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THEORY
Sub-diffusion and population
dynamics of water confined
in soft environments
How does water behave when restricted
in soft charged confining environments?
The question is relevant for systems ranging
from natural assemblies like proteins, to
synthetic nano-structured materials like
the proton-conducting membranes used
in fuel cells. We provide information for
a possible answer based on molecular
dynamics simulation. We clarify the
dynamical nature of water adsorbed
in ionic surfactant phases, and discuss
the implications for the analysis of
spectroscopy experiments with neutrons.
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Confinement at the nano-scale and interaction with
interfaces alter the structure and dynamics of bulk
water. Highlighting the details of these modifications
at the molecular level is a primary scientific challenge,
crucial in contexts such as biology [1], among others.
It is also important for the development of advanced
materials employed in modern technologies, including
novel energies applications. This is certainly the case for
proton-conducting, polymer electrolyte membranes
(e.g. Nafion) used as separators in fuel cells. Being able
to control the above modifications is key to optimising the
performance of these devices. Transport of protons, in
fact, correlates with the dynamical state of the adsorbed
water. This latter, in turn, affects the morphology and
functional response of the confining soft medium. Insight
into this interplay comes from spectroscopy, including
quasi-elastic neutron scattering (QENS), pulsed-field
gradient nuclear magnetic resonance (PFG-NMR)
techniques and computer simulation.
We performed molecular dynamics simulation of a
self-assembling model for ionic surfactants [2] at different
values of λ, the number of water molecules per surfactant
(figure 1, bottom). These materials are efficient,
simplified templates for the nano-scale organisation of the
significantly more complex Nafion ionomer [3]. By following
the time evolution of water molecules confined in
phase-separated environments with tuneable topology
(figure 1, top), we have also analysed their dynamics in
terms of quantities measured in neutron scattering experiments.

Figure 1
Top) Simulation snapshots of the studied ionic surfactants,
at low (lamellae) and high (micelles) water content. The
hydrophobic section of surfactants is represented by grey
beads, the charged hydrophilic units by green ones. Water
molecules are indicated in blue, hydronium cations in red.
Bottom) Details of the coarse-grained representation
of the surfactants, and all-atoms structure of the water
molecules and hydronium ions.

74 INSTITUT LAUE-LANGEVIN • ANNUAL REPORT 2016

SCIE NTIFIC HIGHLIGHTS

Figure 2

The mean-squared displacement (MSD) of water oxygens
is a particularly instructive quantity. In figure 2, top,
we show the results of our calculations at the indicated
values of hydration. We were able to represent these
data at long-times by power laws with exponents
decreasing continuously with λ (see inset), from an
almost bulk-like behaviour (α = 1), to extremely confined
cases (α < 1). This is an unambiguous hallmark of
sub-diffusion. Our model therefore turns out to be
an efficient tool for both underlining this remarkable
feature (substantially overlooked in previous studies) and
continuously tuning its strength, ranging from Fickian to
strongly anomalous diffusion, by simply varying hydration.
We have also clarified the origin of the observed
anomalous behaviour, an exercise only possible
through simulation. This is the result of a heterogeneous
and space-dependent dynamics characterising
water molecules at different distances from the phase
boundaries. In particular, we have demonstrated
that molecules close to the interfaces and in direct
interaction with the latter, move more slowly than
those with a bulk-like character lying further away
from the confining matrix. This partition directly identifies
water populations with different instantaneous dynamics,
a picture also provided indirectly by the modelling
of QENS data [4]. A quite technical study of the
long-tailed probability distribution of residence times
at the interfaces, reminiscent of continuous-time random
walks, delivers the complete picture. The observed
average anomalous dynamics can ultimately be
related to an exchange mechanism between molecules
pertaining to these dynamical populations. The details
of this process depend on water content determining
the observed variable degree of sub-diffusivity.
An alternative representation of the data in figure
2, top, also allowed us to reproduce water diffusion
coefficients determined by different spectroscopies, as
shown in figure 2, bottom, as a function of hydration.
QENS (open squares) typically probes displacements of
a few angstroms, on time-scales ranging from one to a
few hundred picoseconds. PFG-NMR (open circles), in
contrast, measures the self-diffusion of water over large
distances, of the order of the micrometre, with typical
time-scales of a few milliseconds. The experimental
observation that the two sets of data do not coincide
has been rather artificially explained by introducing
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Top) Mean-squared displacements of the water oxygen atoms, at the
indicated values of λ. The solid lines are the power-law fits described
in the text, the dashed lines indicate the limiting Fickian (top) and
highly sub-diffusive (bottom) limits, respectively. In the inset we
show the hydration dependence of the power-law exponents.
Bottom) Diffusion coefficients obtained by PFG-NMR (open circles)
and QENS (open squares), together with the corresponding simulation
data (closed symbols) determined, as described in the text.
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coefficients characterising different types of dynamics
valid over the corresponding time-scales. Simulation
provides a complementary picture. When anomalous
transport is involved, the constant Fickian diffusion
coefficient must be replaced by a time- and lengthscale-dependent effective diffusion coefficient, Deff,
defined from the local slope of the MSD. Sampling the
simulation data for Deff at length-scales similar to those
associated with the experimental probes, we obtain the
closed symbols shown in the same figure. Surprisingly,
the simulation points convincingly reproduce the hydration
dependence of both experimental data sets, without any
complex fitting procedure. From this perspective, PFGNMR and QENS turn out to determine different values of
the same Deff, probing it at different length- (time-) scales.
We are currently working to extend this picture to
experimental and simulation data collected for Nafion.
This work will also allow us to clarify some aspects of
the interpretation of QENS measurements and establish
connections with other research domains, including
biology and advanced issues in statistical mechanics.
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