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PREFACE

For more than a century it has been realized that
solvation, or more speclfically hydration when the solvent

is water, plays an important rdle in the chemistry of solu-

-tions. The interest has bsen centered mostly arocund simple

lions but the problem of hydration is also of great importance
in the physical chemistry of proteins, nucleic acids and

other ionlic hydrophilic colloids as well as in the electrolytic
behaviour of synthetic polyelectrolytes. Despite its funda-
mental Importance, very few quantitative studies of hydration
of macromolecular lons have hitherto been carried out.

In the present work a quantitative approach to this
problem has been made in three directions: a) theoretically,
through calculations of the degree of dielectrlic saturation
of water near polymeric and related simple ions, b) experi-
mentally, through evaluation of solvent electrostriction from
density measurements of polymeric and simple lon solutions
and c¢) through salting-out data. Attempts have been made
to correlate, whenever possible, the data obtained by these
different approaches and on the whole satisfactory consistency
between the various types of experimental and theoretical
results has been ocbtained.

Estimation of relative extents of hydration of
polyions in relation to analogous simple ions taken as the

corresponding monomeric species is the aim of the work in
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principle. It must be stressed that attempts to make absolute
estimates of these quantities have not been made, for such
an approach 1s fraught with the commonly encountered diffi-
culties of defining the extent of primary and secondary .
hydration. Therefore, relative estimates of' the difference
in primary hydration of simple and derived polymeric ions
obtained theoretically in terms of dielectric saturation
effects are compared with those obtained experimentally from
salting-out and apparent molar volume measurements, Within
this framework a largely self-consistent set of data is
presented. In this comparative approach several models for
the charged species have been examined: a linear polyion,

a spherically coilled polyion, a planar colloidal ion and

as reference a simple ion with spherical symmetry.

A small part of the present work, namely construction
of a prototype gas solubility apparatus, its calibration and
the measurements of a few preliminary solubilities, was pre-
sented in a thesis in the final year of the B.Sc. (Honours)

course at this University.
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ABSTRACT

Three approaches to the study of hydration of poly-
merlc ionsin relation to that of analogous simple ions have
been made as follows:

In the first part of the thesis, information is
sought regarding the hydration of polylions by evaluating the
degree of dielectric saturation near the charged particles.
Previously, this had been done only in the case of isolated
slmple ions assumed to be point charges. Sihce the ionic

i atmosphere can never be removed from the polylons, even in
very dilute solutions, the simple electrostatic field cannot
be used in the evaluation of the extent of dielectric satura-
tlon. The dielectric constant has therefore been obtained
directly as a functlon of the distance from the polyion from
a solution of the Poisson-Boltzmann equation and previously
published relations between dielectric constant and field
intensity. The solutlons have been obtained by numerical
methods using a digital electronic computer.

The Polsson-Boltzmann equation was solved by this
method for the following models: simple ions, cylindrical
polylons, spherical polylons and planar colloidal ions. The
relative degrees of dielectric saturation were calculated
and related to the relative extents of primary hydration for
the different ionic models. The effect of dielectric satura-

tion on the field and potential functions is also discussed
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for the various ion models.

The second part of the thesis deals with solvent
electrostriction and the determination of salting-out by
polyelectrolytes. In order to interpret the experimental
data obtained on the salting-out of non-electrolytes (argon,
ethylene, d-1 leucine and benzamide) by polyelectrolytes
(sodium polyphosphatés, potassium polymethacrylate and poly-
Y4-vinyl-N-n-butylpyridinium bromide), it was first found necessa-
ry to modify the existing salting=-out theories for simple ions
and a proposed theory for polymeric ions, by taking into
account the effect of dielectric saturation of the solvent
near the ions. Such effects are shown to be important in
determining salting-out constants and, in fact, lead to the
recognition of the necessity for taking into account the spe-
cific structure (e.g. effective radius) of the primary hydra-
tion shell., Other modlfications to the theory are also
suggested.,

In the modifled salting=-out theory referred to above,
the radius of the primary hydration shell 1s required. The
third part of the thesis therefore describes the evaluation
of this parameter from experimentally measured apparent molar
volumes for simple and polymeric ions. The significance of
these apparent molar volumes in relation to the hydration of

the polymeric and simple loms is also discussed.
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I. INTRODUCTION

SOLVATI ON

The outstanding importance of water as a solvent
for salts is due to its anomalously high dielectric constant,
which in turn 18 due to the polar nature of its molecules
and to their tendency to form a hydrogen bonded tetrahedrally
coordinated structure. Most simple electrostatic theories
of electrolyte solutions usually assume the solvent to be =
continuous, uniform medium. However, water, being formed
of discrete polar particles, will interact with the ions,
and the neglect of specific structural aspects of these inter-
actions will usually lead to serious errors in such electro-
static theories.

Ion=-solvent interactions can be divided into three
types, corresponding to three regions in the neighborhood of
the lon. The strongest interactions give rise to what is
known as primary hydration (1). The water molecules in this
innermost reglon are immobilized (2) by the electric field
of the lon, but only temporarily since, except for a few
trivalent fons (3, L), they remain in "activated" exchange
equilibrium with the remainder of the solvent (5, 6 page 5l).
It has been suggested (7) that the energy of interaction
between a representative water molecule and the ion be used
as a criterion for defining primary hydration; if this energy

of inferaction is larger than the mean kinetic energy kT of
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water molecules in the bulk, the representative water mole-~
cule is assumed to be involved in primary hydration of the
ion. However, a more precise definition of primary hydration
should probably take into account the exchange of water
molecules in the immediate vicinity of the ion; the degree
of hydration can, in fact, be regarded as a measure of the
frequency of thls exchange relative to the normal exchange
of solvent water with a reference water molecule in the bulk. -
The interactions beyond the first hydration shell
lead to a reglon in which the water struciure is broken down*
locally (8, 9, 10). The water molecules in this intermediate
region are less organized in a quasi-crystalline arrangement
than they are in the bulk, or in other words, the eXchange
of water molecules is more rapid here than in pure water.
The "structure breaking" effect presumably arises from an
approximate balance between two competing orienting influences
which act on a given water molecule: the normal structural
orienting influence of neighbouring water molecules through
hydrogen bonding with a given water molecule and the orienting
influence of the lonic field. These secondary interactions
are relatively more important with large ions where the pri-

mary hydration 1s negligible and can account in some measure

3¢

The converse of this, 1.e. structure promotion, has been

discussed by Frank and Evans (10) in term of so-called "iceberg"

formation but such effects are involved mainly in aqueous
solution of non-electrolytes or with very large ions (see also
page 192).

i
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for the anomalous behaviour of soms of these lons (11, 12).

The third hydration reglon refers to the remainder
of the solvent beyond the structure-breaking region which
can still be affected slightly by the ionic field, but
essentlially has the same structure .as the pure solvent., In
most cases, this hydration can be neglected.

The degree of hydration can be expressed ln terms
of the volume or radius of the hydration shell, or in terms
of the number of water molecules contained. in this shell.
Most of the methods that have been used tv measure hydration
express the degree of hydration in terms of the concept of
the so-called hydration number (1). This, however, has many
disadvantages. The assignment of a volume to the water mo-
lecule 1n the first hydration shell which determines the
hydration mmber in this shell is often difficult (13)s This
concept may also lead to a false interpretation of solvation;
the statement that a salt, say CsBr, has a hydration ﬁumber
of one may be interpreted as referring to a salt having a
water molecule bound to it in a way similar to the water of
crystallization In a solid hydrate. Actually, the two are
quite different. In a crystal, the water molecules are bound
in a fashion where they have lost all translational motion
and there is usually a definlte stoichimetric quantlity of
water (not necessarily chemically bound) assoclated with the

salt.  However, in solutions, there is a rapid exchange between
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the hydration water and the free water molecules of the bulk,
and it is only on a time-average basis that we may speak of
a "hydrate" water molecule. This classification of hydration
also mekes the comparison of primary hydration and secondary
hydration scmewhat ambiguous. For these reasons, it is often
preferable simply to express the hydration in terms of a
volume or radius of a region of assoclated water near to the
lon, specifying, for example, the minimum limit of the energy
of this association, @.g« kT as chosen by Azzam (7).

Any electrolytic property which is influenced by
the lon-solvent interactions could theoretically be used to
evaluate the extent of hydration near ions. In practice,
the problem 1s much more difficult since most methods will
effectively measure different proportions of the first, second
and even third hydration regions. The main methods that have
been used to determine hydration numbers have been critically
reviewed by Bockris (1) and Conway and Bockris (1)) and it
is, in fact, found that most of these methods glve discrepant
values. The hydration numbers found, however, fall into two
groups; the first, giving lower valuses, corresponds approxi-
mately to primary hydration, while the second, gliving much
larger values, has been assumed by Bockris (1) to refer to
secondary hydration but, in fact, does not correspond to any
simple picture of the degree of hydration and is probably due

to other effects or interactions neglected in the evaluation
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of the hydration number. Nevertheless, all these methods
still show the correct relative magnitudes of extent of hy-
dration of different ions.

It is possible to obtain quantitative information
about the hydration of lons only if independent knowledge of
the structure of the three hydration shells is obtained
separately., This is difficult since there is a continuous
transition between them. However, it is possible to obtain
some information about the thickness of each shell, parti-
cularly the primary layer, if semi-empirical methods are used.
Most of the properties of electrolytes which depend on ion-
solvent lnteractions are determined by interactions in the
first and second hydration shells only. In such cases, the
third hydration region mey be assumed negligible. The extent
of the first hydration region of an ion is determined by the
electrical field at the ion which is usually strong enough to
immobilize the water molecules rotationally and translationally
in that region (although librative motions are still important
(15)). As the size of the lon increases, the field intensity
Just outside the ion decreases and the extent of primary hy-
dration tends to decrease. Beyond a certain radius, the field
intensity will be sufficiently small for it to be assumed
that the primary hydration is negligible. The hydraﬁion of
large lons is therefore only associated with structure-breaking

effects and possibly other more specifiec interactions such
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as van der Waals short range interactions. By studying the
electrolytic properties of lerge lons (e.g. by conductance,
partial molar volume, salting~-out measurements etc.) infor-
mation can, in some cases, be obtained asbout the secondary
hydration. Then, by correcting for this Secondary hydration,
information about the primary hydration of simple ions can

be obtailned.

This kind of procedure has been followed by Robinson:

and Stokes (6, chapter 6) and by Nightingale (11) to evaluate
the radius of the first hydration shell from mobllity data.
Assuming that Stokes' law for viscous flow holds for ions,
the radius rg of migrating or diffusing species may be evag-
luated from the limiting ionic equivalent conductance A © and
the viscosity of the solvent i °, or from the limiting ionic
diffusion coefficient D° (11) from the relation

rg = 0.820z/ 3%y = 0.732 x 107%1/0° 7 ° [I-I]

where z l1s the absolute charge of the ion and T the absolute
temperature. The Stokes radius r, obtalned gives the correct
dependence of the extent of primary hydration on the nature

of the ilon but i1s smaller than the crystal radius "a" fopr
intermediate and large ions (it 1s, of course, larger than

"a" for small ions, e.g. LiY, Na*, F” etec.). This is a result
of structure breaking effects and of the inapplicability of

Stokes' law to molecular specles., Nightingale proceeds by
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assuming that the hydration radius Ty, 18 equal to the crystal
radius "a" for large ions ("a" > L X). From a calibration
curve of r, versus P the radius of the primary hydration
shell may be obtained for all simple ions. Nightingale, by
this method, has evaluated the hydration radii of many simple
ions and some more complex ones, and his results have been
reproduced in Table l*. The main conclusions to be drawn
from this table is that all the hydrated ions have a radius
of at least 3.3 X and that all ions with crystal radii less
than I X will at least have a small amount of primary hydra-
tion. However, it must be remembered that for ions with
radil between 2 and L X the secondary hydration (associated
with structure-breaking) could be Just as important as, if
not more so than, the primary hydration., Therefore, the total
hydration of these ions may appear negligible or even negative
(16). Nightingale's assumption that the volume of the ion

in solution is equal to the erystal volume may be questioned
since there is a fair amount of evidence indicating that the
molar volumes of free ions differ slightly from the correspoﬁ-
ding crystal volumes (17, 18, 19) which are smallep owing to
internal compression effects. Therefore, some small error

may have been introduced here.

* The wvalues for T, are recorded to 2 decimal places as

in the original paper but it is doubtful if the data are
significant to this implied degree of accuracy.
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COMPARISON OF CRYSTAL AND HYDRATION RADII (IN A UNITS) AT ZSOC.

Table 1

" 8."

Ion ry Ion Mgt Ty
it 0.60  3.82 pp*e 1.32 L.01
Na‘t 0.95  3.58 mt3 0.50 Le75
x* 1.33  3.31 ort3 0.6l .61
rb* 148  3.29 Fe*3 0.60 .57
cs* 1.69  3.29 La*3 1.15 Le52
ag* 1.26 3.1 ce*3 1.1 52
1t 1y 3.30 Trt3 0.9 L.65
Ny * 148  3.31 Co(Nﬂj)gB 2.55 3.96
(Me), N* 3.7  3.67 F- 1.36 3.52
(Et), N*  4.00  L4.00 c1” 1.81 3.32
(n-Pr), N* L.52  L.52 Br~ 1.95 3.30
(n-Bu), N* 4.9 L.k i 2.16 3.31
(n-Pe)uN+ 5.29  5.29 NO,” 2.6l 3.35
Be™2 0.31  L.59 €10,” 2.88 3.1
Mg*e 0.65  L.28 Broy” 3,08 3.51
cat? 0.99  L.12 10, 3.30 3.7
sp*e 1.13  L.l12 010, ~ 2.92 3.38
Ba*2 1.35  L.OL 10,° 3,19 3.52
Ra*2 152 3.98 4n 0y~ 3,09 345
M+ 0.80  L.38 Re 0~ 3430 3452
Fe*2 0.75  L.28 c0,~2 2 .66 3.9
cot2 0.72 L.23 sou‘z 2.90 3.79
Ng*2 0.70  L.Ok SeOu'Z 3,05 3.8l
cut? 0.72 L.19 Moou"2 3.23 3.85
zn*2 0.7  L.30 CrOh-z 3,00 3.75
cat2 0.97  L.26 Woy =@ 3435 3.93
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It should be noted at this point that, although
main hydration effects arise from electrostatic ion-dipole
interactions, some specific interactions, e.g. hydrogen
bonding, and van der Waals' short range farces may enhance
the hydration of some particular ions, e.g. of H', OH" and
oxy~anions. .These special effects will be assumed negligible
in this thesis and will only be considered as a basis for
explanation of some anomalous results.

The behaviour of polyelectrolytes;in solution is
much more complicated than that of anelogous simple ions since
they have a more complex structure. Polyelectrolytes may
occur in forms approximating to large spheres, coils, rods
or plates in solution. In addition, their shape may change
depending on charge density of the polymer and the ionic
strength of the solution; a linear polyacid or polybase will
exist as a random statistical coil at low degrees of neutra-
lization, but this coil will open up as the degree of neutra-
lization increases, and will tend to coil up again if an
excess of simple electrolyte is added (20). Another charsascte=-
ristic of these molecules that complicates their study is
their tendency to undergo association with their counter-ions.
Wall (21, 22, 23, 24) has studied this problem extensively
using radioactive tracer methods and he finds that some
polyelectrolytes, e.g. some polyphosphates, may be as much as
75% assoclated. In spite of these difficulties? a large
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amount of theoretical and experimental work has been carried
out in the last fifteen years on account of the interest and
importance of this field. However, the reviews of Eisenberg ;
and Fuoss (20), Rice (25) and Conway and Dobry (26) show

that knowledge of the electrochemical properties of poly-

electrolytes is still in its infancy compared with the state
of knowledge of simple electrolytes. From the point of view
of the degree of hydration, the problem is more that of re-
presenting the local structure of the polyion and assoclated
solvent rather than the overall shape of the macromolecule.

For example, we may consider a typlcal linear polyelectrolyte

like potassium polymethacrylate:

K+
00"
ci, ¢ cH
%30 é C %3
| Hé / l
ﬁa "HB ﬁk
0_0 00
g K+

it is obvious that, while the assumption that a charged sphere
is a fairly good model for a simple lon, the assumption that

polyions may be represented by uniformly charged rods (51, 52)
is only an approximation, valid only under rather limiting i
However, such models do explain, at least quali-

conditions,

tatively, some of the properties of these molecules,
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The extent of knowledge of hydration of polyions
is virtually negligible. The little work that has been done
on the experimental determination of their extent of hydra-
tion gives discrepant results. Thus, 1t has been argued
that D.N.A. (27) increases the internal structure of water
very significantly, but hyaluronic acid (28) has been stated
to have very little effect on the solvent. This is virtually
the only work that has been done hitherto on hydration of
polymeric ions. Most of this experimental evidence appears
to be, however, highly doubtful and qualitative in nature as
will be shown in Chapter II. Although the hydration problem
i1s not a simple one in this case, 1t 1s, however, a very
important one, both on account of its interest in the chemistry
of electrolyte solutions and in the field of blophysics.

In addition to the local charge on a polyion, the
first, second and further neighbours on the chain will all
contribute to the local field intensity and the extent of
hydration can be much larger, as it will be shown later,
than for a corresponding simple electrolyte at the same ionic
concentration.

The aims of the work described in this thesis will
be to evaluate the relative degrees of hydration of polylons
by calculation of the extent of dielectric saturation of the
solvent and then to correlate these results with experimentally

determined salting-out constants and apparent molar volume
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measurements for the polylons at various degrees of ioniza-~
tion. \

Theoretical studies of hydration are possible if
we conslider an isolated ionj for example, it is possible to
calculate the number of water molecules necessary to give
maximum stability to lon in solution (29, 30, 31). Unfortu-
nately, in the case of polyions no matter how dilute the
solution is considered, the ion will still retaln some ionic
atmosphere of gegen~ions. Also, the shape, charge density,
concentratlion and size of the polylons will determine to some
extent the hydration of these molecules, Therefore, such
absolute calculations of hydration by the methods which have
been used, e.g. by Bernal and Fowler (27) and Eley (30), for
simple lons cannot be carried out for polylons with the same
degree of rigour and certitude as for simple ions.

However, for the study of hydration of polyions, it
will be sufficient for the purposes of obtaining initial

quentitative data to make comparisons of the relative degrees

of hydration of the polyions compared witu that of corres=-
ponding simple lons. In this approach, it will be considered
satisfactory to compare the degrees of primary hydration since
the largest differences between poly and slmple ions should
occur in this primary shell. Since the primary hydration
depends to a large extent on the field intensity in the imme-

diate vicinity of the ion, relations which depend on this
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field may be used to compare hydration of different molecules.
As wlll be shown later, dielectric saturation relations are
ldeal for such comparisons. Also, since the effects to be
considered are largely short range ones (within 10 K from the
polyion axis), the calculations will not depend to any im-
portant extent on details of the overall macromolecular con-
flguration except in the case of closely coiled polylons
(where speclal calculations will be made) at low degrees of

lonization.

DIELECTRIC CONSTANT AT HIGH FIELD INTENSITY

It is well known that the dielectric constant of
water in the primary hydration shell is much lower than in
the pure solvent (2). The electrical field near a small ion
is large enough to immobilize the water molecules and to
remove or reduce their rotational or librational freedome.
The dielectric constant in this reglon should be the same as,
or approach, the one measured at very high frequencies; when
the dilelectric constant i1s measured at frequencies so high that
the permanent dipoles are unable to contribute to the polari-
zation, then the dielectric constant becomes equal to the

2 and is often called

square of the optical refractive index n
the optical dielectric constant (32, page 88). At low field
strength, the dielectric constant is effectively constant and

may be taken as the ordinary static dielectric constsnt. The
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problem of importance in the theory of ionic hydration is
to evaluate the dlelectric constant at intermediate distances
from the ion.

At relatively high flelds, the differentiasl and
integral dielectric constants must be distinguished. If a
small external fleld were superimposed on the field of the
ion for the purpose of measuring the local dielectric constant,
then the dlelectric constant would depend on the direction
in which it was measured (i.e. on the vector of the applied
test field). The differential dielectric constant refers to
the one measured in a radlal direction to the ion (33 page 117)
and is defined as

= 3B (1-2]

where D 1s the dlelectric displacement and E is the electri-
eal field strength. This dlelectric constant has the ad-
vantage of belng independent of the small applied measuring
field (34, page L424). The integral dielectric constant refers
to the dlelectric constant measured when a small external
fleld is applied perpendicularly to the radial line, and is

deflined as

£, =

i [I-3]

o

This is the dielectric constant usually used in electrostatics.

These two dlelectric constants are ldentical at very low and
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very high field intensities but are different at intermediate
flelds. They can however be related by
déi
£q= & *+E o= [1-4]
The dielectric displacement 1s also related to the
applied electrical field by the general relation

D=E + lnI [I-5]

where I, the polarization, is defined as the electric moment
per unit volume.
From equations [I-3] and [I-S5] the integral dielec-

tric constant can be related to the polarization.

£, -1 =4t [1-6]

Also from its definition, the polarization can be
irelated to the actual fleld intensity F by

I = mm = ne.F [I-7]

where n 1s the number of molecules per c.c., m is the slectric
moment of the molecule and o, i1s the total polarizablility of
the molecule. Therefore, depending on the relation existing
between E and F, the dlelectric constant may be predicted
from the field intensity and the properties of the molecule.

When the Interactions between molecules can be

neglected, as in the case of gases and non-polar liquids, the
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actual field may be replaced by the Lorentz field E + 4nI/3
(33, page 11). Therefore from equations [I-6] and [I-7]

Lrva.n hwa, n
fi-letF= Et (E+LL13£) [I-8]

Replacing I by 1ts value obtained from equation
[I-6], equation [I-8] reduces to the Clausius-Mosotti equation
(33, page 12)

£i -1 unatn

&g * 2 =73 | [I-9]

Debye (33, chapter 2) has extended this relation to
polar molecules by showing that the total polarizability a
is actually composed of two parts: the induced polarizability
a, and the permanent (orientation) polarizability 1/3 po?/kT:

le0.,
2

"
a = a_ + %— E&"- [I-10]

where p  1s the dipole moment of the molecule in the gas
phase. He has also extended this theory to obtain by a gra-
phical method the dielectric constant as a function of the
intensity of the applied field E and as a function of the
distance from an ion. Unfortunately, his estimation of the
saturation effect near an ion 1s much too large, e.g.bin com=-
parison to the effects observed experimentally at relatively
low fields by Malsch (35). The main reason for the failure

S o T T
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of this theory results from the assumption that the dipole=-
dipole interactions between molecules can be regarded as
insignificant (32, page 28). In polar liquids and especially
in the case of water, these interactions cannot be neglected.
Therefore, the Debye theory should only hold for polar molscu~
les in the gas phase or in very dilute solutions in non-polar
solvents.

Many attempts have been made to improve the theory
of dielectrics for polar molecules (32, Chaéter 1) (36) and,
amongst the most successful ones, the theory of Onsager (37)
has recelived much attention. He obtained a better dependence
of the actual fleld on the applied field in equation [I-8] by
teking into account the dlpole-dipole interactions between
polar molecules. He has also shown that, at low field intensi-
ty, his equatlon glves practically the same results as Wyman's
empirical relation for polar liquids (38)

& +1=hp [I-11)]

where p 1s the polarization per unit volume* of the liquid

* p should not be confused with I, the electric moment per
unit volume, even though these two quantities are both un-
fortunately called polarizstions and in many text books even
have the same symbol (32). p is defined from equation [I~9]

as -
_ b
P = 3 a.n.
I is also related to a by equation {I-7]
IzatnF

Therefore, in a unit fileld, p and I differ by a factor %ﬂ
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and 1s related to the molar polarization P by p = P/V where
V is the partial molar volume. The empirical constant h was
found to have the average value 8.5 for most polar liquids.
Onsager's theory accounts very well for the dielectric constant
of most pola: liquids but fails in the case of associated
liqulds like water and alcohols. ;
Kirkwood (39) has improved Onsager's theory by
considering in more detall the hindered rotation of dipoles
in polar liquids and was abls to predict the dielectric
constant of water and other sssociated liquids from thelr
dipole moments and other molecular properties.
Kirkwood's relation is a complex one but reduces
to a very simple relation at low field intensity if the static
integral dielectric constant is large compared with the optical
one, His limiting equation 1s then (4O page 365)

£, =37 [1-12]

where p is related to the moments p and I by the relation ;

sobm o el ] s (313

in this equation, p is the moment of the individual molecule

in solution and | 1s the vector sum of the moment of the
central molecule plus that of all the neighbours which may
affect i1ts rotation and orlentation. For non-associated polar

molecules, pp may be relasted to o (4LO, page 363), the moment




of the molecule in the gaseous state, by Onsager's theory as

pp = -(33-5—?-23 %2 [I-14]
where n 1s the refractive index of the molecule. In the
case of assoclated molecules like water, the moments p and B
have to be evaluated from knowledge of the propertles and
structure of the liquid.

The Onsager and Kirkwood theories were extended by
Hasted, Ritson and Collie (2), by Booth (41) and others (}42) to
give expressions for the integral dielectrlic constant at high
fileld strengths. These theories are falrly complicated but
Grahame (43, Lly) was able to show that Booth's relation may
be represented very accurately by the empirical relation

2

£q = %g = iéz b(: ) + n® [I-15]
where €o is the statlc dielectric constant at zero field
strength (taken as 78.5 at 25°C). The square of the optical
refractive index n° is equal to 1.78 and the constant b is
8 2

found to be equal to 1.08 x 107~ e.8.us <.

If the integral dlelectric constant 1s deslred,

equation [I-15] may be integrated (45) to give

2
- n
= 1—%-2——1 ‘l‘an-lbl/aE + n2 [I'16]
b E

Therefore, provided the field strength near an ion

& =

3l w]

or polyion i1s known, the dielectric constant may be obtained




as a function of the distance from the lon, e.g. as discussed
by Laidler (L5, L46).

The validity of these relations for the dielectric
saturation effect may be questioned since there 1is very 1
little experimental evidence to support them. Booth's theory
agrees well with Malsch's measurements of dielectric constant
as a function of field strength, but the latter determinations
were not made at very high fields where the saturation effect
is most significant. Also, very close to the ion where the
saturation effect 1s greatest, other interactlions, e.g.
van der Waals' short range forces, will probably affect the ;
local dielectrlec constant. However, at fleld intensities
lower than 10’+ €.S.U., Booth's theory is probably quite re-
liable and, since we are primarily interested here in the
relative effect of hydration for different types of electro-
lytes, it 1s sufficient to compare the effect of dielectric
saturation for different models in the range where Booth's theory

is applicsable.

THE POISSON-BOLTZMANN EQUATION

The values for the electrical field and potential
near an ion are usually obtalined from the Polsson equation.

Expressed in rectangular coordinates, thils relation is

5[4 %v] * %‘i [ %‘;7)] * ‘aéi [Ji BB‘%P] = =l e [1-17]
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where ¢” 1s the charge density or the net charge per unit
volume at the distance x, y, z from the reference charged
particle or surface. In the case of a simple ion, this

expression may be wrltten in polar coordinates as
2 1 d . av
v =L & (4 F) = -]
r

Because of the spherical symmetry around a simple ion, the
equation 1s independent of the two vectorial angles 6 and fg.
The simplest solution of equation [I-18] is for
the case of an isolated ion or an ion in an infinitely
dilute solution. The fleld strength is then simply
zy e
E=- — [I-19]
& r
Whenever the concentration of the electrolyte is
finite, then the distribution of lons around a reference ion
must be taken into account, since the presence of other ions
will affect the field near the reference lon. Equation [I-19]
is therefore no longer a good representation of the ionic
field. In the case of polylons or colloidsl lons, the
situation is even worse slnce, in these cases, one cannot
isolate the large lon from its counterions even at high
dilution as in the case of simple ions.
If the Boltzmann equation 1s applicable to the
distribution of ionic particles in an electric field of

2

2
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varying intensity, then the time-average number of ions of
the 1th type and of charge z,0 present in a volume element
dv 1s given by

dn, = ng oxp (- g ) dv (I-20]

where ng 1s the number of ions when ﬂ}i = 0,

From the distribution of the ions, the charge
density ¢ may then be obtained at any distance from the
reference lon from the relationfh1b=§:ezini. Therefore the
combination of equation [I-18] and [1120] constitute the
Polsson-Boltzmann equation. The exact form of this equation
depends on the symmetry and boundary conditions of the model
used. A more detailed discussion of the Poisson-Boltzmann
equation for different models of simple, polymeric and
colloldal electrolytes will be given in chapter II of this
thesis.

The solution of these equations is of great im-

portance since the theoriles of electrolytes, e.g. for the

activity coefficient (47), conductance (48) and degree of ion

association (49) are based on the lonic field or potential.
If the dielectric constant is assumed uniform
throughout the solution, then the Poisson-Boltzmann equation
can be solved exactly in some cases, e.g. for the models of
charged plates (50) and charged rods (51, 52). Tn other

cases, the differential equations may be solved only if
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mathematical approximations are made as in the case of the
Debye-Hlickel theory (47); otherwise numerical methods have
to be used (53).

In this thesis, an attempt wlill be made to obtain
the dlelectric constant near charged particles having various
forms using the field obtained from the solution to the
Poisson~-Boltzmann equation. This work will serve a dual
purpose. The dependence of the dielectric saturation on the
nature of the ion (shaps, charge density, radius and concen-
tration) will lead to information about the influence of
these effects on hydration. Also the simultaneous solution
of the Polsson-Boltzmann equation taking into account dielec-
tric saturation effects should give an estimate of any errors
caused by the assumption of a uniform dielectric constant
throughout the solution.

It is possible to estimate the dielectric satura-
tion 1f an isolated ion is considered, simply by combining
equations [I-15] or [I-16] with equation [I-19] or by
following the method suggested by Laidler (45). However, if
the fileld given by the Poisson-Boltzmann equation is used,
then there is no simple way of solving the problem and nu-
merical methods have to be used. Nevertheless, the difficul-
tles involved in the calculations may be overcome by making
use of an electronic computer in order to obtain the numeri-

cal solutions.

e A e = i
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In the present work, we have been primarily interested
in polyelectrolytes and, since these molecules can occur In
different shapes (depending on the degree of ionization and
molecular structure), the different models for which it is
possible to write a system of differential equations and
boundary conditions soluble with an electronic computer must
now be considered. The charged cylinder model is probably
the most important one since many polyelectrolytes may be
treated as such, at least locally, when the degree of iloniza-
tion is relatively high. There is a falr amount of evidence
to support the validity of this model. For example, the ;
increase in viscosity with increasing degree of ionization is
usually explained 1ln terms of change in structure of the poly-
electrolyte: the repulsion between the charges on the chain
will open up the coil and the polyion becomes effectively a

charged rod in solution (5lj). Also, the observed activities i

of the counter-ions of many polyelectrolytes can be explained

4 in terms of a linear model for the polylon (55),
In some cases, e.ge. for highly branched poly=-

electrolytes and polyelectrolytes having a low degree of

e

B Sk arad

lonization, there 1s a tendency for the molecules to acquire

ST

ST

the configuration of a random coil as in the case of flexible

A

uncharged polymers. In such cases, the model of a charged
cylinder 1s certainly not valid and it is then preferable to

conslider the polyelectrolyte as a sphere penetrable by small
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ions and solvent molecules. Flnally, if the polymeric ion
is large enough, as in the case of colloidal electrolytes,
the best representation is a model based on a charged plate,

©.g+ a8 discussed in the monograph by Verwey and Overbesk (50),

in the work of Levine (56) and Booth (57). Since the principal

alm of the work described in this thesis is to compare the
solvation of polyelectrolytes with that of simple electrolytes,
the dielectric saturation near a simple ion must, of course,

be examined by a similar treatment to that used in the case

of the polyelectrolytes,

SALTING=QUT AND SALTING=-IN

It is well known that the solubility of a non-
electrolyte in water is altersed by the addition of a salt.
Salting-out, the most common effect, corresponds to a de-
crease in solubility, while salting-in corresponds to the
opposite effect. Essentially, salting=-out is a result of
the preferential attraction of the more polar substance by
the lon. Since less water is then effectively available to
dissolve the non-electrolyts, its solubility will decrease.

Besides its uses in laboratory technique as a
means of purification and separation of compounds, salting-
out 1s important theoretically since it can give information
about ion-solvent interactions in relation to interactions

between lons and neutral molecules.
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The activity coefficient of the non-electrolyte
in a salt solution can be obtained directly from solubility
wcasurements. Since, in solubllity measurements, an equili-
brium is established between the dissolved non-electrolyte
and the undissolved pure substance, the chemical potential
of the non-electrolyte must be the same in a salt solutions
as in the pure corresponding solvent. Therefore, the activi=

ties are also equal, or
r s =r%, | [I-21]
n no

where S and S, refer to the solubilitles of the non-electrolyte
in salt solution and in pure solvent respectively, and fn
and f; are the corresponding activity coefficients. Since
fg is taken by definitlon as equal to unity, the activity
coefficlient of a non-electrolyte in a salt solution is glven
by

S

—.__0_ -
£, =3 [I-22]

It 1s found experimentally that the degree of
salting-out is a function of concentration and can be expressed

by elther of the equations:
Q.. t
In g2 =km (58)

or [I-23]
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where m is the concentration of the salt in moles per liter,
k; and ks are the salting-out constants. It can be shown by
cxpending the legarithm as a power series and retaining only
the first term that the equations above are equivalent at
low concentrations, and consequently, the two salting-out
constants should be approximately equal.
Earlier work on this subject has been reviewed by
Randall and Failey (60) and a very good account of the work
done up to 1950 has been given in a review ﬁy Long and
McDevit (61). A critical discussion of the main theories
of salting-out covering matters not previously discussed
and also the more recent work will be given in chapter III of
this thesis. It may, however, be useful to note at this
point the general conclusions reached from existing experi-
mental work:
1) Salting-out is an additive property of the ions.
2) Salting-out constants decrease with increasing
ionic radii and are even negative (salting-in)
with large ions such as alkyl ammonium quaternary
salts. The lithium ion seems to be an exception
to this rule since, In general, its salting-out
constant 1s approximately equal to that of the
potassium ion,
3) The constant k, lncreases with the volume of the
. non-~electrolyte and decreases with increasing

polarity of the non~electrolyte.
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4} At high concentrations, the salting-out relation

commences to deviate from linearity.

Salting=-out by simple salts has been measured for
many non-electrolytes but no work on salting-out by poly-
electrolytes has apparenti been recorded in the literature.
Since, as will be shown, it 1s posslible to relate extent of
salting-out to degrees of primary hydration, it was considered
that measurements of the salting-out of non-electrolytes by
some typlcal polyelectrolytes would provide a useful approach
to obtain experimental evidence on the hydration complementary
to that deduced by means of the theoretlcal dielectric satu-
ration calculations.

The main purpose of the experimental work descrilbed
in this thesls has been to study the hydration of polyelec-
trolytes. In the theoretical work on dlelectric saturation
near a polyion, the case of the analogous corresponding sim-
ple ilon has been used for purposes of reference since the
degree of (primary) hydration at a simple ion is known, at
least semi-quantitatively. For similar purposes of compari-
son, it has been necessary to study salting-out by simple
ions which correspond (as closely as possible) to the monomer

groups of the polyelectrolytes studied.
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PARTIAL AND APPARENT MOLAR VOLUMES

Extensive properties of a system, e.g. volume,
energy, etc., are functions of physical variables such as
presswre and temperature and also of the quantities of the
different components. In the case of a solution at constant
temperature and pressure, the total volume V of the solution
may be written differentially in terms of the contributions

from different constituents as

av =(§—g—i) dny + %—X—Z-)dnz + (g—;’;—)dnB + oeas (g—g-)dni + eeo[I-24]
3 i
where n; 1s the amount of constituent i. The term éV/)ni,
when all the other parameters are held constant (P, T, nq,
Ny s eve), 18 called the partial specific, molal or molar
volume depending on the units in which n 1s expressed, and is
usually denoted by the symbol Vl. The partiael molar volume
Vi may be considered as the increase in volume of the solution
when one mole of constituent 1 is added to such a large volume
of solution that the compositlion of the solution remains

effectively unchanged.

It may also be shown mathematically that
r

'S =‘2:j Vini (T, P constant). [1-25]
1=1

for a solutlon of r constitusnts.
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The partial molar volume of a solute in solution
is usually obtained from the apparent molar volume, which
is defined by the relation

Ven vo

Py = = ° [1-26]

where n, is the number of solvent molecules of molar volume
Vo and ng ls the number of solute molecules. If ng i1s ex-
pressed In terms of molarity m it may be easily shown (62)
that the apparent molar volume is given quite closely by
the relation

(d - d°)1000

o md,

[1-27]

012

B, =

where M 1s the molecular weight of the solute, do the density
of the solvent and d the density of the solution. g4 can
therefore be obtained directly from the density of the solu-
tion,.

Since, from equation [I-26] V = nsﬂv +n v, the

partial molar volume 1s then given by

7 - (2 _ 3Py ]

From this equation it follows that, at infinite dilution,
the partial molar volume becomes ldentical with the apparent

molar volume.
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The partial molar volumes of neutral molecules in
aqueous solutions differ little from their molar volumes
but for most polar molecules, and especially electrolytes,
the partial molar volume is sometimes quite different from
the molar volume. For most salts, the partial molar volume
is smaller than the actusl molar volume of the salt and this
is caused by electrostriction effects near the ions. The
volume decrease due to the closer packing of the water mole=-
cules in the first hydration shell will make the volume of
the ions appear smaller. With some large ions, where the
Ssecondary hydration predominates, the partial molar volume
may be slightly larger than the actual volume of the ions (18).
Therefore, information on the relative values of partial
molar or apparent molar volumes of ions should lead to com-
parative data on the hydration of the ions.,

Darmois (63), and later Conway and Boeckris (1l),
have shown that the hydration number of an ion can be eva-
luated from its apparent molar volume. By similar arguments,
we can show an analogous relation for the volume of a hydra-
ted ion.

The total volume of a solution may be written in
terms of the volumes of the hydrated salt and of the pure

solvent molecules by the relation

Y =n.v, + (n° - ns)v° [I-29]




- 3“ -

where ng is the number of hydrated salt molecules of volume
Vi Bo is the total number of water molecules of volume v,
and n 18 the number of water molecules associated with each

salt molecule. The volume vh can be written as

T h
vy =V, +nv [1-30]

g 1s the volume

where Va is the molar volume of the salt and v
of the compressed water molecule in the first hydration shell.
Eliminating n between equations [I-29] and . [I-30], and intro-
ducing the apparent molar volume from equation [I-26], it

follows that

o_h
vV v
v, = a o ; 2 - [1-31]
vV -V
) o

Therefore, from density measurements at different
concentrations, it is possible to obtain ﬂg, the apparent
molar volume at infinite dilution, and consequently Ve
However, it must be remembered that this relation is based
on the assumption that the lons will only affect the water
molecules in the first hydration shell. This is, of course,
incorrect since the secondary hydration also determines the
total solvation. Also, the evaluation of reasonable values
for vg is difficult and limitingly low or limitingly high
values must usually be considered (13). The quantity vy 1s

therefore an apparent hydration volume. Howsver, the main
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apparent volume change of the solvent (or the electro-
striction) will occur in the primary layer nearest to the
ions,

If enough information about the apparent molar
volumes of large lons were known, it would be possible, using
an extrapolation and interpolation procedure similar to that
proposed by Nightingale (11) for ionic mobility data, to
relate the true hydration radius to the apparent one evaluated
from equation [I-~31]. However, there are ﬁot enough accurate
data for ﬂg for large ions available” at the moment, but the
volume Vh is still useful as a basis for comparison of (rela-
tive) degrees of hydration of ions in terms of electrostric-
tion of the solvent. In chapter III of this thesis, it will
be shown that the hydration radius of a hydrated polyion can
be compared with that of simple ions by making use of the

relation [I-31].

¥ Work is at present in progress by the writer on the

determination of such data.
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II. DIELECTRIC SATURATION

In this section, a series of original numerical
calculations will be presented on the form of the relation
between the dielectric constant of the solvent and distance
from charged-particles of varlous types: a simple spherical
ion, a linear polyion, a spherical freely coiled polylion and
an element of the surface of a charged colloidal particle.

It will be the purpose of these calculations to glve a theore-
tical basis for assignment of the relative éxtent of primary
hydration of these particles compared with that for corres-
ponding simple ions as a function of symmetry, charge density,
concentration, etc., estimated in terms of a distance corres-
ponding to an arbitrarily chosen dielectric constant in the
region where the solvent dielectric constant changes rapidly
from its minimum value (optical dielectric constant) to its
maximum value (static dielectric constant at zero field
intensity). These extents of primary hydration will be used
in section III in the interpretation of the salting-out

constants and apparent molar volumes of these charged particles.

A - NOUMERICAL METHOD OF SOLUTION

The Polsson-Boltzmann equation 1s a differential
equation of the second order. Therefore any numerical method
capable of solving second order differential equations may,

in principle, be used for our problems. Milne's method was

R Rt Arere e s
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used in the present work since it 1s one of the easiest to
program for a digital computer, but is is by no means the
only method avallable. Only a brief outline of this method
wlll be given here since it is described in aetail in most
text-books on numerical analysis (6l4).

Essentially, this method will enable a solution of
a differential equation to be obtained through a series of
successlive approximations. Let us consider a first order

differential equation of the type.

=53

+ £{x,y,) = 0;

the range of values of the variable over which the integration
of the differential equation must be carried out is divided
into N steps of equal size h. Starting at some initial

point X the value of ¥y at the second point X, *+ h is
estimated from the initial value Vo? the slope (%%)o and
(d?y/dxe)o. This estimated value for y; 1s then fed into

the differential equation and corrected. This is repsated
until the estimated value and the corrected one differ only
by a very small amount. From the first two points, their
slopes and the derivatives of their slopes, a third point is
estimated and corrected again by successive approximations.
This procedure is repeated until the point X, + Nh is reached,

Then the numerical solution of the differential equation is

complete and values of ¥, dy/dx, clay/dx2 and any functions

[ U
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of these variables may be obtalned for each of the N steps.
Therefore, provided that at some points the values of y,
dy/ax, &®y/ax® ave known, the first order differential equa-
tion can be solved. A second order differential equation

can be solved similarly by letting

2 3 2
R A S hbn

and solving the two first order differential equations simul-
taneously. |

In a second order differential equation, the values
(dzy/dxz)o and (d3y/dx3)o are usually obtained directly from
the differential equation while the values 7, and (dy/dx)o
are obtalned from the boundary conditions. In some cases,
y and dy/dx cannot be determined simultaneously at one point
from the boundary conditions, but either y or dy/dx is known
at two points. For example, in our cases, the field strength
will be known at two points but the exact value of the potential
will not be known anywhere. However, the differential equa=-
tion can still be solved numerically by guessing at a value
for Vo The equation is then solved in the normal way until
the point Xp of the second boundary condition is reached. At
this point, the calculated and exact value of (dy/dx)f are
compared and the starting value Yo is corrected accordingly.
Then the integration 1s repeated a second time, and from the
two initial values yo(l) and yo(2) and the two final values

e
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(dy/dx)f(l) and (dy/dx)f(Z), & third value for y_ may be
obtained by linear interpolation. This procedure is repeated
until the correct value for Yo is obtalned. It is obvious
that the function y must be finite and continuous between
the initial boundary value X5 and the final one Xpe

The program for the I.B.M. 650 computer was written
in S,0.A.P. III form and was composed of three parts. The
main program contained the genersl form of Milne's method of
numerical integration capable of solving most second order
differential equations. The second part contained subroutines
to calculate square-roots and exponentials and in addition a
floating point subroutine which calculates automatically the
decimal places in each arithmetical operation. The last part
of the program contalned the subroutine to adapt the general
program to one particular differential equation and set of
boundary values. If the program had now to be rewritten, thse
second part could be omitted completely since these subroutines
have since been incorporated in the new computer I.B.M. 650 -

h.OOO words.

B - SIMPLE ELECTROLYTE

The purpose of the calculations on dielectric satu-
ration is, as we have mentioned, to make a comparison of the
degrees of primary hydration of polymeric and corresponding

monomeric lons. Accordingly, the first case that will be
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investigated 1s that of a simple ion in aqueous solution, so

that a basis for comparison will then be available.

Model
An exact solution of the dependence of the dlelec-
tric constant‘of the solvent upon distance near a simple
ion has previously been obtained (2, 43, 45, L6) assuming
the ion to be an 1solated point charge and using the electro=-
static field intensity given by equation [I~19]. However,
if we obtaln numerical estimates of the extént of dielectric
saturation of simple ions from the above model and use this
data for comparison with the results obtained for the polylon
case where the gegen-ion atmosphere of the polyion is nor-
mally considered (51, 52), we are in effect comparing the
behaviour of a monomeric ion without an atmosphere with that
of & polymeric ion with an atmosphere. Hence, in the treat-~
ment below we consider a model for the simple lon case in
which a central reference ion is surrounded by a quasi-lattice
arrangement of lons of the same charge, similar to that
discussed by Frank (65, 66). Such a model for moderate con-
centrations is better than the Debye-Hllckel diffuse ioniec
atmosphere plcture which ceases to have any clear significance

above 0,001 M, Also, as will be seen in the subsequent

quantitative development of the problem, this model is formally

exactly analogous in spherical symmetry to that for the
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polylon in cylindrical symmetry, previously considered (51, 52)
for the case of constant solvent dielectric constant.

The Poisson-Boltzmann equation for a simple ion
is usually based on the model proposed by Debye and Hilckel 47).
Unfortunately, this model is difficult to use since ocne of
the boundary conditions 1s that the field at an infinite
distance from the ion 1s zero. As explained before, a nume-

rical integration cannot be carried out if one of the boundary

conditions 1s infinity. Guggenheim (67) has suggested a
method which avoids this problem. He assumed that far from
the lon Debye and Hlckel's approximate equation is valid; the
second boundary condition can then be chosen at a sultably

large distance from the lon where the potentizl and field

are given accurately from the Debye-Hiickel theory., This would
not be satisfactory in our case since the dielectric constant
is a function of the field and consequently of the distance

from the lon. Another model 18 also desired since it is

N

preferable to have a model which is quite similar in form to

the one used in the case of the polylons (see section C).

T e e T ey ez s gy

5 However, the field function for this new model for a simple
lon at finite concentration does not differ to any significant
extent from the Debye-HlUckel field close to the ion snd, con-
sequently, the dielectric saturation effects obtained should
'2 be essentially the same for either model. A model which

£ satislfles these requirements is described below and will be
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used in the subsequent calculation.

Let us assume that, on a time-average basis, the
lons of the same valence zJ are equidistantly spaced (see
Fig. 1)« The volume of solution available to each ion j
is then (u/3)wR3 if we assume spherical symmetry. Also, let
us assume that the gegen-ion of valency z; is a point charge
free to occupy any position in the volume (4/3)W(R3 - a3),
where "a" 1s the radius of the ion J or the distance of
closest approach. ("a" 1s to be taken as the radius of the
central reference ion when properties like dielectric satu-
ration or salting-out are considered, but it is the distance
of closest approach when properties such as the activity
coefficlent depending on lonic interaction are considered*).
The relative average position of ion 1 with respect to the
ion j 1s determined by the electrostatic energy of interaction
and hence by the Boltzmann distribution. Consequently, the
charge density in the region bounded by the two radii "a"
and R (therefore depending only on the ion 1) is given by

( zimp) II-1
G = navzie exp | - T [II-1]

* The "a" quantities mentioned here are, of course, only

ldentical in the case considered above where the gegen-ions
are regarded as "point charges" so that the ionic radius of
the central ion is then also the distance of closest approach.
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Flgure 1.

Comparison of models, Poisson-Boltzmann equations
and boundary conditions for the three cases
considered: simple ion, linear polyion and

planar "colloidal" ion.
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where n_o is the average concentration of ion i1 in molecules
per C.C.
The two boundary conditiong for thils model are that

the fleld strength at R is equal to zero
avy
(-d?)R =0 [1I-2]

and that the total charge in the region from "a" to R is

equal but opposite in sign to the charge on the ion j.
R .
5
J' lrrSedr = -z48 [II-3]
a

These two boundary conditions together with equation [II-1])
and equation [I-18] constitute the complete Polsson-Boltzmann
equation when the dielectric constant is assumed uniform,
The second boundary condition may be simplified in
some cases by combining equations [II-2], {II-3] and [I-18].
Then it reduces simply to
(e, &) -- -:-gi [11-4]

The parameter R can be obtained directly from the

relation

) (15051

R = (EOOO
when the concentration m is expressed in moles per liter.

This new model 1is not without justification. Re-
cently, Frank (65, 66) has shown that the ion-cloud model used
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by Debye and HUckel ceases to be a valid description of ionic
behaviour above concentrations of about 0,001 moles/liter
for a 1l:1 electrolyte. He also showed that the logarithmic
plot of the mean activity coeffilcient versus the cube-root
of concentratlon gives a linear relation to much higher
concentrations (about 0.5 moles/liter for 1l:1 electrolytes)
than a corresponding square-root plot. He concludes from
thls that the important parameter is probably the average
distance between the ions since this distance varies as the
cube-root of concentration (see equation [II-5]). It is well
accepted that, at high concentrations, the ionic solution has
a falr degree of structure and the properties of such solu-
tions will be determined mainly by the nearest neighbour
interactions (6 page 15), i.e. the solution behaves like a
disorded ionlc lattice.

Egsentially the new model proposed takes this
partial structure into account. As it will be shown subse~
quently, this model does In fact predict a cube-root depen-~

dence of the logarithm of the activity coefficient on con-

centration. Therefore, we would expect this model to be valid

at intermedlate concentrations while the Debye=Hiickel model

%
is preferable In more dllute solutions .,

¥ Since completion of these calculations and the writing
of this section, Fuoss presented closely simllar ideas at a
lecture at the National Research Council on April 13th, 1961.
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The dielectric conatant used in the Poisson equa-
tion (equation [I-18]) was the integral dlelectric constant,
since this is the usual one appearing in electrostatic
theories. Grahame (l3) has stated, however, that the differ=-

entlial dielectric constant should be used whenever the

dielectric constant is taken as & variable in the Poisson-
Boltzmann equation. If the differential equation [I-18] is
solved in this case, a definitely incorrect dependence of the

dlelectric constant on the distance from the ion is obtalned,

as will be shown later. Grahame in his treatment expressed
the Poisson equation in a different form, as shown bselow, :
when the differential dielectric constant was used: :
1 d ( 2 a ) Lo~ :
The use of this equation can be shown to be correct
if the Polsson equation is expressed in one dimension only.
Thus, we may write the Polsson equation in one dimension in

the two forms

Py =& (6 F)=- e (a)
[II-7]
2
Vi = L <o (b)

By writing &4 in term of é& (equation [I-4]) it may be
easily shown that these two differential equations are equi-

valent. Grahame was interested in the one-~-dimensional case
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since his Poilsson-Boltzmann equation was appllied to the case
of the double-layer at a flat electrode. Therefore, in his
case, it was possible to use the differential dlelectric
constant and obtaln the same result as if the integral dielec-
tric constant had been used, as in [II-7 (4)]. Unfortunately,
this is not true if the Poisson equation is expressed In three
dimensions and the difference betwesn the two 2quations in

polar coordinates for spherical symmetry ls then
2 2 .24 - :

Since this term is effectively omitted if the differential
dielectric constant is used in equation [II-6], it seems that
the only correct way of writing the Polsson equation is to
use equation [I-18] with the integral dielectric constant.
Recently, Mikulin (68) has attempted to correct the Debye-
Hllckel theory by taking into account the effect of dielectric
saturation. He attempted, in fact, to correct an approximate
solution of the Polsson-Boltzmann equation and not an exact
solutlon as we are attempting to do here; however, the im-
portant point to be noted concerning his work is that the
integral dielectric constant 1s used and not the differential

one.

Computation procedure

From equations [II-1] and [II-6], we may write the

Polsson-Boltzmann equation for an ion in an electrolyte
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solution at finite concentration in the form

a2 Lvez mN z,ey 2¢
;-r%*' ( —oo5— eXp ( --r}-g—;-”} [1I-9]

The complete differential equation is then given from equa-
tions [II-9] using terms defined by [I-15] and [I-16].

We require, for numerical computation, the starting
valuesV, (d¥/ar), (&®War®) and (a3¥/ar3) at R. From the
first boundary condition, (d‘)’/dr)R = ¢ and consequently from

equation [I-15] and [I-16], é‘i = é'd = c:), - From equation [II-9],

2 limez , mN z,ey
(d—%P) - Toorie oxp (- oy R) [11-10]
dr R o

Differentiating equation [II-9] with respect to distance r

and writing the result at r = R gives

3 2y
(2.%.’) - - %(.d_?) [II-11]
/g dr=/p

Hence the only parameter required which is still unknown is
\yR. As was described above, this value 18 guessed at and
the equation 1s integrated numerically until the point r = a
is reached. The quantity ( ¢, d¥dr)_  1s then evaluated and
compared with equation [II-l]. From the difference between
(6idV/dr)a and the value of the second boundary condition
glven by [II-}4], the initial value ‘\}/R is corrected and the

L
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integration is then repeated. After the second run, a third
value for‘\yR is obtained by linear interpolation and the
procedure 1is repeated until the correct starting value is
obtained.

The starting value for Vi was evaluated by the
method indicated above and it was found that Y s when the
dlelectric constant was assumed uniform throughout the solu-
tion, was in fact equal to the valus of Q[R when &£, was
assumed to be a function of the field intensity (see Fig. 2).
It was hence sufficient to evaluate the starting values for
Y p assuming é‘i = &, and use the same values for the
regular differential equation. Physically, the reason for
this finding 1s that, except in very strong solutions, the
dielectric saturation effects are negligible at appreciable
distances (R) from the ions.

The choice of the size of each step in the integra-
tion did not cause any difficulties. It was chosen such
that the total number of steps would be between 18 and 50,

To ensure that the computation error would remeain less than
one percent, the initlial values were calculated to five signi~-
flcant figures and the remalning values to four. A few check
runs were made in which the number of steps and the number of
significant figures were increased and only the fourth signi-
ficant figure was affected., The error increasés, of course,

at each step and, i1f a large number of steps 1s used, the
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Figure 2. Comparison of potential functions obtained from
the Debye-Hiickel theory with those obtained from
the present modified theory for simple ion solu-

tions.
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errors on the last steps become appreciable. For this
reason, data for very dilute solutions are not very reliable.

Another slight difficulty arose from the rounding
off of the parameter R. This was necessary since the dis-
tance between "a" and R must be divisible into N equal parts
or steps for the computations. By a suitable choice of size
of step, it was usually possible to keep this error
small. It was realized later that this error could have
been avoided completely by fixing R rather than the concen-
tration and calculating the concentration corresponding to
a fixed value for R (see equation [II-5]).

The overall accuracy of the numerical results of
the computation is estimated to be better than one percent.
Very good methods have been devised to estimate the error in
numerical integrations (69) but, since the parameters used
in our differential equation are often not known to better
than one percent (for example b in [I-15]), a rigorous esti-
mation of the error was not made.

The largest source of error in the computations
probably arises from the calculation of the integrsal dielec-
tric constant which involves the evaluation of arctan bl/aE.

This was achieved by means of a series expansion* of this

# Ve have found, after the computations were terminated

that standard programs have been written to calculate tan™+ x
rapidly and precisely with an electronic computer. The use
of such subroutines would have eliminated possible errors
introduced by the above series.
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term as follows:

1 x5 x7 x9 xll

y=tan "x = x - %— + - +5 =1 for x <1

v =11 v 1 1 1 1 1 1
y:—_tan —_ T em @ e 4 e - <4 - +
2 x e * 3x3 Sx; 7x: 9x9 llxII
for x > 1

This series converges fairly rapidly except in
the region where x is close to unity. In the latter case,
the error is as large as 5%. Fortunately, this error occurs
at rather high field strength and it will be shown below
that this error will not affect our results since we will
use the dielectric constant at a lower field strength (where
the error is evaluating €, is small) in the comparison of
the relative degree of primary hydration of different types

of charged particles.

Results

The Polisson-Boltzmann equation was solved for
different values of the parameters "a", m and Zj’ using «Ed
and é‘i both as constants and as functions of the fleld
intensity. The values for ¥, a¥ar, &> and &£, as a
function of r are given in the appendix and some of the

results are plotted in Figures 2 to 5,




In Figure 2 the potential is plotted against the
distance from a cation of radius 2 X.* The concentration was
taken as 0.1 molar, The potential calculated from the Debye~
Hilckel theory was compared with our values and it 1is interesting
to note that the derivative of the potential with respect to
the dlstance from the ion, i.e. rield intensity, is very
8imilar in both cases if the dielectric constant is assumed
continuous (see Fige 2). The main difference between the
two solutions is in the absolute value of the potential; in
the Debye-Hilckel theory the potential tends to zero far from
the ion, while in our case 1t tends to a constant negative
value at R, where Y ='w%, between the ions., The appe arance |
of a negative potential is not surprising (it occurs also in
the polyion case) and it simply means that the local time-
average concentration of the anion is lower in that region
than the average ccancentration. The significance of this
change in sign of the potential function will be more obvious
when the polyelectrolyte case will be discussed,

o]
Here a limiting radius of 2 A is chosen since it becomes
very difficult to solve the Poisson-Boltzmann equation nume=-

rically for shorter distances, i.e. d¥/dr and d?#Vdrz increase
exponentlially and become very large at short dlstances from,
the ion., While most simple ions have a radius less than 2 A,
our results are still significant since we will show that

the dielectric saturation does not depend very much on the
radil of simple ions.




- 5“_ -
It should be noted also that, although the absolute
values of the potentials calculated from the two theories
differ appreciably, the values of ‘\|)a - 1})00 from the Debye-
Hlickel theory and Vg - 'L‘)R from the present calculations
compare quite reasonably when "a" is taken fairly large. It
is from this difference term that the activity coefficient
would be calculated if required. Followlng the procedure
described by Robingon and Stokes (6, page 227) for the calcu~
lation of the activity coefficient, the potential at a

distance r from an ion may be written as a sum of the two terms.

Y = Y(I) + Y(§I)
where 'l;‘? (I) 1s the ideal potential due to the central reference
ion only and Y(NI) is the non-ideal potential contribution
due to the ionic atmosphere. The total difference in non-

ideal potential is therefore given by

Yo (NI) - YR (NI} = Ya = Yr = Yall)
since the lower limit of VY (I) is equal to zero. The change

in electrostatic free energy for one mole corresonding to

this change 1n non~ideal potential is

% ;eN
se(NI) = —d— (Y, - yp - Y (1)) [1I-12]

The 2 in the denominator is introduced since the ions are
effectively counted twice, once as the reference ion and once

as part of the atmosphere. The total change in free energy

i
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may also be separated into an ideal and a non-ideal part,

AG = AG(I) + AG(NI)

]

RT ln(me) = RT In m + RT 1n fJ

Therefore,

AG(NI) = RT 1n fj [11-13)

Replacing q)a(I) by zJe/aoa, the activity coefficient is
then obtained from equations [II-12] and (II-13] as

2,0 Z ;6
lnrJ=--2-ﬂT(zg-a-1|la+"q)R. [II-14]

In order to check our model, the logarithm of the
activity coefficlient has been plotted against concentration
in Fig. 3 for a 1:1 electrolyte taking the distance of
closest approach as | X. It is found that a cube-root plot
gives a straight line up to about 0.5 molar. Frank (65) has
actually shown that this 1s found experimentally and this
confirms our statement that the form of our model is correct
for relatively strong solutions. The scatter of points in
Fig. 2 1s a result of the error introduced by rounding off
the parameter R.

In order to demonstrate the consequence of using
the wrong form of dielectric constant in the Poisson-Boltzmann

equatlion, the latter equation was solved using the differential




Flgure 3.

Cube-root dependence of the logarithm of the

activity coefficient on concentration.
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dielectric constant instead of the integral dielectric
constant as wrltten in equation [I-18] and alsoc in equation
(II-6]. These two incorrect solutions (I and III) are come
pared with the correct solution (II) for a monovalent ion
of radius 2 g and concentration of 0,1 M in Fig. L. It is
therefore obvious from this graph that the choice of the
dielectric constant used in a particular equation is very
important and the use of the wrong one may lead to erroneocus
results., |

The varlation of dlelectric constant with distance
from the ion is given in Fig. 5 for the case where a = 2 X
and m = 0,1 mole per liter. In this case, 1t was not possible
to solve the differential equation from R to "a" since the
values of dﬁydr and dzﬂydra become too large for the computer
to handle at a distance of about 2.5 2 from the ion. The
starting values were obtained from a previous run where the
dlelectric constant was assumed to be equal to éo throughout
the solution. The integrand was then evaluated numerically
at each step until the computer stopped. The low values
of the dielectric constant in Fig. 3 are obtalned by extra-
polation and are represented by broken lines. The exact
solutions were compared with the solutions which neglect the
distribution of ions i.e. for the case of an 1solated lon.
The differentlal and integral dielectric constants were

evaluated in this case by the method suggested by Laldler (45) .«
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Comparison of dielectric saturation effects eva=-
luated from different forms of the Poisson-

Boltzmann equation (simple ion model).
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Figure 50

Differential and integral dielectric constants

of the solvent near monovalent and divalent ions.
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It 1is Interesting to note that the differentisl dielectric
constants calculated by both methods agree falrly well, The
small deviation between the two solutions is certainly
expected since the field obtained from the Polsson-Boltzmann
squation (i.e. with ionic atmosphere) is always smaller than
the simple electrostatic field except at "a" where they are
egual.

The values of the integral dielectric constant
calculated by both methods do not agree as well as those of
the differential dielectric constant at shorter distances
from the ion. The dlelectric constant calculated from the
Polsson-Boltzmann equation may be slightly in error in this
case since the integral dlelectric constant was evaluated
by a series expansion of the arctan bl/aE. This series
converges rapldly everywhere except when bl/ZE has a value
near unlty. Thils corresponds to a field strength of about
10h €.8.U. Or a value of &'y of about 60, The numerical
calculations in the reglon corresponding to a field larger
than 10” e.s.u. will be In error since the accuracy of the
series expansion is only 5% in this reglion and the error
accumulates at each step. This explains why the integral
dielectric constant calculated from the Poisson-Boltzmann
equation suddenly becomes smaller than the one calculated
for the isolated ion.

It should be noted at this point that Azzam (7,

70, T1) has recently suggested a method of evaluating the

{4
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absolute hydration of a ion taking into account dielectric
saturation effects, Essentlally, he calculates the number
of hydration water molecules ds in the shell between the

distance r and r + dr from the equation

ds = umno exp (-W/kT) r2ap

where ng is the number of solvent molecules in the bulk per
unit volume and W is the net potential energy of a solvent
molecule in the solvation sheath,

His method is correct in principle and could prove g
to be very valuable. Unfortunately, Azzam's calculations
‘ are not very reliable since in correcting W for dielectric

saturation, he has assumed that Webb's theory (72) of

dlelectric saturation is correct; this theory, being similar

to Debye's theory of dlelectric saturation 1s now known to
§ be incorrect (see page 18)., He also considers an isolated
2 ion in his theory and we have shown that this approximation '
| for solutions of finite concentration 1s valid for a mono- %
| valent ion but not very satisfactory for higher valency ions |
which he 1s also considering. Several of Azzam's conclusions
are also doubtful; he claims that all small divalent ions
form a "stable hydrate entity" in aqueous solutions, that 1s,
the water molecules are held chemically. This seems to con-
tradict Taube's (3) experimental evidence who found that only

a few trivalent ions form stable "chemical® hydrates in solution.




Finally, he suggests that "structure-breaking"
effects will not affect the hydration of the ions to any
slgnificant extent. This is probably true for small or
high-valent lons, but is not true for large ions such as
tetra~alkyl ammonium ions which have, for example, sapparent
molar volumes larger than their actual respective molar
volumes (18, 73). This apparent negative electrostriction
and hence "hydration" can also be used to explain salting-in
which is observed with these ions (see chapter III).

In the present work we are not attempting to
predict the absolute values of the extent of the first hydra-
tion shell (which would in any case depend to some extent
on the definition of this shell) but simply to compare the
relative degrees of hydration of different charged speciles.
Therefore, calculations such those used by Azzam are not
required. From a theoretical point of view comparison of
the degrees of dielectric saturation for analogous models,
based on slmilar assumptions, is sufficlent.

Booth's theory (L1, L42) for the dependence of the
dielectric constant of water on the fleld intensity takes
into account the slize and partisl structure of waterj; however,
when the dielectric constant is plotted as a function of
distance from an ion, the assumption is now made that the
solvent 1s dimensionless, i.e. the finite size of water

molecules 1s neglected. If this model was correct, the radius
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of a hydrated ion could be predicted easily by considering
the distance at which the dielectric constant suddenly falls
to its minimum value (at about 2.5 X from the centre of a
simple monovalent ion). However, if the finite size of the
water molecules is taken into account, this method would

tend to underestimate the primary hydration radius. To
illustrate this, we will consider the Li* ifon which is lmown
to have a relatively strongly bound primary hydration shell.
The crystal radius "a" of this ion is about 0,60 X and that

of water, a _, is 1.38 2. Therefore a + a, the distance of
closest approach of the water molecule and the ion, 1s 1.98 X.
Within this distance, both the integral and differential
dielectric constants have quite low values and, consequently,
the interaction energy between the two particles is strong
enough to immobilize completely the water molecule. There-
fore, the hydration radius wlll be, as a first approximation,
8 + 2aw = 3,36 X. From these considerations, the hydration
radil of simple monovalent lons should have values of about

3 to 3.5 R ana this agrees very well with the values suggested
by Nightingale (see table 1).

In order to compare the relative degree of primary
hydration of different charged particles, we have defined
the distance at which the differential dielectric constant
is equal to 55 as Tae The choice of the value 55 for the

dielectric constant is quite arbitrary but, we believe,
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reasonable as a reference point on account of the following
consliderations. For a monovalent lon, rgq is equal to about
3.2 X and we have shown thls to be a reasonable value for
hydration radii of these ions (see table 1). Also the theore-
tical calculation of the dielectric constant should be
reliable at this distancej; at shorter distances, the field
intensity becomes quite large and the rellabllity of Booth's
theory becomes more doubtful and at these distances the van
der Waals' short range forces may become important. Finally,
the error introduced in our calculations by expanding arctan
(bl/zE) 1s small for field values corresponding to &y = 55.
Furthermore, the dielectric constant tends to decrease rather
rapldly with decreasing r below this value of &£, = 55.

The dielectric saturation effect was also evaluated
for a 2:1 electrolyte and the differential dielectric constant
is plotted in Fig. § as a function of the distance from the
divalent ion. The solution obtained in the present calcula-
tions from the Polsson-Boltzmann equation was again compared
with the one obtained assuming an 1solated ion (45) and the
difference between the two solutions is much larger than in
the case of monovalent ions. This 1s expected since the
non-ideality of the solution increases wlth the valency of
the ions in solutlon.

The value of r4 as defined above for a divalent

o
ion is found to be .3 A and this corresponds very closely



I TR

RATR Y

- 65 =

to the averaged hydration radii of divalent ions on Nightingale's

scale (table 1), Therefore, 1t appears that a comparison of
the parameter T3 for different models (and different variables
such as concentration, charge density and crystal radius)

will give us a direct measure of the relative degree of pri-
mary hydration. Therefore, provided there are no specific
effects such as hydrogen bonding involved, it should be
possible to predict from dielectric saturation calculatlons
the degree of primary hydration of polyions and colloidal ions
and evaluate the dependence of hydration on the various para-
meters mentioned above.

The dependence of the degree of dielectric satura-
tlon on concentration was investigated and 1t was found that
Ty for monovalent lons increases slightly with increasing
dilution but the effect is rather small. The difference in
rs when the concentration m changes from 1 M to 0,01 M is
only spproximately 0.05 R. Therefore, as a first approxi-
mation, it mey be assumed that the hydration of an ion is
independent of concentration below 1 M, and it 1s then suffil-
clent to choose one concentration, say one molar, and vary
the other parameters such as radius of the lon and charge
density.

The dependence of thse degree of dielectric satu-
ration on the radius of the lon 1s demonstrated 1n Fig. 16,

These results would predict a small increase in hydration
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radii with increasing crystal radii. This 1s actually
observed experimentally for ilons with a crystal radius larger
than 2 a (11). For smaller ions the opposite effect is
observed; the limit of primary hydration increases wlth de~-
creasing lon slze. This 1is probably due to structural effects
or stronger interactions between the lon and the solvent.

The effect of dielesctrlc satwatlon on the potential
function is shown in Fig. 2. The differential equation was
solved assuming in one case that the dielectiric constant was
uniform and assuming in another case that it was a function
of the field intensity. The two solutions start to be si-
gnificantly different at distances less than 5§ R from the
lon. Therefore, for theories of electrolytic solutions in-
volving the distance of closest approach, the assumption of
a uniform dielectric constant 1s Jjustiflable provided the

distance of closeet approach can be taken as being at least
o

L .

The deviation between the two solutions for the
field function is slightly larger than that for the potential
function discussed above and begins to be significant at

about the same distance as does the deviatlon for the potential

function.




C - POLYELECTROLYTE

Charged rod model

The charged rod model is probably the most valid
one for most simple polyelectrolytes such as, for example,
the synthetic vinyl polyelectrolytes, linear polyphosphates, |
polymines, etc. The Poisson-Boltzmann equation based on this g
model has been solved exactly independently by Alfrey, Berg §
and Morawetz (51) and by Fuoss, Katchalsky and Lifson (52)
with the assumption that the dielectric constant is uniform
throughout the solution. The same model wlll be used hers,
except that the dielectric constant will be taken as a
function of the field intensity, since we are specifically

interested in the behaviour at short distances from the polylons |
in relation to their hydration.

It is assumed that the polyelectrolyte molecules
are long thin rods, uniformly charged and parallel to each
other (51, 52), the radius of the cylindrical volume element
of solution available to each polylon being R. The gegen=
ions, taken as point charges, are regarded as being dlistri-
buted statistically in the annular cylindrical reglon between
the radii "a" and R. Again "a" is defined as elther the
radius of the polyion or the distance of closest approach
depending on the functlon investlgated. Comparison of this }

model with the simple lon case is given in PFig. 1. The
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Poisson equation for such a model is
2 lad avy
v “(Y) =;'a-r',-(6ir E) = - jwa [II-16]

In the region between "a" and R, the charge den-
sity is due to the counterions only, and if the counterions
are univalent anioné, then from the Boltzmann distribution

law

¢~ = - &]%(-)%—I\-{ exp (%%P) ' [II-17]
where a 1s the degree of ionization and m the concentration
In moles per liter of the counterions.

Combining equations [II-16] and {II-17] and
rearranging, the total differential equation can be written

in this case as

2
Yy _ 1 e amN ov) _ & w} -
puv- Rl { exp (R7) -+ & [II-18]

where £i and &4 are defined by equations [I-15] and [I-16].
The first boundary condition is that the field at

R is equal to zero, as in the simpler case discussed above:

(%}))R =0 [II-19]

The parameter R can be regarded as defined by the relation

T e e ame o -
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R =(.}_m9ﬁ%%)l/2 [II-20]

where ) 1s the distance between lonizable groups on the

polymer chain.

For the second boundary condition, it is assumed
that the total charge in the reglon "a" to R is equal but

opposite in sign to the charge on the c¢ylinder, i.e.,
R

rr e = - | (11-21]

By substituting the value for ¢~ obtained from equation

[II-16] the second boundary condition reduces to

av) _  2ce -
(c“i -d—f)a = - oy [I1-22]

The starting conditions for the numerical inte-

gration are

.q'.’_w = 0 H
(&)
2 - eV
d '\l’) remNa ( R)
b
(dr-? . 1000% kT
and
93.‘2.) I (d?'”’) . | [1I-23]
ar3 . R | B

it J
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The starting value N’R is obtained in the same
way a8 descrlbed for the case of the simple ion. The com-
putatlional procedure was also the same and did not present

any new difficulties.

Results for the charged rod model

The varisble parameters in the problem for rod-
shaped particles are the concentration m, the degree of
ionization a and the radius of the ion "a"., The distance
between ionizable groups A was kept constant throughout
the series of calculations and was taken as 2.5 2 (51) the
approximate effective value for vinyl polyions. The tempe-
rature was taken as 298° K and the dielectric constant at
zero field strength as 78.5.

The numerical solution was checked by comparing
the results obtained without dielectric saturation with
those obtained from the equation of Alfrey, Berg and
Morawetz (51) and the results agree within the computational
error estimated as one percent.,

The calculated values for W, d¥/dr, & and &,
are given as a function of r in the Appendix and some of the
results are plotted in Figs. 6 to 10. As in the case of the
simple ion, the distance at which the differential dielec-
tric constant is equal to 55 will agaln be defined as T
for the purposes of comparing the degree of dielectric

saturation and the extent of the primary hydration.
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The extent of dielectric saturation incresses
slightly with dilution. The distance Ty changes from l.25 X
at 1 M to L.S R at 0.05 M for a molecule for which a = 3.2 P!
and @ = 0.6, Solutions of the Polsson-Boltzmann equation
for dilute solutions are difficult since i1t involves taking
many integration steps and this increases the error signi-
ficantly. Since the degree of dielectric saturation does
not vary very much with concentration, most of the runs were
carried out for unit normality (i.e. for 1 M concentration
of the "monomer" units). Figure 6 also indicates that the
shape of the potential functlon is the same for all con-
centrations. This is not surprising since the two boundary
conditions are independent of concentration and the only
parameter affected by the concentration is R. Consequently,
the field intensity at the two boundary condlitions is inde-
pendent of concentration but the variation of field with dis-
tance changes with concentration in the intermediate region.
This is the reason for the slight increase in dlelectric
saturation with dilution. Since the effect of concentration
on dielectric saturation is small, we can proceed to make
comparisons for different degrees of lonization - a more
important and interesting variable.

In Fig. 7, the variation of the differential
dielectric constant with distance was plotted for different

values of a and this was compared with the results obtained

L




Figure 6.

Functions for variation of potential near a

linear polylon for different concentrations.
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Figure 7.

Dielectric saturation effects near a linear

polyion for different degrees of dissociation.
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for the case of the simple electrolyte. The important con-
clusion to be drawn from this graph is that the dielectric
saturatlon near a polyelectrolyte is similar to that near a
simple electrolyte only when the degree of dissociation

(or absolute degree of ionization) is about 0.35.

In order to investigate the dependence of the
dlelectric saturation effect on the degree of ionization,
the parsmeter r4s 88 defined previously, was plotted in
Fig. 18 as a function of the effective distance between
the charges on the charged cylinder. Since the distance
between ionizable groups was taken as 2.5 R, the cherge
separation is simply 2.5/a X. Therefore, a polylon and a
corresponding simple ion with the same radius will have the
same value of T4 and consequently the same hydration radius,
when the charge separation on the polyion chain is equal to
approximately 7 X. Fig. 18 and Fig. 7 both indicate that
the degree of hydration of a polylon depends to a large
extent on this charge separation or on the degree of ioniza-
tion of the polyelectrolyte; if the charge separation 1is
less than 7 X, the degree of hydration of the polylon should
be much larger than that of the corresponding simple ion
and correspondingly, if the charge separation is more than
7 K, this theory would predict less hydration for a polyion
than for & slmple i1on. It wlll be shown in chapter IIIX

that this dependence of the degree of hydration on a can

R s

BErigies s 7.t
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actually be verified experimentally.
In comparing simple and polymeric ions, it should
be noted that the dielectric saturation effect near a
polylon with a fairly high degree of ionization is extended
much further from the surface of the charged particle than
in the case §f the corresponding monomeric slmple lon. While
for simple theories of electrolytic solutions the assumption
of & uniform dielectric constant throughout the solution is
fairly good if the distance of closest appfoach 1s taken
as larger than I 3, it 1s not valid for ordinary polyions
(o being approximately 0.6) unless the distance of closest
approach 1is taken as belng at least 6 K. The effect of
dielectric saturation on the potential and fisld functions
is shown in Figs. 6, 8 and S, It 1s easy to see from these
graphs that the neglect of this saturation effect could lead
to rather serious errors in these functions 1in some cases.
The effect of the radius of the polyion on the
degree of dielectric saturatlon, as demonstrated in Figs. 10
and 17, shows that a significant increase in the hydration
radius of the polyion occurs with increasing "crystal" radius.
In Fig. 10, the differential and integral dielec-
tric constants are compared for different values of "a".
As in the case of simple ions (see Fig. 5), the integral
dielectric constant is always larger than the differential

one but the relative dependence of the saturation effect
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Figure 8.

Fleld intenslity near a linear polyion for

different degrees of dissociation.
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Figure 9.

Functions for variation of potentlal near a

linear polyion for different values of "a',
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Figure 10,

Dilelectric saturation effects near a linear

polyion for different values of "g".
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on "a" is the same for both dielectric constants.

Inspection of the literature shows that there is
very little experimental evidence which can be used for
examination of the above theoretical conclusions on dielec-
tric saturation and hydration. Jacobson (27) appears to be
the only worker who has attempted to study the hydration
of polyelectrolytes. Unfortunately, he studied mostly
natural polyelectrolytes such as nucleic aclids and these have
such a complicated structure that it is almost impossible
to draw any more than very qualitative conclusions about
their hydration. He has studied the dielectric constant of
aqueous solutions of these macromolecules by a streaming
dielectric method and concludes from his results that the
hydration shells of some nucleic acids could be asg large as
one fourth of the length of the macromolecules! Our results
definitely show that the field near the polylon can never
account for such a large degree of hydration, and it is doubtful
if hydrogen bonding between the polyion and the water, as
suggested by Jacobson, can increase the structure of water
over such a range and to such an extent.

More information could probably be obtalned from
such experiments if simpler polyelectrolytes were used since
the Interpretation of the results would be easier. This, in
fact, has been done by de Brouckeére and Vos (T7l) who investi-

gated the dilelectric properties of solutions of polyacrylic
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and polymethacrylic acid neutrallzed with different bases.

They,unfortunately, did not attempt to interpret their results

in term of extents of hydration. However, it is possible
to see qualitatively that their experimental evidence con-
firms the conclusions reached about the hydration of such
polyelectrolytes from denslty measurements in the present
work (see chapter III).

In view of the lack of direct measurements of the
degree of hydration of polyions, an Important part of this
thesis, as we have mentioned previously (see page 13), will

be concerned with the experlmental evaluation of extents of

hydration and the correlation of this extent of hydration
with other properties of the polyelectrolytes such as the

salting-out behaviour (see chapter III).

Model for a spherical polyelectrolyte

The charged cylinder model is valid for most poly-
ions at appreciable degrees of ionization but there are

some cases where this model would be invalid, e.ge. for the

case of branched polyelectrolytes and linear polyelectrolytes

having a low degree of dissocliation. In such cases, the

penetrable freely-colled sphere model will be more realistic.

The dielectric saturation effect calculated In this case will

not be dus to the local charge distribution on the polymer

molecule as in the case of the charged rod but rather to the

overall charge density of the polylon sphere. However, since
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it is of interest to examine the conditions under which the
overall fleld dus to a tightly colled polyelectrolyte would
be large enough to cause electrostriction of the solvent,
we have also undertaken ths study of this problem.

A numerical solution to the Poisson-Boltzmann
equation without dlelectric saturation for such a model has i
been obtained previously by Wall and Berkowitz (53). The |
same model will be used in the followling treatment but with %
varisble fleld-dependent dielectric constaﬁt taken into ;
account,

A system of N polymer molecules are regarded as
being dissolved in a total velume V. Hence, each molecule
is associated with the volume V/N in the solution defined

by the relation

AR =g [1I-24]

One spherically coiled polyelectrolyte molecule of radius r,
1s regarded as being situated in the center of this spherical
element of "available" solution of radius R and surrounded
by its counterions, which can penetrate the polylon sphere.
The concentration of the counterions at a distance r from

the centre of the polyion is given by the Boltzmann distri-
bution. Since the total charge density in the volume of

radius R 1s due not only to the counterions but also to the
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polyion itself, the Poisson-Boltzmann equation becomes

r

when the counterions are assumed to be anions, and where

¢b(r) is the uniform charge density of the polycation and

m the average concentration of the counterions.
Wall, in his paper, introduced an extra term W
in the exponential which he defines as an average potential

term. 1He introduced this term because the numerical solution

produced a negative potential at R. By subtracting a constant

term‘? from the potentlial value obtalned from the computer,
he then obtained a potential function tending to zero at R.
He claimed that this was a necessary condition. In reality,
the potential must tend to zero only if both simple cationg
and snions are present in the solution (l.e. the case when a
simple electrolyte 1s added to the polyelectrolyte); other-
wise the potential does not tend to zero as, in fact, in the
linear rod case at r = R, In the model used by Wall, a
potential equal to zero at R implies that at all points in
the solution the local concentration of counterions is
higher than the average concentration m. This follows from
the Boltzmann distribution law. Therefore the significance
of the term < is obscure, Actually, the problem of the

significance and importance of thls term was avolded by Wwall

g._é_ ng(é.irz %%v)= % exp (%71,") - Lrgg(r) [II-25]
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since he used "reduced " values for the potential and

distance varisbles, defined by:

2
2 _ e mN 2

and

u = %r (Y- ) [1I-27]

respectively. The Polsson-Boltzmann equation can then be

written as

% (513‘2 %) = % (exP(u) - M) [1I-28]

ﬁdh‘

Since the solution will now be obtained in terms of u and not
~ » the removal of the term ¥ in equation [II-27] will not

affect the value of uU. It can alsoc be shown from the geome-

trical properties of the model that

1000 avo(r) _ B_BL. _ _}_{_3__
e T a3 x 3
(o] (o)

(I1-29]

The two boundary conditions for this differential
equation are that the field intensity 1s equal to zero in
the centre of the spherically coiled molecule and at a distance

R (or X) from the centre of the coll:

T e et en e < s
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and [II-30]
%;)X =0 (b)

With the above changes of variables, equation [I-15]

for the differential dielectric constant must be written as

60 - 1n > .
fdz 7 + 1 [II-31]
1 + T Q
dx
where
wkTbmN

<

The dlelectric constant used in equation [II-28]
should be the integral one. In these computations which
were done at the beginning of the work, we had in fact used
the differential one by mistake. After thls mistake was
noticed, the other problems of dlelectric saturation (simple
electrolyte, rod-shaped polyelectrolyte and colloidal electro=-
lyte) were solved using the correct integral dielectric
constant. However, as will be shown later, the degres of
dielectric saturation calculated for this present case 1is
very small, and since the solution using the diffserential

dlelectric constant instead of the integral one gives an
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overestimate of the effect of dielectric saturation (see
Fige. 5), we did not feel it was necessary to repeat the
calculations. We proceed, then, to discuss the method and
the form of the results obtained.

The differential equation may be solved by defining
only the two parameters X and X, if the effect of dielectric
saturation is neglected. If the dielectric constant is
taken as a function of the field intensity? then we must in
addition define the concentration m.

The numerical integration may be started at x = X
or x = O, In the first case, there are no difficulties in

obtaining the starting valuss.

du -

(az)x =0

QEH = exp(u,) - X3/x >

(dxz)x - pluy %o
and

The starting value Uy l1s obtained in the way described
previously in the slimple electrolyte problem.
If the integration is to be started at x = O the

starting values are obtained as follows. We first write u
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in terms of a power series in x:

[

- 2 3 Ly 5
= uo + 0 + aax + a.x” + aux + asx + 0

3
= 0 + 2a2x + 3a3x2 + L;a}_l_x3 + Sagxh

5 * ba.x + 12&,4::2 + 2Oa5x3

28 3

l,l

3
dU - ga, + 2L ay,x + 60 a5x2 : [II-33]

dx 3

|
wi
t

Now expanding exp (u) gives:

exp(u) = exp(u ) {1 + a2x2 + a3x3 + 0 } [II-34]
For values of x near zero, £ may be taken as <fo. There-
fore, substituting equations [II-33] and [II-34] into the

differentlal equation

2 3
d"u X 2 du
3 2 xo3 x dx

we obtsain

2 3,2 2 3 b
2 a, + 6a3x + 12aux + 20a5x + = {2a2x + 3a3x + uaux + Sasx }

= exp(uo) (1 + a2x2 + a3x3) - X3/xo3 [II-35]

Equating coefficients of like powers, we then find




8, = a3 = 5 =0

a, = % (exp(u)) - x3/x 3)

exp(uo) 3, 3
8) = 35— (exp(uo) - X /x° ) [II-36]

Hence, from equations [II-33] and [II-36], the

starting values at x = 0 are

du
—) =0,
&),
dzn 1 3 3
(S2) =3 temtug) - 2/n2
0
E and
3
(91_%) =0 [11-37]
dx=f
It can be shown that the same starting value equa-
tlons are obtained if the assumption that &£ = 50 for values

of x near zero is not made. This 1s done by expressing &
also as a power series and substituting in the differential
equation. The value u, is obtained iIn the usual way.

As a check on the programming procedure, the diffe-
rentlial equation was solved without dielectric saturation
using Wall's parameters and starting values. The same
results as his were obtained within the computational error,

although Wall has used the Runge-Kutta method of numerical
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integratlon while the Milne method was used in the present
calculations. This is fairly strong evidence that the
method used in the present calculations is correct and sa-
tisfactory.

Thg differential equation was solved without
difficulty in the cases where the degree of dielectric
saturation was small., However, when the saturation effect
was significant, the function dzu/dx2 became discontinuous
at X, and it became impossible to solve the:differential
equation completely. Fortunately, it happens that the value
uxo is the same whether dielectric saturation is considered
or not. Therefore, using uzo obtained from the solution
of the differential equation assuming a constant dielectric
"constant" as a second boundary condition, it was possible
to solve the complete differential equation in two steps;
first the equation 1s solved from x = 0 to x = X, and then

from x = X to x = x_ . The values for (du/dx)xo and 6k0 were

found to coincide also at Xge

Results for the spherical polyelectrolyte case

Complete tables of u and du/dx as a function of x
for different values of X and X, have been published by Wall
(75, 76) for the case where the dlelectric constant is
assumed uniform throughout the solution. Since the following
figures and discussion will show that the functions u and

du/dx are not affected to any significant extent by the
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variation of dielectric constant with fleld it was not con-
sidered necessary to tabulate the results.

The effect of concentration on the degree of
dlelectric saturation was investigated for the parameters
X =] and Xy = 2. Since these parsmeters are reduced
distances, choosing X/x° as L/2 simply means that R and T,
are in the ratio 2:1., The absolute value of R can be
obtained from equation [II-24] ir required.v The concentra-
tion was varied from 0,01 to 1.0 moles per liter, and the
results are plotted in Fig. 11, As stated previously, this
model will give the effect of the molecule as a whole on @
the structure of the solvent near the "surface" of the polyion
sphere. It is for this reason that the dielectric constant
reaches its minimum value at X, where the average field is
largest. Inside the polylon sphere, the field is probably
fluctuating from large positive values to large negative

% values, the average field being rather small. Therefore,

the dielectric constant inside the penetrable polyion sphere

is probably much smaller than indicated from this model or

assumed in Wall's calculations, since the effective ionic
concentration inside the polyion sphere is very high (see
below). |

From Fig. 11, the effect of dielectric saturation

appears to become more important when the concentration

approaches 1 M, but since the ratio of X and X, was taken
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Figure 11l.

Lielectric saturation effects near a spherically
coiled polyion for different concentratlions as a

function of reduced distance x.
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as 2:1, this implies that the polyion coll occupies only one
elghth of the total solution volume available to it. There-
fore the local polyelectrolyte concentration in terms of
normality should be eight times the average concentration

of 1ts counterions. A concentration of 8 M inside the
polymer sphere is most improbable since the repulsion of
charges woﬁld Immediately open up the coil or ion binding ;
would reduce the free charge concentration, If we also re- i
member that the type of dielectric constant éh used in the
Poilsson-Boltzmann egquation was the wrong one, then the actual
degree of dielectric saturation outside the polyion coil b
would even be smaller. As a filrst approximatlion, the error
introduced in using the differential dlelectric constant
instead of the integral one in equation [II-25] can be esti-
mated from Fig. 5. In this figure, we have shown the conse=~
quences of using the wrong form of Poisson~Boltzmann equa-
tion in evaluating the degree of dlelectric saturation near

a simple ion. The extent of dielectric satwation near a
spherically colled polyion can be compared to the simple ion
problem since both models have spherical symmetry., Therefore,
the differential dlelectric constant obtained near the
spherical polyion would correspond to curve III of Fig. 5,
while the correct solutlon would correspond to curve II.
Returning to Fig. 11, the minimum dielectric constant obtained

for a concentration of 1 M should therefore not be 52 but
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rather in the vicinity of 62.

In order to show the manner in which dielectric
saturation affects the potential and fleld functions, these
functions are shown in Figs. 12 and 13 for X/xo equal to l/2
and m equal to unlty, even though this extreme case is in
practice rather unrealistic. From these two graphs, it is
seen that for a more reallstic case (lower concentration or
larger value for xo) the dlelectric saturation would practi-
cally not affect the potential and fileld functions.

The next step 1s to investigate the effect of the
ratio xo/X on the degree of dielectric saturation. X was
therefore flxed at 6, the concentration m at 0.1 M and the
parameter X, was varied. The final results are summarized
in Fig. 1l where the relative lowering of the dielectric

constant ( Eb - éh)/ &o is plotted as a function of the ratio

xo/X where ed corresponds to the minimum value of & at

X =X, The relative lowering of the dielectric constant
increases exponentially when xo/X is equal to 1/3., But,
here again, this impliles that the polyion occupiles only
1/27 of the total volume avallable to 1t and the charge con-

centration in the polyion sphere is then about 2,7 M. However,

the condltlions chosen for this case are somewhat improbable
and for more realistic conditions of more "dilute" coills,
the overall saturation effects near the periphery of the
polyion sphere will be negligible, although for such dilute

g
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Figure 12,

Reduced potential function near

coiled polyion as a function of

distance x.

a spherically

reduced







Migure 13.

Reduced field intensity near a spherically

coiled polyion as a function of the reduced

distance X.
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Figure 1.

Lowering of the minimum differential dielectric
constant (i.e. for diminishing values of x_/X)

as the coll of a spherical polyion tightens up.
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spheres the internal saturation effects, l.e. close to the
polymer chains, will of course, be significant as in the
linear rod model.

We can therefore conclude that whenever a poly-
electrolyte occurs as a penetrable sphere, its solvatlon
can be predicted in either of two ways. II the sphere is
actually a fairly loose open coil (high degrees of ionization
and/or low concentration), then the dlelectric saturation
should be evaluated by assuming that the:polyelectrolyte
can be treated locally as a charged rod. If the sphere is
actually a fairly tight coil, then one can assume, &s a
first approximation, nearly total dlelectric saturation

inside the coill and little on the outside.

D - COLLOIDAL NLECTROLYTE

Model
The last case investigated in this thesis 1s that
of colloidal electrolytes. On account of their large di-
mensions, these particles may be treated locally (L.ee for
short distances from their surfaces) as charged plates. This
problem has been studied intensively by Verwey snd Overbeek
and others (50, 56, 57) since it is possible to solve
the Poisson-Boltzmann equation exactly in thils case. This
problem is also of great interest because of its relation

to the problem of the double-layer at colloidal particles
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and at electrodes. A certain amount of work has already
been carried out on the improvement of the Poisson-Boltzmann
equation for the double~layer with regard to such effects

as dielectric saturation (43, Lly, 77), compressibility of
solvent etg., in relation to the properties of the double-
layer (78, 79). In the present work we are more interested
in the factors influencing the extent of dielsctric satura-
tion near a charged plate. It is thus possible to use a
rather simpler model than those used in ﬁhe treatment of

the double-layer. As 1n the previous problems, we will
examine the Influence of the plate charge density, concen-
tration and distance of closest approach, on the solvation
of the colloidal ion and dlelectric saturation of the solvent
near to its surface.

We assume that two charged parallel plates of
infinite dimensions are separated by the distance 2R as in
the model of Verwey and Overbeek for interaction of two
double layers. Between the two plates, there are enough
counterions” to neutralise the charges on the two plates

(see Fig. 1). The Poisson-Boltzmann equation for this

model is

* This situation might for example arise by ionization of

a proteln particle, or occur near a large micellar ion.
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a ¥ vz, eNm z,0 P
'&?(51 %‘F) = - “m—i exp \- "%:T—) [II-38]

where m 1s the average concentration of the counterions of
valency 2.
‘fhe two boundary conditions are similar to the

ones in the previous problems:

(%3,‘-' B 0 ‘ [1I-39]
(‘51 %rlv) = - hmoy = - K72 [II-40]

a s )‘2

where "a" 1s the distance between the point where the charge
resides and the surface of the plate (or is the distance of
closest approach), 1 the surface charge density of the
plate and A the nearest neighbour charge separation on the

plate. The concentration m is related to R by

- ..___.__..._1‘2)00 . [II-41]
N ) (R-a)

The starting values for this case are

av

(a'r')R =0

2 Lz, eNm 7,0,
a“y 1 1° R
() - - wiby o (- 30

R
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-‘ﬁl’ =0 II-
(dr3R [1I-42]
and 1pR i1s obtained by guessing and correcting repetitively
by equatiop [II-40] on the computer as in the previous
problems discussed.

The maln difference between our model and the ones
used in the theory of the diffuse double layer for hydrophobic
colloids is that we assume only counteriéns to be present
between the two plates. In the diffuse double-layer theory
applicable to non-lonizable colloidal particles in the pre-
sence of excess electrolyte, 1t is necessary to assume that
both cations and anions are present, one type of which, being
preferen t.1ally adsorbed on the particles, stabilises it. In
the present calculations, we avold the problem of assuming
that the average concentrations of the remaining anions and
cations are the same. In fact, we are assuming in our case
that all the cations (or anions) are adsorbed on the plate
or colloldal particle and that only the anlons are left free
to move in the solution (the model is thus analogous to the
linear polyelectrolyte case in the absence of added salt).
This model 1s therefore appllcable to both colloidal particles
stabilized by adsorbed simple ions and to actual colloidal
electrolytes in the presence of their counterions only,

which have arisen by lonization of the plate or particle.
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Results

The Polsson=-Boltzmann equation was solved for
different values of the parameters m, "a" and A with and
without correctlons for the effect of dielectric saturation
and the numerical results are given in the Appendix. Some
of the relevant results have been plotted in Figs. 15 to 18.

The effect of concentration on the degree of dielec-
tric saturation near a colloidal particle is similar to that
for the cases of simple and polymeric electrolytes, that is,
it increases slightly with dilution, i.e. with distance
between the plates.

The dielectric saturation (expressed in terms of
r4» the distance at which &, = 55) is found to be directly
proportional to the parameter "a", i.e. rq - "a" is inde-
pendsnt of "a'%, This arises from the fact that the second
boundary condition at "a" (equation [II-}0]) 1s independent
of "a",.

The dependence of the dlelectric saturation on
the charge density on the plate is shown in IFig. 15 where
the differential dielectric constant of the solvent near a
charged plate 1s plotted against the charge separation on
the plate. In these calculations, R was fixed at 50 X. In
the polylon model, the concentration was constant for s
constant R, but this is not so in this case since we are

varying the charge separation and the concentration is a
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Pigure 15. Dielectric saturation effects near a charged
plate colloidal ion model for different charge

separations on the plate.
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function of this charge separation (equation [II-}1]). For
example, when A = 15 the concentration is equal to 0.58 M and
when A = 8 then m is 0,16 M. However, it was shown by
keeping A constant and varying R, that the concentration

has little effect on the degree of dlelectric saturation over
this range of concentration (as found also for the polyion
case). Therefore the comparison made in Fig. 18 of ) for

the three models as a function of the charge separation is
valid.

As expected from the comparison with the previous
models, the saturation effect can be important in the plate
model to dilstances much further away from the surface of the
plate than in the polyion or simple lon cases. Beyond 6 or
7 2 the dielectric constant can be taken as uniform for an
average polyion but in the case of colloidal ions the distance
beyond which the dielectric constant may be taken as uniform
and having its normal value can be much greater. For example,
in Fig. 16 the potential is plotted as a function of the
distance from the plate ion for X = 8 and A = 15 with a
radius "a" = § ?\. When A\ = 15 the dlelectric constant may
be assumed uniform throughout the solution tut when A = 8
the potential function calculated for & = 60 starts to
deviate from the more correct solution as far as 13 X away

from the plane of centres of charges on the surface of the

colloidal ion.

{




Figure 16 .
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Functions for variation of potential near a
charged plate for different charge separations

on the plate.,
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E - CONCLUSION AND FINAL COMPARISON BETWEEN THE RESULTS FOR

THE THRER MODELS

1) New models have been proposed for treating the
dlelectric saturation near simple and plate-like colloid ions
in order to be able to compare the results directly with
those calculated for a linear polylon. The models, Poisson-
Boltzmann equations and boundary conditions for the three
cases have been compared In Fig. 1. The constants K, K' and
K" depend on the concentration and chargé density of the
charged particles. It 1s obvious from this figure that the
three models are identical in form and differ only in symme-
try.

2) It was assumed that the relative extents of primary
hydration at different charged particles are proportional E
to the relative degrees of dilelectric saturation of the solvent é
near the particle. For this purpose, an arbitrary dielectric
constant was chosen ( ¢y = 55 ) such that the distance
corresponding to this value of the dlelectric constant would
be approximately equal to the primary hydration radius of the
charged particle. Therefore, comparison of T3 values for
different models and different variables (concentration,
crystal radil, charge density) should give information about
the relative extents of primary hydration of the threse types

of charged particles.
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3) It was found that in the three cases r4 increases
only slightly with increasing dilution; it was therefore
concluded that the degree of primary hydration of a particle
can be considered independent of concentration (below 1 M),
at least as a first approximation.

4} The variation of ry with "a", shown in Fig. 17,
is different for the three models. For a simple ion, the
degree of primary hydration should increase slightly with
the crystal radius. For a linear polyion, the variation of
primary hydration with the polyion radius is much more pro-
nounced than in the simple ion case. For a colloidal ion,
the most extreme case of the three, the radius of primary
hydration should be directly proportional to the distance "a".

5) The variation of ry with charge density or charge
separation is shown in Fig. 18 for the three models. The
variation of rgs and consequently the extent of primary
hydration, with ths charge separation is similar for the linear
polyion and colloidal particle. For a fixed parameter "a",
taken as 3.2 2, the radil of primary hydration should be
approximately the same for the three models when the charge
separation 1s equal to 7 X for the polylion and 12 K for the
colloidal ion. These values would not be necessarily the
same for ions of different sizes since the dependence of T4
on "a" is different for the three models. However, we may

conclude that in general the radii of primsry hydration should
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Comparison of the dependence of ry on "a" for
the three models: simple ion, charged rod and

charged plate.
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Figure 18. Comparison of the dependence of ry on the charge
Separation for the three models: simple ion,

charged rod and charged plate.
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increase in the order: simple lfon < linear polyion < colloidal
ion.

6) The extent of dielectric saturation near a penetrable
spherical polyelectrolyte was investigated and it was con-
cluded that.the macromolecule as a whole will not affect the
solvent structure outside the coil to any significant extent.
Depending on the size and charge density of these poly-
electrolytes, a crude estimate of the degree of dlelectric
saturation or primary hydration can probaﬁly be obtalned in
terms of one of the three models discussed previously. If
the case does occur that a coiled polyelectrolyte has a fairly
high charge density (tight coil or high concentration), it
can probably be assumed that complete dielectric saturation
occurs inside the coil and none or little on the outside. This
case 1s however Ilmprobable since & coil usually opens up
when the charge density becomes fairly high.

7) Whenever knowledge of the degree of primary hy-
dration of a charged particle with deflnite shape and charge
density 1s desired and no experimental evidence is available,
a rough estimate of this effect can be obtained by considering
the theoretical dielectric saturation effects. From the
synmetry, charge density, radius and concentration (important
in some cases) it is possible by suitable interpolations to
obtain a value for the parameter Ty which, as a first approxi-
mation, may be equated to the radius of the primary hydration

shell.
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IIT. SALTING=-OUT BY POLYELECTROLYTES AND ELECTROSTRICTION

OF THE SOLVENT

A - EXPHERIMENTAL

In the present work, values of the salting-out
constant (equation I-23) have been obtained from measure-
ments of solubilities of gaseous and solid non-electrolytes
in solutions of polyelectrolytes. Salting-out measurements
were also carried out for reference purposes in solutions
of simple electrolytes corresponding to the monomeric unit
of each polyelectrolyte used. Since we also wished to

relate the salting-out results to the apparent molar volumes

of the polyelectrolytes, the densities of the polyelectrolyte

sclutions were also measured.

1) Choice and Preparation of Substances Examined.

Three polyelectrolytes were used in this work:
sodium polyphosphate, potassium polymethacrylate and poly-
f=vinyl-N-n-butylpyridinium bromide. The polyphosphates
were used since 1t was possible to obtain various fractions
having different molecular weights, thus enabling examina-
tion of the effect of increasing chain length on the
salting-out constant to be made. The two other polyelectro-
lytes were chosen since they are typical polyanionic and

polycationic saltse

T TR A T e s

THE . repene T e T




| - SRS

- BrmEmes

!
I
§
;
:
¢l
1
I
]
i
i

- 110 =~

Sodium polyphosphates (NaPP)

The polyphosphates were obtained from Albright and
Wilson Ltd. and had the following molecular weights: 800,
2800 and 6800, Higher molecular weight phosphates are
difficult to study since thelr solubility decreases rapidly
as the chain length increases,

These polyphosphates were obtained by quenching
sodium phosphate melts containing different proportions of :
PZOS between water cooled rollers. The 6800 molecular welght E

polymer was obtained by melting anhydrous (cyclic) sodium

e e ey e

trimetaphosphate in platinum at 900 = 1000° ¢ in an electric
furnace and rapidly quenching the poured melt between steel
plates.

The molecular welghts of these polymers were

determined by "end group" titration. All the above samples

are belleved to be somewhat polydisperse* linear polyphos-
phates, although paper chromatography shows that they

contain up to 7.5% of cyclic tri- and tetrametaphosphates.

Polymethacrylic acid (PMA) j

Practical grade methacrylic acid was obtained from

Matheson, Coleman and Bell Co. Inc. A 10% aqueous solution

* The small degree of polydispersity present is probably i

unimportant in relation to the salting=-out and hydration
studies since we will show later that the salting-out
constant and apparent molar volume of & monomer unit of a
polyelectrolyte are essentielly independent of chain length
except for very short polymers,
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of this monomer containing 0.1 to 0.2% of hydrogen peroxide
was kept in a constant temperature bath at 60° ¢ for about
three hours. The polymer was precipitated out of solution
and fractionated by adding a mixture of hydrochloric acid
and acetone to the aqueous solution. The fractionated part
of the polyﬁer was then removed from the solution and dried
on a steam bath., The polyacid was then purified further by
dissolving it in a minimum amount of alcohol and pouring this
solution in a fine stream into cool ethyliacetate with
vigorous stirring. The fluffy white polyacid was then filtered,
washed with ether and dried at 100° C.

It is difficult to determine the molecular welghts
of the polyascid preparations directly; attempts were made to
obtain them from light scattering and osmotic pressure measure-
ments but without too much success. It was found to be more
satisfactory to convert the acid into an ester and then
estimate the (welght average) molecular weight by the viscosi-
ty method. Following Katchalsky's procedure (80), the acld
was esterified to polymethylmethacrylate by adding powdered
polymethacrylic acid to benzens contailning an excess of
diazomethene. After the reaction was completed, the ester
was precipitated by addition of ether, dissolved in chloroform
and reprecipitated with ether. The diazomethane was prepared
using Werner's method (81). The molecular weight was then

determined using the standard viscosity method (82, chapter 13).
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The equation relating the intrinsic viscosity ['7 ]

to the welght average molecular weight is

[71=xM

For methyl methacrylate in benzene, K = 0,94 x 10-)4 and
a = 0,76 (84) so that from a determination of [ % ], M can be
evaluated.

The potassium salt of the polyacid was prepared
by titrating the acld against standard alkali until the
required degree of neutralization was reached.

The percentage free acid in the PMA samples was
evaluated from a potentiometric titration with standard KOH
using a glass slectrode aad was found to vary slightly from
sample to sample. On the average 96 to 9T7% of the PMA was
in the pure acid forme. The true concentration of the salt
in various solutions was determined from the standard alkalil
titre and the degree of neutralization was calculated
relative to the true concentration of free acld groups in

the given solution of the polymer.

Poly=li-vinyl=-N-n-butylpyridinium bromide (PBPB)

A 5% solution of freshly distilled lL=-vinyl-pyridine
was prepared in oxygen-free toluene containing 0.2% benzoyl
peroxide (83). The solution was then placed in a closed

bottle at room temperature., The polymer precipitated'out of
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solution in about a week. The polymer was then removed
from the solution, washed with toluense and dried under
vacuume The salt was prepared by dissolving the polymer

in nitromethane (3 = 5% solution) and adding an excess of
n-butyl brqmide. The mixture was heated under reflux to
60-70°C ror three days. alter cooling, the polysalt preci-
pitated out as an amorphous solid. The excess solvent was
removed by decantation and the polyelectrolyte was dissolved

in ethanol. The ethanol solution was then poured in a fine

stream 1lnto vigorously stirred cold ethyl acetate., The fluffy

polyelectrolyte was then filltered, washed with ether and
dried under vacuum. Different degrees of neutralization were
obtained by changing the amount of n-butyl bromlide in the
procedure.

The molecular weight of the poly-l-vinyl-pyridine
preparation was estimated from 1its intrinsic viscosity in
alcohol using the constants K = 1.51 x Il.O"'5 and a = 0.52 (84)
(see page 112).

The degree of neutralization of the salt was
obtained from a potentiometric titraetion with silver nitrate

using a silver-tungsten electrode pair (82 page 198).

Simple electrolytes

The simple electrolytes used were analytical
reagent grade salts and were used without further purifica-

tion. The monomeric salt l~ethyl-N-n-butylpyridinium
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bromide, analogous to PBPB, was prepared in the same manner

es PBPB.

Non-electrolytes

In the work on salting-out, gaseous and solid
non-electrolytes were used. Argon and ethylene were chosen
as typlcal neutral gases because of their structural sim-
plicity and because of their moderate solubilities. The
solublility should be large enoughsothat it can be measured
with fair accuracy but still be small enough so that the
mole fraction of the non-electrolyte remains small compared
with that of the solvent (see section III-C-i). Other gases
could have been used, but then more elaborate techniques
would have to be used or extra corrections would have to be
applied in the theoretical calculations of salting=-out
constants. The two gases were the bottled reagent materials
and were used without further purification since small amounts
of impurities or moisture would not affect the salting-out
results in the aqueous solutions used to any signifilcant
extent.

The two solld non-electrolytes used were d-1 .leuclne
and benzamide. Besides their sultable solubilities and
structures, these compounds were chosen since they contalned
nitrogen s8o that their equilibrium solubilities could be

determined directly by analysis for nitrogen by the Kjeldahl
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method. These two compounds were of reagent grade purity

and no further purification was considered necessary.

ii) Solubllity of Gases

Many technlques have been developed for measuring
solubilities of gases (85) (86) depending on (a) the nature
of the gases; (b) their solubility and (¢c) the accuracy
required in the equilibrium measuwements. The solubllity
can be measured either directly from the amount of gas
dissolved when equilibrium is reached, or indirectly by
analysis of the solution after the two-phase equilibrium has
been reached. In the present measurements, the first method
has been employed and the apparatus used was similar in

principle to that described by Akerlof (87).

Factors to be considered in solubility measurements

Three main factors have to be considered: tempera-
ture, pressure and attalnment of equilibrium. The apparatus
used, represented schematically in Fig. 19, was thermostated
by means of an air bath. The bath was made entirely of "Ten-Test"
except I'or a front leucite window. The heat was supplied from
an electric bulb and a fan kept the temperature uniform
throughout the bath. A check of the temperature in different
parts of the bath showed that 1ts variation in different
regions of the box near the solubllity vessel did not exceed

0.1° ¢. The experiments were carried out at 30.0o Ce.
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The pressure of gases used inside the glass vacuum
system was kept constant throughout the experiments by ad-
justing a levelling bulb connected to the gas burette so as

to keep the pressure inside the system equal to that in the

sealed manometer (see Fig. 19). The measurements of the
volume of gas dissolved were corrected to 760 mm. of total
pressure.

In solubility measurements, it is of the utmost
importance that equilibrium between the di#solved and un-
dissolved gas be reached. Effective agitation of the liquid
is therefore essential, and thls was achleved by operation
of a shaker moving up and down in the solution under the
influence of a solenoid outside the glass vessel. The current
was supplied to the solenoid from a 12 volt battery and was
cut on and off by a rotating switch. The equilibrium was
essuned to be reached at such a time when no more dissolution
of the gas in the solution could be detected over a further
period of two to three hours. This point was usually reached
after twenty to thirty hours. The equilibrium point was
checked in a few cases by dissolving more gas (by increasing
the pressure) and letting the equilibrium be reached again
at the same fixed pressure. Very little difference in solu-
bility was detected, thus confirming that equilibrium was
peached in the initial solubility measurements. Before final

volume measurements were taken in each run, the solenold was
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Apparatus for measuring gas solubilitles.
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switchsd off In order to avoid possible errors arising from
heat conduction from the solenoid to the solutlion.

Several further factors must be considered in
solubllity measurements of gases in order to obtain precise
data. The pressure of the undiassolved gas must be corrected
for the vapour pressure of solvent over the solution. Since
the vapour pressure of the solvent in the solution changes
with the concentration of the dilssolved electrolyte, such
correctionsg are difficult. The problem was avolded by satu=-
rating the gas with the vapour in vessel B (see Fig. 19)
before starting the experiment. The solubility measurements
are then obtalned in terms of the total pressure of the
system, li.e. in terms of the pressure of the gas plus the
vapour pressure of the solution. The normal way of expressing
solubilitlies is in terms of the gas pressure only and therefore
our measured solubilitles are too small., In order to obtaln
absolute solubilities we should multiply owr solubilities by

a factor Pt/P, where P, is the total pressure and P the actual

t
partial pressure of the gas., However, we are only interested
in relative solubilities in salting-out measurements and this
correction term is cancelled provided, of course, the vapour
pressuwre of the salt solution is close to that of the pure
solvent. In general, this 1is true. Consider, for example,

the vapour pressure of a 1 N NaCl solution at 25°C, the

differsnce between the vapour pressure of water p° and that
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of the solution p 1s glven by Robinson and Stokes (6 page U76)
as 0.785 mm of mercury. Therefore, the true relative solubi-

1lity of a gas 1In 1 N NaCl solutlon should be

S ,Pt§P _5 160-23.15
S,TF/P T 5.760-23.75-0.785"

Therefore, our relative solubllity should be multiplied by
a factor 1,00l end thls correction 1s well inside experimental

error and certainly negligible. Unless thé vapour pressure
of the polyelectrolyte solutions would be very much different
from NaCl solutions at comparable ionic concentrations, which
is improbable, our salting-out measurements will not be
significantly in error due to neglect of solution vapour

pressures.

In order to minimize the error on the measurement
of volume change dwring equllibration, the dead space in

the system was kept small by making use of capillary tubing

E R e £ i e

wherever possible. Finally, the solution to be used as a !
solvent for the gas must be free of any dissolved gases
prior to the experiment. The simplest way of degassing a
solution is to evacuate 1t periodically with a vacuum pump
and then let it stand under vacuum. This procedure took
from four to twelve hours depending on the solution used.

A small error could be introduced due to the evaporation of

some of the solvent during the degassing process, but this
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was corrected for by collecting the evaporated solvent, under
standardlized degassing conditions, in a liquid air trap. In
subsequent experiments carried out under the standard condi-
tions an equivalent amount (about 2 mls.) of pure solvent

was first added to the solution (250 mls.) prior to degassing
to compensate for this loss by evaporation. The amount of
solvent lost by evaporation could be estimated to 204 (l.e.
Oy ml.) so that the error in the final electrolyte concen-
tration was determined by the error of 0.4 ml. in 250 mls.,
l.e. 0.,16% which was considered negligible, Actually, this
negliglble error could have been avoided completely if the
exact concentration of the éalt solution had been measured
after rather than prior to the solubility measurements. A
simple way of doing this would be to measure accurately the
density of the solution after the experiment and estimate

the concentration from a calibration curve of concentration

against density.

Solubility measurements

Essentially, the method used to measwre the solu-
billities of the gases was as follows. The vessel C in
Fige. 19 was first fllled with mercury and the degassed liquid
from vessel A was introduced into vessel C by displacement
of mercury into a calibrated vessel D until vessel D was
full of mercury. Thus, the volume of solution in vessel C

was equal to the calibrated volume of bulb D, The gas,

4
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stored in vessel B and saturated with the solution vapour,
was now introduced into the gas burette where its volume
was measured accurately. The gas was then introduced into
vessel C by displacement of mercury as before. The shaking
of the solution was started and the pressure adjusted
pericdically so as to keep it constant. The amount of
dissolved gas was obtained by returnling the gas to the gas
burette by raising the mercury in the vessel C and measuring
the difference in volume. This procedure was repeated until
equilibrium had been reached.

The gas burette and the vessel D were both cali-

brated by filling them with mercury at known temperature

and welghing this mercury.

Accuracy and reproduclibllity

The solubilities of the gases in pure water measured

in the above apparatus agreed fairly well with those recorded in
the 1iterature. The solubilitles in cc. of gas per 100 mls. :
of water at 30.0°C and one atmosphere of gsas pressure

(corrected for the vapowr pressure of water) were found to

be equal to 2.90 for argon and 9.86 for ethylene. The

corresponding values taken from the literature were 2.89 (88)
and 9.04 (88a). Because of the excellent agreement between

our results and the literature value in the case of argon

and since our results are reproducible within one percent,

it seems that the value quoted in the literature for ethylene
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may be slightly in error. Therefore, the sbsolute values
of our measured solubilities are probably correct within
the overall experimental error.

The largest error in the measurement of solubility
of gases iIn a slmple salt solution is probably the measurement
of the volume in the gas burette. Since the amount of gas
dissolved in the solution varied between three and five mls.
for argon (about 200 mls. of solution were used in an expe-
riment), the error is of the order of one percent. Other
sources of error such as fluctuations in temperature and
pressure, uncertainty in the equilibrium between dissolved
and undissolved volume of gas and degassing of the solution
should contribute ebout 0.5 percent error. Therefore, the
total error Iin the measurement of solubilities of argon in
s8imple salt solutions is estimated to be about 1.5 percent.
Correspondingly, the maximum error in salting-out measurements
will be 3 percent if we neglect the error in the concentration
of the salt solution.

The experimental errors in the measurements of
salting-out by polyelectrolytes are significantly larger
than those encountered in the measurements with simple
electrolytes. This is a result of the difficulties involved
in a) preparing polyelectrolytes of purity comparable
with that of simple crystalllizable saltsy b) degassing the

solutlon since foaming of'ten occurs when a vacuum is applied

LR
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to the solution and c¢) attaining equilibrium in dissolving
the gas since the high viscoslty of the polyelectrolyte
solution prevents the stirring of the solution from being
very efficient. The exact error introduced by these effects
is difficult to evaluate with certainty tut the overall error
in the measurements of the salting~out constants for polyelec-

trolytes should not exceed seven percent.

ii1) Solubility of Solid Non-Electrolytes

In general, 1t 1s easier to measure the solubility
of solids than gases, provided there exists some simple
method of analysis for the dissolved substance. In the
present experiments, amldes and amino aclds were chosen as
non-electrolytes. The solublilities of these non-electrolytes
can be determined readily by analysis for nitrogen by the
standard Kjeldahl method provided, of course, that the salt

does not contain any nitrogen.

Procedure

An insulated constant temperature water bath was
used to keep the temperature constant during the measure-
ments of solubllities. The temperature was maintalned at
30.4 ¥ 0.1%.

The procedure was as follows: 60 mls., of salt
solution were placed in a 100 mis. volumetric flask. An

excess of non-electrolyte was added, the flask was stoppered
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and placed in the water bath. By means of an automatic
shaker, the solution and the non-electrolyte were mixed
continuously. The equilibration time varied with the solu-
tions, it being found that more time was required for a
non-electrolyte to dissolve to equilibrium in a viscous
solution of a polyelsctrolyte than in a simple salt solution
due to the less efficient stirring in the former case. In
all cases, the equilibrium was reached after 8 hours of
shaking. This was confirmed by repeating some experiments
under conditions where the equillbrium was approached from

a higher temperaturej; the mixture of salt solution and
non-electrolyte was heated initially to about u5°C and later
placed in the thermostat at 30.&00. Analysis of the solution
after 2l hours gave the same result as in the first experi-
ments.

After equilibrium had been reached, the solutlon
was filtered through a sintered glass funnel completely
enclosed so that 1t could be placed inaside the constant
temperature bath during the filtration, thus maintaining the
solution being filtered always at the same temperature.

A 10 mls. sample was then analysed by the standard
Kjeldahl method (89) using mercuric sulphate and potassium
sulphate as catalysts. Each analysls was carried out at

least in duplicate.
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Accuracy and reproducibility

The accuracy of the analytical procedure was checked

by adding a known amount of non-electrolyte to a polyelectro-~
lyte solution (PBPB could not, of course, te used in this
part of the work since it containe nitrogen) and the analysis
of the mixture was found to give the correct smount of
non-electrolyte present to better than one-percent for both
non-electrolytes used (d-1l leucine and benzamide).

The absolute values of the solubilities are also
reliable to one percent. For example, the solubllity of
d-1l -leucine calculated from the data of Cohn and Edsall (90,
page 190) is 1.056 grams per 100 mls. of water; Our average
value was 1,051, The overall srrors in the salting-out
measurements (arising from errors in analytical results,
concentratlion of salt used, teﬁperature,etc.) were estimated

to be not greater than three percent.

iv) Density of the Polyelectrolyte Solutions

The apparent molar volume ﬂv of a solute in solu-
tion can be obtained directly from the density d of the
solution, and accuracy of ﬂv depends almost entirely on the
accuracy of the term d - d, (see equation [I-27]), where
d.o is the density of the pure solvent and d that of the solu-
tion. One of the simplest methods avallable which will give
the required sccuracy is the differentlal float or buoyancy

methed,
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AEEaratus

The apparatus used was essentlially similar to that
described by Bauer (62)., Two glass floats were suspended
from the two pans of an analytical balance by fine platinum
wires. The bglance was placed over an insulated constant
temperature bath such that the vessels contalining the floats
and the solution of unknown density could be kept at constant
temperature during the measurements. The platinum wires were
platinized in the regions corresponding to their contact with
the air-liquid meniscus of the solutions in order to minimize
possible errors due to unequal wetting of the wires and hence
to differential surface tension effects. The level of the
liquid in the measuring vessels was always kept constant to
avold corrections for different weights and volumes of the
platinum wires immersed.

The glass floats had volumes of about 120 mls. and
their overall effective densities were adjusted so that they
would just sink in the solution of highest density (about
1.1 grams/cc.). Their volumes were measured accurately by
welghing them in alr and in water. From the accurate knowledge
of the density of water, their volumes could be calculated.
Two floats were used differentially during the experiments to
minimize errors arising from surface tension, wetting and
buoyancy. The errors associated with the use of one float

and wire are then nearly completely compensated by those
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arising at the second float and wire in the reference vessel
contalning pure water.

The Insulated water bath was completely covered
except for two holes where the vessels containing the solu-
tion and pure water were inserted. Heat was supplied to the
bath by a partly submerged electric bulb, and the temperature
was kept constant by means of a carbon tetrachloride regu-
lator. The temperature was maintained at 3Q.OO°C and did
not fluctuate more than 0.02°C near the vessels durlng the

experiments,

Measurements

A first experiment was always made with distilled
water in both vessels and the difference in the weights of
the two floats was determined (wto). The experiment was
then repesated with one of the vessels containing the solu-
tion of unknown density and the new difference in weight
was measured (wt). The difference in density between the

solution and pure water is therefore given simply by

d=-d = o (III-1]

where V is the volume of the float. The liquid in the refe-
rence container doess not change, so that the volume of the
reference float does not appear in the calculations. Between

each run, enough time was allowed to let the temperature
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inslde the vessels become equsl to that in the thermostated
bath. The point of thermal equilibrium is easily determined
by making measurements st different times and is indicated
when "wt" ceases to drift any more in any one direction.

Twolfloats were used for most experiments, but in
some cases the viscosity of the polymer solutions was so
large that a long time was required for the two pans of the
balance to come to equilibrium. In such cases, the advantages
of uslng two floats was neutralized by the ﬁncertainty in
the exact determination of the weight "wt". Therefore, for
these viscous solutions, only one float was used. That the
accuracy was not then affected very seriously was established
by measuring the density of some solutions with one and with
two floats independently.

The solutions of simple and polymeric salts were
made up by volumetrlc methods. In accurate density measure-
ments (62) it i1s usually necessary to weigh out the salt and
solvent since the molarity of a solution depends on the tem=-
perature. Unfortunately, in the present work, limitations
arose owing to the fact that the effect of variation of the
degree of neutralizatlion of PMA on the partial molar volume
was required. Accordingly, solutions of the polysalt were
made up by titrating a solution of PMA with standard KOH, so
that the accuracy of these titrations limits the accuracy of

the concentration of the polysalt,
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Accuracy and reproducibility

The density measurements could be obtained to six
decimal places although in most cases the last decimal place
was rather uncertain. The density of a potassium chloride
solution was measured at 30.00°C and compared with the values
given 1n the International Critical Tables for different cone
centrations. Both sets of values agreed to the fifth decimal
place, The apparent molar volume of KCl at infinite dilution

was also calculated and was found to be 26.6 mls,. per gram-

ion at 30.00°C. The value given by Moelwyn-Hughes (91, page 851)

is 26.5 mls. per gram-ion at 2500 s0 that the agreement 1is
quite satisfactory. The density measurements were reproduci-
ble to about 5§ in the sixth decimal place.

If we neglect small errors in the temperature fluc-
tuations, wetting of the platinum wires, buoyancy etc., the
overall error in the estimation of ﬁv will be the sum of the
errors onm and d = do (see equation [1-27]). The relative
error on these two terms varies with concentration but it is
found that above 0.01 M both these terms are reliable inside
one percent. Therefore ﬂv and also ﬁvo, the spparent molar
volume at infinite dilution, are reliable within two percent.

At concentrations lower than 0.01 M, the error increases very

significantly and the vealues ﬂv in this reglon are not reliable

in the evaluation of ﬂvo.
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B - EXPERIMENTAL RESULTS

The measured solubilities and salting-out ratios (91)
of non-electrolytes are given as a function of concentration
of the simple and polymeric electrolytes in Tables 2 to 6. The
densities of corresponding salt solutions are given in Tables
7 and 8. All the gas solubilities were corrected to one at-
mosphere total pressure and are expressed in mls. of gas
dissolved at equilibrium per 100 mls. of solution. Normally
solubilities are given at one atmosphere gaé pressure rather
than total pressure but, as we have mentioned previously, the
way in which we express solubilitles does not affect the
calculations of salting-out constants, provided, of course,
the vapour pressure of the solution 1s not too different from

that of the solvent (see page 118). The solubilities of the

solld non-electrolytes are expressed in grams of non-electrolyte

per 100 mls. of solution. The gas solubilities were measured
at 30.0°C, the solubility of solids at 30.L°C and the densities
at 30.00°C. All the concentrations are expressed in moles

per liter (M). In the case of polyelectrolytes, the concen-
tration m 1s the molarity of the counterions or, in otler
words, that of the neutralized monomer wnits on the polymer

chain,

Salting-out by NaPP

The salting-out data for ethylene, argon and d-1 leucine
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by sodium polyphosphates are glven in Table 2 and sodium dihy-
drogen phosphate was taken as the reference simple electrolyte
corresponding to these polysalts. The sélting-out constants
ks were obtained from the slope of the plot of (So - S)/S°
against m (seg, for example, Fig. 20) and are also 1isted in
Table 2. In Fig. 21 ks is plotted as a function of the mole=
cular weight of the polyphosphates for the different systems.
Fpom this graph the following conclusions can be drawn:

a) The salting-out constant depends on the nature of
the non-electrolyte and decreases in the order ethylene, argon
and d-1 leucine.

b) The dependence of k, on the molecular weight of the
polyelectrolyte seems to be independent of the nature of the
non-electrolyte. The constant k8 decreases rapidly at first
as the molecular weight increases and beyond a certain molecular
weight, approximately 3,000, ks becomes nearly independent of
the molecular weight.

¢) The polyelectrolyte (NaPP) salts-out less than the

corresponding simple electrolyte (NaHzPOu).

Salting-out by XPMA and by PBPB

The salting-out data for argon and benzamide by
potassium polymethacrylate and for argon by poly-l-vinyl-N-n-
butylpyridinium bromide are given in Tables 3, l and 5,
Potasslum isobutyrate was chosen as the reference simple

electrolyte for KPMA, and both lL-ethyl-N-n-butylpyridinium

e
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SALTING=-0UT BY POLYPHOSPHATES

m

moles/liter mls, gas/100 mls,
- solution

S =8

0

——

0

800 M-W

2800 M-W

6800 M~-W

Argon by NaPP" at 30.0°C:

0.50
1.00
2.00
0.50
1.00
0.50
1.00
0.50
1,00

Ethylene by NaPP~ at 30.0°C:

2800 M=-Ww

0.50
1.00
2.00
0.50
1.00
2.00

Sy = 2.81 ¥ 0.03 mls./100 mls. water

0.220
0.148
0.656
0.160
0.296
0.121
0.210
0.082
0.231

9.42 ¥ 0,08

0.258
0.196
0.65L
0.136
0.259
0.1468

| Grnte croommetety 4

liters/mole

1+

T A T TR T ST e e s memaamnt o mte e peppe s

ris./100 mls. water :

0.50 ¥ 0,01
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Table 2 (Conttd.)

Salt m S 3 s ko
moles/liter mls. gas/100 mls. OS liters/mole
solution o

d-1 leucine by NaPP at 30.L°¢C: S, = 1.051 £ 0,007 gms./100 mls.

water

Nali, PO, 0.257 0.987 0.061

0.51l 0.913 0.131

1.029 04779 0.258 0.251 ¥ 0,005
800 M-W 0.267 1.018 0.031

0.533 0.989 0.059

1.067 0.900 O.1Lh 0.118
2800 M- 0.245 1.02) 0.026

0.489 1.003 0,046

0.979 0.945 0.101 0.095
6800 M=W 0.229 1,038 0,013

0.459 1.016 0.033

0.917 0.976 0.071 0.075

3%

These experimental salting-out constants of argon and
ethylene by NaPP were presented as part of a thesis for the
final B.Sc. year at this University.
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FPigure 20. Salting-out ratio for d-1 leucine by NaPF, as

a function of concentration.
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Salting-out constants for three different non-
electrolytes as a function of the polymer (NaPP)

molecular welght.
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Table 3

SALTING=-0UT OF ARGON BY KPMA AT 30.000

Molecular weight of PMA is 56,000: S, = 2.81 ¥ 0.03 mls./100 mls.

water.
Salt m £ S, = S L ;
moles/liter mls. gas/100 mls, —g—— liters/mole ;
solution ~o :
Potassium 1.01 1.88 04331 ;
isobutyrate 4 i
0.50 2.30 0.181 |
0.25 2.52 0.103 g
0.24% 2.55 0.093 0.35 ¥ 0.01 z
100% 0.03 1.7h 0.381
neutralized
0.80 1.97 0.299
0.40 2.38 0.153 ?
0.23 2.58 0.082 h
0.20 2.57 0.085 0.4k ¥ 0,03 :
73 3% 0.66 1.73 0.38L :
neutralized i
0.33 2.22 0.210 '
0.165 2.55 0.092 0.58 ;
61 .0% 0.555 1.86 0.340 ;
neutrallzed %

0.1l 2.5l 0.076 |
0.275% 2.38 0.166 0.63 |
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Table 3 (Cont'd,)

Salt m S S =S ks
moles/liter mls. gas/100 mls. —2§——— liters/mole
solution o
L. «5% ColO 1.78 0.367
neutrallzed
C.20 2439 0.150
0.10 2.57 0.085
0.30% 2.07 0.263 0,86 ¥ 0.03
26.7% 0.2l 2.31 0.178
neutralized
C.12 2456 0.089 0.71
17.8% 0.12# 2463 0.06l 0.50
neutralized
3

l ¥ weroet. isobutyric acid and 0.2 M w.r.t. KOH,

# PMA isolated and fractionated by addition of ethyl methyl
ketone to an aqueous solution of PMA,
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Table Q

Molecular wt. of PMA is 78,000: 1.560 = 0.007 gms./100 mls.
water.
Salt m S S =8 ks
moles/liter gms./100 mls. —23——— liters/mole
/ so{ution o
Potassium 0,916 1,29 0.171
isobutyrate
0.458 1.43 0.092
0.229 1.50 0.037 0.185 ¥ 0,005
92 .0% 0.507 1,20 0.231
neutralized
0.254 1.39 0,109
0.127 1.48 0,051 0.43 ¥ 0.015
76 1% 0.372 1,28 0.174
neutralized
0.186 1l.41 0.096
0.093 1.50 0.039 0.48
66.Q% 0.372 1l.32 0.15L
neutralized
0.186 1.43 0.083
0.093 1.49 0.045 0.45
5l.6% 0.372 1.0 0.102
neutralized
0.186 1.46 0.051
0.093 1.51 0.032 0.28
146 . 0% 0.304 1.48 0.051
neutralized
0.152 1.53 0.019 0.16

YT R Ty
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Table 5

Salt m S S - s k8
moles/liter mls. gas/100 mls. —95——— liters/mole
' solution ’s]
L‘. Vinyl"'N" 0.690 2.‘-{-0 O.l’.‘.e
n~butyl
pyridinium  0.345 2.56 0.089
bromide . +
Ool?O 2.68 0.0)_1.6 0.25 - 0.03
L} ethyl-N- 0.97 1.98 0.295
n-butyl
pyridinium 0.4L85 2.46 0.12L
bromide
0.2l 2.63 0.062 0.25
91% 0.37 2.37 0.156
neutralized
0.185 2463 0.06L
0.14 2.68 0.0L6 0.36
63% 0.37 2.42 0.138
neutralized
0.18%5 2.61 0.071 0.36
0.23 2.53 0.100
neutralized
0.115 2.69 0.043 0.38
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bromide and l-vinyl-N-n-butylpyridinium bromide were used
as reference simple electrolytes for PBPB. The salting-out
constants k, were again obtained by plotting (So - S)/So
against m. The values of ks as a function of degree of
neutralization are compared in Fig. 22 for the different
systems. The main conclusions that can be drawn from these
experiments are the following:

a) The constant ks depends significaptly on the degree
of neutrelization., In the case of KPMA, ks for the poly-
electrolyte is approximately equal to or lower than that of
the corresponding simple salt when the degree of neutra-
lization is low, is much larger at intermediate degrees of
neutralization, and finally decreases again at high degrees
of neutralization (approaching unity). The limited data
avallable for PBPB lndicate that the salting-out constant in
this case 1is independent of the degree of neutralization.

b) The dependence of kS on the degree of neutralization
appears to be also dependent on the non-electrolyte. The
maximum value of ks for argon occurs when PMA 1s approxima-
tely 4O to 50 percent neutralized while in the case of ben-
zamide the maximum occurs when the polyelectrolyte 1s about
80 percent neutralized.

¢c) At intermediate degrees of neutralization the degree
of salting-out by both KPMA and PBPB at a given nomality is
larger than that observed with the corresponding simple salt;

thlis result is the opposite of that found In the NaPP case.

LRI+ RTINS AT e L e
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Salting-out constants for argon and benzamide
by KPMA and PBPB as a function of the percentage

neutralization of the polyacid or polybase.
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d) Argon is salted-out more than benzamide.

e) The two simple salts chosen as corresponding to PBPB
have the same value for ks' Therefore, as might be expected,
the presence of the double bond in the vinyl salt does not
seem to influence the degree of salting-out caused by the
monomeric ion.

In order to examlne the posslble effect of the
undissociated part of the polyacid in determining ks the
saltlng-out by potassium isobutyrate was determined in the
presence of an excess of isobutyric acid (see Table 3); it
appears that the undissociated organic acid has little effect
on the degree of salting-out. This was also confirmed for
the polyacid 1itself in another experiment in which the

N e e, o e e

i

salting-out of argon by pure polymethacrylic acid was measured,
and the value of the salting-out constant was found to be
less than 0,02, i.e. much less than that due to the polysals
derived from the acid.

Three experiments were carried out with KPMA in
which the acid used was purified and fractlionated further
by dissolving the polymethacrylic acid used In previous
experiments in water and then reprecipitating out the polymer
by adding small amounts of methyl ethyl ketone. The
fractionated polyacid was then dried in the way described
previously. The salting-out data obtained with this sample

of KPMA agreed, within the experlmental error, with the
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results obtalned In experiments using the sample previously
referred to (see Table 3). This therefore indicates that the
degree of fractionation is not eritical for experiments in
which salting-out constants are determined. The same con-
clusion was reached in the case of polyphosphates since we
have shown that the molecular welght does not have much effect
on the degrees of salting-out observed beyond a certain chain

length.

Salting-out by KF at high concentrations

In order to study the dependence of kS on concen=-
tration, the salting-out of argon and ethylene by KF was
measured up to fairly high concentrations of salt (4.7M) and
the results are recorded in Table 6. In Fig. 23 (5, - 8)/S_
is plotted against m and in Fig. 2l log SO/S is plotted
against m. The main conclusions that can be drawn from these
experiments are:

a) As expected, the limiting slopes in both plots are

almost identical.

S =8 S
(o), % (e 2
omm-—->0 n m— O

b) Using the normal way of expressing the degree of
salting-out in terms of (S, - 8)/S,, the salting-out is a
linear function of concentration at low concentrations, and
at higher concentrations, the function deviates from

linearity until an upper limiting value of unity is reached
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Table 6

Gases m S So -3 ]e:»3 So ks

moles mls, gas _Eg— liters in == liters

TIter 100 mls. Soln. mole mole
Argon Le72 0.5k 0.807 1.65

3.51 0.73 0.740 1.35

2.50 1.03 0.63l 1.002

1.75 1.37 0.513 0.718

1.18 1.72 0.375 0.492

0.875  2.00 0.288 0.341

0.59 2.28 0.188 0.209

0.30 2.50 0.110  0.34 0.115 0.39 ¥ 0,01
Ethylene 3.51 2.20 0.770 1.7

2.50 3.37 0.6L7 1.025

1.75 L6 0.532 0.759

1.25 5.63 0.410 0.527

0.875 6.48 0.321 0.386

0.625 742 0.222 0.251

0.428  8.06 0.155 0.168

0.21L  8.83 0,074  0.36 0.076  0.43
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Salting-out ratio for argon and ethylene by

potassium fluoride at high concentrations,
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Salting-out (logarithmic plot) of argon and
ethylene by potassium fluoride at high con-~

centrations,.
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as S — 0., At very high concentrations the salting-out
should become independent of salt concentration, that is,
the non-electrolyte 1s completely salted-out,

¢) The logarithmic form of expressing the degree of
salting-out (equation I-23) gives a straight line to much
higher concentrations but eventually deviates from linearity

to some extent.

Apparent molar volumes of KPMA and NaPP

The densities of the NaPP and KPMA salts were
measured in aqueous solution and the results are given in
Tables 7 and 8., The apparent molar volumes of the simple
and polymeric electrolytes were evaluated from equation
[I-27). For the range of NaPP oligomers studied (see Experi-
mental section), the apparent molar volume contribution ﬂv per
monomer unlt was evaluated from the observed densities of
the solutions using the molecular weighi of the repeating
unit [NaP03], end effects due to OH instead of O groups thus
being neglected in the calculations.

In the case of KPMA, the apparent molar volume of
the neutralized monomer unit on the chain was evaluated. This
was done by assuming additivity of contributlions from the
neutralized and unneutralized monomer units with respect to
change of density resulting from the presence of the polysalt

in solution, i.e. the total change in density d - d, due to




R
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Table 7

DENSITIES AND APPARENT MOLAR VOLUMES OF NaPP AT 30.0000

d, = 0.995646 gms ./ml.

Salt m d A, ﬂvo
moles/liter gms./ml, mls./gram-ion mls./gram-ion

Nal,PO) 0.10086 1.005927 17.9

0.03839 0.999587 17.4

0.01321 04997002 17.

0.0067hL 0.996336 17.7

0.00569 0.006225 18.2 16.y £ 0.2
NaH,PO,  0.16400 1.006835 35.9

0.08833 1.001699 35.6

0.0L4521 0.99L043 35.6 3542
NaH,PO, 0.07178 0.999516 3642

0.03437 0.997499 36.2

0.02031 0,996741 36.2

0.0116lL 0.,996296 34.2 3642
800 M=-W  0.13665 1,00651Y 22.5
Ner 0.07361 1.001475 22.9

0.0308L 0.998126 21.7

0.01618 0.996938 22.2

0.00809 0.996300 20.9 20.2




. 2
i
i
i
H
H
{
H
i

149 -

Table 7 (Cont'd.)

Salt n a 8, A,°
moles/liter gms./ml, mls./gram-ion mls./gram-ion

2800 M-W 0.15235 1.007396 25.0
NaPP

0.04790 0.99938); 2l .0

0.028y2 0.997906 22.8

0.02277 0.997439 23.3

0.01776 0.9970L7 23.2

0.01517 0.996852 22.5 21.8 ¥ 0.2
6800 M-W 0.13766 1.006207 25.4
NaPP

0.0706l 1.001083 25.1

0.01525 0.996839 23.8 22.8
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introduction of polysalt into the solvent water was corrected
for the presence of neutral groups in the polymer chain in

the evaluation of the ﬁv contribution for the ilonlc groups

in the chains. This correction term can be obtained by
plotting d = do as a function of concentration for the
unneutralized PMA., The densitles of the corresponding simple
salt solutlons were also evaluated, again to serve as referen-
ce data for the purpose of comparing the electrostrictlon
effects (in terms of f values) of the polysalts with those

of corresponding moncmeric salts. The apparent molar volumes
of KPMA at different degree of neutralization are plotted as

a function of the square=-root of concentration (62) in Fig. 25
in order to evaluate by extrapolation the limiting apparent
molar volumes ﬁvo at infinite dilutlion; these ﬁvo volumes

were then plotted as a functlion of the degree of neutrall-
zation In Flg. 26. The apparent molar volumes at infinite
dilution of NaPP are glso plotted in Fig. 27 as a function of
their molecular weight. Again, the corresponding values for
the simple electrolytes are given for reference. The
following conclusions can be drawn from these results:

a) From Fig. 27 it is obvious that there is a close
relationship between the density of the polyelectrolyte
solutions and the salting-out constants for these salts. The
dependence of ﬁvo on the molecular weight of NaPP ls the

reverse of that of values of k;, on molecular weight. pv°
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Figure 25. Square-root dependence of the apparent molar
volumes ﬂv of KPMA on concentration for different §

percentage neutrallization,
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Figure 26. Apparent molar volumes of KPMA at infinite ﬁ
dilution as a function of the percentage E

neutralization,
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Apparent molar volumes of NaPP at infinite

dilution as & function of molecular weight.
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increases falrly rapidly at first with molecular weight and
for higher molecular weight ﬁvc becomes very nearly independent
of the average chain length of the polyelectrolyte. This
may be compared with the variation of k, with molecular weight
in the NaPP series as shown in Fig. 21.

It can be seen from Fig. 21 for k, values and

from Fig. 27 for the ﬂvo values that the relationship of

these values for the polysalt NaPP to those for the corresponding

simple salt NaHzPOu is anomalous compared with the analogous
relationship for ﬂvo and k, values for KPMA and PBPB.

However, the trends of both k  and ﬂvo with molecular weight
in the NaPP series are mutually consistent; thus the smaller
electrostriction associated with the larger ﬂvo values as

the molecular weight increases is consistent with the dimi-
nishing k. values which are observed with increasing molecular
welght. In order to find the cause of the abnormally high
degree of hydration of sodium dihydrogen phosphate which, as
we shall see, it is necessary to assume in order to explaln
these experimental results, the apparent molar volumes of
sodium hydrogen phosphite and of sodium hypophosphite were
also measured. The choice of these two compounds was dictated
by the following factors: 1t was suspected that the anomglous

[l
results, referred to above, arose because the salt Na+HO-?-OH
0
was belng compared with NaPP whose repeating group is, in fact,
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0 0 0

+ W + i + I
Na -P-?-. Hence, the salts Na H-?-OH and Na H-P-H may be

t

0 0 0

a preferable basis for reference. As expected by comparison
with the case of KPMA and theoretically (see Discussion), the
apparent molar volumes of these two salts (see Table 7) are
larger than that of polymeric salt NaPP. Therefore, anomalous
results are obtalined only with the simple salt NaHZPOu and

we will see later that thls is probably a result of hydrogen
bonding which playsan important rdle in tﬂe hydration of the
low molecular weight polyphosphates, through end-group effects.

The apparent molar volumes of the salts investlgated
vary linearly with the square-root of concentration down to
about 0.01 M. At lower concentrations the experimental points
begin to scatter significantly, and the density measurements
are not accurate enough to test the dependence of ﬂv on cone-
centration beyond this concentration of 0.0l M. However, the
extrapolations of the values to infinite dllution are fairly
reliasble as we can see from Fig. 25,

The experimental values for the ﬂvo of potassium
isobutyrate and KPMA are the same when the degree of neutra-
lization is about 30 percent (Fig. 26) even though the
dependence of ﬂv of both salts on concentration is different
(Fig. 25).

At & low degree of neutralization (20%), ﬁvo for

KPMA is larger than that of ths unneutralized PMA but for
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4 degrees of neutralization larger than approximately 30 percent

ﬂvo is always smaller than that of the neutral acid molecule.
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C - DISCUSSION

The main purpose of the work recorded in this
Chapter III of the thesis was to study experimentally and
theoretically the salting-out effect and electrostriction
with polyeleétrolytes end compare these results with those
obtained for corresponding simple electrolytes. Since (as
in the problem of dielectric saturation treated in Chapter II)
we will use the simple electrolyte as a basis of reference
for discussing the effects of salting-out By corresponding
polyelectrolytes, it is of the utmost importance that we first
examine critically the existing theories of salting-out by
simple electrolytes before undertaking the more difficult
problem of developing a treatment for polyelectrolytes. The
following discussion will show that the existing salting-out
theories are incomplete; we will therefore attempt to obtain
an lmproved theory and then use the same theory for the
pr<blem of salting-out by polyelectrolytes, except that a
cylindrically symmetric model will be used instead of a spheri-
cally symmetric one. The problem of electrostriction near
simple and analogous polymeric ions will be discussed in

part (ii) of this Discussion.

i) Salting-out by Simple Electrolytes

Many approaches have been made to the problem of

salting-out (60, 61), but electrostatic theories have, of




i
l"""‘"'" &
R T T I T o T T L ST L M R e, B T D T e L et T L T LT A L G 8 L AT 1 ey AL I .a

- 161 -

course, recelved most attention. Debye and McAulay (93) have
calculated the work necessary to discharge an ilon in pure
solvent and in a solution contalning a non-electrolyte.

The salting=-out effect is then related to the change in

dlelectric constant caused by the presence of the non-electro-

lyte. Their final relation is
S
o _z"e 1
In = = & z = [ITI-2]
where B, the dielectric increment, is defined in terms of

&= & (1-pcy) [111-3]

(o]

L T B O e T T P P N o A A SRR E S YA

where & 1s the dielectric constant of the solution containing
a concentration C2 of non-electrolyte and 65 is the dielectric
constant of the pure solvent.

Later, Debye (Sl) modified this theory to take into
account the distribution of water and non-electrolyte mole~-
cules around the lons. This theory was a significant im-
provement over Debye and McAulay's treatment but was still
expressed in terms of the dielectric increment as defined
in equation [III-3]. This was a serious drawback since such
information 1s not always avallable. iowever, Butler (95)
has shown that it 1s possible to relate the salting=-out effect
to the polarizabilitles and volumes of the non~electrolyte

and water molecules. He also showed that his theory becomes




A it il

- 162 =~

identlcal with that of Debye and McAulay if certain assumptions
are made about the relation between the dlelectric constant
and the polarizability of a molecule. Most of the theories
that have appeared since then are modifications or improve-
ments of these three principal treatments (96, 97, 98, 99, 61)
but none 1s entirely satisfactory.

The equation derived below will also be essentially |
based on Debye's treatment but important improvements will ;
be made by taking into account the following factors not
previously examined or trested in quantitative detail:

a) Dielectric saturation effects,
b} Molecular "structure" of the primary hydration
shell of the lons, and

c) Relation between dielectric constant and molecular

parameters (dipole moment, polarizability, molar volume)

Mz Ty e

using Kirkwood's theory of dielectrics,

Theory of salting~out by simple ions

B e T

The energy U stored in an element of volume dV of
a medium of dielectric constant & , subjJect to the action of

an electrical field E is given by (3L, page 110)

aU = (£E2/8m)av [III-L]

In a system containing n, molecules of component

1l and n, molecules of component 2, the corresponding mole




N, il an, "2 [III-5]
=-————————.an 2 eesm———t——— -
1» n1 + n2 2 n1 + n2

The introduction of lons into the system will re-
distribute the two componentsj; the component with the highest
dielectric constant will crowd around the ions and the

other one will be displaced from regions near the ilons.

If the local mole fractions of cbmponents 1l and 2 :
in the presence of the ions are N1 and N2 at a distance r

from the ion in a volume element dV, the changes of conflgu-

rational free energy in this volume element will be given by

AGldY ny

t
KT 1n(Nl/N1 ) av
{III=-6] !

1
0G,dV = n kT 1n(N2/N2 ) av

The total integral free energy change over unlt volume of 1
|

the system, including the electrical energy given by [III-L]

1s therefore
) 1 . 1 2 _
AG = nlkT ln(I\ll/N1 ) + n, KT 1n(N2/N2 ) + LE/8n [III-T]

where the field E, due to the lon, 1s a function of the dis-

tance from the ion.

If component 2 is taken as the non-electrolyte,
then the change in free energy is a minimum when dAG/dn2 = 0O,

Now, 1f we assume that a small change dn2 in the concentration
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of 2 will not significantly affect the mole fractions Nl and

|
N1 of the solvent (i.e. for dilute solutions of the non-

electrolyte), then differentiating equation [III-7] with

respect to n,, we obtain

kT 1n N2/N2 + &y ( g ) =0 [I111-8]

if the distribution of non-electrolyte is independent of f

concentration at low concentration. Replacing E by the

electrostatic rield -ze/¢£r2 and rearranging gives i
;s

K: “ o5 ?

1n [N2/N2']dn2 = - —E—E—H d(l) [III-9]

8wkTr € :

] & ° L
Integrating §
22 f

' z%e 1_1 ).1 r

In N/N, = = T\ F )= (III-10]

2/ 2 8wkTr (8 € r

Do

where 50 is the dlelectric constant of the pure solvent and
€ the dielectric constant of the solution containing n,

]
molecules of non-electrolyte. Since N2 1s small compared

with unity, equation [III-10] may be written as ;

! (o} AU -
NZ/N2 = 02/c2 = exp [~ 7 ] [III-11]

where C2 and 020 are the concentrations of non~slectrolyte ]

now expressed in moles per liter with and without ions present,




and AU/kT is given by

22
AU _ 1000 z% 11 )1
KT = g 1eTNp (5 & /05

where AU 1s expressed in ergs molecule-l.

If the concentration of the non-electrolyte is not
small, 1t is possible to correct equation [III-11] by adding g
extra terms in the energy relation (equation [III-12]) (98). i
Equation [III-1l] may be written:as ;

an, = C,° exp [~ 27 1 av . [III-13] |

For spherical symmetry (dv = uwrzdr)

n, = Czor;xp [- ﬁ% ] hwrzdr {IXII-104)

where n, is the number of non-electrolyte molecules in the

spherical annular element of thickness dr at a distance r E

from the lon. Similarly, the number of non-electrolyte mo-

o

lecules n, in the same annular volume element in the pure

solvent is given by i

n,° = ¢,° ‘( Lmr2dr [III-15]

The limits of integratlon are the radlus of the
ion "a" and the parameter R, which is defined as the radius
of the volume of solution available for each ion. R can be

evaluated from
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( TﬂhnjL/B | [III-16]

where m is the molar concentration of the ions. This equation
is in fact identical with equation [II-5].

Combining equations [III-1l] and [III-15], we ‘
obtain 5

R
L exp( AU/KT) LLTTI‘ _dr [III-17]

(. hwr dr . i

Since fr uwrzdr is the volume available for one
ion, ths reciprocgi of this term gives the concentration of
the electrolyte in terms of the number of ions per unit
volume. Expressing the concentration of the ions in moles %

per liter, equation [III-17] can be written as

R 5

n 4
2 _ . _mN _ - \ 2 _ i
;—3 =1 - 7505 (1 - exp (=8U/kT)) Lmrar [III-18] :
2 a :

] o _ - N -
Since 1 - n,/n,” =1 - §/s = (5, -8)/5 ,

R
S =38 N :
‘-Q-S-—- = %ﬁﬁf (1 - exp(-AU/kT))err [I1I-19] (
o
a

This equation is identical with the one derived
by Debye (94) and very similar to those of Belton (97) and
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Albright and Williams (98) except for the limits of integra-
tion. These authors use oo instead of R. In the more
approximate equations for the salting-out constant, the
exponential in equation [III-19] is expanded as a power
series and only the first term is retained. The equation
can then be integrated easily (95, 99). The approximate
salting-out equations are not very useful since for small
lons the energy AU is usually larger than kT and the expansion
of the exponential may cause the predicted salting=-out to
be seriously in error as we will show later.

The term AU/KT in the Debye theory is difficult
to evaluate since it 1s expressed in terms of the change
in dielectric constant due to the presence of the non-
electrolyte. Butler (95) has shown that this change in
dlelectric constant may be related to the polarizability of
the non-electrolyte and of the water molecule and other
authors have since used similar transformations (98, 99).
In the present derivation, we shall follow the method dis-
cussed by Long and McDevit (61) but will use Kirkwood's
theory of the dlelectrics rather than Onsager's as they
suggested.

Equation [III-12] may be written as

2.2 - & 2.2 -
AU/KT = 1000 z%e (60 )1 ~ 1000 2%e (502 5)%_‘_2_ [III-20]
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This is essentlally the same as regarding the electrical
field at some point near the ion as not being affected by
the presence of the non-electrolyte. This is of course a
correct assumption only if the concentration of the non-

electrolyte is small. Hence

2
s/ = 1P (£, - €) %‘5 [III-21]

When the dielectric constant £ of a solution is
high compared with the optical dielectric constant of the
solvent £ , Kirkwood's equation for the dielectric constant

of a solution (100) may be written as

£ =9/2 }: ¢y Py [III-22]
X

where Cy denotes the concentrations in moles per unit volume

of the different constituents k and ?ﬁ terms are their molar
polarizations. These molar polarizations are related to the
respective polarizations per unit volume p, defined by

equation [I~13], by the relation F = Vp, where V is the partial
molar volume. For the system water plus non-clectrolyte,

equation [III-22] may be written as

€ = 9/2 (eyF) + c,P,) [111-233

cl,the concentration of solvent,may be written in terms of sy

by the relation
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¥
=

clvi + ché

where the V terms are the corresponding (partial) molar

volumes. Therefore, equation [III-22] may be written as

1l - c2V2 —
£ = 9/2 —— Pl + 0252- [III-24]
-

l i
Thererore, 5
i‘
ag _ - & _ = _ PV
§==—F—2=9/2 (F, - =2 [1II-25]
2 2 A 54
Now C, = 1000c, and ¥;/V, =) =2/9 £_, so that
:
£o =€ -

1000 —-é-é-—— =V, é‘o - 9/2 Fz [III-26]

e ——

Substituting in equation [III-21], the energy function

becomes

2
AU/ = gy (V, €, = 9/2 Fy) [III-27]

where V2 is the partial molar volume or the molar volume of
the non-electrolyte since these two value are almost identi-
cal for non-electrolytes in water.,

Therefore, the salting-out of a non-electrolyte by
an lon may be mredicted if the size of the lon, the molar

volume end the polarization of the non-electrolyte are ;

known, However, it must be noted that ths approximate form
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of the Kirkwood theory used in this derivation is only valid
when the electric field is low. Hence this equation as 1t
stands cannot be expected to hold in the region close to the

lons, as discussed further below.

It should be noted at this point that Kirkwood (101)

has derived a salting-out equation which is more complex
since he expresses the electrostatic energy of interaction
of an ion and a non-electrolyte molecule (actually dipolar
ions) in terms of a series. Long and McDevit have shown
that his thsory actually predicts salting-out values very
nearly the same as those glven by the Debye theory,

A relation of the form of our equation [III-19],

with the energy given by equation [III-27], predicts (see

Long and McDevit (61) ) the correct dependence of the salting-

out constant ks on the nature of the non-electrolyte but still

fails to explain the marked variation in the salting-out
constant for different types of lons.

Before the development of quantitative electro-
static theorlies of salting-out, the usual explanation for
the lowering in solubility of a non-electrolyte by a salt
was that the water molecules were effectively removed from
thelr solvent role due to hydration of the ions (102).
These theories were, in genersal, unsatisfactory since they
failed to explain the dependence of the salting-out on the

nature of the non-electrolyte. Nevertheless, the "removal"

S TR S mem e
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of water (or rather the éhange of its activity) due to
solvatlion is a leadlng factor determining the extent of
salting-out even if it is not the only effect. The electro-
static theory of Debye, and corrsspondingly the one des-
cribed above, 1s, In fact, concerned to some extent with
this hydratibn effecty 1t is based on the fact that the more
polar component, usually water, 1s crowded near the ion while
the less polar substance is effectively pushed away. This
theory represents fairly well the situation existing at Iin-~
termediate distances and far from the ion but is not reliable
in the immediate vicinity of the ion for the following
reasons:

a) The dielectric constant near the ion is usually
much lower than that of the pure solvent (see Chapter II).

b) The relation used between the dielectric constants
of the non-slectrolyte sclution and the molecular properties
of the solvent and non-electrolyte 1is not valid in the region
near the ion where the field intensity is quite high (see
page 169).

¢) Important interactlons in the vicinity of the 1lon
(ion-dipole, dipole-dipole, van der Waals' short range forces,
etc.) are not considered in detail (see Chapter II, page 62).
A correct theory of salting-out should teke all these factors
into consideration, i.e. should consider the detalled struc-

ture of the solvent near the ion.
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Direct solvation effects may be taken into account
partially by correcting the field in the salting-out equa-
tion for the effect of dielectric saturation. It is possi-
ble by graphical methods to examine the effect of the degree
of dielectric saturation near an ion on the total salting-out.
In the first case, let us assume that AU/kT is small com-
pared with unity. The exponential in equation [III-19] may
then be expanded and the salting-out ratio is given approxi-

mately by

R

s, -8

o o it f (8U/kT)r?ar [111-28]
0

a

Substituting the electrostatic field (—ze/@rz) for E in

equation [III-27], gives the salting~out constant as

r

R
S =8 2 2
o N z-e i -
K, = -2 = lfmm Ee o (v, £-9/2F,) iz ar  [II1-29]
o a 8k TN

If a graphical solution is required (e.g. in the case of die-

lectric saturation), then we must plot £(r) against r, where

2 2
flr) = —2° (V, & =-9/2 F,) 25 ; [III-30]
¥l o000 €%k 2 o /2 P 2

f(r) has the units of liters. mole-l cm7l. This function is

plotted as curve I in Fig, 28 for the case of salting-out of

benzene by a monovalent ion. Benzene was chosen as a typical
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Theoretical salting-out functions (see text)
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non-electrolyte because it is large compared with the solvent,
is spherical and non-polar, The molar volume of benzene was
taken as 89.4 mls./mole (103) and the polarization term was
neglected (since the dipole moment is zero and the polarizabl-
lity negligible) in comparison with V2 &6. The valus ks is
then equal to the area under the curve from "a" to R or from
"a" to infinity in the limiting case of infinitely dilute
solution.

From this graph, it 1s esasy to sée why this approxi-
mate equation fails with small ions. This equation predicts
that an infinitely small ion would be assoclated with an
infinite salting-out constant., If we would correct this
equation for the effect of dlelectric saturation near the
ion, the situation would be even worse since the fleld would
be higher. This equation is thus satisfactory only for large
ions and is not valid for small ions.

If we do not expand the exponential in the salting-

out equation, the f(r) is given by

r(r) = "NO (1 - exp [-AU/KkT] )re [III=31]

instead of by [III-30]. This function is represented as
curve II in Fig. 28, and does not tend to infinity but rather
to zero as the distance r tends to zero. Hence, the main
objection to the approximate equation 1s now removed. in

addition, if we take the dielectric constant as a function




T L ——————

of the fleld intensity Iinstead of as a constant everywhere,

i.e. 1f we use the integral dielectric constant as a function
of distance in the field relation, the maximum in the function

£f(r) is raised to higher values and shifted to larger values

of r (see curve III in Fig. 28). It may therefore be conclu-

cded that the effect of taking into account dlelectric satu-
ration is to increase the wvalue of ks‘ This correction is
in the right direction since the theory of Debye usually
predicts values of ks which are too small.

The maximum in the function f(r) 1s a result of
two effects: I (r) increases as the volume around the ion
increases, and decresases exponentlally due to the Boltzmann
distribution assumed. The maximum in curve III of Fig. 28
corresponds to a distance of about 2.6 2 from the centre of
the ion. It 1s apparent from this graph that the region
between the radius "a" of the ion and the distance where the
maximum in f£(r) occurs can contain only solvent molecules,

i.e. the non-electrolyte molecules are completely salted-out

in this region. It is therefore obvious that the distance
where the salting-out function f(r) is a maximum should
correspond theoretically to the radius of the (primary) hy-
dration shell of the ion. This would be true, of course,
only if all the interactions between the water molecules
and the ion would be considered in detail (see page 62).

The model and the assumptions made in the derivation of the

S e g e T s T 8 2
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salting=-out equation do not allow us to calculate a priori
the extent of hydration (in terms of radius of the primary
layer) {rom salting-out data. However, the reverse is
possible; we can improve the sslting=-out relations by taking
into account a molecular model of the hydration shell around
the ions. i
The reglon of intense dielectric saturation of the i
solvent near the lon actually corresponds to a layer of water
having a thickness smaller than the actual primary hydration
shell. This problem was discussed in detailonp.62 and we
have shown that the main reason for the difference between
the limiting distance of intense dielectric saturation and
the radius of the primary hydration shell lies in the fact ;
that the finite size of the water molecule is neglected in

the theory of the dlelectric saturation based on a dielectric

continuume.

We have shown that the effect of taking into account

the dielectric saturation on salting=-out 1is to shift the
maximum in f£{r) in Fig. 28 to higher values and also to f
somewhat longer dlstances from the lon, i.e. the reglon of
strong ion~solvent Interactlion is sxtended. If the actual
primary hydretion is taken into account rather than the effect
of dielectric saturation, i1i.e. if we consider a molecular
picture of the hydration, the maximum in f(r) will be even

larger and shifted to greater distances from the ion. This
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can be demonstrated by considering the salting-out equation
{III-19] or the relation [{III-31]. In the first hydration

shell of radius r, the dielectric constant may be assumed

h
to be low. Consequently, AU/kT is large compared with unity
and exp[-AU/kT] is negligible. Beyond the first hydration
shell, AU/kT will be small compared with unity and the
exponentlal can then be expanded, retalning only the first i
term of the series. Therefore, the integration of the

salting-out equation may be carried out conveniently in two

partsy from "a" to Ty end from Ty to R (or infinity in the

limiting case). Equation [III-31] then becomes

R

£(r) = ﬁ%’-gv{[re]:h + [ﬁg r2] [III-32]
r
h

This function is also plotted in Fig. 28 from which it can

be seen that the salting-out constant will depend to a large

extent on the choice of the parameter Ty In other words,

A e RS R (s o

the limit of the "primary" hydration shell may be one of the
main effects in determining the salting-out constant and a
close relationship should exist between the geometry of the
hydration shell and the degree salting-out caused by the ions. !
In the following calculations, values of the radius ry will
be taken from Nightingale's table (see Table 1), in which the

data are based on corrected hydrodynemic Stokes' radil.
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If we meke the same simplificatlions to equation

(III-19], the salting-out equation becomes

T R
So =5 )N ® o, 2
g = Eas r“dr + (AU/kT)r“dr. [III-33]

As a limiting case (m tending to zero), R may be taken as
infinity and the field may then be taken as —ze/£r2. After

integrating, the salting-out equation reduces to

S =8 22 |

o - Q%%E 1.3 3 z%e -
—— = = (r?2 - a”) + (v, £ . - 9/2F ) [III—3AA]

bo 1 0(3 h BTI'NkT eoarh 2 o / 2}

or

S5 =38 2.2

(s] TmiN 3 3 z25e“m —
e = EEUU (r? - a2) + (v, & - 9/2P,) [III-

o 3 h 2000 kT ¢ °r, 2 ° /2%, 3451

Use of this simplifled equation also eliminates
the difficulty of using Kirkwood's limiting equation in a
region of high field intensity where 1t is; in fact, not
valid.

The molecular picture of salting-out is now some-
what clarified. Thus, the first term of equation [III-3L]
takes into account strong ion-solvent interactions associated
with the primary solvation shell of the lon and 1is, as a
first approximation, independent of the nature of the non-

electrolyte. Ior most ions, this term would always contri-
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bute a salting-out effect. The second term depends mostly
on the nature of the non-electrolyte and may lead either to
salting-out or salting-in depending on volume and polarization

of the non~-electrolyte.

Comparison of theoretical and experimental values of ks

In order to examine the validlty of this equation,
we have calculated values of ks for the salting-out of rare
gases and other neutral molecules by the alkali halides, and
have compared in Table 9 these values with‘the experimental
k8 data taken from the literature. In the same table are
also given the values of k8 estimated by means of the approxi-
mate equation [III-29]. The molar volumes of the non-electro-
lytes were taken from the literature whenever possible (e.g.
Hildebrand and Scott (104) give a 1list of the molar volumes
of the rare gases and other neutral molecules in an Appendix).
When these values were not avallable, they were calculated
from the molecular weight and density of the compound in the
solid state. In the case of helium, the molar volume is not
kmown but can be evaluated from its atomic radius (91, page 25)
to be approximately 0.72 mls./molc¢. This volume 1s so small
compared with that of water (18 mls./mole) that it may be
assumed that the hellum atoms do not occupy any space in the
water solvent, l.e. they are small enough to fit in the spaces
between the water molecules in the liquid state. Helium has

no permanent dipole moment and its polarizability is small,
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therefore the second term of the salting-out equation [III-3L]
is negligible sincas it depends on the magnitude of the term

( £°V2 - 9/2 ?é) and this term is very small. Therefore,

the salting-out constant of helium should be given by the
first term only of equation [III-34]. Hence, this affords

in principle a method of obtaining primary hydration data
from salting-out measurements since this first term 1s
determined by the limits of the primary hydration shell.

The crystal radii taken were those glven by Pauling
(108) and reproduced in Teble 1. The hydration radii were
taken from Nightingale's table (Table 1) except for the case
of lithium; from the apparent molar volumes of the lithium
salts it appears that the hydration radius of Li* is probably
smaller than that of Na® although conductance measurements
predict a larger hydration radius for Lit, Therefore, we
heve chosen a value of 3.4 R ror ry of Li* and this gives a
better value for the predicted ks than Nightingale's suggested
value.

Examination of Table 9 shows that the approximate
equation [III-29] fails completely to predict the salting-out
constants for helium, gives somewhat low values for the other
rare gases and predicts too large values for naphthalene and
biphenyl. It 1s also not very good with small ions, 6.ge.
Li*, or large ions, e.g. I . However, for the salting-out
of benzense by lons of intermediate sizes, ks is predicted

fairly well. This apparently good agreement is a result
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B e T T




- 18y -

of the fact that the error introduced by expanding the
sxponential in the salting=out equation [III-19] nearly
balances out the error caused by the neglect of the primary
hydration structure around the ions (see Fig. 28).

Equation [III-3}4] predicts the dependence of k8 on
the size of the non-electrolyte molecule very well, except
for very large non-electrolytes where the predlcted values
are somewhat smaller than the experimental ones. This equa-
tion also predicts the dependence of ks on the slze of the
ion falrly well for the salting-out of small non-electrolytes
but 1s unsatisfactory in the case of large non-electrolytes.
For example, ks for benzene salted-out by NaCl is found
experimentally to be twice that by Nal while equation [III-34]
predicts that the two ks should only differ by about three

percent.

Comparison with the theory of MecDevit and Long

It would be of interest at this point to compare
equation [III-3L4] with the one obtained by McDevit and
Long (103) based on the internal pressure concept. They
assumed that the only rdle of the non-electrolyte was to
occupy volume. A limiting expression for the relative
salting~-out was then obtained by assuming that the excess
work that must be done against the lon-solvent forces to

introduce a volume Vé of non-electrolyte into the salt
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solution was proportional to the volume change which occurs
on mixing (liquid) salt and water. Their limiting equation
is

S V,(vg =7,)

k =1ln =2 = III-
8 S B RT ( 351

where Vé and,vs are the partial molar volumes of the non-
electrolyte and salt, respectively, Vs is the molar volume
of the (liquid) salt and Bo is the compressibility of water.
The comparison of predicted values of ks using
McDevit and Long's theory with the experimental values, shows
that their theory overestimates the dependence of ks on the
volume of the non-electrolyte (the predicted k  of Lit 1s
negligibly small and that of naphthalene or biphenyl is
about two times too large). This relation also fails to
take 1lnto account the polarization of the non-electrolyte
and consequently would not apply to polar non-electrolytes.
The advantage of this theory, however, 1ls that it predicts
the dependence of ks on the nature of the salt much better
than do other theories. This is not surprising since, as we

have shown in the introduction, V. = Vs is related to the

8
degree of hydration of the salt. Also, since V; or ¢v° depend
on the primary and also secondary hydration, this theory

may account for the salting-in observed with some large

ions (99). In the latter case, e.g. with gquaternary alkyl

anmonium salts, there is a possibility of "negative " hydra-
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tlon, that is, the water molecules near the ion are more
mobile (rotationally and librationally more free) than in
the bulk. This may arise from structure-breaking effects (8),
as discussed in the introduction, or from short range
van der Waals' repulsion forces which can, like the attracti-
ve forces, become more significant with lapge ions (104),
Independently of the origin of this negative hydration, the
result will be a partial molar volume larger than the molar
volume for the salt In aqueous solution. Equation [III-35]
would then predict salting-in. Among the other possible
explanations for this salting-in effect, McDevit and Long (61),
Bockris, Bowler-Reed and Kitchener (99) and more recently
Huang (109) have suggested that the London dlspersion forces
between the large lons and non-electrolytes may be important
and may account for salting-in. The problem of salting-in by
large lons can probably be elucidated by studying the salting-
in of different non-electrolytes by large ions. If "negative"
hydration 1s responsible for the effect all non-electrolytes
would be salted-in. If dispersion forces were responsible,
salting-in should occur only with falrly large non-electrolytes
since the dispersion forces are important only between large
lons and large non-electrolytes. More work on this problem
is desirable.

The failure of our equation [III-34] to explain
the small values of the salting=-out constants observed with
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ions 1llke iodide and bromide is possibly a result of not
taking into account this suggested "negative'" hydration.
Hence, an extra term should be added in equation [III-3l4] to
acoount for cases of salting-in. Unfortunately, not enough
is lnown quaptitatively about these structure-bresklng effects

to permit such calculations to be made at present.

Dependence of ks on concentration

The only general effect of salting-out which we
have not yet attempted to explaln is the déviation from
linearlty of Ik wlth salt concentration at high concentrations.
The salting-out of argon and ethylene by potassium fluorlide
was measured up to about 5 M and the results were glven in
Figs. 23 and 2l (see page 1l13) where the two forms of the
salting-out relation were plotted as a function of the salt
concentration in moles per liter. In Fig. 23, ths saltlng-
out ratio increases linearly with concentration up to about
1 M and then flattens out until it reaches the upper limit
of unity. The origin of the upper limiting value of unlty is
easy to visualize since at high concentrations all the water
is held by the ions as water of hydration and no more solvent
will be available for the non-electrolyte. At intermediate
concentrations, it is more difficult to deal with the problem
theoretically since many factors must then be taken into
account (110). However, it is possible to show qualitatively

H
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a stralght line for the relation between salting-out ratio

and the concentration of salt.

The work on dielectric

saturation effects near an ion, described in chapter II,

indicates that the effective radius of a hydrated ion does

not change very significantly with concentration in solutions

less than 1 M.

{ITI-34] will be assumed to be independentlof concentration
below 1 M. However, in the second term, it was assumed that
1/R was small compared with l/rh, i.e. in very dilute solutions,
If this assumption is not made, then the salting-out constant
varles with concentration since R is a function of the concen-

tration of the ion.

Correspondingly, the first term of equation

In Table 10, theoretical values of

(S° - S)/Som are given as a function of concentration for

the salting=-out of benzene by the potassium ion using equa-

tion [III-34] with the parameter R.

THEORETICAL SALTING~OUT OF BLNZENE BY K* (EQUATION [III-3L1)

ZTable 10

So -9 N So -3
" S5 T
moles/liter liters/mole moles/liter liters/mole
0.00 0.190 0.5 0.156
U 05 0.175 1.0 0.148
0.25 0.162

. i"“"? I
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Equation [III-3}4] hence leads to non-linearity in
the salting-out relation as the concentration of salt in-
creases. These calculations are mostly only of qualitative
value since we are neglecting the lon-ion interactions.

It 1s seen however, that the squation gives an adequate

account of the concentration dependence of AS/Som. A slight
improvement could be made by making use, in the salting-out
equation, of the Debye-Hlickel field, or even better, the

values of the field calculated numsrically:in chapter II.

In order to predict the salting-out at concentrations higher
than 1 M, we would require to know the varliation in the
thickness of the hydration shell as the concentration in-
creases to large values, and this information is not available,
nor could 1t reasonably be calculated.

In general, examination of equation [III-34], indi-
cates that the salting-out ratlio will increase approximately
linesrly with concentration up to about 1 M (and then non-
linearly for higher concentration) for small non-electrolytes.
For larger non-electrolytes, the deviation from linesarity
can be predicted from equation [III-34] with a sultable field
function. Above a concentration of about 1 M, simple electro-
static theories of ionic solutlions (e.g. for conductance,
chemical potential of ions, etc.) fail due to the more com-
plicated structure of the solution and to the strong ion-lion

and ion-solvent interactions and the theory of salting-out is

no exception,

I ST E R s e e

g mcre e

T T




- 150 =

In Fig. 2li, the logarithmic form of the salting-out

equation has been used to represent the salting-out of argon

by potassium fluoride up to high concentrations. The linearity

of the concentration plot is extended to much higher concen-
trations than in Flg. 23. Although the limiting salting-out
constant in ﬁhis case is sbout the same as the usual ks’
this form 1s rather more empirical and the deviations from
linearity on the log plot seen at high concentrations are
rmuch more difficult to interpret; they, howe?er, are secondary
to the effects leading to the concentration dependence of

8s8/5°m discussed above.

Discussion of recent salting-out theories

We wlill now attempt to examine briefly, but criti-
cally, some of the main theories, or lmprovements to salting-
out theories, that have been proposed since the publication
of the review by Long and McDevit (61l). Wada (11l) and
Nakajima (112) have substituted the free ion electrostatic
field by the Debye-Hiickel field in the Debye and McAulay
salting~out theory in their attempt to explaln deviations
from linearity of . log SO/S plot at high concentrations.
Baranoski and Sarnowski (113), in addition to using the above

field correction, have triled to explain these deviations at

high concentrations by introducing a correction for the extent

of hydration of the lons. Their correction is similar to that

suggested by Robinson and Stokes (114) in their extension of
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the Debye=Hlckel thsory.. This type of correction 1s mostly
empirical and is of such a form that it becomes important
only at high concentrations; however, we have shown above that
the molecular structure of the hydration shell of lons can
be important, even at infinite dilution, in explaining salting-
out ratio vaiuea quantitatively. In addition, the above
authors (111, 112, 113) are using the Debye-McAulay theory
(III~2] which 1s similar in form to our approximate equation
[III-28]. It was shown (see Table 9) that this equation is
seriously in error for small ions. These éuthors are in fact
attempting to correct for the statistical electrostatic dis-
tribution of lons while they are neglecting the more basic
matter, viz. the distribution of solvent and neutral molecules
sround the ions. Actually, the reverse should be donej; in
very dilute solutions, the distribution of ions is not important
and the lons may be considered isolated, but the distribution
of solvent and non-electrolyte molecules should never be
neglected and must be a primary basis for any successful
theory.

It was realized by Altshuller and Everson (115)
that solvation and the related degree of dielectric saturation
may play an important role in salting-out. They therefore
proceeded to make extenslve calculations of k8 applying
different corrections to an equation similar to that of Debye

and McAulay. In order to remove the difficulty of the pre-
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diction of an infinite ks for very small ions as "a" tends

to zero, they proposed that the radius of the ion in tre

equation should be taken as the hydration radius and not as

the crystal ionic radius. This implies that hydration effect i
would decrease the salting~out, while we have shown that it

rust increase 1t and be a primary factor in determining ks

values. They also attempted to correct the theory of Debye
and McAulay by taking Into account the effect of dielectric

saturation near the ion. This is the same:as correcting

curve I of Fig. 28 for this effect. Since this correction

led to even larger values for k, in the case of very small
ions, they concluded that dielectric saturation was not an
Important effect. We have shown that this conclusion is
certainly not correct and that, in fact, conslderation of
dielectric saturation effects leads to 1lmproved theoretical
values of ks and is a necessary factor to be taken into

account in any quantitatively successful theory of salting-out.

Some other papers have been written on the theory

e e TS BT YT T N S ST T AT

of salting-out (109, 116), but unfortunately only sbstracts”
of these papers were avalilable and the wvalue of these theories
is difficult to appraise. For example, Huang (109) has taken
the "iceberg" effect into account in his salting-out theory;

3%

From these abstracts, 1t is evident that these papers
do not cover the theoretical approaches made in the present
work.
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Frank and Evans (10) have shown qualitatively that this

effect may be significant in some cases. It 1s possible

that the many anomalous results recorded in the experimental
literature may be due to specific structural effects but
quantitative.evaluation of these effects 1s difficult.
Samollov and Tikhonev (116) in their theory relate the salting-
out effect to the decrease in activation energy in removing
water molecules from the layer surrounding the ion. Samoflov's i
theory of hydration (117), also based on c§nsideration of ;
the activation energy for the transfer of a water molecule
from the hydration sheath to the bulk, 1s probably oversim-

plified but still quite promising and novel in approach.

11) Apparent Molar Volumes and Salting-out by Poly-

electrolytes:

Salting-out equation

An equation for salting-out by polylons may now be

derived in a similar fashion to that [III-34] deduced for

simple ions 1f cylindrical symmetry about a linear polyion

o e e T s T T T O e o T T T Ty T I T T T L

is congidered rather than spherical syrmetry about a simple
lon. The model used for these calculations is essentially !
the same as that shown in Filg. 1, discussed previously (see
section II-C) in relation to the dielectric saturation calcu-
lation. For cylindricsal symetry, equation [III-19] may be

f
written as }
!
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R
o~ - S f {1 - exp(-AU/kT)} 2mirdr  [III-36]

a
where C 1s the molar concentration of the polylion of length 1l;
the terms "a" and R have been defined previously in section
II-C. Now 1 C = XA m, where m is the concentration of the
polymer in terms of the equivalent concentration of monomer
mole units, l.e. the molar concentrations of ionizable
groups, and A is the distance between the lonizable groups
on the polymer chain; also ma = m, wherse m is the gegen-ionic
concentration of the polyelectrolyte or the maonomer mole con=
centration of free charges on the polylon chain when the
degree of dissoclation 1s a. The equation for the salting-out

ratio [II-36] may hence be written as

R
S, - S
o - 2rlal { 1 - exp(=AU/KT) } rar  [III-37]
(¢]
a

The energy term can be obtained approximately from
equation [III-27]. The choice of a sultable field function
in equation [III-27] is somewhat more difficult. Normally,
the field obtained from the solution of the Poisson-Boltzmann
equation should be used since one cannot separate the central
polylon from its atmosphere of gegen-ions even at very high
dilution. This can be done by making use, for example, of
the field function obtailned by Alfrey, Berg and Morawetz (5l).
It is then possible to predict the salting-out constanﬁ of a
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polyion but, unfortunately, due to the complexity of the
field function, such calculations are very tedious. It was
found easier in most case simply to use the field intensities
obtained numerically (see chapter II) and solve the salting-
out equatiog graphically. However, we will show later that
it 1s difficult to predict the absolute value of ks for a

polyion. Therefore, for the sake of simplicity, we will use

TR NI € DI e e L

the field function of an isolated charged rod in the salting-
out equation. It will be shown later that the value of L

predicted in this case 18 not too different from the solutions

where the ionic atmosphere is taken into consideration. For
example, the effect of concentration on ks is still taken
into account to some extent since the parameter R depends on
the concentration of the solution. The field intensity at a
distance r from an infinltely long charged rod i1s given by

E = - -i—"f? [I1I-38]

The energy term now becomes

AU/KT = a®e? e (v, & -9/2F,) [III-39]
27 %° coNKT ro 2 © 2 |

Now if we substitute equation [III-39] into equgtion [III-37],
divide the integral into two parts and integrate in the same

way as in the slmple ion case, we obtain the salting-out

equation
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2 2 -
S =38 a“e“(V, &, - 9/2F,)
AmN
= ="m-—a ((r 2 2 2.9 2. 1n —-zh}[III-LLO a)

: - a") +
S, h . ;\zgozmﬂ
or
5 =85 2
e L IAMm 2 g2), _88m (¢ - 9/2F,) R
S, 1000 a 1000 X & kT “h
[III-40 b]

The parameter R in this equation, which is defined as the
radius of the cylindrical volume avallable to each polyion,
is given by equation [II-20] and ry is the radius of the
primary hydration shell,

The only unknown parameter in the above equation is
ry, and thls parameter can either be evaluated from the calcu-
lated dlelectric saturation curves as discussed in chaﬁter II
or from the apparent molar volume of the polyion. The methods
of calculating ry for polyions will be discussed in more

detall subsequently.

Comparison of salting-out by simple and polymeric ions

In order to compare degrees of saltlng-out by
polyions with the corresponding salting-out by analogous
simple ions, we will assume that the simple ion and polyion
can both be represented closely by the idealized models
discussed in chapter II (see Fig. 1l).

We shall first solve the two salting-out equations
[I1I-19] and [III-36] taking the ionic atmosphere and dielectric
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saturation effects into account, but not considering the
molecular structure of the hydration shell (see page 17.).
This is dons by replacing the field function in the salting-
out equation by the numerical values obtailned with an elec~-
tronic computer as described in chapter II. The results are
summaerized in Fig. 29 where f(r), obtained for the polyion
in the same way as the corresponding function (equation (III-311)
for the spherically symmetric simple 1on, is plotted as a
function of the dlstance from the centre of the polyion for
different values of the parameters concentration and degree
of ionlization,wlth and without corrections for the effect of
dielectric saturation of the solvent.

The equation was solved for the salting-out of
benzene by & polyion of radius 3.2 K, of degres of ionization
0.6 and at a concentration of 1 M. Benzene was chosen as a
typical example since effects of changing varliables, e.g.
concentration, degree of lonlzatlion ete., are quite large
in this case and can be shown clearly in the comparative
plot (Fig. 29). From this graph, it 1s obvious that dielec-
tric saturation corrections are much more Important In the
case of salting-out by linear polyions than for the simple
ion case for the same non-electrolyte (for comparison see
also Fig. 28), These corrections are important out to distances
much further from the centre of the polyion than they were

for the salting-out equation for the simple ion. Similarly,
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Figure 29. Theoretical salting-out functions (see text)

for benzene by polyions.
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when a detalled molecular model of the primary hydration
shell of polyions is taken into account, even larger differences
in ks will result compared to the simpls ion case.

The salting=-out equation was also solved for the
same case as gbove but taking the concentration as 0.1 M. Ths
salting=-out constant ks increases quite significantly with
dilution. The extreme case occurs when the electrostatic
field given by equation [III-38] is used and R 1s taken as
infinity (infinite dilution). In this case; f(r) never tends
to zero and an infinite value of ks is obtalned at infinite
dilution. This can also be seen from equation [III-}0]; ks’
being proportional to log R, therefore tends to infinity as
R tends to infinity. The same situation would occur if a ?
mdre exact fleld function was used, e.g. the field function !
obtained from the equation of Alfrey, Berg and Morawetz (51), l
since all these field functions will result in a logarithmic f
dependence of k8 on R. Thlis mathesmatical difficulty arises
from the fact that the models used all assume the polylons to
be infinite in length. If a fleld function could be used in
which the finite length of the polylon would be taken into
account, then this anomaly would not arise. It should be
realized also that an extrapolation to infinite dilution is
not very realistic in the case of polylons, since tie minimum
concentration for the polylons must be when only one polyion

is present in the volume of solvent, and thls corresponds to ;
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an order of a thousand gegen-lons present in the region of
the polylon if the molecular welght is of the order of 105.
It should also be noted that, even it ks tends to infinity
as the concentration tends to zero, the salting-out ratio
still tends to zero since the concentration in the salting-
out equation tends to zero much more rapidly than log R tends

to inflnity. In fact, the dependence of the relative salting-

out on concentration of a polyelectrolyte 1s quite similar to
that in the case of a simple ion (see for exémple Fig. 23)
but the deviation from linearity in the plot of (S - S)/S
against m is more pronounced than in the case of simple elec~ ;
trolytes. Therefore, the derived salting-out equation [III-}O] i
can be used to calculate (So - S)/Som for polyions in the range
of experimental results (0.1 — 1 M) but cannot be used to

calculate the limiting Xk, (S° - S/Som) We have noticed i

m — 0°
experimentally a definlte deviation from linearity at con-
centrations higher than 1 M, e.g. in the case of salting-out
of argon by NaPP, but at lower concentrations the salting-out
ratio appears to be linear with concentration (see Fig. 20)
within the limitations set by the small number of points
available. Unfortunately, the experimental data are not
accurate enough to permit a check of. the exact dependence

of the salting-out ratio on concentration below 1 M.

Because of the difficulty arising from the large

dependence of ks on R, it 1s clear that a sultable choilce




T Rt e

- 201 -

of this parasmeter R is much more important than the actual
choice of the field function. It is for this resason, and
for the sake of simplicity, that we have neglected the ionic
atmosphere in the present theory of salting-out but have
retalned the parameter R. This neglect of the ionic atmosphere
wlll introduce an error in the absolute evaluation of k8 (see
Fige. 29) but should not effect too much the relative values
of ks with regard to their dependence on a a.x;d their compari-
son with the values for the corresponding simple ions,

It can also be seen from Fig. 29 that ks depends

quite significantly on the degree of ionization of the polyion;

while kS 1s definitely larger than the value for the corres-
ponding simple ion when a is equal to 0.6, it becomes compa=-
rable when a 18 0.3. Experimentally, this type of behaviour
has been observed in the present work with KPMA (see Fig. 22).

Evaluation of the hydration radius of the PMA lon

The above discussion was for the case of a hypo~-
thetical ideal polyion. If we wish to correct the salting-
out equation for such a model by taking into account the
definite size of the primary hydration shell, we can evaluate
ry in equation [III-}O] from the work on dlelectrlic satura-

tion as discussed in chapter II (see page 108). For a given
radius "a" and degree of dissoclation a we can evaluate the

parameter T4 (defined on page 63), by double interpolation;

r4 depends on both "g" and a (see Fig. 17 and 18), We can
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then assume that T4 is approximately equal to Ty e This would
be fairly stralghtforward were it not for the fact that,
except for special cases, e.g. polymine salts, any real polyion
does not resemble too closely the model described in chapter
II (see Fig. 1), the main difference being that the charges
in a real macromolecule are not situated in the centre of the
cylinder but rather are distributed evenly near the "surface"
or outer extremities of the molecule (see diagram, page 12).
It is difficult to predict how this distribution of charges
on a polyion will affect the degree of hydration; presumably,
the hydration radius will not be uniform slong the chain and
the value of ry calculated or measured experimentally will
be an average value.

The hydration radius of an ionlized monomer unit
can be evaluated from the apparent molar volume of that group.
The method used to obtain ﬂvo in this case was discussed on
page 1Li7. In these calculations, we have to assume that the
degree of lonization is equal to the degree of neutralization.
The validity of this assumption is doubtful since it has been
found experimentally that the degree of association betwsen
the polylon and its counterlons 1s quite significant at high
degrees of neutralization (21, 22, 23), but corrections for
this association would be rather difficult since the exact
nature of this association is still not well established (118,
119)., We have shown in the introduction that the volume of
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a hydrated salt or ion is related to its sapparent molar

volume by the relation

- ﬂvovoh
. [1-31]

(] o

where the terms have been defined previously. From this
volume, the radius of the hydration shell may be obtained as
follows, If the volume of a spherical ion is large compared
to that of the solvent,

3"h)1/ 3

n T (m [ITI-L1]

where i is obviously the volume of the hydrated ion and not
of the salt, and for an ion with cylindrical symmetry

1/2
= ( 'n ) [III-L2]

rh AN

where here A 1s the length of the cylinder corresponding to
the unit carrying one charge.

The two unknown parameters in equation [I-31] are
voh, the molar volume of water in the hydration shell, and Voo
the actual volume of the ion without hydration. Ulich (13)
has investigated the problem of allocating a volume to the
water molecules in the hydration shell and he suggests two

extreme modsls for the calculation of this volume., The ulti-

mate degree of compression will result in a solvent volume
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equal to u/3na3N where "a'", the radius of the water molecule,
is taken as 1,38 K. This implies that there 18 no dead
space at all between the water molecules and thls is probably
not true. Calculations of hydration radii using this value
for the molar volume of compressed water molecules lead to
unrealistically small values for Ty Ulich's second sugges-
tion is much more realistic; the water molecules in the hy-

dration sheath are assumed to be cubically close-packed, that

oh = (2a)3N = 12,6 mls. Therefore, in this case, the

term v - voh = 18 = 12,6 = 5.4 mls. Some evidence for

the rellablility of this value 1s given by the calculations

s, v

of Conway and Bockris (120) who have estimated this term
using Webb's data for the pressure set up by the field of

an lon and utilizing Bridgemen's data for the compressibility
of water at these pressures. They have calculated the effect-
lve change in volume of a water molescule at different dis-
tances from the ion and the upper limit values cbtained close
to small ions agree well with the value suggested hv Ulich,

of S.4 mls. Eucken (121) has suggested that this change in
volume should be between 3.5 to L mla. but this value would
predict rather high radil of hydrated lons. We have therefore
chosen 5.}t mls, for the compressible volume of water molecules
since it 1s a reasonable value theoretically and also predicts
reasonable values for Ty at least for the monomeric ions in-

vestigated in this thesis.
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The problem of estimating the true volume of ions
in solutlon has been discussed by Stern and Amis (122),
Scott (19, 122), Lunden (18), Harned and Owen (12l page 365)
and Rosen (125). These volumes can usually be obtained
experimentally'from density and compressibllity measurements
of solutions of these salts at high concentrations (18),
These values are not avallable for the salts used in the
present work, but these volumes can still be estimated in-
directly from the apparent molar volumes of #he corresponding
unionized acids, The partial or apparent molar volume of a
weak acld, e.g. lsobutyric acld and PMA, is probably fairly
close to its molar volume. Therefore, in order to obtain
the actual molar volume of the anion, it is only necessary

to use the @ © of the pure acid and correct for the contri-

v
bution to the volume brought about by the presence of a neutral
single hydrogen atom, which was found by Traube (126) to be

equal to 3.1 mls. Therefore

85.9 mls.,

vy (isobutyrate ion) = 89.0 = 3.1

v, (PMA-monomer unit) = 72.5 =~ 3.1 = 69.4 mls.

"a" can be obtalned from Ve in the same manner as r, is
obtained from v, (see equations [III-}1]}, [III-h42]).

One further correction must be made; in order
to find the contribution of the anion to the experi-

mentally determined ﬂvo, it 1s necessary to subtract from
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this value ﬂvo for the counterion, K* in the present case.
The problem of separating the experimentally determined ﬂvo
into its ionic components has recelived much attention, but
without a successful definition of absolute values due to the
difficulty in finding a standard of reference. Owen and
Brinkley (127) take ﬂvo for hydrogen as zero; Eucken (121)
assumes that the volumes of cesium and iodide ions in solu~
tion are proportionsl to the cube of thelr crystal radii;
Fajans and Johnson (128) give extensive arguﬁents to show
that ﬂvo for ammonium ions and chloride lons should both be
equal to that of water (18 mls.) and Couture and Laidler (129)
suggest that ﬂvo of hydrogen should be taken as =6 mls. It
1s still not clear which of these procedwres 1ls most reliable
(122) and we will assume that @ ° for the potassium lon is
equal to 8.5 mls. (-1.7 for Na¥) since this value agrees well
with the classification of Owen and Brinkley, and Fajans and
Johnson.

Using the method suggested above, we have calculated
the volumes and radiil of the hydrated PMA and lsobutyrate
jons and the results are given in Table 1ll; the corresponding
Th values are plotted as a function of the degree of neutra-
lization of PMA in Fig. 30. Above a degree of neutralization
of 0.25 the hydration radius r, increases rapidly with the
degree of neutralizsation to reach a maximum value of SWi(5) K.

when the degree of meutralization is below 0.25, ry becomes
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Table 11

IONIC AND HYDRATION RADII OF PMA AND ISOBURYRATE IONS

ISOBUTYRATE ION

vy = 85.9 mls./gm.-lon (density measurements)

e = 3.,2(5) R
8,° = 67.5 mls./gn.-ion.

v, = 129.0 mls./gm.-1lon (density measurements)

ry = 3.7(2) 2

PMA TON

. = 69.4 mls./gm. ion (density measurements)

a = 3.8(4) %

a ﬂvo vy (dems.) r, (dens.) r, (diel. satn.)
(mls./gm.-ion)(mls./gm.-1ion) it 2

0.95 393 139.8 5.4(5)

0.80 5.9(0)
0.75 Ll.5 134.8 5.3(5)

0.60 45.5 125.3 5.1(5) 5.3(5)
0.40 53.3 107.3 L.7(6) L. (5)
0.30 L.0(0)

0.20 7740 52.0 3.3(2) 3.8(L)
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Svaluation of the effective hydration radius

of PMA for different degrees of neutralization,
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rather less than "a", which of course 1is impossible. This

is most probably a result of the assumptions and approxime=-
tions made in the calculation of ry and to some extent in

the evaluation of "a"., For example, we have assumed the
polyion to be a charged cylinder, but it is well known that
this assumption is only valid when the degree of dissociation
is falirly large. In addition, we have assumed that there is
no Interaction between the water molecules in the hydration
shell around an ionized group and neighbouring unionized
groups on the chaln, i.e. we have effectively assumed additi-
vity of partial molar volume coatributions from the lonized
and unionized groups on the polyion. Again, this assumption
may lead to ilncorrect results for ry, at low degrees of neu-
tralization. These anomalous results should therefore be
consldered as a consequence of the oversimplified model for
the calculations of Ty rather than being conslidered as having
any specla.l nhysical significance.

For purposes of comparison, we have algso given the
values of "a" and r, for the isobutyrate ion in Fig. 30 and
it is interesting to note that the differences [rh - a] for
varlous degrees of neutralization become equsl for the simple
and polymeric lons whern the degree of neutralization is about
0.3 The work on dielectric saturation near polyions (see
section II-D) also leads to ths conclusion that a polyion
and a simple ion, with identical radii "a", should have equal
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hydration radil when the degree of dissociation is about 0.35
(see Fig. 7). The se two approaches, therefore, give very
satisfactory agreement and provide a basis for regarding the
treatments developed as leading to meaningful conclusions

on the degres cf hydration of polylons in relation to that

of corresponding simple ions.

In order to exemine further the relation between
the hydration radiil predicted by dielectric saturation and
deduced from the experimental density measurements, we have
attempted to evaluate the value of Ty for PMA by the method
curgested in chapter II. We have shown that it is possible,
from the comparison of the dielectric saturation effects,
to predict the radil of primary hydration of polyions relative
to those of simple lons., The parameter ry obtained in
chapter II would represent the primary hydration radius of
an "ideallzed" polyion, i.e. a polylon which can be represented
closely by the model of a charged cylinder. PMA cannot be
represented too closely by this model, therefore 1t would not
be quite correct to use €d = 55 as a reference dielectric
constant since this value was chosen to give ry = 3.2 2 for
a small simple ion., In this case, it le probably preferable
to use éﬁ = 65, since the corresponding value T4 for a simple
ion of radius 3.2 X (isobutyrate ion) is then 3.7 ﬁ, the
value found experimentally (see Table 11) for the hydration

radius of the isobutyrate ion. In other words, 1t is preferable




- 211 -

to compare the hydration of the PMA ion with the hydration
of the isobutyrate lon, which has a similar structure in
spherical symmetry, rather than with simple ions such as KT,
Since the dielectrlc saturation effect near a polylon varies
with a and "a", ry for PMA was obtained from a double lnter-
polation following the method suggested in section II-D; the
values obtalned are given in Table 11 and in Fig. 30. The

agreement between the two methods of evsaluating Ty is very

good if we conslider the assumptlions and approximations involved

in both types of calculation. The main significant difference

between the experimentally and theoretically determined
variation of Ty, with degree of neutralization is that Ty
found from the density measurements becomes effectively
constant at high degrees of neutralization while the theore-
tical curve increases continuously with dsgree of neutrali-
zation or ionization. This difference is, of course, a
result of identlfylng the degres of neutralization with the
degree of ionization. In the curve in Fig. 30, for the va-
riation of ry, with degree of neutralization calculated from
experimental density measurements, the lncrease in degree

of ionigzation 1s not necessarily directly proportional to
the increase in degree of neutralization (owing to ion
assoclation effects - see page 202) and, for this reason, we
obtaln an apparent limiting value in the curve based on the

experimental data.
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Evaluation of the hydration radius of the PP ion

The evaluation of the primary hydration radii of
s8imple and polymeric phosphates is more difficult than with
PMA lons since there is no simple experimental method avai-
lable to evaluate the volume \ However, an approximate
volume may be obtalned from the average radius "a", which
can be evaluated from Courtauld models. Still, the problem
of finding the appropriate relation between "a" and v, 1s
difficult; if a spherical ion is large compared with the
solvent, v, = hw/3 a3N, but, if it is of comparable sizs,
the free volume near the ion in the hydration shell due to
the finite size of water molecules must be taken into account
and the actual volume 1s given approximately by Ve = (2&)3N.
The average radius "a" of HZPOA- belng 2.5 X, neither formula
is appropriate to ewvaluate Var i.0. H2P h- is larger than a
water molecule (a = 1,38 X) but not quite large enough to
neglect t:. free volume in the hydration shell around the ion.
The same problem exlsts with the polyphosphates since the
average radius is again about 2.5 X. The best that can be
done in such cases 1s to choose a reasonsble mean value for
Va between the two extremes volumes. The primary hydration

radli were evaluated by the method described previously and

were found to be approximately:

B A e e e e o R
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3.7 to 3.8 &
I'h (HZPOLL-) = Ll» K .
I‘h (HZPOB-) = 3.).[. A
ry (H,20,7) = 3.3 &

ry (pP7)

Thé end-effects were neglected in the calculation
of ry (PPT), which therefore represents the hydration radius
of the long chain polyphosphates. This value obtained is
reasonable, If we predict Ty from the dieléctric saturation
effect as shown in chapter II, we find ry = L5 K. However,
Wall (23) has shown that the degree of ionic assoclation is
very high for polyphosphates and we would therefore expect
the average hydration radius to be much smaller than l.5 3.

The r, values for HZPOB' and H2P02' are also rea-
sonable since they have the same order of magnitude as the
hydration radil of monovalent ions given by Nightingale (see
Table 1).

Therefore, the only anomalous result is HZPOu'
which has a radius of primary hydration much larger than that
of most simple monovalent ions, even larger than that of PP .
Correspondingly, k8 for H2P0u- is also anomalously high. It
should be noted that the value pv° for HZPOu" (130) calculated
from recorded density measurements (131) is 29.4 mls./mole
compared to 18.1 mls./mole obtained in the present work. This

agreement is rather poor but, since these density measurements
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were made to only four decimal places compared to our six
and since they were made more than seventy-five years ago
(technique and purity of their salt may be doubtful), it is
reasonable to assume that our values are correct.

The obvious explanation for this anomalously high
degree of hydration is that hydrogen bonding is enhancing 5
the normal hydration due to the field of the ion. If the
molecule is not charged, hydrogen bonding alone is not suffi- i
clent to cause any significant hydration, e.g. we found that
undi ssoclated PMA and isobutyric acid have little hydration
(very small salting-out constant), However, it is quite
possible that hydrogen bonding, which can occur at both
-0H groups in Hapou", when added to the normal effect of the
electrical field of the ion, may increase the bonding inter-
action between water and the HZPOLL- lon sufficiently to
account for the anomalously high degree of hydration.

The dependence of ﬂvo and k, on chain length of
NaPP can also be explained in terms of hydrogen bonding.
The end-groups are more hydrated than the monomer units
within the chain because of the presence of ~OH groups and
the contribution of the end-groups to the hydration proper-
ties of total polylon hence decreases with increasing mole-

cular weight or chain length.

We would expect HZPOB- to have an intermediate 5

Ty value between H2P02 and thou since H2PO3 hss one OH
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radical capable of forming one hydrogen bond, HZPOM- two and
HZPOZ' none. The hydration radius of HZPOB‘ is slightly
larger than HZPOZ' but not quite as large as we would expect.
This may result from structural or symmetry effects; it may
also be possible that only one hydrogen bond is not strong

enough to increase the primary hydration very significantly.

Interpretation of the present experimental results on saslting-

out by polyelectrolytes

We are now in a position to examine theoretically
the experimental results obtained for the salting-out by
polyelectrolytes since we have 'shown - how to evaluate the
parameter ry in equation [III-}10]. We have mentioned pre-
viously (see page 199) that it i=s mathematically impossible
to evaluate a limiting ks value exactly from equation [III-)0)
because of the nature of its dependence on R. However, this
equation can still be used to examine relative effects on
salting-out by polyelectrolytes. In the following calcula-
tions, we will take a fixed value of R (46.2 X) corresponding
to a concentration m = 0,1 M., This concentration was chosen
since it represents about the lowest concentration used in
the experimental evaluation of ks' The values of the para-
meter rthf PMA ions were evaluated from density measurements
(see Table 11 and Fig. 30). Values of kg for the salting-out
of argon by KPMA are plotted as a function of the degree of
neutralization in Fig. 31 and compared with kS for potassium

lsobutyrate. The salting-out constants for the simple lons
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constant ks for argon on the degree of neutra-

Theoretlcal dspendence of the salting-out

lization of PMA by KOCH.

Figure 31,
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were evaluated from equation [III-3L].

The theoretical dependence of ks on the degree of
neutralization is in fair agreement with experiment (see
Pige. 22). At low degrees of neutralization, k, for KPMA is
comparable with that of potassium lsobutyrate, while at high
degrees of neutralization, it is much larger. However, the
experimental k  reaches a maximum value at about 0.45 degree
of neutralization whlle theoretically we predict that k8
should reach a limiting value as the degree of neutralization
tends to unity. We suggest that the maximum in ks i1s a result
of ilon association between K' and the PMA ion. The first
term of equation [III-}jO] is effectively corrected for ion
assoclation since we are using the experimentally determined
radii of primary hydration (see page 211), but we are not
correcting for any association in the second term. The error
introduced by assuming that the degree of neutralization is
equal to the degree of dissoclation is much more important
in the second term of equation [III-}j0] than in the first,
©e.g. & loosely bound x* may still have a significant amount
of primary hydration but its lcng range influence on the
non~-electrolyte will be attenuated to a large extent. There-
fore, the position and shape of the maximum in ks wlll depsnd
on the non-electrolyte salted-out since the second term of
equation [III-}0] 1s a function of the volume and polariza-
tion of the non-electrolyte. It is for this reason that the

T ST T e
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maximum in ks for the salting-out of benzamide by KPMA is
lower and occurs at about 0.8 degree of neutralization; it
will be shown subsequently that the second term of equation
[III-}40] is smaller for benzamide than it is for argon,
Although the relative ks for KPMA can be accounted
for, the absolube value of ks is more difficult to sxplain.
Fige. 31 indicates a maximum k, of 0,33 while the experimental
value is about 0,80, We have shown previously (see page 199G)
that practically any value of ks may be p?edicted depending
on the choice of parameter R, but it does not seem reasona-
ble to us to use a value R corresponding to lower concentra=-
tion than 0.1 M since few experimental results were obtalned
at lower concentrations. The large discrepancy exlsting
between the experimental and theoretical ks could be caused
by the oversimplified model used in the theoretical calcula-
tions of ks. The electrical charges on the PMA lon are not
in the centre of the molecule but distributed near the surface
of the hypothetical cylinder (see diagram on page 12). It
is therefore possible that the polylion may influence ths
solvent and non-electrolyte to much further distances since
the effective radius of each ionic species on the polymer
chain is much smaller than the averaged radius of the molecule
and the degree of salting-out 1s larger for smaller radli.
explanation can account

It is difficult to say whether this
for the large k, of 0.80 obtained with KPMA; certainly more

S i I T e,
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experimental work on saiting-out by peolyelectrolytes would be
desirable to determine the exact nature of the long range
interactions with polyions, e.g. polymine ions should behave
more like idealized charged rods.

Qualltatively, the dependence of ks on moleculsar
welght for-salting-out by NaPP can be accounted for by con=-
sidering the end-effects. Quantitatively, equation [III=-}O]
cannot predict this dependence since this equation does not
take into account the finite and variable length of a real
polyion,.

In the case of PBPB, the actual polyion has a local
structure so different from that of a charged rod model, that
it is very difficult to attempt to predict ks or 1lts depen-
dence on degree of neutralization. All we can éay is that
the polyion salts-out more than the corresponding simple

ion which is what calculations predict.

Salting-out of polar non-electrclytes

For the purpose of comparing the salting-out of
different non-slectrolytes by the same salt, we will consider
only the simple electrolytes aince these are easier to deal
with theoretically than the polyelectrolytes. A4s a typical
exemple, we will consider the saltlng-out of argon and benza-
mide by potassium isobutyrsate. The theoretical k, for argon
by potassium isobutyrate is 0,187 while the experimental
value is 0.35. As in the case of KPMA, the disagreement
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between these two values probably results from the fact that
the isobutyrate 1s assumed to be a spherical ion with the
charge residing at its centre.

If we assume that benzamide is a sphere with a
dipole at 1ts centre, 1t is possible to evaluate ks, which
is then found V%0 be larger than the value of ks for salting-
out of argon by potassium Isobutyrate. ftis arises since
benzamlide 1s a much larger molecule than argon and this volume
effect 1s more Important than the increaseiin polarity.
Experimentally, benzamlde is less salted-out than argon. This
disagreement 1s a result of the failure of the theory to
take into account the structure of the non-electrolyte. From

the examination of the benzamide molecule

0 H

o —— 1} Ve
\/\ >—C—N\H
‘6—-———‘ﬂ

32

it is obvious that the dipole resides in the amide group and
not in the phenyl group. Therefore, the benzamide molecule
will tend to be oriented with the polar amide group towards
the ion while the phenyl group wlll be pushsd away from the
ion. 9%herefore, the amide group may come as close to the
ion as the radius of the primary hydration shell while the

phenyl group should not get closer to the ion than the thickness
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of the primary hydration shell plus the diameter of the

amide group (approximately 3 K). VWie can take this orientation
of the non-electrolyte lnto account by calculating the second
term of equation [III-34] in two steps: by calculating the
salting-out of formamlide and also of benzene, introducing the
distances of closest approach mentloned above and then adding

the two contributions together. The first term of equation

[ITI-34] remains the same. For formamide, H, was taken as

o~18 e.8.u. (132), the refractive index as 1.6 (133) :

3.6 x 1
and the molar volume as 39.7 mls./mole {evaluated from mole=-
cular welght and density). The salting-out constant of
benzamide by potassium isobutyrate may then be calculated as
0.163 which is smaller than that of argon, 0.187.

The salting-out of ethylene, argon and d-1- leucine

by I\Ia.l.{ZPO)_L presents no special problem. Ethylene is salted-
out more than argon because of its larger volume and
d-1l leucine is salted-out very little because of its high i
ﬁ polarity. In a rigorous calculation of ks for d-1 leucine
we would again have to consider orientation effects. 4 good
discussion of the salting-out of amino acids has been given
in the monograph "Proteins, Amino Acids and Peptides" (90).
Prom these calculatlions and observations, 1t is
obvious thet 1t is difficult to evaluate quantitatively the
salting-out conatant of organic non-electrolytes by organic

galts without consideration of the structure and orientation
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of these molecules which‘has been considered here for the
first time. Consequently, equations of the type [III-3lL]
and [III-}j0] should only be expected to hold quantitatively
with Inorganic simple salts, e.g. alkall halides, very
simple polylions, e.g. polymine salts, and simple spherical

non-electrolytes.




APPENDIX

Tables of potential, field and differential and

integral dlelectric constants as function of distance from

the centre of the charged particles for the following models:

simple electrolyte, linear polyelectrolyte and planar colloidal

electrolyte.

Symbols and Units

re

Yo

Distance from centre of charged particles - in
cm X 108
Potentlal function without corrections for dielec~
tric saturation - in e.s.u. x 105

Potential function with correctlons for dielectric
saturation - in e.8.u. x lO5

Field function wlthout corrections for dielectric
saturation - in e.s.u. x 107

Field function with corrections for dlelectric
saturation - in e.s.u. x 1073

Differential dielectric constant

Integral dielectric constant.
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SIMPLE ELECTROLYTE

a =1 K

2] =1

m-=1,0 M

T Vo 4 (go % ¢4 €1
9.4 -6.71 -6.71 0 0 78.5 78.5
8.8 6467 6.67  -0.136  =0.,136  78.5 78.5
8.2 6.5 6.5l 0.295 0.295 78 o1y 78.5
Teb 6.31 6.31 O.48L 0.485 78.3 78 14
7.0 5.95 5.95 0.718 0.720 78.1 7814
6ely Selyly 5.43 1.015 1.019 176 78.2
5.8 he72 Le71 1.406 1.416 76.9 78.0
5.2 3.72 3.70 1.938 1.965 75 oLy 775
Ly 9 3.09 3.06 2.28 2.33 7he3 77.1
L.6 2.34 2.30 2.70 2.77 7246 76.5
Le3 1.46 1.39 3.20 3.33 703 75 «6
440 Oul1 0.29 3.82 .0l 67.0 Tholy
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a = 3,2 X

zj =1 ‘

m = 1,0 M

T Yo - & (%}?o & €4 <y
9ely ~7.52 -T7«52 0 0 78.5 78 .5
8.2 7.37 7.37  -0.268  -0.268  78.4  78.5
7.0 6.83 6.83 0.652 0.653 . T78.1 78.4
6l 6.37 637 0.921 0.92l; 77.8 78.3
5.0 S.71 571 1.273 1.280 172 78.1
Sely 515 513 1.563 1.588 7645 77.8
5.0 Ly olyly a2 1.950 1.977 e 774
ly o6 3.57 3454 2.43 2.48 737 7649
Le2 2.48 2.41 3406 3.16 71.0 7549
k.o 1.83 1.74 3.45 3.60 69.1 75 .2
3.8 1.10 0.97 3490 ho13 66 46 T3
36 0.27 0.08 Lali3 It 6345 73.0
3. +0,.,68 +0.94 5.08 Sl9 59.6 71.5
3.2 1.78 2.1l 5.97 6.59 54.0 69.0
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a =22
Zj =
m =1.,0M
r Yo v %)o 3 ¢a 1
9.40 =C.05 -8.05 0 0 78.5 78.5
8.66 8.00 8.00 -0.146 -0.146 78.5 78 .5
792 7.83 7.83 0.323 0.323 78 4 76 .5
7.18 7.51 7.51 0.548 0.549 78.3 78 .1y
6 oJyly 7.00 7.00 0.845 0.847 779 7843
5.70 6.23 6.22 1.258 1.265 772 78.1
L..96 5.09 5.07 1.86L 1.887 76.7 77.5
o222 3.39 3.33 2.82 2.90 72.1 76.3
3.85 2.22 2.12 352 3.69 68.7 750
3.48 0.75 0.57 boly Lo 79 63.3 730
3.11 +1.11 +1.149 Se66 646 SheT 693
2.74 3.53 L o40 761 9.67 L40.0 58.6
2.37 6.85 10.48
2.00 11.53 15.36
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a =2 K
zj =1
m 0.1 M
T Yo 2 (%%jo %5? &q £y
20,0 =7.32 -7.32 0 0 78.5 78.5
18,0  7.28 7.28  =0.04h  -0.04ly  78.5  78.35
14.0 6.86 6.86 0.179 0.179 78.5 78.5
12.0 6.0 640 0.293 0.293 78.04 78.5
10,0 56l 5.6l 0.477 04477 78.2 78 .1
8.0  4.39 .39 0.811 0.812 78.0 78.3
6.0 2.16 2.13 1.526 1.540 76.9 1749
5.0 0.30 0.24 2.2l 2.28 Th by 77.1
L.O +2.53 356
3.8 +3.h4ly .20 6642 h.l
3.2 6.55 6.0 55.0 69.l
3.0 7.36 6.49
2.6 11,62 11.10 34.7  L3.5
2.0 17.47 15,30




a =2 loi

2] =1

m = 0.5 M

i Yo Y (%¥(> & <a &y

11.80 -7.81  -7.81 0 0 78.5  78.5
10.82 7.76 7.76 -0.100 -0.100 78.5 78.5
.84 7.60 7460 0.222 0.222 78..5 78.5
8.86  7.31 7e31 0.380 0,380  78.;  78.8
7.88  6.84L 6.8l 0.593 0.593 7842 784
6.90 6.12 6.12 0.895 0,897  77.8  78.3
5.92 5.04 5.03 1.353 1.361 770 7840
Lok  3.37 3635 2.11 2.1l Th.e9 773
3.96 0.70 0.60 349 3.05 68.8 75.1
3.47 +1.27 +1o 149 L.61 5.01 6241 72.5
2.98 3.9 he52 6.47 7.67 48.7 66.3
2.49  7.80 9.51

2.00 13.70 15.30
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(@]
a =2 A
Zj =2
m = 0,1 M
aw ay
r Yo Y ( a?)o @ 4 G
25.50 =8.87  ~8.87 0 0 78.5  78.5

23.62 8.8L 8.8l ~0.033 -0.033 78.5 78.5
2l.7h  8.74 87k 0.073 0,073  78.5 78.5
19.86. 8.56 8.56 0.123 0.123 7845 78.5
17.98 8.27 8.27 0.186 0.186 78.5 78.5
16.10 7.85 7.85 0.270 0.270 78 .1 78.5
.22  7.24 o-n 0.337 0.387 78 .4 7845
12.34 6.36 636 0.559 0.559 78.2 78l

1046 5,08 5407 0.830 C.332 7.9 78.3
8.58 3.12 3.11 1.300 1.308 TT7e1 78.0
670 +0.09 +041h 2.23 2.27 Th.5 T7e1
576 2455 2.67 3,08 3619 70.9 7549
4.82 6.05 6436 L8 .85 63.0 72.9
3.88 1l1l.35 12.50 7.08 8.82 L3.5 6247
2.94 20.31 12.75

2.00 139,21 30.83
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a =1 A a =} 2

z) = zj =1
m = 0,5 M m = Q0,1 M

s Yoo (R = v (F)
11.8 =6.99 0 20 -6.9 0
10.6 6.91  =0.138 18 6.89 -0.046
9elt 6.65 04317 16 6.7l 0.105
8.8 6.42 0.L31 1L 616 0.187
8.2 6.12 0.568 12 5497 0.307
7.6 5.73 0.737 10 5.18 0.500
7.0 523 0.948 9 .61 0.646
6.y .58 1.219 8 3.87 0.850
5.8 375 1.579 7 2.868 1,147
5.5 320 1.805 6 1.52 1.602
Se2 2.66 2.07 5 +0.043 2.37
4.9 2.00 2439 L 3445 3.82
L6 1.22 2.77

o3 0432 3+23

he0  +0.72 3.82
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a =4 2 a =1 2
2y =1 ) =1
m = 0,05 M m = 0,01 M
F v (§) r %o (&)
26 ~7+52 0 [ -7.01 0
2y T.49 -0.021 3l 6.89 «0,027
22 743 0.0l6 29 6.70  0.050
20 7.31 0.077 2l 6.37 0,086
18 7011 0.118 20 5.9 0.134
16 6.83 0,172 18 5.63 0171
1) 6.1 0.249 16 5.2l 0.222
12 5.80 0.366 1l Lhe73  0.296
10 4.90 0.557 12 14,03 0.1409
9 L.27 0.703 10 3405 0.597
8 347 0.906 9 2.38 0. 740
7 243 1.202 8 1.55 0.9l
6 1.02 1.659 7 047  1.23Y4
5 +0499 2.42 6 +0.97 1,683
l L0l 3.82 5 3.00 2.43
N 6,05  3.82
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a =14 2 a L 2
2 =1 Z2j =1
m = 0,005 M m 0.001 M
vy () T v, (&)
55 -6.73 0 Sk -6.8l 0
45 6.66 -0.013 8l 6,83 =0.002
L0 6.58 0.023 Th 679 0.005
35 6.43 0.036 6l 6.71 0.010
30 6.21 0.055 54 6.59 0.016
25 5.86 0.086 nn 6.38 0.027
20 5.30 0.143 3l 6.02 0.048
15 .33 0.262 2L 5.32 0.100
13 3.73 0.353 22 5.10 0.120
11 2.89 0.496 18 .51 0,180
9 1.67 0.746 1L 3.58 0.299
7 +0.25 1.237 10 1.90 04589
6 1.70 1.689 8 0.l42 0.924
5 3.73 2.43 6 +2.06 1.652
L 6.78 3.82 b Toll 3.82
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LINEAR POLYELECTROLYTE

a = 2.2 3

a = 0,6
m= 1,0 M

¥ Yo vy (g¥?° & da 1
160 =6.20  =6,20 0 0 78.5  78.5
12.70  5.94 5.9 -0.278  -0.278 8.y  78.5
11.75 5.60 5.60 0.440 0.0 78,3  78.L
11.00 5,22 0.58
10.80 5.10 0.627  78.2  78.Y
9.85 L4140 0.847 7.9 78.3
9.80  L.36 0.857

8.90 3.48 1.1y 77.5  78.2
8.60 3.1L 1.206

7.95 2.26 l.452 76 .8 779
7.0 1.2 1,676

7.00 0.69 1.87L 5.7 T77.6
6.60 +0,07 2.06

6405 +1 43 2.52 73.6  76.8
5.80 2,02 2.67

5.10 .09 3.l 69.8 75.5
5.00 L.52 3el46
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LINEAR POLYELECTROLYTE (Cont'd.)

r "Vo 14 (%'7 o %ry C‘& ‘5‘1
lL.625 : 5.91 L..05 67.0 Thely
Le2 7.78 lL.63

Lo15 8.00 5.03 62.0 72.5
3.80 9.70 5455

3.675 10.74 6433 °  55.3 69.6
3.40 12.22 6.51

3.20 14.18 8.67 Llyed 63,2
3,00 14.99 8.07

2.60 18,73 10,05

2,20 23,21 13.38
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a=3.2?l
a = 0.6
m=1.,0 M
o Yo v (%S)L §§¥ @ <
1L.60 -5,06 -5.06 0 0 78.5 785
12.70 LT77 Le77 -0,318 ~-0.318 78.4 785
10.80 3.80 3.80 0.719 0.7201 78.1 8.0
9.85 3,00 3.00 0.973 0.977 177 78.2
8.90 1.93 1.93 1.285 1.293 77.1 78.0
T«95  0.5L 0.52 1.662 1.679 76 .2 177
7.00 +1.26 +1.31 2.23 2.28 Tholy 77.1
6.525 2.40 2.48 2.49 2,56 T34 76 .8
6.05 3.66 3.77 2.95 3.06 7.5 7641
5.575 5.19 5.38 3.36 3.53 69.4 75«3
5.10 6.89 T17 ly«02 L.29 65.8 7349
4625 9,02 9.48 he72 5.19 61.2 72.1
L.15 11.43 12.20 5.78 6.68 53.5 68.8
3.675 1L.55 15.96 710 9.0l h2.5 61..8
3.20 18.29 9.18

ST




a =5 't
a = 0.6
m=1.,0 M
T Yo Wy ('g‘g)o & & G
146 =3.50 =3.50 0 0 78.5 78.5
13.0 3,25 3.25 -0.317 -0.317  78.4 78.5
12.2 2.93 2.93 0.497 0.497 . 78.3 8.4
1l 2.45 2.i5 0.699 0.700 78.1 78.4
10.6 1.80 1.80 0.932 0.935 77.8 78.3
.8 0.95 0.95 1.204 1,210 773 78.1
8.2 +41l.5L +1.58 2.10 2.14 7.9 773
Tely 339 347 2.63 2.71 72.9 7€ .6
6.6 574 5.91 3e35 3.51 69.5 75 o4
6.2 g 3.98 67.3 4.5
5.8  8.76 9.13 4e35 Le71 6346 73.1
Self 10,68 L.97
5.0 12.78  13.63 5.88 6.86 52.6  68.3
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a = 3.2 ?X
a = 0,8
m=1,0 M
r Yo W (g%{L %g? &q £y
1460 =6,63 =6.63 0 0 78 45 78.5
12,70 6.30 6.30 -0.353 -0.353  78.4 78.5
10.80 5,23 5,22 0.802 0.80L . 78.0 78.3
9.85 L.3L4 Le33 1.091 0.095 775 78.2
8.90  3.1L4 3.12 1.445 1.456 76 .8 779
Te95 1.53 1.925 7545 77.5
7.00 +0.49 +0.57 245 2452 7346 76.8
605 '3.32 3+53 3.36 3+55 69.3 75.3
5575 . 554 .40 65.2 137
5.10  7.18 7.70 4.70 5.22 61.1 72.1
L .625 10.41 677 53.1 68.6
L.15 12.71 1h.25 7.02 9.03 h2.6 61.8
3.675 16.36 9.07
3.20 21.L46 12.00

eIy A smr e L L
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8 = 3.2 X
a = 0.4
m=1,0M
Yo Y &/ dr Gl 1
1 .60 -3,38 ~3.38 0 0 78.5 78.5

12.70 3.1h 3. -0.257  -0.257  78.)  78.5
9.85  1.72  1.70 0.779  0.780  78.0  178.3

8.90 0.87 1,02 77.6  78.2
7.95 40,16 40.2  1.268  1.302  77.1  78.0
7.00 1.68 1.709 76,2 77.7
6405 3457 2.26 T4 771
5.575 471 265  73.1  76.6
5.10  5.97 6,09 2.9 3,06 Tl 764
4625 7.6 7.65  3.50 3.67  68.8  T75.1
4el3  9.30  9.89 1.1 Loi0  65.2  73.7
30675 111 11.89  }.99 5.52 59.5 T1.h

3.2 14.08 1492 6.11 719 51.0 67.5
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a = 3.2 X
a = 0,3
ms=1l,0 M
r Yo . ‘l” (.g%f)o %ry de fi
14,60 -2.77 =277 0 0 7845 78.5
12,70 2.58 2.58 -0.207 ~0.207 78.5 7845
10,80 1.95 1.95 0.462 0.462 7843 78 .4
8.90 0,77 0.77 0.797 0.798 78.0 78.3
7,95 +0.06 +0.07 1.008 1.015 T7e7 78.2
7.00 1,23 1.25 1.413 1.433 76.8 77.9
6.05 2.75 2.80 1.813 1.847 75 .8 77.6
5575 367 3473 2.07 2.12 75.0  77.3
510 L.72 .82 2.37 2.0 739 7649
L4e625 5.93 6.06 2.7l 2.8y 7243 763
L.15  7.34 T.54 3.21 3.36 70.2  75.6
30675 9,00 9.28 3.81 1. 06 6649 Tholy
3420 10499 11.40 11,60 5.0l 62.0 7245




a = 3,2 .?l
a = 0,2
m=1.0 M
r Yo (& erd &4 &
14.60 -1.61 -1.61 0 0 78.5 78.5
12,70  1l.46 146 =0.157  -0.157  78.5 78.5
10,80 0.99 0.99 0.350 0.350.  78.,  78.5
8.90 0.15 0.15 0.535 0.536 7843 7844
7.00 +1.25 +1 425 1.008 1,012 7.7 78.2
6.05 2.32 2.33 1.261 1.289 77.1 78.0
5.10 3,69 3.71 1.653 1.670 7643 177
44625 L4453 Le56 1.877 1.903  75.6  77.5
Lel5  5.49 553 2.19 2.23 The6 77.2
3.675 6.62 6.69 2.55 2.62 7342 76.7
3.20  7.94 8.05 3.06 3.17 71.0 759
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a = 342 K
a = 0.6
m= 0,56 M
o Yo. v (%rl")o g & <y
20.6 =6,03 =6.03 0 0 78.5 78.5
18.2 5.82 5.82 -0.177 -0.177  78.5 78.5
17.0  5.55 5.55 0.278 0.278 . 78.4 78.5
15.2 L.90 .90 0.455 0.455 78.3 78.4
13.h 3.89 3.89 0.675 0.676 78.1 8.0
11.6 2.43 2.2 0.965 0,968 7.7 78.2
9.8 0.35 0.33 1.364 1.373 77.0 78.0
8.6 +1.52  +1.56 1.823 1.852 7.8 77.6
ysn 3.96 .05 2.36 2.42 7L.40 76.9
6.2 7.20 7.38 3.16 3.30 70.5 5.7
546 9.59 3.89 67.7 The?
5.0 11.66 12,12 L6 .85 63,0 72.8
heh  14.70  15.49 .43 6.19 6.0 69.9
3.8  18.29  19.79 6.96 8.73 3.9  63.0
3.2  23.19 9.23
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a = 342 2

a = 0.6
m= 0.1 M

ol .‘Vo‘ (_g%?)o %‘Y 521 6‘1
6.2 =7.36 ~-7.39 0 0 78.5 7845
40.2 7.1l . 7.17 -0.071 -0.076 78.5 78.5
31.2 5.81 5.8L 0.231 0.230 78.5 78.5
25.2 3.98 .01 0.390 0.389 78y 78.4
19.2 0,93 0.97 0,651 0,652  78.1  78.4
1.2  +3.29 +3.23 1,093 1,088 77.5 78.2
10.2 8.82 8,75 1.780 1,784 75.9 77+6
8.2 12,96 12,92 2,43 24146 73.8 76,9
7.2 15,67 15.67 2,91 2,98 71.8 76,2
6,2 18,86 18.96 3462 3.77 68,3 7.9
5.2 23,01 23436 L.65 5.02 62.1 72 .5
L.2 28.39 29.41 6.40 7.58 49.1 66.5
342 36.36 9.80
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a = 3.2 X
a = 0,6
m= 0,05 M
v "f)o "{J (gd';)o %V 41 é‘:l.
65¢2  =T7.97 ~7+95 0 0 78.5 78.5
5242 754 7.52 ~0,07l -0.074 7345 78.5
41,2 6406 6.0l 0.181 0.181  78.5 78.5
29.2 2.88 2.85 0.371 0.373 8.4 78.5
21.2  +0.99 +1.03 0.621 0.625 78.2 780y
17.2 3.90 3.97 0.847 0,85l 779 7843
13.2 7.98 8409 1.230 1.2l 77.2 78.1
11.2  10.73  10.87 1.542 1.565 765  77.8
9.2  1h.25 1l.l6 2.01 2.05 7542 7.4
7.2 18.96 19.31 2.79 2.89 7241 7643
5.2 25.89 26.69  l.31 LeT3 63.6 73.1
3.2  38.12 8.70
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PLANAR COLLOIDAL ELECTROLYTE

o Yo Y éi%f)o g <4
50.0 -11.87 ~11.87 0 0 78.5
LS5 11.70 11.70 -0.077  -0.077 78.5
41.0 11.17 11.17 0.158 0.158 78.5
3645 10.26 10.26 G.2L6 0.246 78.5
32.0 8.9 8.9l 0.346 0.346 760y
27.5 7.12 7.12 0.1466 0.466 76.3
26,0 639 6439 0.512 0.513 78.3
23.0 Lie70 L«69 0.620 0.621 7842
20.0 2.6l 2.6l 0.753 0.755 78.0
17.0 0.14 0.12 0.922 0.926 7748
14.0 +2.9 42497 1.158 1.166 s
11.0 6.50 6.97 1.522 1.539 76 .6

9.5 9.48 1.806 759
8.0 12.29 12.44 2.15 2.20 he7
6.5 15.91 16.17 2.67 2.77 72..6

5.0 20.47 20.97 3e54 377 68.3




R =50 A
=5 §
=12 A
r Yo Y <g¥)o %) Q
5040 -15.08 -15.08 0 o 78.5
L5 .5 14.89 14.89 ~0.083 -0.083 78.5
41.0 14.33 1l1.33 0.170 0,170 78.5
36.5 13.35 13.35 0.265 - 0.266 784
32.0 11.92 11.91 0.375  0.375 784l
2745 9.9l 9.9l 0.509 0.509 7843
23,0 7.28 7.27 0.68l 0.685 78.1
20,0 4.99 0.842 179
18.5 3.67 3.65 0.937 0.940 7748
17.0 2.18 2,16 1.050 1.055 7746
14.0 +1.31 +1.36 1.271 1.283 772
11.0 5.87 6.97 1.755 1.784 7549
9«5 8.73 8.89 2.17 2.22 Theb6
840 12.43 12.70 2.68 2,78 7246
6.5 16.98 17.50 3.62 3.87 67.8

5.0 23.66 5430
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R =504
=5 %
=10 &

o Yo Y { %.?Y)o g%‘) ¢a
50 -17.88 ~17.88 0 c 78.5
L5.5 17469 17.69 -0.086  =0.086 78.5
41 17.10 17.10 0.177 . 0.177 78.5
3645 16.09 16.08 0.276 0.277 780
32 14459 1l.58 0.391 0.392 78.1
27.5 12.52 12.51 0.533 0.535 78.3
23 9.73 9.71 0.721 0.723 78.1
20 7.32 7.29 0.891 0.895 77.8
17 le32 L.28 1.128 1.132 77.5
1L 0Ly 0.440 1445 1.463 76.8
11 +Ho L7 +lpe 5l 2.00 2,05 752

9.5 7.83 8.10 2.1 2.51 73.6
8 11.90 12.37 3.20 3439 70.0
6.5 17.65 18.65 Lolily 5.03 6240
5 26.15 754




R =50 2
a =75 K
=823

r Yo "\P ' (%’ %rll C’Ti
50,0 -21.)2 -21.42 0 0 78.5
L5.5 21.22 21,22 -0.089 ‘ -0.089 78.5
1.0 20.61 20.61 0.183 0.183 78.5
36.5 19.56 | 19.56 0.286 0.287 78.1
32.0 18.02 18.00 0.4,06 0.4,.07 784
275 15.86 15.64 0.556 0.557 78.2
23.0 12.93 12.92 0.756 0.758 78.0
20.0 10.40 10.38 0.940 0.945 77.8
17.0 Te22 7.18 1.198 1.206 173
14.0 3,08 3.00 1.592 1.611 76 .14
11.0 +2.50 +2 .65 2.10 2.19 T 7
9.5 6.39 292 72 .0
8.0 10.90 11.59 3466 ly.01 6742
6.5 17.57 19.43 5.68 Telly 51.3
5.0 30.02 11.87
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R =50 3

a =2 R

A=12 8

r Yo ¥ (%)o g—zlg <q

50,0 -16,12 -16.16 0 0 78.5
45 .5 15.96 15.95 -0.07%  -0.074 78.5
1.0 15.45 15.45 0.150 0.150 78.5
36.5 14.59 1l.59 0.233 0.233 78.5
32.0 13.34 13.34 0.327 2.327 78.4
275 11.63 11.62 0.1438 0.439 78.3
23.0 9.35 9.34 0.579 0.580 78.2
18.5 6.3L 0.771 |
17.0 5.10 0.856 779
14.0 2.27 2.2l 1,061 1.066 776
11.0 +l.24 +1.30 1.271 1.284 772
8.0 5.81 5492 1.751 1.782 76 40
6.5 8.83 2422 Tl <6
540 12.35 l2.6L 2.67 2.77 72 .6
3.5 16.87 17.41 3.60 3.86 67.9
2.0 23,52 24489 5.25 6.29 5546
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R =235 A
a=5 a
A=122
r Yo vy (%%P)o %%7 &
35 -12,00 -12.00 0 0 7845
32 11.83 -0.11) 78.5
29 11.31 0.232 7845
26 10.43 0.360 78l
25 10,05 10.05 -0.1406 0.1,06 78.4
23 9.1 0.506 78.3
20 T7.37 Te37 U.079 0.680 781
17 5.01 0.903 77.8
15 3.03 3.01 1.091 1,100 775
13 -0.53 1.32h 77.1
11 +2..49 1.953 755
10 +1.05 .57 1.805 1.997 753
9 6.00 6.6l 1.99 2.50 73.6
8 8.43 9.48 2435 2.72 72.8
7 10.78 12.28 322 3452 69.4
6 14.69 16.51 373 L.27 65.9
5 20.47 21.23 5632 6 .28 5546




R =75 3

=g &

=12 %

) v oo (# & “
(L -18.93 -18.93 0 0 78.5
69 18.79 18.79 -0.0L7 =0.047 78.5
63 18,36 18,36 0.096 - 0,096 78.5
57 17.63 17.63 0.148 0.148 78.5
51 16.57 16.57 0.206 0.206 78.5
L5 15.1h 15.1h 0.273 0.273 78.4
39 13.27 13.27 0.354 0.354 78.4
33 10.85 10,84 0457 0.459 78.3
27 7.70 7469 0.602 0.605 7842
23 5403 5.01 0.736 0.742 78.0
19 1.73 1.70 0,929 0.939 77.8
15 +2 462 +2467 1.292 1.310 77.1
13 5.42 5.19 1.487 1,508 76.7
11 8.68 8.82 1.844 1.884 757

9 12.87 13.14 2.31 2.38 Thel
18.22 18.73 3.22 3.43 69.9
5 26.45 28.06 5.20 6.28 5546
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'R =108 %

=35 &

A=12 4
r Wo "% (g—;ll)o %f £ci
% 105 -21.97 -21.97 0 0 78,5
! 95 21477 21.77 -0.039  -0.039 78.5
% 85 21.18 21.18 0.081 0.081 78.5
i 75 20,1l 20.1l 0.126 0.126 78.5
65 18.63 118,63 04179 0.179 78.5
55 16.53 1€.53 O0.24lL O0.2Uls 78.5
L5 13.68 13.68 0.331 0.331 78.4
35 9.77 9.76 0.U460 0.461 7843
33 8.82 8.81 0.494 C.1495 78.3
29 6.69 €.68 C.576 0.577 78.3
25 .18 L.16 Q.684 0.685 78.1
21 1.16 1.1h 0.833 0.835 779
19 +0.62 +0.65 0,965 0.971 7.7
17 2.76 2.81 1.190 1.206 773
15 5430 5.38 1.285 1.300 77.1
13 8.03 8.15 1.575 1.602 N
11 11.57 11.76 1.825 1.863 TEeT
9 15.5k 15.84 2.39 2.8 73.7
21.29 21.87 3.19 3.41 70.0
5 29.15 30.85 5.2k 6.3 5448
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CLAIMS TO ORIGINAL RESEARCH

The hydration of polyions in relation to that of
related simple monomeric ions has been studied quantitatively
for the first time. Three approaches have been employed;
the radius of the primary hydration shell of polyions has
been predicted from theoretical studies of dielectric satura-

"tion effects, evaluated experimentally from density measure-
ments and related to the salting-out constant of these ions.
In particular; |

1) Models have been proposed for simple electrolytes
and planar colloidal electrolytes for which it is possible
to write a Polsson-Boltzmann equation. The two models are
similar in form but differ in symmetry to the models for
linear polyelectrolytes proposed independently by Alfrey,
Berg and Morawetz and by Fuoss, Lifson and Katchalsky.

2) These Poisson-Boltzmann equations were solved nume-

rically using an I.B.M. 650 computer with and without corrections

for the effect of dielectric saturation of the solvent for the
following models: simple electrolyte, linear polyelectrolyte,
spherically coiled polyelectrolyte and planar colloidal
electrolyte.

3) The dependence of dielectric saturation effects on
the radius of the charged particle, concentration and charge

density was quantitatively investigated.,
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k) The relative degrees of primary hydration were
related to the degrees of dielectric saturation of the solvent
near the various kinds of charged particles conslidered.

5) From the dielectric saturation calculations the
following conclusions regarding hydration were reached:

- Below an ionic concentration of 1 M, the degree of primery
hydration of a charged particle increases slightly with
decreasing concentration. ‘

- The radius of primary hydration should  increase with size
and charge density of the rarticle.

- In general, the radius of primary hydration of a charged
particle should inerease in the following order: simple

ton € 1linear polyion < planar colloidal ion.

- For any reasonable spherically coiled polyeleotrolyté, the
macromolecule as a whole should not affect the solvent structure
outside the periphery of the coil to any significant extent.

6) Debye's theory of salting-out by simple ions was
modified to take into account the finite thickness of the
primary hydration shell of the ions and was related to the
molecular properties of the non-electrolyte (molar volume,
molar polarization, refractive index) using Kirkwood's theory
of dlelectrics.

7) A new theory was derived for salting-out by polyions
based on that developed, in relation to Debye's theory, for
simple ions in section 6.
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8) The salting-out constants of some non-electrolytes
(argon, ethylene, d-1 leucine and benzamide) by polyelectro-
lytes (NaPP, KPMA and PBPB) and by the corresponding simple
electrolytes have been measured. In general, it is found
that ks of polylons is larger than those of the corresponding
8imple ions; NaHEPOu 1s an exception since its kg value is
larger than that of NaPP and this can be accounted for by
the anomalously high hydration of NaHzPOh‘arising from hydro-
gen bonding. The constant ks of polyions 1s independent of
chain length except for low molecular welght oligomers. It

increases with degree of ionization but at high degrees of

neutralization k8 decreases due to ionlic association between

the polylon and gegen-ions. The maximum in ks depends on

the nature of the non-electrolyte and of the salt. These

experimental observations were interpreted in the light of
the derived theory (section 7).

9) The apparent molar volumes of KPMA, NaPP and their
corresponding simple salts have been measured and related to
the radii of primary hydration Ty, of simple and polymeric
ions. The radius ry of polyions is larger than that of
corresponding simple ions (NaHZPOM belng agaln an exception),
varies very little with chain length of polylons except for
low molecular weight oligomers and increases with degree of
lonization (at high degrees of neutralization it becomes

effectively constant because of 1ionic association).
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10) The radius r, was related to k8 and was compared
to the theoretical radius ofvprimary hydration predicted from

dielectric saturation studies. Good agreement was obtained

in both cases.
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