
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 9
:0

7:
04

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The viscosity of p
aInstituto Nacional de Investigaciones Nuclea

Mexico
bDivisión de Ingenieŕıa Qúımica y Bioqúımic
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olyelectrolyte solutions and its
dependence on their persistence length,
concentration and solvent quality

E. Mayoral,a J. D. Hernández Velázquez b and A. Gama Goicochea *b

In this work, a comprehensive study of the influence on shear viscosity of polyelectrolyte concentration,

persistence length, salt concentration and solvent quality is reported, using numerical simulations of

confined solutions under stationary Poiseuille flow. Various scaling regimes for the viscosity are

reproduced, both under good solvent and theta solvent conditions. The key role played by the

electrostatic interactions in the viscosity is borne out when the ionic strength is varied. It is argued that

these results are helpful for the understanding of viscosity scaling in entangled polyelectrolyte solutions

for both rigid and flexible polyelectrolytes in different solvents, which is needed to perform intelligent

design of new polyelectrolytes capable of fine tuning the viscosity in complex fluids.
I. Introduction

Polyelectrolytes (PEs) are charged polymers present in natural
surroundings such as in biological macromolecules and are
frequently present in many industrial processes, such as in the
drilling uids for enhanced oil recovery, drug delivery, drag
reduction, and occulants, among others.1,2 PEs display typi-
cally different behavior from neutral polymers, particularly in
regard to their colligative and transport properties, due to their
electrostatic interactions among the charged groups along the
chain. PE solutions have been the subject of extensive theoret-
ical and experimental research, to seek for fundamental
understanding of their equilibrium and transport properties.
PE solution rheology is a complex issue;2 on the one hand, the
chain conformation within the electrostatic blob depends on
solvent quality, that is, the thermodynamic interactions
between the solvent and the polymer. However, it is also known
that ions in the solution affect the PEs interactions.3–13 It is
known that the chain structure of PEs is rodlike up to the
correlation length (x), while for length scales larger than x it is
exible and can be described by a random walk of correlation
blobs.2,14 Numerous scaling regimes for the viscosity (h) and the
characteristic relaxation time (s) for exible PEs in salt-free
solutions have been proposed.2 In particular, when PE
concentration exceeds the overlap concentration (c*), the rela-
tive viscosity (h/h0, where h0 is the pure solvent's viscosity) is
res, Ocoyoacac 52750, Estado de México,

a, Tecnológico de Estudios Superiores de

do de México, Mexico. E-mail: agama@

35507
found to be proportional to the square root of PE concentration
(cp) as (h/h0 ∼ cp

1/2).1,5

Recent work has explored the inuence of the exibility of
PEs on their rheology,15 but a complete understanding of its
effect on solution viscosity, critical PE concentration, and the
role of ionic strength from the dilute to the entangled regime is
still lacking. Also, a comprehensive examination of chain stiff-
ness on the scaling of the viscosity of PEs has not been achieved.
The scaling of the viscosity has been studied as a function of PE
concentration,15 yet the relationship between chain exibility,
PE concentration, and solvent quality has not been thoroughly
investigated. Further research is essential to improve the
understanding of viscosity in entangled PE solutions for both
rigid and exible chains.

The relation between the viscosity of a PE solution and the
PE concentration (cp) follows power laws in the unentangled,
semi-dilute regime that differ from those for neutral polymer
solutions.16–18 The empirical scaling Fuoss law states a relation
between the viscosity (h) and polyelectrolyte concentration (cp),
such that h f cp

s, where s is a scaling power-law exponent.1

Classical theories predict the empirical Fuoss's scaling laws, h
f cp

1/2 and h f cp
5/4, for PE solutions with no added salt

(nominally “salt-free”),1,14,19 and for PE solutions with salt
added,2,3 respectively. Recently, new power-law exponents have
been measured for salt-free PE solutions, nding 0.68 for
sodium carboxymethylcellulose (NaCMC)20–22 and acrylamide-
sodium-2-acrylamido-2-methylpropane-sulfonate (AM-
NaAMPS),23 and 0.91 for salt-free hyaluronic acid (HA)24 and
chitosan,25 all of which have different exibilities. Although
scaling theories are known to be applicable to exible PE,
characteristics such as the polymer persistence length x are not
taken into account by those theories.2,14,26 Numerical simula-
tions are powerful tools to explore different scenarios and
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Conservative DPD force parameters aij, used in this work. The
listed values correspond to PEs under good solvent conditions. The
values in parentheses correspond to values of the PEs in theta solvent.
The nomenclature is as follows: S = solvent beads, PE = poly-
electrolyte monomer beads, and C = counterion beads. Values are
shown in reduced units

aij S PE C

S 78.3 60.0 (78.3) 60.0 (78.3)
PE 78.3 79.3 (78.3)
C 78.3
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complement the predictions of analytical theories that have
been proposed to explain experimental trends in properties of
both polyelectrolytes and neutral polymers.2,14,19,27–30

Through molecular dynamics simulations, it has been found
that the PE concentration plays a fundamental role in the vis-
cosication of aqueous solutions.31–33 Mintis and co-workers31–33

successfully reproduced experiments of zero shear rate viscosity
(h0) in salt-free aqueous solutions, as a function of the PE
concentration for poly(N,N-dimethylaminoethyl methacrylate)
(PDMAEMA)33 using atomistic simulations. Although atomic-
scale molecular simulations are very accurate, the modeling of
shear viscosity requires long computational times, especially for
systems with long-range interactions such as the electrostatic
interaction. A useful alternative is coarse-grained computer
simulations, where the short-range, non-electrostatic interac-
tions allow for the modeling of entangled PE complex solu-
tions.34 Here we report mesoscale numerical simulations of PEs
in an aqueous solution under a Poiseuille ow for increasing
stiffness of the PE chains and predict the viscosity. The inu-
ence of solvent quality on viscosity is studied as well as the net
charge of the coarse-grained salt ions.
II. Models and methods

We perform a set of coarse-grained simulations using the well-
known dissipative particle dynamics (DPD)35–37 model to inves-
tigate the inuence of PE concentration, persistence length, salt
concentration and solvent quality on the viscosity of conned
solutions under stationary Poiseuille ow. The DPD model has
proven to be useful in the study of several systems under
stationary38–40 and oscillatory ows.41,42 In the DPD model, the
total force (fi) that any DPD particle experiences is the sum of
three fundamental pairwise forces, namely dissipative
FDij , random FRij and conservative forces

FCij

 
f i ¼

P
jsi

½FDij þ FRij þ FCij �
!
. These short-ranged forces are

additive central forces that obey Newton's third law and
conserve momentum. Here, the maximum strength constants
of FDij and FRij are coupled through the uctuation-dissipation
theorem.36 The conservative force FCij = aij(1 − rij/rc)̂rij, is
a so, linearly decaying repulsive force that depends on the
relative distance between particles (rij), where r̂ij = (ri − rj)/jri −
rjj is the unit position vector. The maximum strength of this
force is given by the parameter aij when the relative distance
between particles is smaller than a cutoff radius (rij < rc), and
FCij = 0 when rij $ rc, with rc = 1. The aij parameters are obtained
directly from the Flory–Huggins solubility parameter. Further
details can be found elsewhere.37 Table 1 displays the aij
parameters used in the systems modeled in this work. These
values correspond to a coarse-graining degree equal to three,
i.e., the volume of a DPD bead equals the volume of three water
molecules.37

In addition to the three fundamental DPD forces, additional
forces are needed to model chain-like structures (surfactants,
polymers, PEs, etc.) to bond two and three consecutive DPD
particles conforming the linear chain. Thus, we add two
© 2022 The Author(s). Published by the Royal Society of Chemistry
harmonic forces; one is a Hookean force based on the Kremer–
Grest bead–spring model43

FS
ij = −kS(rij − r0)̂rij, (1)

to simulate the bonding between two consecutive DPD particles,
where rij is the relative distance between the particles, kS the
spring constant, and r0 the equilibrium distance. For all our
simulations, we set kS = 100 and r0 = 0.7. It has been proven
that properties such as the excess pressure and the interfacial
tension are insensitive to changes in the values of kS and r0
chosen in this work.44 To modulate the exibility of the linear
chain, a three – body force is introduced, modeled as
a harmonic potential acting between two consecutive linear
bonds (three consecutive DPD particles):

FA
ijk = −kA(qijk − q0) (2)

where, qijk is the angle formed by three consecutive DPD parti-
cles, kA is the angular spring constant and q0 are the equilibrium
angle. For this three – body force, we set the equilibrium angle
as q0 = 180°, while the values of kA used in this work are pre-
sented in Table 2, as well as their corresponding values of the
persistence length (Lp), obtained from the following equation45

Lp ¼ � r0

ln½LðkAÞ� (3)

where, r0 is the bond length (see eqn (1)), and L(kA) = coth(kA) −
(1/kA) is Langevin's function and kA the angular spring constant
(see eqn (2)). In this work, the chains' length is kept constant,
since the inuence of increasing the chain length on the
viscosity has been studied before,34 where it was found that the
viscosity increases for shorter chains when compared with
longer chains, at the same concentration. The inuence of
polydispersity of the chains on the viscosity remains to be
investigated, but such inuence has been studied for the pres-
sure on polydisperse polymer brushes, see ref. 45. It is
emphasized that here we model generic PEs, without mapping
their chemical nature to a particular PE because our purpose is
to study the viscosity scaling of PEs with increasing stiffness
under different solvent conditions and PE concentration.

To produce parabolic ow, the system is conned by effective
surfaces. Connement is implemented perpendicularly to the z-
direction, using a unidirectional implicit force placed at the top
(+lz/2) and bottom (−lz/2) sides of the simulation box. These
RSC Adv., 2022, 12, 35494–35507 | 35495
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Table 2 Angular spring constant values (kA, eqn (2)) with their equivalent value of persistence length (Lp, eqn (3)). kA values are represented in
reduced units, while Lp values are reported in nm

kA 2.5 4 10 30 50 90 100 110 150 180 200 210 500
Lp 0.93 1.58 4.29 13.24 22.38 40.47 44.99 49.52 67.60 81.17 91.21 94.74 225.87
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effective walls act over all the DPD particles and are modeled as
a short-ranged, linearly decaying forces

FW
i ¼

8<
: awð1� zi=zcÞẑi

0

; zi\zc
; zi $ zc

(4)

where, aw is the maximum repulsion strength that the walls
exert of any particle, and zc is the cutoff length of the wall force.
In this work, the walls are separated by a distance D = lz = 23rc,
and we xed the values of aw = 115 and zc = 0.4rc.34 Although,
there is a recent study showing how to control the particle
penetration at the walls, using explicit walls made up of DPD
Fig. 1 (a) Illustration of the setup implemented in this work for
confined PEs under Poiseuille flow. A thin layer of solvent particles is
formed close to the walls (z # 0.15rc), having a velocity equal to zero
along the z-direction. The linear and angular bonding in PEs is
depicted as well, wherein the constants kS = 100, r0 = 0.7rc (see eqn
(1)) and q0 = 180° (see eqn (2)) are fixed in all cases, varying only the
values of kA (see Table 2). (b) Profiles of the x-component of the
velocity of solvent beads under stationary flow, along the z-direction
of the simulation box, perpendicular to the direction of the external
force (FPx) producing the flow for salt-free systems for different poly-
electrolyte concentration (cp, in wt%) and Lp= 40.47 nm. Solid lines are
the parabolic fits (see eqn (5)). The axes are expressed in reduced units.

35496 | RSC Adv., 2022, 12, 35494–35507
particles,46 the implicit force law used here to simulate the wall
is strong enough to prevent penetration of the surfaces. The
choice of Poiseuille ow to calculate the viscosity arises from
the need to match the conditions under which oil is recovered,
where an external force is applied to the injected uid. Equi-
librium methods can be used to obtain the viscosity,47 but they
are prone to low signal-to-noise ratio and require longer simu-
lation times, among other issues.48 Artifacts introduced by the
velocity proles produced by the Poiseuille ow when Lees–
Edwards periodic boundary conditions are used can be avoided
with this setup. It allows one to calculate the shear viscosity of
uids as a function of shear rate, by calculating the stress tensor
in response to the shear rate.49 The Poiseuille ow velocity
prole in the system is obtained by applying an additional
constant force to every particle.38 In this setup, a small constant
external force is applied along the x-direction, FPx = 0.02x̂, to all
particles in the system. Zero velocity along the z-direction is
applied to the solvent particles whose distance from either wall
is z # 0.15rc, to avoid slip.50 This restriction is applied only to
solvent beads, since imposing to PE chains would gra them to
the surfaces. In Fig. 1(a), a schematic representation of the
setup used in this work is presented, showing the PEs conned
by two parallel walls (see eqn (4)) separated a distance D = lz =
23rc. An external constant force along the x-axis acts on all
beads, producing a parabolic velocity prole typical of Pois-
euille ow, shown in Fig. 1(b). This setup has been used
successfully to predict the shear viscosity of supercritical CO2

with polymers as viscosifying agents,49 and also in studies of
viscosication of solutions with branched copolymers.34

The viscosity (h) of the system is obtained directly aer
tting the analytic velocity proles with the steady-state solu-
tion of the Navier–Stokes equation:38

vxðzÞ ¼ rFP
x

2h
ðz� z0ÞðD� z0 � zÞ (5)

where, r is the reduced number density of the uid, FPx is the
magnitude of the external force applied on the DPD particles to
produce the ow, D is the separation distance between walls,
and z0 is the position at which the extrapolation of the velocity
prole reaches 0 value. Fitting the velocity proles obtained
from the simulations to eqn (5), h can be readily obtained, as
seen in Fig. 1(b).

The electrostatic interaction is modeled by means of the
standard Ewald sums method,52,53 adapted for DPD method
using charge distributions instead of point charges.54 The
charge distribution used here is a Slater-type, radially decaying
exponential with decay length l, and given by55

rðrÞ ¼ q

pl3
e�2r=l: (6)
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Flow chart of the DPD algorithm implemented and used in this work.
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The magnitude of the reduced electrostatic force between
two charge distributions with valence Zi and Zj separated by
a distance r* = rij/rc is given by

FE*
ij ðr*Þ ¼ GZiZj

4pr*2
f1� ½1þ 2b*r*ð1þ b*r*Þ�expð�2b*r*Þg (7)

where, G = e2/(kBT303Trc), b* = rcb = 5rc/(8l); e is the electron
charge, kB is Boltzmann’ constant, 30 is vacuum's permittivity,
and 3T = 78.3 is the water relative dielectric permittivity at room
temperature. This charge distribution model avoids the
formation of articial ionic pairs, which would lead to a singu-
larity in the Coulomb interaction when their relative distance
becomes zero. It has been used successfully in DPD simulations
to model PEs brushes,55 the self-assembly of PEs in aqueous
media,56 and adsorption processes of conned PEs.57 Fig. 2
shows a summarized owchart of the DPD algorithm imple-
mented for all simulations performed in this work.
© 2022 The Author(s). Published by the Royal Society of Chemistry
III. Simulation details

All simulations were carried out under canonical ensemble
conditions, i.e., at constant number density and temperature,
where the reduced number density is r = 3, and the tempera-
ture is always xed at kBT = 1, which is also the reduced unit of
energy. The intensity of the random force is s = 3, and dissi-
pation parameter is g = 4.5.36 The cutoff radius is the reduced
unit of length, and it is rc = 1 z 6.46 Å for a coarse-grained
degree of three. It is to be noted that the inuence of the
cutoff radius rc on the scaling properties of a system predicted
by DPD has been studied by Füchslin and coworkers.58 They
found that those scaling properties are invariant to coarse-
graining changes, as long as the number density and the
cutoff radius remain constant, which is our case. As for the
inuence of the walls cutoff length zc on the simulation results,
it has also been analyzed in a previous work,51 where it is shown
RSC Adv., 2022, 12, 35494–35507 | 35497
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Fig. 3 Relative viscosity h/h0 as a function of polyelectrolyte
concentration, cp, under salt-free, good solvent conditions. The values
of the persistence length Lp are reported in nm.
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that the value chosen here minimizes the slippage at the wall–
uid interface. The PEs were modeled as linear chains made up
of 15 DPD particles each, freely joined by harmonic springs,
varying the PE concentration from cp = 1 wt% to cp = 42 wt%.
The dimensions of the simulation box were set in all cases as lx
= ly = 12rc and lz = 23rc, with the total number of DPD particles
equal to N = 104.

The number of counterions in the system is the same as the
number of PE monomers, and four different values for the
coarse-grained salt ions charges were chosen to change the
ionic strength, Z = 0, 6, 9 and 12, all in units of the elementary
charge, e. The parameters of the Ewald sums were a = 0.15 Å−1,
the maximum vector kmax = (5, 5, 5), b = 0.929 and l = 6.95 Å.53

The solvent quality was determined by the parameters of the
conservative DPD force, aij, between solvent and polyelectrolyte
monomer beads, choosing aij = 60 to model good solvent, and
aij = 78.3 for theta solvent conditions, see Table 1. All simula-
tions were run for 15 blocks of 104 time steps each, using a time
step of Dt = 0.03 z 0.1 ps. The rst 5 blocks of each simulation
are used to reach stationary ow, while the last 10 blocks were
used to the production phase, where properties are averaged.
IV. Results and discussion

The effect of the exibility of the PE chains in the performance
of the viscosity is studied, under good and theta solvent
conditions, with and without salt as a function of the PE
concentration under Poiseuille ow; see setup in Fig. 1 for
details. The results are discussed in the next sections. The
results are presented in two sections, one for each solvent
quality and for each case, with and without salt. The effect of
increasing the persistent length (Lp) at different concentration
(cp in wt%) is studied, to explore the different scaling regimes.
(a) Good solvent salt free system

The non-bonding, conservative DPD force does in principle
allow beads to overlap, because the force is nite when their
relative distance is zero. In fact, such force is FCij(0) = aij for zero
relative interparticle distance. However, in practice, DPD beads
never cross each other, especially for a relatively large coarse-
graining degree, Nm = 3, which is our case, when aij = 78.3.
Therefore, the conservative force parameter in physical units
becomes aij = 78.3(kBT/rc), which yields a large interparticle
repulsion at room temperature. Fig. 3 shows the results of the
viscosity of different Lp values (see eqn (3)) as a function of PE
concentration in salt-free, good solvent conditions, using
parameters presented in Table 1. The relative viscosity (h/h0),
dened as the ratio of the viscosity of PE in solution over the
viscosity of the pure solvent, h0, grows as a function of PE
concentration for: exible (Lp = 0.93, 1.58 and 4.29 nm, black,
red and blue curves in Fig. 3, respectively) and rigid (Lp = 90.21
and 94.74 nm, green and olive curves in Fig. 3, respectively) PE
structures. However, non-monotonous behavior is observed for
semiexible structures (Lp = 40.47, 44.97, 49.52 and 67.60 nm,
navy, violet, purple and wine curves in Fig. 3, respectively),
where an increase in the viscosity is initially observed in
35498 | RSC Adv., 2022, 12, 35494–35507
a diluted regime (cp < 20 wt%) and in the concentrated regime
(cp > 35 wt%), followed by a decrease in the viscosity for the
semi-diluted (20 wt% < cp < 35 wt%), see Fig. 3.

To understand this behavior, Fig. 4 presents snapshots and
density proles for the phases obtained in our systems
depending on the exibility of PEs in the semi-diluted region, at
xed PE concentration (cp = 33 wt%). The choice of harmonic-
bonding interaction parameters (eqn (1)) between beads along
a polyelectrolyte chain avoids bond crossings. Additionally, the
interchain interactions are always taken into account, because
non-bonding DPD interchain interactions are repulsive, as long
as the distance between beads from neighboring chains is
smaller than rc. In the dilute regime the chains do not overlap,
they are far from each other and at very low concentrations can
be considered as a single chain problem. For this reason, the
effect of the exibility is negligible and the behavior of the
relative viscosity as a function of concentration is almost the
same. For semi-dilute and concentrated solutions, the PEs start
to overlap, and their conformation is clearly modied. This case
is especially critical in practice because it is related to the
condensation threshold emerging different conformations:
hexagonal (canonical) and isotropic19 and the change in the
solution's viscosity is very different from the dilute regime. In
the absence of salt, the electrostatic repulsions between
monomers are long ranged in the semi-dilute regime and the
entropy contributions due to chain exibility are not very
signicant. The semi-dilute solutions can form parallel stack-
ings of rods, creating a phase which is macroscopically uniaxial
as seen for exible and semi-exible PEs in Fig. 4(b) and (c),
closer to the hexagonal phase also known as canonical phase.19

This type of conguration is found for semiexible PEs
(22.38 nm # Lp # 67.60 nm), see Fig. 4(c). The other possible
conguration is the so-called random isotropic phase (see
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06990c


Fig. 4 Density profiles of the PEs and snapshots of systems with (a) Lp = 0.93 nm, (b) Lp = 4.29 nm, (c) Lp = 40.47 nm and (d) Lp = 94.74 nm. The
PE concentration in all cases is cp = 33 wt%. In the snapshots the PEs are shown in dark green and the solvent beads in cyan.
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Fig. 4(a) and (d)), consisting of overlapping, partially exible
PEs, which can be analyzed by scaling methods.19

Fig. 5 presents the radial distribution functions (g(r)'s)
between the solvent (CO2) and the monomers of the PEs for
three characteristic persistence lengths belonging to the three
different stiffness regimes: the exible regime (Lp = 4.29 nm,
Fig. 4(a)), semi-exible regime (Lp = 40.47 nm, Fig. 4(b)) and
rigid regime (Lp = 94.74 nm, Fig. 4(c)). The radial distribution
functions for three different PE concentrations are shown
(dilute, semi-dilute and concentrated regime, cp = 9, 33 and
40.5 wt%, respectively) to investigate the effects on the spatial
distribution between CO2 and the PEs produced by the PE
stiffness. Without salt, the spatial ordering between CO2 and
PEs is reduced when the concentration of PEs increase. This
effect is notorious when the PEs exhibit an isotropic phase for
rigid polymers (see Fig. 4(d) and 7(a)), because the CO2 fails to
form layers around the PEs due to the entanglement between
the PEs. Therefore, the PEs at the concentrated regime tend to
thicken the CO2. On the other hand, and contrary to what
happen in the rigid regime, in the semi-exible regime
© 2022 The Author(s). Published by the Royal Society of Chemistry
(Fig. 5(b)) the CO2 and PEs become structured, as expected for
the hexagonal phase (see Fig. 4(c)). Such structure between the
CO2 and PEs is responsible for the PEs working as CO2 thinners
at this stiffness of the PEs. These results support the fact that in
the dilute regime the effect of the PE stiffness on the viscosity is
negligible since the spatial distribution between CO2 and PEs
are similar. This feature can be seen from the g(r) functions of
systems with cp = 9 wt% (black curves in Fig. 5).
(b) Scaling in the isotropic phase: exible and rigid
polyelectrolytes

The viscosity in the isotropic phase obeys scaling laws. Fig. 6
shows the logarithmic plot of the dependence of the relative
viscosity with PE concentration, for the semi-dilute and
concentrated regimes, and the exponents (s) of the scaling h/h0
∼ cp

s. For the semirigid and rigid polyelectrolytes with Lp =

4.29 nm and 94.74 nm, respectively, the classical scaling expo-
nent for the viscosity (h) of semi-dilute, entangled PE solutions
from Fuoss law is obtained h/h0 ∼ cp

1/2 in the salt-free regime,
see Fig. 6(a).23 For more exible PEs, where the entropic
RSC Adv., 2022, 12, 35494–35507 | 35499

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra06990c


Fig. 5 Radial distribution functions between the solvent (CO2) and the
polyelectrolytes (PEs) for three persistence lengths values: (a) flexible
PEs, (b) semi-flexible PEs, and (c) rigid PEs, at three different
concentrations belonging to the dilute (black curves), semi-dilute (red
curves), and concentrated (blue curves) regimes.

Fig. 6 Scaling of the relative viscosity of the solvent, h/h0 ∼ cp
s, with

PE concentration for the semi-diluted (a) and concentrated regimes
(b), along with their scaling exponents. The symbols are data from our
numerical simulations and the dashed lines are best fits to the scaling
law.
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contribution becomes important (Lp = 0.93 nm and 1.58 nm),
the exponent s = 0.68 is found; see the circles and squares in
Fig. 6(a). This prediction is in agreement with the experimental
results for sodium carboxymethylcellulose (NaCMC)20–22 and
acrylamide-sodium-2-acrylamido-2-methylpropane-sulfonate
(AM-NaAMPS).23
35500 | RSC Adv., 2022, 12, 35494–35507
In the concentrated regime all the PE systems show the
scaling exponent s = 5/4 = 1.25, in agreement with the expected
behavior from Fuoss law for PE; see Fig. 6(b).2,3 The scalingmodel
of a PE chain in semi-diluted solutions is based on the hypothesis
of the existence of a single length scale, namely the correlation
length x. Theoretical and experimental studies2,14,20 nd that the
correlation length depends on polymer concentration as x∼ cp

−1/

2. On length scales up to the correlation length x, the confor-
mations of a PE chain in semi diluted solutions are presumed to
be Gaussian, while for length scales larger than x the PE chain is
expected to be exible and scaling properties emerge.2,14 The
hypothesis of a single length scale in semi dilute PE solutions is
supported by experiments andmolecular dynamic simulations2,14

showing that Lp and x are proportional. Fig. 7 shows the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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dependence of the relative viscosity on the persistent length,
which offers additional information with respect to its depen-
dence on concentration (Fig. 3). Three regimes are found, asso-
ciated with exible, semi-exible, and rigid PE chains. The
relative viscosity in semi-diluted and concentrated regimes shows
a power law decay for small persistence lengths (Lp < 20 nm),
where the PEs are exible. For semi-exible PEs (20 nm < Lp <
67.6 nm) the viscosity remains nearly Lp independent, while for
rigid PEs (Lp > 67.6 nm) the viscosity increases with Lp; see
Fig. 7(a). The data displayed in Fig. 7(b) show that the relative
viscosity in the semi dilute and concentrated regime does scale as
h/h0 ∼ Lp

−1/2, as expected.2,14
Fig. 7 (a) Influence of the persistence length Lp (in nm) on the relative
viscosity h/h0, in salt-free, good solvent conditions, for three PE
concentrations in three regimes, as labeled in the legend. (b) Scaling of
the relative viscosity with Lp for two PE concentrations, one in the
semi-dilute (cp = 33 wt%, blue squares), and one in the concentrated
(cp = 40.5 wt%, red circles) regimes. Red squares and blue circles
represent the data from our simulations; the dashed line is the best fit
to the scaling law h/h0 ∼ cp

s, with s = 0.5.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(c) Good solvent with salt

Next, the behavior of PEs with salt added to the solution is
explored. Fig. 8 displays the results of the viscosity for four Lp
values as the PE concentration is increased. It is found that the
relative viscosity increases as a function of the PE concentration
for exible (Lp = 0.93 nm, 4.29 nm) and rigid (Lp = 90.21 nm)
chains, as in the salt-free case (see Fig. 3). For semi-exible PEs,
such as those with Lp = 44.99 nm, an increase in the viscosity is
found in the single chain and diluted regime (cp < 20 wt%) and
a decrease in the viscosity for semi diluted and concentrated
regime (cp > 20 wt%). This is due to the different spatial
conformations acquired by these systems; see the discussion of
Fig. 3. At the largest PE concentration, the relative viscosity for
Lp = 0.93 nm is even larger than in the solvent-free case, Fig. 3.
The salt ions screen the Coulomb interaction and the PEs
behave as exible neutral polymers.

In Fig. 9, the radial distribution functions (g(r)'s) between the
CO2 solvent and PEs of three different stiffness regimes are
presented: exible regime, semi-exible regime and rigid
regime. Additionally, the g(r)'s for the dilute, semi-dilute and
concentrated regimes are presented in Fig. 9 as well. The spatial
ordering between CO2 and PEs is reduced when the concen-
tration of PEs increase, especially when the PEs is in the
isotropic rigid phase where the CO2 viscosity decreases. In the
semi-exible (Fig. 9(b)) regime the CO2 and PEs produce
a structured hexagonal phase and the PEs work as CO2 thinners
at this stiffness regime of the PEs.

For semi-dilute and concentrated solutions, the scaling
exponents with salt added in the isotropic phase for exible and
rigid PEs are presented in Fig. 10. The exponents obtained
follow Fuoss law h/h0 ∼ cp

3/2 when salt is added,2,3 as has oen
been reported for sodium polystyrene sulfonate (NaPSS)
Fig. 8 Dependence of the relative viscosity on PE concentration, as
the persistence length is increased, with salt ions of net charge of Z= 6
added to the solution. The viscosity of the pure solvent, without PEs, is
h0. The persistence length is reported in nm.

RSC Adv., 2022, 12, 35494–35507 | 35501
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Fig. 9 Radial distribution functions between the solvent (CO2) and the
polyelectrolytes (PEs) for three persistence lengths values: (a) flexible
PEs, (b) semi-flexible PEs, and (c) rigid PEs, at three different
concentrations belonging to the dilute (black curves), semi-dilute (red
curves), and concentrated (blue curves) regimes.

Fig. 10 The relative viscosity for PEs in solution with salt ions with
charge of Z = 6 under good solvent conditions. The scaling exponent,
s= 3/2, follows Fuoss law h/h0∼ cp

3/2, for the concentrated regime (cp
$ 35 wt%) with salt added, for three values of the persistence length.

Fig. 11 Influence of ion's charge on the relative viscosity of PEs in
solution, as a function of PE concentration. In all cases the persistence
length is fixed at Lp = 4.29 nm. The system is under good solvent
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solutions.31,59–61 The data at low concentration for Lp = 4.29 nm
have a different intercept at the y-axis from those at higher
concentration, but the slope is the same, therefore the scaling
law remains unchanged. This feature of the data arises because
35502 | RSC Adv., 2022, 12, 35494–35507
at concentrations higher than cp = 33 wt% the solvent and the
PE beads form tightly bound structures; see Fig. 9(a). These
structures can owmore easily, thus their viscosity is somewhat
smaller than the one extrapolated from smaller concentrations.

Next, we explore in Fig. 11 the effects of increasing the charge
of salt ions, for solutions with exible PEs (Lp = 4.29 nm) in the
isotropic phase. To do this, the ionic concentration is kept
constant while the charge of the ions is increased. A general
increasing behavior in the viscosity is obtained when the charge
conditions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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of the ions increases, with respect to the ion-free solutions
under good solvent conditions (Fig. 3). The three regimes
(dilute, semi-dilute and concentrated) can be distinguished in
the relative viscosity as indicated in Fig. 11. In the diluted
region, the viscosity is a linear function of cp, while for the semi-
diluted and concentrated regimes a power law dependence
emerges. The scaling behavior is more clearly borne out in
Fig. 12.

Fig. 12(a) and (b) show the scaling exponents obtained for
the relative viscosity as a function of cp in the semi-diluted and
concentrated regimes, under different ion's charges. In the
semi-dilute regime, the classical scaling exponent s= 1/2 for the
viscosity is found, once again in agreement with Fuoss law h/h0
∼ cp

1/2, with and without salt; see also Fig. 6(a). However, in the
concentrated regime with increasing ion charge the viscosity
Fig. 12 Logarithmic plot of the relative viscosity as a function of
polyelectrolyte concentration at different ionic strength. (a) Scaling
exponents for semi-dilute regime, (b) scaling exponents for concen-
trated regime.

© 2022 The Author(s). Published by the Royal Society of Chemistry
has a stronger than linear concentration dependence, h/h0 ∼
cp

3/2. This scaling exponent differs from the case without salt
where we obtain the h/h0 ∼ cp

5/4, which is the same scaling as
that of the semi diluted unentangled neutral polymers in good
solvent,54 as discussed in the previous section.

(d) Salt-free system under theta solvent conditions

Fig. 13(a) shows the results of the viscosity at different Lp, as
a function of polyelectrolyte concentration in theta solvent. The
relative viscosity is found to grow as a function of the polymer
concentration for exible (Lp = 0.93 and 4.29 nm) and rigid (Lp
Fig. 13 (a) Relative viscosity of salt-free PEs in solution with different
Lp values as a function of polyelectrolyte concentration under theta
solvent conditions. (b) Logarithmic dependence of the relative
viscosity with the polyelectrolyte concentration in theta solvent. The
expected scaling exponent is s = 0.68. In both panels the persistence
length is reported in nm.

RSC Adv., 2022, 12, 35494–35507 | 35503
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= 225.87 nm) polyelectrolytes structures. For semi-exible
structures (44.99 nm # Lp # 94.74 nm), non-monotonic
behavior is obtained, where the PEs tend to thicken the CO2,
by increasing the relative viscosity. However, as the concentra-
tion is increased their relative viscosity decays to lower values,
in particular for solutions with PEs with Lp = 44.99 nm, to lower
values than the viscosity of pure CO2.

Fig. 13(b) shows the logarithmic dependence of the viscosity
with the polyelectrolyte concentration from the dilute to the
concentrated regime in theta solvent, where scaling is expected
to occur. For the exible and rigid polyelectrolyte in the salt-free
regime the expected scaling exponent is s = 0.68, similar to the
one found for the very exible polyelectrolytes in good solvent
discussed in the previous section. In this case, the exponent for
Fig. 14 (a) Relative viscosity of PEs with different Lp values as a func-
tion of the concentration in theta solvent with salt ions added (charge
of Z = 6), and (b) logarithmic dependence of the relative viscosity with
the polyelectrolyte concentration in theta solvent with salt added. In
both panels the persistence length is reported in nm.

35504 | RSC Adv., 2022, 12, 35494–35507
Fuoss law is not found, which is indicative that no entangle-
ment between PEs take place under theta solvent conditions.
(e) Theta solvent with salt added

The behavior of the relative viscosity of theta solvent with PEs
and salt added is presented in Fig. 14(a), when the PE's
concentration is increased. It is found that the relative viscosity
increases as a function of the PE concentration for exible and
rigid chains, as in the salt-free case (see Fig. 13(a)). For semi-
exible PEs, an increase in the viscosity is found in the single
chain and diluted regimes but a decrease in the viscosity for
semi diluted and concentrated regime is observed. Fig. 14(b)
shows the scaling exponents obtained corresponding to Fuoss
law.
Fig. 15 (a) Logarithmic plot of relative viscosity as a function of
polyelectrolyte concentration at different values of salt ions charges in
theta solvent. (b) Scaling exponents of the relative viscosity for the
semi-diluted regime. In both panels the persistence length is reported
in nm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Finally, we present the results for the effect of salt ions
charge for exible PEs with Lp = 4.29 nm in the isotropic phase
in theta solvent (Fig. 15). The relative viscosity increases, in
comparison with the salt-free system. However, the effect of the
increase in the ions charge is almost the same as in the
concentrated regime when salt is added, which appears to be
a general trend under theta solvent conditions. The scaling
exponents of the viscosity are shown in Fig. 15(b) as a function
of cp. When there is no salt in the semi-dilute regime, the
scaling exponent is s= 0.68, and it change to s= 0.5 when salt is
added, regardless the valence of the coarse-grained salt ions,
reproducing the exponents for Fuoss law in good solvent.

V. Conclusions

An extensive study of the scaling behavior on the viscosity of
conned polyelectrolyte solutions under stationary Poiseuille
ow, using electrostatic dissipative particle dynamics numerical
simulations is presented here. The variables studied are poly-
electrolyte chain exibility (persistence length), concentration,
solvent quality and ionic strength. The dynamics of PE solutions
follows the same scaling hypothesis as neutral polymers do and
it effectively relies on the existence of a single length scale, the
correlation length x. Our analysis is based on the existence of
this length scale, considering that it is the persistence length,
Lp, which controls the properties of the solution via the exi-
bility of the polymer, which is essential for the complete
understanding of the structure of the systems.

For salt-free polyelectrolyte chains in good solvent, our
predictions agree with the scaling model of de Gennes, and with
Rouse's model applied to semi-dilute solutions, following the
empirical Fuoss law. The viscosity of salt-free unentangled,
semi-dilute solutions is predicted to obey Fuoss law h ∼ c1/2.
Above the entanglement concentration (ce) in salt-free solu-
tions, we conrm the prediction for the viscosity of entangled
solutions, h ∼ c3/2. This is in remarkable agreement with
experiments performed in sulfonated polystyrene62 and poly(ZV-
methyl-2-vinylpyridinium chloride)63 solutions, where the Fuoss
law is conrmed by experiments. Additionally, the results for
good and theta solvent conditions show that solvent quality is
an essential factor inuencing the chain's conformations due to
the competition of electrostatic and non-electrostatic interac-
tions between the PEs monomers and the solvent molecules.

Although there are some reports in the literature on the
viscosity of PEs, very few are available on the inuence of the
PEs persistence length. This is essential to further the under-
standing of viscosity scaling in entangled polyelectrolyte solu-
tions under different solvent conditions. This is needed to
perform intelligent design of new polyelectrolytes, capable of
tuning the viscosity in different complex uids. Additionally,
studying the effects of ionic strength using multivalent ions on
complexation in PE solutions is of great importance because
this phenomenon is present in biological systems. The strong
salt effect on complexation conrms the electrostatic mecha-
nism of viscosication in our simulations. Lastly, it is to be
noted that the non-linear dynamics of polyelectrolyte solutions
has been overlooked by theoretical approaches; for these
© 2022 The Author(s). Published by the Royal Society of Chemistry
reasons dynamic electrostatic coarse-grained computer simu-
lations are promising tools to help in the design of new mate-
rials and in polymer processing.
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