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Abstract We utilize molecular dynamics simulations to investigate the microstructures of ions and polyelectrolytes in agueous solutions under
external electric fields. By focusing on the multi-body interactions between ionic components and H,O molecules, as well as their responses to
the external electric fields, we clarify several nontrivial molecular features of the ionic and polyelectrolyte solutions, such as the solvations of
cations and anions, clustering of the ions, and dispersions/aggregations of polyelectrolyte chains, as well as the corresponding responses of H,0
molecules in these contexts. Our simulations illustrate the variations in structures of ionic solutions caused by reversing the charge sign of the
ions, and elucidate the disparity in structures between anionic and cationic polyelectrolyte solutions in the presence of the external electric fields.
This work clarifies the mechanism for the alternations in complex multi-body interactions in aqueous solutions caused by the application electric
field, which can contribute to the fundamental understanding of the physical and chemical natures of ion-containing and charged polymeric sys-

tems.
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INTRODUCTION

Polyelectrolytes (PEs), constituted of repeated ionic monomer
units, represent an important class of charged polymers and
have attracted extensive attention due to their importance in
natural science and industry.l'~

Polyelectrolytes usually exhibit ideal solubility in aqueous
solutions, and the unique physicochemical properties of poly-
electrolyte solutions mainly stem from the intricate multi-
body electrostatic interactions among ionic components and
dipolar solvents. Specifically, the electrostatic interactions of
polyelectrolytes and counterions can cause complex ionic
correlations,5=""1 and the water solvent molecules exhibit
dipolar natures, which can interact with the polyelectrolytes
and ions through the ion solvation effects.['2-18 These two ef-
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fects naturally couple with each other. On one hand, the su-
perpositioned electrostatic fields of the ionic components can
restrict the orientation of the nearby dipolar solvent
molecules and change the local dielectric properties of the
solutions; on the other hand, the changed local dielectric
properties can conversely alter the electrostatic interactions
of the correlated ionic groups. Furthermore, the applied elec-
tric fields can exert opposite electric forces onto the anionic
and cationic species, and result in reorientations of the dipo-
lar solvent molecules and even the dielectric decrement of
the systems.['8-221 |n this context, the intricate electrostatic in-
terplays between ionic components and dipolar solvent
molecules, as well as the physicochemical properties inher-
ent to polyelectrolyte solutions, can be significantly altered.

In recent decades, extensive theoretical studies, simula-
tions and experiments have been employed to explore
charged and ion-containing polymers and their complexa-
tions or coacervations.22-411 However, modeling the multi-
body electrostatic interactions in polyelectrolyte solutions re-
mains challenging. Due to the simplicity and lower computa-
tional cost, traditional coarse-grained simulations and theo-
ries have been used to study polyelectrolyte solutions. How-
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ever, in these approaches, the solvent molecules are usually
treated as a continuous medium with certain dielectric con-
stants, and these manipulations are insufficient to detect the
complex multi-body correlations among the charged and po-
lar components, let alone their coupling with the connectivi-
ty of polymer chains and external field or complicated surfaces/
interfaces. Among others, modeling the dipolar or polar sol-
vent molecules as dipolar coarse-grained particles with vari-
able symmetric dipole moments serves as a robust approach
to efficaciously capture the reorientations and reorganiza-
tions of the polar solvents in response to the electrostatic
fields originating from the ionic groups or external electric
fields. For example, He et al. developed an improved polariz-
able model based on Drude oscillator and employed the
coarse-grained molecular dynamics (MD) simulations to in-
vestigate the structural changes and phase separations of
polymer blends and diblock copolymers under the external
electric fields.[*243] Frischknecht et al. systematically investi-
gated the role of polarization in the structure and dynamics of
ionomer melts by incorporating the Drude oscillator into
coarse-grained MD simulations.*4! In the previous study, on
the basis of Stockmayer-fluid model, we developed a coarse-
grained MD simulation algorithm to study the fundamental
physicochemical properties of ionic solutions under the ap-
plied electric fields, and systematically explore the multi-body
interactions among ions and symmetric dipolar solvents.
Moreover, we have utilized this approach to clarify the mech-
anism for eliminating ionic clusters via polar solvent addition
in the presence of the electric field, and developed a highly
efficient and easy-operating strategy for noise reduction of
nanopore technology for detections of charged polymers.i3!
In addition, by elucidating the multi-body interplays among
ions and dipolar solvents, we revealed the mechanism for
multiple phase transitions of dilute solutions of isopolyox-
ometalate macro-anions and developed novel ionic hydro-
gels.d! It is important to note that in these studies, only the
symmetric dipolar nature of the liquid molecules is consid-
ered; that is, a dipolar particle exhibits equivalent electrostat-
ic interactions with a cation or an anion (if the ionic size and
valence are fixed), and the solvation strength of ionic groups
is independent of their charge signs. Furthermore, it can be
predicted that the statistical structures and dynamics of ionic
and polyelectrolyte systems cannot be changed if only the
charge signs of the ionic species are reversed, although the
multi-body correlations between ions and dipoles are consid-
ered.

Nevertheless, the effective dipoles of most polar liquid
molecules or chemical groups often exhibit the asymmetric
feature, ie., the position of dipole moment exhibits a shift
from the molecular center. These asymmetric dipolar
molecules usually show quite distinct affinities to cations and
anions, and cause nontrivial disparities in chemical properties
between anionic and cationic species. As illustrated by the pi-
oneering theoretical and experimental studies,*’-531 the
asymmetric dipolar feature of liquid molecules can cause a
significant "sign preference effect" of the ions. In concrete
terms, anions can preferentially cause the nucleations of H,0
molecules, whereas cations preferentially induce the nucle-
ations of alcohol-type molecules, due to the reversal orienta-
tions and different affinity abilities of these asymmetric dipo-
lar molecules around the cation/anions. Likewise, as demon-

strated by our previous study, this sign effect also exists in
polyelectrolyte solutions and can result in the qualitatively
structural disparity between anionic and cationic polyelec-
trolytes.l>4 Moreover, under the circumstance of applied elec-
tric fields, the external electric force exerted on ions and dipo-
lar solvent can significantly alter the multi-body electrostatic
interactions, and cause unpredictable variations in the physic-
ochemical properties of ionic and polyelectrolyte solutions.
Despite the advance in the theoretical and simulation studies
of charged systems, as far as we are aware, the multi-body
correlations among ions, polyelectrolytes, and H,O solvent
molecules under the electric fields, as well as the correspond-
ing structures and thermodynamics of ions and polyelec-
trolytes in the aqueous solutions, remain largely unrevealed.

In this study, we employ molecular dynamics (MD) simula-
tions to investigate the structural properties of ions and poly-
electrolytes in aqueous solutions under external electric
fields. By focusing on the multi-body interactions among ion-
ic components and H,O molecules, as well as their responses
to the external electric fields, we clarify variations in struc-
tures of ions resulting from the charge sign reversion and elu-
cidate the discrepancy in structures between anionic and
cationic polyelectrolytes. In section MODELS AND SIMULA-
TION METHODS, we concisely introduce the MD model and
simulation details. Herein, we couple the coarse-grained
model (of ions/polyelectrolytes) and TIP3P model (of water
molecules) with the electric forces, to effectively account for
the multi-body interplays between ions, polyelectrolytes, the
asymmetric dipolar H,0O molecules and their response to the
external electric fields. In section RESULTS AND DISCUS-
SION, we first study the orientations of H,0 molecules and
solvation effects of single anions/cations in response to the
varying electric fields. We then systematically explore several
key factors (i.e., the size, charge sign of ions, and electric field
strength) on the structures of ionic solutions. Further, we ex-
tend our investigation to the polyelectrolytes and illustrate
the effects of charge sign, monomer concentration, and elec-
tric field strength on the structures of polyelectrolyte solu-
tions. Our study rationalizes the variations in structures in ion-
ic solutions caused by the reversal of the charge sign of the
ions, and elucidates the disparities in structures between an-
ionic and cationic polyelectrolyte solutions, under the ap-
plied electric fields. In conclusions, we summarize our investi-
gations and provide the concluding remarks.

MODELS AND SIMULATION METHODS

Model
In this subsection, we provide a concise overview of the model
and simulation method; more detailed information can be
found in our previous publication.> Herein, we use MD simula-
tions to explore the solvation effects of single anions/cations in
aqueous solutions and the structures of aqueous solutions of
ions and anionic/cationic polyelectrolytes under the applied
electric fields. To emphasize the impact of the sign effect on the
solvations for anionic and cationic species, the TIP3P model is
employed to simulate water components, and the coarse-
grained model is utilized to simulate ions and PEs (Fig. 1). No-
tably, all ions and polyelectrolytes in our study are considered to
be hydrophilic.

In the TIP3P model of H,0, each H and O atom takes the
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Fig. 1 Schematic illustration of (a) a water molecule (with H in
white and O in blue), (b) an anion (in orange) and a cation (in red),
(c) a cationic PE chain, an anionic PE chain, and their counterions.

partial charges of +0.415e and —0.83e, respectively (e denotes
the elementary charge).l55-571 Based on this model, our simu-
lation can accurately capture the electrostatic response of
H,0 molecules toward the neighboring ionic components.
Moreover, based on the Dang force field,[58-631 we model each
cation and anion as the beads with a positive charge or nega-
tive charge at their centers. Since the solvation of ions is pri-
marily influenced by their size,[6465! a variety of ions (such as
Li+, Nat, K*, CI-, I) of different sizes are considered in the sim-
ulations (as shown in Table S1 in the electronic supplemen-
tary information, ESI). Additionally, it is essential to compare
the distinct mechanisms for solvation of cations and anions
with the same other molecular factors but opposite charges;
hence, in accordance with the previous work of Koneshan
et al.'*% we create the corresponding virtual ions (i.e., Li-, Na-,
K=, CI*, I*, Table S1 in ESI). We utilize the bead-spring model to
coarse-grain the anionic and cationic PEs composed of N,=20
connecting (monovalent) monomer beads. The size of each
ionic monomer is set to be 4.168 A, which is equivalent to
that of an I~ ion.[66] The size of each counterion is set as 3.25 A,
equivalent to that of K*. For simplicity, other molecular pa-
rameters for each monomer and counterion are determined
based on the I- and K* in the Dang force field.58-63! |t should
be noted that in the conventional TIP3P model,’5>! the size of
hydrogen atom is disregarded. To maintain the compatibility
between the coarse-grained model (for ions) and TIP3P mod-
el, we make modifications to Price's TIP3P model. Specifically,
we include the size and energy parameters of hydrogen
based on Jorgensen et al.'s work when accounting for the
ions/H (in H,0) interactions.[57!

The standard or truncated Lennard-Jones (LJ) potential is
utilized to model the nonbonded interactions among all of
the aforementioned components,

U, = { 4, [(o/r,-j)12 - (o/rij)é] +S, rmpsr )
0, Iy > re

Table S1 (in ESI) provides a list of energy parameters (g ))
and sizes (o) of H and O (in H,O molecules), the chosen ions
(both real and virtually generated), and the PE monomers.
Lorentz-Berthelot rules (g; = &%, o; = (0; + 0;) /2) are used
to calculate the LJ parameters for species i and j.[671 S is used
to shift the LJ potential to 0 at r.=13 A, where r_ represents
the cutoff. Coulomb interactions are utilized to compute the
electrostatic interactions among the partial-charged H and O
in H,O molecules and ionic species,

z.ze
Ucour = 4TTEgE,r @
where Z; and Z; denote the (partial) charge of species i and j, re-
spectively. We use the PPPM (particle-particle particle-mesh) al-
gorithm to calculate U, up to a precision of 1078 In our
model, £=1 and g, represents the vacuum permittivity. Our

model employs the harmonic angle potential (Eq. 3) and har-
monic bond potential (Eq. 4) to preserve the H,0 structures.

UAngIe =Ka (OI - 00)2 3)

Usond = ko (r = o)’ (4)
in which k,=55.0 kcal/mol and ay=104.52°, k,=450.0 kcal/mol
and rg=0.96 A>>=>7) The harmonic bond potential is utilized to
model the chain connectivity in PEs, in which k,=29.90 kcal/mol
and r,=4.168 A. In the simulations, a uniform external electric
field (E) is applied. Herein, the electric force (F = gek) is exerted
along the x-axis direction to water molecules, ions and polyelec-
trolytes. We ignore certain chemical details of the polyelec-
trolyte and maintain their crucial physicochemical features. This
simulation approach can effectively account for the effects of
external electric fields and the sign effect of the ionic species.

Simulation Details

Using the Large-scale Atomic/Molecular Massively Parallel Sim-
ulator (LAMMPS),’*! we perform MD simulations in the canoni-
cal (NVT) ensemble within a cubic box of size L3, In the simula-
tion, through the introduction of three-dimensional periodic
boundary conditions, all particles can interact across the bound-
aries and can exit from one end of the box and re-enter from the
other end. The uniform electric field (applied along the x-axis di-
rection) remains independent of periodic boundary conditions.
We use the Langevin thermostat to control the simulation tem-
perature as 298 K. The MD time step is to be 2 fs. At the begin-
ning of the simulations, all components are generated random-
ly within the simulation box. We first study the effect of external
electric fields on the solvation of single ions in the aqueous so-
lution. We place a single cation or anion and 1000 water
molecules in a box of size L=31 A, and estimate the volume of
each water molecule as (3.1 A)3. We set the number density of
water molecules as p;,~1.0. For ionic solutions, we conduct sim-
ulations in a box with [=46.5 A. We set the ionic concentrations
to 0.5 mol/L and fix the number density of ions and H,O to be
1.0 (o] + py, ~ 1.0). For the PE solutions, we set the simulation
box size to be L=90.52 A and vary the amount of PE chains from
10 to 300 (corresponding to a monomer concentration range
from 0.45 mol/L to 13.44 mol/L). The highest monomer concen-
tration of 13.44 mol/L corresponds to the chain concentration of
0.672 mol/L, which falls within the commonly used concentra-
tion scope in experimental studies.”” We adjust the number of
water molecules accordingly to maintain the number density of
1.0 for all components. In all the simulations, we first conduct
10° MD steps (equivalent to 2 ns) to achieve the equilibration of
the simulations. We then apply the external electric fields and
further perform 10° MD steps to achieve the steady state, after
which we use another 10° MD steps as the production simula-
tion. We vary the strength of the electric field from 0 V/A to 1
V/A to analyze the system properties. For each scenario, we con-
duct numerous simulations with different initial configurations
and ultimately generate 10* samples.

RESULTS AND DISCUSSION

Solvation of Single lons in Aqueous Solutions

We first study the orientation of H,O molecules responding to E
in pure water (Fig. 2a) and the corresponding radial distribution
functions of H atoms surrounding O atoms of H,O (Fig. 2b). In

https://doi.org/10.1007/s10118-024-3105-9
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Fig. 2(a), a represents the angle between the dipolar vector
(connecting O atom and center of two H) of the water molecule
and E. It is worth noting that <a>/1m ~ 0.5 represents the ran-
dom orientation of H,O, whereas <a>/1 ~ 0 indicates H,0 ori-
entation parallel to E. Our simulations indicate that at £ <0.1
V/A, the weak external electric forces are insufficient to cause
the alignment of H,0 along E; and therefore, H,0 molecules ex-
hibit random orientation, as shown by the results of <a>/1 ~ 0.5
and the snapshot i in Fig. 2(a). As the external electric field
strength increases (£>0.1 V/A), the H,0 molecules tend to orient
along E, as shown by inset ii in Fig. 2(a), which results in the de-
cay in <a>/11 (Fig. 2a) and a reduction of peaks in gy.o(r) (Fig.
2b). Our simulations thus demonstrate that applying strong E
can lead to significant H,O orientation and restrict their dipolar
responsive ability. Note that the previous theoretical studies
have predicted that the dielectric decrement features of liquids
can be triggered by strong applied electric fields.'"®’"! Qur simu-
lations on orientating H,O along strong E clarify the relative
molecular mechanism for this effect.

We then explore the effect of E on ion solvation in the
aqueous solutions. Fig. 3(a) displays the solvation energies for
single ions (AG) at different radii and electric field strengths.
Here, we calculate the solvation energy as AG = G, - G,, where
G, represents the summation of ion-H,0 and H,0-H,0 inter-
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Fig. 2 (a) Average orientations of water molecules at different
external electric field strengths, in which (i) and (ii) depict typical
snapshots at £ = 0.1 and 1 V/A, respectively; (b) Radial distribution
functions of H atoms surrounding O atoms of water molecules.

actions in ion-containing cases, [G) = U, (Il) + U, (D], where-
as G, is the H,0-H,0 interactions in the ion-free case [G, =
Uy-w(D]. Note that U, (1), U, (1), and U,,.,(l) are calculated
according to Egs. (1)—(4). The calculated AG for cations and
anions can be further defined as AG* and AG-, respectively. In
Fig. 3(b) and Fig. S1 (in ESI), we analyze the orientations of
H,0 molecules around a single ion at different E by calculat-
ing <cos6>, where 0 represents the angle intersected by the
dipolar vector of an H,O molecule and position vector con-
necting the dipole and ion. <cos6> ~ 0 represents random ar-
rangement of H,O molecules, whereas |<cos6>| ~ 1.0 indi-
cates completely oriented H,0 molecular structures around
the ion.

Our simulations illustrate that under the weak electric field
E=0.01 V/A, due to the sign effect of ions solvated by H,0 (of
asymmetric dipoles), anions exhibit much smaller solvation
energies than cations (Fig. 3a). In this scenario, the ion-water
interactions dominate the solvation process. The H,0O
molecules show much more apparent affinity to anions and
more significant corresponding orientation (Fig. 3b); and with
increasing the ionic size, |JAG* — AG-| exhibits a decrease,
which is due to the weakened H,0O orientation and ion solva-
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Fig. 3 (a) Solvation energies for single ions at different radii in
water under external electric fields. The squares, circles, and
triangles represent £ =0.01, 0.5 and 1 V/A, respectively, and the line
represents the Born solvation energy. (b) Orientations of water
molecules near single ions under an external electric field strength
of £=0.5 V/A. (i—iii) Indicate the typical H,O structures around Li*,
Li-,and I".
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tion. Further, our simulation demonstrates that the enhance-
ment in electric field strength can cause significant alter-
ations in ion solvation. Specifically, the electric field results in
the alignment of H,0 molecules along E, and the dipolar H,0
molecules cannot sufficiently orient around the ions (Fig. 3b),
which reduces the solvation effects for single ions. In this con-
text, the sign effect becomes weak and the difference in AG
for cations and anions exhibits a decrease (Fig. 3a). Our simu-
lation demonstrates that even if the strong electric field can
cause the apparent orientation of dipolar H,O molecules, the
sign effect of ions can be still considerable, which results in an
apparent disparity in solvation energies between cations and
anions. The Born solvation energy (the green line in Fig. 3a) is
often used to predict the solvation energy at different ionic
sizes, yet it cannot sufficiently capture the solvation discrep-
ancy between cations and anions, nor the alternations in sol-
vation caused by the application of the electric fields. Here,
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the Born solvation energy of single ions in aqueous solutions
2

is calculated as AGgy, = BeR (1/&. = 1) , in which the di-
oR

electric constant of water is set to be 80.

In Fig. 4 and Fig. S2 (in ESI), we further investigate the de-
tailed structure variations of H,O near the ions under E by de-
tecting the radial distribution functions of H and O (in H,0)
surrounding the ions. Our simulations illustrate that at the
weak electric field, the H,O molecules orient towards the ions
and show significant affinity to the anions due to the strong
anion-H electrostatic attractions [gj.)_o(r) and gj)_u(r) in Figs.
4a and 4bl. In contrast, the H,O molecules exhibit opposite
orientations around cations, leading to the estrangement of H
from ions [g;q_o(r) and g;_n(r) in Figs. 4c and 4d]. The en-
largement of ionic radii from Li*/Li~ (0=2.337 A) to I*/I-
(0=4.168 A) can significantly weaken the ion-H,0 affinity,
which results in the decrease and shifting (towards larger r)
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Fig.4 Radial distribution functions for (a) O and (b) H (in H,0) near each anion under an external electric field strength of £=0.01 V/A,
denoted as gy, _o(r) and gy, _(1); Radial distribution functions for (c) O and (d) H (in H,0) near each cation under an external electric field
strength of £=0.01 V/A, denoted as Git-o(r) and gy_u(r); (e, f) Correspond to the results of (a, b) at £=0.5 V/A, respectively; (g, h)

Correspond to the results of (c, d) at E=0.5 V/A, respectively.
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the peak values of gi_o(r) and g;_(r). Moreover, by increasing
the electric field to £=0.5 V/A, the exerted electric field causes
the orientation of the H,O molecules and suppresses their
dipolar response towards the electrostatic field stemming
from ions, which results in the decreased peak values in g;_o(r)
and g;_y(r) (Figs. 4e—4h).

id model developed based on symmetric dipolar natures.
Overall, our simulations indicate that the ion solvations are

- : Structures of lonic Solutions
sensitively dependent on the strength of the external electric i . . s .
) S L . . By clarifying the impacts of applied electric fields on ion solva-
field. At weak E, we observe the significant discrepancy in sol- o . . .
. . . . tion in aqueous solutions, we further investigate the structures
vation energies between cations/anions due to the reversal - . . .
. . o of ionic aqueous solutions. Herein, to emphasize the effects of
orientations of the asymmetric dipolar H,0. However, by ap- L - L . .
. N . . electrostatic interactions, we only maintain the repulsive part in
plying the strong E, the ion solvation effects become weak . ; .
. o the LJ potential (Eq. 1) between ions and between ions and H,0
and this discrepancy can be significantly shrunk. These re- molecules
sults demonstrate that in st.udles for ion-containing liquid sy's- We show the typical snapshots of K*/I- and K~/I* ionic solu-
tems under external electric fields, the effect of asymmetric . . . . -
) . . tions with a concentration of 0.5 mol/L at different E in Figs.
dipolar molecules in response to ions should be carefully con- .
. 5(a)-5(c), 5(e)-5(g), calculate the corresponding structure fac-
sidered; however, such effects are often neglected by theory L . g
) . . . A . - tors of ions in Figs. 5(d) and 5(h), and provide the radial distri-
and simulation studies with dielectric continuum. In our pre- . . . . -
. . - . . . bution functions of O and H (in H,0) near the ions in Fig. 6.
vious studies, we have utilized MD simulation algorithms de- .
. We calculate the structure factor according
veloped based on the Stockmayer fluid model to explore the 1 /—N —N
interactions of ion and dipolar liquid molecules under £ and S(q) = N(XJ»:]ZHGXP[—"Q (r- l’k)]> . Where N denotes
0 V/A 0.15 /A 0.5 V/A
40 d /
35t 0.5 mol/L K*/;;
30!+ OV/A
- = -015V/A
250 .
— Y - = 03V/A
=200 "
v " e 0.5 V/A
15 t
101 1
\
RS
0 S e
0 2 4 6 8 26 28 30
qL/2m
40 /
h -+
. . 35} 0.5 mol/LK/I
i j o
" 252317 1514 2 50 60 60 60 | 25 23 1.7 15 14 2.0 50 60 60 60 | _ 30 OV/A
"+ ®© 0000000 0 ®© 000000 0 0 2l - - = 015V/A
44 33 27 25 21 3 60 60 60 60 1.6 1.5 14 13 1.2 14 13 333 40 60 . \ —.—. 03V/A
KTt A A A A A A A A AAAA A A A K Z2 .A
433224 23 2 2260 60 60 60 | 1.5 14 13 13 12 14 29 30 30 60 73 SR 05V/
Na* | F N FEEENE P EEEERN WoNa ]
2925 24 2319 21 30 33354560 | 14 1413 13 12 13 15 2 38 60 '
Li* L 2K 2 ® GGG OGOOOISG O L 5N
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 n l‘ 0 T T = 1
0 0.010.050.10.150.2 03 04 05 1 0 0.010.05 0.1 0.150.2 03 04 05 1 0 2 4 6 8 26 28 30
E(V/A) E(V/A) qL/2m
. | & 2=
0-0.03 0.03-0.04 0.04-0.07 0.07-0.10 0.10-0.60 0.60-1.00

nJ/n;

Fig.5 Typical snapshots of K*/I~ and K~/I* ionic solutions at a concentration of 0.5 mol/L at different external electric field strengths: (a) E=0 V/A,
(b) E=0.15 V/A, and (c) E=0.5 V/A for K*/I" and (e) E=0 V/A, (f) E=0.15 V/A, and (g) E=0.5 V/A for K~/I* solutions. The red, orange, blue and white
spheres represent cations, anions, O atoms, and H atoms, respectively, and the x-direction in the coordinate system of (a) corresponds to E
direction. Structure factors of (d) K*/I" and (h) K7/I* ionic clusters at different external electric field strengths. The reduced sizes (n./n;) of (i) M*/I~

and (j) M~/I* (where M*/M~ represents Li*/Li~, Na*/Na~, K*/K™, or I*/I") ionic clusters at different electric field strengths, where nis the amount of
ions in each cluster and n; represents the amount of all ions.
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observe the similar decay of dipolar response of liquids to-
wards ions caused by E application.'®! Our current work
demonstrates that even under a strong electric field, the sign
effect results in apparent discrepancies in solvating of cations
and anions, which cannot be captured by the Stockmayer flu-
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the total ion number, g indicates the wavenumber, and i rep-
resents the imaginary unit. r; and r, indicate the position vec-
tors of the jth and kth ions, and <--> denotes the statistical av-
erage. Our simulation illustrates that, for the K*/I- ionic solu-
tions, in the absence of the external electric field (E=0 V/A),
due to the relatively weak solvation effects of both K+ cations
and large I~ anions in the H,0 molecules (Fig. 6a), the electro-
static interactions of ions play the dominate role, causing the
apparent ion clusterings in the aqueous solutions, as shown
by the snapshot in Fig. 5(a) and peak value of 5(g) in Fig. 5(d).
Contrastingly, for K=/I* ionic solutions, due to the strong sol-
vation of K- anions (Fig. 6d), the ions disperse in the H,0
molecules, as illustrated by snapshot (Fig. 5e) as well as the
relatively flat curve of S(g) (Fig. 5h). With the electric field
strength increasing to £=0.15 V/A, in both the K+/I- and K~/I*
ionic solutions, the reversal electric forces exerted onto an-
ions and cations conquer the electrostatic attractions be-
tween ions, and enhance their dispersion and affinity to the
H,O solvent molecules, as shown by the snapshots in Figs.

5(b), 5(d)

, 5(f) and 5(h) and Figs. 6(b) and 6(e). Particularly, in

the K*/I- ionic solutions, we observe the complete disassem-
bly of ionic clusters and sufficient ion solvation by the H,0O
molecules. Furthermore, our simulation shows that at £ ~ 0.5
V/A, the strong electric force causes the complete orientation
of dipolar H,O molecules, thereby weakening the dipole re-
sponse capability of water molecules to ions and resulting in
a reduction of ion solvation effects. In this context, the sys-
tem exhibits the dielectric decrement effect, leading to the
formation of dynamic aggregate structures between anionic
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and cationic components in both the K*/I- and K~/I* ionic so-
lutions through electrostatic interactions, as shown by the
snapshots in Figs. 5(c), 5(d), 5(g) and 5(h) and Figs. 6(c) and
6(f). Moreover, we observe that the cations and anions (un-
dertaking the opposite electric forces) constantly diffuse in
opposite directions within the aggregates or migrate into the
other ionic aggregates. The cations and anions exhibit con-
vections within the ion-rich regions along the electric field di-
rections.

Further, we analyze the ionic clusters in the solutions at dif-
ferent electric field strengths. To identify ionic clusters, we
group ions within a cutoff distance of 1.50 (0=4.168 A) and
calculate the average number of ions in each cluster (n) as

<Z”’ n’P( )> where P(njc) is the cluster size distribu-

tion function defined as P( ) ( ( )) /Z, 1( ( C)) , and

q(n’) denotes the number of n’ clusters. In Figs. 5(i) and 5(j),

we show the reduced size of M*/I- and M~/I* ionic clusters
(where M*/M- represents Li*/Li~, Na*/Na-, K*/K=, or I*/I), cal-
culated as n./n;, where n; indicates the amount of all ions. Our
study indicates that for both the M*/I- and M~/I* solutions,
with increasing E, the size of the ionic cluster exhibits non-
monotonic variations. At the weak electric field region £<0.3
V/A, the increase of E strengthens the opposite electric force
exerting on the cations and anions, and results in their disso-
ciations. At the strong electric field region £>0.3 V/A, increas-
ing E restricts H,O orientations, which significantly weakens
the ion solvation and results in their aggregations. Note that
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Fig. 6 Radial distribution functions for O and H (in H,0) near K* and I~ in 0.5 mol/L K*/I" ionic solution under external electric field
strengths of (a) E=0 V/A, (b) £=0.15 V/A and (c) E=0.5 V/A, denoted as g, (n) and g, 4,0 (n. Radial distribution functions for O and H (in

H,0) near K~ and I* in 0.5 mol/L K~/I* ionic solution under external electric field strengths of (d) E=0 V/A, (e

denoted as g, ,0 (N and g0 (1.

) E=0.15 V/A and (f) E=0.5 V/A,
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these tendencies are consistent with our previous simula-
tions study of multibody interactions between ions and sym-
metric dipolar molecules with larger dipole moments.['8]
Moreover, we find that the cluster sizes in M*/I- and M~/I* so-
lutions are qualitatively different. Specifically, due to the rela-
tively stronger solvation effect of M~ compared to the M+, the
ions in M~/I* solutions exhibit more dispersed structures and
form smaller ionic clusters than the M*/I~- solutions, at rela-
tively weak electric field ££0.3 V/A. It is worth noting that in
charged systems, the translational entropy that usually caus-
es the ion dispersion can compete with the enthalpy effect
arising from the electrostatic interactions between ions,
which together determine the size of ionic clusters.

In addition, our simulations show that increasing the ionic
size can result in the enhancement of electrostatic interac-
tions and the decay in the ionic solvations in water molecules,
and the competition of these two effects can cause complete-
ly different variations in cluster sizes between M+*/I- and M~/I*
solutions. For example, in the M~/I* solutions, at fixed electric
field strength (e.g., E<0.5 V/A), with increasing the M- size, the
solvation effect of M~ anions are decayed, and therefore, the
ions form larger ionic clusters through electrostatic interac-
tions, which results in a monotonic increase in n./n;. However,
in the M*/I- solutions, the solvation effects of ions are rela-

tively weak. At fixed electric field strength (e.g., E<0.5 V/A),
with increasing the M* size, n./n; first exhibits an increase due
to the prominence of electrostatic interactions (as the solva-
tion effect is significantly weak), followed by a decrease due
to the further attenuation or electrostatic interactions at
much larger ionic size (at I*). Our simulation thus demon-
strates that the sign effect as well as dipolar asymmetry of lig-
uids can cooperate with E to cause the apparent structural
discrepancy between M*/I~- and M~/I* solutions, which have
been largely ignored by the previous theoretical and simula-
tion studies, even if the studies based on the multi-body cor-
relations of ions and symmetric dipoles or dielectric continu-
ity.

Structures of PE Solutions

In polyelectrolyte (PE) solutions, chain connectivities can greatly
amplify the complexity of multi-body interactions between ion-
ic species and dipoles. Moreover, the applied electric field can
further alter these interactions. In this subsection, we turn to in-
vestigate the structures of anionic and cationic polyelectrolytes
in aqueous solutions under the influence of an external electric
field. As a typical example, we first focus on the PE solutions
with an overlap concentration (at =0 V/A), of which the

monomer concentration is estimated as ¢y, ~ np/[4T1 (Ry) / 3]
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Fig.7 Representative simulation snapshots of cationic PEs in aqueous solutions under external electric field strengths of (a) £=0.01 V/A and (b)
E=0.75 V/A. The x-direction in the coordinate system of (a) corresponds to the direction of the electric field. Similarly, representative simulation
snapshots of flexible anionic PEs under external electric field strengths of (d) £=0.01 V/A and (e) £=0.75 V/A. To highlight the structure of
polyelectrolytes and counterions, the size of H,0 is reduced. Structure factors of (c) cationic or (f) anionic PEs and counterions in solutions under

different external electric fields.
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~ 6.8 mol/L,® (n, and Ry are the numbers and radius of gyra-
tion of the PE chains). Figs. 7(a), 7(b), 7(d) and 7(e) illustrate the
representative simulation snapshots of anionic and cationic PEs
in agueous solutions, under an external electric field strength of
(a) £=0.01 V/A and (b) E=0.75 V/A. The static structure factors of
the PEs and counterions under different electric field strengths
are presented in Figs. 7(c) and 7(f). In addition, in Fig. S3 (in ESI),
we display the radial distribution functions for H and O (in H,0)
near each PE monomer and counterion. Our simulation demon-
strates that the anionic and cationic PEs exhibit completely dif-
ferent structural variations under the electric field.

Specifically, in cationic PE solutions, at the weak electric
field strength E = 0.01 V/A, the relatively strong solvations of
counteranions in aqueous solution cause their dissociations
from PEs. In addition, the electrostatic repulsions of cationic
monomers cause the extension of the PE chains. Therefore,
the cationic PE chains exhibit a uniform distribution in the
aqueous solution, as illustrated by the snapshots and flat
curves of S(q) in Figs. 7(a) and 7(c). With the increase in the
electric field strength from E=0.01 V/A to 0.25 V/A, the rever-
sal electric forces exerted onto cationic monomers and coun-
teranions are increased. Meanwhile, the relatively strong sol-
vation of ions still dominates over the structure of PEs and
counterions. In this context, more counterions dissociate from
the PEs, which further promotes the uniform dispersion of
PEs, as shown by the decrease in the peak value of 5(g) in Fig.
7(c). However, with the further increase of E to 0.75 V/A, the
strong electric field arouses apparent H,0 orientating, which
restricts their dipolar response to the ions and greatly weak-
ens the ion solvation effect. In this context, the electrostatic
attraction between cationic PEs and the counteranions domi-
nates over the solvation effect, which results in the signifi-
cant aggregation between the charged species, (snapshots
and sharp upturn of 5(g) in Figs. 7b and 7c).

Contrastingly, for anionic PE solutions, at £=0.01 V/A, be-
cause of the weak solvations of countercations. In this con-
text, the electrostatic attractions of countercations and anion-
ic PEs conquer their solvation effects. The countercations and
anionic PEs exhibit microscopic aggregations in the solutions,
(snapshots and apparent peak of S(g) in Figs. 7d and 7f).
Moreover, due to the weak solvation effect and the dominant
impact of electrostatic attractions for ionic components, with
the increase of E to 0.75 V/A, the strengthened electric field
can restrict the dipolar response of the H,0 to the ions. In this
context, the electrostatic interactions thoroughly overwhelm
the solvation effect, which results in the monotonically in-
creased aggregation of the anionic PEs and countercations, as
shown by the snapshots in Fig. 7(e) and the significant in-
crease in peak value S(g) at in Fig. 7(f).

Finally, the diagrams for structures of anionic and cationic
PEs in aqueous solutions as a function of electric field
strengths and monomer concentrations are summarized in
Fig. 8. Our simulations indicate that the competition among
electrostatic interactions, solvation of the PEs and counteri-
ons in H,O molecules as well as the applied E can cause the
formation of enriched structures of PE solutions. Specifically,
at relatively weak electric field strength (E<0.5 V/A), the
cationic PEs exhibit ideal solubility and uniform distribution in
aqueous solutions because of the strong solvation effects. In
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Fig. 8 Diagrams for structures of (a) cationic and (b) anionic PE
solutions as a function of monomer concentrations (c,) and
external electric field strength (E). The dark blue square, light blue
circle and yellow triangle denote the strong microscopic
aggregation structure, weak microscopic aggregation structure and
uniform solution state, respectively.

contrast, there exist weak aggregation regions for the anionic
PEs due to the dominance of electrostatic interaction be-
tween ionic species. With increasing the electric field strength
at £20.5 V/A, the electric field can cause significant orienta-
tions of dipolar molecules as well as dielectric decrement of
the solutions. In these conditions, the solvation effects of H,O
molecules are significantly weakened; therefore, the electro-
static interactions dominate over the system structures and
the PE chains exhibit strong aggregations in the aqueous so-
lution at the intermediate PE concentrations. It is worth not-
ing that due to the relatively stronger solvation effect of
counteranions, the strong aggregation region in cationic PE
solutions is narrower than that in the anionic PE solutions. In
addition, the extent of PE aggregation at ¢=2.2—11.2 mol/L
exhibits a nonmonotonic increase with increasing the electric
field strength, as illustrated in the discussion for Figs.
7(a)-7(c). It is noteworthy that previous experimental studies
have indicated that a relatively weak external electric field can
induce the aggregation of microscopic coacervate droplets
composed of oppositely charged polyelectrolytes, leading to
the formation of chain-like structures that further aggregate
with the increase in electric field strength.721 Additionally, in
the experimental study on the external electric field-driven
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self-assembly of ionic microgels, it has been observed that
the ionic microgel particles form chain-like structures in-
duced by the weak electric field, and with the increase in the
electric field, further aggregation occurs between these
chain-like structures.”3! The formation of these experimental
phenomena is attributed to the enhanced dipolar nature of
these droplets induced by the electric field. Importantly, our
findings regarding the aggregation of PE chains under £ are
similar to these phenomena, and our simulations suggest that
the dielectric decrement of the solvent could be another pos-
sible reason for the observed aggregations in experiments.

CONCLUSIONS

In summary, we investigate the structures of ions and polyelec-
trolytes in aqueous solutions under external electric fields using
molecular dynamics simulations. We employ a coarse-grained
model to simulate ionic species and use the TIP3P model to sim-
ulate the H,O molecules. Our model can capture the alterna-
tions in multibody correlations between ions, polyelectrolytes,
and asymmetric dipolar H,O molecules stemming from the ap-
plications of external electric fields.

We first investigate the solvation of individual ions with dif-
ferent radii under the applied electric field. It is illustrated that
even under the electric field, at fixed ionic radii, the reorient-
ing H,O molecules toward ions can cause nontrivial dispari-
ties in solvation effects between anions and cations, i.e., an-
ions retain much lower solvation energy than cations. With in-
creasing the electric field strength, the electric fields can en-
hance the orientation of dipolar H,0O and restrict their dipolar
response to ions, which results in the decay in ion solvation
and diminished difference in solvation energies for anions
and cations. The classical Born solvation energy, which is of-
ten used to predict the solvation energy at different ionic
sizes, cannot sufficiently capture these variations in ion solva-
tions, as well as the alternations of ions caused by the applica-
tion of the electric field.

We then systematically study the structures of ionic solu-
tions. Taking M*/I- and M~/I* types of salt ions (where M*/M-
represents the ions of which the size is identical to Li*/Li-,
Na*/Na-, K+/K-, or I*/I") as examples, we demonstrate that the
reversal of charge sign can cause significant differences in
ionic clustering, and the exerted electric field can further
cause microstructural variations of ions in aqueous solutions.
Specifically, on one hand, the electric field can exert reversal
forces onto cations/anions and promote their dispersions; on
the other hand, the electric fields restrict dipolar responses of
H,0 and cause the dielectric decrement of the media, which
in turn arouses the cation/anion aggregations. The competi-
tion of these effects results in the non-monotonic depen-
dence of ionic cluster size on the electric field strength. In ad-
dition, due to the asymmetric dipolar nature of H,0 and the
disparity in solvation effects for anions and cations, M~/I*
types of ions exhibit a more dispersed distribution compared
to the M*/I- ions.

Based on the above findings, we further explore the struc-
tural properties of polyelectrolytes in aqueous solutions. It is
indicated that anionic and cationic polyelectrolytes exhibit
completely different architectures under electric fields. At
weak electric field strength, the cationic polyelectrolytes ex-

hibit a uniform distribution in water attributed to the domi-
nant solvation effect of counteranions, the anionic polyelec-
trolyte tend to weakly aggregate due to their stronger elec-
trostatic interactions with countercations. Because of the cou-
pling of interactions between polyelectrolytes, counterions,
and H,0 with the electric force, increasing the electric field
can cause nonmonotonic variations in aggregation degree for
cationic polyelectrolytes, but monotonic variations for anion-
ic polyelectrolytes.

Attributed to the complex and long-range multi-body elec-
trostatic interplays between dipolar and ionic components,
the modeling of ion-containing polymers and soft matters re-
mains challenging. The couplings between sign effects (in-
duced by asymmetric dipolar natures) and electric force have
been particularly disregarded in previous studies. Since most
of the dipolar models, such as the Stockmayer fluid-like mod-
els could only consider the symmetric dipolar nature of the
liquid molecules, it would be important to develop new theo-
ries and simulation algorithms that are capable of accounting
for these effects. The sign effects can be significantly altered
by the application of external fields, we propose that these ef-
fects should be carefully considered in the relative studies. In-
depth and extensive experimental studies focusing on the
sign effects of ionic and polyelectrolyte systems would also
be necessary. Note that estimating the dielectric constant
from the reoriented dipolar nature of the liquid molecules
around ions is crucial for further understanding the structural
and dynamic properties of ion-containing liquid
materials.204243.741 Additionally, the application of electric
field can result in a significant decrease in the dielectric con-
stant of the ionic solution.['971] Therefore, it is essential to in-
vestigate the impacts of external electric fields and sign ef-
fects on the dielectric properties of the system. Moreover, in
recent years, studies on terahertz technology have been at-
tracting extensive attention.7>76l It would be important to
further explore the multi-body interactions between asym-
metric dipolar solvents and ionic species under the terahertz
alternating current electric fields.

Given that most polar solvents and some functional liquid
additives®3! exhibit a typical asymmetric dipolar nature, we
expect that the key findings and conclusions regarding the
sign effects on structures of ionic and polyelectrolyte under
an external electric field in this work might apply to many ion-
ic complex liquids and biological systems. This study con-
tributes to the comprehension of the fundamental physio-
chemical properties of ionic and polyelectrolyte solutions and
brings insights into designing/developing relative materials.
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