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ABSTRACT: We investigate the structure and dynamics of unentangled semidilute solutions
of sodium polystyrenesulfonate (NaPSS) using small-angle neutron scattering (SANS) and
neutron spin—echo (NSE) spectroscopy. The effects of electrostatic interactions and chain
structure are examined as a function of ionic strength and polymer concentration, respectively.
The SANS profiles exhibit a characteristic structural peak, signature of polyelectrolyte NaCl
solutions, that can be fit with a combination of a semiflexible chain with excluded volume
interactions form factor and a polymer reference interaction site model (PRISM) structure
factor. We confirm that electrostatic interactions vary with ionic strength across solutions with
similar geometries. The segmental relaxations from NSE deviate from theoretical predictions
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from Zimm and exhibit two scaling behaviors, with the crossover between the two regimes

taking place around the characteristic structural peak. The chain dynamics are suppressed across the length scale of the correlation
blob, and inversely related to the structure factor. These observations suggest that the highly correlated nature of polyelectrolytes
presents an additional energy barrier that leads to de Gennes narrowing behavior.

he mechanical response of polyelectrolytes is primarily
determined by the chain dynamics," which in turn is
dictated by the configuration of polyelectrolyte chains.
Electrostatic interactions on the polyelectrolyte backbone
affect the chain conformation. Additionally, these interactions
underpin the favorable properties that make polyelectrolytes an
essential component of biological systems such as cartilage
tissues” " and good lubricants for muscle joints’ and as
thickening agents and rheological modifiers in cosmetics,”’
food products,”” and paints.'” Hence, understanding the
effects of structure on the dynamics of polyelectrolyte solutions
is key to identifying and controlling the distinct physical
processes governing the mechanics of polyelectrolyte solutions.
The structure of polyelectrolytes deviates strongly from
predictions for neutral chains'"'* because of the electrostatic
repulsions along the polymer backbone."”™'® These inter-
actions result in a highly extended conformation of electro-
static blobs inside the correlation blob.'”'*'"~"" On length
scales beyond the correlation volume, polyelectrolytes
transition to a random walk conformation of correlation
blobs as the repulsive interactions are screened.'”'®'®
Alternatively, these interactions can be screened at high ionic
strengths so that polyelectrolytes approach fully flexible chain
conformations. These unique structural properties have
significant effects on chain dynamics, as reported by studies
exploring the effects of counterion valence,”® electrostatic
screenin§ length scaling,”’ and entanglement crossover and
density.”” The segmental relaxations of neutral chains are
described by the Zimm model in dilute solutions,” by the
Rouse model in semidilute solutions,”* and by the reptation
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model in entangled solutions.”® Experimental measurements of
viscosity, relaxation times, and clisentanglement,zz’%_34 how-
ever, show poor agreement with scaling model predictions for
polyelectrolytes. We expect these discrepancies are caused by
the extended structure of the polyelectolyte chains. Therefore,
there is a critical need to independently measure polyelec-
trolyte conformation and segmental relaxations to elucidate the
relationship between structure and dynamics in semidilute
polyelectrolyte solutions.

In this study, we show that the segmental relaxations of
polyelectrolytes follow de Gennes narrowing in which the local
chain structure perturbs standard Zimm relaxations. We
independently tune geometric and electrostatic length scales,
measured with small-angle neutron scattering (SANS), by
varying polymer and salt concentrations, respectively, to
understand the dynamic behavior of polyelectrolytes, measured
with neutron spin echo (NSE) spectroscopy. The SANS
profiles of these solutions at all ionic strengths resemble the
profile expected for chains with highly extended random walk
conformation and can be fit using a model combining the form
factor of a semiflexible chain with excluded volume interactions
and a PRISM structure factor. Chain dynamics across the
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correlation length &, however, deviate from the standard Zimm
model. Specifically, the polymer dynamics are suppressed
around the structure peak induced by the electrostatic
interactions between chains. Approximating the structure
factor of the polyelectrolyte chains as a perturbation from
Gaussian chains, we demonstrate that these slow relaxations
are wholly described by the structure of polyelectrolytes and
follow the theoretical prediction of de Gennes narrowing, in
which dynamics are inversely related to structure due to the
presence of a free energy minimum over a characteristic
structural length scale.*>*® Our findings indicate that the
unique structural properties of charged chains underpin the
deviation of polyelectrolyte dynamics from theoretical
predictions.

Our experimental system consists of sodium polystyrenesul-
fonate (NaPSS) chains (M, = 68 kDa) dissolved in Millipore
water or deuterium oxide for rheology and neutron scattering
experiments, respectively.”” The ionic strength of the solutions
was tuned by adding appropriate amounts of sodium chloride.
The radius of gyration was determined from intrinsic viscosity
experiments to be R, = 13, 12, and 9.5 nm at ionic strengths
of I=107% 1072, and 107! M (M = mol/L, moles per liters of
solution), respectively. The polymer concentrations were
chosen to obtain similar correlation lengths as ionic strength
changes according to de Gennes’ scaling predictions
£ = ngo(c/c*)_”/ =1, Steady-shear rheology measurements
were performed on a Discovery Hybrid Rheometer (TA
Instrument, HR-2) using a Couette geometry. We collected
small-angle neutron scattering (SANS) and neutron spin—echo
(NSE) data on the NGB30 and NSE instruments, respectively,
at the Center for Neutron Research, National Institute of
Standards and Technology (NIST).”**” The raw SANS and
NSE data were reduced using IgorPro*’ and DAVE"' software
package, respectively. All experiments were performed at room
temperature.

We confirm that the rheology of these solutions follows
established predictions for polyelectrolyte solutions (Figure
1).!#17222757 At dilute concentrations (c/c* < 1), the specific
viscosity 1y, = (1 — 1,) /1, where 17 and 7, are the solution and
solvent viscosities, respectively, of solutions collapse to§ether
due to the dominance of hydrodynamic interactions >***
with a scaling 77, ~ (¢/c*)". In the semidilute regime (c/c* >
1), 7, increases as a power-law with polymer concentration
(1 ~ (¢/c*)") and conforms with the scaling predictions in
the limits of low (a = 1/2) and high (a = 5/4) ionic strength.
For solutions of intermediate ionic strength, however, a = 0.9
+ 0.1 is intermediate between the low and high salt limits.

The rheology measurements show that the properties of
polyelectrolyte systems can be tuned by screening the
electrostatic interactions, which modify the polymer con-
formations. To characterize these conformations, we capture
the scattering profile of our solutions using SANS to quantify
their structural properties within the correlation blob. SANS
measurements at small length scales allow us to accurately
determine the characteristic chain length scales. The SANS
scattering profiles of NaPSS solutions display a local maximum
at Q* between (0.08 and 0.14) A~" (Figure 2a and the SI).
The peak is the characteristic structural signature of
polyelectrolyte solutions and results from the high osmotic
pressure due to counterion entropy, which prevents the overlap
of correlation volumes.'”'* The scattering profiles are well fit
using a model that combines the form factor of a semiflexible
chain with excluded volume interactions and a PRISM
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Figure 1. Specific viscosity 7, = (n = ny)/ny as a function of
normalized NaPSS concentration c¢/c* for solutions of various ionic
strengths. Inset: Viscosity 7 for 107 M ionic strength solutions as a
function of shear rate . Error bars are smaller than symbols and
represent the standard deviation of two separate measurements.
Polymer solution viscosity remains constant at all shear rates
(additional data for 107 1072 and 107! in the SI). Bottom and
top solid lines represent viscosity scaling predicted for polyelectrolytes
in the limit of low and high ionic strength, respectively.
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Figure 2. (a) SANS intensity I(Q) as a function of wavevector Q for
different concentrations of NaPSS solutions at 1075 M ionic strength.
Solid and dashed lines represent fits from eqs 1 and 2, respectively.
NSE measurements were not performed at the lowest polymer
concentration due to low signal. Data are shifted vertically for clarity.
(b) Correlation length & and (c) Kuhn length b obtained from fits to
eq 1 as a function of polymer concentration ¢/c* at various ionic
strengths. Solid line in (b) represents theoretical scaling. Error bars
are estimated according to a 95% confidence interval.

structure factor.**™*® The form factor assumes that chains

are semiflexible on length scales greater than the persistence
length lP and rod-like at length scales below lP without
accounting for electrostatic contributions. The effects of
electrostatic interactions are incorporated by adding the form
factor into the PRISM theory expression for the scattering

intensity*’~>'. We add an empirical power law term to capture
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the upturn at low Q due to large scale inhomogeneities.'®
SANS data were fitted using the following equation:

P(Q, L, b)
1+ ac(Q, §)P(Q, L, b)

1(Q) =k +Q™"

(1)

where k is a scaling factor, L is the contour length of the chain
and is fixed at 580 A (SI), a is inversely related to the osmotic
compressibility,”> and m is the I(Q) slope at low Q. The
functional forms for ¢(Q, &) and P(Q, L, b) are provided in the
SL

The structural parameters obtained from SANS fits follow
the expectations for polyelectrolyte solutions (Figure 2b). With
increasing polymer concentration, the electrostatic screening of
backbone functional groups by counterions increases, resulting
in a power-law decrease of & ~ (c/c* ~172 consistent with
theoretical predictions.'¥*” At all polymer and salt concen-
trations, the effective Kuhn length is larger than or equal to
that of uncharged polystyrene b ~ SO A > 16 A due to the
contribution of intrachain electrostatic interactions.”> More-
over, b decreases with concentration and approaches the bare
value of a fully flexible chain.**** As intended by our
experimental design, we achieve comparable £ values for
solutions at different ionic strengths. Moreover, solutions with
similar £ have substantially different b values, indicating that
the electrostatic interactions in these solutions are significantly
different. From these structural measurements, we conclude
that we have successfully produced a library of solutions in
which geometric and electrostatic length scales are independ-
ently varied.

We now use these solutions to explicitly test how segmental
relaxations depend on geometric and electrostatic length scales
using NSE. Dynamic measurements are performed across a
wide range of time scales 0.1 ns < t < 45 ns and wavevectors
0.051 A™' < Q < 0.26 A7, equivalent to 0.45 < Q¢ < 4.36. The
normalized intermediate scattering functions are well-repre-
sented by a stretched exponential
1(Q, t)/I(Q, 0) = Aexp[(-Tt)’] (Figure 3a), where the
prefactor A = 1 represents fully correlated dynamics at short ¢,
P is the stretching exponent, and I" is the relaxation rate
characterizing segmental relaxations. The stretching exponent
remains constant across the experimental wavevectors with an
average value f = 0.83 =+ 0.02, indicating that chains follow
Zimm-like relaxations. Although Zimm relaxations predict § =
2/3, over our range of interest, it has been found that f ~
0.85.5%%¢

For neutral polymers that relax according to the Zimm
model, the relaxation rate should scale with wavevector
according to I' ~ Q>° For these polyelectrolyte systems,
however, there are two distinct scaling regions. At small length
scales, the relaxation rates scale close to predictions (Figure
3b), but over longer length scales (small Q), the relaxation
rates follow a weaker power law. The scaling behavior of the
relaxation rate is qualitatively similar across all samples (SI).
The transition between these two scaling regimes occurs at
length scales comparable to Q*, suggesting that the dynamic
changes may arise from the structure of the solution. The
different dynamic regimes are further emphasized when the
relaxation rates are normalized according to their expected Q-
dependence. Fundamentally, the correlation curves from NSE
are related to the relative mean-squared displacement between
polymer monomers according to a Gaussian approximation

1(Q t)/1(Q, 0) = exp[—(Ar*(t))Q*/6].>° Following estab-
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Figure 3. (a) Normalized intermediate scattering functions I(Q, t)/
I(Q, 0) as a function of Fourier time t at various values of the
wavevectors Q for 6.4c* NaPSS solution at 107 M ionic strength. (b)
Relaxation rate I as a function of wavevector Q for NaPSS solutions
at 107 M ionic strength. Inset: Relaxation rate normalized to length
scales T'/Q¥” for 107 M ionic strength solutions as a function of
wavevector Q. Dashed lines represent the correlation peak length
scale. Error bars are estimated according to a 95% confidence interval.

lished methods,””®" we set this expression equal to the
stretched exponential decays observed in our experiments,
leading to (T't)? = —(Ar*(t))Q*/6. Because polymer
monomers move subdiffusively on these time scales
((Ar*(t)) ~ ), the relaxation rate must scale as I' ~ Q*//.

When normalized by Q*”, T" decreases as a function of Q
until it reaches a minimum at Q & Q¥, after which it increases
to a constant value at large wavevector (inset of Figure 3b).
This minimum shifts to higher Q with increasing polymer
concentration, consistent with the shift in structure factor peak
measured in SANS (Figure 2). These observations suggest that
the structure of polyelectrolytes, mediated by the electrostatic
repulsion between monomers, plays a significant role in
dictating the chain dynamics.

Previous studies have rerorted suppressed dynamics across
Q* in multiarm polymers,®"** colloidal suspensions,”*~®” and
particle—polymer composites.”” In these systems, the dynamics
can be interpreted through the phenomenon of de Gennes
narrowing35 in which a peak in the structure factor S(Q) exists
at Q* due to the presence of a free energy minimum that slows
relaxations. Under this framework, dynamics are inversely
related to structure through D(Q) ~ 1/S(Q), where D(Q) is
the wavevector-dependent diffusivity. An earlier study found
that the diffusion coefficient of polyelectrolyte chains is
inversely related to the structure.’® In our solutions, however,
we measure the segmental relaxations, which relax subdiffu-
sively. Thus, we define an analogous subdiffusion coefficient
that satisfies ' = KQ*”, where K is a kinetic parameter that
characterizes the subdiffusive Zimm relaxations in the system.
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To compare this kinetic parameter K to the structure of the
solution, we must extract a structure factor S(Q) from the
measured scattering profiles. Typically, the scattering intensity
can be decomposed according to I(Q) = P(Q)S(Q), where
P(Q) is the form factor that captures the scattering from an
individual component and S(Q) is the structure factor that
captures the scattering between components. Determining the
unperturbed form factor P(Q) for a polymer chain requires
fitting the scattering intensity in the high-Q region where
S(Q) — 1. The complexity of the PRISM theory, however,
prevents the fit from converging to physical values over this
limited wavevector range. Therefore, we make a simplifying
assumption that the polyelectrolyte chain structure can be
represented as a perturbation from an ideal Gaussian
chain.***” To explore this picture, we fit the SANS scattering
profile to a Lorentzian at high wavevectors (Q > 0.3 A™"),
where S(Q) — 1 for all real polymers, to represent P(Q) of the

. . 70,71 ;
Gaussian chains according to

Ipoly
1+ (Q4)

(2)
In this expression, I, is the scattering intensity of the
polyelectrolyte chains and &, is the effective correlation length
of the ideal, unperturbed chain. Because the monomer density
is similar between solutions with the same correlation length ¢,
we globally fit I,,, and &, across these samples. We then
calculate S(Q) of our NaPSS chains by dividing the total
scattering I(Q) from SANS by P(Q) from eq 2. To evaluate the
relationship between structure and dynamics in these semi-
dilute polyelectrolyte solutions, we then compare these
extracted S(Q) to the normalized kinetic parameters
Ky/K(Q), where K, represents the dynamics in the absence
of structural contributions. Following the procedure estab-
lished in our earlier work,”” K, is defined per sample at the
wavevector at which S(Q) is first equal to 1 after the peak. The
S(Q) curves capture the peak positions of Ky/K(Q) at all
NaPSS concentrations and ionic strengths (Figure 4a,b).
Moreover, S(Q) accurately predicts the trends of the dynamics

P(Q) =

T I T T I T
3 - -3
13c*in 10° M 3.0c*in 10" M
§§
g2r - 12
< ei 406 v anzy| €
;c, i 8.8c*in10° M 5.6¢c*in10° M| oy
. 1l i
1P = - u 1
* i 6 % -6
™ 6.4c*in 10 M_ | m 6.4c* in 10 M_
o . (a) (b) 0
5x107 10" 5x10" 5x10? 10 5x10"

QA" QA"

Figure 4. Normalized dynamic factor K,/K(Q) as a function of
wavevector Q for NaPSS solutions (a) with different concentrations in
107 M solutions and (b) with a similar correlation length £ ~ 79 A at
different ionic strengths. Solid lines represent the structure factor
S(Q) for the corresponding solution. Error bars are estimated
according to a 95% confidence interval. The shaded region is a 95%
confidence interval derived from a propagated error from the fitting of
eq 2. Data and structure factors are shifted for clarity.
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before and after the structural peak. The weaker electrostatic
repulsion at high ionic strength results in a shallower structural
peak and less suppressed dynamics as the perturbation from a
Gaussian chain becomes weaker (Figure 4b). Furthermore,
S(Q) still accurately captures the shape and decay of the
dynamics as ionic strength changes. The excellent agreement
between S(Q) and Ky/K demonstrates that the segmental
dynamics of polyelectrolytes are controlled in large part by
their underlying structure. This observation demonstrates how
electrostatics and concentration affect polyelectrolyte dynamics
similarly to their effects on chain structure. Furthermore, the
electrostatic repulsions that dictate the local structure in
semidilute polyelectrolyte solutions also act to perturb the
expected Zimm relaxations.

The success of our approach in relating the structure and
dynamics of polyelectrolyte chains relies on the assumption
that electrostatic interactions act as perturbations to a neutral
chain. To implement this approach, we use the simplest model
of an ideal chain. This implementation is necessary due to the
extremely limited Q-range (Q > 0.3 A™") over which we can fit
P(Q) in the absence of structural effects. As a result, the
parameters from the fits to eq 2 do not fully describe the
physics of our system. Whereas I, increases with polymer
concentration as physically expected, the values of the effective
correlation length &, converge to a constant (SI), irrespective
of polymer concentration. We attribute this behavior to the
inability of such a simple representation of the Laplacian form
factor P(Q) to capture subtle changes to polymer structure. An
improved description of the relationship between structure and
dynamics in these systems would require the development of a
polyelectrolyte structure factor similar to those derived for
colloidal suspensions.””~"* Nevertheless, the excellent agree-
ment between the observed dynamics and the calculated S(Q)
conclusively demonstrates that electrostatic repulsions sup-
press Zimm-like relaxations across the structural peak in
semidilute polyelectrolyte solutions.

By independently varying the electrostatic and geometric
length scales in semidilute solutions, we show that the
dynamics of polyelectrolytes are strongly coupled to their
structural properties in solutions. The polymer dynamics
follow Zimm-like relaxations that are suppressed across the
structure factor peak according to de Gennes narrowing. The
extent to which dynamics are suppressed is directly correlated
to the magnitude of structural changes due to electrostatics.
Although our approach of determining the structure factor of
polyelectrolytes uses the simplest model of Gaussian chains, we
still observe remarkable agreement between structure and
dynamics. We expect these findings to translate to other
polyelectrolyte systems with different charge densities as
counterion condensation changes structure by modifying the
free energy landscape but should not affect the coupling
between structure and dynamics. Additionally, NSE experi-
ments have shown that bound counterions are dynamically
correlated to polymer relaxation, suggesting that their
dynamics might also be coupled to chain structure.”” Our
work illustrates the importance of incorporating the coupling
between structure and dynamics to further understand
polyelectrolyte chain properties. Developing structure—dynam-
ics relationships is essential to accurately describe the
properties of polyelectrolyte materials.
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