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Conformations and Interactions
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This work introduces a technique for the continuous, automatic de-
termination of the response of polyelectrolytes to changing solution
conditions. Using a ternary pump to automatically change the solvent
character for polyelectrolyte solutions, it is possible to continuously
measure the changes in polyelectrolyte conformations and interactions.
Detection is accomplished with a series of detectors, including multiangle
light scattering, a single-capillary viscometer and a refractive index de-
tector. The technique is applied to the ionic strength behavior of stiff,
semiflexible and flexible polyelectrolytes. The effects of possible ion
specificity and a quantitative comparison to current polyelectrolyte
theories is left to future work.
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A large body of work has accumulated concerning the response
of polyelectrolytes to changing solvent conditions, especially those in-
volving ionic strength. It is beyond the scope of this work to give a
comprehensive survey of the literature. Treatments of electrostatic
persistence lengths and excluded volume and their relation to polyelec-
trolyte conformations and interactions were first made by Odijk[1,2],
Skolnick and Fixman[3,4]. Because precise analytical solutions to the ex-
cluded volume problem do not exist, there have also been computer
simulation approaches[5–9]. A general review of polyelectrolytes was given
recently by Förster and Schmidt[10].

Experimental characterization of polyelectrolytes under changing
solution conditions has traditionally been tedious and fraught with
inconsistencies. Viscosity, static and dynamic light scattering[11] have
figured prominently in characterization efforts. At extremely low ionic
strength, qualitative differences in behavior occur. For example, there
is a maximum in reduced viscosity vs. polyelectrolyte concentration
when a very low ionic strength polyelectrolyte solution is diluted with
a solvent of low, constant ionic strength[12–15]. Both neutron and static
light scattering have revealed broad scattering maxima for such
solutions[16–19]. Dynamic light scattering of low ionic strength
polyelectrolyte solutions has frequently revealed a slow diffusional
mode[20–22], although this has been attributed by some to the presence
of incompletely dissolved aggregates, which can be removed by
filtration[23–26].

In order to increase the quality, scope and resolution of polyelec-
trolyte characterization data, and to ease the labor involved, a con-
tinuous, automated technique is introduced here. The purpose of this
work is to introduce the technique and present initial results. A
quantitative comparison with current polyelectrolyte theory is left to
future work being planned, where even higher resolution data will be
obtained on a more exhaustive set of conditions. The technique should
be amenable to a wide variety of other experiments in which complex
interactions among polyelectrolytes, neutral polymers, colloids, etc.,
are of interest.

MATERIALS AND METHODS

The Continuous Dilution Technique

Florenzano et al.[27] introduced the use of continuous automatic di-
lution with a binary mixing pump for online monitoring of polymeriza-
tion reactions. It was later employed by Strelitzki and Reed[28] for
automatic, continuous characterization of polymers using both light
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scattering and viscosity detectors. The traditional use of mixing pumps in
separation science has been to achieve solvent gradients in liquid chro-
matography to separate molecules according to polarity, specific ad-
sorption and other effects. The use of mixing pumps for nonseparation
purposes to characterize both equilibrium and nonequilibrium properties
of polymers and colloids appears to be new.

In this work a ternary programmable mixing pump (ISCO 2360,
Lincoln, Nebraska) is used so that solvent quality can be changed
continuously, while the polyelectrolyte concentration is held constant.
To achieve this, a stock concentration of polyelectrolyte is prepared in
a chosen solvent, pure water in this case, and is pumped at a fixed
percentage (10%) of the total mix from reservoir A. Reservoir B
contains pure water. Reservoir C contains the aqueous solvent at high
ionic strength (typically around 60mM). During the experiment the
percentage from reservoir B gradually decreases from 90% to 0%, and
that of C increases from 0% to 90%, so that the effect on the poly-
electrolyte of all ionic strengths between 0% and 90% of the ionic
strength in C are monitored. Again, the concentration of the poly-
electrolyte throughout the experiment is held constant by withdrawing
a fixed 10% from A. At every instant the inlets from reservoirs A, B,
and C are continously mixed by the pump and delivered to the detector
string. The contents of the mixing chamber are continuously withdrawn
and pumped through the detector train by an ISCO 2350 isocratic
pump.

For these experiments the detectors consisted of a laboratory-built
multiangle (seven angles spanning 33�–144�) light scattering chamber
(LS) previously described[28], a single-capillary viscometer, also
previously described[29], and a Waters 410 refractometer (RI). Since the
concentration of the polyelectrolyte is known and held constant
throughout the experiment, the LS suffices to determine the z-average
root-mean-square radius of gyration hS2iz, and the second virial coeffi-
cient A2. The RI is needed, however, to monitor the composition of the
solvent at every instant. For NaCl the value of dn=dc was determined to
be 0.174 cm3=g. The viscometer provides an independent signal directly
proportional to the solution viscosity, which is simply related to the re-
duced polymer viscosity, as explained below. The flow rate was
1.0mL=min. All experiments were performed at room temperature.

Data Evaluation

The well-known Zimm approximation[30] allows determination of
weight-average molecular mass Mw, second and third virial coefficients
A2 and A3, respectively, and particle shape factor PðqÞ. Zimm has shown,
that to 2nd order in concentration c (g=cm3), the quantity Kc=Iðq; cÞ,
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where Iðq; cÞ is the excess Rayleigh scattering ratio, can be approxi-
mated by

Kc

Iðq; cÞ ¼
1

MPðqÞ þ 2A2cþ ½3A3QðqÞ � 4A2
2MPðqÞð1� PðqÞÞ�c2 ð1Þ

where QðqÞ approaches 1 in the low angle limit. This equation forms the
basis of the well-known Zimm plot, which, at low concentrations and for
q2hS2i � 1 can be written, for a polydisperse polymer population as

Kc

Iðq; cÞ ¼
1

Mw
1þ q2hS2iz

3

� �
þ 2A2c ð2Þ

which directly permits determination of Mw, A2 and the z-average mean-
square-radius of gyration hS2iz. K is an optical constant, given for ver-
tically polarized incident light by

K ¼ 4p2n2ðdn=dcÞ2

NAl
4

ð3Þ

where n is the solvent index of refraction, l is the vacuum wavelength of
the incident light, dn=dc is the differential refractive index for the polymer
in the chosen solvent, and q is the usual scattering wave-vector
q ¼ ð4pn=lÞ sinðy=2Þ, where y is the scattering angle.

For the case of polyelectrolytes being subjected to changing ionic
strength, the Mw does not change. Hence, as long as Mw is known, and
as long as the dilution and angular limit where equation (2) applies, hS2iz
and A2 can be determined by

hS2iz ¼ 3Mw
d½Kc=Iðq; cÞ�

dq2
ð4Þ

and

A2 ¼
1

2c

Kc

Ið0; cÞ �
1

Mw

� �
ð5Þ

For random coils at higher values of q2hS2iz, where, equations (2) and (4)
no longer apply, the Debye function for ideal coils has an asymptote such
that a value of 2 replaces the value of 3 in those equations. Equation (5)
will continue to hold in the dilute solution limit since it is independent of
q, except in the extremely low ionic strength limit where strong inter-
particle correlations might exist (discussed below).

Total solution viscosity is given by

Z ¼ Zs½1þ ½Z�cþ kp½Z�2c2� ð6Þ

4 E. E. Bayly et al.
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where Zs is the pure solvent viscosity, [Z] is the intrinsic viscosity of the
polymer and kp is a constant related to the hydrodynamic interactions
between polymer chains, usually around 0.4 for neutral, random coil
polymers[31]. The intrinsic viscosity [Z] is the extrapolation to zero con-
centration and zero shear rate of the reduced viscosity Zr. The value of Zr
can be computed directly from the voltage of a single-capillary viscometer
(a differential pressure transducer) at every point i, without need of an
instrumental calibration factor, in terms of the viscometer baseline vol-
tage Vb, and the concentration at point i, ci

Zr;i ¼
Vi � Vb

ciVb
ð7Þ

This is so because the output of the viscometer is directly proportional to the
pressure drop across the capillary of radiusR and length L, which in turn is
directly proportional to the total solutionviscosity viaPoisseuille’s equation

Z ¼ pR4P

8LQ
ð8Þ

where Q is the flow rate through the capillary (in cm3=s). The average
shear rate in the capillary is

_gave ¼
8Q

3pR3
ð9Þ

In the method presented here the average shear rate is about 860 s�1 for
Q¼ 1.0mL=min and R¼ 0.0254 cm. Fortunately, shear effects diminish
with diminishing c. It is also noted that it is currently standard practice in
size exclusion chromatography (SEC) coupled to viscometric detectors to
approximate [Z] by the values of Zr determined at finite (but low) c and
finite shear rate.

Polyelectrolytes

Hyaluronic acid (HA from streptococcus zooepidemicus) was from
Sigma (St. Louis, Missouri), xanthan was a gift of SKW Biosystems S.A
(Baupte, France) and poly(styrenesulfonate) (PSS) was from American
Polymer Laboratories (Mentor, Ohio). Distilled, deionized water of
conductivity less than 0.05 mS was provided from a Modulab Water
Purification System (Bedford, Massachusetts). Polyelectrolytes were
dissolved directly in this water, stirred at low speed for typically four
hours, then filtered through either a 0.22-mm or 0.45-mm Millipore GS
filter. It was previously found via real-time observations of polyelec-
trolyte dissolution[26] that this is more than sufficient time for dissolution,
and that the filtration is sufficient to remove any incompletely dissolved
polyelectrolyte aggregates that can persist for long periods.

Polyelectrolyte Conformations and Interactions 5
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Table I gives an SEC analysis, using SEC apparatus previously de-
scribed[32] for HA and xanthan samples.

RESULTS AND DISCUSSION

Figure 1 shows the combined raw LS (at one of the seven angles),
viscometer and RI responses vs. time for a typical experiment for HA

FIGURE 1 Combined LS (at one of seven angles), viscometer and RI responses
vs. time for a typical experiment for hyaluronic acid at a fixed concentration of

0.00041 g/mL.

TABLE I SEC Characteristics of xanthan and hyaluronic acid in 0.1M
NH4NO3. The poly(styrenesulfonate) Mw used was the nominal value of

supplier (2:85� 106 g=mol).

Sample Mw (106 g/mol) Zred(cm
3=g) hS2iz1=2 (Å) hS2iw1=2 (Å)

Hyaluronic acid 1.50 2940 1400 1370
Xanthan 1.45 1900 1440 1370

6 E. E. Bayly et al.
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at 0.00041 g=mL. Up to about 500 s, 100% pure water is pumped
from reservoir B, after which 0.00041 g=mL HA in pure water was
introduced by pumping 10% of the 0.0041 g=mL HA stock in reservoir
A and 90% pure water from B. The pure water signals up to 500 s
provided the baselines for subsequent computations of Kc=I and re-
duced viscosity. At about 1150 s the ionic strength gradient began.
This involved programming the pump to pass from 90% of B to 0%
of B, while the concentration from the high ionic strength solution in
C went from 0 to 90%. The withdrawal of HA from A throughout
the entire experiment remained at 10%, ensuring constant HA con-
centration.

As expected, the scattering intensity begins to rise as ionic strength
increases, due to electrostatic screening and consequent reduction in
A2, whereas viscosity decreases as the HA polymer coil contracts with
increasing salt. At about 3600 s the solvent was returned to HA so-
lution in pure water (10% A, 90% B, 0% C), and then at about 5300
s it was returned to pure water (100% B). It is seen that the viscosity
and scattering signals return to the level they were at just before the
concentration gradient began. The increase in scattering intensity as
ionic strength increases due to the decrease in the electrostatic con-
tribution to A2 is a well-known effect. In this and subsequent ex-
periments, the increase in both light scattering and solvent viscosity
due to the relatively low level of added salt (up to 59mM) is negli-
gible compared to the large scattering and viscosity signals from the
polyelectrolyte itself.

Figure 2 shows the data from Figure 1 vs. added NaCl concentration
(mM), which is a more relevant representation for analyses in terms of
polyelectrolyte theories. All signals are nearly at a plateau by about
75mM NaCl, indicating that only relative small effects would occur if
ionic strength were raised further. It is noted that in this and sub-
sequent raw data figures the light scattering voltage at each angle is
unnormalized, i.e., its voltage value cannot be directly compared with
the other angles. Naturally, in analyzing the data, the voltage signals
at each angle are normalized in the usual fashion (e.g., References
[27, 28, 32]).

Figure 3 shows raw data for xanthan vs. [NaCl], and Figure 4 shows
raw data for PSS vs. [NaCl]. The xanthan reaches plateaus in scattering
and viscosity at about 10mM NaCl, a much lower concentration than for
HA, which in turn achieves these plateaus at lower [NaCl] than PSS. This
is a direct indication of the relative flexibilities.

Figure 5 shows the reduced viscosities for PSS, HA and xanthan on
a single curve. The xanthan shows no change in Zr beyond about 5mM
salt. The limiting value of 1950 þ=�50 is in excellent agreement with
the SEC result in Table I. This is also in good agreement with the value
reported by Milas et al., for xanthan of similar size[33]. The HA value at
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FIGURE 2 The data from Figure 1 vs. added NaCl concentration (mM), where
the [NaCl] concentration is determined from the RI signal.

FIGURE 3 Raw LS (at 73� and 107�) and viscosity data for xanthan at a fixed
concentration of 0.00040 g=mL vs. [NaCl], which varied from 0 to 35mM.

8 E. E. Bayly et al.
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high [NaCl] on Figure 5 is about 2200, which is in fair agreement with
the SEC data in Table I. Figure 6 shows the reduced viscosities for PSS,
HA and xanthan on a single curve, scaled to a single initial value, to
illustrate the difference in flexibilities of each. Figure 7 shows raw light
scattering at 73� for the three polyelectrolytes on one graph. Again, the
relative flexibilities can be seen by the rate at which they approach their
respective light scattering plateaus. Figure 8 shows the extrapolation of
Kc=I to q¼ 0 for PSS and xanthan. From this, under the dilute solution
approximation of equation (5), A2 can be determined as a function of
[NaCl], which is shown in Figure 9, for all three polyelectrolytes. The
values are in reasonable agreement with previous reports at discrete
ionic strengths for HA[34] and PSS[35]. Further work will include con-
tinuous variation of polyelectrolyte concentration at discrete ionic
strenghts in order to ascertain both values of A3, and over what con-
centration ranges it is sufficient to use simply A2, as well as assessments
of A2 variations in light of combined theories of electrostatic persistence
length and excluded volume[11].

FIGURE 4 Raw LS (for three angles) and viscosity data for poly(styrenesulfo-
nate) at a fixed concentration of 0.00041 g=mL vs. [NaCl], which varied from 0 to

52mM.

Polyelectrolyte Conformations and Interactions 9
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The wormlike chain formula, which spans conformations from
random coil molecules at theta conditions to fully extended rods, is
given by[36]

hS2iy ¼
LLT

3
� LT

2 þ 2LT
3

L
� 2

LT
4

L2
1� exp � L

LT

� �� �
ð10Þ

where L is the contour length of the polymer, LT the persistence length,
and hS2iy is the mean-square radius of gyration measured under theta
conditions. Because local electrostatic chain stiffening and excluded
volume effects are virtually impossible to separate experimentally, the
above relation has sometimes been employed in good solvent (non-theta)
conditions, using the measured hS2iz, and the persistence length thus
obtained is termed the apparent persistence length, LT

[9].
Figure 10 shows hS2iz vs. [NaCl] for all three polyelectrolytes. All

show very rapid decreases up to a few mM, after which xanthan levels
off, as it also did for A2, but HA and PSS continue to decrease.

FIGURE 5 Reduced viscosities for poly(styrenesulfonate), hyaluronic acid and
xanthan on a single curve. All polyelectrolyte concentrations are the same as

above in this and subsequent figures.
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Figure 11 shows hS2iz vs. 1/sqrt([NaCl]) for PSS. The trend is fairly
linear from high salt down to about [NaCl]¼ 6mM. This representation
was chosen because it has been previously shown, using experimental
data, by Monte Carlo simulations[9], and by combining electrostatic
excluded volume and persistence length theories[8,9,11] that such an
approximate dependence exists over moderate ranges of ionic strength
(usually cited as between 1mM and 1M).

The departure from the 1/sqrtðcsÞ behavior at very low ionic strength
may be due to several factors, including breakdown of the assumptions
behind the theories. For HA the trend is again linear at moderate salt
concentrations. The value at [NaCl]¼ 100mM (1/sqrt(cs)¼ 0.1) yields
hS2i1=2z ¼ 1440 Å, which is in excellent agreement with the value of
1400 Å, for the same quantity, as measured by SEC, in Table I. This leads
to an apparent intrinsic persistence length of 150 Å, which is in fair
agreement with the value reported in Reference [34]. If the asymptotic
value for the Debye function of 2 is taken, the apparent intrinsic per-
sistence length is 100 Å.

Xanthan yields 1568 Å at infinite cs, which is also in reasonable
agreement with the SEC value. Using the mass/length of 200 g=mol-Å

FIGURE 6 Reduced viscosities for poly(styrenesulfonate), hyaluronic acid and
xanthan on a single curve, scaled to a single value.
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yields an apparent intrinsic persistence length of 1080 Å, also in agree-
ment with the results of Reference [33], and again demonstrates the
remarkable stiffness of xanthan, even when fully shielded. This is com-
parable with the intrinsic stiffness of DNA. At very low ionic strengths
(but high enough that the strong interparticle correlations discussed be-
low are shielded), the apparent persistence length is 3820 Å.

The general trend of both viscosity and hS2i falling off more rapidly
and more quickly reaching a high plateau than in more flexible molecules
follows from basic considerations. For stiff molecules distant segments
cannot approach each other as closely on the average as can distant
segments for highly flexible molecules. Hence, the long-range interactions
leading to excluded volume effects are screened out at longer range, i.e.,
at lower ionic strength, for the stiff molecules, and so they reach their
minimum hS2i at lower ionic strength than do flexible polyelectrolytes.
The higher plateau for the stiffer molecules simply indicates that, because
of the high intrinsic persistence lengths, the fully screened value of hS2i is
still large compared to that of flexible polyelectrolytes (i.e., small intrinsic
persistence lengths) that can collapse much further as ionic screening
increases.

FIGURE 7 Raw light scattering at 73� for the three polyelectrolytes on one

graph.
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FIGURE 8 Kc=Iðq ¼ 0Þ vs. [NaCl] for the xanthan and poly(styrenesulfonate).

FIGURE 9 A2 vs. [NaCl] for hyaluronic acid, xanthan and poly(styrenesulfonate).
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Xanthan presents an interesting scattering case at low ionic strength.
Figure 12 shows that Kc=I vs. q2 has a negative slope at [NaCl]¼ 0 and up
to over [NaCl]¼ 0.1mM. At higher [NaCl], the slope becomes positive, as
for a normal polymer solution where scattering from individual polymers
dominates the scattering. The negative slope is a manifestation of strong
interpolymer correlations at very low ionic strength. This effect has been
investigated for xanthan in detail[37]. and reported for several other
polyelectrolytes. At high values of q, or lower values of xanthan con-
centration, the scattering reaches a broad maximum, reminiscent of
Bragg scattering peaks[37]. The fact that the negative slopes occur under
shear in the flow system argues against there being any long-range order
or ‘‘crystal structuring’’ for the xanthan at low ionic strength. A sa-
tisfactory analysis in terms of a quasiperiodic, highly damped inter-
particle potential was given in Reference [37]. Negative slopes and broad
maximums have also been observed under shear flow for PSS and pro-
teoglycan subunits[19].

Figure 13 shows reduced viscosity vs. hS2i3=2 for PSS. The plot is quite
linear. Intrinsic viscosity [Z] is related to polymer molecular mass M and
hydrodynamic volume VH, which is in turn related to the hydrodynamic
radius by

FIGURE 10 hS2iz vs. [NaCl] for the three polyelectrolytes.
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½Z� ¼ VHNA

M
¼ 4pRH

3NA

3M
ð11Þ

It is often assumed that RH is proportional to hS2i1=2 in the so-called
nondraining limit for a random coil[38]

RH ¼ ahS2i1=2 ð12Þ

where a is approximately 1.37 in this limit. While this has usually been
observed for neutral and organosoluble polymers, there have been
notable exceptions in the case of polyelectrolytes[35, 39–41]. In this case,
however, the linearity in Figure 13 suggests that equation (12) holds, and
a can be estimated from

a3 ¼ 3M

4pNA

@½Z�
@hS2i3=2

ð13Þ

Using the slope of 1:314� 1018 g�1 from Figure 13, and M ¼ 2:85� 106,
leads to a ¼ 1:15. While this is not quite the result of 1.4 for an ideal,

FIGURE 11 hS2iz vs. 1/sqrt(cs) for poly(styrenesulfonate).
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nondraining coil, it is still remarkably close. Since Zr is used in place of
[Z], a may be somewhat overestimated. However, use of the z-average,
hS2iz3=2 and the weight averaged Zr measured by the viscometer will lead
to an underestimate. These two errors are therefore at least partially self-
canceling. There may also be systematic error in hS2iz3=2 due to light
scattering normalization effects. Finally, polyelectrolytes often deviate
markedly from idealized predictions for ideal random coils in theta sol-
vents. At any rate, the ability to cross-correlate independent measures of
polymer size and viscosity in a single automatic dilution experiment
should open fertile ground for critical assessment of polymer theories.

SUMMARY

A continuous, automatic dilution technique has been introduced to
assess the effect of changing solvent conditions on polyelectrolyte prop-
erties. The technique was demonstrated with flexible, semiflexible and
semirigid polyelectrolytes. The degree of flexibility is immediately ap-
parent from the raw light scattering and viscosity data. The expected
trends for viscosity, light scattering, virial coefficients, and radius of

FIGURE 12 Kc=I data for xanthan at very low ionic strengths.

16 E. E. Bayly et al.
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gyration were all found in agreement with previous work and theories.
All variations in properties were smooth, i.e., no identifiable phase
transitions occur for the polyelectrolytes as ionic strength increases. Very
strong interparticle correlation effects could be observed in the case of
xanthan at very low ionic strength.

Currently, we are refining the experimental portion of the data gath-
ering for higher resolution data, from which quantitative comparisons
with theory will be more accurate. The technique will also be applied to
continuous polyelectrolyte concentration variation at discrete ionic
strengths to determine electrostatic behavior of A3, for which some the-
oretical work exists. Studies of continuously varying mixed solvent
composition and counter-ion type are likewise planned. It is hoped that
the technique will prove valuable for rapidly and accurately assessing the
properties of both new and well-known polyelectrolytes. It should also be
valuable for determining phase transition behavior for proteins and other
polymers.

FIGURE 13 Reduced viscosity vs. hS2i3=2 for poly(styrenesulfonate). The
linearity is discussed in the text.
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