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" Abstract

An examination of published data on a number of the
physicél properties of water was carried out in an effort
to determine the minimum number of distinct species
necessary to explain the physical behaviour of water.

A consideration of the excess acoustical absorbance of
ultraspund by water and the partial molal heat capacities
of salts at infinite dilution led to the conclusion that
the existence of at least three species of water aggregates
is necessary to explain these two phenomena.

An analysis of the specific volumes of water over
the temperature range 0° -~ 100° led to the postulate that
a low concentration (mole fraction = 0.043 at 0°) of a
truly ice-like speéies of water, HZOI' exists at tempera-
tures below 60°. A careful analysis of the specific
heat of water from 0 to 100°, together with the assumption
that only one relatively unassociated species of water
exists above 180°, led to the postulation of the existence
of a second species of water, HZOII’ which decreases
linearly in concentration with temperature from a mole
fraction of 0.57 at 0° to 0.23 at 100°. HZOII is thought
to transform into a third species of water, HZOIII' as
the temperature is increased. It is considered that

H,0; has 2.0 hydrogen bonds per molecule, H,0.;, has 1.8
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hydrogen bonds per molecule and HZOIII has 1.2 hydrogen
bonds per molecule.

With this model of water it was possible to predict
the heat capacity of water from 100° to 20° to within
1% énd from 20° to 0° to within 3%. The specific volumes
and isothermal compressibilities of various concentrations
of KF and KI solutions (0.0 m to 2.0 m between 0° and 100°)
were determined to see whether the water in these solutions
behaved in a manner predicted by the model of water con-
structed here.

An analysis of the measured specific volumes of the
salt solutions led to the coﬁclusion that the postulate
regarding the existence of HzoI is correct and that HZOI
is more strongly broken down in solutions by KI than
by KF. In order to explain the specific volume findings,
it was also necessary to postulate the existence of HZOII
and that it breaks down into HZOIII increasingly with
increasing temperature. It was also concluded that the
F~ ion breaks down HZOII more strongly than the 1~ ion
in dilute solution but that this effect is reversed at
concentrations above 0.6 m.

A consideration of the isothermal compressibility
measurements led to the same conclusions as those of the

specific volume measurements except that it was not



necessary to postulate the existence of H20I to explain
the compressibility results. Both the specific volume
and compressibility studies indicated the existence of

HZOII at concentrations above 2.0 m at all temperatures.



-Vif

Acknowledgements

It is a pleasure to acknowledge the support of fﬁe
director of this work, Dr. H. B. Dunford.

The help of other graduate students, particularly
in regard to the assistance given with computer pro-
gramming, is much appreciated.

The financial assistance of the ﬁniversity of Alberta

and the Province of Alberta is most gratefully acknowledged.



- vii -~

" Table of Contents

_ Page
Chapter I - Introduction 1
Chapter II - Pure Water

Experimental Data |, |, ., . . . . . ¢ v « « 6
Results ., . . o . ¢ ¢« ¢ v v o e v o s o o & 8
Discussion ., , . . . . 4. 4 v 4 o o ¢« « o« « o 20
conclusions ., . . . v 4 4 e e e e e e e . 60
Chapter III - Specific Vblumes of Salt Solutions
Introduction , ., . ., . . . . . . .. .. ... 62
Experimental ., , ., , ., ., . . . ... ... . 63
Results ., ., . . ... ... .. ... ... 69
Discussion , . ., . . . ¢ 4 ¢ v ¢ o o o oo . 14
Conclusions , ., . . . . . . ¢+ o ¢« o+ « . ., 103
Chapter IV - Compressibilities of Salt Solutions
Introduction 104

Experimental e o s o o o o o o o = o o o « 107
Calculations e e s o s s e e e o o & o o 112
Results . . ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ o o o « « o = « 114
DiscussSion . . o 4 o « o o + o o « o« o« & » o« 125

ConClusions . o ¢ o o o o o o o o « o o o « 132

Bibliography L] L] L] L] L) L J L d L] [ 4 L 4 - * * -~ - * . L] 134



- viii -

List of Tables

Table Page
I Temperature of Minimum Compressibility

vs. Temperature

. - » . - - . - . [3 . . - » . 14

IX Mole % Bulky Species at Various Temperatures, 23
IIT Observed and Calculated Heat Capacities of

Water; Enthalpy Differences between HZOII

~and H,0.;; at Different temperatures . o« o 39
IV Concentration of Each Species of Water with

Temperature, Comparison of Observed and

Predicted Heat Capacities e e o o s o e 4« . 45

\'4 Variation of Volume and Concentration of

Each Species of Water with Temperature , , _ 48
VI = Variation of Excess Acoustic Absorbance

by H,0; and H,0;y with Temperature .« « . 55

VII Specific Volumes of KI Solutions at
Various Temperatures . . . . . . . « v . .. 70
VIII Specific Volumes of KF Solutions at
Various TemperatuUresS . « + v v v o o o o o« o 72
IX Adiabatic Compressibilities of KI
Solutions at Various Temperatures . . . . . . 115
X Adiabatic Compressibilities of KF
Solutions at Various Temperatures . . . . . . 117
X1 Isothermal Compressibilities of KF

Solutions at Various Temperatures , . ., . . . 119



Table _ Page

XI1I1 Isothermal Compressibilities of KI

Solutions at Various Temperatures . . . . . 121



10.
11.
12.

13.

List of Figures

(a) Specific Volume, V, ﬁs. Temperature . .
(b)Y dv/dt vs. Temperature . . « « o o o« « o
(a) Specific Heat, C, vs. Temperature . . .
(b) dc/dt vs. Temperature . . . . e e e e
(a) Isothermal Compressibility, K, vs
Temperature . « ¢ « o o o ¢ o o o o =« &
(b) dK/dt vs. Temperature . . ¢ « ¢ o o o« =«
150g N VS 1/T ¢ ¢« o o o o o o o o o o o o o o
Excess acoustical Absorption vs. Temperature,
Integrated Raman Intensities of Water . . . .
without Filter vs. Teméerature e o o o o o »
Integrated Raman Intensities of Water . . . .
with Filter vs. Temperature . . « « « « o« « &«
Variation of Enthalpies of Bulky and Dense
Species with Temperature . . . . . « « . . .
Partial Molar Heat Capacities of Alkali
Halides at Infinite Dilution . . . « « « . &

Specific Heat of Ice vs. Temperature . . . .

dv/dt vs. Temperature (0° - 240°) . . . . . .

Comparison of Observed and Calculated‘
heat Capacities . .« « ¢ ¢ « ¢ o o o ¢ o o o &«
Energy Level Diagram for Three Species

Of Water - . . . . - L) . [ ] e . [ ] L] . . [ - [

10
11

12

13

16

17

19

19

24

29

36

41

46

50



14,

15.

l6.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Excess Acoustic Absorbance due to
H,0; Vs. Concentration , , , ., , . . . .

Excess Acoustic Absorbance due to

H20II vs. Concentration [ | |

Fisher Density Bottle

Expansivity of KF Solutions (0.

vs. Temperature

 Expansivity of KF Solutions (0.

vs. Temperature

Expansivity of KF Solutions (1.

vs. Temperature

Expansivity of KF Solutions (1.

vs. Temperature

Expansivity of KI Solutions (0.

vs. Temperature

Expansivity of KI Solutions (0.

vs. Temperature ., . . « « « o

Expansivity of KI Solutions (1.

vs. Temperature

Expansivity of KI Solutions (1.

vs. Temperature

.

0

4

0

6

0

4

0

6

to 2.0m)

Expansivity of KI and KF solutions

vs. Concentration ., , . . « .

Temperature of Disappearance of HZOI

vs. Concentration . . « « ¢ &

Page

56

57
63

75

76

77

78

79

80

81

82

83

85




27.

28.

29.

30.

31.

32.

33.

34.

- xii -

{a) Partial Molal Volumes of KF

vs. Témperature ; « o e o s s e s e »
(b) Partial Molal Volumes of KF

vs. Temperature . « « « o o o o ¢ o o
(a) Partial Molal Volumes of KI

vs. Temperature . . . .« « o« o o o < &
(b) Partial Molal Volumes of KI

vs. Temperature . « .« « ¢ ¢ ¢ o o o o
Expansivity at 0° if no H,0; were
Present vs. Concentration . . . « « ¢ « &
Wave Length of Central Relaxation vs.
Concentration for Various Electrolytes . .
Piezometer for measuring adiabatic
compressibilities . « ¢« + ¢ o ¢ ¢ o o o .
Isothermal Compressibilities of Water,
2m KI and 2m KF Solutions vs. Temperature
Partial Molal Isothermal Compressibilities
of KF vs. Temperature . « « « o o o o o o
Partial Molal Isothermal Compressibilities

of KI vs. Temperature . . « « « o o o o =

Page

921

92

94

95

98

99

108

124

126

127



-1 -

CHAPTER 1

”Introductibn. On the Structure-of Water

For many years there has been con;iderable interest
in the nature of liquid water, yet even now there is little
unanimous agreement among scientists on the matter, as re-
vealed by the reviews of Frank (1) and Kavanau.(z)

Réntgen (3) in 1892 proposed fhat liquid water was
a solution of ice in a denser, fluid water species. 1In 1933,

(4)

Bernal and Fowler proposed that water was; 1) ice-like
at temperatures below 4°C; 2) quartz-like between 4° - 200°;
3) ammonia-like and close-packed between 200° - 340°. They
said that the forms are not distinct and pass continuously

(5) in 1951

from one into another. Lecnard-Jones and Pople
suggested a different model. They proposed that, 1) the
molecules in liquid water have essentially the same number
'of bonds as in ice but that these bonds are more flexible
than in ice and are able to bend independently, which is
not possible in the ice lattice; 2) when ice melts, some of
the molecules move into the»formerly unoccupied regions of
the tridymite-like ice lattice, leading to the observed |
volume diminution. This model still has wide acceptance.
Another widely accepted model is the 'flickering-

cluster' model of Frank and Wen, (6,7)

proposed in 1957.
Their theory takes into account the fact that the polarization

of a water molecule increases with the formation of a



' hydrogen bond and this increased polarization facilitates
further bond formation. Thus a cluster of molecules which
are highly hydrégen bonded builds up rapidly. Similarly,
the breaking of a bond in a cluster leads to its rapid
breakdown. These clusters are mixed‘with non-hydrogen
bonded molecules. This model envisages that water consists
of an equilibrium mixture of single molecules and clusters
thereof. .

(8)

Pauling in 1959 suggested that water could
consist, in part, of structurés which are found in the gas-
hydrate crystals. In these structures, pentagonal dodeca-
hedra consisting of 20 water molecules, each of which
participates in 3 hydrogen bonds, link together to enclose
a gas molecule. Pauling proposed that water consists of
a labile arrangement of gas hydrate structures in which the
enclosed regions are occupied by unbonded water molecules.
The previously mentioned flickering clusters could
have the form of Pauling's hydrate structures and in 1961

(9) analysed the Pauling model. They found

Frank and Quist
that they could account for the heat capacity of water only
by considering that their model contained 3 species; frame-
work water} interstitial water (freely rotating monomers)

and a third class of water molecules wbhich was neither

framework nor interstitial water.



Wada (11) has published a simplified model for the
structure of water based on the assumption that at 100°,
20% of the water is in the form very similar to ice and
the remainder of the water is in a state similar to that
of unassociated liquids. He obtained good agreement
between measufed thermodynamic quantities and those pre-
dicted by his model in the range 0° - 20°.

Grjotheim and Krogh-Moe (10) have proposed a similar
model in which they assume that 25% of the water is icelike
at 100° and that this fraction disappears completely at
170°. Good agreement was obtained between measured and
calculated values of the heat of fusion of ice and magnetic
susceptibility of water in the range 0 to 70°. |

Davis and Litovitz (12)

in 1965 proposed a two state
. theory of liquid water,.in which one of the étates was
described as water molecules linked together with straight
hydrogen bonds forming an ice-like lattice of puckered
hexagonal rings. They proposed that the secbndlstate con-
sisted of the same puckered hexagonal rings but that these
rings were linked together in a more compact arrangement
than in the first state. This compact arrangement,

however, requires a number of bent hydrogen bonds and non-
hydrogen-bonded neighbors.

(13)

In 1966 Wicke, after considering the trans-

formation of normal bulky ice I into the much denser



ice III (2050 atm pressure and -22°) and the even densexr ice
II (2160 atm; ~34.5°) both of which contain shortened and
bent hydrogen bonds, proposed tﬁat water conéists of clust-
ers of molecules in the bulky ice I arrangemeht and
aggregates of molecules linked together with bent or di-
polar hydrogen bonds, together with non-hydrogen bonded

molecules. The types of dipolar hydrogen bonds between

water molecules are (14'L5);
H\Q .’ H\ _ H
Pid O:” H—— Q‘
i . ‘-I’I / e : \“
H.-"" H : .
[ ]

From the results of two recent spectroscopic studies(16'17)

it has been suggested that water is a continuum either
in the sense of the model of Pbple (5) or in the sense
of an infinite number of distinct structures.

This brief summary of the literature on the structure
of liquid water shows that there are a diversity of
opinions on the subject. There appears an obvious need
for further work of possible relevance to liquid water
structure and the results of three approaches used in this
l%bé?étory~are summarized in the following chapters.

Chapter II summarizes a re-analysis of existing data on



physical properties of water as a function’bfAtemperature.
New experimental measurements of the specific volumes of
agueous solutions of potassium fluoride and potassium
jodide as é function of temperature and salt concentration
are described in Chapter III, along with an interpretation
of the e#perimental results. 1In a‘similar fashion,

Chapter IV describes results on the compreésibilities

of aqueous solutions of KI and KF as a function of tempera-

ture and salt concentration.
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CHAPTER II

The Effect of Temperature on the Structure of Water

1 .- Experimental Data

The experimental values which are quoted in the

s 18 .o

literature for specific volume,( ) specific volume as
a function of temperature and pressure,(lg) specific
heat,(zo) excess acoustic absorbance (21)

and specific

viscosity, (22) yere analysed here in a number of dif-

ferent ways in an attempt to obtain the most relevant

information on the nature of the structure of water.
The values of dx/dt vs t were examined, where

t represents temperature in degrees Celsius and x

(18,19) (20)

represents specific volume, specific heat

and isothermal compressibility. (13)

The isothermal
compressibility of water, K, was calculated for tempera-
tures from 0° to 150° and pressures from 0.0 bar to

(19) The

1000 bar from the data of Kell and Whalley.

values of K at each temperature for a given pressure

were fitted to a polynomial expression of the form,
5 4

K= ) 1} Citj
i=1 =0

to within 1 part in 104, where t = temperature in degrees
Celsius and C; are constants. This expression was then
differentiated to obtain values for dK/dt at each pressure

and temperature.



The accuracy of the equation for the best-fit
straight line segment of Fig. (1b) was checked against

the original V vs t data by integration:

at2 + bt + k

N} =

VvV =

The constant k was evaluated by inserting values for
V into egn. (1) at temperatures of 60°, 70°, 80°, 90°,
100° and was found to be invariant. The resulting

equation is

2 6

V = (3.11 t° + 162 t) 10 ° + 0.99613 ml/gm (1)

where t is the temperature in degrees Celsius. From
100° to 59° egn. (1) predicts the experimental values
to the sixth significant figure. Below 59°, the

difference, Dv,befween the observed volume, Vobs and>

that calculated from egn. (1), D, =V - V increased

v obs
steadily with decreasing temperature.
Our analysis of the specific volume data of Kell

and wWhalley (13)

shows that this data can be more
easily fit to a quadratic equation than to a cubic
or quartic equation in the range of 50° to 140°, showing

that dv/dt is linear in this range.



V(ml/gm)

1)

In addition excess acoustical absorbance
22)

and the log of specific viscosity were examined

as a function of temperature. The recent Raman spectra

(23)

of water obtained by Walrafen were carefully

considered.

2 - Results

Fig. (la) shows the plot of specific volume V vs

temperature, t. The derivative curve, of dv/dt vs t,
g _

1.040

L 4

L g

1.030

1.020

1.010

1.000¢ 1
0 10 20 30 40 50 60 70 80 90 100

t(°C)

Fig. la. Specific volume, V vs Temperature, t.



obtained from the data in Fig. (la), is shown in Fig. (1b).

It consists of two distinct sections: one from 0° to

58° is curved and the other from 58° to 100° is a straight

line.

av/at (ml/deg x 10%)

-1.0

0 10 20 30 40 50 60 70 80 90 100
t(°C)

Fig. 1b. pv/dt, V' vs Temperature, t.



CObs ( cals/gm/deg.)

1.008

1.007%

1.006

1.005%

i.004¢;

1.003}

l.002¢}

l.001

1.000

0.999

0.998

0.997

Y
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Specific Heat, C vs Temperature, t.

0 10 20 30 40 50 60 70 80 90 100
t(°C)
Fig. 2a.
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dc/dt (cals/gm/deg® x 10%)

_9.0 i . s 2 2 1 2 4 Y 4 (]
0 10 20 30 40 50 60 70 80 90 100
t(°C)

Fig. 2b. Dc/dt, vs Temperature, t.
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K (per bar x 10

" Fi

52.0

Sl.Oq
50.0
49.0
48.0
47.0
46.0
45.0

44.0

I} 2 L. 2 2 1 4 'l ' 2.

43.0

. 3a.

10 20 30 40 50 60 70 80 90 100
t (°C)
Isothermal Compressibility, K vs Temperature, t,

at one atmosphere pressure.
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dKk/dt (per bar per deg x 10

(=]
o

-3.0

Fig. 3b.

aK/dt,

40 50 60 70 80

°C

K!, vs Temperature, t.

90 100
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- Table I. Temperature of Minimum Compressibility,

tmin Vs pressure.
Pressure Em124
0 Bar 46.5°C
100 47.2
200 47.9
300 48.6
400 49.2
500 49.8
600 50.4
700 50.6
800 50.7
900 50.8

1000 50.8
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The experimental specific heat data for water, Cobs'
(20} '

as a function of temperature, is shown in Fig, (2a),
The plot of the derivative of specific heat with respect
to temperature, Fig. th), obtaitned from the data in
Fig. (2a) is a straight line for the temperature range
60°-100° and is a curve of some complexity below 60°,
A plot of isothermal compressibility, K, (19)
vs t at atmospheric pressure is shown in Fig. (3a).
Fig. 3(b) shows a plot of the derivative of isothermal
compressibility, K', vs t. Again it can be noticed
that the change of K' with t is quite different below
60° to that above 60°.

The isothermal compressibility of water was measured
at a large number of pressures by Kell and Whalley.
From their data the temperature of the minimum, tmin’ in
the K vs t data, i.e., where K' = 0, was found for each
pressure and the results are shown in Table I.

A plot of the log of specific viscosity of water, log
n, vs 1/T, Fig. (4) is a straight line between 2.68 x

3

10”3 (100°) and 3.003 x 107> (60°) but departs from

linearity at temperatures below 60°. A simple expression
for the activation energy for viscous flow, AE is
'AEVis

RT

vis!

n=2Ae¢e

. PR
where A is a constant, For two points on the curve,



1n

- 16 -

. Inn, - Inn
AEVis =R : ”2
1/’1‘l - l/T2

-0.36

L]

-0.51

A

-0.69

-0.92

-1.20

-1.61

1 i 1 X

2.6 2.8 3.0 3.2 3.4 3.6
1/T x 10°

Fig. 4. Log n, (n = Specific viscosity) vs 1/T, (T=°K).
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For water between 60f and 100?C"AEvis =_2:96 kcal/mole,
It can be seen from Fig. (4) that the tangent to the curve
becomes steeper below 60°C; and at 0°C, AE ;o =
5.6 kcal/mole.

The excess acoustical absorption of ultrasound is
the sound energy which is absorbed in excess of that cal-
culated due to shear viscosity by means of the Stokes

equation.(17,24,25)

80 (¢

70 ¢

secz/cm

60 }

50 + AI = Excess Acs. Abs. due to HZOI

AII = Excess Acs. Abs. due to HZOII

40

-

30

20

10

[l 2 1 i 1 1 4 L 2 F .

0 10 20 30 40 50 60 70 80 90 100
o
C

Excess Acoustic Absorption x 1017

Fig. 5, Excess Acoustical Absorption, A vs Temperature, t
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The plot of the excess acoustical absorption of
water vs. temperature; Fig. (5) shows a straight line
section between 60° and 100° with a large increase in
absorption as the temperature decreases below 60°, .

(21) quotes experimental values for excess acoustical

Hall
absorbance from 0° to 80° and also derives an equation
which fits the data accurately over this temperature
range. The values for 90° and 100° (Fig.i(S)) were
calculated by extrapolation of Hall's expression.

Hall's theory has been seriously questioned(24'26)
as to the correctness of some of his basic assumptions,
but whatever are the faults of his theory, the expression
given by Hall may well be regarded as correct from the
empirical standpoint and as such, useful for the extra-
polation of empirical data. As pointed out by Markham
et al (26), any theory which predicts a constant raﬁio
of bulk to shear viscosity might be regarded as adequate

at the present state of knowledge of the subject.

The data in Figs. (6) and (7) are taken from Walrafen's

(23)
paper. It would appear that the curve fitted to these

points would have two different sections. We have drawn
two straight lines through the points to emphasize the

two sections, It «can be seen that the slope of the



curve changes markedly in the region of 6Q°

024

INTENSITY

Of-
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o
>
o
o
o
3
o
°
o

Fig. 6. 1Integrated Raman intensities of the total inter-
molecular librational contour of water obtained

without filter.

o24f-

S
N
T

INTENSITY

aog-

o

" Fig. 7. Integrated Raman intensities of the total inter-
moiecular librational contour of water obtained

with NaNO2 filter.
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3 - Dpiscussion

It is possible in principle to ekplain the phenomena
of liquid water in terms of a model comprising an infinite
number of species. However, such a modelvdoes not lead to
manageable calculations which predict the observed behaviour
of water.

An attempt has been made here to explain the behaviour
of water in terms of a minimum number of species. It is not
possible to explain the complex behaviour of water, for ex-
ample the minimum in specific volume at 4°C and isothermal
compressibility at 46.5°C, in terms of a single species
model. Thus a two-species model will be used to attempt
to explain the observed physical behavior of water.

Specific volume, specific heat, and isothermal com-
pressibility, when plotted against temperature have minima
at the quite different temperatures of 4°, 35°, and 50°,
respectively. However, our plots of the first derivatives
of these properties with respect to temperaturer indicated
by primes, V', C', and K!' all show a curved section below
60° and a straight section above 60°. (Figs. 1(a),(b);
2(a),(b); 3(a),(b)). These phenomena can be explained by
postulating that water consists of two distinct species
H,0p, and H,04 in equilibrium with each other according to

the process,
2% (2)
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where HZOb represents bulky, ice-like water and Héod
represents a denser type of water; A volume decrease
and an enthalpy increase are assobiated with the process
represented by egn. (2); that is Vb > Va and H; < H;.
The decreased Vébs of water between 0° and 60° is
caused by the disappearance of szb with increasing
temperature; the loss of volume thus incufred offsets

the normal expansion, resulting in a very low If

4
Vobs’
Xy represents the mole fraction of bulky water, Hzob,
and x4 that of the dense water, H,04, then the process

can be represented by the following set of equations:

Vobs = *p'b * *aVa
Vs = ¥p 5' + xqVy + Vpxp + VgXj§
Xp = 1l - X3
Vie = (Vg=Vplx§ + xgVi + (1-x9) Vg (3)

At the lower temperatures, where there is rapid conversion

of HZOb to H

and thus the first term in egn. (3) is strongly negative,

AL with increasing temperature, xé is large

since V4 < V.
It is postulated that the species H,0, has com-
pletely disappeared by 60° and thus eqn. (3) reduces to

t = v
Vobs = Vgr t > 60° (4)

Equation (1) accurately represents the volume of H20d
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above 60° and by substituting values foi t from 0° to 60°,

the volume of the dense species; v ; below 60° cah be
calculated, permitting the calculation of the volume

occupied by the bulky species -below 60°; It would

appear plausible to assign the volume of Ice I to the

bulky species. Other open structures are possible but

these probably will not differ markedly in specific vol-

ume from that of Ice I. A direct assignment of the Ice

I structure to H20b has been made in at least four

models proposed recently for the structure of water!lo'12'3l'32)

Thﬁs if Hzob has the same volume and coefficient

of expansion as Ice I then

Vb

an assumption made by Grjotheim and Krogh-Moe.(lo) It

= 1.0911 (1 + 0.000153t) (5)

follows that

v

obs = ¥pVp * (17%p) Vg (6)

where V4 and Vb were obtained from equations (1) and (5)
respectively. Values of Xy, obtained from egn. (6) are
shown in Table II.

The mole percent of bulky structure ranges from
4.2% at 0° to 0.0% at 58°. These values for the mole
percent of bulky species can of course be only regarded
as approximate. However, they are lower than those

suggested by other proponents of a bulky structure model
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for water. The difference between the values presented

here and those of other authors (10,12,31,32)

are
not easily explainable when only considering a two

species model.

Table II. Mole % Bulky Species, (Xb x 100},

in Water at Various Temperatures.

Temperature Mole% Bulky
in °C Species
0 4.21
5 3.15
10 2.34
20 1.24
30 | 0.60
40 0.26
50 : 0.07

The specific heat of ice is 0.52 cal/deg and of

9a,b
cteam 0.48 cal/deg. ¢227P)

The high specific heat

of water is due to the breaking or bending of hydrogen
bonds, (13) but the actual specific heat of a species
of water whose temperature is raised but which under-

goes very little change in bonding such as in the case

of ice or steam, is probably very similar to that of
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ice or steam. On this basis the important assumption

is made that the different species of water have equal

specific heats. A schematic energy level diagram is
-]

©
shown in Fig. (8) where Hy and Hy are the enthalpies

of the bulky and dense species respectively at 0°.

Ky

He

al

ENTHRLPY —
o~

Fig. 8. Variation of Enthalpies of Bulky, Hy and
Dense Species, Hd’ with Temperature.

Also if Ht, Hg are the enthalpies

of the bulky and dense species at temperature, t° we

] ]
We have C ='Hb =-Hd'

have .
t t, _ ° t ° t
(Hy - Hy) = (Hy + [T cdt) - (Hg + J© cat)
o Oo (o]
= (Hb - Hd) (6a)
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it ot
Also d (Hb : Hdl

= 0 (éb)
dt

Thus, using the same symbols as previously,

Hops = %plp + %aflg

' 1 '
= X.H + X,H, + HX + HX

Hops = Cobs b'b aPa b * Hata
However, Xb = ] - Xd, therefore
]
Cobs = (Xb + Xd)C + (Hd - Hb)Xd
] 1 ] ”
and Cobs = C <+ (Hd - Hb)xd (7)

1
Below 60°, Xd is positive, but becomes smaller as the

temperature rises as there is less H20b to convert

to HZOd; thus Xd is negative.
: ]
Eqn. (7) therefore explains why Cobs is lowered
by the disappearance of a bulky species at low tempera-

tures. Above 60° where Xd = 1
C = C (8)

Eqn. (8) shows that above 60° Cobs follows a simple
relationship. However, egn. (7) does not explain the

] ]
fact that Co is slightly greater than C in the region

bs
between 30° and 55°.
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The variation of the isothermal compressibility
of water at 1 bar pressure with temperature can be
explained in terms of the two species model in which
H20b is absent above‘60°.

Slnce Vobs =,vab + ded

1 d"V‘obs

and ) Kobs = - . p
obs p
al 1l d Vobs)
]
then K - Vops 9P (9)
obs

dt
The differentiation of the right side of egqn. (9)
is very complex and leads to a large number of terms,
many of which are cross terms in dp and dt. For this
reason a simplified approach is used in the treatment
of isothermal compressibility.
The compressibility of a liquid can be expressed

by,

K = Kr + K (10)

[- <}

where Kr is the relaxational compressibility due to the
volume decrease as a bulky species transforms into a

denser species with increased pressure, in accord with
the Le Chatelier principle. 1In the case of water, Kr

decreases with increasing temperature as a result of the

]
decreasing concentration of bulky species, that is Kr



is negative. K_ is the instantaneous compressibility

and is a measure only of the decrease in the ayerage

distance between molecules with.preséure and is inde-

pendent of molecular rearrangement. K_ increases with in-

creasing temperature as the average distance between mole-

cules increases due to expansion; that is K; is positive.
Water is the only liquid, whose compressibility

has been extensively measured, which shows a minimum

in the compressibility vs. temperature curve. The

minimum is at 46.7° at 1 atmosphere pressure. Three

values of K for water are, 51.0 x 10-6/Bar at 0°;

44.1 x 10~%/Bar at 50° and 48.9 x 10~ °/Bar at 100°.

It can be seen that Kr makes a large contribution to

K in the region 0° to 50°. Since the concentration

of H20b is comparatively low this would mean that

Hzob is easily transformed into another species by

pressure.

Differentiating egn. (10) leads to

K =Kr+K (11)

[- 4

L}
The low values of K below 60°, (Fig. 3(b)), are

]
explained by the negative term K in eqn. (11).

At 46.7° egn. (11) will become
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since K = Q. Above 60°, where therxe is no more Hzob

present egn. (11} will become,

which makes the simple relationship between K' and t
easily understandable in the temperature range 55°
to 120°, (Fig. 3(b)).

The plot of log n vs 1/T, Fig. (4), shows a
constant activation energy, AE_.  for viscous flow from

vVis

100° to 60°, but below 60°, AEvis increases with de-

creasing temperature. This behaviour is consistent with
the model of water that predicts the appearance of a
highly structured species at 60° which increases in
concentration as the'temperature is lowered.

At this point we examine the results

(30,31, 32) of dilute

(13)

of heat capacity measurements
solutions of alkali salts as summarized by Wicke,
to see whether these findings are consistent with a

two species model.

Briefly the findings are, 1) the partial molaf
heat capacities of alkali halides are negative in the
temperature range 0° - 130°; 2) the partial molar heat
capacities increase with increasing temperature, pass

through maxima in the range 60° - 80°, depending on the
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salt, and then decrease again with increasing temperature;
3) below 60° the partial molar heat capacities generally
become more negative as the radius of the cation or anion
increéses whereas at temperatures above the maxima in the
curves, the smaller ions, with the exception of Li+,
appear to cause the greatest decrease in the partial molal
heat capacities with increasing temperature, Figs. 9 (a), (b).
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Figs. 9. Partial molar heat capacities of alkali halides,

Cm at infinite dilution.

The heat capacity measurements (30,31) which Wicke (13)

has made are in good agreement with the present

findings between 0° and 60°. The strongly negative

partial molar heat capacities of alkali halides at

infinite dilution increase until a maximum is reached

in the region of 60° - 80°., This evidence points to

the presence of a strongly hydrogen bonded structure which

disappears with increasing temperature and is no longer
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present in the region between 60° and 80°. The fact
that the effect is greatest with ions of the largest
radii, correlates with the findings of Bingham, (33)
which were that at 25° the ions of largest radius
caused the greatest increase in the fluidity of water.

However, Wicke's findings in the temperature
region, 60° - 130° are in strong disagreement with the
behaviour predicted by a two species model, which
predicts that the partial molar heat capacities would
become less negative with increased temperature. Wicke's
suggestions should be considered with great care because
they coﬁld play a large part in the further development
of knowledge about the structure of water. Briefly
again, the findings were that between 60° - 80° and
130° the partial molar heat capacities of salts at
infinite dilution Qere increasingly negative with
increasing temperature ana decreasing ion size.

Coulé the effect be caused by ion hydration? As
an ion becomes hydrated it effectively removes some
water molecules from the liquid, and since the abnormally
high heat capacity of water is due to the thermal decay
of hydrogen bonds, this would mean that fewer hydrogen
bonds in the liquid were available for breaking and thus

the heat capacity of the solution would be lowered.
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At this point it is pertinent to study the tempera-
ture dependence of ion hydration. The enthalpies of

(34) °
AHh range from -62.0 kcal/mole

ion hydration,
for Cs+ to -122.6 kcal/mole for F ; therefore, the
hydration reactions are all strongly exothermic. If

we consider the reaction for the hydration of potassium ion,
+ +> _+
K + nH,0O =< K (HZO)n (12)

and if EHZO] represents the mole fraction of water
present, before hydration occurs, then the equilibrium

constant for reaction (12) becomes

(k" (5,0) |1 [[H,0]-n[K"]]

K= ¥ n
[K ][HZOI
[Hzo—n[K+]]
= = (13)
.IHZO]
Since AH; (K+) = =-75.8 kcal/mole, (34) we get

dan x) _ _ 22 . 75.8 kcal/mole
d(1/7%) R R

Thus the plot of 1ln K vs 1/T would have a positive
slope and In K would decrease with increasing temperature.

This is only possible if the hydration number, n,
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becomes smaller with increasing temperature, because
in the denominator of expression.(13), n determines
the power to which a number smaller than 1.0 is raised.
Thus if the ion hydration is causing the observed
decreased heat capacity; the partial molar heat capacities
would become less negative with increasing temperature
since fewer water molecules are removed from the body
of the liquid by hydration. The opposite temperature
dependence is observed--that is, the partial molar heat
capacities become more negative, not less negative at
the highervtemperatures. Therefore these effects are
not caused primarily by ion hydration.

The only other means by which a salt can cause
a decrease in the number of hydrogen bonds in a solution
is by breakinga bonded structure therein. Is then, the
structure which is disrupted above 60° the same bulky,
straight-hydrogen-bonded structure, which is believed
to exist only below 60°?

There are two reasons why this is not believed to
be the case. The first is that is is very unlikely
the bulky structure would break down readily at low
and high temperatures, but be resistant to breakdown
at 60°., The second reason, according to Wicke, is that

different ions are more effective at breaking structure
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above 60°, which must mean that different structures are
being acted on,

Are - there two or three species of water? If there
were only two, it would mean that as the structure
existing above 60° is broken down, it would have to ﬁrans—
form into the other species which exists at low temperatures,
which leads to a conflict in logic.

Thus a study of the partial molar heat capacities of
salts at infinite dilution lead us to the requirement of
a different model for the structure of water to that
proposed here previously. Three species are required.

The studies so far suggest that a model very
similar to that proposed by Wicke would be the most
acceptable. The model proposed here is that between
0° and 60°, 3 species of water exist; the first species
is a straight-hydrogen-bonded species of high specific
volume and low enthalpy, very similar to ice. This
corresponds to H20b in the foregoing discussion but will
now be designated as H,0;. The second species is of
lower specific volume and higher enthalpy than HZOI
and could be similar to the flexible lattice water

(3) the bent-hydrogen-

(12)

proposed by Leonard-Jones and Pople,

bonded structure of Davis and Litovitz, or the bent-



- .34 -

hydrogen-bonded structures of Pimentel, (14,15)

This
second species will be desigﬁated as HZOII’ The third
species, having a lower specific volume and higher
enthalpy than HZOII' will be designated as HZOIII'
This third species may be an unbonded species similar
to that existing in unassociated liquids, subject to

van der Waals' forcés and weak dipole-dipole interaction

but with no hydrogen bonds to other molecules.

Briefly then,

Vi > Vyp > Vypp 2nd

o -] -]

Hp < Hyqy < Hygq

The le £ i i ; ; i
mole fractions for the species H,0;; HZOII' HZOIII will
be represented by Xyi XII; XIII‘ It is proposed that the

equilibria between the three species can be described by

H.O. <+ H.O P

2Y1 2011 < H20111 (14)

What relatién exists between this mcdel and the
two-species model discussed previously? The effects
which were attributed to H,0, are easily explained by
attributing them to H,0;. Those effects attributed to
H20d are now seen to be the averaged effects of the

two species HZOII and H,0 The concentrations cal-

III°
culated for Xb are still wvalid and will now be the



values for XI.

To study the heat capacity of water in terms of
a three species model, the same assumption which was
made in the case of the two species model is made
again, namely that the actual specific heats of all the
species are the same. With the use of the symbols

H and Cobs for the experimental enthalpies and

obs
heat capacities of water, and primes and double primes
to indicate first and second derivatives with respect

to temperature, we get

Hops = ¥gHp * XppHyy + ZppoHigs + (15)
] T T ]
Hops = Cobs = ¥l + Xprfyr + Xpprfigr
1) ] ?
+ HpXy + Hp X0 4 HyppXggg
| | [ ]
but C = Hp = Py 7 Hpn;
Xp =1 = Xy~ Xy
] [ ]
o Cobs = C + (HII - HI) xII + (HIII - HI) xIII (16)

Above 60° eqn. (15) simplifies to

+ X H

H = XrrH1r IIIIII

obs
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=C + (H - H_.) X (17)

c ITI 11! *riz

obs

and since enthalpy differences are temperature—independent,

(egqns. (6a,b)), we get

/ ] V/4
Cops = C + (Hpyy - Hip) X111 (18)

We have seen that ice at 0° has a heat capacity,
Cc = 0.52 cal/gm.deg. and that steam has a very similar

heat capacity, C = 0.49 cal/gm.deg. (29a,b)

0050 =
E 0.49 I
~
(7]
-
S 0.48 }
Q
S o0.47 }
('8}
(o]
4 0046 o
(5]
Q
Ko
o 0.45 F
ord
Y4
o
O o0.44 }
0,
w0

0.43 L1 1 1 3 [l 1 [ g
. -40 -30 -20 -10 0

t(°C)

Fig. 10. specific heat of ice vs. temperature.
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If we now further assume that the different species
of water at 0° have the same heat capacity as that of
ice, 0.52 cal/gm.deg (Fig. 101 and that these species
have the same C' as ice, which is 0.0018 cal/gm.deg
jt is then possible to solve partially equations (lf)
and (18) and to obtain a value for (HIII - HII)' which
is temperature independent in view of the assumptions

made that the heat capacity of all the species is

the same. Since,

(Hypp - Eip) Xz = Cops - <) (20)
11 [ ]
(Hypp - Hyp) Xppp = Cops ~ € ) (21)
cross multiplying,
1 ' ) 1 ' '
(Cops — C V(Hpgyp = HyplXgpp = (Cops = Cl(Cqpg ~ C 1
ol
= (Hppp - Hip)¥Xppr (Copg — ©)
[ ] [ ] [1]
(Cops = € ) %111 = ¥111 Cobs C) (22)
. ch)
w _ .obs — Y
X111 © ~ o) Xrpp = 0 (23)
obs

The solution of the differential equation (23) takes.

the form
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XIII = e + Cint (24)

] 1]
. , (CobS‘— c) .
' (Cops = C) (Cops ~ ©)
L3 % & SR (CHVPRE=) © (25)
obs
’ '
Substituting the value for X obtained from egn. (25)

IIX

into egqn. (20) a value for (H - HII) can be obtained.

ITI
If one of the coefficients in egn. (22) is negative

then eqn. (23) takes the form

] (C-‘ . A .C') []
obs X =0 (26)

X +
IIX (Cobs C)

The solution of egn. (26) takes the form

. -chH
- obs £
: (C - C)
_ _ obs
XIII = Cint e : (27)

]
and xI has the same value as in egn. (25).

IX
The values used in eqns. (25) and (20), together

with the results obtained are shown in Table III.
The values shown in the last column of Table III

show that (H - HII) is indeed independent of tempera-

IIT
ture. Therefore the assumption is made that the heat
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capacity of all species is given by

C, =C° + 1.8 x 1673 Cals/gm.deg

where Cg is the heat capacity at temperature t. The value
c° = 0.52 cals/gm.deg appears plausible. It was

found during the calculations that values for (HIII—HII)
were very sensitive to both the values of C° and C',
especially C', and a change in either of these quanti-

ties caused (HIII - HII) to vary with temperature.

By use of the above equation, eqn. (27) is converted to

-6
% =cC. - (58x107°t+0.0043) t

IIIX int (28)

Two factors were considered in the evaluation of the
integration constant, C, .. Grjotheim and Krogh—Moe(lo)
give an expressién in their paper for the specific

v obtained from

volume of Hzo The value of VI

III’ "III’ I
their expression ‘equals the observed specific volumre
of water at approximately 175°. Secondly we have
found that a plot of V;bs vs t, Fig. (11) showed a
straight line section for the range 180° to 250°. On

this basis the mole fraction of XIII is taken to be

unity at 180° and thus eqgn. (28) becomes



- 41 -

-6,

It is now possible to calculate the mole fractions of

each species at each temperature using eqn. (29) and

the values for xI from Table II.

24.0

22.0

20.6

18.0

16.0

14.0

12.0

16.0

av/at (cm’/gm x 10%)

—2.0 [} [ . i 1 ' [l i 1 '}

0 20 40 60 80 100 120 140 160 180 200 220 240

t(°C)

| ]
Fig. 11. Dv/4T, V vs Temperature, t.
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According to our three-species model, since X; = 0,042

at 0°, then the mole fraction of ice changed to either
H,0.; or H,0; ., upon melting is 0.952 and 79.7 cals/gm
of heat are absorbed  in the process. From egn. (29)

it can be seen that XIII = 0,386 when t = 0°C, thus we have

o

o © [ ’ o
III HII) + (HII - HI)) + 0.572(HII - H

o

79.7 = 0.386((H 1

)

0.958(HII - H_)

I 79.7 - 0.386 x 105.0

(-] (-]

HII - HI = 40.8 cals/gm
Since HIII - HII = 105.0 cals/gm

Hypp ~ HI = 145.8 cals/gm

The concentrations of species HZOII and HZOIII at each
temperature are dependent essentially on the assumption

of XIII = 1.0 at 180°. This gives the values of

— = o
XIII = 0.766 and xII 0.233 at 100°.

Thus in the temperature range 0° to 100° the value

I
0.572 to 0.23 ., Since the change in the actual heat

of X. has changed from 0.0421 to 0.0 and XII from

capacity of water approximates a linear relationship with

temperature the average heat capacity of all the species
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100 = Q,70) is

given by (0.52 + 0.70]1/2 = 0.61 cal/gm deg. Thus

between Q° (CQ.=.0~521 and 1QQ° (C

the heat which would be absorbed by 1 gm of water
being heated from 0° to 100° according to the model

given here is given by

AXI = 0.042; heat absorbed = 0.042 x 145.8 = 6.09 cal
AX g ~ 0.338; heat absorbed = 0.338 x 105.0 = 35.4
heat absorbed due to heat = 0.61 x 100.0 = 61.0

capacity
Total 102.49 cal

The observed value is that 100.0 cals of heat are
absorbed in héating 1.0 gm of water through 100°. Thus
the observed and theoretical values agree reasonably
well and the assumption that X111 = 1 in the region of
180° receives support.

One further test of the change of concentration of
species with temperature was carried out in order to
determine whether the model could predict the correct
values for the heat capacity of water over the tempera-
ture range 0° to 100°. A rearranged form of egn. (16)
was used,

1
+ (H - H_.) XIII

c =C+ (Hp - Hpy) Xg I1I 1T

pre

The predicted heat capacity, Cpre should equal the
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observed heat capacity, C . The results-are shown in

obs
Table 1IV.

The comparison between the observed heat capacity and
predicted heat capacity is good except in the range
0° - 30° where the quantity X;, from the specific
volume data contributes significantly. These results
are shown on an expanded scale in Fig. (12).

The volume data can be reanalysed in terms of a

three species model as follows,

Vobs = ¥1Vr T X11Viz t XprrViax (30)
which upon differentiation becomes
] ] [ ]
Vobs = ¥V * ¥11Vrr * Xr1rVinz
) 1 ] ] ]
+ ViXy + VogXrr * Vipi¥ioz
Xy =1 - Xgp - Xyppg
[ ] ] ] | ]
Veps = Vi + Xpp (Vpp = V) + Xppy (Vpgpp - Vir)
1] ]
# (Vpp = V) Xpp + (Vo = V) Xpppo (31D

It is probable that the less associated species of water
have the greatest thermal expansion and thus the second

and third terms on the right side of eqn. (31) are
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1 1 1 1 1 1 ] ] ] S |
10 20 30 40 50 60 70 80 90 100
t(°C)
Fig. 12. Comparison of observed, Cobs’ and calculated

Cpre; heat capacities.
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likely to be very small positive terms. However,

the fifth term in eqn. (31] is negatiyve because X; ;4
is positive and the term (Vy;p - Vil is large and
negative in all ranges. This would explain the low

, :
value for Vob in the low temperature region. Above

S

60° the H,0; species no longer exists and eqn. (31)

becomes

) X. (32)

\'/ =V + X (v ITI

1 ]
obs IT rrr Virr ~ Vi) * OVrzz 7 Vi

It is not possible to solve the equations (31)
and (32) numerically because there are too many unknown

quantities in each eguation. It is not feasible to

make the assumptions that Vi = VII = VIII and thus

equations (31) and (32) are not able to be simplified
to the extent that thé differential equations can
be solved.

Nevertheless, it was considered desirable to obtain
some estimates of the volumes of the different species
at different temperatures. V. was obtained by use of

I

eqn. (5). Vypp was computed from

given by Grjotheim and Krogh-Moe

the expression
(10) for the volume
of water in the close-packed unassociated state. The

expression is,

S . - 1/4
_ _ 647-T, "/ *.3
Vygg = 0.7582 [1.546 = 0.546 (gzy) ] (33)
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where T is the temperature in degrees Kelyin, Equation

(33) is based on an empirical equation deyeloped by

(35)

Jacobson and Heedman who studied the volumes of

non-hydrogen bonded liquids at different temperatures.

The wvalues of Vit at different temperatures were

found by using a rearrangement of egn. (30), together

with the mole fractions of each species from Table III.

Vir = %7V1 * Zp11Vins

X11

The results are given in Table V.

The information on each species at 0° has been

summarized in Table VI.

Table VI. Specific Volumes, V and mole
fractions, x of all species

at 0°.

Hy0;  HyO0py  HyO0pqq

X 0.042 0.572 0.386

v  1.0911 1.0420 0.9286

A widely accepted value of the strength of the hydrogen

bond is 3.4 kcals/mole. (36,37)



- 50 -

We have
(HII - HI) = 40.8 cals/gm = 0.73 kcal/mole = 0.2 H-bond
(HIII - HII) = 105 cals/gm = 2.0 kcal/mole = 0.6 H-bond

Thus an energy level diagram can be drawn for the

different species, Fig. (11).

f HyOr11
2.0 kcal/mole
l 2.73 kcal/mole
7 HyO11
0.Z3 kcal/mole
{
HZOI

Fig. 11. Energy level for the 3 species of water.

HZOII' having a high specific volume and 1.8 hydrogen
bonds per molecule, as compared with ice having 2.0

hydrogen bonds per molecule, suggests that HzoII
would be very similar to the bent-hydrogen bonded

(5) (12)

species suggested by Pople or Davis and Litovitz.

This agrees with the model for HZOII suggested earlier.
However, it is not so easy to correlate the H,0 11
species as proposed earlier with the present findings.
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It might be more feasible to consider the H species

(13)

ZOIII
to be similar to the aggregates suggested by Wicke

(14,15) . . . s
since the HZOIII species still

contains approximately the energy of 1 hydiogen bond

and Pimentel

per molecule.

(9,10,11,12,21,24)

Many models of water,
postulated a much greater concentration of ice-like
species than is proposed here for HZOI' but if HZOII’
with its large volume and high percentage of hydrogen
bonds, were considered to be similar to the structures
proposed by other authors, the discrepancy between this
model and other models would largely disappear. The
unique feature of our model is that H,0; is the only
species which is truly ice-like and is postulated to
be present in very small amounts at low temperatures.

Table V shows that a reasonably high concentration
‘of H20II exists at temperatures above 130°C. The continued
structure-breaking efféct of the ions would explain why
the partial molar heat capacities of the salts could be
so negative at such comparatively high temperatures.

From Table I it may be seen that the temperature
of minimum compressibility increases with increasing

pressure up to 9200 Bar, remaining the same at 1000 Bar.

From egn. (l1) we have
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a®)  AK) . dK)
: = - B
dp - dp dp

At 1000 Bar and 51.6° we get,

= 0.
dp
1 ]
thus . d(Kr) B d (Kw) (34)
dp dp

Since there are no constants in egn. (11), we get upon

integrating eqn. (34),

]
Kr = K_ at 1000 Bar and 51.6°.

This illustrates the fact that in water therxe is still
considerable structure remaining at 51.7° and 1000 Bar.
This would not have been explainable in terms of a
low concentration, (0.1 mole %)of the highly compressible
species HZOI' but‘can be understood in terms of a high
concentration, (40.0 mole %, 50°) of the structured
species, HZOII’

Hall (21) and Litovitz and Carnevale (24) have both
related the excess acoustical absorbance of water to
the structural rearrangement of a bulky species into

a denser species.
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The relaxational compressibility is given by

K - X;.CQXI) 3 yIIfaXII) _ VIII(aXIII) 35)
r v B, "7 %P v 3P
- T
where V = XIVI + XIIVII + XIIIVIII
Xpp =1 - X = X4q
thus K = - (.v.I - VII) (axI) _ (VIII - VII)(axIII) (36)
r v I v 3P
7
(25)

As pointed out by Lieberman, the sign for relaxational
compressibility, or excess acoustic absorbance, could be
either positive or negative. It is assumed to be negative.
in the form of Stokes' original equation, widely accerted
to be applicable to 1liquids. Experimentally, it
is positive at all temperatures, which is in accord with
egn. (36) in which both terms on the right side of the equation
are positive. The excess acoustic absorbance above 60°
is attributed to the second term in egn. (36) and the
absorbance below 60° fo both terms.

It follows that for the first term in eqn. (36) to be large

. 9X o

. I
either or both of the factors, (VI - VII) or (55—)T must

be large. Since the enthalpy change for the conversion

of HZOI to H20II is much smaller than for the change of

HyO0p; to HyO0::14.

little H,0; present below 60° it could be a predominant

it is likely that although there is

factor in determining the excess acoustic absorbance,
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.since H20I is far more easily transformed than HZOII‘
The large increase in excess absorbance below 60° is
not easily explained in terms of the same two species
existing above 60°; but is much more understandable
in terms of a model in which a third species exists
only at temperatures below 60°.

The excess acoustical absorbance of HZOII' AII at
all tgmperatures is obtained by extrapolation of the
straight line section, (Fig. (5)) to 0°. The excess
acéustical absorbance due to HZOI' Aq, is obtained
by subtracting the absorbance due to HZOII from the
total excess absorbance. These values are shown in °
Table VI.

Since in first order processes the reaction of a
substance is proportional to its concentration, and
since relaxational compressibility is a first order
process, a plot of AL (Table II) against XI (calculated
from egn. (1)) was made, Fig. (14). A plot of the
excess absorbance due to HZOII' AII vs XII was also made,

Fig. (15). A linear correlation was found between A,

and XI, and between AII and XII' The structural absorbance
. - -15 sec” .
10-5 sec
cm.mole’

These two correlations are particularly interesting
since the mole fractions of X, and X;; were determined

independently from two different properties, namely
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volume and heat capacity, and then found to be in good
agreement in the explanation of the behaviour of a

third property of water, namely excess sound absorption.

Table VI. Variation of Excess.Acoustic Absorbance

by H,0; (AI) and by H,0;q (AII) with

Temperature.
Temperatu;e AI AII
0°cC 58.0 secz/cm X 1017 21.6 secz/cm X lO17
5 40.4 21.0
10 29.1 20.4
20 15.3 19.0
30 7.4 | 17.5
40 3.3 16.2
50 1.0 15.0
60 13.5
70 12,1
80 ’ 10.9
90 9.5
100 8.2

Since energy is required for the transformation of species,

it is likely that the transformation requiring the least
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energy will occur the most easily and freqﬁéhtly; thus
the enthalpy difference between species could be the
determining factor of the extent fo which a species
undergoes compressional relaxation. If this assumption

is correct, then the fact that A_ and A are found to

I II

be proportional to Xy and i1 only, irrespective of
temperature, lends further credence to the hypothesis that

(H - HI) 3nd (HIII - HII) are independent of temperature.

II
60 |
0° @
50
40 . J5°
e
3]
~
(3]
o
w 30 F 510°
~
~
o
d
20 }
J 20°
10 ¢
30°
240°
. 0° 1 1 1 [ 1
Y 1% 2% 3% 4% 5%
Mole % XI
Fig. 14. Excess acoustic absorbance due to Hz T AI vs

concentration.
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22}
20t
N 18t
o
~
w 16+
=
O
N\
o 14}
Q
3
o 12F
H
<
10}
8 1
20% 30% 40%, 50% 60%

mole %

Fig. 15. Absorbance due to H20 17 A vs. concentration.

I II

Walrafen's séectral values (Figs. 6 and 7) could
be fitted to a curve similar to the curve of the excess
acoustic absorbance of water, (Fig. 13), and can be
explained by squesting that the strongly negative slope
in the region of 0° to 60° is due to the disappearance
of both H,0. and H,O and the less negative slope in

271 2°IT
the 60° - 100° range due to the slower disappearance
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of the HZOII species only.

Fig. 11 shows the variation of V;bs vs t, over
the range 0° - 250°. The charécteristics of this curve
in the temperature range 0° - 180° has beeﬁ discussed
previously. The straight line section above 180° is

probably due to the expansion of H Therefore

ZOIII'

bs irrs
The findings of a few recent studies on the structure

L
above 180°, Vo becomes equal to V

of water are presented here to ascertain that the model

of water which has been proposed is not in disagreement

with these‘findings.

There is considerable disagreement between workers
in the field of Raman and I.R. spectroscopy (16,17,23,37a,37b,39)
as to whether water is a mixture of distinguishable species
or is a continuous medium. Walrafen (37a)' in his recent
‘paper has shown that the arguments of the authors who
claim that water is a continuous medium are not conclusive.
He also explains his Raman and I.R. spectra of a 6.2 m so-
lution of HDO in H,0 from 16° to 97°, in terms of a hydrogen-
bonded species decreasing linearly in concentration with
increasing temperature and a non-hydrogen bonded species
increasing linearly in concentration with increasing
temperature over the range 16° - 97° together with a

small concentration of a third species which is present

only at low témperatures. The Raman spectra yield a



- 59 -

a value of AH®° = 2.8 kcal/mole for the conversion of the
hydrogen-bonded species into the non-hydrogen bonded species
while the near infrared spectra show AH® = 2.4 kqal/mole

for the same conversion. An I.R. study by Bonner and
Woolsey (37b) has yielded results very similar to
Walrafen(37a).

The model presented here shows the concentration of
Hy01y décreasing linearly with increasing temperature
aqd H2°III increasing linearly with increasing temperature
over the range 0° - 100°, together with a small concen-
tration of HZOI at low temperatures. Also the conversion
of H,0;; to H,0;1q has an enthalpy value AH®° = 2.0 kcal/
mole associated with the process.

Narten, Danford and Levy (37¢) have recently carried
out an extensive X-ray diffraction pattern study of the
‘surface of liquid water over the temperature range 4° -
200°. They proposed a two state model of water consisting
of an expanded ice structure in which a fraction of the
large holes in the lattice are filled with interstitial
molecules. This model fits the X-ray data well in all
temperature ranges but 5 parameters were adjusted to
obtain the fit. The enthalpy of evaporation predicted
by this model is close to the experimental value, but

has too small a temperature dependence. The consideration

of a small amount of a third species may improve the
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temperature dependence. There is no real.qﬁaiitative
disagreement between the model of water presented in
this study and that of Narten, Daﬁford and Levy in that
both models have considered a highly structured form
together with a less associated form of watér.

Collie, Hasted and Ritson(37d) have studied the
dielectric éons;ant éf water and have found water to have
a single dielectric relaxation time which decreases
with‘increasing temperature. Thus it would seem that
all water molecules have a similar environment, which
favors the"model regarding water as a continuous medium.

(37e) however, interprets this single relaxation

Frank,
time as being the average lifetime of a 'flickering'

~ cluster before it disintegrates. If this-idea is correct
'then the structured parts of water as discussed in the
model presented in this study, may be disintegrating and

reforming again having an average lifetime equal to the

dielectric relaxation time.

5 - Conclusions

This study shows that a two state theory of water
satisfactorily explains the behaviour of the specific
viscosity of water and partly explains the behaviour of
the specific volume, specific heat and isothermal com-

pressibility of water. However, a model postulating
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the existence of 3 species, H201, HZOII’ HZO with

I1I’
HZOI disappearing in the region up to 60° and H2OII
in the region up to 180°, satisfactorily explains the

Qariation of the following properties of water with

temperature: specific volume, specific heat, isothermal

compressibility, excess acoustic absorption of sound,

Raman spectra, and the partial molar heat capacities

of salts at infinite dilution. All of these properties

with surprising consistency are in accord with the
postulate that a straight-hydrogen-bonded structure

disappears as the temperature is raised above 60°.
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CHAPTER III

The Effect of Potassium Iodide and Potassium Fluoride

on the Specific Volume of Water

1 - Introduction

It is a well recognized fact that salts affect the
structure of water with the fluoride and hydroxide ions
being regarded as structure makers and the potassium and
jodide ions being regarded as structure breakers. (38,39,40)

Frank and Evans (38) have calculated the structure
breaking entropy, ASSt, of a number of ions using thermo-
dynamic data at 25°. Some of their values for 2sSt are:

F~ = -3.5 e.u., I = +10.2 e.u., K = +12.0 e.u. If we

add the appropriate values to obtain an idea of the
behaviour of a salt we get; ASSt(KF) = +8.5 e.u.; ASSt(KI) =
422.2 e.u. This indicates that both KF and KI are net
structure breakers with KI being a stronger structure
breaker than KF. The partial molal heat capacity data

of Eigen and Wicke, (30) as discussed in Chapter II are

in agreement with this conclusion.

By measuring the specific volumes of various concen-
trations of KI and KF solutions as a function of temperature,
it was thought that it might be possible to determine from
the results whether there is structural action by the

salts, and perhaps determine with some precision the

magnitude of the effect. This could shed further light
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on the nature of the structure of water and possibly
confirm or disprove the model as outlined in the previous

chapter.

2 - Experimental

Eleven solutions each of KI and of KF were made up
having concentrations of 0.1 molal; 0.2 m, and thereafter
with increments of 0.2 m up to 2.0 m. Shawinigan analytical
grade KI was dried for two days at 180° and then used to
make up the iodide solutions with distilled, deionzed
water, which had been filtered to remove any particles
from the ion exchange column. It was found that prolonged
heating of the KF caused some of the salt to become in-
soluble, thus Allied Chemical analytical grade, anhydrous
KF was placed in a vacuum dessicator for two weeks before

the fluoride solutions were made up.

" Fig. 16. Fisher Density Bottle
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The densities of these different solutions were
measured using 25 ml Fisher density bottles with fitted
ground glass stoppers and caps; The measurements were
made in triplicate on each solution at temperatures at
5° intervals from 0° to 95° by the following procedure.

The bottles were placed in a water bath for 20 minutes.
The bath had previously been thermostated to within
0.005° by means of a Sargent Thermistor control unit.

The absolute temperature of the bath was set to within
0.02° of the required temperature by means of an N.B.S.
calibrated thermometer. When the bottles had equilibrated,
the droplet on the top of the stopper was removed with

a piece of Kimwipe tissue to ensure that the column of
liquid in the stopper was always of uniform height. The
bottle was then removed from the bath and dried, special
care being given to drying the groove between the stopper
and bottleneck. The bottle was then capped, allowed to
equilibrate to room temperature, and weighed to within
0.0001 gm. '

This method worked very well for temperatures in the
vicinity of room temperature but at other temperatures
there were a number of experimental difficulties. When
the bottles which were full of solution at room temperature
were equilibrated in the water bath'which had been set at a

lower temperature, further additions of solution were required
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because of contraction of the solution. Thesé additions
were made with a syringe, with care being taken that no
air bubbles were introduced: As the bottles were equili-
brating to room temperature; after removal from the bath,
the solution would expand and flow out of the hole in
the stopper. If sufficient liquid‘was pushed out of the
bottle it would touch the ground glass section between
the bottle and cap, flow down it and come into contact
with the air, with subsequent loss of water by evaporation.
On the other hand if a few bottles were weighed before
equilibrating to room temperature the balance pan would
cool, resulting in incorrect weighings due to convection
currents. These difficulties were overcome by weighing
a bottle quickly, before it had equilibrated to room
temperature. Quick weighings were possible because the
weight of the bottle and solution could be guessed closely
from previous weighings and the weights adjusted before
the bottle was set on the pan. The pan was then allowed
to return to room temperature before a further weighing
was done. This technique appeared to eliminate errors in
weighing due to convection currents. Results were as
reproducible as in the experiments near room temperature.
At high temperatures the difficulties were more
severe. When the 1id of the water bath was lifted off

at temperatures above 70°; .cold, relatively dry air
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entered immediately, which cooled the tops of the bottles
which projected above the water and also caused evaporation
of some of the water in the bath, resulting in a slight
drop in the temperature of the water bathL' These effects
were minimized by cutting the 1id of the water bath into
sections and only lifting off that section directly above
the density bottles to be removed;

The effect which caused the greatest error in the
high temperature measurements and which was the most
difficult to eliminate was caused by air in the solutions,
As the temperature of the solutions was raised, the
dissolved air came out of solution, forming air bubbles
which were then trapped in the bottles. To prevent this
the sclutions were deaerated as much as possible before
filling the density bottles. The deaeration was done by
stoépering the flask containing the solution with a rubber
bung in which was inserted a long, thin glass rod (to
prevent evaporation but allow for expansion) and then plading
the flask in boiling water for a few hours, As soon as
the density bottles were filled with this solution and
the stopper fitted into the bottles} they were placed in
the temperature bath for the 95° readings. Even with these
precautions air bubbles still tended to form in the bottles.
If this happened the bottle was removed from the bath and
cooled. The air bubble formed in the bottle by contraction

of the solution would join with that formed by deaeration
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and when the bottle was placed in the bath the one large
bubblé was pushed out of the bottle by the expanding
liquid. On occasion this process had to be repeated a
number of times until finally no air bubbles would form
in the density bottle.

After the bottles were filled with deaerated solution,
the densities were measured at 95° and then at lower temp-
eratures to 80°. The densities were then measured at 0°
and at increasing temperatures to 75°. This gave the
minimum trouble with air bubbles and the maximum convenience
by not having to top up the bottles, as occurred when
measuring densities at decreasing temperatures.

The volumes of the density bottles were determined
by carrying out the same eXpe;imental procedure with pure
water as was done with the solutions and then using the
values given in thé literature (18) for the specific
volume of water for the necessary calculations.

The weights of each bottle plus solution at the twenty
different temperatures were entered on computer cards and
subjected to a general least squares analysis, the adjusted
weights were then used to calculate the densities and
specific volumes, and the average of the three values for
the specific volume at each temperature was then obtained.

Coefficients of a polynomial expression of the form:
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v =a + bt + ct? + dt3 were then found by means of the

general least squares program for each solution, which
fitted the specific volumes at each'temperature. The
values of V' for each solution and temperature were
then obtained by differentiating the appropriate ex-
pressions.

Ideally, density bottles should not be used to
determine densities of solutions at temperatures which
are more than 15° different from room temperature,

(41)

The magnetic densitometer giving values to six
significant figures is an instrument which is well
suited to the determination of densities over the
temperature range discussed here. However, with this
instrument between only 5 or 10 values per day can be
obtained since considerable time is required to check
the calibration of the instrument.

I have not yet seen in the literature a study of
the density of salt solutions over the temperature and
concentration range discussed here, which was carried
out by a single investigator. The results presented
below are essentially those of a preliminary survey
which nevertheless took more than one year to complete.
They will show, I believe, that although it would be
worthwhile to perform a similar study with instruments
capable of giving densities to éii decimal places, the

the general trend in results is nevertheless clearly
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apparent in the present study.

3 - Results

The average standard deviation calculated from the

three values for each specific volume are as follows:

KF (0.1 to 1.0 m) = 0.00003 ml/gm

KF (1.2 to 2.0 0.00010 ml/gm

g
I

KI (0.1 to 1.0 m)

0.00005 ml/gm

“KI (1.2 to 2.0

g
!

0.00009 ml/gm

These errors are sufficiently large to throw much doubt
on the fifth decimal figure in the values reported below.
However, the average change in the specific volume with
a 5° temperature rise is 0.00220 gmn/ml; it is 0.00800 gm/ml
with a change of 0.2 m in KF concentration at constant
temperature; and it is 0.01900 gm/ml with a change of
0.2 in KI concentration at constant temperature. Thus
the observed changes are large in comparison with the
errors.

The specific volumes obtained from the densities
determined as outlined above are shown in Tables VII and
VIII. The expansibilities, E (E =.% dv/dt), for each
temperature and concentration for all the solutions were

also calculated. The expansibilities, E, and not V!

were plotted against t because E measures the rate of



Table VII. Specific Volumes of KI solutions at Various Temperatures

0.0m 0.1005 m 0.2002 m 0.4010 m 0.5877 m 0.79954 m

0.02C 1.00010 0.98766 0.97594 0.95348 0.93573 0.91320
5.0 1.00003 0.98766 ° 0.97606 0.95379 0.93617 0.91376
10.0 ° 1.00030 0.98800 0.97651 0.95439 0.93689 0.91458
15.0 1.00089 0.98867 0.97726 0.95525 0.93786 0.91563
20.0 1.00177 0.98963 0.97828 0.95636 0.95905 0.91688
25.0 1.00293 0.92084 0.97954 0.95769 0.94044 0.91832
30.0 1.00433 0.99229 0.98102 0.95922 0.94201 0.91992
35.0 1.00596 0.99395 0.98270 0.96093 0.94374 0.92167
40.0 1.00781 0.99580 0.98457 0.96281 0.94562 0.92356
45.0 1.00985 0.99784 0.98660 0.96485 0.94764 0.92558
50.0 1.01210 1.00004 0.98880 0.96703 0.94979 0.92772
55.0 1.01449 1.00240 0.99116 0.96936 0.95207 0.92998
60.0 1.01706 1.00492 0.99366 0.97182 0.95447 0.93236
65.0 1.01980 1.00759 0.99631 0.97443 0.95700 0.93486
70.0 1.02270 1.01042 0.99910 0.97717 0.95967 0.93747
75.0 1.02576 1.01341 1.00206 0.98006 0.96247 0.94022
80.0 1.02897 1.01657 1.00517 0.98310 0.96542 0.94311
85.0 1.03235 1.01992 1.00845 0.98631 0.96854 0.94614
90.0 1.03589 1.02347 1.01191 0.98969 0.97185 0.94934

95.0 1.03961 1.02724 1.01557 0.99326 0.97536 0.95272



Table VII (continued)

0.9985 m 1.2123 m 1.4025 m 1.5995 m 1.8015 m 1.9935 m

0.0°C 0.89479 0.87769° 0.86068 0.84528 0.83069 0.81728
5.0 0.89546 0.87855 0.86161 0.84630 0.83168 0.81843
10.0 0.89636 0.57957 0.86270 0.34745 0.83283 0.81969
15.0 0.89749 .0.88076 0.86394 0.848%3 0.53414 0.82107
20.0. .0.89881 0.88211 0.86532 0.85013 0.83558 0.82254
25.0t 0.9002° 0.88360 0.86684 0.85166 0.83716 0.82413
30.0 0.90193 0.88524 0.86848 0.85332 0.83886 0.82581
35.0 0.96571 0.88701 0.87025 0.85509 0.84067 0.82760
40.0 0.90561 0.88891 0.87215 0.85629 0.84258. 0.82948
45.0 0.90763 0.892093 0.87416 0.85900 0.84459 0.83146
50.0 0.90975 0.89308 0.87629 0.86113 0.84670 0.83354
55.0 0.91198 0.89534 0.87854 0.86336 0.84890 0.83571
60.0 0.91431 0.89772 0.88089 0.86570 0.85119 0.83798
65.0 0.91675 0.90020 0.88335 0.86814 0.85356 0.84034
70.0 0.91930 0.90279 0.88591 0.87068 0.85602 0.84279
75.0 0.92198 0.90548 0.88858 0.87332 0.85858 0.84534
80.0 0.92478 | 0.90827 0.89135 0.87604 0.86122 0.84799
85.0 0.92774 0.91117 0.89422 0.87885 0.86936 0.85074
90.0 0.93086 0.921416 0.89720 0.88173 0.86680 0.85358

95.0 0.93417 0.91725 0.90028 0.88469 0.86975 0.85652



Table VIII. Specific Volumes of KF solutions at various temperatures.

0.0 m 0.1021m 0.1922 m 0:3980 m 0.4965 m 0.8066 m

0.0°C 1.00010 0.99470. 0.99006 0.98053 0.97525 0.96086

5.0 1.00003 0.99473 0.99015 0.98075 0.97556 0.96135
10.0 1.00030 0.99509 0.99057 0.98126 0%97615 0.96206
15.0 1.00089 0.99573 0.99127 0.98205 0.97699 0.96300
20.0 1.00177 -0.99666 0.99224 0.98309 6.97805 0.96415
25.02 1.00293 . 0.99784 0.99346 0.98435 -0.97934 0.96548
30.0 1.00433 0.99925 0.99490 0.98583 0.98083 0.96700
35.0 1.00596 1.00090 0.99656 0.98750 0.98250 0.96869
40.0 1.00781 1.00275 0.99841 0.98936 0.98435 0.97054
45.0 1.00985 1.00497 1.00044 0.99138 0.98637 0.97254
50.0 1.01210 1.00720 1.00270 0.99357 0.98855 0.97468
55.0 1.01449 1.00941 1.00502 0.99590 0.99087 0.97697
60.0 1.01706 1.01197 1.00755 O.9983§ 0.99334 0.97938
65.0 1.01980 1.01467 1.01023 1.00102 0.99595 0.98193
70.0 1.02270 1.01753 1.01307 1.00380 0.99869 0.98461
75.0 1.02576 1.02051 1.01605 1.00673 1.00156 0.98741
80.0 1.02897 1.02363 1.01919 1.00981 1.00456 0.99034
85.0 1.03235 1.02668 1.02249 1.01304 1.00770 0.99339
90.0 1.03589 1.03025 1.02595 1.01645 1.01096 0.99658

95.0 1.03961 1.03375 1.02958 1.02004 1.01437 0.99989
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Table VIII; (continued)

1.0031m 1.2633 m 1.3894 m  1.6030 m 1.8019 m 1.9980 m

0.0°C 0.95209 0.94127 0.93598 0.92749 0.91989 0.91256
5.0 0.95270 0.94197 0.93674 0.92832 0.92077 0.91347
10.0 0.95351 0.94286 0.93767 0.92930 0.92181 0.91454
15.0 0.95452 0.94393 0.93875 0.93045 0.92298 0.91574
20.0 0.95572 0.94517 0.93999 0.93173 0.92429 0.91707
25.0 0.95710 0.94657 0.94138 0.93316 0.92574 0.91853
30.0 0.95864 0.94812 0.94292 0.93472 0.92731 0.92011
35.0 0.96034 0.94982 0.94460 0.93642 0.22900 0.92180
40.0 0.96218 0.95166 0.94642 0.93823 0.93081 0.92360
45.0 0.96417 0.95362 0.94838 0.94017 0.93273 0.92551
50.0 0.96629 0.95572 0.95046 0.94223 0.93476 0.92752
55.0 0.96854 0.95794 0.95267 0.94440 0.93690 0.92963
60.0 0.97092 0.96028  0.95501 0.94668 0.93915 0.93184
65.0 0.97341 0.96273 0.95748  0.94907 0.94151 0.93415
70.0 0.97603 0.96529 0.96002 0.95156 0.94397 0.93657
75.0 0.97877 0.96797 0.96270 0.95416 0.94653 0.93908
80.0 0.98162 0.97075 0.96548 0.95687 0.94920 0.94170
85.0 0.98459 0.97365 0.96837 0.95968 0.95197 0.94442
90.0 0.98769 0.97666 0.97135 0.96259 0.95485 0.94725

95.0 0.99090 0.97978 0.97443 0.96561 0.95784 0.95020
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change of unit volume with temperature and thus permits
the comparison of the rate of expansion of solutions héving'
different densities. This is not possible with V' which
measures the change in volume with temperature of 1 gm of
the material under consideration.

The plots of the E vs t'data of all the solutions
are shown in Figs. (17 - 24). Fig. (25) shows a comparison
of the expansivities of the KI and KF solutions at 0°
and 95°.

4 - Discussion

It was seen in Chapter I that the plot of V' vs t for
water (Fig. (1b)) consisted of both straight line and
curved sections. A plot of E vs t is very similar to that
of V' vs t. The curved section in the E vs t data occurs
from 0° - 54° and, as in the case of the V' vs t data, is
prespmed to derote ﬁhe presence of H,0;. Also it was
assumed that a rise in temperature causes the disappearance
of some HZOI’ causing a loss of volume, which causes thg
expansivity to be lower than that which would have occurred
with no E,0; present. This in turn causes the points for
the curved section to fall below the extrapolated straight
line in the E vs t data; Figs. (l; 17-24). It was also

assumed that the straight line represents the expansivity

of water if no H,0; were present. In Figs. (17-24), the
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straight line portions of the Evs t plots ;re extended
to lower temperatures with increasing salt concentrations,
which is in accord with the supposition that salts break
down water structure. In Fig: (26) the mihimﬁm temperature
for each solution at which the E vs t data fall on a
straight line is plotted against temperature. The points
shown in Fig. (26) were obtained by visual inspection
of the E vs t data shown in Figs. (17-24). Thus, according
to our interpretation, we see that KI always causes HzoI
t; disappear at lower temperatures than does KF. 1In
other words, KI is a stronger structure breaker of HZOI
than is KF, especially in the region 0.0 to 0.4 m. By
extrapolation of the data in Fig. (26) it would appear that
HZOI would no longer be present at 0°in solutions of KI
which are stronger than 2.2-2.4 m. Higher concentrations
of KF would be necessary to remove all of the'HzoI at 0°.

The expansivities of the solutions at 0° without
HZOI present, (obtained from the values of the intgrcept
of the extrapolated straight line portion of the E vs t
plots with the E axis,) show an increase with increased
saltvconcentration, Figs. (17—24;29). These data, suggest
that at 0° H, 0.4 is also being broken down by the salts.
This will be discussed latef in greater detail.

Fig. (25) shows that the expansivities of KI solutions

are greater than those of KF at 0° and 95°., At 0° the
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difference between the KI and KF expansi?ities increases
with increasing salt concentratién. At 95i the difference
between the KI and KF expansivities remains virtually the
same with increasing concentration (the difference at 0.4 m
is the same as that at 1.8 m). To explain these resﬁlts
the wideiy accepted Frank-Wen model (6) for the structure
of electrolyte solutions is adopted. It states that three
regions surround an ion in water;

a) the first is an innermost structure-forming region
of polarized, immobilized and electrostricted water
molecules;

b) the second is an intermediate structure-broken
region in which the water is more random than in ordinary
water;

:¢) the third is an outer region having normal water
structure.

In the first region the phenomenon of electrostriction
occurs in which watervmolecules are firmly bound to an
ion and compressed by electric forces. Mukerjee (42)
has assumed that electrostriction is inversely proportional
to the radius of the ion for the alkali metals and halides
(excluding rit). Benson and Copeland (43) have presented
evidence that this hypothesis is correct.

In the discussion of expansivity of water, the

reasonable assumption is made that water which is relatively
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unstructured will undergo the greatest expansion with
increasing température; whereas highly structured water
or electrostricted water will have a Smaller expansivity.
Since the electrostrictive effect of the flug;ide ion is
greater than that of the iodide ion, electrostriction by
the fluoriae ion should decrease the expansivity of
water more than the iodide ion. On the other hand, since
the iodide ion is thought to be a stronger structure
breaker of H,04 its structure breaking effect should be
greater than that of the fluoride ion at 0°. Therefore,
from the standpoint of structure breaking effects, the
jodide ion should increase the expansivity of water at

0° more than the fluoride ion.

To summarize, the electrostrictive effect of iodide
is small whereas the structure-breaking effect of iodide
on HzoI is large with a resultant increase in expansivity
of water at 0°. For the fluoride ion, its structure-
breaking effect on.HzoI is smaller and its electrostrictive
effect is larger. Both of these factors combine to
cause a smaller increase in expansivity of water at 0° by
the addition of fluoride, than by the addition of iodide,
as shown in Fig. (25).

The situation at 95° is different since no HZOI is
present and the F~ ion is supposed to be the bigger |

structure-breaker of H,O0;;. Thus from the standpoint of



- 88 -~

structure breaking; the KF solution should have the

higher expansivity; However; the large electrostrictive
effect of the F ion overpowers the structure-breaking
effect. On the other hand, the net effect of KI addition
at 95° is enhanced expansivity, since, as at 0°, the small
electrostrictive effect is overpowered by a larger
structure-breaking effect. The results at 95° are that

the expansivities of the KI solutions are still greater
than those of KF but increased salt concentration makes very
little difference in the expansivities of KF and KI
solutions. If only the structure breaking effect were
operating at higher temperatures there would be a definite
trend in the difference between the expansivities of the

KF and KI solutions with increased concentration. It would
appear that at 0° the structure breaking effect predominates
over the electrostrictive effect since the expansivities

of both salt solutions increases with increasing concen-
tration. In contrast, at 95° it would appear that electro-
striction predominates slightly over structure breaking
since there is a small general decrease in expansivity with
increasing salt concentration; This is also in accord
with the idea that there is considerably less structure at
high temperatures than at low temperatures.

(44)

Padova has considered the problem of the actual

volume of an ion in solution and suggests the following
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(<]
volumes for salts in solution; Vir = 23,1 ml/mole
(compared to the volume in crystal form, V, = 23.4 ml/mole);

(-]
Vet = 52.4 ml/mole (V, = 53,2 ml/mole). The small

difference between the volume of the ions in solution
and in the crystal form is thought to be due to different

distortions of the electron orbitals of the ions in

water and in the crystal. (44,45)

As can be seen from Figs. (27(a), (b)) the partial

molal volume of KF, VKF varies from 6.4 ml/mole at
infinite dilution and 0° to 14.2 ml/mole for 2 m KF at

45°. Both values are considerably less than the 23.1

(44)

ml/mole value suggested by Padova. These low values

in VkF are caused by two effects : a decrease in partial

=st

molal volume due to structure breaking, V and also

due to electrostriction, Tves.

The partial molal volume of a salt in solution, V

is defined by
= _ OV
V= Gylp,r

where the volume of the solution increases by the amount,

3V when 9n moles of..salt are added. If there was ideal
-]

— °
v =V

TR =St
KF’ 'KI KI* Similarly, V would be

mixing, Vop =V

defined as

gst o v,
on Pp,T
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where the volume of the solution decreases by the amouﬁt
vSt Que to the breakdown of a certain quantity of

structured water into unstructured water on the addition

€S

of dn moles of salt. Also V would be defined as

eSS

an Pp,T

where the volume of the solution decreases by the amount
v®S due to electrostriction of the hydration molecules when

dn moles of salt are added to the solution, Thus we obtain

o _ ° —=eS =st
Ver = Vkr ~ Vrr T Vir (37)

The term Vo- is caused by the hydration of ions which

has been shown in Chapter II to decrease with increasing

€S

temperature. Therefore Vyn becomes smaller in magnitude

with increasing temperature. The term V;; is more complex,
being affected by the loss of volume as HZOI breaks down,
st (I)

VRF and the loss of volume as H,0;; breaks down,
VEE(II). Thus eqn. (37) can be rewritten as

—st(I) ost(II)

-V - Vir (38)

(-]
It will be assumed that Vpq is temperature independent.
The simplest explanation for the results shown in

Fiags. (27(a), (b)) is that at low temperature V;; and
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Vig(l) are large but decreasing in magnitude with increasing
temperature, whereas VEE(II’ is small but increasing in

magniﬁude with increasing temperature. As the temperature
st(I)

is increased above 0°, the decrease in.Vig and V

is dominant and accounts for the increase in VKF

according to eqn. (38). At higher temperatures, the

increase in V;;(II) with increasing temperature is

dominant and accounts for the decrease in v At
4oSt (1) dVKF avS t(I)
the positions of the maxima, KF + .
dt dt dt
—es’ VSt(I) and VSt(II) did not have opposite temperature
Vkr' VKF PP

dependencies it would not be possible to explain the

If

maxima in the ka vs t curves.

As the concentrations of KF is increased there is

=st (1)
less HZOI and H2011. Therefore VKF

smaller so that ka increases. This explains why the

=st (II)
and VKF become

curves of ka vs t lie above each other with increasing
concentration. The explanation also agrees with Wicke's(l3)
suggestions which state that; a) at low temperatures
straight hydrogen bonded structures (similar to HZOI)
are broken down with this effect decreasing with increasing
temperature; b) bent—hydroéen-bonded structures (similar
to HZOII) are also broken down by ions, with this effect
increasing with increasing temperature,

The partial molal volumes of the KI solutions at

different temperatures are shown in Figs. 28(a), (b).
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The same structural and electrostrictiveAeffects will
occur with KI as with KF but to different extents
because of the difference in radius and hence in charge-
to-radius ratio between F~ and I ions. fhus we can
write, in analogy with Eq. (38),

Ter = Ver = Vxr " Ter ) - A (39)

The plots of ka ve t at infinite dilution and 0.1l m
péss through small maxima at 55°, Presumably the explana-
tion of the maxima is very similar to that for the
ka vs t curves. However, the maxima disappear for higher
concentrations of KI. This fact does not necessarily
- ost (II)

mean that the term VKI is not finite for these con-

centrations, but merely that the temperature dependence

st (I)
KI

in eqn. (39) throughout the temperature

of the combined term (V;; + Vv ) is greater than that

of the term Vig(II)

range 0° to 95°.
Thus the general shape of the ka vs t curves for
0.4 m to 2.0 m can be explained by saying that the partial

molal volume of KI, ka' is decreased by the breakdown

of H,04, (VEE(I)), of H (V;;CII)),and by electro-

2011’
striction, (V;i), with the temperature dependence of

“and VSt(I) opposite to, but greater than the temperature

KI KI ,
dependence of Vig(II).

‘—’es
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.An important difference between the-Vké vs t and

the VKI

above each other with increasing concentration, whereas;

vs t curves is that all the KF curves lie

although this is true' for the KI curves to 0.6 m, the
opposite effect is observed for KI solutions with
greater than 0.6 m concentration. A possible explanation
of these differences between the behaviour.of the
partial molal volume curves of KF and KI as a function
of temperature is that the breakdown of H2OII by KF,
VEE(II) depends only on the concentration of 32011

in the solﬁtion, whereas with KI the value for V;E(II)
depends more on the concentration of KI than on the
concentration of HZOII’ This would indicate that in
dilute solutions the F~ ion breaks down H,0,p more
strongly than the I~ ion, but in solutions more concen-
trated than 0.6 m this position is reversed. This
suggestion receives support from the evidence in Fig. (29)
which compares the theoretical expansivities of KI and
KF solutions of all concentrations at 0° if there were
no HZOI present. The method used in obtaining thesé
values was explained on pg_Nw: This evidence is most
easily interpreted by postulating that from 0.0 m to

0.5 m the F ion is more effective at breaking down
H2°II than I~ since tﬁé fluofide solutions have the

highest expansivities in this concentration range.
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Above 0.5 m the KI solutions haye the greateér expansivities
and thus the I~ ions are more effective at breaking down

(13)

This does not disagree with Wicke » wWhose

HZOII'
data were obtained only for very dilute solutions.

Fig. (26) indicates the presence of HZOI at low
temperatures in solutions more conéentrated than 2.0 m.
Fig. 28(b) indicates that water structure is still present
in 2.0.m KI since the structural breakdown in 2.0 m
KI ié gfeater than in 1.8 m KI. This information may
lead to some understanding of the strength of the electric
field whiéh is necessary for structural breakdown.

The microwave studies of Harris and O'Konski (46)
on the dielectric constants of electrolyte solutions

provide useful information relevant to the structure of

water, Fig. (30). Solutions of 1l:1 electrolytes at 25°C

2.4
2.2
2.0
A 1.8}

(ém,) 1.6
1.4
1.2
l.o
4]

(.

2 3
c(moles/liter)
Fig. 30: Wave length of central relaxation vs concentration

for various electrolytes at 25°.
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in the concentration range of 0.0 m to 2.8 m - 4.3 m
idepending on the particular salt) show a decreased

relaxation time which decreases with increasing con-
centration. The decreased relaxation time is inter-
preted as being caused by structural breakdown of |

water by the salts. (46,47)

Thus both the present
specific volume study and the microwave study of Harris
and O'Konski indicate the presence of water structure

in fairly concentrated salt solutions. The increase

in relaxation time above 2.8 m - 4.3 m is not interpreted
as being due to structure forming by the salts but as

due to the effect of a water molecule in the second zone
of a central ion being also in the second zone of an
adjacent ion (which in general will have the opposite
charge to the central jon). The effect of the second

jon would be to immobilize further the water molecule,
thus lengthening the relaxation time. According to

this interpretation; the original structure of the water
will exist in very small amounts at the concentration
where the dielectric relaxation time vé concentration
passes through a minimum, since water molecules
jmmobilized by electric fields do not form part of normal
water -structure. Thus beyond the concentration of
minimum relaxation time there is very little structure

breaking possible.
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The average distance of separation of jons in a

1:1 electrolyte solution with a concentration of

(-] . (-]
2 m= 8.7 A (half av. sep. dist. 4,353)

S

A

o
4.05A7)

!

3m= 8.1 (half avl sep. dist.
4 m= 7.5 A (half av. sep. dist. ='3.75£)

In a 2 m solution, a water molecule.midway_between two

ions in the solution will be 4.35 i from both ions

and can thus presumably take part in a more or less

normai water structure. In a 4 m solution there is very

little structure present. A water molecule midway

between tws ions will be 3.75 g from either ion at which

distance the field strength is evidently great enough

to immobilize most water molecules.

The concept of the formation of ion pairs in solution
has been used to explain the decreased conductivity in
more concentrated solutions. When a pair of oppositely
charged ions come into close association in solution they
become effectively neutral and do not contribute to the
conductivity of the solution. For an ion pair to be

(48)

stable ez/aD must be large compared to kT where,

e = electronic charge

a = distance between ions
D = dielectric constant
k = Boltzman constant per molecule,

Even if we take into account the reduced effective
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concentration of ions resulting from ion pair formation,
the situation changes very little because of the fairly
small change in half the averaée separation distance

of ions with concentration; Thus it would appear that
water molecules which are beyond 4£ or Si .from a uni-
valent ion are mobile and can presumably participate

in normal water structure.

(47) and

The analyses of Ritson and Hasted,
Grahéme (49) predict a region of complete dielectric
saturation to about 2A from a point electronic charge;
this is followed by a region of rapid rise in dielectric
constant to the ordinary bulk value at about 43. The
analysis of Bolt (50) suggests that the bulk value is
attained at SR from the center of a monovalent ion.
Thus it is suggested here that the electric field strengths
which disrupt water structure and hence change the
dielectric constant of water are those which exist up
to about 4£ (dependent to some extent on the ion under
~ consideration) froﬁ a hydrated monovalent ion. This
is the same as saying that the third region of the Frank-
Wen model exists at a distance greater than 4A or 5a from an ion.
One-half the average separation distance of a monovalent
ion in 3 m solution; without intimate ion association,
is 4.05A. Thus it would appear that the third region
does not exist around ifons to ahy large extent at con-

centrations greater than 3.0 m.
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5 - Conclusions

Fig. (26) shows the maximum'temperature for each
concentration of KI and KF at which H20I is present in
the solution and showé that KI breaks down HZOI more
strongly than KF. The analysis of the partial molal .
volumes of the KF and KI solutions shows that two
effects, electrostriction and breakdown of HZOII are
opérating in all temperature ranges and have quite
different temperature dépendencies. It appears that
in solutions 0.0 - 0.5 m KF is a stronger structure
breaker than KI of HyOp 1 but above n~ 0.5 m this position
is reversed. It would appear that the dielectric and
structural properties of water are similarly affected
by the presence of salts and that the electric field
Si from an ion is too weak to affect substantially the
basic structure of water. In general the findings of
this chapter are most easily explained in terms of

the model of water put forward in Chapter I.
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CHAPTER IV

The Effect of Potassium TIodide and Potassium Fluoride

on the Compressibility of Water

1 - Introduction

As outlined in Chapter II, part of the measured iso-
thermal compressibility of water is due to structural
rearrangement of the liquid when it is put under pressure.
Since salts affect water structure and hence the com-
pressibility of water, it was thought that the study
of the compressibility of water containing various
concentraﬁions of salts might further knowledge of
the structures present in liquid water.

The compressibility of water differs from that of
other liquids in two ways. Firstly, water is the only
liquid with an isothermal compressibility which passes
through a minimum value as a function of temperature.
Secondly, water has avlow isothermal compressibility
in comparison with other liquids, whose compressibilities

are generally twice to four times larger. (294d)

Ethylene
gycol, however, has a compressibility lower than that
of water. (294) Presumably, the high degree of hydrogen
bonding which is probably present in ethylene .glycol is
partly responsible for its low compressibility.

It is very difficult to make any general statements

in regard to the compressibility of salt solutions
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because there are very few studies in thé literature on this
topic and those studies which do exist have only covered

a very limited concentration or temperature range. (51)
The findings of Chapters II and III indicéted that an
extensive study of the compressibilities of KI and KF solu-
tions would be of potential value, so a study of the com-
pressibilities of solutions of KF and KI over the concen-
tration range of 0.0 m to 2.0 m and the temperature range
of 0° to 95° was undertaken.

Pena and McGlashan (52)

have compared the measurements
of isothermal compressibility of water obtained by a
number of experimentalists. They found the results of

(53)

Tyrer, one of the earliest experimentalists in this

field, to be in good agreement with other generally accepted

values. Tyrer (53)

measured adiabatic, and not isothermal,
compressibilities. He applied a conversion factor to
obtain isothermal compressibilities from his adiabatic
compressibilities.

Isothermal compressibilities are much more difficult
to measure than adiabatic compressibilities, since tempera-
ture control of better than 0.001° is needed for
isothermal measurements. A change of 0.02° in temperature
of the fluid causes, on the average, the same change in

volume as does a change of pressure of 1 atm. Because

of adiabatic heating or cooling-an isothermal measurement



requires a long waiting period after the'pressure has been
applied or released to allow the piezometer to equilibrate
to the temperature of the bath. If during this equilibration
period the temperature of the bath changeé slightly an
obvious error is introduced. |

Kell and Whalley (19) have carried out the accurate,
direct measurement of the isothermal compressibility of water
over a wide range of temperatures and pressures but their
investigation required very expensive apparatus.

Because of the difficulty and cost of direct isothermal
measurements it was decided to use an experimental method

similar to Tyrer's (53)

to measure the adiabatic compressi-
bilities.

Adiabatic compressibility, Ks,is calculated from the
expression:

1 ‘dV)

¥ = v @p's

] v (40)

where the subscript s means, 'ﬁnder the condition of constant
entropy', V is the volume of fiuid and dVv is a change
in the volume of the fluid caused by a change in pressure
of dp.
The isothermal compressibility, X, can be calculated
from adiabatic compressibility by means of the thermo-

dynamic expression, (52,53)
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2
TECV per bar (41)

where T = absolute temperature (deg)
E = expansivity of the fluid (per deq)
V = specific volume of the fluid (cm3/gm)
C = specific heat of the fluid (joules/gm—deg)

The adiabatic compressibilities of 11 solutions of
KF and 11 solutions of KI, having the same concentrationé
as the solutions described in Chapter III, were measured
at 5° intervals from 0° to 95°. To do this, two piezome-
ters of 500 m1 capacity having the design shown in Fig. (31),
were built and set up in thermostated water baths. The
piezometer consisted of the inner vessel, A which contained
the solution under investigation. The sidearm, B consistedv
of the capillary along'which the solution travelled as
. the pressure was released at stopéock D. The stopcock
E was kept closed during a measurement but opened when
the temperature of the piezometer was being raised.
The piezometer was filled and emptied through stockcock,
E. The water jacket was kept full of water to the
mark 'm'. By means of interconnecting tubes, the
pressures at C and D were kept equivalent. The tempera-
ture control and the accuracy of the absolute temperature

of the water baths was the same as described in Chapter III.
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Fig. 31: Piezometer for measuring adiabatic compressi-

bilities at low pressures.
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Each apparatus was first weighed dry, then filled with

filtered deioniied water (with the outer jacket kept
dry), placed in a water bath at 45°, allowed to
equilibrate, and then taken out of the bath, dried and
reweighed. The weight of the water contained in the
piezometer was then obtained by difference. This
procedure was repeated twice. From the specific volume

(18) it was then possible to calculate the

of water
volume of the piezometer. This same process was
repeated twice at 85°, From the results of the cali-
brations at the two temperatures, the coefficient of
cubical expansion of the piezometers was found to be
1.0 x 10_5, in close agreement with the coefficient
of cubical expansion of Pyrex glass which is 0.99 x
105 (29e2

There were three major experimental difficulties
to overcome. The first was that the stopcocks tended
to leak under pressure as the higher temperatures were
reached. This difficulty was overcome by using large,
high-vacuum stopcocks which were greased carefully,.
The stopcocks were prevented from being heated by the
surrounding equipment by using radiation shields of

aluminum foil. Secondly, the outer jacket of the

piezometer had to be kept as full of water as possible.
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If it was not completely full there was é small amount
of evaporation from the damp upper surfaces of the

water  jacket on decompression, which caused cooling of
the inner vessel of the piezometer and coéled the solu-
tion so that insufficient expansion was obtained.
Thirdly, the capillary tube had to be kept scrupulously
clean because it was of narrow diameter (0.5 mm) and
thus any surface contaminant would cause a large devia-
tion from the calibrated volume of the capillary. Since
the chief contaminant was grease from the stopcocks, the
stopcocks were greased only after the piezometer was
filled with fresh solution. The solution was deaerated
as outlined in Chapter III before filling the piezometer.
Naturally, even the smallest air bubble in the piezometer
would cause incorrect readings.

The experimental method followed was to f£ill the two
piezometers with deaerated solution, place them in the
same temperature bath and cool them to 0°. When they
were equilibrated, five adiabatic compressibility
measurements were taken, the temperature then was raised
5° and after equilibration the next five readings were
taken. This process was repeated until the 95° readings
" were obtained. Equilibration of the piezometer to the

temperature of the water bath took two hours so that it
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was generally possible to obtain oﬁly four or five values
a day per piezometer: There was no equilibration period
required between individual readings at the same tempera-
ture because the adiabatic heating as the pressure was |
put on and the cooling as the pressure was removed.were
equivalent and there was no net change of temperature.

sudden compression of the fluid in the piezometer
caused droplets to be left in the capillary as the fluid
was pushed back. Thus the method adopted for taking
the ‘adiabatic compressibility measurements was to put
the liquid under one atmosphere pressure, building up
the pressure slowly, then to release the pressure
suddenly and to observe the distance which the liquid
travelled along the capillary on decompression. This
procedure was repeated five times and the average of
the readings was taken. The average deviation.from
the mean of these five readings was generally of the
order of 0.2%. '

A scale which was graduated in 1/60 of an inch
(v 0.4 mm) was glued onto the capillary tube of the
piezometer with an epOXy resin adhesive, This scale
was read easily to 0.2 of a division (v 0.1 mm) by
‘means of a magnifier.

The calibration of the capillary was of great
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importance. Water and not mercury was preferred for the
calibration since experiments were performed on water

or salt solutions and since water has different surface
wetting properties to mercury. However, it was difficult
to obtain consistent values when using water for calibra-
tion so aldifferent approach was used. TyTrer's (53)
values for the adiabatic compressibility of water from
10° to 90° were assumed to be correct. They were
compared to our own measurements of the same quantities

and a value for a calibration constant, x, was calculated

from the comparison as shown below.

3 - Calculations

The adiabatic compressibility can be calculated

from the equation

R g
K, = - g ( ) (42)

where (xd + AVg/Ap) is equivalent to the dv/dP term of

eqn. (40)
s = adiabatic compressibility of water (per atm)
= volume of piezometer
d = distance water travelled along capillary on

release of pressure
AP = 1 atm.,
. X = calibration constant

AV_ = correction for compressibility of glass
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Eqgn. (42) can be rearranged to yield

(43)

The values for x obtained in this manner were constant
and did not vary with temperature.

The correction for the compressibility of glass is
important. A bottle which sinks to the bottom of the
sea undergoes the same change in volume as would a solid
block of glass with the same shape as the bottle. (54)

The magnitude of the correction, AVg, is calculated from

the expression, AV_ = - V_ AP:.K
pressions Vg P g

where Vp = the volume of glass container

AP

change in pressure

K
g9

compressibiiity of glass

= 3.0 x 10—6 per atm.(ss)

Equation (41) was used to calculate the isothermal
compressibilities from the adiabatic compressibilities.
To obtain the isothermal compressibilities in the units

of atm '

the second term in egn. (41l) had to be multiplied
by the factor 1.0132 since 1 atm. = 1.0132 bar. The
values for V; the specific volumes of the salt were
obtained from Tables VII and VIII and from these values

the expansivities, E, were calculated. The values for C,
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the specific heat of the KI solutions were calculated at
all temperatures using the values for the apparent molal
heat capacities of KI solutions measured at 25°. (56)

The values for the specific heat of the KF solutions were

calculated from the equation

3 6 2

C = 4.176 - 54.7 x 10"~ p + 380.9 x 10 ° p

where p = weight percentage of KF in the solution. This

(57) on the basis of his

equation was obtained by Jauch
measurements on the heat capacities of KF solutions at

18°.

4 - Results

On measuring K for water twice with each piezometer
over the whole temperature range, the average difference
in the valiles obtained for the adiabatic compressibility
" of water was 1.0 x 10-7 per atm which gives a percentage
error of 0.2% on a compressibility of 50.0 x 107° per atm.

The results of the measurements of the adiabétic
compressibilities of the 11 different concentrations
of the KI and KF solutions at 20 temperatures ranging
from 0° to 95° at 5° intervals are given in Tables IX
and X. The isothermal compressibilities calculated from
the adiabatic compressibilities are given in Tables XI

and XII. The plots of isothermal compressibility,
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Table IX. Adiabatic Compressibilities of KI solutions

1

)

vs Temperature and Concentration (Ks X 106 atm

Water 0.1005 g'
51.98 50.96
50.15 49.26
48.66 .47.84
'47.33 46.67
46.27 45.70
45.39 44.91
44.68 44,27
44.09 43,75
43.61 43.32
43.23 42.98
42,93 42.71
42.70 42.49
42.54 42,34
42.45 42.24
42.43 42,20
42,47 42,23
42.61 42.34
42,86 42 .55
42.22 42.88
43.73 43.35

0.2002 m 0.4010 m 0.5877 m 0.7995 m

50.32
48.68
47.31
46.18
45.24
44.48
43.85
43.35
42.94
42.62
42.36
42.16
42.03
41.94
41.92
41.96
42,07
42.27
42.58

43.01

49.04

47.54

46.27

45.22
44.35
43.63
43.04
42 .57
42.19
41.°0
41;67
41.51
41. 40
4]1.34
41. 34
41.39
41.51
41.70
41.97

42.34

47.91

46.52

. 45.34

44,36

43.54

42.87

42,32

41.88
41.53
41.25
41.05
40.91
40.82
40.78
40.79
40.86
40.98
41.16
41.41

41.74

46.68

45.41

44.34

43.43

42,68

42,05

41.54

41.13

40.80

40.55

40.35

40.24

40.17

40.15

40.17

40.25

40.37

40.55

40.78

41.08
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Table IX. (continued)

°C '0.9985 m 1.2123 m 1.4025 m 1.5995 m 1.8015 m 1.9935 m

0.0 45,61 44 .55 43.69 42,90 42.21 41.68
5.0 44, 44 43.46 42.65 41.89 41.20 40,62
i0.0 43.44 42.53 41.78 41.05 40.36 39.76
15.0 42,60 41.75 41.04 40. 35 39.68 39.09
20.0 41.90 41.10 40.43 39.77 39.13 38,55
25.0 41.32 40.56 39.93 39.30 38.69 38.14
30.0 40.84 40.13 39.52 38.93 38.35 37.83
35.0 40.46 39.77 39.19 38.63 38.08 37.59
40.0 40.15 39.49 38.94 38.40 37.88 37.42
45.0 39.92 39.28 38.75 38.22 37.73 37.29
50.0 39.76 39.13 38.61 38.10 37.62 37.21
55.0 39.64 39.03 ~ 38.52 38.02 37.56 37.17
60.0 39.58 38.98 38.47 37.99 37.53 37.15
65.0 39.57 38.97 ‘ 38.47 37.99 37.54 37.17
70.0 39.60 39.01 38.51 38.03 37.59 37.22
75.0 39.68 39.09 38.60 38.12 37.68 - 37.31
80.0 39.81 © 39,22 38.73 38.25 37.82 37.46
85.0 39.98 39.40 38.91 38.44 38.02 37.67
90.0 40.21 39.63 39.15 38.70 38.29 37.96

95.0 40,50 39.92 39.45 39.02 38.65 38.35



5.0

10.0

15.0°

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

90.0

95.0

- 117

Table X. Adiabatic Compressibilities of KF solutions
vs Temperature and Concentration (Ks X 106 atmrl)

Water 0.1021m 0.1922 m 0.3980 m 0.4965 m 0.8066 m
51.98 51.13 50.13 48.06 47.16 44.64
50.15 49.37 48.47 46.59 45.77 43.45
48.66 47.87 47.06 45.35 44.59 42.43
47.33 46.61 45.87 44.30 43.59 41.57
46.27 45.56 44.88 43.41 42.76 40.85
45.39 44.68 44.05 42.68 42.06 40.24
44.68 43.95 43.36 42.07 41.48 39.74
44,09 43.36 42.80 41.57 41.00 39.34
43.61 42.88 42.34 41.16 40.62 39.01
43.23 42.50 41.98 40.84 40.32 38.76
42.93 42.21 41.70 40;59 40.08 38.57
42.70 42.00 41.50 40.41 39.92 38.44
42.54 41.86 41.37 40.30 39.81 38.37
42.45 41.79 41.31 40.25 39.77 38.35
42.43 41.80 41.32 40.27 39.79 38.38
42.47 41.89 41.41 40.36 39.88 38.48
42.61 42.06 41.58 40.53 40.05 38.63
42,86 42,33 41.85 40.79 40.30 38.85
43.22 42,70 42,22 41.15 40.65 39.14
43.73 43.21 42,72 41.62 41.11 39.52
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Table X. (continued)

°c 1.0031 m 1.2633 m 1.3894 m 1.6030m 1.8019 m 1.9980 m

0.0 43.24 41.53 40.74 39.41 38.15 36.84

5.0 42.15  40.56 39.83 38.62 37.48 36.83
10.0 41.21 39.73 39.04 37.92 36.88 35.85
15.0 40.42 39.01 38.36 37.31 36.35 35.41
20.0  39.75 38.40 37.78 36.78 35.88 35.01
25.0  39.19 37.89 37.30 36.33 35.48 34.66
30.0 38.73 37.47 36.90 35.96 35.14 34.36
35.0 38.35 37.13 36.58 35.67 34.87 34.12
40.0 38.06 36.87 36.33 35.45 34.67 33.94
45.0 37.83 36.68 36.15 35.29 34.53 33.81
50.0 37.67 36.55 36.03 35.19 34.44 33.74
55.0  37.56 36.47 35.97 35.15 34.42 33.72
60.0  37.51 36.45 35.96 35.16 34.44 33.76
65.0 37.51 36.47 35.99 35.21 34.51 33.85
70.0  37.56 36.54 36.07 35.31 34.63 33.98
75.0  37.66 36.64 36.18 35.43 34.77 34.15
80.0  37.80 36.79  36.32 35.59 34.95 34.36
85.0  38.00 36.96 36.50 35.76 35.14 34,59
90.0  38.25 37.17 36.69 35.95 35.34 34.84

95.0 38.57 37.42 36.21 36.14 35.55 35.09
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Table XI. Isothermal Compressibilities of Ki solutions

. 6 -1
vs Temperature and Concentration (K x 10 atm 7).

°C Water 0.1021 m 0.1922 m 0.3980 m 0.4965 m 0.8066 m

0.0 51.89 51.13 50.13 48.06 47.16 44.68
5.0 50.15 49.38 48. 49 46.63 45.82 43.56
10.0 48.66 47.94 47.15 45. 47 44.74 42.64
15.0 47.48 ' 46.79 46.07 44.54 43.86 41.91
20.0 46.56 45.88 45.22 43.81 43.18 41.33
25.0 45,86 45.18 44,57 43.25 42.65 40.89
30.0 45. 35 44,65 44.08 42.83 42.26 40.57
35.0 45.00 44.28 43.73 42.54 41.99 40. 36
40.0 44,75 44.04 43.51 42.35 41.82 40.24
45.0 44.64 43.91 43. 39 42.26 41,74 40.20
50.0 44.60 43.88 43.37 42.26 41.75 40.23
55.0 44.65 43.94 43.43 42.33 41.83 40.34
60.0 44.78 44.08 43.58 42.48 41.98 40.51
65.0 45.00 : 44.31 43.80 42;71 42,21 40.75
70.0 45. 30 44,63 44.12 43.02 42.52 41.05
75.0 45,68 45,05 44,53 43.41 42.91 41.43
80.0 46.19 45,57 45.05 43.92 43.40 '41.88
85.0 46.83 46.21 45,69 44.54 44.00 42.42
90.0 47.63 47.00 46.48. 45.29 44.74 43,06

95.0 48.62 47.96 47.43  46.21 45,62 43.81
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Table XI. (continued)

°C 1.0031 1.2633 m 1.3894 m 1.6030m 1.8019 m 1.9980 m

0.0 43.30 41.64 40.87 39.58 38.35 37.07
5.0 42.29 40.76 40.06 38.88 37.78 36.66
10;0 41.46 40.03 39.37 38.29 37.29 36.29
15.0 40. 80 39.44 38.81 37.80 36.88 35.97
20.0 40,27 38.97 38.37 37.40 36.54 35.70
25.0 39.87 38.61 38.04 37.10 36.28 35.49
30.0 39.58 38.36 37.80 36.89 36.09 35.34
35.0 39.40 38.20 37.65 36.77 35.99 35.25
40.0 39.30 38.13 37.59 36.72 35.95 35.23
45.0 39.28 38.14 37.61 36.75 35.99 35.27
50.0 39.34 38.22 37.70 36.85 36.10 35.38
55.0 39.46 38.36 37.65 37.02 36.27 35.55
60.0 39.64 38.57 38.07 37.24 36.50 35.79
65.0 39.89 38.83 38.33 37.52 36.79 36.08
70.0 40. 20 39.14 38.65 | 37.85 37.13 36.44
75.0 40.56 39.50 39.01 38.22 37.52 36.85
80.0 40,99 39.91 39.41 38.63 37.94 37.32
85.0 41.49 | 40,36 39.85 39.06 38.40 37.83
90.0 42,07 40.86 40.33 39.52 38.88 38.38

95.0 42,72 41.41 40.84 39.99 39.38 38.96
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Table XII. Isothermal Compressibilities of KI solutions

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

90.0

95.0

Water
51.89
50.15

48.66

1 47.48

46.56

45.86

45.35

45.00

44.75

44.64

44.60

44.65

44.78

45.00

45.30

45.68

46.19

46.83

47.63

48.62

6 -1

vs Temperature and Concentration (K x 10~ atm ")
0.1005 m 0.2002 m 0.4010 m 0.5877 m 0.7995 m
50.97 50.31 49.04 47.93 46.55
49.27 48.70 47.60 46.63 45.59
47.92 47.42 46.45 45.58 44.65
46.86 46.41 45.53 44,75 43.90
46.05 45.64 44.83 44.11 43.32
45.44 45.05 44,30 43.62 42.89
45.00 44.63 43.91 43.27 42.57
44,69 44.34 43.65 43.03 42,37
44.50 44.16 43.49 42.89 42.25
44.44 44.07 43.%1 42.84 42,22
44,39 44.05 43.42 42.85 42.26
44.44 44.12 - 43.49 42.95 42.37
44.57 44.25 43.64 43.11 42.54
44.77 44.46 43.86' 43.34 42.79
45.05 44.75 44.1? 43.66 43.11
45.43 45.15 44.58 44.07 43.51
45.94 45.67 45.11 44.59 44,01
46.60 46.33 45.78 45.23 44.61
47.43 47.18 46.61 46.03 45. 35
48.49 48.24 47.64 47.00 46.23
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Table XII. (continued)

°C 0.9985 m 1.2133 m 1.4025 m 1.5995 m 1.8015 m 1.9935 m

0.0 45.73 44,74 43.95 43.24 42f63 42.16
5.0 44.67 43.77 43.04 42. 36 41.74 41.24
10.0 43.82 42.99 42.31 41.66 41.05 40.54
15.0 43.14 . 42.38 41.74 41.12 ) 46.53 40.02
20.0 . 42.62 41.90 41.30 40.71 40.15 39.66
25.0 42.23 41.55 40.99 40.43 39.90 39.43
50.0 41.95 41.31 40.78 40.25 39.75 | 39.30
35.0 41.77 - 41.17 40.66 40.16 39.69 39.26
40.0 41.68 41.11 40.62 40.15 39.70. 39.30
45.0 41.67 41.12 40.66 40.21 39.77 39.39
50.0 41.73 41.20 40.76 40.32 39.90 39.53
55.0 41.85 41,34 40.91 40.49 40.08 39.72
60.0 42.04 41.54 41.12 40.71 40.31 39.95
65.0 42.29 41.80 41.38 40.97 40.58 40.23
70.0 42.61 42.11 41.78 41.29 40.90 40.56
75.0 43.01 42.49 42.06 41.65 - 41.27 40.95
80.0 43,48 42,94 42.49 42.08 41.70 41.41
85.0 44.04 43.46 42.99 42.56 42.20 41.96
90.0 44.71 44.07 43.56 43.12 42.78 42.61

95.0 45.51 44.77 44.21 43.75 43.46 43.40
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K vs temperature,lt, for water, 2 m KF and 2 m KI are
shown in Fig. (32). The changes in the K vs t curves with
increasing concentration are élight and gradual. The
effects of KI and KF on the compressibility of water

are most noticeable when comparing the K vs t curve of
water with the K vs t curves of the most concentrated

salt solutions.

The computed values of the isothermal compressibilities
are good approximations to the correct values but are not
precise for either the KI or KF solutions because of the
use of heat capacity data at a particular temperature
for the determination of the conversion factors over
a large range of temperatures.

The values for. the isothermal compressibilities, K
for all solutions of each salt at each temperature were

fit to an equation of the form,

K=a+ bm + cm? + dm> (44)

where m is the molality and a, b, c, and d are adjustable
parameters. All of the resultant equations were differen-

tiated giving

K ='g§ =b+2cm+ 3 am?2

from which K, the partial molal isothermal compressibility

of each salt at each of the 20 temperatures and eleven
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Fig. 32: Isothermal Compressibilities, K, of water and 2 m KI

and 2 m KF solutions vs. temperature.
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concentrations and also at infinite dilution were deter-

mined. These results are shown in. Figs. (33,34).

5 - Discussion

Stokes and Robinson (58) discuss the use of compres-
sibility measurements to estimate hydration numbers. The
basic idea in this approach to the problem.of hydration
numbers is that hydrated water molecules are compressed
to their maximum extent by the intense electrical forces
around the jon and are thus not able to contribute to
the compressibility of the fluid. By finding the loss
of compressibility caused by introducing ions into water
an estimation of the hydration. number of the ions is made.
But as Stokes and Robinson say, "the compressibility
method gives some unexpected results; those (hydration
numbers) for the lithium salts are in good agreement with
figures obtained by other methods, but the sodium salts
give higher hydration numbers, Whilst the potassium salts
are shown as hydrated to a surprisingly high extent."

Tt would appear that the above approach tc the phenomenon
of compressibility, while paying careful attention to the
electrostrictive effect of ions in water, neglects the
structure-breaking effect of the ioﬁs. Since the break-
down of water structure is accompanied by a decrease in

the relaxational compressibility of water, as discussed
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- 128 -

in Chapter II, this effect should be considered. FranKs
calculations indicate that the sodium ion is a mild

t (38)

structure breaker (ASs Na+ = 4,0 e.u.) and the

potassium ion is an even stronger structure breaker

(ASSt K+

= 12.0 e.u.).(38) Thus the breakdown of
compressible structurés, caused bf these ions, will
result in a decrease in the compressigilit§ of water.
CIf é part of the compressibility décrease of water,
caused by these ions is now attributed to the structure-
breaking effect as well as to the hydration effect,
it is then easy to understand the experimental findings
discussed by Frank and by Robinson. (58)

As was discussed in Chapter II, the minimum in the
compressibility vs temperature curve of water is
attributed to the relaxational compressibility of water
and is proof of bulky, structured species in water. |
Thus the minima in the K vs t curves of 2 m KI and
2 m KF Fig. (32) indicate the presence of bulky
structured species in these solutions.

However, the hegative slopes of the k vs t curves
of 2 m XKI and 2 m KF, Fig. (32) are far less steep than
the negative slope of the K vs t curve of water. This

jndicates that there are fewer structured species in the

salt solutions than in pure water.
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Fig. (32) also indicates that the compressibilities
of 2 m KF are less than those of 2 m KI. The comparatively
low compressibilities of the KF solutions are likely
caused by the larger proportion of water holecules in the
KF solution which are part of highly compressed 'water
of hydration' as compared to the proportion of water
molecules in the KI solution. This is in agreement with
the idea that the F_ ion is more strongly hydrated than
the I ion.

The curves for the partial molal compressibilities
of the KI and KF solutions as a function of temperature!
ﬁkr vs t and Kkl vs t, are shown in Figs. (33,34). One
of the most striking features of these curves is the
strongly negative values for RkF and ka in the low
temperature region (0° to 35°) and at low concentrations
(Om to 1.0 m). This means that at these temperatures
and concentrations a small addition of salt causes a
comparatively large decrease in the comp?essibility of
the solution. This behaviour is an indication of the
breakdown of HZOI by the salts.

As was outlined previously, the simplest explanation
of the parts of the V., vs t and Vyp Vs t curves having
negative slopes, Figs. (26,27) appears to be that H,0.q

is broken down by ions and that this effect increases
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with increasing temperature. It appears that this same
effect provides the simplest explanation of the parts of

the Kkl vs t and RkF vs t curves which have negative

slopes.
It seems necessary then to consider three effects
in understanding the decreased compressibility of water

in salt solutions which are; the electrostrictive effect,

K®S; the breakdown of H.O ESt(I); and the breakdown

271’
of HZOII’ KSt(II). The term K°° decreases in magnitude

with increasing temperature since hydration decreases with
increasing temperature. Also the ccncentration of HZOI

decreases with increasing temperature, so that it is

likely that the breakdown of HZOI and thus KSt(I), also

decreases in magnitude with increasing temperature. It

is necessary to postulate that RSt(II)

increases with
increasing temperature to explain the shape of the K
vs t curves.

'If we assume that in solution the X', F~, I~ ions

have no intrinsic compressibility, it is possible to

write
= gSS 4 gst(I) | gst(IT) (44)
K will be a negative quantity since K°%, gt ;hg gSEOED

are all negative quantities.
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AGenerally, the curves for K vs t for each successive

concentration lie above each other for both salts up to 75°

=es =st (I)

which indicates that the sum of K-, and K and

KSt(II) becomes smaller in magnitude with increasing

concentration; the strong positive slopes for both RkF

(1.8 m and 2.0 m) vs t and RkI (1.8 m and 2.0 m) wvs t

above 75° could be due to a sharp decrease in both

ana FSt (1)

Rges
at these temperatures and concentrations.

At high temperatures and low concentrations the Ekl
vs t curves follow a complex pattern. Above 70° the
ka vs t curve for the infinitly dilute solution has a
strongly positive slope. As the concentration of KI

is increased, the Kk vs t curves above 70° have de-

I
creasingly positive slopes until the RkI vs t curve of
0.4 m KI has a slight negative slope, and the RkI vs t

curve of 0.8 m KI has the most negative slope of all
the solutions; with increased concentration above 0.8 m

the KK

so that the slope of the EkI vs t curve of the 1.6 m KI

solution is the same as that of the 0.2 m XI solution.

1 Vs t curves have decreasingly negative slopes

This would suggest that above 70°, Kig(ll) has the most
negative values at 0.8 m concentration. Thus it would
follow once again that there is a large breakdown of

HZOII at fairly high concentrationsof KI when further

KI .is added to the solution.
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5 - Conclusions

This study of the compressibility of salt solutions
tends to confirm the findings of the study of the
specific volumes of the same solutions in that consideration
of both electrostriction and breakdown of HZOII are
necessary to the understanding of the findings. Strictly
speaking, it is not necessary to consider the breakdown
of ﬁZOI in explaining the compressibility results but
there is nevertheless evidence for its existence
in the K vs t curves at low temperatures and salt
concentrations.

The findings of Chapters III and IV also agree in both
indicating the presence of structured species of water at
salt concentrations above 2.0 m, which 1endé
further support to the postulate that salt concentfations
of above 3 m of 1:1 electrolytes are needed to completely
breakdown water structure above 0°.

The unexpected dependence of the breakdown of HZOII
by KI on the concentration of KI was observed in the
studies on both specific volume and compressibility.

The findings of the compressikility study are in
accord with the model of water put forward in Chapter I,
especially in regard to the existence of HZOII and its

increasing breakdown with increasing temperature.
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A general conclusion arising from this study is that
data on the specific volumes and compressibilities of
KI and KF solutions over the temperature range 0°-95°
and the concentration range 0-2.0 m provides evidence
which can only be interpreted simply in terms of the
presence of definite structured species in liquid
water. Studies on thermodynamic data for pure liquid
water indicate that a minimum of three distinct species
must be considered. Whether the correct picture of
the structure of water requires three species or the
infinite number of species postulated by believers in
the continuum model of liguid water remains to be
determined. However, careful studies of properties
such as the specific volume, specific heat, specific
viscosity and compressibility of a wide variety of
~salt solutions ranging from 0.0 m to 5.0 m between.the
temperatures of 0° and the critical temperature would
do much toward a complete understanding of the structure

of water and ion-water interactions.
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