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Signature of Low-Dimensional Diffusion in Complex Systems
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We present a clear signature of the dimensionality of water diffusion in a powder sample of a synthetic
hectorite (a model clay), by analyzing the corresponding neutron scattering functions. The data follow the
theoretical predictions for a powder-averaged two-dimensional diffusion, with a two-dimensional diffu-
sion coefficient of 0.75 X 10™° m?s~!. Neutron scattering data of bulk water are used as a reference,
representing motion in three dimensions. The approach is based on analyzing the scattered intensity at
zero energy transfers, along with the broadening of the scattering functions, collected at a wide range of
energy resolutions. The mathematical relationship between these two quantities follows, for a given shape
of the resolution function, a universal master curve, independent of the diffusion coefficient, but strongly
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dependent on the dimensionality of the motion, which can thus be determined with clarity.
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Diffusion of individual atoms or molecules confined
within materials or matrices of complex architectures lies
at the heart of many physical, chemical and biological
processes and its study is relevant in a whole spectrum of
research fields. The intense search for new energy sources
encounters this issue in the development of solid electro-
Iytes [1,2] or efficient hydrogen storage materials (such as
carbon nanotubes, e.g., [3], or metal organic frameworks,
e.g., [4]). Understanding the properties of clays, the main
constituents of soil with their remarkable capacities to
retain and release water, salts and small organic species
[5], is not only important for agriculture and environmental
protection but also for issues of radioactive waste disposal.
Diffusion or transport under complex geometries is essen-
tial for the immense field of catalysis. Diffusion of reac-
tants towards an active site of a porous catalyst, such as a
zeolite [6], is often the rate-determining step in the reaction
kinetics. Channelling reactants between membranes or
along cytoskeletal filaments towards an active site of an
enzyme in the crowded environment of a cell is another
example [7].

For all of the above examples, dimensionality of the
atomic diffusion or transport is an essential aspect resulting
from the microscopic mechanism of the process itself
combined with the local geometry of the surrounding
matrix or environment [7—10]. Dimensionality of diffusion
has been studied widely by neutron scattering techniques,
as the diffusing species of interest is very often hydrogen-
containing [3,4,11]. While the theoretical forms of the
scattering functions for atomic diffusion in 1, 2 or 3
dimensions are well known and distinguishable, in the
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majority of experimental studies this difference is too small
for the dimensionality to be determined with confidence
[12,13]. This is due to the finite energy resolution and
above all due to the physical nature of the samples them-
selves, which almost always come in the form of a powder.
Powder nature of most of the above-mentioned systems
lies at the heart of their applications, as it increases the
accessible surface area of the matrix. Using bulk water and
water molecules diffusing within the pores of a synthetic
clay, we present here measurements of neutron scattering
functions and their analysis which allows us to overcome
the experimental difficulty linked to the ‘“‘powder-
averaged” low-dimensional scattering functions and deter-
mine clearly the dimensionality of diffusion.

Synthetic hectorite, as many clays, comes in a powder
form. However, each grain of the powder is a highly regular
stack of crystalline aluminosilicate layers (each layer is
under 1 nm thick and extending over 100 s of nm in the
lateral dimensions). The regular stacking distance, also
called the interlayer spacing, gives rise to a series of
distinct Bragg peaks [5]. Discrete layers of water are
incorporated between adjacent clay layers, when the sys-
tem is exposed to increased humidity. As a result, the
interlayer spacing increases. (The driving force of this
phenomenon is the hydration of cations present between
the negatively charged clay layers [14].) The synthetic
hectorite sample used here has a very-well defined struc-
ture and distinct hydration states, unlike its natural clay
counterparts [15]. It was equilibrated under an atmosphere
of 85% relative humidity, resulting in an interlayer spacing
of 15.5 A. This corresponds to two layers of water, with an
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overall thickness of approximately 6 A, confined between
adjacent aluminosilicate layers [16]. All this structural
information therefore suggests a powder-averaged two-
dimensional motion for water confined in a powder sample
of a hectorite clay.

For both hydrated clay and bulk water, we probed the
self-diffusion of hydrogen atoms (constituents of water
molecules) by measuring their strong incoherent neutron
scattering signal, which dominates in the chosen wave-
vector range (Q < 1.0 A™1). This high limit of Q was
chosen such that the motion of hydrogen atoms can be
treated as primarily translational. (At higher Q rotational
motion and, possibly, effects of jump diffusion become
significant [17-19].) For clay data, a low Q limit of
0.6 A~! was set by the appearance of a Bragg peak (co-
herent signal) from the clay sample (peak at 0.4-0.5 A~
reflecting the interlayer spacing). The measurements of
S(Q, w) were carried out on the time-of-flight neutron
scattering spectrometer INSB (Institut Laue Langevin,
Grenoble, France [20]) at room temperature and pressure.
The resolution function, the shape of which is Gaussian on
IN5B, was varied between Hs; = 150 pweV and Hg =
5 peV (where Hg is the HWHM of the Gaussian resolu-
tion function). Q-summation was carried out over an in-
creasing number of detectors, as the incident neutron
wavelength increased to achieve a higher resolution. The
contribution of water to S(Q, w) was obtained after sub-
traction of purely elastic contributions: sample cell and, for
hectorite, signal from the dry clay. The latter represents
only 5%—8% of the total scattered intensity of the hydrated
clay, as the hectorite used contains no structural hydrogen
atoms [15].

We recall that, for a time-dependent self-correlation
function, G,(r, 1), of a Gaussian shape, the general expres-
sion for the single particle (or incoherent) scattering func-
tion, S;,.(Q, w), is a Lorentzian. The two are related by a
double Fourier transform, in r and ¢. (For convenience, we
use from now on the expression for the scattering function
with w denoting an energy transfer rather than frequency.)
The scattering functions corresponding to one-, two- and
three-dimensional (1D, 2D, 3D) single particle motion can
be all expressed as different limits of the following ex-
pression [17,21]

1 (Djcos*(6) + D, sin*(6))Q*

Sine(Q @) = — (Dycos(0) + D sin®(0))2Q* +

—. (1)

where 6 is the angle of the wave-vector Q with respect to a
chosen principal direction (defined by a unit vector n) in
the system, D and D are the diffusion coefficients par-
allel and perpendicular to this direction [22]. Motion in 1D
is the limit of Dy = Dp and D; = 0 with n pointing
along the direction of the 1D motion, for 2D motion D | =
D,p and D = 0, with n pointing along a normal to the
plane of diffusion, for 3D motion D; = D) = Djp with
the direction of n being irrelevant.

We consider now in more detail the case of 2D motion,
similar arguments hold for 1D motion. For an atom diffus-
ing in 2D S;,.(Q, w) diverges for Q || n, i.e., S(Q, w) =
8(w = 0). As the direction of Q shifts towards being
perpendicular to n, the signal is increasingly broadened
and reaches a Lorentzian of half width half maximum
(HWHM) equal to D Q°, where Q is now lying in the
diffusion plane. The “powder-averaged” analogue of
Sinc(Q» w) is Slmply <Sinc(Q» (1))>9 = 2 fg Sinc(Qr (,4)) X
sinfd@, where all directions of Q are now equivalent and
thus only the dependence on Q ( = |Q|) remains [17,21].
The divergence of the signal at = 0 is still present, as for
any orientation of Q there are regions or grains of the
sample that satisfy the condition of Q || n. However, in
an experiment, the divergence of S(Q, 0) is never seen, as
the signal is smeared out by the resolution function.
Nevertheless, an excess elastic intensity is expected, pro-
viding the experimental resolution is sufficiently high. It is
indeed possible to trace the emergence of this divergence
as experimental resolution increases, as shown theoreti-
cally [23].

Let us first look at the measured scattering functions for
water in clay and bulk water at the extreme resolutions
used here. Figure 1 shows the experimental S(Q, w) signals
for (a) a low resolution (H; = 100 weV or FWHM =
200 peV) and (b) a high resolution (H; =5 ueV or
FWHM = 10 ueV). Resolution functions are shown ex-
plicitly in each case. At low resolution, the quasielastic
broadening of both data sets can be modeled using the
isotropic (3D) model of S(Q, w), with the well-known 3D
diffusion coefficient 2.3 X 107° m?s~! in the case of bulk
water and Dsp, = 0.45 X 107° m? s~ ! in the case of water
in clays [16]. At high resolution, the appearance of signifi-
cant intensity at zero energy transfers in case of water in
the clay is easily seen (Fig. 1 bottom). As is shown, a
powder-averaged 2D model (with D, = D,p =
0.75 X 1072 m? s~ 1) can account for it. (The error in these
diffusion coefficients is less than 0.1 X 1072 m2s71.)
Modeling the high resolution clay data with a 3D model,
requires an extra elastic peak. This could be interpreted as
originating from a subfamily of immobile water molecules,
while the rest undergoes a 3D motion. This type of con-
clusion, here erroneous, can be easily drawn from scatter-
ing functions measured at an insufficient resolution. The
importance of a test at several resolutions (and the use of
more than one scattering technique) is clear. In the case of
synthetic hectorite clay, we possess information from an-
other scattering technique (neutron spin echo), which
shows that water in the system is well characterized by a
single relaxation time and that at the resolution of H; =
5 peV, all water molecules should be seen as mobile [16].
We suggest therefore that the increased intensity at zero
energy transfers seen for water in hectorite at this high
resolution is connected to the low-dimensional nature of
water diffusion in the system. Is there a way of providing a
more compelling evidence for this? We present it in the
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FIG. 1 (color online). S(Q, w) (normalized) for water in clay
(green O) and bulk water (blue +). Resolution function is shown
in red X. Top: At this low resolution (Hz; = 100 peV), the
broadening of the diffusive process, D,pQ?, accounts only for
15%-20% of (D, Q% + H). Both signals, bulk water and water
in clay can be accounted for by a 3D model. Bottom: At this high
resolution (Hg =5 weV) D,pQ> accounts for 70%-80% of
(D,pQ* + H;). Bulk water data are accounted for by a 3D
model (black line), while the signal from water in clay can
only be explained using a powder-averaged 2D model (black
line). A 3D model applied to the data from clay (dashed black
line) requires an explicit extra elastic intensity. At both resolu-
tions, bulk water signal is shown at Q = 0.4 A~!, water in clay
at Q = 0.6 A, to yield a comparable D,Q>.

remainder of the Letter, the evidence is based on a simul-
taneous analysis of scattering functions at a wide range of
experimental resolutions.

Let us consider in more detail the dependence of the
observed elastic intensity at a fixed Q and as a function of
increasing experimental resolution [23]. This method relies
on an initial estimate of the diffusion coefficient in the
system (D,p, diffusion coefficient in n dimensions). For a
given wave-vector Q we define a broad range of resolu-
tions, such that the ratio (a) defined as D, Q?/(D,p Q% +
H) spans the range of O to 1, where D, Q? is related to the
HWHM broadening from the diffusive process, and H is
the HWHM of the resolution function, R(w). These two

limits of course correspond to the resolution function of
infinite and zero H, respectively. At each resolution the
quantity of interest is the value of the normalized experi-
mentally observed S(Q, w) at w = 0, i.e. S(Q, 0), which is
extracted from a least-square fit of the normalized scatter-
ing function around w = 0. This quantity has units of
inverse energy and it is a function of D,,Q* and H.
Further, it is possible to define a dimensionless quantity
SM(Q,0) = S(Q, 0)7D, Q% which, as a function of a,
follows a master curve independent of D, and Q. The
shape of the master curve is purely determined by the type
of motion probed (i.e., dimensionality and, if two families
of moving atoms are present, the proportion of moving and
static atoms) and the shape of the resolution function. The
dependence on D, and Q is lifted because both « and
SM(Q, 0) are functions of the ratio D,,Q”/H and thus are
dimensionless quantities. The master curve reflects the
overall relationship between the maximum and the width
of the resolution-broadened scattering function as the ex-
perimental resolution increases.

For the simpler case of Lorentzian resolution (of
HWHM equal to H;), the master curves for 3D and
powder-averaged 2D motion have been derived by
Lechner [23]. They are S3%(Q,0) = @ and S35(Q,0) =

a%  1H1/a%
2 |1_ l/aO.Sl
lution (of HWHM equal to H;) we derive, on the basis of

[24], SY(0, 0) = J/mKe* erfe(x), where x = 22 For
the powder-averaged 2D motion and Gaussian resolution,
we used instead a numerical convolution of S™%!(Q, w),
the predicted signal from the diffusing atom, and R(w), the
resolution function, to generate the theoretical curve that
SA(Q, 0) should follow.

Figure 2 features the theoretical master curves together
with the experimental data we obtained for water confined
in a clay and bulk water for a Gaussian type resolution
(Hg) varying between 150 pweV and 5 peV. The main
feature is the previously mentioned divergence of the
master curves for powder-averaged two-dimensional mo-
tion as « tends to 1, case of infinite resolution.

To obtain the experimental data in Fig. 2, the S(Q, w)
signal (after background subtraction) was at first normal-
ized, such that [ S(Q, w)dw = 1 for each Q. (The integral
intensity of S(Q, w) was determined from the modeling of
the quasielastic zone, between 1.5 meV on the neutron
energy gain side and a limit on the neutron energy loss
side, determined by the incident neutron energy. The in-
tegral intensity served as the normalization factor. It agreed
well with a simple integration of S(Q, w).) Thereafter we
conserve, for each normalized S(Q, w), only a set of three
values: Hg, Q and S(Q, 0). We use 48 of these sets for the
case of bulk water: 6 wave-vectors (0.5, 0.6, 0.7, 0.8, 0.9
and 1.0 A_l) measured at 8 resolutions (H; = 150, 100,
75,50, 37.5,25, 15 and 5 peV) and 40 sets for the case of
water in clay: 5 wave-vectors (0.6, 0.7, 0.8, 0.9 and

1.0 A™") measured at the above 8§ resolutions. All 48 sets

respectively. For the case of Gaussian reso-
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FIG. 2 (color online). S™(Q,0) (=S(Q, 0)7mD,0*)versus «
(=D,p0*/(D,, Q> + H)), for 3D (isotropic) and powder-
averaged 2D motion. For 3D motion, we show the theoretical
prediction (master curve) in case of Gaussian resolution (black
line) and a corresponding experimental data set collected for
bulk water (blue *). For powder-averaged 2D motion, the master
curve in case of Gaussian resolution (red line) is accompanied by
a set of experimental data for water confined in a synthetic clay
(green X). The analogous master curves in case of 3D and
powder-averaged 2D signal combined with Lorentzian resolu-
tion are shown as dashed lines. Note that the master curves for
Lorentzian resolution are consistently below those for Gaussian
resolution, due to the Gaussian function being more peaked at its
center.

for bulk water were fitted simultaneously to the master
curve of 3D diffusion (for the case of Gaussian resolution),
with the diffusion coefficient as a sole free parameter. We
obtain a diffusion coefficient of 2.4 X 107° m2s™!, in
agreement with the value obtained from the analysis of
the quasielastic broadening and of course other indepen-
dent techniques, e.g., [25]. The 40 sets for water in clay
could not be satisfactorily adjusted to the form of the 3D
master curve (even master curves for 3D motion with a
proportion of immobile atoms), they follow the powder-
averaged 2D master curve, corresponding to a diffusion
coefficient of D,p, = 0.73 X 107° m?s~! (again in agree-
ment with the quasielastic broadening analysis). This evi-
dence for the two-dimensional nature of water motion in
the model clay system is compelling as it encompasses a
simultaneous test across a wide range of experimental
resolutions.

We have presented a clear signature of the two-
dimensional nature of water diffusion in a powder sample
of a synthetic hectorite, a model clay. The conventional
modelling of the quasielastic broadening at a single reso-
Iution gives, even with the simplest (isotropic) model
applied to atomic motion in a complex system, a correct

order of magnitude for the diffusion coefficient. The analy-
sis presented here goes further. Using simultaneously in-
formation from a wide range of experimental resolutions, it
yields unambiguous information on the dimensionality of
diffusion, by concentrating on the most pertinent part of the
experimentally measured scattering function: the intensity
at zero energy transfers. Considering the current advances
in scattering techniques (higher signal intensity, wider
ranges of resolution), this type of extended analysis seems
routinely feasible and highly desirable. Dimensionality is
an indicator of the mechanism of diffusion, it informs us
about the local geometry a diffusing atom explores within a
complex matrix. The structure of the matrix itself might
already suggest this, but it is often not sufficient.
Determining the dimensionality of the diffusion process
is thus of great value.

We thank Josef Breu for providing samples of synthetic
hectorite and José Teixeira for insightful comments.
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