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if 2 is not too large. If the reptation time for L chains is
small enough, the contributions of the slowest renewal
modes, where the relaxation times are widely spaced, will
be negligible. The criterion for validity of the continuous
representation is therefore

(ra)L & N 2(r9)s (A-2)

If (r4); is independent of mixture composition, then
(raL/(ra)s = N1 3/Ng% and the criterion becomes

N&>» N, (A-3)

as reported in the text. This is precisely equivalent to Mg®
>» M M2, the criterion for case I relaxation behavior in
mixtures,? i.e., where the relaxation time of L chains is
independent of mixture composition. All mixtures in the
present study satisfy that criterion,® so the continuous
approximation for R(¢) should be quite acceptable here.
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Scaling Relations for Aqueous Polyelectrolyte Salt Solutions. 4.
Electric Birefringence Decay as a Function of Molar Mass and

Concentration
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ABSTRACT: The electric birefringence decay of aqueous sodium poly(styrenesulfonate)-0.01 M NaCl solutions
with various polyelectrolyte molar mass and concentrations has been studied after the application of rectangular
electric field pulses. All decay curves could be represented by a superposition of at least three exponential
functions. The longest relaxation time 7, (or the mean relaxation time 7 to which it is proportional) exhibits
a different concentration dependence in the dilute and in the semidilute regime. In the former it is nearly
concentration independent and may be related to the rotational motion of isolated polyelectrolyte chains,
yielding values for the mean-square radius of gyration in good agreement with theoretical predictions based
on a wormlike chain approach to polyelectrolytes. In the semidilute regime, 7; and # considerably increase
with increasing concentration but remain molar mass dependent. The reduced values (7/74), where 74 refers
to the value in the dilute regime, are found to scale like (C/C*)? after due correction for the concentration
dependence of the ionic strength and to be independent of molar mass, C* being the critical concentration
and 8 = 0.60. This can be understood if the renewal time of the chain is expressed by using a “blob” model
for the macromolecule, as should apply if the semidilute solutions form transient networks, and is assumed

to depend on the numbers of blobs to the power » = (48 + 9)/5 = 2.3.

Introduction

Electric birefringence is observed when a linearly po-
larized light beam, traveling through an otherwise isotropic
system in a direction perpendicular to that of an externally
applied field, becomes elliptically polarized due to the
induced anisotropy of the refractive index. This Kerr
effect is a nonlinear electric field effect and is generally
attributed to the orientation of the molecules under the
action of the electric field. It thus can be understood in
terms of the optical polarizability tensor of the molecules
and an orientational function arising from the interaction
of the molecules with the electric field. The latter may
involve, in a first approximation, permanent dipole mo-
ments as well as induced dipole moments. As long as a
constant field maintains the polarization of the system, the
electric birefringence will tend to a stationary value. Both
this stationary value of the birefringence and its time
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dependence are determined by the orientational mecha-
nism responsible for the induced anisotropy. Only in the
case of solutions of simple molecules and in the approx-
imation of negligible intermolecular interactions has it been
possible to derive mathematical expressions for the time
dependence and the stationary value of the birefringence
after switching on the electric field.! For more complicated
molecules and, in particular, for macromolecules with a
large number of internal degress of freedom, the situation
is much more complicated unless simplifying models are
used.? In the case of solutions containing charged mac-
romolecules the situation is even more complex because
nonconventional polarization phenomena involving per-
turbation of the small ion distribution by the electric field
have probably to be taken into account.

In general the situation is easier to analyze for the op-
posite case where the electric birefringence spontaneously
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Figure 1. Schematic diagram of the birefringence apparatus: (R) rotator; (P) polarizer; (QL) quarter-wave device; (A) analyzer; (C)

light chopper; (Di) diaphragm.

disappears on switching off the applied electric field. Here,
whatever order there has been induced, it has to disappear
through the motion of the solute (and solvent) molecules
tending to the equilibrium state in the absence of the field.
For simple molecules this will involve rotational diffusion;
for more complicated molecules such as macromolecules,
both overall rotational diffusion and intramolecular
motions of different time and length scales are involved.

We wish to present here an experimental study of the
electric birefringence decay after the application of rec-
tangular field pulses to aqueous solutions of sodium
poly(styrenesulfonate) (NaPSS) containing 0.01 M NaCl.
It represents a systematic investigation of the concentra-
tion and molar mass dependence of the decay curves both
in the dilute and in the semidilute regime. As will be
shown, interesting information concerning the dynamical
behavior of charged macromolecules in aqueous salt solu-
tions can be obtained. The electric birefringence decay
results seem to confirm previous findings about the dis-
tinction between a dilute and a semidilute concentration
regime?® in agreement with theoretical predictions for po-
lyelectrolyte—salt solutions.* A preliminary report on the
present results has already appeared.’

Experimental Section

(a) Material. The sodium salts of poly(styrenesulfonic acid)
were of commercial origin (Pressure Chemical Co., Pittsburgh,
PA). The different samples, of molar mass 1.8 X 105, 4.0 x 105,
5.9 x 10%, 6.5 X 105, and 10.3 X 10° g mol %, had been prepared
by sulfonation of well-defined, nearly homodisperse samples of
polystyrene. According to the manufacturer, the polyelectrolyte
samples are characterized by a ratio M,,/M, < 1.1. The material
purchased was always exhaustively dialyzed against pure water
and then freeze-dried.

All solutions were prepared with deionized water and NaCl of
analytical grade (Merck). The salt concentration was kept fixed
at 0.01 M. Concentrations of NaPSS were determined spectro-
photometrically at 261 nm, after calibration with Beer’s law taking

into account correction for the water content of the sample
(determined by IR absorption of the freeze-dried matterial dis-
solved in pure D,;0).

(b) Apparatus. The birefringence apparatus (Figure 1) is fairly
standard.® The light source is a 5-mW He-Ne laser (Spectra
Physics) operating at 632.8 nm. Before it enters the Kerr cell
(see hereafter), the laser beam passes through a rotator and a
high-quality polarizer (Glan Thompson with extinction ratio <1075
B. Halle), both mounted on the laser head. The emerging beam
goes through a \/4 device (B. Halle) and an analyzer (of the same
specifications as the polarizer), both of which can be rotated and
their orientation position determined with an accuracy of 0.01°
passes through a light-chopper and diaphragm, and finally falls
on a photodiode. This photodiode and the coupled amplifier form
a fast response detection system. In the least sensitive mode, the
output is 4 mV for an input of 5 uW of light power with a response
time less than 0.5 us. In the most sensitive mode, the output is
1 V for the same input, but the response time is 1.8 us.

The laser, Kerr cell, A/4 plate, and analyzer are each mounted
in such a way that their position can be adjusted in three mutually
pependicular directions. The complete optical system is enclosed
in a light-tight blackened box positioned on a vibrationally damped
table consisting of a table leaf mounted on airlegs (Newport
Research Corp.).

The output of the photodetection system is fed into channel
A of a Biomation (8100) transient recorder with an 8-bit resolution
and a minimal sample time of 0.01 us. Simultaneously, the voltage
applied to the electrodes of the Kerr cell is fed into channel B
after passing a 500:1 step-down probe and a Hewlett-Packard
impedance matching probe operating at an attenuation of 100:1
or 10:1 ratio. Each birefringence curve and attenuated voltage
pulse are stored in the 2048 words of digitizer memory and
transferred to an on-line PDP 11 computer in the time interval
between successive voltage pulses. The computer stores the signals
on disks. The birefringence curve and the attenuated voltage are
also displayed for control on a CRT screen connected to the
transient recorder.

The high voltage pulses are generated by a pulse generator and
amplifier (Cober Electronics P202) which can produce voltages
between 0 and 2500 V. As the Cober pulse generator works most
favorably at an output resistance of 200 Q, a high-power switching
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board of low inductance is used for impedance matching with the
Kerr cell. It is constructed in such a way that it also can act as
a voltage divider, applying relatively low voltages to the Kerr cell
while the pulse generator operates at a high voltage. The voltage
applied was measured directly at the electrodes of the cell by
means of a 500:1 step-down probe linked in serries to a Hew-
lett-Packard impedance matching probe operating with an at-
tenuation factor 10:1.

The Kerr cell was of a special construction with a very low
intrinsic optical retardation and has been described elsewhere.”
The optical path length was 70.0 mm and the spacing between
the electrodes 1.77 mm. The temperature of the cell was kept
constant by circulating water from a thermostat bath (at 21.00
% 0.05 °C) through a thermostating jacket surrounding the com-
plete cell. Before, during, and after the application of the pulse,
the conductivity of the solution in the Kerr cell may be measured
by a conductometer Metrohm (E 518).

The direction of polarization of the incident beam makes an
angle of 45° with the direction of the applied field, whereas the
analyzer is rotated through an angle o with respect to its position
of maximal extinction for the incident beam. The retardation
d of the solution can be determined from the change of the in-
tensity of the light falling on the detector after application of the
electric field.

sin? (a + é) -sin?
AId _ Ia,O—Ia,é _ 2 (1)
I 0 I a0 Sin2 [e4
Here I,,; and I, stand for the measured intensity with the field
on and the field off respectively. The retardation of the solution,
eventually after correction for the intrinsic retardation of the
empty cell, is related to the electric birefringence An

o(t) = 2x/MlAn(t) (2

where An = (n; - n ) is the difference between the refractive index
in a direction parallel to the electric field (n)) and the refractive
index in the direction perpendicular to it (n_), A the wavelength
of the light beam in vacuo, and ! the path length of the cell.

The performance of the birefringence system was checked with
pure water. A Kerr constant of (1.78 £ 0.03) X 10°® m? V-? was
measured, in good agreement with literature values.®

(c) Data Analysis. The experimentally obtained decay curves
were usually fitted to an exponential or a superposition of ex-
ponentials by using Marquardt’s algorithm?® incorporated into a
Fortran IV program that performs a least-squares fit to a nonlinear
equation. The advantage of Marquardt’s algorithm over other
is that it combines the gradient-search method with the linear-
ization of the fitting function. The gradient search is ideally suited
for approaching the minimum from far away, but it does not
converge rapidly in its neighborhood. There, the more rapidly
converging linearization method can be used. This has the ad-
ditional advantage not to require very good guesses for the initial
parameters.

Because a single decay curve consists of 500-700 points, a fit
using all the information would be very time consuming.
Therefore the birefringence decay curve normalized to the sta-
tionary value was reduced by an appropriate procedure (see
Appendix) to a curve of 100 points only. The procedure is such
that near ¢ = 0, where the decay curve is steepest, no averaging
is performed, while toward relatively large ¢ an increasing number
of points is being averaged. This ensures that the time constants
of the decay curves are not systematically influenced by the
reduction procedure.

Quite generally a decay curve is assumed to be represented by
a superposition of exponentials. This means for the normalized
decay curve that the following expression should hold.

An, = {er:Ak exp(~t /7)) + A, expl(—t/Fy) r=1 (3a)
=1

LAt A, =1 (3b)
k=1

Here the contribution of the solvent has already been separated
from the (multi)exponential contribution of the solute. For
aqueous solutions the relaxation time %, ~ 1 ns and in general
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7w < %5 The relative contribution A, can be calculated from the
known Kerr constant of water K,, viz. A, = K, E*/An (¢t = 0).

Two corrections have to be taken into account. If the response
time of the photodetection system #p, which depends on the
amplification ratio, is of the same order of magnitude as the
relaxation times 7, the correct expression for the birefringence
decay will be affected by this time constant.?

An,(t) =
r+l

EAj{(?j/?j - ¥p) exp(~t /%) ~ (Fp/¥F; - 7p) exp(-t/7p)} (4)

Here in the summation over j, the contribution of the solvent is
included. The last expression may be transformed into

r+l r+1
An,(t) = lZIA,-’ exp(-t/#)} - {ZlAj(?D/?j - mp)} exp(~t /#p)
= =
(5)

which shows that not only an additional exponential with re-
laxation time #p will appear but that the relative contributions
of the exponentials with relaxation times 7; are also modified if
7p is not negligible compared to %.

Af = (/% - TpA; ©

In practice, A/ differed from A; only for the solutions containing
the lowest molar mass of NaPSS investigated.

Another parasitic effect is the base-line drift, which, in principle,
can be time-dependent. It turned out that it can be corrected
for in a first approximation by using a constant but fittable
base-line value.

The normalized decay curves, eventually corrected for the
contribution of water and the photodetection time (only necessary
for M = 1.8 X 10° g mol™ at the lowest concentration), were fitted
to the following function with a maximum of seven adjustable
parameters.

Anf(t) = Tay exp(-t/m) +ag r=<3 &)
k=1

where a;’ and 7, stand for the least-squares fitted relative con-
tribution and relaxation time &, respectively, and ag’ is the fitted
value for a floating base line. Three criteria were used to decide
whether or not a fit (with the lowest number of adjustable pa-
rameters) was satisfactory:

(a) absence of any systematic distribution of the residuals R(t;)
R(t) = An,(t) - Anft) 8)
around zero, as seen from a visual inspection;

(b) the value of the @-index, defined for a curve of p points by

? R(E)R(tiq)
=1-y—— 9
? l’zl {R(t)P ®
had to be larger than 0.6 to satisfy the condition that the residuals
are not correlated;

(c) the variance x,,%, defined for a fit with m parameters q; to a
curve of p points by

PN S 2
Xm pm- IE{R“‘)} (10)
should have decreased significantly on increasing the number m.
A decrease is considered “significant” if the ratio x,,/xm (m’ <
m”) is larger than 1.48, corresponding to a probability of 95%
that the decrease is not due to random noise.?

It was found that for all systems investigated the best fit was
obtained with » = 3. In a few cases where a fit with r = 4 was
attempted, the decrease of x2 was not found to be significant. This
does not imply that there are no more than three exponentials
contributing to the decay curve but rather that the systematic
deviations between fitted and experimental decay curves are falling
inside the random noise superposed on the experimental curves,
this noise ranging from 5% by very low field strengths to 0.2%
for higher field strengths.
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Figure 2. Concentration dependence of the coefficients a; in the
three-exponentials fit to the decay curves for different molar
masses: 1.8 X 10° g mol™ (©); 4 X 10° g mol™ (@); 5.9 X 10° ¢
mol™ (a); 10.3 X 10° g mol™ (0).

For all decay curves the mean relaxation time 7 was obtained
by integrating the area under the decay curve. Assuming (4) to
be valid, one obtains

j;QAn,,(t) dt = {(Z)Aﬂ'j} + 7’D = (1 - Aw)? + Aw?w + 3"D
J

~ (1- Aw)? + #p
(11)

Here the normalization condition for the relative contributions
A; has been taken into account as well as the condition 7, < 7.
The mean relaxation time is defined by (see eq 3)
=LA (12)
(®)

It follows from (11) that the mean relaxation time may be found
from the area under the decay curve by subtracting #p from the
integral and dividing the result by (1 — Ay).

The integration was performed by using Simpson’s method and
the complete measured decay curve consisting of 500-700 points
each. The inaccuracy of the area was less than 1%.

Results

Decay curves have been obtained by using field strengths
that ranged from 0.3 to 2.6 kV cm™ for the lower con-
centrations, C < 1.0 g dm™=. At higher concentrations the
maximum value for E had to be reduced in order to avoid
heating of the solution due to the higher conductance. For
C > 10.0 g dm, E had to be limited to 0.3 and even down
t0 0.1 kV em™. It was found that the values of the three
relaxation times r;, 75, and 75 did not depend significantly
on the field strength within the range explored. The
relative contributions a;/ somewhat increased with E for
E > 1kV em™ for the highest molar masses. The results
given for 7; are therefore averages over the complete range
of E values measured, whereas the a; values are the av-
erages for E < 1 kV em™. The latter were renormalized
to correct for the influence of the base-line ap’.

a,- = aj’(l - GBI) (13)

This renormalization hardly affected the value of these
parameters, as in general ay’ < 0.015.

The values for g; for different molar masses and po-
lyelectrolyte concentration have been represented in Figure
2. As can be seen, for each relative contribution a; there
is no systematic dependence either on C or on M. The
following mean values can be used for all systems: a; =
0.45 = 0.07; a, = 0.37 £ 0.05; a3 = 0.20 * 0.06, the range
of uncertainty representing the standard deviation of all
values with respect to the mean. On the contrary, the
values of the different relaxation times in general differ
from system to system. As an example, the concentration
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molar masses investigated: 1.8 X 10° g mol™ (m); 4.0 X 10° g mol™
(0); 5.9 X 10° g mol™? (@); 10.3 X 10° g mol™ (0).

dependence of the three relaxation times obtained for the
different solutions with NaPSS of M = 1.03 X 10% g mol™!
is shown in Figure 3.

The three-exponentials fit has not been applied to the
decay curves of all systems investigated, as it is rather
time-consuming. It is much easier to determine from each
decay curve the mean relaxation time 7. In Figure 4 the
ratio 7, /7 for 28 different systems has been represented.
As may be observed, there is no systematic influence of
molar mass or polyelectrolyte concentration on this ratio,
the points being distributed around the mean value 1.8 +
0.2. This ratio may therefore be considered to be constant
within 10%, irrespective of the system investigated.

In order to emphasize the concentration dependence of
7y, the ratio 7,/(r;)4 has been plotted as a function of the
logarithm of the reduced concentration (C/C*) in Figure
5. Here (7,)4 represents the (mean) value of the relaxation
time at the lowest concentrations.(C < 0.5C*) and C* the
critical concentration separating the dilute from the sem-
idilute regime according to recent scaling concepts for
polymer solutions.!® These have been shown to apply as
well to solutions of polyelectrolytes in the presence of
additional salt.* (For more details see hereafter.) Figure
5 clearly shows that there is a region below C* where 7,
is hardly concentration dependent, whereas for
C/C* > 1 1, considerably increases with increasing con-
centration (values of C* were always calculated according
to the theoretical expressions).* This demonstrates that
as far as the first relaxation time is concerned, the dis-
tinction between dilute and semidilute regimes very clearly
appears. The same is true for 7. It is also striking that
no molar mass dependence in the semidilute regime ap-
pears if the results are plotted as in Figure 4, whereas the
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Figure 5. Plot of 7,/(r1)4 against the logarithm of the reduced
concentration (C/C*) for four different molar masses inthi%abed:
1.8 X 208 g mol™ (X); 4.0 X 10° g mol™ (0); 5.9 X 10° g mol™! (0);
10.3 X 10° g mol™! (0).

“raw” results definitely show a molar mass dependence of
7, or 7 in both the dilute and the semidilute regime.?

Discussion

For a satisfactory description of the electric birefringence
decay curves of NaPSS solutions in 0.01 M NaCl, a su-
perposition of at least three exponentials is necessary under
all circumstances. Given the quality of the polyelectrolyte
samples used, it is unlikely that the distribution of relax-
ation times can be attributed to a distribution of molar
masses. As it has been found from quasi-electric light
scattering by the same systems that the poly(styrene-
sulfonate) chains in 0.01 M NaCl behave as rather flexible
polymers,31112 the distribution of relaxation times may
rather be attributed to the flexibility of the polyelectrolyte
chain. The dynamics of such a chain are to be decomposed
into contributions of a series of different modes, as already
described by Rouse!® using a spring and bead model. This
approach has been extended by Zimm,* who introduced
hydrodynamic interactions into the model. It has been
shown that these modes will show up as different expo-
nentials in the electric birefringence decay curves of chains
which have a permanent dipole component parallel to the
chain contour.2 According to Stockmayer,!® the first mode
describing the nontranslational motion of the flexible chain
is the overall rotation of the macromolecules and deter-
mined by the radius of gyration in the case of dilute so-
lutions.

In the case of polyelectrolyte solutions the mechanism
responsible for the birefringence is probably more com-
plicated than in the case of unchanged macrmolecules. It
may, however, also be assumed that the decay of the bi-
refringence is related tothe motions of the chain after the
orientational constraints imposed by the electric field have
disappeared. A prerequisite condition is that at least one
of the dipole moments involved in the establishment of
the birefringence should have a component parallel to the
end-to-end vector of the macromolecule,!® a condition
which seems to be satisfied. This conclusion follows from
an analysis of the stationary Kerr constants observed for
the same solutions, which will be published in a subsequent
paper.l® Another condition should be that the lifetime of
that dipole moment is longer than the characteristic time
necessary for the rotational or intramolecular motion,
contributing to the relaxation times observed. Otherwise
the decay of the birefringence may be determined by the
“rapid” decay of that dipole moment or, at least, consid-
erably influenced by the latter in a complicated way.
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Although in the mode analysis according to Zimm the
relative contribution of higher modes rapidly decreases,
it is not the be expected that in the birefringence decay
curve only three modes will show up. The limitation of
the fit to a superposition three exponentials only should
rather be attributed to the effect of the random noise. In
fact, a simulated decay curve consisting of eight expo-
nentials with relative contributions and relaxation times
calculated according to the Zimm model could be fitted
to a superposition of at least five exponentials provided
the random noise superposed on the simulated curve did
not exceed a contribution of 0.1%. For larger
contributions—corresponding more realistically to the
conditions of the experimental equipment used——only a
three-exponentials fit proved feasible within the criteria
used. Only the first relaxation time and its relative con-
tribution corresponded to the values of the parameters
introduced into the simulation, whereas both a; and 7; (for
7 = 2 or 3) contained contributions of several higher modes.

It is therefore tempting to assume that the first relax-
ation time, obtained from a three-exponentials fit to the
experimental decay curves, is related to the overall motion
of the polyelectrolyte chain in our polyelectrolyte systems.
This would imply that 7, proportional to 7y, is also related
to that motion. Interpretation of the relaxation times 7,
and 7; will not be easy as long as an improved fitting
procedure to decay curves remains difficult and will
therefore not be attempted. It is also highly probable that
in the dilute regime, where intermolecular interactions are
weak, the first relaxation time is directly related to the
rotational motion of the isolated macromolecule. In the
semidilute regime, where transient networks are to be
expected through the interpenetration of the polyelectro-
lyte chains, the overall polyelectrolyte motion may be more
complicated. In view of the clear distinction between the
dilute and the semidilute concentration regimes that can
be observed insofar as the first relaxation times 7, of the
electric birefringence decay curves or 7 are concerned, we
shall discuss the results in the dilute regime in terms of
(71)4, as defined above, and in the semidilute regime in
terms of 7, of which more values are available.

Dilute Regime. In the Zimm model,!* strictly appli-
cable to -conditions, the longest relaxation time for a
flexible chain at infinite dilution is given by

(r)e = (1/P)(¢0ﬂ563/2<52)os/z/NAva) (14)

Here &, = 2.84 X 10® is the draining parameter, 7, the
solvent viscosity, (S?), the mean-square radius of gyration
under f-conditions, N,, Avogadro’s constant, 2 the
Boltzmann constant, T the temperature (in Kelvin) and
p a numerical factor (p = 2.38). In case excluded-volume
effects have to be taken into account, it has been shown'’
that an equation analogous to (14) is valid, using the
mean-square radius of gyration under perturbed conditions
(S?) and $; = 1.81 X 10%, provided the expansion factor
a, for the radius of gyration is related to the contour length
! of the macromolecule by the limiting condition «, ~ %1,

71 = (1/p)(®/n,8%%(8%)%2 /Ny kT) (15)

Analogous equations, differing only through numerical
factors, are obtained in the Kirkwood-Riseman approach.®
Here the rotational motion of the chain is expressed with
the help of its average dimensions leading to the following
rotational diffusion coefficient D,.

D, = NykT/(4Mn,[n]) (16)

Here M and [4] stand for the molar mass and the intrinsic
viscosity, respectively, of the macromolecule. Under 6-
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conditions and for the nondraining case the latter is given
by

[n]s = B¢"6%/2(82)%2/M (1mn

with the draining parameter &,” = 2.87 X 10%, As for a
rigid particle, the Kerr relaxation time 7, is related to D,
by'®

= %D: (18)

Substitution of (16) and (17) into (18) yields the following
expression, to be compared to (14).

(11 = (1/P N 6%%(S?)e*? /NaskT)  (19)

Here p = 1/6 = 1.5. Under perturbed conditions and
provided the excluded-volume effect is isotropic, (16) re-
mains valid with [7], replaced by [n]

(7] = [n]ea,® (20)

where «, is the viscosity expansion factor. Combining
(16)- (18) and (20), we obtain for the relaxation time under
perturbed conditions

7 = (1/p)@n6Y%SH¥2/NykT)  (21)

with & = &;"(«,/a,)®. It is generally admitted that o, and
a,, although related should differ.!”

a=a Zap (22)

ap represents the expansion factor of the reciprocal average
end-to-end distance. According to Weill and des Cloiz-
eaux? the ratio ®/®y” = ap/«, reaches a limiting value
0.78 for large values of «.

In both cases 7, in the dilute regime should be propor-
tional to (S2)3/2y,/kT for flexible chains. Thus 7, can be
used for the comparison of the root mean square radius
of gyration of different macromolecules in the same solvent
and constant temperature, provided they satisfy the con-
dition of having flexible chains.

For polyelectrolytes in the presence of an excess salt, the
wormlike chain approach as developed by Odijk* and
Fixman and Skolnick?? allows a theoretical estimate for

(S%).
<S2> = asz(Zel)(S2>O (233.)

(5'2)0 =
2IL 671 - 27ULy /D) + (Ly/D? - (Le/DP[1 - exp(=l/LY)}

(23b)

Here q, (Z,)) represents the expansion factor depending
on the excluded-volume parameter Z, assumed to be de-
termined by screened electrostatic interactions only be-
tween Kuhn’s segments of length 2L,, with L, the per-
sistence length. The expression of the unperturbed mean
square radius of gyration (23b) has been derived by Benoit
and Doty® for a wormlike chain of persistence length L,
and contour length I. For polyelectrolytes the total per-
sistence length can be split up into an intrinsic part L, and
an electrostatic part L, due to short-range charge inter-
actions along the chain. According to the theory

Lo=L,+L, =L, + (Q/4x2A)f (24)

where @ = ¢?/4meeck T represents the Bjerrum length (g
being the elementary charge, ¢, the permittivity of free
space, and ¢ the relative permittivity of the solvent), «!
the Debye screening length defined through «* = 8xQI with
I the ionic strength of the solution, A the contour distance
between two successive charges on the chain (for a po-
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Table I
M x 107, (SHUEe  (SHYRY C*,
g mol™! (104 us nm nm Rp,nm  gdm™3

1.8 6.6 £ 0.9 25+ 1 28 43 3.9

4.0 37+ 4 44 £+ 2 45 69 2.0

5.9 92 + 4 59+ 1 58 87 1.5

6.5 118 % 15¢ 64 £ 3 61 92 1.4
10.3 245 + 30 823 79 121 1.0

e (Sg)exp derived from (15). ®(S?),, derived from (23), (24), (26),
and (27). °Determined at only one concentration, C = 0.54 g cm™,

lyelectrolyte carrying one elementary charge per monom-
eric unit also equal to the length a of a monomeric unit),
and, finally, f a factor which eventually takes into account
that strong interactions between the charged chain and the
counterions in solution may reduce the effective charge of
the polyion, 0 < f < 1. As a lower limit for f the value f
= X! = (A/Q), as predicted by the condensation ap-
proach,* %" may be used for polyelectrolytes satisfying the
condition A > 1, as is the case for poly(styrenesulfonate)
at room temperature in water. The ionic strength of the
solution, I, for the polyelectrolyte solution of equivalent
concentration c in the presence of a mono-monovalent salt
of concentration ¢, (both in mol dm™) is given by

I =103Ny[c, + (cf/2)] (25)

taking into account the contribution of the “free” coun-
terions only provided by the polyelectrolyte chains.

A theoretical expression for the excluded-volume pa-
rameter has been proposed by Fixman and Skolnick?® and
takes the following form if the factor f is consistently in-
troduced.

= (3%/2/167Y/2)x YIn (4nf/Ax) + v ~ 0.5}1/2L,3/2
(26)

Here v = 0.57721 ... is Euler’s constant. The expansion
factor ¢, is given by perturbation theory as a series ex-
pansion in Z.'” An approximate closed expression for «,
which gives correct values for both small and very large
values of Z, has been proposed by Yamakawa and Tanaka®
and may be used to estimate the expansion factor in the
case of polyelectrolytes in the presence of an excess of
salt.17:30

a2 = 0.541 + 0.549(1 + 6.04Z,,)*6 (27)

With the help of eq 23-27 the mean-square radius of gy-
ration may be estimated. For very dilute solutions the
assumption f = A™! may be used as a good first approxi-
mation. Values of (S%)1/2 calculated from the experimental
(71)4 data according to (15) are compared to the theoretical
values, derived as explained above, in Table I. For the
latter the value of [ was estimated by assuming that a
monomer has a lengtha = A = 0.25 nm and that L, = 1
nm,; for the former the limiting value ®/®,” = 0.78 was
used as, according to (27), a,2 > 4 for all systems inves-
tigated.

The agreement between the values estimated from (15)
and the theoretical predictions based on the wormlike
chain approach is quite good, in spite of a number of ap-
proximations that had to be used. This agreement sup-
ports the conclusion that in the dilute regime the longest
relaxation time of the electic birefringence decay, as ob-
served with rectangular pulses, is essentially determined
by the average mean-square radius of gyration of the po-
lyelectrolyte in a way consistent with the overall rotation
of the macromolecule.

Semidilute Regime. As indicated above, the separation
between dilute and semidilute regimes is assumed to occur
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Figure 6. Concentration dependence of 7 in the semidilute range
for three different molar masses: 4.0 X 10° g mol™ (0); 5.9 X 10°
g mol™ (©); 10.3 X 105 g mol™ (@).

in a concentration region characterized by a critical con-
centration C*, which is defined by the following relation.®

C* = (I/a)(M_, /N, Rp® (28)

Here M, is the molar mass of the monomeric unit and C*
is expressed in g per unit volume. The Flory radius Ry is,
in the scaling approach, to be defined as the root mean
square radius of gyration of the polymer in a good solvent
under the conditions that (I/L,) — «, i.e., that (§2), ~
IL, and o, ~ Z1/5, For polyelectrolytes in the presence of
excess salt, the Flory radius can easily be derived from (23)
and can be put into the following form#

Ry ~ /5L, /0)V/® (29)

where ~ means “equal to within a factor of order unity”.
It follows that C* will decrease with increasing molar mass
of the polyelectrolyte and decrease with increasing salt
concentration. Values of Ry and C* for the different po-
lyelectrolytes used have been evaluated and collected in
Table I. As can be seen values of Ry are 50% larger than
the corresponding theoretical values of (52)'/2 due to the
omission of the numerical factor in (29).

As indicated already above, the electric birefringence
decay in the semidilute regime, i.e., for C > C*, will be
discussed in terms of 7. This mean relaxation time has
been found to increase with increasing polyelectrolyte
concentration in the semidilute regime, this increase being
steeper the larger the molar mass (Figure 6). As was
already mentioned in the preceding section, no molar mass
dependence is observed if the reduced relaxation time
71/(71)q Or 7/ 74 is plotted against the reduced concentration
C/C*. The molar mass dependence of 7 or 7, itself is in
sharp contrast to what is observed in the semidilute regime
of the same system with quasi-electric light scattering.?
There the mean relaxation time of the light intensity
correlation function is found to be molar mass independ-
ent, in agreement with theoretical predictions!® that is
should be determined by the average molar mass inde-
pendent correlation length & of the dynamic network ar-
ising through chain entanglements. This difference should
be related to the fact that in electric birefringence decay
measurements rather more complicated chain motions
determine the effects observed. The relaxation of the chain
from its conformational state, as determined by the
presence of an electric field, to new equilibrium conditions
when the latter disappears is possibly related to a reptation
mechanism. Reptation has been defined as a wormlike
motion of a macromolecule moving within constraints
arising from other chains, as in a network or a concentrated
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solution.!%% This situation has been described by Ed-
wards®? using the model of a chain trapped in a flexible
tube formed by its surrounding and being continuously
modified during the process of the chain. In this reptation
model a characteristic quantity is the reptation time rp,
defined as the average time required for a complete re-
newal of the chain configuration. It is assumed in the
model that after one time interval 7y all memory of the
original conformation of the chain has been lost. It is
therefore a plausible assumption that r;, and therefore also
7, is directly related to 75.

To~7 TR (30)

A scaling relation can be derived for the reptation time in
terms of the number of statistical elements N in the chain
and the average number of g in the “blobs” of size £ nec-
essary to describe the average dimensions in the semidilute
regime.!’

R = (N/8)*6*®mn,/kT)

When the expression for g and £ derived for polyelectro-
lytes in the presence of excess salt* is introduced into (31),
a relation between 7, the contour length or molar mass,
and the polyelectrolyte concentration can be derived by
assuming the validity of (30).

T ~ 11 ~ B@C)¥A L,/ )% *n,/RT) (32)

In order to check the concentration dependence of 7 ac-
cording to the theoretical expression (32), it is important
to keep in mind that according to (25) the ionic strength
of the solution—and therefore also (L,/x)—will depend on
the macromolecular concentration in the semidilute re-
gime. It is thus preferable to correct for this ionic strength
variation by considering the auxilary quantity B, defined
as follows:

By = 7(Ly /)2 ~ 1302

C>»C* (31)

C>» C* (33)

According to theoretical predictions B, should increase
with concentration according to a C%2 law. This appar-
ently is satisfied by the experimental results, as B,'/® has
been found® to depend linearly on CV?2 if it is assumed
again that L, = 1 nm and f = A1, However, the slopes of
the lines Bbi‘73 vs. CY/2 were found to depend on a power
of [ definitely smaller than unity, contrary to the prediction
of (33). Therefore, the molar mass dependence of 7 is not
in agreement with the prediction of this simple reptation
approach.

Possibly the rather small number of “blobs” per chain
(in the case of the PSS investigated N/g < 20) might be
responsible for this disagreement. According to Klein®
tube reorganization in concentrated or semidilute solutions
should occur at a much shorter time scale than for rep-
tation in a fixed network, which was considered originally
by de Gennes,®! provided the number of constraints per
chain is small. In that case the exponent of { in the ex-
pression for the renewal time would be smaller than 3. In
fact, in the extreme case that the chain of blobs, which can
be considered as a Rouse chain of blobs, is not confined
to a tube but can move freely, as in the dilute regime, the
fundamental relaxation time is given by

TRo = (N /8)*E%(6mn, /kT) (34)

Another limitation of the reptation model, leading to (31),
is that in the semidilute regime it is assumed that backflow
effects or hydrodynamic interactions between “blobs” are
completely screened off, i.e., that the hydrodynamic
screening length K is taken equal to £ If, however, K >
£, the molar mass dependence of the chain renewal time
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may be affected. In the limit, e.g., where K would be of
the order of the mean dimensions of the chain, the friction
coefficient in the semidilute regime would be given by F
=~ Bmn,(N/g)"/%, the chain being considered as an ideal
chain of “blobs”. If in the case the macromolecules is not
restricted in its movement by surrounding chains, the
fundamental relaxation time would be given by

R =~ (N/gEF/kT) = (N/g)*/*}(6mn,/RT) (35)

whereas if the chain would be enclosed in an infinitely long
tube, to take the other but rather unrealistic extreme, the
reptation time would be given by

7p = (N/g)%*F/kT) = (N/8)%**6mn,/kT) (36)

It follows that various models based on the blob model for
the chain in the semidilute regime lead to an expression
for the chain renewal time of the general form

R = (N/g)"t*(6mn,/kT) (37)

where v is an exponent which may be different from three.
Considering that according to the scaling approach

£ o Re(C* /C)Y4 o g¥PLABCS (38)

it follows from (37) by using (28) and (29)
r ~ V(L /K)s(v—n/4c(5»-9)/4 (39)
7R/ (11)a ~ (C/C*)E9/4 (40)

This last expression is consistent with the experimental
finding that 7,/(r,)4 is a unique function of (C/C*) and
independent of molar mass if it is assumed that 7; ~ 7y
in the semidilute regime. The same should hold for 7/7;.

Equation 40 has been derived by assuming that the ionic
strength of the solution, and thus also L/, is constant in
the whole concentration range considered. If in the sem-
idilute regime we take into account the influence of the
polyelectrolyte concentration on I, as in (25), (40) may be
reformulated in the following way:

TR/(Tl)d ~ (C/C*)(5v—9)/4k3(1—u)/4 (41)
k= (L/x)o/(Le/8)c (42)

Here the index C refers to the value at the actual polye-
lectrolyte concentration in the semidilute range C and the
index 0 to the value for C — 0. In establishing (41) it has
been assumed that consistent with the scaling approach,
Ry is determined by a C-independent ionic strength (Lt/ ®o
but that the correlation time ¢ depends on the actual ionic
strength,®# thus satisfying the following expression instead
of (38).

£ ~ Rp(C*/C)%/ k14 (43)

Equation 41 shows that g/ (7,)4k%V/4 and not 7g/(1y)4
itself, should scale like (C/C*)?, with 8 = (5v — 9)/4. It
follows that the check on (41) and the determination of
v requires an iteration procedure. In the first step (40) is
assumed to be valid, and a first estimate »’ is obtained from
the linear least-squares slope of log (#/74) as a function
of log (C/C*). In the second step log (7/74)k” is used with

= 3(1 - v} /4, and a better estimate »” is obtained. This
procedure is repeated until successive values for these
estimates do not change anymore. If points for the system
with M = 4 X 10° g mol™ are used, a few steps only are
necessary and a very reasonble linear fit is obtained with
avalue 8 = 0.60 £ 0.04 or » = 2.3 £ 0.2 (Figure 7). Note
that a value of v = 2.3 is not unexpected in view of the
discussion given above. For the system with the lowest
molar mass and [ = 215 nm, the validity of the “blob”
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Figure 7. Plot of the function log (7/74)k” vs. log (C/C*) with
v = 3(v — 1)/4 in the semidilute range (see text); molar masses:
4 X 10° g mol™ (0); 5.9 X 10° g mol¥ (©); 6.5 X 10° g mol™! (4);
10.3 x 105 g mol™ (0).

model may be questionable and, anyway, the values of
(C/C*) are all close to unity.

The conclusion seems justified that in the semidilute
regime the value of 7, and therefore also 7y, is essentially
determined by an overall motion of the macromolecule
tending to an equilibrium configuration after disappear-
ance of the polarizing electric field. In this regime the
chain should be represented by a “blob” model, provided
the molar mass is sufficiently high. It is at present and
with the information available, however, premature to
speculate about the exact mechanism underlying that
motion.

Conclusions

The electric birefringence decay curves observed with
NaPSS solutions in aqueous 0.01 M Nacl with various
polyelectrolyte molar mass and concentrations, to which
rectangular electric field pulses had been applied, are all
nonsingle exponentials. The longest relaxation time (or
the mean relaxation time to which it is found to be pro-
portional) exhibits a different concentration dependence
in the dilute and in the semidilute regime. In the former
it is related to the overall rotational motion of an isolated
chain; in the latter—where it considerably increases with
concentration—it can be understood in terms of the re-
newal time of a chain consisting of “blobs”.
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Appendix

In order to speed up the fitting procedure, a normalized
decay curve consisting of 500700 (W) points was replaced
by a reduced curve having only 100 points. The time axis
was divided into 100 intervals of increasing length, and the
original points within each interval were averaged to yield
one new point. The original normalized decay curve with
W points equally spaced on the time axis with intervals
At can be represented by a superposition of r different
exponentials of relative contributions a, and relaxation
times 1, with 7, > 7, > ... > 1.

An,(j) = iak exp(~jAt/7;) 0<j<W (A1)
k=1

The sample time usually satisfies the condition 7, > At =~
47,/W. The reduced curve An,? should have the form
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An,B(s) = X a, exp(-t,/7y) 0<s5=<100 (A.2a)
k=1
8§
t, = Y AL (A.2b)
i=1
100
ZAt, = WAL Atl 2 At Ati+1 = Atl (A.ZC)
i=1

In order to define the intervals At;, the y-axis between 0
and 1 is divided into 100 equal intervals Ay; = 0.01. Each
interval has an upper bound y,(i) and a lower bound y,(i).

o) = 1-0.01(1 - §) yp(I) =1~ 0.01i

The corresponding points on the time axis, defining the
time interval At/, are derived by approaching the real
decay curve by a single exponential of the form y ~ exp-
(-t/0).

t, ) =~01In{l-0.01(i~1)}  ty() = ~ In {1 - 0.01)

Consequently the time interval At,” corresponding to Ay;

is given by

Aty = tp()) - t,0) =6 In {1 + (0.01/1 - 0.010)} = 6 In ¢,
(A.3)

The point on the original discontinuous time scale lying
within At/ closest to t,,() will be j,(i) and analogously there
is a point j,(i). We now define the time interval At; in the
following way:

Aty = ty(0) — () + At = {j(0)) - j,() + 1jAe
At1’+At=01n¢L+At

(A4)

For the real multiexponential decay curve, the average

value of An, in an interval At,, i.e., An,R(i), is given by
i At b r )

An k(@) = — X [X ap exp(-jAt/7;)]

At/ j=j10) k=1

At I b

—_ Za Z e—jAt/u

At/ p=1 k[j!(i) ]

r  sinh (At;/27,)
=1ak (At,/ZTk)

(At/sz) .
sinh (az /2y SXPUlEO +
ty(0)] /274 (A5)

where (A.2-A.4) have been used. The last expression may
be rewritten as

k

ASR(s) = Zr:dk exp(-t,/74) (A.6a)
k=1
E, = [tals) + ty(s)]1/2 (A.6b)
_ N sinh (At,/27;) (At /27)
a6 = ax| —R;750y sinb (at/2ry |~ B
(A.6¢)

The value of 8 (which determines through (A.4) the length
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of the time intervals At;) must be chosen in such a way that
no information is lost and that no significant distortion
of the decay curve occurs, i.e., that all B, values are close
to unity in the relevant time interval 0 < ¢, < 47, where
the exponential significantly differs from 0. A normal and
satisfying choice turns out to be § ~ r;, which not only
ensures the already mentioned condition for B, but also
for the first 10 intervals At; ~ At. Hence for small ¢ no
averaging is performed and no information is lost con-
cerning the smallest time constants.
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