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Abstract: Pulsed field gradient (PFG) nuclear magnetic resonance (NMR) allows recording of
molecular diffusion paths (notably, the probability distribution of molecular displacements over
typically micrometers, covered during an observation time of typically milliseconds) and has thus
proven to serve as a most versatile means for the in-depth study of mass transfer in complex materials.
This is particularly true with nanoporous host materials, where PFG NMR enabled the first direct
measurement of intracrystalline diffusivities of guest molecules. Spatial resolution, i.e., the minimum
diffusion path length experimentally observable, is limited by the time interval over which the pulsed
field gradients may be applied. In “conventional” PFG NMR measurements, this time interval is
determined by a characteristic quantity of the host-guest system under study, the so-called transverse
nuclear magnetic relaxation time. This leads, notably when considering systems with low molecular
mobilities, to severe restrictions in the applicability of PFG NMR. These restrictions may partially be
released by performing PFG NMR measurements in combination with “magic-angle spinning” (MAS)
of the NMR sample tube. The present review introduces the fundamentals of this technique and
illustrates, via a number of recent cases, the gain in information thus attainable. Examples include
diffusion measurements with nanoporous host-guest systems of low intrinsic mobility and selective
diffusion measurement in multicomponent systems.
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1. Introduction

Diffusion, i.e., the irregular movement of the elements of a given entity in nature, technology,
or society, is an essentially omnipresent phenomenon [1] and may often be found to decide about
the performance of the systems under study. This is, in particular, true for nanoporous host-guest
materials where the performance, i.e., the gain in value-added products by matter upgrading via
separation [2,3] or conversion [4,5], can never be faster than allowed by the rate of mass transfer [6-8].
Measurement of the rate of mass transfer in nanoporous materials, however, is complicated by the
small size of the individual crystallites (or particles). It was only with the introduction of the pulsed
field gradient (PFG) technique of nuclear magnetic resonance (NMR) that the direct measurement of
intracrystalline diffusivities has become possible [9-11]. The information provided by PFG NMR in
its broadest significance is the probability distribution of molecular displacements, referred to as the
mean propagator [12-14]. It does, thus, notably, include the intracrystalline self-diffusivity D, resulting
via the Einstein relation [8,15] from the time dependence of the mean square displacement,

(r’(t)) = 6Dt (1)
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during the observation time ¢, i.e., from the squared width (the variance) of the propagator. As a
prerequisite of such measurement, the root-mean-square displacement must be much smaller than
the size of the crystals under study so that, during the observation time (typically in the range
of milliseconds), the diffusion paths (typically of the order of micrometers) may be implied to
remain unaffected by any significant interference with the crystal surface. The displacements must,
simultaneously, be large enough for giving rise to a diffusion-related attenuation of the NMR signal.

The first requirement is seen to be easily fulfilled as soon as the material under study is accessible
with sufficiently large crystal sizes. Accessibility of sufficiently large zeolite crystallites [16] did thus
prove to be a very fortunate pre-condition for performance of the very first PEG NMR measurements
with zeolites [9,17]. In view of Equation (1), the second pre-condition might also appear to be
easily obeyed by simply choosing sufficiently long observation times. PFG NMR observation times,
however, cannot be chosen to be arbitrarily large. They are rather limited by the influence of
transverse nuclear magnetic relaxation which, via Equation (1), also sets a limit on the mean molecular
displacements, depending on the given diffusivities (which, in PFG NMR studies, typically cover a
range from 10~ m? s~! to 1078 m? s~!). The minimum displacement still observable by PFG NMR
is proportional to the amplitude of the field gradient pulses and to the duration over which the
field gradients may be applied. While the maximum gradient amplitude is a key parameter of the
given device, the maximum width of the field gradients is determined by a characteristic quantity
of the system, namely by the transverse nuclear magnetic relaxation time of the molecules under
study. The here-important value T§"° can be obtained by measurements of the Hahn echo decay in
dependence on the pulse distance between the two radio frequency pulses. Notably, in systems of low
mobility, where gradients with particularly large widths were needed for recording particularly small
displacements, rapid transverse nuclear magnetic relaxation prohibits, as a rule, their application.

Novel access towards the application of larger field gradient pulse widths has been provided
by the recent combination of PFG NMR measurement with the application of magic-angle spinning
(MAS) [18-22]. Enhancement of the transverse relaxation time T%VIAS echo yith respect to TzeCho upon
MAS allows longer gradient pulse widths and is accompanied by a reduction in NMR line width so
that MAS PFG NMR offers, as a second advantage, distinction between different components and,
hence, the option of selective diffusion measurement in mixtures where conventional PFG NMR would
fail. The advantages of MAS PFG NMR are purchased, however, with a decrease in the amplitude of
the field gradient pulses applied, as a simple consequence of the reduction in space available for the
PFG NMR coils, brought about by the presence of the MAS NMR rotor. Application of MAS PFG NMR
should always be accompanied, therefore, by thoughtful balancing of pros and cons.

We are introducing this novel field of diffusion measurement with a short summary of the
experimental procedure and the physical background in Section 2. Showcases of the application
of MAS PFG NMR are presented in Section 3. They include selective diffusion measurements with
mixtures of hydrocarbons in microporous materials, notably zeolites and metal-organic frameworks
(MOFs) (Section 3.1) and in mesoporous silica gel (Section 3.2). Section 3.3 deals with the application of
MAS PFG NMR for investigating the diffusion properties of nematic liquid crystals under confinement.
Section 3.4 illustrates the potential of MAS PFG NMR for tracing and characterizing the diffusion
pathways of water molecules in zeolite X. In Section 3.5, the self-diffusion coefficients from MAS PFG
NMR are compared with tracer diffusion coefficients which were derived from impedance spectroscopy
by the Nernst-Einstein equation and provide a model for proton mobility in functionalized mesoporous
materials. The paper concludes with a summary of pros and cons and a view into promising
future applications.

2. Experimental Procedure

Before describing the measurement procedure commonly used in MAS PFG NMR in more detail,
we are going to briefly recollect the measuring principle of PFG NMR in its most straightforward
variant (for more extensive presentations see, e.g., [8,14,23,24]). Its fundamentals can be easily
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rationalized within the frame of the classical interpretation of nuclear magnetism which is based on
the understanding that a nuclear spin (in the cases here considered in general protons, i.e., the nuclei
of hydrogen, 'H) possesses both a magnetic and a mechanic momentum. Nuclear spins perform,
therefore, within a magnetic field, a processional motion (i.e., they rotate around the direction of the
magnetic field) with an angular frequency vector of the Larmor frequency

wy, = —7By )

where the magnetic induction, By, stands for the intensity of the external magnetic field in the z
direction, and 7 denotes the gyromagnetic ratio. Chemical shift reference materials of all NMR
isotopes were fixed by the [IUPAC (International Union of Pure and Applied Chemistry) convention
in 2001 [25]. In PFG NMR, a properly chosen pulse sequence gives rise to a preferential orientation
of the individual nuclear magnetic moments with a component perpendicular to the direction of the
constant magnetic field. Just as each individual spins, their vector sum also performs a rotational
motion about the direction of the magnetic field. This rotating (nuclear) magnetization induces a
voltage in a transverse coil surrounding the sample which is recorded as the NMR signal.

Diffusion measurement by PFG NMR is based on the application of a strong additional
z-gradient field B,3q = gz, superimposed upon the constant external one over a short time interval é.
The thus-created spreading in the local magnetic field and, hence, via Equation (2), in the rotational
frequencies of the local magnetizations gives rise to a spreading in their orientation and, hence, to the
decrease in their vector sum, i.e., in total magnetization, with the NMR signal fading away. With a
second, identical field gradient pulse, properly placed within the PFG NMR pulse program after a
certain time interval (in the PFG NMR literature generally referred to as the observation/diffusion
time A), one is able to counteract this process by creating a phase shift in exactly the opposite direction.
Correspondingly, all phase shifts are eliminated by this second field gradient pulse if all molecules
have kept their positions. Molecules, however, which have been shifted (over a distance z) in the field
gradient direction undergo a phase shift ygzd and contribute, correspondingly, with only the cosine of
this shift to the overall signal. The attenuation of the NMR signal intensity S(i,t) under the influence
of diffusion and the field gradients applied is thus easily seen to be given by the relation [10,12]

S(m, ) = S(0,f) / ~ cos(mz)P(z, t)dz, 3)

J —00

where m = g4, with gradient intensity ¢ and gradient pulse duration J, has been introduced as a
measure of the intensity of the field gradient pulses and ¢ stands for the observation time, A, of the
PFG NMR experiment. P(z, t) is the mean propagator [12,26], referred to already in the introduction.
It denotes the probability (density) that, during the observation time ¢, an arbitrarily selected molecule
within the sample (contributing to the observed NMR signal) is shifted over a distance z in the direction
of the applied field gradient. With the notation of Equation (3) it has, further on, been implied that
molecular displacements occurring during the field gradient pulses are negligibly small in comparison
with the displacements in the interval between the two gradient pulses. For normal diffusion in an
infinitely extended medium, the mean propagator is easily found to be given by a Gaussian [8,15,27]

P(z,t) = (4nDt) /2 exp[—zz/(4Dt)] )

with D denoting the self-diffusivity. Inserting Equation (4) into Equation (3) yields

1
=500 exp (1 ’g8Dt) = eXP<—672g262<r2(t)>) (5)

where, with the latter equality, we have made use of Equation (1). For the PFG NMR signal attenuation
we have, moreover, introduced the common notation 3. The time and space scales relevant for
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Equations (3) and (5) are typically of the order of milliseconds and micrometers. Measurement of
particularly small displacements (r?(t)) 12 is seen to require particularly large pulsed field gradient
intensities gé. Since the amplitude g of the field gradient pulses is limited by the constructional details
of the PFG NMR probe, the maximum value of the pulse width ¢ decides the minimum displacements
accessible by PFG NMR. In conventional PFG NMR, however, the pulse width ¢ is limited by the
relaxation time T§"® of transverse magnetization. It is this component of nuclear magnetization
from which, with Equation (2), the space-dependent phase spreading and, as a consequence, signal
attenuation by molecular displacements has been shown to originate. This decay in transverse
magnetization, however, is notably slowed down for samples sufficiently quickly rotating, with a
spinning axis oriented under an angle of fmas = arc cos 371/2 a2 54.7° with reference to the external
magnetic field.

This option of enhancing the time interval over which magnetic field gradients may be applied is
exploited in MAS PFG NMR [19,20,22,28-30]. Figure 1 introduces the experimental arrangement and
the pulse program used in the measurement.

/2

RF pulses

FID
amplitude S

gradient
pulses

Figure 1. A representation of the MAS (magic angle spinning) design with two gradient coils on the
top and on the bottom of the MAS stator in a high-resolution wide-bore MAS NMR (nuclear magnetic
resonance) probe at the top. Radio frequency (RF) and gradient pulse scheme of the MAS pulsed
field gradient (PFG) NMR experiment is shown below. Parameters are diffusion time A and gradient
pulse width 4. The gradient pulse amplitude is denoted as g, the eddy current delay as 7.4, and the
inter-gradient delay as 7. Two weak spoiler gradient pulses average undesirable coherences [20].

The arrangement of the NMR sample tube containing the nanoporous host material and the guest
molecules is shown in the top of Figure 1. We note the “magic-angle” of about 54.7° between the
spinning axis and the direction of the magnetic field. The direction of the spinning axis coincides with
that of the field gradient so that the local magnetic field within the sample (and thus, with Equation (2),
the local rate of rotational motion) remains unaffected by sample rotation. Molecular displacements
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recorded by analyzing the signal attenuation under the influence of the gradient pulses may thus
indeed be attributed to diffusion phenomena within the sample.

The pulse sequence shown in the bottom of Figure 1 includes a number of differences in
comparison with the basic version of PFG NMR as initially introduced. We note that the field gradient
pulses are of sinusoidal, rather than of rectangular shape. This facilitates switching of the current
used for generation of the field gradients and diminishes the occurrence of eddy currents in the radio
frequency (RF) coil, which might interfere with the NMR signal. Serving the same purpose, pairs of
opposing field gradient pulses (generated by opposing currents) rather than single ones are applied.
The RF “7” pulse appearing in between such a pair gives rise to a rotation of all spins by 180° so that
the “effective” gradients acting on the spins are identical. The initial 7r/2 pulse is recognized as the
starting point of the experiment when the equilibrium magnetization showing in the direction of the
constant magnetic field By is turned, by 90°, into the plane perpendicular to By. We note that with the
last 77/2 pulse, magnetization is once again turned into the plane perpendicular to By, giving rise to
the NMR signal S (the initial value of the “free induction decay”). Signal attenuation for the pulse
sequence shown in Figure 1 is given by the relation [20]

16 8
Y= S(O, t) = eXp<_n2’yzg252Dt> = exp<_37[272g252<r2(t)>). ©)

The time ¢ also includes, in addition to A, corrections due to finite pulse widths. The meaning of
the gradient pulse width J (see Figure 1) is for sine-shaped alternating pulses and, hence, changed
in comparison with the basic experiment with two rectangular field gradient pulses, giving rise to a
slightly different pre-factor in the exponents in Equations (5) and (6).

By combining the application of field gradient pulses with fast sample spinning, the time interval
0 over which magnetic field gradients may be applied can be notably enhanced, in some cases
over several orders of magnitude. In this way, molecular displacements which are too small to be
observable by conventional PFG NMR become accessible by direct observation. This possibility is
provided by the dramatic enhancement of the transverse nuclear magnetic relaxation time under

the conditions of magic-angle spinning, THAS echo

, in comparison with TfCho, the value observed
without MAS. Enhancement of the transverse nuclear magnetic relaxation time leads, simultaneously,
to decreasing line widths so that different chemical compounds can be distinguished on the basis of
their NMR spectra.

Magnetic field gradient pulses in conventional PFG NMR can today be operated with values
above 20 T/m. Schlayer et al. [31], e.g., achieved a value of 37 T/m with a 100 A power supply.
The design with two gradient coils on the top and on the bottom of the MAS stator of a Bruker probe
reaches about 0.5 T/m with a 10 A power supply. Narrow-bore MAS designs without gradient coils
which are located in the imaging gradient tube of a wide-bore magnet achieve, with three 60 A power
supplies, about 2 T/m.

In spite of these low gradient intensities, application of MAS PFG NMR proves to be the method
of choice in quite a number of situations including, notably, selective multicomponent diffusion
measurement in such systems where the spectra recorded by conventional PFG NMR fail in providing
the resolution necessary for differentiating between various guest components. The subsequent section
is going to highlight these advantages with a number of show cases.

While, as a matter of course, gravity in a non-rotating sample coincides with that in our natural
surroundings, it becomes some hundred-thousand-fold higher in a rotating sample at 10 kHz. It is
worthwhile mentioning, therefore, that molecular microdynamics within the spinning sample tubes
remains essentially unaffected by this high rotational frequency, since intermolecular forces are much
larger than the influence of gravity. Thus it could be observed by !'B MAS NMR spectroscopy [32] that
the parameters of crystallization upon super-gravity downgrade by less than one order of magnitude.
For adsorption or catalysis in porous materials, we do not know of any report about the influence
of supergravity by MAS. In cases with availability of both PFG NMR and MAS PFG NMR results,
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like for n-alkanes adsorbed in silicalite-1 [33], no significant difference could be found. It is true,
however, that operation with a high-velocity gas stream for ensuring high-speed sample rotation
up to tens of kHz gives rise to a temperature difference between the “rotor” (with the fused sample
tube) and the bearing air (whose temperature is accessible to direct measurement). This requires a
separate temperature calibration. It is commonly based on measurement of the 2“Pb MAS NMR
signal of Pb(NO3), within the sample tube whose temperature dependence is well known [34-36].
Temperatures within rotor and sample were thus found to exceed the temperature in the stator by
about 10 K for a 4 mm rotor spinning at 10 kHz, with the option of a slight temperature gradient versus
the sample.

3. Diffusion Measurement by MAS PFG NMR

3.1. Mixture Diffusion in Microporous Materials

Figure 2 introduces the potential of MAS PFG NMR for investigating mixture diffusion with a
particularly simple case. On considering a 1:1 molar mixture of ethene and ethane (each with a loading
of two molecules per cage), one benefits from the exceptional situation that in either compound all
hydrogens are chemically equivalent. They are, therefore, “shielded” by identical “electronic clouds”
so that the shift in the local field (and, hence, via Equation (2), in the frequency of the NMR signal) in
comparison with the externally applied one is identical. Both molecules therefore give rise to different
signals. These two lines are, as to be seen on the left in Figure 2, well separated from each other so that
one may easily record the attenuation of the intensity (that is, the area under the line (the “band”)) of
each of them as a function of the gradient intensity. The logarithmic representation of this attenuation
as a function of the squared gradient intensity in Figure 2 is found to be in nice agreement with the

expected behavior as predicted by Equation (6). The resulting diffusivities are 1.21 x 1071 m? s~! for
ethene and 0.27 x 1019 m2 s~ for ethane.
1 ',. ..... . ......... - .
ey |
’ . . ........... .
© ethene .
methane
0.01

. 0 0.05 0.10 0.15 0.20 0.25
5/ ppm 0 )o@ QQ/TQI'T]_2

Figure 2. On the left is a 2D presentation of the 'H MAS PFG NMR signal decay with 10 steps from
0.05 to 0.5 T/m linearly increasing strength of the gradient pulses for a ZIF-8 sample loaded with two
ethene and two ethane molecules per cavity measured at 363 K. The logarithmic decay as a function of
the squared gradient magnitude is presented on the right [37].

Given the similarity in the molecular critical diameters (0.39 nm for ethene, 0.40 nm for ethane [38])
the substantial difference in the diffusivities is quite remarkable. It can, however, be associated with
the fact that these diameters significantly exceed the diameter of about 0.34 nm of the “windows”
between adjacent cages as determined by X-ray diffraction analysis [39]. Under such conditions,
already minor changes in size of the guest molecules may indeed be expected to dramatically affect
their diffusion properties. With “windows” smaller than the diffusing molecules, diffusion is only
possible in sufficiently flexible host lattices. This, however, is among the main features of metal-organic
frameworks (MOFs) quite in general and of ZIF-8 as one of its representatives in particular. High
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resistivity and durability in comparison with other MOFs have made it an interesting topic of
research [40,41]. Studies include extensive diffusion measurements based on microimaging via IR
microscopy [42]. For ethene and ethane the thus-obtained results were found to be in nice agreement
with the diffusivities obtained by MAS PFG NMR [38]. IR microimaging did, moreover, allow an
extension of the measurements to longer chains and, thus, to lower diffusivities.

As a common feature of all these systems, molecular jumps through the windows between adjacent
cages can be considered as the rate-controlling step in molecular propagation. By adopting classical
transition state theory (TST, with the jump through the window as the “activated state” [43—45]),
the concentration dependence of the jump rates in such systems and, hence, of the self-diffusivity
may be shown to be proportional to the ratio p(c)/c between the guest pressure in the surrounding
atmosphere and the guest concentration under equilibrium [46]. This prediction has been confirmed
in [46] with the diffusivity data obtained by recording molecular uptake and release of a large
spectrum of guest molecules (ethene, ethane, propene, propane, methanol, and ethanol) on
ZIF-8 [38]. Such measurements benefit from the fact that in uptake and release measurements
there exists, essentially, no lower limit on the accessible diffusivities. Moreover, pressure variation
in the surrounding atmosphere allows a straightforward and most accurate variation of the guest
concentration. Such a possibility does not exist in MAS PFG NMR measurements. Although also
here, in the course of sample preparation, very accurate guest concentrations may be attained,
these concentrations tend to decrease during sample fusing, as the indispensable last step in
sample preparation for enabling sample spinning during the measurement. Although it is true
that guest concentrations may be determined quite accurately from their signal intensity, there is an
unavoidable (and, with factors up to 2, quite substantial) scattering in the attained concentrations,
which significantly complicates any systematic investigation of concentration dependencies. The view
of TST on molecular propagation helps in rationalizing why the diffusivities of the individual
molecules under multicomponent adsorption (as considered in the MAS PFG NMR measurements)
and single-component adsorption (microimaging) do essentially coincide since the jump rate from
cage to cage can be expected to be only marginally affected by the composition of the cage population.

A totally different microdynamic situation is reflected by the self-diffusivity data shown in
Figure 3 for a series of n-alkanes and n-alkenes in zeolite silicalite-1 [33]. Pore diameters in silicalite-1
are between 0.51 nm and 0.56 nm and thus notably exceed the critical diameters of the guest molecules
considered. The slight difference in the critical diameters of alkenes (ethene) and alkanes (ethane),
which has given rise to a substantial difference of the diffusivities in narrow-pore ZIF-8, is now
of essentially no influence anymore. Diffusivities of n-alkanes and n-alkenes in silicalite-1 are
found to essentially coincide. For a given number of guest molecules we note, correspondingly,
that the diffusivity remains essentially the same under the conditions of single-component and
mixture adsorption.

It is shown in Figure 3 that the diffusivities decrease with increasing chain length, also following
the pattern well known from previous PFG NMR studies [47-49]. Increase in chain length by one CHj
element is found to cause a decrease in the diffusivity by a factor of about 0.4.

The measurements reported in [33] did also agree with previous PFG NMR studies [47-49] in
the finding (not shown in Figure 3) that the diffusivity monotonically decreases with increasing
loading. This behavior also notably deviates from the patterns observed with ZIF-8 where the
diffusivities could be found to both decrease and increase with loading [46]. The monotonic decay
with increasing loading is easily attributed to the increase in friction between the guest molecules
in the more open pore structure. One may observe a remarkably uniform dependence following
arelation d Ig D/d L = —0.55 £ 0.10 [33] where L is a measure of the loading, normalized with the
understanding that L = 1 refers to one molecule per channel intersection (or to four molecules per
unit cell).
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Figure 3. Self-diffusion coefficients of n-alkanes, alkenes, and one-to-one alkane/alkene mixtures in
silicalite-1 at the temperature of 313 K for a total loading of about one molecule per crossing or less [33].

3.2. Complex Formation in Acetone—n-Alkane Mixtures Revealed via MAS PFG NMR

The properties of n-alkanes are known to exhibit minor deviations from a strict monotonic
variation with increasing chain lengths. These deviations appear, e.g., in an oscillation in the melting
points [50], attributed to an oscillation in the intermolecular forces, with stronger ones for the
even-numbered n-alkanes [51,52]. This oscillation in interaction has been expected to be as well
observable in complex formation with other compounds, notably including ketones [53]. Figure 4

illustrates the favorable conditions offered by MAS PFG NMR for selective diffusion studies with
acetone—n-alkane mixtures.

octane
CH2
CH3
acetone r
CH, J 1
g | 9~
W, - J Qot.
N J 1 /@
A J I | 2
A J Ul
A 6‘(}.
. A @/)
JLJL Ofé
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Figure 4. Stack plot of 'H MAS PFG NMR spectra of a 1:10 acetone-n-octane mixture adsorbed in
porous glass [54].

Figure 5 provides a comparison of the diffusivities of acetone and of various n-alkanes (from
n-hexane up to n-nonane) in their binary mixture within a narrow-pore silica gel. In Figure 5a, the mean
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pore size is about 4 nm and the acetone/n-alkane molar ratio is 1:10. Figure 5b shows the results within
a larger-pore silica gel with a mean pore size of about 10 nm and an acetone/n-alkane molar ratio

of 1:20.

(o]
3 = o 5x10°{ 1
"0 < 4x10° ]
E T . o
E € 3x10° ]
A == A

A A A Q e
5 A 2x10°- < 4y 4
0 n-alkane solvent D acetone .
A acetone 1x10°- D n-alkane solvent 8 |

6 7 8 9 6 7 8 9

carbon number carbon number

Figure 5. Diffusivities of the two components of the acetone-rn-alkane mixtures in the narrow-pore
silica gel on the left and in the large-pore silica gel on the right in dependence on the n-alkane chain
length [54].

As a main difference between the two representations, acetone diffusivities in narrow-pore silica
gel are found to exhibit a clear oscillation (beyond the uncertainty in measurement which is of the order
of the size of the symbols), while there is no similar effect in the large-pore silica gel. We may imply
that similarity in pore sizes and in the extension of the complexes formed by the interacting acetone
and n-alkane molecules amplifies the effect of interaction oscillation. Thus, in complete agreement
with the tendency observed with the oscillation of the melting points, even-numbered alkanes are
found to give rise to a perceptibly smaller diffusivity, corresponding with larger complex sizes and,
thus, stronger mutual interaction. That diffusion in the narrow-pore silica gel is found to be slowed
down in comparison with diffusion in the large-pore sample in general, may be easily referred to an
associated increase in tortuosity [55-58]. This effect is well known to increase with the size of the
diffusing particle [59-61] which explains why the reduction in diffusivity in the narrow-pore silica gel
is even more pronounced with acetone than with the n-alkanes (since, in contrast to acetone, only a
minor part of the n-alkanes contributes to the complex formation).

3.3. Diffusion Studies with Nematic Liquid Crystals in Confining Pore Spaces

As considered in the previous section for neat liquids, pore space confinement is expected to
also affect the internal dynamics in liquid crystals. As a rule, however, transverse nuclear magnetic
relaxation in liquid crystals is known to be dramatically accelerated in comparison with the neat
liquid [62,63], excluding the application of conventional PFG NMR for diffusion measurement. As an
example of the application of MAS PFG NMR diffusion studies, Figure 6 shows a typical example of
the MAS PFG NMR signal attenuation curves (Equation (6)) and an Arrhenius plot of the resulting
diffusivities [21].

The measurements were performed with 4'-pentyl-4-cyanobiphenyl (5CB), a nematic liquid
crystal commercially available (Merck Ltd., Poole, UK). The transition temperature between solid
and the nematic phase is 297.2 K and the isotropization temperature is 308.5 K. Measurements were
performed with both the bulk and with the liquid crystal confined within a Bioran porous glass
with mean pore diameters of 30 nm and 200 nm. The data shown in Figure 6b are seen to comprise
the diffusivities in both the states of nematic crystallinity (low temperatures) and isotropy (high
temperatures). Sample heterogeneities and temperature variation over the sample (see Section 2)
impeded sample equilibration for the temperatures in between so that in this range no measurements
were performed.
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While in the isotropic state, diffusivities are seen to decrease with increasing confinement, i.e.,
with the highest diffusivities in the bulk and with diffusivities in Bioran glasses with pore diameter of
30 nm below those measured for pore diameters of 200 nm, the effect of confinement is reversed in the
nematic phase. Here, the diffusivities in the larger pores are seen to be below those in the smaller ones.
This dependency reversal did already appear in Figure 6a where at 299 K, i.e., within the nematic phase,
the decay of the attenuation curve (being proportional to the diffusivity—see Equation (6)) is seen to
decrease with increasing pore size, while it increases at 334 K i.e., in the isotropic state. A significant
difference in the microdynamics of the two phases does as well appear in the activation energies of
diffusion where, with (38 + 6) k] mol~, the value determined for the nematic phase notably exceeds
that of (27 & 5) k] mol~! determined for the isotropic state. Simultaneously, the pre-exponential factor
of the diffusivity in the nematic phase is seen to notably exceed that in the isotropic phase, following
the correlation pattern of the compensation effect. Further enhancement in measurement accuracy is
needed for a clear distinction between these two influences, promoting the elaboration of expedient
model conceptions for explaining the observed diffusion anomalies.
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."i’ e 2 1 [ A
nA %o o - ~
- " . C L
A * o [ e
Iy | A ‘ o |
U2 A * = Q ‘
u A = - 8a
[ & = - SA
N -
" T=334K,200-nm-Bioran g A 2 aa°
® T=299 K, 200-nm-Bioran & o
A T=334K, 30-nm-Bioran |
* = & -Bi
0.1 I 2?9 K, 30 nm BloranI . ] . 01F . o ‘ 1 . e M
0 0.1 5 0.2 3.0 3.1 3.2 33 3.4
g?/T?m~2 e
T710°/K
(a) (b)

Figure 6. (a) 1H MAS PFG NMR spin echo attenuation, ¥, of the 4’-pentyl-4-cyanobiphenyl (5CB)
confined in Bioran glasses with pore diameters of 30 and 200 nm. (b) Temperature dependence of
the diffusion coefficient D of bulk 5CB (A) and of 5CB confined in Bioran glasses with pore diameter
of 30 nm (e) and 200 nm (M). The diffusivities were measured at 10 kHz rotation frequency, except
three values for 200 nm Bioran glass, which were measured at 5 kHz (%) and without rotation (4).
Empty symbols correspond to the nematic isotropic phase and full symbols correspond to the isotropic
phase [21].

3.4. Water Diffusion in Lithium-Exchanged Low-Silica X-Type Zeolites

While in Sections 3.1 and 3.2, resolution enhancement by MAS PFG NMR was exploited for
selective diffusion measurement of different components, it may also, equally importantly, be applied
for studying the transport patterns of one and the same molecular species in different surroundings.
Similarly as in micro-mesoporous hierarchical host materials [64—70] where guest molecules are known
to propagate with different diffusion rates depending on their current position (i.e., within micro-
or transport pores), overall mass transfer in complex systems is often found to occur in a sequence
of subsequent displacements covered with different diffusion rates. First-order simulations of mass
transfer in such systems are often based on the two-region approach of PFG NMR [71] where the
diffusants are implied to diffuse at two different rates D1 », with the respective probabilities p; , and
the mean life times 71 » in either of these states [72-77]. Data analysis is significantly facilitated if the
two states of mobility give rise to two different signals [14,78].
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Figure 7 introduces a system where such a possibility could be exploited. It shows, on the
right-hand side, the electron-microscopic picture of a low-silicon zeolite of type X (LSX) [79,80].
The individual particles are seen to be polycrystalline agglomerates. Diffusion studies by conventional
PFG NMR have shown that the boundaries between the individual crystallites act as transport
resistances for the water molecules, just as for the lithium cations whose diffusivities could, within
these materials, be directly measured via PFG NMR for the very first time [81,82]. The schematics in
the bottom of the left side show the zeolite pore structure, with the faujasite cage as the main storage
place for the water molecules (accommodating about 30 water molecules) and the sodalite cage (with
about 4 water molecules). Exchange between the various faujasite cages appears at an extremely fast
rate (with mean lifetimes of the order of nanoseconds) while water in the sodalite cages remains kept
over tens of milliseconds [81]. As an effect of its small exchange rates and, moreover, an extremely
short transverse magnetic relaxation time, sodalite water does not contribute to the measurement
of water diffusion by conventional PFG NMR measurements. Figure 8 illustrates that the situation
becomes totally different under the conditions of MAS PFG NMR [83].

We do now note a clearly visible signal stemming also from the water kept within the sodalite
units. It is well separated from a notably larger line which is caused by the water molecules in the large
faujasite cages. These water molecules are, via the gas phase, in fast exchange within the whole bed of
host particles. At a temperature of 313 K, water diffusion within the particles and through the bed is
seen to give rise to a signal attenuation. Following the general relationship as provided by Equation (6),
signal attenuation increases with increasing observation time. There is no signal attenuation visible for
the sodalite water, in complete agreement with our understanding that the water molecules are kept
caught within the individual sodalite cages.

At 373 K and for an observation time of 100 ms, signal attenuation is also observed with the
water molecules contained in the sodalite cages. This indicates that now, at the increased temperature
and for the largest observation time, at least a part of the water molecules within the sodalite cages
have been replaced by molecules from the surroundings which, on their way through the sodalite
cages and the intercrystalline space, have covered long-enough diffusion pathways giving rise to the
observed attenuation.

Water molecule

Faujasite crystallites

-

i Faujasite cage
Sodalite cage

Figure 7. Electron microscopic picture of the LSX zeolite material under study (right) and schematics of
the structure of the individual zeolite particles, jointly with a model of the pore elements, the “faujasite
cage” surrounded by eight “sodalite cages”, with the latter ones acting as “traps” on the diffusion path
of the water molecules (left). Figure 1 from Ref. [83] with permission.



Processes 2018, 6, 147 12 of 19

Figure 8. Stack plots of the 'H MAS PFG NMR signal attenuation for water in 100Li-LSX at 313 K (top)
and 373 K (bottom) for the indicated observation times. Chemical shifts increase from 7 ppm to 2 ppm
(from left to right), and field gradient amplitudes from 0.011 T m~! to 0.486 T m~!. Figure 4 from
Ref. [83] with permission.

Data analysis on the basis of the two-region model of PFG NMR diffusion measurement [14,71,78]
yields, as a best fit to the experimentally determined attenuations shown in Figure 8, the dependencies
of Figure 9 [83]. We note that this approach yields particularly satisfactory agreement for sodalite
water whose mean lifetime within the sodalite cages at 373 K may thus be estimated to amount
to 60 ms. Significant differences are observed between measurement and model approaches when
considering the water molecules out of the sodalite cages. This may, however, be easily understood as
an immediate consequence of the simplifications inherent to the model: while mass transfer outside of
the sodalite cages is quite a complex phenomenon including molecular displacements both within
the individual host particles and through interparticle space, additionally subject to resistances at
the interface between the individual crystallites [82], in the two-region model of PFG NMR, all these
influences are lumped together, being represented by one (“effective”) diffusivity.

0 0

1077 o —— 10 T
Pl T —
St S,
1074 107
[ T 25 SR T SR SRR e et 4
*4=0.01s
¢ 4=0.02s
1072 12led=0ls —
0 2 4 6 8 10
(21'rq)2 / 100 m2
100 10° ,
107!
St * e .
SRR
10’2_ . '.' ..
e A= 0.0ds,
* A4=002s"a o
* A=0.05s ™
10732 4201s e . .
0 2 4 6 8 10 0 2 4 6 8 10
(an)zl 1010 m2 (211:q)2/ 1010 m2

Figure 9. Intensity of the 'H signal (balls) in MAS PFG NMR signal attenuation experiments for water
molecules outside (left: (a,c)) and inside (right: (b,d)) the sodalite cages as a function of the (squared)
field gradient pulse intensity in zeolite 100Li-LSX at 313 K (a,b) and 373 K (c,d) for different observation
times A and comparison with the best fit (lines) as resulting from application of the two-region model.
Figure 6 from Ref. [83] with permission.
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3.5. Proton Mobility in Functionalized Mesoporous Materials

Increasing environmental pollution and ebbing away of conventional sources have given rise
to steadily increasing efforts searching for alternative energy sources and for higher efficiencies in
energy use. These activities include, in particular, the development and exploitation of novel fuel
cell technologies. Performance improvements and quests for multifunctionality in application have
led to increasingly complex structures, such as to be typically encountered with Polymer Electrolyte
Membrane Fuel Cells [84-86]. Variety in charge carriers and the diffusion pathways covered by them
make MAS PFG NMR a measuring technique of choice for an in-depth exploration of the elementary
steps of charge carrier mass transfer in such systems.

For exemplifying the thus-attainable information, we refer to Figure 10. It shows the
(highly resolved) proton spectra and their attenuation with increasing pulsed field gradient
intensity for two functionalized siliceous materials. They are candidates for a composite fuel cell
membrane consisting of a water-storing solid material and the common polymer material [87,88].
Both materials have been synthesized by co-condensation using tetraethylorthosilicate (TEOS)
and mercaptopropyl-trimethoxysilane (MPMS) [87,88] and bear coinciding functional groups
(=5i-CH,—CH,—-CH-SO3H). They are linked to the siliceous host framework and possess an acidic
hydrogen, representing the crucial “ingredient” for the use of such materials in fuel cells. The host
particles of the specimens under study do, however, notably differ in size, which turns out to make,
in the present context, the most relevant difference.

Figure 10. Two-dimensional presentations of the signal decay with linearly increasing strength of the
gradient pulses and insets showing the semilogarithmic plot of the signal decay as a function of the
squared strength of the gradient pulses. The 'H MAS NMR experiments were performed at 100 °C.
Results for sample MCM-48 and sample KIT-6 are presented on the left and right, respectively [88].

From the given material description, we easily recognize, in the various lines between 1 ppm
and 4 ppm shown in Figure 10, the contribution of the protons in the CH, groups which remain
unaffected by the field gradient pulses. The line at about 6 ppm, however, is clearly seen to be subject
to signal attenuation by diffusion. It may be attributed, therefore (and also in total agreement with our
knowledge about the chemical shift with protons in such systems [25,81,82,87,88]), to the acidic protons
and to the protons of the water molecules within the host material, being in mutual fast exchange.

Quantitative analysis yields, for the signal attenuation (inserts in Figure 10) in the case of
functionalized MCM-48, purely exponential decay as required by Equation (6), yielding a value
of 1.9 x 1078 m? s~2. Since the mean particle size of the MCM-48 material under study (<0.1 pum)
is significantly exceeded by the mean diffusion path length considered in this study (about 34 um
for an observation time of 10 ms), the thus-attained diffusivities no longer reflect any features of
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intracrystalline diffusion. They are rather given by the product of the relative number of molecules
outside of the individual particles and their diffusivities. These “long-range” diffusivities are indeed
known to be able to attain extremely large values, possibly even exceeding those in the liquid [89,90].
Estimates on the basis of the Nernst-Einstein equation by impedance spectroscopy (i.e., by conductivity
measurements) for the identical system did correspondingly yield, with a value of 1.65 x 10~ m? s72,
notably smaller intracrystalline diffusivities [88].

Measurements with KIT-6 could be performed with notably larger host particles, with particle
sizes up to 50 pm. Signal attenuation for the mobile protons is now found to be nicely approached
by the superposition of two exponentials of the type of Equation (6). The fast decay is, once again,
attributed to those water molecules which, during the observation time, have left their particles and
could thus “benefit” from the high mobility in intercrystalline space. Their “effective” diffusivity
amounts to 4.5 x 10~? m? s~2 which is, not unexpectedly, of a similar order of magnitude as already
observed for long-range diffusion in MCM-48. Now, however, a substantial amount of the protons
(water molecules) is seen to remain exclusively within the intraparticle pore space, giving rise to an
intraparticle diffusivity of 2.3 x 1071 m? s72. This value is indeed of the same order as the result of
impedance spectroscopy which yielded a diffusivity of 3.04 x 10710 m? s~2 [88], in complete agreement
with our understanding.

4. Conclusions

Experimental techniques are, by their very nature, only applicable to certain systems and
under certain conditions. In the course of time, these limitations may become increasingly
cumbersome—notably with powerful techniques, in view of their rich potential. As a consequence,
further research work aiming at a release of these limitations is stimulated. It is often accompanied
by an improvement of the performance and an enlargement of the applicability of these techniques,
which have become possible based on these developments.

All these features may be recognized in following the introduction and further development of
the pulsed field gradient (PFG) technique of NMR. Its application to studying molecular diffusion
in complex media, notably in nanoporous host-guest systems, has provided us with a number of
surprises, cumulating in a novel view on mass transfer in a number of nanoporous materials like
zeolites in comparison with our understanding a couple of decades ago. In addition, this technique
is subject to strict limitations, notably concerning the displacements of the molecules under study.
Sensitivity towards displacements is—via transverse nuclear magnetic relaxation—particularly limited
for systems of low mobility. Difficulties (with the measurement of displacements) are thus found to
arise preferably in such cases where they are particularly harmful, namely with systems of particularly
low mobility, with particularly low molecular shifts. In this mutual affectedness, one may recognize
one of the versions of Murphy’s law.

A way out of this conflict is provided by combining magic-angle spinning (MAS) with PFG
NMR diffusion measurement. The present review introduces the fundamentals of this approach and
illustrates the novel potential with a number of cases. They include diffusion measurements with
systems of extremely low mobility just as with multicomponent systems where, for the first time,
diffusion coefficients of the various components have become accessible. MAS PFG NMR has thus
contributed to a notable broadening of the scope so far considered in PFG NMR diffusion studies,
including the investigation of fuel cells and of oscillations in the diffusion patterns of n-alkane-ketone
mixtures under confinement. A most decisive breakthrough has been achieved in MAS PFG NMR
diffusion studies with water in low-silicon lithium-exchanged zeolite X, where even water molecules
confined to the sodalite cages have been made accessible to direct diffusion measurement. This type of
measurement has all potential for becoming applicable to materials with hierarchically organized pore
spaces in general, notably including mesoporous zeolites [56,91,92]. In-depth studies of molecular
exchange between the various subspaces are among the great challenges of future investigations aiming
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at quality enhancement and exploration of the elementary steps behind the overall performance of
such materials.
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