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CONCENTRATION DEPENDENCE OF EQUIVALENT CONDUCTIVITY OF POLYELECTROLYTE
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Equivalent conductiviiy of aqueous solutions of alternating copolymer of iso-butyl vinyl ether and maleic acid,
[poly(iso BVE-co-MA)] was studied, especially its polymer-concentration dependence. Various species of counterions such
as quaternary ammoniumions (NMeZ, NEt3, N"Prz, NBuZ) and divalent ions (Ca?™, 827, Ba?™) were employed besides
alkali metal ions. The applicability of Manning’s conductivity theory was examined for the case of univalent counterions at
various degrees of neutralization (6). A major discrepancy against the theory was observed at 8 = 1.0, while a2 comparatively
good agreement was found at g around 0.5. This suggests that the rod-like polyion model, which is the basis of the theory,
is applicable near g = 0.5, where polyions are most expanded. The low conductivities in the case of quaternary ammonium
counterions suggested the jon-binding due to hydrophobic interaction with alkyl side chains. Molecular weight dependence
‘was not appreciably observed near g = 0.5 similarly to usual polyelectrolytes, but it appeared slightly at 8= 1.0.

1. Introduction

Recently, many experimental studies on electric
conductivity of aqueous dilute polyelectrolyte solu-
tions have been done to clarify the ion-binding charac-
ters of polyelectrolytes. The dependence of conduc-
tivity on polymer concentration, however, has not
been theoretically well explaineqd, since the theories
of transport processes of polyions usually have as-
sumed the infinite dilution of polyions. Some em-
pirical formulae having been obtained suggest the
essential properties of ion-binding of polyions.

For example the following empirical parameter ¢,
introduced by Eisenberg [1], has bzen found to be
characteristic in polyelectrolyte solutions, being
usually independent of the species of counterion
pairs in many experiments;

o= (App — Anp)/ Ofp — A% )

where Apyp and Ayp are the equivalent conductivities
of polyion solutions having connterions M¥ and N7,
respectively, and ?\?Jr and ?\ON-r are the corresponding
equivalent conductivities of the counterions at in-
finite dilution, respectively. Katchalsky showed that
¢ is related to osmotic coefficient and can be regard-
ed as degree of ionic dissociation of polyelectrolytes

[21.

If we assume as usual that the fraction f of the
counterions is completely freely movable, and the re-
maining fraction (1 — ) is bound to polyion and
migrate with polyion without contributing to the
total equivalent conductivity, the equivalent con-
ductivity A of polyelectrolyte solutions can be ex-
pressed by

A=FQp +22), @
where AL is the equivalent conductivity of polyion
and AQ is the equivalent conductivity of counterion
at infinite dilution.

According to Manning’s polyelectrolyte theory
the above fraction f of free counterions is given with
the key parameter £ by

f=038661Z 171, E>1z ™ 3)
where Z . is the valence of the counterion,
k= e2/ekTh,

e is protonic charge, e the bulk dielectric constant,
kT the Boltzmann factor and b the spacing between
two charged groups along the axis of the polyion
chain. Eq. (3) is established when £ > lch_l. When
e<lz cl"l , the interaction between a polyion and
counterions are governed by the effect of simple
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Debye-Hiickel atmosphere [3].

The expression of A in eq. (2) neglects the inter-
action between free counterions and polyion charges
in the polyion migration. Recently, Manning has
derived an expression of A by extending his polyelec-
trolyte theory under the considerations of the relax-
ation and the electrophoretic effects which are es-
sentially caused by the strong interaction between
counterions and polyion charges in the electrophoresis
process [4].

In this theory equivalent conductivity of polyion,
A, is written in the following form;

p’
279A41Z 1~ In Kal
1+43.24012.29 YinKal

®
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where

ekT K2 = 4me?

-1
3mne ’ ekT £ ne.

n, is the stoichiometric equivalent polyion concentra-
tion {monovalent charged-groups per cm3), a is the
radius of the polyion-rod, and 7 is the Kinetic viscosity
of bulk solution.

In our study, the concentration dependence of A
was obtained for the cases of various species of
counterions. From these data, we examined the ap-
plicability of Manning’s theory to the solutions of
alternating copolymer of maleic acid and iso-butyl
vinyl ether, poly(iso BVE-co-MA). Since this co-
polymer has large hydrophobic alkyl side chains and
has no equidistant spacing between the charged sites
at B8 larger than 0.5, it is worth while to examine
whether or not the above theory, based on the rod-
like model, is applicable to our polyelectrolyte solu-
tions with an uneven arrangement of side residues.

The comparison of the experimental A-values with
the predicted values by Manning’s theory was made
for polyelectrolyte salts in Li*, Na* and K¥-forms etc.

In relation to the hydrophobic interaction between
protein and quaternary ammoniumions recently
recognized [5], our copolymer is thought to be also
usable as a model polyelectrolyte. In our experiment,
to confirm the interaction between hydrophobic
alkyl side residues and quaternary ammoniumions and
its influence on the over-all conformation of poly-
electrolytes, the conductivity measurements were
performed for polyelectrolytes having various counter-

14

ions of quaternary ammoniumions, Me,N*, Et,N*¥,
Pr,N” and BuyN*. These results were also compared
with the theory.

Further, to examine the applicability of the theory
to the dependence on polyion charge density, the
conductivities A of polyelectrolyte salts having simple
univalent counterions and quaternary ammonium
counterions were measured at various degrees of
neutralization in the region of £ > IZcI“1 , where eq.
(4) should be applicatle to the calculation of Ap-

On the other hand, this copolymer has a compact
globular form at lower degrees of neutralization, but
expands as 3 increases to the most expanded conforma-
tion at 8 = 0.5. It shrinks slightly with a further in-
crease of 8 [6]. In our experiments, equivalent con-
ductivities were measured at each stage of §§ and the
applicability of the rod-like model was investigated
especially at 8= 0.5.

The influence of ion-specificity of divalent counter-
ions on equivalent conductivity was also examined for
the cases of Sr?*, Ca%" and Ba?*. As anticipated, A
values of polyelectrolyte salts with these divalent
counterions were small. These results on the interac-
tion between polyelectrolyte and divalent counterions
were compared with other studies [7]. The equivalent
conductivity of polyelectrolyte has been thought to
be independent of molecular weight. Recently, many
studies have shown that A of polyelectrolyte solutions
is independent of degree of polymerization in the
higher region (D, = 200) [8,9]. On the other hand,
Varoqui and Straus reported that A of polysoap
increases with decreasing polymerization [10]. Our
copolymer should undergo a conformational change
when ionization progresses from the condition of
compact polysoap-like conformation to that of ex-
panded polyelectrolyte conformation. For the purpose
of checking this point, the molecular weight depen-
dences were measured at §= 0.5 and = 1.0 in the
molecular weight region from ﬂ_lw= 49000 to ﬂ_lw =
609 000, and the applicability of the rod-like model
was examined in these cases.

2. Experiments
2. 1. Materials

Alternating copolymers consisting of iso-butyl-
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vinyl-ether and maleic anhydride poly(iso BVE-co-
MA) were synthesized by a radical polymerization
method and fractionated by a successive precipitation
method as described elsewhere [6]. The fractionated
copolymer was purified by dissolving it in tetrahydro-
furan (THF) and precipitating in ethyl ether, prior to
drying under vacuum at 40°C for 8 hrs. These proce-
dures were repeated several times.

The molecular weight and the degree of polymer-
ization were determined by viscometry in (THF) at
30°C.

The characteristics of each sample are listed in
table 1.

The PAA samples used in this study were pur-
chased from Scientific Polymer Products, Inc..

Each sample was dissolved completely in 1N NaOH
under mild stirring for 2 hrs at 5°C and dialized against
deionized distilled water for 4 days at 5°C to remove
excess NaOH.

Acidic form of poly(iso-BVE-co-MA) was obtained
from sodium salt by using the ion-exchange resin beds
mixed with Dowex 50W-X8 cation exchange resin
and Dowex 1-X8 anion exchange resin (mixing ratio,
5:1).

* The final stock solutions of acidic form of poly-
(iso BVE-co-MA) were filtered through 4G-filter
and stocked at 5°C. The other cationic forms were
prepared by neutralization with the appropriate
hydroxide solutions of Li, K, and Na etc. Each con-
centration of polyelectrolytes was determined by
PH titration with saturated Ba(OH), in 0.01 N BaCl,
at 25°C.

In the case of PAA samples, the acidic form and
the sodium salt were prepared by the same method.

Alkali solutions of Li(OH), Na(OH), Ca(OH),,
Sr(OH), and Ba(OH), to obtain the corresponding
polyelectrolyte salts through titration were prepared
by diluting the supernatant of each saturated alkali
solution to appropriate concentrations. The super-
natant solutions were obtained by repeating several
times the re:noval of supernatant with deionized
water at every new equilibrium of the saturation. This
procedure is to remove impure ions from alkali solids
completely.

The solutions of (CH3)4NOH, (C,H;s),NOH,
(C3H7),NOH and (C4Hg)4NOH were prepared from
corresponding quaternary ammonium bromides by
the use of cation-exchange resin, and their concentra-

Table 1

Characteristics of poly(iso BVE-co-MA)

Fraction [7] (100 ml.g™ 1) My, X 1075
number in THF at 30°C

1 1.179 6.09
2 1.102 5.39
3 1.012 4.59
4 0.785 2.91
5 0.617 1.88
6 0.452 1.07
7 C.422 0.95
8 0.293 0.49

The molecular weights were calculated by the Mark-Houwink-
Sakurada relation [#] = 7.56 X 1067% My >2 (100 ml.g 1)
obtained by Endo et al. [11].

tions were determined from corresponding quaternary
hydrochloric acid solution. All the reagents used in
our experiments are of special grades.

All the solutions were prepared with deionized
water of specific conductivity (K < 2.0 X 1077
ohm™1! em™1 at 25°C), which was obtained with jon-
exchanger after distillation and, refreshed at every
measurement. The conductivity of the deionized
water was checked before each measurement. Since
even in the case of the lowest conductivity of the solu-
tions, water did not contribute more than 2% of the
total conductivity, the uncertainty in the measured
polyelectrolyte conductivities must be negligible.

2.2. Measurement

The diagram of the conductance bridge and the
detector are shown in fig. 1. The conductance bridge
is constructed due to a symmetrical circuit by a
variable resistance box (Yokogawa REV-601), imput
transformers, an oscillator (Kikusui ORC-27A) and
our own laboratory made L-C tuned amplifier. An
oscilloscope (TRIO CO-1303) is used as a final null
detector.

All measurements were performed at 25°C
(£0.01°C) in an isothermal water bath, which was
set in a steel shield box.

The cell constant of the used cell was 0.3892
cm™ Y. This was determined with standard KCl solu- -
tions [12] which was prepared by dissolving ultra
pure KCI (Merch Analytical Grade) into ultra pure
water immediately after drying in vacuum at 200°C
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Fig. 1. Conductance bridge circuit.

for 10 hours. The electrodes were carefully black-
platinized to avoid the effects of polarization, and
immersed in deionized water when the cell was
stocked.

The pH measurements were carried out at 25°C
under N, gas by the use of a Hitachi-Horiba pH-meter.
The frequency dependence of the conductivities
is shown in fig. 2, for the case of poly(iso BVE-co-MA)
solutions neutralized with NaOH at 8 = 1.0. In the
frequency range from 10 Hz to as high as 20 kHz,
the change of A is very slight, the significant incre-

ment taking place only at more than 30 kHz.
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Fig. 2. Equivalent conductivities A (ochm™! cm?2 equiv!) of
sodium salt of poly(iso BVE-co-MA) as a function of log f
at 25°C.

The change of A against f decreased as polymer con-
centration increased. This fact agrees with the resulis
of dielectric experiments which have shown that the
range of the dispersion frequency generally moves to
higher region when the concentration is increased.

The changes of A from 10 Hz to 10000 Hz did
not exceed 0.5% through all our experiments. Under
the consideration of this fact, all subsequent measure-
ments were performed only at 8000 Hz. Since it is
unlikely that low field relaxation mechanisms exist
below 10 Hz, it is unquestionably correct to assume
that the values of A at 8000 Hz can be regarded as
DC conductivities.

3. Results and Giscussion
3.1. Results

The equivalent conductivities A of lithium, sodium,
and potassium salts of poly(iso BVE-co-MA) with
degree of polymerization (D, = 1000) are shown in
fig. 3.

In these plots, the contribution of conductivity
due to free OH ions has been subtracted from the
measured total conductivity whenever pH value of
the solution exceeds 9.5. This contribution of OH
ions was obtained from the calibration curves based
on Harnd and Owen’s tables [13]1. The shapes of
these curves are similar to the conductivities of other
aqueous salt-free polyelectrolyte solutions in this con-
centration range.

For a given polyelectrolyte corcentration, the ob-
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Fig. 3. Equivalent conductivities A (ohm™! cm? equiv?) of

alkali metal salts of k‘)ly(iso BVE-co-MA) as a function of

C‘;l,' 2 (equiv'’? 1"™V2y'2; 25°C. Counterions: &4 = Li', o= Na*,

o = K¥. The broken lines are predicted from Manning’s theory.

served values of A are in the order of the values of
equivalent conductivity of the cations at infinite dilu-
tion ie. Li* <Na* <K*.

A similar counterion dependence has been ob-
served in salt-free aqueous solutions of many other
polyelectrolytes such as PAA [14], PMA [1] and
PSS [7.8,15] of simple univalent counterions. As
seen in fig. 3, the conductivities of polyelectrolytes
of these univalent counterions show the monotonous
decrease when the polymer concentrations are in-
creased in this concentration range. The distinct
minimum found by Kwak et al. [7] in PSS salts of
univalent counterions was not observed in our solu-
tions.

The decrease of A in low concentration region is
steeper than that predicted by eq. (2), when the
values of )\2 by Robinson and Stokes [12] are re-
ferred. This result also contradicts the conclusion ob-
tained by Kwak e? al. for PSS salis.

In the lower concentration region (Cp << 0.0005 Nj,
the experimental ambiguity was unavoidable, so that

5!102
Fig. 4. Equivalent conductivities A (chm™ cm? equiv™!) of
quaternary ammm"liumion salts of ,goly(iso BVE-co-MA)

as a function of Cp (ecp.uiv“2 i? ) at 25°C. Counterions:

o = NMe3, o = NEt3, & = NPrs, = NBu. The broken lines
are predicted from Mantiing’s theory.

the application of the theory was quite difficult. In
the higher concentration region (C;, > 0.002 N) the
absolute values of A are of the same order as those
observed in other polyelectrolyte solutions.

The values of ¢ in eq. (1) were calculated by the
use of the literature values of 7\&+ (in cm? equiv‘1
ohm™1) which were 38.7 for Lit, 50.1 for Na* and
73.5 for K* [12]. The ¢-values ranged from 0.3 to
0.6, the constancy of ¢ was r.ot always obtained
because of the experimental difficulties in this con-
centration region.

In fig. 4, the conductivities A are plotted against
\/CTp for the cases of large univalent counterions,
ie. Me,N*, Et,N*, Pr,N" and Bu,N" in the absence
of added salt at 25°C. The behavior of these curves
of A — \/C_'p relation resembles those for the simple
univalent counterions in fig. 3 although the absolute
values of A are slightly smaller than those of the
simple univalent counterion systems. This result is
understandable in view of the fact that the equivalent
conductivities of quaternary ammoniumions at infinite
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Fig. 5. Specific conductivities X(£2 cm™?) of poly(iso BVE-co-MA) and PAA as a function of the added salt concentration ot 25°C.
The polyion concentrations are constant (0.0035 N). The polyion salt and the added salt; # Na-poly(iso BVE-co-MA) in added
NaCl, o Na-poly(iso BVE-co-MA) in added BaCl,, 4 BuyN*-poly(isc BVE-co-MA) in added BugNBr, o BuyN™-PAA in added

BusyNBr.

dilution are much smaller than those of simple uni-
valent cations. Also in the low concentration region,
the decrease of A faster than that predicted Ly the
theory is similar to the cases of simple univalent
counterions.

In the higher concentration region the experimen-
tal values of A approach to those predicted by the
theory. This tendency, however, does not always
demonstrate the correctness of Manning’s theory.

In fig. 5 the specific conductivity K (G cm_l) of
the polyelectrolyte solutions are shown as a function
of the added salt conceniration. In the case of PAA,
the curve of the specific conductivity of Bu4N+
salt of PAA is parallel to that of simple Bu,NBr
solution at any concentration of added salt, namely
the additivity rule of the specific conductivity is
perfectly established as observed in the case of sodium
salt. This result implies that Bu,N* ions are not
specifically bound to polyions.

Also in the case of sodium salt of poly(iso BVE-co-
MA) the additivity of the specific conductivity be-
tween the polyion and the added sodivmn chloride
solution holds perfectly, however, the additivity is

not established for the case of BaCl, added to sodium
salt of this polymer.

The slope of the specific conductivity of the poly-
ion solutions against salt concentration becomes
nearly equal to that of simple BaCl, solution after
the saturation of BaZ" jon binding in the region
where the concentration of the added BaCl, almost
exceeds that of the polyion, e.g. 0.0035 N. This
result indicates that the added Ba2* jons are perfectly
bound to polyions probably by a chelate formation
and the dissociative groups are completely masked
with Ba®* jons.

Similar results to the case of Ba?* jons were ob-
served in the case of polyions neutralized with
Bu,yNOH and added Bu, NBr. These results suggest
that Bu4N+ ions are bound to the polyions apparently
by a chelate formation. However, under the con-
sideration of the following results it is clearly shown
that Bu4N+ ions are bound to the polyions due io the
hydrophobic interaction. (a) The counterion con-
densation such as in the case of Na® ions does not
clearly take place. (b) In the case of the polyion with-
out hydrophobic side groups such as PAA the above
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Table 2

Theoretical values of equivalent conductivities in several aqueous solutions at 25°C
Cp K x107 K* Na* Li*
equiv. 171 (cm)~1 Ap A Ap A Ap A

Gem? equiv? G em? equiv! S cm? equiv™?!

0.05 0.3088 45.29 37.01 43.35 29.12 41.70 25.05
0.02 0.1953 53.72 39.64 51.03 31.51 48.76 27.25
0.01 0.1381 59.81 41.54 56.48 33.21 53.72 28.79
0.005 0.09765 65.72 43.38 61.73 34.85 58.44 30.26
0.002 0.06176 73.28 45.74 68.35 36.91 64.33 32.10
0.0G1 0.04367 78.81 47.46 73.14 38.40 68.56 33.42
0.0005 0.03088 84.21 49.14 77.76 39.84 62.61 34.68
0.0001 0.01381 96.16 52.87 87.84 42.98 81.32 37.39
0.00005 0.009765 101.09 54.40 91.94 44.26 84.82 38.48

; equivalent conductivity of the polyion calculated from eq. (4).

A; total conductivity of aqueous solutions.

] 1
0 5 10 15

VCpx10°

Fig. 6. Equivalent conductivities A (ochm™? cm? eguiv'!) of
sodium saits of poly(iso BVE-co-MA) as a function of Cll;,'2
(equiv’”2 1—1’2) at various degrees of neutralization at 25°C.
Degrees of neutrzlization: 0= 0.2, 0= 0.5,2= 1.0.

results are not observed. (c) Bu4N+ ion does not form
the chelate compound such as Ba®* estimating from
the molecular structure. (d) Both Buy,N" ion and
poly(iso BVE-co-MA) have hydrcphobic groups; Bu4N+
has a tetrahedral structure with a central N atom and
the polymer has a large alkyl side residue. The change
of OH™ concentration in the process of salt addition
was completely negligible in our salt concentration
range.

The theoretical values of A used above were ob-
tained from eq. (2) in which A, was calculated from
eq. (4) and f from eq. (3) and %2 was quoted from
Robinson and Stokes’s table [12]. In this calculation
of A, the following numerical values were employed:
1.54 A for C—C bond lengih, 1.27 A for C—O bond
length and 109° for bond angle of teirahedral carbons.

As described before, this polyelectrolyte consists
of alternating units of alkyl vinyl ether and maleic
acid, and the charges on the chain are not arranged in
equidistant spacing in the region of § > 0.5, so that
we used the averaged charge distances b in eq. (3).
Also, for simplicity we applied the theory based on
the simple rod-like model by neglecting the existence
of hydrophobic side residues. A little ambiguity due
to the incomplete rod of polymer therefore arises,
but a large deviation from the theory should r:ot be
likely. The radius of polyion rod was defined by the
distance from the axis of polymer chain to a charge
site which was calculated to be 3.53 A from the molec-
ular structure. For example, the theoretical values of
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Fig. 7. Equivalent conductivities A (ohm™ cm? equiv ) of
poly(iso BVE-co-MA) partially neutralized with BuyNOH as
a function of C;,’z (equiv?’? 1"V2) at 25°C. Degrees of
neutralization: o = 0.4, o= 0.A, A = 1.0. The broken lines
indicate the results predicted from Manning’s theory in the
casesof 8= 0.6 and 8= 1.0.

A of alkali ion salts of this copolymer are listed in
table 2. These are obtained by the above described
calculation. In the case of our polyelectrolyte,
Manning’s theory should be applicable only in the
region of £ > 1, corresponding to the region § > 0.36
at which the counterion condensation is thought to
take place. The theoretical curves are shown by the
broken lines in fig. 6. This figure shows the relation
between A and \/C,, at various degrees of neutraliza-
tion with NaOH, §= 0.2, = 0.5 and g = 1.0. The
conductivities shown in this figure are per stoichiometric
monomolar ionized residue. In the higher concentra-
tion region, the values predicted by the theory were
appreciably smaller than the experimental ones at

B = 1.0. This fact shows that Manning’s theory can
neither explain the whole feature of the concentra-
tion dependence of equivalent conductivities nor give
the absolute values of equivalent conductivity in the
case of § = 1.0. According to Manning’s theory, the
specificity of counterions is expressed only by 7\8 in
the denominater of eq. (4). In fact, the values of A
are in the order of )\2 in the whole concentration
region as seen in figs. 3 and 4. The agreement with
the theory is comparatively good at 8= 0.5, and this
result is reasonable in view of the fzct that this poly-
electrolyte takes the most expanded conformation at

50 1
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Fig. 8. Equivalent conductivities A (chm™! cm? equiv 1/?)
of alkali earth metat salts of poly(iso BVE-co-MA) as a func-
tion of Cé,lz (equiv?’? 17V2) at 25°C. Counterions: o = S12%,
o= Caz-r, A= Baz-:-_

= 0.5 as has been well known from other studies [6].

As shown in fig. 7, the values of A in the preccess of
neutralization with Bu,NOH, shift to values lower
than the cases of the neutralization with NaOH. These
results are expected from the small equivalent con-
ductivity of BuyN" at infinite dilution as compared
with other cations. This polyelectrolyte is known to
take also the most expanded rod-like form in the
vicinity of 8= 0.5 even in the case of large monovalent
counterions such as Bu4N+, and the rod-like model
may be applied to the calculation if the equivalent
conductivity Xp Clearly, at 8 = 0.6 in the concentra-
tion region between C; =2 X 102N (monomole/l)
and 2.5 X 10~ 3 N, the calculated values coincide with
the corresponding experimental values, but in the
region below 0.001 N, the experimental values much
exceed the theoretical values. This may be partly due
to the experimental ambiguities, however, the main
steep decrease of A cannot be explained by Manning’s
theory in the lower concentration region. At 8=1.0,
the experimental values surpass the calculated ones
in the same manner as the case of sodium salt.

As seen in fig. 8, the conductivities of polyelectro-
lytes of divalent counterions show a similar concentra-
tion dependence of A in polyelectrolytes with univalent
counterions. Pecause of the low conductivity of these
divalent salts, the comparison of the concentration

- dependence with eq. (2) is difficult. In conformity

with the general concept of counterion condensation
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Fig. 9. Equivaient conductivities A (ochm™ cm? equiv™!) of

sodium salts of poly(iso-BVE-co-MA) as a function of molec-
ular weight Ay, at 25°C. Polyion concentrations are 0.01 N,

0.005 N, 0.0025 N, and 0.001 from bottom to top.

[3,17], the equivalent conductivities of the poly-
electrolytes of divalent counterions, especially Cca%t
and Ba*, were much smaller than As in the case

of univalent counterions. The thecry predicts that
the order of conductivity is, Sr(iso BVE-co-MA), <
Ca(iso BVE-co-MA), < Ba(iso BVE-co-MA),, but
our experimental results show that this order is
Sr(iso BVE-co-MA), > Ca(iso BVE-co-MA), >
Ba(iso BVE-co-MA),.

Similar results have been found for PSS in the case
of divalent counterions [7]. This tendency for divalent
counterions has been also observed in the studies of
osmometry and diffusion [17].

In fig. 9, the equivalent conductivities of the
sodium salt at 8= 1.0 are shown as a function of
molecular weight. Clearly in higher concentration
region, the variation of A when degree of polymeriza-
tion is changed from a high value Dp =~ 2800toa
low value, Dp == 200 is less than 4%.

In the concentration region, lower than Cp =0.001
N, however, the above variation of A increases more
than 15%. It has been thought that the conductivities
are independent of molecular weight in many usual
polyelectroly te solutions. For instance, for the case
of PAA, Kern showed that A is constant in the region
of degree of polymerization from 200 to 2000 [14].
Also for sodium polyphosphate, Schindwolf reported
that A is strongly depend on the molecular weight
when Dp is less than 100, but it is constant when D,
is more than 100 [18]. Similarly, Dolar et al. showed
for NaPSS that A is constant in the region between
D, = 1500 and D, = 5400, but when D,, < 200 jt in-

50 —

Fig. 10. Equivalent conductivities A (ochm™! cm? equiv™!) of
sodium salt of partially neutralized poly(iso BVE-co-MA)

as a function of Cll, 2 (equivll2 1-1/2) of various molecular
weights at 25°C. Molecular weight: o= 0.49 X 105, 0=

1.07 X 105, 2= 2.91 X 105.

creases more than 10% [8].

Nagasawa et al. reported that the mobility T, is
perfectly independent of molecular weight in the
region of degree of polymerization over 1300 [9].
Varoqui and Straus obtained the conductivities of
univalent counterion solutions of the copolymer of
alkyl vinyl ether and maleic acid with different lengthes
of alkyl side chains [10]. They concluded that these
copolymers take a polysoap-like conformation in the
case of long alkyl side chains and behave as a usual
polyelectirolyte in the case of short alkyl side chain. In
the solutions of copolymer of methyl vinyl ether and
maleic acid, A is independent of degree of polymeriza-
tion in the same way as the other polyelectrolytes, and
in the solutions of copolymer of decyl vinyl ether
and maleic acid, which is well known as a typical poly-
soap, decreases with increasing D ,.

Since our copolymer, poly(iso BVE-co-MA), does
not take a polysoap-like conformation in the region of
8= 0.5, the obtained result that A is independent of
the molecular weight coincides with the general results
having been obtained. As shown in fig. 10, the equiv-
alent conductivity of the polyelectrolytes at § = 0.5
is perfectly independent of degree of polymeriza-
tion. This result also indicates that the polyelectrolyte
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takes a most expanded conformation near §= 0.5,
suggesting again that the rod-like model is reasonable
in this § range and thereby the experimental values
of A coincide with the theoretical ones predicted by
Manning’s theory.

3.2. Discussion

3.2 1. Applicability of Manning’s theory

The relation between equivalent conductivity
and polymer concentration has been discussed by
several theories. In simple polyelectrolyte solutions,
a linear dependence of A on square roct of solute
concentration has been recognized experimentally.

Manning’s theory is an approximative description
having several delicate assumptions in question, that
is, a polymer chain is assumed to be an infinitely long
rod and the polyion charges are approximated to be
uniformly distributed on the rod. The relations ob-
tained from Manning’s theory, however, have been
useful and successful in understanding the character-
istic properties of experimental results, for instance,
counterion activity and osmotic coefficient etc, within
a certain extent. In applying this theory to the con-
ductivity experiments, the following questions always
arise as the still undissolved problems. Can polyion
mobility be described by surface potential ¥ on the
polyion rod?, that is, is Henry’s cataphoresis theory
acceptable for the present solutions? However
Manning’s theory has been the first attempt describing
the polymer concentration dependence of equivalent
conductivity A by the Debye screening parameter k.

In the theory, the increase of 7\p is only 20% when
the radius @ of polyion-rod becomes even two times
larger, and the increase of A is then less than 10%
because of the multiplication of charge-density param-
eter . The value of @ we used was 3.54 A. No large
error is thought to occur in A by neglecting the size
of the hydrophobic alkyl size chain.

In eq. (4), the specificity of counterions in A_ is
represented by 7\2. At a given polyelectrolyte con-
centration, eq. (4) is transformed into

1A, =4+ 0.155(1/A9),

v/here A is a constant. The parameter ¢ defined by eq.
(1) is, therefore, given by

FAY =2 — 0155 — 1A}
¢ =
A — 2%

>

where the term 0.155(1 /)\g, -1 Il%) is so small that
it may be neglected.

In using Manning’s theory, the parameter ¢ was re-
garded as the ionization parameter f in good approxima-
tion. It should be emphasized that no numerical ad-
justment of z in the theory was made to {it the experi-
mental data.

3.2.2. Molecular weight dependence

The conductivities of sodium salts of PAA and
PSS which have an equidistant charge interval (both
2.49 R) were independent of polyion concentrations
when degrees of polymerization were more than 200
[8.9]. In the region, D, < 200, A increases with de-
creasing D,,. A series of such polymers has a similar
concentration dependence of A as will be shown in
the next paper.

Our alternating copolymer withont equidisiant
charge interval gave the same results as the above
polymers.

These resalts coincide with above mentioned
Nagasawa’s conclusion that the polyion mobility Uy
is independent of molecular weight. According to
Nagasawa’s theory [9], the more expanded the con-
formation of polyelectrolytes is, the more reasonably
the rod-like polyelectrolyte model, in which the chains
are surrounded by cylindrical ion airnosphere, should
be applicable. As described elsewhere [6], it is turned
out also from viscometric titration that this polymer
has the most expanded conformation at § = 0.5 in the
salt-free aqueous solutions. This is the reason why the
theory based on the rod-like mcdel was successfully
available in the vicinity of 8 = 0.5.

As indicated in fig. 10, there is no molecular weight
dependence of A at 8= 0.5, and the coincidence of
the experimental values with theoretical values are
comparatively good.

Generally transpert properties of complete rod-
like polymers are thought to be independent of molec-
ular weight, being different from equilibrium proper-
ties. Therefore, the molecular weight dependence
found in fig. 9 at #= 1.0 is thought to be attributed
to a slightly shrinked coiling conformation of polyions
having a little molecular weight dependence.
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3.2.3. Interaction with quaternary anunoniumions

A series of guaternary ammoniumions have been
thought not to forin the counterion condensation
phase on the polyelectrolyte because of large size. If
this is true, the polyion and the surrounding quaternary
ammoniumions must migrate separatedly in the op-
posite directions, and consequently, the observed A
must be a sum of AQ of quaternary ammonium ions

is about 20 as will be reported in the next
paper [19f) The experimental resuli showed A ap-
preciably smaller than this summation. (Refering to
the literature, the )\o-values of quaternary ammonium
ions are, 44.92 for (CH3)4N'I' 32.66 for (CoHs), N7,
23.42 for PrsN”, and 19.40 for Bu,N*.) This result
suggests that these quaternary ammonium ions are
bound to polyelectrolytes. This binding is probably
due to the hydrophobic interaction between quater-
nary ammoniumions and alkyl side chains. This may
be concluded from the result shown in fig. 5.

The hydrophobic binding of quaternary ammonium-
ions to the macromolecules has been observed for
example in protein solutions. Chan-Hwei-Chen et al.
reported that Bu4N"' and Pr,N* are significantly
bound to protein in this order, and Me4,N" and Et,N*
are hardly bound to protein.
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