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PREFACE

For some time, the specificity of ion-solvent —
in raction'behaviour, especially in the aqueous medium,

has beén empha51zed and its role in various biophysical .

- .

processes. has been recognized. Evaluations of various

ind1v1dual 1on1c properties in solution have been made

by extra-thermodynamic methods.

i

The availability now of a seemingly reliable scale

y

of individual ionic volumes in solution at infinite

fl -

ution stimulates further investigation into the
relationships between volumes of various types of ions

in solution with respect tec size, geometny and charge.

While the individual ionic hydration behav10ur of
monatomic cations and anions of the alkali halide salts :
has received much attention, relatively little under-

standing exists’on the behaviour of, oxyanions. Inter-

pretation of ionic volume behaviour in aqueous elec- /

_trolyte solutions and evaluatfons of the electrostriction

.

1

volume invelve unexpected difficulties owing to serious
uncertaintles in thé intrinsic radii or corresponding '

volumes of oxyanions.— -

J * Much interest has also arisen in recent and earlier.

“

years in the shape, size and steric factors which are

’

PR )
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involved in the ionization of;organic,compounds. Problems
in this field 'were first ﬁuantita;ively investigated

about forty years ago and since then a large number of .

. works have‘demonstiated the structural specificities of

interaction of organic ions and molecules with water.

In ‘this thesis, the volume and compressibility
behaviour of various solutes in water is reported as these
properties are known to provide important information'bﬂ
soluteesélvent intefactiohs. Thg compounds chosen fpr

the work were a series-of oxyanion salts and a series of

organic_bases. The members of each of these groups were

. selected so as to have clear structuré} relations to one

another. 1In the case of the organic bases, the volume

and compressibility changes associated with ionizatlion N

‘as hydrochloride salts were also obtained.

Some of the work described here has been prepared

-

for publication as ihdicated in the following list:

1.. Size, Shape and Charge ﬁffects in the Partial
Molal Volume, CompfessibiLity and ﬁlectréstriction
Behaviour ;;ﬁg; and C;-Oxyaniéns in Water, E.
Ayranci and B.E. Conway, J. Chem., éoé., Farada}

Trans. I, #n course of publication.
- .

.2, A note on Concentration Depefidence of Apparent

Molal Velumes of Ions in Aqueous Solution:



Structural Effects.in the Partial Molal Volumes and

e e et n 4 o A ot St s ot s esin. b w4 BT S e -

Significance of Equations of-Masson, and Redlich

and Meyer, in Relation to Co-Sphere Overlap

Effects, B.E. Conway and E. Ayranci, J. Solution.

Chemistry, in course of publication.

Compressibilities of Organic Bases and their Conjugate

Ibns,’h.E. Conway and E. Ayranci, J. Chem; Thermodynamics,‘

in course of -publication.

»
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< ' " ABSTRACT " .
Iogzzxéiﬁé, shape and charge .effects in thi;igteraction
of a series of Cl- and S-Q$§anions with water have been '
investigated by means of agparent molal volume gnd'adiabatic
compressibility measurements; Eleptfostriction volumes have

been -calculated from the partiél'molal volumes of the ions

at infinite dilut?on using intrinsic ionic volumes evaluated

by four methods which are critically compared. A relation

between electrostriction volumes and compressibilifies af
ions is demonstrated and compared with the results of earlier

'a_priori calculations. Both the compressibilities and partial

-molal volumes of the series of oxyanions and simple halide

ions’are_almost linearly related to the re§pective—standérd'
entropies of solution of these ions.
The treatment of_concentration—dependence of apparent ‘.n

~molal‘vdlume data agcording to Redlich and Meyer's equation

and Masson's equation Es critically e;amined. For a series

of oxyanion salts, use of Masson's equationlobscures some
interesting inflections which are otherwise seén if ¢y is
piottedraccordihg to Redlich and Meyer's equation,. taking
into'account the Debye—Hﬁckel‘limiting—law dependence on

c1/2

. It is suggested that these inflections} which arise
at substantially higher concentrations than would correspond

to the onset of other deviations from Debye-Huckel limiting-

Q
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'Elementary calculations support this proposal. &imilar,

xik™

law behaviour, -dre due to Gurney co-sphere overlap effects,

-

though less striking,‘effects are observed in the Eompies—

- sibility behaviour.: : . '

The volume and compressibility behaviour of a series

of organic N-bases and .their conjugate acids in H,O have also

2
been examined. It was concluded that for the representation
of partial‘mélal volumes of orgahic bases, the concept of .

¢

group contributions is not a correct viewpoint, Structural

factors are found to play an important ‘fole in determining «

v° and Kg values.
- The volume and adiabatic compressibility changes

associated with ionization of the organic bases have been’

determined and the relation between these two quantities,

I_ﬁ,“ . ’ t. N .
as well as between volume.and entropy changes upon ionigzation

(Heplexr's.relation), have been examined. \

. %
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CHAPTER I
INTROD{ICTION

1. Role of Ionic Hydration in Chemistry

The term hydration is employed for the special ease
of solvation in which the solvent is water. Since the
majority of chemical and biochemical processes take plaee
in waterJ the role oé hydration'of ions, »or of solutes in
a more general sense, is very important in these processesf

Hydration ‘e‘ffecfs are primarily involved in redox reactions,
501ubility of ealts, ionizatiqn of acids and bases, kiﬁetics.

A

of reactions proceeding via ionic transition states, and the

kinetics of ion discharge or ion formation reactions in

»

electrode processes. Hydration also enters into the
structure of the double-laver in relation tc ion adsérption
and solvent orientatioﬁ at ‘ charge@ electrodes and colloid
interfaces, and in many other pProcesses,

In order to understand the hydration behaviour of ione

and molecules, it is essential to examine first the structure

of water itself. Then changes in the structure of water

upon introduction of ions give information about specific

hydration effects.

Until recently, there has existed no unlversal agreement

_with regard to the structure of water. The nature of

structural theories is best illustrated by a variety of

SURPIRPpU. PP
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models. , These various models can be grouped into two main
claéses as "continuum" models and "mixture" models aé
treatea in reviews by Conwayl{ more recent&y by Reliz,

éng by Daﬁis3. The most_important features'of these
apﬁroaches are as follows: continuum models consider the waterx
structure to be characterized by a single distribution of

’

oxygen-oxygen distances, oxygen-oxygen-oxygen angles and

energies whereas, in the mixture models, water is considered

as a solution of distinguishéble species.

Although, there is not good;agreement on which model best
represénts the structgre of water, the coqtinuum model,F
which can also be éalled the distorted hydrogen'bond mddel,
seems to be in agreement with ﬁost of the experimentai |
knowledge about the structure of water4. Also, recent-work
of Rahman and Stillinger5 on the structure of water, using
the so-called molecular dynamics techniqﬁe which assumeé only
an electrostatic and a 6:12 potential, supports the conti—.
nuum model. In.their woxk, tﬁe pro?ertiés of a sémple of
water consisting of 216 rigid molecules at a density of
lg cm—afhave been simulated by means of computer calculations.
The results of the studies on both static structural pro- el
perties and kinetic behaviour, led them to conclude that

the structure of liquid water is best represented as a

highly strained, random hydrogen-bonded network.
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However, regardless of the detailed structure of
liquid‘water, éhangés of structure must certainly £ake
place upon. introduction of ions since it is known that
large energies are associated with the. interaétibn of
ions with water molecules, and dlfferent experimental
approaches characterlze dlfferent aspects of these changes;
Also, structure changes are dlreqply observ;ble'bylx-ray |

diffraction.

2. Methods for Studyiné Ionic Hydration

The methods by which information‘on;ionic ﬁ&dration
"can be obtained; directly or iﬁdirectly; can be summarized

as follows:

1. Thermodynamic methods involve measurement of

quantities such as free energies of solution and solvation, -

‘heats of solvatiop, entropies”of solvation and partial
molar entropies, apparent molar quéntities,_e.g., volumes,
compressibilities,'éxpansivities and heat capacities. The

rd

thermodynamic methods provide an overall ?iﬁis for
characterization of ionic solvation. The

ree energy of
solvationf/fggether with its heat and entropy components,
is considered as theAprimary quaﬁtity characterizing ioﬁic
solvatioh; sinke it determines the "driving force" for the
solvétion process. Heat capacity changes'upoF solvation
'%ré of interest as they ofteﬁ reflect important_structural

interactions involving the solvent and the dissolved ions.



!
- Apparent molar volumes of ions in solutlon give interesting

1nformat10n on (a) interaction of the 1on with the solvent
-espec1a11y the electrostrlctlon, and (b) the structure of
liquid solvent .in relation to accommodatibn of ions within
it and itS'regttion‘to.the presence of ions. Similarly,
compressibilities of ions give a sensitive indicaéion of
specific interactions_involving solvent étructure, aﬁ well

-

as of electrostriction effects. The molar expansivity of

electrolytes is of interest in relation to the temperature

dependence of’electrostriction_or local compression in the

solvent caused by the ions, as well as the sErugEural free~
. | -
volume of the solvent as a function of temperature.

2. Optical methods, e.q., fhfrared‘and Raman

~

spectroscopy, refiéct changes in the vigratibnal motions
éf the water molecules upon introduction of ions.

3. "Magnetic spéctroécopic methods, e.g., NMR.shifts
and rela%étion timéé,Provide information on changes in
electron:dfgtéibution_around £he nuclei of the solvent

molecules and rotational freédom of solvent molecules.

4. X-ray diffraction methods yield mean ion-to-water

distances and time-average coordination numbers of the
.. solvated ions.

5. Mass spectrometric methods give iﬁformation on
solvation of iéns in the gas-phase from the interéction of
ions with vapor—ﬁhase solvent ﬁolézules.

\ . ~



6. * Struc s b¥ means of diffraction: by

means of X-ray and neutron diffractidn s;udies, important
advances of a ﬁore direct kind have been made with regard
to elucidatign of short-range structure in liquid and
their solutions. Neutron diffractiop-reveals'average
positions of H atom in hydroxylic solvents. .However, for
the -study of solutions, these methods_are restricted to
relatively high concentrations, > ca 1 M.

As pointed out in the previous section, all these.
methods,pharacteriée different aspects of ionic solvation.
The work described in this thesis involves ﬁhe study of
ionic hydration mainly by measurements of apparent molar
volumes and compressibilities.

30 Relation of the Volume and Compressibility of a
System to the Free Energy

The equation for the volume of a system is derived from
‘the important differential thermcdynamic relation

dG = vdp - SdaT , ©I-1

for constant compositiqn of a system. " Under these conditions,

since then G is a function of T and P, V is given by

v
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The partial molal. volume, V, is one of the very impdrtant -

thermodynamic quantities in the study o§ solutions. For

a component A in a solution containing n

a meles of A and

n_ moles of B, V is defined as

B

on ) - 1-3

As with the volume of the system itself, this quantity VA

can be expressed in-teérms of partial molal free energy
EA as,
: 3G " du
s _ A, - A, | : : _
Va = 3 G35 . o1

T T

<
where Up is the chemical potential of A and is equivalent to

partial
On

defined

. KA

or from

=

molal free energy of A,

by ' ‘ A

3T, . '

= - (BPA)L. I-5

T
I-4

. 2

ou a7
[ - .?_. _A. = - _A -
== I3 g 1 =~ (— I-6
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4,  pependence of Ionic Properties 'on Radii of Tons

As we have already seen for the’%artial mclal volumes
and compressibilities, which are fhe-main subjects of this
thesis, all other properties of a solution are also related
to thg chemical potential, e.g., the_partial molal entropy

and enthalpy

au
= a
S, = - (g7) I-7
A~ 3T ' 5 -
.8y .
— _ _ __A- ) _
Hy = M = Tlap) 2 1-8

PA

In the case where. the component A is a salt, the
chemical potential is the sum of the component ionic chemical

potentials, i.e., .

Hoalt = Vale T VLHL ) I-9

for an eleétrolyte M A .
\)_i_\)
For the hydration of ions, even in its simplest treat-
: mént according to Born, the free energy is inversely
proportional teo the ionic radius. In a moye complete
treatment, this dependence is of course more complex and
involves other terms such as the sum of the radius of the

ion and that of the water molecule, so that all the ionic

hydration properties are dependent on the radii of ions.
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Although the chemical potential of the salt can be
o .
separated inte ionic components according to Equation I-9,

there is no experimental method to obtain individual ionic

‘chemical potentials, the actfﬁity,or'activity coefficients.

This well—Knoyn problem originates from the nature of
electrolytic solutions that they céntain-both positive and
negativeu}ons in eqguivalent proportions to meét the
reqpireﬁent Qf,electfical neutrality. The same reasdn

makes direct evaluation of‘other‘individual ionic ﬁ' perties
clo§e to imppssible.* Fortunately it is relatively easy® to
obtain, experimentally, the overall‘thermddynamic pfoperties
thch include contributiaps from both types of ions. Then
some non—- Or extra-thermodynamic method is employed to
derive the individual ionic properties.

Most methods are based on using some ektnapok@tion

proceduré“ahich involvéﬁ plotting a thermodynamic ‘quantity

_.as somé*fﬁnbtién of thé"i@q}c radii, originating‘from the

>

;depen§ehce cf free energy’é% hydratibn on the ionic radius.

L)

;Thgrﬁéga;;s of some of thesé methods, as well as the problem

* Mention should be made here about studies of ion-solvent
interactions in the gas-phase, pioneered by Kebarle and

his coworkers.® This is.a promising method for the
evaluation of thermodyna%ic functions such as energies,
enthalpies and entropies of interaction of individual
ions with solvent vapor molecules but the states of the
resulting "solvated ion" are, of course, .different from
thosg of ions in the correspondingsbulk -solvent. .’

-




of the scale of ionic radii, will .be discusséd later in‘the

section on individual ionic volumes and compressibilities.

.
%

5. _Significance ofl Volumes of Ions in Solution

The determination of apparent (¢V) and partial (V) molal

volumes of electrolyte solutions has proven to be a very

usefu) for the examination of structural aspects of the

. ol .

interactions arising in ionic solution such as ion-ion and
LU

iﬁfjsoivent interactions. For example, the pantiél molal ~

volumes of electrolytes at infinite dilution give information

on ion-solvent interactions whereas thé conceﬁtration
dependence of V is detgrmined mainly by-éhe ion-ion
interacéions. Obviously, fihding the individual ionic
vblﬁﬁeg from the salt values by an approprié%e.separatié;;)x
method uéiﬁg‘éhé.additivity principle must be the first skep.
The partial molal.leume of an ion at infinite dilution,

Vg, is considered to be the sum of several components 7,8a:

(2) the intrinsic volume Vi, including dead-space effects;
(b) the cavity volume Vc, viz. the Gblﬁmg available within
the liquid which partiélly atcommodates the ion; Ve
is a négative‘contribution to Vg;
(c) the solvent-structure reaction volume, Vr: this is

the volume change in solvent which arises around the

ion because of the presence.of the ion, apart from



~

.

the eléctrostatic effects;

(d) the electrostriction volumi: Ve: '

Therefore -the overall partial molal volume of an ion

at infinite djlution can be written as
Vi-—Vi+Vc+Vr+Ve. . I-10
Howeve¥, the boundaries between the components are difficult

to define exactly due to some overlapping effects. For
1 .

'example, Vr cannot be considered as entirely independent

of Ve, but usually the sum Ve + Vr,can be estimated. Also

Viihnd Ve involve g;ngems since V, depends {p.some extent

on the immediate ion-solvent interactions and the .dead-spdce.

(a) Intrinsic Volumé; Free Space

This is_the volume 6ccupied'by the ion itself in the
solution. It cannot be' measured directly. Usually it is
based dn £he crystal ionic radius ry assuming that the
ions are perfect hard spheres. Therefore the infrinsic

molal ionic volume is given by
. 4 - -
VvV, =3 Tr; N 10 . \ -I-11

where N is Avogadrc constant and r, is the crystal ionic

radius in nm, or

D




v, = 2520 r} : 0 1-12.

-Vi i1s a positive’ contrlbutlon to V -However,the effective
1ntr1n510 volume is somewhat larger than thls. Since ions
and solvent molecules have comparable'sizes, there must te
a free or dead-space around the ion asso?iated with packing
effects. In most treatments, this‘ voluﬁe is included in

_ v
the intfinsic volume by adding another term to Vi.
The semi-empirical relations obtained for the effective

intrinsic volumes proposed by several.workers have been

summarized by Millero’ in the followkng three equations:

V. = 2520 rJ + (A-2520)£° = A 3 1213
i i i i o
3 2
U, = 2520 r} + A'x3 , ' I-14
. : '.‘
V, = 2520 £ + [2520(r,+a)° ~ 2520 r3) = 2520 (z.+a) I-15
i i i i i

In the first equation, it is assumed that free space is
proportional to ionic dimensiens In the second equation,
.1t is assumed that the free space is proportlonal to the .
surface of the ion. *Conway et-al.9 found A' to be 315 which

- 1s in good agreement with experimental results 91’92. In
the third equation, it is assumed that the radii of all
‘ions increase by a constant amount "a" in solution.

It is not possible to say which of the three equations

represents the intrinsic volume of the ion but each appears

to provide a satisfactory "fit" of the experimental data
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Recgatly, Krumgalz10 found thgt the last equation is the
best for the volumes of ions in organic solvents. He
showed that there is a perfect linear relationship between
(Vi)_l/3 and r, for an homologous series of tetraalkylammonium'

ions in various organic solvents. Heple,rll calculated the

" partial molal volume of ions with an eguation of the form

TO — 3 _ .2 . _
Vi = Ari BZ /ri I-16

+

where A and B are constants. He found that the relation
of this form for the intrinsic volumes is different for
cations and anions; thus A is 5300 for cations and 4600 for

. LY . .
anions when r; is in nm,

(b) The Electrostriction Effect

-

El?ctrostriction is.defined as the volume change or .
compression (actualiy due to an internal tension) caused by
.an electric field, or especially an inhomogeneous electric
field, such as thaF of an ion, which tends to céncentrate'
e%ectric dipoles iﬁ regions of highest field strgnéth.
There is a very high field near an ion in‘wéﬁer; e.g., for

11t is also'very .inhomo-

Na+, it is ca 1.32 x ;08 vV oem
geneous. It falls off rapidly with distancé because field
strength is inversely proportionai to the square of the

distance between ion and the water éipole and also because

the field strength is inversely proportional to the
r ‘ A
k. -
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dielectric constant, which itself increases rapidly with :

distance.

Therefore, immediately beyond the periphery of

the ion ther¢ is a region of very high field strength.which:_ﬁ”

can orient wa dipoles and bring them as close as Possiblg?'
to the ion tolminimize their energy. These effects result
in a local collapee of the open structure of water and &<
consequent decrease of volume in the neig rhooe of the
ion, .
The "electrostriction volume"” is a major contribution

to the total ionic_partial molal volume Vz and it has a
negative value. ‘Beually the difference (Vg - Vi) is !
negative whic¢h proves that the electrostriction is a leading i
component of the total Qolume measurable experimentelly.

'.Electrostrictien fs also indicated by the ster;ation
of negative apparent molal compressibilities of ions:since
electrostricted water has lower compressibiiity'tﬁan bulk
water. ) R

‘ The simplest way of estimating the electrostriction
volume (for a continuum dieleetric model af the solution)
is to differentiate the Born equation for the electrostatic
part of the.free energy of hydration with respect to pressure -~

] . ; .

since (ac/ap)T=v {Equation I-2f.  Drude and Nernst12 made a
related electrostatic calculation and obtained

9lne
8P

( ) ' : o 1-17"

T

Y
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ébere € is the dielgctric constant and‘oghef-terms have
their usual meanings. However, this meth;h assumes the 501;
venf to bé a continuous diglectric medium having a field-
ahﬁ pressure-independent dielectric constant.

A more satisfactqry treatment should congider alsoi
the dielectric saturation effects 14'41_ The basic equation
required fof more accurately calculating electrostriction

13_ It gives the change in

is the one derived'By Frank
volume of a fluid when subjected to an electrostatic field

E while its chemical potential B and temperature are held

constant:
l,ov, . E 9E
68 7 - = (2D : I-18
V' 'oE u,T 47 ‘9P E,T . -

Here 'V is the molar volume of the solvent. Starting with
this equation, and taking into account additional ‘factors
such as pressure-dependence of the compressibility, the
die}ectric constant énd the solvent refractive index, .
Desnoyers, Verrall énd (_:onway14 derived the following
expression for the effect of‘glect;ostfiction:

= 0.1469 log(1.1023 107 'L g2 4 1) 1-19

<:|0<i

log

where V and Vo are the volumes with and without the elec-
o

trostriction, respectively. From this relation, the volume
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change, AV, of one mole of water as a function of field
can be calculated. Then the electrostriction velume, Ve,

is giben by

v, =X

e AV

14V + XZAV2 I-20

where Xl ané X2 are the number of water molecules in the
f{;sp ang second hydration shells, respectively, and AVl
“and AV2 are the changes in volume of one mole of water in-
the field in the first and secopd hydration shells,
respectively. .

A test of the method was made by applying these
equations to the dafa for Na+F;[; Considering that elec-
trostriction is imporfant only-in‘fhé first hydration shell
and assuming thefe are 4 watér molecules in this shell,
i.e., Xl is 4 f;r both Na+ and F;, they arrived at a result
which was in.good agreement with the experimental data.
cp Regently, ?ana and Yeager ls,using Desnoyers, Verrall
and Conway's%é method of calculating electrostriction per
water molecule, found that electrostriction is significant
in the . first hydration layer and practically negligible ;n
the secopd hydration layer for alkali metai and ﬁalide ions.
For divalent ioﬁs, again more than 90% of the electrostriction
occurs in the first hydraéion layer. It is only for trivalent
ions that the second hydration layer is significantly (> 25%

of the total electrostriction) electrostricted.




(c) The Volume of Water Molecules

-

It was mentioned that electroétriction is a result

of thezcollapse of the open water sfructure caused by the
3

ions, Normally, liquid water has a volume of .07 cm

-1

mol at 298 K. On the other hand, water molecules at

very high pressures would have a volume of ca 12 cm3

mol-l 120-'i‘hese figures show that the maximum eiectro-
striction will .be ég 6 cm.3 {mol Hzo)—l. ‘Per ioﬁ, it will
be larger because several {4 ~ 6) water molecﬁles are
influenced by each ion.

The density bf'close—packed water has -been given44 as
1.84 which correéponds to a'molar volume of 9.7 6m3
mol_l. This is prdbably the smailest practical volume
atéainéd by water under the most strongly electrostricting
conditions, giving a maximum electrostriction of 8.37_cm3
(mol H,0) T, _

Franspace;@illing modelssg, the actual volume of a
static water moleche would be substantially smaller, viz.'
7.5 cm® mo;_l, - taking into account the known . Pauling-
Brockway covalent bond distances‘and Van, der Waals radii
of H and 0, based on Courtauld or Fisher-Hirshfelder models.
The spherical rotational envelope of such an‘individuai

‘molecule would have a larger volume of ca 22.5 en® mo17L,
. - - ]
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(@) Dependence of Electrostriction on the Nature
of .the Sclvent

-

The collapse cf the open water*structﬁre is an endo-
energetic process which involves_bedging or breaking of

H-bonds. Therefore, it is expected that larger electro-

o s

striction or more compressibn arises with unassociated polar
solvents in which H~bonding is_ahégnt, €.9., CH3CN, propylene
.carbonate, ®™etc, Thus,.the compressibilities of these soivents
themselves are much greatexr than ‘that of waterl.'-.It‘is expected that
introdqctidn of ions into such solvents causes larger

* ‘\-‘ » . ! * '
electrostrictions as compared tc that caused by the same

ion in water. -

The property which giﬁesﬁ%aformation about the
dependence of électrostrictidnfpn solvent is primarily the
intrinsic cqmpressibi;ity;é, agd its dependence on preésure.
Also, the dielectric constént;énd its pressure and field
derivatives are important 13-‘J‘Tlhis ;an be seen from the
’simple Drude and Nernst eqpation (Equation I-17); thus
electrostriction depends 0n;ﬁielectrig constant and its
change with pressure. Hamann and Lim16 found a iinear B

relation between ionic molal volumes and the compressibilities

of solvents, with a negati@e slope.

S
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{(e) Structure Rearrangement in the Solvent Around the Ion

The terms V_ and V. in Equation I-10 can be discussed
in the seme contexXt as the structural contribution, Ve
to the total partial molal volume. The first component,
VC, is the volume due to inclosion of the ion i; a cavity
which already exists for thermal and/or structural reasons
within the solvent structure ltself (negatlve volume ’
contribution). The second component, Vr’ is the volume
change due to (a).any reaction which the inserted ion has
upon the.solveht structure to produce an increase in "ice-
like" character’> (so-called. "structure-making" efiect;
positive volume contribgtion) locally -about the ion, or,

(b) any breakdown of the H-bonded stfucture of the solvent

(so- called "structure- -breaking® effect ) due to the field

of the ion and misfit of the ion into the original solvent's.

structure. These concepts were introduced first by Frank

and Evans95 in relation to entropies of electrolyte

‘soluti®ns and have been critically examined by Holtzerrand

Emerson>® and treated by Nemethy and Scheraga.98

The "structure-making" effects play an important role

~in the hydration of tetraalkylammonium ions. The charge

on these ions is shielded by the alkyl groups. Therefore,

the electrostriction cghponent is not very important so that

the partial molal volume can be expressed by \’/.
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V=Vt _ 1-21
It is*believedS? that tetraalkylammonium ions - ¢

increase the "local structure" of the water (positive

contribution -for V ). It is also expected that they can
usually be accommodated in thelr solvent cages with an_
overall economy of space (negatlve contribution for V ).
Therefore, due to the compensatlon between these two
contributions,. Vg is brobably small compared to'Vi, a
the‘vg‘s are close to the ihtrinsic volumes of these /ions.

(f) Relation to Hydration Numbers o _

. . \ ' H
Hydratlon numbers are related to,and can be evaluated .o K
from, apparent molal volumes using a method developed by

Conway and Bockrysl7 following the early work of Darmois 93.

. . . » - . -
The volume of an ionic solutien can be written as ?
h }

nyVy o+ nyV, . o I-22

¥

where n, and n, are the numbers of moles of water and solute, res-
P .. .
pectively, and'ﬂao 1s the normal volume of liquid water. The

volume V., of the hydrated ior is given by
1 ' . :
LV, = n(vH20 - VHZO) + v, . I-23

where'VH o 1s the effective volume of water molecyles which
2 : . . . .

are affected by-the-preeence of ions, Vi is the total
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intrinsic volume of the ions resultlng from dissolution of
one mole of solute and n 15 the hydratlon number. Then,
AY

by comblnlng thesé two equatlons and solv;ng for n, one

obtains ’ '

By definition, the apparent'molal.volume of' a solute is

giveq»by
V= nlvﬁzo _
¢v = n 1=25
F3 2
o
Fe
so that
¢ -V
n=-~—— 3 I-26
\ -V
H20> H20 ¢

It can be seen that this final egdatioq gives n as the total
: B .

electrostription divided by the,elect;ostriction per mole

- of water. It is to be Poted.;hat\n is the ibtal hydration

number for the ions pPresent in one molecule of solute. ¢v

caﬁ be 'determined exp;rimeptally and Vi can be calculated by.

’chdosiﬁg a suitable scale for ionic radii; however, evaluation
of tho - VHZO Presents some problem because it wiil depend

on charge density of the ion,. ion-solvent packing and

structural vdlume change. outside the ‘primary hydration shell,

e



entropy of hydraticn and the electrostriction. Linear . : d

relations.have been found between electrostriction volume

In a general way, the ionic solvation number n; can

be written as+®

AN ' i
= e _ : C
Nj T Electrostriction per mol of water 1 8§v/ o

-

Of course, the evaluation of the denominator involves the

same problems as those mentioned above.’

6. Relation Between Vi and Entropy Eg

.

It is possiﬁle to correlate the volumes and entropies
‘ 94

of ions. Following the early work of Latimer and Kasper ’

Conway, Verrall and Desnoyers19 examined the relation QetWeen

and entropy)of hydration for groups of monatomic ions,
namely moné?alént cations,‘monoﬁalent anions and divalent.
cations 89. However, the direction of the relation for divalent
cations was rather anomalous. |

‘Heplerzo found empirically'tﬁat there is a linear

dependence of changes in entropy on volume of ioniZation

hY

‘of 53 acids. The slope was found to be 1.05 cal deg—l

cm_3. This has become known as "Hepler's Relation".

It was pointed out thatzo.éntropies of ionization are
chiefly determined by the effects of various solute speciés

on the "orderliness" of arrangemeﬁt of nearby water
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molecules and volumes of ionization are determlned by the
related space occupled by the water- molecules near the

various ionic species. The value of the slope was

‘explained in terms of a high-pressure value of (BP/BT)G

for water. The high~pressure involved here is that

corresponding to the effective electrostrictive tension
near ions or po&ar solute molecules 1n water.
Correlatlonsr51m11ar_to Hepler' 520 were examlned for
a series of alkylammonium ions by Verrall and Conway 21 and
for some 39 orgauic acids by Cabani et al 22 However,
for these cases, it was found that there is no simple v
correletion between these two thermodynamic fungtions. ‘
In general, the relation between the entropy and the
volume of ions is not exactly understood This.is probebly

‘because’ the structural factors that determine, in part,. the

hydration ent;opy,JOPerate differently in determining volumes

of ions.

7. . Organic Ions and Steric Effects-in Ionic Volumes

-

Steric effects play an important role in *determining

ionic volumes. This is especially true for organic ions. ,

The most direct steric effects can be observed with ions

containing a positively charged nitrogen center.'lThese
ions ﬂnclude primary, secondary, tertiary and quaternary

ammonium types, as well as those derived from heterocyclic

|
1
|
}
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N-compouﬁds (éuch'as éyridine, pipéridine,‘pyrazine;
imidazole, et947&ionizea_at the N—cehter. Stéric»effécts
a;iée froﬁ the substitution of alkyl groups on "N". As!
the number of substitutions, as well as the size of
substituent, increase (e.g., from NHZ t0.R4N+) (a) the
acéessibility of water molecules to the N+ center decreases
-and (b) the effect of charge on the surrounding water
molecules decreases:since the charge is shielded by alkyl
groups. The ionic vqlumes increase wi£h substitution bot%
because of addition ofvthg alkyl gpoups which are much larger
than H and because of‘the deérease in elec;rostrictioﬁ.
Thereforeq‘the direct steric effect‘on’ionic volumes is

positive (since the contribution of V_  to V? is negative).

Verrall and Conway21 studied the volumes of alkylam-

+
3

being Me, Et and n-Pr. They found that the volumes decrease

monjum ions in the serie§ R3NH+, RZNﬂ;, RNH., and NHZ, R

from R3NH+ to NHZ more than could be accounted for by the

replacement of R by H for each homologue. Laliberté and

23,24

Conway made similar studies on the volumes of pyridinium

(nyH+) and piperidinium’(PipH+) ions and their Me-substituted

analogues. 'Rgain they found that the volumes increase froh
+ +
2 2

more than would be expected just from the volume difference

PyrH+ to Pyr.Me+ and from PipH to.Pip.MeH+ and Pip Me

arising,by réplacement of H by Me. This effect was
[ R S
attributed to the diminution of electrostriction. They also
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observed a decrease in electrostriction when the sub-

stitution of Me was on the ortho position to "N", However, .

" this decréasé was not as much as in the N-substituted
molecules because, in this case, the steric effect was
rather indirect. )

Steric effects Eah also be observed in substituted

-carboxylic acids 29. However, sinée the substitution cannot,

«
\in this case, be diregtly on the ionizéd centre (R—ngg ),”
* the effect is indirect and relatively small. 7
Another kind of steric éffect can be expected when
different "conformations of a molecule of fixed
"configuratiéﬁ"Bd can exist. Examples of this type of

‘ steric effect which have relevence to the work described

in this thesis, are morpholine and 1,4 dioxane. Both

AY
.

compounds can exist in chair or becat forms. The boat forms

having the greater dipole moment are stabilized in an ionic

field. The volumes of the two forms are alsc expected to

be somewhat different. ‘

8. Volumes of Oxyanions-

{

The volumes of oxyanions can be obtained in the usual

way by measuring the densities of their salt solutions

and then subtracting the cationic volume contribution.

- However, problems arise in the interpretation of the

experimental data in terms of the different contributiocns
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according to Equatibn‘I-lO. _Thus,_the oxyanions cannot
be considered as. simple spheres as in the case of

monatomic ions. -

The problem of defining a suitable effective radius

for oxyanions was discussed by Couture and Laidler.zs.

They extended their treatment of the determination of

26

partial molal volumes of monatomic ions to the case of

more complex oxyanions by representing the partial molal

A

volume of the latter as

VS = 58:8 + 890 1

off T 26 |z_| : I-28

wﬁarevg for H+‘was €aken as -‘6.0'cm3 molfl or as
72 (conventional) = 58.8 + 890 roy .- 32 |z |  1-29
‘_O ‘-+" N . 1
where Vi for H was taken as zero as in the case of most

conventional thermodynamiqsionic quantities. In both

. : » ~ ". L -
equations Toff is in nm." The important term for the

oxyanions-is the effective radius, , which was defined

Teff
as 0.25 Lr where 2 is the number of charge-bearing ligands
("O" for 6xyaﬁions),and r is the sum of interatomic distance
(from the-centre of the central atom to the centre of the
oxygen aﬁom).and the Vaﬁ der Waals radius of thefoxygen
atom. The constant 6.25 comes from the consideration that

ions with four charge-bearing ligands are taken as a reference

‘standard. Therefofé} the radius of the reference standard
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.y \\is simply r, (0.25 x 4 = 1), They25 reported a mean

' deviation in volume of 3.5 cm3 1

mol -~ from the volumes
that are predicted by Equation I-28 for a large number

of oxyanions.

]
? -

Mukerjee27 criticized Couture and Laidler's method of
calculatioh of ionic volumes as being physically implau- .

? sible. They objected to the presence of a large constant ih

. i
the equation. which does not. contain "r" or "z". Muker:lee27

]
developed a method similar to-Hépler'sll (Section I-5-a)

for meonatomic fons and pointed out the difficulties involved
Jdith polyatomic ions (e.g., oxyanions}. However, he applied

the same model and general ideas used for monatomic ions to

the polyatomic ions, indicating that no pew approach is

s

necessary. - B}
@ s . ,h“‘ﬁm
The basic equation used wagih ‘
do0 . ‘ _
W =v, -v I-30
i i e . .

.~

- ) ' wherei?? is the partial molal volhme:at infinite dildtion,

v, is the intrinsic volume and Ve is the electrostriction

vc.)lun.'le. The treatment for symmetrica;fmoi— type anions
was as follows. The intrinsic volume V; ﬁ$; calculated
as (2520 r3)K' where the 2520 factor4qarises Eccording tol_
Equation I-1ll, r is the sum of the M-0 bond diétance and
ihe Van der Waals radius‘of oxygen {06.140 nm). .The cavity

" produced by these ions was assumed to be a'constant fraction

-

. «



27
K' of 2520 g3. A mean value of 0.88 was used for K', oo
Furthermore, Ve's were assumed to be the same as ' _ i

those found for menatomic ions {0.8/r for ﬁbnovalent, 32.5

for divalent and 58.5 cm3 mol—l-for trivalent anions). V?

values calculated for 8 oxyanions of Moi_ type by this

method showed a mean deqiatioﬁ of 1.7 cm3 mol—1 from the

experimental values when AsOB_'was excluded.

4
¢ 27

- Mukerjee's”’ treatment included only M0OZ~

4
HMOE_ type of ions. The agreement between the experimental

and some

V? and, calculated V?‘s ﬁm:HNOiu type ions was rather poor.
The experimental volumes were quite low compared to those

¥

calculated by the above method. This was explained by the ‘

*

présence of partial positive charge on H. This increases
the negative éhérge on —Mozq by the same fraction.
fherefore, the eiectrostrictidn_iS'expected-to be larger
than that simply predicted ﬁxm the charge "z-".

Other types of oxyaniéns which can be generalized‘by
a formula MxO;— where x and y are'integer; having values 1
to 4 aﬁd 1l to 12, réspectively, were not treated by
Muker jee 27. However, in a very fecent and comprehensive
work by Ak?ttzg éome oXyanions were -also included.

28

It was found™" that for a series of ions of similar

size but having different charges, the electrostriction-is

a linear function of gz as proposed previously by Couture and-

25,26

Laidler . Volumes of the following groups of ions
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—,
b

having similar size were pldtted against the,absolute

value of charge: (a) ClOZ, BFZ, Crog SOET Asoif;(bo NO.

3'
Cog_;(c) Ag, Sr2+, La3+, Th4+; (d) K+, Ba2+. The relation

-
r

for each group.was linear and had a similar slope but
different intercept. The averagerslope was 25.4 which‘is
close to Couture and Laidler'szs'value of 26. The intercepts
give directly the intrinsic volgmés, Vi, of Ehe'ions.

- Therefore, the equation for‘vg was given as
s T =v, -25.4 z] - I-31
i i o

or the intrinsic volume of an ion can be calculated by

v, = V°
s

+ 25.4 |z| ' I-32
l ' .

..

which was applied to a large number of ions.
R Y

An interesting relation is found when ‘the intrinsic
volumes are expressed in terms of equivalent water mbla;

volume Vw (Vw = 18.07 cm3 mo%_l). For the above series of

28

ions, it was found that (a)-Vi(MOZ_) = 4.11 Vi (b)

2=y o ' AN v z+
Vi(MO3 } = 3.4 Vw, {c) Vi(M ) = l.OO'Vw, and (d) Vi(M )

|

1.69 Vw[ These values were taken as a stfbng indication

that tetrahedral MOZ- displaces a tetrahedron of 4 water
molecules, planar @og"'a group of 3 wate&)ﬁglecules ahd the

+ . . '
smaller M?" a single water molecule in the water structure.

2

Oxyanions were further examined by plottiné_vi against the

numbef\pf oxygen atoms in theiion, NO.
A

S

A linear relationship

P

e e B
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was found with a slope of 17,73 cm3 molu; Nal, which is

close to the water molar volume, 18.07 cm3 mol_l. The ion

.szog" was found to fit at Nj =5 on this line. This was

explaihed by considering szog“in effect as Soi—with one-

oxyéen replaced by sulfur, Since 52- is large, it dispiaceé
an extra water molecule.

28 between volumes of

Similar relationS‘were found
alkylammonium ions and the‘number of carbon atoms énd between
volumes of complex cyanide ions and number of CN-.ligands.
The general indication was that an increment in size
corresponding to addition of one carbon atom, one oxygen

,atom or one CN  ligand results in a volume increment

equivalent to the displacement of one water molecule. The
28

was that the intrinsic volume of

/

an ion or of any solute is determined: primarily by the .

main conclusion of Akitt

structure of the solvent and the way this forms cavities
to accept a solute and only secondarily by the parameters,
of the ion iﬁself. This seems an unexpected conclusion,
not altogether consistent with the known individuality of

the volumetric properties of ions. -

9, Volume of Yonization of Bases and Acids

The thermodynamics of ionization of aqudats acids and

bases are closely related to the hydration of the species

involved. Free energies, enthalpies, entropies and heat
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capacities of ionization for a number of organic and

: . v 4
inorganic acids have been studied; the observed trends : i

were interpreted in terms of specific structural effects p

by Everett and Wynne-Jones 29 .

The volume change, AV?,-associated with the ionization

of an acid HA

- HA = H® + A~ - ) I-33
at infinite dilution is given by
ATY = v Ty+ ¥ (aT)- T (Ha) . : I-134 '

AV? for this type of ionization is normally expected to be
negativékbecauée of the electrostriction produced by the
. + = . . .
ions H and A . However, for ionizations of the type
[ .

. + +

it = B + 1 I-35
for which
875 = @) + T (ahy- 7° (su¥) 1-36

. : L . . s
where B is a.base and BH is its conjugate acid, prediction

of AV? is not so simple since there is no change of charge
.in the process.

16

Hamann and Lim evaluated volume changes which accompany

’

the ionization of weak electrolytes from measurement of
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partial molal volumes of strong and weak electrolytes,
includingrsome alkylammoniumhydroxides aﬁd'carboxylic
acids. However, no simple relation waé found befween tHe
AV? values and the structure of the electrolytes.
Examination of solvent effects on AV? showed that the
latter decreases appfeciably frdﬁ water to methanol. As
was discussed earliér {Section I?G), a linear reiétionship

was found between Avgjand A§§‘for 53 acids by Hepler 20
A similar relationship was examined by Cabani et al.22 for
some 39 organic acids. Verrall and ConwayZl studied the

volumes of ionization of alkylamines such as CH._NH (CH NH,

3NHp s (CHy) N
(CH3)3N and (C2H5)3N. They found that the values of Avg do
not vary greatly with the différent'protonated bases, It
was very difficult to draﬁ any final éonclusion,from AV?
values as they were surprisingly independent.of coordination
at the.N+ centre by_CH3 groups and the consequent blecking
of hydration. Conway and Laliberté24 e#amiﬁed the relations
between AV?, Aﬁg,i (compressibility of ionization) and
other thermodynamic'fugétions such as AE?, Aﬁ? and Agg for
Substituted pyridines. Systematicirelations were found

only in the case of A@?.

3o‘studied the effect of

Lown, Thirsk and Wynne-Jones
pPressure on ionic egquilibria in’ water. They .proposed a.

graphical-method for the evaluation of standard partial

- molal volume (AV?) and compressibility (Aﬁi)‘changes



v

B e e PP

"In the derlvatlon of the above equation, they assumed Aﬁo

A . 32

;,’,/[ﬁ (subscript 1l stands for 1 atm.) on ionization at atmospheric

pressure through the relation

xl:x
o |rd

L]

RT = - AT) + 2 68D (p-1) I-37

BT in

1

where Kl and Kp are the equilibrium constants at 1 and p
K
l In - P against

(P -1) will have an intercept of AVl and a slope of l AKl

atm'. , respectively. Hence, a plot of

1
. L ]
to be independent of pressure over the first few 1000 bars.

It was suggested that actlvatlon volumes and compre551b111t1es

could be ‘evaluated from s:Lmllar plots of the log of the rate oonstant

against pressure. Furthermore, an approximately linear

relation was found between AVf and Aif values for a wide,
range of acid-base equilibria. Such a relation can be used
for predlctlng the effect of pressure on 1onlzatlon equilibria
for whlch Avl but not AKl data are avallable.

Another correlation of volumes of ionization was made

"by Rochester and Roezg13l with pK values. A good linhear

relation was found bptween these two quantities (dﬁg vs pK)
for substituted phenols in methanol. As was found by Hamann
end‘Lim lG.the volumes of ionization were smaller (more
negative) in methanol than in water due to the larger

electrostrlctlons of the ionic spec1es in methanol than in

water.



reaction of proton exchange between primary amines and

bj only one carbon atdém. However, when charged centres are

Other works on volumes of ionization were reviewed.

'; by Mii}ero 18. Very recently, Cabani et al.32 studied the

ivolume changes (szw) in the formation ofrEwitterionsvfor_

°

several amino acids and polypeptides. AVZW corresponds to

the volume change in the folloﬁing process . :

NH,RCOOH = H.N'RCOO™ s I-38

2 3

It is experimentally impossible to obtain'dvzg as the
eguilibrium lies complétely in the zwitterionic state.

Théy therefore calculated the volume of neutral aminoc acids
from groub coﬂtributiéns using various methods. The resultg

were compared with the volume changes associated with the

-

carboxylié.acids. A mean szw value of =14.7 = (0.8 ém3 mol—l-

' was obtained for d—amino acids and was  attributed to the AV i

of reaction/when the -NH; and -CO0 centres are seéarated
L]

moved a%ay by fnterpoging methylene groups, a more negative
mean-AVzw value of.-lB.S £ 0.4 cm’ mol_l-islreached after

4 or mofe CHQ‘grgups have been ihsertéd. This value‘wag
found';o be very close to the mean volume change AV =

1

~18.9 * 1.7 cm> mol © for the proton—exchénge_feaction ?

between pfimary“giiphatic amines and aliphatic monocarboxylic

]

acids,
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10. Ionic Volumes and/Activation Volumes in Kinetics
* of Chemical and Eflectrochemical Reactions

4

The volume  of activation,'AV+, for a chemical or

. . : [}
volume of the activated complex, V+,-and the volumg of

reactants, VR. AV# can be obtained through the rela

3lnk, _ _ Av¥ - )
(—ggf)T = - R : . ' ~I-39

where k is the rate constant oflthe reaction. Tﬁe_slope
of a ﬁlot_of 1nk against pressure P at any P is -AV*/RT.
However, ifi it is assumed that“AV# is independe £
preséﬁ?e:the integration of thgvabove relation gives

. » AV+ - . ")

Ink = lnkb - (ﬁT_)P . I-40
where ko‘is the rate constant at zero pressure.l"Thus, a
plot of lﬁ%— against p will bg a stiaight‘line %hrough the
origin. Ifosuch aiiinear plot is obtainedq, if can be
concluded that AV+ is independent of pressure.

Transition states which are more polar 'than the initial
reactants, ‘as in thevcase of'solvolysis of't—bﬁtyl chloride,
will tehd'to have smaller Vvolumes and lower entf%pies in
solution than the'reaétaﬁts, owing to eiectrostriction

effects. 'Therefore both the volume and entropy of activation

.are negative. According to the above equations, such
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. ' "A .
reactions will proceed faster at high pressures. Negative
i . ) I

volume and entropy of activation are Stroné indications

of formation of a polar or ionic transition state from

relatively non-polar reactants. A reverse trend arises
when the transition state is less polar than the reactants, .
in other wordé,when the electric field is weakened by the

formation of the activated complex.
) 20

As in the case of volume and éntropy of ionization ,

a linear relation is found between volumes and entropies

. . 3 \ .
of activaticn 3 . However, the volumes of activation were

34

found to be more reliable than the entropies of activatiocn -

in suggesting the type of reaction that is taking place.

This was attributed to the entropies of activation being

very sensitive to factors such as the loosening or
strengthening of chemical bonds, whereas volumes of
activation depend to a much greater extent on electro-

striction than on any other effects.

11. Ionic Compressibilities

(a) Significance of Compressibilities

+

Thepartial molal volume ¥° at infinite dilution is
a useful function by which solute-solvent interactions can
be characterized and several aspects of this approcach have

. o . ' 9 50
been discussed above. However, any interpretation of V

must rely on some semi-empirical estimate of the ionic
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intrinsic volume. In this respect, study of partial molal

compressibilities at infinite dilution which do not invdlve

the intrinsic volume provide useful complementary infor-

‘mation on solute-solvent interactions. If the ions are

considered as incompressible spheres (which may not be the
case with organic or polyatom#c‘ioné), then partialgmg;él
compressibility at .infinite diiﬁtion depends only on' ion-
solvént‘interactions; |

The most direbt'compressibility function is the“iso-
thermql quantity.given by

Y.

_ 8V _ :
K. = - (=) - . - I-41 - !
i P o . . . '

where Ki and Vi are respecfively partial molal compressibility
and volume of the ion and P is the pre;sure. A specific
compressibility coefficient (mostly referred to as comb;és—‘

sibility), designated bf B, is defined by

ko>
1]
|
<I+
——
QJIQJ
o<
=]
1
£
N

or, in words, it is the relative fractional change in wvolume
witp”pressure at constant temperature.

Isoﬁhermal éompressibilities must normally* be
determined by means of P-V measurements on liquidé 6r liquid
solutions., However, this method presenté a problem. The

pressﬁre dependence of # is such that B decreases most
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rapidly at low pressures,'where it is most Hifficult to
obtain experimentel resdfts ofﬁpigh accuracy. .

An elternative method to obtain isothefmal compres-—
sibility is through the adiabatic coﬁéressibility which
can be evalﬁated Quite accurately from density and sound

. . /

velocity measurements in solutions.

The adiabatic partial molal compressibility, K is,

SI
the derivative of partial molal volume, ¥V, with respect to:

pressure at constant entropy, S: .

Ko = = (5p) I-43
S
and the adiabatic specific compressibility coefficieht BS *
is given by <
1 eV K
s = = § 39 I-44

The relation between B and BS is given by

where CP and CV are the heat capacities at conspant pressure
and veolume, respectively, However, data on CP and Cv or
ionic solutions are often unavailable so that adieb ic
cempressibilities are often directly used in di%cds ions

of compressibility of agueous ionic solutions.
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Recently, Desnoyers and Philip35 derived equations
fqr the difference between apparent molal isothermal and
.adlabatlc compre551b111t1es and for the difference between
infinite dllution values of the same quantities. The latter
equatlon* is quite 51mple and requires data only on apparent
molal expan51v£ty, ¢E, and heat capacity, ¢c,-at infinite
dilution in aqueous solutions, It was found that this
difference for NaCl and K&l anounts to less than 10% ae_
Furthermore, Milleroiy6 showed that, for NaCl, the difference-
between apparent_molel adiabatic and isothermal compres-
sibilities is not strongly dependent on concenttetion. He
‘took this as an indication that the, relative partial molal
compre551b111t1es of electrolytes can be estimated from
adiabatic partlal melal compre551b111t1es without ferlous
‘errors., The same dlfferenqes at infinite dilution for some
>tetraalky1ammonium ions are much more than 10% 35- It was
also found35 that the main contribution to this difference

-

was from the apparent molal expansivity at infinite dilution.

*
o 2¢ ¢C‘ . f/;ﬁ
@] o]

where 60 = g° = g% (superscriptr "o" stands for pur

vent), o is the coefficient of thermal expansion
solvent and % is volumetric specific heat of the :

These guantities are well known for water.




The qualitative features of compressibility behaviour
of soclutes can be summarized as follows 37. {a) The\
hgkisfrostricted water gives a negative compressibility
b;;ause it is leést compressible compared to the bulk
water. (b) The "structure-broken" water, which is the
water between electreostricted and bulk water, has probably
a negative compressibility®because it is closer pﬁcked than
bulk water. (c) Water affected by H-bonding to the solute
givesldi%egative cbmpressibility change because H-bonded

networks tend to collapse upon increasé& of pressure.

{(b) Relation to Electroétriction

It was already stated in Sectlon I-5-b that- electro—
striction 1s 1ndlcated by a negatlve apparent molal .
\compre551blllty since electrostrlcted water ‘would have

t
lower comp;essibility than that of bulk wgber\\“zifrefore,
a relation between electrostriction and comﬁressighlity is

-expected. Of course, this relation must originate from the

definition of compressibility [= % (%% 1. If the partial
: T

. molal volume at infinite dilution of an ion is written -

r

siimply as the sum of intrinsic and electrostriction volumes

VC=v. +v o : 1-47
1 1 e K

-

then the partial molal ébmpressibility at infinite dilution
of the ions is given by

* ~
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=K, + K. - : ' I-48 :

where K. is the intrinsic partial molal compressibility

i
! 3
v, ' _ _ :
[z - (gﬁu)-], X, is the electrostriction partial molal L
T : . , . :
. v, _ o ’ ;
compressibility [Z - (53—) ] and Ki is the partial molal

-
compressibility at iﬁfiniﬁe dilution of the ion.

Since the effect:of pressure on the voluﬁe of crystalé{
is small,_-_Ki islexpected to be close- to zero. Therefore,
E?Iis detérmined mainly by.Ke. The relation bgtween ke and

38

‘Ve was examined by Millero et al. by using continuum and

hydration models for ion-water interactiqns; In the .

continuum model, the ‘electrostriction velume is simply

given by Drude and Nernst's equation (Equation I-17}, but

e

probablj inaccurately. The derivative of it with respect to

pressure is the' electrostriction compressibility contribution,

i.e.,
2 C 2 2 2
kR, = (2255 _ Alneyy ez 1-49
. oap? 'm )
or
: 2 , 2
. d71ne Jlne e .
K= {( YA )} 1I-50
e 5p? OP g (B%EE)
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In the hydration model, the electrostriction volume
is given by ’
v, = n(VH20 - VHZO) . '~ I-51-

»

where VH o and VH o are the molar volumes of electrostrlcted

2 2
and bulk water molecules.. If VH 0 is assumed to be
2 R
independent of pressure, the Ke is given by . -
ot
SVH 0
K, = - n( 5 I-52
or, since compressibility of bulk water is d = - 1
- i ‘ H,O V.
‘ . 2 H,0
v - , . 2
HyO .' - o o
( 5P ) and n is Ve/(vH o~ VH O) (1.e.,lEquatlon I-27),
T . 2 2
BHZO VHZb
K = . V b ” I-53
e \—] -V e
H20 HZO

Both methods show that the relation between K and Ve

(Equatlons I-50 and I-53) can be represented by

Ke =k V.e ’ ‘ 1-5..4
where k is given by _ ‘
2
(B lne) _ (Blne
N =~ ap 2 T aP o e Ioss
. (alne)- .
3P ‘

T
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for the continuvum model and by

B A
20 "H,0
v -V

H20 HZO

H

-

for the hydration model. oOf course, if it is assumed 'that

L4

the intrinsic voldme of the ion is independent of pressure,l
the relation Ke = kVe automatically becomes E? = kVe.
However, such an assumption is hard to visualize, especially
if the void spacé which isg inéludgd in the intrinsic voluﬁe '
(és discussed earlier in Section I-5-a) is'cbnsidered.
Mathieson aﬂd Conway39 developed.a method for the
assignment of the individual ionic compressibilities in which
they also considered thé‘pressure—dependence of the intrinsic

.

volume. This method yill be discussed later in Section I-12-b.

1 clsas ‘ Lo ” .
(c) ‘Compressibility Changes in Ionization Processes

As in the case of the volume of iconization, the com-

pressibility of ienization, AR?, can be defined as the change

in compressibility for the process
*

HA = H' + A~ ~ ' I-33

or..

which is given by



d e s e e

or

+
A'IE?=R°(H)+§°

(

for the two processes,

B) - K°(Bu™)

respectively. Again,

it should be

noted that, in the second process (I-35), there is no loss

or gain of charge.: Aﬁg

is mostiy negative.

The use of AE? together with AV{ leads to estimations

of effects of pressure on ionization constants.

been investigated e.g., by Owen and Brinkley

Thiswhas

40. The variation

of the thermodynamic eguilibrium constant with pressure is

given by40

d1nkK

RT (e

T,m

) = - T

I-59

where AV is the algebraic difference between the partial

molal volumes of products and reactants in the equilibrum,

In order to integrate this equation, AV must be expressed

in terms of pressure.

through the definition of compressibility [K =

By assuming K to be independent of pressure over a

—

This was done by Owen and Brinkley4

0

3V
- (5p) 1.
LR

moderate préssuqe range, they derived a relation by which

the equilibrium constant can be calculated at any pressure

from -AV and AK data. They used this relation to estimate

the effect of p}essure upon ion%garion (including the
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ionization of water) and solubility constant. For water,
it was found that the ionizatfon constant increases with

‘pressure and the relative increase is the greater, the

lower the temperature.

As was already mentioned in Section I-9, a similar but

simpler equétibn was used by Lown, Thirsk and Wynne-Jcnes 30-

:
o
3

However, they used the equation to obtain volumes and

-
-

compressibilities of ionization from the pressure~dependence

of ionization constant?: It will be recalled that they

30

found a linear relation between AV? and AR?. Verrall and

Conway21 obtained compressibilities of ionization for

primary, secondary and tertiary methylammonium chlorides'

from sepafate measurements of compressibilities of the species
involved in the ionization process. They found positive AK?
values in all cases and attributed them to a stronger
structﬁre—promoting effect of the alkyl groups in the

+ .
0O 1on,

aminium cations relative to that caused by H,

(d) Relation to Hydrétion Numbers

The relation of hydration number to the compressibility
was firét considered by ﬁassynski77 and can easiiy be found
by combination of the equation for hydration number in
terms of vo;ume; Equation I—26,analthe definition\bf
cﬁmpressibiiitf. Equation I—Zé_can be written as

@V = v& + n(VH20 ~.VH20) ‘I-GQ

PR



T

If the intrinsic volume, Vi' the hydration number, n, and
1Y
the volume of electrostricted wafer, Vh 0,_arelassumed to

) 2
be independent of pressure, differentiation of Equation

s

ifGO with respect to pressure at constant temperature gives

- 3V

3¢, ‘ H,O & :
(=) = n(= —=2) 1-61
|T "‘ b T .
or, . .
$., = - nB;: .V - I-62
K H,0 H,0 . - h
il.e
o
n= - 3 5 I-63
H,0'H.,0

Here ¢K is the isothermal apparent molal compressibility

of the Eolution; BHZO the isothermal compressibility of
water and VHZO is the.molaruvolume of waﬁer. This equatioﬁ.
was used by Padov§4l and by Desnoyérs and Jolicoeur 42.

This metﬂod again gives, as usual, the total hydrgtion
number for the salts. A‘suitable_méthod has then to be
found to e&alqate the individual ionic hydration numbers.,
This can be done by. assuming the:hydration number of an ion

having small charge-to-size ratio (e.g., I ) to be zero.
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12. Individual Ionic Volumes and Compressibilities

The problem of obtaining individual.ionic properties
has already been mentioned.in Section I-4. In this section,
the methods used to detdrmine the individual’ 1onlc volumes .
and compre551b111t1es will be discussed. The excellent
reviews on thls~subject by Conway43 8# and by Mn.llero’7 18

must be noted

(a) - .-Individual ionic Volumgif
lMost of the earller methods for obtalnlng 1nd1v1dual
ionic veclumes 1nvolve some relatlon to the ionic radll.
Bernal and Fow%er%4 set up a scale for 1on1c.volumes-b1
_diﬁiding the volume of CsCl in proportion tq:voluﬁes of the
two types of ions in the solid, considering the similar
lsizes of Cs+ and Cl". Thug, the partial mclal volumes of

- _ s
cst and €1~ (V° and V° _) were found from the two equations

Cs+ Cl
Vo _ T, =70 I-64
©Cl Cs ' cscl
and

=0 3
Vi o+ T 4

Cs _+ Cs
= = I-65
v r

Cl Cl

g
i
1
1
H
]
1
1

e it B e Sy b b -y m
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where r _'and r _ are the crystal ionic radii of Cs® and
R o - Cl : T '
Cl. in solid CscCl.

‘ Noyes45 used an exXtrapoldtion procedure to find the

.partial moial volume of the‘hydrogen ion. ‘He used the

! : . . . 4
egquations N N : s ™

-

04175  ©

v, - VO _- =vo, 4+ 45 | 72 ‘I-66 ¢
i conv. + r 2
H J r
for cations and ' R
o 0.4175 P
v = V0, - =222, 2 _ I-67
conv. H+ r -'r2 ] ;

- .

, .o -
. s

for anions,)\where Vi is 'the intrinsic partial molal volume

and vgonv is the conventional partﬁél molal volume obtained
by assuming V°, = 0. C., and A. are constants. V°,, C.
Nt 2 2 A gt 2

éhd A2 were obtained by the method of lpast-squares "best"

fit for values of the left hand sides of the abbve equagibns

plotted agai@st 1/xr. Some void spéce effects were taken e

into account in V-
6

~

Glueckauf4 also used a method involving ionic radii.

He assumed that the intrinsic volume is given by (Equation -

I-15)
T v o= ' 3 ~ ' .
. v, = 2:520(ri + a) . - . I-68

where "a" is a_packing factor, taken as 5.5 nm. The volume

data were fitted for alkali metal- chlorides (ffom Na® to Cs+)

¢
.

.

P

PPV S
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.
according to the relation

VO - 2520(r; + 5.5)7 = ¥° _ -

Cl

I-69

=l»

where ﬁo is the partial molal volume of the alkali metal
éhlefae, r, is the radius of the alkali metal'ion‘concerﬁed

and T is the sum of the radii of the alkali metal ion and

the water molecule. V° _.was obtained by extrapolating the
: Cl . .
linear plot of the left-hand-side of Equation I-69 against 1/T

+to zero 1/F.

. . o ’ -
All these methods. involve ionic radii. However, "true"*

ionic radii are not known. There are several scales for crystal

-

ionic radii such as Pauling's, Ggldschmidt's and Gourary

v

and Adrian's. Depending on the set of radii used, different

values for the individual ionic volumes will be obtained.

This is especially true if Gourary and Adrian'’s scale is

selected, becausé it is significantly different from the

others. Therefore, chpice of a proper scale is_as—eriticél
as the choice of a sfethod for obtaining,individuéiﬂionic_
volumes, Of'cgursé, the use of aAméthod that is independent -
of ionic radii is_ a better alternative. "
Conway, Vé}rali and ﬁeénoyers47 developed_such a method
for the assignment of individual ionib volumes‘Which dées.not

involﬁe:ionic radii. TRey found that the partial molal

volumes at infinite dilution for the series of homologous

* They depend on the environment of the ions.
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. tetra-n-alkylammonium bromides are exceilently~linéar in

molecular weight of the cation. 'By extrapoclating this . !
linear reiation‘to Zero R4N+ cation molecular weight, . . E
the volume of the co—anion was obtained. This excellent ‘ i
linear relatlonshlp was supposed to be due to a compensatlon , _ ¢
between any small electrostrlctlon that these ions might
cause and any p051t1ve Volume effect due to the known
structure enhancement which these -ions promote in water.
The point for NHZ in the plot was below the line due. to
larger electrostriction for NH4, as expected.

Recently, Krumgalz10 reviewed various methods for
separating ‘.partial_molal volumes into ionic contributions
and pointed out that in the last few years, Cenway, Verrall

g147

and Desnoyer method has been used most frequently,

He applied this method successfully to all existing data

for non-agqueous electrolyte solutions over a wide temperature

range. S

Another interesting~gethod, proposed by Kay 48,makes

-use of the well known coh 1exation49'97 between cations and

" -
crown ethers, The volume change’AV for the process;
Polyether + MY «= Polyether Complex : _ I-70

is given’by

AV = T° =0 . 50 I-71
M

- VPolyether Complex ~ V'Polyether ~ V. +

~



If it is assumed that the partial melal volumes of the
- N . ¢ .
polyether complex and of the polyether are equal,  then the

partial molal volume of cation can be obtained from the

;pressure derivative of the stability constant of the complex.

This assumption can be expected to be valid especially for

complexation by polyeyclic ligandsso'since théy'can SiijEEBr

the ions almost completely.

k4

One final and important method for individual ionic

volumes is due to Zana and Yeager 51} It is5 important because

it gives the absolute individual ionic volumes experimentally.

* From ultrasonic vibration potential measurements, they were
able to obtain tﬁe difference in partial molal volumes of
cation.and anion of a salt. Since the density meaﬁurements
lead to the sum‘of the saﬁe quantities, the two equations
can be solved for the individua; lonic volumes. The
results obtained, e.g., for VO or V°

ut c1

with those derived by the R4N+ extrapolation procedure.

(b) Individual Ionic Compressibilities

l.Glueckaufsz derived'an equation yielding ionic .volumes,
?aking account of dielectric saturation effects. By con=*~\\
sidering the reiative contribuéions to the decrease cof
compressibility—of water due to the ionic field, from

second- and third-, as well as first-layer water molecules,

Glueckauf calculated isothermal ionic compressibilities.

_ are in good agreement

A
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Noyes45 applied a ﬁethod to fiﬁd individual ionic
compressibilities similar to the one used for volumes -
(previous section). However, structural contributions to ..
the intrinsic compressibility wére not allowed for. He
used the same intrinsic comprqssibility term, Ari, whgre
A is a constant and ri' the ionic radius, for both anions
and cations.

Laliberﬁé and Cbnwa923 suggested a scale for ionic
compressibilities based on extrapolation to zero cation
molecuiar weight of'ﬁg (adiabatic partial molal gompreSSibility
at infinite dilution) for a series of tetra;lkylamméﬂium and
Apfridinium halides. This method was analcgous to fhat of
Conway, Verrali and Desnoyers 47 for ionic volumes. However,
they recognized that Rg is not so simple an additi#é‘p:operty

in molecular weight (or number of atoms in the molecule) as
A .

is the volume.

Mathieson and Conway39.developed a method for individual

11

ionic compressibilities. This method starts with Hepler's

‘equation for ionic volumes {Equation I-16),

2 ' - . :
T = ard . Bzl ' ' I-16
1 1 ri

Assuming riis independent of pressure, V? cam be differen-
tiated with respect to pressure,
9V,

= - —l.. = A 3 - 1 2 -
Re ; (55 )s Ay - Bl2?/r 1-7.2

et
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where A' and B' are the derivatives of A and B with respect

to pressure,. For an electrolyte of MaXb’ Kg can be written
as . : .
3 azi' bzz ‘ - ' i
Xb)—arA'+brA'———B~;_-TB:_ I-73 ‘

r, . _ . . 3
where subscripts + and - stand for cation and anion, res-
pectively. Considering this as an equation with four

unknowns, namely Al, A', Bl and B', Eﬁéy used a computer

program for four-variable linear regression analysis to
estimate the values of these parameters. Pauling's.radii’ /}4 i

' 4
and compressibility data for the halides of K+, Rb+ and Cs+ :

were used in these calculations. -

‘Almost all the methods to find individual ionic com-

pressibilities depend on data for jionic radii ; thus, the
discussion about the choice of ionic radii, given in the

previous section, also applies to compressibilities as well.

- 13. Previous Work.on the Specific Topics Examined
in the Present Research

Studies of partial mﬁigl—ﬁbiumeé and conpressibilities

have been carried out on a considerable number of electro-

s

lytes and non;electrolytes, and some thorough reviews

are available, e.g., Millero 7'18'36,Conway 1.8,43;

Y-

and Krumgalz 10, Some recently published works which are

,Aki tt28

closely.related to the'presept subject will be summarized

in this section.

Voaipt e
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{(a) Partial Molal'Volumes

'L

The work of Couture and Laidler?® on partial molal
volumes of oxyanions has already been discussed (Section
I-8). - Recently, Desnoyers' and Hepler's gnou§ in a joint
péper 53,and ﬁeple:'s group 54;reported apparent molal

volumes of a set of salts of oxyanions including NaClO3,

NaClO‘l,‘NaZSO4 and Na2§203 which were also studied in the

present work. They determined the apparent molal volumes :

at infinite dilution by the usual extrapolation procédire

to zero concentration. They also listed convention;Ii:fﬁD
individual ionic volumes for the ions they stpdied.
Wen, Takeguchi and Wilson55 reported viscosity and

apparent molal volumes of agueous triethylenediamine and

its protonated form. - They concluded that the hydrochloride

is a weak water structure-breaker while the free base

intéracts with water and-enhances the structure markedly.
Kiyahora, Perrén and Desnoyérs56 séudiéd'volumeSVandvheat
capacities of %ome cyclic ethers-and amineé in water. ‘They
founq all the efhers and amines they studied (tetrahydropyran,
p-dioxane, piperazine, morphqline and piperidine) to be
hydrophobic. The overali structural influence was very

smali with dioxane andtlérge with piperidine. They also
estimated group contributions from :CHZ_f ~NH-, and -0O-

to the thermodynamic functions studied. Enea, Jolicoeur

L s e e e e St + 8kt e e e L L L
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and Hepler57 feported apparent molal volumes and heat

~

capacities of some unsaturated heterocyclic solutes in
aqueous solution. These compounds include pyrazine,
pyridazine, imidazole and pyfazole in common with the

compounds used in part of the present work.* They tabulated

Slieirade oA R kvl

. £he infinite, dilution values.of volumes and heat capacities,
and £reated thé data in terms of grdup and atomic additivity
;elationsﬁips. Conway and Laliberté24 énd Laliberté& and
‘ Conway23 studied the volume aﬁd compressibility behaviour_
of pyridine and‘ﬁipéridine, and their derivatives as well
as their hydrochlerides. The results obtained for pyridine, i
piperidine and their protonated forms'will be useé together ‘
lwith the present results for iﬁterpretation since they were
obtained in the same lab with the same method (except :
compressibility). éabaﬂi apd his co_-workers.ss"22 reported ‘ ?
their work on volumetric properties of saturated cyclic
am;nes,ethers'and tﬁeir proton ionizatioﬁ. They tried to -

correlate the volumes of ionization with some ot thermo-

dynamic properties as was discussed earlier (Section I-6).

(b} Partial Molal Combressibilities

In general, the works on compréséibility reported in

\ : - » . - - 0
‘\ the literature are not so. extensive as those on volure. This is

\probably due to the relatively greateg’difficulties involved

* The present work on these compounds was in proéress at
the time the work of Enea, Jolicoeur and Hepler37 (1980)
was published.
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in experimental determination of compressibilities. It is

only recently that experimental methods have been deve-

1oped59'60 for accurate measurement of compressibilities

down to sufficienfiy‘low concentrations that limiting-law
behaviour is @pp;oached. The compressibilities of simple
salts such as Nadl and Na2504 studied in the preéént
research_as standards have been réported previously by

several authors38£39’60’61'62'63’64. However, little work

has been’described on compressibilities of the salts of

other oxganions such -as NaClOz, NéClO3, NazséOG, Naészb3,
etc. Oﬁ the other hand, studieg cn the compressibilities
of"brganic molecules and ions investigéted in £he present
research are also limited in the literature.‘ Conway and

Lalibertézﬁ and Lalibergé and Conway23 studied the

compressibilities of pyri

e, piperidine and their

derivatives (methyl substitdted on the ring or on "N")

and the hydrohalides_ these molecules. As in the case
of volumes, their results for pyridine, piperidine and
their protonated forms will be used together with the

present results for interpretations. .Conway, Mathieson

and Dhar®> examined the volumes and compfeszgiiﬁities‘of

neutral pyrazihe and pyridine“ih relation t tﬂeir orientation

behaviour when adsorbed at the mErcury—water interface.
Kaulgud and Pa’til66 investigated volume and compressibility

behaviour of aqueous solutions -of amines including

e i ekt i e T T e



B R s ey e L

56

ethylenediamine, pyrrolidine, piperidine and mofpholine

67 studied

(neutral compoﬁnds only). Lawrence and Conway
the compressibiliﬁy and its change upon ionization for
;etﬁylenediamine and'some‘other polyethylenimiﬁes in
relation ta polyidn hydration. Some of these early works

and their results will be discussed and compared with the :

present observations in later chapters.

.\v

14, General Aims of the New Work

The general aim of the preéent research was to
investigate the gffécts of size and-configﬁrationgl factors
in ionic hydration and ionization,of‘a.selection of
structurally related organic bases and a series of salts
with polyatomic anions. The work involves the study of
intefactions‘of ions of various sizg;, geometries and
canfigurations with water.

The methods used were {a) evaluat&on of apparent

molal volumes; and (b) evaluation of apparent molal com-

. pressibilities. Both these apprd%éhes have been shown

pre-viouslyes‘69

to be sensitive to steric, size and
.configurational factors in ‘ion-solvent interactions.

The types of ions studied were some inorganic oxyanions

and ions of some organic heterocyclic compounds ionized at
the nitrogen centre. For the oxyanioné, the problem of

'
separation of ionic volumes into intrinsic and electro-

'
H
'
1
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striction volume contributions_will be discussed. A

relation between the volume and the compressibility as . i
well as the entrqpy will be sought. The results will be - ;
discussed in‘terms of size and charge effecgé,and number
of oxygen 1;gands. From‘mgasurements of volumes and
compressibilities of organic bases and theirrions,/the
. -

changes in these functions upon ioniza£ion were determined.
The rélation between volume and compressibility of
ionization, as well'as‘between these fuﬁctions and some
other functions, for examéle entropy of ionization was”
.invesfigated. The results will be dischésed‘in térms of
configurational and conformational effecﬁs.‘ ?

fhe organic compounds we£e chosen in .a systematic way
in order to be able to investigate the éffect of (a) the
number of cyclic ring‘s§stems; (b)j:NH,.:O replacemeht in
the ring; (c) the number of "N" centres in,fhe ring; (d)-
aromaticity; (g) position of "ﬁ“s in the ring and (f) the
number of -CH,~ groups in the ring, on the hydration and
ionization properties of several Series of structurally

related substénces.

Lr
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CHAPTER II

‘ : .
GENERAL FORMULATION OF PARTIAL -MOLAL VOLUMES

AND COMPRESSIBILITIES

1. Partial Molal Volumes!

; . .
The partial. molal volume of a solute may be v1suallzed

by con51der1ng a large reserv01r of solutlon, S0 large that
the addition of one mole oj solute will not alter -the
_concentration. The change rn volume of the solution upon
the addition of one mole ofl solute to this large reservoir
of volume is the partial ‘molal nolume of the solute at
the indicated concentration at constant temperaturé{
pressure and mcles of other components. Mathematically,
- this can be represented by the partial derivative'of the
total volume, v, with_respect to concentration at constant

temperature T, pressure P and numbers of. moles of other

components, Ny evey i,e.,

T e
R T
For a binary solution, where component 1 is water and
component 2 is a solute, II-1 is written .as

2 T,P, 3%
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where Vz is the partial molal volume of the sglﬁﬁg, n,

is the number.of moles of solute and n. is the number of

1

‘moles of water. The total volume of the solution, v, is

related to the partial molal volhmes of the components by

v, - ' : II-3
where Vl is the partial molal volume of water,

The partial molal volumes can be determined from ,)/ )
density or volume data by eﬁployihg a very usefui'quantity
known as the apparent molal volume, first introduced by

Marignac70

. When n, moles of solute are added to a large
volume of water and the partial molal volume of water is
taken as its infinite dilution valué, V?, then the apparent

molal volume of the solute ¢v is defined by

= ( -— = - 7° . - -
¢ = (V VHZQ)/n2 (V-n, Vi) /n, II-4
where VH o= an§ is the volume of water in the solution.
2 o ) ‘
For a molal solution (n,=m), ¥ and Vy o are given by
: 2
) V = (1000 + mM,)/d , II-5
VHZO = lOOO/do - II-6
.

where m is the molality (moles per kilogram of:water)ﬂ M,

the molecular weight of the solute and d and do are the

densities of solution and water, respectively. Substituting

Al

e bk e St
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Equations II-5 and II-6 into II-4 yields

L
o’

lOOO(do-d)

M2 o . T
b = Tmaa_  ta3 . : - 17
" . o] .

When molar concentrations are used (n,=c), V and V.

are
. 20
given by
. 9
3 .
vV = 1000 am } ir-8
and , - ‘
: VHZO = (loo00d - CMZ)/db‘ . . : Ir-9

Substituting Equations II-8 and II-9 into II-4 yields

L. ..
- / -

. 1000(d_-d) M, : -
% =" @ea. _ta - = | o 11-10
\ Q o .

i e’

The partial mokal volume of a solute in terms of its

apparent molal volhme can be obtaingd'by differentiating

Equétion II-4 with respect to nyi thus
L o
Vy = ¢, + nz(w $ . : II-11
. i T,P,nl‘

-~
- L

Thig_gﬁbﬁgufﬁgE1.at infinite dilution, i.e., n, + 0, the

.. partial molal volume becomes identical with,the aﬁparent'

molal volume (Vgiz ¢3), a well known result.

In order to determiﬁé ¢3 or Vg, the extrapolation of
the apparent molal volumes of solute to infinite dilution

o

[ R S

Py

PP




'electrolytes, on.- the other hand, the Redllch-Meyer

the reaso [} for the satlsfactory appllcablllty of Equatlon

b
%ts values are 1.868 and 9.706,cm

. 2. Partial Molal Compressibilities ‘ , o

g -XK= (5 S ; II-14

is necessary.. For nonelectrolytes this extrapolatlon can’ ; R

~

simply be done accordlng to ' ..

1] ' . ' v . *- »
¢, = ¢3 + bom o S S II-12.
N . r J‘\.

L} . . i
where b, is an .adjustable . parameter. For - N
71

equatlon can satlsfactorlly be applied. It is given by
." !

) . " , V - '
+8 S+ bec - II-1;4; B
v v ]

where SV is the theoretical’Debye-Hﬁckel 1imitihg~slope.
. P ;
The value,pf S is well characterlzed and this is one of

b, = bo

v

II 13, depends iny on the charge type but not on the

nature of the electrolyte, For 1:1 and 1:2 type electrolytes 5

3 mo173/2 l/z, respectl—

vely 7. bv is agaln an experlmentally observed parameter. ‘ I

-
e

.

4

The partial molal compressibility of a solute'is

defined by - A K

4 . . . i
- “ .. B - - . .
. . .

{ | | | ‘ | -
o
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So, differeptiation of Equation II-4 with respect to

pressure gives

—0
LA
oP T 1P 7 3
-4, = II-16
K n2 » !
&

'By introducing';he compressibility, B, defined by Equation

4

I-41, the.relatidn)

-

= g = (= BVTH n VOB ) /n, II-17

is obtained where R

o is the combressibiliiy of water.

[

For a molal solution, comBination of Equations II-5,

2

R

I1-6, II-7 and II-17 yields

PRI

"~ _ 1000 ' . _a
by = md (B=B ) + Bo,, II-18

tx

.

Slmllarly, for a molar solutlon, Equations II- 8, II-9,

.
..../.-_,..;.._- et v o

I1-10 and II-17 yleld

_ 2000
¢K_

I1-19

The partial molal comﬁzessibility of a solute in terms
. 1Y

of apparent mblal.compressibiiity;can be obtained as

-

*

S e N S ,s..s:.u.»-:-rusJéﬁn:
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‘Process is adiabatic. The adiabatic compressibility, B

-7

63

. 3¢K . . ’ .
K = ¢K + n, (__) ) I1I-20
‘ Ty

¢ »

‘which follows' from Equations II-14 and II-16. . Here K and .

¢K‘are the pértia} and apparent molal compressibilities of |
a solute,'resbectively. Aggin, Equation II—20 shows that,
at infinite dilution, i.e., as n, = 0, the partial and
apparent molal cawpressibilities become identical, i.e.,
= ¢§.' ‘ s
As already mentiongd_in the introduction, -evaluation

-

of the isothermal compressibility from P-V measurements

"is difficult. &an altérﬁatiﬁé’ﬁééhod involves the

a

measurement of the édiaba;ic compressibility by determining
the velociﬁy of propagation of sound waves througﬁ a
solution; An acoustlc or pressure wave travelllng through

a solutlon produces a rapid compr9551on which, unlike a
static compression, does not allow sufficient time for any

heat flow to or from the system. Therefore, the compression

Sl
is related to the velocity of sound, u, by
Bg = 100 ' . s TIr-21
u“a -

3, and the’

velocity'of;éound‘is inms™t, By is obtained in bar T

When the density of solution, d, is in g cm~

. < - PR
through Equation‘IIf21."Théhappérent molal adiabatic com-

pressibility, is given by

¢KS

P NP B S S
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1000tss—sg)

ks = md_ + Bgby 11-22
or
. o . R
1000 (Bg-80) .
ks = — 2 t Bgty Lo 123

where Bg' is the adiabatic compresgibiiity of water., The
reiaéion between adiabatic and isotherméi compressibilities
is gi?en by Equation I-45, i.e.,.BS - (CV/CP)B. Because
the CV and CP data were not available for these solut{ons,
the adiabatic compressibilities have been used directly
in-the‘present-work. ‘ |

The cpncent?%tion dependénce of appareht molal
adiaba‘tic compressibilit& of a noh—electrolyte can be

expressed in terms of the equati ' V///f\

o .
r %gg T Pxg * bgg™

where ¢§s is the apparent mdlal

k R
at infinite dilution and bKS is

parameter. For an elec;;p&yte,

equation anélogous to IT~13 can

II-24

adiabatic compressibility

an empirical - . L

on the other. hand, an - .

be written. However, the

,
theoretical limiting slope (slope with respect to v/€) is

not known for compressibilities.

limiting law equation

Therefore, a simpler

. : II-25

VR U S S VTSP
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N

can be used. Mathieson and Conway 33 pointed out that an

extrapolatlon procedure accordlng to an eguation analogous

to II-13, (a) requlres that the theoretical limiting sloge

be known; (b) has no advantages over the ¢Kslversus ml/2
plot (Equation II-25) if the data are obtalnable in the

region where th% limiting law applies experimentally.

:m_ ﬂ\ // »/’—'f-
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T
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! CHAPTER III

EXPERIMENTAL

1. Methods of Measurement

(a) .(Partial Molal Volumes

'IbteEMnMjons of partial molal volumes are usually made

from the corresponding apparent molal voiumes. In practice,

the apparent molal volume data are obtained from den51ty
measurements on the solution, d, and the solvent (water),

do. Slnce differences of d and d -determine the apparent

molal volume (Equation II- 7), they must be very accurately

known. ) . .
Various methods are availahle for the meesurement of”
densities of solutions, e g., the Archlmedlan balance
procedure, the magnetid float method, regqular pyknometry
(less accurate), -dilution dllatometry and flow den51to—

? Certain f ctors such as the. concentratlon range

metry
under study, the volatlllty of the solvent the tempe ture

and the react@v1ty of the solvent or solute toward h or

CO2 determine the choice of a sultable method for m asuring_
hthe density. Among the above methods, dilution dilateﬁetrx

gives very acchrate density data at high dilutions. However,.

1t requlres that the density of the, startlng solutlon be

known, Then the den51t1es at hlgher dllutlons may be obtained
. . » . Y
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reiativelf by means of further dilution using this method.

Therefore, it. can only be used together with one of the
' . -‘> —_— ’
other methods.

~

The hydrostatic balance method of Kohlrausch 72}based
.
on the Archlmedlan prlnc1ple, was shown by erth7f to give

results of a high degree of . accuracy when used dlf—
ferentlally. This method has been successfully uséd‘in
thighlaboratory for measurements of partial molai‘ﬁelumes
in studies on steric, size and configurational facters in

21,23,24,47,74

ion-solvent interactions "7, It wds therefore

also‘uged in the presen¥® work. ,Ehls method allows a more

dlrect comparlson of the‘ﬁenglty of t{ziir\vle and reference

solutlon and provrdes partial cancell on of errors.

Furthermore, 1t has the advantage that changes of the

concentratlon of the sample soiutlon can easxly be made by ;

addltlon of solute w1thout changing the wholé solution for

. . A
measurements at 1ncrea51ng_cqncentratlons.

»

i. Apparatus ST

1
L

The principal parts of the apparatus used in density

measurements are shown schematically in Figure 1. The

system'is essentially the same as that used' by Verral}.68
and Laliberté 69-

The balance was an Oertling model HO3 , modified for

under-pan weighing on both the front and back pans. The

u

.
.
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a

vessels, in which the solvent and solution were placed,
were made of Pyrex tubing, 48 mm i.d., and were mounted
beneath the balance in Plexiglass holders in. a thermostat.

These holders were fixed in two éeparatenpolystyrene

mounts supported by aluminum plates in such a way that they.

keep the vessels in a vertical position in the thermostat.
Polystyrene mounts weré also useful as a.cover for the
thermostat. The vesselé wefe provided with.plexiglass
covers having small holes for the suépért wires joined to
the balance pans (Figure 1). _ |

The floats, blown of Pyrex tubing of_EU\QT o.d. were
cylindrically sha?ed Qith.a conical base ahd'a spherical’
top.  The floats had a Golume of about 120 cm.3 and were
loaded with ﬂercury'to have ;n apparent deﬁsity cf about
1.12 ¢ cm-3. They were suspended in the vessels by means
of 0.05 mm diameter tungsten wires. The upper parts of

the suspension were,fine'gold plated chains connected "to
. - . h ]

- the pans of the;?ﬂfgzgé. . _ ‘
.‘All measurements were made in a 150 dm3, well lagged

water thermostat provided with an anhulaf window and ‘
_'heated by means of a partially immersed electric bulb.

The temberatuie was contxolled.by a large hand-made mercury
thermé—rq&ﬁiaﬁor (agprokimately 160 cm’ of mercury) . A
high spéeé stirrer situatgd_af a slighf aﬁdie and immersed

deeply ih;the bath, provided‘good circulation.

e L AT o L s
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ii. Accuracy and Calibrations

The overall accuracy of the apparatus was gufficient
to allow ‘densities to be measured to six decimal Places.
'For this purpose, the temperature of the bath had to bé
maintained at 25.000 * 0.005°C as Tonitored on a Beckmann
therfiometer thch was calibrated with a thermomegér having
a 5.5 cm scale for 1°c (each division on its scale 'was
O.OOZOC). Temperature differences across ‘the thermostaﬁ
were undetectable. The floats were examined in each
measurement for adheriﬁé small air bubbles which were
removed if preqeﬁ% and for any "sticking" ta the Qails of
the vessels. The leﬁgth of the suspension wire submergéd

A ; ,
duriﬁd @ run with any particular solufe was always'képt
the same in both the solvent and solution vessels.

The main sources of errors in the determination of

apparent molal volumes are expected to be densities_and

‘ o
concentrations of sclutions. Thus, differentiation of

Equation II-10 with respect to ¢ at constant 4 and with V\\'

1

respect to d at constant/% yields

AV )
- : M .
Probable error in ¢ _ = (== - ¢ ) L8€) L III-1
y - v do v c

Probable error in ¢, = (:lggg).L%iL

IIT-2

fk\,gi
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respectively. Equations III-lland III-2 show that inr

dilute solutions, ¢v is hot‘seriously influenced by
errors in c; however, errors in d do, of course, cause
corresponding uncertainties in ¢V.

The density measuyrements with the apparatus used in

‘this work were reproducible'to 2 in the sixth decimal place.

This' leads to an uncertainty of 0.2 cm3 rrlol—l in ¢, at

.

c=0.01"M while the uncertainty decreases to #0.02 em® mol”

at ¢=0.1 M. The reliability of the measurements was

determined with test runs on KCl solutions. The values

obtained agreed to within 0.1% of the published data 7?

-
Cii.Pr‘ocedure Used in Density Determinations

" Two sllghtly dlfferent procedqaue were uged. In the

work with most ef the-: solutes, the procedure was as follows.

Approximately 150 cm3 water, prethermostatted at 298 K, were

welghed accurately into the test vesset-and the vessel -

- was placed in the thermostat The float, which had an

accurately known volume, previously detsrmined at the same

-

temperature was suspended in this vegsel from the‘front pan

of the balance. Then, approximately|the same amount of

water, again prethermostated at 298 K,\was placed in the

solvent vessel. The level of water in this vessel was such

that after the suspension of tHe second float from the

‘rear pan of the balance, the lengthiof‘the suspensioh'wire

1)
AT
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sugnerged was the same as that in the test vessel. It
S

was not necessary to know the welght or volume of water in

the 'solvent™ vessel. After maklng sure _that both floats

are not adhering to the walls’'of the vesseIs,'the vessels
~_were covered with“plexiglass covers and allowed to reach
thermal equlllbrlum w1th the thermostat fluid for- about

'one hour * A stable readlng on the balance for at 1east

a minute 1nd1 d that thlS equilibrium has been attained.

¥
4
2
1
[
H
i
}
Ki
-3
4
d
1.
Rl
)
3

‘For every measurement thlS test was repeated. /.

The readlng from the balanse, Wwith both vessels o L
contalnlng waterf was recorded as wo. Then an accurately
weighed amount of solute was added to the test vessel and
dissolved by moving the.float slightly up and down. The
solution was again aliowed to attain thermal equilibrium
after covering it with the Rlexiglass couer, but this time -
for only about ten minutes. A reading from tﬁe_balanoe‘

was recorded as w. The difference in density, Ad, between

' » the water and solution is then given by . . Lg_#_.)

_ P o ‘ . -
bd = d - 4 s (wwo)/_vB- | | ) III-3

where d and'd'are the'densities of water angd solution,
respectlvely, and VB'is the voluée of the float in the test ' 3
vessel. Addltlon .0f solute to the solution was repeated . ;
8-13 tlmes (for some salts up to 23 tlmes, €.9., NaCl) and

the density was determlned.each time. The density of water o

~



'|cm3 per division on. 1ts scale.

A

was taken from—reference 76 as*O 997075 glcm-3 at 298 K.
In cases where the solute is a llquld the addition ‘ =
to the test vessel was made by means..of a callbrated . (:,_0

L4

mlcrometer syrlnge which delivered a volume of 1 X 10 -4

L. . -

For some of the.solutes, e.qg., ethylenedlamlne mono- ., ‘
hydrocﬁiorlde, 1mldazole hydrochlorlde, pyrazlne, pyrazole
t;&rochlorlde and pyrrolldlne hydrochlorlde, a slightly ’
different procedure was applied. The solutlons were flrst

made up volumetrlcally in volumetric flasks ang measuremen_

were carried out by changlng the solutlon in the. test

vessel each time. The same precautlons as in the former
procedure were taken for each measurement, e.g., thermal
equilibration, ensuring that the‘same length of suspension

wire was submerged in-each of the two vessels,‘laotcﬁ‘aﬂmrauz of-
the float to the walls of the vessels or of air bubbles to

the float The flasks contalnlng the solutions were also

kept in an aux111ary thermostat at 298 K prlor to measure-.

ments on the sdlutions contained;therein. BT

+ (b} Partial-Molal Compressibilities .
] A ] ‘ F . . i

‘The difficulties which arise in determination of

isothermal compressibilities- by means of P-v measurements :' ‘ o
were already discussed in Sections I-11-a and II-2. It was‘

poxnted out that an alternatlve method involves the

r

* This ¥alue is based on the deflnltlon of the “"old" ml The
new value should be taken as 0.997047 g cm=3 but this does

not significantly affect the calculations of ¢,, and Bg here.
T

o
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ﬁeasurementfpf adiabatic‘compressibriity by ﬂetermininé
the ve1001ty of propagatlon of sound waves through solutlons-
[Sectlon 1I-2] which can be done w1th 1mpre551ve accuracy.

- Early methods used for determining the velocity: of g

sound in solutions-are A1) Ultrasonlc 1nterferometry,_,
. 77

developed by Passynski ,(11) dlfferentlal 1nterferometry, a
1

method first described by Carstenson-]8 and used successfully

_in the'early work in our laboratory 68J69.4However, an

1mproved method ‘has recently become avallable. Iﬁ is

b based on measurement of the delay tlme in transmission of a

w

pulsed ultrasonic signal between a transmitter and a receiver
. -

transducer, through a double-reflection path. The technique

is called the “sing—around" method 60. It is suitable for

small solutlon samples (about 80 cm ) and works well down .
to moderate dllutLons jJust in the Debye- Hﬁckel llmltlng law

range. A commercially- produced 1nstrument'is available 79

.
-

. . . v 11 - -
This metho& was recentlyﬂemployed for accurate adiabatic

: compress;blllty measurements by Mathieson and Conway59 37

and Garnsey et al ?0. It was also used 1n the present work.
L)

The details of the apparatus and the experlmental procedure

‘will be descrlbed next

i. Apparatus

. The apparatus‘gsed was ‘the Model 6105 "Velocimeter" of

NUS Corporation;'the principal components. are asfshown.in' -

»

re
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. probe. * After transmission of a given pulse, a transmission - .

.time.ts is involved before the reception of the reflected

. the sound velocity u in m s_l is given by the. following

u‘?—“‘ - -‘ -
D - — .
« ¥ , .
- - L]
1 N ] - + . ‘5 -
+75. - N
. : & : & ;
Figure 2. .l ) ™

“The system.employSthb tnmmdmxzs and two reflecting

- & .

surfacés in the liquid. A pulse of ultrasonic radiation

is sent from a transducer, marked A in Figure‘Zak_ and

t -~ -

reflected twice through‘tiiy}iquid being examined, back to :

a receiving transducer B.”- The transducers and reflectors - :

are mounted in a corrosion resistant, staiﬁzess steel ; . !
£ 4

signal_éﬁlthe receiverixxThis delay time is détérminea by ‘s
the velocity of sqﬁnd in, the solution.‘ A.further‘célibrated . L
delay- time td is also f%vblvéd between the reééptiop of the ,‘_ P
reflectea pulse signal and generation of a new éulée from

the transmitter ﬁransducer. Pulse repétition-rate is s
dgtérmined by the total time tS + td and. the measurement. Q:
‘consists qf counting the ﬁumber of pﬁlses received in'a

giqgn time. A_Philips decade scalar‘and'timer, and a counter

[y

were used to record the counts.” The number of counts per
seqond is the pulse frequency £, typically ca. 10° 71, '
If & is the length of the sound path at 0°C and o is the _ '

coefficiént of expansion of the stainless steel probe, then
- ; ‘ o

empirical egquation' - -

u'= LE(l + oT) III-4 . »
R . - ‘ .

v
- v A ’
- . ;

e B i



s
, -~ * : ‘ . “
Aﬁ - et . v
4 a * } , <
.m \ ' \
~ * ] - . SSUOTINTOS UT $3TITI0Tan JruoseIim . .
_. ; 7 JO sjuaweInsesl J0F T 243 pue syuawobueie coﬁumﬂumz - N.vmﬂ:mﬁm
_ o . | | | » 5 e . ’ . .
.  Y3YYILS DILINOVI —_ @) -~ . (D). .
i , > . MIONASNVHL M3IONASNVHL
P - , G o VI T L A ONIAIFOIY ~ ONILLINSNVYHL
..~ - ’ ‘ un-ow " m--n-w LI . m o ’ _q
NOILNTOS o Vo X b .
Y . , _ .vas ‘
! jpjsowrlayl u _W. ONIM -
' . - 9A3| JaJD . € J
: o | w oM~ - .
i , R ’ .
; ; . L NOLLNT0S
| o 39NV ——> — _
; ) .o
H 0 Vv «
i PR
Lo N. JONIYAS _ " 1va
w . . ) : aQNNoS
o . \ SH01237434
1NOP J_._qm
i . o . - .
i +
W +
) S
) 4 * »
]

TUNOIS

ot
£
'



P ~ -+
as provided by the manufacturer 8-o.,where T is the temperature
-_\l' -

expressed in OC, Galibration values: of & and td were

supplled again by the manufacturer and were’ used directly,
59 .

¢
in this work 51nce they yere verlfled prevrously
The probe was fltted with a plexlglass platform
(Figure 2.b) 1nto the glass cell ?y means of an O—rlng seal

The plexiglass platform had a hole’in the middle, through ;
hich additions of solute td’chahge the cohcentration of * ’
olutioh-under study could be made; This hole was kept

closed with a plexiglass stopper except during the solute -

addition. &he assembly was éartly immersed ih‘a large water
thermostat, details of which are given in the followifig

section. . The.solutions under investigation were stirred. .

magnetically by a teflon-ccated bar which .followed .a submerged
» :

rotating-magnet driven by -a motor«through a flexible cable

beneath the glass cell. ' ,

‘idi. TemberaturewControlled Bath '~ . }

A large rectangular (70 x 30 x 40 cm) bath ﬁade of

copper and insulated by polystyrene foam on all sides except

the top was used
, - o
‘Temperature controd of the bath was made by means of
a mercury-toluene regulator constructed as follows. About
13 m of 1.27 cm diéieter copper tubing was wound on a frame

about the inside walls of the bath. This tubing was filled

et sl

—tte
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with sulphur-free toluene {about 1.5 L} and attached to-
the'regulatOr head. The attachment was made by,means

of a Cajon fitting having O-rings on both ~sides, made of

.viton, to prevent any leakage of toluene. &a schematic

( _'. . diagram.of mercury tuluene regulator head is shown in
//f‘::*z. ~ Figure 3. A thread of mercury was malntelneg thromgh the,
. teflon taps as toiuene.alone was found to ;éék throug%gJ:e

TN ’ ' tap. The regulitor head wae connected to e‘light bulb,

o N artly immersed ‘into the ther L to provide heating,

thﬂTiZyan electronic reLay. A platinum wire was used to
‘conta mercury along .the capilla y.' The Pt wire could be:
/ moved up or down by meang of a screw, to ‘make fine temperature

. ‘ 9
,/Z adjustments, ~ The platlnum wire and the surface of Hg were

kept in a N2 atmosphere toc avoid bad contact by ox1dat10n .
©f the Hg. The thermostat was operated at 298 K.

]
‘'The temperature throughout the thermostat was maintaimeg
. +
. at a uniform value by means of a powerful stirrer. No other
a . : S . ‘
. source of heat™than the light bulb was necessary. However,

during the summer, water,..cooled to about 295 K in an
¢ ' .

auxiliary bath, had to be.circulated-in the main bath through

a copper coil,;since.occasioﬂally the room.temperature was
above 298 K. The temperature Was'monitored with a Beckmann

thermomezer calibrated with a very accurate thermometer.

~
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iii. Procedure Used in Sound Velocity Determinations

o
. f b
About 95 tec 100'cm3 of water were accuxate1§ weighed” T %
_into the solution vessel, and a thefmal equilibration j
period of about_one hour was allowéd before velocity
determinations were made. When using a solid solute;

additions were made by removing the plexiglass stopper
_momehtarily and transferring accurately weighed amaﬁnts

of the'solute‘into the vessel from a small ladle made from

a.l cm3.beaker attached to a 10 cm glass rod. When the |
solutq was liquid, the calibraéed micrometer syringe,

mentioned iﬁ Section III.1.a.iii, was- used fof‘additions.

After each addition, a period -of 10 to 15 min. was allowed for ther- :
ma} equilibration. The dissolution of solute and_the ‘—fﬁ

-

equilibration was helped by stirring the solution asv

described in Section III.l.b.i. For the soiutes for which
~— the solutions were prepared in voluhmetric flasks, the -

' measurements were carried out by changing the solution in
’the vessel each time, instead of by successive addi£ions
of solute: | . ' | |

v

Forty-second count measurements were taken (4 x 10

6.

counts) until five successive determinations agreed to #*5
counts, i.e., about %I in 10 . The avé%age of these five

readings, divided by 40 was the pulse frequency, f£f. Using

Equation III-4, the velocity for each solution was calculated.

)



iv. Accuracy and Calibrations C o

’ . .
The temperature control of the thermostat was better

than t0.6005°c as ﬁonitored by:a Beckmann thermometer

. }
and d%fferences in temperature,across thé thermostat were

undetectable. Since the teﬁézzzz;re coefficient of sound

Bl -1l o.~1 -4 o

velocity in water is 2.4 m s c ~,'t5 x 10 | °C

uncertainty in temparature would produce *1,2 x 19—3 m S—l
uncertainty 'in véloei;y. On the other hand, the uncertainty

in frequency, £, is 0.1 s”l for a typical freguency of
A . .
10° s 1 as discussed in the previous section. This leads

~

"to an unéertainty of 1.5 x lO-3 m é_l in scund velocity -

as estimated by differentiation of Eﬁuation ITI-4 with
respect to f. Thus the total uncertainty in sound velocity
is #3 x 1073 m g7, ;

In order to find the corrésponding error or uncertainty

in apparent molal compressibility, ¢KS” Egquation II-23 has

to be differentiated '‘with respect to u at‘cénstant d and, )
EST*\\

_ with respect to d at constant u, if errors in concentrat

are neglected. Doing that and using the uncertainties

-

3 . @ _ |
£3 x 107 HE and +2 % 10°% g a3 for the velocity and the

density, respectively, the total uncertainty in apparent _
molal compressibility 'was estimated as 0.4 x 1077 om® mol L

bar ! at 0.01 M concentration.
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!

L The degree of absolute accuracy was tested by
comparlson of the apparent molal compre551b111ty at
infinite dilution of -50 52 x 1074 em3 mo1” l‘bar_.l obtained

for NaCl in the present work witth the literature values of

-50.5 x 1074, -s0.63 x 1074, ~50.45 x 1077 &’ mol ™! bar™!, from -

references 39, 64 and 36, respectively. The agreement is within 0.12%.

2. Preparation and Purification of Solutes Used
: /

!

(a) Inorganic Salts !

NaCl, Naclo,, Nadloé, Nazsb3, Na,S0,, Na,$,0, and
Na25206 solutes were all reagent or analytical grade salts \
and were recrystallized from QOuble distilled water at -
least once, NaC102 was obtained from Alfa Chemicals and
it was the commercially available 80% pure ;rbduct. The
purification tg e reagent grade levél was carried out
accerding to the method described in. Reference 82.

All the salts.were dried in vacuo at about 323 K and
kept.in edesiceator until the time of use. When. there was

ssibility of obtaining the hydrated salt Efter recrys-

tallization, the salts were drled to a constant weight

above the temperature at which they 1lose their water of

hydration. oL

¥
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(b) Organic-Compouhds

e

Triethylenediamine,“plke;a21ne, ethylenediamine,
pyrazine, pyridazine, pyrazol imidazole, 1,2,4 triazole,
‘-pyrrolidine, quinuclidine and morpholine were obtained -.
from Aldrich éhemicals_/éﬁz R\\i,4 dioxane was fromFisher
Tﬁe heutral‘compounds were at least 99% pure except

|

triethylenediamine (97%), pyrazole (98%) and pyridazine

& Chemicals, ) : -

(97%); The appatent molaI—Vg?ume results| obtained for
trlethylenedlamlne before and after recrystalllzatlon wgre
’1n agreement to within 0. lsg, PyrldaZLne was dlstllled twice
under vacuum. The other compounds were used without further

purification. The solid solutes, triethylenediamine,

~

piperaz%he, pyrazlne, pyrazole, 1m1dazole, 1,2,4 trlazole

and quiﬁuclldlne, were dried in vacuo below thelr-respectlve
melting points and kept in EidESlccaum: Since some of these
compounds are very hygroscopic, they were takeggout of the
de51ccat0r only during the. addition to solution under study
and kept in the desiccator until the next addltlon was
'requlred. v The liguid solutes were also kept in the de51ccator
. The apparent molal volume results obtalned for 1,4 dloxane,

- when used directly and after drying over a desiccant, were

in agreement to within 0.1%.
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(¢) Hydrochlorides of the Organic Bases

-

-~

Mono and dihydrochlorides of trietﬁylenediamine and -
(piperazine and the monohydrochloride of pyridazine, were
\’prepared by dissolviné the neutral compounds in methanol
And addlng a st01chlometr1c amount of standard hydrochlorlc .

acid. The hydrochlorides were crystallized and dried in
vacuo.

Hydrochlorides of pyrazine, 1,2,4 triazole and mor-
pholine were prepared in a different way. The neutral
compounds were dissolved in acetone. The hydrochlorlde
salts were formed dlrectly as crystals when HCl gas, prepared
by” dropping concentrated sulphuric aC1d onto a slurry of

'analytlcal grade NH Cl and concentrated HCl, was passed
into the acetone solution.

All hydrochloPides were at ieast 99% pure based on the
Cl  analyses carried out accordlng to Volhard's methed 83

Quinuclidine hydrochlorlde.and ethylenediamine
dihydrochloride were obtained from Aldrich Chemicals'and.

.used without further purification.

Ethyleoediamine menohydrochloride was prepared in '
solution by ﬁixing stoichiometric'amounts of ethylenediamine
and ethylenediamine dihydrocoloride; The.mpnohydrochloride

could not be satisfactorily crystallized but instead,

measurements. were carried out ‘directly using the resulting ’

v
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 being from alkaline permanganate.

85 ~
solutions, Similaf}i, iﬁidazole hydro;hloride, pPYrazole
hydrochloride|and pyrolidine hyd¥ochloride were“;;§$ared
in ;olutibn fﬁom stoichiometric aqod;ts of the neutral
compounds and stan@atd hyd:bchloric acid.

" The mefhéd used for preparation of the hydrochlorides
was determined according tq theif solubility and specific
difficulties in crystallization? |

(d) Water

211 water used to make up solutions and rinse the
test vessels, was doubly dist;lled,‘the second ‘distillation

-

LY
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" CHAPTER IV
RESULTS |
1. General
f
In this cHapter,'fhe aéparent mélal volume and
compreésibility results obtained for the various systems
stddied‘will be éresanted in tabular and graphicai forms.
A complete ;abulatibn of the experimental data can be
found in the appeﬁdices following the last chapter:-“
First, how the experimental density and sound velocity

-

data were treated, to obtain apparent molal  volumes and

. :
compressibilities,will be discussed. 7
2. Treatment of Daga

{(a). Partial Molal Volumes A : ‘

First, the apparent molal volumés, I Qere detérmineq'
using the experimentally measured densities in Equat%bn
II-7 or II-10, depenpding on the scale of qpncentratidns.
Then, for the non-electrolytes, the apparent molal volumes:

were plotted-agaipst concentration éccording to*Equation

_ LI
II-12. For the salts, o, ~ S, /Yc data were plotteg

bl

against concentration, c, according to’ Equation II-13.

The value for Sv' the theoretical Debye-Hickel limiting

slope, was taken as 1.868 cm’ mol 3/2 1/2 for 171 and

3/2 . 1/2

L

9.706 cm® mol” L for 1:2 type eledtroiytes7.' When

-y



necessary, the 1nterconver§1on between molarlty and

molallty was made accordlng to the equatlon

= 1000 é/(1800°d - cM) - | Iv-1

-— =

. where ¢ and m are molarity and molality, respectively,

d is the den51ty of the solutlon and'M is the molecular
welght of the solute

.

On the bas;s of these graphs [¢ Vs c orm and

<i;) (¢V - Sv)/_ vs cl, a subjectlve decision was made whether

to ignore the one or two experimental pointe for the

lowest coneentrations which, in some cases,.aépeared
definitely out of line. Upper 1imits of‘eoncentratioh-
were set where the functions could be conSLdered linear.

The data were then fltted by a linear least-squares plot
and the values- of ¢v' the apparent molal volume.at 1nf1n1te
dilution (= ¥V°, partial molal Qeluﬁe at infinite dilution),

L

and the parameter bv were determined,

*

(b) Partial Molal Compressibilities

The experimentally measured velocities of sound, u[
in solutions were used in Equation II-21 to calculate

the adlabatlc compre551b111t1es, %5.

requ1red for this calculatlon were obtalned from the measu-

*

rements which were made for the determination of apparent

The densities

molal volumes by the differential buoyancy balance method.



' was made by assuming a straight-line relation between the

. hand, for the organic compounds, a polynomial regression

.88

In some experiments, the same solution was used for both -
. [] . H

. the density and thé sound velocity measurements in the

»

case where the solution was prepared'inta‘volumetric

flask. Thus, for these solutions,‘the.densit; obtained

from.the dlfferentlal buoyancy balance was drrectly used . ‘ .
in the calculatlon of BS ’ Howeuer,_for solutlons which ~

were prepared bf sucde551ve additions of solute to en

initielly ueighed amount of water, the concerrtrations

employed in-density meesurements may not be exactly the

same as the concentratlons used for the sound velocltyd ' ':4

measurements The denSLtles correspondlng to concentratlons

for .the sound veloc1ty measurements ‘were determlned by

J TP SN P,

1nterpolatlons in the known density gg concentration’

-,

~

relations. For'the salts of oxyanions, the interpolation

approprigte two consecutive concentrauions. dn the'other
-

method was employed to reiate the measured density data
to the respective concentrations. Then the density at
any concentration was calculated from the polynomial
expression which.regfesented the bestufitrfor tné measured E
data, |

The adiabatic compressibilities and densities obtained

in this way were used to calculate the apparent mglal . ~

_ compressibilities, ¢KS’ according to Equation II-22 or

II-23. For non-electrolytes, the ¢KS data were plotted



&gainst concentrapion according to Egquation II-24. For

the salts, the ¢KS dgta were plottéd’agains quaré-root

of conceniration according to Equafion iI-25. |
On the basis of these graphs, the apparent molal

. v i . ] . . Y. .

adiabatic compressibilities at infinite dilution ¢§S.

(= Kg, partial molal adiabatic compressibility at infinite.
i — } ’:{

of Equations II-24

’ *
dllutlon)-and the parameters bKS and SKS

and II-25, respectively sawere determined by the method .

-4

described in the previous section (i.e., using least-

’
- 1

squares -fitting).

(c) Corrections for Hydrolysis and -Acidic Dissociation
— - w;

1

In the case of some of the un-iocnized bases studied, an 4
» . ] -

appreciable degree of hydrolysis may occuffleading to some

ionization according to the eqguation

-

B + H,0 = BI}*-“ + OH ' 1Iv-2

where B is the wun-ionized basic compound and BH' is its
conjugate acid cation. For the determination &Iiapparent
molal quantities (volume oF‘compressibility)lof the base
itself, the process IV-2 is obviously uﬁdesired. _fﬂerefore,
ié mus{ either bé’prévented or a correctio; must.ug;voidably

be made to the data obtained by allowing'the hydrolysis

to take place. Prevention or supression of hydrglysis

can be achieved by carrying out the measurements in

alkaline medium. This method was thosen in the presént

H



work Thé requxred degree of alkalinity of the supporting
solutlon can be estlmateé from the known hydrolysis-

- ]

constants, h’ which can be expressed for process V-2 as
~ l * + - " . ‘ .
Kh = [BH ] [OH 1/(B) . : Iv-3
Therefore,.in order that hydrolysis be < 1%, i.e., for

or -

[BH']1/[B] to be less than 0.01, [OH ] must befloth

more.
S ) -~ [} -

Based on the above method 6f calculation, the measu-
rements were carried out in d.Ol’ﬁ NaOH for triethyleneq‘
diamine, piperazine, etnylenediamine, imidazole and
morpholine and in 1N NaOH for quinuclidine and'pyrrolidine;
The hydrolyéis gonstants were calculated from the pKa values
for acidic dissociation compiled by Perrin®?

fn the case of some of the‘hfdrochloride salts, the
" acidic dlssoc1atlon, corresponding to the hydrolysis of
the catlon BH' of the base ‘B, viz

9 Ka

BHCL + H,0 & B + Hy0' + CL~ | Iv-4

may also be important, depending on the Ka value and the

corresponding degree of dissociation, a; at a given,con-

/
centration. However, a correction may be made to the
observed apparent molal quantity, ¢, to take into account

the effegzs of the dissociation process. The observed ¢
is then

iven by:
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¢ (observed). = ap(B) + o (HCL) + (1-0) ¢ (BHCL) IV-5

R »

from which'the‘tiue ¢ for the salt BHCl can be obtained as

¢(BHC1)'= gjoﬁ%efved) —1E5¢XB) + ¢ (HC1)]

IV-6

In the present work, ¢(observed) and $(B) wefe
determined experimentally, ¢ (HC1l) was evaluated from the
reported . parameters for Equations II-13 and II—257'39 and

o was caiculated from

Ka = azc/(l—a) D L Iv-7

L]

where ¢ is the concentration of the salt and Ka the acid
dissociation constant®®. The extents of the corrections
will laﬁer be shown by plotting both corrected and

uncorretted ¢ values against concentration for some

typical salts. 1In a number of cases, ‘the corrections

are quite significant when the pKa values are lower than 4.

It should also be noted that the concentration has also

~

to be corrected to c-dc or m-om, depending on the scale.

‘It is evident that in the study of the solution-properties

cf protonated basis of the kinds investigated here, the

hydrolysis corrections are of substantial importance for

the proper evaluatior of ¥ and KC values and the consequent

S
interpretatiohs of the results, especially down to low

concentrations.

-

ERNPI pp—
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Sodium Salts of Oxyanions Having Cl as Central Atom

(a) ‘Apparent Molal Volumes °

-

Apparent molal volume, ¢;, data obtained for sodium

chloride, NaCl, sodium chlorite, NaCloO sodium chlorate,

2!
NaClOB,‘and sodium perchlorate, NaClO4 were plotted

. . . . R
" according to Equation II-13 as .shown in Figure 4. The

infinite dilution values, ¢3, and the respective parameters,

¢ .
bv’ evaluated according to the method described in the
[

previous section (IV.2.a),are recorded in Table 1.
e

The infinite dilution values are in very dood agreement'

with the available literature data. For example, the ¢3
3

value 16'.63 cm mol-l for the common salt, NaCl, obtained

in this work is in excellent agreement with the value of

3

16.6 cm mo_l-l reported by several workers7. There is no

,

published work on the volume or compressibility of NaClOz.

¢3avalues reported53 recently during.the course of the

»
present work are 35.5 cm® mol™! for NacClo. and 43.0 cm®

3
mol_l for NaClO4: These data also agree well with the
present results, to within the error limits giwven in both

works.

The plots in Figure 4 show two distinct linear regions

for the dependence of apﬁgrent molal voﬂumeé plotted
according‘to Equation II-13 on concentration for these

salts. The transition between the two regions occurs at

LY

C
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Figure 4 - Plots of ¢v - 1.868 c:]‘/2 against ¢ for (a) NaCl; (b) NaClOz:
{c) INaClos and (d) Nac.].04.
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about 0.6 M for Nacl, 0.4 M for NaClOz, 0.5 M for NaClO3

and 0.7 M for NaCloq. Similar treﬁﬁs had been observed

75,85

by Vaslow for LiCl, NacCl, KCl{and RbC1l and the change

in slope was attributed to "some kind of physjcal transitiOn"
" in the behaviour of these solutions. The graph in his paper7§
shows that for NaCl, the transition starts at ébout 0.6 M
which is comparable to the transition concentration obférved
in the present work (Figure 4}.

It should be noted that: in the present work, when ¢v
data were plotted against square-root of concentration, i.e.,
according to Masson's equation7 (¢v = ¢3 + S: /S where S: is
an adjustable parameterj,-excelleht single ‘linear lines were
obtained in all cases. However, it appears preferable to
plot the basic ¢v data in terms of the Redlich-Meyer equation
(Equation II-13, see Secﬁion IT.1), whichltakes into account
any residual lihear term in ¢ associated with any remaining
electrostatic effects together ﬁith non;electrostatic or
hydration factors, after the limiting-law electrostatic inter-
action term in vc has béen subtracted out;.then any effects
.not taken into account in the /¢ term become more easily
apparent, e.g., the existence of two linear regions, in some‘
cases, with different slopes. The Redlich-Meyer equation
glso, it is believed, gives a better bésis for extraéolation
of ¢v to cobtain ¢3.

In Table 1, the bv valués shown are the slopes of the

first linear regions (at léw‘concentrations) in Figure'4.



Teasy,

»

The agreement between the bv values reported here and i}
the literature is not as good as in the case of ¢3 values.
. ~

7 .
For example, for NaCl, the published bv value is -0.03 cm
P %

-:fnol_2 L. For NaClo, and NaClO,, the b, values obtained

3

by Roux et al.”3 were 0.1 and 0.06 cm mol ™2 kg, res-

pectively. '

.

(b) Apparent Molal Adiabatic Compressibilities

- ~APparent molal adiabatic coﬁpreésibility, dygr data

.

obtained for NaCl, NaCl0,, NaClo, and NaClo,

accordiné'to Equation IXI-25 and are shown in Figures 5 and

‘a
were plotted -

5. The infinite dilution values, ¢§S (E Kg; partiai molal
adiabatic compressibility at infinite diiutibn) and the
slq§%§, S;S" are recorded in Table 2.

As far as could _be ascertained from a literature search,
there appear to be no data on'compressibilities of these
salts in the literature for comparison, except for NaCl.

The agreement of the present results with the published ones
for that salt has already been shown in Sectioh'iII.l.b.iv
to be excellent.

It should be noted that tﬁe two linear regions with

different slopes, seen in each of the plots of ¢, - 1.868 /<

against concentration (Figure 4) for these salts,are not -

3
-—

alwﬁys observed in the concentration dependence of apparent
molal adiabatic compressibilities, e.g., in the case of

NaClO2 (Figure 6a).

et skt
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v Table 1 o

VALUES OF ¢3 (2V°) AND b,

_ IN EQUATION II-13 (298 K) .
o . ' |
i Salt ¢3 + 0.05
i em® mo1”t
NaCl ~ 16.6, ;0.2
Naclo, 26.6 . ~0.4
: . , .
- : NaClOy 35.3 . -0.1
’ : 2 5
NaC10, 42.4 - -0.1
. 3 . . 2
Table 2

. %*
VALUES OF ¢§S (zﬁg) AND Sy

IN EQUATION II-25 (298 )

¥

salt (695 + 0.1)10% (Spq * 0.3)10%
. . em® mol™! par~! em® mo1”3/2 kgl/2 par %
s
NaCLN\ = . _._--=50.5
NaClO2 -49.2 .
NaC103 -—42.0 ‘ 6.5, '

1\‘i'ac104 ~31.9
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Figure 6 - Plots of ¢, against 2 for (a) NaCl0,; (b) NaClo; and (c) NaClo,.



4, Sodium Salts of Sulghur Containing Oxyanions _ o

(a)-‘Apparent Molal Volumes

Apparent molal volumes for sodium salts of some sulphur-
containing oxyanions were inﬁestigated. These salts were

sodium sulphite, Nazso3, sodium sulphate, Na2504,

thiosulphate, Na2S203, and sodium dithionate, Nazszos. The

data were plotted again according to Equation II-13 using
3 3/2 _1/2

sodium

9.706 cm” mol L for Sy since these salts are of

the 1:2‘type. The plots are shown in Figures 7 and 8.
The ¢3 (EVO} and bv values obtained from these plots are

given in Table 3,

2503, Na,50,

and Na,§,0,, there is a linear region below 0.15 M with a

Figures 7 and 8 show tﬂat for the salts Na,SO
higher slope compared to the slope characterizing the rest
of'tﬁe data at higher concentratiop§. It should be noted
again, however, tﬁat wﬁen the data on ¢v are plotted directly
against square-root of concentration, excellent single
linear lines are obtaingd (see commenés in Section IV.3.a).
The. linear regions of Higher siope seen in Figures fa,.b

and 8a at low concentrations do not seem to be due to hydro-
lysis of the sulphur oxyanions. This- conclusion was reached
" from thé result, e.g., of an expe;iment in which similar.
behaviour was observed for Nazso3 in 0.01 N NaOH. Also,

for the Na2504 case'where'ﬁydrblysis is less signifiéﬁnt,

similar behaviour is seen (Figure 8a).
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Salt

Na2$O

NaZSO
Na25203

Nazszos

3

Na2503
Na. S0
Na28203
Nazszoq

VALUES OF ¢3 (=7°) aN b,

: Table 3

10

2.

IN EQUATION II-13 {298 K)

o
v

¢

cm3 mol”

3.5
Q

11.5
4

26.3
2

54.6
. 5

+ 0.

°
05
1

" Table 4

.0 =0 ;K
VALUES OF ¢KS (_KS) AND SKS
IN EQUATION II-25 (298 K)

(69 = 0.3)10°%

cm3 mol

-163.6
-159.0
-148.8
-121.2

=1

bar

-1

*
(SKS *
3.
c¢m” mol

35.2
49,0
46.2
41.4

S

+ 1.0)10%

=3/2 kg.l/Z

bar

1
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A comparisoh of the prbsent results with the published _ l
° ’ . .
data show good agreement. ~For example, ¢3 values of 11,52, ' ¥
-11.62, 11.4 and 11. Sercm .mol % for Na,50, from references

\ .
86, 87,‘54'and 36, respectlvely, compare very well with that

of'll.54cm3 mbi-; found in the present work. However, the
reported by values, 2.96 ch3 mol™2 L and 0.8 cm® mol 2 kg

" for this salt from réferencesﬁ§2 and 54 respectlvely, do not

agree very well with the present value of 4, 56 cm3 mol -2 L.

Both the ¢V,,26.3 om® mol 1{and bv, 3.6 2n° mol”? kg reported

. . \ .
by Olofsson et al.s4 for Na2 2 3 are in very good agreement

with the present vaifes of 26.3.2'om3 molfl.end_2.74 cm3 mol—2

.
-

L,frespectivelyJ : ’ \\‘

A

(b) ggparent'Mqlel-Adiaba{inCOmpreesibilities
L '

- - -v . ‘. :
Apparent molal adiabatic compressibility, ¢KS’ data,
-
obtained for Na2803, Na soq, 05 ‘and Na =) 06 were

plotted accordlng to Equatlon II-ES and are shown in Figures-
' ‘s

9 and 10. ‘The partial molal adiabatic cpmp:eé51b111t1es,at
. . - ; '\i % ) ‘
infinite dilution, ﬁg (E¢§S), and thé slopes, Ské' cbtained -

from these ‘plots are recorded 'in Table 4. .

Among the above selts, the only data reporte&.in the ¢

literature for the adiabatic'compressibility are those for

Na,S0,. For example, the ¢§s values of ~i57.7 x 1074 cm?

- - f t L
mol 1 bar 1 reported by Mille;oB? for Na_zso4 is within 0..8%
of the present value of -159.0 x 10 % em® mol™?! bap-l.

" The two distinct linear regions observed in the plots of

r
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) 9.706 Vc against c for Na 3504+ Na,S0, and Nazszo

were agaln (et Sectlon IV.3.b) not always so clearly

v

observed in the concentratlon dependence of the apparent
molal adiabatic compre551b111tles.
The systematic series of oxyanions studied in the

present work would be more complete if aniQns such as C10~

C X . 2- 2- 2- 2-
in the Cl—oxyanlon series and S§°, 5204, 5205, 8207 and

Szog—in S-oxyanion series could also have‘been studied.
. . g

However, owing to‘broblems such as hydrolysis and decom-
position of some of thegse ions in aqueous solution and
unavailability of the salts of others, these anions could
not be included in the study. Although at least szog ion
of Na 5208 might be expected to be stable, a qualltatlve
test with BaCl showed that a considerable amount of soi“
exists in solutlon (Ba5208 1s known to be readlly soluble

in water) arising . from unavoidable decomp051t10n of szog,

as noted lnighe early inorganic chemistry literature109 llO.

Therefore, this. part of the work was restricted to anions

. - - - - - 2- 2= 2-
in the series cl , Cloz, C103, C104, 803, 504, 8203 and
2— ..
2 6
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5. Un-ionized Organic Compounds

<

~ - (a) General

-Fpr,this work, organic compounds were chosen among
nitrogen and/or oxygen containing heterocycligs, that were
ionizable at an N-centre (except 1,4 dioxane). Ethylene-
diamine {non-cyclic) was also included for éomparison.
Ailist of compounds studied.and their pKa values are given:
in Table.s. ‘In addition, pyridine and pipe}idine, studied
previously in this laboratory, will be included in the
discussion and the'resulFs will be referrqg to-in the

-l

sections which follow., -

The measurements,on some of tﬁése‘cqmpounds were
carried-out in slightly alkaline medium in order to suppress
the hydrolysis as was discussed in Section IV.2.c. The
aikaline solution (NaCH), used as the solvent, was preparedr
in a sufficient amount to carry out both the series of
density aﬁd sound vélocity measurements. In this way, the
density data could also be conveniently used in the com-
pressibiliﬁy calcglations. The concentration of NéOH
required for éuppression.of ionization of pyrrolidine and
quinuclidine had to be quite high {~ 1N). The reason for
this was to make sure that hydrolysis had been suppressed

since these two bases have high pKa values. Furthermore,

f\‘p-‘ -

in Reference 84, the comment on the reliability of pKa
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Table 5

THE ORGANIC COMPOUNDS STUDIED AND THEIR pKa VALUES*

M Structure
- 1,‘4 Diazabicyclo {2.2.-2_] octane /ﬁ\
(triethylenediamine) - N N
/\
Piperazine : ‘ HN NH
Ethylenediamine | HéNCI{ZCJ{ZM{

Pyrazine ‘ . N N

. / A

Pyridazine ' y
‘ . N
_ | H

(N\

Pyrazole . \ /N
Imidazole -

Ty ’ ﬁ&:_rdl

1,2,4 Triazole

pl(a(l)

8.8

9.82

9,93

0.65

2.24

2.48

6.95

2.30

B, (2)

2,95

5.55

6.85

-5,78.

A L A TRt
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Table 5 cont'd.

. 3
Campound . . Structure
Pyrrolidine H

[::::}?

Quinuclidine

1;4 Dioxane. 0O O
' ./
. . . ‘ ’ \
Morpholine 0 ‘NH
Piperidine < N: H
. Pyridine . < ;I
> [ W

* pKy values were taken from Reference 84

(1) First ionization
(2) Second ionization

) Q

-

U

pKa(l_) .

11,27

10.95

8.33

11.12

5.21

PK, (2)

R
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L“
. . /
data was given as "uncertain" for ese two compounds.
1,4.Dioxaﬁé'was.also studied both in H20 and in 1M
\ 4

MgCl, to investigate the possibility of a conformational

effect, due to interaction with Mg2+,'on ¢3 and ¢§S.

L.

(b) Apparent Molal Volumes _ C el

Py data obtained for the organic compounds listed in

Table 5 were plotted against molality according to Equation

[

II-12 and are shown in Figures 11 to 16. The corresponding

¢3 results, determined by éxtrapolation, and the parametér
v
in Table 6. The availabie literature values for the same
pafémeters are also included 'in the table fqi comparison.
As me;tioned earlier (Section IV.5.a), the data for pipe-
ridine and pyridine were obtained previously69 in this
laboratory; ';l

For those ;ompounds for which previously determined
data exisf, the results dbtained in the present work are
generaily in very good agreement with thpse reported in

the literature. Again, the agreement is much better for

'
the ¢3 than for the bv yalues. Several different rgasons
. s -

can account for the discrepancies: for example, the compoundsé

for which hydrolysis.is significant were studied in alkaline

22,58

medium. However, Cabani et al. preferred to make

measurements in water but apply corrections for hydrolysis

b', determined from the slope are listed for these compounds
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¢, 7/ cm® mol™
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116

. 80.5}.

80.0r

79.2

in 1M Mg Cl

2

2.2

.8

.4

] 1 - 1
L
0 or 02 03

Figqure 16 - Plots of Qv against m for {a) 1,-4 dicxane in H

-

"m/ mol kg™

in 1M MCL, and (c) ‘quinuclidine in 1N NacH,’

27

0; (b} 1,4 dioxane

i RS E ppD £, wl  —aE

T

e e PR AT e



[ A
.

VALUES CF ¢ (EVO)ANDb;IN

117

Table 6

9

BQUATION II-12 AT 298K FOR VARIOUS ORGANIC BASES

Base

;

Triethylenediamine
Piperazine
Ethylenediamine
Pyrazine

Pyridazine

' Pyrazolé

Imidazole o~

1,2,4 Triazole

Pyrrolidine

Quinuclidine.

1,4 Dioxane in H,O

2

“in IM MgCl,

(42 * 0.05(@)

an® mol”

1

106.11 -

105.9
"105.7
82.9
-7
83.5
83.3
" 62.9
- -0
62.9
63.1
70.9
' 3
70.8
70.1
[
70.4 .
61.1
6232
59.9
.3
59.9
53.7
. 8
78.1
8
77.8
77.0
112.0
80.2
5
81.0
79.1 -
' 8

1

(b, + 0.2
o mol 2 kg(b)
-1.7

£1.8%

-1.5%

~1.9

~0.9%

~1.0

-0.1

-0.1%

-1.1

-0.1

0.6

©+0.2

0.2

0.1 .

0.2

0.1
0.3 o

-1.67

=1.2%

-2.4 -~
4.1
-Q.2*%
3.8°

Reference

This
22
55
This
22
56

This.

22
88

This

37

This

57
This
57
This
57
This
This
58
66
This
This
58
This

_work

work

work

work'“ )

work
work
wbtk.
work
work
work

work

work
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Table 6 cont'd.

. ' |
Base f 49 0.05®) (o +0.21@)
| _ cm3 ml_l .- c:m3 rrolm:2 kg(b)
Morpholine B 82.51' o -1.3
82.6 L —0.5%
- 82.5 -0.5
- 82.7 -
PARRridine ¢ 9L . 0.0% ‘
Pyridine ©) T -10.5%

7

(2) Maximum error limit for results of the pres'e.nt work

(b) Units for the wvalues with asterisks are c:m3 n‘ol-zL
(c) From previous work in this laboratory

*
]
[}

. . .

Reference

This work

22 -

56
66

" 69

69 Y
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A

I . : L . .
I -
[ .

Y . afterwards. Kaulgud and patil®® made the‘extrapolation
to ¢3 from relatively high concentrdtiqqs’(>'l.5 m} .
Therefore, the medium and the concentration range studied

. ‘ . N . N
are two important factors' which can lead to some differences

first increases fapidly with concentration up to gg. 0.06 m,
and then attains a limiting value. This was not observed by

) .58 . ) . .. .
Cabani et al. because their measurements commenced above

‘0.05 M congentration, -The‘presént observations were

“ . >»reproducible. On the other hand, in 1M-MgC12, ¢v values
) r.fof the same'cémpound dbéréased'by about 1 cm3 molfl and
j ' dlso:the.first.steep region continued up to 0.16 m_and

[ ./

' then reached the limiting value (Figure 16b)£ The

. - measdrements in 1M MgCl, werz?made to examine if the confor-

‘mation of 1,4 dioxane in watér, i.e., the popu;atiqns in
the boat or chair forms (Section I.6),were influenced by

2+

local interaction with Mg“’, The results concerned with

this point will be discussed in the next chapter.

.(c)‘ Apparent Molal Adiabatic Compressibilities

The dependence of apparent molal adiabatic compressi-

bility on concentration is shown in Figures 17 to 21 for

. the organic compounds.studied,using Equation IT-24. ¢§S
‘and.bKS parameters are collected in Table 7 together with
the few available literature data.

~

. . %,
\\i? the results. -For I,4 dioxane, Figﬂre 16 (a) shows that ¢V;

ey
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Figure 17 = Plots of ¢lG against m for (a) triethylenediamine in 0.01 N NaOH;
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(d) quinuclidine in 1N NacH. '

-

-
o
K
{
o
~

BRI VL



121

e

LI —_——
20r® .. @) HNCH, CH, NH, -
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Figure 18 - Plots of q‘.}(s'against m for (a) ethylenediamine in 0.01 N NaOH and
(b) pyrrolidine in 1N NacH. -
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. Table 7 ‘ .

. o0 o
VALUES OF ¢yc (SRl AND byg
IN BQUATTON II-24 AT 298K FOR ORGANIC BASES

A

Base 10% (4pg + 0.1y 10% (b £ 0.3)  reference
- e mo1~t part an3 mol~2 par~L kg;'fb)'
’I‘rietﬁylenediamine 0.9 - = 0.3 . . 'This work"
Piperazine 0.4 - 0.5 This work
Ethylenediamine . 1.6 -16.' 9 This work
v . ~6.5 - ' 66 '
0.4 i 0.8% T 67
6.9 4.3 This work
6.3 4.8% 65
Pyridazine 2.0 : 5.0 " This work
Pyrazole " 6.0 L 3.0 -,  This work
Imidazole 5.6 ' 1.9 This work
1,2,4 Triazole . 6.9 L3382 This work
Pyrrolidine , 3.2 16.0 This work
’ : -3.5 , - 66
Quinuclidine 7.3 . -26.4 , This work
1,4 Dioxane in H,0 5.8 . 6.8 - V/-, This work
9.3 - -89 .
in 1M MgCL, 11.7 ' 40 - 7 Thiswork -
Morpholine 3.8 - 0.6 This work
4.0 - ) 66 -
Piperidine (¥ 0.4 , Co.0x . 69
pyridine® 2.2 10.5% ' 69 f

. EY A
‘(a) Maximum error limit for the results of the present work except for
bys of ethylénediamine,pyrrolidine and quinuclidine. For these
bases the error limits on by are as much as # 2.0 em3 mol-2 bar-1 kg
(b) Units for the values with asterisks are cm3 mol-2 bar-1 L
(c) At 293 K 7 ' '

(d) Fram previous work in this labo\ratory
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B o
The discrepancies between the present results and ’ -

66 are agaih due to extrapdlation

those of Kaulgud and Patil
from rather high cpncentration (> 1.5 m) by Kaulgud ahd
Patil. The present ¢;S value .-for 1,4 diokaﬁe in waﬁer is 1
within the error limit of fhe value given by Franks et i
© 4y 89 ' | |
% . _ .
As can be seen from Figures 17 to 21, the dependence
of ¢KS on éoncentration is not simply linear for some of the
coppounds, e.g., the data for piperazine, quinuclidine;‘
ethylenediamine and pyrrolidine show large deviations from

an initially linear relation observed at low concentrations. !

6. Monohydrochloride Salts of Organic Bases

(a), .Apparent Molal Volumes : - . |

o

- Apparent ﬁolal volume data obtained for the monohy-
drochlbride saité of the organic bases listed in

Table 5 were plotted according to Equation II-13 and are

shown in Figures 22 to 27. For the salts py;qzine hydro-
chloride; pyridaziﬁe hydrochlbride, pyrazole hydréchloride

and 1,2,4 triaiole hydrochloride, relatively largé corrections

for 'acid dissociation (Section IV.2.c) had to be made

especially at.very low concentrations. In order toc show

the extents of -these corrections, both the corrected and .

uncorrected data have.been pldgfed comparatively for these

salts in Figures 23, 24,_25(a) and 26. For the other salts,
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L]

triethylenediamine monohydrochloride, piperaziné mono-
hydrochloride, ethylenediamine monohydrothloride, imidigole
hydrochloride, pyrrolidiné hydrochloride, morpholine hyaro;

chloride and qulnuclldlne hydrochlorlde, the correctlons

were found to be negligible, i.e., less than 0.01 cm3
mol™! in ¢, at the lowest concentration measurements

Jade.

All the.salts except quinuclidihe‘hydrochloride exhibit
a linedr relation when ¢ - 1.868 /c is plotted vs ¢ in the
concentration range studied. For quinuclidiﬁe hydrochloride
(Figute 27b), a deviatioﬁ.was bbserved'from the initial

llnearlty beyond a concentration of ca.()lS M. The parameters

¢3 and b in- Equatlon IT-13 for these salts, and piperidine -
and pyridine hydrochlorldes,are given in Table 8 where the

ey
few previously known data are alsd includea The agreement -

‘of ,the present results with the known data is very good,

espec1ally for ¢ "values,

(b) Apparent Molal Adiabatic Compressibilities

¢KS data obtained .for the monohydrochloride salts of

crganic compounds were plottéd against‘Square—rodt of
_ﬁola%ity according to Equation II-25 ;na ate shown inx
. Figures 28 to 32. The. corrections due to acid digsociation
were made whenéve; théy were not negligible, and both

corrected and uncorrected data were plotted. The .corrections




y VALUESij-¢3 (=V°) AND b; IN BQUATTON II-13.
" AT 298K.FOR MONOHYDROCHLORIDE SALTS OF ORGANIC BASES

v
. &

Salt

Triethylenediamine
monochydrochloride

Piperazine monchydrochloride

Ethylenediamine
monchydrochloride

Pyrazine hydrcchloride
Pyridazine hydrochloride
Pyrazple hydrochloride
Imidazole hydrochloride
1,2,4 Triazole hydrochloride
.Pyrrolidine hydrochloride

Nbrpho%ine hydrochloride

Quinuclidine hydrochloride
Piperidine hydrochloride(b)
. Pyridine hydrochloride(b)

~ {a) Maximum error limit for results of the present work
(b) Fraii previous work in this laboratory

134

Table 8

v

cﬁsnbl

116.8
1

117.0
117.0

62 + 0.05
.—l’

- 95.1
7

95.1

74,0
9

74.1
82.4

3
83.5
5

76.6
4

76.0

2
67.7
2
91.6
5

71.7

93,0
2

93.0

126.3
106.6
7
90.9
[

el mne s E s wians

p_ + 0,2
V v

cm3nol

-0.3"
-0.9
-0.9
-0.5

-0.3

0.1,
0.3
-0.1
0.5
-0.5
-0.5
-0.5
-1.1
-1.1
-0.7
-0.2
-1.4
0.0
-1.7

Reference

This
22
55
This
22
This
22 .
This
This
This
This
This
This
58
This
22
This
69
69

work

“work

work

work
work
work

work

work -

work

work

work

'
o s ke LR
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Figure 28 - Plats of ¢ against 111]'/2 for (a) triethylenediamine nonohyd.rochlonde
¥ , {b) pJ.peraz:Lne monohydrochlaride and (¢) ethylenediamine monchydrochloride.
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A uncorrected

/ » e corrected
a0l
e
Ot -
/l‘ ! . \
/
20.0

15.0F ‘ _- -
\ 4 uncorrected
b) / N-HCI -
] =N ! e corrected
B 504 oé ) 08

m'/2 / moll/2 kg™

Pigure 29 - Plcts of ¢ against m /2 for {(a) pyrazine hyd.rochlor:.q_e and
(b} pyridazme hyd::ochlonde both with data uncorrected and correctad
* for acid dissociation,



/ ¢cm3 mol™ bar

Ks

. ;.I-O4¢

137

180

14.0

A uncorrected

s I
a) ﬂ\ IN-HCI
' e corrected

180

. 140

0 0.2 04 06

m/2/ mol'/2 kg'2 .

o8

Figure 30 - Plots of °KS against m]'/2 éor {a) pyrazole hydrochloride both with E

data uncorrécted and corrected for acid dissociation; and -
(b) imidazole hydrochloride,

RN



/ ¢m3 mol™ bar™
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100k .

L 138 ,.
. .
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uncorrected
- corrected
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m'%2 /mol'72 kg'/2

Figure 31 - Plots of ¢ against m]'/2 for (a) 1,2, 4 triazole hydrochloride both -
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with data uncorrected and corrected for acid cb.ssoexauon and
(b} pyrrolidine hydmchlorme
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Figure 32 - Plots of ¢Ks against ml/z for (a) morpholine hydrochloride and:
{b) quinuclidine hydrochloride. ) '
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were found to be.smaller-at‘higher concentrations, as
expected, except in the case of pyrazine hydrochloride

for which the' two data (corrected and uncorrected) showed
a‘nearly parallel trgnd in the concentratipn range studied.

-

This is due to a large degree of dissociation, a, which

was 0.96 at the lowest and 0.57 at the highest concentration

studied. It was also dependent on the values of ¢§S and

bKS of pyrazine itself. The point shown by the open cifcle

in Figure 29a is the datum of an independent measurement which

shows the reproducibility of-the results,

The -parameters, ¢§S and S;S of Equation II-25 for.
these salts obtained from the plots are given in fable 9.
There are no literature data on cémpressibilities of these

P
salts, as far as could be found.

7. Dihydrochloride Salts of Some Organic Diacidic Bases

The weak basic character of the second,nitrogen centre
in molecules of .this. kind makes the formaticn, thus the
preparation of dihydrochloride salts of all the organic

bases investigated in this section of the work very

) P
difficult. As can bg seen ip Table 5, the pKa va;ues for
the“secénd;éqnization of triethylenediamine, piperazine and
ethylenediamine,'all being non—aromatiq, are comparable to
" the PK, values for the first ionization of some of the

aromatic hetérocyclic compcunds. For the other compounds

o . . $~_.

© b e et o
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Table 9

*
KS

IN EQUATICN II-25 °

FOR MONCHYDROCHIORIDE SALTS OF QRGANIC BASES AT 298K

Salt

Triethylenediamine -

" monohydrochloride -
Piperazine monchydrochloride
Ethylenediamine '

rmonchydrochloride
Pyrazine hydrochloride |
Pyridazine hydrochloride
5yrazole hydrochloride
Imidazole hydrochloride
1,2,4 Triazole hydrochloride
~ Pyrrolidine hydrochloride
Morpholine hydrochloride
Cuinuclidine hydrochloride
Piperidine hydrochloride
Pyridine hydrochloride ®)

(a) Maximum error limit for’ the results of the present
(b) From previcus work in this laboratory69

i0% (635 = 0.2®)

o mol ™! bar~ !

-17.7 -
-21.1

-26.9
- 5.7
-20.1
-18:8
-17.1
-19.6
-15.6
-23.1
-21.0
~22.0
-18.6

ad® L ala),
10 (SKS =1.0 }
cm3 “ml-3/2 kgl/ 2 bar_l

-0.6
=0.9

10.9
-7.6
1.1
10.5
6.4
1.0
10.0
8.8
8.0
8.6
4.6



S

(with the.ekcebtion of rhe above three), the pK,{2) values
are expected to be very low'(mostlk negatives,since.their'
PK_ (l) values for the first ionization . are already low.
Therefore, it was possible to study only trlethylenedlamlne
dihydrochlorlde, piperazine dlhydrochlorlde and ethylene—
diamine dlhydrochlorlde .as 2 1l salts of the organic bases.

The apparent molal volume and compressxblllty of these
three salts were plotted in thequsual way accordlng to
Equations II-13 and II—25,'respectively. The graphs are"
shown in Figures 33 to 36. Significant corrections had to
be made to.the experimental data.obtained for triethylene-
diamine dihydrochloride to allow for the second acid dis-
sociatioo process. Both corrected and uncorrected_data-
have‘been plotted. For piperazine dihydrochloride, the
corrections were important but not as large as for Lrie-
thylenediamine dihydrochloride. The corrections for ethy-
lenediamine dlhydrochlorlde were almost negligible due to
the relatively high pK (2) value for ethylenedlamlne. These
correctioos were made and only the corrected values were~
plotted.in'Figures 34(b) and 36. However, both corrected
and uncqQrrected data are given iﬁveppendicesl

From the plots, the parameters ¢3 and bv’ and ¢§S and

*

Sks in‘Equations II-13 and II-25 were obtained and are

recorded in Tables 10 and 1l1. Previously published data for

volumes were also 1nc1uded in the tables for comparatlve

[T P DR TR AT N
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Figure 35 - Plots of ¢Ks against m 1/2 for {a) triethyle.ned.n.anmme d:.hydromlax
and (b) piperazine chhydrochloride both with data uncorrected and

- ' corrected for secand acid d:.ssoc:.atmn

-t




AR e r e

146

600} | -
H,N CH, CH, NH, 2HC!

|L
g
8 550}
o)
£
-
£
Q ‘
~ 500}
o
h4
:. -'ﬁ
<
o
l .
0.2 0.4 ~06 08
S s o) |
o - m"”2 /mol'’2 kg2

Figure 36 - A plot of ¢Ks against m;/ z for ethylenediamine dihydrochloride.
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Table 10
o . .
VALUES OF ¢_. (V") AND b IN BOUATION II-13
AT 298K FOR DIHYDROCHLORIDE sALTs OF ORGANIC BASES

‘

(a) Maximm error limit for results of the present work

-

salt’ ' @2+ 0.1@) (b, 2 1.0%) " 7 peference
e mo1 ™t e ol L
Triethylenediamine 118.7 . ) -16.8 )/'/_:his- work
dihydrochloride 118.6 ° ) - 4.0 ‘ 22
Piperazine .- 99.6 - 4.0 This work
dihydrochloride - 99.3 . - 4.1 22
Ethylenediamine 80.1 : ' - 5.6 This work
dihydrochloride 79.8" _ - 5.0 22
' T 80,1 - 5.5 90
(a) Maximum error limit for results of the present work
Table 11
0 ,.=0 *
VALUES OF ¢KS (:KS) AND SKS IN BEQUATION II-25
AT 298K FOR DIHYDROCHLORIDE SALTS OF ORGANIC BASES'
sale 10t s 0 10t e 1.0
en® mor~L par~t and mo1~ Y2 kg2 par
Triethylenediamine -53.4 - - 1.4
dihydrochloride _
Piperazine * -62.9 _ 26.9
‘dihydrochloride . . ‘ ‘
Ethylenediamine . -62.2 24,1
dihydrochloride '

NS G S
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purposes, while.there were no available data on compres- .
sibilities of these three salts. The agreemént is again
. very good, €sp iaily for ¢3.
. | ‘
1 ] ) ‘

-!
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. CHAPTER V

.

'DISCUSSION

A. Basis of.Interpretation of Volume and Compressibility .
Measurements ’ ’

1. Intrbductory Remark

Since both volume and .compressibility measurements

form much of the body of the present'wé;k, it is desirable

. to explain the basis of interpretation of such. measurements

and how they are related.

2, Significance of Compressibility of Water

Compressibility measures the relétiveldhange, -8v/v,
of fhe volume V of a phase for an increase of pressure, 6P,

In the case of liquids, most of the‘compressed volume near

\\ngiéary pressures and temperatures is associated with

diminution of the free volume in the liquid. Only at very

.high‘pressures is this free volime almost completely

collapsed so that, for further increase of pressure e
3 .

. molecules themselves are forced into & closer contact

situation where increasing overlap of their van der Waals

. electronic envelopes must occur. Then the compressibility

becomes much lower. The free volume of water is almost

completely collapsed when a pressure of ca. 10,000 bars is
attainedlzo. It is this volume change that is associated

PRSP SR TR
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with the electrostriction caused by small ‘ions in water:

the EOmpressibility is correspondingly diminished. -

In water, the structural free volume 15 qulte large

(ca. 6 cm3 mol~ ) so that the lob\“IBssure compre551b111ty
is malnly determined by the effect of pressure in dlmlnlshlhg
this "intermoclecular" volume by changlng the H—bonded . ;
-structure -of the llquld Since this is relatlvely ‘rigid, i
as in 1ee, due_tO'the strong directional character of
o= H --=0 H-bonds, the comfressibility of weter, like i
that of iee, is :ather low compared with the:'values for \:/ i
other 1igiids such as cn3on; ccl,, CGHGW.etc. (Table 12). ' g
"In fact, ice, which has a larger structural free volume

than water at the same temperature, 273 K, is substantially

less compressible than waterlZl'122 as shown in Table 12.

With regagd-+to compression of the free holuhe of water,
we must identify the'ghysical molecular pfocess es a -
rearrangement of the tetrahedral geometry of H-bonded water
molecules to one eventuallyvof:hexagonal close.pecking at
éufficiently high‘pressureé {ca. 10,000 bar). Therefore,
the'eompressibility Qill be ‘determined mainly at low
preesﬁree/near 1l bar by bendinl of H-bonds ho allow’smaller
free volume.- Hence the compressibility will be detehpined

at first by the derivative of the free enerdy of the lattice

'with respect to a erage intermolecular digtance, the latter

-being determined by average angdlar Qisp'acement of
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. Table 12 -~

COMPRESSIBILITIES, B, OF ICE,
WATER AND SOME. OTHER LIQUIDS AT 273 K

Ice(258K) ° Ice(273K) H,0(273K) H,0(298K)
6, . =1- S -
10°B/bar 12 - 33 50.98 45.24
\ . 3
- Cllg ccl, L GHy0H n=CeHyy -
6 -1 ' . R
10°B/bar 97 107.7 125.6 - 160.6

Mﬂﬁs mlTaﬁe 12

i) Camparison of ccupres51b111tge§’gf/var10us liquids should

prcbably best be made at "corresponding temperatures”,

e.g., at same defined fraction of the temperature dif-

ference between the b.p. and m.p. or at the m.p. itself. g

-

ii) B in SI units, nkﬁ'?, is. 10% of the figurés -
listed: here. s ' .
40-— H --- O H-bonds from theéir optimum average orientation

at a given temperatureg‘ It may therefore be snpposed that
. the low-pressure.compressibility is determined by the energy.
associated with H=-bond. bending. Formally, since V = (BG/QP)T,

it is seen tha£ B is, in fact, determined by the second

2
derivative of the free energy with pressure,.- % (é—%)T.
. 9P

Also it can be shown that 123

s v -
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2
3°E 1 91nB .1 31nB ,
‘ (;,'2")'1' gy Y TS G Ew (1 + (alnT)V] v.l
Y -
“which is approximatelﬁ
(a%/0v%) = 1/8V ‘ V.2

A molecular model calculation requires a relation in

i

terms of the intermolecular potential energy function,

u(r), where u is the energy as a function of intermolecular

3

distance r. It may be obtained as follows: let r° be the

volume occupied by one molecule and u-its energy in the '

- -

liquid lattice. Then for Avagadro's number N of molecules

’

vV = Nr3 and E = Nu,

dE/AV is written

. . * .
dE/dV = (dE/dr) (dr/dV) = = 12 (dE/dr) V.3
. ' ' 3Nr
and :
9.
. 2 2 1 4a 1 du
a‘e/ayc = c_ =, 24 v.4
. t 3Nr2 dr 3r2 dr
1 .1 8%, 1 .au
= .[ (—) - z= (321 V.5
3Nr2 3r2 dr2 6r ‘dr
1 .1
= W = 3 V.6
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r

the derivatives being taken at constant temperature of
the liquid lattice.
It is seen that evaluation of B requires differen-

-

tiation of the intermolecular potential energy function

u(r) once and twice. 1u(r) will be determined in a probably .

complex way in water by changes both in average inter-
molecular separation (the O ---- O distances) and in
orientation ofﬁ/o-—-H ---+0 H-bonds as compression occurs.

The energy of such a éystem of molecules could be calculated

by means of Pople's point-charge model124 of the H-bonding

in water as was donelzs, for example, for the angular mofions

1

of H20 dipoles in dielectric relaxation behaviour. & éimpler

approach would be‘to use the potential function employed

by Rahman and Stilin_cjer5 in their molecular dynamics cal-
culation on-the properties of water. This potential function
W3§ a combinatibn of two terms: one forlg-point éoulombic
interactions between water qﬁadrupoles and the second a

"6:12" Iennard-Jones type function for the "non-doulombic"”

interactions.

3.  Electrostriction and Compressibility

Passynski77 first introduced the idea that compres-
sibility measurements on ions in solution would give
information on hydration numbers for ions through the

extents of electrostrictive compression that ions cause in

riser

PR e
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water. - Applying .Frank's theofy13 of the fhermodynamics
of elect;osfriction, Desnoyers, Verrall and Conway14

derived limiting cases for electrostriction of water in
£ -

ionic fields and a general numerical “solution for any

‘condition. Using the same approach they also evaluated

the compreésibilities B of water as a function of field.
The approéch based on the electrostatic tension
generated by an ion's inhomogeneous field will always

give a decrease of compressibility of a polar fluid with

increasing field, related to electrostriction volume, as

was shown in Reference 14.

However, using a series of alkylammonium salts
\ .

R NH,_ X~ with a common anion X , Verrall and Conway>

1

showed experimentally-that the partial mclal adiabatic r
compressibilitysbécame more negative in the direction

Me4.1‘31+ -+ NHZ, i.e.,'in the way expected with diminishing

. ion size and accessibility of the N+ center to water dipoles,

paralleling the electrostriction, but also more negative in.

the direction Me + Bu in the tetra~alkylammonium series

.R4N+x_. In this case, there is only small or virtually

zero electrostriction of the cation yet the compressibility

\
Rg i becomes increasingly negative. This effect was inter-
r .

preted21 as due to the strong structure-making effect of
R4N+ ions in water, due to their hydrophobic interactions

with water, giving rise to a compressibility decrease o

(

D et
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correspohding {(cf. Frank and'Evansgs) to the known smaller

compressibility of 193121,122'

than.that of liquid water
which arises notwithstanding a 10% greater molar volume

of H,0 in ice at 273 K than, of liguid water at tee same
temperature, Hence a greater bond rigidity of the H-bonded
liquid lattice of water can give rise to a.decrease of
compressibility but 51mu1taneously an 1ncrease of volume.

relative to an initially more disordered liquid lattice.

This kind of compressibility depcrease of water in the

presence of hydrophobic solutes is paralleled by observation

(3

of increadase of partial molal heat’ capac1ty, lengthening of
the proton nmr spin- lattice relaxation time and lowering
Q " " 126
of the structural—temperature of water .
It must be cd%éiuded that both these types of effect
must be taken into consideration in interpretation of

compreseibility ehques in aqueous solutions due to - the

presence of ions or neutral organic solutes, depending on

. the balance of the types of interaction which obtain in a

¢

given solute solution. ) ' : ‘\\

PP S T
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B. Oxyanions and their Salts

1. Partial Molal Volumes and Compressibilities of
Oxyanions at Infinite Dilution ' '

The volumetr@c.andlcompressibility properties of ionic’
solutions can usefully be considered in terms of (a) ihfinite
dilution conditions where\only ion-solvent interactions and
intrinsic propéfﬁies.of the ions determine the bghaviour

-

4 » v ] ’
of the ions in the solution and (b) finite concentration

conditions wherxe ion-ion interactions coupled with certain
aspeéts of the ion-solvent interactions determine-the
experimengally observable properties. In this 5ection, we
shall examine- the results fof cbnditién (a).

The additivity principle (g.g,,-ﬁor M+A—: ¢°(M+A—) =
6 Mty + ¢°(a7), where ¢° is tﬁé‘apparent molal property

at infinite dilution) allows, in principle, the determindtion

\ .
-of ionic partial melal volumes, V?, and adiabatic® compres-

g 3 at infinite dilution., All the salts

" .studied were chosen to have the same cation in order to

investigate the hydration effects at a series of oxyaniohs.

Therefore, if V? and fg .Yvalues for the common cation, .
. I ) .
+
Na', are known, then Vo and K% .
RS 1 S,1
be- determined.

for alf the oxyanions can

.

. \-‘-'
Recently, Conway43 critically examined the methods for:

evaluation of propefties of individual ions in solution.

PRSI
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He tabulated the "best" exfra-thermodynamic data for some
simple monovalent ions hased on the rellablllty of the

data and the method of evaluation. In that table Vi'of

Na' was given as -5.9 * 1.1 em® mo17t. ﬁg i
. - : ’

not included in that table. However, it is believed that

values were

the best avallable S i value«for Naf.is (=33.5 = 2.0)10+4 o
l .
G
cm3 mol . bar 1 obtalned by Mathleson and Conway39

e

, Vi and KS i values for the oxyanions studled were

calculated u51ng the_abdve figures for Na ‘and are giyen

in Table 13. '

¢
- “
.

5
2. The Dependence of V° and Rg ; on the Number
of Oxygen Ligands ' ! -

'y

.

"It is interesting to sée the dependence of ionic
volumes and compre551b111t1es on the number of charge—
bearlng oxygen llgands. In Figure 37, ionic volumes and
compre551b111t1es were plotted as a function ofthetumber of

oxygen atoms. It can be seen that both V% i and KS i lncrease

a . . L

Withnincreasing number 'of oxygen atoms "in a series of
oxyanionsbhaving the same'centtal atom er atoms. ‘HOWeyer,
the increase in v. and KS,' is not constant for each
successive increase in the number of oxygen ligands for-a
given net charge. e | : I

.The change in iqniz partial molal volhmeAat infinite

dilution upon increase Wn the number of oxygen atoms by

Tee

[P NP. 7
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Table 13 2
V2 AND K2 . FOR OXYANIONS
. i S,i. ) .
Oxyanion .o T_I{J._)/cm3 mol L T30t fg 'i/cm3 moi™L par~1
— ' F
IS 22.5 -17.0

c10, - 32.6 -15.7

cloy r - 8.5

Cl?g N + 1.6

sog“ - - ) -96.6

2= . - _
504 . . 92.0 )
. 2= o

5,03 33.1‘ _ -g81.8
. 2= - _

5,0¢ L | 86.5 54.2

,' -
- .

A w2
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one is ekpected to be caused byrthe following factore:
(l)ﬁinqrease in %ntrinsic.volume of the iton asspciatee.
with the extra ongen ligand; . (2) @ecrease in*electro-
striction dﬁe to spreading of charge over a large number
of electronegative atome_fhus reducing the effectiveness'
of thée charge in'elecfroetricting water; (3) increase of
Hqgondlng between water molecules and the O- 1lgands105
R ' ) and (4) a possible steric effect 1nf1uenc1ng the degree
- ;gf/eiosest approach_of an H20 dlpole to tne central atom
of the ion. Factors-(l), (2) and (4) operate in the
direcfion of increasing the ﬁolume. This is consistent
with what is observed in Figure 37. . . -
Interpretatlons of partlal molal ionic compre551b111t1es
. ' are usually based on the assumpt10n77 thatlthe ions them-
. selves are 1ncompre551ble. ThlS is justified by the known
compre551bllit1es of Solld alkali - hallde salts whlch have .
B values . about 10% of that for liquid@ water. Values
for larger polyatomlc anlons may be somewhat greater than
for -the alkali halides bue will prgbably stllllglve only
\\‘ ajsmall contribution to the overall ¢§S which is me;nly
_\.determineg by the solute ion's compressive'effect on neigh—
bonring wate#'structuie having, as it doesf a large free
volume. There seems to be no basis .for . snpposing that
' the intrinsic bompressibility increases with'incredsing.'

s -

"number of oxygen ligands, as woqld_the intrinsic volume.
. : ’ - . -'-\

.
[ U S O
. v



Because it is usually'assumed77 that the ions them-

selves, are incompressible, the change in compreesibility _

‘of an ion with increasing‘numbef of O-ligands can mainly
be attributed to decrease‘in electrostrictidn. Since: the
smaller is‘the degree'ef electrostriction of water the
greater is its'eompreseibility13’14, e;e ¢K of oxyanions
rls-expected to increase7with.increasing number of oxygenl
ligands as confirmed by the:reletions shown in Figure 37
which iliuﬁgzzt how Rg;i depends on.tﬁe number of 6-
ligands, and hénce on‘the size of the ion, for the series
of Cl- and S-oxyanions. The directions of variation of

-g in this figure are consistent with electrostatic
,i A .

ef%ects of compress:Lon13 14. These resultS'dppear'to

indicate that the electrostriction, as manifested in a

decrease of compressibility of water, is not merely a

function of charge, independent of ion size or geometry,

~T
as recently concluded from’ conv1nc1ng plots by Akltt28

On the other hand, while V varles sys_ghatlcally in
the ion series Cl~ to ClO4 (Figure 37) 1f the estimated
Antrinsic volumes (5ee next section and Table 14) are

subtracted and the dead space correction is;ggeiied

N s

. then' the electxostrlctlon at these 10ns 1s found’ to

3

change from Cl to ClO4 (by ca. 10 em” mol” ) but not

in the- dlrectlcn expected agcordlng to electrostatlc

L et B e e s e S T Sk St o Dt e e St A
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theory. Thus, the present ‘and other earller works (e J., re

43) show that factors such as radlus of the ion and the

number of ligands are significant in determining the

electrostriction.

3. 'The Separatlon of Volumes cf Oxyanions 1nto Intr1n51c
and Electrogtriction Volume Contrlbutlons

,Although the queséion of how V° is ade up of several
components was dlscussed earlier (Sectlgn I.5), the .
determlnatlon of each component separately 1s actually very
difficult ow1ng to some oberlap effects In most treatments

cf the SLgnlflcance of V° quantltles, the intrinsic and

the electrostrlctlon volumes are considered to be the

‘prlnc1pa1 components of 7 —g. The separation of 1onlc volumes

into these compA;ents is 1mportant The'electrostrictionk

volume can be obtalned by subtractlng a correctly calculated

“(or known) 1ntr1n51c volume from the partlal molal volume

of;the ion at. infinite dilution. The electrostrlctlon

volume lS the major part of the change in volume of the

solvent due to the presence d; ions, i,e., due to ion- '\ .

solvent 1nteract10ns. . '“ ‘7 ' _ N '
However, to evaluate the intrinsic.volumes 6f ions is

not so easy even iﬂuthe case of 51mple spherical lonf},:i :

The radll of 1ons in solutlon are not exactly known, %} : -

b;zdy, they are assumed to be the Ssame as 1n crystal

‘structures. Further dlfflculty arises due to«the dead-

- 3

> -
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volume, Ve associated with packing of solvent molecules

around the ionloo. This can be seen in the following

diagraﬁ. <
rs crystal radius
V. _ "erystallographic voliume"

lfc for ion in solution
Vf dead-volume

Vh effective velume of water

The calculation of'Vf is coﬁplicated owing to the
dependence of the effective’ 1ocal ‘volume of water, h' on
the ion with which 1t is assoc1ated and to unknown hydratlon
numbers.

In the case of polyatomic ions, even thelcryetal-

lographic volume,- V. ,becomes difficult to obtain, because

1,

the shapes of these ions are not 51mp1e sp eres, as with
/monatomlc *bns For ClO4 or sog they can be assumed to be

qua31-spher1cal having a radius equal to‘}he sum of the
~ : ' £ ‘
- interatomic distance - (S-0 orlCl—O) and the van der Waals

radius of oxygen. In this representation, there is a large
dead-volume allowed around the ion which might be jaccessible:
" to watér molecules. A better assumption for shapes of these

ions would be.that they are represented bysa tetrahedron -

which’is.spheri;al at the cerners'but calculation of volume‘

i B Y

. ~

L3
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of such a shape presents difficulties. Thﬁ”problem is, of

course, more difficult for ‘the ions c1o;}fc10;, Sogd, szog'
o -- s | B L .
and S206 . ]

Intrinsic volumes, Vi, SE\Qxyanions stullied in the
present work were calchiéfed‘using several diffgrent

methods the results of which are given in Table 14./ The

b v

‘methods uséd can be summarized as follows:

. ~
a) . Using Pauling's and Kapustinskii's
"Thermochemical” Radii

. -

1) : € - L
Pauling radii (ré) have ‘-been commonly used* for volume
: . - o &
calculations (Vi = 47N rp3/3)_bu€ are‘gvailable only for

monatomic‘ionqa "Thermochemical® radiil®? (rp) axe

o

available only for Qlo;, Cloglaﬁd qu—_amoné the anions

involved in the present work. Corrections were made to the
Vi's calculated from r, or r, by mgans of the formula9 .
v, = 2520 r,° +315 r,2 . em® moll > V.7

. Y ' . '_' .. v

where r, = rp or r, in nm, in order to take'into account
the dead volume which depends102 on the relative ion size .
T /Ty e ‘ ) R ’

i H20 _ ) .

-

* In recent years the compilation of "electron-density"
radii of Gourary and Adrian'®! has also been used for
a number.of lattice and solvation energy calculations.

s LN ‘ ".\"‘ \

-

.
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b) Using Couture and Laidler’® 51031Effective-

Radii, Toff

CouEureyand Laidler prqpoeed-that.réff for oxyanions
= 0,25 &r where 2 islthe-number of. 0 ligdnds on the ion; !
‘and r:is the intératemie Cl-to-0 or S-to-O distance plus .
the Vanfder Waals radius of thelo.‘-vi, and dead—space
éorrected.vu values, calculated by this method are given .

in Table 14.

-c) Nglng Padova s Method.

¢

w

Padova4l-showed that -
* . ) 4 ’
_.‘ c - o * *. . » . -
Vl = ¢v_ ¢st/sﬁ* _ | » V.8

»

where ¢3 and ¢§ are nhe apparent melal volnme and (isothermal)
‘éempressibility at infinite dilution, a“q.S; and S; are the
empir%cal /E-dependencies of ev and ¢K’ respectively. The
presént work'prpvides ell the data fequired for calculation
ofnvi's by Paeova's equation for the oxyanione:etpdied. ' -
.Padova's equation gives the total_vi for the .cations

. 'y
and anlons of the salt. - He assumed V = 0 and then with

4
i,H -
data for aq. HC17 39, the V for Cl can be obtalned. Then,

]

w1th the results of the present work on NaCl V ﬁor Na
'and each of the: coroxyanlons can be derlved (Table 14), . ‘

together w1th correspondlng V values. The Vi's thus -

derlvg% do not requlre41 the assumptlonﬁggzizy solvation -

. : .~ .
model nor a dead-space correctiocn.

P

B (o ¥ TSR |
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. volumes by the £ loWiqg procedire: “First, for the following

. 8“7 to Ar® and 02_'to-Ne° waé eﬁployed From the slopes S
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d) - "Using Atomic Models’®

As a final ‘method, the intrinsic Jolumes were evaluated -
from Fieher-Hirschfelder-Tayior space—filliﬁg scale models.

The molecular models were made up and wrapped by parafllm,

their volumes were then determlned by water displacement, ¢
Since. the models were for only "neutral" molecules,

the estimated volumes Irad to be converted into "ionic"

-

four sets of ions and respective iscelectronic’ noble gas

atoms, volumes were calculated usiﬁg&the Pauling radii:

(1) Te?”, 17, xe% (ii) se®”, Br™, ®°; (iii) 8§27, a7,

) . } - - *

ar%; and (iv)_O2 , F, Ne®. These volumes were then plotted
\D

against ionic charge.- From this-plot: the'slopeslof the

lines I~ to Xe®, Br  to Kr%,:Cc1” to Ar° and F~ to Ne® were

caldulated and plotted against the volume of the respective

‘neutral atom of the paif.‘ A slightly c¢urved line'was

. . g . N
obtainéd. L ) f S |
The slopeé?correspondlng to the vollimes of Cl0O Clo . )

2’ 3 b
and ClO4 as neutral molecules, measured.as described in thef‘ |
first paregraph; were then determined by inter- or extra- . i
polation on that curve. A sim}lar precedure for the . : \ f‘
divalent oxyanions using-éata forﬁfezt to.Xe é .2: 1:0‘I(r(.D | '

2=

thus obtained and. the- volumes of the neutral OXy= Cl ‘and
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. Auestioned, the main 1dea was to find an approach which
" would enable the change of volume in gorng from a neutral

species to d corresponding singly or.doubly_negatmve charged

168

)

oxy-S speoies, the dntrinsic volumes of the corresponding

oxyanions were determined.
V; and thus V_ values obtained in this way are recorded

in Table 14. While the method described in this section for

converting molecular volumes into ionic volumes can be

ion to be eva%pated.

For' Cli, the values obtained by direct use of the T .

—

The Vi's ogtained by the above procedure from measure-
mehts'on the atomic models were also'correCted for the dead-
space effect9 accordlng to Equation V.7 (in the case .of. S‘Biz_

an equatlon similar to V.7, derived for cyllndrloal ions in
Reference 9, was used to correct:for the dead—soace efféct) n;r ’
and a second set of V data were caloulated (Table 14). It &3

is interesting that only by method (d) , with thls procedure,

do negatlve values of vV ‘arise for the Cl- oxyvanlons, and " ~®

large negative values, correspondlng to ca. 6 fully electr -

strlcted water meoles, for the S—-oxyanions.

Comparatively, methods (a), {b) and (c) seém td gi‘e
unrellable and 1nconsrstent results for V . and hence v_,
whlle method (d) seems to give the most satisfactory

values, minimizing anomalles in Ve ds a fufction of

‘-
k3 G - o

P A RO

Pauling radius [method (a)] were takem. . Wﬁ



e

. i , | . .

oxyanion size and charge, and with respect‘to the sign of

'v . For the $-oxyanions. (Table 14), the V are all

r

negatlve and large ( 38.8 through -43. 1 to —15 3 cm3 mol 1)

and appear to be both ‘reasonable and correct in sign. -

Allow1ng Eiﬁ -6 crn3 mol -1 for maximum electrostrictionl?

at these 6-fold nearest neighbour coordinated divalent
ions would give. v '= ~36 .cm> mol_l,'close to the 1arge

negative. values ln Table 14 for th S oxyanlons.'

4. Comparison of V, and V, Data - . v

\ L3

&
k3

Table-14 clearly indicates that each method gives an

appreciably different value of v, or v, for thefsame'ion,

even for le. Thus, no single method for estimating r;'s.

and corresponding V.'s of oxyanicﬁs is a priori reliable.

This means that 1nterpretat10ns of data in varlous papers,

where one or another methed only has been used, are..

doubtful _ Only by a. comparatlveammmoajx can the true

situation be perceied: it is ev;dently far from sat1sfectory.
It is interesting that methods (a), (ga and (cl give

13,14,41)

whlch decrease in the order ClO2 > Clo > Clo4 ' and’SO3
W %D N
> 8042.f This unexpected result 1mp11es that the normally

ant1c1pated volume contractlon13 41 of the.solvent whlch

a
.

principally positive values for V »(unexpected ,
2=

'1s greater with smaller ions (e. g., in the serles Cs +

it ) does not take place 1n the 'series of oxyanlons.. Even

",
-
e




Iy

* Such behavxour may arise because of the known™’

'VH bondlng \ between 0 llgands and Surroundlng H,O

L
e
D

ing the results for‘calculations {d, ii) (Table 14)
give more rational negative values.for Ve' the
result for C104- is still found to be numerically more

than that for the other three Cl- oxyanlons of the serles.

105 H-bonding
of H20 molecules to Clo4 shown bY'spectroscopic'

. ' ) P e
experlmentslos : . > .

The problem‘of lnterpretatlon cf the results for the

'y

—o
S,'
direction to that for the V values, assuming both

cl- oxyanlons lS .that the values go in the opposite .
S,
and V are malnly determlned by electrostatlc field

4

"effects.. Thus the trend of values for both the Cl-

S i

and S-oxyanlon series does go in the expected direction

. to C1™ and
4
: 2- ‘22— i : - . .
5,0¢ to $Q3 (Table 13). = :

The dltflculty with the Cl-oxyanion series may arise

with increasingly negative values from Cl0,.

-~

because, with these iQns,:the local field in the hydration

shell is barely sufficient to cauée:significant electro-
- striction so that other fhctors may become the predominant

"1nfluence 1n determlnlng the volume behavrgu% €.9.,

105 N
2

molecules. mhus a calculat&én for ClO4 , assuming as a

minim .value oX the local dlelectrlc constant of ca. &

at 0, 430'§n from the centre of the 1on (Cl- 0 dlstance of

0 152 nm + Van der Waals radius of 0. 140 nm per’' o + radlus

R
. ’




' . ) o T a
i Lt . . . - LR N
- K) _ S s - g o
~ } L . - : ’ - R .l -. ‘ " . Lot

-of- an HzQ molecule, 0.138 nm), gives a yalue of vV, at the”’ -
field corresponding to this'distance of only l3% of' the-
- maximum Vé attainable at hlgh fields accordlng to the

calculations of‘Reference 14. oOn the other hand, the
. Y

' H-bond energy of‘Hzo tofélo would be’ about 4 x the ion-

dlpole Lnteractlon energy at that fleld {at 0. 430 nm from

-,

the Clo4 ion)' SO, that structural factors other than just .

e o

the electrostatlc fleld at - these ions of 1ntermed1ate 51ze

. could determlne the.volume behav1our, o

k]

- -

5. Relatlon Between Volumes anﬁ Compre551b111t1es ' *
' of Oxyanions . -

For the Cl- and S-oxyaniohs studied, the relation

between-ﬁg and KS is_shoWh in'Figure 38. . Two smooth
'

curves represent the results.-
' 6,24

For comparlson, data for P r

Br_pand I are also showﬂ/ When V? lS plotted agalnst
"specific COﬂEre551hlllty ' Sdifvi’ (F19%K$;39L an "
eroellent linear relation is found for Cl-oiyanions and a

~ smooth curve for the s—oxyaniOns; . - o ';, L C.

Theoretlcally "V should be related to the decrease .

of compre551b111ty of . water at ions, due to electrostrictiont.

W

Figure 40 shows that Ve, obtained 1n methods (d, r) and.

_- 44, i}, plotted against kS ves ;

S i’ gives common smooth curves
’ . .

[one curvewfor the data- obtained in (d, i) and pne curve’

4 L T

for those in (d, ii)] for all the mono- and divalent -, °

_Oxyanion series in a rational sequence, thus supporting_‘

;;..; ey
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- the validity of method (d} for evaluation of Vi.-
It-is of interést to compare Figure 40 with'a.plot
(Figufe‘4l) th%t can be made of the electrostriction
"volume change, Ave, against the specific compressibility,

—l), each being dependent on field %bcording to

_ B (bar
Reference 14. Flgure 41 has. the correct fg;m (cf. Figure
40) but a dlrect comparlson with the experlmentally based
plot of Figure 40 is difficult chause the latter curve
depends on soﬁe humber n of water molecules in the hydration
’ shg&iiZthat qre chapgéd In effective volume and in compres-

“sibilyty. For 52032_ and quzf, for example, the observed

. ’ .
Ve {Figure 40ﬁ correspdngs, as we noted above, to 6 ~ 7

fully e;éctrést;icted moles of K,O0; for this range of V_,
the change of B in Figure 41 would be ca. -42 ~ -44 x 10—6_
‘bar‘_l relative to B for fleld free water.

It should be possible to relate this change of B to ~

an "experimental? specific compressibility change Eg i/Vi
. I
2

. _ _ »
{Figure 39). For 82032 and SO4 .+ the values are -2.2 x
10-4 and -3.9 x'lC'_4 bar_l, respectively. For 6-fold
s - '
inner-sphere coordination, the' total change of compressibility

-6

’

expreésed as‘ﬁg i/vg would be -6 x 42 x 10 and -6 'x 44
. ’ " -

X 10“6 baﬁ_l, respectively; these results are in fair
agreement with the respective "experimental" ig i/Vi

~ . . [J
values of Figure 39. It is seen (cf. Reference 14) that

the compressibility* behaviour of the divalent ions corresponds

[ A P PO IR
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"to "high-field" conditions

" 6. The Relation of V° .and K

" the assumpfion of equality of the entropies of. tetraphe-

14 in the genédral equation

for calculation of electrostriction of. waters v

=0

. to Entro Data
S,i ° : PY -

for Oxyanions

Entropies of hydration and volumes of ions in solution

e are ) el AT e mdsre

are expected to be related through the electrostriction <

13,19,20,94 .o also ~

effect, as treated in various papers

Section I.6). A corresponding relation to compressibilities
: A

would be  expected. For the present series of oxyanions,

data on éntropiés of hydration are not available, but a

‘compilatien of standard ionic entropies of solutiqn,ASZ, byﬁ

Cox and Pa_rker106 is useful. These data are referred to
a state of the ions in their crystalline, e.g., Ng+, salts

and the individual ionic contributions! were evaluated on

nylarsonium and tetraphenylboride ions in solution.

=0

Figure 42 shows plots of botlg\vi and KO . against Asg for -

S,y
the two oxyanion series together with the halide_ion»series.

Good linear plots evidently arise, illustrating the common

general relation between V?, Kg i
L

the éntropy of hydration froﬁ\yhe'gas_phase would have

been preferable but, as argued by Cox apd'ParkerlOG, the

and Asg. Plots against

entropies of the anions in comparable crystalline states.
provide a good,reference basis for comparing entropies of

ions in solution through Asz.

—
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. 7. The Treatment of Concentratlon—Dependence of Apparent
Molal Volume Data Accordlng to Reqllch and Meyer's
Equation and Masson's Equation I

In'Sections V.B.1l to VfB.G the discussion was based
© on rhe ipfinite dilution.valqes of apparent molal volumes
“and compressibilities for the oxyanion salts. However,
concentration-dependences of these éuantities are‘alse‘
1mportant and give useful information on ion-ion and
wcertaln aspects of ion-solvent 1nteractlons Therefore,
in this‘-and the next few sections, the cpncentration-
dependence of apparent molal volumes and compressibilities
for the salts of oxyanlons will be treated. -
Flgures 4, 7 and 8 show the concentratlon—aependence
of apparent molal volume of salts of oxyanions according
to the Redlich-Meyer equation (Equation Ii.13). Comparative y

plots according to Masson's equation1ll

. ‘ .
by = by +S/E - V.9
are shown in Figure 43, The Redlich-Meyer pleps were used
to find ¢3 values which were discussed in Sections V.B.1
to V.B.6. )

Figures 4;‘7'and 8 show clear examples,of'the distinct
change of sleope which the.¢v-SV/E againet c plots exhibit
at some critical concentration dependent on the identity

of the anion of the salt (Figures 4, 7 and 8) and its

charge number (Flgure 4 in relation to Figures 7 'and 8).

-
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4
The change of slope of these lines takes place over a
concentration range as narrow as 0.1 mol L1 for the 1:1
salts (Figure 4) and 0.05 mol ™! for the 1:2 salts
(Figures 7 and 8). This is surprisingly shaxrp.

The compressibility behav1our, calculated from ultra—
sonic velocity measurements together with.the density
data arising in the ¢v measurements, was.ploeted empiri—
. call? as ¢KS vs vVm (Equation II.25) in Figures 5, 6, 9
and 10. A relation corresponding to Redlich and Meyer's
equation (II.1l3) is not available for plof%ing the ¢KS
data since the Debye-Hﬁckel limiting slope, Spe. for
adiabatic compressibilities of salts in agueous solution
is nos‘reliably known. _For example,recently three different
values for the slope Sks were-estimated64 using three values
for SK’ the corresponding;isothermal compressibility
slope64,112,113_

‘The data on ¢3, b&, ¢§S and’S;s for the sodium salts
of oxyanions were given earlier (see Tables 1, 2, 3 and 4).

*
‘Sv parameters in Masson's equation (V.9) for oxyanion salts

are given below:

NaCl NaClO2 NaClO3 NaClo,
s: £ 0.08° 1.7, 153 | 1.8, L.7g
(en® mo1™3/% %) Nayso, | Na,S0, NayS,0;  NasS,0;
- 11.5. 11.1'4 1.5, 9.3,
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Millero'® has.referred to a-possible relation between
the difference ofhslopes, S:—SQ, and bv which is suggested
by data for e-variety of salts. _The slope parameters
obtained in- the present'wotk by plotting ¢v data as a
-function Qf concentration'according to Equation II.13 or
Equation V.9 are represented in Figure 44 as a relation
between S ~S Vs b whlch is ev1dently l:mear.pas&g'fér
through thé origin. The data for the Cl oxyanlo?s and the .

.S -oxyanions actually fall 1nto two different groups, each

represented b¥ llnes_pa551ng through the origin. The 5206

ion datum falls on this graph as a point at the end of the

2 \

family of data for the Cl- rather than the S-oxyanions, jf
This is understandable since this ion can be'undergmood as
behaving ¥5 a dimeric SOB- ion with one charge at each end

of a cylindrical molecule ion. LT :

A *
An attempt to rationalize the relation between s,7S,, .

and bv could be made by subtracting Equation IX.13 from V.9

which leads to

*

(Sv - SV) = bv ) : - . V.lO‘

However, thls relatlon has no proportlonallty constant
between the S S and b parameters such as, is observed in
Figure 44 since ¢ is 1tse1f & concentration variable of
indeterminate significance in Equation V.10. This suggests
that relations between S::—Sv Vs bv' although,thef are

Lol

apparently linear, have no physical significance.
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The relatién mﬁst ariée fdféuitously‘when Masson's
eqﬁation fits .the same data as Reélich and Meyer's equatién.
This is presumably'because'Masson'é qquat%on with‘slope |
S: cannot be a’co;fect represehtatién’of'£he JE'dependeﬁcé

of ¢§;since, at sufficiently high dilutions, ¢, varies as

. * - *
/¢ with the limiting law slope S,+ where S, # S,. This

conclusion obviously follows when the full depeéndence of ¢v

.on ¢ is considered in terms of the various pressure-

dépendent contributions in the Débye—Hﬁckel equation fdr
activity coefficients that <ietermine:|‘14'_]~'15 how ¢v varies
with concentration. When all df these contributions,
including the one leading to a linear term for variation
of ¢v with ¢, are lumped empirigaliy into a single slope
term S:_for /e, as inlMassoh'g.equationf it can be seen
qualitati?ely how S;_may be different ;aan Sv';nd then how
the differeéce S:r—'sv may be related.td how large is the‘bv
term in tﬁe-Redlich—Meyer equafion that éilows for a proper
Debye-Huckel term in v/c. .S:'in‘Masson's equation is, in
effect, .a "catch-all" slope factor'for all concentration-

dépendent components in ¢v for ¢ > 0.

" This is illustrated by referring to Figure 43 where

the same data as are plotted in Figqures 4a, c and B8a

according to the Redlich-Meyer procedure are shown as
Masson plots. Figures'4, 7 and 8 show the clear inflections

referred to earlier, in Sections IV.3a and IV.4a, while the
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Masson plots completely obscure this effect, giving vir-
tually straight-line graphs in the /c plots. |

Comparison of Equations II. 13'and V.9 in another way
can be made by rearranglng Equatlon V. 10 as S ‘S + bv/E.
It is sSeen that Masson slope S should, in fact, be a
 funct1on of vc. Unlqss ¢V data are aéallable over a wide ' %
rangé of ¢ or /c, this ‘effect is evidently obscured sincg
the su}p}ising feature of most Mgsspn plots is their
apparent linearity in /G.

Tﬁe genéral~Eonblusion to be reached is that Masson
plots: are 1ncon51stent w1th the Debye#Huckel depéndence of _
¢v on concentratlon or W1£hrRedllCh and Meyer's-approximate
represenpatlon of that dependence. The use of Masson élots
is not to be recommended as (a) they evidently obscure
lnterestlng features of the dependence of ¢ on concentration
(cf quures 4, 7 and 8) and (b) they are 1ikely‘to lead to

'errors in- extrapolation to ¢=0 when ¢ is to be evaluated18 B

8. Significance of Inflections in the Redlich-Meyer Plots

The inflections in'Figures 4, 7 and 8 are suffid}%ntly
striking to justify special consideration ofltheir signi-
ficance. Reference to data for activity coefficientg (Yt)
of 1:1 and 1:2 electrolytes shows that the first deﬁiations}'

from limiting law behaviour for -1n Y, in Yc commence

already below 0.0l mol L—l,'as is well known. Similarly®
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- . LY . . . .
in terms invelving 1 + ka (the terml+ka is encountered in

the deriVation of Debye-Huckel law for finite-sized ionsll4.

kY

l/x is an approximate measure of the thickness of thg

ioni% atmosphere anq‘has the units ofllength.fa‘ is the

closest approach parameter), ka car be neglected\in com-

parison withunity only at concentraticns 2 1{)_3 orf%giz's
mol-L_1 for 1:2 of 1l:1 electrolytes; réspectively. ‘?oth

- these limits are well below the concentrations at which the
inflections in Figures 4} 7 and 8 appear, viz. ¢ = 0.5 ~,0.7

for 1:1 and ¢ = 0.12 mol L™t

- for the 1:2 salts. Hence it
;eems unlikely that the observed inflections~can BP accopnted
for by such factors. Moreover, it is difficult to see how
such effects could set. in as suddenly, at_sqme apﬁarentlyT
‘critical concentration, as thé_experimental data ipdicatg.

| From the above iﬂflectibn concgntrations, it therefore
seems logical to sugge;t that the femafkably distinct |
‘changes of slope correspond to a rather sudden a?peérance
in,solutioh of pairs of ions, probably cation anion pairs,
in a situation .in which their Gufney hydration co—sphereé
are juét beginning to overlap and thus cause an extral

contribution in the excess volume fﬁnction through the GUR

termSh,lO?,lOB-

Similar inflections have been observed in earlier work

o .
from this laboratory24 on ¢v for organic ions and ih work

P RS S L P ST Y PRV L EERE T -
.
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-~

of vaslow

on simple salts such as alkali chloriﬁegl

He ‘concluded that{the inflections indicated soﬁe kiﬁd éf

chahge of property of the Solution which he called "physical

tfansitidnf of the, solutions. It was §uggested7§ that a

“cooperatiVe interactioﬁ.améng fhe co-spheres of a mode;ate

number of ions" can be responsible for these abrupt ehanges.
In order to test the reality of thé co-sphere overlap

effect as an explanation of the'inflections, it is useful

. to calculate the approximate concentrations at which

*

hydration co-spheres just, on the average, overlap, for
assumed co-sphere diameters related to the intrinsic radii

of the ions plus one or two shells of hydration water

-

molecules. . g

If the ‘radius of the co-spheres of the anion and the

‘cation are assumed to be equal {ih most cases, the cationic

co-sphere radius will actually be greater than that of the
anion) and are~designated by L then the diameter or the

! e :
contact distance will be 2r_,+ The number of ions per

linear cm is then 1/2r_,. There are lOOO/(ZfCi)B

ions per
dm3. Overlap of co-spheres in an hexagonal, rather than
cubic geometry, introdyces the factor (2//3)3 into the

above calculation. o

For NaCl, for example, 2rc;“is the sum of radii -of

Na+ and C1~ afd of the diameter of'an H20 molecule for each

TN

: e
75,35 ) -/

e i
PRSP TEFTY S

e A A kst - b T
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“hydration co-sphere, i.e., (0,95 + 1..81 + 2 x 2,.76) x lQ-'8

= 8.28 x 10-8 cm when primary hydration shells are just
in  contact or 2.76 x lO-B cm morg-for-each additional
shared spherical co~sphere water shell.

When the contact distance is 12 x 10~° cm, which is
approximately the case for NaCl when an éxtra spherical
cohgphere shell is shared by the two iong#eyond them .
primary hydration shell, there will be 1000/(12 x 10 )3
ions per dm3 or 0.90 moles éér dm3. This corresponds to
a concentration of 0.45 M for a 1:1 salt or 0.3 M for a

-

1:2 salt.

Master curves can be calculated relating the critical

contact distance 2rc+ to the critical co-sphere overlap

concentration. Figure 45 shows such curves for 1:1 and 1:2

or 2:] eiectrolytes. It should be noted that oﬁing to

attractive interaction between positive and negative ions,

the overlap effects may start to be significant at conceh-

;fations lower than the above critical values or at contact
distancsg correspondingly shorter than 12 :x‘lO-8 cm, This

would introduce a cation-anion specificity into the critical

' , .

co-sphere overlap effect of the type that is observed in

the changes of slope of the ¢; linés. Anion-anion and cation-
cation co-sphere overlaps are weighted with low probabilities

owing to an unfavourable Boltzmann electrostatic factor for

such pairwisé iﬁteraction between like-charged ions (cf. the

" o
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[ ] 1

0.5 . 1 ' 1.5
) . . -1 )
.Critical concentration/mol L b

Figure 45 - Master curves relating the critical contact distance 2r, to the
critical co-sphere ‘overlap concentration. -
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g_H_- and g._ distribution functions treated by Friedman et 'al]‘08

).

On.the basis of the model calculations given above,
it is to be expected that the critical co-sphere.overlap

. ‘ .
concentration will be 1owe£ for 1:2 salts than for: 1:1
'sé;ts owing to (a) the greater hydration co-sphere radii
of di;alent anions and (b) the greater Bdltzmann weighting
of +, 2- interactions.' Figures 7a, b and 8a.show that this
is indeed the case.

If co-sphere overlap causes return of éome structure-
broken water to its normal'statelosj the-compressibility will
tend to incréase. éimilarly}_the volume will tendrto increase
if water is returned to its normal stéte due to the co-sphere

" overlap effect at appreéiable ionic concentrations.

Figures 4a-d, 5 and 6b confirm the direction of these
changes for l:1 type-salts but for 1:2 type salts (Figures
7a-b and 8a) the opposite direction-is observed. The com~
plexity of the situation with the 1:2 salts is increased
when it is noted that the direction of change of slope‘in
comgressibility is opposite to that in volume which is
difficult to explain, Also the change in slope of the lines
representing ¢K&,as a function of VT occurs at somewhat lower
concentrations than those for the'¢b plots; this may indicate
a greater sensitivity of the ¢KS quanti£y than the ¢v E?

structural changes in water in the vicinity of neighbouring

.cations and anions.
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A * . ’ '
9. Relations of b and Syg to the Infinite Dilution Volumes, ¢3

T

¥

 The possible origin of the inflections in Figures 4, 7

and 8 diécussed above suggests that bv may be relkated to
o '

¢v. Such relations are shown in Figure 46a for the 1l:1-

(with Cl_f and l:2 oxyanion salts. For the divalent anion

¥

salts ,the depéndehce of bv on ¢3 iSEMuéh steeper than for

the monovalent salts, a result that is expected on account

-

of the larger volumes of solvent that are found (seelSections
V.3 and 4) to be influenced by aivalent than.monovalent ions.
The datum for 52062— falls as a common point on the 1ipes

for the Cl- and S- oxyanions‘presumably because.it behaves,
as mentioned earlieé, as a dimeric monovalent ion, with

charges at eéch end, rather than a single-centered, doubly

charged molecule.

3

In Figure 46b, the empirical slope, S for the com-

*
XS
pressibility data, ¢Ks,is shown related to ¢S; again a more
sensitive depéndence on ¢3 is seen for the di- in ﬁOmparison
with the monovalent ions.

‘While no dttempt will be made here to interpret the
* .
SKS parameter, the following points in relation to Figure

R *
46b are useful to note: (i) the SK values are all posit}ve;

S
(ii) they are 5 to 20 times laxger for the 1:2 type'than

ord

for the 1:1 type salts, so that they contain other concen-

trdtion-dependence factors beside the limiting law one;

PP IR g, RN
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(111) they decrease w1th increasing anion- 51ee for. both 1l: l
and l 2| type salts, with the exception of NaCl; and (iv)
‘the trend of the data ‘for the salts of the variops oxy-
J-anions (Figure 46b) in the plot of S;S vs ¢3 is similar

to that in the plot of bv Vs ¢3 (Figure 46a);

i
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C. Organic Bases and their Ions

\-. .
1, Structural Effects in the Volume and Compressibility
Behaviour of Organic Bases in Aqueous Solution

Although the papers of Hepler et al.57

“22,58

and Cabani et
al (published during the course of the present work)
on volumetric behaviour of organic bases include some of
the molecules also studied in the work bein§ reported
here, the compounds selected in a systematic way for this
work cover a wider range of structures. Tﬁis enables the
following factors which‘influence hydration and ionization
behaviour to be investigated for several series of
structuraily related organic bases: (i) the nuﬁLer of
cyclic ring systems; (ii) replacement of ~NH- by -0- in
a 'ring;.(iii)'replacement of —éHz; by'-o— in a ring;
(iv) the number of ™N' centers in a ring (-CH-, N or
éQHz-, -NH- replacement in a ring); (v) Siomaﬁigity‘in
a ring structure; (vi) position of 'N's in the ring; and
{(vii) the number of ~CH, - Qropps :in'a riﬁg. Additionaliy,
complementary studies by means of adiabatic compressibiliéy
measurements were carried out in the present work.
« N

In the light of the results obtained from complementary

volume and compressibility measuréments, the iffects that

the structural factors listed above have on the hydration

behaviour of organic bases will now be discussed.



(1)

-

The Number of Cyclic Ring Systems in the

Molecule

/

A comparison between the v° values in TablelG and the

-0
Kg

values in Table 7 for triethylenediamine, piperazine,

ethylenediamine,'piperidine and quinuclidine provides

information on the effects of the number of cyclic ring

systems on the hydration of these bases,

For convenience,

.the changes § in v° and E:-values with increase in ring

system complexity by bridging are given

Structure Change = ~

J

(1) HNCH,CH NH, — HN N
(2) HN NH — N/—\N

\__/
(3) HN >‘ — N‘E >

below;
v
§7° /em® mol L 10451'<°S/cm3 ol ™t bar L

20.0, 1.2
23.1, 0.5
20.9, 7.7

The change in structural grouping from ethylenediamine

to piperazine and from piperazine to triethylenediamine is

the same, i.e., there is an addition of a -CHZ—CHZ— bridge

between the two 'N's and removal of -H's, one from each N.

The‘approximately 3 cm

3

mol

1

of extra volume change in structure

change (2) compared to (1) above is probably due to the

void space pfoduced by the introduction of the third

Lo
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_ 2
-CH,-CH, - group between the N's, inacceSsible te water. %

Similarly, due to the introduction of the —CH2-CH2— bridge,

3

the V° increases by 20€90'cm mol

from piperidine to
gquinuclidine [(3) above] which islagain 1argér by -
about 1 cm' 017! than the increase in V° fo:.(lf

The tw0O other factors which might be involﬁed in
determining these changes in V° are: (a) the increasing
hydrophébicity introduced by the additiqn&of —CHZ—CHZ—
gfoﬁps, (the.hydration aroundithe hydrbphobic grdups is
called "hydfophobic hydratidn“landlit'usually‘results in
increasing the extent of local structure of water) and
(b) changes in the character of H—bon@ing to Qater at the
N centers. It is expected that both factors give posiﬁive
contributions to GVO.;, . |

116,11T

Recently two papers have appeared in which

-

proposals have been made of schemes of "group contributions"
for volumes and heat capacities of organic molecules in
agqueous and in methanolic solutions. The results discussed

above show that consideration of only the group contributions
to V° of organic molecules is unlikely to be correct. . Struc-

tural relationships also play an important role in deter-
mining the volumes of organic molecules in agueous solutions.
116

This point was recognized by Cabani et al. . After an

analysis of thermodynamic data for non-ionic organic

R )

molecules in agueous solution, they arrived at the following

1 l *

PPl A a2

RN Y5
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" conclusion. Water reacts (physically) in a very specific

‘way with respect to organic solutes; as consequence,
the thermodynamic properties in water of molecules showing

many different structural‘features differ appreciably from

-
pFe i ar w1 e et e

those calculated as the sum of the contributions of each -

of the features separately.

The compressibility changes for tHe above sbamtunacha@@éii
(1); (2) and (3), are more dﬂffi;ultlto explain comparedQ. - . .}

‘ _ ;

to the volume changes bepaus; the factors effecting the
volumes do not always operate in the same diiection_for a : ' s
compreééigilities. The following'points shéuld be noted
in this connectdon: (a) addition of a group to the structure /f"“l\
increases the intrinsic volﬁme but may not necessérily
change the intriﬁsic compressibility‘since the latter is
a differential éuantity, normalized with respect to voiume,
viz -dv/vdP; (b) hydrophobiec hydration effects tend to
increase tﬁe_voluﬁe-but decrease the compressibility due
to more rigid water structure around the hydrophobic group. . '
As was m;;tioned in Section V.A.2, Fhis effect was first " | . 6
discovered by Verrall and Conway21 who f@und a decrease in
¢§S values in the series tetramethyl-, tetfaethyl-, . ‘ ﬁ
tetrapropyl—= and fetfa?gtyl-ammonium iohs.; Water itself
probably provides a simpler example for the changes

“of volume and compressibility }n opposite directions:
1

_ﬁs liquid water at 273 K becomes frozen to ice its volume
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oo ‘ .
increases but at the same time it becomee‘less compres;
sible*;(c) H- bondlng 1ncreases the volume but decreases
the compre551b111ty, dependlng on the strength of the .
bond and structures resultlng from the H-bondlng.

The negative GKS for'structure change (1) is, as ex_eected,
due to increase in hyd;ophobicity‘in Piperazine comparea
to ethyleneeiamine. Also piperazine has a more rigid -

t .

structure than éthylenediamine. The p051t1ve 6KS values
ﬁ

for (2) and (3) are rather unexpected The only p051t1ve

contribution to GKS may come from a decrease in H-bond
strength upon hydration of these molecules. Thus the

LN s :
H-bond, /D - H-N\ 1s expected to be stronger than the
’ . :
H- bond -O-— H --- NZ due to the larger electronegativity

of O than N.

(ii) The Replacement of -0- by -NH~ and -0- by
—CH,- in the Ring

The effect of replacement of -0- by -NH- and -0- by

—CH,- can be seen in the change of v° and Rg for the structure

changes given in the following table. ' -

[

* Data 1llustrat1ng thlS effect were shown in Table 12, W
p. 150.

-
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‘Structure Change ‘ Gvo/ém;mol"l‘“ 1046§§/gm3mol—lbar—1

@@ 0 0 — 0 NH 2.2, 2.0
N/ |

H 8.56 -4,2

Z

\
) Q NH —

LA, )
It seems likely that the positive §V° for the changes

(4) and (5) above are due, apart from the volume contribution

of the H atom, to stronger H-bonding to water at the \0

v
- center than at ;NH. This is consistent with the electro-
negativity difference. On'the other hand for the strﬁcture
"change -0~ being replaced by —CH2f, a much larger poéiﬁ?ve,
§V° is observed corresponding to an increase in hydrophobic
" character which also tends to make the water solveﬂt”iocally
less compressiblé, correspoﬁding to the negative Gig value
fof structure. change (6) above. The neéative Gﬁg valies
for (4) and (S5) are, however, again rather unexpected.
Confprmational factors \way also play an impartant role
in défe;mining ¥° and K° of.t e above 1,4 bifunctional

L ‘

- e R —— —

PR PPN
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compopnds;'this aspect will be discussed separately in
Section V.C.2. | by T

.

{iii} The R placement of -N- by’ —CH- or -NH-
by -CHZ— in the Ring

The magnitude of change in ve by'—N—, -CH- or by -NH-,

' -CH,- replacement is expected to be comparable to that by

-0-, —CHZ— replacement discussed in (ii) since, in both

4

cases, a hydrophilic group is replaced by a hydrophobic

one, The GVO'and Gfg values are listed below for some

examples of -N~, -CH- and -NH-, CH2 replacements.

Gvakm%mﬂhl

1045§g/qm3mol—lbarrl

J \ '
o NTW —> ‘ 5.8, 6.4

Ho Ho
N~ N\ o

(8) \ N —> \ N 7.3 ¢ \ -0.9
N [ / ¢«

H | ,
: N
(9) ~ 6.1, - -1.3
| | N—l}\l —> ﬁj | 5 ) :

a4\ _></ >N e, 4.7
\—=/ —/ | :
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The positive &§V° and negative éﬁg

vvalues for the above
five structure changes [except 6?; for (7) and (11)] are
probably due to -the fact that hydrophobic groups in general

tend to increase the volume but decrease the compressibility21

(iv) Aromaticity in the Ring Structure ‘ -

. The effect of aromaticity on hydration behaviour of
corganic compounds can be examined by comparing the 7° and
Kg values for piperazine and pyrazine, and piperidine and

pyridine, as shown in the following table.

Structure Chanée Gﬁo/cm3nnlf; 104§Rg/cm3mol_lbér_l
12) HN ' NH — - -l12.0, 6.5

/ '
w  { NH — ~13.4, 2.6

V° values decrease by 12.04 and 13.40 cm3 mol_l from
piperazine to pyrazine (12) and from piperidige to
ﬁyrfding (13), respective}y, Besides the reﬁoval of 6 H
atoms in éoing from non—aromﬁtic to corresponding aromatic
heterocYclics, the following fagtors-are alserxpected to
be, involved in determining the voluﬁe qhangés1 {a) the‘.
aromatic molecule is both more planar and more rigid than the
non-arcmatic one; (b} the bonds between the atoms in the ring are éhorter

in the aromatic molecule than in the corresponding non-aromatic molecule;

e
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(c) hydrophobic hydration is probably more important in the non—aromatlc

" molecule than in the correspondlng aromatic molecule-

¥

(d) H-bonding tends to occur more strongly at a non-aromatidw
. : : . [
"N center than at an aromatic one. At a non-aromatic

molecule, the H-bond has the form ;b -h—HTN:', whereas at
an aromatic molecule it has the form /O-H-;-Nf”. Thus the
H—bdnd.is formed between H and O .in the non-aromatic and
between H and.N in the aroﬁatic molecule, . Since O is more.
eléctronegative than N, the H-bond with watef in the case
of the non—arqmatic mo;ecule is expected to be stronger:;
and (e) aroméEtc-holeéules are known to Be involved in H-
bonding with water through the ﬂ-orbita%s. _ ’

Factqrs (a), (Bi and (c).givé negativé contributions
to ﬁvo_wheféas facto;s {d) and (ef probébly éive'small< K
positive contributidns In the case ofTGKg;féctoré (af.dnd

. ..‘_,. p

(b) are not expected to affect the compressiblllty in any

“{
con51derable way but (c) and (d) Tespec1ally (c)] m&ke

p051t1ve contributions as lndlcated by observation o

4

POSltlve 6KS values 1n the structure changes (12} aﬂd (13)

‘shown above. Factor (e) mlght glve rise to a small negative

contribution to'ng;' N

(v) The Position of 'N's in the Heterocvyelic
Ring Systems - .-

’

Pyrazine and pyridazine are structural isomers- (see.

Table 5, page 108) having the same chemical, formula: C4H4N2:
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)

'N's are in the 1,4 relation in pyrazine while they are

iﬁ the 1,2 relation in pyridazine. Similarly, both
.imidazole anﬁ pyrazole have the same chemical fqrmuIa:
C3H4 X the 'N's aie iq the l,i relation in pyrazole while
they are in the 1,3 relation in imidazole.

The differences .in volume and compressibjlity behaviour

of these isomers,as seen in the following table,

v 3 -1 .40, 3 =1 -1
Stnmbmmacmmge - §F/em’moL 10 &%/annorebar

- ?
(14) N —> < 0.7 . -4.9
(15) N\N . N7 -1.2, . 0.4

§ (dipole moment)/D

3.95-

2.27

4

demonstrate very clearly the importance of structural

effects in hydration of organic molecules.

w116,117 =0

If the concept of "group cont:ibutions to V

. is a correct viewpoint, then there would not be any
difference in:V°'s of the above isomers} _However, the
above figures for 6VC are 15 to 25 times larger than the

limits of uncertainties in the V°

LY

values themselves. T m—

. L.
o A L
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S

The negative §V° and Gﬁg'values for the above changes

+

[(14) and (15)] can be explained by the differences in (\

dipole moments of the isomers as shown in. the last column

s il gt =E R

of the above table. While p&razine has no net dipocle
118

b

moment; pyridazine has a finite dipgle moment of 3.95 D.

orf the other hand, the dipole moments for pyrazole and

119. Normally

imidazole are 1.57 and 3.84 D, respecfively
it is'found that the larger is the dipole moment of a solute
the stronger is the interaction of the solute mblecule with
. water. S '

When the interactions between the solute and water
: : . )

miman e
-
B

are stronger, then both the -volume and the compressibility

e

.- tend to be smaller. This behaviour is confirmed by.the

vO.

‘and ﬁg data obtained for pyrazine, pQridazine, pyrazéle
* and imidazole in the preéent‘work as seen in. the above
téble[structure changes (14) and (15)].

The following structural differences between the.
isomers are aiso expectéd to have small effects in the
observed behaviour: {a) the bond distances are not the
same in the two isomers; and (b) the isomers haﬁg different

resonance forms, e.g., pyrazine has two equivalent Kekulé

" structures whereas, in pyridazine, the two Kekulé& structures

are not egquivalent: the canonical form /, \q is*
. : . /
N )
preferrédlla.where the N-N distance is larger than in . the

form : \ N//



.'_,_u

o H N .
- (16) - N~ . 12.9, -3.6
i ] —> { NH ' ‘
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(vi) The Number of —CH2— Groups in the Ring N T

There is only one éxample that we can examine here
which illustrates the effect of the number of *CHz- groups -

on the hydration behaviour of cyclic organic molecules:

(S

3 -1 .40, 3 -1 -1
Structure Change . . Vo /e mo1™ 10 5KS/CJTI mol “bar .

~
From pyrrolidine to piperidine (16) the ring size is increased

by one _CHZ- group and the observed 7° value is inpreased>by

}2.92 cm molxﬁ; as seen above._ This increase in V° is not -

only due to the %ntrinsic volume .of the —CHZ- group but 2\§ T
also to ;he increased hydrophobicity of the system. This -

last effect also explains the negative éﬁg value for ﬁhe

mzuémne change (16). The 7° value of 12.92 cm3 mol-l for é -

~CH2— group in a heterocyclic amine ring is much lower ' than
- ‘ .

the 7° value of 16.0 em mol™YY for a ~CH,- group in a
B

straight chain amine and slightly lower (by about 1 cm3

mdl-l) than the value of 14.09 cm3 molhl found by Cabani
116

‘et al.” for the -CHQ— group contribution in a cyclic

str)ucture. ' A

This figure_is based on a caléuiition according to the
equation; {VO[(n-C,H.),NH,C1] - VO[(C,Hg) ,NH,CL] }/2.
The data for V° values are taken from the work of
Laliberté and ConwayZ23, -

-
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2. Conformational Effects

Ay

~ As was mentioned in Section I.7, it is probable, if
not almost certain, that confermational effects will be
important in hydration -behaviour of flexible organic

molecules. A well-knownBd example of this effect can be

- .~

seen by considering chair and beoat forms of six-membered
saturated cyclic ring systems. The molecules of this

type studied in the present work are piperazine, 1,4

N
dioxane and morphdline. Inte:actions of these moclecules

and their ions with water a;e expected to be somewhat
different when %hey are in the boaé oruthe chair forms,

In Qrder to investigate these effects, volume and
compressibility measurements were made on 1,4 dioxane both

in water and in 1M MgCl It is to be expected that the

e
boat form would tend to be preferred in the ionic environ-

¢

ment due tc the interactions of the lone pairs. of electrons-

on 'C's with the pogitive charges on M92+(cf. complexation
of monatomic cations by crown-ether structures49).
As can be seen from Table 6, ¢3 decreases by 1.07 cm3

-1 and from Table 7, ¢§S'increases by 5.9 x 10“{¥km3
-1 -1

mol bar in goiné from the pure water medium to 1M ad.

mol

'MgC12. Normally, when the volume decreases, the compres-

L

sibility is also expected to decrease if specific structural

{(non-electrostatic) effects are not considered. From this

R
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point of view, ¢3 and ¢§§ values do hot seem to be conclu- '.,

sive at first glance. Therefore these particular confor--. .

mational effects were further investig?ted by‘taking‘the_
Cl3 nmr spectra of 1,4 dioxane in HZO, in "1M Mgclsz j'

and in 1M LiCl,-and also of piperaéine'in H,0 and in 1M
LiCl. One single major peak was observed in all the spectra

and there was no change in chemical shift for each compound

in the different ionic media. These C13 nmr results show

that a change in conformation of 1,4 dioxane and piperazine
. . . L]

by introduction of ions at appreciable concentration into

their aqueous solutions cannot be detected in these experi-

mgnts. Since, in the ionic medium, the boat conformation is

expected to be favoured, the conformation of these compounds

in water should alsoc be boat according to themcl3 nmr results,

Morpholine is also expected to have the same conformation since

its structure is in between that of 1,4 dioxane and piperazine.

The' volume and compressibility behaviour of 1,4 dioxane

in watér and in 1M MgCl2 can be explained as follows, according

to the abové findings.. In water the boat form will alread§
be favoured by formation of H-Eonds between the hydrcgens bf
a water molecule and the oxygens of a l,4vdioxan€ molecule.
In the case oﬁle MgClz,'the stronger interactions betweén

Mg2+ and the oxygens of 1,4 dioxane would make the boat form ¢

again the preferred conformation., Owing to the

structure and size of the water molecule, 1,4



208 %"

dioxane, H-bonded to water (structure I below), has a largef
*+ Volume than dioxane interacting with an Mg2+ ion (structure

2

II below).

s . . S \.‘\
! b | O’ . ' \O

o PO . )
- structure I ‘ structure II

It should also be notedﬁthé when Mg2+ interacts with 1,4
.dioxane, it should release;Probably two of its primafy ‘
coordination shell Bydrafién water molecules to the bulk
water. This;‘of course, increéses the volume but not as
much as to compensate the larger volume caused by H—bonding

between water apd 1,4 dioxane as shown in structure I,

s The largerlig value for 1,4 dioxane in 1M MgCL,

 compared to that in'Hzo would be attributed, on this model,
to the release of two electrostricted (less compressibile) ’
water molecules per Mg2+ ion into the bulk water where it

is more compressible.

3. Concentration-Dependence of ¢v and ¢KS for

Organic Bases

ﬂdfk Although the b; (in Equation II.lé) values are reported

' 22,56-58

in almost every work on volumetric behaviour of
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organic molecules, they mostly remain as empiriéal quan-
tities in -the tables of data. This is probably because
the volume-and compressibility behaviour of organic
molecules is compléx enough even at infinite dilution
owing to tﬁé’structural effects discussed above; the
_concenﬁfation-dependepces of ¢v ang'¢KS are expected to
be even more complex. However, in the present work, there
seems to be an interesting relation ﬁetween b; and ¢3 for
the organic bases,

‘ Normdlly, if there are neither hydration effects nor

solute-solute interactions, ¢§ and ¢KS are expected to be
. 1 '
independent of concentration (i.e., bv and bKS are zere in

o]

1
- . the equatiqns ¢v = ¢v + bV m and ¢ + bK m) .

= 40

KS ¢KS S
‘However, owing to the presence of functional groups, e.q.,

' -NH-, —NHz-, -0-, étc., hydrocarbon groups,and to the

large sizes of organic molegules relative to H2
/

hydfation effects (due to H-bonding and hydrophobic

O, both

hydration) and interactions between solute molecules through

their ﬁydration shells (“hydration co-sphere" inferaction

effects)are to be expgctéd as the céncentration increases.
Since these ﬁydration effects are also expec;ed'to

be reflected in the ¢3 values; b; values were piopﬁed

against ¢3 in Figure 47, for the organic compounds stu-

died. The data points seem to fit on an agreeably smooth

curve which shows that the larger is the infinite dilution
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volume the greater is the deV1atlon of b from zero, The -
devmatlon is towards the negatlve side. ThlS can be
explained qualitatively as follows. At infinite dilution,
both Hydrophobio hydration and hydrogen bording give
positive contributions to the volume. Interaction'(over—
lap) of the hydration sheglls of thes_e_molecules129

-~

would

therefore result in a volume detrease, thus giving negative .

bV values.f Also, ,the larger is the ¢V'the more negatifeﬁ

is the b . ) ' '
However, ih the case of the compfessibilities, the

relation between byg and ¢3'or ¢;S'data was found to be

more complex, as has ‘been noted in otker respects in this

work when the compress1b111ty property was related to .
other quantities. '

41_ The Veolume and Compre551b111ty Changde's for'
Ionization of Organlc Bases

The effects of ionization on hydration of organic
molecules were investigated by studying the volume and
compressibility behaviour of hydrochloride salts of +the
series of structurally related organic bases referred to
in the previous sections. Since the structural effects
associated with the. volume and compre551b111ty behav1our
of the bases themselves were discussed in detail (Sectlons
V.C.l to 3), here the changes in volumes and compressmblllty
resulting from ionization will be consxdered, mostly from
the electrostatic point of view,

The partlal molal volumes and compressibilities at
infinite dilution of hydrochloride salts of the selected
organic bases wereigiven in Tables 8 and 9, respectively.
Since both theAindivrdual ionic volume and compressibility
of C1™ are known (from Table 13: V° (c1”) = 22.5

P Tk T R L. T

ST TP ST T 5 & LI



“em® mol™t and KT (€17) ='-17.0 x 107% en® mo1”! barh,
the’ihdividual'idnic volumes and compressibilities of

the.orgéni_rc ions can be cbtained and are shown ip Table '15.

However, the guantities AV? and Aﬁg i, which are
. R . r

the changes in volume and compressibility upon ionization,

qupectively, are of more interest than the individual

ionic quantities, vy and fg 5 .
r

The volume and compressibility change associated with
- : 4 X _ L
the ionization process B + H+ + BH where :)15 the organic

- 4. ‘ . _ ,
base and BH its coqquate acid, can be expressed as.

A9 = ¥ (Ba") - W2 (B) - uh | v.11
and

- _ 7O _ O uty ‘

8Rg ; = Rg(eH") - K(B) - K" | V.12

- However, these quantities can also be expressed as

4V = ¥°(BHCL) - V°(B) - ¥°(HCl) - V.13
. .
and
-0 _ zo Ay _ 7O _ =0 '
AKg ; = Kg(BHC1) - KQ(B) - Kg(HCL) V.14

" and therefore can be evaluated without any thermodynamic
ambiguity since evaluation of individual ionic é}operties
. , \‘- ) 3

is avoided here.
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. Table 15

2

V‘i’ aND KO . VALUES FOR IONS OF THE ORGANIC BASES

1 -1

3 bar

an(a) ' Vg/cm3 mol_l- 104§g i/cm- mol’
—_— - hd i

N
N \W=H | 94.37 | - 0.7

MH-N N(H ' 72.7 - - 4.1
—/ '

v + - ] '.
H2NCH2CH2N H3 : 51.6 . -9.9

7 \+ .

N N |

\__/ .59.9 +11.3

7\t . =
—N/ H 61.1 © - - 3.1
N\NtH 54.1 “ - - 1:8

- \ / A

lTl ‘ . ' | . ’ I

(\ N] , 53.55 . - 0.1
™ o a ~

* }l*‘

N

IQ\_? .‘\"- o 45.\2I | | © 2.6

e e ekt ik S

o o bt <

.



(a) When there is

structure of the base, the ionized centers shown in this
table are 'the most likely ones due to the resonance

stablllzatlon.

Table 15 cont'd

'Vg/cm3 mo1~t 104_2 /cm3 mol™ ! bar~!
- &
e 69.2 ' + 1.4

103.8 ' - 4,0

70.5 - 6.0

84,2 _ - 5.0

68.5 - 1.6

S

more than one ionizable N center in the

g
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AV? 1 andIAﬁg i l.valu.es were calculated for the
I r 14 -

“first ionization of the organic molecules studied in the

present work, using the data in Tables 8 and 9 for

-

(BHCl) and (BHCl), espectively and those in Tables. . -
¥ ;

6 and 7 for (B) ‘and K (B), respectlvely. (HCl) was

taken from Reference 39 and Vv (HCl) from Reference 7. '

The results are given in Table 16 where AV? 1 and AKS .l
hd 14 f
values for. a series of amines from previous work21 in this

A
lab have also been included for comparison.
The negative AV?

&L

. L . ) .
electrostricts the waten causing a smaller V° for the ion

1 and AKS 1 values in all cases
’ !

are due to atic effects. The charged 'N' center-

than for ‘the corresponding base. Since the electroetricted

water is less compressible, the ion has a smaller Eg i
: !

has the corresponding base, The secend ionization eva-

4

than

ww
. - \ . . m .
luated for several diacidic bases gives, as expected, more

negative values (see Table 18).

5. The Relatlon Between AV and AK® . for
1 5,1,1

the Qrganlc Bases

Both the AV and AK data, evaluated in the .
’ lpl S; ;l

previous section, directly reflect‘the electrostrlctlon

volume and compressibility, respectively,_for the organic

ionsy The relation between electrostriction volume and

mpressibility was discussed: in detail for oxyanions in-

g e S
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Section V.B,S and trends were demonstrated which were
consistent with the results of the theﬁggtical work of
' Desnoyers; Verrall and C'o'nwayl4 (see Figures 40 and 41) .

e R

R

A 51m11ar relation was examined for .the organic ions..
Flgure 48 shows a plot ‘of AV 1 against AK s,i,1 for the
organic bases studied in the present work. There seem _
_to exist two curves representing the data p01nts. The
shapes of the cuxrves are very 51m11ar to the ones found
for the oxyanlons {(Figure 40). The two'separate curves
probably arlse because of the structural differences
between the groups of compounds. However, the structural
differencee in this eeries,of compounds are not of the
kind that could obvibusly account for the fact that the
data evidently . fall on two more OX less dlstlngu1shab1e
curves, as Figure 48 shows. Howeyer the trends of the -
two curves are in the expected direction for the influence
' of electrostatic effects: more negatlye Avi,i with more
negative AK i1 The spread of the data points may be
due to superlmp051tlon of other structural effects in each
of the guantities“measured on the main electrostatic one:
The lack of’good correlation between the AV?’l and AKS i1
data in Figure 48 is not, however, due to any substantlal

errors in the data. 1In, fact, the error-bar lengths for the

quantltles plotted in Flgure 48 are quite small on the scales ///
of this dlagr m.

6. The Relation of AVS to 48° ..
. . ) i,l 01,

) L
v

The signifieance of the relation betWeen volume and

‘entropy of gonlzatlon was dlscussed in Sectlon I.6 according

to "Hepler' elatlon"20 A simllar relation was examined

[
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" for the organic.baSes studied in the present‘work._ The
data on entropy of ionization were obtained from References’
22, 127 and 128, and are given'in Table "16 together, with

the respective AVS : and AK values.
il "8,1i,1

The available Agg 1 data- were plotted against AV? 1
. r . r

as shown in Figure 49. Hepler's relation is also showh

by the dotted line in this figure. As can be seen, there

. L ¢ )
is an appreciable scatter amongst the points. However, a

least squares analysis including all the data points gives

the relation drawn with the solid line in Figure 49; it has

an intercept of -5.3 cal mol_'1 K_l and a slope of 0.7 cal

em™> K71 which can be compared with -7 cal mol™ ! K1 for

the intercept and 1.05 cal cm_?"li_l for the slope in

»

"Hepler's_relation“.

. It should be emphasiz'ed also here that the scatter amongst the
various data p01nts plotted in Flgure 49 is rnot due to any
apprec1able errors in the data themselves but rather
reflects a l‘;ck of systematic relationship between the
quantities plotted, no doubt, ow1ng to the complexlty of
the structural and electrostatlc effects assoc1ated with
ionization of these relatlvely complex" molecules.

7. The vVolume and Compressibility Behaviour of .
Dihydrochloride Salts of Organic Bases '

L]

The study ..of dihydrochloride'salts of organic bases

was restricted to triethylenediamine, piperazine and

P N =)

TR iy Ran T T T [
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ethylenedlamlne because these were the only three compounds
among the bases studied in the present work hav1ng

sufficiently high pK (2) values (see  Table 5) that

thelr dihydrochloride salts could be prepared w1thout

-

subsequent decomposition.

V° and Rg values for these salts were given in Tables

10 and 11, respectively. 1Individual ionic volumes and
compressibilities of the éiprotonated bases can easily be

"calculated by subtractlng twice the correspondlng values

for C1™ (VO(C1T) = 22.5 em3 mol™ and KQ(c17) = -17.0 x

-1 -1

10-'4 cm3 mol © bar ~), These data are given in Table iﬁ.

The changes in volume and compressibility for the
second ionization process, BHCl + HCL =+ B.2HC1, can be

Ealculeted from

A¥9 , = ¥°(B.2HCl) - VO(B.HCL) - T°(HCl) V.15

i,2 : :
¥
and

“u

—o .

-.=_O .. _—O.‘ l_—o .
(8Kg, 3%, = Kg(Bo2HCL) T KG(B.HCD) - Kg(HCl) . | V.16

The data for the calculations were taken from Table 10 for

¥°(B.2HCl), Table 11 for Rg(B.ZHCl),‘Table 8 for V°(B.HC1),
Table‘9 for,ﬁg(B.HCl), Reference 7 for VO(HCl) and

' Reference 39 for Rg(HCl). The calculated AV? 5 and
/ r
AKS )2 values are given in Table 18. ' '
A r L
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Table 17

vziLUESOF\‘rg_’AND'x‘S’iFORDIPmmbBASES
r

3 -1 4o 3 -1, -1
Ion Vg/cn mol 10 Ks'i/cm mol”" bar
., .
Hi‘N‘ ‘N-H 73.7 -19.4
Hee  agH 54.6 ~28.9
H™+\ /+H - .
L3
+ +
HNCH.,CH,NH , 35.1 -28.2
Table 1B
VALUE‘SOFAVO ANDAKSleORTHESECOND
r 7
TONIZATION OF THREE DIACIDIC ORGANIC BPSES
3 -1 La4.=0 3 -1 -
Base Avg'z/cm mol 10 AKS,i,Z/cm mol ~— bar
) Y
Triethylenediamine -15.9 -27.4
Pipe;azine ~-13.,4 -33.4
' Ethy)enediamine -11.8 ~26.9
,
\ K ' el
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It.is difficult tO make any generalization or examine

any structural effects in detail with these compounds
since only 3 data are available. However, it can be noted
that Avg'z values become less negative in going ffom
bicyclic-to monccyclic and then to a non-cyclic, linear
mélecule. Aig;i;z values do nbt, however, show a similar
systematic change. When compared with the corresponding
2_a’mil Aig,i,z values

are numerically about twice as large.’ This is obviously

values for the first ionization, Avg
r

due to the greater electrostriction caused by the second

ionized 'N' center.

TN TR UNIIET SRRVt
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APPENDIX I

-

.
. EXPERIMENTAL RESULTS FOR THE APPARENT MOLAL VOLUMES
AND DENSITIES OF SOLUTIONS STUDIED IN HZO AT 298K

ARE PRESENTED IN TABULAR FORM IN THIS SECTION

*y

ot

o m ek -
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APPARENT MOLAL GOLﬁMES AND DENSITIES FOR AQUEOQUS
SOLUTIONS OF NacCl, NaClOz, NaC103, NaClO4 AT 298K

Sodium Chloride, HNacCl

1

c/mol L~

0.00951
0.02241
0.03988
0.06213
0.08935
0.12150
0.15899
0.20133
0.24842
0.30025
0.35712
1 0.41800
0.48549 .
0.55723"
0-.62816
0.71160
0.79766
0.88800
0.98388
1.08119
1.18442
1.29317
1.40624

oy

r

¢v/cm3 mol ™t

16.32
16.81

16.99

17.16
17.17
17.26
17.36 .
17.40
17.51 =

17.58

17.67
17.75

.17.82

17.91
18,01
18.09
18.20
18.29
18.37
18.48
18.57
18.68
18.78

d/g em” 3.

0.997475

0.998008

0.998729

0.999642:

1.000766
1.002083
1.003614
1.005348
1.007255
1.009357
1.011652
1.014103

©1.016818

1.019686
1.022503
1.025822
1.029218
1:032773
1.036548
1.040335
1.044357
1.048568
1.052927

s e A R R



Sodium Chlorite, NaClOo, =~

c/mol L~

0.00981

B.02223

0.03918
0.06189
0.08806
0.11944
0.15730

»-0.19934

0.24636
0.29616
0.35296
0.41229

.0.47774

0.54615
0.62163

"0.69965

0.782895
0.86901
0.96021

226

4

2

1 : s q)v/cm3 ﬁol-

1

25.98
26.76
26.81
27.01 -
27.24
27.25
27.36
27.43
27.52
27.58
27.65
27.72
27.80
27.89:
27.95 ,
28.03
28.10
28.19
28.26

a/qg om >

0.9971&1_g/<1

0.998491

0.999570"
- 1.001004

1.002646
1.004631
1.007009
1.009651
1.012595
1.015714

1.019266
© 1.022966

1.Q027038

1.031283

1.035871
1.040797
1,045947
>

1.051241%
1.056857

e e s e g s et 3om
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Sodium Chlorate,

c/mol L

olplde&

0.02347
0.04172
0.06344
0.09011
0.12319 "
0.16014
0.20242
0.25014
0.30287,
0.35814
- 0.41838
0.48409
0.55356

- 0.62672

0.70456
0.78713
0.87493
0.96673
1.06192 .
1.15973-
1.26082
1.36791

1

- 227

35.39
35.53 :
35.68
35.71, .
35.78
35.96
36.04
36.15
36.22
136.30
36.36
36.47
36.57
36.65
36.74
36.84
36.94
37.04
37.13 .
37.23
37.33
37.42
37.52

" 0.997828

0.998741
1.000030
1.001568

1.003451 -
» 1.005770

1.008364

1.011323

1.014665

.1.018349

1.022209

~1.026393

30949
768
1.0408¢2

1.046Y87 .

1.051866
1.057893
1.064186
1.070690
1.077351
1.084233
1.091503

d/g cm:?

g

S S e v S
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r

0.01006"'

0.02281
[

0.04048

0.06214
0.09070

0.12283

0.15907

- 0.20026

Sedium Perchlorate, NaClo

0.24619 °

0.29809

0.35462

0.48114°

-'0.55022

0.62427
¢.70204
0.78569
0.87082
0.95804
1..05116
1.14780
1.24800

" 1.35638

1.46897

'0.41522.

c/mol Lfl‘

228

4

. I¢v/cm3 mql-

1

41.90
42.34
42.82
42,84
42.93
43.05
43,15
43,25
43.34

43,43

43.49 -

 43.60 -

43.67
43.75
43.84
43.91
44,03
44.10
44.19
44,30
44.39
44.47
44,57
44,66

0.997885

0.998904 "
©1.000302
1.002028 ;

1.004297
1.006841

- 1.009706

1.012957
1.016580
1.020664

" 1.025116.

1.029864

. 1.035034

1.040439

.1.046219
T 1.052292

1.058779

1.065409-

1.072169
1.079348
1.086814
1.094543

1.102868

1.111523

d/g cm-3‘_
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d

+

APPARENT MOLAL VOLUMES AND DENSITIES: FOR AQUEOUS

SOLUTIONS OF N32803, N32504{_Na 5,0, AND NastOG AT 298K

. 0.89014 v, 14,37 -

2°2Y3
Sodium Sulphite, - Na,s0,
c/mol L-l' ¢v/cm3 mol—l

 0.01053 © 4,51

" 70.,02289 . o 4.94
003930 © .. b5.69
0.06241 . 6.33
0.09006 | ) 6.98
0.12338 | 7.62
0.16089 © 8.15 ’
0.20244 . 8.73
0.24829 * | 9.28
0.30052 . 9.80
*0.35633 1. -10.36
0.41787 10.90
0.48543 ., 11.50
0.55828 ~ 12.08
0.63398 | 12.66
0.71512 13.23
0.80118 13.81

3

d/g cm

0.998354

- 0.999846

1.001805
1.004547
1.007799
1.011689
1.016048
1.020830
1.026073

1.032019. .

1.038308
1.045207
1.052698

- 1.060721

1.068985

1.077779 "~

1.087029
1.096524

.
PRI TEOT
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r Sodium Sulphate,

L. -

0.00989
©0.02236
0.03988
"0.06195
'0.08970
0.12209
0.15859
0.20161
0.24752
0.29953
0.35591
0.41719
0.48397
0.55440
0.52987
0.70917
0.79288
0.88069

-

" c/mol 1

230

¢%n3 ne2O
12.55 ';//J

13.11
13.61
14,23

14,90

15.46
15.98
16.53
17.07
17.62
18.15
18.71

'19.25

19.83
20.37°
20.92
21.46
22.00

= 3

d/g em

0.998355

0.999957.

1.,002197
1.004994

1.008483

1,012533

1.0317073

1.022387

.1.028020

1.034357
1.041185

.1.048548

1.056526

‘1.064861

1.073722
1.083010
1.092728

1.102851

e e R A S
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Sodium Thiosulphate, Na.S.0

|

. -
2”2%3 o o B \
i

B . . =
c/mol L™t | ¢av/cm3 mol ™1 d/glcm_3
0.01027. ) | 26.42  0.998427 :
0.02244 ' 27,57 - " 1.000005 | ﬂ
0.03973 . 28,37 1.002232 !
0.06190 ' 28,88 o 1-005079 f
0.08916 129.50 '1,008548 . f
0.12106 ° ' 30.02 " 1,012592 ;
0.15831 | : 30.58 \ 1.017277 ;
0.20104 _ 31.06 1.022634 - 2
0.24790 ' | “3}.60 _ l.02846€ b
0.30040 . 32.15 1.034941
0.35508 32.64 - 1.041660
0.41621 . - 33.16 - ‘ 1.049121
0.48121 33,72 o 1.056982
0.55039 : 34.25 1.065303
0.62467 - 34.79 ' . 1.074171
0.70329 35.34 1.083487
0.78520 35.87 1.093142

- 0.87147 36.39 " 1.103238
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'SodJ.um D:;h:.onate, Na‘2820.6 . :

c/mol Lt ci>v/cm3 mo1™t d/g em™3 :

0.01064 ° 55.95 10.998674

0.02360 : 56.08 1.000618 )

0.04122 . . 56.52 ., - " 1.003246

0.06410 ~ 57.15 1.006633 4

0.09207. | : 57.59 : 1.010762 SR

0.12437 . . 58.12 . 1.015499 - .
0.16172 -, 58.60 | 1.020956 .
10.20383 ; 59.04 ’ .1.027084 ’ :

0:30184 © 59.92 - 1.041252 .

0.41720- . 60.86 - 1.057743 @

0.55184 . ¢ 61.78 . 1.076815 |

, ~ 0.70041 62:69 . 1.097652
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APPARENT MOLAL VOLUMES AND DENSITIES FOR AQUEQOUS SOLUTIONS
OF TRIETHYLENEDIAMINE, ETHYLENEDIAMINE, PIPERAZINE, MOR-
PHOLINE, PYRAZINE, PYRIDAZINE, PYRAZOLE, IMIDAZOLE, 1,2,4
TRIAZOLE, PYRROLIDINE, 1,4 DIOXANE AND QUINUCLIDINE AT 298K

Triethylenediamine in 0.01N NaOH )

3

m/mol kg ¥ . : ¢v/cm3 mo1”? d/g em:
0.0 o -~ 0.997587
0.01004 .- 105.96 .. 0.997662
0.02129 .. " 1los.es. 0.997734
0.04096 7 106.12 02997854
0.06144 | © 106.10 o * 7 0,997983
0.08099 _ 106.09 . 0.998106
0.1:0132 ' 105.94 " .. 0.998247

- 0.14220 - 105.88 C 0;99QE13

- 0.18266 - " 105.82 " 0.998780
0.22242 . . 105.75 . 0.999047

£ 0.26093 : 105.68 .- .. 0.999308
0.30155 105.61" "© 02999588
0.34843 105.54 - 0.999910.
0.39755 105.46 ., 1;000252 -

a '

D e
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Ethylenediamine in 0.01lN NaOH

m/mol kg 1 ¢v/cm3 mol 1
0.0 ' ’
0.01079 : - 62.82
0.02061 ' . 62,75
0.04157 ' 62,76
0.06120 62.82
0.08191 62.96,
0.10267 62.88
0.14295 62.90
0.18291 ' 62,92
1 0.22301 62.83
0.26323 62.87
0.30313 62.86
0.35346 62.86
0.40299 62.86

Piperazine in 0.0lN NaOH

1

m/mol kg q)v/cm3 mol 1
c.0 : o
0.01066 83.07
0.02101 ' 82.93
0.04052 82,92
0.06056 82.86
0.08018 82.80
0.10508 - \ 82.72
0.14642 82.70
0.18772 : 82.49
0.225319 - 82.55
0.26455 82.47
0.31178 ) 82.31
0.35718 82.28
0.40784 82.23

d/g ém-3

0.997516
0.997488
0.997465
0.997412
0.997360
0.997296
0.997249
1 0.997142
0.997036
0.996951
0.996842
0.996744
0.996617

0.996496

-d/g cm 3

0.997516,

0.997551
0.997587
0.997654
0.997726
0.997798
0.997893
0.998042
0.998226
0. 998354
0.998516
0.998738
0.998922
0.999134

ke ek ms
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Morpholine in 0.01N NaOH

Y

m/mol kg~

Q.0 .

0.01010
0.02030

0.04005
0.06041
0.08040
0.10051

'0.14079

0.18088
0.22146
0.26142
0.30191
0.35165

-0.40223
Pyrazine in H

m/mof kg—

0.01671

0.04087
0.08057
0.13480
0.16890
0.21176
0.26569
0.33367

- 0.41956

qbv/cm3 mol 1 d/g cm 3

. . 0.997516
83.94 0.997550
B2.65 0.997610
B2.64 . 0.997703
82.44 : 0.997809
82.32 0.997915
82,43 0.998003
82.39 0.998201
82,33 - 0.998405
82.23 0.998622
82,23 . *0.998817 .
82.18 -~ 0.999028
82.07 . : 0,999307
82,04 0.999570
cpv/cm3 mol 1 d/g cm 3
70.92 - C 0.997230
70.80 -0.997460
70.90 0.997825
70.90 , 0.998325
70.86 0.998644
70.84 0.999041
70.82 : 0.999539
70.80 : ©1,000162

70.78 1.000943

e At =



Pyridazine

" m/mol kg-l

0.01063
0.02042
0.03998
0.06039
0.08080
0.10048

..0.12084
©0.14114

0.16079
0.18117
0.20080
0.21975
0.23936
0.25983

0.27962

0.30003

0.31981

m/mol kg_l

0.0

© 0.01106 .

0.02275
0.04296
0.06318
0.08454
0.10469
0.15374
0.20324
0.25424
0.30329
0.35188
0.40625

in H,O

236

Imidazole ig 0.01N NaOH

3 =1
¢v/cm mol

59.41
59,85
59.82
59.93
59,89
60.01
59.99
59,95
59.97
59,99
59.99
* 59.98

3

d/g cm

0.997179
0.997279
0.997478
0.997688
0.997887
0.998090
0.998296
0.998506
0.998695
0.998907

- 0.,999106

0.999288
0.999454
0.999698
0.999887
1.000102
1.000302

3

d/chm_

0.997516
0.997613
0.997706
0.997875
0.998037
0.998216
0.998369
0.998767
0.999175
0.999579
0.999964
1.000348
1.000781

PP RI TR



Pyrazole in H20

m/mol kg

0.00990
0.02028
0.04046
0.06045

0.08148.

0.10171
0.14265

0.18259 .

0.22439
0.26586
0.30483
0.35487

0.40969
1,2,4 Triazole in H

m/mol kg-1

TT——
0.01089
*0.02010
0.04130
.06151
.08279
.10293

o0 OoO0O

.22373
0.26422
0.30533
0.35477
0.40459

.14288
.18284.

237

a/9 cm

3

0.997148
0.997219
0.997362
0.997501
0.997642
0.997791
0.998069
0.998343
0.998630
0.998909
0.999169
0.999506
0.999875

d/g crnh'3
L

0.997235
0.997384
0.997711
.998015

.998649
.999249
.999849
.000469
.001064
1.001673
1.002401
1.003124

L

HHEOOOOoO

.998345 -



Pyrrolidine in 1N NaOH

m/mol kg-

0.0
0.01023
0.02001
0.03997
0.06017
0.08075
0.10070
0.14078

0.18094

0.22091
0.26116

0.30127 -

0.35134
0.40178

1,4 Dioxane in H

T/mdl kg-l

238

cbv/cm3 mol_l

0.01032
0.02010
0.04037
0.06039
0.08068
0.10076
0.14076
0.18070
0.22086
0.26089
0.30108

77.99
78.12
78.19
78.07
78.07
78.04
77.97
77.82 :
77.80
77.75

17.69

77.61

77.55

¢v/cm3 mol”

80.28
80-.35
80.40
80.50
80.50
80.51
80.51
80.53

80.52
© 80,53

8G.51

d/g cm™3

11.037929

1.037825
1.037722
1.037514
1.037313
1.037104
1.036905
1,036512
1036143
1.035759
1.035386
1.035024
1.034582
1.034143

é/g cgr3

0.997157
0.997234
0.997393
0.997544
0.997701
0.997855
0.998162
0.998462
0.998768
0.999065
0.999370

e



239

" 1,4 Dioxane in 1M Mgcl2

m/mol kg,-l . ¢v/cm3 mo1 L
0.0 .

.0.00994 77.54
0.02001 . . 78.7%
0.04013 . 79.30.

0.06022 | 79.44
0.08063 © 79,48 ’
0.10077 - . - 79.54
0.14141 o 79,67
0.18140 ' . 79.75
0.22146 - 79.76
0.26196 79.79
0.30359 ) 79,81

!

~Quinuclidine in 1N NaOH

"~ m/mol kg-l ¢v/cm3 mol~ L
6.0 '

0.01027 - 112.26
0.02032 112.10
0.03960 - 112.27
0.06058 111.85
0.07972 . . 111.79
0.10013 111.78
0.13972 111.69
0.17752 111.58
0.21227 111.48-

3

q/g3cm+

1.067817
1.067873
1.067902
1.067963
1.068027
1.068094
T.068156

1.068270

1.068379
1.068499
1.068615
1.067731

3

d/g cm

1.037929

1.037872 -

1.037821
1.037711
1.037623
1.037533
1.037433
1.037253
1.037094
1.036957

A
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APPARENT MOLAL VOLbhES AND DENSITIES FOR AQUEOUS SOLUTIONS
OF MONOHYDROCHLORIDES OF TRIETHYLENEDIAMINE, ‘PIPERAZINE,
ETHYLENEDIAMINE, PYRAZINE, PYRIDAZINE, IMIDAZOLE, PYRAZOLE, 1,2,4

. PRIAZOLE, PYRROLIDINE, QUINUCLIDINE AND MORPHOLINE AT 29BK.

Triethylenediamine Monohydrochloride 5

—

c/mol LT | J - d/g cm> ‘ (¢v—l'.868Jé')/an3 mol ™t
0.00889 © . 0.997363 .. .116.35
0.02039 . 0.997724 -/ 116.85
0.03636 - - g.99823a - . 116473
0.05614 0.998851° . 116.89
0.08099 - - 0.999638 - _ 116.79
,0,10991 o "1.000555 - .7 116.69
0.14345 . 1.001595 .+ 116.76
0.181271 ° « - 1.002779 116,72 : -
1 0.22245. *1.004049 116.75
0.26698 . 1.005424 . 116.75
0.31590 : . 1.006928 | 116.74
' 0.36788 " " 1.008535 . 116.70
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Piperazine Monohyd&obhloride

0.01065
0.02187
0.03893

-0.06180

Bthylenediamine Monohydrochloride

0.08754
0.12081
0.15664
0.19741
0.24318

0.29214

0.34711
0.40534

0.01202
0.04040
0.07238
0.09994

‘0.14509

0.19011"
0.23854.
0.30014
0.35987

0.41802

‘c/mpl 1

\C‘/mo 1. L—l

-

>

0
0
-1
1.001232
-1
1

d/g cm >

e e

0.997367
0.997675
0.998138
0.998757
0.999454

'1.000352
1.001310

1.002408
1.003618

1.004916 -

1.006366

1.007896"

.998686
.999281
.000261

.002260
. 003567
1.004839

1.006046

— e

e

;

(¢;r1.868/6;;;31n31'1

95,18
95.12

95,18 -

.95.18 : )
95.14 /// 3
95,10

95.10
95.03" . *
95.05 . -
95.03
95.01
94.99

(¢,~1.868/3) Jan® rl?l_l
- l‘:

73.28
74.15
74.00
74.10
74.10
74.09°
74.13
74.12
' 74.08
74.11

L T rr S
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0,29103

Pyridazine Hydrochloride,pKa = 2,24

1

1.005894

. \

.Pyrazine H¥drochlofide,pKa = .0.65 .
*o/mol LT ‘d/g em™>  (6_-1.868/8) /cm® mol

Uncorrected |, Corrected Uncorrectéd ‘Corrected
0.00993 ,0.0004L. ~ 0.997363 87.53 59.41

- 0.02289 . 0.00196 0.997737 | 87.56°° 75.57 .
0.03965 0.00528 0.998216 87.64 81l.27
0.0618B9 . 0.01139 ©0.998871 87.31 81.88
-0.08870_ 0.02067 0.999658 87.12 82.79
0.11950 0.03324 .1.000598 86.67. 82.37
0.15495 0.04959 "1.001677 86.36 82,44
0.158531 0.07007 1.002916 86.08 82.45
0.24224 . 0.09580 1.004366 -, 85.78 - 82,46

0.12425 " - B85.49

82.36

B ara A e B A e Si T v emd e b e

c/mol L d/g cm > (¢Vr11868/6)/cm3 mo1” 1
Uncorrected ' Corrected Uncorrected Corrected
0.01005 - .~ 0.,00480 0.997381  86.06 B4.09
_Qﬁ02184 0.01314 0.997758 85.20 83.51
0./03933 ¢ 0.02689 0.998321 84.72 ' 83.36
0.06116 0.04506 0.999021 84.50 . 83.43
0.08815, 0.06832 0.999884 84.37 83.49
0.11841 0.09503 , 1.000850 84,27 83.53
0.15601 0.12879 1.002053 84.15.5, 83.51
0.19625 0.16540 1.003341 84,04 ¥ . 83.48
0.24193 .0.20739 1.004803 ° 83,93 ‘ 83.44
0.29075. 0.25262 1.006361 83,85 83.41 - ..
0.34297 0.30133 . 1.008019 83.79 83.40
0.39963 - 0.35447 1.009838 83.68 83.33 ¢

x .

a6

vy 2l o s
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Pyrazole Hydrochloride, pKa'=

0.34278

o

1.006617

A

2.48
c/moi L7t d/g em > (9 -1.868/5) /em> mol T
Uncorrected . Corrected _ Uncorrected Corrected
'0.01346- 0.00824 0.997440 - 77.36 76.44
0.05609 6.04402 0.998600 77.12 76.71
0.09670, - - 0.08039 0.999702 771.0% ,76.73
0.13826 - 0.11846 1.000844 76.81 76.57
*0.18228 .0.15931 1.002033 ' 76.76 " 76.57
0.22785 0.20199 1.003298 76.56 76.38
0.28482 0.25572 1.004801 76.64 76.50
,0.35602 0.32330 .1.006720- 76.56 76 .45
- 0.39716 0.36251 ~1.007812 76.55 76.456
Imidazole Hydrochloride
c/mol 1t a/g em > (¢,-1.868/5) /cm> mo1™"
0.01127 0.997407 75.02
0.01980 0.997638 76.01
0,02751 0.997861 75.84
0.04124 0.998248 75.92
. 0.05506 0.998631 76.05
0.08293 0.999415 76.00
0.11040 1.000187 75.95
0.13711 1.,000927 75.97
0.20567 1,002728 76.43
0.27423 ~1,004716 75.92
75.83

e it ip o e s N
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1,2,4 Triézole'Hydrochloride; PK, = 2.30

. - X \ s - N o
c/mol L7t a/g em > (¢v-l.868/E)/cm3 mol t"\“”)

1

Pyrrolidine Hydrochloride

0.42304

-

67.76

Uncorrected ™ Corrected: Uncorrected Corrected
0.01017 0.00511 0.997440 69.56 67.66
0.02307 0.01454 0.997911 69.17 ) 67.87
0.04012 0.02823 0.998541 68.79 67.74

~0.06242 0.04706 0. 5 6B.56~ 67.72
0.08951 0.07069 14%3332;' 68.39 67.68
0.12076 0.09854 1.001520 68.27 67.66
0.15797 . 0.13223 ’1.002899 68.12 67.59
0.20063 0.17133 1.004457 68.10 67.65
0.24595 0.21326 1.006127 68.00 67.60
0.29773 0.26153 1.008016 67.96 67.62
0.35251 0.31291 - '1.010028 67.88° 67.57
0.40867 0.36585 1.012074 67.83 67.56
0.46909 1.014285

1 67.51

c/mol L 1 d/g cm 3 (¢é-l.868/€)/cm3 mol™t
0.01198 0.997266 91.61

0.05983 0.998016 91.65

0.11980 0.998953 . '91.52

0.17970 0.999887 - 91.40

0.28751 1.001532 /' 91.34

10.35939 1.002631 91.27

0.41929 1.003539 91,22 1

et ptmn b =




-

‘Morpholine Hydrochloride

F

0.00998
0.02269
0.03991-
0.06158
0,.08912
0.12027
0.15766
0.19932
0.24242
0.29182

1

ic/mol L

245

3

..d/g cm

0.997378
0.997771
0.998292
0.998948

0.999776

1.000714
1.001835
1.003087
1.004365
l.OOi?Bl

Quinuclidine Hydrochloride

0.00996
0.02102
0.03862 "
0.06050
0.08765

.0.11981

0,15552
0.19586
0,24011
0.28926
0.33987
0.39551

c/mol 1

3

d/q em_

0.997289 .

0.997525
0.997901
0.998364
0.998941
0.999619
1.000373
1.001233

.1.002177

1.003233
1.004320
1.005521

1

(¢v—;.asaJE)qn3 mol”

93.20
92.85
92.96 .
92.96
92.98
92.94
92,91
92.85
92.86
92.84

1

(¢v—l.868/5)c:n13 mol L. -

126.25
126.29
126.24
126.24
126.17
126,13 .
126.07
125,96
125.85
125,72
125.61 -
125.49

T
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APPARENT MOLAL VOLUMES AND DENSITIES FOR AQUEOUS SOLUTIONS
OF DIHYDROCHLORIDE SALTS OF TRIETHYLENEPIAMINE, PIPERAZINE
AND ETHYLENEDIAMINE AT 29BK.

Triethylenediamine Dihydrochloride, pKa(Z) = 2,95

1 =3

c/mol L d/g cm (¢,-9.706/3) /em® mo1”t

Uncorrected Corrected i Uncorrected Corrected
0.010009 ‘ 0.00724 0.997686  123.70 119.86
0.02169 . 0.01729 0.998426 = 121.44 118.53
0.04203 . 0.03570 ¢.999708 120,30 118.22
0.09181 *0.08221 1.002829 118,78 . 117.38

- 0,15270 +0.14016 1.006634 117.32 o 116,22
0.25502 0.23866 - 1.,012943 115.47 114.59

. 0.30359 0.28569° . 1,015912 114.68- . 113.85
0.36142 0.34184 - 1.019423 113.80 113.01
0.42025 0.39909 1.022967 112,95 112,20

Piperazine Dihyd;ochlorige, pKa(Z) = 5.55

1 - -3 3 -1

c/mol L . d/g cm (¢ -9.706 )/cm mol.
Uncorrected Corrected ~ Uncorrected Corrected
0;35008 0.0099]1 0.997670 99,27 99.07 -
~g 238 0.02213 0.998379 99.60 - 99,47
0.04013 0.03980 0.999398 99,50 - . 99.41
0.06213 .0.06171 1.000649 99.40 99,33
0.08901 0.08851. 1.002169 99,22 99.17
0.12081 0.12023 1.003944 . 99,12 - 99,07
0.15726 0.15660 1.005968 + 98,95 .92
0.19822 0.19747 - 1,008235 98.73 ,/’/’ggxgl
_.0.24401 - = 0.24318 1.010741 98.56 . 98.53
0.29376 0.29285 -1.,013453 98.35 98.33
0.34654 0.34555 © 1.016285 98.21 . 98.20

0.40386  .' 0:40280 1.01937% - 97,99 - . "97:98

‘ .
. ;
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Ethylenediamine Dihydrochloride,

pK; (2) = 6.85

—T

.

c/mol Lt a/qg cm“'3 -'9J(¢v—9.706/3)'/cm3 mol ™%
Uncorrected Corrected Uncorrected Cgrrected
0.01016 0.01012 . 0.997604 80,10 80.06
10.02250 .0.02244 0.998239  80.02 80.00
0.03968 0.03961 0.999116  79.87 79.85
0.06183 0.06174 - 1,000232  79.77 79.76
0.08933 ©0.08922  1.001603  79.66 79.65"
0.12134 0.12121 1.003194  79.44 - 79.43
0.15746 0.15731 1.004976  79.23 79.22
©0.19873-. 0.19856 1.006980  79.09 " 79.08
0.24434 - 0.24415 1.009199 - 78.84 78.84
0.29510 0.29490 1.011634  78B.65 78.65
0.34898 0.34876 . -1.014200  78.46 78.45-
0.40762 0.40738 ~  1.016976  78.25 78.24
- -

-
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APPENDIX II -,

EXPERIMENTAL RESULTS FOR THE APPARENT MOLAL ADIABATIC
COMPRESSIBILITIES FOR SOLUTION AT 298K AND THE
. ASSOCIATED DATA USED IN THEIR ALCULATION ARE -

PRESENTED IN TABULAR FCORM IN THIS SECTION
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“ - ’r
APPARENT MOLAL ADIABATIC COMPRESSIBILITIES, DENSITIES AND
SCUND VELOCITIES FOR AQUEQUS SOLUTIONS.OF NaCl NaClOz,
. Na('.‘lO3 AND NaClO AT 298K i
J
Sodium. Chlqride, NaCl )

. | R | )
m/m'ol,kg“l d/g cm_3 . u/m s_:L ) 104¢Ks/c_:m3 rnol_l barf‘l
0.00316 0.997207 1493.95 . -51.24
‘0.01053 0.997516  1494.42 -51.09
0.02309 0.998033 1495.22 -49.83 .

0.04139 0.998785 ' 1496.38 . -49.33
0.06461 0.999733 1497.84 -48.94
0.09142 '1,000834  1499,51 -48.66 -
- 0.12352 1.002140 - 1501.52 -48.32
0.16123 1.003668 1503.88  -48.06
0.20359 1.005386 1506.50 -47.72
0.25193 '1.007323 1509.47  -47.31"
'0.30497 1.009446 1512.71 -46.90 - | o
0.36408 1.011796 1516.31 —46.47 '
0.42689 1.014282 1520.08 -46.01
. 0.49545 1.016986 1524,22 -45.59
T 0.57041° 1.019915 1528,68 -45.10° ,
 0.64988 1.022993 1533.39  -44.59
0.73582 1.026313 _ 1538.44  ~-44,08 o .
' 0.82481 1.029713  1543:65  -43.57
0.92004 1.033331 1549.17 -43.04
1.01768 1.037023 1554.80  -42,53.



>

©1.035824

© 250 :
] ' . -

Sodium Chlorite, NaClO2
my/mol, k.g—l a/g em” 3 u/m st 104'¢Ks/cm3 mol™t bar~!
0.00302: 0.997268 - 1493.74  -52.55
0.01034 0.967738  1494.11  -49.52-
0.02275° 0.998519 - 1494.75  -48.17
0.04028 0.999629 1495.64  -47.70
0.06262' 1.001032 1496.,77 -47.17

. 0.09003 . 1.002740 1498.15 -46.66
0.12241 1.004770  "1499.77  -46.36
0.16014 1.007114  1501.65 -45,97
0.20258 1.009747 1503.74 -45,59
0.24963 1.012648 1506.07 -45,22
0.30406 1.015995 1508.73 -44.82
0.36058 1.019454 1511.49  -44.43
0.42181 1.023180 1514.46 ~44.02
0.48670 1.027105 1517.60  -43.60
0.55787 1.031382 1521.03 . -43.17
0.63202 . 1524.58 -42.75



Sodium Chlorate, NaClo

"251°

mn/mol kg .d/g em 3 u/m s~1 104¢Ks/cm3 mol™t par~?! :
|
10.00385 0.997347  1493.57  -38,86 3
0.01072 0.997834  1493.88  -41.42
0.02365 0.998747  1494,41  -41.03
'0.04041 .0.999925 1495.09 -40.60 S
0.06292 1.001508 . 1496.01  -40.35 ,
©0.08951 ©1.003370 14397.10 °  -40.20
0.12113 1.005563  1498.36  -39.75 .
0.15859 1.008160  1499.86  -39.43 |
0.19980 1.010998  1501,51  -39,13 :
0.24679 1.014227  1503.38 -38,81 :
0.30046 1.017893  1505.49  -38.43
0.35783 11.021794  1507.74  -38.08 .
0.42030 1.026002  1510.18  -37.68
0.48792 1.030525  1512.81 = -37.27 SV
0.56002 - 1.035325.F7  1515.64  -36.91 . Q"
. 0.63815 1.040477 ~ 1518.67  -36.49 '
0.72087 1.045887  1521.83  -36.05 ‘ ’
0.80799 1.051536  1525,20  -35.63
-
P
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\

Sodium Perchlorate, NaClO4

1

m/mol.kg—l da/g <:m-.3 'u/m s 104¢Ks/cm3
0.00299 0.997314 1493.85
0.01042 0.997912 1494.03
0.02267 0.998886 _'1494.33
0.04094 1.000323  1494.77
0.06389 ~1,002138 = 1495.35
0.09335 1.004456 1496.07
0.12616 1.007022 1496.89
0.16469 1.010020 1497.86
0.20695 1.013292 1498.95
0.25362 1816890 1500.17
0.30549 1.020863 - 1501.54
0.36361 - 1.025295 1503.12
0.42727 1.030102 1504.87
0.49754 1.035379 1506.85
0.57025™ 1.040794 1508.94

0.64827 1.046553 1511.23

-

e L)
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APPARENT MOLAL ADIABATIC COMPRESSIBILITIES, DENSITIES AND
SQPND VELQCITIES FOR AQUEQUS SOLUTIONS OF. Na
Na,S$.,0, AND Na,S.,0,. AT 298K .

27273

27276

Spdium Sulphite, Na,SO

Na2804,

L

2593

- m/mol kg—l da/g crn_3 u/m s_l lO‘lclaxs/csm3 mol_l bar;l
0.00323 0.997465  1494:13  -160.36

. 0.01217. 0.998548 .~ 1495.67  -157.34
0.02415 0.999989  1497.71  -155.29
0.04147 1.002047  1500,58  ~152.53 A i
0.06369 1.004672  1504.17  -149.59 -
0.09074 1.007841  1508.46  -146.76
0.12466 1.011782  1513.77  -143.85 .- .
0.16310 1.016222  1519.70.  -141.17
0.20598 1.021123  1526.25  -138.49 -
0.25515 1.026699  1533.68  -135.77
0.30905 1.032772  1541.67  -132.96
0.36762 1.039295  1550.44  -130.42
0.43173 1.046378  1559.88 ~ -127.73
0.50028 1.053855 . 1569.90.. -125.03
0.57333 1.061749 - 1580.52 ' =122.37

- 0.65545 1.070516 = 1592.38  -119.56
0.74270 1.079727  1604.96  -116.80
0.83051 1.088889  1617.58 . -

N

-114.21
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Sodium Sulphate, Na,S0,

' m/mol kg™t d/g em™ u/m’'s™t 104¢Ks/cm3 mo1~1 baJ‘:_l
0.00335" 10.997506.  1494,11  -155.93
0.01057 0.998438 °  1495.32  -153.86
0.02294 - 1.000022°  1497.24. . -148.83
0.04077 ©1,002293 - 1500.23 ° -%49.47
0.06222 1.004999  1503.63  -147.01
“0.08889 1.008333 ° 1507.78  -144.44

. 0.12125 ... 1.012356°  1512.51  =140.75

7 0.15906 1.017023 * 1518.50 - -139,42
10.20211 1.022294 1524.95  -136.80
0.25049 1.028163  1531.91 ~ -133.71
0.30209 - 1.034367  1539.57 -131.39
0.35927 1.041185  1547.51  ~128.26
10.42283 1:048679 155681  -125.86
0.48795 1.056291  1566.11  -123.35
0.56141 1.064769  1576.35  -120.52-
0.63762 1.073481  1586.88  -117.80

. . .
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" Sodium Thicsulghate, Nay,S,0,
", m/mol kgt afgem > ' u/mst 104¢Ks/cm'3-mq_2l._l
" 0.00303 0.997471  1494,02  '~145.97
. 0.01000 . - 0.998387. 1495.14  -144.61
10.02256 © 1.000010, - 1497.12  -141.92 -
0.03995 1.002239  1499.81  -139.51
'0.06277 © 1.005i51  1503.30 ° -137.29
0.09065 ’1.008673 . 1507.48 ~134.91
Q.12445 1.012914  1512,50  -132.57.
 0.16198° . 1.017578°  1518.01  -130.33
£ 0.20491  © 1.022880  1524.25  ~128.04 '

0.25289 ., 1.028738°  1531.17 @ ~125.69
.0.30679,  1.035250.  1538.86 * -123.25

0.36384 « 1.042079,  1546.93  -120.88
0.42518  1.049345  1555.52  -118.49
0.49286 ©1.057245  1564,93  -115,99
0.56600 1.065689, 1575.07 ~ -113.52

" ¥:70:64T24 v 1.074263 | 1585.40 -111.10
LI A ¥ .

A

'9.71118 - 12083122  1594,95  -108.96
1 0.78725° . _/1.090580  1605.29  -106.78 .

-
o
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Sodium Dithionate, Na,S,0

g

2°2%
m/mol kg_l a/g cm > a/m st 104¢Ks/cm3 méi_l,bar—;
0.01127 0.,998761  1495.15  ~-117.16
0.02344 1.000579  1496.58  -114.68
0.03948 1.002957  1498.45  -112,95
 0.06048 1.006040 1500.88 -111.26
0.08677 .©1,009878  1503.80° -109.01
'0.11957 1.014642~\ 1507.38  -106.74

£ 0.15907 1.020286 . 1511.66 . -104.61

£ 0.20652 1.029027  1516.74  -102.42
0.31456. 1.047104 - 1528.07 - 98.17

 0.43424 1.05§396  1540.23 - 94.0%

- 0.56661 1.075968°  1553.53 - 90.20
0.71741 1.095321  1568.11 - - - 86.13

o -
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APPARENT MOLAL ADiABATIC COMPRESSIBILITIES DENSITIES:«AND
SCUND VELOCITIES FOR AQUEOUS SOLUTIONS  OF TRIETHYLENEDIAMINE,

ETHYLENEDIAMINE, PIPERAZINE, MORPHOLINE, PYRAZINE, PYRIDAZINE,‘

-PYRAZOLE, 1,2,4 TRIAZOLE PYRROLIDINE 1,4 DIOXANE

IMIDAZCOLE,
AND QUINUCLIDINE AT 298K

‘Triethylenediamine in 0.01N NaOH

m/ma&ikg_ d/g émf3 u/m s~ * 104¢Ks/cm3 mol ¥ bar~l
0.0 0.997597  1494.92

0.00968 0.997657  1495:62  0.88

0.03459 . 0.997847  1497.81  0.79

0.06030 0.997980 - 1 0.93

0.08132 " .0.998115 - 1500, 0.86 )
0.10129 . 0.998245  1502,27 0.83

0.14087 - 0.998504  1505.13  0.81 . - ~
0.18021 10.998764  1507.95 . 0.80 9
0.21879 0.999022  1510.69  0.82

0.26004 0.999301 ~ 1513.62 ¢ 0.81

0.29961 0.999572  1516.37  0.91 |
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O .
Piperazine in{|0.01N NaOH -
- m/mol kg‘:!:. d/g cm 2 u/m s~1 10_"1¢Ks/cm3 mol ™ bar 1°
. 0.0 - 0.997516 1494,75 .
0.01027 ©'0.997550 . 1495,35 0.33
0.02193 . 0.997591 ~ 1496.07 -0.53
0.04212 -  0.997662 1497.23 0.15
0.06509 " 0.997744 1498.55 0.39
0.08675 . 0.997823 . "1499.82 0.31
0.11303. .  0.997921 1501.35 0.28
0.15746 = 0.998091 1503.94 0.18
< 0.19758 0.998249  1506.36 -0.16
0,23878 N\ 0.998417 1508.93 -0.63
0.28080 "™\ 0,9£8593 °  1511.54 -0.97
0.32314 .998776  .1514.19 -1/28
Morpholine in 0.0lN NaOH /
m/mC'_Jl.“'k'g-l‘ T -d/q cm—3 S u/m 5—1 .‘ -104¢Ks/cm3 mplfl b‘ar—l
0.0 . © 0.997516  1494.83 o
0.01027 0.997559 1495.33 6.00 -
0.02055 0.997611 1495.86 4,78
0.04135 0.997714.  1496.97 3.70 -
0.06160 - 0.997813 1497.99 3.83 S ~
0.08286 0.997918 T 1499.09 3.78
0.10311 0.998018 1500.11 3.84 '
0.14312 . 0.998217 1502.18 . . 3.70 - el
018264 0.998415 1504.23 3.56" A
.+ 0,22267 - - 0.998620 1506.24. 3.61
0.26278 0.998828 1508.21 3.74
o o, / o
. Y
L-- - -
s N -
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Quinuclidine in IN NaOH' B }
m/mol kg_l d/g;'cm—3 u/m st 104¢Ks'/cm3 mol "t ba.r_l-‘
"d//dio | 1.037929  1585.59
. 0.01077 1.037869 . 1586.47 7.03
. 0.02159 1.037813 1587.36 - 6,79
0.0423] 1.037709 1589.,10 .6.07
0.06158 1.037614 - 1590,.73 5.%5
0.08054 1.037523 - 1592,.30 S5.74 .
"0.10029 1.037431 1593,90 5.89
0.13893 1.037259 1597.00 6.07
0.18285 1.037074 1600.46 6.29
0.22188. 1.036918 1603.37 6.72
‘ B R
. Ethylenediamine in 0.01lN NaOH
m/mol kg_l d/g em™ 3 u/m st 104¢Ks/cm3 ‘mol_'l bar ™t
0.0 0.997516  1494.85 :
0.01058 0.9974?0 1495.33 2.11 . .-
0.02166 0.997461 1495.87 1.13 .
'0.04218 0.997406 - 1496.83 + 1,09
0.06241 0.997352 1497.84, 0.55
0.08283 0.997299 1498.88 0.07
0.10322 0.997246 - 1499.90 ~0.08 :
0.14288 0.997145 -1501.88 - -0.27 et
0.18320 0.'997043 1503.86 -0,28 -
. p.22402 - 0.996940 1505.91 -0.44
f_‘ 0.25781 0.996856 *1507.63 -0.56
-
<
A

\D .
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Pyrrolidine in 1N NaOH . '
m/mol kg * d/g cm”3 u/m st 104¢Ks/cm3 mol” ! bar ™t
0,0 _ 1.037929 1585.68 R
0.01033 - 1.037820 1586.35 3.40
0.02043 -  1.037716  1587.00  .3.48
0.04060 1.037511 1588.26 3.93
0.0612] 1.037303 1589.54 4,19
0.08156 1.037099 1590.75 4,51
0.10126 1:036907"  1591.94  4.64
,0.14198 .~ 1.036507 1594.34 4.92
0.18203 1.036123 1596.71 - 5.04
0.22181 ° 1.035748 159908 - 5.06
Pyrazine in Hzo-
m/mol kgt “-d/g cm-3_ u/m s7t 104¢Ks/cm3 mol™t bar~!
0.01671 0.997230 1494,24 - 3.05
0.04087 0.997460 1494.98 6.63
0.08057 0.997825 1496,28 7.24 ¢
‘0.13480 0.998324 1498.06 - 7:42
0.16890 0.998644  1499:14  7.59
0.21176 0.999041 1500..49 7.72 .
0.26569 0.999539 1502.19 - 7.82. -
'0.33367 1.000162 1504,09 8.32 ~
0.41956 -1.000943 1506.53 8.65 5 - .

.
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iifédazine'in H,0
[ . .
) m/mol kg_l d/g cm 3, u/m s—l 1Q4¢Ks/b43 mol™ ! bar~!
0.01120 0.997187  1494.29™~_ 2.34 (
0.02112 - 0.997287 1494.70 2.16 ‘
0.04002 0.997475 .1495.47  2.18
0.06010 g- 97682 1496.27 - 2,39
0.08094 .997893 1497.12 2,34
0.10203 © 0.998106 1497.96 2,42 -
0.14153. 0.998505° 1499,52 2,55 -
‘ 0.18191 -1 0.998912 1501.03 2.87
0.22224 0.999319 1502.54 3.07
0.26231 0.999722 ' 1504.00,  3.30
0.30184 1.000119 1505.42 3.49
0.35153 ) 1.000617 1507.25 3.57
0.40319 X 1.001135 . 1508.95 3.93
Pyrazole in H,0 ) ¢

41 -1

m/mol kg_l d/g e > u/m s~1 lOfﬁKS/ém3‘mol bar
- . _ — : _ —
' ‘ 0.01019 0.997149  1494.21 5.90
0.02051 0.997221 1494.53 5.68 .
"0,04151 0:997368 1495.15 6.11 . .o
0.,06285 0.997516 1495,79 6.20
0.08275" 0.997655 1496,38 6.24
0.10268 0.997793 1496.97 6.28 \
0.14312 0.998072 1498.12 6.51 .
) “0.18371 0.998350 1499.28 6.62
’ '9¢é2278 0.998617 1500.37 6.73
) . 0.26290 0.998889 1501.50 _-6.80
0.30464 0.999171 = 1502.66 6.89
* 0,35496 0.999508 1503,99 7.07
. * § 4 ]
' ) R h \\ .
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Imidazole in 0.01lN NaOH

i e~
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L

m/mol kg 1 .4/9 cm 3 u/m s 104¢Ks/cm3 mol bar
0.0 0.997516 ©1494,77 )
p.01022 - /0.997604 1495.05 6.56 - .
0.02131 0.997694 - 1495.38 6.01 "
0.04089 0.997855 .1495.93 6.03
0.06086 0.998018 1496.54 5.67
.0.08158 0.998187 '149%.12 5179
0.10111 0.998345 = 1497.69.  5.75
0.14097 ‘0,998668 1498.83- 5.82
0.18089 0.998989 1499.97 5.84
0.22162 -0,999317 1501.10 5.92
0.26173 .- 0.999637 1502.21 6.00
0.30249 . 0.999961 1503.29 6.14-
0.35345 .1.000364 1504.65 6.26
0.40496 1.000768 1505.99 6.38. .
L] / b :
1,2,4 Triazole in H294 P
- ) . " . . -
m/mol kg L d/g cm 3. u/m-s-1 104¢Ks/cm3 mol—; bar 1
\ . B : . !
0.01073 — 0.997238 1494.00 7.91
.0.02099 0.997396 1494.18 7.39
0.04068 0.997698 1494.51 7.28
0.06068 ' 0.998004 1494,85 11l
.08189_ 0.998327 1495,21 7.
0.10165 0.998628 1455.53 7.15°
0.14232 0.999244 1496.18 -7.31
0.18525 . « ' 0.999890 1496.86 7.39 ‘ o
0.22557 1.000492 1497.47 7.52 ¢
0.26690 '1.001106 1498,05 - 7.72 -
0.30929 1.001732 - 1498.65 . 7.87
0.35980- 1.002473 7 1499.37 . 7.98
5 »
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1,4 Dioxane in ﬁzo‘
m/mol "’ kg 1 .d/g cm 3 u/m -1 104¢Ks/cm3 mol ~ bar l.
'0.01000 0.997155% 1494.25 4.79
0.01979 0.997231 1494.67 5.76
0.03948 '0.997383 1495,55 5.74
0.05995 0.997541 1496.41 6.28
' .08010 0.997697 . 1497.28 6.37
0.10025 0.997851 1498.14 6.42
0.14943 0.998227 1500.16 €.83
0.19000 0.998535 1501.79 7.13
0.22290 0.998783 1503,.03 7.49
0.26278 . 0. 082 1504.59 7.67
0.3029s6 0.999382 1506.13 7.88
0.35325 0.999754 1507.98 g.17 -~
¢ -7 ' -
1,4 Dioxane in 1M Mc_:]Cl2
.
1 d/g9 cm 3. u/m s 1 104¢Ks'/cm3- mol ~ bar 1 .
1.067817 1594.34
1.067866 1594,73 11.86
1.067902 1595.10 12.01
1.067972 1595,.87 12.01
1.068035  1596.67  11.65 .
-1.068096 1597.38 11.92
1.068154 1598.10 12,07
1.068269 1599.54 12.29
., 068383 1600.94 12.5
15068502 1602.35 12.86
1,068617 " 1603.69 12.80C
1.068729 1605.01 12.93
1.068851 1606.63 13.12
0.40330 1608,.23
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APPARENT MOLAL ADIABATIC COMPRESSIBILITIES, DENSITIES AND

SOUND VELOCITIES FOR AQUEOUS SOLUTIONS OF MONOHYDROCHLORIDEM
 SALTS OF TRIETHYLENEDIAMINE,

PIPERAZINE, ETHYLENEDIAMINE,

PYRAZINE, PYRIDAZINE, PYRAZOLE, IMIDAZOLE 1l,2,4 TRIAZOLE,

Triethylenediamine Monohydrochloxide

A

PYRROLIDINE, QUINUCLIDINE AND MORPHDLINE AT 298K

I

m/mol kg Y. -d/g em 3 . %_1 104¢Ks/cm3 mol™d bar™!
0.00895 0.997364 1494.71 -17.79 -
0.02022 0.997715 1495.76°  -17.63
0.03629 0.998224  1497.26 -17.83
0.05660 0.998849 1499,17 -17.82
0.08168 0.999628  1501,46 -17.44
0.11135 1.000545 1504.16 -17.16
©.0.14522 1.001561,  1507.22 -16.72 .
0.18388 1.002723  1510.72  -16.47
0.22731 -1.003997.  1514.59  -16.07
0.27411 1.005356  1518.70 " -15.64
Val
. L d
. (.
n o~ .
’ o {




R S

T

m/mel kg © - d/g cm u/m s~1 104¢KS/cm3 mol ~ bar 1‘
0.00997 0.997349-  1494.69 -21.97
0.02256 0.997689 1495.75 -20.89
0.03998. 0.998158 1497.26 -21.02
'0,06241 -0,.998758 1499.18 -20.94

~ 0.09023 0.999497 1501.55 . -20.77
*0.12314 1.000364 1504.33 -20.47
0.16128 1.001358 1507,53 -20.19
0.20384 - 1.002455 1511,04 -19.80
0425095 1.003654 1514,90 -19.41
0.30318 1.00496%4 1819,12 -18.97
0.36093 .1.006388 1523,75 -18.54
0,42510 71.007942 1528.87

265

Piperazine'Monohyd%ochioridé

‘1'

3

Ethylenediamine Monohydrochloride

m/mol kg 1 a/g em 3 u/m s~ 1 104¢‘K'S/cm3 mol l‘bar 1
0.01207" 0.997354 1494.69 -28.91 et
0.04064 0.997973 . 1496.91 -24.71 :
0.07298 0.998686 1499.42. =24,07

0.10098 0.999281 1501,56 -23.46

0.14712 1.000261. " 1505.00.. . -22.58 -
0.19342 1.001232 1508.47 ~22.14

'0.24360 - 1.002260 1. 1512,11 ‘-21.47 ’
0.30797 1.003567 1516.79 ~20.94 '
0.37097 1.004839 1521.37 -20.59 -

0.43287 1.006046 "-20.16

1525.80
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Pyrazine Hydrochloride, pKa = 0.65

e

g -

)
.

m/mol kg L. &/g an>  uwm st 104¢Ks/cm3 mol" L par 1
" Unoorrected - Corrected - ’ ' ' Uncorrected  Corrected
0.00860, 0.00031 0.997315 - '1493,99 - 1.23 "+ 0.58
0.01997 0.00152 . 0.997644 1494.52 - 1.51,. ° - 5,94
0.03682 0.00463 0.998132. 1495.31- -1.72 ‘' - 6,83 "
© 0.05766 0.01010 0.998737 1496.28 - 1.85 * = 6.60
0.08432 0,01304 ©0.999513 1497.54 - 2.10 =701
0.11723ﬁ 0.0322§ 1.000475 1499,09 - 2,30-. - 7.01
0.15452 0.04938 - 1.001571 1500.87 ,—= 2.56.. - 7.27
0.19630"- 0.07059 1.002805 - 1502.§§//j) 2.90 - - 7.72
0.24068 0.09491 - . 1.004214 1505.15% - 3.23- - B.13
0.24152 0.09539 . 1.004149 1505.09 - 3.22. . =.8.10
0.29370 0.12585 1.005711 - 1507.65 -3.57 .- 8.49 -,
. T . - N
. & ]
Pyridazine Hydrochloride, pKa = 2,24
/ol kg™t a/g > wms T 0%, Jon® ol par
Uncorrected Corrected Uncorrected . Corrected
0.00992 , 0.00471 0.9597381 1494.36 ~12.44 =19.28
0.02258 0.01370 0.997783 1495,19 -14.,55 719.97
0.04013 0.02754 0.998340  1496.38 -15.57 - -19.89
0.06260 0.04628 0.999051- 1497.92 -16.33 . =19.94
0.09020 0.07011 0.999919 -1499.83 -16.83 -19.93
0.12244 _0.09862 1.000929 1502.05 . -17.01 -19.68 .
0,15957 0.13201 1.002085 '1504.62 =17.19 -19.54
0.20223 0.17087 1.003404 1507.53 -17.17 -19.24
0.25021 0.21503 & 1,004876. 1510.78 -17.07. '-18.91
0.30366 0.26464 1.006501° 1514.38 . -16,94 -18.58 .
0.36215 0.31929 1.008262 1518. 26 -16.7% -18.21
f 0.42680 0.38004 12010187 1522,51 ~ -16.49 - - 417.8?
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)
m/mol kg_l ' . d/g cm_.3. u/m st 104¢Ks/an3‘m1_1 _ba'r_.l
' 0.01352 ©0.00828 '0;997440 1494.62 -14.79 - —22,75 -
0.95650 . © 0.,04438 0.998600 1497.17 <13.54 . —16.67
0.09772 '0,081311 0.999702°° 1499.,54 -12.83 -15.00
0.14017 . 0.12022  1.000844 1502.12 -13.24 . =15,10
0.18544 ' 0.16226 1.002033 1504.76 -12.99 T =14.57
S 0.23263 ‘0.20648 1.003298 1507.47 -12.84 -14.23
i . 0.29211 0.26226 1.004801 1510.76 -12.24 -13.40
0.31127 0.28078 1.005287 1511.74 -11.90 . =12.99
_ 0.36722 0.33397 1.006720 1514.93 -1l1.84 . —12.83
7 - 0.41102 - 0.37575 1.007812 1517.25°  -11.49 < =12.39
'3’ Imidazole Hydrochloride
m/mol kgt d/gan > wms T ‘104¢'Ks/an3 mol + bar L
* _0.01131 0.997407 1494.24 . -14.14
0.01989% - v 0.997638 1494.76 ~13.90
- 0.02764 "0.997861  1495.29 ~15.71 - . )
, . " 0.04150 0,998248  1496.17 -16.04 R
. . 0.05546 - 0.998631  1497.02 - -15.62 -
.0.08370 . 0.999415 1498.73 -15.32
0.11167 - 1.000187 1500.40 -15.01
. 0.13898 1.000927 1502.09 - =15.01
. ' .. 0.20960. - . 1.002728 . 150641 - -14.42
—J REE 0.28095 1.004716 1510.26 -13.60

N .0.35310 - 1,006617  1514.34 : -13.21
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" 1,2,4 Triazole Hydrochloride, fK, = 2.30 .

l:

.. m/mol -k.g-]' ' d/g cm'_3 uw/m s_l 104¢Ks/cm3 ml_l b‘a;f_
_moorrected Corrected " . Uncorrected Corrected -
’ 0.2EI30 " 0.00574 0.997474 1494.27 -11.30 =~ = -20.59 ‘
0.42360 - 0.014%- 0.997933  1494.87 -13:11 -19.95 . 3
: .0.04207 - - 0.02984 . 0.998609 1495.78 -14.13 ° . -19.40 - -
S, ' 0,06408 '0.04849 . 0,999413 1496.92 -15.02. - ' -19.46 ‘
... . 0.09141 . 0,07237 1.000408 1498,35 =15,62 -19.42 . o
. 012365 0.10114- - 1,001575 1500.04 =16.03 -19.34 o
,0.16192 0.13583 - 1.002952 . 1502.07 -16.29 . -19,21- -
: 0.20408 . .  0.Y7451 . 1.004460 . 1504.23 -16.27 - -18.85 .
s .. 0.25185 - 0.,2187T  1.006156 1506.69 -15.24 -18.54.-
S - 0.30407 0.26746 1.007994 _ 1509,32 - -16.07 -18.13
0.36101 . 0.32091° . .1,009981 1512.15 -15.84 . -17.70
©0.42742 0.38358  ,1.012273 - 1515.40 -15.57 . ~-17.25
- Pyrrolidine Hydrochloride
m/mol kg_l ‘ d/g o wm sl 104¢Ks/c_:m3 mol % bar_1 -
0.01203 .. 0.997266 1495.04 . =21.60
0.06034 . 0.998016  1499.26 o =13.36 .
~* 0.12149 : . 0.998953  1504.52 . -11.91
0.18326 = . 0.999887 /1509.82 - -11.39°
0.29622 - 1.001532 1519,25 - .~~10.46
0.37283 N . .'1.002631 1525.36 . -9.71
0.43748 1.003539 .1530.25 = 8,93
. , [
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m/mol kg 1°
‘—*-—-—c—-v

- 0,00993"
0.02107

. 0.03769 .
0405995
0,08611
0.11820
0.15620
0.19965
0.24889 . 5

]

Quinuclidine ‘Hydroc’l.oride

m/m6l kgt

P
0. 01010
0.02290
'0.04052
0.06321
0.09114
0.12414
0.16082
0.20496
0.25146 .
0.30519
0.36208
0.42481

ide
d/g cm'_3 u/m s .1
0.997378 ﬁ494.51 .
0.997714 1495.36
0.998214 1496.74 -20.60
0.998880 1498.59 -20.98 -
0.999658 1500.68 ' -20.65
1.000604 1503.24 -20.23
1.001713 1506.17 -19.62
1.002967 . 1509.51 -19.09
1.004369 1513,31 -18.72
d/g cm_3 u/m s l 10}¢Ks/cm3 mol_l bar
0.99%294 . 1495.02  -20.89
0.997562 1496.42 -19.72 ‘
0.997930 1498.36 -19.35 G
0.998403 1500.82 -18.79
0.998981 1503.87 -18.64
0.999661  1507,40 -18.23
1.000411 1511.25 -17.70
1.001307° - 1515.,91 -17.38
1.002243 1520.77 -17.06
1.003314 1526.25 ~16.55
1.004436 1531.98 -16.08
1.005659 ° . 1538.25 -15.64 .
* i3
—\.. .
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'APPARENI' MOLAL ADIABATT CCMPRESSTIBILITIES, DENSITIES AND SOUND

VELOCITIES FOR
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SCLUTIONS OF DIHYDROCHIORIDE SALTS OR, #
TRIETHYLENEDIAMINE, PIPERAZINE AND ETHYIENEDIAMINE AT 298K i
- ; ) R o 7 ,

o O~ s
‘ Triethylenediamife Dihydrochloride, pKé(Z)'= 2.95
="\ ° m/mol kgt d/gan? - wmsT  10% /o’ mor ! par t
Uncgrrecbed Corrected Uncorrected  Corrected
0.010i1 * . 0.00725.  0.997686 1495.08 -45.51 v , -53.21
0.02172 .- 0.01731 0.998426  1496.55 -47.99 ~53.62
: - 0.04204 0.03571 0.999708  1499.12 ~ -49.00 -53.11
. " 0.09156 - -0.08197 1.002829 1505.49 -50.14 -52,99
. 0.1517 0.13922 1.006634 1513.22 -50.57 -52.80
10.25182) 0.23556 1.012943 1526.27 <51.12 -52.87
0.29893 0.28117 1.015912 1532.43 -51.26 -52.88
4 0.35466 0.33527 - 1.019423 1539.75 ~51.42 52,91
e 0.41099 0.39007  1,022967 1547.19 -51.54 %§ii;52,93
’ a i . ‘ . .y ’
) Piperazir‘le Dihydrqchloride, QKa 2} . 5.55 ‘
¢ mmol kg Ty dlgan  wms ' 10%s/on® mo1 ™ bar™
Uncorrected ected_ Uncorrected - Conécted )
0.01018 0.01001  ,0.997681 1495.18 =61.89 -62.43
0.02265 0.02240 0.998387 1496.77 -58.64 -58.97
0.04010 0.03977 0.999370 1498.97 -57.18 -57.41
0.06349 0.063b7 1.000677 1501.88 = -55.91 -56.09
0.09103 0.09053 - 1,002202 1505,24 -54.64 -54.78
0.12363 0.12304  1.003987 1509.15 -53.37 _ =53.49
0.16142 0.16075 1.006029 1513.60 -52.05 -52.15
0.20444. , 0.20368 - ATO0B317 1518.60. -50.79 -50.87
0, 2513 0.25049 1.010769 1523.94 -49.49 -49.56
- 0.30389 30297 1.013463- 1529.78 —48.08 - ~48,14
0.36182° 6081 1.026367 . 1536.13 —46.70 ~46.75-
0.42487 0.42378 1.019449 1542.88 —~45.25 45,29
: ¥
. [ Py 3
./‘ * .
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A

1.017301

P ' ‘ . v
- m/mol kg—l d/g an > u/m s—l - i04¢Ks/c:n3 ;nol—l par )
Uncorrected  Corrected Uncorrected  Corrected
0.01044 0.01040  0.997626 1495.25 -59.48 . -59.57
0.02354 0;0234é 0.998284 1496.82 -58.33 -58.39
0.04189 0.04181 - 0.999202 1493,98 -57.37 =57.41
0.06447 0.06438  1.000323 1501.56 =-56.02 = -56.05
-0.,09227 0.09217 . 1.001691 1504.70 -54.85 o =54.8%,
0.12557 0.12544 1.003312 1508.40 -53.71 e -53.73
0.16328 0.16313  '1.005124 1512.53 -52.48 -52.60
0.20914 0.20897  1.007296 1517.44 -51.26 -51.27 -
0.25651 0.25632 1.009501 1522.41 ‘ -50.01, -50.02
0.30993 . 0.30972  1.011941 1527.93 -48.74 ~48.75
0.36704 0.36681°  1.014495 1533.74 —-47.50 . /. —47.51 |
0.43129 0.43104 1540.14 -46.18,‘<:\\‘ -46,19
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1)

2)

3)

4)

5)

'CLAIMS TO ORIGINAL RESEARCH

The apparent molal volumes of, (a) the salts~of a series of
Cl— and.S- oxyanlons, (b)Y a series of structurally related
N and/or O contalnlng heterocycllc bases and- {c) the

'hydrochlorlde salts of these bases have been fheasured at

»‘low concentratlons u51ng ‘a d1fferent1a1 buoyancy techn1que.

b A - -

-

and neutral basee\iinyloned in (1)+have been prec1selv

neasured down .to low concentrations using the "51ng around“

The apparent molal adlabatlc conpre551b111tx$s of the salts

i -
nmethod. .
Methods for evaluatlon of intrinsic volumes of ions have

been conparatlﬁely and cr1t1cally examlned It has been
found that the methqd_uSLng_molecular models, proposed’in

the’present work, is to be-preﬁéfred for the evaluation of
. - - ’. -
the sizes of polyatomic ions,

4
¥

It has been found that the:electrostrictive effects in the
series of oxyanions are dependent on the size and geometry

of the ﬂons,-as well as ﬁheir charges. !

\

-

The -electrostriction volumes derived from.thermﬂemﬂar:mxbl

nethod have been found to be interéstingly related to the

Kg i values for the oxyanions in a manner that can be
’ M '

. -

'S



6)

7).

B} .

9)

273 '

’

rationalized in terms of a priori- calculation of electro-

striction and lo}g} solvent compressibility in an #onic
field,

-

The.dithionate ion, Szog'has been found to behave more like

a dimerized univalent ion than a divalent ion for reascns

understandable in.terms of its charge distribut.ion.’

-

Clear relations have been demonstrated between 7°

{

RS /T2 for both Cl- and

as well as between V? and K2 .
- 1 .l‘S,l

.

S-oxyanions.
. ' ' ’ Q..

The ‘treatment of concentratién dependence pf'apparent nolal
volume data éccOfding to Redlich‘and Meyer's and Massgn'é
equations.has beea critically examined. It was found that
for the series of oxyanion salts, use of ﬁasson's eguation
obscures some . interesting inflections which are otherwise
seen if ¢v is__1¢ttéd according té Redlich and Meyer's
equation which .takes into =mccount the Debye-Huickel limiting-

law dependence of ¢ on Yc. ., . : N
' 4

It has been suggested that the inflections observed when ¢v

-data are treated accprding to Redlich and Meyer's equation,

for the Oxyaﬁion salts,are due to Gurney co-sphere overlap

: /
effects.  This proposal was supported by some -elementary

calculatiens. - ' ' : ' i///*
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lﬂi "It is cpncluded‘thaﬁ the concept 6f “grOup‘contributions"
for representin paftiaI molal volumes of organic molecules
at ipfiéétéldiii:;on is not a cor:eét.;iewpgint. Structural )
factorg play an important role in determining boﬁh ¢3 and ¢§S ‘
, ‘ _ . i b '
11) ] xperiments, were conducted to examine if tﬁe‘boat form ié the
pY¥eferred conformation in water and in ion;c mééia for pipe-

razine, morpholine and.l,4 dioxane. The result from nmr
. exXperiments were inconclusive.

12) The volume and adiabatic compressibility changes upon
ionization of‘gome'N and O containing heterocyclic bases

have been determined.’

. ‘ : ' . .
13} It has been.found that the changes of vpluﬁes and adiabagbt
compressibilities asSociatéd with ionization of the organic
bases are related to each other in a manner similar to that
between V, and Eg;i demonstrated for oxyanions.\\

14) The relations of Vg and-Eg'i to entropiés of.sdlution for‘
oxyanions, as well as the re'lation oé Avg'l to Agg,l
(Heéler's relation) for the first ionizasiod df(gfganic
bases, have been examined in terms of elecérostrictive and

solvent structure effects.
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