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ABSTRACT: Explicit solvent all-atom molecular dynamics simulations of mixtures of poly(styrenesulfonate)-
(PSS) and poly(diallyldimethylammonium) (PDADMA) polyelectrolytes at various salt (NaCl) concentra-
tions are performed. We characterize the formed polyelectrolyte complexes (PECs) and relate the observed
physical properties of PSS-PDADMA PECs to the properties found in polyelectrolyte multilayers (PEMs)
made of the same compositions. Our results reveal a change in the way charges are compensated upon the
addition of salt, namely from an intrinsic mechanism (polyanions pair with polycations) toward an extrinsic
one (polyions pair with salt ions). The probability of the intrinsic compensating mechanism decreases
from about 90% to about 60% when the salt concentration increases from 0.168 to 1 mol/L. The interaction
energies of the ion-pairing follow the order of Na-Cl>PSS-Na>PDADMA-Cl=PSS-PDADMA.
Furthermore, we investigate thoroughly the water distribution and study the hydration mechanisms in our
system. Water is found to be homogeneously distributed inside our investigated systems, while we find a
negligible difference between the hydration ability of (PDADMA þ Cl-) and (PSS þ Naþ). This lack of
asymmetric behavior demonstrates that the observed swelling-shrinking switch during the buildup of PEMs
cannot be related to the hydration behavior, and we suggest that the presence of a substrate has to play a
critical role. A further analysis of the water structure shows that the dielectric constant inside suchmixtures is
roughly 1 order of magnitude lower than in bulk water, and our determined values compare favorably with
experimental measurements. Finally the diffusion of water molecules inside the PE mixtures is found to
be 2 orders of magnitude slower than that in pure water.

I. Introduction

Polyelectrolyte multilayers (PEMs) are composed of alternat-
ing layers of oppositely charged polyelectrolytes (PEs) (synthetic
PEs or biomolecules), which are generally built up based on the
layer-by-layer technique.1,2 PEMs have stimulated great interests
from both academic researchers and industries due to their
potential applications, such as membrane, encapsulation, and
matrix materials for enzymes and proteins in sensor applications.
The current knowledge about the applications, structure and
synthesis of PEMs has been gathered together in several recent
reviews.3-8

Despite the large amount of experimental works, theoretical
and computational studies are relatively scarce (for a review, see
refs 9-11). Simulations performed so far to study PEMs are all
based on coarse-grained (CG) models due to the current inability
to perform all-atom (AA) simulations of such large and slowly
relaxing systems. The CG models have the advantage of bigger
system sizes and faster relaxation times but they donot allow for a
close comparison to experiments due to several simplifications
done in such models. For instance, the implicit model of the
solvent and the oversimplified electrostatic landscape. In parti-
cular, it was reported very recently that the implicit solvent
models may not be able to describe correctly the polyelectrolyte
adsorption under poor solvent condition,12 which can pose a
serious problem in the numerical description of PEMs because
most of experimental PEMs are prepared in such regime.

The present work aims to go beyond traditional coarse grained
simulations and we address the study of the behavior of PE
mixtures as a first step toward the study of PEMs using an
explicit atomistic description of the PEs, as well as of the water
molecules. In addition, we expect atomistic studies to be able to
provide useful information to refine and tune the potentials used
in CG models (see ref 10), which would allow CG models to
mimic better realistic systems under experimental conditions.

The study of the PE mixtures can be regarded as a first step
toward the physical understanding of the formation and the
structures of PEMs. PEMs and PE complexes (PECs) composed
ofpoly(styrenesulfonate) (PSS) andpoly(diallyldimethylammonium)
(PDADMA) have been experimentally characterized using
FTIR,13 as well as 1H14 and 13C15 solid-state NMR. On the
basis of such works, it has been concluded that the microscopic
structure of PSS/PDADMAPEMs far from the substrate is very
similar to that observed in PSS/PDADMA PECs. Support in
favor of the close relation between PECs and PEMs composed of
PSS and PDADMA has been provided by experiments16-19

and theoretical works.20 Nonetheless, some differences in the
secondary structures of peptides has been found in poly(L-lysine)/
poly(L-glutamic acid) (PLL/PLGA) systems when comparing
their respective conformations inside PEMsandPECs,21,22which
is probably related to the inter- and intramolecular hydrogen-
bonding in polypeptide systems.

Several works using atomistic simulations of PECs have been
intended to get insight about PEMs. Haynie et al.23 have studied
PECs composed of PLL/PLGA polypeptides, in which the
peptides of 6-mer (i.e., six amino acid length) were investigated
in the solvent of TIP3P waters. The hydrophobic interaction,
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in addition to electrostatic interaction, was found to play an
important role in stabilizing the secondary structure of the β-sheet.
In a subsequent work,24 the relation between the simulational
interactions of PECs and the experimental surface roughness in
PEMs was also analyzed, in which the 32-mer peptides were used
under both conditions. Note that an implicit solvent has been
employed in ref 24. Very recently, Hoda and Larson25 investigated
the poly(styrenesulfonate)/poly(allylamine hydrochloride) (PSS/
PAA) and poly(acrylic acid)/poly(allylamine hydrochloride)
(PAA/PAH) PECs to the aim of understanding the growth
mechanism of the corresponding PEMs (linear growth for the
former and exponential growth for the later), in which PEs with a
chain length of 20 monomers were discussed extensively.

In addition to the pureAA andCGmodels currently used in the
study of PEMs, some hybrid models might also provide a useful
insight. In that direction someworks have been already done using
explicit/implicit hybrid solvent method26 and multiscale AA/CG
hybridmethod (see ref 27 and references therein). In the case of the
explicit/implicit hybrid solventmethods, a work based on the PEC
systems has found that by reparameterizing the force field para-
meters of PEs, properties like RDF andRg obtained in the explicit
solvent method could be reproduced with the implicit solvent
model.25 Reddy et al.12 have suggested that an explicit solvent
model is required for PEs adsorption on the charged or neutral
substrate in poor solvent conditions. Therefore, the most reason-
able use one could do of those explicit/implicit hybrid solvent
models would be using the explicit method close to the substrate
and the implicit model in the water buffer region. Similarly,
we envision the use of AA/CG hybrid models in the study of
PEMs, in which the AAmodel is applied to the region close to the
substrate and the CGmodel in the water buffer region. Such types
of simulations will be much closer to experiments than current
simulations yet will stay within current computer capabilities.

In the present work, we want to gain a microscopic under-
standing of the structural properties of PEMs. Therefore, we
simulate a mixture of PEs containing water and salt in concentra-
tions close to those one can find in real PEMs. In order to get a
description as accurate as possible, we opted to perform explicit
solvent AAmolecular dynamics simulations. The PEmixtures are
expected to be closely related to the structure in the central region
of PEMs, i.e., far from the substrate and the PEM interface with
the bulk water solution. It is noteworthy that the previous
atomistic-level simulationworks23-25 are all studyingPECsystems
under very dilute PE concentrations, which can behave very
differently from the bulky PE mixtures investigated here. We are
specifically focusing on those properties which cannot be properly
investigated using the current oversimplified CG models. In
particular, the properties under study include the formation of
electrostatic pairs (ion-pairing), the hydration abilities of poly-
cations and polyanions, as well as the dynamics of watermolecules
(diffusion constant and dielectric constant). The influence of salt
ions on these properties has been also thoroughly studied.

Among the several PE combinations that have been experi-
mentally characterized, the PSS/PDADMA combination using
NaCl as salt is one of the more extensively studied systems. And
as previously discussed, the similarity between the properties of
PEM and PEC composed of PSS and PDADMA have been well
verified. For that reason, we have decided to focus our work on
PSS/PDADMA/water/NaCl mixtures.

The paper is organized as follows: In section II, the description
of the systems under study and the simulation details are given. In
section III, results and discussions will be provided. Finally,
conclusions are presented in section IV.

II. Simulation Methodology

A. Systems under Study.One of our main reasons to study
PSS/PDADMA mixtures is to gain insight about PEMs of

the same composition. It is known that such PEMs contain
water molecules and salt in addition to PSS and PDADMA. It
would be desirable to perform a systematic study of the
influence of water and salt concentration on the PSS/PDAD-
MA PECs properties by varying both concentrations indepen-
dently. However, AA molecular dynamic simulations are
computationally very demanding rendering such a systematic
study impossible. Recently Schlenoff and co-workers28 have
experimentally performed quantitatively studies of salt and
water concentrations in PSS/PDADMA PEMs using doping
equilibriummethod. Therefore, in the presentwork, wewill use
concentrations of water and NaCl inspired by their work.

In PEMexperiments, the degree of polymerization (DP) of
PEs are generally in the range 100-1000, which is far beyond
our current computer capabilities. Because of the electro-
static interactions, the diffusion of the PEs are so low that it is
difficult for atomistic simulations event to equilibrate such
systems. In general, the higher the DP is, the longer a simu-
lation must be run to reach the equilibrium state. In the
present work, we use aDP=12 for both PSS and PDADMA
as a compromise between the computer resources and getting
as close as possible to real experiments. Considering that the
persistence length of PSS is about 1.4 nm25 and the contour
length of PSS with DP= 12 is about 3.5 nm, the considered
PSSs behave rodlike.

In order to assess the effects of the chain length on the
physics of the PE mixtures, we have carried out preliminary
investigations using several DPs with the remaining para-
meters kept equal to those of system (i) (see Table 1). The
observed dielectric constant of waters are ɛ = 16.1 ( 0.5,
11.6( 1.3, 10.3( 0.9, 10.9( 0.6, 11.7( 1.4, for the different
values of DP= {1, 3, 5, 10, 12}. Our test shows that
differences between the dielectric constants are very small
when DP g 3. Furthermore, very recently Spruijt and
co-workers29 have experimentally investigated the dependence
of the structures of strongly charged poly(acrylic acid)(PAA)/
poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA)
PECs on four different DPs (20, 50, 150, and 510) of both
polycation and polyanion. The water contents inside the
PECs were found to be independent of DP, and to increase
with increasing salt concentration, and similar findings are
expected in other strongly charged PECs.29 Hence the calcu-
lated properties in PSS/PDADMA, both of which are strong
PEs, in the present work may not be expected to depend
strongly on the DP chosen.

We also remark here that although longer PE chains have
been simulated in previous atomistic works, some simplifica-
tions were applied: (a) in ref 24, peptides ofDP=32 are used
in combination with implicit solvent model; (b) in ref 25, the
PEs were modeled at united-atom level. The detailed discus-
sions were based on chains with DP = 20 at very dilute PE
concentrations (∼10-4 mol/L in monomer unit), and they
studied the structures of PSS/PAH and PAA/PAH PECs
under different DPs at the absence of both PE counterions
and salt ions; (c) a shorter PSS chain of DP = 8 has been
applied to study the adsorption on graphene surfaces at the
united-atom level.30

Table 1. Compositions of the Systems under Study

number of componentsa concentrationb

mixture PSS PDADMA H2O NaCl cPE cNaCl

i 35 35 2940 25 2.82 0.168
ii 35 35 3738 82 2.56 0.500
iii 35 35 4536 180 2.33 1.000
aDegree of polymerization is 12 for both PSS and PDADMA.

bUnit: mol/L. Standard deviation are less than 0.2%.
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The chemical structures of PSS (polyanion) and PDAD-
MA (polycation) are depicted in Figure 1. It should be
noticed that in the case of PDADMAtwodifferentmonomer
conformations are possible due to the relative position of the
allyl groups (trans or cis). In order to get closer to the
experiments, we set the ratio trans:cis to be 6:1 (see refs 31
and 32), that is, all the monomers from 30 (out of 35)
PDADMA chains are in the trans conformation, and all
the others are in the cis conformation.

The amount of salt (NaCl in the present work) andwater is
set basedon the experimental determinationsof Schlenoff et al.28

mentioned above. The compositions of our PE mixtures are
summarized inTable 1. It should bementioned that, in ref 28,
the concentrations of water and salt were obtained for PEMs
in equilibrium with a water buffer: the salt concentration
refers to that in the water buffer region, while the water
concentration is the one inside PEMs, and therefore our
concentrations are only a rough approximation to those one
could expect to have inside PEMs. Themain approach we do
is to assume that the salt concentration inside and outside
PEMs are roughly similar and the osmotic equilibrium do
not substantially bias them. To our best knowledge, no
experimental determination of both the contents of water
and salt inside PEMs is available. It would be highly desir-
able to have experimental works performed in such direction
in order to have a more accurate ratio of salt to water in
PEMs simulations.

B. Simulation Details.Classical molecular dynamics (MD)
simulations are performed using the package GROMACS
4.0.5.33 We used the leapfrog algorithm and a time step of
2 fs. All covalent bonds involving hydrogens are constrained
using the LINCS algorithm.34 Because of the ability to
reproduce the hydration behavior and the dielectric constant
of waters,35 the SPC/Ewatermodel36 is chosen, the geometry
of which are fixed with the SETTLE algorithm.37 The other
force field parameters are based on the OPLS-AA force
field.38 See the Supporting Information for the OPLS-AA
potential energy. Because of the lack of force field para-
meters (i.e., the partial charge) of diallyldimethylammonium
and sulfonate groups in theOPLS-AA, somemodifications have
been performed based on the original OPLS-AA force field:

• PSS: the partial charges of sulfur and oxygen from
the sulfonate groups are based on that of a neutral
charged and related group, i.e., sulfonamide
(-S(dO)2OR). In order to guarantee that the total
charge was -1 e, the partial charge of the benzene
carbon chemically bonded to the sulfur atom has been
modified from 0 to-0.44 e. To test the modified force
field for PSS, two calculations have been performed:
(a) Radial distribution functions (RDFs) from a sys-
tem composed of a 10-mer PSS are obtained under the
same concentrations of Kþ and water as those in
ref 39, where the force field for PSS was developed at

the united-atom level. Both of the calculated RDFs
(between sulfonate sulfur and Kþ, and between sulfo-
nate oxygen and water oxygen) agree well with the
reportedRDFs in ref 39. See Figure S1 in the Support-
ing Information. (b) Radius of gyrationRg of a 10-mer
PSS has been calculated under the same concentra-
tions of Naþ and water as those applied in ref 25. Our
measurement yielded a value of Rg = 0.72 ( 0.04,
which agrees well with the united-atom level simula-
tional value of Rg = 0.74,25 and a value of 0.66 nm
predicted based on an experiment(see ref 84 in ref 25).
Such agreements support that the present force field
for PSS is able to substantially catch the feature of
PSS. Note that a very precise force field need the
comparison with experimental data, which are lack
for PSS so far.

• PDADMA. The partial charges of PDADMA are
taken from ref 40: nitrogen -0.32 e, carbon of the
methyl groups 0.15 e, carbons in the ring bonded to
the nitrogen 0.21 e, and hydrogens 0.06 e.

In order to obtain a properly equilibrated system, the
following protocol is followed in all our simulations: The
initial systems are built using the package Packmol.41,42 An
initial cubic box of 40 nm is set and the polyelectrolyte
molecules are located inside an inner cubic region of side
30 nm centered within the box.Water molecules and ions are
placed in the remaining empty space surrounding the inner
region.

In the next stage we perform an annealing of the polyelec-
trolyte molecules keeping the waters and salt ions fixed at
their original positions. The temperature is lowered in suc-
cessive steps of 1 ns to 500K, 400K, 350K, and finally 298K.
Once the annealing has been finished, a pressure of 500 bar is
applied for a duration of 6 ns to force the waters and salt
ions to protude inside the polyelectrolyte mixture and get a
conformation closer to the onewe expect inside PEMs. In the
subsequent stage, four thermal cycles of 14 ns each are
performed in order to ensure that initial correlations among
molecules disappear. In each thermal cycle the temperatures
are changed at regular intervals according to the following
ascendent-descendent temperature profile: {298 K, 350 K,
400 K, 350 K, 298 K}. Followed by every thermal cycle is a
simulation performed at 298K, in which the potential energy
is recorded. The monitoring of the potential energy of the
system shows that after one or twoof those thermal cycles the
system is already at equilibrium. During those thermal cycles,
in order to speed up the process of accommodation of the
system, a cutoff method is used to deal with the electrostatic
interactions. After completion of the four cycles, the long-
range electrostatic interaction is imposed using the particle
mesh Ewald (PME) method,43,44 and the system is then run
by another period of 10 ns to equilibrate.

The production stage last for 100 ns, where the isobaric-
isothermal ensemble is used and the temperature is scaled
via a Nose-Hoover thermostat (characteristic time τ =
0.5 ps) which is used in combinationwith a Parrinello-Rahman
barostat algorithm (characteristic time τ = 4 ps, reference
pressure 1 bar, compressibility 4.5 � 10-5 bar-1). The
neighbor searching is done up to 1.2 nm, and updates are
performed each 10 time steps. LJ interactions and forces
are also cutoff at 1.2 nm. The long-range interactions are
handled via PME method with a direct space cutoff of
1.2 nm andFourier grid spacing 0.12 nm. Long-range disper-
sion corrections for the energy and pressure are applied.
Each 1 ps a conformation is recorded to perform the sub-
sequent analysis.

Figure 1. Schematic representation of PSS (a) and PDADMA (b).
In the simulations, the degree of polymerization is n = 12.
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III. Results and Discussion

A. Validation of the Obtained Trajectories. The electro-
static interactions present in our systems pose a severe
hindrance for numerical simulations to get proper equili-
brated systems. In order to ensure that the equilibrium state
has been reached, the fluctuations of the energy and the
volume have been monitored during the production runs for
several different initial conditions, see Table 2. In addition,
the dielectric constant and the diffusion coefficient of the
water molecules have been also computed. The error bars
next to the averaged values depict the standard deviations
registered during the 100 ns. Results in Table 2 support the
idea that production runs are performed in the equilibrium
state of the systems.

Further checks have been performed in order to ensure the
independence of the results on the initial conditions: system
i has the biggest PE concentration (∼2.82mol/L inmonomer
unit) and is thus expected to show the slowest dynamics.
Therefore, for such system we have done three runs with
different initial conditions. For lower PE concentrations,
systems ii and iii, two simulations with different initial
conditions have been performed. The initial structures are
built up using Packmol with different random seeds. The
same simulation protocol has been applied to all of them.
The dielectric constant and the diffusion coefficient are
dynamic properties which take a long time to be estimated
accurately and therefore can help us as an extra benchmark
of the quality of our equilibration protocol. Results for the
dynamical properties of water are listed in Table 2. The
results show a coherent agreement, which supports that the
equilibration protocol is suitable to obtain an equilibrium
state in the simulated systems. The large fluctuations ob-
served for the water diffusion coefficient will be discussed
later in section III.D.

The statistical analysis of the static properties has been
done using the results of the first run for each system because
differences for those observables among the different runs
for the same system are very small. For instance, the co-
ordination number of sulfur around nitrogen is calculated to
be 2.39, 2.32, and 2.36 in the three different simulations for
system i, which gives a deviation of less than 3%. However,
for the statistical analysis of the dynamical properties, all the
simulations available for a same system are averaged due to
the relatively larger fluctuations of such observables.

B. Ion-Pairing. Both PSS and PDADMA are known to be
strong PEs and to lead to the formation of PEMs dominated
by electrostatic interactions.45 In such type of PEMs, the
charge reversal (overcompensation), which is originated
from the charged adsorbing substrate, is assumed to play
an important role during PEM formation. The ratio between
the mixing enthalpy ΔH and Gibbs free energy ΔG has been
observed to be ΔH/ΔG ≈ 0.57 for such PEMs.45 Therefore,
an investigation on the ion-pair formation, mainly due to the
electrostatic interaction, is critical to understand the buildup
of PSS/PDADMA PEMs. Initially, it was assumed that the
salt ions are completely expelled out of the PEMs. In that
scenario, all the charge groups on polycations are charge
compensated by the oppositely charged polyanions, which is
called an intrinsic charge compensation mechanism. Experi-
ments have shown strong evidence for the intrinsic charge
compensation scenario to be unrealistic (see for example, refs
28, 46, and 47). Amore realistic situation for PSS/PDADMA
PEMs corresponds to the case where charge groups of PEs
are compensated by salt ions of opposite charge (extrinsic
compensation mechanism). Despite of the rinsing stages
performed in the building up of PEMs, salt ions have been
observed to remain within the PEMs: Schlenoff et al. have
found that the salt ions cannot be completely expelled out of
the PSS/PDADMA PEMs even though the PEMs are sur-
rounded by a water buffer region containing no salt.28

Current experiments allow to roughly estimate the ap-
proximate amount of salt present in the PEMs under ex-
tremely dilute salt concentration in the water buffer region.28

Unfortunately, with the current experimental state of the art,
it is not possible to obtain detailed information related to the
electrostatic pairings of PE-PE and PE-counterion. A
knowledge about the ion distribution inside the PEMs and
the relative strength of the electrostatic pairings may help to
develop more elaborated theoretical and numerical models,
and in turn it may provide useful information to tune the
properties of PEMs. One of the main goals of this paper is to
provide a first hint about the electrostatic pairing in the inner
layers of PEMs via the study of the PEs/water/salt mixtures.

It is noteworthy that due to the homogeneous nature of the
systems investigated here, the influence of the substrate effect
in PEM formation and the interfacial region between PEM
and the water buffer region cannot be studied. Also, since
the symmetric PEs (in chain length, charge ratio and con-
centration) are used here and our systems are charge neutral,
the charge reversal is not expected to occur in the present
work. In real PEM systems, the entropic effect as well as the
presence of a water buffer region are expected to play
significant roles, and thus the ion-pairing in the inner layers
of PEMs may change significantly. For instance, the prob-
ability of the extrinsic charge compensating of sulfonate
groups from PSS in system i is calculated to be about 10%
(see Figure 3), bigger than the experimental average of 6%.

1. PE-PE vs PE-Counterion. In the following text, S
refers to the sulfur atoms onPSS, andN stands for the nitrogen
atoms on PDADMA. They are used to represent the charge
groups on PSS and PDADMA (i.e., [CSO3]

- and [CH2CH3-
CH3CH2)N]þ, respectively (see Figure 1). Such selection is
done because those atoms are close to the geometrical center of
the groups. The radial distribution functions (RDFs) between
the oppositely charged atoms are depicted in Figure S2 of the
Supporting Information. Figure S2 shows that the first mini-
mum of the S-NRDF shows a very weak dependence on the
salt concentration: it remains at a rough distance of 0.64 nm
for all mixtures under study. Therefore, in the following rc =
0.64 nm is taken as the cutoff distance for the ion-pair forma-
tion with an except of Na-Cl ion-pairing.

Table 2. Calcualted Results of Several Observables

slow dynamics of H2O

mixture
potential,
kJ/mol

volume,
nm3

ɛ
b

diffusion
coefficientc

ia -208400 ( 600 247.7 ( 0.4 11.7 ( 1.4 3.61 ( 0.01
-208400 ( 600 248.3 ( 0.4 11.1 ( 1.2 3.49 ( 0.03
-208200 ( 600 248.1 ( 0.4 9.9 ( 0.6 3.65 ( 0.01

iia -295300 ( 600 272.6 ( 0.4 14.0 ( 0.6 6.02 ( 0.01
-294800 ( 600 272.5 ( 0.5 14.0 ( 0.4 6.51 ( 0.01

iiia -414700 ( 600 299.2 ( 0.5 16.2 ( 0.7 9.77 ( 0.03
-414700 ( 800 299.5 ( 0.5 16.5 ( 0.4 9.00 ( 0.07

a In the parallel runs, only the random seeds in building the initial
structures are different. Three parallel simulations are performed for
mixture i, which has the slowest dynamics of water. bDielectric constant
of waters. Error estimates are determined by block averages of 20 ns in
length. The experimental value of ɛ is less than 19 in PSS/PDADMA
PEMs.8,60 For pure waters system, the experimental value of ɛ is 78.3,58

and ɛ = 71 ( 6 for the SPC/E water model.59 cUnit: 10-7 cm2/s.
Determined from the mean-square-displacement data in the time range
of 20 - 50 ns, in which the diffusion is approximately obtained. For bulk
SPC/E water system, our calculated diffusion coefficient is 2.6 �
10-5 cm2/s at ambient condition.
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In order to study the relative weight of the different types
of charge compensation (intrinsic and extrinsic) inside the
mixture, one must first define a criteria for the different
groups: we assume that every charged PE group can be
compensated only via a single oppositely charged PE group
or salt ion; we consider a sulfonate (ammonium) to have no
pair if the closest distance r to an ammonium or Naþ ion
(sulfonate or Cl- ion) is larger than r> rc. Otherwise the
sulfonate or ammonium are said to be “charge compensated”
or to form an electrostatic pair. We consider the pair to be of
intrinsic nature if the sulfonate (ammonium) group has an
ammonium (sulfonate) group which is located closer to it
than anyNaþ (Cl-), otherwise it will be extrinsically compen-
sated according to our definition. Figure 2 shows a pictorial
representation of our used criteria.

Figure 3 shows the probabilities of the intrinsic and
extrinsic charge compensation of the PSS and PDADMA
groups. The contribution arising from noncompensated PE
charge groups, which originate from the hydration behavior,
is always below 1% of the groups, and therefore will be
neglected inwhat follows. For system i, the PE charge groups
intrinsically charge compensated account for about 90% of
the total, whereas only ca. 10% are extrinsically charge
compensated. These results clearly support that the intrinsic
charge compensation mechanism dominates over the extrin-
sicmechanism in PSS/PDADMAsystems. As expected, with
the increase of the salt concentration, the intrinsic charge
compensation becomes less dominated (passing from about
90% to about 60-70%).

It should be remarked that in system i, the charge com-
pensation contribution due toNaþ ions, (ca. 10%of the total
cases), is much larger than the molar ratio of Naþ to sulfur,
namely 0.06. This can be explained as a consequence of the
fact that the S-Na interaction is stronger than the S-N
interaction. A further proof of the interaction difference
will be presented later when discussing the calculation
of the interaction energies between the different charge
groups. Similar conclusions can be obtained in the study of
system ii, but not in system iii, the difference is assumed to be
related to the Na-Cl ion-pair formation discussed in the
next section.

Figure 3 also shows that the probability of extrinsic charge
compensation of PSS charged groups (10%) is larger than
that in the case of PDADMA charge groups (7%). Given
that both groups have also the chance to form S-N ion-
pairs, it is reasonable to conclude that the S-Na interaction
is stronger than the N-Cl interaction.

A further proof about the strength of the different electro-
static pairs is provided by the measurement of the nonbonded

(coulomb and LJ potential) energies which are calculated
based on the ion-pairing: if the central atoms of two oppo-
sitely charged groups are within their first coordination shell,
they are considered as being bound. The first coordination
shell is defined as the first minimum on the corresponding
RDF curve (see Figure S2 in the Supporting Information).
The bounding energy is calculated on all the atoms distrib-
uted on these two charge groups. For PSS, the center atomof
the charge group [CSO3]

- is chosen as sulfur, and for
PDADMA, nitrogen from [CH2CH3CH3CH2)N]þ. The ob-
tained interaction energy per ion-pair (in kJ/mol) follows the
order: Na-Cl (-520 ( 20)>PSS-Na (-420 ( 20)>
PDADMA-Cl (-280( 30) = PSS-PDADMA (-270( 20),
which is in good agreement with the previous results. On the
other hand, the energy calculation also shows that the LJ
interactions (ELJ=-10-20 kJ/mol) can be ignored in com-
parison with the Coulomb interaction. The interaction ener-
gies between the different ion-pairs are collected in Table [S1]
in the Supporting Information.

We define the coordination number as

NðrcÞ ¼ 4πr
Z rc

0

gðrÞr2 dr ð1Þ

where g(r) is the RDF, and F is the number density. The
coordination number N(rc) can provide additional informa-
tion on the ion-pairing. Figure 4 shows the coordination
numbers calculated using a cutoff rc = 0.64 nm, for the
nitrogen around sulfur(or S around N equally), Naþ around
sulfur andCl- around nitrogen.When the salt concentration
increases (cNaCl = 0.168, 0.5, 1.0 mol/L), the coordination
number of S around N (or N around S equivalently) de-
creases from 2.4 to 2.1 to 1.9. This can be explained due
to a 2-fold effect of the salt increase: the PEC structure
is becoming looser (cmonomer decreases from 2.8 to 2.6 to
2.3 mol/L), and the electrostatic screening is becoming
stronger.

In the very short distance region, the higher cumulative
number of Naþ, compared with that of N atoms, around S
atoms is apparently due to the relatively smaller steric
hindrance of Naþ. Up to the cutoff distance of 0.64 nm,
there are about 0.18 Naþ distributed around every sulfur
atom in system i.Given that the overallmolar ratio ofNaþ to
sulfonate groups is 0.06 in this mixture, it is suggested that
every Naþ is shared by about 3 sulfur atoms, which can be
verified using the calculated coordination number of sulfur

Figure 2. Schematic representation of the definitions of intrinsic and
extrinsic charge compensation used in the presentwork. S, andN stands
for the sulfur atom on PSS and the nitrogen atom on PDADMA,
respectively. Take sulfur as the reference, ri is the distance to the nearest
nitrogen, and re is the distance to the nearest Naþ. rc = 0.64 nm is the
cutoff distance of the first S-Ncoordination shell.When (a) ri< re and
ri < rc, the sulfur is intrinsically charge compensated; (b) re < ri and
re < rc represents the fact that sulfur is extrinsically charge compen-
sated; (c) ri > rc and re > rc means the sulfur is noncompensated.

Figure 3. Probabilities of sulfurs and nitrogens which are intrinsically
and extrinsically charge compensated. See Figure 2 for their definitions.
The error bar is the standard deviation.
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atoms around Naþ: 3.0, 2.8, and 2.3 for systems i-iii,
respectively. In a similar way, the coordination number of
nitrogen atoms around Cl- is found to be 2.6, 2.3, and 1.8,
respectively.

Figure 4, shows that the coordination number of Naþ

around sulfur is always larger than that of Cl- around
nitrogen. The difference between these two cases is consistent
with the previous calculation of the nonbonded energies
between ion-pairs.

Figure 5 shows, for system i, the 3-dimensional spatial
distributions of salt ions and PE charge groups around an
opposite charged PE group. In that representation the
coordinates of sulfur and nitrogen atoms are taken as the
origin point, i.e., (0,0,0). Panel a shows that the distribution
ofNaþ around sulfur has a biased orientation in the direction
along the S-O 3 3 3Naþ bond. On the other hand, nitrogens

occupymainly the regions above and below the benzene ring,
and above the sulfonate group. The stacking of the PSS and
PDADMA rings, as shown in panel c, is an expected feature
arising from the aromatic nature of the cycles. Nonetheless,
panel c also shows that the orientation between the rings
of PSS and PDADMA disappears very quickly. On the
other hand, due to the large steric hindrance of -CH2-
and-CH3 around theNitrogen atomonPDADMA, there is
no well-defined orientation of sulfur and chloride around it,
and the occurrence of chloride around nitrogen is so small
that its isosurface overlaps with that of sulfur, as shown in
panel b.

2. Na-Cl. Taking into account that the Na-Cl ion-pair
has the largest interaction energy, one may conclude that the
ion-pairing between them is strong. In order to test that idea,
the coordination number of chloride around sodium is
calculated. The cutoff distance we take in eq 1 is the first
minimum of the Na-Cl RDF, i.e., rc = 0.35 nm. The
coordination numbers obtained are as follows: 0.05, 0.15,
and 0.40 for systems i-iii, respectively, which shows that the
previous idea only holds in systemswith a high concentration
of salt. The low probability of Na-Cl ion-pair formation in
system i is attributed to the fact that the salt ions are charge
saturated by several (3 for Naþ and 2.6 for Cl-) oppositely
charged PE groups. The structure formed by salt ions and the
surrounding polyions is stable enough with regard to the
potential energy, whereas the presence of more water facili-
tates the Na-Cl ion-pair formation in system iii.

C. Hydration Behavior. The hydration ability of PEs (see,
e.g., refs 28 and 47), as well as the water distribution inside
PEMs,48-50 has not been studied in detail despite the fact
that those factors have a great impacts on the mechanical
properties and the applications (e.g., membranes) of PEMs.
The PEMs composed of different PEs show strong differ-
ences in their hydration behavior.47 Furthermore, several
studies have related the odd-even effect in the thickness of
PSS/PDADMA PEMs to hydration ability and also in part
to the effect of the substrate. The odd-even effect consist
in an alternating PEM shrinking and swelling depending

Figure 4. Effect of NaCl concentration on the coordination number of
N around S (or S around N equally) (lines), Naþ around S (lines with
solid triangles), and Cl- aroundN (lines with empty triangles). S andN
represents the sulfur atom on PSS and nitrogen atom on PDADMA,
respectively. 0.64 nm is the cutoff distance of the first S-Ncoordination
shell.

Figure 5. 3-dimensional spatial distribution in mixture i) of (a) nitrogen (in blue) and Naþ (in green) around sulfur on PSS, and b sulfur (in blue) and
Cl- (in green) around nitrogen on PDADMA.Adistance range of re 0.64 nm from the coordinates of S (panel a) andN (panel (b)) is considered. The
isosurfaces inblue and green are plotted at the number density of 0.01 Å-3 and 0.002 Å-3, respectively. Thehydrogenatomsare not shown.Panels a and
bare generatedusingVMD. (c) Stackedorientationbetween the ringsofPSSandPDADMAinmixture i.gR(r)=(1/N(r))

P
i,j [

1/2(3 cos
2 (Rij(r))- 1)],where

i and j refer to the ith ring of PSS and the jth ring of PDADMA, r is the distance between the geometry centers of the ith and the jth rings, Rij(r) is the
angle between the normal vectors of the ith and the jth ring at the distance of r, andN(r) is the total number of neighbor rings at the distance of r. gR(r)=1
means that the rings of PSSs are parallel to those of PDADMAs, and 0 stands for random orientations.
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whether the number of deposited layers is odd or even (see,
for example, ref.8). Schlenoff and co-workers28 have reported
that PSS/PDADMA PEM swell with PDADMA deposited
as the topmost of an odd layer. Furthermore, they have
suggested that PDADMA in the outermost layer (com-
pensated by Cl-) has a stronger hydration ability than PSS
(compensated by Naþ in the outermost layer).

1. Ion-Water.Table 3 shows the coordination numbers of
waters around sulfurs, nitrogens, sodiums and chlorides
calculated using a cutoff distance rc = 0.64 nm. Such
coordination numbers give us insight about the hydration
ability of the different PE charge groups and salt ions. The
results in Table 3 show that water coordination numbers for
all species increase with the salt concentrations due to the
fact that more water is present in the system, and salt ions
showahigher affinity forwatermolecules. The larger affinity
of the salt ions can be explained as a consequence of the fact
that PEs have hydrophobic backbones.

The difference between the values of the coordination
number of waters around PDADMA (compensated by Cl-)
and around PSS (compensated by Naþ) can be split in a
contribution arising from the environment surrounding PEs,
and a second contribution arising from the environment
surrounding the salt ions. It should be noticed that the
contribution of salt ions should be rescaled by the molar
ratio of salt ions to PE charge groups. Taking results from
Table 3, the contribution due to the PE can be calculated to
be 0.4, 0.6, and 0.2 for systems i-iii, respectively. The second
contribution arising from salt ions is 0.1, 0.2, and 0.2 for each
one of the three systems. Thus, the total coordination
number of waters around the ionic pair PDADMA-Cl-

are larger (i.e., 0.5, 0.8, and 0.4) than those for the PSS-
Naþ pair. These findings are consistent with Schlenoff,28

although the differences are quite small when compared with
the total coordination number of waters around the different
species. This behavior could explain why the odd-even
effects becomes very weak after the substrate effect disap-
pears (more than 10 bilayers) as it can be observed inFigure 2
of ref 28. Therefore, one can infer that the strong odd-even
effect occurring in the first few PSS/PDADMA PEM layers
is due to the substrate effect and not to the PE hydration
behavior. Nonetheless, the influence of the substrate effect
cannot be studied in our work due to the homogeneous
nature of the systems we are studying, and will be left to
subsequent study.

Experimentally, it has been reported that the hydration
number of sodium is bigger than that of chloride (see Table 3
in ref 28 or the original reference51). This is apparently in
contradiction with our results. In order to explain the
differences between experiments and our numerical simula-
tions, one should keep in mind that by definition, the
hydration number is the number of water molecules that
remain associated with the ion during its movement, while
the coordinationnumber is defined as the total number ofwaters
which are in contact with the ion.51 Thus, the coordination

number is a static quantity, while the hydration number is a
kinetic property. The hydration number is generally smaller
than the coordination number, even though they tend to be
identical for very small ions. As the size of the ion increases, a
larger difference can be expected between the hydratation
number and the coordination number. On the other hand,
our results agree with other numerical simulations for NaCl
in aqueous solution at ambient condition52 when one com-
pares the positions of the first maxima and minima in the
Na-O and Cl-O RDFs, as well as the trend of the coordi-
nation numbers of waters around Na and Cl (see Figure 3 in
ref 52 and Figure S3 in the Supporting Information in this
work).

Another point to take into account when describing the
hydration ability in terms of the water coordination and
hydration number is the difference in volume between the
ions [CSO3]

- and [N(CH2CH3)2]
þ, the latter of which has a

larger volume. Despite the fact that nitrogen has a bigger
coordination number of waters, it is not possible to predict a
larger hydration number for nitrogen. Thus, one must be
careful about which concept, either hydratation or coordi-
nation number, is addressed when describing the hydration
ability of the ion pairs. Experimentally, the coordination
number can be obtained fromX-ray measurements, whereas
ultrasonic velocity measurements are used in order to deter-
mine the hydration number.51 The swelling behavior of
PEMs is related to the coordination number of water and
not to the hydration number because the coordination
number has a thermodynamic nature.

Table 3 also shows the behavior of the coordination
number of waters around waters as a function of the salt
concentration. The increase of such coordination numbers
with the increase of salt concentration is a consequence of the
fact that more water molecules are present in the systems
with more salt ions. Nonetheless, in all tested systems, the
coordination numbers of water around waters is far below
the saturation value of 4.3. Such saturation value has been
obtained from a pure water simulation containing 4000
SPC/E water molecules that has been run for 20 ns.

2. Porosity. The mean size of pores in PEMs due to the
presence of water molecules can be experimentally deter-
mined using NMR cryoporometry50 and permeation experi-
ments.48,49 Experiments made on PSS/PDADMA49 and
PSS/PAH48-50 PEMs show that typical values for pore sizes
are close to 1 nm. The NMR cryoporometry determines the
average size of the water-filled pores while the permeation
experiments measure the sizes of those paths over which the
waters are interconnected. Both experimental techniques
report similar pore sizes and therefore one can conclude that
water inside PEMs forms a homogeneous nanostructure.8

Atomistic simulations can provide a further insight on the
details of such water nanostructure inside PEMs because in
difference to experiments one knows with precision the
position and orientation of all molecules and atoms present
in the system. In order to characterize such water structures,
one has to resort to a definition of what constitutes a water
cluster inside a PEmixture. Hereby, a water cluster is defined
as follows: a water cluster is composed of a cluster core and a
cluster shell: those water which have no neighbor of any PE
atoms are forming the cluster core; based on the formed
cluster core, those waters which have both neighbors of
waters belonging to cluster core and PE atoms are labeled
as cluster shell. The cutoff distance of the first O-O co-
ordination shell (i.e., 0.33 nm) is chosen as the distance
criteria for the neighbor calculations, in which O is the
oxygen of water. The definition of a water cluster allows us
to estimate the probability (expressed in %) that a water

Table 3. Some Calculated Coordination Numbers
a

mixture S-O N-O Na-O Cl-O O-Ob

i 13.9 14.3 17.3 18.9 2.7
ii 15.4 16.0 19.2 20.4 2.9
iii 16.2 16.4 22.2 22.7 3.1
aCoordination number of the water oxygen around sulfur, nitrogen,

Na, Cl and water oxygen. S, N, and O represent sulfurs on PSSs,
nitrogens on PDADMAs and water oxygens, respectively. rc = 0.64 nm
in eq 1 for all except O-O. b rc = 0.33 nm in eq 1. The coordination
number of waters aroundwater is 4.3 in our pure SPC/Ewater system at
ambient condition.
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molecule is found inside a cluster of waters with a core size i
(namely, number of waters inside):

probabilityðiÞ ¼ 100�
i � P

frames

nðiÞ
P

frames

N
ð2Þ

where n (i) is the number of clusters having a core size i, andN
is the total number of waters in the system.

Figure 6a shows probability(i) as a function of the water
cluster core size i. Clusters with a core size i=5 are found to
be the most probable ones. The volume of a typical cluster
can be roughly estimated using the bulk water density F =
1g/cm3 and is found to be 0.15 nm3. Such value for the cluster
volume is slightly smaller than the mean volume of the pores
that have been experimentally determined. Chavez et al.50

have found that if one assumes the pores to have a spherical
shape, a pore with a rough diameter of 1 nm has a mean
volume close to 0.5 nm3. The difference between the numer-
ical and the experimental values can be reasoned as follows:
the definition of porosity used by us is different from the one
used in the experiments where PE atoms might have been
taken into account which undoubtedly will result in bigger
pore sizes; on the other hand, in experiments using freshly
prepared PEMs the amount of water inside the multilayer
can be larger than the value one would found in an equili-
brium situation (it is reported that the initial water content
decreases until reaching a plateau at equilibrium28).

Figure 6 also shows that the maximum core cluster size
increases from less than 100 to more than 600 when the salt
concentration is increased. This behavior can be explained in
terms of a larger absorption of waters and the increasing
probability of Na-Cl ion-pairing. Notice that most of the
waters (86%, 76% and 59% for systems i-iii, respectively)
are not clustered (cluster size equal to 1), which can be due to
either only the cluster core of size of 1 is formed (i.e., the
waters are completely surrounded by salt atoms) or no
cluster core is formed for such waters. To further investigate

the distribution of the waters, another observable is defined:
the connectivity between waters. Two waters are said to be
connected if the distance between their oxygen atoms is less
than 0.33 nm, one can then analyze how many waters are
connected. Figure 6b shows the calculated results. System i
shows a peak for connected structures of 2880 waters, such
structures represent 98.0% of the total number of waters in
the system. For systems (ii) and (iii), the size of the most
probable connected structures gathers 99.1% and 99.1%,
respectively, of the total amount of waters. The average
number of unconnected waters represents e2% of the total,
and it corresponds to waters which are completely sur-
rounded by PE atoms and/or salt ions within the distance
range of 0.33 nm.

Parts a and bofFigure 6 show that the probability ofwater
cluster formation is very low and that most of waters are
in average distributed in a network-like form having links
one with the others. The previous results are coherent
with the homogeneous water distribution prediction done by
Schonhoff et al.8 based on their experimental results.
Figures 6c shows a snapshot of a slab with a thickness
0.33 nm generated from the last recorded conformation of
system i, where only the waters and the surrounding PE
atoms are depicted. The snapshot gives a clear idea of the
network-like distribution of waters inside the mixture.

D. SlowDynamics ofWaters.The slow dynamics of waters
in PEMs has been experimentally studied,53 but no theoreti-
cal or numerical works have been devoted to the issue. Some
recent simulation studies54-56 have provided an important
insight about the dielectric constant of waters in concen-
trated electrolyte solutions where electrostatic interactions
can be almost twice as strong as in pure water. Since waters
can be expelled out of PEMs during its buildup, one expects
an enhanced electrostatic interaction. A signature of such
strong Coulomb interactions inside the PEMs is the slow
dynamics for water molecules inside PEMs due to electro-
striction. The slow dynamics of waters inside PEMs can be
basically monitored via the study of the static dielectric

Figure 6. Effect of salt concentration on the probability (eq 2) of how many waters are (a) clustered, and (b) connected to each other. The distance
criteria is chosen to be re 0.33 nm (the first O-O coordination shell). In panel a, a cluster is composed of two parts: cluster core and cluster shell. The
former refers to those waters which have no neighbor of PE atoms; and the later is formed by those waters which have both neighbors of cluster core
waters and PE atoms. In all the three mixtures, the water clusters of the biggest probability include 5 water molecules, and most of the waters (g59%)
are not clustered. In panel b, if only the distance between two water oxygens satisfies the distance criteria, they are considered to be connected. In the
three systems, 2880, 3704, and 4494waters of the biggest probability are connected to each other, which stands for 98.0%, 99.1%, and 99.1%waters of
the corresponding systems. (c) Distribution of waters with the surrounding polyelectrolyte atoms, as generated from the last frame of mixture i by
VMD. PSSs are in blue, PDADMAs are in green, andwater oxygen/hydrogen are in red/white, respectively. Salt ions are not shown.Only a slap of the
thickness of 0.33 nm is shown (X = Y = 6.27 and 2 nm< Z e 2.33 nm). The waters show a network-like distribution.
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constant (i.e., static relative permittivity) and the water
diffusion coefficient.

1. Dielectric Constant. The dielectric constant, ɛ, depends
on the average of the total dipolemoment of the systemMB=P

μBi, and it is calculated according to57 as:

E ¼ 1þ 1

3VkBTE0
ðÆMB2æ- ÆMBæ2Þ ð3Þ

where V is the volume, T is the temperature of the system,
and ɛ0 denotes the dielectric constant of vacuum. The experi-
mental dielectric constant of purewater at ambient condition
is 78.3,58 and the dielectric constant reported for SPC/E
water model is 71 ( 6.59

Table 2 shows the dielectric constants of waters for our
three different systems. All the values fall into the range
9.3-16.9, and an increase of the dielectric constant is ob-
served with increasing salt concentration. The increase here
is due to the fact that with increase of salt also the amount of
water inside the PEMs increases, which reduces the electro-
striction of water. Experimentally, it has been predicted that
the dielectric constant of PSS/PDADMA PEMs should be
smaller than 19.8,60 Our calculated results are in good agree-
ment with the experimental data. Moreover, the buildup of
PEMs is generally performed at salt concentration of less than
1 mol/L, and PSS/PDADMA PEMs have been reported to be
stable at the salt concentration smaller than 2 mol/L.6

Our results show that the dielectric constant of water in the
PEmixtures under study are greatly reducedwhen compared
to the values observed in pure water systems. This result
clearly supports also the idea that water inside PSS/PDAD-
MA PE mixtures exhibits a slow dynamics: the slower the
dynamics is, the larger is the water ordered, and consequently,
the lower is its dielectric constant.

So far, in the coarse-grained models used to study PEMs,
an homogeneous dielectric background is assumed for the
interior and exterior of the PEMs. This approximation
apparently underestimate the Coulomb interaction inside
PEMs. In ref 10, the idea of space-dependent dielectric
constant was already proposed. The present results give
further support to the idea that coarse-grained simulations
of PEMs must be further refined.

2.Diffusive Behavior ofWaters.The diffusive behavior of a
particle can be classified according to the exponent β govern-
ing the temporal evolution of the mean-square-displacement

ÆjrBðtÞ- rBð0Þj2æ ¼ Δr2 �Δtβ ð4Þ
A value of β = 1 is associated with a random diffusive
behavior of the particle, which is the regime generally used to
determine transport properties like the diffusion coefficient.
In systems where electrostatic interactions govern the dy-
namics of the system, particles remain for long times trapped
into local cages formed by surrounding particles which leads
to temporal exponents β < 1. In such Coulombic systems,
the random diffusion regime is only achieved for very long
simulation duration.61 On the other hand, at very short
times, in the subpicosecond regime, particles tend to move
following straight paths. Such regime is know as the ballistic
regime and is characterized by a temporal exponent β = 2.

An accurate determination of the diffusion coefficient of
water can only be done by ensuring that time intervals taken
into account fall within the random diffusive regime. Figure 7
shows the temporal evolution of the exponent β for different
species in system i, which is the one expected to have the
slowest dynamics due to its high concentration of PEs.
Because of the poor statistics for large Δt, values of β are

only shown forΔt<60 ns. Clearly, only watermolecules are
able to reach the random diffusive regime within the time
framework of our simulations, one can roughly consider
water molecules to be in such regime when Δt > 20 ns. PEs
and salt ions would need longer simulation times in order to
be able to characterize properly their diffusive behavior.

The diffusion coefficient of waters is obtained within the
random diffusive regime (Δt ∈ [20, 50] ns) using the common
expression

D ¼ Δr2

6t

Table 2 on the last column shows the water diffusion
coefficients obtained for eachmixture and run.Water diffusion
coefficients are in the range (3.5-9.8) � 10-7 cm2/s, and as
expected, with the increase of the salt concentration (which
implies a lower density of PE) the water diffusion coefficients
increase. It is noteworthy that the obtained results for the
diffusion coefficient of water are in good agreement with the
experimental ones, which were measured to be about 2� 10-7

cm2/s by pulsed field gradient diffusion NMR.62 For pure
water, the SPC/E water model predicts a water diffusion
coefficient of 2.6� 10-5 cm2/s, and therefor one can conclude
that in the PE mixtures under study the water molecules
diffuse roughly 2 orders of magnitude slower than in pure
water. Therefore, the results of the water diffusion inside our
PE mixtures lead to the same conclusion as our dielectric
measurements: water molecules inside PE mixtures exhibit a
slow dynamics when compared to water molecules in a bulk
environment.

IV. Conclusions

Extensive explicit solvent AA MD simulations of PSS-
PDADMA polyelectrolyte mixtures have been performed. Seve-
ral systems containing salt (NaCl) andwater concentrations close
to those found experimentally inside polyelectrolyte multilayers
are studied in detail. Increasing the salt concentration from 0.168
up to 1mol/Lwe find that the PEmixture swells.We observe that
the intrinsic charge compensation dominates in all investigated
systems, but its relative weight decreases from about 90% to
about 60%. On the other hand, the interaction energy per ion-
pair follows the order: Na-Cl> PSS-Na> PDADMA-Cl=
PSS-PDADMA, that is, the extrinsic charge compensation is

Figure 7. Temporal evolution of the diffusion exponent β for several
species in system i, (see eq 4). The horizontal dash line with β = 1
represents the random diffusion behavior. For β < 1, the particles are
trapped in local cages formed by surrounding particles. The value ofβ is
obtained from the fitted function of f(x) =

P
i = 0
5 Aix

i to the original
data of log(Δr2) ∼ log(t) in the time range 0-60 ns.
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expected to be preferred energetically (in particular for PSS).
These facts indicate that the interaction energy does not play an
exclusively role in the ion-pair formation, and to precisely under-
stand the ion-pairing in real PSS/PDADMA PEMs, the entropy
effect shouldbe taken into account.Moreover, forPSS/PDADMA/
NaCl solutions, sodium is expected to be found in higher con-
centration than chloride inside PEMs. When the NaCl concen-
tration is low, salt ions are found to be charge saturated by up to
three oppositely charged PE groups.

Our simulational results agree with the experimental findings
for PDADMA-Clpairs that showa stronger hydrationbehavior
than for PSS-Na pairs. However, the observed difference is so
small that we are lead to conclude that this difference should
not play any significant role in the experimentally observed
odd-even effect for the PEM buildup. Instead, we believe that
the presence of a substrate is responsible for the odd-even effect,
which is presently under investigation.

The water analysis suggests that the distribution of waters are
network-like and homogeneous, which is in agreement with the
experimental results. Water molecules inside our mixtures are
strongly bound and exhibit a slow dynamics within the PE
mixtures. This behavior can be inferred from the measurements
of the dielectric constant and the diffusion coefficient of water.
The measured dielectric constants in the PE mixtures are in the
range ɛ ∈ [9.3, 16.9], i.e., roughly 1 order of magnitude smaller
than that for pure water. The measured diffusion constants for
water inside the PEmixtures are 2 orders ofmagnitude lower than
for purewater. If the salt content is reduced the dynamics ofwater
molecules slows down even further.

Although present computer capabilites limit our study to
mixtures of short chains with polymerization degree up to
DP = 12, we were nevertheless able to show that basic physical
properties of the PE mixture are very similar when chains with
DP = 12 or DP g 3 are, which is consistent with a very recent
experimental study on strongly charged PAA/PDMAEMA
PECs. Thus, we conclude that the performed simulations are
able to provide some useful insight for forthcoming theoretical
and experimental works. We also hope that our results can
be useful for refining present coarse-grained (CG) models or to
develop hybrid models that combine AA/CG ideas. We believe
that to accurately tackle PEMsystems, a high resolutionmodel of
PEs and solvents is necessarily required in the region close to the
substrate, although such condition could be relaxed in the water
buffer region.
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