IV) are also helpful in deciding which thermo-
dynamic parameters exert a controlling influence over the

ultrasonic absorption. In general it would appear that

g" controls the ’plateau region’, suggesting that in this
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region energy considerations are paramount. The PSAC
. Cuh ~ v

region may be enthalpy (c¢c /Cp) or volume ( [/V)

controlled and the analysis allows separation of these

effects.

The analysis, applied in particular to methyl cyanide,
of the ultrasonic absorption data at 273 K as a function
of frequency is loss satisfactory. The Romanov-Solovyev
equation (5-48) produces a sigmoid shaped curve and,
unlike the discrete relaxation equation, it cannot account
for the subtleties in the shape of the experimental plots -

some of which lie outside experimental error.

It may therefore be concluded that the Romanov -
Solovyev approach is more useful than the thermal relaxa-
tion approach for prediction of the qualitative features
of the plot of (W/f’?) against xA*. It does not, however,
lend itself towards quantitative application in an attempt
to analyse the subtle features of the frequency dependence
of (®Vf ). This is, in part, due to the difficulty in

defining values of 1", the interaction length.

The major difficulty encountered in attempts to apply
the original Romanov-Solovyev theory, or the extensions
developed therein, to mixtures is the sparsity of thermo-

dynamic measurements (particularly data) available.
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7-1 INTRODUCTION

There have been several recent reviews of the prop-
erties or aqueous electropyt'e soll\utions,37'203"222'224
but no comprehensive account is available of progress in
the application of Raman and infra-red spectroscopic
techniques to the study of these systems. The aim of this
chapter is, therefore, to review the Raman and infra-red
spectra of water and aqueous solutions of electrolytes.
Where relevant, details of recent models for the structure
of liquid water are included. No attempt has been made
to review in detail theoretical models of water structure
since these are dealt with in many excellent reviews and
p a o] e r s . T h e theory and techniques
of Raman and infra-red spectroscopy have been the subject

230

of an excellent book by Herzberg and are not reviewed

here.

At the outset it must be made clear that the so called
’structure’ of water depends upon the way in which it is
observed. A photograph of a moving object, talcen at a
rate which is fast compared with the rate of motion of the
object, will reveal nothing of that motion. However, if
the same photograph is talcen at a much slov;er rate the
motion of the subject is revealed in the blurred image
obtained. A similar situation exists in the observation
of molecular motion in a liquid. If an observation of the
molecules were made with a ’'camera’, three types of

structure would be broadly observed. An ’instantaneous’
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photograph would reveal molecules in clearly defined
positions. Such a structure is described as the |
(instantaneous) - structure. If thephotograph were
taken in a time corresponding to thetime talcen for a
molecular vibration to occur, (10 to 10 S) then

a different structure, the V (vibrationally controlled) -
structure would be observed. Finally, ifthe liquid is

examined over a time of. the order of that taken for

molecular diffusion processes, the D (diffusion controlled)

- structure would be observed. These three basic struct-
ural types are illustrated?””? in Figure 7-1. In contrast
to the nuclear magnetic resonance’?22 experiment, the
Raman and infra-red spectroscopic techniques probe direct
molecular environments (l-structure) whilst the n.m.r.
observes the average environment of the magnetic nucleus
studied (D-structure). Thus the vibrational time scale
is of the order of 10 AS, whereas the n.m.r. time scale
is 10 ~ S. In principle vibrational spectroscopy is the
most suitable technique for a study of liquid structure
and solvent-solute interactions. However, in practice,
thermal disorder in the liquid and the non-rigorous
periodicity of the vibrational motions leads to broad

spectral bands having ill defined maxima.

Indeed, a major difficulty in formulating a statis-
tical mechanical model for water is the imprecise assign-
ment of the vibrational spectrum of water over the region
4000 to O cm the frequencies are required in a

calculation of the vibrational partition function. 226



FIGURE 7-1 (from reference 36)
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TABLE 7 -1

Spectroscopic stretching and bending

frequencies for molecule
b ~ 2 A3
Water (vapour) 3650 1595 3755
Liquid 276 K 3448 1642 3397
Liquid 343 K 34438 1642 3434

Ice 3360 1585 3210
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Notwithstanding these difficulties, useful information
can be retrieved from detailed Raman and infra-red

spectroscopic studies of water.

7-2 VIBRATIONAL SPECTRA OF WATER AND DEUTERIUM OXIDE

The infra-red and Raman spectra of water and
deuterium oxide are shown in Figures 7-2 (a and b) and
7-3 (a and b) respectively. The major region of interest
is the OH stretching region and some typical values of

231,232 and their assignments

the stretching frequencies
are giveng'7 in Table 7-1. Whilstthe assignment of the

bands for water vapour is not in doubt, there is some

032

uncertainty with regard to the liquid state. Hornig et al
accepted that (the symmetric water stretching mode)
and (the assymetric stretching mode - see Table 7-1)

become transposed on going from the vapour to liquid states.
Other workers do not accept that this is so. The question
has not been satisfactorily resolved. Many authors ignore
the intensity evidence used in support of the assignments
made in Table 7-1 by Hornig and have assumed that the
frequencies in ice remain in the order > V-,. The bending

frequency is little affected by phase change.

The study of the stretching region (4000 to 3000 cm_1)
of liquid water is facilitated by isotopic substitution.
Figure 7-4 shows the infra-red and Raman spectra of dilute
solutions of D,”0 in H”O and H”O in D%O, (Talcen from ref-

erence 36). The stretching vibrations of water are



(a)

(b)

os-
2500 2600 /TOO
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Plot of optical density vs. fi'cquency for the ir
absorption of HOD at ~2000 for various temperatures.

The presence of an isosbestic point at ~2575 cm*“*
is clearly shown.

20 230 2100 2200

Quanlilraive Paman intensities as functions of fre-
quency transferred to horizontal baselines from rncrcury-cxcitcd
spectra corresponding to a 6.2.1/ solution of D*O in H;0 at tem-
peratures from 32.2° to 93.G°C. The 435S-A line of mercury and a
slitwidth of 15 cm~* were employed. The 4916-A line of mercury
was removed from the original photoelectric tracings. The dashed
vertical line near 2570 cm” ‘ refers to the isosbestic frequency (sec
text for dehnition). The intensity scale is arbitrary.

FIGURE 7-4 Infra-red and Raman Spectra

of dilute HOD in H?O, The spectra

of HOD in D”O are similar (taken from

reference 36)
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decoupled36and it is possible to study the OH and OD
stretches of the HOD formed in solution. On average,

the five nearest neighbours of each OH oscillator in

DAO (say) are deuterated. Some of the early Raman studies
of water were made by Magat233 who laid the foundations

of the investigations reviewed here.

Wall and Horni9234‘ made photoelectric Raman studies
of HOD in DO and H”*O. They observed narrower bands than
in water and suggested that the band-width could be related
to the distribution of 0 O distances in liquid water.
Further, it was shown that the nearest neighbour distri-
bution function obtained from the spectra was in good
agreement with previous X-ray data. Also the band contours
were smooth and this, together with the relatively small
temperature dependence led I7all and Hornig to conclude that
a continuous distribution of O O distances is present
with one 'preferred' value at the band macimum.

Falk and Ford235 confirmed the results obtained by

Wall and Hornig after an exhaustive infra-red investiga-

tion of HOD in DO and H*O. Thus the conclusion was drawn
that a continuous distribution of hydrogen bond strengths
exists in water, any discrete species of specific hydrogen
bond strength must be ruled out,

236, 'A37

W alrafen studied the intermolecular vibrations

of water and obtained evidence which prompted an altern-

ative interpretation.

|

A band at 170 cm " was assigned to hydrogen bond
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stretching by Walrafen, and a band at 60 cm to hydrogen
bond bending. Following a study of the temperature
dependence of the intensities of these bands, Walrafen
suggested that hydrogen bond brealcing occurs. In a Raman
study of a broad band in the region 300 to 1000 cm |,
associated with molecular libration in water, Walrafen
found strong evidence for the single step brealcage of
hydrogen bonds. This was tal-cen to imply that different
energy levels can beassumed for water molecules forming
one to four bonds. Theinfra-red spectrain the low
frequency region (1000 to 100 cm *) are less informativeT"A
Walrafen has also examined, by an analogue computer
technique, the water OH stretching region (3000 to 4000

cm ). He found an isosbestic point ! (a point at
which the intensity is not temperature dependent) at

3460 cm * and judged this behaviour, together with the
results of the computer analysis, irrefutable evidence

for an equilibrium between hydrogen bonded and non-hydrogen

A _A
bonded water. Recently Walrafen"'ftl 43

has shown that
laser-Raman spectroscopic studies of dilute solutions of
DAO in H”O and H”0in D20 show slight but definite
asymmetries on the highfrequency side of the bands (see
Figure 7-4 a and b). Further, he has observed an isos-
bestic point in a study of 5.0 mol dm~* D*O in H.~0o (i.e.
the 00 stretching band). Franck and Roth""' have studied
the infra-red absorption spectra of DA”O in H”O ar constant

density up to 673 K and observed that at high temperature

the band becomes asymmetric and shifts to high frequencies.
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This adds further support to the model which requires

that a simple equilibirum is present in solution between
hydrogen bonded water and non-hydrogen bonded water. (It
is assumed that non-hydrogen bonded water refers here to
non-bonded OH groups). In support of this Senior and
Verrall**'*? studying the infra-red spectra of o~0 in xvater,
observed that numerical differentiation of digitally
recorded spectra from these solutions reveals an extra
component in the infra-red band. They were able to derive
a value for the heat of dissociation of the hydrogen bond
of 9*5 - 1.5 kj mol » in good agreement with the value
derived from the Raman spectra reported by Walrafen.

246 criticised the model proposed by Walrafen

Schiffer

. . . . . 247 .
and, in conjunction with Hornig, demonstrated theoreti-
cally that a continuum model could account for the
observed asymmetry in the Raman spectra of Walrafen.

047

Schiffer and Hornig? proposed that collisional distortion

occurs in liquid water which perturbs the two bonds in H”*O
differently. They concluded that even if IValrafen's
approach was taken at face value, it requires a two state

continuum model rather than a simple two state model.

Wallr"AA using a treatment by Gordon?*”?* analysed the
vibrational bandwidths in liquid water, and drew attention
to the important part played by hindered rotatory and
translatory motions in contributing to bandwidths. It
was also concluded that long time diffusions are not
evident in water. This would tend to support the analysis

of Schiffer and Hornig.247 It is evident that there is
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considerable disagreement between the interpretations of
spectroscopic results in the fundamental inter- and intra-
molecular regions. In addition there is a Jack of a uni-
versally acceptable interpretation of the spectra obtained
in the stretching region. This may be resolved by the
earlier suggestion that different methods of investiga-

tion 'see’' different effects. Alternatively a radically
new approach is required.

One criticism 234 which has been used by adherents to

the ‘continuum' model is that the concentration of D”O
in the solutions examined by Walrafen is too high. It is
suggested that the observed shoulder could be due to
coupled OD oscillators. A recent investigation250 of the
infra-red spectrum of a very dilute solution of D”O in
HAO showed that 96% of the DO added was present as HOD

and 4% as D”0O. Although not conclusive, this would suggest

that such coupling is unlikely.

Another region of considerable spectroscopic interest
extends over the range 5000 to 11000 cm~”, the near infra-
red. In this region there are a number of overtone and
combination bands whose assignments are the subject of
current debate. A number of detailed investigations of
this region (5000 to 11000 cm ~) have been undertaken -

gc'l CCIO gcg
notably by Buijs and Choppin,* ) A Luck and Worley

?
and Klotz.

Buijs and Choppin251'25;‘ assigned bands at 8620 cm_1,
8330 cmand 8000 cm fo water molecules forming zero,

one and twohydrogen bonds respectively. They were able
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to calculate the mole fractions of these species present
in water and a significant proportion of broken hydrogen

bonds was inferred to be present in water.

Luck'z-53 challenged the analysis of Buijs and Choppin
on the basis of their supposition that non-hydrogen
bonded water molecules could be detected easily by infra-

red spectroscopy. For hydrogen bonded OH groups, Luck

assigned an absorption at 8000 cm * to those involved
in linear bonds and an absorption at 8700 cm to those
involved in bent bonds. Following an analysis similar to

that of Buijs and Choppin, Luck was also able to calculate
the percentage of broken hydrogen bonds. The wide range
of estimated values for the percentage "broken hydrogen
w s 235 . .
bonds"” in water (Table 7-2) clearly indicates the
. 255
confused state of the subject. Recent analyses are

moving towards the idea that the concentration of 'mono-

meric water' in water is very small.

Glew”*?A? suggested that for dilute solutions of water
in organic solvents monomer bands are only found for
'non-interacting' solvents, and thus it is unlikely that

in water there can be a high monomer concentration.

Worley and KlotzA*”* studied the near infra-red (Fig. 7-5)
spectrum of OH in the overtone region (1.3jxto 1.8%)
using 6.0 mol dm » HOD in D”O against D?”O as reference.
From a study of the temperature dependence of the spectra
they were able to identify two features, one at 1.416
(7062 cm ~) assigned to non-hydrogen bonded OH i\nd one
at 1.556* (6427 cm ™) assigned to hydrogen bonded OH

groups. In addition they reported an isosbestic point



rj

v N

30

“OOTOA

#

ODu\: qJOS qv



TABLE 7 - 2

(Taken fron paper by

Falk and Ford

Author T/K
Litovitz, Carnevale 273
Eucken 273
Fox, Martin 273
Wada 273
Gojothein and Krogh Moe 273
Cross et al 299
NAniethy and Scheraga 273
Ewell and Eyring 273
Buijs and Choppin 273
Thomas et al 273
Coldstein and Fenner 273
Hall 273
Pauling AT3
Danford and Levy 298
Frank and Quist 273
Davis and Litovitz 273
Nomoto 293
Pauling 273
Luck 273
Walrafen 273
Haggis et al 273
Marchi and Eyring 273
Stevenson 298

235

)

%2 broken H-bonds

71.5

60

57.5

56

50

47

46

46

38

32

30
28.5

20

18

18
17.5

15
9-16
10.5

2.5
0.1
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at 1.468" (7062 cm which they consider strong evidence
for a simple equilibrium between hydrogen bonded and
non-hydrogen bonded OH groups in water. They defined a

parameter R ( = A 6427 cm ~) which was observed to
( A 7062 cm"" )

decrease with increase in temperature. When salts were
added to the solution at a fixed temperature, the ratio
R decreased and this was talcen to indicate that these
salts operated a water structure breaking effect. A
decrease in R from the water value being taken as a
structure breaking effect. Wootten257 has used this
technique to examine the effects of t butyl alcohol and
methyl cyanide on water structure. He found that the
ratio R increased when t butyl alcohol was added and
decreased when methyl cyanide was added. This has been
interpreted as a structure forming effect by t butyl
alcohol and a structure brealcing effect by methyl cyanide.
Luck and Ditter258 confirmed the findings of Worley
and KIotz254 and studied the HOD near infra-red spectrum
over a temperature range from 273 to 673 K (Figure 7-6).
They assigned the band at 1.4242(7062 ocm ) to the second
overtone of the stretching band, and the band at 1.6jju
(6427 <ocm *) to a combination of the bending and stretching

vibrations. 235,258

In the foregoing outline of developments in the
vibrational spectroscopy of water, the ways in which infra-
red and Raman spectra can reveal structural information
have been indicated. This approach can be extended by an

examination of the effects of solutes upon the types of
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spectra described.

7-3 VIBRATIONAL SPECTRA OF ACUEOQS ELECTROLYTE SOLUTIONS

The Raman and infra-red spectra of water may be
regarded as having three major regions of interest;
(i) the low frequency region (1000 = 10 cmfl),
(ii) the high frequency region (4000 - 2000 cm “*) and
(iii)the overtone region (5000 to 12000 cm *). The effects
of added electrolytes on the Raman and infra-red spectra
in each of these regions have been examined in some
detail. The results of such examinations have revealed
much useful information concerning the spectra and struc-

ture of water and the solvation of ions in solution.

Walrafen259 studied the effects of added electrolytes

on the 175 cm *» band in the Raman spectrum of water. He

concluded that;

(i) all the electrolytes studied brought about an
intensity decrease in the 175 cm * band,

(ii) no marked cationic effects were produced,

(iii) the largest effects were produced by bromides.

Walrafen concluded that a fall in the intensity of the

175 cm » band can be directly attributed to a breaking of

O-H---—--—--- O bonds by the added electrolytes. It was also

concluded that the large decrease in intensity produced

by bromides indicated that certain ions are very effect-

ive at breaking O-H— O units when forming strongly

hydrated anionic units.
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Further, the fact that NHABr and NHACI produce a
similar effect to the other halides is significant when
it is recalled that 4 is known to produce little

distortion of the water structure.

In another study, Walrafen®**?* examines the Raman

spectra of water in the region 200 to 1000 cm *, i.e.

the region where the librational modes of water are
observed. In addition he also assigns the spectrum of
water and this is given in Table 7-3. The suggestion was

made by Magatthat the bands at 450 and 780 cm # in
water are due to librations of water molecules hydrogen
bonded to four nearest neighbour water molecules. The
intensities of the various librational bands studied were

observed to increase linearly with electrolyte concentra-

tion. Also marked intensity increases with increasing
anionic size were noted. The effects of cations were
relatively small. Walrafen explains the intensity increases

in terms of the concentration of electrostricted water in
hydration shells. Walrafen'263 in a later publication,
confirmed these large anionic effects by librational
intensity studies. Further, he suggested that primary
hydration may account for the linear dependence of inten-
sity on salt concentration and the insensitivity of the
spectra to temperature changes. He concludes that Raman
spectroscopy can reveal information about cation effects
and confirms his previous conclusion that such effects

are smaller than those of anions.

The far infra-red spectra of a number of electrolytes



TABLE
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175

450

780

1645

2115

3225

3450

3630
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hydrogen bond stretching

hydrogen bonded libration

hydrogen bonded libration
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combination

Fermi resonance

symmetric stretching

asymmetric stretching

combination
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have been reported by Draegert and Williams”*2'* in the
range 75 to 650 cra"A. These authors studied the spectra
of solutions ( 4 mol dm “*) of electrolytes in D”O (see
Figure 7-7). They note that the spectra of even the most
concentrated solutions bear a strong resemblance to the
solvent spectrum. Two bands were observed in the spectrum;
(i) a broad intense feature attributable to hindered
rotation of water molecules, and
(ii) a weak band due to hindered translatory modes of water.
The frequencies, intensities and shapes of these bands
were compared. The anions were thought to have the greater
effect, and their structure breaking effect was assessed

as ;
NO:;" < ClOg" < €10~ < CI" < Br" < "

The most interesting changes in spectra occurred for
solutions of sodium perchlorate and sodium chlorate where
a new feature was observed at about 650 cm . This was
interpreted as indicative of further, unresolved, compon-

ents within the hindered rotational band in solution.

In summary, the low frequency studies described go
some way towards obtaining an indication of the effects
of electrolytes in solution. However, detailed inter-
pretation is hindered by the large widths and low intensi-

ties of the bands.

At this stage it is appropriate to examine the
information available from studies made at higher frequen-

cies (4000 to 2000 cm *) of the stretching modes (coupled
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and uncoupled) of the water molecules. In an infra-

red and proton magnetic resonance (p.m.r.) study of

65
aqueous salt solutions Hartman"a confirmed the results
of several previous, though less detailed, investiga-
tions.AAR Hartman studied the effect of added electro-

lytes on the uncoupled OH stretch of H”O in dilute
solution in D”*O. He plotted the shift of the band maxi-
mum against concentration and observed that, in general,
a shift tovjards higher frequencies v;as brought about by
alkali halides, whereas salts such as sodium acetate
produced a low frequency shift. In particular, he noticed
that addition of sodium perchlorate produced a high
frequency feature in these spectra. Further the greatest
shift was produced by sodium chlorate. In the spectrum
of sodium perchlorate in D”O the high frequency band

was assigned by Hartman to the weale CIO* ---HOD bands

in the "negative hydration layer” of the CIOA ions.AAA

An exhaustive Raman study of aqueous electrolyte
solutions was undertaken by Wall and Hornig272 in 1967,
They discovered that large intensity and bandwidth changes

produced by metal halides had the order :
F'"< HAO < ClI"< Br"< 1I¢“

Single broad bands were observed and frequency shifts

of the maxima were always small. Some of their results
obtained with aqueous electrolyte solutions containing
5 mole per cent deuterated water at 300 K are shown in
Figure 7-0 a and b. On the basis of those observations

Wall and Hornig concluded that there is no indication of
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ion-water association loading to the changes in intensity
and bandwidth, as would be implied by a rigid hydration
model. For a solution of KI containing 160D oscillators
per iodide ion, six are affected by the ion and ten are
remote. The six affected oscillators and six of the
remote ones have scattering cross sections twice that of
a bulk OD oscillator.273 Thus the intensity ratio of
bulk to hydration band is 16/12, it being important only
that they are of comparable intensity, so that one is not
lost under its neighbour. However, if it is assumed that
only four instead of six oscillators are affected by
iodide and twelve remain remote then the Wall and Hornig
calculation above predicts an intensity ratio of 18/8;
thus the 'hydrate* band could be lost under the bulk band.
Indeed, the fact that hydrates of tetraalkyl halides
excluding iodide all have four water oscillators associated
with each halide ion, leads one towards the conclusion that
iodide also has four and not six oscillators associated
274

with it. This clearly demonstrates the dangers of

such calculations.

Kecki, Dryjanski and Kozlowska275 have recently
undertaken a study of the infra-red absorption spectra
of -ternary solutions of HOD, NaClO”, D”0 and H”O. They
interpreted the splittings of the OH and 00 stretching
contours observed in terms of the breakdown of water
structure and the failure of the perchlorate ion to

hydrate.

A
Walrafen"76 obtained photoelectric laser Raman spectra
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of a series of ternary solutions of KDO, 020, H”0 and

+ -f +
perchlorates {Li , Na , K ), Addition of perchlorates
to aqueous solutions of D”O produced a splitting of the
OD contour (Figure 7-9). Similar effects were observed
when the coupled stretching region of water was studied.
The Raman intensities of the high frequency components

increased as more perchlorate was added in all the cases

studied.

The following conclusions were drawn by Walrafen
from these studies;

(i) perchlorate ion produces extensive destruction of
the hydrogen bonded water structure equivalent to
the structural changes produced by a large increase
in temperature,

(ii) perchlorate does not form hydrogen bonds with water
whereas CI and Br are able to form nearly linear
hydrogen bonds,

(iii) hydration of the cations (Li*, Na** or K*) does not
have a marked effect upon the OH and OD stretching
vibrations.

The first conclusion followed from earlier work reported
by Walrafen?”?in which he interpreted the temperature
dependence of the OD stretching contour in terms of a two
state model for water structure. It is concluded that the
effect of the addition of one mole of sodium perchlorate
is equivalent to a temperature rise of 34 K. The Raman
spectral evidence for the failure of perchlorate to

hydrate required the comparison of perchlorate spectra



(c)

2sG0 26G0 2400 2200 2000

J'IK/i'x Icclric Raixan .vc>/r(iir.;;s  of ir;,visi-jon-1;>(.T-
c.\citofl s;>ccir.i ‘-ISS)A) i". ihc 01/ slrcicioliix rc;*.'o:"'of ;ii>0
fro.T. >olujio.-.s, 5.51.'./ 0.0 Ji.O, fc), and\le.-r..,;y
holu:nos, I-:.1/ X;iCO;, 5.515/ 0:0. in Ji.O, fvD-i'.O.r/liC
n.""yliiC.ilirj."i vMi co/isuml fur all .sycoi.-n, !/;;] only neixI'.oori.nx
S;>'reiri arc a%;,ro\l:..nlvly c.oiv.yaraMo w iiii rasy/ccl lo iiilcnsilu-s.
’I'h “- clociric ve.Jlor was oricnicl jic.-jicnilioular to il-.c tli; of tl.c
y;, ..iron,etc  'i'hc .slitwldth w.ns 10 cm™, and the tintc cor.stant
1 sec. 'i’hc I>Yject.MI lines at 21%0 c:it~* arc ;)ro<luccd_!,)\.r—they
a.'c liOt N\a;na;i lines

FIGURE 7-9 (from reference 276)



134

with the spectra from ternary solution?containing K Br
or K CI. Previous Raman studios suggest that Br and
CI" are strong structure breakers and the large inten-
sity enhancements produced by salts of these ions is
taken as evidence of anionic hydration.There is
clearly a conflict of opinion here between the conclu-

sions of Wall and Hornig and Walrafen.

Recently Walrafen et aI277 have studied the stimul-
ated Raman spectra from H”AO, D?”0O, HDO, and perchlorate
solutions. Exclusive stimulation of either hydrogen bonded
or non-hydrogen bonded components was observed for the
OH stretching vibrations. Interpretation of these spectra
is complex but certain broad conclusions are reached.
Firstly,the broad contours observed suggest a wide range
of molecular environments encountered by a water molecule
and are discussed in terms of refractive index modulation.
Secondly, the results are interpreted as suggesting that
two species at least, hydrogen bonded and non-hydrogen
bonded water, are present. These can only be preliminary
conclusions, and further developments in this field should
prove of considerable importance. The conclusion that
a wide distribution of ion-water environments is encoun-
tered in aqueous solutions of salts was also reached by

278

Wyss and Falk in an infra-red study of sodium chloride -

HOD solutions.

27
Brink and Falk 9 have made a systematic study of

the infra-red spectra of water in the crystalline hydrates

NaClIOA'H*O, LiClO”*- SH*O and Ba(ClO*) SH”O. The infra-red
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spectra of the deuterated and undeuteratcd hydrates were
examined. Early crystallographic data by West'?so'281

for Lie10”e SH”O points to a weak hydrogen bond between
water molecules and the perchlorate ion. This was confirmed
by the high HOD stretching frequencies for this compound.
Brink and Falk also conclude that the near identical HDO
stretching frequencies in the hydrates studied and in
aqueous solutions of those salts points to a weak hydrogen
bond between solvent and perchlorate in all the hydrates
and their solutions. They estimated a bond energy for the

v;ater-porchlorate interaction of about s kj mol

A very recent study by Brink and Falk"('112 of the infra-
red spectra of ternary solutions of perchlorate and
fluoroborate goes some way towards demonstrating the
existence of weak solvent-anion interactions in these
solutions. In particular they observed in the infra-red
OH and OD contours a difference in the locations of the
high frequency components of about 14 cm_1, They concluded
that these features were due to oscillators solvating the
perchlorate and fluoroborate anions. These conclusions

are discussed in greater detail in the following chapters.

Few attempts have been made to study the effects of
organic co-solvents of the OH and OD contours. Wbilrafen%AA'AAA
has briefly examined the effects of dimethyl sulphoxide,

urea and sucrose.
7-4 CONCLUSION

The considerable theoretical advantages apparently
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provided by the study of water and aqueous electrolyte
solutions by infra-red and Raman spectroscopy are not

fully realised in practice. The evidence seems to point
towards a choice between continuum and two state models,
though the problem of water structure will probably be
finally resolved by a fusion of ideas drawn from both of
these interpretations. At present the superiority of
neither model is indicated although the two state model

of Walrafen seems to account for the temperature dependence

of the uncoupled CD stretching contours.

In regard to the study of electrolyte solutions
certain conclusions can be drawn. Anions, for instance,
would seem to exert most influence on the spectral bands
observed in water. The effect* of cations is apparently
second order. A degree of confusion exists as to whether
addition of an electrolyte to water causes an increase in
the concentration of non-hydrogen bonded water (0-H)
oscillators, or whether ionic hydration takes place. This
now seems to have been fairly well resolved and the evidence
points towards solvation of anions, especially in the case

of perchlorates, in aqueous solutions.

Many problems s till remain unresolved and there is a
need for further study, especially in the region of the
water librational modes. It seems that the packing of
water molecules in solution differs from their arrangement
. 222
in water. Hertz concluded that the changes brought
about by electrolytes in aqueous solution must be very

different from the changes which take place on heating or



137

cooling water. W hilst this has an element of truth in
the recent evidence of Walrafen, and Brink and Falk,

suggests that such differences are perhaps less marked.

A final question which remains, as yet, unanswered

concerns the directional arrangement of the molecules

solvating an anion in solutions of electrolytes.284'283



CHAPTER EIGHT

INSTRUMENTATION AND EXPERIMENTAL DETAILS



138

8-1 INTR ODUCTION

Vibrational spectra of aqueous solutions were recorded
using several instruments. In the infra-red region
(600-4000 cm"”) the UNICAM SPIOO, followed more recently
by a UNICAM SP200G, was used. The near infra-red region
(5000-10000 cm ~) was adequately covered using a BECKI'-IANN
DK-2A recording spectrophotometer. Raman spectra were
obtained using two instruments, the CODERG PH” and PHA.

In both cases 488.0 nm argon-ion laser excitation was

used.

8-2 INFRA-RED INSTRUMENTATION

(i) UNICAM SPIOO

At the outset of this investigation the only available
infra-red spectrophotometer having a low temperature
Nernst source was a UNICAM SPIOO. The instrument required
considerable rennovation after more than two years in-
activity. Owing to the lack of satisfactory technical
assistance from UNICAM, extensive repairs had to be under-
taken before the machine could be used. One particular
problem, which eventually prompted the acquisition of
an SP200G, was the slowness and operational complexity

of the SPIOO.

A diagram of the essential features of the optical
system of the SPIOO is presented in Figure 8-1. The

instrument monochromator and photometer sections were
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lGiounted on two separate girders. The monochromator
consisted of a prism-grating system. Light from the
photometer unit was reflected by mirror M7 through a
magnetically operated slit mechanism onto Ms, a parabolic
mirror which reflected a parallel beam of light onto the
selected grating (or, when the gratings were not in use,
onto plane mirror M9). The light was dispersed by the
grating and travelled back along a similar path to strike
mirror MIO, mounted on the rotatable prism table (similar
to the grating table). MIO reflected the light through
the selected prism onto a Littrow mirror Mil, which was
rotated by the scanning motor. Light from Mil returned
along a similar path and was passed via the slits to M2,
whence it entered the Pfund condensing system and Golay
detector. The photometer unit, mounted in front of the

monochromator bridge, operated on a null system as follows.

Light from the Nernst source was reflected by MI to
M2, and thence onto M3,a rotating beam switch which allowed
the light to pass through the reference cell well or the
sample cell well. From the reference cell well the light
passed through a starwheel (number 1) (a rotating sectored

wheel) which was moved by the balancing servo system and

connected to the pen carriage. An equalising starwheel
(number :) was placed close to the sample cell and connected
to the 100C5 transmission adjustment control. The light

from these tvio cell wells was recombined by a M4 rotating
sectored mirror and focused into the monochromator via

mirrors M5 and Ms. The signal from the Golay detector
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passed through a discriminator and servo system to provide
drive for the balancing transmission starwheel (No. 1).
Two gratings and two prisms were available to give cover-

age of 200 to 5000 cm 2 in four ranges.

The wavenumber calibration was initially found to
be some 300 cm * in error. This was only corrected after
re-allignment of the gratings had been undertaken. Another
problem, and one which could not be entirely eliminated,
concerned the automatic prism, grating, cam and filter
change assembly. The selection of the appropriate cam,
prism, filter and grating was semi-automatic and required
that some 20 relays and microswitches operated perfectly.
This could not be expected of an instrument which was
about 12 years old. Lack of replacement parts made this
fault impossible to remedy and range interchange was a

truly hazardous affair.

A final criticism of the SPIOO concerns the very
limited space available in the cell wells. Nevertheless
this instrument has the attractive feature of being able
to be operated under vacuum or dry nitrogen and also
optimum resolution can bo achieved with the prism-grating
monochromator. However, it will have.become clear from
previous comments in Chapter 7 that resolution is not of
paramount importance in the work described here, because

the large bands are broad.

(ii) UNICAM SP200G

This instrument, obtained in November 1970, comprises
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the SP200G spectrometer together with the SP250 scale
expansion accessory and the SP19 flat bed strip chart
recorder. It was possible to utilise the negative
recorder input to provide marker ’pips’ on the recorder
trace at either 50 cm_’I (4000 to 1300 cm_1) or 100 cm_'I
(2000 to 650 cm"?) intervals. The trigger pulses were
supplied by a microswitch operated by a disc on the cam
stack, which provided a switching mode at periodic inter-
vals. These were differentiated using the simple circuit

shown in Figure 8-2, and providedlja series of marker pulses

of about 1 mV, which were applied to the recorder input.

The spectrometer employed a Nernst source and Golay
detector and had variable energy facilities. The
monochromator employed a diffraction grating (3000 and
6000 lines/inch) and this eliminated the necessity for
thermostating. A ray diagram of the optical system is
shown in Figure 8-3, the main features of which are as

follows.

The photometer, a double beam type, makes use of the
optical null method for measurement. Light from the Nernst
source was split into separate beams by mirrors MI, MI*
and focused through the sample area by mirrors M3, M3
The reference beam was brought to a focus at the reference
beam attenuator and the sample beam convergedat the cell
mounting. The beams were chopped by a rotating sectored
mirror at 15 Hz and facilities provided for synchronous
signal rectification. An attenuator comb was placed in

the reference beam and connected to the pen and driven by
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a servo motor. The attenuator was arranged to give a
linear transmission scale. The monochromator was of
the Littrow type. Light entering the monochromator,

after passing through a filter, was reflected by mirror

M9 onto MIO, an off axis paraboloid mirror. This then
produced a parallel beajn which fell onto and was dispersed
by the selected grating. The beam returned along a similar

path to the exit slit and into the Pfund condenser and

thence to the Golay detector.

The resolution was better than 2 cm ?» and the calibration
which was checked with methane and polystyrene, was

accurate to - 2 cm””?, using the SP19 recorder.

(iii) BECKMAN DK-2A

Near infra-red spectra were recorded in all cases
using this instrument, which was essentially a UV-visible
instrument fitted with a lead sulphide photocell extending
its range into the near infra-red 1600 nm). The source

was a tungsten lamp.

(iv) SAMPLE HANDLING AND THERMOSTATING

Variable path length cells supplied by BECKMAN-R.1.1.C.
and fitted with calcium fluoride windows (CaF*) were used
for single beam infra red measurements. For double beam
infra red measurement a variable path length cell was used
in conjunction with a demountable cell (Type FH-01)
supplied by BECKMAN-R.l .l .C., or two such demountable cells,

fitted with appropriate teflon spacers, were used.
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Thermostating to about - 2 K was achieved using
a large tank of water maintained a little above (or
below in the case of temperature less than ambient)
the desired temperature, using a contact thermometer and
relay device. Water was circulated around a water jacket
type WJ-2supplied by BECKMAN-Rel .1.C . which supported
the FH-01 cells. Temperatures were measured using a
calibrated copper-constantan thermocouple inserted into
a recess in one of the cell windows. The thermostating
system was not very satisfactory for two reasons. Firstly,
low temperatures were difficult to obtain because the
coolant was heated by the pump. Secondly, the small
pipe diameter in the water jacket WJ-2 allowed only a low
flow rate of thermostating fluid. A greater flow rate
around the jacket could only be achieved following exten-

sive redesign of the BECKMAN-R.I.I.C. jacket.

In the near infra-red region 1 Cm silica cells

similar to those employed in U.V. spectrophotometry were

used. These were thermostated at the desired temperature
by fluid circulated through the cell mounting block from
a Townson and Mercer thermostat bath. Temperatures were

measured by means of a copper-constantan thermocouple
dipping into the liquid. The error in temperatures recorded

was of the order of -0.5kK.

8-3 LASER-RAMAN INSTRUMENTATION

A Raman spectrometer must have the following;-
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(a) A source of coherent monochromatic light of
high intensity (high intensity since often raman spectra
are weak) is conveniently provided by a gas laser, of

the He-Ne or A*™ types, nowadays,

(b) The sample mounting area should provide
facilities for placing solid, liquid and gaseous samples
within the laser beam close to the monochromator entrance

slit.

(c) A high quality monochromator such as a double
grating type is essential since the Raman scattering is
of low intensity compared with the exciting line. The
essential requirements of the monochromator in addition
to calibration accuracy are,

(i) low stray light passage,

(ii) optical precision, and

(iii) maximum resolution.

(d) The detector is usually a very sensitive
photomultiplier tube. An improved signal to noise ratio

is obtained by cooling the photomultiplier.

(e) A stable H.T. supply forthe photomultiplier
and a p.c. amplifier are required, together with a strip

chart recorder and monochromator scanning facilities.

(i) THE CODERG PH AND PH, RAMAN SPECTRQMETERS,

The optical system and transfer plate optics of the
CODERG PJH* and PH” laser Raman spectrometers are illustrated

in Figure 8-4. The monochromator (focal length 600 mm)
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was rigidly constructed of aluminium alloy. Light
scattered by the sample entered the spectrometer via

the objective lens (O”), passed through an appropriate
filter and was incident upon the entrance slit To
ensure high reliability, F* and F* were 30 mm commutable
fixed slits, whose curvature lay on the 'Fastie circle’.
These slits were mounted horizontally to eliminate bubble
effects in liquid samples. The slits were calibrated
directly in resolution at 488.0 nm. After passing slit
F* the light fell upon mirror MI which reflected this
onto grating (1200 g/mm). The beajn of light underwent
diffraction by the grating and then two further reflections
at mirrors MI and M2. At this stage an intermediate slit
F* was interposed which was adjusted using an external
micrometer control. The light next entered the second
half of the double grating monochromator and underwent
further diffraction. The light left the monochromator
via the exit slit FA» and struck a plane mirror MS after
focussing by lens L. In the PH”A (the earlier model) the
detector (PM) was mounted horizontally, a sixth mirror
Ms being used to reflect the light into it. The PH~?

has the detector vertically mounted to facilitate cooling
of the phototube by liquid nitrogen. The gratings were
mounted in ball races and grating transport was arranged
to be linear in wavenumber by means of a cosecant bar.
The drive was provided by a step drive motor. The double
grating monochromator, having coupled gratings and an

intermediate, slit had identical resolution to a double
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pass monochromator but a much reduced stray light level.

Thus it was better suited to Raman work.

The detector was a specially selected high performance
photomultiplier supplied with a stabilised variable high '
tension source. The phototube was a high quality, high
gain, DC amplifier ('vio?). Suitable voltage for recording
was obtained using a low gain integrated circuit DC
amplifier which did not introduce much noise. A further
reduction in noise level for very weak signals may be
achieved using a cooled phototube or photon counting

techniques.

The amplifier input incorporated a series of select-
able Resistance-Capacitance filters which, together with
automatic electronic coupling to the slits, ensured
optimum recording conditions. Control light*indicated on

the PH” when this condition was fulfilled.

The amplifier output was recorded on a strip chart
recorder and a marker device (similar to that previously
described for the SP200G) provided calibration points at
50 cm * intervals. The major features of the electronics

are summarised in Figure 8-5.

The transfer plate is shown in plan in Figure s-56.
The plate was supported by a kinematic mounting such
that the sample area was opposite the projection objective
(O* Figure 8-4). Essentially it was an optical bench
providing support for collimating and focussing lenses and
mirrors and sample holders. The collimated coherent plane
polarised laser beam (with the electric vector vertical

with respect to the entrance slit of the monochromator)
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passed through a half wave plate (HP). \\fhen this was

rotated by 45* the electric vector of the incoming beam

was rotated by 90°. The beam was then focussed by a
convex lens (all lenses involved were 'thick lenses’')
at the junction of the multipass mirror system M,M*. The
beam then diverged until it struck lens L2 and was brought

to a focus at C (the centre of the sample holding area)
and from there diverged to reach mirror M2. A ray leaving
M2 was arranged (by adjustment of M2) to take a slightly

different path (i.e. the foci of M2 and L2 were not

coincident at C). Thus, when the ray struck the multipass
mirror system, it impinged on one of the plane mirrors
M,M and was reflected between these and back to L2. Thus

the ray may execute several passes through the region of

C and the optical system. A cell placed at C would thus
have several beams of light passing through it. The mirror
M* served to reflect the scattered Raman light into the
projection lens OA. The multipass system had the advantage
that more scattered light was collected by the monochromator,

thus increasing the overall sensitivity of the spectrometer.

(ii) ALIGNMENT OF SPECTROPHOTOMETER AND RECORDING OF

THE RAMAN SPECTRUM OF A LIQUID SAMPLE

Brief details will be given for the alignment proced-
ure of the multipass optics and the operation of the
instrument for the case of a liquid sample (say H%O).
Further information (in French) is available from the

CODERG Operation Manual.

(a) Aligning the multipass optics
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The laser was lined up so that the beam lies along
the centre line of the transfer plate using the device
provided by CODERG for this purpose. It is assumed that
the instrument has been set up for the exciting line used
(say 488.0 nm), that is the wavenumber counter has been

set for zero at the exciting line wavenumber.

The multipass system was most conveniently aligned
by positioning the optical components as indicated in
Figure s-56. With a cell containing distilled water in
the cell holder (described later) and with mirror MI
removed, the three screws at the back of the M2 mirror
mount were adjusted whilst viewing the cell from above
(with the electric vector vertical) until about s to 9
narrow beams of light were visible crossing the cell.
With the electric vector horizontal (HP rotated through
45° from vertical vector position) the beams should all
be in one plane when the cell is viewed from the direction
of mirror MI. Further adjustments in the locations of
the mirrors and lenses may be necessary and the method of
trial and error had to be used to obtain a maximum number

of passes.

(b) Recording a Spectrum

When this condition had been achieved mirror MI was
replaced. The long lever on the projection objective
was placed in a midway position. (This lever caused
rotation of a collecting tube mounted off axis) A moder-
ate laser power (for water say 600 mW) and a slit width

of about 2 or 4 cm » were selected. About 900 to 1000 v
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was applied to the photomultiplier (dependent on PM). The
gain (R) control was set to maximum and an appropriate
combination of time constant (C) and scan speed selected
until the indicator laonps were simultaneously illuminated.
(For the PHo these latter values were found from tables

supplied).

The monochromator was set to the wavenumber value at

which the desired band was to be observed. The recorder
pen should have deflected. If it did not, the laser power,
slit width, or photomultiplier voltage was increased. | f
the pen did deflect the gain, slit width, laser power or

recorder attenuation were reduced until the deflection
covered a good portion of the chart. The position of maxi-
mum deflection was located by scanning over this region and
stopping the scan at that position. The three screws on
the mounting of MI were adjusted to maximise this deflection.
Having reached this position, the lever and knurled brass
ring on the lens o1 were rotated (image focusing ;focuses
image onto slit) separately until maximum deflection was
again achieved (during these processes it may have been
necessary to reduce the gain or laser power since the
function of this process was to focus the maximum Raman
scattered light into the monochromator). The intermediate
slit (Fz2) was closed up until the minimum setting was
located, which did not cause a reduction in band intensity.
At this stage recording of a preliminary spectrum could

be carried out.

The laser used for our studies was the COHERENT

RADIATION ARGON ION LASER MODEL 52A with a maximum output
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of 1300 mw at 488 nm,

(iii) CELL HOLDER DESIGN AND THERMOSTATING SYSTEM

CODERG do not supply a thermostated liquid cell holder
for their PH* or PH” spectrometers, and thus the design
of a suitable device was undertaken. Certain criteria
for the thermostated cell holder may be set out as indicated

below.

Firstly, the cell mounting system must be such that
light may pass on all four sides; secondly, the dimensions
were quite critical,and finally thermostating must be such
that convection currents are not set up in the liquid
since these give rise to light scattering. The cell is
shown in diagramatic form in Figures 8-7a and 8-7b. The

main features are described below.

The central component of the cell holder was a copper
tank (T) sealed and fitted with inlet and outlet pipes as
illustrated. This was supported by a copper ring (R),
insulated from the aluminium mounting block (MB) by a
Tufnel washer. The mounting block had standard dimensions
for the PHA” and PH” transfer plates. The tank, which had
a domed roof for minimising the trapping of air thus
reducing efficiency, was surmounted by the cell holder (H).
This is shown in detail in Figure 8-7a and consisted of
a copper block braised to the top of the tank, fitted with
four sides (two tensioned by springs) and cut as indicated.
This will be more clearly visible from the plan - Figure

8*r7b .
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The whole upper part or jacket (J) of the holder was
surrounded by a cylinderical jacket fitted with four

optically flat windows at right angles with respect to

each other. This jacket was sealed to the base by an "oa-
ring and a cover fitted with two tubes was also screwed to
the top of the jacket incorporating an "o"-ring seal. Thus
the whole upper jacket could be evacuated, or filled with
some dry gas for greater efficiency. Facility was also

provided for the insertion of a thermocouple into one limb

of the Raman cell.

Thermostating fluid from a contact thermometer con-
trolled tank was conveniently fed by a Stuart-Turner pump
to the small cell holder tank (T) from below the transfer
plate. Figure 8-7b also shows certain details not shown
on Figure 8-7a which clarify the cell holder construction.
Over the range 283 K to 373 K liquid temperatures were
stable to - 0.5 K after 40 minutes. Due to the relatively
large volume of the tank (* 50 cm3) compared to the small
volume of fluid to be thermostated 2 cm3), thermostating
was quite rapid. The *cell' behaved quite well at low
temperature when cooled nitrogen was used as a coolant in

place of water.
(iv) ADAPTATION OF CODERG PH” R3R DIGITAL OUTPUT AND
ASSOCIATED BAND DECONVOLUTION PROGRAMS.
(a) Digital Output Electronics

If the spectrum can be recorded digitally, that is, if
the recorder pen position can be recorded at constant

wavenumber intervals, the resulting information will be
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available for mathematical band shape analysis. CODERG

do not supply a simple system to do this, and for digital
output the photon counting accessory is required. This

is very expensive. However, digitisation of the spectra
may be obtained with reasonable accuracy by a simpler method

which we have used.

The CODERG instruments employ step drive motors in
their scanning systems. Pulses are supplied by an oscill-
ator and binary dividers and these pulses may readily be
used to trigger a data logging device which would record
the potential across the recorder, and hence the position

of the pen on the recorder chart.

The SOLARTRON DATA LOGGER,together with an ADDO
digital output punch, was used and triggering was
achieved by closing two contacts provided for this
purpose, using a relay. The pulses required for driving
the step drive scanning motor were found to be available
at pins 7 and 9 of plug CA12F (reference to instrument
wiring diagrams). The pulse rate obtained was s per
cm » and at a scanning speed of 60 cm “/min this would
mean that one voltage reading would be taken every §th
of a second. Since the data logger cannot sample faster
than 3 readings per second, this means that we require

an electronic device to divide down the pulse repetition

frequency. This was constructed and the relevant circuit
diagrams are shown in Figure s-s. Figure s-sa shows
a block diagram of the device. The signal from the

motor is fed to a buffer amplifier. This has a gain of
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about 1 and an input impedencG of?”l14 Mil, and so protects
the instrument from damage due to the drawing of excess-

ive currents. The output of the buffer amplifier is fed

via a selector switch Sl to a bank of five binary divider
units, such that O to 5 of these units can be incorporated
into the circuit. The final output after the dividers

is fed to a monostable and thence to a relay drive circuit

cand relay. The relay contacts are connected to the data

loggere

Figures s-3sb and :-sc show, respectively, the buffer
amplifier, and final divider (D5) circuits, and the mono-
stable and relay drive circuits. Some further test data
is included in Appendix 8-1 together with correlation
tables relating selector position (S1), scanning speed,

and points output per cm

With the spectrometer set up to record a spectrum,
for which a digital record is required, the selector
switch S| was set to a suitable value (see Appendix 8-1
to provide the desired number of wavenumbers per point.
The recorder attenuation was noted together with the
voltage corresponding to 0% and 100% per deflection. The
spectrometer was then switched to SCAN and the wavenumber,
indicated by the counter at which the first triggering
of the data logger takes place, was recorded. Points
(voltage readings) were then punched out at the selected
wavenumber intervals, until the spectrometer was switched
to STOP SCAN. The digitally output data of voltage on

recorder versus chosen wavenumber interval was converted
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to a table of wavenumber versus percentage pen deflection

using the program described in Appendix 8-2

(b) Computer Deconvolution of Band Envelopes

Often infra-red and Raman bands are composite features
incorporating two or more bands, possibly on a curved
'background*™. The process of obtaining these components
is called Deconvolution and a least squares program
similar to that described by Stone177was written to
perform such deconvolution into Gaussian or Lorentzian
Components. The method employed is described below and
a summary of the order of data input is given, together
with a listing of the ALGOL program, in Appendix 8-2
If the band shape represented by is some function, say
Gauss or Lorentz, of the parameters "VA, the frequency

of maximum intensity and AV the half width of the band,
then 0* = ¢ AVH) (s=-1)
for any band i.

If the contour is a convolution of n bands, then
A

+ L d:
where 1”2 (v) is the contour intensity calculated at
wavenumber V . If we have TO data points on the observed
experimental curve, then the sum of the squares of the

deviations F is given by
‘M 2
F = E (XCV)-T (V)) (8-3)

Ic(v) is the experimentally observed intensity at and Ic(v)

the calculated intensity.
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Band parameters for the components of the envelope

are required which satisfy the relation

=0 (VI 1o 3at3) i s (8-4)

The specific parameters are now represented by a series
of 3n + 3 parameters p?» (called general parameters).

Suppose we have a function

F = f (p*, p*, P: PiA-Pan f :)

Expansion, using a Taylor Series, gives

bFsr A A t- » (8-6)

so 3F = IT Sk (G-7)

If it is supposed that we chose an initial parameter p*

then”? F can be calculated as follows:
o
EE = Y 'L f — (> - F")
I\ R (s-¢)
mbt-: ZL A (8-9)
h» | '

Thus, the problem has been linearised.

Let g be a matrix having elements 3F * \|iand H be

a matrix having elements AF Vi,k-~Sn + 3.Equation

(8-9) may be written in matrix form.
O %g+H (p-p")
p and p° are vectors containing the elements p?* and p** Vk

Thus equation (8-10) becomes

p% p° - H~¢ ... (8-11)
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Since h” % is difficult to obtain, we approximate H by
where is a matrix for which all the off idagonal elements

k i are zero and IZ is a variable to be discussed later.

This leads to the result that for any parameter with

o

initial value p?”° a "better"” value of p*» can be obtained

from the relationship

(8-12)

A is a "damping factor” or step length modifier and is

set initially toT= 1.0 and thereafter varied by 0.5 'Y
until a value of F which is smaller than the value of

F calculated using the parameters p** (i.e. F°) is obtained.
The "new" parameters p*® take the place of the parameters
p”"° and the process of ’improving’ the value of p*

is repeated to obtain a minimum value of F. Various other

controls have been included in the program and these are

fully described in Appendix 8-2. It is clear that for the
program sets of equations giving the values of *F and
bp”
2F are required. The derivation of these is now indicated.

From equation (8-3) we obtain by successive differentiation

the quantities required for equation (s-1:2).
AP bp/
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V F vV A I bic

These derivative equations are also lis

(8-14)

ted in Appendix 8-3

From equations (8-13) and (8-14) it readily becomes

clear that we require expressions for the derivatives

"bA . <> A’

Taking the case of Gaussian band shapes
= exp (-((V-ilo )/u\) );

for Lorentzian band shape 0. =
1 A

t

L+ ( (A>-9.°)/A-9.)A

For the Gaussian case these derivatives are
"kA = . exp(-a\
"AAN); A
. S G
(s SSL } ( )
— — (3L
J.
hro.

X and u in the above expressions represent

X

(V-VI)2

" ( (U-VI)IAS)pA

A similar set of equations can be derived for

Lorentzian band shapes.

Thus the program operates by taking

values of the set of 3n + 3 parameters

0* may be written

(where n

initially

is

(8-15)

(8-16)

(8-17)

(8-18)

(8-19)

(8-20)

the quantities

the case of

estimated

the
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number of bands comprising the contour subjected to
analysis) and successively refines these. The criterion
used to establish that a satisfactory ’'fit’ of the
experimental contour to that calculated being that the

sum of the squares of the deviations be minimised.

Some examples of the application of the program are
discussed in the following chapter. A flow chart of the

A LGOL program, called SPECT 1, is given in Figure 8-9.

8-4 PREPARATION OF SOLUTIONS AND MATERIALS
w

(i) Materials Used

W ater, used in the preparation of solutions, was
produced by distillation of deionised water from alkaline
potassium permanganate under nitrogen. AIll solvents used
were purchased from B.D.H. or Fisons and were analytical
grade. These solvents vjere dried over molecular sieve and
used directly. Absence of water in CHACI* and methanol
was checked by recording the infra-red spectra of the
solvents and in no case did the percentage of water exceed
0.05. All salts used were dried in a vacuum oven for
several days prior to use at the appropriate temperature.
Deuterium oxide was purchased from Koch-Light Ltd. and was
supplied at 99.7 atom per cent D”O, bottled under nitrogen.

This was used directly.

In the case of electrolytes standard concentrated
solutions of these in water were prepared. A standard

solution of D20 in water was prepared. The concentration
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of this solution was so chosen that after dilution of an
aliquot of this to the final volume of the working solutions,
the concentrations were 2% for infra-red studies and

2 mol dm_3 or s mol dm_3 for Raman studies. Solutions for
infra-red spectroscopy were prepared in sets of two

10 cm3 graduated flasks by mixing suitable aliquots of
electrolyte solutions with a fixed quantity of standard
DAO (to prepare the sample solution). The same quantity
of electrolyte was added to the reference solution, the
DAO being omitted, and the solutions diluted to the mark.
For spectroscopy of organic solutes, the concentrated

electrolyte solution was replaced by an appropriate quantity

of the pure organic solute.

Solutions for Raman spectroscopy were prepared in a

similar fashion to those of the sample solutions for

infra-red spectroscopy. These solutions were then filtered
between three and five times through 0,22” millipore filters
before transference to the Raman cell. The purpose of

this filtration was to remove suspended dust particles
which increase the Rayleigh scattering (background scatt-

ering) and produce a noisy Raman spectrum.

Sodium and Ammonium Fluoroborates, supplied by B.D.H.,
were recrystallised twice from water to remove all in-

soluble material.

Tetrapentylammoniuraperchlorate was prepared by reacting
equimolar quantities of tetrapentylammonium iodide

and silver perchlorate in acetone solution. The silver
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iodide was filtered off, the solution evaporated to yield
the crude perchlorate, and this latter further recrystall*

ised from an acetone-ether mixture.



CHAPTER NINE

SPECTROSCOPIC RESULTS AND DISCUSSION
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9-1 WATER, DEUTERIUM OXIDE AND HOD SOLUTIONS

(i) Results

Raman spectra (10 - 4000 cm_l) of water at 298 K were
recorded (Figure 9-1) using the Coderg PH* spectrometer
as described in Chapter s. Spectra for the low frequency
region are shown in Figure 9-2 together with estimated
Abackground» and difference spectra. The region having the
most intense bands shown in Figure 9-1 (3000 to 4000 cm *)
is shown in greater detail in Figure 9-3. The band was
noticeably more intense than that around 1640 cm where
a second feature was just visible. These bands have been
assigned to”?* the 0-H stretch (4000 - 3000 cm *), the water
HOH bend ( 1640 cm”) and the librational modes of the

4
water molecule (O - 700 cm w»'m).

The temperature dependence of the scattering in the
region 4000 to 3000 cm *» was recorded between 273 and 323 K
and a two component gaussian deconvolution carried out as
previously described in Chapter s. The resulting band
parameters are displayed as a function of temperature in
Figure 9-4. Raman spectra (2300 - 2800 cm_l) of 6.0 mol
dn A D?*O in H”O were recorded (Figure 9-5) as a function
of temperature. Figure 9-6 summarises the temperature
dependence of Vm at the band maximum betv;een 278 and

ax

363 K. The calculated temperature dependence of

Raman spectra (2000 to 2800 cm “) were measured at
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several fixed temperatures and each spectrum analysed (see
Chapter s) in terms of two gaussian components. The
dependence of band parameters on temperature is aimmarised
in Figure 9-7. Figure 9-8 shows the infra-red spectrum
recorded over the range 2000 to 2800 cm_’I of a 1.0

mol dm"?*? solution of HOD in H2O at 298 K.
(ii) Discussion

The results are in good agreement with those reported
by Walrafen224 for pure water. The prominent features of
the Raman spectrum shown in Figure 9-1 are the stretch
and bend regions. In addition other bands are present at
much lower frequencies. A typical background was obtained
from the Raman spectra of carbon tetrachloride (curve (b)
in Figure 9-2) which was in turn subtracted from curve (a)
(Figure 9-2) to yield a new curve (c), showing bands at
about 70, 170 and 480 cm * similar to those reported by

A A
236,237,242,243 Bands in this lov; frequency region

A
Walrafen.
are observed in other liquids and are tentatively assigned
to translatory molecular modes. Neutron inelastic scatter-

ing data®”” adds some support to the assignment and position

of the hindered translations in water at 70 and 170 cm"A.

Turning to the coupled water stretching region
(Figure 9-3) analysis in terms of two gaussian components,
leads to the trends summarised in Figure 9-4. It is of
interest that the temperature dependence of the bands in
this region is not marked. There is some evidence for a

band at 3620 cm * assigned””? variously as the asymmetric
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stretch and as due to free (unbounded) OH groups.
Attempts to deconvolute the envelope into three gaussian
components have failed to assign a meaningful intensity
to a component in this region. Presumably the scattering
arising from such a band is within experimental error.
This analysis indicates the pitfalls of analogue curve
analysis techniques286 such as those employed by Walrafen.
There seems little doubt that such a feature does appear
in the stretching region of the Raman spectrum close to
3620 cm but its position and band shape are critically
dependent upon the band shape of the major component at
3450 cm It is clear that a band at 3620 cm * must be

less than a few percent of the total contour intensity.

The uncoupled 0-D stretching vibration is shown at
285, 305, 320 and 360 K in Figure 9-5. Three features

of these spectra are noteworthy;

(i) an isosbestic point (or region) at 2570 cm *,
(ii) a marked temperature dependence of the band
contour, (cf Figures 9-5 and 9-6), and

(iii)a high frequency shoulder at about 2660 cm
These observations confirm the work of Walrafen.Two
further features were apparent. The overall band intensity
was relatively constant. The low frequency component,
obtained from double gaussian deconvolution of the observed
contours at various temperatures, moved to higher frequen-
cies with increase in temperature. The maximum Vmax of

the high frequency component was independent of temperature.

The half-bandwidth of the high frequency component decreased
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whilst that of the low frequency component increased with
increasing temperature. With increase in temperature
the component at 2660 cm “sharpens and decreases in
intensity whilst the component at lower frequency shows
a small decrease in intensity and moves to higher fre-
quency. Overall the contour intensity increases in the

2660 cm ~ region and falls in the 2500 cm ” region with

increase in temperature. These results are in broad
agreement with the measurements of Walrafen,241 who
assigns the 2645 - 2660 cm * component to free (unbonded)

OD, and the 2525 component to hydrogen bonded OD. | f
these two species, bonded and non-bonded OD groups, charac-

terise a mixture model for water, Walrafen241 has cal-

culated from his data that for the brealcing of a
hydrogen bond is 11 - 2 kjmol . The value of as
calculated from the spectra and analysis given here, is

s - 2.5 kJ mol » of hydrogen bonds.

The infra-red spectra of solutions of HOD in H”O
(Figure 9-8) do not show any visible indication of a
high frequency component. Walrafen224 reconciled this
observation with the Raman data by assigning a lower
oscillator strength to *free* OD in the infra-red than
in the Raman spectra. At least one group of workers,
using differential analysis techniques, claim to have
observed an asymmetry in the infra-red spectra of dilute

DAO solutions in water.

These assignments by Walrafen are, however, the

subject of considerable controversy.*? In the work
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described here, it was felt that some of these difficulties
could be resolved following an examination of the effects
on the bands of various inorganic and organic solutes

222
which were thought to modify the structure of water.

9-2 INCRGA"AHC SOLUTES

(i) Results

The effects of a wide range of electrolytes upon
the Raman spectra of dilute solutions of D”O in H”O
were investigated (Appendix 9-1). Figure 9-9 shows the
effect of added sodium iodide upon the O-D stretching
oscillator, and dramatic changes in bandshape and band
intensity took place with increase in salt concentration.
Addition of potassium fluoride at 295 and 279 K produced
an overall- decrease in band intensity and some change
of bandshape (Figures 9-10 and 9-11). A third type of
behaviour was found when magnesium nitrate was added,(9-1:2)
The band was broadened, particularly in the 2650 cm *
region and the feature around 2650 cm * in HOD was
apparently lost. Figures 9-13, 9-14 and 9-15 summarise
the dependence upon salt concentration of the OD stretch-
ing band maximum for a typical selection of electrolytes.
For the systems given in Figure 9-13, the band shift
initially increased linearly with added salt concentra-
tion but at higher concentrations began to level off.
Salts with a common anion but different cations showed

(see Figure 9-14) remarkably small shifts compared with
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different anions having a comraon cation (Figure 9-13).
The molar single ion shifts relative to that for Na"A

(5 = 5 cm *» mol are plotted against charge to radius
ratio in Figure 9-16. These *single ion* quantities were
derived using the same technique as applied to n.m.r.

287 .

data. The shapes of the curves for both anions and
cations show a striking qualitative resemblance to similar

. 287
curves resulting from n.m.r. measurements.

Raman spectra (Figure 9-17) over the region 2000 to
2800 cm ~ for solutions containing various concentrations
of sodium perchlorate showed an important new feature in
the 2630 cm * region. On lowering the temperature (see
Figure 9-18) to 279 K, only a small change in the position
and intensity of this new feature was observed. Similar
behaviour was noticed for lithium perchlorate solutions
(Figure 9-19). Magnesium perchlorate also showed similar
trends (Figures 9-20 and 9-21 at 298 and 275 K). The
effects of various concentrations of lithium, sodium,
magnesium and zinc perchlorates on the Raman spectra of
2 mol dm »# D*O in HO at 298 K over the range 2300 to

2800 cm ~ are summarised in Figure 9-22.

A new absorption band was also observed in the infra-
red spectra when perchlorates were added to dilute D”O in
HAO. The effects of metal perchlorates upon the Raman
and infra-red spectra of pure water in the OH stretch
region (3700 to 3100 cm ~) are summarised for saturated
solutions in Figure 9-23 and Figure 9-24 respectively.

The approximate positions of the infra-red contour maxima



FIGURE r-16 Correlation between change to
radius ratio and salt shifts.
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FIGUME o-]7 Ranan spectra of D”O/ILAO solutions

containing various concentrations
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l1aiRE 9-18 Raman spectra of solutions of Sorliuni

Perchlorate (5.0 mol cin ~) in DAO/H”O

solutions at two températures 295 K and
279 K.
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FIOJRE 9-19

Ranan Spectra of solutions of
Lithium Perchlorate at several
concentrations (mol dm #*) in
DAO/II"O at 298 K.
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FIGURE 9-20

Ranan Spectra of 2,0 nol dr 3
solutions of Magnesiun Perchlorate

in D*O/II”0 at 298 K and 275 K.
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FIGURE 9-21 Ranan Spectra of DAO/HAO and DAC/
HAO containing 1,2 mol dn * of

Magnesium Perchlorate at 279 K.
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FIOURE 9-23 Ranan Spectra of Saturated Solutions
of netal perchlorates in water at 290 K.
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are summarised in Figure 9-25.

An intensive search was made for other electrolytes
which would also cause contour changes similar to those
produced by perchlorates. Two electrolytes, sodium
fluoroborate and sodium chlorate, were considered since
they were known to show anomalous behaviour in the n.m.r.
spectra288 of aqueous solutions. The Raman spectra of
aqueous (HOD) solutions of sodium fluoroborate and sodium
perchlorate are shown in Figure 9-26. Two features arc
of paramount importance;

(i) the high frequency contour maxima are not in

the same position but separated by 1 6 -2
cm_1, and

(ii) the positions of the broad low frequency maxima

have been shifted, both to the same extent,

from the position in .0 mol dm A~ DO in H"O.
The Raman spectra of sodium chlorate -solutions did not (Fig
display any new features in the band contour, but the
frequency position of the band maximum was considerably
shifted from that of bulk OD. Figure 9-28 illustrates
the effect of added lithium perchlorate on the absorption
band assigned to water H bend. A narrowing (or
sharpening) of the band was noticed at about 1640 cm *
accompanied by a small low frequency shift. A small shift
has also been noticed in the near infra-red spectra of

6.0 mol dm"* MOD in D*O, (Figure 9-29).

The effects of perchlorate (Na**, Li"*", MJg"™" and Zn~*)

were investigated in pure methanol. In this system no

9-27)
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FIGURE 9-26 Raman spectra of 6.0 mol dm'3

A2°
in H"O containing:
-3 -
(a) 4,5 mol dm NaBF4, (b) 5.0 mol dm3 NaClO
(¢) 3.7 mol dm™3 NaClO,, (d) .o mol dm D40 in HA0;
(c) Background scattering, 4.5 mol dm'3 NaBF. in water
t 290 K.
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FIGURE 9-27 Raman Spectra of solutions of

sodium chlorate at various concentrations

in ¢.0o mol dm™> DAO/HAO at 298 K.



FIGURE 9-28 Raman Spectrum of Bending region of liquid
water containing (a) .0 mol dm

Lie10* and (b) pure water at 298 K.
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coupling occurs between the OH stretching modes. The
results axe summarised in Figure 9-30. Figure 9-31

shows the Raman spectrum of methanol and methanol contain-
ing 6.0 mol dm lithium perchlorate. The wavenumber of
the major components are summarised in Figure 9-32. The
infra-red spectra of dilute solutions of methanol in
dichloromethane show two features, one at 3640 and one at
3460 cm * assigned to *free* (unbonded) OH oscillators and
bonded OH oscillators respectively.The spectra of
methanol in methylene dichloride containing added alkyl-

ammonium perchlorate are shovm in Figure 9-33 and 9-34.

(ii) Piscussion
Salts

The infra-red spectra of inorganic salts in water
reproduce closely the trends observed by Hartmann.
The Raman spectra are in accord with those observed by

272,273 since no vibrational bands of

Wall and Hornig.
water of hydration are resolved, it may be that hydration
of ions for long time intervals in solution does not talce
place. Alternatively well defined bands which could be
assigned to water of hydration are hidden under the broad
band envelope. The data does not lead to a clear cut choice
between these alternatives. The fact that two very similar
salts (e.g. Nal and KF) give contradictory spectroscopic
effects makes it probable that simple structural inter-

pretations are not valid.

272,273

Wall and Hornig favour the absence of distinct



FIGURE 9-30 Infra-red spectra of solutions of notai

porch3orates in pure nethanol at 298 K:
(a) 3.5 mol dn~* Zn(CIO")A; (b) 2.5 mol dn"* NaClOA;
(C) 4.0 mol dm-3 MoCCIO?)A.

3600 3400 3200 3000
(e) 1.8 mol dm Zn (ClOA)A; Viem'

-3
(f) 2.0 mol dm Mg (CIOA)A; (g9) pure methanol.
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FIGURE 9-31

Raman Spectra of 6.0 mol dm'3

Lithium Perchlorate in nethanol (__

and pure methanol at 298 K
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FIGURE 9-33 Infra-red spectra of tetraethylamnoniun

perchlorate colutions in dilute

(2fo) in methylene dichloride.

MeOH;

0.1] mol dr;-J)

0.15 nol dm >
3

0o.22 nol dm’

............. Solvent

nethanol
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FIGURE 9-34 Infra-red spectra of tetra-n-penty1
perchlorate Ln dilute nethanol (2%) in

dichloronethane.

Me Oil;

0.567 nol dn >

0.113 nol dn 3

Solvent.
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water hydrates, whilst llarthann?*?? suggests that hydration
does in fact occur, particularly in the case of sodium

perchlorate.

0 4

Walrafeno" has suggested that the high frequency
shoulder on the OD stretching band is due to the presence
of 'free* CD (unbonded) oscillators in the liquid. He
concludes from the temperature dependence and isosbestic
behaviour of the Raman spectra that a simple two state
model suffices to account in general for this temperature
dependence. In a study of the effects of sodium perchlor-
ate on the OD stretching mode of water, Walrafen?A?
suggests that hydration of the ions in solution, even up
to high concentrations is not the dominant effect.

Rather, the addition of salt induces the formation of
'free* OD, and this produces an increase in intensity near

2640 cm

Perchlorates, Chlorates and Fluoroborates

Two theories have been outlined above and in Chapter
7 in regard to the effects of salts upon the OD stretch-
ing region of the Raman spectrum of dilute solutions of

. . 276 o
DAO in H*O. Briefly, one suggests that addition of
sodium perchlorate induces the formation of non-hydrogen
bonded OD oscillators, leading to increased intensity

around 2640 cm The second suggests that bands character'

istic of solvated species are observed.

All metal perchlorates increased the intensity in

the 2640 cm ” region (Figure 9-22). Further, the increase
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+ IIIJ
was always located at the same frequency (- s cm ).

This indicated that the new feature was a property

of the perchlorate and not of the cation. The Raman
and infra-red spectra of perchlorates in water, shown
in Figures 9-23 and 9-24 respectively, also confirmed
that the intensity change was due to added perchlorate.
The same increase in intensity was produced by exactly
half as much magnesium perchlorate as lithium or sodium

perchlorate.

Thus the theories outlined above (and in Chapter 7)
can be re-stated as follows. Given that the 'new* feature
is due to the effect of perchlorate,is the 'new* feature
an increase in the intensity of the 2640 cm ?» band due to
perchlorate inducing the formation of non bonded OD groups,
or is the feature a band due to OD groups attached to

(i.e. hydrating) the perchlorate ion?

One aim of this work was therefore to find other
experimental data which would help to distinguish between
these theories. A second aim, based on the expectation
that the perchlorate-hydrate theory was correct, was to

deduce the influence of cations on these spectra.

In principle, separate bands will be formed for
solvent molecules bonded to cations and anions, and five
main types of 0-D (H) oscillator can be distinguished,

I, Ila, Ilb, Ilia, mb. (The oscillator under consider-

ation is marked *).
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H H!I
A ...H o) M ...o"'e( M -'i------o:X
R IR IR
lia b
, 0
H H*
* *
0. * «H (o] H..... )
[ 1]
X [ « W,
‘0
Illa b

Clearly it is necessary to make comparisons between

such entities as

*
- %
M-(...O H and O— H-—-- (0] H and not with the mono-
meric solvent molecules. (For water R = K). It is to be
expected that the 0-D (H) oscillator will be considerably

affected when its D (or H) is involved in different sorts
of hydrogen bonding as in I, lib, and llia, but will be
much less affected when its oxygen acts as a hydrogen
bond acceptor as in Illlb, or becomes co-ordinated to
cations as in lla. These simple models would indicate
that the effects of cations may well be second order in
the sense that they may strengthen or weaken the extent
to which the O-H (D) hydrogen (or deuterium) participates

in hydrogen bonding of the type shown in Ilib.
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In all pure solvents there is a wide range of types
of molecules in varying environments, all of which will
give rise to different absorption bands. The recorded
spectrum w ill be a broad envelope comprising these bands
arising from combinations of I, Il and IlIl types of

environment.

For most salts this is the case and separate species
are not observed or resolved. For perchlorates and
fluoroborates there is, however, clear evidence (Figures
9-17 and 9-24) for the existence of separate species. As
indicated above this could be caused by the formation of

'‘free* (non hydrogen bonded) 0-D (H) groups.

However, the results shown in Figures 9-30 to 9-32
indicate that methanol behaves quite analogously to water
Consideration of Figure 9-26 reveals a small but definite
difference (16 cm *) between the position of the new band
in perchlorate solution and that formed on addition of

the fluoroborate.

There is strong evidence that the new band formed
when tetraethyl or tetrapentylammonium perchlorates were
added to dilute solutions of methanol in dichloromethane
(Figures 9-33 and 9-34), is associated with CIlO A HOMe
units. In a previous study?rAArA'AAA jt was shown that when
tetra-n-butylammonium iodide is added to carbon tetra-
chloride containing a small amount of methanol, the anion-
becomes solvated by the methanol.zt")1 There is a good

correlation between the infra-red spectra of the O-H groups
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and the ultraviolet absorption spectra of iodide. It may
be assumed that the same situation arises in this present
system. Consequently the new band formed for both salts
around 3540 cm * (at high concentration of alkylammonium
salt) has been assigned to the O-H in the unit 010* -

H — OMe.

If perchlorate is able to induce the formation of
'free* OD (H) groups, then the intensity of the 'free*
OH in methanol band at 3640 cm * should increase in inten-
sity as the concentration of perchlorate is increased.
This does not happen. The 'new* band formed is shifted
from that of monomeric methanol. The shift is less than
the average value for liquid methanol, indicating that
the perchlorate ion is a somewhat weaker acceptor than the
oxygen atom of methanol. The same conclusion has been

. . . 9
reached in nuclear magnetic resonance studies. A

Therefore, for perchlorates in methanol there is no
evidence for the induced formation of free OH and the new
feature is caused by methanol associated with perchlorate

ions.

Since the results for water resemble those for nethanol,
it seems likely that the same situation applies, the
proximity of the 'new* band to the weak shoulder detected
in pure water being fortuitous. The Raman spectra (see
Figure 9-23) for perchlorates in aqueous solution show a
band, which is probably due to solvated perchJorate, at
3550 cm * and not 3600 cm “*, the slight shoulder assigned

24 276
by WaIrafen“Q ' to 'free* O H.
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The position of the 'perchlorate-solvatc* band in
these spectra is at higher energy than the contour maxi-
mum of pure water (3450 cm *) and this indicates that the
perchlorate-water interaction is somewhat weaker than the
water-water interaction. The fact that the fluoroborate-
solvate band is 16 cm tovjard the high energy side of the
perchlorate-solvate band, indicates that the fluoroborate-
water interaction is wealcer than the perchlorate-water

interaction, the order being
—bh—*0 ~ ClO* —D O ~ O0—b* «O0.

The separation between the mean bulk OD frequency

v( O—-D O) and V'(OiD ------ CIO"-) the perchlorate-solvate
maximum frequency for perchlorate dissolved in dilute
solutions of D*"O in H o is equal, as now expected, to the
separation between the band observed in pure water and

the perchlorate-solvate band (see Figures 9-23 and 9-26).

The analogue computer analysis reported by Walrafen?A??
predicts that the high frequency shoulder is centered on
2645 cm ~. This requires that the D O bond is stronger
when fluoroborate is added than in the solvent. The
gaussian computer analysis described in Chapter s gives
the high frequency component position as 2660 cm"* which
is at higher frequencies than the fluoroborate and perchl-
orate-solvate bands and is consistent with the experimental

observations.

The effect of cations upon the band not associated

with the perchlorate-solvate band was relatively small.
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The trends predicted in Figure 9-22 are in the same sense

as that predicted by nuclear magnetic resonance measure-

237,238 ,2Q)

ments, A and reflect the effect upon hydrogen
bonding of cations bonded to solvent molecules. Sodium
ions have a smaller effect than the O D - O bonding and

magnesium ions increase the acidity of the 0-D group and

hence the strength of the hydrogen bond,

A somewhat analogous situation is provided by the
solid hydrates studied by Brink 'and FaIk.279 Cations shift,

slightly, the band for water associated with perchlorate,

the order being Na < Ba a: water < Li

It may be concluded that the replacement of a water
molecule hydrogen bonded to the oxygen of B O-H (D)
oscillator by a cation has only a minor effect upon that
oscillator. However, a similar replacement of a water
molecule, bound to a hydrogen, by an anion has a much
greater effect. When the anion is perchlorate or fluoro-
borate a 'new* band due to the solvated species is observed,
and the location of the bulk water maximum is dependent

upon the cation.

In the case of salts such as sodium iodide or potassium
chlorate (Figures 9-9 and 9-27) it seems likely that the
band attributed to solvated anion is concealed within the
broad contours since it is neither of sufficient intensity
(oscillator strength) nor sufficiently separated from
the bulk solvent band to be resolved. If this is the case
it must be concluded that the limiting position of the
plot of shift (cm 2~) against concentration reflects th<

position of the new solvated species band. Thus from
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Figure 9-13 the order predicted of X D O interaction

would be

(OD—4 ) A(OD—BF* ) % (OD— —Br ) ~ (OD— —€1 )%

(ob—<10* ) ## (OD—F ) % (OD—O).

A band due to the species (OD 1 ), (OD Br ) and

(OD ClI") may not be resolved because the exchange
process in these systems is much faster than in the
perchlorate and fluoroborate solutions. This is possible
since in the perchlorate and fluoroborate ions the
negative charge is localised along four directions in
space tetrahedrally disposed about the central atom, thus
facilitating hydrogen bonding. Wall and Hornig'g72*273
suggest that ions in solution are able to affect all the
water oscillators equally and shift the whole distribution
of frequencies across the range available to liquid
water. However in view of the spectroscopic evidence for
hydration of perchlorate and fluoroborate it would not

be unreasonable to extend this model to other ions. One
final piece of evidence for solvation of perchlorate was
obtained293 from a near infra-red study of s.0 mol dm'3
HOD in D”O in the region studied by Worley and Klotz
(Chapter 7). The band assigned to 'free* OH and the

'new* band produced at concentrations of perchlorate

greater than 2 mol dm » are not co-incident (see Figure

9-291

Solvation Number for Perchlorate and Fluoroborate

An approximate solvation number for perchlorate and
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fluoroborate was obtained from the Raman spectra recorded

. . . 2382
at various concentrations of salt. Brink and Falk
reported infra-red studies of perchlorates and fluoroborates
in dilute D”O in H"O. Using this data it has also been
possible to derive solvation numbers for fluoroborate and

perchlorate.

Suppose the low frequency band in the OD spectra
is denoted B and the high frequency band A. A has been
assigned above to (O D A ) and B to (O D 0). As
salt is added (MA) the intensity of B decreases. Suppose
the Raman scattering (or IR transmittance) of the unit

(0—D—0) is 8.

For a moles of water the initial band intensity would

be I (initial) and

I (initial) = J (J# = Avogadro's Number)
If, on addition of moles of salt MA,x bonds are formed
to A , then the final intensity will be |I (final) and
I (final) = - Wtv\i.sC$

Thus | (final)
(initial) ¢ A A

n
P

n
—_

L
-
—
—_

o

1

3
-~
iz

R is the ratio of the total band integrated intensities.
A graph of (&-R) against (To/ 2 (a-m)) should have gradient

X and should pass through the origin.

The value of x derived in the case of sodium perch-
lorate (Appendix 9-2) and fluoroborate is between 4 to 5,

closer to 4.

The solvation number of perchlorate and fluoroborate
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(i.e. the number of OH (D) bonds which it forms in solu-
tion) is probably 4. The rather higher value may be due
to a statistical averaging of the number of water molecules

associated with any perchlorate ion.

9-3 ORGANIC SOLUTES

(i) Results

The effects of added organic solutes on the O D
stretching band in the Raman spectra of dilute solutions
of DO in H”O were studied. Examples of spectra are shown
in Figures 9-35 and 9-36. The shifts of the infra-red
and Raman band maxima are plotted against mole fraction
of organic solute in Figures 9-37, 9-38 and 9-39, for
acetone zind t butyl alcohol respectively. Further data

is tabulated in Appendix 9-3.

(ii) Discussion

Walrafen276 has studied the effect of dimethyl

sulphoxide (DMSO) upon the 0— D stretching oscillator.
Following Safford294* Walrafen suggests that hydrogen
bonding between OD groups in HDO and DMSO would be expected
to occur. Since the spectra from DMSO solutions are similar
to those obtained when KCI or KBr are dissolved in the
solvent, it was suggested*** that the observed bands can

be assigned to interactions of the type)S=0-—D— O, since
these latter salts are known to undergo anionic hydration.

(See Chapter 7). These spectroscopic observations have
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FIGURE 9-35

Raman spectra obtained from solutions

of acetone

at

several

in ¢.0 mol dm~* DO in U”O

concentrations and 298 K,



FIGURE 9-36 Raman Spectra obtained from solutions
of t butanol in DAO/H”"O (6.0 mol dn"*#)
at 298 K, (mole fraction of t BuGH as

indicated).
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FIGURE' 9-37

0.2 0.3 0.4 0.5

mole fraction of acetone

Dependence of major component frequency
maximum on mole fraction added

acetone at 290 K. (in DAO/H”O -

Raman Spectra).
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FIGURE 9-30

0.2 0.3 0.4 0.5 0.6 0.7
mole fraction of acetone

Dependence of major component frequency maximum
upon mole fraction of added acetone for solutions

of D*"O/HAO at 298 K. (Infra-red spectra).
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205
been confirined. However, the changes in the spectra

are so small as to be unconvincing, unless it can be
considered that the 0 D O interaction is almost

identical with the?~S=0 D O interaction.

Extensive studies of the alcohol series t butyl-

alcohol, n-propyl alcohol, ethyl alcohol, methyl alcohol,
revealed that little or no shift in OD band position
occurs. However it is probable that ROH is converted,

partially at least to ROD, this masking subtle changes
which talce place when alcohol is added. However replace-
ment of an oxygen of a water atom hydrogen bonded to an
OD oscillator (HAO-— D——O) by an alcohol would not be
expected to shift the OD oscillator frequency by a large
amount. The results for t butylalcohol are represented

in Figures 9-36 and 9-39.

The affects of added acetone and dioxan have also
been studied in the infra-red and Raman, The Raman spectra
of the OD stretching region for acetone arc shown in
Figure 9-35 from which it is clear that added acetone
brings about a significant shift in the frequency of the
band maximum, together with a considerable increase in

breadth of the maximum.

A similar shift occurred when dioxan was added
(Appendix 9-3). It seems that in these cases the situation
is much more clear cut than that for DMSO. The high
frequency shift for acetone suggests that a new band
clearly not visible in the alcohol-water mixtures(shown

for t butyl alcohol in Figure 9-36) is being formed. This
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new feature was tentatively assigned to ( =0-— D—-0)
interactions. Similarly the large shift of the infra-
red OD oscillator towards higher frequencies for dioxan
was assigned to specific interaction between OD and

dioxan.

Therefore acetone-water and dioxan-water interactions
are wealcer than the water-water interactions. Further,
the DMSO interaction is probably the strongest of the
series DMSO, acetone, dioxan,and is about equivalent to

the O-— D— O interaction. The order being

(0——D— O) % (DMSO D ©O) > (DIOXAN D O) >

(ACETONE D 0) .

It is interesting to note that the infra-red results for
acetone in dilute D”O in H”O predict a change in slope
of the plot of ))max versus composition at about 0.4 mole
fraction of acetone. This corresponds to the pealc sound
absorption concentration at 70 MHz and 298 K. The plot
of the ratio R determined from a near infra-red study of
acetone in 6.0 mol dm A~ HOD in D”OAAM (Chapter 7) shows
an increase up to 0.07 mole fraction of acetone. This
corresponds to the composition of the acetone hydrate

reported by Frank and Qaist.173

9-4 DILUTE SOLUTIONS OF WATER IN ORGANIC PHASES

(i) Introduction

The infra-red spectra of small amounts of water diluted
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in organic solvents show two bands due to the asymmetric
(VA) stretching vibration of water and the symmetric (V*)
vibration. Some years ago Saumagne297 demonstrated,

by infra-red studies, the existence of two water-complex
species with organic solvents. In the 1:1 complex (HOH----
A) observed in water-organic solute mixtures at low
concentrations in carbon tetrachloride the symmetry of the
water molecules is lost, whereas for the 2:1 complex

(A IHOK A) it is retained. The latter complex is

formed when water is diluted by an organic solvent. In

addition a recent matrix isolation study by Tursi and

Nixon*”*”* has yielded values of and for water molecules
in different environments. For the dimer (HOH OH”) and
the trimer (H_0-— HOH OH ) values of and (Vv
~ A L o cl3 5
and ) were obtained,
free
Glew™*" has also recently drawn attention to the

linear correlation which exists between the values of
Chrass”? A3 A'Afree® plotted against each other. The

relationship given by Glew is

(3657 - v~) = 0.8333 (3756 - VA),
(ii) Discussion

Using the data of Bellamy7** Glew,*** Stevenson,
Greinacher301 and Barrow302 in addition to that of
Saumagne, it was possible to construct the more detailed
plot shown in Figure 9-40. The data used in the construc-

tion of this diagram is recorded in Appendix 9-4.

Data points for ice and many crystal hydrates also
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fit onto the line for the 2:1 complex. Then, as the
environment of water becomes more ice-like, so the linear
relationship predicted by Glew breaks down. This

diagram can be used to predict the environment of any
given water molecule whose symmetric and asymmetric
stretching frequencies can be measured. Thus the perch-
lorate hydrates lie on this curve, confirming the presence
in these hydrates of a perchlorate-water interaction.

The data point for the stimulated Raman scattering spectra
for perchlorate in water is on this line, adding further

weight to the previous assignments (section 9-2).

The locations of the 1:1 complexes of dioxan, DMSO
and acetone with water show that the interaction in the
DMSO-water complex is greater than in dioxan and acetone.

This confirms the conclusion reached in the previous section



CHAPTER TEN

CONCLUSION
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The investigations reported in the foregoing
chapters have been concerned with the elucidation of
the structure of aqueous solutions. Particular emphasis
was placed on the nature of the solute-water inter-
actions and the ways in which the experimental observa-
tions can reveal this. Two basic techniques have been
employed, ultrasonic absorption, and vibrational spectro-

scopy.

The former technique was used to study methyl cyanide
+ water, and acetone + water mixtures in detail, including
investigations at low frequencies (200 to 1500 kHz).
This information, together with other data from the liter-
ature, was used to test two theoretical models. Of these
two models, the first interpreted the ultrasonic absorp-
tion in terms of simple chemical equilibria, whilst the
second used a concentration fluctuation approach. It was
shown that the former model could only account for the
observed ultrasonic absorption in cases where a specific
and simple chemical equilibrium was known to be present
in the mixture; and then only qualitatively. The latter
model proved more rewarding and led to the establishment
of a direct link between the thermodynamic and ultrasonic
absorption properties of several aqueous binary mixtures.
This model was also extended to provide a description of
ultrasonic absorption (PLOT A) in aqueous electrolyte
solutions and aqueous solutions of urea. In all cases
studied good agreement was found between the experimental
and theoretical treatments of the systems studied. In

particular, it was possible to highlight those thermo-
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dynamic parameters which control the absorption process
(e.g. the enthalpy for methyl cyanide + water. the

volume for acetone + water).

Two important regions have been identified in the
o
plot of against mixture composition (PLOT A).

These are the highly aqueous or 'plateau' region, and

the peadc sound absorption region around the PSAC (Chapter
2).

In the highly aqueous region, water accommodates the
solute. At the end of this region (the end of the ‘'plateau’)
further addition of the solute establishes simple equili-
bria in solution which are thought, according to the first
model described above, to be responsible for the absorp-

tion process.

In the study of the vibrational spectra of aqueous
solutions by Raman and infra-red spectrophotometry, the
studies have been centered around electrolyte solutions.
Two recent studies of solutions of sodium perchlorate in
water (using D”O as a convenient probe) have led to
conflicting views in respect of the ability of perchlor-
ate ions to be solvated in solution. One view considers
solvation of perchlorate as responsible for the appear-
ance of a new feature in the Raman spectra of these
solutions. A second believes that addition of alkali
metal perchlorates to water encourages the formation of
non-hydrogen bonded OH (OD) groups which are responsible

for the new features observed.

It has been possible, partly by consideration of
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data taken from the literature reporting a water-perchlorate
interaction, and partly by detailed experimental studies,
to show that the hydration approach is the correct one.
Sodium fluoroborate has been shown to cause similar
changes in the spectra to sodium perchlorate and fluoro-
borate solvation is indicated. A solvation number of
four for the perchlorate and fluoroborate ions has been
derived. Solutions of perchlorates in anhydrous methanol
display similar spectra to aqueous solutions. The study
of methanol in dilute solution in dichloromethane contain-
ing tetra-alkylammonium perchlorates has led to the
characterisation of a methanol-perchlorate solvate, and
this can be considered as good evidence for the solvation

of perchlorate by water.

In addition, an investigation of the changes in the
Raman and infra-red spectra of aqueous solutions contain-
ing organic solutes (and D"O as a convenient probe) was
undertaken. The results of this study, and a parallel
study of the effect of organic solutes upon the near infra-
red spectra cf HOD in D”O, reveal similar regions of

behaviour to those characterised in the ultrasonic studies.

The spectroscopic and ultrasonic absorption properties
of aqueous solutions seem to divide into two separate
regions. In the highly aqueous region of binary liquid
mixtures, both techniques (ultrasonics and vibrational
spectroscopy) show extrema. Similarly, extrema are also
provided by both methods of investigation in the more

concentrated mixtures, close to the ultrasonic PSAC. A
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similax of behaviour was noted by Hyne108 in a
study of the effects of pressure and temperature on
reaction rates. Hyne assigned these extrema to the
'buttressing* effect of added co-solvent as demonstrated
previously by Franks and Ives,45 He considers that the
first extremum (cf the end of the ultrasonic 'plateau’
region) represents the situation at which water struc-
ture is at a maximum due to co-solvent occupying all the
preformed holes in the solvent structure. A prerequisite
of further solvent dissolution is the formation of further
holes (or cavities). This requires the breakdown of the
water structure?* Blandamer303 has taken a somewhat similar
approach in so far as considering the initial water rich
region and the eventual extremum at high solute concen-
trations. In this model the initial insensitivity to
added solute, as reflected in the near infra-red and the
ultrasonic absorption, corresponds to the accommodation
of the co-solvent by water, the co-solvent fitting into
the water structure in much the same way as in clathrate
hydrates. At this stage, e.g. the end of the ‘'plateau*
region, the water structure is at a maximum. Addition of
further solute causes the breakdown of this structure
since the availability of cavities for accommodation of the
solute has reached a minimum. Blandamer303 suggested that
the degree of structuring caused by the addition of an
alcohol, say, is reflected in the magnitude of the cata-
strophic breakdown of water structure at higher solute

concentrations (the ultrasonic PSAC). Thus the large
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ultrasonic absorption exhibited by t butylalcohol + water
mixtures is a consequence of the catastrophic destruct-
uring brought about by the addition of further t butyl-

alcohol.

Consequently, the situation is now one in which
'enclathrated’ solute, represented by (So*H”0) is
essentially *disolved* in the co-solvent (S). An equili-

brium may then be considered to be established as follows
S + nH?O A S ®nH”*O

One may speculate that the peak sound absorption composi-
tion corresponds to the situation where all semblance of

water structure has left the mixture.

It is hard to translate observations made on aqueous
solutions back to pure water, since addition of a small
amount of solute may change the nature of the structure.
The above evidence (the initial insensitivity to solute)
would at face value suggest, however, that this is not
the case. It is clear that the ability of water to
accommodate a solute is limited, but over a small initial
region the addition of solute seems, from the ultrasonic
observations, to have little structural effect. Perhaps,
however, evidence from the near infra-red region is more
revealing. This implies an immediate structural change,
interpreted as a structure making or structure breaking
effect, in the solvent. This situation is not yet fully
resolved, but if the near infra-red results are to be

believed, then arguments concerning water structure based
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upon information obtained from studies of aqueous

solutions should be avoided.

A It was noted earlier (Chapter 9) that the extrema
in the highly aqueous liquid mixtures can be correlated
with the compositions of the clathrate hydrates, e.g.

the alcohols and acetone. This is of considerable impoi

ance and adds credence to the above theories of Hyne108
303 . . Lo

and Blandamer. This does not imply that definite

clathrate hydrate structures exist in the dynamic medium

of water, but rather that 'hydrate-like* species are

present having a life time of the order of 10 second,

that is slightly longer than the ultrasonic absorption

on vibrational spectroscopic time scales.
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TABLE 4 -1 Sound Velocity Measurements:

Methyl Cyanide + Water

Mole Fraction Sound Velocity/(ms_l)
MeCN (x ) 273.2 K 298.2 K 308.2 K
0.000 1495 1490 1520
0.025 1468 1510 1527
0.050 1517 1520 1538
0.075 1531 1530 1537
0.100 1516 1518 1527
0.125 1510 1515 1512
0.150 1505 1505 1499
0.200 1495 1481 1480
0.300 1463 1425 1430
0.400 1436 1386 1387
0.500 1426 1364 1334
0.600 1414 1338 1305
0.700 1402 1318 1293
0.800 1393 1308 1270
0.900 1388 1304 1248

1.000 1385 1300 1245
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TABLE 4 - 2 Ultrasonic Absorption Measurements

(200 to 1500 kHz)

(a) Calibration* data at 298 K; laroe transducers

k/s"?* - calibration constants
Frequency kHz Run 1 Run 2 Run 3 Run 4
200 39 43 37 36
250 46 40 50 57
300 57 47 51 54
350 63 44 56 60
400 62 50 67 69
450 54 50 51 55
500 52 48 49
550 47 45 46 46
600 50 49 59 46.
650 59 59 58 54
700 60 63 60 53
750 69 70 75 70
8C# 72 67 76 79
850 76 74 98 93
900 89 120 112 120
1000 100 - - 137
1100 154 - - -
1200 — — — 160
1300 — — — 166
1400 — — — 170
1500 167 - - 170

*Pure degassed, deionised water was used for calibration.
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TABLE 4 - 2 Ultrasonic Absorption Measurements

(b) Calibration

Frequency kHz

250
300
350
400
450
500
550
600
650
700
750
800
850
900
1000
1100
1200
1300
1400

1500

(200 to

data at

298 K; small

46
) 48
51

50

4n
53
59
72
68
74
81

100

121
154
175

190

250

1500 kHz)

transducers

!lls

22

21

19

20

21

21

19

17

14

15

14

12

10
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TABLE 4 - 2 Ultrasonic Absorption Measurements

(200 to 1500 kHz)

(c) For methyl cyanide + water mixtures

Frequency kHz {06/£*) x 10~~A/nepers s* cm *
0.1 mole fraction MeCN + H”O at 298 K
200 667 870
250 298 550
300 85 208
350 117 316
400 67 96
450 130 140
500 86 84
550 80 80
600 78 78
650 60 59
700 71 71
750 106 108
800 89 101
850 76 69
900 71 77
950
1000 72 61
1100 120 73
1200 - 100
1300 - 88
1400

1500 198
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TABLE 4 - 2 Ultrasonic Absorption Measurements

(200 to 1500 kHz)

(d) For methyl cyanide + water mixtures

Frequency kHz (a/fr) X 10AA/nepers s* cm A
0.3 mole fraction MeCN + H”O at 298 K
200 1235 711
250 1322 990
300 635 808
350 907 957
400 934 690
450 789 819
500 845 737
550 821 821
600 894 993
650 917 1069
700 1659 ' 1254
750 1653 1305
800 1093 1141
850 1088 1264
900 1413 1111

1000 1020 963
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TABLE 4 - 2 Ultrasonic Absorption Measurements
(200 to 1500 kHz)

(e) For methyl cyanide + water mixtures

Frequency kHz (0/7f~) 101mnepers 52 cm-1
mole fraction methyl cyanide at Xx
0.4 0.5
200 1239 ! 272
250 799 625 469
300 901 418 602
350 627 398 464
400 957 399 492
450 740 521 368
500 642 535 497
550 804 478 621
600 1054 413 550
650 883 463 453
700 1123 473 485
750 967 654 488
800 918 507 454
850 746 734 508
900 562 514 519
1000 759 967 454
1100 890 - 605
1200 - 400 601
1300 - — 760
1400 - - .

1500 657 388
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TABLE 4 -3 Ultrasonic Absorption Measurements

(1 to 230 MHz) for Acetone + Water Mixtures

(a) Composition Dependence of the Ultrasonic Absorption

10"AA(A/fA)Inepers s® cm A

Mole fraction 263 K 273 K 283 K 298 K
acetone

A2

0.00 - 55 35 20
0.02 - 55 34 20
0.04 - 53 35 20
0.06 - 57 36 22
0.08 - 61 42 26
0.10 124 77 51 32
0.12 - 91 61 41
0.14 - 104 69 49
0.16 - 119 83 57
0.18 - 131 95 67
0.20 198 144 102 74
0.30 225 179 137 104
0.40 201 179 143 108
0.50 167 145 122 93
0.60 137 99 95 65
0.70 102 64 71 46
0.80 68 47 46 34
0.90 39 46 32 27
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TABLE 4 -3 (b) Ultrasonic Relaxation Data (1 to 230 MHz)

for Acetone + Water Mixtures; at 273 K
Frequency 10A"A (oA /fA)/lnepers s* cm A
MHz
0.1 mf. 0,3 mf. 0.4 nf. 0.5 mf.
3 113 212 308 183
5 86 210 282 205
7 82 242 240 205
9 90 238 243 201
11 94 248 210 195
13 93 239 225 192
15 97 234 234 193
17 94 224 225 193
19 94 238 227 182
21 94 219 218 175
23 100 219 224 181
25 94 201
27 94
29 —_ — — —
30 85 184 196 170
70 78 170 177 155
110 67 154 152 130
170 64 136 123 107

230 66 118 112 104
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TABLE 4 - 3 (c) Ultrasonic Relaxation Data (1 to 230 MHz)

for Acetone + Water Mixtures; at 283 K

frquency 1077 (d/fA)/nepers s"™ cm #
>|Hz
0.1 mf. 0.3 mf. 004 mf.

3 114 210 257

5 180

7 54 178 214

9 57 172 198

11 57 172 178

13 59 170 182

15 61 186 170

17 62 193 190

19 63 182 176

21 56 164 167

23 59 165 179

25 66 172 178
27
29

30 50 140 151

70 46 136 141

110 47 117 122

170 46 88 119

230 40 69 80
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TABLE 4 - 3 (q) Ultrasonlc Absorption Data (1 to 230 MHz)

for Acetone + Water Mixtures; at 298 K

Frequency MHz 1017 ('»>I’|'2f)/nepers s2 em™
0.1 mf. 0.3 nf. 0.4 mf.
3 30 200 156
5 30 149 150
7 35 130 141
9 42 142 130
11 34 131 140
13 31 130 130
15 31 120 128
17 37 141 . 133
19 40 130 135
21 38 137 132
23 38 124 136
25 38 - 138
27 - - -
29 - - -
30 40 112 108
70 35 103 87
110 32 95 85
170 31 78 81
230 30 68 83

TABLE 4 -. 3 (e) Measured Corrections for Diffraction

Losses at 298 K and 3, 5, 7, 9 MHz

Frequency MHz 10rA(d/fA)/nepers s2 cm-1

3 55 - 5
5 30 - 5
7 20 - 5
9 5 -5
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Frequency kHz

250

300

350

400

450

500

550

600

650

700

750

800

850

900

1000

1100

1200

1300

1400

1500

-4
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Measured Ultrasonic Absorption

1500 kHz) for

0

50

138

34

55

30

58

61

45

54

36

43

52

at 298 K

10AA(A/fA)/nepers sh

.1 mf.

20

138

25

52

28

52

63

49

46

40

49

62

59

37

13

(200 to

Acetone + Water Mixtures

cm A
0.3 nf.
295 565
219 243
210 175
190 234
162 167
219 204
190
161 162
194
214 203
151
- 221
165
255
246 246
259
-» «
174
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TABLE 4 -5 Ultrasonic Absorption Data for

Mole fraction

acetonylacetone

0.10
0.15
0.20
0.30
0.40
0.50
0.60
0.70

0.80

+ Water

at 70 MHz

Acctonylacetone

10AA(c4/fr)/nepers cm
273 K 283 K 298 K
- 35 21
84 54 29
161 101 58
207 138 86
213 157 98
192 147 98
165 128 79
129 99 65
103 87 53
91 64 46
78 58 42
75 53 40
- 53
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Ultrasonic Uclaxational Analysis Program

Summary of Input Data

MI N

1 N

X(1) D(I) L(I) u(l)

| j I |

1 1 | 1

X(I) D~I) L(I) U (1)
1

) : 1 |
D (N) L(N) U (N)

7 1

/| title and description of caleulation\

MI

NU(1) UsS (1) WT (1)

! | I

I1 ] I

NU(M) Us(M) WT (M)

i | |

J | 1

NU(MI) UsS (M1) WT (M1)

7

N1 N2 N3

7

7

Where the above symbols

X (1)

represent:

total number of frequencies for which the ultrasonic

absorption was measured,

total number of relaxation parameters X(I).

= relaxation parameter | (original graphical estimate)

Note that X(I) is equal to B and the order of the

subseouent qarametersis A(i)’ fc(,i).



202

D(I) = step length modifier, usually X(1)/5.
L(I) = lower limit of variation permitted for X(I).
u(l) = upper limit of variation permitted for X(I).

XU(M) = Mth measurement frequency at which the
ultrasonic absorption US(M) was determined.
= a weighting parameter, when V7I(M) is set equal
to US(M) each data point is given equal weighting

in compounding the sum of the squares F.

MI = output after N1 curve fits.
M2 = output after N2 minhunts.
N3 = total number of iterations required.

The numbers in the above description of the input data
are control numbers used to specify the input data format.
The output consists of the values of the parameters after
each interation together with F, the sum of the squares

of the deviations.

The program input data summarised above refers to the
program listed on tape entitled ULTRAS which has dynamic
arrays defined for the data points and the parameters. The

listing which follows has fixed dimension arrays.

The program listing, which follows, was written in ALGOL

for an Elliott 4130 commuter.
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&J03; CHE 131 DW; ULTRASON 1969;

u LLUL,
LIBRARY
ALbUL

SLIST;

CT:HE;iO;;

RELAXATIONAL ANALYSIS PROGRAM 1969;
"BEGIN"

"INTEGER" M1,S,N,M,N1 /N2 ,N3;
"BEGIN"

"PRINT" L2 'DAVID NADDINGTON',SAX5LINS,""'SS0'1969","'L2"",

""S30'ULTRASONIC RELAXAT ICNAL ANALYSIS PROGRAM

END" OF TITLE PRINT STATEMENT;
BEGIN"

REAL" "ARRAY" X, D,L,UCi:2003,Y,US,NU,WT

INTEGER" "ARRAY" 11C1:200Q] ;

INTEGER" ic;
INTEGER" "ARRAY" PCI1:3];

SWITCH"  8S:=L1,L2,L3,L4,L5;

"PROCEDURE" SET;
"BEGIN"
"INTEGER" WM,

INSTRING(11,IC);
"READ" MI ;

"FOR" M:=| "STEP" 1 "UNTIL" MI "DO"
"BEGIN"

"READ" NU[M],USCM],WT[M];
Y[M]:=(USLMD/WTCMJ);

"END";

"END" OF PROCEDURE SET

"PROCEDURE" PREPARE;

"BEGIN"
"END" OF PROCEDURE PREPARE; '

"REAL" "PROCEDURE" G(M,X);

"VALUE" M, X;
"ARRAY" X;
"INTEGER" M;
"BEGIN"

"INTEGER" K,I.U,V;
"REAL"' DAVE, FUN;
"REAL" GG;

DAVE: =0;

O\E',"'L2"";
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Vi= ((N-1) "DIV" 2);
"BEGIN"

"FOR" l:=1 "STEP" 1 "UNTIL" vV "DO"

"BEGIN"

U:=2*1;

K:=J+1;

FUN: =((NULM]/X[KJ)*(NUL,M3/XLKJ) +1);

DAVE:=DAVE + (XLJ3/FUN);

"END";

"END";

GG:=DAVE + XC13;

G =(GG/WTCMJ ) ; .
"END" OF PROCEDURE FUNCTION ENTER CURVE FIT;

"PROCEDURE" RAPM(N,X,D,L,U,S); "INTEGER" N,S;
"ARRAY" X,D,L,U;

"BEGIN" "SWITCH" §S8:=81,52,5S3,54,585,56,S7,S9;
"INTEGER" |

"PROCEDURE" PRH; "BEGIN"
"PRINT" "'L4'INPUT DATA'L2'"'S3'I'S7'XI'S10'DI'SI5'LI'SIS'UI'LI"";

"END" PRH,;

"PROCEDURE" PRD(l); "VALUE" 1; "INTEGER" I;
"BEGIN" "PRINT" DIGITS(3),l,PREFIX( "), SCALED(4),
XCI3,DCI3,LCI3,UCI3;

"END" PRD;

"PROCEDURE" RAS(X,L); "VALUE" X; "ARRAY" X; "LABEL" L;

"BEG IN" PRH; "
|IBEG I N" "READII

"PRINT" L2 "

"GO TO" L;

"END " RAS;

59:" READ |;

"IF" | "LE" 6

"PRINT" L1M*'AW.19 .12 .1966 . CCM PROCEDURE AND CONTROLS';
"GO TO" SSCI};

SI : "READ™ N; PRH; "FOR" [|:=1 "STEP" 1 "UNTIL" N "DO"
"BEG IN" "READ" XCI3,DCI3,LCI3,UCI3; PRD(lI) "END" I;
"PRINT" L2''; "GO TO" 89;

S2! RAS(X,S9);
83: RAS(D,S9);
(
(

S4: RAS(L,S9);

S5: RAS(U,S9); .

56: PRH; "FOR" 1l:=1 "STEP" 1 "UNTIL" N "DO" "BEGIN" "READ" XLI3>DLI3;
PRD(I) "END";

"PRINT" "'L2''; "GO TO" 8S9; '

S7: "READ" S;

"END" RAPM;

"PROCEDURE" PRI1(J1/J2,F,K1,K2); "VALUE" J1,J2,F,K1,K2;
"INTEGER" J1,J2,K1,X2; "REAL" F;
"BEGIN" "PRINT" "L2'IT',SAMELINE, DIGITS(4),(J1+J2),

“"L1'',J1," CUFS ', DIGITSC6), KI, ' FUN EVALS',

“'L1'', DIGITS(4), U2, ' MINS ', DIGITS(6), K2, FUN EVALS’,
“‘Lit1'', 'F:= ', SCALED(9), F;

"END" PRII;

"PROCEDURE" PRI2(N,X,D); "VALUE" N,X,D; "INTEGER" N; "ARRAY" X,D;
"BEGIN" " INTEGER" I;

"PRINT" "'L?''S2'1"S10"'XI"S11'DI'L1"";
"FOR" 1:=1 "STEP" 1 "UNTIL" N "DO"
"BEGIN" "PRINT" DIGITS(3), I, PREFIX(' '), SCALEDCY9), XI13,

SCALED(4), DC13; "END";
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"END" ?RI2;

"PROCEHLIRE" RA?S(S,M); "VALUE" S; "INTEGER" S; "INTEGER" "ARRAY" N;
"BEGIN" " INTEGER" | ;

"FOR" |:=I1 "STEP" 1 "UNTIL" S "DO" "READ" NCIJ;

"END" RAPS;

"PROCEDURE" TEST(UI,U2,F,K1,X2,X,D,L); "VALUE" J1,J2,F,K1,K2,X,D;
"INTEG R" J1,J2,K1 K2; "REAL" F,; RRAY" X,p: "LABEL" L

"BEG |

" | NTEGER" - "SWI TCH" S: =S1.S.. S3>S4: "GWN" " INTEGER" - M2:
l.-J1+-u2; "IF" 1.0 N" "BEGIN" M1. M2:=0; “GO TO" SI

"eem ] "GE"™ N3 "THE.." "BEGIN" |.- "GO TO" SI ":*ND

| :=3;

"IF" J1 "LE" MI "THEN" "GO TO" 8S2;
M1:=U1;.0:=U1-N1*(U1"DIV"N1);

"IF" 0=0 "THEN" 1:=2;

S2: "IF" J2 "LE" M2 "THEN" "GO TO" S4;M2:= J2; Q:=J2-N2*(J2"DIV"N2);
"IF" 0=3 "THEN" |[:=2;

S4: "IF" 1=3 "THEN" "GO TO" S3;

SlI: PRI1(J1,J2,F,K1,K2);
"IF" 1=0 "THEN" "GO TO'. S3; PRI2(N,X,D);
"IF" 1=1" "THEN" "GO TO" L;

S3:

"END" OF TEST;

"PROCEDURE" CCM(M1,Y,X,0,L,U,N); "VALUE" M1,Y,X,D,L,U,N;
"ARRAY" Y, X,D,L,U; "INTEGER" M1,N;

"BEGIN"

"REAL" F,Fi; "INTEGER" 1,J1,J2,X1,X2,V1; "ARRAY" XICI:N]J;

"SWITCH" SS:=8S1,5S2%S3,S4,S5,S6;
"REAL" "PROCEDURE" FUN(X); "VALUE" X; "ARRAY" X;

"BEGIN"

"INTEGER" M; "REAL" A,Z;

Z:=0;

"FOR" M:=1 "STEP" 1 "UNTIL" MI "DO"
"BEGIN" A:=YCM]-G(M,X); Z:=Z+A*A;

"END" ;

FuN:=2;

K2:=K2+i;

"END" FUN;

"PROCEDURE" LIM(X); "ARRAY" X;

"BEGIN"

"REAL" Z,Y; "INTEGER" 1I; "SWITCH" S:=L1,L2;
"FOR" 1:=1 "STEP" 1 "UNTIL" N "DO"

"BEGIN" 2:=LCIlJ; Y:=XClJ; "IF" Y>Z "THEN" "GO TO" Li;

Xill J:=zZ; "GO TO" L2;

LlI: Z:=UClI]; XCI]:= "IF" Y<Z "THEN" Y "ELSE" 2;
L2: "END";

"END" OF LIM;

"PROCEDURE" MINHUNT(Y,X,D,L,U,N); "VALUE" L,U,N;

"REAL" Y; "ARRAY" X,D,L,U; "INTEGER" N;
"BEGIN"

"REAL" "ARRAY" P,Q,R,WCI:N]; "REAL" A,3,0,2;
"INTEGER" I; "SWITCH" S:=L1,L2,L3,L4,L5,L6;

"REAL" "PROCEDURE" LIMITS(P); "VALUE" P; "REAL" P;
"BEGIN" "REAL" Z: "SWITCH" S:=L1,L2;

2:=LCI]; "IF" ? > 2 "THEN" "GO TO" LI;
LIMITS:=2; "GO TO" L2:
LI : Z:=UCi;i; LIMITS := "IF" P < 2 "THEN" P "ELSE" 2;

L2: "END" OF LIMITS;
"PROCEDURE" SUB(A,B,M); "VALUE" M, "ARRAY" A,3; "INTEGER" M;
"BEGIN" "FOR" 1I:=1 "STEP" 1 "UNTIL" N "DO"
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"Dc Gl "REAL" T; "SWITCH" S:=L1,L2,L5,L4,L5:
"o Tol scmp;
ML ¢=DL 1;

L2: t:= LI> WeTp;

L4 si=L 1 Vi os(
* ND
aNJ 0 SJH;
7 '7v; CU X, );
"FOR " . : =1 "g P" " N llDOll

"3t N "REAL" a,

B:=PLI]; C:=W j;

A:=FUN(P) ;

"IF" A<Z "THEN" "GO TO" LI;
P[I]:=LIMI-S(B-C); A:=FUN(P);

"IF" A<2 "THEN" "GO Tu" L2;

Pl1j:=B; WJ[I]:=0.5*C; "GO TO" L3;

L2; WJ[:]:=-C;

1; z;=A;

L3: "END" | ;

SUB(0,P,2);

A:=FUN(Q); "IF" A "GE" Z "THEN" "GO TO" LI;
SL'(R,0,2);

B:=FUN(R); C:=5-2*"A+Z;

"IF" C "LE" 0 "THEN" "GO TO" L2:
C:=(Z2-3)/(2*C);

SU3(P,0,3);

Z:=FUN(P);

"IF" Z "GE" A"THEN" "GO TO" L2;

"IF" Z "GE" 3"THEN" "GO TO" L2:

"GO TOo" LI ;

L2: IF" B<A "

SU3(P/Q,1);
Z:=A; "GO TO"
L3: C:=2; SUB

(
L4 : SU9(P,R ,3)

Z:=FUN(P) ; "IF "HEN" "GO TO" L5:
3:=2; SUB(0,P, GO TO" L4;

L5: SUB(X,Q,1) 0" L6:;

Ll SUB(XP,H Y:=Z;

L6: SGU(0,W,I);

"END" OF MINHUNT
"PROCEDURE oUF(Y ,XI ,D,N,M1,E,S); "VAL
"ARRAY" Y, X1.D; "INTEGER" N,mi: "L BEL
"3EGIU"

"REAL" "ARRAY" F, XCl :N], ZC (N*N+N)J;
" INTEGER" J,K,L,N, 11,12, 13; "REAL"
"FOR" | STEP" 1 "UNTIL" N "DO" XC

"FOR" | sTEP" 1 "UNTT1" K "DO" ZClI
"FOR" M STEP" 1 "UNTIL" Y1 "DO
"BEGIN" m. (M,X); T:=YCX]-

"FOR" | "STEP" 1 "UNTIL" N "D@a"

"BEGIN" w:=xClj; xLlJ:=w-DCI] ;
FL 1j:=G(N,X)-A; XCI] :=W "EN?"= |;

"FOR" | "STEP" 1 "UNTIL" N "DO."
"BEGIN" M- 1]; W:=T*A; ZC1]:=ZCl1+W;
Ke=Ti%i;

"FOR" J:=1 STEP" 1 "UNTIL" N "DO"

"BEGIN" L.=Kk J; 2CL] :=ZCL]- A-r LU];
FoV-1 .
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END" M
"FOR" ::=! "STEP" 1 "UNTIL" N"DO"
"PEG IN" K: |
"FOR" j:=1 "STEP" 1 "UNTIL" N'DO"
"BEGIN" L:=N*J; 2LL-13:=2LK+J];
"E\'G" J
"END" I
12:=N-1; )
"FOR" K: W "sT=P" 1 "uNnTiL! T2 "por

N" =K N c=K-j =21 TK 3;
"IF" ABS(W) < E "THEN® TG0 TO sS;
W:=1/W;
"FOR" U: | *"STrP" 1 "UN N "DO"
"BEGI . -J; zc Z “rL3; "END" U;
ZCK3: =W-ZCK3 ; zcl +K1-21;
"FOR" = 1 "STEP"  "UNTI*" N "DO"
"BEGIN" »: N; W:Z X-K3:

"FOR" J: K STeP" 1 UNTAL" N DO
"BEGI N" T3ZZ|V|-j; Z[ 133:=2C133-2Cl-J3 A;

"END" J;

2CL3 :=ZCL 3-Z cK3*w;

"END" L;

"HNC" K;

| :=N*N;

W:=ZC I-N 3; "IF" ASS(W) < "THEN" "GO TO"
ZCN3 : N3/w ;

z:I-NuJ:= ;

"FOR" K:I= 2 "STEP" -1 "UNT|IL" 1 "DC"

"BEGIN" =K-N/ 14:=K+1; W:=0;
"FOR" J:r'l1 "STEP" "UNTIL" N "DO" W:=W
ZCK3: =ZCKJ-W;
"END" K;
"FOR" | :z1 "STIEP" 1 "UNTIL" N "DO" XICI 3:
"END" CU ;
2; =K ZK2:=VI =0;
F:=FUN(X);

S5: TEST(U1,U2,F,K1,K2,X,D,S6);
SI:KI:=KI+N+i;

"FOR" |:=1 "STEP" 1 "UNTIL" N "DO" X1[I]:=XCI];
CUF(Y,XI,D,N,MI,I0Ow-76,S2);
LIM(X1);-F1:=FUN(X1);

"IF" FI "GE" F "THEN" "GO TO" S3;

"IF" Fl < U.5-F "THEN" "GO TO" S4;

"FOR" I|:=1 "STEP" 1 "UNTIL" N "DC" DCI 3:=0.125DC | J;
S4:F:=Fl; "FOR" J:=1 "STEP" 1 "UNTIL" N "DO" XCI3:=XICI3;
"GO TO" 85;

S2: Vi:=1;

S3: MINHUNT(F,X,D,L,U,N); J2:=U2+i;
TEST(jl,J2,F,KI,K2,X,D,S6);

"IF" V1=1 "THEN" "GO TO" S3;

"GO TO" Si;

So :;

"BEGIN"
"INTEGER" M,
"REAL" OFUNG;
"BEGIN"
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"PRINT"
DAVI  WADDING TON",
L2t
C:=1;
UASTRING(I1,1 C);
PRIN " ''LP'ThE RE
'S8' Xi ', SAMEL INE .’
END" ;

N

FOR" ¥:=1 "ST P~ 1 UNTIL" N "CO"
PRIN " 77, N, 3594

END" ;

obGi N

REAL" RMS,SDEV;

RXS:=SQRT(F/MI);

SD5V:=SGRT(F/(%1 - 1)); -
"PRINT" "'L2'',

'R.X.S. DEVIATION = ',SAXELINE,FREEPOINT(9),3MS,""'L2"",
'STANDARD DEVIATION =',SAMELINE,FREEPOINT(9),SDEV,""'L2"",
'SUM OF SQUARES OF DEVIATIONS = SAMELINE,FREEPOI NT(9),F;
"END";

"BEGIN"

"PRINT" "L5'THE COMPUTED VALUES OF THE FUNCTION',"'L2'",SAMELINE,

""SS'M'","'S12'FREQUENCY MHZ',""'S10'ABSORPTION CALCD ',

""SIO'ABSORPTION EXPTL ', ""'L"";
"END";

"BEGIN"

"FOR" M:=I "STEP" 1 "UNTIL" MI "DO"
"BEGIN"

CFUNC:=USCM]*G(M,X);

"PRINT" SAMELINE,M,FREEPOINT(9),''S12"",NU[M],
'"S14'', CFUNC,' 'S16' USCM],

"END" ;

"END" ;

"END" OF COMPUTED VALUES OF THE FUNCTION;
"END" OF CCM;

L5: RAPM(N,X,D,L,U,S);

"GO TO" SSCSJ;

LI: SET; "GO TO" L5;

L2: RAPS(3,P);
Ni:=pP:1:;N2:=PL2];N3:=P[3];"CG0 TO" L5;
L3: PREPARE;

CCM(M1,Y ;x,n,L,u,N);

"GO TO" Lb5;

L4

"END";

"ENU" OF PROGRAM;
1060 MC
2810 CODE
3870 TOTAL

2RUN;

RcLAXA

DRO

AVID HADDINGTON
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5 -2 Summary of Input Data to Program for evaluation

of the parameter Q.

Summary of Input Data

/Ititle of calculation, name of system to be studied \

MI =total number of compositionsat which Q is to be

evaluated.

N = number of parameters used infitting excessfunctions
TEMP =temperature in kelvin.
Pin =estimated coefficient of volumeexpansion.
Vi =molar volume of pure component 1 (usually water).
V2 =molar volume of pure component 2 (usually organic).
K =Eoltzman constant.
R =Gas constant,
MA =molecular weight of component 1.
MB =molecular weight of component 2.
GG(0) HH ( O) vv(0)

: f

| 1
GG(I) HH(l) VV (I)

!I 1

1

GG(N-I) HH(N-I) W (N -1)
X2(1) c(I) RHO (1) CP(1)

X2(M1) é(Mi) RHO(MI) CP (M)
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GG, HH and VV are the parameters in the equation (see
section 5-53)used for fitting the excess functions cx
mixing. X2, C, RHO and CP are the mole fraction, sound
velocity, density and molar heat capacity of the solution
of composition X2 for which the parameter Q is to be

computed.

The program which follows then outputs the values of Q,
along with other parameters such as g",h”,v" used in the
foregoing discussions. The program was written in ALGOL

for an Elliott 4130 computer.



JOB ; CriF 1-6 D>:; GCALC;

U ALGOL;
LIBRARY

ALGOL

& TIME;2;2;

“CAL < RcVIGEG V RSIO ;

"3EG Zn-
INTE, " "ARRAY | [.i:200Gj;
INT<nh G;

INTmGER"  ..a1 .11
REAL- TEN?,Pril V1,V2 ,K.R. oM na:
COMMENT" | SbKT PROCLGURES AFTER

"REAL" "PRO0 URE" SUM(A,K,N)

"I TEc " NI/K;

"R AL "ARRAY"

"3 o1N" IM EGER" ;

"REAL" _s; S; ;

"FOR" 7*z/ "STER" 1 "UNTIL" N
S:ZS-AT - J;

SIN:=S;

"5ND" REAL PROCEGURE SUM;

"REA I "PROC URE" DIXE (A, N,
"INT uceP" N;

"REA " X1:

"R-AL" ARRAY" A;

"BEG /N "INTEGER" I;
"REAL" 2,Z:

"REAL" ARRAY" V1,v2CO0: N’ -

X2: = - A

Z.=X -A2;

"FOR" 1:=0 ~STpo" 1 "UNTIL
"3EG IM

VIClaiz CIJ-T7T

V2Cl 4 izl ACI  ZT(1-1):

“enp I';

G1Xh;Zz SUM(V1 ,1,N) - 2 X1*X
"END" oF REAL PROCEDURE o1 XE

"ReEA’" | PROCEGURE" D2XE (A, N:
"INTEGER" N;

"REAL" XI;
"REAL" "ARRAY" A;
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"PEG IN"
"INTE Gc " m;

"REAL" X Z:

"REAL " "ARRAY" P,P1,F 2CO:N-1 a"

"FOR" 1:=0 STEr" UNTIL" N-1 "DO"
"PEGI

X2:=1-X ; Z:=X] - X2;

PCI]: =( -1 Ari1J* TiI;

PICI: -—1 AL*J z.1;

P2C1J;z (l- )-ACiJ Z-(I1-2; ;

"END" | ;

D2XE: zC A1>A :SUM(P2,1, N) - 2*(SUM(P
"ENO" REAL PRO® =DURE D2XE ;

"REAL PR LDuRCM VEC (A1, IN/X1);
GLP W;

"REAL " 3J;

" xpAL ARRAYT ™.

"SEGI N MY 1ZHen: I 7;

"REAL - AC9Z;

"REAL" "ARRAY" ACA:N-1

X2:=| ; Z:=X1-X2 ;

"ro " =C "sTEP" 2 "UNTTL" N-1 "DUO"

DCIJ ; -MI" 1 ]w271;

VEC: =X1- X2 uii (D, 1, x);
"END" OF Rz 1 PROCEDURGC VEC .

iv.-w, 1 TRING(I1,IC)

"RPAD" M, .Ii, TEXP,PHI . V V2, K F,MA MB;
"BEGI N"

"REAL ARRAY" Gu, HH,WCu:N-1] ,Gd, u,
RHO,C ,CP,P/T. ,0CI: MI]

"PRINT" '"'F'DAVID HADDINGTON',SAMELINE,
'*'S7T0'CALCULATION OF Q VALUES';
"PRINT" '"'LA'',' '"?22"'";

IC:=1; OUTSTRINS(II,IC);

"FOR" 1:=0 "STEP" 1-"UNTIL" N-1 "DC"
"READ" GCClI J,HHCI],VV][n;

"FOR" M:=1 "STEP" 1 "UNTIL" ™I "DO"
"READ" X2CM] , CCM] , RHOCM.] , CPCMJ ;

"cEGIN"

"FOR" n:=1 "sTePl T »ynTiL* M1 "DO" "BEGIN®
CFCMJ:=nIXE (GG, N, X2CMi);

HF CM] : =DIX E(HH ,i\,X2C M]): "
VF CM] :=/IX E(VV ,N.X2C M] ) :

GCM] : =D2XE (GI:,i\,X2CM J);
icri]:=02XP (M, N Xx2cM1]);
VCM] :=D2XE (VV, N,X2CM ] );

VE CciM] :z rQ(vv,w,xsz]);

VMcCr] iz (VE[INJ * ((1-X2[M])%\/D - (X2CM]*V2))
p[M]:=(1.GOw+u7/(nHO[M]*C[M]*C[M]));
"END": "END";

"PEG IN"

"FC.R" ri:-2 "STEP" 1 "UNTIL" MI-1 "DO"
"DEDIN"

GICN]:=C:MJ + ((R*TEMP)/(X2CM]*(1-X2[M])));
CP[M]:=CP[M]«4.1G40;
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TCM] :=( (VCMC/VMCr!] ) - C(PHI-H[M])/C?[M]))
WLM] :=(TLM]T1i) ;

QCMI :=11S- (7.14167T3)* (VMCM] =2 ) )/
(ccM]*prM]*ciCx]*cilLNj)) ;

"EN'ii" ; "END" ;

"BEGIN"

"2RINT"

*'Lo' t 'ERATURE = ', SAM

"PRI P

*'L'1" oNFPICIENT CF VvUOLU

SLA_ \lL).Ppm:;

"PrR: "

""LO'H LAR VOLUME OF CNF , SAMELINE,FREEPOINTC4), VI,
"' 220" DLAR VOLUME OF TO:

"PRIN " "'Lc¢"',SAMEL I/E,

Vi C LAK UEISMT oF ONE

""s20 ";'OL CULAR WEIGHT O

"PR: " F'';
"PRINT" °'LG'MOLE FRACTIi
;= " Tzn" gyt Y1 gu
"PRI: 1" "'L'"",FREEPOINT (' ,SAMCLINE,SCAL53(9),"SIi'"",VE[M];
"PRINT" "'FFMOLP FRACTION',SAr-ELI AE,''SI4'DIGE"',''S2I1'DIn£',"'S2I1'DIiVE";
“FOP" = W“STEP"™ i "“UNTIL" MI "cCO"
PR INT" L", FREEPOINT(9),X2[M],SAMCcLINE,SCALEuU(9),PREFIX(''SIO""),
9r CMA,HF 'M F['*;1;
«PRINT" F' CLE F3ACTICN',SANELINS5,'""5:4'020E"',"'S21'C2H=",""S2I'C2VE";
'FOR " M;r1 " TEP" 1 "UNTIL" MI "DC"
"PRINT" L' ,FREEPOINT(9),X2CM],SAMELINE,SCALED(9),PREFIX('"'SIO""),
J,Vr 1;

PRINT™ ' 'F'MGi.E FRACTION', SAMELINE," SI5 'VOLUME (MOLAR).',
'SP'CuM PHESSInILITY SETA - O';
FDR" n: 22 "STEP" 1 "UNTIL" MI-1 "DO"

PRINT" L'',FREEPOINT(9),X2CM0,SAMELINE, ''S15'',VM[M],SCALED(9),
'915', P[M]
PRINT" F' 'ME,
'912'VALU | CMST2. SEC.';
FOR" M;z "I>C"
PRINT" "L"™,"'S20'",FREEPOINT(9),X2CM],SAMELINE,"'sS2U0"",
dALED(9 ),0]
END=;
LND";
END" CF Q
500- MO

147n CODE
2006 TOTAL

SPUN;
GOALCR
DRO'
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5 -3 Summary of Input Data to Romanov-Solovyev Curve

Fitting Program RSCF.

Summary of Input Data

This program employs the same basic minimisation

procedure as ULTRAS, details of which were given in

5-1.
N (NoBo in this case N = 4)

X(1) P(I) L(1) u (1)

|

p(l) P (1) V(I)

X(N) D(N) L(N) U(N)

MI

NU(1) us(1) Y (1)

HU (M) us (M) Y (MI)

7 2

NI N2 N3

7 3

7 4

The symbols have similar significance to those used in

5-1. N=4 since there are only four parameters:
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X(l) = B
X(2) = Q
X(3) = DC
X(4) = LM

where B is the high frequency residual absorption, Q

is the constant defined in chapter 5, DC is the diffusion
coefficient and LM is the interaction length.

Ml is again the total number of observations of the
ultrasonic absorption.

Y is a weighting parameter and in all cases was set
equal to US so that each data point was given equal

weighting in the evaluation of the sum of the squares.

The output lists the parameters evaluated together with
a table of the computed and experimental ultrasonic

absorption at each measurement frequency.

The program listing is not included since it is
essentially identical to ULTRAS. The PROCEDURE G(M,X)
calculated values of using the equation of Romanov

and Solovyev (Chapter 5).



APPENDIX TO CHAPTER 6



6 -1 Input

t butyl

Input :

data

/It butyl alcohol

16

6

273.16
1.00x0-3

18.016
95.020

1.3820-23
8.3144

18.016
74.120

G parameters

4078.91
1236.83
1090.14

416.26
-311.17

-122.70

(T)
(0)
(v1)
(V2)
(k)

(R)
(MA)

(MB)

alcohol

216

to QCALC program for

+ water at 298 K.

+ water at 298 K\

parameters

92.83740
-3466.0859
2433.2887
1104.4473
-9608.1430

-9289.8323

the system

parameters

-3.0385908
-13.857002
28.562546
66.210554
-223.13861

137.77913
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Mole fraction Sound Density~r °+Heat C,

t BuOH Velocity/em s grm cm J m K
0.0000 1500 x icTS 0.99707 160
0.0035 1505 x 10+3 0.99466 160
0.0103 1555 x 10+3 0.98936 160
0.0179 1575 x 10+3 0.98609 160
0.0265 1590 x 10+3 0.98190 160
0.0394 1595 x 10+3 0.97592 160
0.0572 1585 x 10+3 0.96669 160
0.0749 1545 x 10+3 0.95608 160
0.0951 1500 x 10+3 0.94482 160
0.1384 1435 x 10+3 0.92264 160
0.1979 1385 x 10+3 0.89739 160
0.2746 1335 x 10+3 0.87341 160
0.3653 1280 x 10+3 0.85103 160
0.4955 1230 x 10+3 0.82775 160
0.6850 1175 x 10+3 0.80419 160
1.0000 OO x 10+3 0.78052 160
Output Data from Q-CALC Program; t-butyl alcohol + water
Mole fraction Q-FACTOR

t BuOH cm?s
0.0035 4.248717-28
0.0103 3.3044717-27
0.0179 8.859. ., %27
0.0265 1.698i0-26
0.0394 2.776.." 26
0.0572 4.553/27-26
0.0749 5.898,Q-26
0.0951 7.07070-26
0.1384 8.673720-26
0.1979 9.008%0-26
0.2746 5.88770-26
0.3653 2.39470-27
0.4955 3.98770-26
0.6860 1.849720-23



Output from Q-Calc.

Mole

fraction

BuOH

.0000

.0035

.0103

.0179

.0265

.0394

.0572

.0749

.0951

.1384

.1979

.2746

.3653

.4955

.6860

.0000

218

Pronram

I v

\V

H—

\

1.300

1.200

1.090

1.030

0.775

0.640

0.520

0.320

0.140

0.100

0.04

0.16

t-butyl

\ Cp

0

I#h " \
e

77
.70
.60
.53
.34
.26
.18
.13
.10
.10
.10
.06
.035

.04

alcohol

-4
10 x g"

+ water

/J mol””

24.

14.

.25

.10

.10

.15

.45

.50

.00

.65

.50

.45

.10



6 -2 Input

system Acetone + Water

Input ;

Data to QCALC program for

IACETONE + WATER -

21 7
293,15 (T)
1.O10-3 (c?)
18.016 (V1)
73.462 (V2)
1.38i0-23 (k)
8.31 (R)
18.016 (MA)
58.08 (MB)

G parameters

3570.1725
-8.6821132
-174.56722
-48.351698
0.19959572
-0.26878 290

-0.25256430

219

at

293.15 K

H parameters

-987.602866
4756.250282
-3865.215433
2196.551507
9936.261942
1665.571572

-13732.466647

293.15 K

the

par ameters

-5.7184746
2.0099595
-0.70794019
1.2511168
-0.63571719

-1.2503269

1.5025413
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le fraction Sound Density Heat Capacity
acetone Velocity
A2 /lcm Igem ~ /I J mol"?

0.000 1.485720+05 0.99826 100
0.0078 1.500”~0+05 .99532 100
0.0151 1.520720+05 .99180 100
0.024 1.54070+05 .98858 100
0.034 1.550~0+05 .98469 100
0.040 1.56070+05 .98241 100
0.070 1.5807~0+05 97262 100
0.083 1.59070+05 .96837 100
0.119 1.58520+05 .95667 100
0.179 1.55070+05 .93716 100
0.236 1.51020+05 .92056 100
0.313 1.45070+05 .89969 100
0.411 1.39070+05 .87647 100
0.527 1.33520+05 .85332 100
0.739 1.26070+05 .82015 100
0.857 1.22070+05 .80544 100
0.881 1.215720+05 .80259 100
0.907 1.210720+05 .79974 100
0.941 1.20070+05 .79631 100
0.969 1.19520+05 .79349 100

1.000 1.189870+05 .79061 100
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Output :
Mole fraction ‘Ki h"- 10-4 g” 1043 Q
I- J (calcd,th
Ap LV _Cp B J mol"A cmds
0.0078 -0.098 0.663 30.86 0.003
0.0151 0.137 0.588 15.76 0.004
0.0240 0.380 0.507 9.78 0.0001
0.0340 0.603 0.426 6.79 0.004
0.0400 0.714 0.384 5.72 0.020
0.0700 1.063 0.221 3.11 0.512
0.0830 1.134 0.172 2.56 1.044
0.1190 1.168 0.086 1.67 3.546
0.1790 0.962 0.038 0.98 9.117
0.2360 0.705 0.034 0.66 12.696
0.3130 0.445 0.030 0.42 14.751
0.4110 0.285 0.004 0.27 20.528
0.5270 0.213 -0.015 0.23 23.722
0.7390 0.107 -0.014 0.56 1.627
0.8570 0.065 -0.076 1.36 0.443
0.8810 0.053 -0.078 1.72 0.251
0.9070 0.035 -0.065 2.31 0.083
0.9410 -0.006 -0.006 3.85 V.small
0.9690 -0.060 0.096 7.60 V.small

Estimated value of Q% = 1.0 x 10*"A

Estimated heat capacity Cp = 100 J/mol/K.
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6 -3 Input and Output data for QCALC program

for the system methyl cyanide + water at 298 K

Input ;

IMethyl cyanide + water at 298.16 K\

21

5

298.16 (T)
1.0 10-3

18.016 (V1)
52.495 (V2)

1.3840-23 (kj

8.31 (R)
18.016 (MA)
41.05 (MB)

Gf(l) HG(I) vV*(l)
5490.985 3740.5812 -1.9819
-705.2755 -1536.9844 -1.1816

375.5685 4853.3435 -1.0231
-393.1694 -2467.2992 -1.3744

710.9772 -6160.6210 -0.006529



Mole fraction
acetone

A2

0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09

0.10

0.20
0.30
0.40

0.50

0,80
0.90

1.00

223

Sound

Velocity

lera s A

1

1

.490i0+05

.50070+05

.50810+05

.51320+05

.517720+05

.520720+05

.522270+05

.524720+05

.52470+05

.534. +05

.522720+05

.505720+05

.48120+05

.42520+05

.38520+05

.36520+05

.33820+05

.320”20+05

.308720+05

.30470+05

.30070+05

Density

/'y

0.

0

-Il3

era

9982

.9930

.9898

.9888

.9858.

.9799

.9769

.9748

L9733

.9669

.9567

.9402

.9240

.8956

.8641

.8406

.8175

.8170

.8055

.7943

.7829

Heat Capacity

mol-l K"?

100

100

100

100

100

100

100

100

100

ICO

100

ICO

100

100

ICO

100

100

100

100

100

100



Outnut:

Mole fraction

MeCN

0.01

0.02

0.05

0.06

0.09

0.10

0.30

0.40

0.50

0.60

0.70

224

Q-factor

(o}

Icra’*s

.0237761220-28
.68312170-27

.9096999770-27
.0322685370-27
.0322529670-26
.4912988720-26
.8620632970-26
.0992134770-26
.08804368"0-26
.7520895170-26
.6868685920-26
.5682903110-25
.6960986970-24
.6823336770-23
.3889083370-24
.8765527970-24
.37244804"0-25
.9810992870-25

.7063253270-25

1C

lgra2

Q

S

0.1

0.1

0.1

0.11

97

168.

33.

18

.15

.19

.21

.21

.18

.37

.57

.00

89

.76

.37

.98

.71



Mole fraction

A2

0

.01

.02

.03

.04

.05

.06

.07

.08

.09

.10

.15

.20

.30

.40

.50

.60

.70

.80

.90
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-0.595118051

-0.528648751

-0.467337735

-0.410837526

-0.358826975

-0.311008617

-0.267106354

-0.226863415

-0.190040555

-0.156414460

-0.0293688318

+0.0441860463

+0.0919804299

+0.0770302684

+0.0551668188

+0.0627489930

+0.124352431

0.256932105

0.47700926

-c/K'n

0.0114455351

-0.000216204

-0.0143398

-0.0251628

-0.03470418

-0.04303541

-0.05022634

-0.0563451

-0.061458116

-0.06563012

-0.07452195

-0.06862310

-0.0361265

-0.00488494

+0.00531913

-0.00833432

-0.03170302

-0.0336824

+0.0337945

10

XJ

21

-1
mol

.4998
.3021
.3526
4573
3779
.7019
.2527
.9421
.7214
.5614
.2045
A117

.0413

.0217

.0320

.0657

.2918

.6761

.6663
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6 -4 Results of Application of RSCF program
to ultrasonic relaxation data for the

system Methyl Cyanide + Water at 273 K.

Mole fraction I0OAAB lcf*Q IOAD j€m/nra R.M.S.

Methyl Cyanide /nepers s?”cm * //cmzs deviat
A2
0.1 89.993 0.099 5.187 2.095 <0.1
0.2 66.146 1.060 4.480 3.221 <0.1
0.3 131.627 11.663 3.351 6.053 <0.1
0.4 138.254 14.828 2.744 6.007 <0.1
0.5 * 104.716 16.103 5.705 6.172 0.1
0.6 * 83.379 14.729 7.709 7.542 0.1
0.7 58.418 2.392 9.928 5.789 <0.1

* These results were not well fitted by the Ronanov-
Solovyev equation, and in all cases this seemed to be

connected with the large absorption at 1.5 MHz.
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6 -5 Reanalysis of Relaxation Data for Methyl Cyanide

+ Water Mixtures at 273 K.

2 Relaxations; using weiqhted version of nrogram,

(cf results usina unweighted version in reference 148)

Composition 10~AfcA 17 fCgXleT"

0.1 90.19 5.88 75.36 145.42
0.2 882.55 1.53 449.66 60

0.3 4966.18 4.99 713.54 54.13
0.4 13863.2 3.11 957,22 50

0.5 5628.2 3.46 880.17 51,16
0.6 1441.6 6.08 823.8 33.60
0.7 269.52 2.82 229.68 49.80

Calculated values of the maximum absorption per wavelength

Composition

AQ " max
0.1 0.4 8.3
0.2 1.0 20.2
0.3 18.1 28.25
0.4 31.0 34.4
0.5 14.0 32.1
0.6 6.2 19.6
0.7 0.5 8.0
0.8 - -
0.9 - -

Ap 10" AArfch 10"AArfch
0.1 530.3 10960
0.2 1350 26980
0.3 24780 38620
0.4 43110 47860
0.5 19470 45030
0.6 8765 27680
0.7 760 11440
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6 -6 Application of the Roraanov-Solovyev treatment

to electrolyte solutions, tetraethylammonium

bromide and tetra-n-butylammonium bromide.

The modified program used in
it being essentially similar
A program was written to fit

equation 6-30. This program

this analysis is not included,
to that in Appendix 5-2.
the excess function data to

has not been included but

is a substantially modified version of a curve analysis

routine described by Armitage et al. (see reference 182).

(a) tetra-n-butylammonium bromide;

Input data;

22 (number of data points)

7 (number of parameters)

298.15 (temperature /K)

18.016 (molecular weight of solvent)
322.0 (molecular weight of solute)

303.0 (molar volume of solute)
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Salt Sound Density Volume Heat
Molality Velocity Y cm—a E);;;afrf\tssicl); ICapJac:i
A2 IcTAC/cm en
0.1 1.500 0.99925 0.012 90
0.2 1.500 1.0015 0.012 90
0.3 1.503 1.0037 0.012 90
0.4 1.507 1.0060 0.012 90
0.5 1.509 1.008 2 0.012 90
0.6 1.511 1.0103 0.012 90
0.7 1.514 1.0124 0.012 90
0.8 1.520 1.0143 0.012 90
0.9 1.520 1.0162 0.012 90
1.0 1.520 1.0180 0.012 90
1.2 1.520 1.0212 0.012 90
1.4 1.520 1.0242 0.012 90
1.6 1.520 1.0268 0.012 90
1.8 1.520 1.02921 0.012 90
2.0 1.520 1.0314 0.012 90
2.5 1.520 1.0357 0.012 90
3.0 1.520 1.0365 0.012 90
3.5 1.520 1.0410 0.012 90
4.0 1.520 1.0429 0.012 90
7.0 1.520 1.0491 0.012 90
10.0 1.520 1.0511 0.012 90

17.0 1.520 1.0535 0.012 90
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Cp(salt) HA(salt) (salt)
Ao -3941.43376 -6218.86188 0.110627118
647.461219 18522.49375 *0. 289733722
-55.6005190 -3186.26385 0.054047308
A_ 5.61068049 303.8269 0.005105600
-0.299074708 -14.638825 0.000251303
-0.007981062 0.271944 *0.000005036
-0.000084499 0.0004956 0.00000000
jv"Iv \  jAdh"/Cp} lcTrg" IcfAQ(calcd)
Mo 1 dm_3 /6 mol_l lem*s
0.0968 -31.85 38.2 58.2 0.8
0.1882 - 8.59 43.3 27.5 2.2
0.2746 - 3.07 44.2 17.7 4.8
0.3565 - 0.90 43.6 12.9 8.9
0.4342 0.14 42.5 10.1 14.4
0.5080 0.70 41.0 8.2 21.2
0.5783 1.02 39.4 6.9 29 .4
0.6452 1.21 37.7 6.0 38.8
0.7091 1.31 35.9 5.2 48.9
0.7700 1.37 34.2 4.7 59.7
0.8800 1.40 30.7 3.8 31.7
0.9883 1.38 27.3 3.2 102.4
1.084 1.31 24.0 2.7 119.4
1.173 1.24 20.9 2.4 130.8
1.255 1.17 18.0 2.1 135.1
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(b) tetra-ethylammonium bromide

Input Data;

>2 7 298.15 18.016 210.2 173.7

)oncen- Sound Density Expansion®? Heat Cap

:ration_* Velocity / _3 coefft/K" -

'mol kg™ 10"AC/em s"A I'g cm /I J mol K -i
0.1 1.495 1.000625 0.006 100
0.2 1.495 1.004178 0.006 100
0.3 1.520 1.007642 0.006 100
0.4 1.520 1.01105 0.006 100
0.5 1.520 1.0014362 0.006 100
0.6 1.530 1.017606 0.006 100
0.7 1.540 1.020788 0.006 100
0.8 1.550 1.023910 0.006 100
0.9 1.550 1.046175 0.006 100
1.0 1.550 1.029986 0.006 100
1.2 1.550 1.035856 0.006 100
1.4 1.550 1.041423 0.006 100
1.6 1.550 1.046793 0.006 100
1.8 1.550 1.051982 0.006 100
2.0 1.550 1.057006 0.006 100
2.5 1.550 1.068645 0.006 100
3.0 1.550 1.079423 0.006 100
3.5 1.550 1.089248 0.006 100
4.0 1.550 1.098167 0.006 100
5.0 1.550 1.113722 0.006 100
7.0 1.550 1.139249 0.006 100

10.0 1.550 1.165203 0.006 100
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Gp(salt) f (salt) (salt)
A( -3676.61753 -525.4470 -0.123363738
A. 380.233505 -2650.53898 0.328469054

188.870632 915.211 -0.27873279
A, -54.9094202 -155.4850 0.113039802
Ar 8.34524939 15.20161 -0.023791127
A, 0.6094211773 -0.78190 0.002354393
A 0.016822983 0.01653 -0.000089298

Output Data from QCALC.

10""~rg” Ilcf*Q(thermo)

XJ mol™1 (cmf s)
0.0980 20.5 *5.06 58.5 0.99
0.1927 —3.4 m4.38 27.7 0.01
0.2844 -7.6 *3.90 17.9 0.25
0.3731 —8.2 *3.48 13.2 0.79
0.4589 -7.7 *3.11 10.5 1.29
0.5422 -6.9 °2.77 8.8 1.58
0.6229 -6.0 *2.46 7.5 1.65
0.7012 -5.1 °2.17 6.7 1.52
0.7772 -4.2 *1.90 6.0 1.25
0.8511 -3.4 m1.65 5.5 0.94
0.9926 -2.1 .1.21 4.8 0.34
1.1260 -1.2 '0.82 4.3 0.07
1.2530 -0.5 '0.49 3.9 V. small
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6 -7 Modified Version of QCALC program and Input Data

for the system Urea + Water at 298 K.

The modified version of the QCALC program was described

in Chapter 6-5.

Innut Data .

12 (number of data points)

4 (number of parameters)

290.15 (temperature)

13.016 (molecular weight of solvent)

60.06 (molecular weight of solute)

44.2 (molar wolume of solute)

Concen- Sound Density Expansion Heat Capacity

::rfa:JI:er;_’\ /\::renlosc"lty lg ca-3 Coefficient ;3 mor™!1 k!

Imol kg
1.0 1.522720+05 1.013 0.0015 75.73
2.0 1.544720+05 1.026 0.0015 76.27
3.0 1.564720+05 1.038 0.0015 76.57
4.0 1.582720+05 1.050 0.0015 77.15
5.0 1.59920+05 1.061 0.0015 77.53
6.0 1.613,0+05 1.070 0.0015 78.37
7.0 1.62670+05 1.078 0.0015 78.78
8.0 1.63820+05 1.086 0.0015 79.37
9.0 1.64910+05 1.094 0.0015 80.17
10.0 1.66020+05 1.101 0.0015 80.83
11.0 1.67020+05 1.108 0.0015 81.33
12.0 1.67920+05 1.114 0.0015 82.26

I CA(l) HA(I) VA(I)

0.042783 359.3 0.212
0.15 28.51 0.15
0.0004198 1.912 0.00
0.00 0.06151 0.00

W N -~ O



Output Data from QCALC

Mole fraction

of Urea

,0177
,0348
,0513
,0672
,0826
,0976
1120
1260
1395
1527
1654
1778

Mole fraction

of Urea

0177
.0348
.0513
.0672
.0826
.0976
.1120
.1260
.1395
.1527
.1654
778

Concentration

/mol kg"

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000
10.00
11.00
12.00

Concentration

/mol kg

1.000
2.000
3.000
4.000
5.000
6.000
7.000
8.000
9.000
10.00
11.00
12.00

234

A

A\V4

\
0.5368670-01
5 .20644°0-01
2.7810740-01
9.6978740-02
-4.14618%0-02
-1.4955120-01
-2.3561620-01
-3.05408 *a~01
-3.6298570-01
-4.1125940-01
-4.5236270-01
-4,8787670-01

Concentration
/mol dm ~

.9556
.832
.639
.386
.080
.719
.313
.868
.391
.879
.339
.769

-

N N o0 o oA A WON

© O W -

@ W N NN

A'i
Cp

.49402720+00
.8866870+00
.40442720+00
.0131320+00
.1760470+01
.4547970+01
.7528520+01
.0595970+01

37267 "0+01

.70202,0+01
.0506670+01

39685 ”0+01

Q (thermo)

/cm s

3.

-

- 0 N o

- © N

28213710-31

.4241070-28
.3458970-27
.54428"0-26
.49749"0-26
.050974,0-25
.44788"0-25
.2637770-24
.64315.0-24
.1366370-24
.42562.0-24
.62672,~-23



APPENDIX TO CHAPTER 8
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8 -1 Binary Divider Interface Unit for Coderg PH*

Raman Spectrometer

Input Impedance = A~ 14 MO
Selector Switch Function Sampling
Position 81 Interval*
cm-‘I

1 direct 0.25

2 4 2 0.5

3 4 4 1

4 4 8 2

5 4 16 4

6 4 32 8

*To some extent the action of the binary dividers is
dependent upon the pulse frequency from the step drive
motor. Nominally four pulses arc utilised per cm * and
for medium scanning speeds (60 cm “/min) the above table
is applicable. At very high or low scanning speeds some

divergence from the above table v;as noticed.
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8 -2 Summary of Input Data and Controls for Gaussian

and Lorentzian Spectral Band Deconvolution Program

(a) Digital Voltmeter Output Conversion Program

This program converts voltage readings output by
the Solartron Data Logger into the corresponding percentage
reading on the recorder scale, and outputs a tape compris-

ing suitable input data for SPECT 1.

Input data required:

N - number of data points.

VFSD - full scale deflection voltage on recorder.

VIOO - voltage corresponding to I00” reading on
recorder scale. (N.B. - a negative value and

negative sign must be included),
NUSTART - wavenumber corresponding to first sample point

recorded by D.V.M.

INC - sampling interval in wavenumbers.

Then follows digital voltmeter (D.V.M.) readings on 8

hole paper tape.

(b) The program SPECT 1

This program executes Gaussian and Lorentzian spectral
band contour deconvolution as described in Chapter 8.(The

program is filed on magnetic tape).
Input data required:

KURVE - for Gaussian analysis set KURVE = 1
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- for Lorentzian analysis set KURVE = O

M - number of data points to be input.

N - number of bands comprising envelope.

IVRITE - if I'RITE is greater than, or equal to, one then
a table of input and computed contour intensity
values is output. Setting WRITE to any other
value suppresses this output.

TAUMIN - limiting minimum value of step length modifier.

ITMAX - maximum permitted number of interactions.

TIMAX - maximum permitted run time in minutes.

ALPHA BETA GAMMA

||(1) NUMAX(I) DELTANU(1)

| |

| 1

1

I(N) NUMAX(N) DELTANU(N)

NU(1) INT(I) Spectral envelope data generated

1 |

: : by above D.V.M. program on

1 1

NU(M) INT(M) paper tape (8 bit).

Alpha, Beta and Gamma are the constants in a quadratic
equation used to fit the background. I is the band
component intensity at NUMAX, the frequency of the

intensity maximum. DELTANU is the half-band width.
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lo =

14
15
10
17

PO
21
22
20
24
20
26
256
240
504

UlaiT/1
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-ypT/R PRngRAYy;
" P,

"RLAIL." ViOv! \AT.m’, I'lJ, :h;START ;
"Rr Ai." "'R:AY"

"READ" 4.
“Fag'™ o=
" ?2EA:" rer
p-C']:
i'C 1 A:=(lI
pRLIj:
"EMP" ;
Sy s =p T
""OP" | :=
T'Cr]: =MU
"FiiP" |:=
"PKi.T !
-w6RI DT/
"FiiP" | .«
"PK TiJT
"FUR" J:r
"P."MUT
"'V o
"cNP":

Ui:
CODE

TOTAL

'/rrn,vinn,iUa:ART, iNC;

I "iThP" 1-"U:=TIL" N "Dd" "3EGIN"
1),r'nLi] :

Cljliooon;

"U'TTIL" r "DO" =m
SEPni:;7{é),"''L"'", SAhELINE/MUCI],"''S2"'",P3CI];

L6'"**%UATA OUTPUT TO PAPER TAPE***":
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& JOB;CHE 151 DW;SPECT i;

& ALGOL;
LIBRARY -
ALGOL

& LIST;

TIME; 15; 15; =

1 ] =L O USRS
2 DECONVOLUTION OF INFRA reno ano RAMAN SPECTRA -——-mm- "
3 D HADDINGTON 1969 UNIVERSITY OF LEICESTER; e

m 5" "BEGIN" "INTEGER" KURVE;
m 7'— "COMMENT" «SUMMARY OF INPUT DATA* o
8 KURVE-FOR GAUSSIAN ANALYSIS SET KURV£=1 . -
9 " -FOR LORENTZIAN ANALYSIS SET KURVE=0 e,

10 M-NUMBER OF DATA POINTS TO BE INPUT
11m N-NUMBER OF BANDS COMPRISING ENVELOPE
12 WRITE-IF WRITE IS GREATER THAN OR EQUAL TO ONE THEN

13 A TABLE OF INPUT AND COMPUTED VALUES OF INTENSITY IS
14 OUTPUT, TOGETHER WITH THE RESPECTIVE DEVIATIONS

15 IF WRITE TAKES ANY OTHER VALUE THEN NOOUTPUT

16 IS OBTAINED

17 ATAUMIN-LIMITING MINIMUM VALUE OF STEP LENGTH MODIFIER
18 ITMAX-MAXIMUM PERMITTED NUMBER OF ITERATIONS 1A
19 TIMAX-MAXIMUM PERMITTED RUN TIME IN MINUTES

20 «DATA FOR BAND ENVELOPE READ FROM PAPER TAPE - --

21 “'«FOLLOWED BY INDIVIDUAL ESTIMATED BAND PARAMETERS ON CARDS
22 _ INTENSITY, NUMAX,“ HALF-J;[iyTH, /OR _E ACFr BAND; -

24 r —

25  "READ] KURVE: oo

28 - - -

'29 wm "BEGIN" "INTEGER" I,J,K,M,N,NIT,COUNT,WRITE,ITMAX; ..cceecnn..... ---m
30 - "INTEGER" MINS, SECS, TSECS; - -

31 "INTEGER" TIMAX; B T

32 "REAL" F,FO, TAU,TAUMIN; e e,

33 '“ "COMMENT" «GAUSSIAN ANALYSIS; —_

34 -"COMMENT" INSERT PROCEDURES AFTER THIS CARD;

35

38 "PROCEDURE" TIME (MINS, SECS, TSECS);

39 "INTEGER" MINS, SECS, TSECS; ' - - -

40 "BEGIN" "INTEGER" TI, T2; e
41 "CODE" B
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43 %LD:LST1
44 %LUR:LSO

45 %SUBR:LS2 ‘ v

46 %JILS177;

47 -

46 MINS :=T1;

49 ScCS:=T2: e e e,

50 BT = O T Y O R I 12 e e

51 "END" PROCEDURE TIME; S

53

54 "REAL" "PROCEDURE" INCALC(NU,P,IC,N,M); ...
55 "INTEGER" M, N ettt e sie s e e e e e reeeee ereeaieeeans
56 "REAL" "ARRAY" NU,P,IC; "t !
57 "BEGIN" "INTEGER" 1I,J; R,

58 "FOR" |:=1 "STEP" 1 "UNTIL" K "DO" "BEGIN" W e
59 ~ "REAL" S; S:=0; O

60 "FOR" J:=0 "STEP" 1 "UNTIL" N-1 "DO" ?

61 5:=S+P[4+3*J]*EXP(-((NU[I]-P[5+3*J])T2)/(PC6+3*J]1t2));
62 S:=S+P[1]+P[2]*NUCI]+P[3]*(NU[I]T2);

63 ICCI]: =S;

65 ™"END" OF INCALC; ... "

66 ,

67

68 "REAL" "PROCEDURE" FCALC(II,IC,M); ...... R B,

69 "INTEGER" M, s,

70 "REAL" "ARRAY" II,IC; ... _ Z1'X TL'L

71 "BEGIN" "INTEGER" |I;

72 "REAL" S; S:=0; " R, — e e

73 ' "-OR" I:=1 "STEP" 1 "UNTIL""M "DO"

7 =S+((11C14-1CCI1])TD) ;. % = mmmmeem gmn M
r CALC: =S;

76 "END" OF FCALC; ! oot L

78 e X e

79 "REAL" "PROCEDURE" DGIA(NU,Y,Z);" ... e e e,

80 B = R VU I 2 PR

81 "BEGIN" ! ~ " "

82 DGIA: =(2*(NU-Y)/(Z*Z))*EXP(-(((NU-Y)/Z)T2)); '

83 "END" OF DGI A; ! L )

85 oo '

86 "REAL" "PROCEDURE" DGIB(NU, Y, Z); i iiiiiieiieer e

87 "REAL" NU,Y,Z; e s e,

63 B =3 = T 1 RO

39 DGIB: =(2*((NU-Y)T2)/(ZT3) )*EXP(-(((NU-Y)/Z)?2));
90 "END" OF DGIB; ~ ‘ '

91 =m .- -
92 - -
93

94  "REAL" "PROCEDURE" D2GI A(NU, Y, Z); oo

95 "REAL" NU,Y,Z;

96  "BEGIN" "REAL" XX; XX :=((NU-Y)T2):
97 D2GIA:=((4*XX/(ZT4))-(2/(ZF2)))*EXP (-(XX/(ZT2)));
98  "END" OF D2GIA;

99

100 :

101 "REAL" "PROCEDURE" D2GI 3 (NU,Y, Z);

102 "REAL" NU,Y,Z;
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103 "BEGIN" "REAL" U;

04 U:=(((NU-Y)/Z)f2);
105 'D2GIS:=-(((2*U)/(ZT2))*(3.0-2.0*U)*EXP(-U));

106 "END" OF D2GIB;

107

108 "REAL" "PROCEDURE" SUMPROD(R,Q,J,K,M); ...
109 "VALUE" J,K;

110 "-liN'TEGER" ' -

111 "REAL" "ARRAY" R,Q:

112 "BEGIN" "INTEGER" I;"REAL" S; S8:=0; "- -
115 "FOR" 1:=1 "STEP" 1 "UNTIL" M "DO" ... '

114  S:=S+((RCIITI)«(QCIITK)): oo o —
115  SUMPROD:=2*S; -
116 "END" OF SUMPROD; - e

118
119 "REAL" "PROCEDURE" FIRSTD(II,IC,NU,A,P,M,N);"
120 "INTEGER" M|,N;

121 "REAL" "ARRAY" [1,1C,NU,A,P: oo '
122 "BEGIN" "INTEGER" I,J;

123 "REAL" "ARRAY" O0,R[1:M]; '

125 wm "FOR" I:=1 "STEP" 1 "UNTIL" M "DO"

126 R[1]:=11 ClI]- I CCID; -
127 "FOR" 1:=1 "STEP" 1 "UNTIL" M "DO"

128 Q[I13:=-1.00; . L. -
129  A[13:=SUMPROD(R,Q,1,1,M); T
150 "FOR" Il:=1 "STEP" 1 "UNTIL" M "DO" -

131 Q[ 13:=-NU[ I 3; ' :

132 AC23:=SUMPROD(R,Q,1,1,M); - = S — —
133 ' "FOR" I:=| "STEP" 1 "UNTIL" M "DO"

134 QC13:=-(NUCI3?22);
135  AC33:=SUMPROD(R,Q,1,1,M);  =eememmememmeeemeeeeee e

137  "FOR" J:=0 "STEP" 1 "UNTIL" N-1 "DO"
138 TBE G IN" oo eeeseeeeeesee e eeeese e seee s e — -

139 "FOR" |:=1 "STEP" 1 "UNTIL" M "DO"

140 QCl 3:=EXP(- (((NUC13-PC5+3«J3)/(PC6+3«J3))T2) ) ;
141 m AC4+3*J3:=SUMPROD(R,0,1,1,M);" cerrrcrrrrrrecn, . '

142  AC4+3*J3:=-AC4+3*J3;

143

144  "FOR" I:=1 "STEP" | "UNTIL" M "DO" —

145  QCl 3:=P[4 +3*J3*DGIA(NUCI3,PC5 +3*J3,PC6 +3*J3); '
146  AC5+3*J3:=SUMPROD(R,Q,1,1,M);

147  AC5+3*J3:=-AC5 +3*J3: —

14 8 -
149  "FOR" 1;=1 "STEP" 1 "UNTIL" M "DO" “
150 —+ 0CI13:=PC4 +3*J3*DGIB(NUCI3,PC5 +3*J3,PC6 +3*J]);
151 AC6+3*J3:=SUMPROD(R,Q,1,1,M); mrmmrmmemmmee _

152 AC6 +3«J3 :=“ AC6 +3«J3 ; . S —
153 o

154 "END" "END" OF FIRSTD: S - - -

155 -

156

157  "REAL" "PROCEDURE" SECONDD(NU,II,IC,P,B,M,N);

153  "INTEGER" M,N;

159  "REAL" "ARRAY" I|I1,IC,NU,P ,B; —eeeeer

160 "BEGIN" "INTEGER" 1,J;

161 "REAL" "ARRAY" R,0C1:M3;
162
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164 B[2]:=SUMpROu(NU,NU,I,I,M); - — - e e,
165 B[3]:=SUMPROD(NU,NU,2,2,M); " e R T
167 "FOR." j:=0 "STEP" 1 "UNTIL" N-1 "DO"- "BEGIN" ... !
168 ! n — Do -,
169 wm "FOR" [|:=1 "STEP" | "UNTIL" M "DO" "BEGIN" - - - — e
170 R[IT:=EXP(-(((NUCI]-P[5 +3*J])/(P[6 +3*J]))T2));— r“* — .=
171 QCI3:=RCI0; e

173 BC4 +3*J]:=SUMPROD(R,0,1,1,M); ' : .
175 "FOR" I:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN" -—— e —
176 R[I]:=P[4 +3*J]*DGIA(NUII],PC5 +3*J],P[6 +3* J]) ———— — ey
177:'* UCI]:=RCI0; — e

179 3C5+3«J] :=SUMPROD(R,Q/1,1,M) ; ' v — A -
130 ' "FOR" 1:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN""— —_ .

131 R[13:=(11LIT]-1CCI3); —
132 0[13:=D2GIA(NUJ[I3,P[5+3*J3,P[6 +3*J3); ! —_— —— S s
184 B[5+3*J3 :=3[5+3*J]-SUMPROD(R,0,I,I,M) ; —_ — —
137 "FOR" 1:=1 "STEP" 1 "UNTIL" M "DO"' "BEGIN" ! "
8 R[ 13 :=P[4 +3*J3*DGI8(NU[ I 3,PC5+3*J3,P[6 +3*J3

10 "END" ; - » .
N BC6+3*J3 : =SUMPROD( R,Q,1,1,M) ; -
192- "FOR." 1l:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN""" - ——
193 RCI3 :=(IICI3-ICC13) ; ? " —_——— —_
g7 QLI3:=D2GIB(NUCI3/PC5 +3*J3/PC6 +3*J3) ; ——— e e e —
1% _ B[6+3*J3:=3[6 +3*J3-SUMPROD(R,0,1,1,M) ;——— :— ——— s e e —'
18 “ "END" "END" OF SECONDD; ""M7' '-memmemmom- -- m
201"" "REAL" "PROCEDURE" PRINTOUTCF,FO7TAU7NUVTIIIC P, K M,NIT,COUNT,N,WRITE);
22 "INTEGER" N,NIT,K)M,COUNT,WRITE; - — % e

28 " "REAL" F,FO,TAU; ” " ————————— — = —

0] "REAL" "ARRAY" NU, II,IC,P; - H e R

256 "BEGIN" "INTEGER" l,j; — — - .- - .- - -l—- -
26 "REAL" RMS,SIGMA; ' —_—— —— - e e, e e

27 'w"REAL" "ARRAY" DEVCHM],* e e e —_~ ' — Ao - - -
20 "FOR" I I "STEP" 1 "UNTIL" M "DO" ! e

210 DEVCI 3; 1CI3-1CCI 3; . “ - —
212 RMS:=SORT( SUMPROD (DEV ,DEV , 1,1, M)/M ) et etee ettt e et e e s sntaees eeaesnnseeeessnnnes eees
213 SIGMA:=SQRT(SUMPROD(DEV,DEV,1,1,M)/(M-N) ); ' ! '

214 n

25 "PRINT" "'"F''S55'ITERATION NUMBER ', SAMELINE,DIGITS(4),COUNT,''L5"";

26 "PRINT" '""'SIO'R.M.S. DEVIATION = ', SAMELINE, FREEPOINT (9),RMS,"'L"",

27 " SIO'STANDARD DEVIATION SIGMA = ', SAMELINE, FREEPOINT(Q),SIGMA,“ L" ,
3 '"SIO'VALUE OF FO = ', SAMELI NE, FREEPOI NT(9 ), "L,

29 '"'SIO'VALUE OF F = ',SAMELINE,FREEPOTNT (9), R

20 '"'Sin'FINAL VALUE OF STEP LENGTH MODIFIER (TAU) =", SAMELINE,
21 TREEPOINT(9) ,TAU, "L "

2 ""SIO'NIT =.',SAMELINE,DIGITS(3) ,NIT, "L 6 ";



243 " -

23 "PRINT" " L'PARAMETERS EVALUATED *******xxxxssdrxxsdxwxsrrxxg ' L2,

224

25

26 "PRINT" "'L'ALPHA = SAMELINE, FREEPOINT (9),PC1], - r: e -

27 ""SIS'BETA = '"'PC23, - L e e ™
228 ""S15'GAMMA = '",PC3],"'L2""; e — ! —
229

20 - "FOR" J:—0 "STFP" | "UNTIL" N* "DO" - ———— _ - — e — -m — —
23 "PRINT" "L",PREFIX("S15"),FREEPOINT(9), ET e — e
p PC4 +3* J3 ,PC5+3*J3 ,PC6+3*J] ; A *-m

233

24 "IF" WRITE "GE" 1 "THEN" "BEGIN" - -
25 "PRINT" "F'OOMPUTED SPECTRAL DATA ***x**xdxxdxsdxsdxdrxdxxt Ly f
27« "FOR" I:=1 "STEP" 1 "UNTIL" M "DO" "
233 "PRINT" ''L'" ', SAMELINE,FREEPOINT(9),PREFIX (" 'SIO"") ,

239 NUCI13,11Cl1],ICC13,DEVCI 3; " " |
240 "END"; ¢ ' ' e "
Py "PRINT"-""L2'ITERATION COMPLETED *******x**¥x*dxxxdrsrxdxsrxxx  L2"; ?
242 m

%3 '

>4

|245

246 "READ" M,NVWRITE, TAUMIN,UMAX; "
247 "'s "READ" TIMAX; ' .

43 TIMAX: =60*TIMAX: S,
1249 K:=3*N + 3; COUNT:=0;-- * L—
20 "BEGIN" "REAL" "ARRAY" NU,Il,IC,A,BC1:M3,P,POC1:K3;
251

2%  "COMMENT" INPUT DATA NOW READ;

253

254 READER (1) ; -

%5  "FOR" |:=| "STEP" 1 "UNTIL"'M""DO"

'256 "READ" NUCI3, 11Cl3;....... ... — S
f257 ' READER; 6);

'258 "FOR" J:=1 "STEP" 1 "UNTIL" K'"DO"

7259 "READ" POCJ3; * ... e e

20

1261

"%2

2263 " "COMMENT" INPUT DATA NOW PRINTED OUT; ~ A e

%4 "PRINT" '"'F''S20'* INFRA RED AND RAMAN SPECTRAL BAND FITTING PROGRAM *'

M5 '"'L4'D. HADDINGTON. o 1970.",

266 "L'UNIVERSITY OF LEICESTER.',"'L5"",

27 "L8'INPUT VALUES OF PARAMETERS ****xxxx*@:ssswxxxxxxxx t L2, '

%8

269 "PRINT" "L'ALPHA = ', SAMEL INE,FREEPOINT(9),POC13,"" --

270

271 ''S15 '"GAMMA = ', POC33,''L2""; " '

272

273 "FOR" J: =0 "STEP" 1 "UNTIL" N-1 "DO" '

274 "PRINT" " L'', PREFIX('"'SI5" ),FREEPOINT(8),SAMELINE,-
P0C4+3*U3,?0C5+3*J3,P0C6+3*J3; ' -

276

2r7 " "GOTO" START; - " '

276

279 "COMMENT" PRINTOUT OBTAINED AT THIS STAGE;

280

281 RESTART: PRINTOUT<F,FO, TAU,NU, II,IC,P,K,M,NIT,COUNT,N,WRITE);

282 TIME(MINS, SECS, TSECS);
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"PRINT" ''L2'" TIME: DIGITS(3),SAMELINE, .
MINS,'" MINS. ',SECS, '.SECS. '","L 6 " e
"IF" TSECS "GE" TIMAX "THEN" '— - m -
"GOTO" LLL; ‘ .-
"FOR" j:=1 "STEP" 1 "UNTIL" K "DO" e L
PO[J]:=P[J]; C— s T .
COUNT:=COUNT +i ; e e e earaa e
"IF" ITMAX-COUNT=2 "THEN" O
\WRIiTE:=i; ! e e

n "IF" COUNT "GE" ITMAX "THEN" e

fi "GOTO" LL; "

H

Hs "COMMENT" CALCULATION OF FIRST AND SECOND' DERIVATIVES OF...

(% LEAST SQUARES FUNCTION;J'] y— — /" " —

o

s START: INCALC(NU,PO,IC,N,M); ! —

9 FO:=FCALC(II,IC,M); '
FIRSTDC I 1,IC,NU, A,?0,M,N) ; —————————————— e
SECONDD (NU,II,IC,PO,B,M,N); “ et -- -m
TAu:=i.o000; . Z 1l .27 "7 77"y. '77 ........
"NIT:=0; e SR £
"COMMENT" VALUE OF DAMPING FACTOR TAU IS INITIALLY SET

EQUAL  TO  ONE ittt e e e eans e
L: "FOR" J:=1 "STEP" 1 "UNTIL" K "DO"y ...
P[J]:=POCJ]-TAU*(A[J]/BCJ]);

"COMMENT" NEW VALUES'OF 'INITIAL" P-ARAMETERS EVALUATED;
INCALC(NU,P, IC,N,M) ; e
NIT:=NIT +i ;"' s J --

36

37 "COMMENT" PROGRAM NOW ENTERS'TEST' SUBROUTINE; J "

™3

39

320

3 "IF" TAU "LE" TAUMIN "THEN" '""BEGIN" — e

322 "PRINT" ''LIO '"CALCULATION TERMINATEDy_A*I*U~LESS _THAN TAUMIN) ';
323 "GOTO" RESTART; ' L

1304 "END" OF TEST;— —iTnyTT*— Teemjere— - - r---?.— - — -

325

32

307 "IF* F "GE" FO '""THEN""'" ~ A e -
323 "BEGIN" ] ' —-- - e ,

39 TAU:=0 .500*TAU; — e ' ;

330 "GOTO" L; — - - : —

331 "END" OF TEST TWO;"" e, R

332

333

334 "COMMENT" IF F IS LESS THAN FO THEN INTERCHANGE P AND PO

335 AND RESTART MINIMISATION;'

336

337 "GOTO" RESTART; ' L e

333 LL: "PRINT" "LIO'CALCULATION TERMINATED *** ITMAX REACHED ***';
339 LLL: "PRINT" "LIO'CALCULATION TERMINATED *** MAX. TIME REACHED

340

34 "END" "END"
342
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"ELSE"

"BEGIN" "
"INTEGER"
"INTEGER"
"REAL" F,

"COMMENT" «LORENTZIAN ANALYSIS;
"COMMENT"

"PROCEDUR
"INTEGER"
llBEGlNll n
I|CODE|I

%LD:LST1

%LDR:LSO - - -
%SU3R:L$2 mm "
%JILS177;

MINS:=Ti;

SECS:=T2;
TSECS:=60*TI+T2;
"END" PROCEDURE TIME;

"REAL" "PROCEDURE" INCALC(NU,P,IC,N,M); —-
"INTEGER" M,N;

"REAL" "ARRAY" NU,P,IC; e
"BEGIN" "INTEGER" |I,J;

"FUR" 1:=1 "STEP" 1 "UNTIL" M "DO"
"BEGIN" "REAL" S; S:=0; '
"FOR" J:=0 "STEP" 1 "UNTIL" N-1 "DO" ' oo -

S:=S +P[4+3*J]/(I+(((NUCI]-PC5 +3«Jj)/PC6 +3«U3 ) T2) );
S: =S+PC13 +RC23«NUC | ] +PC3]«NUC | 3*NUC | 3; -=vemmmm = m---

icci3;=8S;
IlENDIl ; — — - _.r
"END" OF INCALC; ' - A A . —

"REAL" "PROCEDURE"* FCALC(II,IC,M);

"INTEGER" M; . e .-
"REAL" "ARRAY" [1,I1C; ' '
"BEGIN" "INTEGER" |} oo
"REAL" s; S:=0; “ e
"FOR" |:=1 "STEP" 1 "UNTIL" M "DO"
S:=S+((ILi]-1CCI3)T2); coomcemmmeceremrrcn
FCALC:=S; .

"END" OF FCALC; B e

"REAL" "PROCEDURE" DGIA(NU,Y, Z);
"REAL" NU,Y,Z;
"BEGIN" "REAL" X,A,D1;
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405 X:=(((NU-Y)/Z) -2) ;

404 A:=-1/((1+X)T2);

405 Di:=-2«(NU-Y)/(Z«Z);

406 DGIA:=A«D I;

407 "END" or DGIA;
408 -y !
409

410 "REAL" "PROCEDURE" DGIB(NU,Y ,Z); e,

411 "REAL"  NU, Y Z e eeeeeeeee e ;
412 "BEGIN" "REAL" X,A,D2:

413 X:=(((NU-Y)/Z2)?2);
414 A:=-1/((1 +X)T9);
415  D2:=-2»((NU-Y)T2)/(Z2?3); )

416 DCIB:=A«D2; ' N -
417 "END" OF DGIB; -

413 .
419 "REAL" "PROCEDURE" SUMPROD(R,0,J,K,M):........
220 "VALUE" J,K;

421  "INTEGER"

422 "PEAL" "ARRAY" R,Q;

425 "BEGIN" "INTEGER". I; "REAL"S; S:=0;*

424  "FOR" 1:=| "STEP" 1 "UNTIL" M "DC" _ " '

425 S:=S+((R[IITj)*(OCIITK));
426 SUMPROD:=2*S;
427 "END" OF SUMPROD;

428
429

430 "REAL" "PROCEDURE" FIRSTD(II,IC,NU,A,P,M,N);
431 "INTEGER" M,N; ' [ IR .
432 "REAL" "ARRAY" I1I,IC,NU,A,P; ' T "
433 ¢ "BEGIN" "INTEGER" I,U; ...

434 "REAL" "ARRAY" Q,R[1:M]; ' '
436 "FOR" I:=1 "STEP" 1 "UNTIL" M "DO"__~y y" !
437 RCI]: =1ICI3-1CCn;

436 "FOR" I:=1 "STEP" 1 "UNTIL" M "DO" "
439 Q C ] = -T.UD e e

440 A[1]:=SUMPROD(R,Q,1,1,M); ' ' -

441 "FUR" I; =I "STEP" 1 "UNTIL" M "DO"" ... .

442 QC 1712 = N U C 1]} mmmmmmmmmemmmmememmmeemmeme e e, e
443 ' A[2]:=SUMPROO(R,0,1,1,M);
444 "FOR" I:=| "STEP" 1 "UNTIL" M "DO" —_—

445 QCI3:=-(NUCITt2); " e .
446  A[33:=SUMPROO(R,0,1,1,M); e

447 T T T T
448 "FOR" U:=0 "STEP" 1 "UNTIL" N-1 "DO"

449 "BEGIN"

450 "FOR" I:=| "STEP" 1 "UNTIL" M"DO" - - -

451 Q[I3:=1/(1+(((NU[I13-P[5+3*J3)/P[6+3*J3)T2));
452  A[4+3*J3:=SUMPROD(R,0,1,1,M);

453 A[4 +3*J3: =-AC4 +3*J3;

454

455 ."FOR" |:=| "STEP" 1 "UNTIL" M"DO"

456  OCl 3:=PC4 +3«J3«DGIA(NUCI 3,PC5+3«J3,PC6 +5«J3):
457 A[5+3*J3:=SUMPROD(R,Q,1,1,M);

458  A[5+3*J]:=-AL5+3*J3;

459

460 "FOR" I:=1 "STEP" 1 "UNTIL" M"DO"

461 0[13:=P[4+3*J3*DGIB(NU[I3,PC5+3*J3,P[6+3*J3);
462  A[6+3*J3:=SUXPROD(R,Q,1,1,M);



B A[6+3*J]: =-AC6+3*J]; L T -

3 "*iMD" "EMD" OF FIRSTD/ —— — R

8 "REAL" "PROCEDURE" SECONDO(NU,II,IC,P,B,M,N); - h

® "INTEGER" MN; " "
"REAL" "ARRAY" [I,IC,NU,P B ;- S —— RS ‘
"BEGIN" "INTEGER" |, J; ' — -

o "*REAL**  **aRRAY** R 0C1"M3J "> — - R — —_— - — —%

B S72]i=SUMPROD(NU,NU,I,I,M); ' '

B BC3]:=SUMPROD(NU,NU,2,2,M); " ' e

11

B  "FOR" j: =0 "STEP" 1 "UNTIL" N-1 "DO" "BEGIN"— — ... —

i®) "FOR" 1:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN" — — —

5 R ]:=1/(!'+(((NUCI]-P[5 +3*J])/PCB +3*J])T2)); - —-mmmmmmmemmv I '

H "END"i ' o — —_— - — —y

& S[4+3*J] :=3UMPROD(R, Q. 1/1.M ); e r

85 :

@ "FOR" I:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN"— :

& RI[I]:=P[4 +3*J]*DGIA(NU[I],PC5+3*J],P[6 +3*J]); - e

ic® bNJ » . .
BC5+3*J] :=SUMPROD(R,0,1,1,M) ; . " -y -

m n ll7

4 "FOR" l:=1 "STEP" 1 "UNTIL" M "DO" "BEGIN" ------------ y - - -

4 R[I]:=P[4 +3*J]*DGIB(NUJ[I],PC5 +3*J],P[6 +3*J]); —Fr— - - m e e e

% -0[l1]1:=RCI]; S

¥ B[6+3*J]:=SUMPROD(R,0,1,1,M);cccecceecee. ..

45 " T

® "END" "END" OF SECONDD; e, S

31 W c— " o '

® "REAL" "PROCEDURE" PRINTOUT(F,FO,TAU,NU,II,IC,P,K,M,NIT,COUNT,N,WRITE);

3" "INTEGER" N,NIT,K,M,COUNT,WRITE;"" ...

6 "REAL" "ARRAY" NU,II,IC,P

6 "BEGIN" "INTEGER" |, U; e Te— AN e e — - --—m— -wm

8 -"REAL" "ARRAY" DEVCUM];" 'r ' e

1 UEVCI]:=l1Cn-ICCI 3; ' RR— . S SSUUU ——

5 RMS:=SORT(SUMPROD(DEV,DEV,1,1,M)/M); '

M SIGMA:=SQRT(SUMPROD(DEV,DEV,1, 1, M)/(M"N) ); it oo, e e

]

% "PRINT" "'F''S55'ITERATION NUMBER ', SAMELINE,DIGITS(4),COUNT,"'L5"";

7 "PRINT" '""'SIO'R.M.S. DEVIATION = ',SAMELINE,FREEPOINT(9),RMS,""L"",

8 "SIO'STANDARD DEVIATION SIGMA = ',SAMELINE, FREEPOINT(9),SIGMA,''L",

9 "SIO'VALUE OF FO = ', SAMELINE,FREEPOINT(9),FO, " 4" ,

D "SIO'VALUE OF F = ', SAMELINE,FREEPOINT(9),F," L" ,

21 "SIO'FINAL VALUE OF STEP LENGTH MODIFIER (TAU)= ',SAMELINE,

2 FREEPOINT(9), TAU,"L"", '
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"SIO'NIT =" ,SAMELINE,DIGITS(3),NIT,"'L6"";
llPRlNTII n LIPARAMETERS EVALUATED ***************************l,IIL2ll;

"PRINT" "'L'ALPHA = SAMELINE, FREEPOI NT(9),PC10,
"SIS'BETA = 'S,PC2],
"515'GAMMA = '",P[3],"'L2"";

"FOR" J: =0 "STEP" 1 "UNTIL" N-1 "DO"
"PRINT" "'L'PREFIX("SIS"),FREEPOINT(9) , ..
P[4+3*J],P[$+3*J],PC6+3*J];

"IF" WRITE "GE" 1 "THEN" "BEGIN" -
IIPRINTII llFlCOMPUTED SPECTRAL DATA ************************l,IILll:

®% "FOR" I:=1 "STEP" 1 "UNTIL" ™M "DO" .
5% "PRINT" "'L'SAMELINE,FREEPOINT(9),PREFIX(''SIO""), " ...

80 NU[13,11CI 3 ,ICC I3, DEVCI 3 e e s e

8 "END";
* k k k k k ok k ok ok k k% * * k k k k k k k k *k k x ¥ A |IL2I|.
’ ’

52  "PRINT" "L2'ITERATION COMPLETED _
|43 "END" OF PRINTOUT;, ' .

544

545

546

547 "READ" M,N,WRITE, TAUMIN,ITMAX; . e ;
88 "READ" TIMAX; - EEE
TIMAX:=60*TIMAX; e
5  Xi=3*N + 3; COUNT:=0; A A

% "BEGIN" "REAL" "ARRAY" NU,l11", 1C, A, BCl:M3" P.POCI :K3;

552
53  "COMMENT" INPUT DATA NOW"READ;"

1554
5 READER(I); BE e el
% "FOR" l:=1 "STEP" 1 "UNTIL"_M "DO;;
% "READ" NUCI3. Il CI3; "

55 READER(6);
% "FOR" j:=1 "STEP" T "UNTIL" K "DO"
% "READ" POCJ3;

1561

562

1563
%  "COMMENT" INPUT DATA NOW PRINTED OUT; oo ‘
% "PRINT" '"F''S20'* INFRA RED AND  RAMAN SPECTRAL BAND FITTING PROGRAM

566 "L4'D. HADDINGTON. o 1970 .°', e !
%™ "L'UNIVERSITY OF LEICESTER.',"'L5"",
568 l|L8||NPUT VALUES OF PARAMETERS * k k k% k k¥ k k¥ k¥ ¥ k¥ ¥ ¥ k¥ ¥ ¥ k¥ ¥ ¥ *k % % | ,llL 2 ||;

59
5  "PRINT" '""L'ALPHA = ', SAMEL | NE, FREEPU INT(9),POC13, Lo —

1 "SIS'BETA = ", POC23, oo o e e e .
s»  '"S15'GAMMA = ',P0C33,''L2'; S — - -

573

54 "FOR" j;=0 "STEP" 1 "UNTIL" N-1 "DO" “ o

55 "PRINT" ''L'',PREFIX(''S15"),FREEPOINT(8),SAMELINE,

5 POC4+3*J3,POC5+3*J3,POC6 +3*J]; P7ETL e '

577

7 "GOTO" START; i,

579

%  "COMMENT" PRINTOUT OBTAINED AT THIS STAGE;

581

582 RESTART: PRINTOUT(F,FO, TAU,NU,IIl,IC,P,K,M,NIT,COUNT,N,WRITE);
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632

635
636
637
638
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640
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642

TIME (MINS, SECS, TSECS); meeecoooooeeeeeeeeeeeseseeseeseeeeesss R

"PRINT" ''L2" TIME: ', DIGITS(5),SAMELINE, -* --- m....... e

MINS," MINS. ',SECS, ' SECS. ','" L6''; - m- ..

"IF" TSECS "GE" TIMAX "THEN". ... - - - .-

"GOTO" LLL": ' — - -

"FOR" j: =I "STEP" 1 "UNTIL" K "DO"'" — - — S

pPoCJ]:=PLJy; S s

COUNT :=COUNT +I ; e e e im-- em

"IF" ITMAX-COUNT=2 "THEN" e e e — e

JIFY COUNT "GE" ITMAX "THEN'-——rm — ;
A A A [ CR— »o.o .

"COMMENT" CALCULATION OF FIRST AND SECOND DERIVATIVES OF
LEAST SQUARES FUNCTION; - e

START: INCALC (NU, PO, IC,N,M) ; ' cee'.
FO:=FCALC(1J,IC,M); "

FIRSTD(II,IC,NU,A,PO,M,N);
SECONDD (NUvI I, IC,PO,B,M,N); *
TAU:=1 .000; L _ _

"COMMENT" VALUE OF DAMPING FACTOR TAU IS INITIALLY SET = —ceee-
EQUAL TO ONE; R
L IIFORII J=| IISTEPII 1 IIUNTILII K IIDOIIIIIIIH'I_I _________ " _
PCJ] ;=POCJ]-TAU*( ACJ3/BCJ3 ); =-- ... L
"COMMENT" NEW 'VALUES OF INITIAL PARAMETERS EVALUATED; - - -
I NCALC (NU, P, I1C,N, M); - — e —- —
dCOMMENT" PROGRAM NOW ENTERS'TEST SUBROUTINE;— -"" -
""IF" TAU "LE" TAUMIN "THEN" "BEGIN"-mmemmmmemmemeeeee ! e e
"PRINT" "LIO'CALCULATION TERMINATED~(TAU LESS THAN TAUMIN)'; ---——-
""GOTO" RFSTART; ''m —— —— . —
"IF" F "GE" FO "THAN" — o e e e e
"END" OF TEST TWO; ] n — fnd Ao — . - — ...
« "COMMENT" IF F IS LESS THAN FO THEN INTERCHANGE P AND PO
AND RESTART MINIMISATION;
- 1 1]
"GOTO" RESTART;

LL: "PRINT" "LIO'CALCULATION TERMINATED *** ITMAX REACHED

LLL: "PRINT" "LIO'CALCULATION TERMINATED *** MAX. TIME REACHED *';

"END" "END" OF PROGRAM; = - — -rr-
IIENDII;
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(c) The program SPECTPLOTTING

This program consists of two procedures SPECPLOT
and BANDPLOT, The former plots out the original contour
from the spectral data (on S bit paper tape) supplied to
SPECT 1. The latter plots out the computed component
band envelopes on the same scale (but a different grid)

as the above.

Input data required:

M - total number of data sample points on input paper
tape (8 bit).
N - total number of derived Gaussian parameters; three

per band (for J bands N = 3 J).

PLOT - if PLOT = 1 then both procedures are executed,
sex - number of wavenumbcrs per inch of scale required.
A (1)

I

1

1

~(N)

This is followed by the 8 bit paper tape used for input

to SPECT 1. (This program lising has not been included).

The above programs were all written in ALGOL for an

Elliott 4130 computer.
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Equations used in SPECT 1

The variables in these equations were defined in

Chapter 8.

Lorentzian bandshapcs;

(fromequation8-16)

For a Lorentzian bandshape the dérivates used

unnecessary to use

two functions.

i fi = 2( (V
(1 +

are as follows. It was found to be

the second derivatives of these

a'0j")
((V - V.°)IAV.)2)2
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9 -1 (a) Dependence of frequency of major component
maximum in the Raman spectra of 6.0 mol dm *#

HOD in H”O on concentration of added salt

Salt Salt Concentration Frenuency/cm *

Imol dm A

Lithium Bromide 0.0 2522
0.5 2529
3.0 2547
3.5 2545
Sodium Bromide 0.0 2522
0.3 2527
0.6 2531
1.2 2539
1.8 2545
2.4 2548
Caesium Bromide 0.0 2522
0.5 2531
1.0 2533
1.5 2539
2.0 2541
Potassium Bromide 0.0 2522
0.3 2525
0.6 2528
1.2 2534
1.8 2540
2.4 2546
Sodium Chloride 0.0 2522
0.4 2525
1.5 2532
2.4 2537
3.2 2539
Hydrochloric Acid 0.0 2522

0.4 2528



Salt

Hydrochloric Acid

Ammonium Chloride

Magnesium Chloride

Calcium Chloride

Strontium Chloride

Baorium Chloride

Sodium lodide
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Salt Concentration Frequency,

Imol

0

A N A ©

© ©o © o © . © o o
o N ® A o

N o o o © o
Do N O w o

- a O O o
® & B N O o N O B o © o o o

o O ©O o o
©® o A N o

d

.0

-3
m
2529

2532
2534

2522
2526
2531
2539

2522
2524
2522
2524
2522

2522
2525
2529
2531
2533

2522
2525
2528
2532
2530

2522
2525
2528
2531

2530

2522
2530
2537
2549
2559
2562

-1



Salt

Sodium Fluoride

Sodium Sulphate

Sodium Chlorate

Sodium Perchlorate
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Salt Concentration

Imol

- O O o
N © B o

- O O O
© o r O N ® A o

A W N =

o ©O o o o
©® o B N o

- O O o

N w

dm A

- o ® © O o

Frequencv/cm

2522
2522
2524
2523
2524

2522
2522
2525
2526

2519
2521
2523
2527
2539
2563

2522
2524
2527
2528
2528
2532
2534
2536

A
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9 -1 (b) Summary of two component Guassian deconvolu-
tion of Raman spectra of water between

287 and 323 K.

Temp. lo '""max Standard
Deviation
IK lem *~ lem ~ lem"A
283 35 3204 142 2.21
73 3433 178
293 31 3204 143 4.47
71 3436 181
303 29 3204 147 2.47
73 3439 183
313 25 3209 127 6.62
67 3445 179
323 31 3165 190 2.75
66 3386 179
9 -1 (c) Summaory of two component Gaussian deconvolu-

tion of Raman spectra of water containing

6.0 mol dm"* DgO between 285 K and 360 K

Temp. lo A max Standard
Deviation
llc 1% lem?” A Ilem A Icm-1
285 50 2517 101 1.5
7 2665 55
305 47 2532 106 1.5
7 2667 39
320 44 2543 112 1.5
6 2664 32
360 38 2570 122 1.5

8 2665 12
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9 -2 Solvation Numbers for Perchlorate and FTuoroborate*

Infra Red Spectra (calculated from data in reference)

Solvation Number

+
Sodium Perchlorate - 4.5 0.5

of
Sodium Fluoroborate - 4.7 0.5

+
Magnesium Perchlorate — 3.5 0.5
Raman Spectra
Sodium Perchlorate - 4:4 © 0.5
Lithium Perchlorate ; 4.7 " 0.5
Sodium Fluoroborate 4.4 0.5

*These solvation numbers were calculated as outlined in
Chapter 9. The quantity x, defined as the solvation
number of the anion, was obtained from a graph of (1-R)
against ( m/2(n-m)), an example of which is given for

sodium perchlorate on the following page.
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9 - (a) Dependence of frequency of the major
component maximum, in the Raman spectra
of 6.0 mol dm'3 solutions of D?”O in H”O at

298 K on composition of added solute.

Composition Frequency
Imol dm # Vien"l
Acetamide 0 2521
1 2521
2 - 2520
3 2521
4 2517
5 2517
Composition Frequency
/Imol dm # Viem“A
Methanol Ethanol D.M.S.O.
0 2520 2519 2517
2 2517 2520 2517
4 2517 2520 2517
6 2517 2521 2519
8 2523 2526 2521
10 2527 2531 -
(b) Dependence of frequency of the band maximum,
in the infra-red spectra of 2% solutions of
DAO in HgO at 298 K, upon mole fraction
added solute.
Composition Frequency
mole fraction Alem A
Dimethyl Sulphoxide (DMSO) 0.00 2520
0.09 2520
0.38 2538
0.49 2538

0.70 2538
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Composition Frequency
mole fraction Viem
Dioxan 0.00 2520
0.10 2534
0.28 2548
0.54 2571
0.73 2606
9 -4 Data used in the compilation of the Saumagne-

Glew plot presented in Chapter 9.

The data used in compiling Figure 9-40 is listed in
the tables below, and was obtained from references given
in Chapter 9.

Data for 2:1 Complexes and Hydrates

System )

(water in) lem -1 lem -1
1 gas 3756 3657
2 nitrogen matrix 3725 3627
3 perfluorobenzene 3719 3626
4 carbon tetrachloride 3705 3614
5 ©perchloroethylene 3705 3613
6 1,1,1-trichloroethane 3698 3610
7 1,2-dichloroethane 3670 3592
8 ethylene oxide (EO) 3608 3528
9 propylene oxide (PO) 3602 3525
IO 1,4 dioxane (DI) 3565 3509
11 tetrahydrofuran (THF) 3565 3500
12 NaClO*. HgO 3592 3536
13 LiC104.3H’éo 3560 3519
14 BafClO*jA.SH*O 3579 3529
15 BafClOgj*.HgO 3584 3518
16 3516 3456
17 BaflOjjgTHgO 3443 3393
18 Ca (BrOA*)~” 3534 3471

Sr (BrCL)A 3518 3455

-
©
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System

(water in)

20
21
22
23
24
25
26
27
28
29

Data for 1:1 complexes: water

an

nitromethane
nitrobenzene
dimethylphthalate
acetonitrile

ethyl acetate

methylal

acetone

dioxane

ethylether

N.N. dimethylforraamido

*inert* solvent (CCI*)

System

(water in)

> - - T e = 0o o 0o T o

L T o0

-

CHACN/CCIA

HAO/N”A solid matrix
cyclohexanone/CCIA”
dioxan/CCI”
d.m.s.o./CCIA
pyridine/CCIA
nitromethane
nitrobenzene
trioxan
dimethylphthalate
3,4-dimethoxybenzaldehyde
acetonitrile
butyrolactone
ethylacetate
methylal

acetone

dioxane

t butyl peroxide

\) (0 £)

/lcm -1

3670
3675
3650
3640
3640
3650
3610
3585
3600
3550

lcn-1

3697
3697
3695
3690
3690
3675
3700
3700
3695
3695
3690
3690
3690
3690
3690
3690
3690
3690

A 1(has)
/lcm -1

3580
3590
3565
3545
3550
3570
3530
3525
3525
3490

+ organic nhasc dilute?*

A 1 (Mas)
)em -1

3555
3548
3550
3515
3450
3400
3610
3585
3580
3575
3560
3555
3550
3545
3525
3525
3520
3500
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System !

(water in) /cm A /cm” A
s ethylether 3687 3490
t N,N dimcthylformamide 3688 3490
u pyridazine 3682 3430
V pyridine 3682 3390
w 4-picol ineN-oxide 3680 3350

Data for ices and perchlorate

Ice \)s _ Vi

/cm /cm
I (H-disordered) 3210 3085
II 3314 3194
III 3281 3160
v 3312 3181
I 3330 3230%*

* infra-red data, the above are taken from Raman spectral

data reported by Eisenbcrg and Kauzman.”*”

The Roint marked corresponds to the values of Vass
and q%ree N obtained from the stimulated Raman soectra

of 5.0 mol dm ~ sodium perchlorate solutions (3580,3520 cm %)
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