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Measurements of the r&x&ion time on aqueous solutions of the title polyelect-olyte as a function of the concentration 
and of the molecular weight show that its con‘formation at very high dilution can be better accounted for by a weakly bend- 
ing rod or wormlike chain model, with persistence length ranging from 200 to 400 A. The analysis of tie tield strength de- 
pendence. of the electric birekingence yields electric polarizability values which increase sharply with the dilution and are 
not significantly dependent upon the molecular weight. This has been tentatively interpreted on the basis of the theories 
derived by Oosawa and by Mandel and Van der Touw. The partially flexible model proposed by the latter authors allow to 
identify the electric polar&ability calculated from electro-optical data to the specific dielectric increment msasm-ed in the 
high frequency range; both parameters appear to be molecular weight independent_ The elec’tic polarizabili~y obtained from 
the Kerr effect would be otiginated in the induced dipoles caused by the delocalization of the bound countericns along rig- 
id subunits whose length seems however to differ from the persistence length. 

1. Introduction 

The dielectric and electro-optical methods have 
been largely applied to the s.tJdy of biological macro- 
molecules for a&e purpose of gaining further insight in- 
to their conformation and electric properties in solu- 
tion. Difficulties have been encountered in the inter- 
pretation of the electric polarization mechanism of 
natural polyelectrolytes such as DNA. This is why +he 
study of the behaviour of synthetic polyelectrolytes 
used as model compound has been considered as a valu- 
able approach to elucidate this mechanism. The latter 
polymers offer the advantage of being stable even in 
the absence of added salt and show very large confor- 
mational changes as a function of concentration and 
ionic strength. This paper is intended to show how the 
new &&eory recently developed by Van der Touw and 
Mandel [I] to interpret t.Le dielectric hehaviour of 

flexible polyelectrolytes (quatemized poly-Z-vinylpyri- 
dine derivatives in the present study) may be also ap- 
plied to the analysis of the electric biref;ingGnce of 
such polymers. It is thought that a similar interpreta- 

tion would be also applicable to natural polyelectro- 
lytes. 

TJntil now, numerous studies of uitraviolet hbcorp- 
tion, viscosity and conductivity have been made on 
the weak polybase behaviour of the poly-2-vinylpyri- 
dine neutralized at various degrees by different acids 
[24]. The degree of ionization and the activity coef- 
ficients of the small ions of the poly-Z-vinylpyridinium 
salts in atactic and isotactic configurations [4] as well 
as *he extension of the chains [2] have been discussed 
in function of several parameters such as the nature of 
the counterions, the degree of neutralization and the 
ionic strength. On the contrary, little attention has 
been paid to the strong polyelectrolytic behaviour of 



the poly-Z-~y~py~~ne quatemized by different al- 
kylbromides. Some viscosimetric experiments per- 
formed OR a poly-Nbutyi-2-vinylpyridinium bromide 
in water seemed to indicate that this polysalt behaves 
as having a more extended and stiffer conformation 
than the corresponding poly-cl-vinylpyridine derivative 
[S]. In addition, if a longer alkyd chain such as a dode- 
cyl group is attached to the quaternary nitrogen atom, 
the polysalt then behaves as a polysoap and becomes 
highly compact even in dilute aqueous solution [6,7]. 

Our previous works on quatemized derivatives of 
poly4vinylpyridine have clearly evidenced the usefid- 
ness of the electro-optical methods to determine the 
electric and optical parameters as well as to desctibe 
some hydrodynamic properties of polyelectrolytes. 
The influence of several parameters such as concentra- 
tion, molecular weight, ionic strength and nature of 
the solvent has been in- estigated [EL--141. The peculiar 
importance of the latter parameter, i.e. the nature and 
polarity of organic solvents, has been exemplified in 
our previous studies which showed that the polyvinyl- 
pyridinium salts tend to a rather coiled conformation 
in some of these solvents [I 1,131. 

The purpose of the present work is to determine the 
conformation of poly-N-merhyl-2-vinylpyrGiinium 
bromide in dilute aqueous solution and to express 
quantitatively its degree of extension and of rigidity, 
makhrg use of various hydrodynamic models_ We shall 
attempt to gain better insight into the effects of the 
flexibility on the electric polarizability parameters. The 
effect of the distance between the &arged sites and the 
main chain will be examined by comparing the results 
with poly-2- and 4-vinylpyridinium salts. 

The experimental values of the electric polariza~- 
ity will be compared with those calculated by means 
of theoretical models based on the polarization of the 
counter-ion atmosphere along the polyion. The model 
of Oosawa [ 151, previously applied with a relative suc- 
cess to the cases of sonicated fragments of DNA 1161 
and of sodium carboxymethylce~~ose samples [ 173, 
as well as the new model recently developed by Van 
der Touw and Mandel wiU be considered [181_ The lat- 
ter theory takes into account the flexible character of 
the polyion and describes satisfactorily the dielectric 
behaviour of various synthetic polyelectrolytes [ 191, 
but, to our knowledge, it was never considered in the 
interpretation of electro-optical data. 

2. Material and methods 

The poly-2-vinylpyrid.ine (2-PVP) has been pre- 
pared by radical polymerization with Q - a’ azobisiso- 
butyronitrile as initiator in benzene solution at 55°C. 
The atactic samples obtained were purified by repeti- 
tive precipitations with the methanol-diethyIether 
solvent-non solvent system. The anionic polymeriza- 
tion of the 2-vinyl pyridine was performed by the 
method previously described by Natta et al. 1201 using 
phenylmagnesium bromide in suspension in toluene as 
catalyst. The amorphous fraction of the polymer was 
eliminated by extraction with acetone at 60°C. The 
crude polymer was finalIy d&solved in methanol and 
precipitated in a mixture bu?~one/n-hex~e. On the 
basis of the proton magnetic resonance spectrum re- 
corded in CDl&, it has been verified that this anionic 
2-PVP sample (H) possesses a highly isotactic configu- 
ration [21-23). 

The =I-PVP has been fractionated using chloroform/ 
n-hexane as solvent-pre~pit~t systems. The viscome- 
tric average molecular weight of the 2-PVP fractions 
(table 1) has been determined with the relation of 
Arichi et al. 124-j valid for the atactic poly-Z-vinylpyri- 
dine in methanol at 25°C: 

[q] = 11.3 x 10-s @73 (1) 

and with the relation established by Loucheux et al. 
[25] for the isotactic poly-2-vinylpyridine in ethanol 
+ sodium acetate 0.1 M at 2S°C: 

[q] = 46.2 X 1O-5 Mz5’ (2) 

The weight average molecuIar weight .I%&, of some 
2-PVP fractions has been measured by light scattering 
in chloroform solution (dn/dc = 0.139 cm3 g-l) at 
25°C (h = 546 nm). Ihe number average molecular 
weight of fractions C and D determined by osmometry 
in anhydrons ethanol showed that the fractionation 
procedure used yielded samples of low polydispersity 
index. 

The quatemization of the fractions was carried out 
at 3OC in a nitromethane/methanof 98/Z v/v mixture 
during 120 h, under nitrogen, using a large excess of 
methyibromide. The quatemized samples were finahy 
precipitated in anhydrous dioxane and dried under va- 
cuum at 40°C. The quatemization degrees f! estimated 
by potentiometric titration and the average molecular 
weight ii-i’ of the quaternized samples, calculated as pre- 
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Table 1 
Molecular wekhts and dsgiees of quatemization Q of the samples 

Fractions 

Atactic 
A 
B 
C 
D 
E 
F 
G 
Isotactic 
H 

Poly-2-vinylpyridine Poly-N-methyl-2-vinylpyridinium bromidp 

Jv” x 10-s Ii&x 10-s 0 Is? x 10-s 

0.95 1.05 C-76 1.6 
1.60 0.75 75 __ 
2.20 2.30 0.65 3.5 
2.70 2.80 0.71 4.4 
3.20 0.66 5.1 
4.00 0.68 6.5 
6.30 0.63 9.9 

2.60 0.69 4.2 

viously reported 112,143 are collected in table 1. The 
values oft?&, for two poly-Wmethyl-2-vinylpyriclini- 
urn bromide (2-PVPMeBr) have been measured by 
light scattering in methanol + sodium acetate 0.1 M 
(dn/dc = 0.22 cm3 g-l)_ Gw p slightly lower than the 
calculated molecular weight M: 2.4 X I OS and 4.1 X 
lo5 for fractions B and D respectively. Potentiometric 
titrations with NaOH 0.001 M indicated that the 
quatemization by free hydrobromic acid did not ex- 
ceed I%_ 

The measurements of the electric birefringence and 
birefringence relaxation have been performed as pre- 
viously reported [ 12,26]_ Some of the results pre- 
sented here were made with the new recording and 
computing electro-optical instrument recently de- 
scribed 1273 _ 

3. Results ad discussion 

The electro-optical data will be treated in a way 
similar to that used in our previous studies [8,12,13, 
281 I 

(i) The mean relaxation time values will be analysed 
on the basis of various hydrodynamic models in order 
to determine either the length L of the equivalent rig- 
id rod (relation 5, ref. [ 13 J) or the 
~7 and the radius of gyration (qi)l E- 

rsistence length 
of the semi-rigid 

chain models. 
(ii) The field strength dependence of the electric 

birefringence will be fitted with a set of three induced 
dipole moment orientation function @(A%) contri- 

buting to different extents w, to the total measured 
birefringence. The mean electric polarizability values 
Acu = ZZf Oi A% will be considered for further discussion 
of the data 1123. 

(iii) The optical anisotropy factor &,/c, where c 
is the concentration in g cm -3, obtained from the bire- 
fringence extrapolated to infinite field strength An,, 
will be used as a parameter reflecting the orientation 
of the pyridinium ring with respect to the macromo- 
lecular axis [lo] _ 

In steps (ii) and (iii), the average values of the re- 
sults obtained by manual adjustments or exkapolation 
of the experimental data, and by computer fitting 
using a multiparametric non-linear least square program 
1291 will be considered. The deviations with respect to 
these average values will be taken as the errors on both 
the electric and optical anisotropy parameters. 

3.1. Chain lengt?z and rigidity 

The mean relaxation time T(calculated from the 
surface under the decay curve) was found to decrease 
with increasing field strength. This effect, frequently 
encountered with polymeric samples, can be attributed 
to polydispersity and flexibility effects. As the field 
strength increases, the degree of orientation of the 
smallest particles or of the chain segments. and hence 
their relative contribution to the total birefringence 
signal, will increase_ For the same reason, the mean of 
the inverse of the relaxation time (1 /r) estimated from 
the initial slope of the decay curve [30,3 I], increases 
with field strength. ‘The product 7 X (1 /r) which is a 



qualitative indication of the polydispersity of the sam- 
pies [3 1,323, is found of the order of 3 at high fields 
(3 2 kV/cm), and reaches vdaes of 3 -6-l .8 at low 
fields, for samples of3ow poiydispersity (c and D)_ 

We have determined the mean relaxation time va3- 
ues at high field (E - 12 kV/cm) in order to enable 
the measurements down to very low concentrations. 
The 70 values have been estimated by extrapolation of 
3 /Fversus c as for the dielectric relaxation data (fig. 1). 
it is worth noting that, in the case of measure_ments 
made on polyelectrotyte solutions in the absence of 
added salt, extrapolation to zero concentration 3s gen- 
era33y subjected to a large uncerta3nty. We however 
observed on3y a smah difference between the To values 
and the ~measured at the lowest concentration (c - 
O.OO2--O.OD3 mg/cm3), so tfiat the TO values can be 
applied to the determination of the length and rigidity 
parameters with sumcient confidence. 

We assume in first approximation a rigid cy33nder 
model 1123 with ax&3 ratios p (roughly estimated from 
the intrinsic viscosity) rang3ng from 300 to 500 for the 
lower (A and B) and Kgher (C to G) molecular weight 
samples respectively. Tne rotatory diffusion coefficient 
at infinite di3ution Dr,O = 1 I6 70 va3ues yield LO values 
collected in table 2. Note that an eTTOT of 100% on p 

Fig. 1. Extrapolation of the average r&axation time to zero 
concentration for various fractions of P-PVPJileBr: (0) A, (V) 
3, (0) C, Co> D. 

Table 2 
hioiecular w&+&t dependences of the average relaxation times 
and of the equivalent r&id rod Ien,oth of t&e 2-PVPXeBr sam- 
pies at intite d&tion. 

Samples 

AtaCtiC 
A 
B 
C 
D 
F 
G 
Isotactic 
H 

GJ ors) I.0 G-U &IDP(AI 

20 1440 1.60 
50 1950 1.30 
83 2380 1.12 

118 2670 1.05 
300 3650 O-96 
750 5000 0.82 

100 2530 1.10 

produced errors of less than 6% on L for axial ratios 
higher than 300. The ratio between the length Lo and 
the degree of po3ymerization DP extrapolated to zero 
DP values (fig. 2) can be considered as a measure of 
the length h of the monomer unit. The value experi- 
menta33y found, of about 2 t 0.1 A, is somewhat low- 
er than the theoretical value (fz = 2.5 A). This feature 
arising here from the hydrodynamic properties is also 
displayed for the colligative properties [33]. The dis- 
crepancy between Ireieffective and hfhearetical is becoming 
larger at figber degrees of polymerization and can be 
possibly attributed to the partially flex3ble character 
of the po3yviny3py&3inium salts at inftite dilution- 
The L&X = &.M~ values for the 2-PVE’ derivatives 
are appreciably larger than those of 4PVP derivatives 
(fig. 2) [S, 323. T3uee factors should be taken into ac- 
count in order to explain the difference of extension 
of the PVP chains. The larger extension of the 2-PVP 
sa3ts might be attributed to the more intense electro- 
static repulsion between the Charged sites which are 
c3oser to the hydrocarbon backbone. Furthermore, the 
hydrophobic interactions between the latera a3ky3 
groups have been shown to reduce the extension of the 
po3y-Ga33cyl4vinylpyrid3n3um salts [ 13]_ But the low- 
er degree of quatemization of the 2-PVP sa3ts (Q m 0.7) 
with respect to that of the PPVP salts (Q = 0.93) 
&ould however yield a lower degree of extens3on for 
the former polyelectro3ytes. The nature of the dom3- 
nating factor cannot be estab3ished without a system- 
atic study of 2- and 4PVP samples quatemized tc com- 
parable extents with the same a3ky3 halide, 

The comparison between atactic and isotactic 2- 
PVP_MeBr samples of sim33ar molecular weight and 



aid of the multiparametric program mentioned above 
[29]. Assuming that the frictionaf parameters b, and 

ro introduced in the Dear&s theory are equal 134,351, 
we found at infinite dilution q = 290 & bo = 5.5 A 
withh=2a,andqs2208,bo=3awithh=2.5A. 

For the worm-like chain model, the slope of the lin- 
ear dependence ofn&-, M2/kT on Ml12 (following 
the form of the equation given in ref. [IZ]) allows to 
estimate persistence length Value at infinite dilution of 
240J1(wSthh=2a~to190~(Cwithh=2_5iS),and 
hence a srnaher degree of rigidity than that obtained 
with the former model. The ordinate at the origin 
yields bo values comprised between J 1 A (h = 2 a) 
and 5.5 A (12 = 2.5 18). The assumption of Hearst and 
Stockmayer that bo is an approximated value of the 
rod diameter 1361 seems verified in the present case. 

Rg. 2. Variation of the effective len,sth of the monomeric 
unit at infinite dilution &/DP with the degree- of polymeriza- 
tion for the 2-pVP3deBs (0) end 4-PVP.BuBr fr) samples. 

quaternbzation degrees (D and J-J, table 2) indicates 
that no significant difference can be detected between 
the lengths of the two pofyelectrolytes at ini%.ite dihr- 
tion. 

Our data can be better analysed on the basis of 
semi-rigid chain models, i-e_ the weakly bending rod 
and the worm-l&e chain developed by Hearst [34], 
which allow the estimation of the persistence length q, 
from the mok?Gtiar weight dependence of the rotatory 
diffusion coefficient. For the weakly bending rod, we 
used Heatit’s relation in a slightly modified presenta- 
tie:. recently given by Foweraker and Jennings [35] 
and applied to the determination of the chain stiffness 
of sodium carboxymethyhzelhdose samples, This rela- 
tion can be expressed in the form: 

On the basis of the worm-like chain model, we de- 
termined in a previous work q values at infinite dilu- 
tion for the 4-PVP.BuBr samples which increase from 
420 I% to 500 and 600 a when h changes from 2.5 a 
to I.9 and 1.6 A respectively [ 12,145. It thus appears 
that the 4-PVP salts are more rigid than the 2-PVP 
salts. The smaller degree of rigidity of the Z-PVP saks 
can result from the larger content of free pyridine 
units in the main chab-r. This would confirm the fact 
that the main part of the flexible joints in the polymer 
chain could be identified as the non-quaternized units, 
as previousIy suggested [ 121. 

‘ihe worm-like chain model can also yield the aver- 
age radius of gyration (32 g)ln from the knowledge 
of the persistence length q and the contour length L-r 
= h X DP, making use of the foliowing relation in 
which x = LT/q [37] : 

The (Q?p) v&es will be required below to esti- 
mate theoretically the electric polarisability. 

We also attempted to follow the variation of the 
above parameters with the concentration c. The values 
of L, calculated with “the relation valid for the rigid 

rod model, (with axial ratios ranging from 300 to 200 
when going from low (c N 0,12 mg/cm3) to higher 
concentrations are shown in fig. 3a for the sample A. 
The concentration dependence of the persistence length 
(with the assumption that h 5 2.5 A and r. = 5.5 a, 
irrespective of c) for the Z-PVP_MeBr samples A and D 
is shown in fig. 3b. Both L and q values at different 

where no is the viscosity of the solVent, Mb the molec- 
ular weight of the monomer unit (of the order of 172 
with Q = 0.7) and h the iength of the monomer unit. 
As this r&&ion cannot be put in an analytical form, 
we have fitted the exptrimental data (table 2) with the 
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Fig. 3. Decreases of the chain length {a) and of the persistent 
length 09 with increasing polymer concentration for the Z- 
PVEMeBr A@) and D(V) samples. 

eoncentmiions till be used here af’ter in the cahx&~- 
Zion of the electric polar&ability. 

it should not be forgotten &at models for un- 
charged particles are applied here. interactions be- 
tween tie polyPons and counterions or the mutual in- 
teractions between the polyions are not taken into 
consideration. hi parficutar at the hi&er eoncentra- 
tions, the rotational diffusion can be influenced by 
these interactions and consequently the values ofthe 
parameters L 0 and (%?2)‘r;! are to be considered as 
apparent va&s. The v&e of q of about 80 a at c - 
O-7 m&m3 is however comparable to that measured 
by Moan and Wolff 1383 on a sodium carboxymethyl- 
cellulose sample with the elastic neutron scatter@ 
technique (q - 50 A at c = 1 rr&crn3). Even if celhr- 
lose derivatives and viny& polyions possess very dif- 
ferent backbones, we believe nevertheless that a value 
of the persistence length of the order of 50-l 00 A is 
an acceptable order of magnitude for polyelectrolytes 
at finite concentratiion and in the absence of added 
salt. 

Under consecutive p&es of reversed polarity 
(E - 3 kV/cm) and ofsufficiently long duration ($ - 
0.5 ms) for each pulse, the aqueous sdutions of the 
various Z-pVp.MeBr samples showed paticular shapes 
of the bireftingence signals simSr to those pretiouaiy 
reported for 4-FVpBuBr in ~rne~y~~pho~d~ 1131, 
except for the change of sign of the anisotropy in the 
decay curve (fi84a). The maximnm at the field rever- 
sal can be characterized by the ratio T = (I - &.J/ 
(0-l 547 + &) where Am = Aurn /AGQ is the ratio Of 
the birefringence extremum over the value at the 
steady-state f39j. The negative values of z decreased 
towards zero (Sg. 5a) at very low concentrations (at 
c - 0.15 rngfem3 for fraction A) and were higher the 
lower the degree of quaternization; if fraction C is ex- 
cepted, r shows general tendency to increase with the 
molecular wei&&. The proton&ion of the unqriatem- 

Fig. 4. a, b. Typical electro-opfical tigwds recorded ~5th the 
reverse-pubxz technique on 2-WP.MeBr F (0 = 0.68) solutions 

atE- 3 kv&m and at c = 0.36 m&m3 <af 01 e = 0.1 mg&na 
@>. c. Schematical representatiox3 af the decomposition of an 
electro-aptical sjgmd into its positive b+ and xzegative Ls.7~~ 
birefringence compcments 



M Tricot et nl./Elertm-optical studies on gmthetir poiyelectrolytes. IV 227 

Fig. 5. a. Influence of the concentration on the r parameter 
measured with the reversing puke technique on various 2- 
PVF_MeBr samples: (V) A, (0) D. (0) F, (01 C. b. Variation of 
r with the degree of quatemization (modified by addition of 
hydrobromic acid) for a solution (c = 0.6 mgfcm3) of 2-PVP. 
MeBr F. 

ized pyridine residues by hydrobromic acid progressive- 

ly reduced the value of T which vanished for Q - 0.95 
(fig. Sb). This correlates with the fact that the 4-PVP. 
BuBr samples of high degrees of quaternization (Q = 
0.90-0.95) did not show any transient at the pulse 
reversal in water [ 123 _ 

Although the presence of a maximum at the field 

reversal could be accounted for by the presence of a 

transverse dipole moment 1391, this interpretation 
could not explain the reversal of sign in the decay 
curve. In addition, the observed 7 values would imply 
very large values of the transverse dipole contribution 
(several thousands Debye units) and a reversal of the 
steady-state birefringence in a range of field strength 
where this was not experimentally observed_ This par- 
ticular behavlour arises probably from the presence of 
two molecular entities which display opposite bire- 

fringence signs (fig. 4~); the entity yielding a positive 
birefringence has a longer relaxation time and is 
oriented either by a permanent dipole moment mech- 
anism or by a slowly induced dipole moment. As dis- 
cussed in a previous paper [ 133, the positive bire- 
fringence may be caused by a large contribution of 
positive form anisotropy, so that no conclusion can 
be drawn about the sign of the intrinsic optical aniso- 
tropy of this entity. The orientation of two molecular 
entities with opposite birefringence signs has also been 
invoked in a study of a comparable behaviour ob- 
served with sonicated DNA [40]. The positive bire- 
fringence component does not always appear in the 
field-free relaxation process: at low concentration, ex- 
tension of the chain might enhance the relaxation time 
of the negative birefringence component which then 
becomes preponderant (fig. 4b). 

The nature of the entity with positive birefringence, 
present in small amounts in the polyelectlolyte solu- 
tion, cannot be more precisely defined at the present 
stage of investigation. However, the correlation be- 
tween this entity and the degree of quaternization sug- 
gests that it could result from associates due to the in- 
teraction between free pyridine units and quatemized 
groups of the polyelectrolytic chains. The presence of 
short sequences of free pyridine units is not excluded 
in such samples of lower degree of quatemization 
(Q - 0.65-0.75). Otherwise, the decrease of r with de- 
creasing concentration suggests that the so-formed as- 
sociates would be reversible. 

No peculiar shape in the electro-optical signals has 
been detected in single pulse experiments for which 
pulses cf very short duration (fp - 0.1 ms) as com- 
pared to those applied in the reversing pulse tecliiique 
were used. Owing to the faster rise process of the neg- 
ative birefringence component (fig. 4c), we believe that 
this component has almost reached its steady-state val- 
ue before the entity with positive anisotropy starts to 
be oriented. As long as pulses of short duration are 
used, the presence cf associates in the solution should 
not influence markedly the steady-state birefringence 
and its field strength dependence, i.e. the optical and 
electrical anisotropy parameters. Furthermore, in what 
follows, we shall essentially analyse the electric bire- 
fringence data of samples of low molecular weight (A, 
D and H) for which the effect of the above described 
particular behaviour will be considered as negligible. 

The average values obtained by the fitting procedure 
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Fig. 6, Compaison of the eqeGmenta.i birefringence versus Geld stren,Dth curves with those (rCp=sented by crosses) theoMkiUY 
computed using the @(Au) orientation function (2-PVP.MeBr A). 

(fig. 6) agree (table 3) with the bo! derived from the 
&z, and the Kerr constant KB values (KB = An, ACX/ 
15 k31); KB has been calculated from the initial slope 
of the An versus E2 plots. We also tried to fit our data 
with the orientation function C@ (sbih) which takes in- 

Table 3 

to account a possible saturation af the induced dipole 
at bigPi fields [4143]. An agreement with the experi- 
mental data curve was only approached when the num- 
ber of bound counterions per polyion of length L was 
taken to be close to 1, in which case the shape of the 

fliTefhgencp at the sazwation and electric pol.eriz&iEties (obtdned from the fitting procad*%e and fxom Ihe Kerr COnStantI et var’ 
ious concentrations for the 2-PVP_MeBr A sample. 

--_~ 

c(mg/cm3) -Ans x lo= pn X 1O32 (F m*> --Kg x 1 O’e (V= m-‘) AaX 1032(Fm21 
_--__m-- 

(Fwing~ (Kerr constant) 

0.54 55.0 2.8 32 3.6 
0.34 37.0 3.7 3.0 5.0 
0.24 22.0 7.0 2.5 7.0 
0.17 17.0 a.1 2.3 8.3 
0.092 13.0 16.3 2.6 12.3 

0.050 5.7 20.0 
0.034 3.8 30.0 
0.020 2.7 50.0 
O-014 39 65.0 

~--_ -- 



Fig. 7. a, Increase of the average electric polarirabilrty with 
the dilution for the 2-PVP.MeBr samples A (0). D <A) and K 
Co); concentration dependence of the electric polarirabiity 
calculated on the basis of Oosawa’s theory for the 2-P~~.MeBr 
sample A (V). b. E%rapolation of the inverse of the average 
electric polarizabihty to zero concentration for the 2-PVP. 
MeBr sample A. 

orientation Eunction approaches that for a permanent 

dipole moment a@)_ As already concluded by Kikuchi 

and Yoshioka in their study on potassium polystyrene- 
sulphonate and poly-Llysine hydrobromide samples, 

this result cannot be physically interpreted [41,42]. 
As already observed with the 4-PVP_BuBr samples 

[12,13], the mean polarizability increases sharply 
with the dilution (fig. 7a, table 3 and 4) but it is not 
appreciably influenced by the molecular weight (com- 
pare samples A and D, table 3 and 4) nor by the tacti- 
city of the samples (compare samples D and H, table 4). 
The optical anisotropy factor AnJc was found to be 
almost independent of the concentration when c is 
lower than 02 mgfcm3 and to by 30% larger for the 
atactic samples A and D: ArrJc = - (1 i .5 + 1.5) X 1 O-2 
cm3 g-1 than for the isotactic sample H: ArrJc = 
- (S-0 f 1-O) x 10-2 CZ-? g-l- 

3.3. Electric polaniability and confomzation 

There are various ways of interpreting the electric 
polarizability of polyelectrolytic macromolecules. The 
validity of the treatments developed by O’Konski [44], 
Schwarz [45] and Takashima [46] on the basis of sur- 
face conductivity phenomena, and by Mandel [47] 
and Oosawa [I 51 on the basis of a statistical approach 
of the behaviour of the distribution of the bourrd 
counterions, has been recently discussed by Weill and 
Homick [ 16,481. 

Oosawa’s model takes into account the electrostatic 
repulsion between the bound counterions and was 
found to be the most satisfactory for interpreting the 
electric polarizability of DNA [ 16]_ Within the frsme- 
work of Oosawa’s theory, following Weill and otbe:s 
[16,17], ACY can be expressed by the relatron: 

acu = iV.z2e2L2# C 1 

12kT 1 1 + 2x9 In (R/d) ’ 

Table 4 
Comparison of the average electric polariaabiity obtained by the cnrve fitting procedure and of tire average values of the bire- 
fringewe at saiuiation for the atactie D end isotactic H 2-PVP_MeBr samples. 

2-PVEMeBr D 

c(mg/cm3) -An, x 107 Aa X 103*@m2) 

2-PVP.MeBr H 
~_~___ 

cOw+=m3) -A7z, x 107 LILY x 103’ (F m2> 

0.65 56.0 2.3 0.68 40.0 2.2 
0.42 40.0 3.2 0.42 28.0 3.0 
0.21 22.0 5.9 0.26 18.0 5.5 
0.12 15.0 7.3 0.12 11.0 11.0 
0.07 8.0 145 0.07 5.8 20.0 
0.035 3.5 30.0 0.035 2.7 28.0 



which differs from Mandel’s equation [473 only by the 
corrective repulsion term [ 1 + 2hQ ln (R/1)3 -l where 
X is the linear charge density: 

X = z2eT? f4rreeb i&T _ (6) 

62; is the electric permittivity of a vacuum (eb = 8.85 
x 10-l” J-X@m- I) and E is the dielectric constant 
of the solvent. In these relations, N is the total num- 
ber of counterions, L the length of the polyion, z the 
valency of the counterion and e the elementary elec- 
tric charge. The pofyelectrolytic solution is assumed 
to be constituted of cylindrical cells of radius R con- 
taining the polyion and its counterionic atmosphere. 
The fraction Q of bound counterions is located in a 
cylindrical volume of radius d; the fraction of osmo- 
tically free counterions is included in an extemral cy- 
lindrical volume of radius (23 - d) and those two 
phases are separated by a difference of potential d+ 
[49] _ It should be also noted that both Mandel’s and 
Oosawa’s theories consider the longitudinal motion of 
the bound counterions along the long axis of a rod- 
like polyion and that the polarization in the transverse 
direction is considered as negligible. Even if relation 
{S) predicts the decrease of the electric polar&ability 
with increasing ionic strength, it could not expkdn the 
discrepancy between the experimental and theoretical 
AC values of a sodium carboxymethylcelhrlose sample 
at an ionic strength of about 10V3 [ 173. 

R and h both depend on the value of the length of the 
monomer unit determined above. The caiculation has 
been performed for the 2-PVP_MeBr sample A (Q =t 
0.76, MO = 177) which carries about 690 charged sites 
(IV= DP X Q). For iz = 2.5 A, h. = 2.9, and takmg into 
account the degree of quaterrdzation, the effective hrt- 
ear density charge X’ = h X Q is equal to 2.2. 

‘Die parameter R of relation (5) is directly related 
to the polymer concentration [SO] and is given by: 

R = (iic,ArAvh)--'I". (7) 

where NAV is Avogadro’s number. cr, the concentra- 
tion expressed in moles of monomer p-r unit volume; 

From Oosawa’s theory, it has been effectively 
shown that the fraction of bound counterions at infin- 
ite dilution I5 11 can be apprzrximated by Q = 1 - 1 /A’ 
(X’ > 1); thus Q = 0.54. Making use of an appropriate 
computer program f50,51], the theory of Oosawa also 
atiows to calcnfate the electrostatic potential due to 
the highly charged polyion. By analogy with the ener- 
get&al limit of the associated ion pairs of Bjemtm, the 
counterions submitted to a potential such as eAtlrjkT 
= 2 can be considered as electrostatically bound to the 
polyion. Thus, the distance at which eA$licT= 2 can 
be obtained (table 5) and identified to the radius d of 
the phase containing the bound counterions: the cor- 
responding calculated Q values increase from 0.45 at 
c = 3.01 m&m3 to values ranging from 0.58 to 0.60 
when c changes from 0.027 to O-44 mgfcm3. In what 
follows, we shall consider the value Q = O-54 estimated 
above, which nicely falls into the range of values cab 
culated on the basis of the Oosawa’s theory. As already 
suggested by Hams and coworkers { 171, it would how- 
ever be preferable to determine Q experimentally by 

using a non-equilibrium method. In the theory of 
Mandel [47] and of 0 ;sawa [ 153 the polyion is repre- 
sented by a rigid rod. The length L should therefore be 
put equal to the length of the fully extended chain, i.e. 
IZ X DP = 2250 A for sample A. The electric polariza- 
bility values AC@>, calculated for this sample Using eq. 

Table 5 
CXcuIation of the electric polarizability at various concentrations for the Z-PYP.MeBr A sample, on the basis of the Oosawa’s t.heoIY 

cCms/cm3) RCA) L W dlA? Au(*) X 103' A&)X 10" 
(F m=) (F m*) 

-.- _______ 
0.010 1930 1420 440 218 87 
0.027 1170 1380 172 177 67 
0.044 920 1330 135 177 62 
0.060 780 1290 117 178 59 
0.095 620 1240 100 184 56 
0.130 540 1190 87 Is4 52 
0.180 450 1150 74 185 49 
0.280 370 1100 60 184 44 
0.440 290 1050 48 186 41 

I____.-- ---__~--- 



(5) are summarized in table 5 together with the differ- 
ent parameters used. Comparison with the experimen- 
tal vahres obtained for the various ccncentrations re- 
veals a very important discrepency, the cdculated val- 
ues being much too large. 

The theory of Oosawa was derived for non-interact- 
ing macromolecules. It is often assumed that, due to 
repulsive interactions between different polyelectro- 
lyte molecules, these molecules tend to shrink at high- 
er concentrations as a consequence also of their f7ex- 
ible character. In an attempt to take into account 
these interaction phenomena, we assume now that the 
vaiues L obtained from the rotational relaxation times 
using the rigid rod model and which are plotted in fig. 
3a, represent the lengths of rods equivalent to the 
shrinked molecules and that the effect of the interac- 
tions on the polarizability are accounted for by the use 
of the experimental L values, leading to the polariza- 
bility values A& (table 5). Fig. 7a compares the ex- 
perimental curve obtained for the concentration de- 
pendence of the polarizability with the plot of A& 
versus the concentration. It can be seen that the latter 
values are still larger than the experimental ones, in 
particular at the higher concentrations. There, the in- 
teraction effects are most important and the assump- 
tions regarding the influence of polyion-polyion inter- 
action may be most discutable: this makes conclusions 
in this region relatively unreliable. In addition, however, 
it should be emphasized that the discrepancy between 
the experimental and theoretical polarizability values, 
at low concentrations, would be much larger for the 
higher molecular weight samples since our data yield 
polarizabihty values almost independent of the molec- 
ular weight in contradiction with the prediction of 
Oosawa’s theory. It is thus concluded that the theory 
of Oosawa is not very appropriate for the interpreta- 
tion of the polarizabihty of flexible polyelectrolytes 
as deduced from electric birefringence experiments. 

A new theoretical approach has been recently pro- 
posed by Van der Touw and Mandel [18] in order to 
explain the two dispersion regions of the dielectric in- 
crement generally observed for solutions of polyelec- 
trolytes. In opposition to the treatment of Oosawa, 
this theory assumes that the correlation between the 
counserions can be neglected. The polyion is identified 
to a non-linear sequence of rigid subunits of length b. 
The bound counterions are “freely” moving along these 
subunits, whereas, in order to move along the whole 

chain, they must overcome potential barriers as- 
sumed to exist between the subunits. The relaxation 
time ib related to the local fbrctuations in the distri- 
bution of counterions along the units b is much 
shorter than the relaxation time rs related to fluctua- 
tions in the overall distribution of the counterions 
along the whole chain. It has been shown [ 18 j that 
the static dielectric increment Ae, and the dielectric 
increment A+ associated to the high frequency dis- 
persion region, both defined with respect to the per- 
mittivity of the solvent, can be expressed by the fol- 
lowing relations: 

3~; AeJC,, = 
z2e2iV#B 

12kT (lx,2 +b2), 

3~; A+& = 
z2e2N@3 

12kT b’, 

(8) 

(9) 

where C’,, is the number of polyions per unit volume. 
B is the ratio of the effective field acting on the poly- 
ion to the applied electric field; in the absence of any 
valuable theory allowing to estimate this parameter, it 
is generally put equal to unity [44] _ R, is the radius 
of gyration as defined m the theory of Van der Touw 
2nd Maridel [18] and the term (12Ri + b2) can be 
identified to the term 12‘%?: [52], where (%?$)1’2 is 
the conventional defined ra&us of gyration deter- 
mined above (relation 4) for a wornPike chain. 

This theory was successfully applied for the inter- 
pretation of dielectric measurements on several poly- 
electrolytes [19,53] _ In view of the fact that it does 
not consider interaction effects between polyelectro- 
lyte molecules, extrapolation of the dielectric data to 
infinite dilution was required_ It was found [ 19,531 
that the reciprocal of the specific increment obeys a 
linear relationship with respect to concentration, which 
finding brought about a possibility to extrapolate the 
data to zero concentration. In an attempt to treat the 
electrooptic data in an analogous way, the reciprocal 
of Ao was plotted as a function of the concentration 
and, 2s shown in fig. 7b, a linear relationship also holds 
in this case. Extrapolation to zero concentration (by 
linear least squares regression) yields Aou = (120 2 60) 
X 1 O-32 F m2, this value being subject to a large error 
due to the very low (AcY)-1 values reached at low c. 

The right hand side of eq. (8) is equal to the overah 
polarizability of the macromolecule arising from fluc- 
tuations in the counterion distribution along the whole 
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chain for the system in equilibrium. Using equation (4) 
and the extrapolated value of the persistence length 
(fig. 3b) for the lowest molecular weigbt sample A at 
zero concentration a value for (%? z)tfl= 335 A is 
found. Application of eq. (8) then”yields for 4 a val- 
ue 0f 265 x 10-32 F m2_ about two times larger than 
the experimental extrapolated value 4. If the as- 
sumption is also made here that the interaction effects 
between the polyions on the polarizability are only to 
be taken into account through the change in (% z)lj2, 
the magnitude of which can be estimated using eq. (4) 
and the values for the persistence lengths obtained 
from the rotational relaxation times, eq. (8) can be ap- 
plied at finite concentrations. It is found in this way 
that the differences between the experimental and cal- 
culated values of the polarizability becomes more and 
niore important with increasing concentration. 

In view of the fact ‘rhat eq. (8) predicts a molecular 
weight dependence of the electric polarizability and 
the dielectric increment, not found experimentally for 
the polarizability determined by electrooptical meth- 
ods nor for the high frequency dielectric increment 
AE~, we are led to the conclusion that the former is 
connected with the fluctuations in the distribution of 
the counterions along the subunits b. Under this as- 
sumption, the electric polarizability per subunit ACV~ 
is therefore related to Ae2 and, from relation (9) and 
for monovalent counterions, is given by: 

00) 

where Ci,% now represent the number of subunits per 
unit volume; the number of charged sites on a subunit 
b is equal to &Q/iz. Using for Acu, the measured value 
ACY for the 2-PVP.MeBr sample A and keeping h = 
2.5 a and Q = 0.76, eq. (IO) yields b values increasing 
from about 320 W at c = 0.54 mg/ml to about 900 A 
at c = 0.014 mg/rnl, whereas b reaches a value of about 
1100 A at zero concentration (table 6)_ ‘I&e b dues 
at finite concentration should be considered as appar- 
ent values, as it has to be assumed here a,@n that the 
effect of the concentration on the polarizability is on- 
ly reflected by a change of b, so that relation (9) and 
(3 0) remain valid at finite concentrations. These values 
are of the order of magnitude of values for b obtained 
for other vinylic polyelectrolytes from dielectric ex- 
pcriments [ 19,533. Therefore we reach the tentative 

Table 6 
Calculation of the length of tie &id subunit on the basis of 
the theory of Van der Touw and Msndel. 

c(3ng/cm3 j Au X 10J2(F m2) b(A)@ = 2.5 A) 

0 (1202 60) (1100 -F 120) 
0.014 65.0 910 
0.020 50.0 830 
0.034 30.0 700 
0.050 20.0 610 
0.092 Z6.3 570 
0.170 8.1 450 
0.240 7.0 430 
0.340 3.7 350 
O-540 2.8 320 

conclusion that the polarizability found by Kerr effect 
measurements is directly related to the polarizability 
giving rise to the high frequency dielectric dispersion. 

4. Coachzsions 

tir observations have evidenced the semi-rigid 
chain behaviour of the poly-2-vinylpyridinium salts at 
infinite dilution. On the basis of models such as the 
worm-like chain or the weakly bending rod, we have, 
expressed quantitatively the rigidity by means of per- 
sistence length values of the order of 200-250 A for 
the former model and of 300400 A for the latter. 
It seems however impossible to conclude which of the 
two models gives the best description of the true con- 
formation of the polyion. ‘Che finding that the persis- 
tence length and the heKtive vahre for the Z-I-VP_ 
MeBr salts are respectively S’rG&r and larger than the 
corresponding value for the 4-PVP.BuBr salts [ 12,341 
could reveal a specific conformational behaviour. hr- 

ther investigations are needed to elucidate this in more 
detail. 

The orientation and the disorientation processes of 
the polyelectrolyte in the electic field are complex 
phenomena which involve the motions of the whole 
particles superimposed to those of the rigid segments. 
This introduces the concept of the kinetic rigidity I543 
of the chain submitted to a pulsed electric field. We 
must furthermore draw the attention on the fact that, 
in experiments performed in the absence of added salt, 
the rotational motion of the polyions and hence the 
relaxation time values could be influenced to a non- 



negligible extent by the so-called electroviscous effect, 
so as for viscometric experiments. 

The electric polarizability values determined from 
the experimental orientation functicn are almost simi- 
lar, at corresponding concentrations, for all the vinyl- 
ic polyelectrolytes investigated, i.e. poly-N-methyl-2 
vinylpyridinium bromide, poly-%butyl4vinylpyridi- 
mum bromide [S, 12,141, poly3-ethyl-l-vlnylimidazo- 
linium bromide [Et, 141 and sodium polystyrenesulpho- 
nate [SS] _ For all these rather flexible polyelectro- 
lytes, the experimental orientation curves depart 
markedly from the theoretical curves for a pure in- 
duced dipole orientation mechanism although the re- 
versing pulse method deftitively established the oc- 
currence of such a mechanism. The consideration of a 
three terms orientation function widr different electric 
polarizabilities, assumed to account for flexibility and/ 
or polydispersity effects, allowed to obtain a satisfac- 
tory fitting of the experimental data, while the fimc- 
tion derived to take into account a possible saturation 
of the induced dipole at high fields did not. It seems 
probable that no single orientation function would al- 
low to account for the very complex phenomena oc- 
curring during the orientation of the polyion in view 
of its flexible character. 

To account for the influence of this flexibility on 
the electric polar&ability, a new theory is applied suc- 
cessfully. This theory proposed by Van der Touw and 
Mandel [ 3.81 allows to explain the observed indepen- 
dence of the Ao values on molecular weight. The po- 
larizability derived from the field strength dependence 
of the electric birefringence can be related to the spe- 
cific dielectric increment at high frequencies which al- 
so is molecular weight independent. Within the frame- 
work of the model of Van der Touw and Mandel, the 
origin of this electric polarizability would be the de- 
1ocalizatIon of the bound counterions under the action 
of the external electric field along rigid subunits of 
length b. To make comparisons possible, it would be 
desirable to establish the relation between the model 
introduced by the latter authors and the other models 
like the worm-like chain and the weakly bending rod 
models applied to the interpretation of the hydrody- 
namic data. The br, value determined here for the 2- 
PVP_MeBr sample at infinite dilution, Le. - 1100 A, 
is markedly larger than the corresponding values ob- 
tained from dielectric experiments on the sodium salts 
of polystyrenesulphonic acid (bo - 430 A), of poly- 
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methacrylic acid (bo - 420 to 530 A) and of poly-L 
glutamic acid (fro - 520 to 670 A) [19,53 3 _ At the 
present stage, where experiments on the same samples 
using the electrooptic and dielectric techniques are 
not available, more definite conclusions cannot yet be 
drawn. A very detailed analysis of the electric bire- 
fringence within the framework of the model intro- 
duced by Van der Touw and Mandel will now be neces- 
sary to clarify the question whether it is possible to 
find a consistent interpretation of both dielectric and 
electrooptic data in terms of the same model. We hope 
to report on these points in a fufrre work. 
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