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ABSTRACT: Usingsmall-angle light-scattering technique, we measured the macromolecularsize, the second
virial coefficient, and the molecular weight for a polyelectrolyte material with flexible chains in dilute solutions
and with moderate to high ionic strengths. The macromolecular size R is found to be very much dependent
on the solution ionic strength. The chains continuously change their conformation from an expanded state
to a more compact form, as the screening effects brought by the counterion excess become more important
when theionicstrength of the medium increases. The second virial coefficient A, also decreases with increasing
ionic strength. Thisset of data has been analyzed within the framework of a wormlike chain with electrostatic
contributions to the persistence length p. This treatment was based on neglecting of the electrostatic
contribution to the excluded volume parameter and on the fact that the neutral term of the latter is small.
Incidentally, this set of measurements provided us with information about the molecular weight My, a
parameter difficult to obtain with good accuracy for the present material (charged macromolecules) using

techniques such as GPC.

I. Introduction

The properties of polymer solutions depend, very much,
on the inherent nature of the macromolecules and the
interactions between solute-solute and solute—solvent
monomers.!® Within the macromolecule, short-distance
interactions are often characterized by the parameter
persistence length p, which describes the local stiffness of
the chain.l387 Conversely, the long-range interactions
depend on the excluded volume parameter v.!® The
second virial coefficient A, describes the interactions
between solute and solvent molecules for dilute solu-
tions.1-58 It also accounts for interactions between solute
monomers.

The chain radius of gyration Rg is expressed as®7-10

R= a%\ll[l%] 1

where Ly is the contour length, ¥(y) is a dimensionless
function expressed as ¥(y) = {1 + 4(y )} for large Lw
and ¥(y) — 1 for Lw/p > 1, and « is the expansion factor
of the macromolecule with respect to the wormlike case.
For flexible polymers, @ may be defined as®

a=1+%Yz+.. 2
where z is a function of the excluded volume parameter
and may expressed as®*

2= [ﬁ] O ®

where a is the monomer size and N is the number of
monomer units in the chain. An “extensive” expression
for the second virial coefficient A, is written, for long
flexible macromolecules in good solvent, as38
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where N and Mw designate the Avogadro number and
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the average molecular weight of the solute macromolecules,
respectively. It reduces to zero for a Gaussian chain in 6
solvent where o =~ 1.8

For polyelectrolyte solutions, the Coulomb interactions
between charges, fixed along the macromolecule backbone,
affect all these parameters. These interactions are also
very sensitive to the presence of counterions. The addition
of electrolyte(s) to the medium, which monitors the
solution ionic strength, screens out the repulsive inter-
actions between charges along the chain. The competition
between repulsive forces, along the fixed charges on the
chain, and the screening effects brought by the counte-
rion excess are manifested in a progressive and complex
dependence of the solution properties on these parameters
(charge density and counterion excess). A parameter often
used to account for the competition between the electro-
staticrepulsions and screening effects is the Debye—Huckel
(DH) screening length x"1.21! It characterizes the distance
beyond which the Coulomb repulsions between twosimilar
charges in the solution (particularly two charges along the
same polyion backbone) arestrongly reduced. The Debye—
Huckel parameter « is expressed (in cgs units) as?911-13

87N,c [ 2
2 A'S e
*="1000 LekgT. ®

where ¢ is the dielectric constant of the medium (solvent),
cs is the counterion concentration, e is the electron unit
charge, and k5T is the Boltzmann factor. In such media,
the electrostatic contributions to the parameters p and v
(termed p, and v,) must be considered in order to provide
a meaningful description of the thermodynamical prop-
erties of the solutiong3!1-13

p=p,+p, v=uv,+v, 6)

where the subscript n designates the neutral case. Thus,
all parameters characterizing the solutions have electro-
static contributions.

The charges carried by the polyions are the result of
dipole dissociation (electrolyte dissociation) along the
backbone. Such dissociation is very sensitive to the
environment (solvent) polarity strength, a property char-
acterized by the dielectric constant . Therefore, all the
parameters discussed above are also affected by the
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polarity strength of the solvent (consequently by ¢).

In this report, we present a contribution to the under-
standing of polyelectrolyte solutions in the presence of
counterion excess (relatively high ionic strengths). Using
staticlight scattering at small angles (SALS), we measured
the radius of gyration Rg and the second virial coefficient
Ay and followed their respective evolution as the ionic
strength of the medium was monitored. We limited our
study to the case with high ionic strengths and low polymer
concentrations to ensure the dilute solution features, since
the polyion expansion and the electrostatic interactions
effects are relatively reduced.®1416-18 In fact, it is known
that polyelectrolyte solutions often reach the “semidilute”
regime even for very small concentrations if no counte-
rions were added to the system, as has been proved for the
present system, for instance.l* This was attributed to the
large expansion of the macromolecules caused by the
Coulomb repulsions between charges along the polyion
backbone.®11-17 In addition, departure from the linear
variation of the osmotic compressibility xT vs ¢ may occur
for polyelectrolyte solutions even with small concentrations
if the ionic strength of the medium is small.8?8 This adds
extra complexity to the analysis of light scattering at zero
angle as has been reported for many polyelectrolyte
materials.52® We had pursued a physical study on the
dynamic aspects of such media using quasi-elastic light
scattering (QELS) measurements.!* This study showed
that the solutions experienced different behaviors de-
pending on whether external counterions were added to
the medium or not. For the high ionic strength case, the
single-chain hydrodynamic size Ry and the interactions
parameter kpln] (kp is constant, of the order of 1, and [7]
is the intrinsic viscosity) were found to be strongly de-
pendent on the ionic strength of the solutions.* The
present set of data complete and confirm the observations
reported on the diffusion coefficient. Their discussion is
done within the framework of a long flexible polymer chain
with electrostatic contributions to the persistence length.

Westart with a brief introduction of the general concepts
for SALS, followed by a description of the experimental
setup, as well as the material we used. Inthenextsection,
we discuss the experimental data with comparison to
previous works either on the present material or on other
systems and compare them to theoretical considerations.

II. Experimental Section

11.1. General Formulation and Experimental Setup. It
has been known that a nonhomogeneous medium, e.g., polymer
solution, colloidal dispersion, micelle solution, etc., subject to
concentration fluctuations éc scatters light.25819-2L The excess
in the scattered intensity with respect to the pure solvent is
directly related to the structure factor S(g,c) and reads as

I{g,c) ~ 8(g,c) = (bc(q) dc*(q)) V)]

where g is the scattering wavevector, ¢ = (47/\)n, sin (6/2) with
A the incident light wavelength, n, the solvent refractive index,
and 8 the scattering angle. The brackets designate the time and
thermodynamic average over all conformations. Experimentally,
the measured parameter often identified as the Rayleigh ratio
R(® is defined as519-21.28

r2

Ia+ cos® 6)

where I(f,c) is the scattered intensity at an angle 6 and
concentration ¢, r is the distance between the scattering volume
and thedetector, and I, is the incident intensity. 1(6,0) designates
the intensity scattered by the solvent reference. The parameter
R(#) is defined to account for the polarization factor (1 + cos? )
for unpolarized light.

For polymer solutions in the dilute regime, R(8) could be written
in terms of two separate factors (form factor S(g) and intermo-

R(B,C) = {I(orc) - 1(0,0)} (8)
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lecular structure factor xr(g,c))>8e18-21.28

R(0,c) = R(q,c) ~ KcM S(q) xr(g,c) 9)

where M is the molecular weight and xrt is the osmotic
compressibility, related to the virial coefficient A,. K is an
experimental factor which for light scattering is dependent on
the refractive index increment (dn/dc) withrespect to the solvent
and reads as K = {(2wn,2)/ (NaA)}(dn/dc)2. 5192428 Theincrement
(dn/dc) is the equivalent of the contrast factor for X-ray or neutron
scattering cases.’

In the limit of small concentrations (¢ « 1) and within the
Guinier regime (qR¢ < 1), a linear expression for the inverse of
the Rayleigh ratio with ¢ and sin? (§/2) (or q) emerges:25!%-22

in? (6/2) Rg*
En(g# + 24, Myc + )
(10

Ke 1
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The radius of gyration Rg is defined as?37.21.22

1
2 _ 2
Re*=— Z, (@) (11)

where the summation is taken over all monomers i and j in the
solute macromolecule and N designates the number of monomer
units in the chain.

A plot of Kc/R(8) vs sin? (8/2) + ¢ provides a set of straight
lines: a Zimm plot. From the slopes at ¢ = 0 and at 8 = 0, one
can deduce the radius of gyration of an isolated macromolecule
R and the second virial coefficient A, respectively.57 21922 The
limit 6 = ¢ = 0 enables one to reach an estimate of the molecular
weight My, knowing the experimental value of K. For the present
study these three parameters are the focus of the discussion.

As experimental setup, we used a small-angle light-scattering
instrument provided by Otsuka Instruments (Japan). It is
operated at the He-Ne wavelength, A = 632.8 nm, with an incident
intensity of 5 mW. Itisequipped with a temperature-controlled
clean and index-matched bath through which liquid is contin-
uously pumped and filtered. This setup allows a scan of angles
between 10° and 150° with a 10° step. Nevertheless, the lowest
value, § = 10°, was found to provide high and unstable intensity.
It has not been used for the present study. Calibration
measurements were done using benzene.82® The excess in the
scattered intensity (Rayleigh ratio, R(f)) is obtained at each given
angle, as the difference between the solution and the reference
(eq 8)

2
r
——{I(8,c,cg) — 18,0, 12
I,(1+ cos® 0){ (@ercg) ~16.0c9} 12

where I(c,cs) designates the intensity provided by a solution with
concentration ¢ and at given ionic strength cg (it is practically
the salt concentration in the medium). The intensity reference
I(cs) is provided by the pure solvent to which we added an amount
of electrolyte to reach the ionic strength cs.

The refractive index increments were measured at A = 632.8
nm using a differential refractomer, Photal RM 1002 (Polymer
Laboratories). The increments An vs c fit straight lines for each
given ionic strength cg (Figure 1). The same solutions were used
for both measurements (An and R(8)). All curves have zero
intercept at the origin, except for the highest value of cg where
a slightly positive intercept was measured. This set of solutions
gave a nice Zimm plot, however. Table I provides the corre-
sponding values for dn/dc for the different cs. The resulting
value, afterward used in the data analysis, is dn/dc = 0.25 cm?/g.

11.2. Materials and Sample Preparation. We used the
compound poly(zylylene tetrahydrothiophenium chloride) known
as the precursor of the poly(p-phenylenevinylene) (PPV).14.23-27
The final PPV is obtained from casting of water solution of PPV
precursor and heating the resulting film at high temperature, T
=~ 300 °C, for 2-3 h. This allows elimination of the sulfonium
salt side groups. PPV is not soluble in any common known
solvent. Consequently, many studies done to identify this
material are pursued in solutions of the precursor. PPV has
promising conducting and nonlinear optical properties, as well
as interesting crystalline behavior. It has been the center of
intensive interest and investigations.!4?-27 The precursor has
been synthesized by L. Frank (Lark Enterprise, MA). It was

R@b,c) =
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Figure 1. Experimental data of the refractive index increment
An vs polymer concentration c at a given ionic strength, cg = 0.78
X 102 M.

Table I
Values for the Refractive Index Increment (dn/dc)
Together with the Corresponding Salt Concentrations
Scanned

10%cs (M) 0.44 0.56 0.78 1.1 4.1
an/dc (cm?/g) 0.250 0.236 0.250 0.250 0.250

polymerized by anionic polymerization in water solutions starting
from monomer molecules at low concentrations. Solutions with
concentration of about 5% (weight) in water were provided to
us. The material is, afterward, precipitated in acetone and
thoroughly washed with clean water to eliminate the excess of
monomer ions.142526 The resulting material is dry-pumped under
a nitrogen atmosphere for several hours. This ensures the
elimination of residual ions and water molecules. The resulting
material is then stored in a frozen atmosphere.

To make the present solutions, we used HPLC methanol
(Fisher Scientific). For each set of solutions, the solvent at a
given ionic strength was first made and then used for solution
preparation. The solutions are stored at low temperature and
taken out for experimental use. This avoids the elimination of
side sulfonium salt, slightly enhanced at higher temperatures.
Each solution is filtered into the light-scattering sample using
a Teflon filter (0.22-um pore size, Millipore).1* One or two
filtrations were found sufficient to provide a clean sample for
light-scattering purposes.

Early GPC measurements on a rather modified PPV precursor
compound (tetrafluoroborate side groups instead of sulfonium
salt), dissolved in DMF, provided an estimate for the molecular
weight:26

My ~ 10° My/M, ~2 (13)

These values are not extremely accurate though, since GPC
applied to polyelectrolyte solutions is often associated with
difficulties.?8

For our electrolyte, we used sodium chloride (NaCl) from
Fisher. All measurements were done at a given constant tem-
perature (room temperature, T’ =~ 25 °C). The ionic strength of
the solution is actually given by the amount of free counterions
presentin the medium. However, the contribution from the solute
macromolecules is very small for the values of cs used in the
present study.l Therefore, the value for the ionic strength of
the medium is taken to be the salt concentration cs externally
added, as was done in previous studies.*

III. Results and Discussion

Typical Zimm plots for sets of solutions at given ionic
strengths are shown in Figure 2. The cases a and b
correspond to two different values of salt concentrations:
¢s = 0.78 X 102 M and cg = 4.1 X 102 M (M designates
moles per liter), respectively. For both cases, the inverse
of the excess in the scattered intensity (Rayleigh ratio,
{Kc/R()}) is linearly dependent on both sin? (6/2) and ¢,
as was predicted for dilute polymer solutions within the
Guinier regime (eq 10).251%-22 However, a slight departure
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Figure 2. Two Zimm plots for the present set of solutions at
different ionic strengths: (a) ¢s = 0.78 X 102 M, the largest value
of ¢ shown on this plot, corresponding to ¢ & 2.3 X 1073 (g/cm?),
was not used in the data analysis; the latter was limited to the
interval 0 < ¢ < 1.48 X 1073 (g/cm?); (b) ¢s = 4.1 X 102 M and
polymer concentration 0 < ¢ < 1.3 X 1073 (g/cm?).

from the linear behavior of {Kc/R(6)} vs sin (6/2) at a
given ¢ and c¢g could be detected for high polymer
concentrations, e.g., upper line in Figure 2a. A departure
from the linear dependence of {Kc/R(f)} on the polymer
concentration ({Kc/R(6)} vs c) becomes even more pro-
nounced for small ionic strengths and if a plot at zero
scattering angle, {Kc/R(6=0)} vs ¢, is used (Debye plot), as
shown in Figure 3 (see below). The experimental values
for the radius of gyration Rg, the second virial coefficient
Ay, and the molecular weight My hereby measured using
the Zimm analysis and limited to the very dilute regime
are reported in Table II, together with the corresponding
salt concentrations. The use of Zimm analysis did not
provide one constant value for the molecular weight.
Slightly increasing values are reached for decreasing ionic
strength. Also the value reached for Mw at a given ionic
strength is larger if a substantially wider interval of polymer
concentrations is used for the Zimm plot.5

However, the use of Debye analysis (a plot of {K¢/R(§=0)}
vs ¢) has provided a more accurate estimation for the mo-
lecular weight Mw: {Kc/R(8=0)} — 1/Mw for ¢ —0. A fit
of {Kc/R(6=0)} vs ¢ to an expansion involving the third
virial coefficient A3 (higher order in ¢) provided better
agreement with the experimental data (Figure 3). The
limit at ¢ = 0 reached for all ionic strengths is constant
within experimental uncertainties (about 10%; see Table
IT). It is the same limit as the one provided by Zimm
analysis at § = ¢ = 0 for the highest ionic strength (cg =
4.1 X 10-2M), where a linear expansion for the {Kc/R(§=0)}
vs ¢ describes well the experimental data. This agreement
is quite comforting since the final measured molecular
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Figure 3. Plot of {Kc/R(6=0)} vs polymer concentration ¢ (De-
bye plot) for the different salt concentrations scanned. A fixed
common extrapolated value is reached at infinite dilutions ¢ =
0 (g/cm?): (W) cg =~ 0.446 X 102 M; (O) cs >~ 0.56 X 1072 M; (A)
cs~ 078 X 102 M; (0) cg =~ 1.1 X 102 M; (®) cs ~ 4.1 X 10°?
M. Nevertheless, a slight problem is associated with the case
cs =~ 0.56 X 102 M where dn/dc was slightly small (see text).

Table 1I
Expeimental Values for the Radius of Gyration Rg, the
Second Virial Coefficient A,, and the Molecular Weight Mw
for the Ionic Strengths Studied

10%s (M) 0.44 0.56 0.78 11 4.1
107%(cg)t (M) 2.27 1.785 1.28 0.91 0.244
(cg) /2 (M1/2) 14.97 13.36 11.32 9.563 4.94

(a) Zimm Analysis
10Myw 1.45 1.39 1.27 1.27 0.75
Rs (A) 1300 1100 992 847 592
104A; (cm?/g?) 36 16.7 17.2 12,5 3.66
(b) Debye Analysis®
1My 0.8 0.8 0.7 0.9 0.75
Rg (A)® 965 834 787 677 592

@ Values for Mw using Debye analysis for the limit {Kc¢/R(6==0)}
vs ¢, together with those of the radius of gyration deduced using the
molecular weight correction as explained in the text.*Rg =
Rc(Zimm) X {Mpebye/ Mzimm}'/2.

weight is constant; the value taken is the one provided by
Zimm analysis at ¢cg = 4.1 X 102 M. A value My ~ 8 X
10%is actually very close to that measured previously using
GPC as described in ref 26. It is the first direct and
accurate determination of this parameter for the present
PPV material. The successful fit of the data to a
conventional Zimm plot for high ionic strengths guarantees
the reliability of the value hereby reached. The existence
of a nonzero third virial coefficient As, for the lowest ionic
strengths, may be attributed to the emergence of non-
negligible three-body interactions, when the screening
effects brought by the counterions become weak.

Given the presence of Mw in the slope and intercept of
{Kc/R(0)} (eq 10), a correction for the values of Rg in Table
II at each ionic strength deduced from the previous Zimm
analysis using the value My = 8 X 10° [Rg = Rg(Zimm)
X (Mpebye/ Mzimm)1/?]1 provides a better estimate for the
polyionsize. The corresponding values, listed in Table I,
are smaller than the previous case; they will be used in the
discussion below. There is no direct effect related to de-
termination of the molecular weight on the estimate of A,
(see eq 10), even though extrapolation to ¢ = 0 may be
sensitive to c. However, the last point is present even for
neutral systems.?®

The most important point is the strong dependence of
both B¢ and A; on the ionic strength of the medium. The
size of the polyions experiences an increase of about 50%
over a reduction of the ionic strength of about 1 order of
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Figure 4. Experimental data for Rg reached using the “Zimm-
corrected” analysis (see text): (a) Rg vs cg; (b) Rg and Ry (from
ref 14) vs cg7%.

magnitude: Rg =~ 840 A for cs =~ 0.56 X 102 M whereas
its value is about 590 A for cg ~ 4.1 X 102 M (Figure 4a).
Simultaneously, the second virial coefficient A; experiences
a 1 order of magnitude increase for the same range of
counterion concentrations. The important enhancement
of Rg and A; as cg is decreased reflects, very well, the
competition between the electrostatic repulsive interac-
tions, the screening effects, and their mutual effects on
the thermodynamical properties of these solutions.

Remarks

1. The values for the parameters hereby measured, i.e.,
Rg, Aj, and My, are only “apparent” in principle. They
are affected by the refractive index increment. In fact,
for a multicomponent system, e.g., polyelectrolyte media,
an/dc is complex and has contributions from all the
components in the solution. An account of this factor has
been discussed in ref 28, for instance. These effects may
be slightly important only for higher ionicstrength in poly-
electrolyte solutions, though: ¢s =~ 0.5-1 M or larger,
for example. Because of the relatively modest salt
concentrations scanned in the present case, cg < 0.05 M,
the effects on the measured parameters may be neglected.
No measurements of the refractive index increment at
constant chemical potential (dn/dc), were taken. Nev-
ertheless, we checked that the value for dn/dc at constant
cs was not affected by the ionic strength even when the
latter approaches zero. This property together with what
has been discussed above (modest ionic strength) would
suggest that the value for dn/dc at given cg used in the
data analysis is not different from the one at constant u.

2. The emergence of nonlinear terms in the expansion
{Kc/R(6=0)} vs c, for some ionic strengths, does not affect
substantially the determination of A, if analysis is limited
to low-c intervals, as proved in previous work.28
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3. For polydisperse materials, it is known that, in
principle, the plot of {Kc/R(6)} vs sin? (§/2) at infinite
dilution presents a departure from the linear behavior
expected for an ideal monodisperse system in eq 10. A
value for 1/M,, is reached for the asymptotic limit (large
angles); the limit @ = ¢ = 0 provides 1/Mw, whereas the
slope with respect to this limit provides a z average radius
of gyration (Rg2?),5® Nevertheless, the absence of a
substantial departure from the the linear behavior in the
Zimm plot (Figure 1) indicates that the influence of the
polydispersity factor on the present measurementsis small.
Consequently, only the weight-average molecular weight
My and slightly overestimated values for the radius of
gyration (Rg2), are measured in the present case. In
addition and as mentioned previously, GPC measurements
for polyelectrolyte systems are often difficult and not very
accurate. Moreover, SALS is not extremely sensitive to
modest polydispersity, as explained in ref 5b (Chapter 8,
p 444). We will no longer consider the effects related to
the polydispersity in the present work.

We now compare the experimental data for Rg and A;
toother theoretical as well as experimental considerations.
The effects of the electrostatic interactions on polyelec-
trolyte solutions as shown by SALS were observed for
other materials,1617.2831 Thesge effects are far from being
universal though. A dependence of the type As ~ (cs)™1/2
has been observed for many flexible polyelectrolyte
solutions with high charge density.?8 The dependence of
R on cg has not attracted the same attention as has that
of As. Change in the macromolecules expansion caused
by ionic strength variation was observed for different
materials, however.2

In what follows, we present a few arguments based on
the nature of the solute chains and the dipoles they carry,
the solvent quality, its polarity, the solution ionic strength,
and their influence on the range of electrostatic interac-
tions. They will be used, afterward, to provide a descrip-
tion for the experimental data hereby obtained. Thesame
arguments have been introduced previously in order to
explain the data for the diffusion coefficients measured
for the present system and using QELS study.l¢

Onone hand, it has been known that the PPV compound
is not soluble in any common, organic or nonorganic
solvent.?>-26 Simultaneously, the present compound, PPV
precursor, is soluble in only few solvents: methanol and
water. The solubility in water is found to be drastically
affected by counterion excess. A precipitation process
takes place in these solutions for high ionic strengths, for
instance.14152526 The dissolution of PPV precursor de-
rivatives (with tetrafluoroborate side groups, for instance)
was also found to be fairly poor.26 These properties suggest
a rather “bad” solvent quality for the present methanol.
The involvement of phenyl rings within the backbone
would tend to stretch the chain locally. This will result
in a fairly important local stiffness and, consequently, in
ahighnatural persistence length p,,. Simultaneously, these
two properties, modestsolvent quality and locally stretched
chain, induce a weak natural contribution to the excluded
volume parameter v,. Nevertheless, the polyions are still
flexible, given the lack of double bonds and the presence
of side groups. On the other hand, the modest polarity
strength of methanol, together with the relatively weak
dipoles carried by the sulfonium side groups, for the PPV
precursor, would induce a modest dissociation of the S—Cl
bonds. Therefore, the charge density along the polyion
backbone could actually be much lower than what is
nominally expected if full dissociation of the dipoles took
place.

The Debye—Huckel screening parameter «, introduced
above (eq 5), involves another characteristic distance: the
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Bjerrum length Lg expressed as?29-3!

Ly = */ekpT (14)

It is large for small values of ¢ and vice versa. This
parameter characterizes the condensation process. A
portion of the free counterions in the medium will condense
around the polyion backbone, toreduce the effective charge
density, if Lg is larger than the nominal distance between
neighboring charges (dipoles) along the backbone L¢.2®
This is mostly valid for high dissociation along the solute
chains, a process which may take place in the presence of
very strong dipoles and high polarity strength of the
solvent. A value L =~ 17 A is reached for the present
case, which implies that the charge density is at least 3
times smaller than what would be expected if full
dissociation of the dipoles along the chain took place (L¢
~ 5 A is the extreme case). However, given the modest
dipoles carried by the chain and the relatively small ¢ for
methanol, the electrolyte dissociation along the polyion
backbone would be weak, the actual value of Lc may be
larger than that of Ly (above), and no condensation should
occur in this case. Consequently, a charge density with
a separation distance Ly present in these media would be
the highest; it is only an “extreme nominal” case.

For the present system, on the one hand, the solute
polyion chains are fairly flexible. On the other hand, the
screening effects are important given the high ionic
strengths to which we have limited our study.!4 Within
these conditions, the electrostatic contributions to both
persistence length and excluded volume parameters p, and
v, may have relatively simple expressions written, respec-
tively, asl2-14:30

pe = Lp/AL* (1)
and
v, ~ e (16)

where d designates the chain cross-section diameter. The
electrostatic persistence length p, reduces to a simple
expression

pe = 1/4Lpk* an

if Lp is larger than Lc; e.g., a condensation process takes
place. This expression (eq 17) is only an upper limit for
pe since we believe that a weak dissociation is more likely
for the present solutions and no condensation process takes
place.

For high ionic strengths and for fairly large chain
diameter, which is the case, given the chemical structure
of the solute polymer chains, the factor «d is large (mostly
for the high values of c¢g) and the excluded volume
contribution v, may be neglected. Within the framework
of these considerations, one concludes that the electrostatic
persistence length p, (eqs 15 and 17) is proportional to the
inverse of the salt concentration; p, ~ 1/cs.

For long flexible polyions, in the presence of strong
shielding of the repulsions between neighboring charges
along the chain, and in the absence of electrostatic
contributions to v, the expression for the radius of gyration
may be written as

18

Y(Lw/p), in eq 2, is about 1. The expansion factor ay, for
the neutral compound may be assumed to be that for the
highest ionic strength (cs = 4.1 X 102 M), since a, =~ 0.
However, the second virial coefficient for polyelectrolyte
solutions becomes fairly complex because of the electro-
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Table II1
Values for the Debye Length «! and the Electrostatic
Persistence Length p, for the Different Ionic Strengths

Scanned
10%cs (M) 0.44 0.56 0.78 1.1 4.1
10%2 (A-2) 114 14.8 20.70 30.90 106.4
1A 29.6 26 22 18 9.8
pe (A) 13 10 7 4.75 1.5

static contributions. Many accounts for such contributions
have been considered by different authors.2 The ex-
pression introduced above (eq 4) was proved to be also
useful for polyelectrolyte solutions (Orifino and Flory).8b..28
Within the framework of the approximations discussed
above, a ~ a, and p = py, + p. as was done for Rg, As may
be written as

N.TL 3/2 1/2 3/2
A~ an3’r—%[w—p“] In {1 + T (a?- 1)}[1 + ’ﬁ]
ML 3 2 P

n

19

where the constant numbers in eq 4 have been ignored. A
dependence of R and A; on the ionic strength emerges
from eqs 5 and 17-19.

Using expressions 5 and 17, for «2 and p., we computed
the corresponding values for the Debye—Huckel screening
Iength «! and the electrostatic contributions to the
persistence length p.; they are listed in Table III. The
electrostatic persistence length g, is modest and decreases
sharply with increasing ionic strength. Based on the very
small value of p, for the highest salt concentration used,
we can assume that the corresponding set of solutions is
very close to the neutral case. Using the corresponding
value for R and eq 1 for a wormlike chain, together with
the assumption o, ~ 1 and y¥(y) =~ 1, we reached an
estimation for the natural persistence length: p, =~ 40
A4 These assumptions together with neglecting p.
compared to p provide only an approximate, and over-
estimated, value for the natural persistence length. Nev-
ertheless, the value hereby reached is large; it is much
larger than the value of p. reached at all ionic strengths
(see Table III).

The small values for the persistence length p. with
respect to the natural term p,, even for the smallest ionic
strengths, is consistent with the arguments suggested
above, i.e., weak charge density along the backbone and
long flexible chains. This condition allows to use the
approximation (pe/pn) =~ x <« 1 in expressions 18 and 19
for R and A, respectively. Therefore, alinear expansion
as a function of the ratio x is a realistic operation for these
parameters, and the following expressions result:

Ry ~ RG°(1 +2 4 ) (20)
Cs
A, ~ A 0(1 +b )
s A1+ 2+ @D
Cs

where R and A3° designate the corresponding parameters
for the asymptotic neutral solutions case (cs™! — 0). The
constants a and b are expressed as function of p, and Lg:

a= .__.L.O_O_z (22)
647"NAanB
5000 (23)

b=—"70
647N ,p Ly

Nevertheless, such linear expressions are less accurate for
weak screenings (smaller values for cg). The type of
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Figure 5. Second virial coefficient A; vs inverse ionic strength
cs”l, experimental data from Zimm analysis.

dependence of Rg and A; on cg hereby reached (~1/cg)
is compared to the experimental data for the present
solutions. Plotsof Rgvs1/cgand for A;vs1/cgarereported
in Figures 4b and 5, respectively.

The linear type of dependence reached for Rg vs 1/cg
describes well the experimental data for the radius of
gyration. The agreement is actually quite good for all
ionicstrengths scanned. This agreement is not surprising
if one keeps in mind that R is the extrapolated static size
for anisolated chain inthe medium. The counterion excess
would dominate the Coulomb repulsions within the chain
even for relatively small values of cg, and p, will always be
small for infinite dilutions. Eventually, a possible de-
parture from the linear expansion may be observed if much
smaller salt concentrations were studied. The same
observation has been reached for the hydrodynamic radius
Ry as discussed in ref 14. The success of the linear fit for
R vs 1/cg confirms the validity of the arguments con-
cerning the solvent quality and the modest charge density
along the solute chains. Incidentally, we mention that a
fit to a different type of power law, (¢s)™1/2, for instance,
did not provide the same extent of agreement with the
experimental data as the one shown in Figure 4b for Rg
vs cg™l, The asymptotic value reached for the radius of
gyration at the limit cg™! — 0, Rg® =~ 530 A, is reasonable
for polymer chains with similar Mw. This value is also
very satisfying when compared to the corresponding
hydrodynamic radius at the same limit: Ry® ~ 375 A.14
The ratio Rg%/Ru® ~ 1.41 is in agreement with what has
been predicted for polymer solutions (Rg%/Ru® ~ 1.5) in
good solvents, and © solvents as well.!° This ratio stays
approximately the same over the range of cg scanned (see
Figure 4b). Using eq 22 and the estimation for the
persistence length p,,, we computed a value for the constant
a: ay =~ 7 X 10¢ (M), whereas the corresponding
experimental value extracted from the data in Figure 4b
is 8 Gexpy =~ 3.4 X 1073 (M™1). These values, even though
of the same order of magnitude, are still different. This
modest success reflects the validity of the “first-order”
approximation in evaluating the electrostatic contributions
to the radius of gyration. They already provide a good
description for the dependence on cg. Nevertheless, these
theoretical considerations could not account, quantita-
tively, for the electrostatic effects. This may be attributed
to an overestimation of p, and also to the picture in which
the paramter p. was accounted for; p, given by eq 17 may
be overestimated. Neglecting the excluded volume con-
tributions also contributes to this discrepancy.

The fit of the experimental data for the second virial
coefficient A; to a linear dependence on 1/cg provided a
straight line in agreement with eq 21 only for the highest
ionic strengths. A departure from the linear dependence
is observed for lower salt concentrations (the value of A,
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for cg ~ 0.56 X 1072 M should be considered with some
reservations since the corresponding set of solutions
provided a slightly smaller value for 8,/dc than what was
measured for the other ionicstrengths). This again reflects
the success, and the limitations as well, of the present
treatment for the electrostatic contributions within the
framework of a persistent chain. The linear expansion is
successful only for strong screenings as was observed for
Rg, Ru, and the diffusion coefficient and where the
electrostatic repulsion effects on p are small* The
departure from the linear behavior for lower ionic strengths
may be attributed to the failure of the linear expansion
when p. becomes large, and also to an overestimation of
pn as mentioned above for Rg. Neglecting the excluded
volume would also contribute to this discrepancy. As
experimental value for the constant b hereby reached is
bexpt = 3 X 1072 (M-1). This value is larger than the
calculated one using eq 25: by, >~ 2 X 103 (M1). The
difference between the measured value and expected one
may be attributed to an overestimation of both p. and pp,,
and also to neglecting the excluded volume contributions,
as was suggested for the constant a, above. Nevertheless,
the success of the linear expansion in describing the scaling
of A; as ¢g7L, in contrast with what has been observed for
other flexible polyelectrolytes where a cs'/2 scaling was
reported, confirms the arguments introduced above. The
linear variation of A; with ¢s/2, observed for polyions
with high charge density and in good solvents, is sub-
stantially influenced by the contributions to the excluded
volume. These effects are fairly complex and require a
more extensive study and knowledge of the material.

The present type of behavior, mostly for high ionic
strengths, is similar to the Donan picture for charged
globular particles. The modest quality of the solvent, the
weak charge density along the polyion backbone, and the
effectiveness of the shieldings brought by the counterion
excess impart a strong reduction of the Coulomb repul-
sions. This brings the system closer to a solution of
“globular” polyions. This qualitative argument is con-
firmed by the modest value of A0 reached at the limit
“cg”l == 0" Ap® =~ 5 X 107 (cm3/g?). In fact, within the
framework of expressions 4 and 19 for A, the factors
introduced earlier and concerning the poor quality of the
solvent would translate into a value of ay, close to 1. This
would imply a small value for the asymptotic limit A5°.

It would be interesting and very helpful to pursue more
studies on the present system: measurements of the
intrinsic viscosity [n], the expansion factor «, and its
dependence on the ionic strength, etc. A study of the
temperature effects to check if there is any change in the
solvent quality may also be useful.

IV. Conclusion

The variation of the macromolecular size R; and the
second virial coefficient A; with the ionic strength of the
medium has been monitored for flexible polyelectrolyte
solutions. Small-angle static light-scattering (SALS)
technique has been used to achieve these measurements.
The competition between the Coulomb repulsive inter-
actions within the polyions and the screening effects
brought by the counterion excess is well reflected in the
close dependence of these parameters on the added salt
concentration. Both parameters follow a 1/cg type of
variation when strong shieldings take place, i.e., for high
ionic strengths. This was accounted for within the
framework of a flexible wormlike chain with electrostatic
contributions to the persistence length. The linearization
of the expressions for Rg and A; as function of the
electrostatic persistence length was appropriate because
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of the modest contributions of the electrostatic interac-
tions. Thisisfavored by the modest quality of the solutions
and is valid mainly for high salt concentrations. A more
complex treatment, eventually accounting for the excluded
volume contributions, is required if a more rigorous
comparison with theory and dependencies at low ionic
strength are to be considered.
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