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Author's remarks

Two corrections have been made in the uncorrected proof:

1/ In the main text:
Huo et al. [82] must be corrected as Huo et al. [79].

2/ In the refecrence section:

Ref. [26] must be read as:

Takaba H., Hisabe T, Shimizu T, Alam Md. K. Molecular modeling of OH- transport in poly(arylene ether sulfone
ketone)s containing quaternized ammonio-substituted fluorenyl groups as anion exchange membranes. J Membr Sci

2017;522:237-244.
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HIGHLIGHTS

e Molecular dynamics is carried out with alkylammonium-g-PSU based membranes.
¢ The influence of the spacer length, the water uptake, the temperature on the anion and water transfer is studied.

e The residence time around the functional sites decreases with these three parameters.
¢ “Hopping” and “caging” motions are observed with the self-part of the Van Hove functions.
e The hydrogen bond network depends on the spacer length at very small water content.
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ABSTRACT

Molecular dynamics simulations with anion exchange membranes (alkyl trimethyl
ammonium grafted onto polysulfone) are performed to investigate the influence of the
spacer length on the transport properties, on the molecular exchange mechanisms be-
tween the functional group and the aqueous phase and on the hydrogen bond network.
This is especially insightful that in this work the hydration number is small. In this con-
dition the aqueous phase must be thought as an assembly of small clusters. The results
show an unexpected dependence of the water and hydroxide (OH) diffusivity on the
temperature and the water uptake. The distribution of the cluster size bonded to OH
explain partially the OH diffusivity. “Hopping” and “caging” motions are observed with the
self-part of the Van Hove functions even at high temperature. The characteristic time of
the survival probability correlation function around the functional groups is a decreasing
function of the alkyl length.

© 2021 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Ion exchange membranes (IEM) play an important role for a
wide range of engineering applications [1] such as separation

processes (electrodialysis, diffusion dialysis, capacitive

deionization) and energy production and conversion (reverse
electrodialysis, fuel cells and redox flow batteries) [2—4]. The
IEM are divided in two groups, depending on the charge of the
functional groups grafted onto the polymeric backbone: the
proton (PEM) and the anion exchange membranes (AEM) [5,6].
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Regarding the fuel cell (FC) technology, the PEMFC (proton
exchange membranes for fuel cell) present several drawbacks
despite their high performance and their longlifetime. PEMFC
require platinum (pt) or precious metal-based catalysis and
cell hardware resistance to the corrosion. It is only recently
that AEMFC (anion exchange membranes for fuel cell) are
regarded as a promising alternative [7—10]. In these systems,
the hydroxide anions (OH) are generated by the oxygen
reduction at the cathode and transfer the electric charge.
Therefore, the AEMFC present several advantages such as the
use of Ni-based catalysis and the alkalinity of these fuel cells
[11-13]. However, the main issue is the chemical stability of
the polymer because the OH is a strong nucleophile. This
induces the use of an operating condition with high water
content and a temperature lower than 60 °C [14—21].

At high water content, the hydrophobic phase, formed by
the polymeric backbone, is well separated from the hydro-
philic phase formed by the percolating water channel. The
functional groups are located between the two phases [22—24].
The hydrogen bond (HB) connectivity is high enough for the
aqueous phase to be homogeneous and continuous. Owing to
the close water coordination network around the OH ion (i.e
the hyperconnectivity), the anion diffusion is highly depen-
dent on the solvation structure [25], but also of the electro-
static interaction with the cationic groups. In bulk aqueous
solution, itis admitted that the anion diffusion is controlled by
two mechanisms: the Grotthus mechanism (or structural
diffusion) in which transfer of the charge defectis provided by
successive formation/breakings HB between surrounding
water molecules, and the vehicular mechanism in which
formation/breakings HB reactions are not involved in the
charge transfer. In hydrated membranes, the analysis with ab
initio molecular dynamics (AIMD) and classical MD, the two
mechanisms occur, the structural diffusion being the main
process [26,27].

At low water content, the aqueous phase can no more be
regarded as a continuous phase. The HB network must be
described as a set of clusters which size distribution depends
on the water content. As it decreases, the size of the water
channel and the hydration of the functional groups decreases.
At the same time, the water coordination around the oxygen
of the hydroxide ion (Oh) decreases also. This leads to the
increase of the vehicular process contribution on the hy-
droxide mobility. In the case of quaternary ammonium (QA),
the threshold of the hydration level Ay (No of water molecules
per function group), over which the AEM is hydrated enough
to contain continuous channel, is unknown. However, in the
case of Nafion 117, the structural diffusion is dominant if
An > 10 [28]. AIMD simulations on idealized structures func-
tionalized with QA groups and on QSEBS (styrene-ethylene-
butylene-styrene) show that below a threshold value of 6 the
anion mobility is controlled by the vehicular mechanism
[29-31]. MD simulations with BTEA (benzyltriethyl ammo-
nium) how that water bridged hydroxide pairs characterizes
the aqueous structure. When iy > 4, a hydrogen-bonded
network forms and the concentration of these pairs de-
creases with the increasing iy [32,33].

A way to enhance the segregation between the hydrophilic
and the hydrophobic phase and to enhance the alkaline sta-
bility consists in increasing the anionic graft length. This al-
lows to take away the hydroxide ions from the backbone. The
hydrophobicity of the long chain tends to form more efficient
hydrophilic phase topology and to increase the anionic con-
ductivity and/or chemical stability of the ammonium group
[8,17,19,34—42]. In the case of the QA group, the graft (also
named side chain) can be tuned by increasing the length of the
intermediate alkyl chain (spacer unit) or by substituting one of
the methyl group for a longer chain (extender chain)
[17,18,37,39,43,45]. Coarse grained MD with a PPO (poly-
phenylene oxide) backbone show that hydrophilic
morphology can be designed by the pattern of the tethering
from the lamellar structure to a more interconnected one
[46,47]. Adding several cationic groups in the same side chain
or tuning the hydrophobicity of the side chain are another way
to increase the variety of the aqueous morphology [48—51].

In the present work, the classical MD are carried out to
investigate the possible impact of the spacer length with an
alkyl-trimethyl ammonium grafted onto a PSU backbone in
the case of a small hydration level of 3 and 6. However, the
length of the spacer is much smaller than the length used in
the studies mentioned above. In order to compare the trans-
port properties of the hydroxide ion, of the water molecule
and of the QA group, four alkyl chains are used, from the
methyl to the butyl chain. The diffusion process is not only
influenced by the aqueous phase morphology but depends on
the interaction with the functional group and on the hydra-
tion shells around the anions and the water molecules. To
explore these aspects, the residence time distribution around
the QA group and the distinct Van Hove functions (QA/OH)
and (QA/H,0) are examined first. Then the self Van Hove
functions of H,O and of OH are analyzed and finally, the
hydrogen bond network is described. As the classical MD is
performed, the structural diffusion is not taken into account.

Model construction and methodology

The goal of the present work is to analyze the influence of the
spacer length on the transfer mechanism of water molecules
(H,0) and of hydroxide ions (OH) at the local scale and at the
model scale. As a first step, a polymer containing 10 mono-
mers is built with the software AMBER [52]. Each monomer
(PSU) is functionalized with an ammonium group grafted by
means of an intermediate alkyl chain which contains one to
four carbon atoms (see Fig. 1). In a 2nd step, four polymers
with 40 hydroxide ions and a variable number of water mol-
ecules depending on the water uptake (WU) are inserted in a
simulation box with a side length of 100 A by means of the
software PACKMOL [53,54]. As a 3rd step several annealing
cycles are performed in order to reach a relaxed configuration.
The characteristics of the eight membrane systems are gath-
ered in Table 1.

A first annealing cycle consists in a heatingat T = 600K, a
cooling at T =300 K in the NVT ensemble (N: No of atoms, V:
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Fig. 1 — Chemical structures of model polymers. (a) PSU; (b): graft (Z*) composed of a carbon chain (Methyl, Ethyl, Propyl,
Buthyl) bonded to an ammonium group (trimethyl ammonium).

Table 1 — Summary of the amorphous membranes. Crosses mean that the MD is not performed.

MTMA ETMA PTMA BTMA
Molecular weight 5149 5289 5429 5570
Water uptake (wt%) 10 20 10 20 10 20 10 20
Hydration level (Ay) 2.86 5.72 2.94 5.88 3.02 6.03 3.09 6.19
No of OH- 40 40 40 40 40 40 40 40
No of H20 114 229 118 235 121 241 124 248
Cell size (A) 300 K 31.58 32.34 31.88 32.7 32.25 33.16 32.64 33.56
Density (g/cm®) 300 K 1.23 1.25 1.23 1.21 1.22 1.22 1.2 1.2
Cell size (A) 353K 31.69 32.53 X X X X 32.81 33.63
Density (g/cm?) 353 K 1.22 1.23 X X X X 1.18 1.2

volume, T: Temperature) and a final molecular dynamics
(MD) computation in NPT ensemble performed during 500 ps
in order to obtain a first dense membrane with an imposed
pressure (P) of 1bar. Then several cycles of heating (NVT) at
600 K, cooling back at 300 K (NVT) and relax step (NPT) at 1bar
and 300 K are performed over a period of 100 ps, 60 ps and 60
ps respectively until a constant density is reached. Fig. SI-01
shows the density in function of the carbon number of the
spacer (N¢), WU and T. As a last step, before the data acqui-
sition, a MD simulation is performed during 1 ns in NPT
ensemble with a pressure of 1bar and a temperature of 300 K
or 353 K.

The MD simulations are carried out with DLPOLY package
[55]. The AMBER force field GAFF2 [56] and the periodic
boundary condition in the three directions are input by means
of the software DL_FIELD [57]. The OH are modeled with the
parameters of Jang et al. [58] and the TIP4P-2005 water model
is used [59]. The partial charge of the functionalized polymer
is computed through the Mulliken population analysis using
B3LYP and 6-31G**. The equation of motion is integrated using
the velocity Verlet algorithm combined with the Nosé-Hoover
thermostat and barostat with a time step of 1 fs. The relaxa-
tion times are 0.5 ps. The electrostatic interactions are
computed by considering the Ewald sum. The truncation
length of all the interactions is set at 11.5 A. Fig. 2 displays two
examples of simulated membranes.

Results and discussion
Radial distribution function

We first describe the molecular system by means of the radial
distribution function (RDF) g(r) and the coordination number
CN. The CN of atom B around an atom A inside a shell of radius
Ry is defined as:

Ra
CNA,B :471'% / rng,B(T)dr (1)
0

where N, is the total number of atom A, V is the volume of the
system and ga.p(r) is the radial distribution function of A
around B. Its expression is:

9500~ (smezr) / (%) @

where ng is the number of atom B located in a shell of thick-
ness dr at a distance r from atom A. Nj is the total number of
atom B.

Fig. 3 compares the N—N, N-Oh and N-Ow RDF between the
MTMA membrane (N¢ = 1) and the BTMA one (N¢ = 4) for the
two WU. Oh and Ow mean the oxygen atom of OH and H,0
respectively. From now, N means the nitrogen atom of the
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Fig. 2 — Two snapshots of a simulation box of PSU-g-BTMA
for two hydration levels at T = 300 K. (a): WU = 10%; (b):
WU = 20%. The box size is 33 A. Color chart: Light blue
(carbon), dark blue (nitrogen), yellow (sulfur), white
(hydrogen), red (oxygen), pink (ghost atom of the TIP4P
water molecule). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)

ammonium group. Tables SI-01 and 02 gather the peak posi-
tions and the coordination numbers CN of all the samples
used in the present work. The coordination numbers are
computed over the first shell volume which radius is equal to
the radiale position of the first minimum. Its value is in
parenthesis in Tables SI-01(b) and SI-02(b).

The Figures show the agreement with the profiles pub-
lished in Refs. [58,60,61]. Owing to the length of the grafts, the
published results must be compared with the BTMA ones. We
must keep in mind that the articulation and the volume of the
spacer and of the backbone depend on their constituents. The
system used in Ref. [58] is close to the present one as concerns
WU and the backbone even if three ammonium groups are
grafted onto two monomers. In the two other publications
[60,61], the radial profiles of the RDF and of the CN are reported
for Ay = 14 and the backbone is a polyvinyl in which one
methyl out of two is functionalized. Fig. 3 and Tables SI-01 and
02 show that the position of the peaks is smaller than in the
publications by 0.5 A to 1 A and that the main peak of N-Ow
and N-Oh RDF is composed of a doublet which is also

observable in Ref. [62]. The N—N CN (Tables SI-01(b)) varies
from 1 to 1.9 and from 0.5 to 1 for WU = 10% and 20%
respectively at T = 300 K. If T = 353 K (Tables SI-02(b)), the
value of N-N CNis 1.45 and 1 as WU increases. In Refs. [60,61],
its value is 1.4 and a little greater than 2 respectively. The N-
Ow CN is close to the value found in Ref. [58] (7 and 11.5 for
WU = 10% and 20% respectively). The N-Oh CN agrees the
value observed in Refs. [60,61] (2. and 2.2 respectively). The
peak height of the three RDF decreases with WU. This is
related to the fact that 1) the N—N CN decreases with WU as
the hydration moves away the ammonium groups [58], 2) the
N-Ow CN increases by a factor lower than 2 with WU and 3)
the N-Oh CN is independent of WU.

As concerns the aqueous phase, Figs. (SI_02), the peak po-
sitions are the same as in the three publications. However, in
the case of Ow-Ow RDF with WU = 10%, a shoulder is located
atr = 3 A. Shoulders are also observable in Ow-Ow and N-Ow
RDF profiles but with a much smaller amplitude in Ref. [58].
The Oh-Ow CN at 353 K agrees the values observed in Ref. [58].
Its value varies from 3.6 to 4.1 and from 5 to 5.3 for WU = 10%
and 20% respectively at T = 300 K which is close to the value of
4 observed in Refs. [60,61]. The peak height of the Oh-Ow RDF
is a decreasing function of WU because the CN increase rate is
lower than the WU one. The Ow-Ow CN increases with WU
revealing an increasing number of hydrogen bond between
water molecules, i.e an increase of the cluster size, as we will
see below.

Diffusion coefficient

It must be reminded that we take into account of the vehicular
diffusion process only. Fig. 4 show the self-diffusion coeffi-
cient vs. the carbon number of the spacer. The self-diffusion
coefficient is computed in the linear part of the MSD by the
following equation:

D=lim, ... (1) - 1(0))) G)

where r(t) and r(0) are the radial position of Ow, of Oh and of
N at time t and O respectively. In Fig. 4(b), the computed values
of Doy (T = 353 K) with Eq. (3) are divided by 4 to make the
figure easier to read. Fig. SI-03 present typical mean square
displacements (MSD) of Ow, Oh and N. The straight line
related to Dy in Fig. SI-03(b) is shifted to smaller values in
order to show that the MSD follow the same increase rate in
the time range [45,80] ns.

In the case WU = 10% (Fig. 4(a)), the three diffusion co-
efficients present a convex profile with a minimum for N¢ = 3
(PTMA). Surprisingly, the intuitive hierarchy Doy > Don > Dy iS
not always observed even if the curves have the same shape.
The simulations give Dop > Doy with MTMA for the two
temperatures. We can also observe the inequality Dy > Doy >-
Don with BMTA and the little effect of temperature on Doy, and
Dow (MTMA). For the two other polymers EMTA and PMTA,
Don ~ Dow. On contrary with the condition WU = 20%, the
inequality Dow > Don > Dy is observed whatever the value of
Nc. If T = 300 K, Doy increases with N¢ and Dgy, is almost
constant. At this temperature, the profile of Dy seems to be
erratic. It is not correlated to the N—N CN. This behavior does
not affect the diffusivity of H,O and OH. Finally, Doy and Doy
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Fig. 3 — Radial correlation function for different membranes and water uptakes. T = 300 K. (a): gn-n; (b): gn-ow; (C): En-oh-

are much more sensitive to the temperature than with the
condition WU = 10%.

The figures also show that at T = 300 K, Doy and Doy, in-
crease with WU except for MTMA and for BTMA as concerns
Don (decrease of 15%). The decrease of Doy and Do, with WU is

not observed at T = 353 K. It is admitted that the diffusion
coefficient increases with WU. However, the small decrease of
Don (BTMA at 300 K) cannot be regarded as a real one. Its
amplitude is smaller than the computation accuracy and
statistical fluctuations must be taken into account (see for
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Fig. 4 — Diffusion coefficient of Ow, Oh and N vs. number of carbon atom in the alkyl chain. (a) WU = 10%; (b) WU = 20%. The
two values of Doy, (T = 353 K-WU = 20%) in figure (b) are divided by 4.

instance Fig. 2 in Ref. [33] and Fig. 3 in Ref. [62]). As concerns
MTMA, the RDF do not reveal any anomalies, nor in the
membrane structure nor in the aqueous phase repartition
around the ammonium groups, which could explain this
surprising result. Moreover, this is confirmed by the analysis
of the spatial distribution of the functional groups which
displays a homogeneous distribution (not shown in the
manuscript) and by the invariance of Dy with WU.

Han et al. [58] computed at T = 353 K a value of
5.7 x 10 8 cm?/s (WU = 10%) and 7.38 x 10~ cm?¥/s (WU = 20%)
for Doy, and a value of 1.6 x 1072 cm?%s (WU = 10%) and
3.7 x 1078 cm?%/s (WU = 20%) for Doy, In the case of BTMA the
same order of magnitude is obtained but lower. The value of
Dow is 1.6 x 1078 cm?s (WU = 10%) and 1.5 x 1077 cm?/s
(WU = 20%) and Dgy, is 1.3 x 10~® cm?/s (WU = 10%) and

1.8 x 1078 cm?/s (WU = 20%). The discrepancy concerns Doy,
with WU = 10%.

Generally, experimental investigation with AEMFC show
that the conductivity increases by a factor of 2—4 if T increases
from 300 K to 353 K [18,20,21,38,40—42,44,45,50,51]. The
expression of the Arrhenius law gives an activation energy
(Ea) ranging from 12 to 23 kJ/mol. However, we keep in mind
that water content and swelling tend to increase with the
temperature. This may induce an increase of Ex. In the present
work Don (WU = 20%) increases by a factor of 1.2 (Eo = 3.5 kJ/
mol) and of 2 (Ex = 12 kJ/mol) for MTMA and BTMA respec-
tively. If WU = 10%, Dop, is quite invariant with T for these two
membranes. In Ref. [60] MD computations give a factor value
of 13 (Ea = 42 kJ/mol) for Ay = 14 with the non-scaled data.
With the same membrane as in Ref. [60], Chen et al. [61]
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computed a factor of 3.5 (Ex = 21 kJ/mol) with AIMD (NVT
ensemble and MSD over 1 ns).

As concerns the diffusivity of water in the present work,
Dow (WU = 20%) increases by a factor of 6.5 (Ex = 31 kJ/mol)
and of 10 (Ex = 38 kJ/mol) for BTMA and MTMA respectively.
This factor is 8.2 (Ex = 35 kJ/mol) and 3 (Ex = 18 kJ/mol) in
Ref. [60] (non-scaled data) and in Ref. [61] respectively.
Experimental measurements of Doy by PGSE-NMR (pulse
gradient spin echo-nuclear magnetic resonance) on two Poly
(2,6 dimethyl 1,4 phenylene oxide)-b-Poly (vinyl benzyl tri-
methyl ammonium) membranes [63] give a value of 20 kJ/mol
(An = 14) and of 25 kJ/mol (Ay = 10). These values are close to
the ones computed in Ref. [61]. However, NMR investigations
with Nafion [64—66] clearly show that E5 is a decreasing
function of Ay. At high water content (Ay > 10) the value of E, is
equal to the value of pure water (i.e 20 kJ/mol). As Ay decreases
from 6 to 3 E, increases from 25 + 5 kJ/mol to 32.5 + 4.5 kJ/mol.
The results published in Ref. [63] seem to confirm this obser-
vation. So, E, is certainly much greater than 20 kJ/mol at small
water content in AEMFC and additional MD computations and
experiments are needed owing to the high dispersion of
published values.

Residence time

Intuitively, the self-diffusion process is thought to be the re-
sults of two kinds of interaction 1/between the aqueous phase
and the functional groups and 2/between the hydroxide ions
and the water molecules. But we will see that it is not as
simple. The residence time spent close to the ammonium
groups by the water molecules and the hydroxide ions is a way
to examine the interaction between the aqueous phase and
the polymer. This time is evaluated by means of the auto-
correlation function Cg of the survival probability function
Pj (to, to+t) which takes the value of one if the molecule j is
inside the first shell of the ammonium group i from time t, to
time to+t, and zero otherwise [67,68]. The residence or corre-
lation time is computed from the following equation:

©

"= / Ca(t)dt with Ce(t) =3

0

Nu2o 1

1 Nm = 1tZPij(t07 to+1)
-0

(4)
in which N is the total number time steps (5t) of simulation, m
is the index defined by t = m 3t, Ngj,, is the total number of
quaternary ammonium, Ny is the total number of water
molecules.

The double exponential fit is often used in order to deter-
mine a short and a long-time scale [69,70]. The Kohlrausch-
Williams-Watts equation Aexp(—(t/mz)") can also be used to
compute tr [60,69,71]. B is the stretching parameter which
value is one in the case of an exponential phenomenon in the
bulk and decreases to 0.5 or lower in the case of a residence
time in a first shell. In order to determine the short and long-
time scale two stretched exponentials are used. Dubey et al.
[60] find a value of 0.3 and of 10.3 ps for B and <y respectively.
However, the authors find a mean residence time of 232 ps
(An = 14) if the partial charges are not scaled. In the present
work, Cg can be fitted with the KWW equation but not with the
double exponential one. The exponential behavior is observed

at long time which gives a much higher value of tz. Owing to
the high difference of value between the characteristic times
depending on the computation method, itis decided to use the
simplest computation.

Fig. 5 and Table SI_03 and 04 display the variation of 7z in
function of Nc. The mean residence time is a decreasing
function of Ng. When ty is greater than 10 ns, the Cr curve
show an important contribution of the residence time greater
than 50 ns. This means that some water molecules and hy-
droxide ions remain in the vicinity of an ammonium group
until 100 ns and that the real value of =y is higher that the
computed one. This is the reason why a sudden high value of
TR is observed for ETMA (WU = 20%) with the hydroxide ion.
However, this jump seems to have no consequence on the Oh
diffusivity. As expected, ty is a decreasing function of T and
WU and 7§"> 79¥. An unexpected behavior can be deduced
from Figs. 4 and 5: 79" and 79V have the higher value for MTMA
(WU = 10%, T = 300 K), but in this system and condition, Doy
and Doy reach their highest value compared to the other
polymers. In fact, the mean residence time does not mean that
a molecule leaves a functional group definitively. Cg(t) is a
time distribution only. A molecule can go back or enter
another ammonium shell after few time steps (1 fs). So, a
molecule can be inside a shell for a time much greater than zz.
The correlation between tg and D is not obvious even if Ty is a
decreasing function of T and D an increasing one. The N-Oh
CN is around 2 whatever the system at 300 K and 353 K. So, as
mentioned in Ref. [61], each hydroxide ion is in the first shell
of 2 ammonium groups in average. This means that a OH ion
can move through the simulation box without leaving the
hydration shell during the MD simulation even for high water
contents. This observation can be also applied to H,0.

The use of tg assumes that we consider one shell at least. In
other word, the value tr depends on the number of shells in
which a molecule stays at the same time. We define ty; as the
time during which a molecule is inside i ammonium shells
simultaneously. In Tables SI-03 and 04 are gathered the 7g; of
Ow and Oh. In all the computations, the maximum number of
shells is 5 for the two molecules. Only the three first ones
seem to be relevant. This proves that the value of 7y results
from the contribution of all these tg;. In general, tx; has a
much smaller value than the value of tgx because the
constraint to remain in i shells simultaneously is much
greater than to remain at least one shell and because a
molecule can go from one class i to another without leaving
the ammonium neighborhood. For each sample, the
maximum value is in red color. However, sometimes the
maximum value may have the same order of magnitude as tx
(the values are in blue color). This happens mostly for tr; and
Tra With WU = 10% and T = 300 K. This comes from the highest
contribution of the long residence time. For instance, if all the
molecules, remaining at least in one shell during 100 ns, stay
in fact in i shells during this time, tg; must be greater than Tz
because the number of molecules staying at least in one shell
is greater than the number of molecules staying in i shells. In
other word, the contribution of these sticking molecules in g;
is higher.

In most cases, 9% and 9y are a decreasing function of T
and WU as tg. We can also observe that at T = 300 K 79 , 791
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Fig. 5 — Mean residence time in the ammonium shell vs. the number of carbon atom in the alkyl chain. (a): WU = 10%; (b):

WU = 20%.

and 3% have the highest value in most of the simulations
which is consistent with the values of N-Oh CN. However, if
T = 353K, 7r, and tr3 have the highest value. As N increases,
9% shows a maximum for ETMA (N¢ = 2) unlike 79 whichis a
decreasing function.

At T = 300K, the mean number of QA shells (Ngpep) in which
the water molecules enter is 4 and 9 if WU = 10% and 20%
respectively, whereas the OH enters in 4 shells for the two WU
values. At T = 353 K, it increases moderately to 7 for H,O if
WU = 10%. But a jump at this temperature is observed when
WU increases to 20%: the number of shell increases to 27 and to
7 for H,0 and OH respectively. So, the increase of Ngﬁﬁu with T or
WU follows the decrease of 79¥. However, this is not observed
for OH for which Ngpep is independent of WU at T = 300 K.

Van Hove function

In relation with the high value of the correlation time, the Van
Hove function gy, (r, t) allow to evaluate how long the system
keep the memory of the initial configuration. gy (r,t) is the
probability density of finding a particle i in the vicinity of r at
time t, knowing that a particle j is in the vicinity of the origin at
time t = 0:

Gon (T, 1) :N%Zilz)i’lé(r —T1i(t) +1;(0)) (5)

where N; and N; is the number of particles i and j respectively.
If the two particles are of the same kind, two Van Hove
functions can be computed: the self one g,n5(r,t) ifi =j and the
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distinct one gynq(r, t) if i#j. gyns(r,t) is the probability that a
particle has moved a distance r in time t. It is related to the
diffusion process. gyn4(r,0) is the common radial distribution
function g(r).

Fig. 6 shows the variation in time of the N-Ow and N-Oh
distinct Van Hove function for MTMA (WU = 20%) at T = 300 K.
At time t = 1 ps, the profiles are close to the correlation ones in
Fig. 3. The main peak expands a little and the secondary one
becomes a shoulder after 50 ns. This means that the time
relaxation is much greater than 100 ns. The relaxation time is
the time needed for an ammonium group to be exchanged
with a water molecule or a hydroxide ion. This relaxation time
scale can be explained by comparing the MSD and the size of
the ammonium group. At time t = 100 ns, the MSD is around
70 A? (i.e if we take into account of all the data 1ns after the
annealing process), which is equivalent to a displacement
radius of 0.5 x /70 = 4 A. From the 1st peak of gy_on(r) and
gn-ow(r) we can estimate that the radius of the ammonium

group is around 3 A. So, the small displacement radius of the
ammonium group comparable to its radius does not allow the
OH ions and the H,0 molecules to replace the ammonium
groups.

The profiles of Ow and Oh gy, 5(r, t) in Fig. 7 show that even
after 10 ns the molecules remain inside a cage of neighboring
molecules. But this time Ow et Oh have not the same behavior.
As concerns Ow, the position of the peak remains at 0.55 A. At
500 ps a shoulder appears and becomes a 2nd peak located at
3 A until t = 8 ns. The profile expands over the distance of 4 A.
Then this maximum moves away after 15 ns. The 1st peak
disappears after 50 ns with a characteristic time of 7 ns. So, the
figure shows a cage effect and a hopping process at short
distance and a kind of diffusive one at long distance and time
greater than 3 A and 15 ns respectively. In the case of a ho-
mogeneous liquids, the profile is a gaussian curve moving
away revealing a Fickian process with no cage effect [71-73].
Cage and hopping phenomena are usually observed in
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t =100ps
t =500ps
t=2ns
—_ —t=4ns
N —t=28ns
b —t=15ns (a)
g . —t=30ns
2I = —1t=50ns
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[S>) t=90ns
12 14 16
r/A
5
—~
HI\
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Sy (b)
=
ZS
>

8 10 12 14 16
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Fig. 6 — Distinct Van Hove function at different times. MTMA (WU = 20%, T = 300 K). (a): N-Ow; (b): N-Oh.
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Fig. 7 — Self Van Hove function at different times. MTMA (WU = 20%, T = 300 K). (a): Ow-Ow; (b): Oh-Oh.

supercooled media, and also observed in the hydration shell of
proteins or of sulfonate anions in Nafion eventually [74—78].
As concerns the hydroxide ion, the cage effect is more pro-
nounced even if the peak moves slightly from 0.48 A to 0.9 A
(the characteristic time is much greater than 20 ns). No
shoulder is present until 50 ns. In order to get an idea of the
distance travelled by a molecule in homogeneous fluid, it can
be computed from the maximum position of the Gaussian
distribution. For instance, at T = 300K, Dyoo = 2 x 107> cm?/s a
water molecule needs 30 ps to travel 5 A. In this work, the
diffusion coefficients lye between 108 cm?/s and 107 cm%s.
To travel the same distance a molecule needs 6.5 ns and 0.65
ns respectively.

Figs. SI-04 and 05 show the same Van Hove functions but at
353 K. The temperature effect is mainly noticeable for the self-
correlations. For H,0, the 1st peak of the self-function remains

at the same place while the 2nd peak appearing after 100 ps
moves and expands after 500 ps. So, we can approximately
estimate that the relaxation time is around 15 ns, time after
which the 1st peak disappears. As concerns the Oh self-
function, the peak moves from 0.63 A to 2.4 A without any
shoulder before 8 ns. Even if the Oh profiles are not gaussian, a
translational diffusion begin to appear, which is not the case
for Ow. All these observations are consistent with the high
decrease of tr as T increases. Fig. SI-04 show that the radial
correlation between the ammonium group and H,0 begin to
disappear at very long time. But the correlation remains for
OH. This reveals that the effect of the small displacement of N
is persistent. As WU decreases to 10%, the same profiles are
observed but shows a smaller dependence on time, i.e the
time relaxation is a decreasing function of WU. The depen-
dence on N¢ of the time evolution of g5 is observable mostly
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if WU = 20% and the sensitivity increases with T. As shown
Fig. SI-06 (BTMA (WU = 20% T = 353 K)), the hopping and the
diffusion process are faster than with MTMA in accordance
with the decrease with 7z and the increase of Dy}, with N¢.

Neighborhood structure of Ow and Oh

The cage effect and the presence of a 2nd peak is related to the
neighborhood of Ow and Oh. The radial position of this peak is
close to the 1st peak one of the radial distributions Ow-Ow and
Ow-Oh. In order to investigate this region, the neighbor radial
profiles are shown in Fig. 8 (MTMA — WU = 20%, T = 300 K).
The profiles are computed in the following way. At each time
step and for each atom Ow or Oh, their neighbors are ordered
in function of the radial distance in a vector. One vector is

used for each atomic species. Then the radial distance of the
jth neighbor is averaged over the time interval (5 ns in the
present work). The probability for an atom of species i to be
the jth neighbor of Ow or Oh is normalized by the total
number of the jth neighbor atoms found over the time inter-
val. So, from left to right in Fig. 8(a), the 1st points of each
atomic species at 2.18 A represent the 1st neighbors, the 2nd
points at 2.36 A are the 2nd neighbors and so on. The distance
between two successive neighbors is not constant. The mean
radial position is defined with an average variability of +0.5 A
for Ow and of +0.3 A for Oh. The atom Q4 represents the ghost
atom of the water model located at 0.155 A from Ow and has a
partial charge of —1.112. Hx is the hydrogen atom of the
ammonium group. Ha and Ca are the hydrogen and the carbon
atoms of the aromatic ring in the PSU backbone respectively.
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Fig. 8 — Probability of finding an atomic species at a distance r of: (a) Ow; (b) Oh. MTMA (WU = 20%, T = 300 K).
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C3 refers to the carbon atom of the methyl groups in the
backbone and in the spacer.

Fig. 8(a) shows the species composition of the Ow neigh-
bors. The curves of Q4 and Ow are put together in the same one
because they are close to each other. It must be noticed that
the radial position of the maxima of the main species is close to
the position of the 1st peak of the RDF and their height results
from the computation of the probability over all the species
present at the jth neighbor position. As the radial distance
increases from 2.1 A, the Hw and Hx are the main neighbors,
the probability to find an atom Ha increases to the asymptotic
value of 12% at 2.5 A. The probability to find an oxygen atom
increases to a value of 15% and 20% for Ow and Oh respec-
tively. The maxima are explained by the presence of water-

water (ww) and water hydroxide (wh) hydrogen bond (HB).
Beyond a radial distance of 3 A, the three species Hx, Ha, Ow
and the aromatic carbon Ca are equiprobable. At the same
time, the main species Hw reaches a maximum of 32% at 3.15 A
which is related to a 2nd hydration shell. So, the water mole-
cule moves also in the vicinity of the backbone. The carbon and
the nitrogen atoms of the ammonium group and Hh also do
not appear because the number of these atoms are small
compared to Hw and the nitrogen atom is also too far away.
As WU decreases to 10%, the same kind of profiles is
observed with a much less contribution of Hw and of Ow. Hx is
the main neighbor at a radial distance r < 2.6 A. The probability
of finding Hw, Oh and Ha increases with r, so that atr > 2.8 A,
Hx, Hw and Ha are equiprobable (15%). The Oh probability

0.6
—e—MTMA
T=300K
—_
g T=353K
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=]
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[-™
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Fig. 9 — Probability that a water molecule forms Nyp with other water molecules and hydroxide ions. (a): WU = 10%; (b):

WU = 20%.
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curve have a maximum at 2.7 A and its value decreases
strongly after 2.7 A. At > 3 A, the Ca probability curve meets
the three last ones. The minimum of the Ow g, (7, t) profiles at
around 1.8—2 A correspond to the position of the three first
neighbors (Hw, Hx, Ha) considering the variability of the radial
position of these neighbors. The 2nd peak in Fig. 7(a) corre-
sponds to the maximum of the probability of finding another
Ow atom in the vicinity of Ow. The spacer length has a small
effect on the neighbor distribution around Ow. For BTMA, the
slight decrease of the contribution of Ha and Ca is balanced by
the increase of the spacer hydrogens contribution.

As concerns Oh, its neighbors are the atoms Hw, Hx and
Ow only. So, the OH ions remain far away from the PSU
backbone and the spacer, and the distribution around Oh
does not depend on the spacer length. The maximum of Hx
and Ow curves appear successively at 2.2 A and 2.8 A. As we
will see in the next section, the OH ions are bonded to several
water molecules so that the OH ions are separated from the
Hx atoms by the Hw atoms which occupy all the volume in
close contact with Oh. Owing to its partial charge, Q4 has a
higher interaction with Hw than Ow (Ow has no partial
charge). Therefore, the maximum of Q4 is located at a radial
position smaller than the Ow maximum. This is an artefact
of the water model. As for Ow, Hw is also the main neighbor
atlong distance (r > 2.7 A) revealing a second hydration shell.
As WU decreases to 10%, all the maximum remains at the
same radial position. The height of the maximum of Hx curve
increases at the same time to a value of 0.57 as the volume
occupied by Hw atoms decreases. The presence of Hw at a
distance lower than 2.1 A is related to the hydrogen bond
formation between OH and H,0. The Oh and Hh atoms are
not present because they are too far away (see Table SI_1(a)).
We will see that the OH forms 3.5 to 5 HB with H,0. So, the
H,0 are localized around the OH [26,31,32,79] and this ge-
ometry avoids the OH to be close to Hx. Owing to the pres-
ence of the hydrogen bonds with H,0, the OH ions tend to

diffuse with the H,O as the peak of g,,s(r,t) extends with
time. But at the same time electrostatic interaction with the
ammonium group prevent the OH to move away and this
peak remains at the same place when T = 300 K. At 353 K, the
kinetic energy is high enough for OH to be less influenced by
the ammonium group and to initiate a real but small diffu-
sion process.

Hydrogen bond network

The structural organization of aqueous phase is analyzed by
considering the hydrogen bond network. It is common to use
the geometric criterion to define the hydrogen bond. Luzar
and Chandler [80] used a distance of 2.5 A between the

hydrogen and the oxygen atoms, a distance of 3.5 A between
two oxygen atoms of two different water molecules and an

angle of 30° between the three atoms HwOwOw. The clusters
are identified by means of the Stoddart algorithm [81]. Huo Q3
et al. [82] observed that these three values must be recalcu-
lated in their membrane systems. In ppo-g-imidazole, the
distance Ow-Ow and Ow-Hw is 4.45 A and 2.35 A respectively,
and the angle is 40°. In order to take into account of the
interaction OH/H,0, the authors defined three other criteria:
3.45 A and 2.35 A for the distance Oh-Ow and Oh-Hw respec-
tively and an angle of 30°. These new values correspond to the
radial position of the first shell and to the angle distribution

between the three atoms HwOwOw and HwOwOh. Fig. SI-02
agree with these distance criteria. Fig. SI-07 shows the angle
distribution of the water/water and water hydroxide pairs in
MTMA and BTMA with WU = 10% and 20%. The distribution is
independent of T. As in Ref. [79] a shoulder is observed if
WU = 10% which justifies these authors to increase the value

of HwOwOw to 40°.
In the present work, the mean cluster size, i.e the number
of water molecules bonded to each other (N¢p), varies between
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Fig. 10 — Probability that a water molecule forms Nyp with other water molecules and hydroxide ions for an imposed value
of Nyw bond to others H,0. The SUM curves are the profiles in Fig. 9.
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2.1and 2.5 at T = 300 K and 353 K depending on WU: 75% and
25% for two and three H,0 respectively if WU = 10% and 60%
and 30% if WU = 20%. At WU = 20%, the cluster of size 4
represents 7%. Depending on Ng, the isolated H,O varies from
1.1% to 3.5% and from 7% to 11% when WU = 10% and 20%
respectively. The proportion of H,O bonded to one OH at least
varies from 66% to 75% and from 30% to 39% when WU = 10%
and 20% respectively. This means that all the OH are bonded
to a water molecule. The number of HB per OH varies from 3.5
and to 5 when WU = 10% and 20% respectively. These statis-
tics are independent of T. Huo et al. [79] find values of 2.5 and
4.5 with the same criteria for the same number of H,0 per OH.
In Ref. [32], the computed values are 3.3 and 4.5.

Fig. 9 show the probability (Pw.ug) that a water molecule
forms Nyp hydrogen bond with water molecules (ww-HB) and
with hydroxide ions (wh-HB) for all the systems studied at
T = 300 K and 353 K. In the following, the H,O which are not

bonded to another water molecule are included in the cluster
category. So, Pyw.up (Nug = 0) represents the probability that a
water molecule is isolated. These profiles are similar to the
profile computed by Huo et al. [79] with Ay = 3 and 6. For these
values of Ay, the number of H,O per OH in their system is 2 and
5 respectively a bit smaller than the values used in the present
work. We see that the distribution expands with WU and shows
little sensitivity to T. If WU = 10%, Pw.us (Ngs = 1) decreases
with the spacer length from N¢ = 1 to 3 unlike Py.yp (Nyp = 2). If
WU = 20%, Pw_ug 1S not sensitive to N¢ but in the case ETMA.
In order to go further in the analysis, the probability for a
water molecule to form Nyy HB in function of Nyp (Nyw-
+ Nwnu) with Nyw fixed is plotted in Fig. 10 for the two sys-
tems MTMA WU = 10% and 20% at 300 K. Ny and Ny mean
the number of HB between two water molecules and between
a water molecule and a hydroxide ion respectively. Each
curve represents a fixed value of Nyw. For example, if
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Fig. 11 — Probability that, in a cluster, hydroxide ions form Ny HB with water molecules. (a): WU = 10%; (b): WU = 20%.
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Nyw = 1 (blue curve) and Nyg = 1 then Nywy = 0, if Nyg = 2
then Nwy = 1 and so on. The curves with crosses represent
the sum of all the probabilities at a fixed value of Ny as in
Fig. 9. We observe that the probability for a water molecule to
form one and even two wh-HB only (blue curve) is very high.
These two configurations represent the main configuration.
This is observed for the three other polymers. In particular
for PTMA, the maximum of Py._yg is located at Nyg = 2. This
comes mainly from the small probability for the configura-
tion H,O—OH and a quite high probability for the configura-
tion HO—H,0—O0OH to exist. As WU increases to 20%, the
probability for H,0 to form no ww-HB (Nwy > 1) decreases a
lot unlike the probability for H,O to form at least one ww-HB
(red and green curves). For Nyz = 2, the configuration

H,0—H,0—OH largely replaces the configuration HO—H,.
O—OH. The balance between these two configurations is
revealed by the small decrease of the SUM curve at Nyp = 2.
This balance is observed for ETMA and BTMA but not for
PTMA. For Nyp = 3, the increase of Pw-HB is induced by the
increase of the ww-HB, i.e the increase of the cluster size.
The main configurations are OH—H,0(—H,0), and (OH—),H,.
O—H,0. The profiles are independent of T whatever WU and
Nc. We can conclude that the high decrease of the number of
H,0 forming no ww-HB, revealing the increase of the con-
nectivity, does not induce an increase of Doy, for MTMA,
ETMA and BTMA (Fig. 4), and that the high sensitivity of Doy,
with T (WU = 20%) is in contradiction with the small sensi-
tivity of the ww-HB/wh-HB repartition. The sensitivity of T is
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represent the probability that Noy hydroxide ions are bonded to a cluster.
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related to the increase of the Brownian motion. In this case
there might be a threshold value of WU under which the
temperature dependence is small. We can observe also that
the variation of Pw-HB with N¢ at Ny = 1 and 2 (WU = 10%,
T = 300 K) follows the variation of Doy.

The HB network between the clusters and the hydroxide
ions is analyzed now. The probability that water molecules in
a cluster forms Nwy hydrogen bonds with OH ions is dis-
played in Fig. 11. All the samples are represented for
T = 300 K and 353 K. At the origin (Nyy = 0) the clusters are
not bonded to a hydroxide ion. The two figures look quite
similar to Fig. 9. The maximum number of wh-HB in a cluster
is 4 whatever the value of WU, T, and N¢. As observed in Fig. 9
in the case WU = 10%, the number of clusters forming one
wh-HB, i.e bonded to one OH, decreases with N until N = 3
(PTMA), but the number of clusters forming two wh-HB rea-
ches a maximum for PTMA. The sensitivity to T is also small.
If WU = 20%, the probability is slightly sensitive to Nc and T
but MTMA.

As above, let us analyze the probability in function of the
cluster size. In Fig. 12(a), each curve with filled circles repre-
sents the probability for a fixed cluster size. The two curves
with crosses represent the sum of the probabilities at a fixed
value of Nyy. As before, when WU = 10%, the OH are mainly
bonded to clusters constituted of one H,0. As WU increases
for a fixed value of Ny, the probability of the two configu-
rations H,O—OH (Pyg;) and OH—H,0—OH (Pyg,) (red curves)
decreases to the benefit of clusters of greater size (green and
black curves) keeping constant the probability for a cluster to
form Ny HB (blue curves). In other word, the global proba-
bility profile is not sensitive to WU. This last observation is not
observed with PTMA owing to high decrease of the probability
of the configuration OH—H,0—OH: despite the increase of the
cluster size, the most important configuration remains
H,0—OH. This leads to the displacement of the maximum
from Nwy = 2 to Nwy = 1. All these results are slightly
dependent on T.

Does one OH forms one or more HB with a cluster? Fig. 12(b)
displays the probability that a cluster of size N¢;. is bonded to
Nou. The similarity with Fig. 12(a) proves that each OH have
about one HB per cluster but for Ny = 3. For N > 2, one OH
can form 2 bonds. However, the number of wh-HB per OH is
roughly the number of HB with clusters which size ranges
from 1 to 4.

At this step of the analysis, a tentative of explanation may
be suggested about the decrease of Do, and Doy, as WU in-
creases in the case of MTMA at T = 300 K. This behavior may
be related to the contribution WH hydrogen bond network if
we consider that the clusters formed by N¢;. H,0 diffuses less
than the clusters formed of (N¢;-1) H,O. The above observa-
tions about Fig. 12(a) may leads to the same conclusion about
the decrease of Do, and of Doy, With N¢ if WU = 10% and
T = 300 K. Of course, other mechanisms such as the motion
through the ammonium group network or the articulation of
the side chain may occur with an influence level depending on
the spacer length.

Conclusion

Under very small hydration conditions, Doy and Doy, is so
small that they have mostly the same order of magnitude as
Dy at T =300 K. At WU = 10% (A = 3), the hierarchy (Doy >-
Don > Dy) is not always observed and the diffusivity seems to
be unsensitive to the temperature. This can be explained by a
WU threshold which value depends on the molecular species
and on N¢. Owing to the small diffusivities and the fluctua-
tion of the MSD, no correlation of D with N¢ is observed but
for Dow at WU = 20% (Ax = 6) which is an increasing function
of Nc. Membranes with higher values of Ay and N¢ must be
studied.

The investigation of the residence time distribution around
a quaternary ammonium group (QA) shows that the charac-
teristic times 7% and r$" decrease with N¢, WU and T. Its
typical value lies from 1 ns to 30 ns at T =300 K and from 0.3 ns
to 15 ns at 353 K with 7§"> 79%. The OH and H,0 may stay
inside until three QA group shells simultaneously. This con-
firms that these molecules spend most of the time in the vi-
cinity of QA groups. Owing to the high volume occupied by the
QA groups, the Van Hove distinct correlation functions show
that the correlation between the QA group and the OH and
H,0 remains important over 100ns even at 353 K.

The self Van Hove functions of Ow and Oh reveal a Brow-
nian motion inside a cage formed by the nearest atoms and a
hopping motion. For H,0 at T = 300 K, the cage effect is pre-
sent during all the simulation time. The hopping motion
appear after 500 ps with a 2nd peak located at 3 A. This peak
begins to move and expanses after 20 ns revealing a diffusion
process observed also at T = 353 K with smaller characteristic
times. For OH at T = 300 K, a quite hopping process appears
after 50 ns. However, at T = 353 K the non-gaussian distribu-
tion of displacement moves and expands so that the
maximum is located at 2.5 A at 90 ns. It seems thatat T = 353K
these times decrease with Nc.

Finally, the connectivity of the hydrogen bond (HB)
network is explored. As the hydration number is very small
(An = 3), most of water molecules form at most one bond with
other water molecules. As WU increases, the number of
water-water and hydroxide-water HB increase. The main
bond configurations OH—H,0 and OH—H,0—OH is partially
replaced by H,0—H,0 and (H,0),—OH respectively. As con-
cerns the OH ion, the main bond configurations OH—H,0 and
OH-H,0—-OH is partially replaced by (H,0),—OH and by
OH—(H,0),—O0H and OH—(H,0)3;—0OH. The amount of replace-
ment depends on N¢ mainly when WU = 10%.

The simulations show counterintuitive results as con-
cerns MTMA as concerns the decrease of diffusivity as WU
increases. However, no specific signs on the membrane
structure are revealed nor by the radial correlation function
nor by the spatial repartition of the functional groups. So, a
deeper analysis of transfer efficiency through the ammo-
nium shells under drastic condition will be carried out in a
future work.
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