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The scattering behaviour of polyelectrolytes is a long-standing puzzle: based on their high osmotic pressure, polyelec-
trolytes should be incompressible systems in which long-ranged concentration fluctuations are strongly suppressed,
meaning that their low-¢g scattering should be extremely weak. In contrast to this, small angle scattering experiments
consistently report a ‘low-g upturn’ which results in a zero-angle scattering intensity several orders of magnitude larger
than the theoretically predicted one. Here we show that the low-q upturn, and the corresponding slow mode can be
largely removed by filtration. Any remaining contribution can be subtracted by using dynamic light scattering to split
the total scattering signal of a polyelectrolyte solution into fast and slow components. This static intensity of the fast
component corresponds to the osmotic compressibility of the system calculated from osmotic pressure measurements
and can be used to determine the fraction of free counterions in aqueous and non-aqueous solvents, as demonstrated for
carboxymethyl cellulose in water, sodium polyglutamate in water and ethylene glycol and magnesium polyglutamate
in water. Our results demonstrate a light scattering method to quantify the osmotic pressure of salt-free polyelectrolyte

solutions in non-aqueous media, which is difficult using conventional osmometric techniques.

I. INTRODUCTION

When a polyelectrolyte dissolves in a solvent, a fraction
of its counterions are released into the solvent bulk.' These
are known as free counterions, and they are responsible for
the huge osmotic pressure (IT) of polyelectrolyte solutions.
Specifically, the scaling theory>~’ expects:
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where kg is Boltzmann’s constant, ¢ is the concentration of
repeating units (monomers), f is the fraction of monomers
with a free counterion and & is the correlation length or mesh
size which scales with concentration as ¢~'/2. The Manning
and Katchalsky models multiply the first term in Eq. 1 by a
constant of ~ (.5, but this is not important for the discussion
here.

Figure 1 plots the osmotic pressure of polystyrene sulfonate
in water as a function of polymer concentration. The lin-
ear dependence expected by the first term of Eq. 1 is ob-
served to hold well and only at very high concentrations the
&3 o ¢! appears relevant.® The black line corresponds to
f =~ 0.2 which aligns well with other estimates for the frac-
tion of free counterions of NaPSS in water from counterion
activity measurements or electrical conductivity.

One consequence of the high osmotic pressure observed in
figure 1 is that low-salt polyelectrolytes solutions are expected
to be highly incompressible systems where long-ranged con-
centration fluctuations are strongly suppressed. Because of
this, polyelectrolytes have long been predicted to scatter
weakly in the low-q regime.>?%->2 Experimentally, however,
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FIG. 1. Osmotic pressure of NaPSS as a function of concentration.
The black line corresponds to Eq. 1 with f = 0.2. The purple line
as best fit to the high concentration region. Data are from refs. [ 9-
18], as indicated on the legend. Letters inside brackets correspond to
measuring method: IP = isopiestic method, VPO = vapour pressure
osmometry, MO = membrane osmometry, FDP = freezing point de-
pression osmometry, OS = osmotic stress.

with some exceptions,?>2 the low-g region of the scattering

function of polyelectrolyte solutions displays a large upturn.
Several mechanisms have been proposed that predict aggrega-
tion in polyelectrolyte solutions and thus to strong scattering
at low g. However, it is not clear how such aggregation can be
reconciled with the characteristically low osmotic compress-



~ 100 nm domains?

a 10 P b T ——— T ——— T 0.20
3 -4
10° g E 0.3 slow mode: Ry =~ 1000 nm
: 3 - 0.15
- i 1

L | I camm . .

T 10tk Correlationpeak | '€ Multi chain 3
g 5-20 nm E ] aggregates? P
S : i ? £
= xio0 ] @ 02F - o0.10 £
I 10’ E ) 1 © =4
~ O F 1 = =

- 1= =3
(N - | —
10°F X103 O 01 Fastmode: -1 005 ®
E ] Ry ~02nm
10" 4 A
i Ll Lol TR | L .E 0.0 L L = 1 =1 0.00
. . 6
0.01 0.1 1 10 10° 10 10° 10° 10
g [nm'] T, s

FIG. 2. Scattering properties of quaternised P2VP in aqueous solutions without added salt. a: combined SLS and SANS intensity for
¢ = 3,15and30 g/L. The two highest concentrations are shifted by factors of 10 and 100, as indicated on the plot. The SLS data were shifted
vertically to match the SANS data.? The correlation peak observed at intermediate ¢ corresponds to the mesh size of the polymer solution,
depicted schematically on the inset. The low ¢ upturn follows a power-law of I(g) ~ g~2* before plateauing for ¢ < 0.01 nm~!. Guinier
analysis of the low-g region gives characteristic sizes of ~ 100 nm. b: The dynamic light scattering field correlation function for the 30 g/L
solution displays a clear bimodal profile. The fast mode with an apparent size of 0.2 nm arises from the diffusion of the free counterions,

whose motion is coupled to that of the backbone. The slow decay corresponds to size of ~ 1 um. Figure adapted from [ 19].

2 The cm™! unit therefore strictly applies only to the SANS data.

ibility of these systems. Properly stated, the low—g problem
is not simply that polyelectrolyte solutions scatter strongly at
low g, but that this occurs in solutions exhibiting a very large
osmotic pressure, which should correspond to a very small
compressibility.

A good example of the puzzling experimental results is
shown in figure 2a, which plots the small angle neutron scat-
tering (SANS) and light scattering intensity of quaternized
poly(2-vinyl pyridine) in aqueous solutions.!” In the inter-
mediate g range the scattering function displays a correlation
peak associated with the mesh size of the polymer solution.
This peak was first predicted by de Gennes et al® and subse-
quently observed in many experimental studies.?®=3* At still
lower g, however, the intensity increases sharply, following a
power law of approximately /(g) ~ g~ before reaching a
plateau at very small scattering vectors. Guinier analysis of
this region yields characteristic length scales on the order of
~ 80 — 90 nm, which are much larger than the mesh size of
the semidilute solution.

Dynamic light scattering measurements provide additional
information about this anomalous low-g scattering. As shown
in figure 2b, the field correlation function exhibits a clear bi-
modal decay consisting of a fast and a slow relaxation mode
with characteristic times g >~ 5 Us and tgow =~ 30 ms. An ap-
parent diffusion coefficient can be calculated as D,p, =T/ 7,
where I; is the mean inverse relaxation time. From this ap-
parent diffusion coefficient, the hydrodynamic radius can be

estimated using the Stokes—Einstein equation:
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where 7 is the viscosity of the solvent.

In applying Eq. 2 it is implicitly assumed that the diffus-
ing species experiences a hydrodynamic drag proportional to
the solvent viscosity. While this assumption is likely to hold
for the diffusion of small ions or short sections of the poly-
mer chain, it is less appropriate for the entities responsible for
the low-g upturn and the slow mode. These objects have di-
mensions much larger than the mesh size of the polymer net-
work, and therefore the hydrodynamic drag they experience is
likely to be closer to the solution viscosity rather than the sol-
vent viscosity.»37 This conjecture is supported by three ob-
servations. 1) the static size of the aggregates obtained from
Guinier fits to the data in figure 2a is approximately ~ 100 nm,
which is much smaller than the apparent hydrodynamic radius
of ~ 1 um obtained from Eq. 2 when the solvent viscosity is
used. The solution viscosity for the sample in figure 2b can
be estimated as ~ 10 mPa s based on measurements by Dou?
for a P2VP derivative of similar degree of quaternization.®®
2) when filtration is used, the largest species in solution are
limited by the filter pore size. Lopez and Richtering*’ showed
that for various salts of carboxymethyl cellulose the hydro-
dynamic radii of the slow mode calculated using the solvent
viscosity were much larger than the filter pore size. Replacing



ns by the solution viscosity in Eq. 2 produced values consis-
tent with the filtration limit. 3) Data by Behra et al. showed
that ratio D, /M p for NaCMC solutions is nearly concentra-
tion independent, as expected for constant size object whose
diffusion is slowed down by the increasing viscosity of more
concentrated solutions.

The fast mode corresponds to the diffusion of counterions,
whose motion is coupled to that of the polymer backbone.*!~*3
It is found to be independent of polymer molar mass and
weakly dependent polymer concentration in the semidilute
regime*** but dependent on the size and valence of the
counterion*>#%47 and the charge density*>*%4° of the chain.

The slow mode, as discussed above, is expected to arise
from the same entities responsible for the low-g upturn. It
displays a complex dependence on polymer molar mass, con-
centration and added salt type and content.***->1 The mo-
lar mass and concentration dependence of the hydrodynamic
size is considerably more complex than that of the static
size, likely because the hydrodynamic size is influenced by
the solution viscosity, as discussed above. Various interpre-
tations for its origin have been proposed.”>>3 Although the
proposed mechanisms differ, they can be broadly grouped
into two classes: multi-chain domains,!943475460 354 ex-
traneous species such as dust, undissolved polymer, or other
residues. 51763

Neither interpretation fully explains the available observa-
tions. The dust hypothesis is difficult to reconcile with sev-
eral experiments. Sedlak showed that the slow mode reap-
pears when filtered solutions are allowed to stand for extended
periods.%* Similarly, the amplitude and diffusion coefficient of
the slow mode was found by Sedlak to display slow kinetics,
which is difficult to explain by the dust/residue hypothesis.®
In addition, the slow mode appears when a weak polyacid is
charged in situ by increasing the pH,%*%7 which cannot eas-
ily be attributed to contamination. Russo and co-workers>®
demonstrated using a dialysis—DLS setup that the slow mode
disappears upon salt addition and reappears when the salt is
removed. Such reversible behaviour is inconsistent with a
dust-based explanation. The multi-chain domain hypothe-
sis faces two difficulties: First, as discussed above, salt-free
polyelectrolyte solutions have a very high osmotic pressure,
which strongly suppresses long-range concentration fluctu-
ations. Any large-scale concentration heterogeneity would
generate a substantial osmotic pressure difference between
concentrated and dilute regions, driving rapid homogenisation
of the system. Second, the macroscopic properties of poly-
electrolyte solutions such as solution viscosity do not show
any properties that suggest the presence of large aggregates
of chains. Measurements of chain self-diffusion by fluores-
cence correlation spectroscopy®7? or pulsed-field gradient
NMR7!-73 also fail to show any slow dynamics that would
be expected from the presence of multi-chain aggregates.

Recently, Sedlak’* argued that two types of entities are re-
sponsible for the slow mode. The first arise from hydropho-
bic molecules, which are solubilised by neutral polymers but
when the backbone is charged they are released into solution
and aggregate up to a critical size where they become stable
due to the surface charge of the droplet. This mechanism can

explain the generation of the slow mode upon polyelectrolyte
charging without involving macro-ion domains.

Simulation studies often do not observe an upturn in the
structure factor’>~’® and the scattering function is observed
to monotonically decrease with decreasing q. An exception
to this is the work of Chremos and Douglas,’®-%? who find
that a low—q upturn is observed when the affinity between the
counterions and the solvent exceeds a critical threshold.

Finally, we note that excess scattering in the low—g region
is not a feature restricted to polyelectrolytes but has also been
observed for other polymers in polar solvents, see for example
the work of Hammouda and co-workers: [ 83—87] These re-
sults show some similarities with the phenomenology of poly-
electrolyte solutions® such as the sensitivity of the amplitude
and relaxation time of the slow decay to filter size, as well as
similar power-law dependences for the low—gq upturn, but it is
unknown if the origin of both types of clusters is the same.

Regardless of the origin of the low-g upturn, it would be
useful to know what the scattering function of a polyelec-
trolyte solution looks like in its absence. One reason for this
is that the zero-angle scattering intensity is related to the os-
motic compressibility of two-component solutions.®” Measur-
ing 1(0) therefore provides a way of determining the osmotic
compressibility (the derivative of the osmotic pressure with
respect to concentration). Most commercially available os-
mometers today use the freezing point depression method and
are designed for aqueous solutions.’® By contrast, light scat-
tering measurements can generally be performed in organic
solvents regardless of volatility or chemical harshness. The
earliest example of using the zero-angle scattering intensity
to determine the fraction of free counterions in salt-free poly-
electrolyte solutions is by Alexandrowicz,2® who noted that
‘proper clarification [by centrifugation] proved to be of cru-
cial importance, omission of it leading to possible errors of
several hundred per cent’ A more recent example is by Saha et
al?*?> who measured the light scattering properties of poly(2-
vinyl-pyridine) with varying degree of quaternisation in 1-
propanol solution. In their case, no slow mode/low—gq upturn
was observed for the solutions.

In this work we show that the low-g upturn can be largely
removed by filtration through sufficiently small pores and that
the remaining contribution of the slow mode can be separated
using analysis of the dynamic light scattering autocorrelation
function. Once this contribution is removed, the resulting
scattering intensity agrees with theoretical expectations for
salt-free polyelectrolyte solutions and provides a direct way
of determining the osmotic compressibility, and from there
the osmotic pressure and the fraction of free counterions of
polyelectrolyte solutions. A major advantage of using light
scattering instead of osmometry is that light scattering can be
used in non-aqueous solvents, which are difficult to handle
with most osmometric techniques

II. EXPERIMENTAL METHODS

Materials: The sodium carboxymethyl celluloses used in
this study were purchased from Sigma-Aldrich and have DS



= 1.3, see refs. [ 40,91] for details of the DS and molar
mass characterisation. The preparation of the TBA salt of
CMC is the same as in refs. [ 92,93]. Dialysis membranes
with MWCO 10kDa were obtained from SpectraPor. Cap-
illaries for SAXS experiments were purchased from Hamp-
ton Research (US). The sodium salt of poly(y-glutamic acid)
(NaPGA) was purchased from MarkNature (grade: Purity
99%, Cosmetic Grade, produced by bacterial fermentation).
The powder was dissolved in water, extensively dialysed
against DI water to remove salt impurities. The magnesium
salt of PGA was prepared by adding a 40-fold molar excess
of MgCl, to an aqueous solution of NaPGA followed by ex-
tensive dialysis against DI water. After dialysis, the polymers
were freeze dried and the dried powder was used to prepare
solutions.

Small Angle Neutron Scattering: SANS experiments were
carried out at two beamlines: the SANS2D instrument at the
ISIS neutron source (Didcot, UK) and the JRR-3 instrument
at J-PARC (Tokai, Japan). The sample-to-detector distances
were 4m for both instruments. The SANS-2D experiments
were carried out using a white beam. For the JRR-3 experi-
ments A =7 A was used. Samples were loaded into quartz
cells and data were reduced using the software provided by
the respective facilities.

Small Angle x-ray Scattering: SAXS experiments were car-
ried out at the Spring-8 synchrotron facility, beamline BL40.
The sample to detector distance was 1 or 2 m and x-ray en-
ergy was 12.6 keV. Samples were loaded into ~ 2 mm quartz
capillaries and sealed using a glue gun to prevent evaporation.
Transmission and scattering spectra were collected simultane-
ously. The data were radially averaged and the capillary was
subtracted according to standard procedures.

Static and dynamic light scattering: Dynamic light scatter-
ing on the TBACMC solutions were carried out on an ALV
CGS-3 goniometer system with two detectors at the same an-
gle and a 632.8 nm He-Ne laser. The cross-correlation mode
was used for all measurements. Samples were measured in
disposable glass cuvettes (diameter = 8 mm) and prepared us-
ing the same procedure as for the SLS experiments. Mea-
surements were carried out at scattering angles from 30° to
150° in 10° increments. Static light scattering measurements
were performed using an instrument from SLS-Systemtechnik
(Denzlingen, Germany). Two diode lasers with wavelengths
A =407 nm and A = 640 nm were used. Measurements were
carried out in quartz cuvettes (20 mm diameter, Hellma An-
alytics). Before sample loading, the cuvettes were cleaned
by rinsing with freshly distilled acetone in a modified distil-
lation column for at least 30 minutes. Light scattering from
solutions of NaPGA and MgPGA were measured on a LS-
IT combined static and dynamic light scattering instrument
from LSi (Switzerland) using the cross-correlation mode with
two detectors at the same angle. The laser has a wavelength
of 638 nm and a power of 75 mW. The scattering intensity
was recorded at 40, 90, 120 and 150 degrees for a duration
of several minutes per angle. Calibration of static light scat-
tering into an absolute scale was done using toluene as the
standard.”*

Refractive index increment: The refractive index of

TBACMC was measured using a differential refractometer
from SLS-Systemtechnik instrument (Denzlingen, Germany)
equipped with a 633 nm diode laser. Samples were loaded
through a 0.8 um syringe filter into a 12.5 mm x 12.5 mm
cuvette containing two chambers separated by a 45° prism.
One chamber was filled with water and the other with the
sample. Before each measurement the cuvette was cleaned
with water and acetone and dried with compressed air. The
sample temperature was controlled using a circulating water
bath with a resolution of 0.1 °C. Refractive index increments
of the various polyglutamic acid salts were measured using a
RA-620 refractometer from KEM instruments (Japan) with a
wavelength of 589.3 nm. The instrument records n with an
accuracy of £ 0.00002.

Freezing point depression osmometry: An Osmotech XT
from Advanced Instruments (US) was used for all measure-
ments. The instrument is designed to handle solutions of high
viscosity, which are often problematic with FDP osmometers.
The instrument determines the freezing point of the test solu-
tion and outputs the osmolarity, calculated as cos, = K¢AT,
where AT is the change in freezing temperature with respect
to water and Ky = 1.86 M/K is the cryoscopic constant of
water.”> The osmometer was checked against standards pro-
vided by the manufacturer with osmolarities of 0, 100 and 289
mM.

Electrical conductivity: Conductivity measurements were
performed using a SevenExcellence pH/conductivity meter
(Mettler Toledo). An InLab741 conductivity probe with two
stainless steel electrodes was used to measure conductivities
in the range 0.001-500 uScm~'. An InLab710 conductivity
cell with four platinum electrodes was also used, covering the
range 0.01-500 mS cm™!. Samples within the overlap region
(100-500 uS cm ™) were measured with both probes to verify
consistency of the results. The InLab741 probe was calibrated
using a 100 uS cm™! standard solution equilibrated to 25°C in
a water bath. The InLab710 conductivity cell was calibrated
in the same manner using a 1413 uScm~! standard solution.
Solutions were placed in plastic vials, the conductivity probe,
which has an integrated temperature sensor, was inserted and
the solution was equilibrated to 25 + 0.1 °C before the con-
ductivity value was recorded.

Thermogravimetric analysis: Thermogravimetric analysis
(TGA) was performed using a Discovery TGA 550 (TA In-
struments) under a nitrogen flow of 50 mLmin~!. NaPGA
and Mg samples were placed in clean, tared 100 uL plat-
inum TGA pans without lids. The samples were first heated
to 120 °C and held for 1 h, then heated from 120 to 420 °C
at a rate of 10 °Cmin~!. The water content of the PGA was
determined from the mass loss in the first stage (25-120 °C).

I1l. BACKGROUND THEORY AND DATA ANALYSIS

A. Polyelectrolyte conformation and counterion
condensation

Polyelectrolytes in dilute salt-free or low-salt solutions are
predicted to adopt highly stretched conformations, with an



end-to-end distance proportional to their degree of polymeri-
sation, N.*® The main experimental evidence supporting this
prediction is the observed N~2 dependence of the overlap
concentration, ¢*.273396.97 Apove the overlap concentration,
chains interpenetrate and form a mesh with characteristic size
&, known as the correlation length. The scaling theory pre-
dicts the correlation length to be:

B\-1/2
¢= () ®
where b is the size of the monomer, ¢ the concentration of
such monomers®® and B is the stretching parameter which
is equivalent to the ratio of the fully extended length of the
monomers inside a correlation blob relative to the end-to-end
distance of the blob.”” When the chain is fully stretched in-
side the correlation blob, as is usually the case for semiflex-
ible polysaccharides'*1%!, B is approximately equal to one.
For flexible polyelectrolytes values of B ~ 2-538102-104 4p¢
common.

Oosawa and Manning!>10>-1% derived for salt-free poly-
electrolytes in the infinite dilution limit the theory of coun-
terion condensation. In brief, when the charge density ex-
ceeds e/ (Zclg), where Z¢ is the counterion valence and Ip is
the Bjerrum length of the solvent, given by: counterions are
trapped (condensed) in the vicinity of the polymer backbone
and do not contribute to charge transport or osmotic proper-
ties of the solution. The Bjerrum length is the lengthscale
at which Coulombic attraction between a pair of oppositely
charged monovalent counterions equals their thermal energy:

&2

= ———
B dnege kpT

where & is the vacuum permittivity, €. the relative permit-
tivity of the solvent and e the unit of electrostatic charge.
Solvents with lower dielectric dielectric constants have large
Bjerrum length and polyelectrolytes are predicted to exhibit
lower effective charges, which is qualitatively supported by
experiments.>3:93:107.108

While the counterion condensation theory was derived for
isolated chains, Wandrey et al showed that the Oosawa-
Manning limit (one charge per Bjerrum length for monovalent
counterions) applies in the semidilute regime, %19 in agree-
ment with the condensation model of Tang and Rubinstein.!'!!

Since only free counterions contribute to the osmotic pres-
sure of a polyelectrolyte solution, we can write:

H *

kT 8 fe “)
where we neglect the contribution of polymer-polymer con-
tacts (i.e., the E73 in Eq. 1). g* is the activity coefficient of
a free counterion. The theory of Manning predicts a transi-
tion from g* = 1 for weakly charged polyelectrolytes to g* =
1/2 for strongly charged polyelectrolytes, in agreement with
Lifson-Katchalsky model.2’ QOosawa’s model, which treats
free counterions as non-interacting with the polymer back-
bone predicts kT /free counterion (g* = 1), in agreement with
the scaling theory.
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FIG. 3. Osmotic coefficient of flexible polyelectrolytes as a function
of degree of ionisation/ionic group fraction. Data are from refs. [
10,23,112-116]. For PSS, a hydrophobic polyelectrolyte, only the
data for fully sulfonated (8§ = 1) values are included. Black and blue
lines correspond to g* = 1 and g* = 1/2 respectively. Filled symbols
are for measurements by freezing point depression (FPD) and hollow
symbols are for measurements made by membrane osmometry (MO)
or osmotic stress (OS). Osmotic stress here includes the traditional
method using dialysis bags'? and also gel osmometry.

Experimental data for the osmotic coefficient of semidi-
lute flexible polyelectrolytes as a function of the fraction of
monomers with an ionic group (8) are plotted in figure 3. The
data display considerable scatter but they suggest a transition
from g* ~ 1 at low charge densities to g* ~ 1/2 near the on-
set of counterion condensation (& ~ 0.3), which is identified
as the point at which the osmotic coefficient becomes inde-
pendent of the bare (chemical) charge density. For the vinylic
polyelectrolytes considered here, the monomer size is b ~ 2.5
A. The distance between charged groups is therefore b/,
which at § ~ 0.3 gives b/8 ~ 8 A. This value is close to the
Oosawa-Manning condensation threshold, /8 ~ I, where
the Bjerrum length in water is Ip ~ 7.1 A. In the following,
for simplicity, we will use g* = 1 to estimate f from osmotic
pressure data.

B. Static light scattering

The intensity of scattered light is usually expressed in terms
of the excess Rayleigh ratio (AR), which is related to the total
structure factor S(q) as:

AR(q) = Kp;,NaS(q) (5)

where p,,; is the polymer density and K is the optical contrast
constant, given by:

_4mn (dl)2
~ NaA* \dC



where g—(’f is the refractive index increment of the polymer in

the solvent, ng the refractive index of the solvent and A is the
wavelength of the laser.

In the zero-angle limit, S(g) is related to the osmotic com-
pressibility of a solution as:

a9,

S(0) = ksT 93

(6)
where ¢, = C/ppo is the volume fraction of the polymer.

Approximating the osmotic pressure of a salt-free polyelec-
trolyte solution as kgT per counterion (Eq. 4 with g* = 1) and
using eq. 5:

KC
AR(0) ~ Mo (7
where M, is the molar mass of a monomer. In terms of the
Zimm plot, the apparent molar mass of the polymer is M, =
fMy.

Equation 7 holds as long as Eq. 4 gives a correct description
of the osmotic pressure. If non-linear terms in ¢ are added to
Eq. 4, then Eq. 7 must be corrected accordingly, but since f is
found to be concentration-independent from conductivity and
osmotic pressure data in the range where SLS/DLS is used,
we judge Eq. 4 to be accurate.

In a SLS experiment, AR is measured as a function of scat-
tering angle 0 and can be extrapolated to zero angle to obtain
AR(0). If the refractive index increment is known, Eq. 7 can
be used to estimate f. Equation 7 shows that the scattering in-
tensity of a salt-free polyelectrolyte at zero angle corresponds
to an apparent molar mass equivalent to a polyelectrolyte seg-
ment with one effective charge.

C. Dynamic light scattering

The solution to use dynamic light scattering (DLS) to split
the total scattering signal into the contributions from the slow
and fast modes. The primary result of a dynamic light scatter-
ing experiment is g, the intensity correlation function, which
is related to field correlation function g; by the Siegert rela-
tion:

g2(7) = 1+ Bgi(7)

where f is a coherence factor.

The field autocorrelation function of a salt-free polyelec-
trolyte solution can be modelled by a sum of two cumulant
expansions:

#2,1172)
2
Hz,zTZ

+As(q)e 2@ (1 + T)

g1(5,9) = Ar(@)e 1O (14 o

where 7 is the correlation time, A; and A, are the amplitudes
of the two modes, I' is the mean inverse relaxation time or
first cumulant, u, is the second cumulant, which is related

to the variance of the distribution of relaxation times and the
subscripts 1 and 2 refer to the fast and slow mode respectively.

The total excess Raleigh ratio (AR) can be split into fast and
slow mode contributions as follows:

Ai(g)

= Al a9 ®

AR fast (9)

Ax(q)

ARg10,(q) = 4@ +4A(q)

AR(q)

D. Polyelectrolyte conducitivity

The conductivity of a salt-free polyelectrolyte solution with
monovalent counterions is calculated by the model of Colby
etal as:!17-118

c N3cE?e?In(E /D)

AR o L
where 7, is the viscosity of the solvent, Ay the limiting spe-
cific molar conductance of the counterion: 5.0 for Na™, 5.3 for
Mg?* and 3 for TBA* mSm?/mol, all in water. For Na™ in
ethylene glycol, we assume the Walden product in EG and wa-
ter is the same and estimate a mobility of 0.17 mSm?/mol.'°
£ is the correlation length, D the cross-sectional diameter of
the chain, taken to be 7 Afor both CMC and PGA.

If the conductivity and correlation length are known, equa-
tion 10 allows the fraction of free counterions to be estimated
at a given concentration.

IV. RESULTS AND DISCUSSION

The light and x-ray scattering data along with the conduc-
tivity, osmotic pressure and TGA results are tabulated in the
supporting information. All data are for 25 °C unless other-
wise indicated.

A. Refractive index increment, electrical conductivity and
freezing point depression osmometry

TABLE I. Refractive increment of CMC and PGA salts. Values for
A = 589.4 are measured using the KEM refractometer and value for
A = 633 nm are using the SLS-Systemtechnik one. ¢ Behra et al mea-
sured dn/dc using an Abbe refractometer and their value presumably
corresponds to white light.

Polymer  Solvent A [nm] dn/dc [mL/g] source
TBACMC water 633 0.168 This work
NaCMC water —a 0.171 [ 120]
NaPGA  water 5894 0.2 This work
NaPGA  ethylene glycol 589.4 dn/dc This work
MgPGA  water 589.4 dn/dc This work




The refractive index increments of the various polymer salts
studied are given in table I. For this work, we ignore the wave-
length dependence of the refractive index of the polymers in
the range of 589-638 nm, which is quite small.!?!

Conductivity data for the TBACMC polymer used here
were reported in an earlier study.’? Conductivity data NaCMC
of various degrees of substitution are also available are also
available from our work!?! and that of of Ray et al'?>. The
electrical conductivity of NaPGA in water and ethylene gly-
col and of MgPGA in water are compiled in table S2.

B. Correlation length of PGA

Correlation length data for NaCMC333+10L123 5pq
TBACMC?® in water are available from previous studies.
These consistently show a stretching parameter of B ~ 1,
corresponding to locally stretched conformations. Correlation
length data for NaPGA in water and ethylene glycol and
for MgPGA in water were obtained from SAXS measure-
ments on solutions without added salt. Representative data
are shown on figure 4. The scattering functions of PGA
solutions display a peak with the maximum at ¢*, examples
for NaPGA and MgPGA in water are shown in figure 4a
and 4b respectively. The correlation length is calculated as:
& =2rm/q*. For MgPGA the peak morphs into a shoulder
at high concentrations. For samples displays a shoulder, the
position of g* is obtained by fitting two power-laws at high
and low ¢ and taking ¢* as the intercept. This behaviour has
been observed for other systems, see for example [ 100].
For CMC, the sodium salt displays a correlation peak over
the 0.01-0.2 M concentration range. The magnesium salt
displays correlation shoulders over the same concentration
range. The sharpness of the peaks decreases in the order
NaPGA/water > NaPGA/EG > MgPGA/water, see the
supporting information. This corresponds to the order in
which the effective charge density of the chain decreases.
Less charged chains lead to weaker electrostatic correlations
and a decrease in peak sharpness.

The correlation length for NaPGA and MgPGA in water
and for NaPGA in ethylene glycol is plotted as a function
of concentration in figure 4c. The concentration exponent
(>~ —0.4) is around 20% smaller than the theoretical value
of —1/2 (Eq. 3). The Oosawa-Manning theory expects the
effective charge density of the chain to be a proportional to
1/(Zclg), which is approximately the same for NaPGA in EG
and MgPGA in water. For two systems with the same effec-
tive, the scaling theory expects the value of B (and therefore
of the correlation length) to be the same if the solvent quality
does not change. The correlation length of MgPGA in water
is significantly larger than NaPGA in EG, corresponding to
more collapsed chains in the former. According to the scaling
theory this means that water is a worse solvent for the PGA
backbone that EG, which would also explain why NaPGA has
a similar correlation length in water and EG despite having
a larger effective charge in water. An alternative explanation
is that the Mg ions created intra-chain bridging interactions
leading to a local collapse of the chain. This interpretation is
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FIG. 4. a: SAXS curves for NaPGA in water, data are shifted verti-
cally for clarity. b: same as part (a) but for MgPGA in water. c: cor-
relation length & =27 /g™ as a function of concentration for NaPGA
and MgPGA in water and for NaPGA in ethylene glycol. Lines are
best-fit power-laws.

discussed in more detail after considering the measurements
of the polyelectrolyte effective charge.

C. Influence of filtering

The relative amplitude of the slow mode is known to de-
crease upon filtration, with the reduction becoming more pro-
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FIG. 6. Comparison of SANS intensity for unfiltered and 0.1um-
filtered 0.02 M TBACMC solution in D,O. Circles and squares cor-
respond to 1 m and 4 m sample to detector distances. Data were
collected at 8m but found to be to noisy for analysis.

nounced as the filter pore size decreases.®* In general, when
applying Eq. 8, if Agow > Afat, it becomes difficult to ac-
curately isolate the contribution of the fast mode to the total
scattering signal. Filtering is therefore beneficial for the ac-
curate determination of f using light scattering. For this rea-
son, we begin by examining the influence of filter pore size
on the properties of tetrabutylammonium carboxymethyl cel-
lulose (TBACMC) solutions.

Figure 5 compares the static structure factor of two
TBACMC solutions in D, 0O (¢ = 0.02 M) filtered through pore
sizes of 0.1 and 0.8 um. The low-q range was measured by
light scattering, while the mid- and high-g ranges were mea-

sured by SANS. The structure factor is shown rather than the
scattering intensity in order to remove the influence of scatter-
ing contrast.

The correlation peak centered around g ~ 0.045 A~ is un-
affected by filtration. This is also evident in figure 6, which
shows the mid-g scattering intensity of a TBACMC solution
before filtering and after filtration through a 0.1 um pore-
size filter. The insensitivity of the scattering around the peak
position indicates that the mesh size of the semidilute poly-
mer network remains unchanged. The result also suggests
that filtration does not remove a significant number of poly-
mer chains, since such removal would reduce the scattering
intensity.!>* This result is consistent with the insensitivity of
the solution viscosity to filter pore size reported previously for
CMC solutions.*® As discussed in the introduction, one puz-
zling aspect of the multi-chain domain interpretation of the
slow mode/low—g upturn is that such domains appear to have
little influence on the rheological or other macroscopic prop-
erties of the solution. The data in figures 5-6 reinforce this
point. Although the magnitude of the slow mode and the low-
q upturn vary strongly with filtration, the correlation length,
which controls chain conformation and dynamics, remains un-
changed.

The reduction of the low-q upturn and the slow mode when
filtering through 0.1 pum filters instead of 0.8 ym filters is con-
sistent with the removal of the entities responsible for these
features. The decay time of the fast mode is unaffected by fil-
ter size (see figure S1), as expected since it is associated with
counterion diffusion, a local property. In contrast, the slow
mode becomes less prominent when smaller pore-size filters
are used, and its apparent hydrodynamic size decreases, pre-
sumably because the maximum size of the remaining entities
is limited by the filter pore size.
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Figure 7 plots the total structure factor and the fast mode
contribution to the total structure factor for the 0.1 um-filtered
solutions. The splitting of the scattering intensity is calcu-
lated using Eqs. 8 and 9. Both quantities display a weak
g—dependence, which may or may not be an experimental
artefact.

D. Comparison of SLS/DLS and conductivity methods

1. TBACMC, DS ~ 1.3

The fraction of monomers with a dissociated counterion for
TBACMC in water were evaluated from scattering and electri-
cal conductivity measurements in ref. [ 93] to be ~ 0.6. This
is relatively close to the value of 0.66 evaluated from the fast
mode contribution in figure 7.

2. NaCMC, DS ~ 0.9

Behra et al'? carried out a careful light scattering study

of sodium carboxymethyl cellulose with DS = 0.85. The
refractive index increment of their sample was reported as
0.17 mL/g. The authors used rather large filter pore sizes
of 1 — 1.6um and split the total scattering signal into fast
and slow components following a procedure similar to the
one outlined above but using a stretched exponential for the
slow mode decay instead of a cumulant expansion. Using the
AR 45 and dn /dc value reported by Behra et al, the values of f
are plotted as a function of concentration in figure 8. The val-
ues of f are seen to be concentration independent, as required
for Eq. 7 to apply. These values are compared with conductiv-
ity estimates of f for a similar NaCMC polymer (DS ~ 0.9)
based on the data of Ray et al, see [ 101] for details of the
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FIG. 8. Fraction of free counterions as a function of concentration
for NaCMC in water evaluated from conductivity, using data from
ref. [ 122], and SLS/DLS, using data from [ 120]. Dashed line is the
average value from both techniques: f ~ 0.45.

calculation of f. Both datasets are seen to agree well.

3. NaPGA and MgPGA

The values of f estimated from freezing point depression,
conductivity/SAXS (Eq. 10 with & measured by scattering)
and SLS/DLS for sodium salt of polyglutamic acid (NaPGA)
are plotted as a function of concentration in figure 9a. For
ethylene glycol solutions, the osmotic pressure method could
not be applied. In water, all three methods are seen to agree
well and give a value of f ~ 0.48, in modest agreement with
the Oosawa-Manning prediction of f = Ig/b ~ 0.7, where
Ip = 0.71 nm is the Bjerrum length of water and b ~ 0.5 nm
is the projected monomer length.!?

The comparison of NaPGA and MgPGA shows that the
divalent counterion produces a much lower fraction of dis-
sociated counterions, consistent with earlier observations for
PSS.104126 The strong decrease in f (~ x5) is not observed
for polysaccharides such as CMC, alginate, arabic gum or
chondroitin sulfate,'01-127-131 where the Oosawa—Manning
prediction, namely that f is inversely proportional to the coun-
terion valence, is clearly observed. A possible explanation is
that the greater intrinsic stiffness of polysaccharide backbones
makes their local conformation relatively insensitive to coun-
terion valence. By contrast, flexible polyions such as PSS may
undergo local collapse in the presence of divalent ions. The
mechanism of this collapse is not understood. One possibility
is that condensed divalent ions neutralise two neighbouring
ionic groups along the chain, which may induce local coil-
ing beyond that expected from the reduction in the effective
charge density. A decrease in the effective contour length of
the chain would reduce the separation between charged groups
and therefore promote additional condensation. For semiflex-
ible chains, such an effect may be absent because the intrinsic
rigidity of the backbone prevents large changes in the local
conformation.

Alternatively, one could conclude that Oosawa—Manning
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water.

condensation does not apply and that the effective charge
of polyelectrolyte chains is not inversely proportional to the
counterion valence. However, this interpretation raises the
question of why the predicted inverse dependence is neverthe-
less observed in many semiflexible polysaccharide systems.

V. CONCLUSIONS

Salt-free polyelectrolyte solutions display a long-standing
inconsistency between their thermodynamic and scattering
behaviour. Their large osmotic pressure implies a very low
osmotic compressibility and therefore weak low-q scattering,
yet experiments typically report a pronounced low-g upturn
and a corresponding slow mode in dynamic light scattering.

In this work we show that these contributions can largely
be removed by filtration through sufficiently small pore sizes
and that the remaining signal can be separated into fast and
slow components using dynamic light scattering. The static
intensity of the fast component corresponds to the osmotic
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compressibility expected for salt-free polyelectrolyte solu-
tions and can therefore be used to determine the fraction of
free counterions. This procedure provides a practical way
to obtain osmotic information from scattering measurements,
which is particularly useful in non-aqueous solvents where
conventional osmometric techniques are difficult to apply.

The validity of the method was demonstrated for several
systems. For TBACMC and NaCMC in water, the fraction of
free counterions obtained from SLS/DLS agrees well with in-
dependent estimates from electrical conductivity. For NaPGA
in water, the values obtained from scattering, conductivity
and freezing point depression osmometry are mutually consis-
tent. The method also allows the effective charge of polyelec-
trolytes to be evaluated in non-aqueous solvents, as demon-
strated for NaPGA in ethylene glycol.

Comparison of NaPGA and MgPGA shows that the diva-
lent counterion produces a much lower fraction of dissociated
counterions. This decrease is considerably stronger than pre-
dicted by the Oosawa—Manning model and contrasts with the
behaviour of semiflexible polysaccharides such as CMC or al-
ginate, where the expected inverse dependence on counterion
valence is observed. One possible explanation is that flexible
polyelectrolytes undergo local conformational changes in the
presence of multivalent ions, effectively reducing the contour
length and promoting additional condensation. Further work
will be required to clarify the mechanism responsible for this
behaviour.

Overall, the results show that once the contribution of the
slow mode is removed, the scattering of salt-free polyelec-
trolyte solutions is quantitatively consistent with their thermo-
dynamic properties. The approach presented here therefore
provides a useful route to determine osmotic properties and
counterion dissociation in systems where direct osmometric
measurements are difficult or impossible.
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