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Abstract

Materials enabling impact-energy absorption of high-velocity projectiles are of great
interest for applications like aerospace. In such a frame, shear-thickening fluids were
found very useful. Here, we investigated nano-rheological properties of neat and aque-
ous polyelectrolytes of low molecular weights containing poly([2-(methacryloyloxy)
ethyl] trimethyl ammonium) as polycations and poly(acrylamide-co-acrylic acid) as
polyanions. Results were compared with pure water. We employed Non-Equilibrium
Molecular Dynamics with the SLLOD algorithm to compute the viscosity at various
shear rates. Systems containing polyelectrolytes exhibit shear thickening. The analy-
sis of molecular configurations revealed a strong disruption of the ionic structure and
more clusters with smaller sizes when raising the shear rate. Potential energies showed
that shear thickening originates from an increase in intramolecular and van der Waals
interactions resulting from the increasing difficultly of polyelectrolyte-based systems to
relax at high shear rates. Our method and findings underscore the importance of ac-
counting for the molecular scale in the design of materials absorbing the impact energy

efficiently.

Introduction

Smart, structural materials resisting external mechanical stimuli like impacts ensure the in-
tegrity of structures and encounter various applications ranging from aeronautics to aerospace,
protective clothing (e.g., body armours), and sports equipment (e.g., tennis rackets).'™ Some
of them involve high-impact velocities (e.g., gun bullets or space debris) with values ranging
from hundreds to thousands of m/s.>® For such applications, shear thickening fluids (STFs)
as non-Newtonian fluids are of great interest, because of their ability to absorb the kinetic
energy transferred to structural materials upon collisions (or high-shear rates) through a
dramatic increase of the shear viscosity.!?* In the case of protective clothing, STFs offer

the possibility of a full body protection with a better flexibility of the wearer for a nor-



mal range of movements due to their liquid state at rest.! Pinto et al.? found up to 45%
of energy absorption during an impact event at 2.5 m/s for silica-particle-based polymer
mixtures. STFs are made of a dispersed phase (colloids or particles) in a continuous, liquid
phase, i.e., a colloidal dispersion.?* Parameters affecting the shear-thickening effect are the
concentration, the nature (i.e, organic, inorganic, and surface chemistry), and interactions
among elements of the dispersed phase.?? From an industrial purpose, the concentration of
colloids is a parameter that has to be chosen carefully in order to find the best compromise
between workability of the fluid and viscosity requirements.? Depending on the colloid na-
ture, one can encounter different mechanisms at the origin of shear thickening. For inorganic
colloids like silica particles, we expect an order-disorder transition thickening the fluid and,
thus, increasing the viscosity through the formation of hydroclusters.?* At low shear rates,
colloids arrange themselves in ordered layer facilitating their flow (i.e., straight flow path),
which reduces viscosity.? They aggregate in clusters under high-shear rates due to tortuous
flow paths, which thickens the fluid (i.e., dilatancy).? The transition between the two afore-
mentioned behaviors is classically defined by ., the critical point at which viscosity starts
to rise when raising the shear rate (+).%? The higher the temperature, the higher the critical
shear rate from which shear thickening occurs, and the lower the viscosities.* The higher the
volume fraction of colloids, the lower the critical shear rate, and the more intense the shear

1.19 showed that the yield stress can mask shear

thickening effect.? Interestingly, Brown et a
thickening in colloidal suspensions, but reducing the yield stress below a threshold allow
recovering dilatancy. As a matter of fact, because shear thickening is attributed to general

4,10

mechanisms like hydrodynamics or dilation, all suspensions are expected to yield shear

thickening under the right conditions. °
Polymer melts and aqueous solutions also exhibit a non-Newtonian behavior. Those mix-
tures mostly display shear thinning, '3 but, even if less common, a shear thickening effect

can be encountered.!?!* Bokias et al.' reported that in most cases shear thickening is not

very pronounced and appears only at rather low shear rates. As a general trend, the overall



rheological behavior of polymer aqueous solutions is driven by both the polymer concentra-

4 12,15

tion!* and microstructure, since they determine the nature and the ability of forming
inter- and intra-chain junctions (usually reversible) for polymer macromolecules in aqueous
media. %1% In such a way, flexible-backbone (block) copolymers with amphiphilic properties
were synthesized over the past decades in order to have water-soluble entities.%¢ Usually,
water-soluble polymers are modified in order to contain a small number of hydrophobic
groups.'? Those hydrophobically modified polymers allow the formation of interchain ag-
gregates driven by hydrophobic interactions for concentrations high enough, yielding the
formation of a transient network (gelation) and, thus, an enhanced viscosity (thickening)
competing with those observed for higher molecular weight homopolymers.!%!4 For too low
concentrations, intrachain aggregates form in a given polymer macromolecule among its
hydrophobic sections lowering the viscosity of aqueous solutions.*!® Furthermore, the hy-
drophobic group distribution in polymer chains (microstructure) significantly affects the asso-
ciative behavior among molecules. %! Whereas a random distribution favors intramolecular
associations, sequences of several consecutive hydrophobic units (microblocks) in polymer
molecules favors intermolecular associations given a concentration high enough.!'® The effec-
tive lifetime of reversible junctions governs the system dynamics.* Under increasing shear,
reversible junctions among polymer chains break, leading usually to shear thinning (reduced
viscosities). % When the shear decreases, physical links among chains reform. %14

Shear thickening was also observed for aqueous solutions of polymers. *L1415:1718 Tt orig-

inates from the formation of interchain complexes (cross-linked networks)?!!1417.18

among
polymer molecules having few localized, energetically favored interactions in their carbon
backbone.® The elongation of polymer molecules under shear!” and the increase of the
collision frequency between groups of different polymer chains!! promote shear thickening.
In such a way, Takeda et al.'®?° showed that aqueous polyelectrolytes containing solely

hydrophilic species like poly([2-(methacryloyloxy) ethyl] trimethyl ammonium)?! for poly-

cations (PC) and poly(acrylamide-co-acrylic acid)®!%16:22-26 for polyanions (PA) exhibit di-



1920 molecular weights were 70-80 kg/mol and ~150 kg/mol

latancy. In their experiments,
for PC and PA, respectively. Coulomb interactions needed to be engineered with care, since
too strong attractive forces between solvated PC and PA results in aggregation (or flocula-
tion). 191920 Whereas each monomer in PC carry a partial charge, PA are made of neutral
monomers (i.e., mainly acrylamide monomers) with randomly distributed charged monomers
(i.e., acrylic acids with an unsaturated oxygen).1%?° 97% of the monomers constituting PA
macromolecules are acrylamide ones. 2 Macromolecules were dissolved in water at a PC:PA
mole ratio 1:4 and stand for ~0.05 wt.% of the total solution. From their rheological exper-
iments at the macroscale, authors explained the observed dilatancy through the formation
of a homogeneously distributed network of PA with PC acting as local binders. %2

Those peculiar results were the cornerstone of our current research approach, where
the ultimate aim is to provide a full molecular-scale understanding of the shear-thickening
mechanism in aqueous polyelectrolytes with molecular simulations. We focused our study
on steady-shear flow, since impacts of projectiles can be seen as indentation experiments
performed at high velocity, where shear mechanisms dominate?” for materials having high
values of Poisson’s ratio like polyelectrolytes. We started with systems containing short PC
and PA molecules (i.e., low molecular weights), where charges are highly concentrated in
the polymer chain, at a 1:1 mole ratio mixed with water or not and compared our results
with pure, bulk water. The formation of a network of interchain bindings at high shear
rates is very unlikely to happen with such small molecules. Shear thickening occurs through
a different mechanism. After presenting our methods for building molecular models and
simulating systems, we show and discuss our results on nano-rheological properties. These
results and approaches will enable the simulation of longer polymer chains as well as various

chemical compositions of PA and PC.



Methods

Generation and equilibration of molecular models

To model PC and PA molecules, we first generated monomers of [2-(methacryloyloxy) ethyl]
trimethyl ammonium, acrylamide, and acrylic acid, where radicals R, and Ry are explic-
itly described, i.e., geometrical sites used to connect monomers. Snapshots of molecular
structures were obtained with the VMD software?® and reported in Fig. 1. We used those
monomers as building blocks in our homemade code relying on pure geometric criteria to
connect them between each other and, then, to form longer polymer chains (see molecular
models in Fig. 2). We allowed the monomers to rotate slightly around the covalent bond that
links them together in order to avoid overlapping atoms. We considered N = 3 monomers
of acrylamide and M = 3 monomers of acrylic acid to generate a PA molecule and K = 3
monomers of [2-(methacryloyloxy) ethyl] trimethyl ammonium for a PC molecule. Monomers
were randomly inserted in the carbon backbone of the PA molecule and only one molecule
was generated. Thus, in configurations containing many molecules, charged monomers have
always the same location in the polymer chain. Final molecular weights (M,,) for PC and
PA molecules were ~518.72 and ~428.39 g/mol, respectively, which is two to three orders of
magnitude lower than experimentally. %20

In our Molecular Dynamics (MD) approach, we have considered the General Amber Force
Field (GAFF)*3Y for PA and PC molecules to account for intermolecular and intramolec-
ular interactions allowing internal relaxations through bond stretching, bond bending, and
torsion. We used the Avogradro program3!3? for a short geometry optimization (conju-
gate gradient) of previously built molecules. Then, we used antechamber as provided in
the AmberTools suite?*3" to assign final parameters. Partial charges were computed at the
ground state using a semi-empirical minimization (conjugate-gradient) approach as provided
in Amber sqm version 19. In the aforementioned step, we used the MNDO-type Hamiltonian

AMI1, a tolerance on the gradient of 0.0005, and we considered that the self-consistent field



method (scf) has converged when the energy difference between two steps is less than 10719
kcal/mol. We also set a system charge of —3e and +3e for PA and PC molecules, respectively,
corresponding to the number of monomers carrying the charge for each molecule type (i.e.,
[2-(methacryloyloxy) ethyl] trimethyl ammonium and acrylic acid for PC and PA molecules,
respectively). For systems containing water, we considered the flexible version of the Single

Point Charge potential (SPC/Fw) with parameters taken from the work of Wu et al.?

PA: poly(acrylamide-co-acrylic acid) = Connection between monomers
R, R
2 Rl
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-5 - 7
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Ry, R, stand for radicals

Figure 1: (Left) Snapshots of acrylamide, acrylic acid, and ([2-(methacryloyloxy) ethyl]
trimethyl ammonium) monomers and their combination to form poly(acrylamide-co-acrylic
acid), i.e., polyanion molecules (or PA), and poly([2-(methacryloyloxy) ethyl] trimethyl am-
monium), i.e., polycation molecules (or PC). R; and R stand for radicals, where connections
between monomers is performed. White-green, blue-green, red-green, green-green, and pink-
green licorices stand for bonds between, respectively, a hydrogen atom and a carbon atom, a
nitrogen atom and a carbon atom, an oxygen atom and a carbon atom, carbon atoms, and a
radical and a carbon atom. N, M, and K stand for the number of acrylamide, acrylic acid,
and ([2-(methacryloyloxy) ethyl] trimethyl ammonium) monomers used for the generation
of longer polymer chains. § stand for the partial charge arising from an unsaturated atomic
bond. (Right) Sketch of the method we used to connect monomers between them. Cj,,
stand for a carbon atom belonging to the monomer n and located at the k' position in the
carbon chain.

We employed 3 molecular models: pure, bulk water, a neat polyelectrolyte (i.e., pure PC
and PA), and an aqueous polyelectrolyte (i.e., a mixture of PC, PA, and water) with PC and

PA molecules standing for 20 wt.% of the total mixture. For all models, we started from an



initial cubic simulation box of 10 x 10 x 10 nm?, where molecules were randomly inserted.
We employed 50 ionic pairs of polyions in the pure system and the mixture, meaning that
the mole ratio is PC:PA ~ 1:1. Snapshots of initial simulation boxes are shown in Fig. 2.
We used 500 and 10515 molecules for pure, bulk water and the mixture, respectively. Initial
mass densities (pn) were ~0.015, ~0.079, and ~0.393 g/cm? for pure, bulk water, neat

polyelectrolyte, and the aqueous mixture, respectively.
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Figure 2: Models of molecules (left), initial simulation boxes (middle), and well-equilibrated
simulation boxes (right) of systems considered in this work. White-green, blue-green, red-
green, green-green, and red-white licorices stand for bonds between, respectively, a hydrogen
atom and a carbon atom, a nitrogen atom and a carbon atom, an oxygen atom and a carbon
atom, carbon atoms, and an oxygen atom and a hydrogen atom. PC, PA, and W are symbols
that stand for polycation, polyanion, and water, respectively. Numbers stand for the amount
of replicas inserted in the initial simulation box.

Using LAMMPS,3* we performed classical MD to generate well-equilibrated configura-
tions through successive simulations in the canonical ensemble (i.e., the number of atoms (V)
the volume (V'), and the temperature (7) are constant) and the isothermal-isobaric ensemble
(i.e., the number of atoms (N), the pressure (p), and the temperature (7') are constant).
Temperature and pressure were maintained in the simulation box using a Nosé-Hoover ther-

mostat®>3% and a Parinello-Rahman barostat3” through equations of motion provided by



Shinoda et al.®® and with relaxation times of 0.1 ps and 1 ps, respectively. We used the P3M
technique® to compute Coulomb interactions with a relative error in forces set to 107>. The
cutoff radius for Lennard-Jones and real-space Coulomb interactions was set to R, = 1.2
nm. Periodic boundary conditions were used in the three directions of space. Apart from
specific stages in equilibration processes, we employed a time step of 0t = 1 fs and final
equilibration temperature and pressure were set to, respectively, 300 K and 0.101325 MPa.
Total simulation times for the relaxation of molecular configurations stand from few tens to
few hundreds of ns. Fully relaxed molecular configurations were enclosed in simulation boxes
of 2.46 x 2.46 x 2.46 nm?, 4 x4 x4 nm?, and 7.18 x 7.18 x 7.18 nm? corresponding to final mass
densities of ~1.007, ~1.23, and ~1.062 g/cm? for pure, bulk water, neat polyelectrolyte, and
the aqueous mixture, respectively. Snapshots of well-equilibrated molecular configurations
are shown in Fig. 2. For the interested reader, full details of equilibration steps are reported
in Tab. S1, S2, and S3 of Supporting Information.

We performed additional computations using the NpT' ensemble in a temperature range
1-600 K and at a hydrostatic pressure 0.101325 MPa to estimate the glass transition 7, of
the neat polyelectrolyte through the monitoring of the mass density (pn).%%** Dynamical
effects are not considered allowing only a rough estimation of T,. We used an interval of 50 K
between each simulated temperature. The length of each simulation point was 20 ns. Other
parameters were the same as above. T, was determined from the crossover of two linear fits
in the plot of the specific volume (Vi, = 1/pm) as a function of the temperature (see Fig. S1
in Supporting Information). We found 7, ~ 400 K, meaning that neat polyelectrolyte has

most likely a glassy state at equilibrium.

Steady-shear simulations

No natural systems is precisely adiabatic or isothermal, meaning that a non-equilibrium
state produce dissipative heat transferred towards thermal boundaries through radiation,

convection, or conduction.** However, we can assume a slow heat transfer and a resulting



temperature gradient (transfer process) leading to negligible temperature differences on a
microscopic time and length scale.** This quasi-isothermal state can be approximated as
isothermal at the molecular simulation level.#* Thus, we investigated the shear viscosity and
its related underlying molecular mechanisms by employing Non-Equilibrium Molecular Dy-
namics (NEMD) combined with the SLLOD algorithm (or homogeneous isothermal shear
algorithm)454% as provided in LAMMPS?* on systems having constant number of molecules,
kinetic temperature, volume, and total momentum.*® It is a widely used and powerful nu-
merical method for the prediction of nano-rheological properties of fluids like viscosity. 474951
In principle, it can be used to calculate linear and non-linear transport coefficients.** Even
when arbitrarily far from equilibrium, it realistically describes shear flows through the dupli-
cation of the transport process occurring in nature**°! by imposing a shear rate (%) to the
system.®® When # is applied solely along the z-direction (simple shear), a planar Couette

4449

flow is exactly reproduce with a streaming velocity (i) that depends on the location

of atoms on the y-axis, i.e., @; = (y¥;,0,0) for atom 7. Monitoring simultaneously the re-

sulting shear stress, the shear viscosity is computed through the constitutive relation:4™>°

N4 (¥) = —(pey)/7, where p,, stand for the zy-element of the atomic pressure tensor (p).

The aforementioned symmetric second-rank tensor is defined as follows (pg, = py,): 47 495152
1 Natoms
Pye = 37 Z (mi U;}; g + yiFm'>7 (1)
i=1

with vZ}; and v} being the y- and z-components of the thermal velocity of atom i, y; its
coordinate on the y-axis, F,; the xz-component of the total applied force acting on atom
i (i.e., inter- and intra-molecular interactions), and Nyioms the total number of atoms in
the simulation box. As we employed the atomic formalism for the computation of the xy-
element of the pressure tensor, forces are localized on atomic sites.?® The thermal velocity is
determined by subtracting the mean fluid velocity at the atom location 7; from the particle
th

velocity,® i.e., ¥

" = U; — U;. As mentioned above, u; is the streaming velocity for a non-

10



equilibrium steady state.®® In the SLLOD algorithm, equations of motion are modified with

respect to equilibrium MD and given as follows in the atomic formalism: 44474951

—

— —th — —th i — . th —th
U =0+ 1 and @ = — — @, A0l — 0t (2)
i

where @ and m; stand for the acceleration related to thermal motions and the mass of
atom 4. 77, is a unit vector in the z-direction. ¢ is the thermostatting multiplier 44749 for
fixing the kinetic energy due to thermal, translational motions. In LAMMPS, we employed

the Nosé-Hoover thermostatting approach3®36:3849 to ensure that the translational kinetic

temperature remains constant.*®%! In such a way, the thermostat multiplier £ is obtained by

solving the following additional equation of motion: 4>
. 1 Natorns
§= @[ Z mi(ﬁz‘th)Q — NaotkpTNnu |, (3)

i
where () stands as an effective mass in the thermostat characterizing the strength of the
coupling with the heat bath and acting as an additional degree of freedom to scale atomic,
thermal velocities, kg is Boltzmann’s constant, Tyxg is the target temperature, Ny =
dNatoms — INe is the number of internal degrees of freedom, d is the number of system dimen-

4 and N, the number of kinetic constraints.*’ For 3-dimensional periodic systems as

sions, *
considered here, we have d = 3 and N,. = 3, because only the three components of the total

momentum are fixed.*® Instead of (), it is often more intuitive to use an effective relaxation

time T = /Q/(NaotkpTnn) as damping parameter.®® This approach of the temperature
control called Profile Biased Thermostat (PBT) makes an assumption about the form of the

streaming velocity profile (linear).4! The resulting kinetic temperature is defined as follows: 44

N, N,
1 atoms 1 atoms
1 = (U — W) ) = (T2 4
PBT Ndoka< Z m(U; — ;) > Ndoka< ; mi(T;")7 ), (4)

i=1

where ; is the “presumed” streaming velocity at the location of atom 7.4

11



Equations of motion (Eq. 2) assume a stable, linear profile of streaming velocities (i;),*

which is valid for Reynolds numbers low enough (Re = (pwyL;)/n+, Ly being the size of
the simulation box on the y-axis).* For Re > 10%-10°, the assumption of a linear streaming
velocity profile becomes dubious in molecular simulations.** Whereas the SLLOD algorithm
is correct even at high shear rates, where Reynolds numbers are high and the laminar flow
unstable,** the PBT thermostat promote simulation artefact like the formation and the sta-
bilization of the string phase (i.e., an alignment of molecules along the flow direction that
forms strings) even for simple fluids.4*515" The aforementioned phase is the result of a sta-
bilization process due to the thermostat that assumes a stable, linear velocity profile.** Any
kink instability in the system leading to fluctuations in the velocity profile is interpreted
as heat and the PBT thermostat tries to cool the system down.?* When the string phase
appears, the viscosity drops.®"%® This simulation artefact can be overcome either with the
Profile Unbiased Thermostat (PUT) technique, 4 where streaming velocities are computed
locally and no assumption is made about the form of the streaming velocity profile, or by

t.4959°61 The interested reader can refer to

using a configurational temperature thermosta
Supporting Information for more details about the former technique. At low Reynolds num-
bers (i.e., in a shear-rate range where the string phase was not observed even with the PBT
thermostat), computed properties were found indistinguishable between both techniques.**
Differences appear at high strain rates, but no one has ever observed the string phase while
using a PUT thermostat on simple atomic fluids.**

Another source of errors due to the thermostat may arise while using the atomic formalism
on a molecular system, since the rotational velocity of molecules is not properly taken into

62-64

account when computing thermal velocities, leading to artificially enhanced flows and

faster shear-thinning rates. Works pointing out this problem considered rigid or semi-rigid

62-64

molecules like diatomic chlorine molecules (dumbbell model), polymer melts (bead-rod

65-67

model), or polymer molecules in solvent (bead-rod model).?® Here, we used the all-

atom GAFF force field?*° that allows internal relaxations within molecules through bond

12



stretching, bond bending, and torsion. Despite additional degrees of freedom given to atoms
belonging to same molecules with respect to rigid or semi-rigid molecular models, high-shear-
rate data must be taken with care in our approach due to possible molecular rotations not
correctly accounted for.

During shearing, Lees-Edwards sliding brick periodic boundary conditions %5168

ensure
that the system is infinite and spatially homogeneous despite discontinuous streaming veloc-
ities at boundaries.** Movements of particles into and out of the simulation box promote the
generation of a stable linear streaming velocity profile with those boundary conditions.**
At low strain rates (i.e., in or close to the Newtonian regime), elements of the stress
tensor vary widely in the course of the simulation, slowing down the convergence of trans-
port properties like viscosity toward their steady-state values (i.e., it needs longer simulation
times).?® Whereas NEMD is less effective than equilibrium MD with the Green-Kubo ap-
proach at low shear rates, NEMD reveals itself orders of magnitude more efficient for large
fields.** The relative accuracy of NEMD is also much greater than equilibrium MD when
increasing the system size.** In addition, NEMD simulations allow visualizing and studying
underlying molecular mechanisms of transport processes as well as considering the nonlinear
response of systems far from equilibrium (e.g., shear dilatancy or shear thinning), which
cannot be achieved with equilibrium MD.444751 Nevertheless, the extrapolation of NEMD
viscosities to zero shear rates allows comparing them with viscosities obtained in the frame

of the Green-Kubo approach (equilibrium MD). 4751

Simulation details

Nano-rheological properties of neat and aqueous polyelectrolytes are characterized through
the determination of their viscous behaviors. Molecular scale investigations were performed
in a steady-shear mode (see Fig. 3).

In such simulations, a velocity gradient is applied on the y-direction. Velocities on the

top of the simulation box (i.e., vyop = ¥ X L,) were taken in the range 107°-1.2 A/fs,

13
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Figure 3: a) Sketch showing details related to steady-shear simulations. b) Decomposition of
the velocity gradient into rotational and deformation parts. Green arrows stand for principal
axes of the stress tensor (or pressure tensor) in simple shear. y stand for the rotation of
principal axes in nonlinear regimes (i.e., I — I’ and I1 — II").



which is comparable to experimental values of high-velocity projectiles.®® Whereas we set
a time step of dt = 0.25 fs for velocities <1073 A/fs, we determined 0t in a way that the
shift of the simulation box in the zy-plane is constant for each step at higher velocities:
dshife,x = Vtop X 06 = 2.5 X 1074A (see Fig. 3). Thus, we ensured the stability of molecular
simulations. We used the Ewald sum technique instead of P3M for the computation of
Coulomb interactions, but kept the relative error in forces set to 107°. We employed 7ng =
0.1 fs for the Nosé-Hoover thermostat. The cutoff radius for Lennard-Jones and real-space
Coulomb interactions was set to R.,; = 1.2 nm. Periodic boundary conditions were used
in the three directions of space. We considered that the steady state was reached when
both the total energy and the shear viscosity exhibited constant values with the simulation
time. The lower the shear rate, the longer the required simulation time to reach that state.
Results were obtained for total simulation times (fsm. tot) in the range 60 ps-859 ns, 1.22
ps-97 ns, and 2.3 ps-11 ns for pure water, neat polyelectrolyte, and aqueous polyelectrolyte,
respectively. Total shearing lengths (Lepite,x = >, [, o With k the &™ simulation run and
Ishitt,x = D_; Qipige o © being the ¢ step in the k™ simulation run) were in the range 102
nm-126 ym, 61 nm-7 gm, and 4.625 nm-1.325 pm, respectively. Whereas longest Zgim. 1ot Were
mostly performed at low shear rates, largest Lgpig, « Were performed for high shear rates.
Beyond the shear viscosity n, as the straightforward simulation output at constant shear,

1 69-71

Hess et a. proposed decades ago two additional viscosity coefficients _ and 7y account-

ing for the distortion of the fluid structure. They are computed from spherical components of

the atomic pressure tensor, i.e., p4, p_, and py, which are related to the cartesian components

as follows: 5271

1
Pzz — P Pzz — _(pxz +p )
P+ = Pay = Pyz, P— = Tyyy and Po = 2 5 v . (5)

In a linear flow regime (i.e., Newtonian regime), diagonal, cartesian elements of the atomic

pressure tensor are equal to each other and to their equilibrium value meaning that only

15



p. is nonzero and the related shear viscosity is independent of the shear rate.**™ Far from
equilibrium (i.e., nonlinear flow regimes), this is not true and viscosity coefficients proved

44,71

themselves useful in characterizing the flow. no and 7_ are defined as:

Do -
n=-—-— and n_ = ——. (6)

8 8
In nonlinear regimes, 7, _, and 79 depend on 4.7 The velocity gradient can be decomposed
into rotational and deformation parts (see Fig. 3). Hess™ showed that 7_ is closely associated
with the former, whereas 7, reflects the nonlinear action of the latter. If n, is always positive

in order to ensure the thermodynamic stability of the system, n_ and 79 can be either positive

or negative.5>™ 7_ is usually positive,®? but for a vorticity free flow n_ = 0.7 7_ and 7y are
related to the more common first and second normal stress coefficients as: 173
2n_ — 210 + n_ —
U, = 77 _ Pyy '2pm¢ and U, — — Mo . n _ D2z .2pyy. (7)
v v v i

Additional viscosity coefficients and normal stress coefficients are difficult to compute accu-
rately, requiring generally both larger and longer simulations in order to achieve an accuracy
comparable to the one for shear viscosity.*4%5% Evans and Sarman™ and Menzel et al.5
showed that those quantities should not be affected by the thermostat as long as the kinetic
temperature is not over-constrained. Viscosity coefficients as well as their related normal
stress coefficients are useful, since their behavior can be the signature of various interesting
macroscopic phenomena like the Weissenberg effect.*

In the linear regime of a planar Couette flow, principal axes of the stress tensor (or the
pressure tensor) located in the zy-plane are oriented by, respectively, 45° and 135° with

respect to cartesian axes.” The rotation of those principal axes is also a signature of a

non-linear flow and y provides a quantification of the amount of rotation:”

tan2X:&:n—_, (8)
b+ N+

16



with y # 0 for a typical nonlinear flow regime.™ Note that y is related to the Weissenberg
number (Wig,), which compares the elastic forces to the viscous forces and provides the

degree of orientation due to the deformation (anisotropy). Wig, is defined as follows: 727577

Wig, =

e — 2p_
b Pyy _ 2P~ _ 9tan 2x (9)
pmy b+

for a shear flow along the z-direction and a velocity gradient along the y-direction. O’Sullivan
et al.”” computed Wig, to determine the validity of the atomic formalism for the pressure
tensor, the SLLOD algorithm, and the thermostat (i.e., effects due to rotational velocities).
They found values on the order ~10~2 (domination of viscous forces) as acceptable.”” They
were interested in viscoelasic properties of water using as the main model the rigid SPC/E
potential. 7" Computed values for our systems (see Fig. S10 of Supporting Information) lie
below 1 at low and intermediate shear rates, the neat polyelectrolyte exhibits highest Wiy,
with values very close to 1. Water shows the lowest values (~1071). At high shear rates,
Wig, increases up to 1 or beyond for polyelectrolyte-based systems. Again, despite the
employment of a fully flexible force field, high-shear-rate data obtained in the frame of the
atomic formalism must be taken with care, since some molecular rotations are possibly not
perfectly accounted for.

Finally, we set for each system an upper shear-rate limit (%, ) below which we restrained
our analysis, since the PBT thermostat and the atomic formalism make data questionable at
very high shear rates. For 4 > A, the string phase emerges in the water phase. Snapshots
of molecular configurations in Fig. S2 of Supporting Information clearly show the presence
of this phase for pure, bulk water beyond A, (water) ~ 1.22 x 1072 fs~!. The drastic drop
in the shear viscosity and the net discontinuity in the shear stress shown in Fig. S3 of
Supporting Information as well as inhomogeneous potential energy profiles, a long-lasting
water structure in pair distribution functions, and high Reynolds numbers (i.e., Re ~ 1000-

2500 in the formation zone 1.62 x 1072 < 4 < 2x 1072 and Re > 2500 for 4 > 2 x 1072 fs!)

17



in Figs. S4, S7, and S3 of Supporting Information support this conclusion. For the aqueous
polyelectrolyte, water domains showing clearly a layering effect are observed for the highest
shear rate (see Fig. S2 of Supporting Information), but the drastic drop in shear viscosity
and the shear stress discontinuity are not observed (Fig. S3 of Supporting Information).
Inhomogeneous potential energy profiles combined with high Reynolds numbers (Re > 2000)
as shown in Figs. S6 and S3 of Supporting Information support the fact that the string phase
is building up for 4 > 1.25x 1072 fs~! = 4y, (mixture). As for the aqueous polyelectrolyte, no
shear-viscosity drop and shear-stress discontinuities are observed for the neat polyelectrolyte
(Fig. S3 of Supporting Information). But, despite relatively low Reynolds numbers (Re <
85) and the absence of the string phase, we did observe inhomogeneous potential energy
profiles for 4 > 0.75 x 1072 fs~! = Ay, (neat) (Fig. S5 of Supporting Information). In the

remainder of this article, non-physical data located beyond i, were removed.

Results

Shear viscosity

We reported in Fig. 4 shear viscosities computed from NEMD simulations at various shear
rates. For pure water, simulation data exhibit a plateau at low 4 (i.e., 1 — 2 on Fig. 4),
which is characteristic of a Newtonian behavior. The shear stress is proportional to the
shear rate (see Fig. S3 of Supporting Information). In that regime and within standard
deviations, we found n, ~ 0.85 cP, which is in good agreement with the experimental value
(0.85 cP) and simulation values computed from equilibrium MD trajectories with the Einstein
formalism and using the rigid-SPC/E water model (0.82-0.91 cP) reported by Smith and van
Gunsteren. "™ In the previous simulation work, the rigid version of the SPC model exhibits
viscosities (0.54-0.58 cP) departing strongly from experiments.™ Flexibility helps to improve
performances of the model. Beyond the plateau (2 — 3), the viscosity starts to decrease

when raising the shear rate (shear thinning). The transition between the Newtonian and the
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non-Newtonian regime is roughly located at 4y, ~ 2 x 107° fs71.

The neat polyelectrolyte {PA + PC} exhibits the highest viscosities among the three
phases studied in this simulation work and, therefore, the most viscous behavior. We found
the shear viscosity decreasing continuously (shear thinning for 1 — 2) down to a minimum
(~1.1 ¢P) at 4. ~ 2.5 x 107 fs~! and, then, rising with the shear rate (shear thickening
for 2 — 3). No plateau was observed at low 4. The behavior looks like the one of a yield
stress fluid characterized by a solid-like behavior below a given yield point and a liquid-like
behavior beyond.™ 8! A common signature is the divergence-like trend toward very high
values of shear viscosity when approaching the apparent yield stress (0., v).">%% In Fig.
S3 of Supporting Information, we reported the shear viscosity plotted as a function of the
shear stress oy, and we did observe the aforementioned behavior when getting close to the
apparent yield stress. As a rough estimation of o, y, we took the shear stress corresponding
to the highest shear viscosity value in the divergence-like part of the curve and found ~269.2
MPa.

For the aqueous polyelectrolyte {PA + PC + water}, the viscosity is a mix between pure
water and neat polyelectrolyte. A nearly plateau regime is observed at low shear rates
(1 — 2) with a viscosity close to ~2.1 ¢P, which is about 2.5 times higher than pure water.
Similarly to water, the shear stress is nearly proportional to the shear rate within standard
deviations (see Fig. S3 of Supporting Information). The transition between this nearly
Newtonian regime and shear thinning is located at a lower shear rate: g, ~ 5 x 1076 fs=1.
In the shear thinning part, viscosity decreases down to 74 ~ 0.2512 cP at 5, ~ 5.6 x 1073
fs~!. Beyond that critical point, shear viscosity rises with the shear rate. However, shear
thickening is less intense than for neat polyelectrolyte. The higher the concentration in
polyelectrolytes, the lower the critical shear rate 4. and the more intense the shear thickening,
which is a behavior similar to the one observed for colloidal suspensions (i.e., high volume

fractions of colloids lessen the critical shear rate and strengthen shear thickening).*
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Figure 4: a) Shear viscosities (1, ), b-c) viscosity coefficients 7y and n_, and d) hydrostatic
pressure (Phydro.) as a function of the shear rate (4 = dy/dt) computed for bulk systems at
room temperature (300 K) and pressure (1 atm.). Blue filled circles, red filled diamonds, and
green filled squares stand for pure water, an aqueous mixture of polycations (PC), polyanions
(PA), and water noted {PA+PC+water}, and pure PC and PA noted {PA+PC}. The
aqueous mixture has a mole ratio PC:PA ~ 1:1 and PC and PA molecules stand for 20 wt.%
of the total mixture. In a), the black dashed line stand for the experimental viscosity of water
for same thermodynamics conditions as provided in the work of Smith and van Gunsteren.™
Pink dashed dotted lines stand for the fit of simulation data with the Cross model.'3®3 The
black dotted line, the cyan dashed dotted line, and the indigo dashed-double-dotted line
stand for fits of simulation data with the power-law model,®® the Sisko model,®* and the
Herschel-Bulkley model, 8485 respectively, for the pure PA and PC system. Colored figures
1, 2, 3, and 4 stand for reference points. In d), pink dashed lines stand for fits of hydrostatic
pressures with a power-law model.
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Rheological models

In order to further analyze our results, we first introduce the Cross model, which is defined

as follows: 13

M+,0 — N+,00
B L 10
L+ (By)e 1

My = Ntoo +
where 14 ¢ is the zero-shear viscosity, 74 ~ is the infinite-shear viscosity, indicating the viscous
behavior of the fluid at high shear rates, mc;,, is the flow behavior index, and B = 1/4
is the reciprocal of the shear rate determining the onset of shear thinning. This model
is well suited for the description of viscosities exhibiting a plateau at low shear rates and
a decreasing behavior following a power law at intermediate ones. Neglecting simulation
points at high shear rates, we applied the Cross model on data obtained for pure water and
the aqueous polyelectrolyte. Results of our fits are shown in Fig. 4. For pure water, we
found 14 o ~ 0.8084 cP, 0y « ~ 0.1921 cP, B = 9100.98 fs, and mc, ~ 1.2928. The zero-
shear viscosity remains consistent with simulation and experimental data with a deviation
of 4.9% from the latter. In the shear-rate range considered for the fit, we found absolute
errors <11.07% with respect to simulation values (see Tab. S4 of Supporting Information),
showing a relatively good description of the viscosity behavior. A greater absolute error was
found for the lowest shear rate (18.15%), but the simulation point exhibits an average value
slightly lower than other points at low shear rates and a much larger standard deviation.
This is due to the fact that the NEMD technique is less effective than equilibrium ones
(e.g., the use of the Green-Kubo formula on trajectories generated with equilibrium MD)
in determining the shear viscosity at very low shear rates.** From the B parameter of the
Cross model, we estimated the onset of shear thinning at 4, ¢, ~ 1.1 X 10~* fs~!, which
is an order of magnitude higher than the graphically determined value (~2 x 107° fs™1).
For the aqueous polyelectrolyte, we found 1, o ~ 2.176 cP, 1y o ~ 0.2266 cP, B = 23875.9
fs, and mc,, ~ 0.9151. Absolute errors in the shear-rate range considered for the fit were

found between 0.16 and 14.34% with respect to simulation values (see Tab. S5 of Supporting
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Information). Again, the agreement between the Cross model and simulation data is quite
fair. As for pure water, the model fails to predict the onset of shear thinning with Y, cr. ~
4.2 x 1075 fs~1, which is also an order of magnitude larger than the graphically determined
value (~5 x 1076 fs71).

For neat polyelectrolyte, viscosity does not exhibit a plateau at low shear rates. Conse-
quently, the Cross model is not well appropriate for the description of such behavior. Instead,

we used the power-law model®? defined as:

N+ = K;Yn_la (11>

where K and n are the consistency and the power-law index, in order to characterize shear
thinning (¥ < 4.). In addition, we considered two other models for a better description
of data at intermediate shear rates (2.5 x 107> < 4 < 2.5 x 1073 fs7!), namely, the Sisko

model: 3

M = Npoo + KA (12)

and the Herschel-Bulkley model: 848
Oz e
0y = —é’y + KA (13)

where o0,, y is the yield stress of the fluid. Results from fits of our simulation data were
reported in Tab. S6 of Supporting Information. The ability of the three aforementioned
models to describe rheological properties of neat polyelectrolyte was assessed by computing
the absolute error (see Tab. S7 in Supporting Information). We found that at low shear
rates (<2.5x107° fs~!) the power-law model describes the best simulated viscosities with
absolute errors in the range 0.36-5.67%. The Sisko model underestimates slightly simulation
values on average for the whole considered set of data (i.e., ¥ < 7.). The larger deviation is

observed at the lowest shear rate (10.46%). The Herschel-Bulkley model overestimates more
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strongly data at low shear rates (16-31%) and provides a reasonably good agreement with
simulation values at intermediate ones (0.02-4.26%) with a description almost as good as
the Sisko model (0.02-2.38%). The advantage of the Herschel-Bulkley model is that we can
estimate the yield stress of the system at low shear rates: o4,y ~ 351.7 MPa. Compared
with the previous simulation value (~269.2 MPa), the yield stress from the Herschel-Bulkley
model is ~31% higher, which is consistent with the fact that it overestimates simulation
values at low 4. The derived yield stress can only be taken as an upper limit. At high
shear rates the three models depart strongly from simulation values, which were not taken
into consideration in the fitting process. The power-law index n was found lower than 1
for the three models as expected for a shear thinning behavior (see Tab. S6 of Supporting
Information).

Finally, we applied the power-law model on viscosity data at high shear rates for poly-
electrolyte-based systems with the aim of characterizing more the shear thickening. Results
of our fits are reported in Fig. 4. We found n ~ 2 and 1.61 and K ~ 234.4 and 4.78 for neat
and aqueous polyelectrolytes, respectively. The higher consistency and power-law index for
the former phase indicate a faster increase of viscosity with 7 during shear thickening and
a more viscous phase with respect to aqueous polyelectrolyte, highlighting the well-known
solvent properties of water and confirming that the effect of PA and PC concentration on

rheological properties is similar to colloidal suspensions.

Viscosity coefficients

We characterized the flow and addressed the distortion of the fluid structure with the shear
rate by computing viscosity coefficients n_ and 7y as well as the hydrostatic pressure, phyaro. =
trace{p} /3.9 We reported data with error bars computed from those obtained for elements
of the pressure tensor in Fig. 4. For pure water and the aqueous polyelectrolyte, n_ and 7
exhibit large fluctuations as well as very large error bars at low shear rates, ¥ < 107°

fs™ (plateau regime). On the contrary, the neat polyelectrolyte does not show those large
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variations in data at low shear rates as can be seen in Fig. S8 a and c of Supporting
Information. Apart from the lowest and the highest considered shear rates, error bars are
relatively small. In the Newtonian regime (usually at low shear rates), spherical components
of the atomic pressure tensor p_ and pg as well as n_ and 7y are expected to vanish, since
cartesian, diagonal elements of the atomic pressure tensor are equal to each other and to
their equilibrium value. Accurate values of those quantities required both larger and longer
simulations to achieve an accuracy comparable to the one for shear viscosity.* In this work,
simulations were not large enough, especially for water, and not long enough to reach an
accuracy comparable to the one we got for the shear viscosity, explaining large variations
of our data at low shear rates. Beyond 4 ~ 1075 fs~!, fluctuations cease and error bars
become more reasonable allowing a finer analysis of n_ and 7. Normal stress coefficents
and the Weissenberg number are strongly related to n_, 79, and x. The interested reader
can find those data in Figs. S9 and S10 of Supporting Information. Again, because of large
fluctuations and large error bars, it is difficult to observe a constant behavior of normal stress
coefficients at low shear rates that could allow the determination of limiting zero-shear values
Uy o and Wy, 066772

For pure water, the viscosity coefficient 7, exhibits values close to 0 in the shear-rate
range 107°-107* fs! (i.e., Py ~ Dyy ~ Ds2), corresponding to the onset of shear thinning and
where the behavior is nearly Newtonian. Between 10~ fs~1 and 1072 fs=!, 5, takes small
negative values (i.e., p.. is slightly greater than (py, + py,)/2) with a local minimum around
5x 10~* fs~1. Then, g rises continuously up to 4 ~ 1072 fs~! (i.e., the last portion of shear
thinning in viscosity data) and is positive, meaning that p,. < (pus + Pyy)/2. Looking at

the viscosity coefficient 7_, data were close to 0 around 107° fs=!

, meaning that p,, ~ py,.
With a close look on 7_ beyond 107 fs~! (see Fig. S8d of Supporting Information), data
reveal tiny variations in the shear-rate range 107°-1072 fs~! with a maximum in positive

values (i.e., prx < Dyy) at ¥ ~ 5 x 107* fs71, corresponding to the local minimum found for

7o, and a minimum in negative values (i.e., pzz > pyy) at ~1072 fs~! corresponding to the
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highest 7y in the rising portion of data. In order to further characterize the flow in pure
water, we reported the parameter y as a function of the shear rate in Fig. S10 of Supporting
Information. y ~ 0 for shear rates in the range ~5 x 107¢ < 4 < 5 x 107° fs~!, which is
characteristic of a Newtonian behavior. Then, x departs from 0 beyond roughly 5 x 107°
fs~! depicting the non-linear regime related to shear thinning in the validity limit of the
technique (¥ < 4jim). This result confirm the significance of small variations observed in 7
and 7_.

Looking at the aqueous polyelectrolyte, on the one hand, 7, increases monotonically up
to a maximum at 4 ~ 1072 fs~!, starting from negative values (i.e., p,. > (Pux + Dyy)/2) and
ending in positive ones (i.e., p.. < (Pzz + Pyy)/2). Once the maximum is reached, 7y rapidly
drops to negative values. On the other hand, 7_ is always positive beyond 4 ~ 107 fs~1
(i€, Pez < Dyy), but decreases down to a minimum at 4 ~ 1072 fs~! before rising at higher
shear rates. Focusing on the parameter y shown in Fig. S10 of Supporting Information, we
observed net positive values for 4 > 107% fs™!, where we observed less variations of 7, and
71— with more reasonable error bars. In fact, x for the aqueous polyelectrolyte shows that,
even if close, the fluid mixture is not fully Newtonian at low .

For the neat polyelectrolyte, whereas 7 is always negative (i.e., p. > (Paz + Pyy)/2), 11—
remains in positive values (i.e., pys < pyy). From low to high shear rates, 7, increases up
to a maximum (¥ ~ 2 x 1072 fs~!) and decreases beyond. Similarly, n_ lessens down to a
minimum located at the same shear rate as for the maximum in 7 prior to rise for larger .
The parameter x shows the highest values (20.2) among the three studied systems, depicting
its strong non-Newtonian behavior (see Fig. S4 of Supporting Information). Interestingly,

1.5286 provided conditions at which the Weissenberg effect occurs (i.e.,

Rainwater, Hanley et a
the fluid climbs the inner cylinder of an experimental device having a central spinning rod):
no < 0, n— > 0, and |no| > 0.25n_. From the ratio |ny|/n- and given the fact that the

first two conditions are met in our results on the whole range of investigated shear rates,

simulations predict a Weissenberg effect for ¥ > 5 x 1072 fs~!. It corresponds to the shear
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thickening part in the rheogram. In addition, we found for the lowest shear rate (~2.5x 1077
fs~1) a ratio |ng|/n_ ~ 0.25, which is close to the fulfillment of the three required conditions.
Further investigations are needed to conclude on wether or not the Weissenberg effect may
occur at low 4. For clarity, only small portions of 7y and 7_ curves are shown in Fig. 4. The
interested reader can find the whole curves in Fig. S8 of Supporting Information.

Finally, hydrostatic pressures depict similar behavior at low and intermediate shear rates
for pure water, the aqueous polyelectrolyte, and the neat polyelectrolyte. puydro. rises con-
tinuously with the shear rate. Hydrostatic pressures were the highest for the neat polyelec-
trolyte, then, came the aqueous mixture and the pure water phase. Rainwater, Hanley et
al.®? previously found a power-law dependance of the hydrostatic pressure for soft spheres,
namely, Phydro. = p© + p5m with ny, = 3/2 and p(® the equilibrium pressure at the given
temperature and density. We applied with success the aforementioned model to our data at
low and intermediate shear rates without constraining the exponent ny. Fitting parameters
p@, pM and ny, were reported in Tab. S8 of Supporting Information. For all phases, we
found n, < 3/2 and the higher the water content (zy. [wt.%]), the closer to 3/2. Thus,
ny, varies oppositely with the mass density (py,), which is controlled by the water content,
and follows the linear relationship: ny(zye) = 0.0069 - Ty + 0.6914. This conclusion is in
line with previous works that showed that the exponent is a simple linear function of the
temperature (7) and the mass density of the system: % ny, = C) + CoT — Capy,, with O,
Cs, and C three constants. The temperature is also constant in our work. On the contrary,
p(o) and p(l) deviate from a linear behavior with x4, and seems to exhibit some curvature.
However, in this study, we only have a 3-point data set, making spurious the use of quadratic
polynomial forms for the fit of data: there is as much degrees of freedom as data points.
Further investigations are needed with more intermediate simulation points to confirm this

trend.

26



Energy

With the aim of better understanding underlying mechanism for shear thinning and shear
thickening in our systems, we investigated potential energy contributions. We omitted the
kinetic energy, since it does not show significant variations as a function of 7; the system
temperature is kept relatively constant with the PBT thermostat. We independently mon-
itored the van der Waals pairwise energy (vdw), Coulomb interactions in the real space
(coul.) and the reciprocal one (long), and the intramolecular energy (mol.) including bond
stretching, angle bending, and torsion. Mainly, van der Waals and Coulomb contributions
refer to intermolecular interactions, even if with the all-atom GAFF force field non-bonded
interactions are allowed among sufficiently separated atoms of the same molecule (i.e., be-
yond the third consecutive bonded atoms). We reported those contributions to the potential
energy in Fig. 5.

Similarly to the hydrostatic pressure, the total, potential energy exhibits the same gen-
eral behavior for the three systems: whereas it increases smoothly at low shear rates, it
rises sharply for the highest ones. The faster rise of potential energy corresponds to shear
thickening in rheograms for polyelectrolyte-based systems and can be seen as a signature of
this rheological phenomenon. As for the hydrostatic pressure, the potential energy behavior
mostly follows a power-law model:** U = Uy + U™, with Uy and U, fitting parameters. We
applied the aforementioned model on our data and used the same exponents as those found
for hydrostatic pressures, since thermodynamic conditions are the same. We reported fitting
results in Tab. S8 of Supporting Information. Whereas total, potential energies roughly fol-
low a power law at low and intermediate shear rates, simulation data of polyelectrolyte-based
systems depart from the model for 4 > 1072 fs~!, where shear thickening occurs.

Looking at the different contributions to the potential energy, we found that whereas
the raise originates from van der Waals interactions and Coulomb interactions in the real
space (short-range) for pure water, it originates mostly from intramolecular interactions and

van der Waals interactions for neat and aqueous polyelectrolytes. The difference with pure
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Figure 5: Different contributions to the potential energy as a function of the shear rate
(4% = dv/dt) for a) pure water, b) pure polycations (PC) and polyanions (PA), and ¢) an
aqueous mixture of PC, PA, and water with a mole ratio PC:PA ~ 1:1 and PC and PA
molecules standing for 20 wt.% of the total mixture. In addition to the total, potential
energy (total), we reported contributions related to van der Waals pairwise interactions
(vdw), Coulomb interactions in the real space (coul.) and the reciprocal one (long), and the
intramolecular energy (mol.) including bond stretching, angle bending, and torsion. Pink
dashed lines stand for fits of total, potential energies with a power-law model.
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water can be simply explained by the presence of PA and PC ions that are larger than
water molecules, i.e., with more internal relaxation modes. When % increases, there is a
competition between the rate at which the simulation box is sheared (i.e., the frequency
of deformation) and relaxation modes of PA and PC molecules through bond stretching,
angle bending, and torsion. Bond stretching modes often exhibit the highest frequencies.
Therefore, from stiffness constants (K}) provided by the all-atom GAFF force field that
describes covalent bonds as harmonic oscillators (i.e., oscillation frequencies are defined as
fi= (1/27r)\/m with M; the molar mass of atom i), we computed the frequency range
where relaxation occurs for PA and PC molecules. We found values between ~3 x 107°
and ~2 x 1075 fs~!, which is about 2-3 orders of magnitude lower than where dilatancy
occurs. The lack of internal relaxation in PA and PC molecules contribute to dilatancy or
the increase of potential energy. Another source is the increasing difficulty for the fluid to

locally rearrange as depicted by the rise in van der Waals interactions.

Structure

In addition to the analysis of the potential energy, we analyzed the molecular structure of
our systems as a function of the shear rate. We considered first radial distribution functions
of molecule centers of mass (g(r)) that measure radial variations of the local density with
respect to the mean, bulk density: g(r) = pioc.(7)/pour. This quantity is very useful, since
it can be related to structure factors obtained from X-ray experiments,®” for example. We
reported simulation results in Fig. 6.

For water, the molecular structure in the Newtonian regime (1 — 2) is barely affected
by the shear rate and exhibits features of the equilibrium structure with a large, first peak
around 0.28 nm, giving the average distance between nearest neighbor molecules, followed
by two less intense peaks around 0.46 and 0.68 nm, corresponding to molecules in second
and third hydration shells, respectively. Beyond the third peak, g(r) is roughly constant and

equals 1. Such behavior is typical of a liquid.®” Then, shear thinning (2 — 3) results in a
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Figure 6: Radial distribution functions (g(r)) for the mixture of polycations (PC), polyanions
(PA), and water with a mole ratio PC:PA ~ 1:1 and PC and PA molecules standing for 20
wt.% of the total mixture (red solid lines in a-d), pure PA and PC (green solid lines in
e-f), and pure water (blue solid lines in h). Colored figures refer to simulation conditions
labelled in Fig. 4. Red figures 1, 2, 3, and 4 stand for, respectively, 4 ~ 1.39 x 1077,
1.39%x107°,6.97x 1073, and 1.25x 1072 fs~!. Green figures 1, 2, and 3 stand for, respectively,
A~ 2.5%x1077,2.5x1073, and 0.75x 1072 fs~!. Blue figures 1, 2, and 3 stand for, respectively,
4~ 4.06 x 1077, 2.03 x 107°, and 1.21 x 1072 fs~!. Data computed at equilibrium (Equil.)
with no applied shear were reported as a reference. Dashed dotted lines stand for the bulk
density value.

30



disruption of second and third hydration shells and a reduction of the first peak intensity.
This can be related to the hydrogen bond network that is disrupted to facilitate the flow.

Looking at data for the aqueous polyelectrolyte, we observed similarly a water structure
that is slightly affected by the shear rate in the Newtonian regime (1 — 2) with three distinct
peaks at roughly 0.28, 0.45, and 0.68 nm. At the end of shear thinning (3), the first peak is
still located at ~0.28 nm, but less intense, the second peak is slightly shifted toward larger
distances (~0.52 nm), and the third peak has fully disappeared. At the highest shear rate
(4), where dilatancy has occurred, the third peak has still vanished, whereas the first peak
(resp. the second peak) is slightly shifted toward a lower (resp. higher) value, ~0.26 nm
(resp. ~0.54 nm). Focusing on the structure of ions in water, we observed an equilibrium
distance between pairs of PA and PC ions of roughly 0.83 nm. When comparing with g(r)
between PC pairs and PA pairs, the aforementioned peak occurs at the shortest distance
with the highest intensity, meaning ion pairing in our equilibrated mixture. Applying a
shear rate, but remaining in the Newtonian regime, the first peak is slightly shifted toward
a lower value ~0.8 nm and reduces in intensity with the rise of 4. Upon shear thinning
(2 — 3), g(r) becomes noisier and noisier and the well-defined peak related to ionic pairs
vanishes. Data points fluctuate around the bulk density value (g(r) ~ 1), meaning that the
local ionic structure in water is strongly disrupted. During shear thickening (3 — 4), data
for all pair distribution functions of polyions exhibit similar profiles with a noisy behavior
at short intermolecular distances and a rapid convergence to 1 at longer range.

In the case of neat polyelectrolyte, radial distribution functions computed from equilib-
rium trajectories (equilibrium MD) exhibit peaks at short, but also longer range reflecting a
structured system. Comparing g(r) data between same molecule pairs (PC-PC and PA-PA)
with those generated between PC and PA molecules, we observed that the first, intense
peak arises for pairs of PC and PA, meaning that first nearest neighbors are of the opposite
charge, which suggests a fluid structure most likely due to ion pairing in a similar way as

what can be seen in ionic liquids with Coulomb ordering.®® Ion pairing is enhanced in our
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study because we considered small PA and PC molecules that contain only few monomers
leading to spatially concentrated charges in the molecular backbone. It does not fully corre-

1920 where charge carrying monomers of PA molecules are diluted with

spond to experiments,
more neutral units (i.e., acrylamide monomers). Therefore, the neat polyelectrolyte is most
likely in a glassy state rather than a liquid one at equilibrium, which is corroborated by high
viscosities and a simulation temperature (300 K) being under the estimated 7, ~ 400 K.
In the shear thinning part of the rheogram (1 — 2), computed radial distribution functions
smoothen and finally exhibit a more liquid-like behavior at the minimum shear viscosity (i.e.,
2 in Fig. 6). The local structure of the aforementioned liquid is slight with only a broad peak
around 0.8 nm in g(r) between PA and PC molecules. During shear thickening (2 — 3), pair
distributions exhibit similar profiles, but get slightly noisier when increasing the shear rate.

Finally, the aqueous polyelectrolyte with a mole ratio PC:PA ~ 1:1 and where PC and
PA molecules stand for 20 wt.% of the total mixture could be assimilated to a colloidal
suspension. In such systems, shear thickening may occur through the formation of hydro-
clusters.?* Using a cluster-size-analysis method similar to the ones employed by Headen et
al.®? for the study of asphaltene aggregation or Mustan et al.” for the study of aggregation
patterns in aqueous solutions of bile salts, we investigated the size (Nejusters) @and the number
(Nelusters) Of clusters in the mixture and how they behave with the shear rate. Our approach
is solely based on a geometrical criterium, i.e., when the k™ atom a;; belonging to molecule
i is located within a maximum radial distance (Reusters) from the ¢ atom a, ; of molecule
J, we considered molecules ¢ and j as aggregated (see Fig. 7). Note that in some approaches
like the one of Totton et al.?! for the study of polycyclic-aromatic-hydrocarbon clustering a
time-length criterium is used to determine if two adjacent molecules are clustered. A time-
based analysis is useful in order to discriminate between collisions of molecules resulting in
sticking and those that do not. As a first approximation, we neglected this effect. Fur-
thermore, the choice of the maximum radial distance Rusters 1S usually arbitrary and can

significantly affect results.”! In some cases, Reusters i determined from minimum distance
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distributions. " Here, we chose Reusters ~ 0.35 nm, corresponding roughly to the upper range
of energy-minimum locations in non-bonding, pair interactions among atoms of the all-atom

GAFF force field (0.12-0.382 nm for Lennard-Jones potentials).

a) Rclus,ters ~0.35nm

Viop = 0.000015 A/fs; y~2.09x1077fs" Viop = 0.001 Asfs; 7~1.39x1075fs""

] £ MR SR

Viop = 0.3 Affs; y~4.18x10~3fs"" Viop = 0.9 Affs; 7~1.25x107%fs"!

o~ AR

Figure 7: a) Sketch showing the geometrical criterium used to consider two molecules i
and j as aggregated; b) snapshot of molecular configurations for the mixture of polycations
(PC), polyanions (PA), and water with a mole ratio PC:PA ~ 1:1 and PC and PA molecules
standing for 20 wt.% of the total mixture. Snapshots show clusters of ions at various shear
rates: 7 ~ 2.09x 1077, 1.39 x 1075, 4.18 x 1073, and 1.25 x 1072 fs~!. Water molecules were
removed for clarity. A different color was assigned for each clusters. Colors were arbitrarily
given to clusters for each shear rate.

Using the OVITO program, %2 we generated snapshots of molecular configurations showing
clusters of ions at various shear rates and reported them in Fig. 7. We arbitrarily attributed
a color for each cluster in the simulation box without keeping consistency between snapshots

taken at different shear rates. The aim is to show how the size and the number of clusters
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evolve with 4. The more the number of colors, the more the number of clusters. Raising
the shear rate, snapshots qualitatively show that there is more clusters (i.e., more colors)
with smaller sizes (i.e., colors occupy less space in the simulation box). In particular, we
do not observed a sudden increase of cluster sizes at the onset of shear thickening. In order
to quantify what is observed in snapshots, we directly computed the size (Neysters) and the

number (Ngusters) Of clusters and reported data in Fig. 8.
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Figure 8: a) Average cluster size (Ngusters) and b) number of clusters (neusters) in the sim-
ulation box as a function of the shear rate for the mixture of polycations (PC), polyanions
(PA), and water with a mole ratio PC:PA ~ 1:1 and PC and PA molecules standing for
20 wt.% of the total mixture. Red plusses and green crosses stand for the average amount
of, respectively, cations and anions in clusters (i.e., the chemical composition of clusters).
Standard deviations were shown in light grey.

For the average cluster size, we observed biggest aggregates of ionic species in the nearly

Newtonian regime (1 — 2) with a number of involved molecules in the range 15-35. Then,
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Neusters slightly decreases during shear thinning (2 — 3) and reaches a nearly constant value
(~8.4) given standard deviations when shear thickening occurs. So, increasing the shear rate
results mainly in a decrease of cluster sizes. Looking at the chemical composition of clusters
found in the simulation box, we observed that the mole ratio of the whole simulation box
(PC:PA ~ 1:1) is respected on average. In addition to the size of clusters, we also monitored
their average number in the simulation box. In the nearly Newtonian regime, n¢usters €xhibits
the lowest values (~4.5). Then, the number of clusters increases from the onset of shear
thinning to the onset of shear thickening. From 3 to 4, the average number of clusters is
nearly constant (~11.5). Therefore, Nejysters and Neusters cOmputed at various shear rates
confirmed what was qualitatively observed in snapshots of molecular configurations, i.e.,

raising 4 implies more clusters with smaller sizes.

Summary and outlook

We employed non-equilibrium molecular dynamics to provide a clearer understanding of
molecular mechanisms underlying non-Newtonian behaviors of neat and aqueous polyelec-
trolytes at intermediate and high shear rates. These mechanisms are relevant to our ongoing
efforts in developing smart, structural materials manufactured with water-based shear thick-
ening fluids that resist external mechanical stimuli like impacts. We designed three molecular
models including pure water, neat polyelectrolyte, and an aqueous mixture with polycations
(PC) and polyanions (PA) being poly([2-(methacryloyloxy) ethyl] trimethyl ammonium) and
poly(acrylamide-co-acrylic acid), respectively. As a first step, we employed short PC and PA
molecules, where charges are highly concentrated in the polymer chain, at a 1:1 mole ratio.
From steady-shear simulations, we monitored the viscosity of those three systems. Whereas
neat polyelectrolyte does not exhibit a plateau (non-Newtonian behavior) at low shear rates
similarly to yield-stress fluids, pure water and the aqueous polyelectrolyte do have one. From

viscosity coefficients, we showed that pure water in that regime has a fully Newtonian be-
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havior. For the aqueous polyelectrolyte, viscosity coefficients exhibit a behavior departing
slightly from a Newtonian one. At high shear rates, polyelectrolyte-based systems showed
shear thickening. All systems experienced shear thinning at intermediate shear rates. Using
the Cross model, we successfully described data at low and intermediate + for pure water and
the aqueous polyelectrolyte. However, the model was unable to predict accurately the transi-
tion between the Newtonian regime and shear thinning with an overestimation by about one
order of magnitude. Whereas the power-law model described the best viscosity data at low
shear rates for the neat polyelectrolyte, Sisko and Herschel-Bulkley models proved better at
intermediate ones. The latter model allows estimating the yield stress (~351.7 MPa), but,
since it overestimates data at low shear rates, it was found ~31% higher than the simulation
value (~269.2 MPa). Viscosities of polyelectrolyte-based systems roughly follow a power law
during shear thickening.

To elucidate mechanisms at the origin of shear thinning and thickening, we first investi-
gated different contributions in potential energy data. We found the same general, power-law
behavior for the three systems. Whereas the energy rise is driven by pair interactions in-
cluding van der Waals and Coulomb ones for pure water at high shear rates, intramolecular
contributions, including bond stretching, angle bending, and torsion, and van der Waals in-
teractions are the main contributions to the faster energy increase for polyelectrolyte-based
systems. This rise of the potential energy at high shear rates was attributed to the increasing
difficultly of our systems to relax upon shear. It results in an increase of intermolecular in-
teractions for small molecules like water and intramolecular interactions for larger molecules
like polyelectrolytes.

Then, we analyzed molecular structures by considering first radial distribution functions
between centers of mass of molecules. For water and aqueous polyelectrolyte, the structure is
not or barely affected by the shear rate in the Newtonian or near Newtonian regime. Then,
the structure starts to disrupt during shear thinning with a reduction of the local structure

for water as well as ion pairing. For the latter, the first peak in the pair distribution
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function between polycations and polyanions weakens. Shear thinning affects the structure
of neat polyelectrolyte with g(r) that smoothens. When shear thickening occurs, the local
ionic structure vanishes for polyelectrolyte-based systems. Finally, we employed cluster size
analysis to study cluster properties as a function of 7 in the aqueous polyelectrolyte. Results
showed that raising 7 yields more clusters with smaller sizes.

This method and findings underscore the importance of accounting for the molecular na-
ture of polyelectrolytes (or polyion complex) to investigate their nano-rheological properties
and set the basis for considering mixtures closer to experimental ones with longer polymer

chains (higher molecular weights) and a mole ratio PC : PA ~ 1 : 4.
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