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ABSTRACT: The dynamics of fluids confined in hierarchical porous materials, is gaining
increasing attention. Here, using Pulsed Field Gradient Nuclear Magnetic Resonance, we
report an experimental study of the self-diffusivity of cyclohexane confined at different
temperatures in the bi-porous structure of hierarchical faujasite zeolites (i.e. combining the
intrinsic zeolite microporosity < 2 nm and an ordered MCM-41 like mesoporosity of 4 nm
diameter). For different mesoporous volumes, we consider cyclohexane self-diffusivity at
chemical potentials where the porosity is either totally or only partially filled (in the latter
case, the microporosity is completely filled while the mesopore surface is only covered by a
molecular thin film). On one hand, in completely filled materials, as expected, the effective
cyclohexane self-diffusivity is found to increase as the mesoporous volume increases.
Moreover, in this regime, the self-diffusivity follows an Arrhenius behavior with an activation
energy that is close — although slightly smaller — than that for bulk cyclohexane. On the other
hand, for partially filled materials, a striking behavior is observed as the measured self-
diffusivity decreases upon increasing the loading and remains nearly constant upon increasing
the temperature. We propose here that such behavior can be rationalized by considering (1)
the population redistribution between the microporosity and mesoporosity (including the gas
phase in the mesopores) and (2) the effective number of molecules that contributes to spin
echo attenuation upon increasing the temperature. In particular, while molecules diffuse
overall faster with increasing the temperature, we show here that our measurements rely at
each temperature on a slower and slower population (therefore leading to unexpected

temperature variations).
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1. INTRODUCTION

Owing to their large surface area (~10% — 10° m?/g) and regular pore size (~ nm), zeolites are
porous crystalline materials with optimal properties for catalysis, adsorption, ion-exchange,
etc.' To alleviate mass transfer limitations in their very small porosity, much effort is still
being devoted to synthesize multiscale porous zeolites exhibiting different porosity scales —
the so-called hierarchical zeolites, micro/mesoporous materials and/or biporous zeolites.?%*>®
All these different systems refer to the same type of porous samples, which combine the
zeolite microporosity (< 2 nm) hosting the active surface sites and a mesoporous network (2 —
50 nm) ensuring fast and unrestricted access to these active sites. Yet, despite many similar
properties, the different design strategies that lead to such multiscale zeolites confer them
with different properties. In particular, the dynamics and transport of confined fluids is known
to be very sensitive to the pore size, distribution, and connectivity of the micro- and
mesoporous domains. Typically, poor connectivity between the microporous/mesoporous
domains or buried mesoporosity accessible from micropores only lead to very little

improvement with respect to the reference, i.e. only microporous, zeolite.

The complexity in describing and predicting transport in multiscale porous materials
drastically hinders the development of rational design strategies of hierarchical zeolites. In
particular, despite the recent research boost in the synthesis of more and more hierarchical
zeolites, the on demand design of optimal samples for a given application is still out of reach.
To attain this goal, in parallel to synthesis efforts and advancements in adsorption kinetics
modelling,”® significant research has been devoted to the development of robust experimental
procedures to assess transport and diffusion in such multiscale porous materials.>*° In
particular, as an alternative to in-flow experiments which probe transport in conditions close
to real applications, microscopic diffusion experiments such as quasi elastic neutron scattering

(QENS™'?), nuclear magnetic resonance diffusometry (NMR relaxometry®34°

) and pulsed
field gradient nuclear magnetic resonance (PFG NMR*"8) are receiving a lot of attention.
With such experiments, one simplifies the problem by restricting the investigation of transport
phenomena to self-diffusion (i.e., no net flow conditions). Even though the self-diffusivity
provides an incomplete picture of in-flow transport in porous materials, it is often found to be
very valuable and sufficient as it corresponds to the main contribution in the collective
diffusivity (which is linked to the permeance in transport induced by a pressure gradient)®.

This is particularly true for gas transport and/or ultraconfined molecules where the velocity



correlations between different molecules are very small or even negligible.’> Among the
different techniques available to probe self-diffusion, PFG NMR is considered a method of
choice as it probes transport over time and length scales that involve diffusion across multiple
porosity domains or restricted to given porosity domains. In more detail, depending on the
experimental conditions used (temperature, observation time, field gradient range, loading,
etc.), diffusion is assessed with many molecules crossing back and forth different domain

types or with most molecules confined within the same porosity domain types.*’*#2!

Here, we report an experimental study using PFG NMR on the self-diffusion of cyclohexane
confined at different temperatures in the hierarchical porosity of micro/mesoporous faujasite
zeolites. The samples consist of NaY faujasite zeolites (Si/Al = 15) in which an ordered
MCM-41 type mesoporosity is formed using an octadecyltrimethylammonium surfactant (C18
chain) so that the typical mesopore diameter is about 4 nm.* Different mesoporous volumes
are considered in order to probe the effect of this parameter on cyclohexane self-diffusivity.
Moreover, to assess the underlying diffusion mechanisms, different loadings are considered
with the whole porosity being either completely or only partially filled. In addition to
shedding light on the diffusion of this probe in hierarchical materials, the present study shows
some important difficulties inherent to the PFG NMR technique. In particular, by carefully
analyzing the change in the fraction of molecules probed upon increasing the temperature, it is
illustrated how counterintuitive results such as nearly constant temperature dependence of

self-diffusion can be explained.

2. SAMPLES AND METHODS
2.1. Materials

In a beaker (250 mL), NaOH pellets were added to 180 g of H,O and the mixture was stirred
with @ magnet wuntil complete dissolution at 25°C. Then, 7.843 g of
octadecyltrimethylammonium bromide (C18TAB) was added under magnetic stirring until
complete dissolution at 25°C. In this regard, different masses of NaOH pellets were used to
achieve the respective zeolite compositions (for the compositions see Table S1, Supporting
Information). The magnetic stirrer was then replaced by an endless screw stirrer, which

provides a gentler stirring that is necessary to maintain the particle size and shape of the initial



material, as described for the pseudomorphic synthesis of silica particles into MCM-41

particles.?*?®

Indeed, the present synthesis relies on the concept of pseudomorphic
transformation but with zeolites as starting materials instead of silica or silica-alumina. Next,
approximately 12 g of the parent zeolite, i.e., dealuminated H*-FAU-Y (Si/Al = 15)
(CBV720, obtained from Zeolyst) was added to the solution and stirred for 1-2 h at 25°C
until a homogeneous white suspension was obtained. The suspension was then transferred into
a Teflon-lined stainless steel autoclave (250 mL) and maintained in a static condition for 20 h
at 115°C. It was then filtered and washed with water until neutral pH was reached. The
sample was then dried in an oven at 80°C for 12 h and calcined at 550°C for 8 h (heating rate
5 K/min). The molar ratios of the mixtures were calculated by approximating the FAU-Y

composition as 1 SiO,: 0.1 C18TAB: n NaOH: 50 H,0, where n = 0.025 to 0.25.%

2.2. Characterization techniques

The structural characterization of the mesoporous faujasites was conducted by X-ray
diffraction (XRD) using a Bruker D8 Advance diffractometer with a Bragg-Brentano
geometry. The diffractometer emitted Cu Ka radiation and was equipped with a Bruker Lynx
Eye detector and a Ni filter. The XRD patterns were recorded in the 26 range of 4-50° to
identify the peaks corresponding to FAU-Y, and in the range of 0.04-6° to identify the
ordering of the mesopores.?* The textural properties of the mesoporous faujasites were
determined by N, sorption isotherms at 77 K, recorded on a Belsorb apparatus. Prior to this
characterization, approximately 200-300 mg of the sample that was used for analysis was
outgassed under vacuum at 250°C for 12 h. The Broekhoff and De Boer (BdB) method was
applied to the N, desorption isotherm to calculate the mesopore diameters — as recommended
for MCM-41 type materials.?® The micro-, meso-, and total pore volumes were evaluated by
the corrected t-plot method developed previously for mesoporous FAU-Y? and recently
extended to various hierarchical zeolites.?® The transmission electron microscopy (TEM)
images were recorded using a JEOL 1200 EX2 microscope operating at 100 kV.

2.3. Pulsed Field Gradient Nuclear Magnetic Resonance

Cyclohexane was loaded in the sample by freezing the desired amount of material (between
40-100% of the total pore volume) inside the NMR tube, which was then sealed and left at



room temperature for at least 48 h prior to the experiments. The measurements of self-
diffusion coefficients of cyclohexane were performed on an Avance HD Bruker spectrometer
operating at a *H resonance frequency of 300 MHz. Pulsed field gradients were generated by
a Bruker diffusion probe equipped with a Diff50 gradient coil connected to a Great60 DC
current amplifier, leading to a maximum attainable gradient of 30 T m™. Since the transverse
relaxation time, T,, of cyclohexane adsorbed in our materials was typically on the order of 1
ms or less, short 370 ps gradient pulses were used and the gradient intensity was varied
between 10-1500 G/cm. A stimulated echo sequence was used to take advantage of the long
longitudinal relaxation time, T; (compared to the transverse relaxation time T,). Additionally,
to avoid the influence of internal magnetic field gradients on the attenuation of the echo
signal, the bipolar gradient variant proposed by Cotts et al.”’ (named the 13-interval pulse
sequence) was chosen. The observation time, A, was varied between 10-80 ms for
preliminary experiments and subsequently set to 10 ms for the whole set of measurements.
Given the large number of samples under consideration and the long duration of each PFG
NMR experiment, it was possible to perform a complete diffusion measurement for only
selected nanoporous samples, i.e., obtaining the NMR signal attenuation as a function of
magnetic field gradient for both complete/partial loading at all temperatures. Therefore, a
selection of samples, temperatures and loadings was made to gain insights into the impact of
temperature and loading as a function of the mesoporosity/mesoporous volume in the

mesoporous faujasites.

3. MATERIALS CHARACTERIZATION

The parent FAU-Y is made up of particles with a typical diameter of ~10 um (2 — 20 um).
Such particles are formed by the aggregation of crystals of size ~1 um. On the other hand, the
mesoporous FAU, which result from the pseudomorphic transformation of FAU-Y assisted by
C18TAB, is composed of particles of diameter ~20 um (10 — 90 um) formed by the
aggregation of crystals of size ~1 um. As shown in Fig. 1, mesoporous FAU materials
correspond to two main classes of hierarchical micro/mesoporous materials. (Type 1) For
0.0625 < NaOH/Si < 0.10, the walls in between ordered mesopores are presumably zeolitic as
the wall thickness (2.4 nm) is large enough to accommodate the FAU unit cell. Another
variant of such materials also contain some zeolite nanocrystals (100 — 200 nm) well-
dispersed in each grain. (Type 2) For 0.125 < NaOH/Si < 0.25, the walls in between

mesopores are presumably amorphous as the wall thickness (1 nm) is too small to



accommodate a FAU unit cell. In each grain some well-dispersed zeolite nanocrystals are
present, the size of which decreases with the increase of NaOHY/Si ratio (from 100 to 4 nm).
Within the grains, some macropores form as well, the diameter and number of which increase
with the NaOH/Si ratio.?* Using the t-plot analysis (Table S1 in the Supporting Information)
applied to nitrogen sorption at 77 K (Fig. 2), it was shown that increasing the NaOH/Si ratio
from 0.025 to 0.25 increases the mesoporous volume from ~0 to 0.75 mL/g, while decreasing
the microporous volume from ~0.37 to 0.06 mL/g. The mesopore diameters are ~4.4 nm for
0.06 < NaOHY/Si < 0.1, respectively, and decrease linearly with increasing NaOH/Si (0.125 <
NaOH/Si < 0.25) to reach ~4.0 nm (Fig. 2). The mesopore diameter distribution is narrow: +
0.3 nm for 0.06 < NaOH/Si < 0.1 and £ 0.5 nm for 0.125 < NaOHY/Si < 0.25. The micropore
sizes are defined by the zeolite structure of FAU determined from XRD?** with windows and
cavities of 0.78 nm and 1.3 nm, respectively. On the one hand, the microporous surface area
decreases from 800 to 0 m?/g upon increasing NaOH/Si from 0.025 to 0.25, on the other hand,
the mesoporous surface area increases from 30 to 800 m?/g. The external surface area is ~30
m?/g for 0.075 < NaOH/Si < 0.25, being ~100 m%g for the parent FAU-Y and untransformed
zeolite for 0 < NaOH/Si < 0.05.%%%° The micro- and mesoporous volumes of the mesoporous
FAU-Y (based on the NaOHY/Si ratios) have been referred from values previously reported by
Mehlhorn et. Al, ** as listed in table 1. Based on the work of Reich et al*®°, the mesoporosities
of individual zeolite samples were calculated from the mesoporous volume (Vp), total porous
volume (Vit), and density of the solid skeleton of the respective zeolites and are listed in
Table 1.
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Fig. 1. Transmission electron microscopy images of the starting zeolite (FAU-Y, named CBV
720) and of the mesoporous FAU exhibiting mesoporosity obtained using different NaOH/Si
molar ratios: NaOH/Si 0.075, 0.125, 0.25. The scale is shown on each image. The dark
regions show the pore walls while the light regions show the pore voids.
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Fig. 2. (a) Nitrogen sorption isotherms at 77 K of mesoporous FAU obtained using different
NaOH/Si molar ratios ranging from 0-0.25. The adsorbed amounts V are expressed in cm®
STP per g of solid material as a function of the relative pressure P/Pq (P is the bulk saturating
vapor pressure for N, at 77 K). The NaOH/Si molar ratio is shown on the right. Starting from
NaOH/Si = 0 (regular zeolite), the mesoporosity inside the mesoporous FAU increases with
the NaOH/Si molar ratio (as evidenced by both the increase in the adsorbed amount prior to
capillary condensation and the sharp increase in the adsorbed amount corresponding to
capillary condensation). (b) Pore size, D, versus capillary condensation pressure as obtained
using the Broekhoff and De Boer (BdB) (desorption curve) relationship. The dashed line is
the analytical relationship while the filled circles correspond to the mesoporous FAU for
which the N, adsorption isotherms are shown in panel (a) with the same color code. The

extracted mesoporous diameters, D, are also shown for each mesoporous FAU in Table 1.

Table 1: Average mesopore diameter, microporous, mesoporous and total pore volumes of
the mesoporous FAU obtained from N, sorption isotherms at 77 K.** Additionally, the
mesoporosities, &, are also listed (these values have been calculated based on the work of

Reich et al.®®)

NaOH/Si D Viot Vy Vi €
(nm) (mL/g) (mL/g) (mL/g) (mesoporosity)

0 0.431 0371  0.06 0.06
0.05 4.58 0.437 0.326 0111 0.12
0.075 4.27 0.534  0.28 0.254  0.24
0.10 4.46 0.634 0222 0411 0.36
0.125 4.21 0.714  0.17 0.544  0.44
0.15 421 0.766  0.122  0.644  0.50
0.25 3.97 0.811 0.057 0.754 057




4. DIFFUSION

While PFG NMR is a robust and successful technique to probe transport in micro/mesoporous
materials, such as hierarchical zeolites, data interpretation is often very complex as it depends
on the specificities of the porous solid and adsorbed fluid as well as on the thermodynamic
and acquisition conditions.®**? Typically, for the same porous sample, depending on the fluid
probe and observation time, A, considered, the interpretation of the diffusion data will greatly
differ. In principle, this is an asset of the PFG NMR technique as the use of different fluids (or
temperatures) and observation times allows probing either diffusion restricted to molecules
that do not exchange between porosity domains or macroscopic diffusion with molecules that
explore all porosity domains.’®***2 In more detail, in the first case, the exchange time, t,
between domains is much longer than the observation time, A, such that the PFG NMR data
shows different diffusion regimes that are characteristic of each porosity domain (micro-,
meso-, and macroporous). In contrast, in the second case, the exchange time, t, between
domains is shorter than the observation time, A, such that the PFG NMR data shows a single
diffusion regime that is characteristic of the whole porous material and its underlying
distribution of micro-, meso-, and macroporous domains. Therefore, by playing with A (which
can be tuned between a few ms to a few hundreds of ms typically), one can probe in principle
surface barriers through the corresponding characteristic crossing time, t, that they induce.
However, despite its robustness and efficiency, the difficulty and variability of the
interpretation of PFG NMR data often lead to confusing pictures when multiscale porous
materials are used. In fact, this complexity arises from the dual nature of the PFG NMR
technique which probes diffusion over both, a given time and length scale, respectively;

wherein A sets a characteristic time, and the magnetic field gradient imposes a spatial length,

E.

In practice, with the PFG NMR technique, the diffusion coefficient is obtained from the
attenuation, ¥, of the PFG NMR echo signal measured as a function of the amplitude of the
applied field gradient, g. The dependence of ¥ on the experimental parameters in the case of
diffusion in an infinite homogeneous medium is expected to take the form:
¥ = exp[—y262g*D.ss4]. v is the gyromagnetic ratio of the observed nucleus, 3 is the
duration of the gradient pulses, and, A, the effective observation time, includes corrections

arising from the particular pulse sequence used. The representation of W in logarithmic scale

10



versus q = y282g*D,srA should therefore lead to a straight line and, Des, the effective
diffusion coefficient (m? s™) to be measured is usually obtained by fitting the experimental
data against the above equation. However, all our data exhibit a more complex dependence
consisting of two distinct parts: a rapid decrease at very low values of the magnetic field
gradient followed by a straight line with a slight negative slope (Fig. 3(a)). The rapid
decrease, corresponding to large molecular displacements (long range diffusion), is due to the
fraction of molecules that exchange at some point between intraparticle and interparticle
spaces during the observation time. The second part of the curve with much smaller slope
corresponds to the molecules diffusing inside the particles only and moving over smaller
distances during the same observation time. The fitting of that part gives the value of the
diffusion coefficient inside the hierarchical particles, whereas the extrapolation of the linear
part to the vertical axis leads to an approximation of the proportion of molecules considered.
As observed in Fig. 3(b), the diffusion coefficient is almost independent of A up to a value of
60 ms, after which it starts to decrease drastically as a consequence of a transport resistance at
the surface of the particles. As the diffusion time is increased, the mean displacement of the
molecules increases and more of them are able to leave the particles. Some of the molecules
that encounter the surface of the particles cannot overcome the energy barrier to leave the
porous network and get reflected inside. The mean displacement of the observed set of
molecules is therefore decreased and the measured Des depends on A (restricted diffusion).
Consequently, it was decided to use A = 10 ms in order to avoid any bias coming from this

phenomenon on our measurements.
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Fig. 3. (a) Attenuation W of the spin echo signal at -20°C as a function of the gradient
strength, g, measured from PFG NMR for cyclohexane adsorbed in a mesoporous FAU (the
NaOH/Si molar ratio is 0.25). The porosity is filled up to 100%, which means that both the
microporosity and mesoporosity are filled with cyclohexane (see text). These measurements
were performed for different observation times, A: (black) 10 ms, (red) 20 ms, (green) 40 ms,
(purple) 60 ms, and (blue) 80 ms. Considering the observation times, these measurements

correspond to molecules with typical displacements L ~ (6D;A)Y?

. This corresponds to L in
the range 1 — 3 um for A = 10 ms, and L in the range 3 — 9 um for A = 80 ms. (b) Self-
diffusivity, D, as a function of A for cyclohexane obtained from the fit of the spin echo
attenuation curves in (a). For A <60 ms, the self-diffusivity corresponds to the molecules that
remain within the mesoporous FAU particles as PFG NMR probes displacements L < 1.5 um,
i.e., smaller than the particle radius. In contrast, for A > 60 ms, the self-diffusivity drops as
PFG NMR probes displacements that extend beyond the particles size so that diffusion is

sensitive to energy barriers at the particle surface.

4.1. Complete pore filling

We first discuss the results obtained upon complete pore filling for the series of mesoporous
FAU. Fig. 4(a) shows the self-diffusivity obtained using PFG NMR for cyclohexane at T = -
20 °C in these porous solids as a function of the mesoporous volume (the corresponding
attenuation curves are shown in Fig. S1 of the Supporting Information). For the sake of
clarity, we also report in Fig. 4(a) the corresponding NaOH/Si molar ratio used to prepare
each sample and the resulting mesoporosity. As expected, upon increasing the mesoporous
volume available in the sample, the effective diffusivity, D, increases; under such complete
filling conditions, molecules exchange between the microporous and mesoporous domains
such that the effective diffusivity probed by PFG NMR reflects an average diffusivity of the
micro- and mesoporous domains combined. To further assess the correlation between the
properties of each prepared material and these experimental diffusion data, we show in Fig.
S2 (Supporting Information) the same self-diffusion data plotted as a function of the other
physical parameters, i.e., the mesopore size, D, the mesoporosity, €, and the NaOH content
used in the synthesis [note that the abscissae in Fig. 4(a) is the mesoporous volume Vy]. As
expected, the mesopore diameter is found to be non-relevant as the different samples have

12



very similar diameters. This finding is confirmed by the fact that the self-diffusivity for the
pure zeolite, despite the absence of mesoporosity, has the same order of magnitude as that for
the mesoporous FAU materials. We found that Ds for the mesoporous FAU is strongly
correlated with the mesoporosity, €, and the NaOH content used in the synthesis. The marked
correlation with & was expected as this parameter is directly related to the mesoporous volume
Vm so that the dependence Ds(g) is intrinsically linked to Ds(Vy). Similarly, the correlation
observed between Ds and [NaOH/Si] is also expected as the latter parameter directly impacts
Vm (in fact, [NaOHY/Si] is the driving force to form mesoporosity in the faujasite samples).
However, in this case, we note that there is no trivial, i.e., mathematical dependence between
Vi and [NaOH/Si], and the similar trends observed in Ds(Vm) and Ds([NaOH/Si]) are only
qualitative.

The data in Fig. 4(a) can be rationalized by invoking the self-correlation function
G(r,t) ~ [Dst] Y2exp[-r¥/Dgt] which describes the probability that a cyclohexane molecule
diffuses by a distance r over a time t (note that the use of a Gaussian distribution implicitly
assumes that the displacement obeys normal, i.e. Fickian diffusion). This function or
equivalently its space Fourier transform (where r = q?), 1(q,t) ~ exp[-Dsg’t], contains all
information on the dynamics within each porous domain but also on the crossing dynamics
between domains. From a general point of view, such crossing dynamics lead to complex
functions 1(q,t), such that the effective diffusivity, D™, cannot be predicted in a
straigthforward fashion from the self-diffusivities in the purely microporous and mesoporous
domains (D¢" and Ds™). However, there are two asymptotic regimes where diffusion can be
described accurately in a very simple manner. Let us consider the diffusion time, t, is to* ~
(Ds“q®)™* to diffuse over a typical length L ~ 1/q in a domain k. On the one hand, when the
typical crossing time tc is such that tp* << ¢, most molecules remain in the same domain and
I(g,t) in this slow-switching limit is given by the sum of all intra-domain diffusion
components: 1(q,t) = =i X« exp[-Ds‘q’t] where x, is the fraction of molecules located in the
porous domains of type k. On the other hand, when the crossing time tc is such that tp* >> 1,
molecules do exchange frequently between domain types and 1(q,t) in this fast-switching limit
corresponds to a single exponential component 1(q,t) = exp[-Ds"g?t] with an effective
diffusivity given by D™, In practice, the expression for D& can be rather complex as it
depends on the way the domains are distributed but also on the specificities of the interfaces

13



between them (existence of surface diffusion barriers, crossing/recrossing properties, etc.).
However, there is a simple approximation — known as fast exchange model**** — that can be
made to derive the following expression for the effective self-diffusivity D = 3y x Ds<. This
last result can be derived in a simple fashion as follows. In the Fickian regime, Ds*" is linked

to the average mean square displacement:®*®

%) = <<ZZAr,i)2>~ PIPXEHE ®
ki k i

where Ar}. is the i™ trajectory segment within a domain of type k and < > denotes statistical
averaging. In the second equation, all successive trajectory segments were assumed to be
uncorrelated i.e. < ArfArg,> = 0 (except if i = i” and k = k). Furthermore, upon assuming that
each trajectory obeys Fickian diffusion, i.e. (Ari)? = 6Dkt, Eq. (1) can be recast as (r?) =

6DEMt with:

D =" 6Dk = > xD} @

k k

where t; is the time fraction spent in domains of type k. In the second equality in Eq. (2), the
ergodicity principle was used to convert the time fraction t; into the average molecular

population fraction x;, in domains of type k.

Coming back to our experimental data shown in Fig. 4(a), the underlying spin echo
attenuation data suggest that after the initial fast decay only one diffusion constant is observed
in the range corresponding to microporous and mesoporous diffusion. In turn, this suggests
that diffusion in the hierarchical samples considered here involves an effective diffusivity
D™ as defined by Eq. (2). This result is supported by the fact that experimental data in Fig.
4(a) are reasonably well described using Eq. (2) (see the dashed line in the figure). The fitted
microporous and mesoporous self-diffusion coefficients were found to be D" ~ 2.5x10™* and
D" ~ 5.6x10" m?s, respectively. It should be emphasized that these values do not
necessarily reflect the true self-diffusivity as would be encountered in purely ideal
microporous and mesoporous phases. Indeed, they should rather be seen as mesoscopic values
— probed for diffusion over the micron scale — which include the effect of tortuosity and
defects within the corresponding microporosity and mesoporosity (in fact, self-diffusion

coefficients within such phases are expected to differ by at least an order of magnitude).
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Fig. 4. (a) Self-diffusivity Ds as a function of the mesoporous volume Vy, for cyclohexane
adsorbed at T = -20 °C with A = 10 ms in mesoporous FAU. For each system, the whole
porosity (micro- and mesoporosity) is filled. The dashed line is a fit against the fast exchange
model (see text). The number in blue text close to each data point indicates the NaOH/Si
molar ratio used to obtain the mesoporous FAU sample, while the red text in brackets
indicates the corresponding mesoporosity ¢ (see table 1). (b) Effect of temperature on the self-
diffusivity, Ds, as measured by PFG NMR for cyclohexane that fully fills the porosity of
mesoporous FAU: (green circles) NaOH/Si = 0.1, (red circles) NaOH/Si = 0.15, and (purple
circles) NaOH/Si = 0.25. The grey and white circles are the self-diffusivity for bulk
cyclohexane (where the grey data are from this work, the white circles are taken from the

literature).

Fig. 4(b) compares the temperature dependence of the self-diffusion coefficient for bulk
cyclohexane and cyclohexane confined within three mesoporous FAU samples. All data
follow nicely the expected Arrhenius behavior where the self-diffusion coefficients Dy vary
exponentially with temperature T as D, = D2 x exp(—E,./kgT). The pre-exponential factor
D? is the high temperature self-diffusion coefficient that would be unaffected by the
activation energy for molecular diffusion E,. (kg is Boltzmann constant). DO is directly
proportional to the molecular rate (frequency) with which molecules attempt to diffuse from

one site to another. As expected, D? is strongly affected by confinement; while D2 ~ 4x10”
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m?/s for bulk cyclohexane, its value drops by 1 or 2 orders of magnitude upon confinement
within the hierarchical zeolites; D2 ~ 0.4-1x10® m?/s. On the other hand, E,., is weakly or at
least less dependent on confinement; E,.; ~ 14 kJ/mol for bulk cyclohexane while E,.; ~ 8-13
kJ/mol under confinement. This suggests that the molecular mechanism involved in diffusion
is somewhat similar to its bulk counterpart. Overall, the different results above suggest that
despite strong confinement within the porosity of the samples, the slower diffusion for
confined cyclohexane arises from a lower diffusion rate D? (i.e. site accessibility through
brownian diffusion jumps) rather than from confinement effects on the activation energy

(which is slightly lower upon confinement).

4.2. Partial pore filling

As described in the previous section, the data for confined cyclohexane when the whole
porosity —i.e. microporosity + mesoporosity — is filled, leads to a rather intuitive behavior. In
contrast, the results obtained for partially filled hierarchical zeolites remain puzzling by many
aspects. Fig. 5a shows the spin echo attenuation curve for cyclohexane adsorbed in a
mesoporous FAU (the NaOH/Si molar ratio is 0.1 (V, = 0.22 mL/g, Vi, = 0.41 mL/g, Viot =
0.63 mL/g; see table 1 for further details). Data are shown for different filling ratios ranging
from a = 40-100% of the total pore volume. The first experiments were performed at « =
100% and 40%, respectively, by applying a much larger range of magnetic field gradient
pulses [(Sgy)’A values] to obtain the diffusion characteristics for the boundary cases. For a
sample with intermediate filling fraction (such as 60%), owing to the long data acquisition
time required for a good signal to noise ratio in the PFG NMR experiments performed on our
samples, the (8gy)?A range was restricted to a region where the slowest diffusing molecular
population was expected, which is most relevant for this study. Thus, the fast initial
attenuation has not been explored for the case of o = 60%. For o = 40% and 60%,
corresponding to pores filled with 0.25 and 0.38 mL/g of cyclohexane, respectively, most
molecules are within the microporosity with smaller and larger amounts of cyclohexane
adsorbed at the mesopore surface, respectively. Strikingly, upon decreasing the filling fraction
from 100% to 40%, the self-diffusion coefficient Dy increases. This result can be rationalized
by considering diffusion (relocation) through the gas phase. In more detail, for partial filling
fractions, some molecules diffuse not only through the microporosity and the mesopore

surface but also through the gas phase in the mesoporosity. As the filling fraction decreases,
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such a gas phase contribution necessarily increases as an increasing fraction of molecules
within the microporosity or adsorbed film in the mesoporosity are in contact with the empty
mesoporosity. In turn, this implies that upon decreasing the filling fraction, the overall
contribution of the gas phase diffusion to the effective diffusivity D, increases — in qualitative
agreement with the data shown in Fig. 5(a). For « = 40% and 60%, the available volumes for
the gas phase in mesopores correspond to 0.38 mL/g and 0.25 mL/g, respectively. It can be
observed that the self-diffusion coefficient increases proportionately with the volume

available for the gas phase.

While the reasoning above requires further study to be corroborated, it is supported by the
three following results. First, in all cases, the self-diffusion coefficient, D, for the partially
filled mesoporous FAU is higher than the value observed for the completely filled material.
Considering that both D in the microporosity and in the adsorbed film are lower than in the
mesoporosity (because of increasing confinement effect for the former and decaying
fluid/surface interaction with film thickness for the latter), the overall diffusivity, D, should
increase with increasing filling fraction if no gas phase contribution were to be considered.
Second, considering the two datasets for partially filled samples, it can be assumed that in the
thicker adsorbed film a smaller fraction of molecules relocate through the gas phase as the
volume accessible to the gas is smaller. Such a thickness dependence of the gas phase
diffusivity contribution explains why the measured self-diffusivity for partially filled samples
in Fig. 5(a) decreases upon increasing the loading. The NMR signal attenuation represents the
effective diffusivity of the entire adsorbed phase present in the micro- and mesoporous
domains put together. Depending on the (8gy)’A range chosen (the larger the value, the
smaller the length scale of diffusion probed, and vice versa), we go from a primarily gas
phase diffusion dominated regime in the mesoporosity (low (8gy)?A range; rapid attenuation)
to a regime dominated by molecular diffusion in the faujasite network (high (6gy)*A range;
slow attenuation). Here we focus on the slowest diffusing molecules that are typically
concentrated in the microporosity, and best represented by the slowest attenuation rate
sustained over the broadest (8gy)’A range (Fig. 5(a)). A rough estimation of the fraction, x, of
such population could be made by simply extrapolating this linear region of the NMR
attenuation in Fig. 5(a) to (6gy)2A = 0.° In other words, the other 1-x molecule fraction
diffuses too fast to contribute to the corresponding self-diffusivity (their self-diffusion is fast

so that their contribution to the spin echo attenuation is located in a much smaller field
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gradient range). While x ~ 0.5-0.6 for the completely filled hierarchical zeolite, this value
drops to approximately 0.2 and 0.06 for the 60% and 40% filling fractions, respectively. This
large decrease in the fraction of molecules contributing to the self-diffusion is consistent with
the picture proposed above. In more detail, upon decreasing the filling fraction, more and
more molecules explore the gas-filled porosity with only a limited contribution returning (i.e.,
relocating) within the same zeolite or adsorbed film domain over the typical observation time
A.
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Fig. 5. (a) Attenuation ¥ of the spin echo signal at -20 °C for A = 10 ms as a function of the
gradient strength, g, measured by PFG NMR for cyclohexane adsorbed in a mesoporous FAU
(the NaOH/Si molar ratio is 0.1). The porosity is partially or totally filled with a filling ratio
increasing from 40-100% (a loading of 40% means that only the microporosity is filled with
some adsorbed molecules at the mesopore surface, while a loading of 100% means that both
the microporosity and mesoporosity are filled with cyclohexane). These measurements were
performed for an observation time A = 10 ms. The graph also reports the self-diffusivity D
obtained from such attenuation curves. (b) Effect of temperature on the self-diffusivity, D, as
measured by PFG NMR for cyclohexane adsorbed in mesoporous FAU: (green circles)
NaOH/Si = 0.1, (red circles) NaOH/Si = 0.088, and (blue circles) NaOH/Si = 0.075. The grey
and white circles are the self-diffusivity for bulk cyclohexane. All data for confined
cyclohexane, which were taken for T = -20, 0, and 15°C, correspond to a loading where the
microporosity is completely filled with some adsorbed molecules at the mesopore surface
(filling ratio 40%).

To shed more light on the diffusion mechanisms in partially filled hierarchical zeolites, the
temperature was varied in the range from -20 to +15 °C. The corresponding data are shown in

Fig. 5(b) where we compare the results for bulk cyclohexane and cyclohexane confined in
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different hierarchical zeolites. For the latter, the filling fraction was set to a value (40% of
Vi) Where most molecules are located within the microporosity with a small amount of
molecules adsorbed at the mesopore surface. In contrast to the data obtained for completely
filled samples, these data show a non-Arrhenius behavior as Dy remains nearly constant upon
increasing temperature. In an attempt to rationalize this result, we consider a possible effect of
population redistribution upon changing the temperature. Indeed, the filling fraction, f ~ 40%
— chosen here as it corresponds to a filling where most molecules only fill the microporosity —
was defined from an adsorption isotherm obtained at room temperature. To verify the role of
temperature, we focus on the cyclohexane adsorption isotherms measured at different
temperatures for one of the mesoporous FAU (NaOH/Si = 0.125), as shown in Fig. 6(a). Such
data are typical of adsorption isotherms for fluids in microporous/mesoporous samples. The
hysteresis loops observed in the cyclohexane adsorption isotherms in the mesoporous FAU
arises from capillary condensation in the mesoporosity. Indeed, as for N, adsorption at 77 K,
cyclohexane in the mesoporosity also displays irreversibility upon adsorption/desorption.®**
In contrast, in the zeolite microporosity, these hysteresis loops are not observed since
capillary condensation in such extreme confinement is replaced by a continuous, reversible
pore filling.>>*® As shown in Fig. 6(a), we also use Polanyi’s model which allows predicting
the adsorption isotherm at a given temperature, T’, from experimental data at a close but
different temperature, T.3"*® Polanyi’s model can be simply derived in the framework of the

Frenkel-Halsey-Hill theory®®4%4!

which postulates that the chemical potential u# of the
adsorbed phase at a temperature T can be expressed as the chemical potential 14 of the liquid
phase at saturation (i.e. at the saturating vapor pressure Py at the temperature T) corrected for
the interaction potential U between the adsorbed phase and solid surface, ((T) = u(T) — U.
This pertubative theory therefore assumes that the adsorbed phase is identical to the bulk
liquid but affected by an energy term arising from the interactions with the solid surface. At
thermodynamic equilibrium, the chemical potentials of the gas and adsorbed phase are equal
so that the above equation can be written as kgT In P/Py = — U (we checked that the gas
behaves ideally at all temperatures considered here so that the fugacity f can be replaced by
the pressure P). This equation is identical to the hypothesis formulated in Polanyi’s model,
which assumes that the chemical potential leading to an adsorbed volume Nv (N is the
adsorbed amount while v is the molar volume of the adsorbed phase assumed to be equal to its

bulk liquid counterpart) is independent of temperature:

19



z ®
Po(T)

Nv =¢ [kBTln

, Where ¢[x] is a function of the variable x = kgT In P/Py(T) that is characteristic of the
fluid/solid couple considered. Eg. (3) is very important as it allows predicting the adsorbed
amount N as a function of pressure P (in fact, more rigorously, as a function of chemical
potential ) at any temperature T’ from the adsorption isotherm N(T,P) at a reference
temperature T. As shown in Fig. 6(a), the application of the Polanyi model to cyclohexane
adsorption data in mesoporous FAU samples was found to reasonably describe the
experimental data obtained at lower temperatures.
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Fig. 6. (a) Cyclohexane adsorption isotherms at different temperatures in a mesoporous FAU
(the NaOH/Si molar ratio is 0.125). The red, blue, and black colors correspond to T = 5, 15,
and 25 °C, respectively. The symbols correspond to experimental measurements while the
lines correspond to predictions using the Polanyi model applied to the experimental data
obtained at 25°C (see text). (b) Cyclohexane adsorbed amount, ny,, in the mesopores (top,
circles), n,, in the micropores (middle, squares) and fraction of molecules in the micropores,

Xy, for a porous volume filled at = 40%.
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Coming back to the interpretation of the diffusion results shown in Fig. 5(b) for different
temperatures, the data obtained using Polanyi’s model were used to estimate the amount of
molecules in the micro- and mesoporosity as a function of T. The total number of moles of
cyclohexane in the sample holder, N+, at a pressure, P, and temperature, T, can be expressed
as Nt(P,T) = Nm+u(P,T) + Ng(P,T), where N+, is the total number of moles in the meso- and
micropores combined and Ng is the number of moles in the gas phase. By using the sample
mass, m, the gas density py(P,T) = P/RT (since we assume an ideal gas behavior), and the

volume accessible to the gas phase, Vg, we can rewrite this equation as:
Nt(P,T) = mxny.,(P,T) + Vg PIRT (4)
, Where np+,, is the number of moles in the mesopores and micropores per g of sample.

As already mentioned, in this study, the pore loading at T = 25°C was chosen as 40% of the
overall capacity so that the microporosity is ~100% filled while the mesopores are only
covered by an adsorbed film. Such a loading corresponds to an adsorbed amount Ny, = 2.41
mmol/g obtained by fixing a gas pressure, P = 0.2425P, = 3115.4 Pa (since Py = 12847 Pa at
T = 25°C). Using Vy~ 2x10° m® and m ~ 0.1 g, Eq. (3) leads to Ny ~ 0.265 mmol. Since we
decrease the temperature down to 15 and 5 °C while keeping Nt constant, we need to find the
set [P, nm+,(P)] that leads to the same Nt at each of these two temperatures. In practice, this is
easily done since nm+,(P) can be predicted at each temperature from Eq. (4). Hence, we find
the couple [P, nm+u(P)] which satisfies Eq. (3) with Nt = 0.265 mmol. Once this is done, to
determine ny, and n, at each temperature, we simply use the superimposition principle’®* that
states that Nm+u(P,T) = nm(P,T) + nu(P,T) (where all quantities are per g of mesoporous FAU
sample). As shown in the example considered here, this is simply done by writing that the
adsorption isotherm for the hierarchical zeolite is a linear combination of the adsorption
isotherms — n,"(P,T) and n,"'(P,T) — of the reference zeolite and the reference mesoporous
sample (here a MCM-41 sample). In practice, this is done by fitting ny..(P,T) against
PP (P,T) + 2.0, (P, T), where y, and y, are the weighing parameters (examples and details
can be found in Refs. 10 and 42). Such fitting is limited to the low pressure range to avoid
introducing non-physical effects arising from the differences in the sample
intergranularity/external surface between the reference and hierarchical zeolites. Once the
volume fractions y, and y, have been determined for a given sample, they are obviously
assumed to remain constant upon changing the temperature. This allows determining nn,, and

n, for T = 25, 15, and 5°C. As shown in Fig. 6(b), upon imposing Ny, = 2.41 mmol/g, we
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found that n, decreases upon increasing T while ny increases. While it is rather
counterintuitive that ny, increases, we recall that the total system having a constant number of
molecules includes a non-negligible gas phase; as a result, the increase in the number of
molecules in the gas phase upon increasing T leads to a larger equilibrium pressure. The latter
can partly counterbalance or even overbalance the decrease in the adsorbed amount due to
increased thermal motion. Considering the molecules contained in the microporosity, n,, the
ones adsorbed at the solid surface in the mesoporosity, nn, and the gas phase in the
mesoporosity, ng, we find that the fraction of molecules adsorbed in the mesoporosity, Xm,

increases while that in the microporosity, x,, decreases upon increasing T.

Quantitatively, as shown in Fig. 7, by assuming a fast diffusion regime where molecules
explore both the micro- and mesoporosity, the estimated number of molecules in the gas
phase, microporosity, and mesoporosity allows us to predict the effective diffusivity at each
temperature using a simple linear combination rule: Ds ~ Xm Ds™ + X, D" + X4 Ds® (where D",

£, and D¢ are the self-diffusivities in the mesoporosity, microporosity and gas phase,
respectively). In what follows, we explain how D", D", and D’ were estimated. In this
figure, the two mesoporous FAU samples prepared with the molar ratios NaOH/Si = 0.125
and NaOHY/Si = 0.075, respectively, were selected as they display mesoporous volumes in the
high and low ranges, respectively (see Table 1 where the mesoporous volume is about twice

larger for the mesoporous FAU sample prepared with NaOH/Si = 0.125).

Mesoporous diffusivity, Ds™. Following the work by Mehlhorn et al.*®, the mesoporous
diffusivity was taken as Ds" ~ 10° m?/s; this value was estimated using a mesoporous zeolite
material with zeolitic pores too small to accommodate cyclohexane so that its diffusivity was
limited to the mesoporosity. This typical self-diffusivity is consistent with other experimental
measurements on cyclohexane in silica nanopores, where Ds" was found to be of the same
order of magnitude.***> Moreover, as expected for diffusivity in mesoporous domains, this
value is about an order of magnitude smaller than the bulk self-diffusivity observed for
cyclohexane under similar thermodynamic conditions, Ds ~ 10° m?/s. Moreover, it was
checked that even if exact predictions for Ds depend on the specific values chosen for the

mesoporous diffusivity, the conclusions below remain qualitatively valid. As for the
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temperature dependence, Ds" was assumed to follow an Arrhenius behavior with an activation

energy similar to the bulk activation energy [E, ~ 15 kJ/mol].

Microporous diffusivity D*. As for the microporosity diffusivity, it was taken as D" ~ 107
m?/s as it corresponds to the limit observed from our experimental data in Fig. 4(a) when the
mesoporous volume, Vy,, becomes vanishingly small. As expected, this value obtained for
FAU-Y samples is about an order of magnitude higher than measurements on FAU-X, D¢" ~
5x10™%— 10" m%s, as a larger number of cations in FAU-X leads to strong steric effects and
hence hindered diffusion.*® As for the temperature dependence of these diffusivities, based on
our experimental data shown in Fig. 4(b), Ds" was also modeled according to an Arrhenius
law with E, . ~ 15 kJ/mol.

Gas diffusivity D°. As the experimental temperatures considered here are much lower than
the critical point of cyclohexane (T, = 554 K), the gas phase in the mesoporosity can be
treated as an ideal gas. Consequently, the self-diffusivity of the gas phase was assumed to
correspond to Knudsen diffusivity at the corresponding temperature: Ds° = dv/3 where v=
[8kgT/mm]*? is the thermal velocity at the corresponding temperature T, while d ~ 4.5 nm is
the mean mesopore diameter in which Knudsen diffusion occurs (m is the mass in kg of the

cyclohexane molecule).

Before analyzing quantitatively our results, a few remarks are in order. First, on the one hand,
the gas phase volume taken into account for the thermodynamic calculations (i.e.
redistribution between microporosity, mesoporosity, and gas phase) corresponds to the whole
gas phase contained in the macropores outside the solid sample as well as in the mesopores.
On the other hand, when applying the fast diffusion model (i.e. effective diffusivity using a
simple linear combination of the different porosities/contributions), we only take into
consideration the gas phase contained in the mesoporosity. This difference is justified by the
fact that gas diffusion in the macroporosity (outside the porous solid) diffuses extremely fast
with a self-diffusion coefficient that is orders of magnitude faster than the gas diffusion in the
mesoporosity; as a result, such very fast diffusion corresponds to the attenuation decay seen at

small field gradients that do not contribute to the estimated diffusivity. As discussed in the
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previous paragraph, we use Knudsen diffusion to describe gas diffusion in the mesoporosity.
While this might correspond to a simplified description of complex diffusion in such
situations (gas diffusing in mesopores, the surface of which is covered by an adsorbed film), it
provides a more refined picture than ideal gas diffusion. In practice, the mesoporous diameter
considered in these calculations corresponds to the nominal pore diameter, d = 4.5 nm,
without correcting for the adsorbed film thickness, t, as the latter is assumed to be small (t < 1
nm << d). Coming back to our data, as shown in Fig. 7, even if the adsorbed amounts in the
micro- and mesoporosity change by only a few percent when increasing the temperature,
important changes are observed in the predicted effective self-diffusivity (with a noticeable
non-Arrhenius behavior). When considering the linear rule, Ds ~ Xm Ds™ + X, Ds" + Xq D%, Ds
is found to increase with temperature in stark contrast with the experimental PFG NMR data
shown in Fig. 5(b). Moreover, the predicted Ds is found to largely overestimate the
experimental measurements. Such very fast effective diffusivities arise from the gas phase
contribution, the diffusivity of which (~107 m?/s) largely prevails over the diffusivity in the
micro-and mesoporous phases (~10™ m%s and ~10° m%s, respectively). Such analysis
suggests that the experimental data cannot be rationalized by including the contribution from
the gas phase diffusivity (even if Knudsen diffusion, which is slower than the ideal gas
diffusivity, is considered for the gas confined in the mesoporosity). Fig. 7 also shows the
predicted values when neglecting the gas phase contribution, i.e. Ds ~ X’n D" + X, Ds"
(where the ’ indicates that we only consider molecules in these two phases so that X', +
X’w=1). As expected, for the two mesoporous FAU samples considered here (NaOH/Si =
0.075 and NaOH/Si = 0.125), it is found that the gas phase contribution largely impacts the
predicted effective self-diffusivity. This result is further supported by the fact that the impact
of such gas phase contribution is larger for the sample with larger mesoporosity (NaOH/Si =
0.125). Yet, like with the predictions accounting for the gas phase, it is found that the
predicted diffusivities still overestimate the experimental values when the gas phase
contribution is removed (even if overall the discrepancy between the predicted and observed

diffusivities is much smaller).

Before continuing our analysis, a discussion on the need to include the gas phase contribution
in the predicted diffusivity is in order. For partially filled pores (i.e. 40% filling), a gradually
varying attenuation is observed in the attenuation curve until reaching attenuation

corresponding to the slowest molecules at large field gradients. We expect the contribution of
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the molecules in the gas phase to correspond to attenuation observed in the small field
gradient range (and not just in the slowest part observed at high field gradients). However,
while this analysis suggests that the gas phase contribution should not be included when
predicting the effective diffusivity from the high field gradient, we have already pointed
earlier different arguments showing that such fast diffusion does contribute. In fact, the gas
phase contribution is non-trivial as the gradually changing attenuation curve reflects a
gradient of molecular diffusivities with a non-negligible number of molecules in the

microporosity and adsorbed film exploring some of the gas phase.

The analysis above suggests that accounting for populations in the micro- and mesoporosity
as a function of temperature is not sufficient to capture the very weak temperature dependence
of the effective diffusivity in partially loaded hierarchical samples. Due to the difficulty in
assessing the exact contribution from the gas phase diffusivity, the combined
dynamical/thermodynamic modeling used here is necessary but not sufficient to capture the
effective self-diffusivity measured at various temperatures. While further experimental and
theoretical work is needed to unravel the complex behavior observed for the effective
diffusivity, the following interpretation provides a first qualitative picture. Careful analysis of
the attenuation data leading to Ds shows that upon increasing T, the overall fraction of
molecules to which the extracted self-diffusivity applies decreases from 10% down to 0.1%.
This result can be explained as follows; with increasing T, there is an increasing amount of
molecules that escape through the gas phase without relocating within the adsorbed or
confined phase over the observation time, A. This implies that upon increasing T, the spin
echo attenuation used to estimate Ds corresponds to an increasingly smaller number of
molecules. In turn, this means that while the molecular population diffuses overall faster with
increasing T, our measurements rely at each temperature on the slowest population
contribution (the ones that do not diffuse too fast to contribute to the spin echo attenuation in
the monitored field gradient range). At this stage, even if the non-trivial variations in the
microporous, mesoporous, and gas phase contributions must be also taken into account, the
last explanation above is sufficient to rationalize — at least qualitatively — the anomalous

temperature dependence of the effective self-diffusivity in partially filled porous solids.
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Fig. 7. Predicted and experimental self-diffusivity, Ds, as a function of temperature for the
mesoporous FAU samples prepared with NaOH/Si = 0.125 (red data) and NaOH/Si = 0.075
(blue data). The open squares are obtained by considering the gas phase included in the
mesoporosity while the open circles neglect such contribution. The crosses correspond to
the experimental measurements for the mesoporous FAU prepared with NaOH/Si = 0.075
filled at 40% Vo (see text).

5. DISCUSSION AND CONCLUSION

In this paper, the self-diffusion of cyclohexane in hierarchical zeolites combining the zeolite
microporosity and an ordered mesoporosity consisting of cylindrical pores was investigated
using PFG NMR. For samples exhibiting different mesoporous volumes, the effect of loading
with both partially and totally filled porosities was studied as a function of temperature. For
totally filled samples, the self-diffusion coefficient for cyclohexane can be easily rationalized
as the data behave as expected. The self-diffusivity increases upon increasing the mesoporous
volume within the hierarchical zeolite and follows an Arrhenius behavior with respect to
temperature, with an activation energy that is smaller but close to its bulk counterpart. In
contrast, cyclohexane in partially filled hierarchical zeolites shows an unexpected behavior as
the self-diffusivity decreases upon increasing the loading and remains nearly constant (or
even slightly decreases) upon increasing temperature. These results can be rationalized by
taking into account the population redistribution between the microporosity, mesoporosity and
gas phase, but also the effective fraction, x, of molecules that contribute to the spin echo
attenuation probed in PFG NMR. In particular, considering that the fraction of molecules

probed in PFG NMR applied to partially filled samples decrease upon increasing the
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temperature, we propose here that such measurements could yield effective diffusivities with

an anomalous temperature dependence.

Overall, even if the predictive power of the formal analysis performed here is limited, it sheds
light on the complex diffusion mechanisms inside hierarchical nanoporous materials. In
particular, while diffusion data are usually analyzed using effective models, we show here that
a robust thermodynamic treatment is required to probe quantitatively the impact of gas phase
diffusion. Moreover, while such contribution has a large impact on the predicted diffusivity,
we also show that other factors must be taken into account, such as the nature of the
molecular population being actually probed using PFG NMR experiments in specific
conditions. While such effects are not relevant or minor for completely filled pores, they are
key when considering partially filled pores. These results emphasize some of the difficulties
encountered in using PFG NMR to estimate the self-diffusivity of gas probes in hierarchical
porous samples. While the data for completely filled mesoporous zeolites are rather
straightforward to analyze, the case of partially filled samples turns out to be quite complex.
From a technical viewpoint, this inherent difficulty arises from the dual nature of the PFG
NMR experiment itself. Indeed, in such experiments, one varies both the timescale and
lengthscale over which the self-diffusivity is probed. While A sets the typical time, the field
gradient imposes a characteristic length &. The choice made for these two parameters — which
cannot be tuned to a very broad extent in any case — is critical as it restricts the time/length
window being probed. In particular, the set of values [A, ] selects a specific subset of
molecules being used to determine the self-diffusivity. While this is a well-known physical
effect in PFG NMR, it highlights the need to span a range of conditions sufficiently broad in
these experiments applied to hierarchical porous samples to obtain a clear and robust physical

picture of self-diffusivity in such complex environments.

Supporting Information. The Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acs.langmuir.xxxxxxx. Additional data including spin

echo attenuation curves with fits to obtain the different self-diffusion coefficients.
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