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Abstract

Quasielastic neutron scattering (QENS) allows measurement of the molecular displacements in time and space, from pico- to
tens of nanoseconds and from Angstroms to nanometers, respectively. The method probes dynamics from fast vibrational

modes down to slow diffusive motion. Every scattering experiment leads to a dynamic structure factor S(é, co) or its spatial

and temporal Fourier transform (van Hove correlation function G(?, t)). This shows exactly where the atoms are and how
they move. In this manuscript the basics of the QENS method are presented and a few examples highlighting the potentials
of QENS are given: (i) diffusion of liquids and gases in nano- and mesoporous materials; (ii) hydrogen dynamics in a high
temperature polymer electrolyte fuel cell (HT-PEFC) and (iii) influence of the surface interactions on polymer dynamics in

nanopores.
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1 Introduction

Knowledge of dynamics on the molecular scale is equally
important in material research and in biology. For solid state
crystals, the dynamics is typically represented by vibrations
and oscillations of atoms or defects in a crystal lattice. For
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soft matter systems, the dynamics of molecules or macro-
molecules (polymers) over large time and lengths scales are
important to clarify their functional properties. Exploring
both self-correlated and collective dynamics, the main func-
tional principles can be understood.

Neutron scattering has great potential for studying the
displacements of atoms and molecules over wide time and
length scales. This important advantage of neutron scatter-
ing is exploited to allow investigation of the dynamics of
atoms in a crystal lattice and chain dynamics of polymer
macromolecules. Neutron scattering experiments measure
the intensity scattered into a solid angle between € and
Q+ AQ as a function of the energy difference between the
incident E and scattered £ + AE neutrons. In a wider sense,
for a QENS experiment it is only necessary that the energy
transfer AE be small compared to the incident energy E of
the scattered particles.

One of the pioneering works on QENS were performed
on solid proton conductors [1, 2] combining incoherent
inelastic neutron scattering spectroscopy (IINS) and quasi-
elastic neutron scattering (QENS). Later advances in neu-
tron instrumentation and in data analysis allowed to open
new possibilities of the method for polymers and other soft
matter system including biomacromolecules and proteins [3,
4]. In the last decade there are a number of works where
QENS was used to study solid proton conductors based on
Metal-Organic Frameworks (MOF) [5, 6].

This review contains a few examples demonstrating the
power of the QENS method. In particular, we will focus on
(i) measurements of the diffusion of liquid, gases and poly-
mers in mesoporous materials; (ii) hydrogen dynamics in a
high temperature polymer electrolyte fuel cell (HT-PEFC)
and energy relevant materials. In the first chapter the main
principles of QENS measurements and limitations of the
method will be considered. In the following part the applica-
tions of QENS will be given. The potentials of QENS shall
be discussed in connection with Pulsed Field Gradient (PFG)
NMR and solid state NMR as complementary techniques,
which are also presented in this thematic issue.

2 Principles of QENS measurement

Scattering of thermal neutrons yields information on the
sample by measurement and analysis of the double differ-
ential cross section

do0) K |
dQdE k N IZJ: (bib;)S;(Q. ) "

i.e. the intensity of scattered neutrons with energy E; into
a given direction 8, where Q is the solid angle. The energy
transfer, i.e. the difference of kinetic energy before and after
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the scattering, AE = E—E; is related to the angular frequency
w=hAE.

The momentum transfer is Q, in which the wave vector is
given by Q = %,. - 7(} where 7(} and _k} are the wave vectors of
the incoming and outgoing (scattered) neuztrons and are

T

related to the neutron wavelength k;, = -=. Therefore
if

272
W= A—f = (% — %) and the neutron velocity is
Vif = % The energy transfer AE and ® can be determined
either by measuring the neutron wavelength by diffraction
or by measurements of the neutron velocities v; and v;. Note
that for all problems discussed in this article |Z,.| ~ lk;| and
therefore Q = j—”sin(%) = 2kisin<§> can be assumed.
Finally, b; denote’s the scattering length of atom nucleus i
and (...) is the ensemble average.

The unique features of neutrons are: (i) the isotope and
spin dependence of b,, (ii) typical wavelengths of cold and
thermal neutrons that match molecular and atomic distances
and (iii) even slow motions of molecules cause neutron
velocity changes that are large enough to be detectable.
In particular neutron spin echo (NSE) is able to resolve
changes of the neutron velocity Av of the order of 107 v,.
The intermediate scattering function S(Q,?) is defined as the
Fourier transform of S(Q,w) and directly depends on the time
dependent atomic positions. For nuclei of the same type we
have:

N o0
SQ.1) = <Z e"Q[rn<f>—rm<0>]> - <_f G (1 t)eiQ’dr>

nm

2
N

G puir (r: ) = <§ 2 3(tr = (r —fff<0>>)> 3)
ij

where r,(¢) is the position vector of an atom “n” (of alto-
gether N atoms) at time t and r,,(0) is that of an atom “m” at
time 0. G, (r, 1) is the van Hove pair correlation function
describing the probability to find an atom around a position
r + dr if an atom has been at time 0 at the origin.
Chemically equivalent atoms may have a number of dif-
ferent scattering lengths that are randomly distributed in the
sample. In particular the proton scattering length depends
on the relative orientation of proton and neutron spin. The
average value (bi) leads to coherent scattering, while the
fluctuating part b—(b;) relates to incoherent scattering that

determines the atom—atom self-correlation, i.e.:

< o
Sher(@:1) = <Z e"Q[”’(”"”(O)]> = <_f Gy z)eerdr>
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N
Gy (r.1) = <le > 6(r— (r0 - ri(0>))> ®)

where G is the self-part of the van Hove correlation func-
tion giving the probability to find a given nucleus i around
the position r + dr if it was located at r(0) at r=0. Thus,
incoherent scattering provides information about the cor-
relations between the positions of the same nucleus (usually
hydrogen) at different times and is an ideal tool to directly
measure diffusive processes. The van Hove correlation func-
tion corresponds, in PFG NMR, to the “mean propagator”,
where the time and space scales are in the range of, respec-
tively, milliseconds and micrometers [7, 8].

Applying the Gaussian approximation, i.e. assuming that
the atomic displacement distribution functions are Gaussian,
Eq. (4) transforms into

Q2
Se(Q:1) = exp (—; () ©)
where (r?(t)} is the mean-square displacement of atom “i”.
For most cases of diffusion in homogeneous media, the iso-
tropic motion of a given atom (or single molecule) is well
represented by the diffusion equation (Fick’s second law):

———2 =D, Vp(7 1) 0

where D, is the self-diffusion coefficient. Function p(7, 1)
represents the probability to find a given nucleus i around the
position r + dr if it was located at r(0) at =0. If the atom
is at the origin at time zero G,;(r,0) = 6(r), a Gaussian
expression for the self-correlation function can be applied:

1 r?
G, ,f(r, 1= exp(— ) 8
- (4nDy 1) AD, it ®

Fourier transform of the self-correlation function leads to
the intermediate scattering function:

Sself(Q’ t) = exp(_DsglfQZI) (9)

Self-diffusivity D, of the process under study may be
introduced by the Einstein relation <rl.2(t)> = 6D, 1. The
Einstein relation is equivalent to Fick’s first law (Eq. 7),
where the self-diffusivity is introduced as a factor of pro-
portionality between the concentration gradient of labelled
molecules and their flux density.

The scattering function for the coherent scattering (Eq. 3)
depends on the pair correlation function:

G(r,1) = Gyp(r,1) + Gy(r, 1) (10)

where the self-part was discussed above (see Eqs. 3—-6) and
the second term G ,(r, f) connects the relative motion of dif-
ferent atoms as a function of time. The QENS experiment is
following the change of local concentration gradient around
the equilibrium. By this way the transport diffusivity D, can
be obtained [9] from the collective diffusion coefficient at
the limit of small values of the momentum transfer Q.

The coherent scattering gives a valuable information
about the transport diffusivity of a variety of molecules,
including N,, O,, CO,, etc. in zeolites. In particular, the
coherent QENS studies indicate that the transport diffu-
sivity is rarely constant and that increasing or decreasing
trends can be found as a function of concentration [10].

Most of the scientific interest relates to structure and
dynamics in the mesoscopic regime [11-13]. Then, instead
of exact atomic positions, a coarse grained description in
terms of scattering length density Ap(7,t) is used which
considers the average scattering density of a specimen
(e.g. polymer segment and a solvent molecule or guest
molecule and host porous matrix). The scattering in the
lower Q regime only depends on the scattering length den-
sity difference, the contrast Ap(7,t) = p,—p, where p, and
p, are scattering length densities of different specimens.
The related coherent scattering function is then:

S(0,1) = / (Ap(7.1)Ap(7,0) )e‘iQ("’ )d37 an

The corresponding small angle neutron scattering
(SANS) intensity is proportional to S(Q,#=0). In most of
the following we use Q = |Q|, since the scattering func-

tions in question depend only on |é| At this level contrast

variation and matching by hydrogen (h)/deuterium (d)
labelling can be employed to enhance or suppress the con-
tribution of a signal from selected subunits in a system.
Only the motion of those structures that contribute to the
SANS intensity are seen in the corresponding NSE experi-
ment. Prominent examples of successful application of
contrast variation are the investigations of the single chain
dynamics of polymers in melts [14] or the investigation of
d-polymers that contain only a h-labeled section, i.e. at the
ends, at branching points [15] or at its center in a fully
deuterated matrix [16].

As a prerequisite for studies into polymer dynamics, the
relevant structural information needs to be available. On the
mesoscopic space—time scale of interest SANS is the method
of choice. There a well-collimated, monochromatic (within
5 to 20%) neutron beam hits the sample and the scattering
profile is monitored by a 2D detector. Most relevant neutron
sources feature at least one of such instruments [17]. Since
this review focuses on investigations of dynamic features
mainly by quasielastic neutron scattering (QENS), we briefly
discuss the important instrument categories:
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Time of Flight Spectroscopy (TOF) TOF-instruments
measure the neutron velocities before and after scattering,
in order to determine energy changes during scattering. This
is performed by exposing the sample to monochromatic
neutron pulses (typical band width /A= 1072). The beam
pulses are then produced by a chopper system that opens
the beam path periodically for a short moment. For cold
neutrons typical frequencies are between 20 and 60 Hz with
an opening ratio in the order of 1 out of 100. Typical pulse
widths are in the order of tens of microseconds. Thereaf-
ter the neutron pulses hit the sample and are scattered. In
this process some neutrons exchange kinetic energy with
the moving atoms in the sample, thereby they change their
velocities. After the scattering process the neutrons traverse
a well-defined flight distance between the sample and the
detectors. For an efficient TOF instrument it is mandatory to
cover a solid angle as large as possible with detector tubes,
which requires thousands of detectors. Neutrons that have
gained energy at the sample will arrive earlier. Those that
have lost energy will arrive later. The detected neutrons are
stored in a histogrammic memory according to their arrival
time. For each detector such a histogram vs. time is obtained.
A monitor (M) in the direct beam serves to normalize the
histograms to the incoming neutron flux. The counting his-
togram obtained at the different scattering angles contains
information on the double differential cross section to be
determined. The method allows to reach a relative resolution
1073, Typically such instruments are used to measure inco-
herent scattering from hydrogen containing polymers that
reveals the self-correlation function of the moving hydrogen
[18].

Backscattering (BS) Instruments are crystal spectrom-
eters where crystal reflections determine the wavelength of
the incoming and scattered neutrons. The highest energy
resolution achievable by Bragg reflection from a crystal is
obtained in backscattering. Then angular divergences only
enter to second order and the wavelength spread of the Bragg
reflected beam depends essentially on the uncertainty of the
reciprocal lattice vector G. With perfect Si crystals typically

Fig. 1 Spin rotations and setup
of a generic NSE-spectrometer.
Upper part: Spin rotation,
middle part: magnitude of the
magnetic field indicated by
differently sized arrows, lower
part: schematic setup of the =
JCNS-NSE-spectrometer. Copy-

% ~ 10~* is achieved. Backscattering instruments oper-

ate with both the monochromator and the analyzer under
backscattering conditions and reach relative energy resolu-
tions in the order of 10~*. Energy variation is performed in
exploiting the Doppler effect moving the monochromator in
a periodic fashion [19]. With such a resolution it is possible
to study e.g. proton motion on the nanoscale in polymeric
electrolyte membranes [20] or segmental relaxation in poly-
mer melts [21].

Neutron Spin Echo (NSE) An attempt to increase the
energy resolution of TOF instruments far beyond the 1%
level leads to an unacceptable loss of intensity. The neutron
spin echo method which directly determines the run time dif-
ference between neutron tracks before and after the sample,
improves the situation decisively [22]. NSE uses the neutron
spin directions of each individual neutron as an individual
stopwatch. The precession of the neutron spins in an external
magnetic field effect the clockwork of this watch. The basic
experimental setup of a NSE spectrometer is shown in Fig. 1
[23]. A beam of longitudinally polarized neutrons, i.e. neu-
trons with spins pointing into the beam direction enter the
instrument and traverse a m/2-flipper at instrument entrance
that rotates the neutron spins by 90° =n/2 such that they
point perpendicular to the beam. Immediately after leaving
the flipper the spins start to rotate around the longitudinal
field generated by the primary precession coil. At the sample
position the neutron spin may have performed a total of up
to several 10,000 or 100,000 precessions. However, different
neutrons with different velocities from the incoming 10% to
20% distribution have total precession angles that differ pro-
portionally. For that reason the ensemble of neutron spins at
the sample contains any spin direction on a disc perpendicu-
lar to the longitudinal field with virtually equal probability.

Nevertheless, each neutron is tagged by its velocity
with an individual precession angle of its spin that may
be viewed as the neutron’s own stopwatch. At the sam-
ple position there is n-flipper turning the spins during the
neutron passage by 180° == around an upward pointing
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axis. Thereby the flipper transforms a spin with precession
angle amod(2x) to — amod(2x) = — amod(— 2r) effec-
tively reversing the sense of the spin clock. Then the neu-
trons enter the secondary part of the spectrometer, which
is symmetric to the primary part. During the passage of
the second main solenoid each spin, provided the sample
did not change the neutron velocity, undergoes exactly the
same number of precessions as in the primary coil. Due to
the reversing action of the n-flipper this leads to the result
that all neutron spins arrive at the same precession angle
pointing upwards at the second n/2-flipper irrespective of
the individual velocity. This effect is called spin echo in
analogy to similar phenomena in NMR spin echo experi-
ments [24]. Then finally a n/2-flipper turns these spins by
90° into the longitudinal direction, thereby freezing the
acquired transverse spin polarization.

The analyzer transmits only neutrons with spin compo-
nents parallel to the axis. Thus, the spin projection to the
axis determines the probability that neutrons reach the
detector. If the neutrons undergo a velocity change Av, in
the course of the scattering by the sample the final spin
direction is no longer upwards and only the projection on
the vertical axis is transmitted. Thus, the cosine of the final
precession angle determines the analyzer transmission
leading in fact to a cosine-modulating filter. The filter
period is controlled by the magnetic field inside the main
precession solenoids. The frequency ® in the dynamic
structure factor S(Q,m) is proportional to the energy trans-

o _ m{( 2 2
fer between neutron and sample = o\~ (vn + Avx) )

For very small Av, linearization leads to w Av,. Due to the
cosine modulating filter function, the NSE instrument
measures the cosine transform of S(Q,w). The detector
output of an ideal NSE instrument at exact symmetry is
therefore

Ly %(S(Q) + / cos(tw)S(Q, w)dw) 12)

where the time parameter t = J 23)/%. The time parameter
depends on J—the integral of the magnetic induction along
the flight path of the neutron from the n/2-flipper to the sam-
ple and y=1.83033 x 10% rad/s T. J is easily modified by
varying the main solenoid current to which J is proportional.
Note that the maximum achievable time depends linearly
on the maximum field and on the third power of the neutron
wavelength. The S(Q) is a static scattering function at t=0
measured by SANS. The fact that the instrument output rep-
resents the intermediate scattering function S(Q,¢) directly
and not S(Q,w) makes it particularly useful for scattering
from a sample featuring relaxation dynamics [25].

Introductory educational material and a list of neutron
scattering facilities is available e.g. at www.neutronsou
rces.org.

3 Examples highlighting the potentials
of QENS

3.1 Diffusion of liquid and gases in nano-
and mesoporous materials

Details of adsorption process and diffusion of liquid and
gas phases in nano- and mesoporous materials are crucial
in many industrial processes, e.g. catalysis, separation
[26], development of novel materials for hydrogen stor-
age [27].

Since the adsorption process is a diffusion-related
phenomenon, measurement of adsorption isotherms and
macroscopic uptake are often performed in combination
with microscopic diffusion measurements covering the dis-
placements of molecular species inside the nanoporous
solid. In particular, how diffusivities of guest molecules
depend on the size, shape and interaction of the molecules
with the host surface, on the temperature, on the concen-
tration and composition of the sorbent phase, and on the
geometry and topology of the porous channel system has
been the focus of investigations over many years. Consid-
ering that the guest molecules are typically organic com-
pounds, methods sensitive to the presence of adsorbed
hydrogen are able to provide valuable microscopic infor-
mation [28-30]. QENS extended the time and length scale
of investigations down to 1073-500 ns and 0.1-100 nm
respectively, thus making it possible to observe hitherto
unobservable details of local dynamics of guest molecules
and of even collective dynamical effects.

In earlier times, many experimental studies were
focused on zeolites and other microporous solids. They
included experimental methods as well as computer simu-
lations. They were notably promoted by the application of
QENS following Hervé Jobic’s pioneering work in the field
[31, 32], with special emphasis on the understanding of the
dynamics of specific zeolite/sorbate systems [28]. Those
systems are encountered in significant industrial processes
such as hydrocarbon separations, fluid catalytic cracking
and catalytic dewaxing. At the same time, they serve as
model systems, e.g. to study the dependence on the alkane
chain length. Mobility of r-alkanes in silicalite-1 and in
MFI zeolites was found to be strongly dependent on the
carbon atoms per alkane molecule (Fig. 2). It was found
that the diffusivity values obtained by QENS are in reason-
able agreement with MD simulations. On the other side,
the diffusion of n-alkanes in Na-ZSM-5 is much slower
than in silicalite-1 demonstrating importance of Na coun-
terions in transport processes.

Combination of PFG NMR and QENS provided a
new insight into the study of mesoporous zeolite mate-
rials [34]. Due to the vast differences in the range of
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Fig.2 Self-diffusion coefficient, obtained at 300 K by different
techniques, for n-alkanes in silicalite-1: (O) MD simulations (@)
hierarchical simulations, () QENS in Na-ZSM-5, ([]) QENS in
silicalite-1, (o) PFG NMR. Asterisked symbols correspond to extrap-
olation to 300 K. [33] Copyright 2006 ACS Publishing

molecular displacements (from nanometers probed by
QENS to micrometers by the PFG NMR), both methods
are able to explain different details of mesoporous struc-
ture. In addition to the regular pore structure, one may
expect several transport resistances acting in the interior
of zeolite crystallites and this has been confirmed by PFG
NMR. The details of local mobilities influenced by intra-
crystalline morphology and surface interactions are to be
clarified by QENS. Indeed, the diffusivities of n-alkanes in
NaCaA zeolites found by PFG NMR demonstrate almost
no dependence on the number of carbon atoms (long time
scale) beyond n=3. The diffusivities obtained by the
QENS are much more dispersed indicating the importance
of the zeolite morphology on the local scale (see Fig. 3,
curves (e) and (d)).

As a significant difference between QENS and PFG NMR
studies, transport resistances within the individual micropo-
rous crystals with mutual spacings in between the measur-
ing ranges of the techniques, remain invisible by QENS but
are of immediate influence on the NMR data. In this way,
comparative QENS and PFG NMR studies provided direct
evidence of the existence of intracrystralline transport resist-
ances which could, moreover, be identified by structural
analysis via transmission electron microscopy [39].

In 2010 Jobic et al. reported the first application of in situ
quasielastic neutron scattering (QENS) of zeolite-guest sys-
tems subjected to microwave (MW) irradiation, for com-
parison with MW-driven molecular simulations, providing
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Fig. 3 n-alkane chain length dependence of self-diffusivities in differ-
ent zeolites: a silicalite-1 determined by PFG NMR at 423 K and b
Na-ZSM-5 determined by QENS at 475 K [35] (the dotted squares
correspond to the newer measurements in silicalite-1) and compari-
son with previous PFG NMR measurements in (¢) NaX at 475 K [36]
and in (d) NaCaA at 443 K [37] and e NSE collective diffusion meas-
urements in NaCaA at 475 K [38]. (see Ref. [34].) Copyright 2006
Elsevier

an unprecedented picture of selective heating and athermal
effects in these systems [40]: selective heating of methanol
in silicalite, but little to no heating of benzene in silicalite.
The hydrogen atoms of a methanol molecule experience
several molecular motions: translation, rotation, and vibra-
tion, which occur on different time scales and can be nicely
discriminated on the time/length scale provided by the TOF
instrument. It was found that the mobility modes are dif-
ferently influenced by the MW irradiation, with athermal
effects causing increased rotational and translational diffu-
sivity of the methanol molecules. The QENS results were
supported by the MD computer simulations. Such progress
helps guide new ways to selectively heat heterogeneous
material which is extremely important for tuning the selec-
tivity of adsorption in zeolites.

Understanding the behavior of hydrogen in clay rock sys-
tems opens new approaches to underground hydrogen stor-
age and is also relevant for deep underground nuclear waste
repository technology. Clays (such as bentonites) and clay
rocks are presently considered respectively as engineered
barriers and host rocks preventing the migration of radio-
nuclides released form the wastes. In particular, hydrogen is
expected to develop from anaerobic corrosion of the waste
steel canisters [41-43]. The development of reliable methods
to estimate hydrogen diffusion coefficients in cap rock lay-
ers and their hydrogen absorption capacity at temperatures
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and pressures of importance is crucial for the estimation of
hydrogen leakage rates and thus for assessment of the over-
all performance, safety and efficiency of storage facilities.
Adsorption and diffusion of hydrogen gas was investigated
in model smectite at high pressure by QENS and volumet-
ric techniques at the temperature and pressure of practical
interest [44]. In particular, QENS revealed that hydrogen
diffuses inside the clay porous network according to Fick’s
law (continuous diffusion), while jump diffusion cannot be
excluded at distances lower than 6.3 A i.e. less than the one
between two Na* exchangeable ions.

QENS was used by Silverwood et al. [45] to study the
diffusion of propane in zeolite ZSM-5 under static and mac-
roscopic flow conditions. It was found that the rate of self-
diffusion in the adsorbed phase was slightly faster under the
flow conditions studied. Control measurements showed that
the broadening seen in the quasielastic signal must result
from propane condensed in the zeolitic pores and not from
gas, either in the bulk or inter-particle voids. Due to the
highly penetrating nature of the neutron probe, this study
provides the possibility of direct diffusion measurements in
zeolites under realistic operating conditions for a wide range
of applications such as gas separation and storage, pressure
swing adsorption and catalysis.

Some of the self-diffusional processes which are impor-
tant for adsorption and catalysis applications can be moni-
tored by the solid state NMR Kolokolov et al. [46]. In par-
ticular, deuterium (*H) NMR has the advantage of tracking
down the angular displacement of the target deuteron chemi-
cal bond. In addition to the dipolar broadening of common
solid-state NMR spectra, for solid-state >H NMR spectra the
so called first-order quadrupolar broadening is observed [47,
48]. 2H NMR provides information about the geometry of
the reorientation of the chemical bond and its characteristic
time. Details of the local dynamics of n-butane adsorbed in
H-ZSM-5 studied by Kolokolov et al. [49] were found to
be in agreement with the QENS experiment. In particular,
the activation energy of translational diffusion related to
the diffusion on the length scale of a zeolite channel found
by QENS and H NMR are equivalent [50]. In addition
to translational motion, local conformational isomeriza-
tion and jump exchange between the nanoporous channels
were detected by the 2H NMR. Metal-Organic Frameworks
(MOF) materials with 3D interconnecting porous system are
characterized by hierarchical dynamics over a length scale
from one to tens of nanometers. In addition to the benzene
ring rotation detected by QENS, >H NMR reveals the rota-
tional barriers and activation energy for the anisotropic rota-
tion [51].

Processes taking place at the solid/aqueous solution inter-
face have a strong impact on the evolution of materials in
the fields of construction, environment, geochemistry, mem-
branes, catalysis, and nuclear wastes. Since most of them are

partially or completely porous, the processes and chemical
reactions occurring in this nanoconfinement have a major
impact on the evolution of materials at the macroscopic
scale. Baum et al. studied the dynamics of water confined
in highly ordered mesoporous silica with various pore sizes
in the presence of ions of different kosmotropic properties
[52]. Using QENS they determined the critical pore size
(2.6 nm) and the electrolyte concentration at which the influ-
ence of the ion nature becomes the main factor affecting the
water properties. This opens new perspectives regarding the
underlying mechanisms of the dissolution and precipitation
of minerals in nanoconfinement.

3.2 Hydrogen dynamics in high temperature
polymer electrolyte fuel cells (HT-PEFCs)

Conception, design and optimization of fuel cells in general
requires a good knowledge of the underlying physical pro-
cesses at all length scales. In Fig. 4 the schematic setup of a
fuel cell is presented, showing how microscopic techniques
can be related to macroscopic properties of the fuel cell.
The central part of the HT-PEFC is a membrane-electrode
assembly (MEA), which consists of two catalytic layers
separated by a proton exchange membrane. Water-free pro-
ton conducting membranes, polybenzimidazole-type (PBI)
polymer films doped with phosphoric acid (PA), which has
the highest reported proton conductivity are mostly used
in HT-PEFC and have been studied intensively during the
last decade [53, 54]. In particular, it has been shown that
optimizing the thermal and chemical stability of the poly-
mer, acid management, and the integral interface between
the electrode and membrane essentially improve the proton
conductivity and cell performance. Therefore, investigation
of proton mobility in the MEA on a broad time/length scale
is crucial for further fuel cell development.

load

e
anode d—} ) cathode

o

Phosphoric ) )
acid d
N ‘\*\ -

Fig.4 Schematic picture of a HT-PEFC with proton conducting
polymer membrane surrounded by the electrode layers. The zoom on
the right shows a sketch of the electrode layer consisting of Pt cata-
lyst particles on a carbon-PTFE support with phosphoric acid in the
remaining space [55]
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Different kinds of fuel cells have been investigated by
macroscopic, microscopic and scattering techniques, in
order to gain insight into the local structure [56] or proton
conduction mechanisms [57]. Computer simulations shed
light from another perspective on local processes [58]. High
Temperature Polymer Electrolyte Fuel Cells (HT-PEFCs)
[59] based on a proton conducting membrane such as
poly2,2’-m-(phenylene)-5,5"-bibenzimidazole (PBI) doped
with phosphoric acid (PA) are promising electrochemical
energy converters. Because of the high operation tempera-
ture of 160-180 °C a HT-PEFC has a high CO tolerance.
In contrast to the standard perfluorosulphonic acid (PFSA)
based low-temperature fuel cells (LT-PEFCs) water manage-
ment is not a critical issue of HT-PEFC [60]. One draw-back
of this fuel cell type is the lower performance compared
to standard low temperature fuel cells due to the activation
losses caused by phosphoric acid [59].

Hopfenmiiller et al. studied proton diffusion in PBI mem-
branes using neutron scattering techniques [61]. Time of
flight (TOF) spectroscopy and backscattering (BS) spectros-
copy have been combined to cover a broad dynamic range
from 1 ps to about 5 ns. In order to selectively observe
the diffusion of protons potentially contributing to the ion
conductivity, two samples were prepared, where in one of
the samples the phosphoric acid was used with hydrogen
replaced by deuterium. The scattering data from the two
samples were subtracted in a suitable way after measure-
ment. Thereby, the protons have been found to undergo sub-
diffusion, this means, their mean square displacement was
observed to increase following the relation

(r(t) = r(0))* o 1* (13)

with a time exponent k¥ < 1. The time exponent is correlated
with the fractal dimension d,, (“fractal exponent”) of the
trajectories (see, e.g., Sect. 2.6.3 of Ref. [8]).

k =2/d, (14)

The fractal exponent for the PBI membranes was thus
found to be d,, =2.46, notably differing from d,, =2 for ordi-
nary diffusion. Dependence of the relaxation times on the
wave vector 7(Q) shows a transition from normal to fractal
behavior at 0=1.1-1.4 A‘l, resulting in a characteristic
distance of 5 A. This distance was attributed to the lower
border of the fractal regime. The study was supported by
PFG NMR studies that reveal the fractal like diffusion over
a length scale of tens nanometer [62].

Khaneft et al. investigated the structure of the catalytic
layer with different Pt loadings starting from carbon sup-
ported catalyst [63]. Using small angle X-ray scattering
(SAXS) and transmission electron microscopy (TEM) it
was shown that the structure of the catalytic layer is mainly
defined by the structure of the original catalytic powder. At
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the same time the preparation process of the electrodes does
not have a strong influence on the structural properties in
the investigated Q-range. Using QENS the proton dynamics
of phosphoric acid (PA) in the catalytic layer depending on
Pt content was investigated over a broad temperature range.
Mean squared displacement of PA protons as a function of
temperature can be determined as described in Ref. [64] and
shown in Fig. 5. The mean squared displacement (msd) is
constant at low temperatures where the dynamics are sup-
posed to be frozen but one can clearly see the difference in
the behavior of the samples containing different amounts
of Pt. The shift of the step on elastic scans (Fig. 5, insert)
and subsequently on msd curves to the high temperatures
is related to the structure of the catalytic layer and particu-
larly depends on the amount of Pt particles in the layer. The
authors assume that PA is trapped around Pt particles and
this effect is stronger for higher local Pt concentration.

3.3 Dynamics of polymers in nanopores: effect
of interaction with the surface

During the last several years a dramatic increase in the syn-
thesis of new nanoporous materials has been observed [65].
They have found many unique applications in nanotech-
nology, chemistry and biochemistry. From an application
perspective, the dominance of surfaces in nanoporous sys-
tems makes them attractive as matrices for gas storage, gas
separation, catalysis and energy harvesting. Furthermore,

1.0
14+ S5
<
nkz 0.8
g
g 0.6
105
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°$ 8 e /:.
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S 0 100 200 300 40047 o
Vo6l f :
T/K P 2
: °
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® 60% Pt
0 100 200 300 400
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Fig.5 Mean squared displacement (msd) of the PA in the electrode
(Fig. 4) obtained by fitting the Q-dependence of the intensity in the
range 0.2 A" <0 <07 A" In the insert: intensity of the elastic
scattering of the PA in the electrode at O = 0.6 A~!, normalized to
the intensity at the lowest temperature where dynamics is frozen.
Decrease of the intensity at high temperatures indicates the change in
dynamical process [63] Copyright 2016 WILEY-VCH Verlag GmbH
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nanoporous materials can be used as a step in the fabrication
of multifunctional nanostructures or as membranes in sepa-
ration processes [66]. In particular, nanostructured materi-
als based on organic polymers led to the development of
new miniature devices that exhibit unique capabilities not
available in larger scale devices [67]. The majority of the
applications are related to the structural changes and trans-
port properties of the polymer embedded in the nanopores.

Polymer chain dynamics is commonly described in terms
of the Rouse and the reptation model [25]. The relaxation of
the Rouse modes, determined by a balance of viscous and
entropic forces, only depends on the monomeric friction. In
addition, long polymers heavily interpenetrate each other
and mutually restrict their motions at long times in forming
topological constraints (‘‘entanglements’’) [68]. The impor-
tant question that is addressed by computer simulations [69,
70] as well as by a variety of experiments on a macroscopic
level [71-73] is how the dynamics in the Rouse and reptation
regime change under confinement.

3.3.1 Model nanoporous structures

Self-ordered nanoporous Anodic aluminum oxide (AAO),
which is accessible by a two-step anodization process
introduced by Masuda and Fukuda [74], contains arrays
of aligned cylindrical nanopores with a pore diameter D,
from about 20 nm up to a few hundred nm, with a narrow
pore diameter distribution and uniform pore depth, which
can be adjusted between about 1 pm and several 100 pm.
Since a few decades these nanoporous materials have been
used as a tool (i.e. hard templates) for fabrication of polymer
nanostructured materials (tubes, rods, fibers etc.) [75]. It is
easily possible to tailor the diameter and the aspect ratio of
the obtained nanostructures. However, the most important
advantage is the possibility to control mesoscopic structure
formation processes inside the pores. There are relatively
few limitations regarding the materials that can be infiltrated
into nanotubes via hard templates. Mixtures, sols, semi-crys-
talline and liquid-crystalline polymers, thermoplastics, as
well as block copolymers, are eligible for this approach. The
inner surface of Alumina nanopores is covered by hydroxyl
groups resulting in a hydrophilic surface [76]. In the focus
of this review are linear polymer melts infiltrated in nano-
porous AAQO.

The high surface-to-volume ratio of the nanoporous AAO
hard templates makes it possible to observe and control
influence of the surface on polymer chain properties. It can
be reached by either using polymers with chemically dif-
ferent segmental structure or adjusting the properties of the
pore walls (pore surface functionalization).

The porous silicon is produced employing an electro-
chemical anodic etching process of Si (100) wafers (thick-
ness ~0.5 mm). The pores are mostly linear and oriented

along the Si crystallographic direction < 100 > (perpendicu-
lar to the membrane surface [77]) with a length of ~ 0.3 mm.
After a special treatment with hydrofluoric acid and hydro-
gen peroxide the pores have a roughly circular cross-section
with a mean diameter ~10 nm and their walls are covered
with silicon rendering them highly hydrophilic. The poros-
ity of the porous layer is about 0.55 in volume fraction. In
general, the porosity is higher, but the pores are not as well
ordered as for nanoporous AAO.

3.3.2 Infiltration of polymers in AAO

Infiltration of the polymer is performed by different methods
[67] depending on polymer composition and nanopore size.
For most of the experiments presented here, self-ordered
AAOQ with a pore diameter of 20-40 nm, a nearest-neighbor
distance of 55 nm, and a pore depth of 100 um were used
(Fig. 6). Those Alumina nanoporous templates were pre-
pared following a procedure reported by Jessensky et al.
[78]. The AAO layers were attached to underlying 400 um
thick Al layers so that the AAO pore bottoms were closed.
For NSE experiment it is important to avoid the strong small
angle scattering of the templates. Therefore, the infiltrated
polymers need to have the same scattering length density as
the AAO template. In blending deuterated and protonated
polymers appropriately matching can be achieved (see e.g.
[79].).

3.3.3 Chain dynamics of polydimethylsiloxane (PDMS)
confined in AAO nanopores

Microscopic studies of the dynamics at the chain level are
mainly available through simulations, while only a few
experimental studies on chain dynamics under confinement
can be found. In particular, physical adsorption of polymer
chains on the surface of nanoparticles was reported, leading
to the formation of a glassy layer on the particle [80]. The
simultaneous slowing down of Rouse modes, i.e. increasing
of the friction coefficient, was found for unentangled poly-
mer melts [69]. The combined effects of increased effective
friction and entanglement mesh sizes were even found to
lead to a non-monotonic behavior of the chain relaxation
with confinement size [70]. The strong confinement effect
(so-called corset effect) was concluded from NMR relaxom-
etry studies performed on poly(ethylene oxide) confined in
solid methacrylate matrix. A reduction of the effective tube
diameter of the Doi-Edwards reptation model in confined
polymer by about one order of magnitude as compared to
the bulk has been reported [81]. These results have been
suggested to be the consequence of a number of combined
effects: polymer-surface interaction, the mutual uncross-
ability of polymer chains (entanglements) and confinement
geometry.
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Fig.6 a, b Electron micrograph (SEM) of anionic aluminum oxide (AAO) nanopores, ¢ model interaction of a polydimethylsiloxane (PDMS)

chain with the AAO surface OH groups via H-bonds

Dynamics of PDMS on the chain level was studied by
the neutron spin echo (NSE) spectroscopy [82]. Figure 6¢
schematically displays the system indicating hydrogen bonds
with the OH-groups at the AAO surface.

PDMS has an entanglement molecular weight of
M, =12 kg/mol leading to an entanglement spacing of about
8 nm. The polymers under investigation had a molecular
weight of 17.4 kg/mol and were basically non-entangled (see
Fig. 7 representing bulk PDMS measured as a reference).

The NSE data obtained at 373 K show a significantly
slowed down chain dynamics compared to the bulk (Fig. 7).
Proper inspection of the plateaus measured at different val-
ues of the momentum transfer Q (some data are not pre-
sented here) at long times made it possible to exclude the
existence of an immobilized (glassy) layer, since the pla-
teaus are Q—dependent. Note, that this result agrees with
our previous data on PEO confined in Alumina nanopores
[21] and with a recent neutron scattering study [84]. Further-
more, the observed Q—dependence of the plateaus cannot be
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described in terms of a simple confined polymer, i.e. one-
phase system, because fitting such a model to the data yields
a Q-dependent confinement length.

Therefore, a new model was derived containing (i) a frac-
tion of free Rouse-like chains, since many chains far away
from the surface are not affected and (ii) a second fraction
of chains, which is close to the surface and assumed to be
effectively confined. The respective dynamic structure fac-
tor reads:

S(Q’ t) = Abulkaulk(Q’ t) + AconfSconf(Q’ t) (15)

where Ay, and A s = 1 — A, are the fractions of the
bulk and confined phases, respectively; S, (O, ) is the
dynamic structure factor of the bulk chain defined by the
Rouse model [85] and S,,((Q, 1) is the dynamic structure
factor of the confined chain. This model contains three
variable parameters: fraction Ay (0r A.pr = 1 — Apu)s
the number of suppressed Rouse modes p,,, reflecting the
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Fig.7 NSE data (symbols) v T T T T T
obtained for the confined
PDMS at two different Q-values 1.0 -1
(shown in the figure) and at
373 K. Solid lines present a h
fit with the two-phase sup-
pressed Rouse model (Eq. 15). 0.8 =
Dash lines show the calculated \ 1
d}imf)mlikcal strusctlér; factor of =) \\ Q=0.12 A - :
the bulk PDMS [83] 1 -
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— T and should even be reduced for a multiple adsorbed chain,
bulk g clearly indicates that the layer with a thickness of 6.5 nm
vy . .
polymer S is made up not only of chains adsorbed at the surface. The
n .
= H polymer chains anchored to the surface may form loops;
™ v < . . . .
— - neighboring chains can then interpenetrate these loops
zr. L (Fig. 8). These penetrating chains can be considered as an
e interphase between the polymers adsorbed on the surface
£ TE and the bulk polymer phase.
v y = Formation of loops and also trains and tails by the poly-

(b)

Fig.8 Schematic representation of the surface-induced entangle-
ments in the confined polymer melt in cylindrical nanopore (a) and
perpendicular to the pore surface (b). The chains adsorbed on the sur-
face (anchored chains) are shown by black colour, and the entangled
chains in the confined phase (interphase) are represented by red col-
our [83]

effective confinement in S,,¢(Q, f) and an additional param-
eter Ap, the width of a cut off function describing the tran-
sition from active to suppressed modes. Ap accounts for a
variety of anchoring and confinement conditions. By fitting
all Q simultaneously Ay, was found to be 25% of the total
amount of polymer in the pores, p,,,=5 and Ap=1 (Fig. 8).
From the longest active mode in the confined phase one can
calculate the effective confinement length d = 3.4 nm.

The fractions Ay, and A_,,s obtained can be transferred
to a corresponding layer thickness which was found to be
Teont=Tpuik = 0.5 nm (Fig. 8). The fact that the size of the
PDMS polymer chain considered here in the bulk is 3.5 nm

mer chains on the attractive surface was observed by com-
puter simulations [86] and theory [87, 88]. In particular, it
was found that the loop distribution follows a power law
relationship.

In general, the confined phase composed of the anchored
chains and the chains in the interphase is internally highly
mobile and not glassy as has so far been claimed fre-
quently in the literature. These results are inferred from
the space—time dependent chain dynamics that is observed
in terms of the single chain dynamic structure factor and
represent the first direct and quantitative observation of the
interphase [82].

A similar situation was observed for (PEO) melts confined
in porous silicon with narrower pores (diameter up to 13 nm)
[89, 90]. NSE spectra were successfully analyzed in terms of a
two-state model, where 19-36% of chains are adsorbed to the
pore walls and exhibit much slower large scale internal dynam-
ics than in the bulk and their centers-of-mass do not move,
while free chains have bulk-like internal dynamics and diffuse
within the cylinder in the center of the pore. For PEO with a
molecular weight (M) 3 kg/mol the radius of this cylinder
was found to be 1.4 nm; with this the thickness of the adsorbed
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layer was found to be approximately equal to the radius of
gyration R,. For larger PEO chains with a molecular weight of
10 kg/mol that exhibit a R, of order of the pore diameter, the
center of mass diffusion could not be discerned.

For small oligomeric n-Hexatriacontane C;cH-, in porous
silicon at 364 K an adsorbed bilayer and at 435 K a monolayer
(in both cases, the long axis of the molecules is oriented paral-
lel to the surface) was found [89]. There is no indication of an
adsorbed layer at 512 K. The results support the existence of
a sticky boundary layer inferred from capillary filling experi-
ments. In contrast to longer PEO chains, the diffusion of the
C;¢H, is isotropic. In addition, the segments close to the sur-
face order in parallel direction. Thus, a preferential orientation
of the oligomeric alkanes was found.

In general, for attractive surfaces like nanoporous AAO
and nanoporous Silicon the segmental dynamics is slowed
down in direction perpendicular to the surface, while in the
parallel direction such a slowing down could not be observed.
The dynamic neutron scattering results demonstrate that the
polymer surface layer is not glassy, but mobile with increased
segmental relaxation times compared to the bulk. In addition,
the presence of interphase results in drastic property changes
of the confined polymer.

4 Conclusions

Neutron scattering is one of the unique methods allowing to
measure dynamics of molecules over a few orders of magni-
tudes in both time and length scale. We have presented some
representative results on the diffusion of liquid and gases in
nanoporous materials, hydrogen dynamics in energy related
materials for fuel cells and polymer dynamics in well-ordered
nanoporous material. A few examples demonstrating the
power of the QENS method were considered. In particular,
we focused on (i) investigation of the diffusion of liquid and
gases in micro- and mesoporous solid materials like zeolites;
(ii) diffusion of hydrogen in high temperature polymer elec-
trolyte fuel cell (HT-PEFC) and energy relevant materials; and
(iii) dynamics of macromolecules in well-ordered nanopores:
effect of interaction with the surface.
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