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CHAPTER 1
INTRODUCTION

The story of electrolytes begins in 1832})

when Faraday
haé disooveréd that the solutiocons of acids, bases and salts
conduct an electric current and the‘amount of electricity is
determined by the electrochemicel equivalent of the atom or
atom-group. This discovery, the Faraday law of electrolysis
2s we know now, suggests that the flow of eiectricity in so-
lutions considered 1s related to new solute particles and led

Helmholtzz)

to the assumption of "Atomender Elektrizitat",
inherept to the atom or atom-group. Before the production

of the new solute particles became well-established, however,
another evidence had to be accumulated. In 1887, van't HoffB)
found an anomaly that the solutions conducting electricity

do not obey the simple van't Hoff law, and introduced was

the van't Hoff coefficient into hisnlaw. The condubting
power of solutions for electricity and their abnormal thermo-

4)

dynamic behaviour were clearly unified by Arrhenius 'who pro~'

pounded a view that when an electrolyte is dissolved into ‘

vater, the molecule dissociates into new particleé, "ions"

as Faraday had named originally, to a greater or less extent.
From 1887 afterwards the knowledge of ionic solution'haé

enormously increased. The experimehtal results were in ac-

cord with the prediction of the Arrhenius dissociation theory.

for a group of electrolytes but this was not the casé)fdr
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other! the congentional classification was set up into "weak"
and "strong) We need oﬁly to mention here, as an exam@le of
outstanding deviation from the Arrhenius theory, the well-
established é1/2 rule { C, concentration of electrolyte ),
which was found to aﬁply the thermodynamic data, for example
osmotic coeffidient, and also the transport phenomena of strong
electrolyte solutions. It was made clear that failure of the
Arrhenius theofy comes from the omission of interionic inter-
‘7action, which waé eesily recognised to be of Coulombic nature.
1923 wasva starting poigt'for introducing the new era in
the history of electrolyte theory, when Debye and Hﬁckels)
suéceeded in treating the interionic interaction. According
to Arrhenius, the uﬁdissociated molecules are in equilibrium
‘with the disscciated ions in a sense of Guldberg;Waage. Con—
seguently, for weak electrolytes, which produce a relatively
small amount of ions,only short-range force would be a2 domi-
nant factor to be taken into consideration, whereas for strong
electrolytes Coulombic interaction intervenes that can not be
overlooked. Therefore, in strong electrolyte solutions there
can be no random distribution of the ions. Such an understand-
ing was first suggééted by Milner6) and succeeded to Debye,
The latter asssumed the ébltzmann distribution for ions, iﬁ‘con—
tragt to Ghosh7) who developed an erroneous theory based on a
regular distribution. The success of the Debye-Hiickel theory

was so glittering in interpreting experimental data that -
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their equations form the basis of all the considerations which
have been published on ionic interaction. |

The Debye~Hiickel theory has, of course, a limit of ap-
plicability which is not inconsistent to the assumptions méde
at the beginning. that the ion is a point-charge, and the ele-
ctrostatic energy is much smaller than the kinetic one, and
the molecule can dissociate into ions completely. Recent ex-
tensions proposed are related to these three,. He will discuss,
here, the outline of these extensions that are of importance

in the field of polyelectrolyte sclutions.

{A) Point_Charge Approximation. When we want to have theo-

- ry that can explain the behaviour of concentrated solution,
where £he original Debye-Hiickel theory clearly fails, we will
notice that the exclusion volume of ions has toc be tazken into
account. Debye and Hiickel, in their second approximation, -

. manipulated this effect, though not sufficiently, with the
assumption that only the central ion has a finite size and all
others are POint;Charges. The first approximation was some-
what improved by this subtle treatment, which was obliged %o
invoke by their adopting the Boltzmann distribution. Accord-
ing to this distribution, even an infinite numbér of ions may
be present simultapeqpély in a: volume element of the solution.
However, this oan'neﬁér be possible; the ions can not approach
within a distance to+each other, that depends on the crystallo-

graphic radius and the state'bf'hydration of the ions. Debye's
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adoptation of the Beltzmann distribution, thus leads to an
overestimation of the interionic interaction, as comparison
between theory and experiment indicates. the error becomes
greater with increasing concentration. In 1852, Wicke and
EigenB) took one step towards extending the Debye-HUckel
theory to nigher concentration ranges in a different way
from that of some other authorsg) who looked for the ways

of circumventing the difficult prbblem of introducing the
concentration effect. The novel idea developed byIWicke

and Eigen 1is in atﬁracting our attention to the distribution
formula itself. The Boltzmann formula is réplaced by one of
a new type which is a special case of the eguation derived

0)

by Falkenhagen% The fairly good agreement with experiment
is obtained by using a single parameter, ionic exclusion
volume, in higher concentration ranges.
It must be mentioned that, with regards to the theory
of irreversible proccess, great effort:. has been made toiintro—
duce an ion diameter with the aim of exteﬁding the Debye-

Hlickel-Onsager-Fuoss theory}l)

(B) Small Electrostatic Potential Energy. This assumption

can be expressed by the following relation

e /KT 1, (1-1)

where e is the charge, \ the electrostatic potential, k the

Boltzmann constant. This was a very important assumption.

I
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which led Debye and Hiickel to the self-consistent sclution of
the Poisson~-Boltzmann equation, though they did not notice the

12) have exbtensively

importance at all. Onsager and otheré
discussed the nature of this approximation and pointed out
that it was more than a mere mathematical device to avoid com-
plicated calculation. It is, however, evident that (1-1) re-
stricts the apﬁiication of the theory to dilute solutions of
electrolytes of low valenc&. Gronwall et al}B) toock a view
that this approximation had to be removed so as to obtain

more reasonable agreement between theory ahdvexperiment than
that by the Debye~Hiickel theory. In fact the more exact solu-
tion of the non-linearised Poisscn~Bdltzmann equation was use="
ful in interpreting some of the experimental results. wa—_

12)

ever some authors regarded this way of approach as logical-

ly doubtful because the treatment is not self-consistent.
It is worfhy to notice that y/ in (1-1) does.not denote
the potential at a specified distance from the ceatral ion.,

99 decreases with increasing distance monotonically so that
this assumption @ill be realised élso for éolutions of electro-
lytes of higher valency if the solutions are extremely dilute.
However, on the contrary, ?Ven in the case of 1-1 type electro-
lytes, it will be inlegitimate in é vicinity of the ion whén
the ions have é'small radius. Thus we see that the assumption
should be interpreted ﬁb_be for 211 important values of the

distance.



The Wicke~Eigen theory, just discussed above, also as-
sumes (1-1). With the results now available, it is possible
to see that the assumpiion holds in more concentrated solutions.
This is rather curious at a glance, but "all important values
of the distance" should be interpreted to become larger with
increasing exclusion volume of ions. If this consideration is
justified, we would be able to stand in sn optimistic view
that the dilute solutions of polyelectrolytes, the volume ex—
clusion effect of that is generally pronounced, may be under-
stood with use of a similar methgd to that applied to the so~
lutions of simple electrolytes.

We mentioned the inlegitimacy of (1-1) for small ions.
This was a starting point of Bjerrum;s treatemnt of ion-pailr

formation, which‘will be discussed labter on,

(C) Complete Dissociation. A view that the molecule of

strong electrolyte completely dissociates into ions in agueous
solution was first taken by Bjerrumls) who observed that the
opvical properties of this solution did not depend on the con-
centration. The Debye-Hiickel theory, formulated on the hypo-
thesis of complete dissociation, won $0 general acceptance

that " a great deal;bf time was spent in demolishing spurious
degrees of dissociafién arrived at by ignoring interionic inter-

action) as pointed.oﬁt«by’Bell%G) However, the pendulum be-

14)

gan to swing back when Bjerrum proposed the concept of ion-

pairing. As mentioned above, Debye's approximation is invalid
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when ions can approach to each other to considerably small
distance. The length,

q =z Zg e§/2€k1", (1-2)
is a critical radius, according to Bjerrum, where z 1s the ve-
lency of ion indicated by the subscript, & the dieleciric con-.

stant of the medium, e, the elementary charge taken as the ab-

o
solute value, If the distance between two ions r' is larger
than q, the Debye approximation applies in its original form,
but if r'wq a correction has to be/introduced. The concept
of ion-pairing was devised for tackling such a correction
term and Bijerrum treavs: an‘ionfg which is present in the sphe-
rical shell {radius g) as "associated by the central ion of o
He analysed activity data and obtained much more reasgonable
value of ionic radius than by direct application of the Debye-
Hiickel theory, especially for bi-bivalent electrolytes. A
feature of the Bjerrum treatment is that it ascertains the
existence of undissociated molecules in strong electrolyte
soclutions. Expgrimental evidence accumulated more recently
supports Bjerrum's assertion. |

The Bjerrum model is essentially an electrostatic one
based on Coulombic law, just as Debye-Hilckel's model that car-
ried a tendency to discount any specific chemical explanation.
It is of course questionable whether short-range interaction
can be safely ignored when %wo ions approach very close to one

another.



The phenocmena of imcomplete dissociation seem %o be of
importance in the field of polyelectrolyte solutions. The
macro-ions carry generally nulerous charges, the‘potential
of which is considerably higher then that of siaple ions.
Therefore, a higher fraction of the counter-ions will be

Ngssociated”

by the macro-ion. Wall et 31%7) demonstrated
the association in an elegant mauner. However, there is o
trend to ascribe observed deviation of polyelectrolyte so-
lutions from the ideality to overestimated "counter-ion
association" without reference to its mechanism. It is hoped
that the convincing theoretical approach will be formulatedf}

A metnod presented by Bjerrum may also be powerful in this

case.

In the sbove, it has been briefly mentioned how therac-
dynamic interpretation of electrolytic solutions has been deve-

loped. The considerations are limited to the method which

employs the Poisson eguation as a starting point and to the
topics which are of important significance in dilute solutions
of polyelectrolytes, a subject of this present record,

In an attempt to obtain a better understanding of poly—
electrolyte solutvions, our emphasis will be on comparison be-
tween simple and polymeric electrolytes! the method applied
to the former will be used for tﬂe latter, with necessary modi-

fications. This way of approach to the problem, we believe,
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is an essentially indispensable oune to our purpose. In the
following chapters, based on a point of view.pfdposed by Wicke
and Eigen we present discussions on a treatment which takes
the interionic interaction into acbount and on its comparison
with experimental data. In Chapter 2, the treatment will be
introduced, paying attention to the comparisons with theories

of simple electrolyte solutions and with other theories of

=1

polyelectrolyte solutions. (The writer wishes to thank Ir.
. Hosond for his kindness Yo grant permission to quote his
calculation on the potential distribution.) In Chapter 3,

the treatment will be checked with potentiometric titration

data and the extension of a macro-ion in solution will be es—
timated: Furthermore the dependences of the extension on tem—
perature, polymer- and salt-concentrations will be obtained.

In Chapter 4, the viscosibty-concentration curves of polyelectro-
lyte solutions will be analysed from s stand-point presented

in Chapter 2. 1In Chapter 5, tae electrophoresis of a synthe-
tic polyelectrglyte will Dbe described with a main purpose to
check the validity of Debye-Henry relation, which will be fol—
lowed by Chapter 6 dealing with two;compoﬂent system composed

of two kinds of polyelectrolytes: The boundary anomalies of
electrophoresis will.be interpreted in terms of interionic
interaction, topics“in Chapter 2. Chapter 7 is to give an
approach to smaliﬁion binding of poly(vinyl alcohol), which

vas found to migrate in an electric field Just as polyelectfo—

. -9-



lvtes. The general discussion will be given in Chapter 8,
in which some features of polyelectrolyte solutions in general
and possibilities of further advancement and of another way

of approach in this field will be described.
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CHAPTER 2
PLECTROSTATIC ILTTRACTION 1Id DILUTE

SOLUTIONS OF POLYELECTROLYTES

§ 1. Introduction |

The reputatibn, which the Debye-Hiickel (D-E) thegyy 6f
dilute solutions of siuple electrolytesS) has enjoyed, ié
attributed to its insight into nature of interionic inter-
action, as mentioned in Chapter 1. The fundamental assump-
tion is that the ions do not behave as essentially independent
entities and a concept of "ionic atmosphere® is deduced. the
mean thickness,}/ﬂ(, Debye's characteristic length, is related
to the ionic strength introduced by Lewis and Randall}a) which
had been a characteristic measure of electrostatic interaction
in dilute solutions of strong elecirolytes. The validity of
this fheory is most reasonably accepted as a limiting-law be-
cause any oonviﬁcing theoretical srguments as well as e#peyi—
mental evidences against this validity are completely lacking,

On the other hand, in the field of polyelectrolytes,

19)

most of the earlier works of a theoretical nature and
interpretaﬁion of existing experimental data can not be satis-
factory enough to furnish well-established picture of the so~
lutions. The situation, which will be excountered in treat-

'ing the problem, is obviously complicated, much moré than

that in the branch of simple electrolytes. This.is due %o

-11-



the numerous charges and the pronounced volume exclusion ef-
fect of the macro~ions, which we believe arée most important
factors to be tazken into consideration in establishing a cou-
prehensive theoretical point of view. Paying attention to
first of these, we will notice_that alwost of all the earlier
works have neglected, either infteationally or unintentionally,
the interaction between macro-ions except that the volume to
be apportined to each macro-ion was assumed to be detarmined
by the polymzr concentration and the omission of inter-macro-
ion interaction might be a source of the failure in giving a
successful explenation. This will become clear if we reflect
upon that Debye and Hiickel take account of interaction between
a central ion and all other ions and even then their success is
limited to electrolytes of lovw valency. Formulation of a theo-
ry which takes notice of the interionic interaction including
inter-macro-ion interaction, therefore, is of great interesg
and of urgent necessity. |

To formulate this kind of interaction, distributions of
all species of ions present in the polyelectrolyte solutions
have to be decided. The simplest way is to assume that =11
small ions and wmacro-ions excépt a central ion are poinbt-
charges and obey the Boifzmann distribution. This is only a
direct application of.bebye‘s second approximation and means
taking the macro—iohs intq consideration in summation of the

definition of "usual" ionic strength., This simplification,

-] P



nowever, would be definitely so far sway from reality because
the volume effect, that was mentioned above, is neglected.

A éistfibution formula, which was presented by Wicke and
Eigen (W—E)B) with the intuitive introduction of thz volume
exclusion effect of simple ions, invites our attention. Though
it involves rather crude approximations, the theory construct-
ed thereon represents an extension of the D-H theory and can
explain concentration dependences of activity coefficient,
heat of dilution, and specific heat of simple slectrolytic
golubtions over a wide fange of concentration with a few para-—
meﬁers. This means that the theory treats the volume exclu-
sion effect of ions and simultaneously, the interaction be-
tween them, though in a less accurate way of reasoning. There-
fore it can be expected that its application to our problem
is a more'satisfactory approximation to the truth than ﬁhe‘
point-charge approximation,

In this chapter, a treatment of dilute polyelectrolyte
selutions will be presented in which electrostatic interaction
between all species of ions including macro-ion will be dealt:
with by a modified W-E's ionic disbtribution formula. An inter—
pretafion will be given of anomalies experiméntally found to
which earlier explorations had failed to éive a satisfactory
explanation, through the omission of inter-macro-ion inter-
action or because of the point-charge approximation. Horeover

a formulation of the activity coefficient of macro-ion will

-13~



: hi £ 1 vi v ies d4id . not give
be given, to which most of the previocus theor g

access..

& 2. Preliminary Considerations

Polyelectrolytes have the dual character of electrolytes
and macromolecules. It is only a one—sidedvdescriptiqn tol |
apply the W-E theory in its original form to discuss the inter—
ionic interaction, that is, to assume the macro-ion as a rigid
sphere, By "a character of macromolecules" it is meant here
that tﬁe'molecular expansion in solution (at extreme dilution)
depends on the répﬁlsive interaction between the ioniéed groﬁpé
attached on the polymer chain. This has been well-established
by more recent work and has been a focus of the previoﬁsly pub;.”

19)

lished treatments., .This intra-macro-ion interaction, in

our treatment, iis formulated bY‘use of a model gnalogous tb
that developed by.Hermans and Overbeek (H—O)}g) They original—
1y assumed 2 uniform charge distribution inside the macro—ion.'
Their treatment is, according to Schneider and Doty?o) a‘reaso—
nable approximation except at a low ionic strengths. This ex~
perimental result ié quite understandable since at higher ion-
i%%tfengths due to the shrinking of the polymer coil with in-—
creasing”concentration.of added salt, the charge density in

the coil increases, provided that the total number.éf charges

in the coil remains constant, and therefore the uniform dis-

tribvution will be apppoached,. As the viscosity of polyelectro-

~14-



lyte solutions sihows, on the other hand, the macro-~-ions have
an effect on the molecular extension essentially equivalent to
that of the small ions of added simple salt. Therefore we are
led to a conclusion that assuming a uniform distribution is
not so serious at non-extreme dilution . as it is generally sup-
posed to be at extreme dilution. (In this respect, we must
mention the Harris-Rice (H-R) theory?l) that aimed at removing
this assumption by adopting a discrete charge distribution.
Their polnt-charge approximation, we consider, would be much
more inadequate than the uniform distribution of charges in-
side the macro-ion.)

Next we turn to the interionic interaction. The distri-
butions . of all species of ions are assumed to obej one of W-
E's formula, all small ions being taken as rigid spheres and
macrg-ions as spherical. According to W-E, the worx Lwij,re—
guired %o bring an ion j from infinity to a distance r (poten-

tial y9 ) from a central ion i is given by

y=ley - BV | (2-1)
whein the volume exclusion éffect is considered only between
the ions with charges of the same sign, and e, v and §> denote
the charge, exclusion voiume, and charge density respectively,
and the subscripts i and j represent spepies of ions. When

v 20, (2-1) becomes

Vig =5 (2-2)

-1.5~



which was a fundemental assumption of the D-H theory. from

(2-1), W-E obtained a distribution folrmule,

;
Y

= —e, /K n./N.) | —e, iy /KT
npy = Py exp ( €, %ﬁ/k?)/[l + (WJ/ 3) ) oXP ( 61%93/ )
(2-3)
where N. = l/vj, i.e,, the number of sites which the ion can

occupy in unit volume of the solution, énd nj i3 the average

number'concentration, nrj the number concentration at a dis-~

tance r from a central ion. (2-3) becomes the 3oltzimann dis-
t;ibution, when vj-g 0 or the concentration nj is sufficient-
ly small.

Besides (2-3) reviewed above, W-E have treated another
distribution formula talking account of_ﬁhe volume exclusion
effect between 2ll ions irrespective of the sign of charge.
Between these idealized cases would reality lie. Whichk of
these two is to be preferred depends on consideration on the
following problems: firstly a phenomenon of simple ion fixs~
tion inside tihe polymer coil and secondly a selfi-consistency
problem. As for the ion fixatién, a startling conclusion has
been reported that about two-thirds of the counter-ions lose
their freedom to get off the polymer coil. Thougn it remains
uncertsin whether fixed counter-ions are able to neutralize
the charges of ionized groups completely, it is anecessary to
admit that the polymer spheres and a fraction of the counter-
ions can occupy.the same sﬁace.simultaneously. Accordingly we

must reject the second forreula of Wicke and Eigen and adopt

16
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(2-3) here. As for the second problem it must be mentioned
that (2-3) leads to a self-consistent solution. In this equa-
vy o= 0 =v; is assumed for i # j and Vo= vy holds for
i = j. Therefore the definition of wij and the symzetry of

tion,

the system give us e %ﬁ = ej»%ﬂ : Thus thé superpositisd of
potential 1is ascertained, which requires the linearization
approximation of Poisson's equation. In the original develop-
went of YW-E theory, thisg: approximation has beeﬁ adopted ag in
the case of the D-H thedry. On the other hand, when all ions
are assumed to exclude to each other, it can be easily shown
that e, yﬁj = ey v&i does not generally hold.

As will be showa later ( in § 3), we will linearize the
Poisson equation to obtain the potentiald distribution. This
would lay down restrictions on the applicability of our treat-
ment. We fear that only the polyelectrolytes of low charge
density can be adeguately described. However, %his restriction
enables us‘to make a simplifying assumption that there is no
difference in the dielectric oonstant‘inside and outside the
ﬁacro—ion.

The macroscopic properties of polyelectrolyte solutions
rdepend on weny kinds of oantributio;s to the total free energy.
In our treatment, however, the free energy of electrostatié
nature will be assuméa td be the_predominant factor from wnich
thermodynamic functions'will be calculated. Thig assunption

is open to criticism bubt clearly serves to sttain a fuller
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knowledge of the radical difference between simple and voly-

meric electrolytes.

§ 3. Electrostatic Potential
‘To calculate the electrostatic potential using the

Poisson equation

zx}ﬂ=-47tf/e ’ | (2-4)
where 9& and ‘f are the potential and charge density at a dis-

tance r© from a central ion and & denotes the dielectric con-

stant of the solvent, the following assumptions are made.

{A) The macro-ion is taiten as a sphere of radius R, in
which exist Z negative ionized groups (monovaleut),de?&QgEQﬁgL;
ions (mogbvalgnt). The macro-ion acts on the other iomns
Z - A =tl-valent negative iomn.

(B) The ¢ effective negative charges inside the macro-
ion are uniformly distributed and hence, its chafée density
is given by —(ﬂeo/v; , where ﬁ; is the exclusion volume of the
macro-ion.

(C) The distributions of all ions, i.e., macro—-ions,
counter=~iens, ions of foreign salt (1-1 type), are approxi-
mated by a modified W=E"s formula (2-3), which assupes exclu~
sion volume effects only between ions of the same sign and ori-
gin. {Later we use Boltzgannfs formula’as a gpecial case of
that of W-E for simplefié;s, but the general description is

given here.) §) is assumed to be given by the sum of the

~18-~



ionic éharge density of each sign and origin.

If we denote the average number ..~ concentration of ions
by n, the number concentration at a distance r from a central
ion by D the volume of ion by v , the origin of ion by two
subscripts p (polymer) and s (salt) and the sign of charge
by subscripts + and -; we obtain the expressions for the
distributions of four species of ions from (2~3%), when the
presence of foreign salt gives rise to no change in the
number of the fixed small ion,

nDexp(D/\ X)
(2-5)

. |
TE 1 (n/00) (explok x) - 1)

o nnci exp{-~ x) ’ (2-6)

pr 1 4+ (npb(/N;)(eXp(—X) ~ 1)

~ n_exp(x)
Snr = 2 : ) B ( 2-7)
1+ (n /W ) (exp(x) - 1)
n_exp(-x)
SI’].:: = = y ( 2—-8)

1+ (nS/NS)(exP(—X) - 1)

wvhere x = eoyy/kT.
For r» R, 9 is given by

3 t_ 4 o ot =
9 - eo(pnr D‘\ pnr ! Snr SnI') - (2""9)
The higher terms than the second in the expansion of (2-5),

(2-6), (2-7) and (2-8) as a power sefies of x being neglected,

19—



g spherical symmetry of ionic distribution and boundary con-
ditions (}0 =0 at r =0 and the continuities of the poten-
tial and the electric induction at the surface of the ceantral

ion) give from the linearized Poisson equation,

Je
Yy == e T o eml-x(r - ), (2-10)
1 € 1+ xR
W’ith 2
2;@...._8_9_(0(11 (O{' +) '2]1'111} (2-11)
A e A R o
wvhere
B N '+" — 'y + = - ‘..
= 1 - nP/Np, m, = 1 [Knp/Np , My 1 ns/hs

(2-12)
For r {R, where f is given by ~[{eoﬁv; , we obtain

without using the lihearization approximation,

“®%, 34 xR 2 2 |
O b A
= ( = R™ ~ 7). (2-13)
2 Sem 1+ XR. ) .

The potential around the smz2ll ion outside the macro-
ion'}bb is given by

eo 1

Yo == Toyew S om-X(r - §5)),  (2-14)

wvhere § is the radius of the small ion, and Y. is defined By
(2-11). (It is a permissible approximation in non-extreme di-
lution %to use a common screening parameter Tfor both macro-ionand
simple ion.) | |

(2-10) and (2-14) are of the same form as the expresgsion
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for the potential in the D-H second approximation, but the
screening parameter YC defined by (2-11) differs from D-H's
by the presence of a correction term corresponding to the vo-
1ume exclusion effect, (2-22). The same difference is found
with a screening parameter in H-R's theory which was defined
by eq. 6a in Ref. 21, because it has not made allowance for
volume exclusion between ions of the same charge.

‘(2—13) giving the potential inside the macro-ion simpli-
fies to the expression obtained by Hermans and Overbeek, when

-~

X =0, i.e. for extremely dilute solution. It must be noted
that formation of ionic atmosphere inside the macro-ion is
not considered in our treatment.
It will be useful to mention here the differences between

the H-R theoryzl)

and ocurs. In the former, a model which pre-
serves the inhomogeneous (discrete) charge distribution of the
macro-ion was used, as already stated, and small ions present
around ionized groups weré treated to form an ionic atmosphere.
The authors pointed out that the dielectric constant inside
the ﬁacro—ion differs from that outside. Attention has to be
also paid to the volume exclusion effect between small ions
within a macro-ion and the polymer segment. Firstly, error
due to our replacement of the discrete charges by a continuous
distribution would become greater with decrea51ng polymer con—

centration or with decreasing charge number within the macro-

ion. Because we restrict our consideration to polyelectrolytes
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of a relatively small number Qf ionized groups, this error
might be fairly large especially ét extreme dilution, to which
any contradiction with the assumpiion of the result obtained
by applying our treatment to experiments may be ascribed.

(See Chépter 2). In this respect, it must be further noted
that, in our treatment, the continuous distribution will not
be used throughoutol The electrostatic free energy will be
calculated by using a rigid metallic sphere model for each
charge and ionized group within the maoro—ion; Because a uni-
form distribution was assumed for Computing the poteatial,

the treatment is evidenily contradictory. The extent of the
inaccuracy due to this would remain negligible for materials
of low charge density.' Secondly it must be pointed out that
disoriminatioh of two regions, which led Harris and Rice to
introduction of én additional term ;{(Iﬂ into (2-2), can'be
safely discarded for such polyelectrolytes as we'afe interest-
ed in. Thirdly the volume ex01usionreffect that was consider-
ed by them can be negligible for the cases considered here,
beéause fraction of counter-ions trapped into the macro-ipn

sphere will decrease with decreasing density of ionized groups.

§ 4. Electrostatic Free Energy
Before the electrostatic free energy is to be computed,

the standard state has to be chosen. The state chosen in or-
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dinary electrolyte theory is an ideal one, ia which no electro-
static interactions take place. This state will.be approached
with dilution. On the other hend, as Xatchalsky and Lifson

19)

have pointed out, polyelectrolyte solutions can never be
"igeal®, because ionized groups are bound oanto the polymer
chain and, therefore, they can not diffuse away in the bulk
of the solution so that the intra-macro-ion interaction would
repain even at extreme dilution. This sivuation gives rise
to a difficulty in the choice of the standard state.

Qur standard state adopted here is an entirely nhypothe-~
tical staite, in which each ionized group can behave "ideally!
This state will be realized by the hypothetical procedure
that polymer chains in the solution are severed in such a way

.that each fragment contalns an ionized group and then the so-
lution is dilutod infinitely. This choice is reguired to des-
cribe the ”character of macromoleculeg" and, in>addition, en—
ables us to get an insight into the corrselation .between poly-
meric and simple electrolytes. The free c¢nergy value at ex-
treme dilution remains finite w1t1 reference to our stax dard
state and the dlerrence i1s essentially eguivalent to the
"polylonlo work" referred to by Hayman?g) Our result mention-
ed below, that the activity coefficient of macro-ion is not
equal to unity at extreme dilution, originates from this "work!

Let us oompute_thé electrostatic interaction freze energy

by Debye's charging process. The interionic interaction free
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energy, g oyt? is calculated using the difference betw?en
the potential, (2-10) or (2-14)}, and the self-potential of the
ion considered. On the other hend, another contribution Fe int
from the intra-macro-ion interaction is calculated using a ri-
gid metallic sphere meodel for each ionized'group and fixed:-™"

counter—ion which are constrained in the field of potential

y@. Then .

Fo int = Lniig

A
o0

e, d,édr, (2-15)

'
&‘ﬂrnrzgi W,(8)
'i]‘—

where Di denotes the number of ions of species i iﬁ a:mac;o—

ion, e, its chérge, y&; the potential at the position of e;

(excluding the geif—potential), Lp the total number of macro-
ions in the system and EE the fraction of their finai charges
which they have at any stage of the integfation, and the sum-

ration is taken over ionized groups and counter-—ions.

Finally, we obtain for the total volwume of the solution,

2
F_=TF F ol |
e = Ye int T e ext T 7 _36 bp&(df(}clm + t(){d\l)) +
: 5 | "
L e - /2
2L T(}CSB)} + 2 O{, ;f‘t’( - 3 5;Ll(_z ‘+?\_)}_ e
(2-16)
where w
T = /) {10800 4+ y) - v+ GF2) L 1, =T o,

and 51 is the mean radius of an ionized group (sssumed to
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be a sphere) and a counter-ion, 82 the mean radius of positi-
ve and negative ions of foreign salt and V the total volume
of the solution. |
When the concentrations of selts and polyelectrolytes

approacﬁ zero, the termscoﬁtaining X become negligibly small
and (2-16) simplifies to a modified expression of KE-0's theo-
ry. VWhen the macro-ion is replaced by a metallic sphere the
second brace disappears, and the expression is in formal co-

_incidence with D-H's or W-E's theory.

§ 5. Osmotic Coefficient and Activity Coefficients

When P, stands for a value the osmotic pressure of (of =
valent) polyelectrolyte solutions would have if the solution
behaved in an ideal way, the deviation from ideality is mea= -
sured by the osmotic coefficient g.

Considering that the radius R of a spherical macro-ion

is determined by the minimum condition of the elecﬁrqgtatic

free energy, °oF /B'R = 0, we obtain by the usual procedure

. Ye 1
1 -6 = prle - T, {npo{(oﬁO‘(YQR) oo (08

(nﬁi)_jp + (nﬁx) v+ + 2ﬂ2 } ,

om0 0e3)) x - T

m; + HP?( mp + -2118111S
(2-17})

where

& (y) = (3/7°01 £7 - 1/(1 +3) - 2 Log(1 + 7

J
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A ; o o . + o -
when n ¥ 0 and gy =0 (i.e., 07 (24y) =1 and Mp T L), (2-17)
becomes
2 —
e n Jv
1 -g = A X %o {o(ﬁ“()CR)+1}{1~——“———-‘-’-—_— :
6ExT (1 +¢l) 1+dAm

(2-17")
With appropriate values, the g-concentration curve is const-
ructed by (2-17') and is shown in Fig. 1. The dashed curve
represents the case in which vp—z O is assumed. At higher

concentration, the volume effect is increasingly remarkable.

Similarly,

the usual thermo-

dynamic routine

gives the acti-

vity coefficient

of counter-ion,

¥, and of ma-
g

crog=ion, Fp'

They are expres—

sed,wheniaFeﬂaR . B 1 2

I
!

Cﬁ ( g./100 cc.)E

i
1

= 0 1is again ap-
¥ig, 1. Concentration dependence of -osmotic

plied, in (2-18) coefficient g calculated with R = 504.,
A =8, the base mol. = 50, the degree of
and (2-19) res-— polymerization = 200, T = 288°K and €=
80. The full line is calcd., introducing
pectively. For the volume exclusion of the wmacro-ion. The
dashed -1ine shows the case in which the
the salt-Tfree volume “exclusion is not considered.

solution and
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when 51 ¥ 0, (2-18) and (2-19) simplify to (2-18') and (2-15').

2
c
KT106 §, = = KL_Q{ TR S + ———[:n L (AT (RR) + ¢ (x§y)) +
3&
] 1 - 2néﬂ_vg ) ( )
x { , 2-18
EHSG\(K:SE) npoggm; + npg{m; + 2nm
2
K& 2 1 ~ .
(Tlog . = - LT (X R) + 5 |n L (AT (XCR) + (¢ )+
P 3¢ = Lw
2 2 ~-
- 2n g v
o (8] x (P I
npci mp + npo(mp + 2nsms
2
YA
80{3.2-_- ZA} (2-19)
€ L5 R 281
leogﬁ‘ = {1 p -1 +0(0\(7C1_%)j ) (2-18")
2(1 + A m)
P
2 2
e
kTlog ZY\D = - ‘Oé—'e}t—*g{t()fl?) + —%—-(‘1 +l (X R)) x
( e I {5,1 -5 (2-19Y)
L+ ol e L 1)

Fig. 2 is a graphical representation of (2-18') and (2-
197). As in the case of osmotic coefficient, a mimimum appears,
which the point-charge approximation as well as the treatments
neglecting the inter-mzcro-ion infteraction can not elucidate.

That K\p is not equal ito unity at Cﬁ = 0, reflects the chara .
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acter of charges at-
tached to macro-ions.
This deviation from
ideality comes from
the striking inter-
action between ion-
ized groups. Recent-
ly ¥Kagawa and Nagasa-
wazg)concluded that
"the pelyelectrolyte
solutions can be con-
sidered an ideal s3o-
lution so far as the
macro-~ion is concern—
edV! However their

metallic sphere model

adequate to describe the "character of macromclecules!

1

2 a
Cp (&/100 cc.) 5
Fig. 2. Activity coefficients of macro-
ion ¥ and of counter-ion T, with
. ]
R = 504., 51: 5A., the base mol.= 50,

the degree of polymerization = 200,
T = 288°K and €= 80.A = 8 and Z = 9
are chosen for WP“’ and o = 100 for

Yrg'

of the macro-ion is intrinsicslly in-

It must

be further pointed out thot they neglected the free energy con-

tribution from the inter-macro-ion interaction (for example,

see their derivation of eq. 14

in Ref. 23) and noted that cal-

culated values of‘[ﬁ and ﬁ‘g in our notation decrease steadi-

1y with the polymer concentration.

Before comparing these calculated values with EXperimern -

tal results,it must be borne in mind that our calculations have

dealt with the electrostatic interaction only, and they do not
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provide guantitative information on ), and the (calculated)

individual ionic activity coefficient is only convenlent ma-
L . : s 24)

thematical fiction, which has no physical significance.

The electrostatic interaction effect being discussed here and

the counter-ion fixation effect seem mainly responsible for

very low observed values of these coefficients. Ifjk hardly

depends on the polymer concentration as Wall and his schools

have Shown}7’25) ho

ﬁ%er, the concentration dependendes of these.
coefficients could be interpreted at-least qualitatively from
the predicted courses in Figs. 1 and 2. 1% is further to be
noted that, in salt-free solutions, the volume effect of macro-
ions, that is, the molecular extension, depends on the concén-
tration-in dilute soiutions as the characterigtic visopéity;
concentration curve shows. The maoro~ion-i$-expécted‘tb shrink
with increasing concentration, so that the values of g and

Xg would be smaller and the ﬁinimum points wouid shifttfbﬁards
higher concentrations, than those calculated with a fi#ed'radius.
As for the individual ionic activity céefficient; it is‘tpibe
noted that a dilemﬁa, which is a natural coﬁsgqﬁenee’df trying
to measure a quantity which physically does ﬁoﬁ éxist, is in
every case confronted and, in the field of polyelectrolyte so-
lutions, is considered to be overcome by postulating that ﬁse

of the salt bridge allows to determine the ionic coeffiCient _
of small ions by electrochemical measﬁrements.: To be correpf,

the mean activity coefficient has to be measured and compared
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with the expression which will be derived from (2-18)and (2-19).
However, we will continue our discussion on the individual
iconic activity coefficient, taking for granted that the pos~
tulste mentiomed above is practically reasonable, because the
mean values have not been reported.

Kernzo)

observed that g and ﬁg increased with concentra-
tion for sodium poly(acrylate) (degree of polymerization, P,
= %40) solutions. On the other hand, Kagawa“feported the op-
posite tendencies of these coefficients for sodium carboxy-
methylcellulose (P = ca. 200) Solutions?7’28) Considering
the closeness between degrees of polymerization and between
charge densities, the confusing results are not unreasonable.
Kern carries out the measurements in high concentration ranges
where R hardly varies with concentration and therefore obser—
ved the righit-hand side arouund the extreme wvalues in Figs. 1
and 2, wvhereas Kagava measured these quantities in a more di=-
lute region.

If the volume effect is considerable, for example, be-
cause of a high degree of polymerization, only the tendency of
increasing will be observed. Recently, Inouezg)asserted that
g decreased with increasing concentration for linear polyele-
ctrolytes while it increased for branched materials. We no-
tiped that the degree of polymerizatioﬁ of his branched mate~

rial is much higher than that of the other, which would be ex-~

pected to give the observed variation of g because of the more
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pronounced volume effect.

Moreover mention should be made of the observation that
g and jé occasionally appear not to converge to unity at Cé =
0?9’50) This is a radically different feature from that of K§
referred to above. We should like to point out a2gain that
calculated values give the osmotic and activity coefficients
in a system contsining ¢l -valent, not Z-valent, macro-ions,

Regretfully no determination has not been reported of.ﬁéBI)
until recently, but the differential quantity has been wmeasured
indirectly. It is the rate of change of the activity coeffi-
cient of the polyelectrolyte component with its concentration,

iSZE’ which appears in the second virial coeffic;ent. Idsall

et al.sz)have shown that the turbidity T of polyelectrolyte
solutions is related to.the polyelectrolyte concentration Cé

(g£./100 cc.) by the expression,

1 ¢ 2., 2 *
- = 1/M Cr/HM -
2 = /m (/) (o 20y ), (2-20)
3
where Fgggzéalog'FZ/amz , 5é being the activity coefficient
- of polyelectrolyte component {(see Ref. 32 about the definitton— -

of the component), m, the polyelectrolyte concentration (mol./1.),

2

O( the absolute number of the effective charges of a macro-

ion, m, the concentration of foreign salt (mol./1.), ¥ the

3
Debye factor and M the molecular weight of the polyelectrolyte.
m 3 e *- -

They determined the value of%322 for bovine serum albumin-

NaCl-aqueous solutions. If we follow their "starred systenm
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of definition of component} in other words, if we take a sys-
tem composed of one mole of macro-ions (negative), ¢l/2 moles
of Hat-ions and - ol/2 moles of Cl ions as a component, we ob-
tain

log KZ = log Iﬁ + (d/2) log ENa+ - (l /2) ;og ﬂbl- ,

(2-21)

where Eﬁ + , and chl— are the ionic activity coefficients
of Nat. and C1 -ions respectively. If B\Na+ = FCI_ is as-
sumed,

log ¥, = log § . - (2-22)

2 P

(ote that this relation holds irrespective of the sign.of....._.

the protein charge.) Therefore

@ZZ: dlog Zﬁ\p/a'm2. o (2~23)
When a.Rﬁanp_: 0, as would be the case for rigid molecules
such as bovine serum albumin which do not seem to suffer ap-
preciable change in extension with their_own concentration,
and because m is very close to unity under Idssll's experi%
mental conditions, from (2-19) we obtain for the correspond-

ing quantity at the limit of Cé = 0,

2 2
le D(
(3log Kp/anp% ao T %%EQ@?{(ET(WR) - 1/2)of %4
AT GCR) + 02 = dn T } , (2-24)

with the Debye reciprocal length, X

Because .of is taken as the absolute value, (afloglfé/énp)

n - 0
i
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does not depend on the sign of the protein charge. This is

in harmony with Edsall's observation that ;3;2— gl curves

are symmebtrical about ¢ = 0. TFor guantitative comparison of
our present treatment with experiment, we compute R using
(2-24)} ané the observed values of KS:E after changing the
unit of concentration. The results are tabulated in Table 1.
TFor comparison, the closest distance of approach, "a", is also
ghown, which is evaluated by a corresponding relation obiain-
ed from the D-i second approximation, i.e., the point-charge

approximation for =11 ions except a2 central ion
Lp y

32
A eo(l +D’\) K'
1 = ~ —
(3log Tp/anpr)l 50 8eng kT 1+ x'a
P

(2~25)

3
Table 1. Radius of Bovine Serum Albumin from F322

ionic strength oA * R a

{salt: WaCl) ( <0) F522 (4.) (A.)
0,183 10 +250 10 imaginary

20 -~300 10 120

0.033 10 -400 25 80

20 ~4000 25 120

0.003% 10 -12500 40 50

20 -55500 70 160

"a would correspond to the radius of the protein when

m, > 0. The radius of this albumin is reported to be of the
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order of 30 - 100 4., assuming it to be a sphere?3’34) Table

1 shows that our treatment represents an improvement upon the
D-H theory, which renders us an imaginary value for-the radius
in the case of positive F322. The positive value, tnough
found freguently by Edsall et al., can not be elucidated un-
less we admit that macro-ions can contribute to formation of
the ionic‘atmosphere just as small ions do, and furthermore,
the point-charge approximation is discarded. Eb formulated

23)

by Kagava-Nagasawa also can not provide the positive value

*
of F’>22.

Marked difference has been found between the gecond vi-
rial coefficient B and the so-called Donnan‘term,cx2/2m3 s
which has been interpreted in several ways, Schneider and

20)

calculated the second virial coefficient using the

35)

Doty
Flory theory end obtained the good agreement with the ex-
perimental value. They regarded this agreementr, thaet was al-
so. confirmed by Strauss and Wineman36) recently for long-chain
polyphosphates in sodium bromide solutions, as an evidence

that "the interaction of the polymeric ion is essentially the
same as that of neutral polymer molecule! This seems to be in
accordance with H—ﬁ's observation, Such a way of reasoning,

1% wust be noted, is equivalent to the rejection of (2-20),
which is a general expression of the electrostatic interactions,

and is closely connected to lack of the experimental study

and theoretical interpretation concerning the activity coeffi-
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2
cient of macro-ion. On the other hand, Edsall et al?')and
%7) between

Trap and Hermans” attributed the difference,3 and the Donnan
term to the activity correction fterm containing (352 . (Strauss
and Wineman56) seem to follow this way of approach in assert-

':K‘- . K] -
ing that (322 should have a large component which is inverse-
lﬁ@roportional to the concentration of the foreign salt.) It
ig clear that our interpretation is in line with these.

38)

(Inagaki et al: introduced a concept of association of sim—
ple ions with the macro-ions to reach agreement. ILumping
the disagreement into an "effective" charge of macro-ion,
however, is definitely doubtful.)

The osmotic and activity coefficients are found to have
the tendency that they decreased at first and then through a
minimum, subsequently increasing with the polymer concentra-
tion. This tendency has been also of occasional occurence in
the field of simple eléctrolytes, and is not peculiar to our
case. The existing theories of Osawa—Imai—Kagawalg) and of
Kagawa—NagasawagB) failed to give an explanation on the above
mentioned increase. The situation was similar to that which
existed with respect to simple electrolytes before the advent
of the Wicke-Eigen theory, when it seewed hopeless to explain
the thermodynamic behaviours in wide ranges of concentration.
The results obtained by application of W-E distribution formu-

la implies retrogressxon of ionic atwosphere, which is caused

by the volume exclusion- OT ions and occurs in the smaller con-—
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centration range, the greater the volume exclusion effect be-
comes. This effect is markedly important in the field.ofrpoly—
electrolytes. Spherical particles of radius 5As; come 1n con-
tact with each other at about 3 wmol./l., and those of bH0A.,
which is usually the case in polymer solutions, at mbout 3 x
10_3m01./1. This illustration shows that the volume effect

of polymers ceases to be negligibly small at muéh lower concent-

ration than expected in the simple electrolytes. (It also clu-

cidates a disadvantage of the point-charge approximation men-~

{ioned above.) - o
We wish to conclude this section by expressing our belief
that there is no essential distinction between polymeric and
simple electrolytes except a fundamental characieristic, i.e.,
attachment of charges to the polymer chain, in so far as the

osmotic and activity coefficients are concerned.

§ 6. Heat of Dilution

In the preceding gegtion, the interionic interaction in
dilute solutions of polyelectrolytes was shown to be wuch more
striking than that in simple electrolyte solutions. Deviation
from ideality was discussed in terms of the osmotic coefficient
and activity coefficients. Heat of dilution will also serve
to manifest the importance of the interaction.

(2-16) giving the eléctrostafic free energy enavles us to

formulate the expression for the heat of dilution of polyelectro-
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1yte dilute solutions gﬁHP. Using aFe/aR = 0 and assuning
the independence of 51 from temperature, then we obtain for

the salt-free solution

L o e’ [, o
ARy = ——73—3—@—0—1&6 L‘C(YCR) +(l/2)O‘(TtR)} +

‘ . 2
| Loot [ 442
. I Ty - =) 3R
(3/2)cl V' + (3/2)( & + )E c | "oz
M}, (2-26)
N
201‘
where
' T JE .1 T 2¥
ezl.;.——e— ST and V'= 5 Ty AT -

The D-H theory gives the heat of dilution of dilute simple
electrolyte solubions A‘Ho , Wwhich is given by

AH =20, Rel(e +V)/2€ (2-27)
where Li isLthe total nuuber of ions of species i in the
system. Tor water at ZSOC, &' = -0.370 according to Wymant)
and V' is reported to be ~0.025 by Dorsey?o) Using these va-
lues, ﬁxHo should be always negative. (In more concentrated
solutions a positive heat of dilution has been observed and
Successfully interpreted by the W-& theory?l) )

On the contrary, (2-26) indicates that [&Hp at sufficient-

ly great dilutions is positive when 2 3>%\and R<E6 SiZ/B y
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because bhe first brace regsrding the intefioﬁic interaction
is negligible compared to the other expressing a contribution
from the intra-macro-ion interaction. (The condition on R
can in the usual cases he fulfilled.) This term becomes pre-—
dominant at high concentrations, where R would not vary with
the concentrétion s0 markedly as in the more dilute solutions,
and theng&Hp becomes positive. The predicpion is partly sup-
ported by Schulze?g) who for the firstvtime carried out the
determination of intermediate heat of dilution in a very low
concentration renge and obtained the positive values.

According to Schulze, the intermediate heat of dilution
of poly(vinyl-N-butylpyridinium bromide) increased very steep-
1j@ith the concentration, so that the extrapolation to the
exvreme dilution was impostible. This is quite understandable
sincg his material was completely neutralized and therefore

ol was supposed to be very large, which appeared.in a tern

giving the concentration dependence ( the first brace in (2-26)),
Another of his observations that the absolute value of the
heat of dilution of polysalts was much greater than that of
the corresponding simple electrolyte, N-butylpyridiniumbromide,
is also due to the presence of numerous charges of the poly-
salt.

3chulze's conclusion, that the poéitive value should be
related to the dissociation of Br -ions bounded in the polymer

sphere, seems really questionable. As mentioned above, Wall
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et z1. have shown that the fraction of bounded small ions
_bardly depends on the polymer concentration. Iven if Wall's
experiment 18 in feult, the increase of free Br -ions with di=
lution is‘expected to contribute to the total thermal balance
in the same way as simple electrolytes with the dilution. In
other‘words, this contribubtion should be negative. Thus the
positive value, it is clear, should be interpreted exclusive~

1y in terms of the intra-macro-ion interaction.

§ 7. Discussion
In this chapter, electrostatic potential and therwodyna-

mic properties of polyelectrolyte solutions have been discuss--
ed., The expressions contain those obtained for simple electro-
lyte as a limiting case, when the macro-ion is replaced by a
rigid metallic sphere, and reduce to the D-H theory as another
limifing one, when the volume effect of ions is neglected.
Our emphasis was put on the Cﬁar;éter of macromolecules, a
feature by which Simblgjan&-pGifﬁeric electrolytes can be radi-
cally distinguishéd:-m

In an attempt to compare our treatment with experiment,
there leaves something to be desired. It comes from the Ltwo-
handed nature of our treatment. The left hand must know what
the right hand does:in order to determine the thermodynamic
quantities, the concentration-molecular dimension (R) relation-

ship must be well-established, because in all of the expressions
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for thermodynamic gquantities derived, R remains as an adjust-
able parameter. Qualitative discussion on this relationship
was a subject of earlier vorks, and a conclusion, that R in-
creases steeply with decreasing polymer councentration, has
been drawn from the reduced viscosity cﬁrve. However, the in-
terpretation of the relationship seems to us definitely unsat-
isfactory and the quantitative expression of the variation
of R is still 1acking. Therefore, we can not help being satis-
_ fied with the qualitative comparison of our formula with expei-
mental results as we presented here, |

In the next chapter, we proceed to obtain the information
of R, especially of its concentration dependence, from the po-
tentiometric titration curves of the polyelectrolyes. Such
an snalysis may be applied towthe~quantit198“&i&cusse§ here,
at 1éast in principle. However, the difficulties encounbered
in determining the osmotic coefficient by osmometry, and the
complete absence of knowledge on the activity coefficient of
macro-ionh, and the difficulties in measuring the heat of dilu-
tioﬁ sufficiently precisely make' us feel it inappropriate to
follow this way of analysis. I% is hoped that alternative ex—
perimental methods, by which these deficiencies can be overcoume,
are developed.

Apart from rather crude approximations involved in the
W-E theory itself, ﬁhere are some points to be discussed in

connection with the validity of our application of the W-&
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distribution Fformula Lo the polyelectrolytes. Additivity of

the charge density, (2-9), is justified only for the case when
no space-requirement can be assumed between all species of ions.
The inaccuracy due to this would increase with increasing space-
requirement. Therefore, our treatment would successJin describ-
ing the behaviours of polyelectrolytes of low degree of poly-
merization. Moreover; as the molecule_expands in more dilute
concentration-range, the pronounced space-requirement would in-
validate our treatment. Obvicusly the error reaches its maxi-
mun when the extreme dilution is approached. It is to be empha-
sized that the assumption of the additivity would be a better
approximation for our case that the volume exclusion is taken
into bbnsideration between ions of the same sign and origin,
than for an extreme case where all ions require the exclusion
volume.

Moreover, when the space-reguirement is striking, the as-
sumptioﬁ”gf spherical‘symmetry of ionic distribution has to be
reexamined. Removal of this assumption, however, would make
the mathematical treaitment of the Poisson equation very compli-
cated. Accordingly the symmetry must be regretfully =sssumed,
the inaccuracy of which increases also with decreasing degree
of polymerization.

It must be mentioned, furthermore, that it was upon the
work wij that Wicke and Eigen fixed their atfention in an at-—

tempt to improve on the D-H theory. . One other of such attempts,
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as is well known, was to obtain a more accurate solution of the

13)

exact Poisson-Boltzmann eguation. This has been followed in
the efforts to develop a theory of polyelectrolytesz the electro-
static potential of which is usually supposed to be very high
because of the numerous charges, and the removal of the assump-
tion e}&(kT scems to be regarded as an essential step. (See,-
for example, Alfrey-Berg-Moravetsz, Lifson-Katchalsky, Osawa-—
Imai-Kagawa, Wall-Berkowitz and Lifson in Ref. 19.) _In our o-
pinion, however, the success by Wicke and Eigen shows that

e%§/kT is not always a steeply incressing function with ionic
concentration for all important values of the distance from a
céntral ion, against the generally accepted expectation. There-
fore, we can adopt the approximation unless we expect that the
validity of our treatment can be extended to the polyelectirolytes
of high charge density, and to the higher concentration.

These considerations indicate that it is difficult to es-
timate the resultant error of our itreatment at present. It isw
most likely, however, that it would fail for materials of high
charge density and in more concentrated solutions. Within |
these limitations, our formula may be used for smoothing and
extrapolating experimental results if the adjustable parameter,
R, can be determined independently. it will be possible to de-~
termine the characteristic values of the activity coefficient

and heat of dilution at exbreme dilution.

‘The materials which will be referred to later are of rela-
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tively lower charge density than those attracting pﬁblic atten—
tion generally are. This.limitation does<not deprive our asser-—
tion on the importance of interionic interaction of its generzl-
ity, but enables us to get a glimpse of the much more predomi-
nant effect which is certainly expected to éppear in the case

of typical polyelectrolytes. MNoreover we know many compounds,
the shape of which in solutions is quite different from the
spherical model adopted here. However, the basic ideapresent-
ed in our treatment, formation of an ionic atmosphere, seems to
remain to be useful in interpreting almost of all macroscopic
propérties of the solutions, irrespective of the mathematical

treatment.
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CHAPTER 3
POTENTIOMETRIC TITRATION AND EXTENSION OF MACRO-ION
§ 1. Introduction
A great deal of research has been accumulated on the po-
tentiometric.study of polyelectirolytes. Attention has been paid

on typical and weak polyelectrolytes, the experimental results

of which fit an empirical relation proposed by Katchalsky45)as
follows,
' !
S .
pH = pK + n log — y (3-1)
1 -

where ! is the degree of neutralization, pK the apparent dis-

sociation constant, n a constant, and pH has the usual meaning.

Considering assumptions involved in the derivation of (3-1),

it seems interesting to study whether (3-1) also can describe

the titration curves of polyelectrolytes of larger dissociation

congtant. We have carried out the potentiometric study of poly-

vinyl alcohol) partially acetalized with glyoxylic acid, which

was -previously viscometrically studied by Nakajima et a1%4)
During the neutraiization of polymeric acids or bases

there is a continuous variation in the strength of the ionizable

group. This is clearly due to the electrostatic effects of

the increasing number of charges on the macro-ion, and must de-

pend largely on the molecular extension., Therefore, if the ele-

ctrostatic effect is formulated as a function of the molecular

extension, the latter can be estimated using the titration -
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curve. In Chapt. 2, we have discussed the electrostatic inter-
action in dilute solutions of polyelectrolytes and obtained an
expression for the electrostatic free energy, that makes it pos-
sible to get an information of the molecular extension in dilu-
te solutions, in cother words, to obtain knowledge of the concent-

ration dependence of the extension.

§ 2. Experimental

(A) Materials. Fractionated poly(vinyl alcohol) was acetal-

ized in the sulphuric acid-water mixture with glyoxylic acid,
which was obtained by electfolytic reduction of oxalic acid.

The detzils of these reactions are given in Ref. (44). Remov-
ing sulphuric acid by dialysis after the reaction, the polymer
solution was added potassium hydroxyde and precipitaﬁed.in metha—
nol. After purifying the polymer by methanol in the Soxhlet ex-
tractor, the solid polymer was dried at room temperabure and
-under diminished pressure. The degree of acetalization was de-
ﬁérmined by conductometry;the carboxyl group content, S, express—
es the number of carboxyl groups per 100 basic molecules of
poly(vinyl alcohol). The structural formula of this polvacid

is as follows.

~CHy=Cli ~CH~CH ~CH-CH ~CH,~CH -
I T
o\\\g’(/o OH O
COO0K

The degree of polymerization was determined by the viscosity
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measurement of poly(vinyl zlcohol) in water at 30°C, which was
separated after blanck freatment. The relation used for the

—4P9'64

calculation was [H?]z 7.5 x 10 where[ﬁr}was the limit-

ing viscosity number and P the degree'.0f wpolymerization.

(B) Potentiometric Titration. The experiment ¥as performed

at room temperature {about 25°C) using a pH meter, Model P,
Horibé Instrument Inc., and a glass electrode. The sensitivity
of the potentiometer was 0.0l pH unit and the reproducibility
of the data was 0,03 pH unit. The polymer, stocked-as the al-
kali salt, was fitrated with hydrochloric acid, the end point

beihg determined by conductometry.

(C) Experimental Results. In Fig. 3, examples of titration

curves are given. The curves differ clearly from those of
weak polyacids such as
voly(methacrylic acid)

or poly(acrylic acid)

SAMPLE : 5-C

in their shape, which

POLYMER CONCENTRATION
(a) 1.101 (g1000¢cc)
(k) 1984 ;
(c) 3968 i

is rather close to that

of simple strong acids.

(3-1) does not fit our ;

experimental results

and a correction term

2 ! ) 1 i
0 0z 0.4 08 08

- F

__Fig. 3. Titration curves of’
PVAG (I). (Polymer concentra-
tion dependence. ).
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that in the dissociation equilibrium of weak acid HA, i.g.,
Ha = HY + A, the concentration of A, (A”), is equal to the
ooncentratiop of the produced salt, (B+), and cobtained (3-1)..
This-assumption,'clearly, fails in the case of fairly strong
acid and it is reasonable to introduce a correction term due
to self-dissociation of the ionizable groups. Thus (A ) =
(%) + (H+). Expressing the total concentration of ionizable
groups by (C), we obtain 7

&+ (EH /()
L - - (BT)/(0)

=pK +n log — . (3-2)
1_D<n .

pH = pK + n log

Because o' + (HT)/(C) denotes the ratio of the number of
ionized groups to the total number of ionizable groups, it can
be regarded as an extended degree of neutralization /£ ". As

is shown in Fig. 4, (3-2) is found to fit our data very closely.

; SAMPLE :§-C

; POLYMER CONCENTRATION % 1101 (g/B00cc)
; . o 1984 5
i * 5389 {
% |
al :
- ——— |
¥4 B
3_- 182 j‘
c |

02 04

P 0 02
; log «"/(1 - &™)

" Fig. 4. Titration curves of PVAG (II).
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Using (3-2), pK, pH at " = 0.5, was determined and tabulated
in Table 2. From this table, it is found that pK increases
with increasing 8 and hardly depends on the polymer concentra-

tion and the degree of polymerization, (Note the marked con-

Table 2. Dissociation Exponent of PVAG

sample ' P 3 CP pX

(mol.%) (g./1000 cc.)

S-4 2150 . .12.08 4.030 3.33
2.015 3,33

| 0.918 3.33

5-17 1700 5.82 2.916 2.60
- 0.972 2.60
5-8 1700 3,46 6.940 2.55
3.470. 2.55

- 2.082 2.45

5-C 970 10.80 3.968 - 2.90
1.984. 2.90

1.101 2.90

s-1 890 5.753 4,058 2.90
2.960 2.93

1.976 2.95

0.998 2.85

5-2 890 2.55 7.364 2.50
3,682 2.53

2.210 2.65

Cp: polymer concentration, SI carboxyl group content.

centration dependence of pK, when determined by (3-1). See
Fig. 3,) Katchalsky noticed that pK of poly(methacrylic acid)
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determined by (3-1) was concentration-dependent and introduced
an activity correction, which according to him can be derived-
from the simple D-H theory. His treatment, however, seems in-
completé because the ionized groups also were considered to

form the ionic atmosphere in the same manner as simple ions,

in other words, because he did not take the "character of macro-

molecules" mentioned in Chapt. 2 into conSideration.

§ 3. Extension of Macro-Ion

In Chapt. 2, a radical difference between polymeric and
simple electrolytes was pointed out that the charges on the .
polymer chain can not diffuse away into the bulk of the solu-
tion. Therefore the local charge density in the polymer sphere
would remain at a higher value even in the extreme dilution
than that in the dilute solutions of simple electrolytes. Ac-
cordingly the ionizable groups are always suffering from strong
interaction of electrostatié nature. We believe that the dif-
ference in potentiometric behaviours of these two kinds of ele-~
ctrolytes ig largely due to this interaction effect, which would
be completely absent in the ideal solutions of simple electrolytes,
i.e., in the infinite dilution. . (This effect, though not so
striking in gimple electrolyte solutions, becomes large with
increasing ionic concentration. For weak electrolytes, the ef-

fect would be negligible and the Ostwald dilution law holds;
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whereas, for strong ones which produce a great number of ions,
this is not the case.) The electrostatic free energy change
of”polyelectrélyte solutions, [3Fe, which can be given by (3-3),

ig an.expression for this interaction.
pH = pK _ + log ———— + 0.434 OF, /KT, (3-3)

where pKO is the intrinsic dissociation.exponent of a single
ionizable group in the uncharged molecule, i.e., the limiting
value of pK for zero>degrée of ionization. From this defini-
tion pKO is expected to be equal to pK of the corresponding
monomeric acids or bases in their ideal state. (This defini-
tion follows.from our choice of the standard state of the free
energy. Katchalsgky et al%B) have found that pKO is incident-
2lly very close to the dissociation exponent of the monomeric
acids oﬁ%ases. This closeness shows the convenience of our
choice.) ~For our material, however, it is difficult to sepa-
rate the monomeric acid. Therefore, a conventional method is
used here. graphical extrapolation of pX to zero»oarboxyl group
content. Tﬁe variation of pK with S is shown in Fig. 5, which
is constructed on the basis of a conclusion mentioned above
that pK is ooncentration—indepeﬁdent. From this figure, we
obtain pKO = 2.50, which diverges fromrthe dissociation ex-
Ponént of glyoxylic aci@ (3.22). This difference may be due .
to the presence of elecfronegative oxygen atoms in the acetal

compound.
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This evalu-
ation of pKo in-

volves approximate

% 3 o o & o
| o]
extrapolation and 3 S 5o
. . o 2F .
assumptions, which : | | 1
' ; 5 10
we can dispense with i Carboxy! GmmpCbent(mm%}

when the monemeric Fig. 5. Variation of pK

with carboxyl group con-

acid can be easily tent.

prepared. However
we will regard the value obtained here as correct and will
proceed to the following considerations on the extension of a
ﬁacrdéién, which can be estimated from the titration curve and
pl{o .

AT, in (3-3) can be formulated by partial differentiation
of F_, (2=16), with respect to Z using a conditionﬁ&aFe/aR = Q.
~For the sake of simplicity, the following assumptions are made,
based on the experimental results by Wall and his associates.

(A) The fraction of fixed counter-ions, regarded as the

degree of ion-pair formation in our treatment, is equal to ofV
when " ¢ 0.4. The number of fixed ions in a macro-iom, A ,

is given by ZE/P%Y)

(B) A does not depend on the polymer conoentration}7)

Then for the salt-containing solutioné, we obtain

: 2 :
] K
AF = - EO{(M%;( [2'@(3@3) +—‘§:~.c,io*()ca):[ - '[—@é-
' 5 R

e
1,1,z BX ot - PsPCUC s
gl( > + —P_ﬂ + —3'[_C (Ké\l) + _E"‘ G‘(Yiél);l + "“SBTP ag- (K(;Q)

(3-4)
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where - + +
n (2o m - n v
pl2okmy +my - molv)

2 - +
m” m
npg( my + npo( o 2n

F,: 1 - 22/P and C'=
3

Combining the observed value of[;Fe and (3-4), the radius

of macro-ion, R, can be estimated, with stoichiometric number

of charges, Z, independent of the polymer concentration. In

Table 3, the results cbtained are shown, using the experimental
data described in § 2 of this chapter and numerical values of
pK, = 2.50, §, =54., £=80, T = 298°K. The assumption is
also made Qf the constancy of the observed pK values over the

polymer concentration range covered, even at extreme dilution.

Table 3. Radii of PVAG Estimated from Titration Data*

sample P S C ' R(A.)

8-C 970 10.80 57
56
72

240

61
65
210

s-8 1700 3,46

39
46
51

90

- 5-2 890 2.55

o @ O -] O

26
29
0

Q=]

¥ " = 0.5, salt-free, T = 298°K.



R at extreme dilution is found to be of the order comparable
to the half value of- the root mean square end-to-end distance
determined from the limiting  viscosity number (optained by

44)

the TFuoss plot)} using the Flory-Fox equation. Comparing
the magnitudes of R of 3-8, 5-2 and 3-5 at the same finite
concentration, we notice a proportipnality between R.and a
square root of P. This is not inconsistent with our spheri=-
cal model at tﬁe begihning, and shows that the Qbserved insen~
.sitivity of the titration curve of polyelectrblytes, i.e.,
llFe’ to the degree of poljmerizatioﬁ is oply apparenﬁ.
(The proportionality does not hold at extreme dilution: this
nay be due to errors in the éssumption of the constancj of pK .
and due to imperfections of our treatment whicﬁrwere noted in
Chapt. 2.)

As is readily seen from Table 3, wifh increasing polymer
concentration R decreases rapidly at first, and then more slow-
ly, reaching a limiting value. This tendency -is also obtaimed
when use is made of the titration data of poly(methacrylig acid)
by Oth and Doty%S) In the high polymer concentration range,
the macro~ion may be expected to be curled up to nearly the_
same extent as the neutral polymer, or possibly less. The ra-
dius of the coil of a parent PVA molecule in agqueous solution
is estimated to be 105 (P =1820), 77 (P = 1035) and 434. (P=
360) when the viscosity equation of Einstein is used.46)(Use

of the Debye-Bueche relation, with thé shielding ratio = 8,
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1eads bo a little higher value of the radius.) This indicates
that our estimates of R are of reascnable order.

The concentration variation of R invites some comments.
T4 has been established that the reduced viscosities of poly—
electrolyte solutions have a characteristic dependence on the
polymer concentration. Only a quelitative statement was made
previously by Fuoss47)i with increasing concentration, the
number of counter-ion fixed inside the polymer domain increases
to decrease the electrostatic interaction between‘the ionized
groups and cause the macro-ion to shrink. According to Wall
et al., the fraction, as was referred to before, was shown to
~ be almost independent of the polymer concentration and applied
field intensity%a) These results seem to contradict Fuoss'
interpretation. We are in a position to give an alternative
interpretation in conformity with the concentration dependence
of R listed in Table 3, which indicates that it'is highly prb—
bable that the molecular extension is determined mainly (1) by
the inter-macro-ion inﬁeraction and (2} by the intra—macro-ion
interaction in dilute solution. The first factor is most like~
ly to oppose the expansion, while the second would operate to
dilate the macro-ion as generally accepted. The former is pos—
Sibly predominant in the dilute concentration‘range, but 1%
would cease to be so with diminition of the concentration.

(When the volume effect of macro-ions becomes very large with

increasing polymer concentration, according to the definition
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of ¥, (2-11), the apparent ideality of the soltuion is ap-
proached again. Iherefore this statement can not be correct
in higher concentfation ranges.) Thus the polymer expands.
Further dilution makes the second take the place of the first.
In such a concentration range, the macro-ion would be extend-
ed to its maximum dilation depending on the elastic-factor of u
the chain and so on, and though not necessarily fully stretch-
ed, the dilation would be nearly constant with changing con-
centration. (The value of R decreases steadily with concentra-
tion in Table %, which disagrees with our preseﬂt asgertion.
This seems due to lack of titration data at higher dilution.)
This variation of extension in wide concentration range may be
well reflected in the reduced viscosiﬁy curve: '?sp/Cp in—
créases with decreasing concentration and, exhibiting a maxi-
mum valué'at a concentration that would be supposed to be
strikingly low of the prevailing interionic interaction, sud-
denly drops. The appearance of this maximum has been-confirm—
ed by some_authors%9f54)'Addit;onrof'simple electrolytes would
cause 1oweriﬁg of the inter-maero-ion interactioﬁ,‘which help-
ed s to find the maximum at higher concentration with facili-~
549,50, 52-55) |

‘It-must'be mentioned that the nearest neighbour inter-
action was néglected here. We believe that this interaction
w;hld become significant when the concentration of added salt

Fa
is sufficiently high?6)
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§ 4. Salt Concentration and Temperature Dependences
of Extensicn of HMacro-Ion
From the procedure outlined abové, we can estimate the
extension of a macro-ion at various concentrations of foreign
salt and at various temperabures. The dependences of titra-
tion curve on these two factors will be treated in this section,

with an aim to manifest the validity of our treatment once a-

gain.

(A) Effect of Salt Concentration. Gregor and Frederick

have reported the experimental study on the titration behaviours
of poly(acrylic acid) in the presence of foreign salt?7) The
results show that the polyacid becomes strong when the salt

‘concentration increases. With their results, we obtain the

values of R using (3-4) and numerical wvalues of pKO: 4.25?8)

d; = S, = 5A. and P =

Table 4. Balt Concn. Dependence of
Radius of PAA Estimated from Titra-
tion Data* '

2000?9) The calculat-

ed values are shown

in Table 4, and are KC1

R
in the trend usually (#) , )

accepted that the 0 70
macro-ion shrinks 0.1 . 40
up with increasing - ¥polymer concn.,=0.01 base mole/1.,

d = 0.1, T = 298°K.
salt concentration.

(Mor%@ystematic gtudy will be described in Chapt. 4.) It; A
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has to be mentioned that Tableg 3 and 4 indicate that the rise
of the salt concentration could have gualitatively the same ef-
fect as that of the polymer concentration on the molecular ex-
tension. This eguivalency has been wellmestabiished by visco-
metric evidence and is assumed implicitly at the beginning of

our treatment.

{B) BEffect of Temperature. Potentiometric titration of

polyelectrolytes was not studied at various temperatures. Ve
performed the study at the temperatures of 10, 30 and 600i 0.5°C
using PVAG, with a pH-meter (M-3 Type) of Horiba Instruments
Inc. The reproducibility of the data was 0.05 pH unit. The
apparent disscciation constant, K, of PVAG was determined with
use of (3-2) and is shown in Table 5. As is readily seen, the
values of pK become larger as the temperature increases. It

58) that the dissociation constants of a num-

has been reported
ber of weak simple acids exhibit maximm between O and 60°C;
. and, exceptionally the value of fairly étrong acid like mono-
chloroacetic acid increases steadily wifh temperature. When
compared with these observations, the result shown in'Table 5
is not characteristic of PVAG except that‘the increase of pK
ig steeper than the cases of low molecuiar acids. |
In order to evaluate the‘variation of the molecular ex-

tension with temperature, the intrinsic dissociation constant,

X,s has %o be known with its coefficient of temperature depen—
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Table 5.

Temperature Variation of pK of PVAG¥

(°c)

temp.

10 30 60

pK

2.6 2.9 3.2

*gample! SI~1(P
C
b

Table 6.

2150, S = 7.05 mol.%)

= 104'9 gc/l.

Estimated pKO of PVAG

temp. (°C)

10 25 30

pKO

2.4 2.5 2.5

o) 1

dence, The coefficient
sumed to be the same as
monochloroacetic acid.

at various temperatures

bulated in Table 6.

for our material is provisionally ag-

that of the dissociation constant of
Then we can obtain pKO values of PVAG

with pK_ = 2.50 atb 25°C, which are ta-

Thus we are able to determine, from the observed pK (Table

5) and pKO (Table 6), the molecular extension of PVAQ using

(3-4) and €= 84, 78 and 67 for 10, 30 and 60°C respectively.

The results are illustrated in Table 7, which indicates that

R decreases with increasing temperature at a fixed polymer con-

centration.

If such an effect of temperature on the molecular exbten-

Mﬁignlwgllmzéiiégta;ihéLrﬁal~si%§§ugimaiiairs;;th@,99!:§§i99d:

_sa.



Table 7. Radius of PVAG as a Function of Temperature

Estimated from the Titration Data*

CP (g./1.) R (A.)

10 (°C) 30 50
6 76 62 43
2.5 100 70 64
1.0 114 83 74

*The estimation was carried out using the wvalues of
P = 1700 (not 2150}, and pH at " = 0.5 of §I-1
(i.e., pK in Table 5). 3Because the titration curve
does not depnd on P, and because S of SI-1 is near-
ly twice as large as that of 5-8, the radius shown
herein corresponds approximately to the radius at
o =1 of 3-8 employed in the viscosity measure-

ments (Fig. 6).

ing shift of the reduced viscosity with temperature should

be expected to occur. The viscosity of one sample of PVAG
was measured at the three temperatures (F 0.1°C) using an
Ostwald viscosimeter, which had the following characteris—
tics? capillary radius, 0.3%43 mm.; volume of bulb, 1.80 cc. ,
length of capillary, 14.6 cm., maximum head drop, 4.8 cn.;
efflux time for twice distilled water, 132.1 sec (30 + 0.1°C).
The kinetic energy correction was negligible. To avoid mark-
ed influence of a trace of ionic impur}tieg_on the viséosity'
data, the glass vessel: emplo#ed vas steam-washed before the
solutions were prepared. |

The result of viscosity measurement is shown in Fig. 6. .
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The tendency that the reduced viscosity falls with increasing

59)

temperature is in accord with observations by Mock and Marshall
and Inagaki et a1.55> It is of importance to make mention of
the &greement with the temperature-variation of the above cal-

culated radius.

The effect of

temperature on the

vigcosity of neutral
polymer solutions

had been examined by

Ood some investigators.
E As previously review-
i : ed by Szkurada and
, z L 1 .
it 048 60) . .
; 3 Bawn; on raising

the temperaiture, in

good solvents the do-

[ 1 L] |

"3 4 5 :
Cp (/1) é minating attraction

02

| ol W

2

Fig. 6. Reduced viscosity
curves of PVAG at 10 (—'—-),

30 (———=), and 60°C (——).

hetween polymer and
solvent is reduced
and bthe polymer is
then curled up whereas in poor golventg the attraction between
submolecules of polymer is diminished by increased thermal mo-
tion and the polymer chains uncurl. Accordingly, lowering or
rising of the reduced viscosity with temperature will be observ-

ed according as the solutions are formed exothermically or endo-
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thermically. The experiments on PVAG indicate the same behav-
iour as that of neutral polymers in good solvents. Needless
to say, the repulsive force between ionized groups supersedes
the attraction between solvent and polymer, and the interionic
interaction has to be takeh into consideration.

If‘the molecular extension were determined by the intra-
macro~ion interaction only, the polymer coil_would dilate with
rising temperature, because the repulsive force between ionized
groups becomes prevailing due to the decrease in dielectric
constant of water. This is clearly confradictory to the experi-
mental evidence, Contrary to the effect of the infra-macro-
ion interaction, the inter-macro-ion interaction which, as we
stressed in Chapt. 2, has been neglected in most of the theories
of polyelectrolyte solutions previously published, seems to
cause 2 decrease in the molecular extension. This kind of iﬁ—
teraction becomes influential as temperature rises, owing to
the same reason as in the case of intra-macro-ion interaction.
Therefore it can be said that observed variation of the vis-
cosity of polyelectrolyte solutiong with temperature is a fur-
ther evidence to manifest the importance of the inter~macro-

ion intersciion.

§ 5. ‘Discussion
It may be useful at this point to mention the physical

basis from which the molecular extension can be deduced,
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with all other conditions fixed, the electrostatic potential
inside the macro~ion is determined by the extension. the po-
tential will be decreased 25 the polymer chains uncurl. The
average dissociation oonsﬁant'corresponds to the work required
to bring a hydrogen ion from inside the field of this (exten-
sion-dependent) potential to infinity. Therefore the titra-
tion curve depends on the extension.

This dependence appears to coubtradict the usually observ-
ed insensitivity of the titration data towards the degree of
polymerization, P. It must be borne.in mind that the potential
is determined by the total number of charges on the polymer
chain and by the extension, both of which are dependent on P.
with increasing P, tﬁe total number increases proportionally
to P and the extension also becomes larger. These two factors
give rise to an increase and decrease in the potential respec-
tively. Therefore we are led %o the conclusion thatvthe in-
sensitivity mentioned above shows partial cancellation of
these two effects.

The effect of counter-ion size upon titration behaviour

57,61)

of polyelectrolytes has been studied by Gregor et al:,
vho found that polyacids became progressively weaker with in-
creasing size of the counter-ions. This phenomenon was inter-
preted by them to show that polyions fixed a number of counter—

ions in close proximity to the chain, and a theoretical inter—

pretation was given using a rod-like model. This model, how-
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ever, does not seem valid to us, especially in the non-extirene
dilution. On the other hand, (3-4) giving an expression for

Q,Fe shows that LxFe (hence pK) increases with increasing <§1,
a parameter dependent on the size of counter-ion, when R is
fixed. This trend is certainly in accord with the experiment.
Because of lack of the data at low degrees of neutralization,
only to which our treatment is accessible, the guantitative
discussion can not be developed. However, it can be said that
no specific chemical explanation needs to be introduced at
least so.far as the experimental evidence accumulabted up to
the present is concerned.

~ In this chapter, it is made clear that our treatment can

provide 'a fairly satisfac%ory picture of the complicated be-
havious of polyelegtrolyte solutions, and the titration curve
is a powerful source of information on the molecular extension.
Regretfully, we are not in a pesition to quantitatively examine
the magnitude of R in the non-extremely dilutions, because no
convincing information has not yet been obtained from other
approach at present, We.believe, however, that the decrease
of R with concentrations of polymer and foreign salt and with
temperature would be so close to reality. Therefore we can
step in the following consideration on the viscosity of poly-
electrolyte sdlutions and on the definition of %the “ionic
strength! |

Note. The correction contained in (3-2) was independently con-
sidered by Eisenberg (See Ref. 101). '
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CHAPTER 4

VOSCOSITY OF DILUTE SOLUTIONS OF POLYELECTROLYTES

§ 1. Introduction

It has been well~egtablished that the reduced viscosity
of dilute solutions of polyelectrolyles shows the remarkably
different concentration dependence from that of neut;al poly—
mer soluﬁions. It is observed to increase so steeply with de-
creasing concentrabion in the salt-free solutions that the li-
miﬁiqg; viscosity number f?] can not be determined with high
accuracy. |

The proﬁ%ed methods of extrapolation for determining [v]
can-be classified into two groups. First of them is a method

62)

of Fuoss and Strauss that utilizes a linear relation between

the reduced viscosity, 1ZSP/CP, and the square root of polymer

1/?

concentration, CP As pointed out recently by many authors,

however, the %?sp/cp - CP curve has a-distinpt maximum abt a
very low concentration?9"54) so that this method of extrapola-
tion seems definitely dubious. The second method, on the con-
trary to ﬁhe first which employed an empirical relation, is |
based on the choice of a pafameter by which fhe experimental
data can be regrranged éo that ﬁhe 1inearitj between 2Zsp/C

S : P
énd.Cp can be secured. (The detailed discussion was given by

Terayama and Wa1163) on these mefhods of extrapolation.) Some

pafameters were chosen; which can be distinguished by their
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physical significance to each other. However not all of them
have an unlimited validity and can gi&e the linear relation
desired. The method of dilution proposed by Pals and Hermans64)
is of interest in some respect! though the original intention
to determine [7] in salt-free solutions was not satisfactorily
attained, the method seems fto contain useful suggestions for
interpretation of the concentration dependence of viscosity.

In this chapter, attention will be focused on this method of

dilution, and some analysis will be given.

§ 2. Preliminary Considerations
Pals and Hermans (P-H) have defined a2 quantity, X,

which was called by the name of "effective ionic strengthy

for polyelectrolyte solutions. This is clearly an extension
of "ionic strength" for simpie electrolyte solutions. Accord-
ing to them, XO ig related to the concentration of foreign
salt (mol./1.), X, the concentration of polymer (g,/1.), CP’
and the number of equivalents per gram of the polymer, 5\,

by the relation

X, =X+ o m (4-1)

vhere m denotes the number of moles of foreign salt which is
required ito replace one equivalent of the polyelectrolyte.

The method of dilution is to determine the parameter m so as
to obtain the straight ’?sp/cp - Cp line, keepiﬁg XO constant.

It is noteworthy that the first term in (4-1) reduces to
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the usual "ionic strength" when the foreign salt is of 1-1
type and the second expresses polymer concentration effects.
Apart from the arbitrariness in determining the value of m,
it is of great significance that these effects werewintrbdﬁoeq“
into a parameter chosen for description of the polymlectrolyte
solutions. We mentioned in Chapt. 2 that theories or inter-
pretations on the solutions previously published have not con-
sidered the presence of more than one macro-ion with a few ex-
ceptiong. This omission has made the treatmenis unnecessarily
intricate and has led the ftheories to the failure in giving an
interpretation, from a unified stand-point, regarding many va-
rieties of properties. Whether the "effective ionic strengthy
defined on the ground of the assumpiion of an equivalency of
simple and polymeric electrolytes, 1s a characteristic guantity
for the polyelectrolyte solutions, Jjust as the "ionic strength"
for simple electrolyte solutions, will be determined by the phy-
sical implication of the parameter m.

The linear relation between ﬁ?sp/cp and CP, from which
m can be determined, has been found out originally for the neu-
tral polymer solubtions. It can be approximately admitted that
the extension of the polymer is kept constant on this line.
From an snalogy of the situation, we could expect that thé eX~
tension.of a macro-ion on the P-H dilution line is independent
of concentrations of polymer and foreign salt. We will, in

the following consideration, regard this expectation as a cri-
& ’ =3 1
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terion for judging validity of the treatment employed with a

purpose of exploring the character of m.

§ 3. Experimental

(A) Material. The material used is again poly(vinyl alcohol)

partially acetslized with glyoxylic acid (PVAG) .

(B) Viscosity Measurements. The viscosity messurements

were carried out at 30 ¥ 0.1°C with an Ostwald viscosimeter,

the characteristic of which was described in Chapt. 3. Potas-
gium chloride was chosen as a foreign salt.

The results of the measurementé are given in Pig. 7. The
full curves denote the reduced viscoéity curves. As 15 usual-
1y the case, the reduced viscosity increases sharply with de-
creasing Cp for the sal%—free solution, i.e. X = 0. (A dis-
tinct maximum mentioned in Chapt. 3 was not observed for this
material, bubt it was found out at about 1 g./1. for -5 (P =
570, S = 2.97 mol. %). According to other reports, the con-
centration exhibiiing the maximum reduced viscosity is much
loyer‘ than ours. This discrepancy may be due to difference
in the charge density of the material used.) As X becomes
greater, 7sp/cp decreases and the linearity is approached.
Though the viscosity of aqueous solution of the parent PVA is,
as is expected, strikingly low, it must be mentioned tﬂ;t this
low viscosity is exhibited by a PVAG solution which contéins-

a large amount of foreign salt (X = 1). This appears to mean
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Fig. 7. Observed Reduced Viscosity-Concentration Curves’
~of PVAG in Solutions of Simple Electrolyte and the Pals-—
Hermans Dilution Lines. (The numerical figures denote
the radius of the polymer sphere estimated from titration
data.)

Semple. $-8 (P = 1700, S = 3.46 mol.%)

Added Salt: XC1

oeesvet X x 10 jrution X, x 107
© (mol./1.)
A 0 2 1.7
C 255 q 4'2
D 5 g 6.7
E 10 o 10
P 50 — o )
G 100 Palqnt PYA ag. solution
}I * ¥ _
I 1000 m = 2.5
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that the linearity can not,be at once interpreted as an in-
dication of disappearance of electrostatic interaction.

Applying the P-H method of dilution to our observation,
we obtain a group of dilution lines (dashed lines in Fig.7T)
at m = 2.3, According %o (4-1),,X = X, holds when CP = 0.
Therefore, the intercept on the ordinate gives Eq]at the con-
centration of foreign salt = X.

Thebsame measurements were carried out for other two ma-
terials and the dilution method was also gppliéd. The wvalues
of m are shown in Table 8, with characteristics of the maberials.
This table indicates that m depends on the degree of polymeri-
‘zation and the charge density. It has been reported that Pals
and Hermans obtained m = 1.0 for scdium carboxymethylcellulose,
1.5 for‘sodi— | |

Table 8, OQObserved m-Values of PVAG
un pectinate

_ =
and 1.0 for sample P 5 m
chitosan. As ' T
SI-2 1420 9.46 1.0
m denotes an 5-8 1700 3.46 2.3
S-5 370 2.97 1.0

apparent va-
lency of an iQniZed group, it might be expected to be unity in

our case if the counter-ion fixation is negligible. Before

—

agsserting that this value has a sound and reasonablg\EiFiS,i ——
however, the detailed discussion has to be given on the elec~—
trostatic interaction, in the field of which the ionized

groups are constrained.
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(C) Potentiometric Titration. As stated in § 2 of this

chapter, we have to obtain information regarding the extension

of a macro-ion on the dilution line. TFor this purpose, a meth-
od using potentiometric titration data is employed here again,

because no other methods are available at present.

The experimental procedure is the same as the one des-
cribed in § 2 of Chapt.3, except that a pH-meter of M-3 Type
of Horiba Instruments Iné. was used and the temperature of
PYAG-KC1l solutions was controlled to 30 T O;5°C. An example
of the salt concentration dependence of the dissociation ex—
ponent of PVAG is shown in Tavle 9, which shows that the pre-
sence of foreign salt dees nobt practically affect thé pE.

This is in contradiction with Xatchalsky and Spitnik's and

others' observations65)

for poly(acrylic acid) and poly(methw.
acrylic acid)}. The discrepancy appears to be due to difference

in the charge density.

§ 4. Extension of Macro-Ion on
the P-H Dilution Line and the Related Problem

{A) Extension of Macro-Ion on the P-H Dilution Line. Trom

the titration data and (3-4), we can estimate the exteusion of
2 macro-ion at arbitrary concentrations of polymer and of add-
- ed salt. The results cobtained by this calculation are insert-
ed in Fig. 7. The figures at the intersecting points of observ-

ed viscosity curves and artificiel dilution lines denote the
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Table 9. pK of PVAG 2s a Function radiuvs (R) of
of Concentration of Foreign Salt

Sample: S5I-1 (P = 2150,
S = 7.05 mol.%)

the spherical

nacro-ion expres-—

ed in A. Here a-
X . C pK

(mol./1.) P gain pKO = 2.50
0 1.49 3.0 was used.
0.011 1,40 3.0
0.103 1.47 5.1 Tt will be
realized that the
0 2.98 3.0
0.015 2.90 3.0 celculated value:

of R is nearly
constant on a dilution line. (Deviation at Cp = 0 from the
constancy will be discussed later.) This is an interesting
result; which‘agrees with an idea suggested by Pals and Hermans.
Since this idea scems to be sound at present, the agreement is
considered to confirm that a fundamental postulate involwved in
our methed for estim%éng the extension is equivalent to thét
underlying the P-H method of dilution and, at the same time,
to assure the correctness of the postulate, which is on an e-
quivalency of simple and polymeric ions. This equivalency man-—
ifests itself in the viscosity behaviour:! an increase in both
salt- and polymer-concentration gives rise to a decrease of
reduced &iscosity. The P-H method can be said to be nothing
but an effort to inguiry the equivalency quantitatively on the
ground of this experimental faot.r

- Reservation has to be voiced concerning the values of R
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at CTJ = 0. We should like to mention some dubious points in-
volvéd in the calculation. Firstly, care must be taken of the
use (at C, = 0) of pK~value which was practically constant o-
ver a range of finite concentrations covered, 3Because of tre-
mendous difficulties encountered in performing the titration
at high dilutions, the uncertainty can not be removed. 3Second-
1y, there remainé a possibility that the error in our treatment
used for the present calculation might be fairly considerable
at extreme dilution. As was mentioned in Chapt. 2, é model,
similar to that of Hermans and Overbeek, was adopted for a
macro-ion and a distribution formula proposed hy Wicke and Eigen
vas assumed. Our mathematiczl expression naturally reduces to
that obtained originallyrby H-0, when the polymer concentration
becomes extremely low. Therefore, if any disagreement or con-
tradiction with expefiment was found out, it-can be ascribed to
imperfections of the H-0 model, the W-E theory simplifies.to the
D~H theory which is regardedras a true law in the limit of high
dilutiéns, whereas analysis of approximations inherent to the
H-0 theory is not yet extensively uvwndertaken. The less reliabi-
1i§y of the values of R at Cp = 0 can be Clearly:understood af-
ter considering that a Spherical model has been adopted fof a
nacro-ion and a proportionality between calculated R and.a square
root of degree d? pblymerization does not hold at Cp = 0.

From quat anleffective ionic strength, the radius of a

macro-ion under this condition assumed as a rigid sphere can
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be estimated with use of Einstein's equation. The values cal-
culated are 180, 160 and 130 4. for X_ = 1.7 x 1057 4.2 x 1077
and 10—2 respectively, about twice larger than R obtained a-
bove at CP £ 0. This discrepancy may come from the omission

of the electroviscous effect in Einstein's theory. As easily

expected, taking this effect into consideration would result

a smaller radius.

(B) Consideration on m. As mentioned above, m vas inftro-

duced as a2 parameter denoting an equivalency of the charge of
ionized group and that of simple ion. In our case, the ionized
group carries monovalent charge just the ions of foreign salt
used. Therefore m = 1 can be taken for granted most naively.
Experimentally, however, we have a value other than unity some-
times, as stated above. Stoichiometric consideration, thus,
is supposed not 1o be apllicable:  the deviation from unity ap-
pears to mean that the charge of ionized group and that of
simple ion can not clectrochemically have an effect equivalent
to the analytical valency. It is not absurd to ascribe this
to the electrostatic interaction by which the ionized groups
and simple ions are always influenced.

This interaction can be measured in terms of activity co-
efficient of the éolute {or the solvent). It is evident that
the choice of a standard state common %o polymeric and simple

electrolytes is necessary and convenient for further discus-
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sion of the present problem. As such a standard state, the i-
deal state of simple electrolyte solutions‘should be chosen.
1t is, here, %o be reminded that our activity coefficient cal-
culated in Chapt. 2 is really based on this state. According-
1y, for interpreting the character of m, it will be useful to
compare m with 'fﬁj:/"fst, wheréﬁ}t denotes the mean activity
coefficient of polyelectrolytes and ﬁ}i that of foreign salts.
3}: can be formulated using (2-18) and (2-19) and ﬁgt is

given from (2-16) by

2 ) _ " | A
kT log 5‘51___ _ ©o 1 [npo( ¢ (CR) + npoﬁd‘()\gl) + 2115(]*(11;02)

€ T+l
3 dnp(&‘mp + mp) + 2n

2T(K82)] : . (4-2)
Using the value of R inserted in Fig. 7, mafﬁ;tand the ra-
tio can be evaluated for az sample, S5-8. The results are tabu-
lated in Table 10, from which 3;t/ﬁ;;is seen 50 be about 1.6
(compare with m = 2.3) except when XO =1.7 x ]_O'.3 and Cp = 0.
Tt will be noticed that, at C = O calculated value of Uy /o

takes a considerably small value for all Xo's when use is..made

——

of the value of R shown in Fig. 7. This ratio, however, be-
comes greater, approaching to 1.6, when the value of R obtain-
ed at Cp £ 0 is used, for éxample 70 A. for X = 4.2 x 1077
This appears to support the less reliability of R at Cp =0
mentioned above. When the estimate of the ratio at X = 1.7

X 10_3 is evaluated, the experimental difficulties in the visg~
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cosity measurement at such a high dilution has 3o be taken in-
to consideration. Thus it can be supposed that the parameter
m:'might be giving the ratio of activity coefficient of poly-
electrolyte: to that of simple electrolyte. This Supposition,
while not{so firm at present, can be examined by direct mea-
surement of the mean activity coefficient of polyelectrolyte,
which was undertaken firstly by Chadwick and Neale most re-

cently?l)

Table 10. Mean Activity Coefficients of Polyelectrolyte and
Simple Electrolyte on the Dilution Line and the Ratio

Sample: S-8, m = 2.3.

3 3
X ?‘ 10 cp X x 10 R hf%t th sz/ .
(g./1.) {mol./i.) ({A.) : .
1.7 1 0 B84 1.1 1.0 1.2
0.25 1.25 90 1.2 0.9 1.3
Q 1.7 145 0.5 0.9 0.6
(90) (1.2) (0.9) (1.3)
4.2 2.5 0 72 1.2 0.8 1.6
1.75 1.25 70 1.2 0.8 1.6
1 2.5 68 1.3 0.8 1.6
0 4.2 130 0.3 0.9 0.4
(70)  (1.1) (0.9) (1.3)
10 6 0 62 1.2 0.7 1.7
4.5 2.5 65 1.2 0.7 1.7
3 5 62 1.1 0.7 1.5
0 10 80 0.3 ‘0.8 0.4
(60) (1.1) {(0.8) (1.3)
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(C) On the Slope of the Dilution Line. According to Huggins,

the slope s of the viscosity-concentratiocn curve is related to
the so-called Huggins constant, k', by the following relation,
s = 1wk . | (4-3)
k' of the dilution line can be estimated for our three kinds
of materials and is plotted against l/XO in Fig. 8. From this
figure, it is realized that (1) k' of the dilution line is
much greater

than that usual-

1y found for neu-

tral polymers,

[5]]
T

(2) k' increases

k'

linearly with de-

creasing XO and

(3) all of our

0 Q a2 03 04 05 08 : e e o -
(. %107 : materials have

e —

- the same linear-
Fig. 8. Variation of the k' constant of

the Pals~Hermans dilution line with ef- ity. The facts,
fective ionic strength, XO. 4

(1) and (2); were
observed by Pals and Hermans for sodium carboxymethylcellulose,
but the linearity differed from each others in its g}gpe d§p§g§;
ing on the degree of polymerization and on the charge density.
If our exp%&ment is not in fault, it is tempting to conclude

that XO, depending on a cbaracteristic parameter of the poly-

electrolyte, i.e., m, has an implicative significance. As XO
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becomes greater, we can say, that the solvent power is ldwered.
If this expression is permitted, the tendency of k' mentioned
in (2)'is in complete contradiction with the trend of this con-

6)

stant obgerved for neutral polymers? Our present observation,
however,should be interpreted in terms of the surface potential
of the macro-ion, which decreases with increasing concentration
of foreign sait so that interionic interaction is diminished
and k' also becomes smaller. OFf course, k' depends also on
the segment~density and the flexibility of the chain, which

could be neglected in the polyelectrolyte solutions according

to our data présented here.

§ 5. Discussion

In the above sections, it was pointéd out that the effec-
tive ionic strength of polyelectrolyte solutions implicated
the physically important significance. So far, it has been
introduced and discussed only in connection with the viscosity
of the solutions. It is expected that it will be subject to
extensive examination in the light of other exp%@mental eviden-
ce. lDiffusion of the polyelectrolytes might be a ﬁertinent
source of informations.

We showed that the parameter, m, was approximately close
to the ratio of mean activity éoefficients of polyeléotrolyte
and of simple electrolyte. The variation of m with charge den-

8ity and degree of polymerization illustrated in Table 8, it

~
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is interesting, can be interpreted 2t least qualitatively in
terms of the dependence of Fi/@fﬂih these characters of ma-
terials. X;t,_as the numerical calculation shows, is not
influenced to an extent, so geat as ﬁ&’ by the characters of
macro-ions. Therefore we can omit H;iin the folldwing con-
gideration. ﬂ;t increases with degree of polymerization and
charge density, according to (2-18) and (2-19), in the usual
case, The charge densities of our materials used here are in
the order, 5-5 «S8-8 «85I-2, and the degree of polymerization
increases in the order 3-5<S5I-2 <5-8. Since the volume ef-
fect on the activity coefficient is much greater than:the ef-
fect of charge density, 3%tof S-8 takes the greatest value,
as experimentally observed.

It is to be noted that the dilution lines can be dig-
tinguished from each others by the extension of a macro-ion,
though a value, which is to be determined by the nature of
the material, is assigned to m irrespective of the efféctive
ionic streﬁgth. The insensitivity of m towards this ionic
strength appear, at a first glance, rather curious.. It is
not clear whether this property of m is able to be observed

in a wider range .of concentration or not.
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CHAPTER 5
ELECTROPHORESIS OF POLYELECTROLYTES

(ONE-COMPONENT SYSTEM)

§ 1. Introduction

Eleétrophoresis has been an invalusble method to attain
a fuller knéwledge of behaviours of proteins in solutions.
Unfortunately the vast progress in the experimental techhique
ﬁas not been accompanied by a cﬁrreSponding advancement in
the fundamental theoretical interpretation because of struc-
tural complexiety of proteins. Iﬁ is self-evident that useful
informations could be obtained if the.electrophoretic study
is carried out of synthetic pelyelectrolytes. Such a study,
at the same time, will possibly lead us to a better understand-
_ing of the properties of'polyelectrolYte solutions themselves.

We will describe our study on electrophoretic behaviours
of a polyelectrolyte, poly(vinyl alcghol) ﬁartially acetelized
with glyoxylic aéid, in this chaﬁter. This is a most simpli-
fied model of protéin, and a compound which was studied exten-
sively by various methods of experiments. The degree of acetal-
ization does not exceed about 20 mol.% and the conclusions pre-
sented here might not be valid for the polyelectrolytes of high-
er charge densities. Thig restriction, however, would serve
to lead us to an understand&ng of simple and polymeric électfo—'

lytes from an unified stand-point, and more importantlj, to ex-
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amination of an experimental fact obtained recently on poly-
(vinyl alcohol), that it migrated towards the anode.

The presence of carboxyl groups on PVA molecules has
been pointed out from the polymerization mechanism, and

Sakurada and Yoshizaki6?)

carried out the conductometric ti-
tration to determine the number of acidic groups which was
found to be in agreément with that expected from the polymeri-

8)

zation mechanism. Salkurada and Hosono? on the other hand,
performed the electrophoresis of PVA in simple salt solutions.
The number of charges calculated from the mobility was found,
to be larger than that determined by the conducﬁometry. This
has been pointing something to be examined in the method of
the calculation, i.e., in the application of Debye-Henry's re~
lation on the electrophoretic behaviour of charged particles.
Thus use of é synthetic polyelectirolyte, tﬁe nuaber of charges
of which can be uniquely determined with high accuracy, will
be advantageocus for the purpose of examining the theory of e~
lectrophoretic migration.

In this chapter, we ﬁill deal with the simplest case,
that is, one-component system. Attention is focused on the
estimation of the number of charges of PVAG by means of Debye-

Henry's relation from the mobility and on other related prob-

lems.
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§ 2. Exrerimental

(A) Material. The material used was poly(vinyl alcohol)
) bartially acetalized with glyoxylic acid, (PVAG), that was
studied potentiometrically and viscometrically. (See Chapts.

% and 4.)

(B) Electrophoresis. The electrophoretic mobilities were
measured at 15 * 0.1°C in a Hitachi HT-A Tiselius apparatus
by the Schlieren diagonal method. Solutions containing PVAG
and the supporting electrolyte were dialysed against large
volumes of the suppdrtiﬁg electrolye solution against which
the boundaries were to be formed. The dialysis was finished
when equilibrium indicated by attéinment of constant conduc~
tance was reached. The concentrations of PVAG were determined
by dry weight after dialysis. The electrophoretic cgrrént
varied from 10 mA to 1 mA, depending on the electrical charac-

.ter of the material and on the conductance ofrthe golution.

(C) Electrophoretic Patftern and Mobility. Usually the

Schlieren patferns of PVAG were symmetrical as Fig. 9 shows,
and as many boundaries were observed as the number of ionic
species preéent would account for. In the buffer media of
low ionic.strengths, stationary epsilon- and delta-boundaries
occurred, the lower the ionic strength, the more markedly thé
delta-boundary becomes. (See Fig, 9.) The displacement of

this boundary was not observed in the present gxperiments.
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t
(sec) (sec)
0 .
3600 3600 '
6380 7320
10860 10800 *

ds. patterns as. patterns

(A) Sample:. S-7, Buffer. CH,COOK-HC1, M = 0.050, pH = 5. 3,
¢, =1.01 g./100 cc., Cdrrent = 1.15 A, E = 0.34 v./cm.

t t
(sec) (sec)
0 0
4080 4140
7680 7740
11220 11280

ds. patterns

as. patterns

(B) Sample: S-8, Buffer. CH COOK-HC1, M_ = 0.096, pH = 5,3,
C, = 1.52, Current =.5200, E =.0386.

t
(sec
0

3720
7260

i

10920

as. patterns

(C) Sample: S-8, Buffer. CH,COOK-HCl, M = 0.028, pH = 5.3,
Cp = 0.98, Current = 1765, E = 0,85,

Fig. 9. Schlieren patterns of PVAG.
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t t
(sec) (sec)
0 0
3600 3660
7200 73520
ds. patterns as. patterns

(D) Sample: S-8, Buffer: CH,COOK-HC1, M = 0.009, pH = 5.3
C, = 1.05, Current = 0755, E = 0%88.

Fig. 9. (Concluded).

Electrophoretic mobility m was calculated by the relation

m = U/E, (5-1)
where U is the moving velocity of boundary determined from
the displacement of the peak of pattern and E the voltage gra-
dient evaluated from the conductivity of the dialised polyumer-

buffer solution. Practically, U was determined by the disg-

placement (h) of peak

| in t sec. (In Fig. 10,
an example of the h-t
Eiz relation is given.

;:;i The slope corresponds
dé to U.) Two mobilities

qu ; . _ are obtainable from
g 5t>doﬂsaﬂ N descending and ascend-
fiié‘lo. Displacement and migration | ing Wenndarien Tk Hhe
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quantity in this record refers only to the former. The bound-
aries traveled towards the anode as expected. the mobility is

negative.

§ 3. Experimental Results

(A) Mobility and Degree of Polymerization. Table 11 gives

the mobility values cobtained with the materials of three dif-
ferent degrees of polymerization (P) and of practically con-

stant carboxyl group content (S). This table shows that the

Table 11. Effect of Degree of Polymerization on Mobility

Buffer. CHBCOOKfHCl, PH = 5.3, }_ = 0.099,
cp: ca. 1 g./100 cc.

m

sample P 3 ' L R, | Q:. Q

(mol.%) (cm? v?lsecql) (A?) bk DH
3-8 1700 5.46  3.64 x 10° 99 59 44
3-2 , 890 2.52 3,71 : 68 22 23
S—5

370 2.97 3,23 47 1 u

R ' radius. of a spherical macro—lon estimated by Einstein's

tgeory of v1sc051ty, Q ,.Q . number of charges, analytical
tlt DH

and calculated.

mobility hardly depends on the degree of polymerization. This
is in accordance with the results with PVA by Hosono and Sakurada68)

and with poly(45viny17N—n‘butyl pyridinivm bromide) by Fitz-

gerald et al?g)

_jASSuming proportionalities between P and a
square ofrthe radius bf_sphérical macro—ion,R? and between P

and the number of charges don a macro~ion, Q, this independency
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can be easily explained by Debye-Henry's relation?o)which vas

derived for the virtually rigid sphere,

m = £(x'R) o/{6TYR (1 + K‘R)} , (5-2)

where f(X'R) ié fhé'Henry function and ' the originél Debye
reciprocal length, since f{IC'R) is not sensitive to X'R and
X'R is much'larger than unity under our experimental condi—
tions. The relation Pcg R2 was originally found for neuiral
polymers. The viscosity of P7AG used here in the buffer medi-
um, ionic strength = 0.1, does not display the dependence on
polymer concentration, which is dharacteristic_of polyelectro-
‘1yte solutions, so that it does not seem unreasonable to intro-
duce the proportionality in our case. The proportionality of
Q to P can be easily admitted if PVA molecules were uniformly

acetalized.

(B) Mobility and pH. The dissociation of polyelectrolytes
depends on the pH and the mobility would also depend on the
pH., Fig. 11 and.Table 12 shows the dependence. For compara-
tive purpose, the titration curves are élso indicated. from
this figure, it is realized that almost of all acidic groups
are ionized at pH 2 5 end contribute to the electrophoretic

motion.

(C) Mobility angd Carboxyl Group Content. The mobility

values obtained with various carboxyl group_content (8) are
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Table 12. Effect of pH on Mobility

Sample: S5-8 (P = 1700, S = 3.46 mol.%)
Qi = 59,;Cpl»ca. 1 g./100 cc.

Buffer. CH CODK—HCl,/ASﬂz 0.096

3
pH ..rﬁ X 105 Re QDP
' (A)) s
2,00, 2.04 95 23
2.42  2.82 96 52
2,72 3.12 96 36
3,10 3.32 97 42
5.30 . 3.64 99 44
11.40  3.45 108 49

nx10° (emd- velt™ sec?)

o
w
DEGREE OF NEUTRALIZATION

i
i

: Fig. 11. Effect of pH on Mobility.
Sample: 5-8, C_ =1 g./100 cc. Q4=
« 61.CO0K-HE1 —~ 0.096.
Wtfer: CH,CO0K-HC1, p = 0.096
Titration Curves. ( jis_z 0):
I, Cp = 0.69 g./100 cc.

11, cp = 0.07 g./100 ce.

~B6~

59.

illustrated in
Table 13 and Fig.
12, Interpola-
tion of the mobi-
lity to that of

PVA (ca. lO—Scm?
leseé—l) gives

the figure of a-
bout 0.7 mol.%

as the 5, which

is not so different
from the number
df_chafges of PVA
previously deter—
mined in the buffer
¢f this ionic ..

strength,68)

(D) Mobility and

Eolymer.Concegtraf

tion. Fig. 13
presents the mobi-
lity against po-
lymer concentra-

tion plot. A min—



Table 13. Effect of Carboxyl Group Content on Mobility

Carboxyl Group Content (mdl%) -

P

Fig. 12. Effect of carboxyl group

content on mobility.

Buffer: CHLCOOK~HCL, pH = 5.3

Mg = O».~Q96, C,t

- (E) Mobllltv and Ionlc Strength.

ca. 1:g. /100 ce.

Buffer. CHBCOOK HCl, pH ‘/LB = 9.099
Cp . ca. 1 g./100 cc.
sample S P‘ m x 107 R Q Q
L : e tit DH
(mol.%) (a.) T
s-C  10.80 970 ' 9.09 102 110 117
S-1 5.73 890 6.80 -T2 51 47
S5-2 2.52 890 3,71 68 22 =45 TS
. imum appears for PVAG
= % of higher carboxyl

s 8l g .

E ; group contents, which

'6 -

; B can never be predicted
_ég‘q— by existing theories
X "

= L - and will be successful-

FA g -
; ly-interpreted in terms
0 1 - ] ] ' -
0 5 10 i
|

of inter-macro-ion in-

teraction later. Table

14: also represéﬁts the...
concentration depend-

ence. ..

Most of the _experiments

“mentioned, above were carried out in the bquer solution at a
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Table 14. Effect of Polymer Concentration on Mobility

Buffer. CHBCOOK—HCI, pH = 5.3.

(A) Sample. 5-7 (P = 1700, S = 5.82 mol.%), Re = 125 A.
Qtlt = 99, },LS = 04050.

5
s m x 10 Uy Qs
1.3 9.35 130 78
1.01 8. 54 120 71
0.67 7.96 : 110 i
0.34 8.66 120 72
0 (10.) (140) (84)

(B) Sample. 5-8 (P = 1700, 8 = 3.46 mol.%), Re = 99 A.

Qtlt = 59: }/{_S = 0. 096 '
C mx 10° I Q
P | DH 083

1.52 3.55 43 .24

1.14 3.64. . 44 24. -

0.86 4.153 50 27

0.50 . 4.79 58 32

c (6.50) (78) (43)

number of charges estimated by means ‘of the

QOS'
= Overbeek-stlgter s theory

range of ionic strength (/us) ( O.Q§ - 0.2); which is regarded
as appropriate in:#he case of proteins.. The choice of this
rgngé'is clearly related to the fact that‘thé existing tﬁeories
on electrophoresis'QSSumed no ip§§r~particieninteraction which
would beoomg,depreSSed with increasing ionic stréﬁgth[ Withll

a pﬁrpose of examining the validity of this asgumpﬁion, the mo-
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Fig. 13, Effect of polymer concn. on mobiliﬁy.

curve éample P S5 buffer

pH /us
1 S-17 1700 5.82 CH3CO0K-HCL 5.30 0.050
.2 5-1 890 5.73 (CO0K) o—HC1L 3.04 - 0,097
3 S-8 1700 3.46 CH3CO0K-EC1 5.30 .0.096
4 - 8-2 890 2.52 (COOK) ,~HC1 3.04  0.097
5 PVA 890 - (COOK)z—HCl 3.04  0.097

bility-ionic strength relation was studied. The results are

shown 'in Fig. 14 and Table 15, which indicate that m has a ten-

dency of increasing with decreasing }L , as is well explained
s

by-Debye—Hen?y”s_relatiqn if m is determined predominantly by .
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Table 15. Effect of Jonic Strength on Mobility

fl

Sample: S-4 (P = 370, S = 6.37 mol.%), Q. .= 24,

Buffer! CH,COOK-HCL, p = 6.2.
s C, mx 100 Re Qpy
(A.)
0.097 0.37 7.66 43 21
0.049 0.38 8.80 46 25
0.019 0.39 9.43 - 53 21
0.009 0.37

9.46 60 21

the charges due to ionizations of acidic groups and if R is
practically independent of Mg In the very low ionic strength
_fange,_hpwever, R would increase with decreasing /is' Accord-
ing to Débye—Henry's relation, then m coﬁld tﬁrﬁ to the tenden-
oy of decreasing, which was evidently observed with materials

of high charge density used by Nagasawa et a1t

§ 4. Discussion

(A) Estimation of Number of Charges. Estimatioh'of the num-

ber of charges of a charged particle from the electrophoretid
mobility (mobility method) has been,tried'using_various_proteins
by some authors and compared with the values obtained with the

aid of other experiments. TFor example,lOverbeeKTZ)

presented
comparison of the number of charges by mobility methoqwof‘oval—
bumin with those obtained by membrane potential measuremepts

(membrane potential method) and by titration (analytical method).
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Fig. 14, Effect of ionic strength on mobility.

curve. sample P S CP buffer pH
1 §-10 2150 12.08 0:9 CH3COONa-NaOH 12,0
2 5-4 370 6.37 0.4  CH3C00Ka-§aOH 6.2
3 54 370 6.37 0.7  CH3COONa-NaOH 6.2
4 5-8 1700 3.46 1,0  CH3COOK-HC1 5.3

According to him, the mobility method rendered the number of
charges in good agreement with that obftained by the membrane
potential method. However the discrepanéy with the results

by the snalytical method was rather striking, especially when
the ionic strength of the buffer is small. This discrepancy,

we believe, is due to adsorption of buffer ions by the protein:
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the electrophoresis and membrane potential measurements were
performed in the phosphate buffer whereas the titration was
carried out in the presence of potassium chloride. The ad-
sorption by pro@ein molecules is-widely accepted with many
kinds of ions except protons and the interaction of protein
with phosphate ions is much more remarkable that with chléride
ions. Information rendered by titration is clearly regard-
ing the dissociation of-pfotons. Therefore, the above agree-
ment and disagreement are not unexpeciable.

Care has to be taken of the assumptions made in deriva-
tion of the mobility-number of charges relation, in the above
Qonsideration. Examination of the assumptions will be facili-
tét@d when use is made of the materials which do not seem to
_éxert a speoific influence, like adsorption, on the buffer ions
so that the analytical value of number Qf'charges can be taken
as mostzreiiéble.“ Synthetic polyelectrolytes éréﬂfavduraﬁle.
subs£ance. Especially the polyelectrolytes of a relatively
low charge density are most appropriate, becauge those of high
charge density would_briﬁg ébout the counter-ion fixatioﬁ,
which makes the problem unnecessarily complicated. We will
ﬁndértake this examination uSiﬁg the mobility value of PVAG
described in the foregoing section. Special-menﬁion will be

made on the Debye-Henry and Overbeek-Stigter theories.

(1) Number of charges estimated with use of Debye~Henry's
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relation. In an attempt to estimate the number of charges

on a macro-ion with use of Debye-Henry's relation, attention

has to be paid to points that the R values have to be determined
independently and the present theories of electrophoresis have
dealt with only a single cﬁafged particle andﬂDebye—Henry*s
relaﬁion is no exception. Strictly speaking, therefore, the
validity is restricted to an extremely dilute solution of a
soclution which stands . in én ideal state so that the mobility
value should be preferably extrapolated one to zero concentra-
tion,[m] . 'QDH estimated with both [m] and Re determined.
from the intrinsic viscosity number by the Einstein equation,

is shown in Table 16. It does not much diverge from the value

Table 16. Numbér of Charges of PVAG Estimated

from the Intrinsic Mobility

sample P 3 pH /is .(ie) Qtit QDH QOS

5-7 1700 5,82  5.30 0.050 125 99 140 84
51 890 5.73 3.04 0.097 86 51 87 - 52
8=8 1700 3,46 5.30 0.096 99 59 - ‘T8 . - 4%
5-2 890 2.52 3.04 0.097 73 22 40 26
PVA 890 - -  3.04 0.097 T1L - =~ 11 -

s

conduétbmetr}célly determined, Qtit' The disagreement is too
small‘tb,be attributed to such an adsorption of ﬁegati#ely_
'chargééismall ions as- considered-in the*pase-of-PVA?3)~

.It is always possible to estimate the number of charges
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from the mobility at any finite concentration if we admit its
approximaté nature;, Such'éstima%es were shown in Tables 11 =

15. The R values were defermiped from'E?] by means of Einstein's
relation énd_were assumed to be constant in the concentfation
range in which the electrophoretic runs were observed. The a-
greement between Qtit and QDH in those tables suggests, that

the extrapolation to thg éxtreme dilution is.not always neces-
gary under our experimental conditions. It must be horne-in
mind.that this-agreementrcan not necessarily be expected with
materials of high charge deﬁsity, or in the case that the in-
ter—maéro—ion interacﬁion_remains ﬁrevailing.

| Howéver, disagreement is striking between Qtit and QDH

when low ionic strength is chosen. Table 17 indicates that

the discrepancy grows while }iS.decreases. The shape factor

Table 17. Number of Charges at Vafious Ionic Strength

Sample: 53-8 (P = 17OQ,VS = 3.46 mol.%), Qtittsg

Bufferf CHBCOOK—HC1, pH = 5.3, Cpfca.li g./100 cc.
M m x 107 Ry Opg Qs

S (47) = o
0.199 3,50 98 53 25
10,0096 3.64 99 ah 24
0.048 %.95 104 40 25
0.028 % .82 112 36 25
3.26 124 24 - 20

'0.009
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of the macro;ion might immediately come into mind; As already
shown in Chapt. 2, however,-fhe shape and size of linear‘and
ideally flexible polyelectrolytes in soiuﬁions are considered
to be determined by not only the intra-macro-ion interaction,
but also the_interionicﬂoné.f.ln the dilute solutions, the po-
lymer chain can not be deemed to be shrunk or elongated only
in a fixed direction. the chain is curled up to be spherical.
By this guessing, it would seem rational to attribute the grow-
ing discrepancy mentioned above to the interionic interaction
~ghiqh hagwqot”been dealt with in Debye-Henry's relation but,
Ain feaiity, would become predominant as the ionic-étrength de—
creases. Taking no account of this interaction really results
in an underestimation of the screening parameter, accordingly
of the number of charges.

Two comments»of generél interest should be mentioned,
Conbining Debye—Henry's relation and Einsﬁein's, some guestion
might.riée by lack of any rigorous proof on tﬁe equivélency of
these two rigid sphere models. However, the use of other‘théo;
.ries (for example, Flory-Fox's and Debye-~Bueche's) in préfer;
ence té Eiﬁstein‘s for the present purpose seéms’no more con-—
sisﬁentiwith Debye-Henry's theory iﬁ respect of thé model.
Secondiy it is recessary to consider the poséibility.ofl§ounter~

17)

ion fixation. As Wall has shown in an elegant manner, a
number of counter—ions travels with the polyions in a region

of high degree of neutralization, but only a few are associated
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with the polymer coil at% a low degrec of neutralization.
Therefore this kind of association could be,présumébly out of
consideration with materials of a few ionized groups like ours.

This could be said to confirm fhe agreement between Qrn aha'Qtit.

(2) Number of charges estimated with the use of Overbeek-Stigter's

fheory. The Debye-Henr§ theory assumed 2 hydrodynamically
rigid sphere model. It is worthy to question whether the po-
lymer molecules in consideration can be adequaﬁely erlace& |
by this model. Therefore it would be interesting to aﬁply
Overbeek—StigterB theory for estimating the nﬁmber of cgarges,
which assumed the same model for a polymer as Débye and'Bﬁeche‘s

75)

theory of viscosity. According to Overbeek and Stigter-(odsj,

the mobility is given by

o :'{(Qtit"‘geff)/Pf + Qupe/T - Qg fr'R ALVENS +*1R‘)}
” | (5-3)

where R' ig the radius of a macro~ibn sphere (estimated from
‘the llmltlng 'VlSCDSlty number by means of Debye*Bueche 8 theo—
ry), F the frlctlonal constann of the sphere, f the frlctlon
‘factor of one bead Qerr the number of effectlve charges andr
the others were, already deflned. The shleldlng ratlo o was
Ito be almost 1ndependent of the degree of neutrallzatlon DL”
when "< 0.1, by Oth and Doty's experlment on poly(methacrylip,

acid)?B), Thus for PVAG used here we can take theivaluerof
G- = 8 originally found for PVA. When (~>5, the first term of
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of the right-hand side of (5-3) becomes negligible and we ob-

tain

m = {Qeff/l«“ - Qeff)d'R"/GTE’IZR'(l +)Q'R‘)} : (5-4)
The number of charges calculated with (5-4) and G = 8 is de-
noted by QOS and is shovm in Tables 14, 16 and 17. The agree-
ment at CP = O between QOS and Qtit is satisfactory. However,
it might be advisable %o use a larger value for g than 8 in
the salt-containing systems. (Note that Qyq is always smaller

than Qtit as Table 17 shows.)

(3) Related problems. From above considerations, the elec-

trophoretic behaviours of PVAG are seen to be interpreted by
DebyemHenry's relation. This clearly supports*informations

on the number of charges of a PVA‘molecule. It is to be ﬁen—
tioned that the theory has an advantage that it contains only

a singlé parameter, R, which can be evaluated by another inde-
pendent method of experiment and at the same time a disadvan~
tage of the omission of inter-particle-interaction, which can
be remedied by application of Wicke and Eigen's theory. Taking
~the inter-particle-interaction into consideration, that is, dis-
‘cuésing the mobility as a functibn of the polymer concentration,
wéslat ieast qualitatively successfully carried out by Hosocno
and an appearsnce of a minimum in the mobility vs. concentraﬁion

curve {see Fig. 13) was verified. His final expression was

n = £()R) Q/67mza(1_ +)XCR), (5-5)
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and is in formal accordance with (5-2). It should be noted
that X in (5-5) is a screening pasrameter defined by (2-11).
The appearance of a minimum, as in the cases of activity co-
efficient and osmotic coefficient, hes its origin in the vo-
lume effect of a macro-ion and in the electrostatic interac—
tion bétween-the macro-ions. The minimum would shift towards
a higher concentration with decreasing degree of polymeriza-
tion aﬁd charge density, or with increasing ionic strength.
‘These properties of the mobility-concentration relationship
will become important in interpretation of the so—calléd bound~
ary anomaliés, which will be discussed in the next chapter.

An interesting method of calculation of numbér of charges
has to be noted, that was presented by Charlwood76) His me-
thod was based on the condition of disappearance of epsilon-
and delta-boundaries, that the Kohlrausch regulating functions
in both sides of the boundary should be equal. This function
involves the mobilities of all the ions and their electrochem—
ical equivalents. If the experiments are conducted so as to
determine the concentrations of the buffer solutions against
which the protein-containing solution has been dialysed and
at which the delta-boundary is completely eliminated, we can
estimate the protein concentration in- terms of electrochemi-
cal equ}yglentgfand hence the valency. This method of calcu-~
lation,'esggntially different from those of Debye-Henry and

of Overbeek-Stigter, assumes no geometrical model for the
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charged particle. Although the delta-boundary measurements
give rather higher values of the valency, the treatment can ap-
ply to the cases when knowledge concerning the shape factor

is lacking. I% is interesting to see that in this method theré
is a requirement of the XKohlrausch theory that the mobility of
a given ion should be independent of its position. In praétice,
there may be considerable.alternation of the mobility of
charged particles across the boundaries. WNaturally, then,
Charl&ood's method would fail. We can not use this method for
PVAG, because not 2ll necessary informatizns for the applica-
tion are available at present. We are regretfully satisfied
with.only making mention of the significant‘nature and pdten—

tiality.

{(B) Comparison of Potentiometric and Electrophoretic Potehtials.

Our study was extended to comparison between potentiometric
and electrophoretic potentials. The electrophoretic mobility
was known to be related to the elecirophoretic potential ﬁzele’

surface potential, by

_ 5
m =K §e1e6/72 3 (5-6)
wvhich is a geheralized expression of (5~2). On the other hand,

the potentiometric potential, which is defined by the relation

IF/3 2 =e,C s o (5-7)

is described as the potential of field inside the macro~ion,
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from which a proton is brought out to infinity. tg:pot may be
equal to ?gele only when the potential inside the macro-ion is
independent of the distance from the centre. Otherwise, ??pot
is considered to correspond to an average potential. Therefore
these two kinds of potentials can not be expected to have an
identical value, against Katchalsky's observation%B) In Table
18, the observed values of these potentials are compared. The

discrepancy exists.

Table 18. Comparison between Potentiometric

and Electrophoretic Potentials

; 5 . 5 . 5
sample 2;ele.obs.X 107 * é%ot.cal.x 107 t;pot.obs.x 107
S5-1 2.7 5.2 4.9
5-2 1.5 2.6 3.0
8—8 1-8 4‘-3 309

This can be clearly understood if tgpot is to be referred
to an average potential inside the macro-ion as mentioned. Ac-
cording to (2-13) giving the potential inside the macro-ion,

we obtain
€ oot/ C e = (KR + /3, | (5-8)

" R
assuming gzpot = 992 =§-q12dr/R. In Table 18, (5-8) is check-

ed. All values of égelg obs VEre obtained, from the extrapolat-
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ed value of observed descending mobilities (at the polymer-
concentration of 4 g./1.) to zero ionic strength, by means of
(5-2). Using the value of ¥ and R shown in Table 3 at this

concentration is calculated from ac—
* Zpot.cal. ’

ele.obs.
cording to (5-8). € pot.obs.’ which is evaluated by (5-7)
from the observed values of a:Feﬁaz, is in a good agreement

with t;pot.cal.' This agreement supports our assumption.
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CHAPTER 6
ELECTROPHORESIS OF POLYELECTROLYTES

(TWO-COMPONENT SYSTEM)

§ 1. Introduction

In Chapt. 5, the electrophoresis of polyeleptrolyte wés
described and-the Debye-Henry theory was shown to well apply to
the behaviours of a gynthetic polyelectrolyte in its one-com-
ponent system. In this chapter, we are dealing with two-com-
ponent systems which are consisted of two kinds of polyelectro-
lytes. Main interests will be put in-the interpretation of
boundary anomalies in terms of Dole's theory of moving bound-
ary77) This will serve to obtain fundamental knowledge con-
cerning the electrphoretic behaviours of natural protein:;
which usually occurs as a mixture of a number of components
and to manifest the limits and imperfections of the theory
of moving boundary which furnishes informations of the num-
be? of the newly established boundaries; their velocity of
displacement and the concentrations of components in the
phases develo@ed after passing of an electric current. _

The word, "boundary anomalies) is here limited to (1)
disagreement between mixing-ratio of two_compgnénts obtained
analytically and that determined from the area of electro-
phoretic pattern, énd (2) appearance of epsilon— and delta-

boundaries and their displacements. The experimental evidence
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on these boundaries has been abundantly accumulated and many
theoretical approach has been proposed. iHowever, attention

has been so far principally paid to determination of the exper=
imental condiftions to eliminate these boundéries, in other
words, to obtain knowledge concerning the ideal conditions for
electrophoretic migration. For example, Svensson78) has theo-
rebically shown that these boundaries, together with other a-
nomalies, disappear when small prctein soncentration and high
iéﬁic strength are chosen?g) In fact, the experimental result
shows that, under these conditions, the boundaries can be e-
liminated and the Schlieren pattern in the descending channel
is the mirror image of that in the ascending channel, and more-
ove&, the mobilities obtained in both channels are identical. How-
ever, this 1imiting or ideal case can not be always approach-
ed. lowering of protein concentration would result in an un-
stabie and optically undetectable moving boundaries, and in-
creage in salt concentration would be limited by an upper lim-
it imposed by the apparatus. Therefore, in order to knowlthe
ideal behaviours, the extrapolation of observations at finite
polymer and salt concenbrations is unavoidable to zero polymer
concentration or to infinite ionic strength. This extrapola-
tion is usually accompanied with a source of rather crude er-
rors, and it is hoped that 1t will be removed by establishing
interpretation of the anomalies.

For %this purpose, our planned course of study will be one
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of most useful first step. The material has been exaﬁined-ex-
tensively with various methods of experiments. the results de-
scribed in Chapt. 5 on the one-component system will be most

helpful. We will interpret the above anomalies in terms of .e-

lectrostatic interaction, which was discussed in Chapt. 2.

§ 2. Experimental

(A) Material. The materials used are poly{vinyl alcohol)

partially acetalized with glyoxylic acid (PVAG). The method

of preparation and the characteristics were réferred to in Chapt,
3. The sﬁlutions were prepared by dissolving a weighed amount
~-of two kinds of PVAG into the buffer solutions of CHSCOOK-
CHBCOOH (pH = 6.2) and then by dialysing the polymer-contain-
ing solufions against the buffer solutions until equilibrium
indicated by attainment of constant conductance was reéched.

The mixing-ratio of two components was determined by the wéight-

ratio before the dissolving. The concentration was deterwined

by dry weight _after’ dialysis.

(B) Electrophoresis. The experiments were carried out in

the same apparatus as mentioned in Chapt. 5.

(C) Determination of Electrophoretic Mobility. - The details

were given in Chapt. 5. The volume change of the electrode
was neglectedBo)though the total amount of electricity was

higher than that in one-component system. Unless specified,
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the displacement of the boundary was determined from the peak
of the pattern, and the voltage gradient in the newly establish-
ed phases was assumed to be equal to that in the original po-
lymer-containing solution (before the migration) and was used

to calculate the mobility.

(D) Determination of Areaz of Schlieren Paitern. Since the

 separation of boundaries was in many cases incomplete as Fig,.

15 shows, Tiselius-Kabat's methodSI) was applied.

§ 3. Experimental Results

(A) Mobility and Voltage Gradient. In one-component systems,

the voltage gradient was controlled so as to observe displace-
ment of the boundary (in the descending channel) of 3 ~ 4 mm.
for three hours on the photographic plate, depending on the
charge density of the material and the composition of the so-
lution. In order to separate boundaries as»effibiently as
possibleé, in two-component systems, it is advisable to choose
a potential gradient, at least as high as that employed in

the study on one-component system of slowly moving component
(slow component). Therefore the fastily moving component (fast
component) is to migrate in a higher voltage gradient than
that in its one-component systems. In order %o compare the
results obtained in one component systems with those whiqh
will be obtained in thisg chapter, the effect of volbtage gra-

dient on the mobility has to be studied at first. The exper-
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Table 19. Variation of Mobility with Voltage Gradient Applied

Sample: S-7 (P = 1700, S = 5.82 mol.%)

Buffer: CH,COOK-CH_COOH, = 0.011
- CHy 3 Ms

pH = 6.2, Cp = 0.66 g./100 cc.

5 5 5 5
E mAs x 10 mDD x 10 mDm x 10 _ mdel x 10
2.92 27.1 6.89 12.2 2.14
- 1.33 27.5 6.86 13.7 2.35
0.34 23.7 9.08 - ) G

E, voltage gradient (v. cmTl), m. mobility (the suffix,
Ag, Dp,Dm or del denotes the mobility obtained from the
asce. ding, descending (peak), descending (first moment)
or delta-boundary.) in cmé v-isecT

imental results are shown in Table 19. As is seen from Fig.
15, the descending patterns are unsymmetrical at higher voltage
gradients. In these cases, the displacement of the peak can
not be used for determining the mobility. For considerably un-
symuetrical patterns, both the mobility values from the peak
and from the first moment of the Schlieren curve were calculat-
ed and listed in Table 19. If only the relaxation effect is

concerned, m should decrease with increasing E, but this is

Dm
not the case in our observation. Possibly inhomogeniety of

acetalization reaction has to be tazken into consideration.

(B) Electrophoretic Patterns and Mobility. The electrophore-

tic patterns were shown in Fig. 15. 1In all cases, 2 +1 =73
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1920
3720
5700

7320

ds. patterns as, patterns

(A) M~2-2.

Component 1. PVA (0.8% g./100 cc.)
Component 2 S-2 (0.82 g./100 cc.)

E = 3.03 v./cm., Mg = 0.011.

t t
(sec) (sec)
0 0
3660 2660
7320 T320
10920 10920
ds. patterns . . as. patterns
(B) M-1-1.

Component 1. PVA (1.03 g./100 cc.)
Component 2. S-2 (0.85 g./100 cc.)

E = 3,08 v./cm., }AS = 0.111.

Fig. 15. Schlieren patterns of two component system,

Buffer. CHBCOOK—CHBCOOH, pH =6.2.
Sample. PVA (P = 1700), S-2 (P = 890, S =

2.50 mol.%), S-7 (P = 890, S = 5.82 mol.%)
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t
(sec)
0

1920

3780

6300

ds. patterns as. patterns

(C) M-3-1.

Component 1. S-2 (0.50 g./100 cc.)
Component 2: S-7 (0.50 g./100 cc.)

E = 2.84 v./cn., Mg = 0.011.

ds. patterns as. patterns

(D) M-4-1.
Component 1. S-2 (
Component 2. S=7 (

E = 2.84 v./cm., Mg = 0.051.

Fig. 15. (Concluded)
peaks were observed. (In M-3%-1 and M-4-1, the peaks corre-
sponding to the slow components were extremely small in the

ascending channel. This anomalies will be discussed later.)
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The peaks of 3-7 in M-3-1 and M-4-1 in the.deSéénding channel. -
were remarkably unsymmetrical. The'delta—boundary was explic-
itly observed.in”all cases except M—lgl in which a higher ion-
ic strength‘was chosen. -

In Table 20, the mobilify values are .shown. TIor compar-
ative purpose, the mobility obtained in one-component system
vas also illustrated. From this table, it is seen that the
(déécéﬂdiﬁgj ﬁofility ih tﬁo—cémﬁoﬁénﬁ éystem is of the sam;m
order of magnitﬁde as that in one-component system. In multi-
component systems, because of changes of concentration and pH
during eiectrolysis it‘is only fer the fastest component in-
the descending channel that we can obtain the correct mobility.
However, Table 20.indicates that it is possible to know rea-
sonable, though~a§prdxiﬁate, mobilities of all of the consii-
tuents from the QGSCending channel. :This cén be intérpieted
as indicating that, in our case, the'passage“bfleiéctrié'Eﬁr; 
_renﬁvdoaé not_givevrisg to remarkablquhanges"in,Qénceﬁffé;-
tion and pH. It is dubious whether the same conclusion can.
be drawn in general cases or when the materials of higher -

~ charge density are contained..

(C) Mixing-Ratio eof Components, When only the concentra- -
tion of a component'is altered at a boundary, the arega of the
pattern is expected to be propqrtidnal to the concentration.

80) 77)

However, as Longsworth and Maclnnes’ supposed and Dole



Table 20. Comparison of Mobilities in One and Two Component Systems
Buffer. CH3COOK;CH3COOH, pH = 6.2

(A) HM-1-1.
Component 1. PVA (P 1700)
Component 2. 5-2 (P = 890, S = 2.50 mol%)

‘Mixing ratio (S-2/PVA) = 0.83, Mg = 0.111.

0 Cyomdx ;05"mévx?io5-i m X 105 Cmy ‘x10° E -
M~1-1  1.03 0.85 1.24. 4.26  0.89 . 2.27  3.08
one : R o : o _
comp. O 0.82 - ‘ 4.91 - - 2.97 .3,03
1.03 0 1.51 - 1.02 - 3.03
(B) M-4-1.
Component 1. S5-2 .
Component 2. 5-7 (P .= 890, § = 5.82 mol.%)
Mixing ratio (8-7/8-2) = 0.95, Mg = 0-05.
— - _'J —5 4 5 R 5 — 5
Cl 02 mlxlo méxlo mlxlo mgxlO maelx10 E
o s | -0.78 0.74 8.36 10.27 2.47  6.21¥* 2,37 2.84
one 0.82* 0 - 4.91 - - 2.97 R - 3.03
comp. .0 0.67 - 9.78 - 7.96 - 0.35

* measured at }L = O 1 *% calculated from the flrst moment
Cl‘component concentratlon in g./100 ce. indicated by the suffix.
m'. ascending mobility, m. descending mobility.

has concluded, simultaneous. change of the eoncentrations'bf_
2ll components actually takes place and: the refractive fractions
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of compoqehts-deduéed from the area of the pattern are diver-.
gent from the analytical ones. This deviation was studied

and recorded in Table 2L, According to this table, the ratio

LR

Table 21. Fractions of Components Estimated from the PATTETm—— v

e

comp.  Cp G, Cp/C (8y/8) 0 (8,/81) ¢
1 2 : - . as. - de. fks
M-1-1  PVA G2 1.0 0.85 0.82 0.48 0.89 0.54 0.111
M-1-2 PYA  S-2 0.43 0.35 0.82 0.46  0.79 0.72 0.111
¥-3-1  S-2 S8-7 0.50 0.50 1.00 * 0.93 1.26 0.011
Me4-) §=2  -S=7 0,78 0.74

0.95  *% . 1.39 1.00 0.051

* 1nf1n1te1y large. - *¥ 1.85, not so accurate. -
S /S )ob Z observed ratio of pattern area. (5 /S ) . see §4, (4).

of observed areas in the descending channel, (82/81)6bﬁ,'in the-
eighth-column, is in-good agreement with the snalytical value
given in the sixth cinmn, whereas, in the ascending side, there
is ho agreement between them. This anomaly bécomes striking

in the case of M-3-1. the peak of a component is hardly detect-
able. We will not discuss the details here beyond making men-
tion of the tendency that the anomaly is noticeable: when the
ionicrstrength is low and the materials of higher charge den-

gity.are concerned.

(D) Displageﬁent of Delta-Boundary. Sincé'Tiselius found

3 T T e [P [ N e
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out the delta—boundarysg) and Longsworth and MacInnes discover-~

80)

ed the epsilon~boundary, a wealth of research on the inter—
pretation.of these boundaries has beén accumulated.._These

were firstly thought to be due to slowly migrating constituents
but this possibility can be entirely eliminated according to
our present study, because we are dealing with well-defined
components. Dole's theory of moving boundary can answer the
quéstion why thegg boundaries appear; A mathematical,Conciu—
sion of this theory requires the presence of a stationary bound
ary which remains at the initial houndary. This is the delta-

or epsilon-boundary... However, if we consider that the funda-

mental assumption of this theory is of the nature which applies

only the dilute solutions of simple electrolyie, it is»ekpect—
ed thétfthe theory certainly fails in our solutions. In Table
22, the displacement of the delta-boundary is recorded in

terms of mobility calculated ffom the moving velocity of the
peak. The lack of data of eﬁsiionéboundary is due to difficul-

tyﬂenééuntered:in“the‘dbservationl “Under the ‘experimental con-

"7Tabie,22. bisplaCement of Delta-Boundary

s E fgey * 107
M-2-2  0.01T 3.03 - 1.86
H-3-1  0.011 2.84  2.%0

M—-4-1 0.051 :77 2:847 7" 2.37

. ~112-
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ditions in this table, the delta~boundary can migrate in an
uopposite direction to the moving boundary corresponding to fhe
macro-ions. Care must be taken of the tendency that the’disn
placement becomes smaller with decreasing potential gredient.
Because the decrease of the gradient means 2 decrease in the
total amount of électricity at a fixed specific_conduetance
of the golution, the volume change of the electrode in the
course of electrophoretic run appears worthy to be ascribed
the above tendency. However, as mentioned already, the cor-
rection due to this change remains negligibly sﬁall. There~ -
forej other explanations have to be found. |

Most recently, Hayashi apd Oda83) repbfted the sieilae
finding in fibroin solutioﬁs.‘ The voltage gradient was fairly
high (about 10 vifem.) in the.buffer,eolutions of low lonic
strength.

§ 4, Discussion

(A) Apparent Refractometric Fractions of Components. The

deviafion of the ratio of &reas in'fhe ascending pattern, from
the. analytlcal m1x1ng—rat10 has been exposed in; the foreg01ng
section. This is thought to be due to the facts that (1) the
epéeific_refractlve index 1ncremente are not‘ln generel the~
same for.different cemﬁenents and (2) coneentration diffefence
of all the componente exists across every mov1ng boundary.

These superimposed concentratlon dlerrences w1ll be analysed
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here on the basis of the moving boundary equation, a statement
of the conservation of mass.

An initially sharp boundary beiween two solutions, one
of which contains a kind of polyelectrolyte in addition to the
buffer ions, will split into a number of boundaries, on pas-
sage of an electiric current. A schematic representation of
- such a system is given in Fig. 16. If the current is tzken
as flowing from left

to right, for anionic °

polyelectrolyte the

) boundaries ﬁ, /3’;}‘ ,
e curren# N K‘c and I;’? re—

Fig. 16. Schematic representation
of electrophoretic boundaries.

| B8 | 7 g 7

;
i
4
i
§
]
I

present the ascend-
ing, delta, descend-
ing and epsilon boundaries, respectively. With these notations,

we have two relations for the boundaries

T§ Tj = V(E (Cj Cj)’ (6 1)
and

which are expressions of the law of conservation of mass,
vhere Tj denotes the Fransferenee number of the j ion in the
phase indicated by the superscript; V the boundary veloeity
Iper unit flux across it (taken as a positive value when the

boundary travels towards the ecathods), Cj the eguivalent con-
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centration of an ion of the species j (taken as negative for
an anion and positive fo; a'cation). In the { phase, macro-
ions desappear so that we obtain |
| Cg;= 0 and T; = 0, (p denotes the macro-ion.)
and _
Tg - vﬁdcg . (6-3)

Moreover, from (6-1) and (6-3) we obtain

)y BB ey
T, = VU(C) - ch) + Ve (6-4)

The similar consideration in the ascending side leads to

rh = vl . (6-5)

From (6-4) and (6=5), the conceéentration of the macro-ions in

the F)‘phase, CS , is given by n

c§,= cg (VP = vIPY /(vf = B, (6-6)

Actually we know that VF% Vﬁ%hén the ionic stréngth is low,
80 that Cg would pe smaller than the original concentration,
Cg . On the other hand, the moving boundary equation, for
example (6-1) or (6-2), requires that V is dependent on the
concentration dependence of the transference number. Since
ﬁhis-dependenee would vary with the-charge density of poly-
electroly%es.which are eoneerned, Cg'/Cg would be not the
same for different pdlyeléctrolytes;

If the transference number of the macro-ion would not be

i
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affected by the presence of another kind of mecro—ion, the
phases deteloped on passege of an eleotric cnrrent in the mul-
ticonponent'system can be interpretéd as a superposition of
those which wiil be separatea in one-compohent eystem. If this
is a perm1551b1e approx1matlon the apparent refractometrlo
fractions of. components should be compared w1th the ratic of
. q§ 's given by (6-6), not with the orlglnal analyt;calnfrao~x
tions,when small concentration. differences.of the buffer ions»
can be agsumed to be negligible. Comparison of this kind-
was_undertaken in Table 21, in which the retioyfof CSAIS g%#en
by (6-6) was denoted by (Sz/Sl)cal- This value is alvays in
rough_agreement with the fraotion of a component obtained from
the area of the;pattern, refractometric frection.

There is-e trendrin theldifference between (S /8 )cal
and C /C ‘Tnie difference is large wnen a higher polymer'
concentratlon is chosen at a fixed ionic strength (compare-'
'M—l—l and M—1—2)77and when‘a 1oner ionic strength is chosen
at a flxed polymer conoentratlon (compare M~3—1 and M—4—1)
The assumptlon of the boundary superp081t10n mentloned above
presupposes absenoe of 1nteractlons between dlfferent kinds of
polyeleotrolytes. This preeupp081tlon Wlll be 1nva11d when
the polymer concentratlon becomes great and the ionic strength
is low. The observed trend shows valldlty of the presupp051—
tion and 1mportanoe of the 1nter—macro—1on interaction stress—

ed 1n~Chapt 2. (In the-comparlson, V in (6-6) was evaluated
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from the displacement of the peak of the pattern. Because of
the unsymmetry of the patitern, it should be calculated using
the firgt moment. If this value is used for S5-7 in M-3-1 and

M-4-1, the somewhat small (82/Sl)ca1 is obtained.)

(B) Displacement of Delta—Boundary. It was shown thaﬁ the

delta-boundary can‘travel under certainvcénditions. As stated
above, the Dole fheory‘assertsthat one of newly developed bound-
aries on.passing of an electric current must be stationarj,

but the assumption, that the relative mobilities (relative to
the mobility of a species of ion taken as unity) are constanﬁ,

can not represent a close approximation when the interionic

interaction is remarkable. The gatisfactory agreement between
the theory and experiment was reported by Longsworth for a-

gueous solutions of strong electrolytes§4)

However, as will
be expected fror the assumption, the theory would be invalidf
for the‘polyelectrolyte'solutions, which have the numerous
.charges on a molecule. The failure will be most concisely de-
monstratedlin the disagreement between the number of charges
+ of 2 macro-ion determined by titration and that calculaﬁed by
the application of the Dole theory. Accordingly our finding
of thé méving of the delta-boundary is not unexpected. |

A question how to introduce a correction term due to the
devia@ion of our syéﬁemlfrom the‘idéélity tfeated by Dole in-

o his original theory has teo be answered. General and prac-
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tically useful extension of the Dole theory can not be easi-
1y obtained.bécaﬁsé'of mathematical complexiety. Our follow—
ing discussion on this problem will: be limited to a semi-
QHantitative‘aSPect, also. For the sake of simplicity, one-
Component'systgm is treated. Consider that, on applicaiion
'of‘an electrical potential, the boundary system will develop
as shown in Fig. 16. Thehassuﬁption, fhét the relatife ﬁobi~
,}ities afeﬂconstant, requireés tﬁaf_the differenge betweeﬁ thei
frahsference numbe:s Qf two phéseé is dependent énly on the
.cénéenfrgfiqn. Thefefore, if the delta-boundary ié étationary

(V¥ = 0), the moving boundary equation, (6-2), reduces to

o T? = Tt.
J J

Then, all species of ions are o be diluted by a dilution fac-
tor at this boundary. From this consideration, the experiment-
al fact of V £ 0 is seen to be ascribed to-imperfection of the

fundamental assumptibn of the théory. Acdording to the moving

boundary equétion;rfor-vﬁr§ 0,
[C?f}lcgl and ,.T§‘< f? | o o ' ; (6-7a)
or . - e | o
R e

80)

must be satisfied. As Lorigsworth and MaclInnes shows, since

in the usual case IC§‘<lC§\Z’ our expérimental,rQSults con-
form with (6-Tb). . Furthermore, (6-Tb) and the definition of
transference number give
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nf cB/yP = ul ci/n? | ;
i 3/7( J 'J/K o (6-8)
where Y denotes the relative conductance. If we'assqme

){P :}Qf, provisionally, (6-8) gives

mg CE)-mf c? (6-9)

NI B
which means that the mobility m decreases with incréasing
concentration C.' Our experiméntal results for S5-~7 described-
inrchapﬁ. 5 iﬁdicate that the mébility of macro~ions went down
withh the concentration in a range of 0 - O.8_g./100¢cq when
ionic strength was 0.05. (The observed mobility is not the
reiative one, but the concentration-dependence of the mobili-
ty is 50 sﬁfiking‘that the mobility of small ions can be re-
gérded as-independeﬁt'of ﬁhevconoentrétion and.the observed
mobility can be used in the place'of the relative one so far
as thé concéntration dependence of:a properfy is discussed.)
For ldWer ionic strength, also, the same tendency wili be ob-
éérved. Thus experimentally V # O must be observed. Actual—’
ly, moreover, we should expect that X P is smaller than x!
bécause the concentrations of ions preseﬁt in the:§ phase
ére loWered; If it is true,“and when the difference between
tﬁe relative coﬁductances is not so large, the displacement
of the delta-boundary towards the cathod will be found even
when the mobility has not so a marked conceﬁtration‘&ependeﬁce

£ as reqﬁired‘ﬁyr(6—9)¢
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As would be understcod from the zbove considerastions,
the digplacement of the delta-boundary towards the cathod is
determined by the tendency of decreasing of the mobility of
thé macro-ion with its concentration. This dependence was in-
terpreted in terms of the interionic interaction as mentioned

in Chapt. 5. A large volume efféct is responsible for a mini-

mum and rise in the concentration dependence of the mobility.

The minimum will shift towards smaller concentrations zs the -
volume effects become noticeable. ‘Hence only the monotonical
increase will be observed when the volume effect is extremely

striking. Then, on the contrary to our observation, the delta-

. boundary will travel towards the anode. At any rate the moving

of -this boundary can be ascribed to the interionic interaction.

(A conclusion obtained by Svensson78)-and Longswort

h?9)
that the delta-boundary can be eliminated in the cases of low

polymer concentrations and high ionic. strengths, can be inter—

‘wpreted in terms of this interaction. It is interesting to see

that the interaction is diminished in these cases. Iw other
words, the appearance of the stationary boundary can be attribu-
ted to the interaction. Therefore it might be wrong to assert
that the Doié'thebry; which explains fheAexisteﬁee of the sta-
fibﬁary bouﬁdaries, is dealing withran ideal state only.)

In the above discussion, the considerations were limited
to one-component system. NeedlessAto say, they are applicable

to multicomponent systems in principle. It must be noted that,
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in this application, a simple algebraic sum of concentrabions
of all components can not approximate the actual concentration
effect.

Finally mention should 59 made on the effect of potential
gradient on the displacement of the delta-boundary. Dole's
theory can never give answer to this problem. We-consider
that change of the concentration dependence of mobilities with

vggg;_ggadi§§$g is responsible for this effect. Wall's experi-

'ments48? show that the fraction of counter-ions which travels

with mécfo-ions in an elebtric field decreases‘with increasing
pﬁtéﬁtial gradient within the range of 0.15 - 1.4 v./em. TIf
this result can be appliéd torour case, the effective number

of charges of a ﬁa¢ro—ion (analytical number of charges minus
ﬁﬁmber of coﬁnter—ions fixed'by‘a ﬁacro—ion) nust become larger
with growing potential gradient. The more greater the effective
number‘of charges becomes, the more sensitively'the mObilify
vaqieé with thé concenﬂratioﬁ. Accordiﬁgly deviation from an
assumﬁtionﬂof conétant relative mobility would becomelgréater
and the delta-boundary begiﬁé-fo ﬁigfate} |

Note. Most recently, the pfoblém analogous té what we treated
in this chapter was analysed by Nichol and Gosting$5) A similar

way of approach to weak electrolyte 8?vﬁng boundary system as
Dole's was reported by Nichol et a1?
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CHAPTER 7
AN APPROACH 70 ADSORPTIVE SMALL ION BINDINGS

OF POLY(VINYL ALCOHOL)

87)

‘ Sakurada and Inoue pointed out the existence of carboxyl

groups in poly(vinyl alcohol)_(PVA) molecules about a decade
ago. - Recently Sakurada and Yoshizakis7) reported the quanti-
tative determination of the groups by means of conductometry
and asserted, on the basisg of the mechanism of the polymeriza-—
tion of vinylaéetate, that the carboxyl groups existed as an
end group of a PVA molecule. Hosono and Sakurada68’ 73) tried
to treat the problem from an electrophoretie,po;nt‘of view.

if the PVA molecules contain the ionizable groﬁps'such as
dgrboxyl groups, the molecule is to migrate towards the anode.
This was really the case. 3

" However, detailed quantitative analysis of the electropho-
retic mobility of PVA was followed by a difficulty in idter-
pfétinglﬁhe uhexpeétedly rapid movement (hence, the great num-—
ber of charges). The Debye-Henry relationm, (5—2); whert com-
bined with the observed mobility, gave much larger nuimber of
chéfgés.hhan that éxpected'ffdm conduétomeﬁry. The disdfepaﬁ—
by was'a%ffibﬁted-to adsorpﬁién of small ions by PVA molecules
;ané analysed by'é method pfopOsed for proteins by Klotz and
Curme?s)' The numﬁer of ohéfges-estimatea'from'ﬁhe"mobility

(excluding that due to the ionizablé groups) was shown to be
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in a binding equilibrium and the striking salt concentration
dependence of the mobility of PVA was successfully explained.
The number of binding points was determined to be about six

per 100 basic molecules of PVA. Such an analysis, in spite

of its'succeés in establiShing the quantitative relation, leaves
a question regarding the mechanism of the binding, which we in-

tend to put under investigatidn in this chapter.

Evidence of the interactions between polyelectrolytes
(both synthetic and natural) and small ions was reported very
abuﬁdantly. It must be meﬁtioned that there are two types of
interactions. firstly a case, that the macrOmolgcules form a
~complex compound with these small ions, is of importanee in.
conéidering the beﬁaviours of proteins in salt-containing so-
lutions, and secondly another case, to that we consider eleciro-
'static effects can give a satisfactory interpretation,ris usu-
vally oﬁservedrfor polyelectrolytes. In the first case which
differs from the second in the conditions-imposed_by the co-
ofdination number and the steric r?quirement of the complexing
ion, iﬁ is important to realize, ﬁhat highly specific interac-
vtibns betﬁeén the macromolecule and smallNiOns may be superim-
bﬁse@ on eiectroétatic effects. I1 may be usefu}_to.mahe men-—
tionr§f>these two categories heref )

The polyelecﬁrolyte Carries-a_high net chapge so that the

attraction betWeen the macro-ion and its counter-ions is sup._
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posed to be very predominant. The electrostatic potential
energy near the macro-ion is not small compared to the kinetic
energy. Therefore a fraction of the counter-ions preseunt with—
in a region in close proximity to the macro-ion appears to lose
their freedom to get free out of the influence of the macro-
ion. This fraction can not be independent kinetic entities:
this effect may be responsible partly fﬁr ugually small ionic
activities andlosmotib pressures., It was this kihd of inter-
adtion that Wall et ai%7) called “counter-ioﬁ fixation? The
examples are found in.the system composed of poly(acrylic acid)
and éodium or potassium ions as the counter-ion. Although
any convinciﬁg theoretical argument appears to be:still lack~
ing_fo ﬁs, the treatment would be compapati#ely éimple because
no other than goulombic forces intefvenes.. | |
On the other hand, another kind of interaction (first
case)-will occur even for unioniéed magromolecules and poly-
amphbiytes ﬁt the isoélebtric pdint. Specifio groups partici~
paﬁé in complex foﬁmafion.‘ A&cordingiy, other than Coulombic
forces must be involved. The ékgmples are the poly(acryiié |
acid) or‘poly(methacrylic acid) — cupric ion system, which was
investigated by Wall, Gregor, Kotliar et al?g)' They inferred
that chelate formation must be involved with two- carboxylate
groups. Another interesting example is quaternized poly(vinyl
pyridine) which may acquire a negative charge in solutions of

high bromide.concentration?o) Sinée this polymer is positive-
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1y cﬁarged in solutions of low bromide concentration, the phe-
nomenon pfqves that the ionized grouﬁs can bind mére ﬁhan an
quivalent amount of counter-ions and any other force, in ad-
d;tion tq eiectrostatic one, needs to be taken into account in

order to obfain the comprehensive explanation.

Let us come back to our presént problem. To which of"
the above mentioned two types of}interactions does'theﬂadsorpu
tive binding by PVA molecules beiOng? Answering to this ques-
tion is very simple if we notice that the PVA molecule can
'bind the negatively charged ions against the repulsive force
“between these ions and ionized groups. It is clear that an
attractive force is working much more predominantly than the
electrostatic répulsive force. And it is not extravagant to
"agsume the attractive force between thée PVA molecule and the
"smail ioné to be due to the ionﬁdipoie'interaction. In the
;following'COnsiderétibns, we will try to obtain & guantitative
‘description of the existing experimental data as an extension
bf:Langmuir“s igotherm. The possibility of complex formation

is beyond the scope of our discussion.

Dipole Moment of a PVA_Molecule. . The dipole moment of a

PVA molecule was not determined experimentally because non-
polar solvents could not be fOund_outm' Approximation must be

carried oud.

91)

Sakurada and Lee have made studies on the dielectrie
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properties of a number of neutral polymers. They demonstrated
that the electric moment of the corresponding monomeric mole— °
cule was in good agreement with that of the basic molecule.
For example, the dipole moment of basic molecule of poly(vinyl
acetate) agrees with that of vinyl acetate. This result was
interpreted as signifying that the polymer chains, so far as
‘thé dielectric properties are concerned, were so flexible.

1t appears to us reasonable to apply this observation to PVA,
which can be supposed to have nearly the same degree of flexi-
bility as poly(vinyl acetate). We can thus assign the value
of the dipole moment of ethy alcohol (1.7 in Debye unit) %o
‘the partial dipole (basic molecule) of PVA. This approxi-~
matidn is naturally open to criticism, especially in tHe case
_6f:éqﬁébﬁs éOluﬁion.; The orientation effect of water mole-
cﬁlesg-whioh-would possibly occur actually, raises great dif-
ficulties in treating the present problem. Such an effect,
héweyer,rshquld be taken into account when our approximation
yields fatal error..

For tﬁé sake of simplicity, the interaction between this
partial dipole and the salt-ions and that between the salt-
ions are taken into consideration. The dipolé'obviously at-
tracts a éertain amount of positife ions into a region near
'thernegative pole and at the BSame time the same quantity of
negative ions near fhe posgitive ﬁole. ~If this is really the

cage, however, the dipole could not migrate in an eléctrie
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field. The experiment gives the negative mobility for PVA
and shohld be interpreted as sighifying that the negative
ions can be adsorbed predominantly. This selectivity can not
be reflected unless the negative pole is assumed to be inacces~
gsible to the positive ions. This asSumptibn is admittable
when we consider bond moment of ethyl aicohol, of which the
total dipole moment can be resultant to a first approximation,
The bond moment of bonds in consideration is shown in the fol-
lowing table, in which the positive pole is in the first col-
umn and the moment is expressed in Debye unit.
From these data, we can
Table 23. Bond Moment conclude that the outer

~of Ethyl Alcohol )
, . part of the molecule is

positively charged, and

+ - bond moment
only the negative ions
g 8 ' 813‘ can approach to the PVA
H -0 1.5 molecule.
Number of Adsorbed Tons. In order to estimate the number

of adsorbed ions on the PVA molecule, we will use asgsumptions

of adsorption equilibrium made by Langmuir?z%hich was derived
from assumptions that the adsorbed molecules exist in monolayer
én the solid surface and the velocity of .adscorptien can be equal-
ized to that of desorption at equilibrium. Though it forms a

- good basis for the discussion of the adsorption of gases on so-
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lids, the applicability is strictly limited to an idealized
s01id surface, chemically inert and impermeable to the adsorbed
(ideal)_gases, since megligible interaction between the ad-
sorbed molecules in addltlon o the above assumptlons. was al-
80 assumed It must be mentioned furthermore that there was
no specifioation of the nature of adsorption force. .In this

12)

respect, Fowler and Guggenhein have shown that a parameter,
b, orlglnally glven by Langmuir as a ratio of velocity oon-

stants of adsorptlon and desorption, in the isotherm

= a/(1 + vty

(7=1)
N TR
where X is . the number of adsorbed molecules, A the number of
adsorbed molecules in saturation, C the concentration of gas~

molecule, 1s expressed by

b = exp {(uO - ua)/kT } , (7-2)
where u, - ma denotes the heat of adsorption per molecule.-
Such a statistical consideration allows us to find a clue to
apply (7-1) to our problem. It is clear that (if a partial
dipole, basic.molecule of PVA, is assumed to be a site capable
of adsorhing an ion) the potential energy dué to the interac-
tions between the adsorbed ion and- dipole and between the ad-
sorbed ions and free ions should be introduced in the place
of -the heat of adsorptlon

The potential due t0 a dipole (moment strength = M ) is
given as a function of distance r from the centre of the di-
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pele by

-(}*/6r2) cos & , | —(7-3)
wﬁére E) denotes an angle between the dipole vector and the
line connecting the ceﬁﬁfe'of the dipole and a point consider-
ed, and & the dielectric constant of the sdlvent; In the pre-
sent consideration, the case of §# O will be excluded because
the maximum stability is obltained at 61: 0. The problem, then,
reduces to one-dimensional. | |
- The potential of the dipole-ion interaction is of short
range. Therefore the interaction will decreése so steeply
with increasing r from the surface of the basic molecule
that the adsorbed ions can be assumed t0 be in thg monolayer.
Then the interaction between the partial dipole and the ions

in contact with the former is given by

'/Lt/e 5% ; - ' - - (7-4)
ﬁbére 51 .denbtes'thé'disﬁénée between the centreg of the
dipolé and the adsofﬁéd'ion.‘

The fepuléive'interaction potential between the adsorbed”
iaﬁ and %he free ion; in the current electirokinetics, is treat-
ed as an unknown faétor, that is determined experimentally.
.ﬁﬁweﬁéf; since the determination can not be carried out in our
eage, the/eiébfroétatic potentiél at the monolayer is-ampriOri’
VasSﬁmed to be - éoﬂg 82 , where 82 denotes the radius of ion

assumed to be a rigid sphere.. If we further assume that the
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distribution of ions is determined by the Boltzmann formula,
the number of adsorbed ions (negative and monovaleht), X

will be given by

2

e
x = a/]1 +C I S . 7-5
x” /L+exp(mgl G s, )] (7-5)

Implications of (7-5) will become clear if we compare
this relation with (7-1) and (7-2). The‘energf required to
evaporate an adsorbed (negative) ion in the electric potential
field is naturally less than that in the absence of the field.

The assumption that the electrostatic potential at the
monolayer 1is —eo/efgz may be seriously objected., We assumed
above one—to—oﬁg oprrespondence of a partial dipole and an
ion. ip,qthq; words, & partiéi dipole represents an adsorption
éite. .Evéﬁéf ééﬁuréﬁi&g,.hoﬁéver; the site can not be occupi-
"éduﬁﬁhah ion. Therefore the above assumption clearly overesti-
matés the potential since - e /6;82 algo represents the poten‘
tial of a negatlvely charged rigid sphere..” This would lead to
an overestimation of A, when (7~5) is combined with expérimen;
‘tal results, (This statement applies to a single dipole, when
it exists independently from other -dipoles. In actual case,
the dipoles comsidered . liere are bound together on a polymer
chaiﬁ, Consequently, the adsorbed ion on a dipole exerts a
repulsive influence on ions of the same sign preseéent in the

neighbourhood of other dipoles. Such an effect is completely
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neglected in ouf congideration. However this neglection
might unexpectedly cancel out the overestimation mentioned
above and hence reasocnable agreement with experiment might
happen to be obtained.)

{7~5) was tested with Hosono and Sakuradafs data. The
numerical values used were §y = 2 4., 52 =1A4., M= 1.77
Debye and &= 80.  The result of this test is in Table 24, in
which A 'is calculated using observed x . 'According to the
application of the Klotz extrapolation method, the maximum
number_of-adsdrbed ions was 0.6 x 1021. which is not so far
from . A's found hefe, The disagreement is related to an cover-
gstimation of the po-

Tab1e724.‘CalculatedHNumber of tential of monolayer

Adsorbed Ions ip Saturation but it is not so seri-

Ps " x 10° A x 10 ous-

' ' _ The dipole moment
0.1 6 1.06

0.01 0.6 -1.05 ' of the basic molecule

was assumed‘to be 1.7
Debye. Thiquuahtity
é%ﬂinever'be ascéftained-experimentally. However because_of -
?}Eﬁ?redominancy of Coulombic potential, ve will have negfly
thé'sgﬁe.Auvglue, even if we adopt other values for the aipdle
sfrength_than 1.7, R - L

-it seems desgirable to make mention of an analogy betwggﬁéﬁﬁe

,/\:\
situaﬁions.encountered in choice of the free energy of'pq}yei<
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lectrolyte solutions:and in interpretation of the dipole
strength of the basic molecule which is independent of the de-
gree of polymerization. Sakurada and Leegl) have shown that
this dielectric property can be explained if we admit that
end-to~end distance of the polymer chain is proportional to
the sguare root of degree of polymerization. This means, as
pointed out-by. them, that the partial dipoles can behave in=—
dependently from each others except that they can not diffuse
away into the bulk of the solutions. The indiffusibility
~would give rise to a difference between the dipole moment of
basic molecule and that of the_eorresponding=monomeric_céma -
pound, jﬁst as the character of macromolecules referred to in
Chapt. 2 resulted a finite difference between the free energy
values: of simple and polymeric electrolytes, However, it is
too small due to weakness of the dipoiewion interaction to be
regarded as practically serious.

Care must be tzken, however, of the-QieLectric constant,
which has a great effect on the result. Collie et al?j) Te-
ported that it decreases with decreasing interionic distaﬁce
( r* ), say to 4.7 for r' =1 A. Bub, at present, their cal-
culation can not yet be checked experimentally and so we can
not help admitting use of the macroscopic value. It may be
useful to note that smaller A would be résulted when smaller
€ 1is used. |

94)

In view of Stern's theory on the zeta-potential against
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electrolyte concentration relation, we should notice that its
specific adsorption potential was specified as the dipole-ion
interaction potential in our treatment. This approach has

to be put under further investigation in the kight of informa-
tion which was or will be obitained by other experimental meth-
ods using a variety of polar polymers. Electrophoretic move-
ment of poly(phenylene) in pyridine-water mixtures {(pH = 8.8)
was reported, which is expected to be interpreted in terms of the
game interaction between chlor atom at the end of the molecule and
pyridinium ion, as was treated here. The charge reversal of
catiénic poly-4-vinylpyridine derivatives in potassium bromide
’solutionsgo) was attributed to the binding of bromide ions in
excess- of the stoichiometric equivalent. The excess binding

may also be due to the dipole-~ion interaction since the Cou~
lombic interaction is now suppressed. The dipole moment of
pyridine is somewhat higher than that of ethyl alcohol and

the effect of this interaction might be more éasily observed;

At any rate, this interaction appears, so far, to give a fair-
ly satisfactory interpretation of the behaviour of PVA in galt-

containing solutions.

133~



CHAPTER 8
GENERAL DISCUSSIONS ‘

: fh‘the foregoing, thermodynamic propertieé of polyelectro-
lyte solutionshgyefbeen discussed. A standpoint was checked
that the macro-ions can conduce.to formation of an ionic atmos-
phere. This, however; is not novel, bui has been already sug-
gested by Debye énd Hiickel for simple electrolyte solutions,
and - succeeded to Wicke and Eigen. Because of the pronounced
volune effect.of;the macro-ions, this standpoint has neot easily
been tgken for granted in the previously published théoretieal
approach in this field. However the fact that our consideration
could give a unified interpretation of some phenomena appears
to be a good basisg for asserting correctness of our standpoint.
Of course, theré are still a great number of problems to be.
studied in future. An-irreversible process of these solutions
vas hardly treated and examined in this record, which we believe
can bé at least qualitatively interpreted from the standpoint.
In our approximations themselves, there are left some points
to be reexamined. For example, the assumption of the same di~-
electric constant of the medium inside and outside the macro-
ion naturally has to be removed when the extension of our treat-
ment is intended to the typical polyelectrolytes of a larger
number of charges. ‘

from the dilute solutions of sgimple electrolytes to higher
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concentrations, included are the electrostatic interaction
theory such asg Wicke and Eigen's, frowm which our present in-
terpretation was developed, and the ion-soclvent interaction
theory such as Stokes and Robinson's?J The basic idea in the-
formef category that the ions can form an ionic atmospheré

has gained public recognition, and has not essentially been
altered in the Wicke-Eigen theory. It is interesting to notice
that, in the former category, the electrolybessolubionssyere
treated ultimately =28 an ionic gas. though the dielectric con-
stant of the solvent was introduced, the continuity of the sol-
vent was also assumed. (This assumption must be réemoved when
the higher concentrations are dealt with.) Such a simplifica-
tion makes us pay attention to an analogy between electrolyte
solutions and plasmas which are consisted of completely ion-
ized atoms in the low density and high temperature. Really

the thermodynamic quantities of-the plasmas were derived by
Cowan and KirkWood95) on the ground of the Debye-Hiickel theo-
ry. Because of unsolved difficulties in generating the plasmas,
experimental examination is not yet reported. (In this respect,
we must mention solubility measurements of a simple electrolyte
by 'Lietzke9§.) which showed the validity of the Débye-Hiickel
theory at 200°C.) Vhen such‘anrapproach‘will be further con-
tinued, we could find out the new development'in;interpfeting‘
properties of the electrolyte solutions and the plasmas, from

vhich useful suggestion will also be obtained for treatments
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of our problem.
The ion-solvent interaction theory is concerning with

the hydration of the ions, and can also successfully describe
the experimental data of activity coefficient up to 5 mole/l.
for NaCl. It is interesting that the two categories originate
from the recognition of a phenomenon, hydration of the ions,
whichrwoqld give rige to the exclusion effect of the ion ac-
cording to Wicke and Eigen's terminology. This effect, in ad;
dition to the assumption of penetrability of the oppositely
charged ions, was -a c¢lue to our presént consideration. There~
fore we-ﬁight expect the more  fruitful results by application
of the ion-solvent interaction theory to our probiém,-than
thoée,obtained by means of Wicke and Eigen's distribution for-
mula; though that theory contains two édjustable parameters,
the number of water molecules hydrated by the ions and the
closest distance approach.

~Apart from the ﬁroblems just mentioned %o belong to the
research in future, we must make mention of the points of
general interest at present. First of all,-the problem of
counter-ion fixation is important. Advancement in the experi-
mental aspect has hot been accompanied by exploration of a
theoretical ﬁature. Our assumption in this record, that the
number of counter-ions "agsociated", according to Wall's ter-
minology, could be taken as )\ , may be .challenged at iéast

because the mechanism of the association seems to remain un-
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solved. Recently Waiill)

21)

proposed a treatment and Harris and
Rice's work also represents an interesting attempt to treat
the - problem quantitatively. Howevgr we believe ﬁhat these‘

tréatments_overestimate the number of associated counter-ioms.
In short, a boundary condition,adopted_in Vall's work,  @§b[ﬁx

%62 r°/ e T,

=0 at x = X, where ﬁ = z e, (T[//kT, x° = 4n' z
X = (X)P=R’ s, -R' denotes the radius of the larger sphere which
is taken to be the average volume of the ssolution associated
with each polymer molecule; n' the average number of counter-
ions per unit volume, seems to underestimate the interaction -
between small ions and all ions present in the systen besides .
the central macro-ion. As for H-R's treatment, we should like
%0 point out that the W-E distribution formula should be pre-
ferred to the Boltzmann distribution for small ion existing
inside the polymer sphere as the neglection of the volume ef-
fect would lead %o an overestimation of the number of associated
small ionsg. We believe that the essential feature is still

the electrostatic effect of other (macro-). ions. In Bjerrum's
theory mentioned in Chapt. 1, such an effect could be safely
neglected because -0f the short distance between associated and
central ions and because of the low valeng¢y of the ions. Thus
the average number of ions of theoppositéchargg within the
spherenr = q, a characteristic length ﬁént;oned in Chapt. 1,

round the central ion could be expressed by

?;37;
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% 2 2 X .
n _expn(zeo/e-kT r )4Tr” dr, : (8-1)-
. & . . . . ) X i
where n is the number concentration of the oppositely charged

ion per unit volume of the solution, a  the closest distancé

of approach and others are defined iﬁ Chapt. 2. This treat-
ment successfully described the experimental results, especial<
1y of bi-bivalent simple électrolytes, and of'thé uni-univalent
electrolytes in solvents of lower dielectric constant. How-
ever the direct applibatioh to our cases resulted in a consi-
derably stigller number of associated ions than that found out
ekperimentally. In view of this discrepancy, that the electro-
Static potehtiél‘due to other macro-ions is not zero at a po-
sition of the-cehtrai ion appeafs'to he the cauée; - If ‘this re-
flects the reality, the potehfial used in (8-1) can beé said to
be too small and hence the attraction force; to which the count-
erQion'asSociatidh is to be ascribed, is unrealistically under—
estimated. This means that the inter-macro-ion interactioni
plays sd impdrtant role in the ﬁolyeleotrolyte solutions that

it can not be ignored. Though a guantitative representation

of the revised calculation is omitted here, we should like to
point’put‘that‘the cause of failure of Bjerrum's treatment was
the same as that mentioned in Chapt. 2 wiﬁh’regard to defici-
?_«enciés of the previouly'published theories 6f'polyelectrolyte
solutions. ' "
98)

Most recently, Strauss tested the applicability of the
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- theories involving'a polyelectrolyte model in which the macro-
ion charge was smeared out over .a sphere. He compared the ob-
served Zeta—potential determined electrophoretically with use
of the Einstein theory of viscosity with the theorefically pre-—
dicted potential and made mention of the great discrepancies.

A theory, on which this intefesting comparison was mainly based,

wag that proé@ed by Lifson%ng)

From the result that the theo-
retica} values are allvconsidefably smaller than the &éxperimen--
tal values, Strauss concluded that the polymer molecule was a
chain which was loosely coiled even in solutions of simple e~
elctrolyte and that the potential of a cylindrical double lay-
er which sufrdunded the chain was measured as the zeta~poten-
tial in electrophoresis. This discrepancy, however, ¢an be
interpreted as follows, in the light of our consideration. be-
cause of the neglection of inter-macro-ion interaction, the po-
tential ecalculated by Lifson ultimately undérestimates the re-
ality. It is to be noted that this neglection wés a cause. of
the failure of Bjerrum's method in the polyelectrolyte solu-
tions. We can not agree with Strauss' conclusion that the
smearing out. of the macro-ion charge gives an over-simplified,
runréalistic pictu;e. -
.. 3econdly a comment must be given on the insensitivities
of some properties of polyelectrolyte solutions towards the
degree of polymerization,/?. In these, included are éleCtro—

chemical preberties such as the fraction of associasted counter-
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17) 99)

ions » the eaquivalent conductance; the electrophoretic
mobility (see Chapt. 5) and the titration curve (see Chapt. 2).
As mentioned in Chapt. 3, the titration behaviour is independent
of the degree of polymerization because of cancellation of the
charge effect and the extension effec¢t. This is clearly the
case with the electrophoretic mobility and possibly with the

conductivity also. Sitrauss et al.loo)

ingisgted that the insen-—
sitivity of the mobility is a further evidence for free drainagé
of the‘polymer'coil; This interpretation contradicts theif
. viscosity and light scattering results which indicéte that
the polyelectrolyte hehaves as impermeable coils in s lutions
of simple electrolyte. Of course there might be a pdssibility
that the theoretical requirement for impermeability as observ-
ed by viscosity measurements is not incompatible with that
for free drainage ag observed by electrophoresis. However,
we take &4 standpoint.menti?ned just now because it can success-
fully apply to more than one case. As for counter-ion associ-
ation, we are not in a posiﬁion to give a convincing explana-
tion for the insensitivity gince the quantitativerdescriﬁtion
of the .problem is not yet well-established. However this pro-
perty may serve as a basis for judging validity of the deseri-
ption-Whén it will be proposed in future.

It is'interésfing that this insensitivity does not apply

for extremely low P's. This was ascertained by Eisenberg oh
101) 99)

titration behaviour and conductivity, Recently an in-
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crease of the bonductivity with irradiation of gamma-ray was

' 102)

observed of sodium carboxymethylcellulose), which ﬁaaiapt:i-

=, {_,?" )
buted to degradetlon by the irradiation. Since the degradation

\\.
X

would result 1n a decrease in the ‘numbér of charges per moleculs,
the atﬁractlng force between the macro-~ion and the counter-ions
would be weakened. an 1ncrease in the number of unassociated .
counter—ions is to be expected, willch are capable of conducting ]
an electric current. Thus,; though this experiment and its inter-
pretation contain some ambiguities, they appear to suggest some-
thing on the sensitivity of counter-ion association towards

low P'a.

We stressed the effect of interionic interaction on thermo-
dynamic properties of ‘dilute solutions of polyelectrolytes through

the present record., The omission of this interaction was shown

to lead us to failure in explaining the experimeﬁtal results.

The importance was firstly suggested by the Buccess of DebyeeHﬁCkel”S
thepry:and Wicke~Eigen's theory. From an experimental point

ef view, Rosen,mKamath'and.Eirichlos) were the first to notice

the unrealistic neglect of this interaction. We may be right

tq assert that the neglect is definitely incorrect. However,

we wish to conclude by stating that the contribution of our present
work, if any, would be its ability to pave the way for further ad-

vancement in this field and it is not yet the end of the sitory.
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SYNOPSES

Chapter 1. Theoretical interp?etations of simple electrolyte
solutiOns,_WhiCh were proposed aftér the Debye-Hiickel theory ap-~
peared, wéfe'summarised. The considerations were limited to the
theories of a Debye-Hiickel type and pbsSibility of exten&ingr
these theories to thelpolyelectrolytelsalutions wés discussed.
The application of Wicke and Eigen‘s—théoryiwhiCh-takés notice
of the-vbiume'effect.§f ions and of thé penetrability of ions.

- was suggested to‘béf;oét promising. Attent;On“wa5 §a11ed to

closeness of simpie'and pﬁlYmeric~eleetroiyte;solutions.

' Chapﬁer_Q. The basic idea underlayigg the WICke—Eigen theo-
ry of simple electrolytevsolutions waé examined. 'The dis£ribu-
tlon formula was applled to poly;eflc electrolyte solutlonsr
and thermodynamlc quantltles vere derlved lhlS means that in-
ter-lonlc 1nteract10n in the dllute gsolutions has been disposed.
The aot1v1ty coefflclent and osmotic coefflclent were foﬁﬁd to
have a tendency to decrease with polymer concentratlon and to
 increase through a minimum. A formulation of the*ﬂamt1v1ty
coefficient of macro—ion" has been- obtained and was known to.
give'arreasoﬁéblé expression for the rate of change of the ac-
tivity coefficiént with the polymer concentration., The heat

of diiutibn was also shown to be‘positiveg onn the centrary to

the simple electrolyte solutions. (J. Polymer Sci., in press.)
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Chapter;ig, The treatment presented in Chapt. 2 waélextEnd-

ed to the titration behaviouré; which were obtained for poly-
(vinyl alcohol) partially-acétalized-with glyoxylic acid. 'Tﬁe
titration curve, arfaﬁged by a relation proposed on the assump-
tion that the self-dissociation could not be neglected, showed
that this polyacid wasfféirly,stfagg‘acid (pKk = ca.. 3). Infor-
mation regarding the extension of the macro-ion was obtained
from the electrostatic free energy change. Tﬁe extension was
found to have a terndency of decreasing shérpi&mwith-poiymer
concentration, in conformity withﬂthe viscogitnyOncentfétien
curve. The salt concentration dependence and!thé temperature
dependence of the extension were known to be in good agreement
with»viScometric data. This success can be interpreted as
signifying that the treatment can be a sound basis for discus-
4l‘s;'mg the nature of dilute solﬁtions of pdlyelecffdlytes.

(Mem. Fac. Eng. Kyoto Univ., 19 402 (1957), Chem. High Polymers,

Japan, 15 175 (1958), J. Polymer Sci., in press.)

Chapter_4; The viscosity méasurements were performed with
poly(vinylualcohdis ﬁaftiéllY«aéetalized with glyoxylic acid,

in SOquidﬁs of simple eleCtrolyfgs, to which Pals and'Herméﬁéi.
method of dilution was applied. It was found that the extension
of a mécro—ionkon the dilution liné‘was'kept'bbnstant over a
polymer déﬁcehtfatidn range; utilizing the treatment presented

in Chapt. 3. A parameter, m, in the method of dilution was -

-

-

found not to be far from the ratio of activity coefficiehts of
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polymeric and simple electrolytes. From these considerationsg,
the "effective ionic strength" proposed by ?als and Hermans was
suggested to be a significant quantit& in dilute solutions of
polyelectrolytes. (To be submitted to Chem. High Polymers,
Japan. )

Chapter 5, -Electrophoretic behaviours were studied of poly-

(vinyl aleohol) partially acetalized with glyoxylic acid. The
mobility was found to be almost independent of the degree of
polymerization and to increase with the carboxyl group content.
The mobility decreased steadily with the polymer concentration
for materials of low charge density, while it went through a
minimum for those of higher charge density. The mobility, more~
over, decreased in the sequence- of increasing'idnio strength.
Comparing the number of charges of this polyacid in buffer so-
lutions-by mgahs of Debye~Henry's theory from the mobility

and the value eondﬁctometrically determined, the applicability
of “the theory was confirmed %0 quantitatively describe the
electrophoretic movément. (Mem. Fac. Eng. Kyeto Univ., ;2 417
(1957), Chem. High Polymers, Japan, 15 339 (1958))

thEEEE;ﬁi' :The-system'containing two kindg of polyelectro~-
lytes Wés-eléctrobhoretically.studiea, It was found that in
the descending channel the ratio éf areas of the patterns a-
greed with the analytical mixiilg ratio of the components where-

ag in the ascending one this was not the case:. The discrepancy
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was also found to decrease gsomewhat with taking the con-
centration dependeﬁce of the fransference number of‘the poly-
eléctrolyte component into accouhﬂ with the aid of Dole's
theory; but the saﬁisfactory ag?eemgnt with the analytioai
ratio was not obtained. Moreover the distinct displacement

of délta—boundéry was observed in<«the op?osite direction to
that“of the pol&mer component. This observation, together
with the above mentioned disagreement, was suggested to be
due to the interaction of electrostatic nature, which was
discussed in Chapt. 2. (Chem. High Polymers, Japan, in press.)

Chapter 7. An approach was proposed on the basis of the

dipole-ion interaction and Langmuir's theory of adsorption,

to the adsorptive binding of poly(vinyl alcohol)- which was
found electrophoretically. Assuming that the partial dipole
is capable of binding a small ion and its strength is equal

to that of ethyl alcchol, the attracting force between the
diPOl? and the ion and the repulsive force between the adsorb-
ed and free ions were introduced into Langmuir's isotherm.

The analysis of experimental data by means of this treatment
gave the number of adsorbed ions in saturation, which agreed
with.the value obtained from the electrophoretic mobility

by Klotz's method. (Unpublished work) -

Chapter 8. Importance of the basic idea that the macro—ions

can form an ionic atmosphere was again stressed. Possibility

of application of the ion-solvent interaction theory was sug-
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gested. Recent theories which déalt‘with-themcdunter-ion‘as—
sociation, a characteristic phénOmenon‘oprolggiecthIYﬁes,
were ¢ritically examined. An argument proposed most recently
by Strauss was criﬁieizad'from the idea just mentioned. The
ingengitivity of electrochemical properties of the solutions

towards the degree of polymerization was mentioned.

=154~



APPENDIX. LIST OF SYMBOLS
The following is a compilation of the notations which were

frequently used in the preseunt record.-

A = number of adsorbed ions in saturation. .
a = closest distance of approach.
B = gecond virial coefficient,

Cﬁ = concentration of polyelectrolyte {(g./100 cc.).

Cp = concentration of polyelectrolyte,

E = voltage gradient (volt cm—l),

ey = charge of ion indicated.

e, = elementary charge teken as the absolute value.

Fe = electrostavic free energy.

g = osmotic coefficient.

k = Boltzmann's constant.

k= Huggins' constant.

Ko = dissociation constant ofrionized groﬁps in an ideal
state. (pK, = = logy K )

Lp, LS = total number of macro=ions or salt—ions.‘

- m = mebility, or Pals-Hermans' parameter.

m ,'mpf“= exclusion volume- parameter of negative macro-ion

and poSitiVe gegen—ion.

m, = exciﬁsion volume parameter of inegative and positive
-salt-ions.
) ti,, = concentration of polyelectrolyte in mol./1.
my = concentration of added salt in mol./l.
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p’ n, = average number concentrations of macro~-ions and
salt=ions.

pn r, pn r, S"r, s r o= a@erage local concentration of ien
indicated at a distance r from a
{Egﬁtral ion.

N, N+, Ns = pumber of sffes which ions indicated can occupy

in unit volume of the sclution. -

P = degree of polymerization.

Q = number of charges of a macro-~ion.

R = radius of spherical macro-ion,

R = radius of spherié;i'macrd—ion esbimated with Einstein's

theory of viscosity.

S = carboxyl group conteant (mol. %); or ares of Schlieren
pattern.

T = absolute temperature, or transference number.

X = ceneéntrati€£ of foreign salt. )

X, = effective ionmic strength.

x_ = number of adsorbed negative ions on PVA. !

8 = exclusion volumé of ion, for example, v; = (4/37[R3)

V .-= total volume of solution, or boundary velocity per unit
total flux.

4 = numbérfof ionized groups oquacr0+ion.

z = valency of ion.

o = number of effective charges 6f macro=ion (= Z -X), or

apecies of ion.
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"degree of neutralization. .

extended degree of neutralization.
rate of change of the zcitivity coefficient of the
polyelectrolyte component with its concentration.

number of equivalént per graan of polymer.

activity coefficient of polyelecirolyte component.

FIV $E:= ionic activity coefficient of macro-ion and

il

gegen-ion.
mean radius of aan ionized group (assumed to be a
metallic sphere) and a gegen-ion, or d&istance between
centres of dipole and adsorbed ion.
mean radius of positive and negaiive ions of salt.
dielectric constant of solvent.
surface potential of charged particle.
viscosity coefficient of solvent.
extended Debye's reciprocal lenéth, or relative
conductance.
original Debye's reciprocal length. ‘
number of counter-icns presenf in a macro-ion sphere.
ionic¢ strength of salt.

mome:it strength.

number of ions of species i in a macro-ion sphere.

charge density.

electrostatic potential.

When necessary, some of the notations listed above were attached
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subscripts, and superscripts,
P, & = Polymer or Salt.
i, 3, ok, (5 = species of ion.
Ds, As, del = descending, ascending, or delta boundary.

+, ~ = sign of charge.
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