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Molecular dynamics (MD) simulations are used to investigate the diffusion characteristics in DDR, CHA,
LTA, ITQ-29, and TSC zeolites that have cavities separated by 8-member ring windows of dimensions in
the 3.4-4.6 A range. These zeolites have potential usage for separation of a variety of mixtures, such as
CO,/CH4, CO2/H,, Hy/CH4, and propane/propene, relying on a combination of adsorption and diffusion
selectivities. The magnitude of self-diffusivities, D; se1, Of the CH, is found to have a direct correlation with
the size of the window opening, increasing by about two orders of magnitude for a 0.5 A increase in the
window aperture. The diffusion selectivities of CO,/CH,4, and H,/CH4 mixtures were also found to have
direct, and strong, correlation, with the window aperture. This opens up the possibility of tuning diffusion
selectivities by appropriate choice of the framework structure.

Framework flexibility dynamics have also been investigated with the aid of two published force fields
for all-silica zeolites. Due to the lattice vibrations there is a distribution of window sizes that varies with
time. The diffusivity of CH, for a flexible lattice was found to correlate with aperture size of the time-aver-
aged window, in precisely the same manner as for fixed framework lattices. This leads to the conclusion
that lattice flexibility, per se, has no influence on the magnitude of the diffusivity or diffusion selectivity.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Zeolites such as DDR, CHA, LTA, ITQ-29, and TSC, with 8-ring
windows separating adjoining cavities, offer considerable potential
for use in separation of mixtures of gases. Potential applications in-
clude the separation of mixtures of CO,/CH,4, CO,/H,, Hy/CH,, and
propane/propene [1-17]. The separation principle is based not only
on the differences in the adsorption characteristics, but also on the
differences in the diffusivities of the guest molecules across the
windows that are typically in the 3.4-4.6 A size range.

Several publications in the published literature have empha-
sized the important role played by the size of the window on the
self-diffusivities, D;seir, Of guest molecules in cavity-type zeolites
[1-3,7,8,18-20]. For each cavity-type zeolite two dimensions of
the 8-ring windows can be identified as indicated in Fig. 1: (1)
the shortest distance, d,,, and (2) the longest distance, dp,,.x; these
distances are also called “straight” and “diagonal” respectively in
the work of Combariza et al. [9]. The values of dpn, and dy.x are
obtained by subtracting the van der Waals diameter of O atoms, ta-
ken equal to 2.7 A, from the centre-to-centre distances of frame-
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work atoms in the 8-ring windows. The diameters determined
following the method of Delaunay triangulation, described in the
work by Foster et al. [21] correspond with the d,;, values; these
also represent the maximum hard-sphere diameter that can pass
through the 8-ring windows. The PFG NMR experiments of Hedin
et al. [8] indicate a difference in the value of D; r for CH4 by two
orders of magnitude when comparing DDR (dpi, = 3.65 A), and
ITQ-29 (dmin =4 A). For any chosen host structure, the diffusivities
of different guest molecules can vary by a few orders of magnitude,
depending on the degree of constraint at window region. This
forms the basis for diffusion-selective separation of propane from
propene [1,3,9,20].

In this paper we have used molecular dynamics (MD) to sys-
tematically study the importance of window dimensions on the
diffusion characteristics of cavity-type zeolites. This article has a
set of four objectives.

Firstly, we seek to determine if there is a direct correlation be-
tween D;q.r and the window dimension, dmin. This would help
set the work of Hedin et al. [8] in a broader perspective.

Secondly, we investigate the influence of the window aperture
on the variation of D; ¢ejf With the pore concentration, c;. This aspect
has not been given its due attention in the published literature. We
aim to show that the size of the window aperture has a direct
relation with the steepness with which D¢ increases with
increasing c;.
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Nomenclature

G concentration of species i, based on accessible pore vol-
ume (mol m3)

Ct total concentration in mixture (mol m~3)

dmin minimum value of window dimension (m)

Armax maximum value of window dimension (m)

Diser  self-diffusivity of species i, (m?s~!)

fi fluid phase fugacity of species i (Pa)

gi molar loading of species i (mol kg~1)
Saiff diffusion selectivity, dimensionless
v, accessible pore volume, (m> kg™ ')

Greek letter
T; thermodynamic factor, dimensionless

Thirdly, we investigate how the diffusion selectivity, Sqisr, for a
binary mixture defined as the ratio

Dl.self
D2.self

Saiff = (1)
is related to the window size. The answer to this question is impor-
tant in deciding the optimal structure to use for diffusion-selective
separations.

The fourth objective is to determine whether framework flexi-
bility influences the diffusivities, and Sg;r. Though there have been
several investigations in the published literature on the influence
of lattice flexibility on the diffusivity of guest molecules in struc-
tures such as LTA, and CHA [9,22-24], much less attention has been
paid to its influence on Sg;.

For a general background on the molecular simulation tech-
niques used in this work, the reader is referred to Frenkel and Smit
[25], Vlugt et al. [26], Dubbeldam and Snurr [27], and Smit and
Maesen [28]. The force fields for CH4, and CO, correspond to the
ones presented in the works of Dubbeldam et al. [29], and Makro-
dimitris et al. [30], as presented in the paper by Garcia-Pérez et al.
[31] The force field for H, corresponds to that given by Kumar et al.
[32]. The force fields information for the simulations with cations
are taken from Calero et al. [33-36]. In the MD simulations the cat-
ions were allowed to move within the framework and both Len-
nard-Jones and Coulombic interactions are taken into
consideration.

The details of the cavity-type zeolite structures investigated
(unit cell dimensions, accessible pore volume, characteristic pore
dimensions), pore landscapes, detailed specification of the force

fields used, simulation methodology, and simulation data on self-
diffusivities are available in the Supplementary material accompa-
nying this publication.We begin with an analysis of the diffusion
characteristics rigid framework structures.

2. MD simulations of rigid framework structures

Consider the self-diffusivities, D;seir, of CH4 at 500 K, calculated
assuming the original crystalline framework to remain rigid. The
D; seif are plotted in Fig. 2a as a function of the pore concentration
c;, expressed in terms of the accessible pore volumes, V,,. The pore
concentrations, ¢;, are obtained by dividing the molar loading gj,
expressed in moles per kg of framework, by the accessible pore
volume, i.e. ¢; = q;/V,.

The importance advantages of the use of c;, instead of molar
loadings g;, has been explained in detail in our earlier work
[16,37,38]; its use allows a fairer comparison of the loadings in dif-
ferent microporous structures. For every structure, the accessible
pore volume was determined with the aid of molecular simula-
tions using the helium probe insertion technique suggested by Talu
and Myers [39,40]. In all the investigated cavity-type zeolites, the
molecules jump one-at-a-time across the narrow windows; this
is best appreciated by viewing the Video animations 1-7, provided
as Supplementary Material in the online version of this Journal.
Videos 1 and 2 illustrate the inter-cavity hops of CH4 in LTA-Si
(the all-silica version of LTA zeolite), and DDR respectively. Video 4
is an animation of the motion of CH, in LTA-4A, with 96 Na* per
unit cell. In this case it is clearly observed that the cations (blue
colored in the animations) partially block the window regions

LTA-5A

4.58 A

4 A

Fig. 1. Window dimensions for cavity-type zeolites DDR, CHA, LTA-5A, ITQ-29, TSC, and LTA-Si. Two dimensions of the 8-ring windows are indicated: (1) the shortest

(“straight”) distance, dmin, and (2) the longest (“diagonal”) distance, dpax.
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Fig. 2. (a) MD simulations of the self-diffusivities, Djser, of CH4 in a variety of
zeolites at 500 K as a function of the concentration ¢; within the pores, expressed in
terms of the accessible pore volume. (b) Values of Djsr in (a), determined at a
concentration ¢; = 1 kmol m~3, plotted as a function of the window dimension dn,
as indicated in Fig. 1. For flexible structures the dp,;, values correspond to the first
peaks of the probability distributions of the window sizes shown in Fig. 6. (c) MD
simulations of the self-diffusivities, D; seir, of CH4 in a LTA-Si, and LTA-5A zeolites at
500K as a function of the pore concentration.

[35,41]. Consequently, the diffusivities are too low to be deter-
mined by MD [38]. For LTA-5A (see Video 3), with 32 Na* and 32
Ca™ per unit cell, there is no blocking of the windows by the cat-
ions [35,42] and the diffusivities are determinable by MD [38].

The hierarchy of diffusivity values follows the hierarchy of dpn
values, with the highest values for LTA-Si (dmin =4.11 A), and the
lowest for DDR (dpin = 3.65 A). For all structures the D; g first in-
creases with increasing pore concentration c;, reaches a maximum,
and then decreases on further increase in c;. The window regions
offer high energy barriers for the inter-cavity hopping of guest
molecules. The initial increase in the D;ser With ¢; is explainable
in terms of a reduction in the free-energy barrier for inter-cavity
hopping [43,44].

The significance of the window dimension is better illustrated
by comparing the self-diffusivity values at a pore concentration va-
lue ¢; =1 kmol m~3; see Fig. 2b. Increasing the window aperture,
taken to be dp;,, from 3.65 A for DDR to 4.11 A for LTA-Si, results
in an increase in D¢ by two orders of magnitude. These MD re-
sults are in qualitative agreement with the PFG NMR data pre-
sented in Table 1 of Hedin et al. [8]. Kédrger [18] has remarked
that the diffusivity data of Hedin et al. [8] may not represent gen-
uine intra-crystalline diffusion, and are perhaps influenced by
other transport resistances. Consequently, a direct quantitative
comparison with MD simulation results is not possible.

A further point that needs examination is the influence of cat-
ions. For this purpose we compare in Fig. 2c the D data for
LTA-Si (dmin =4.11 A). with that for LTA-5A (dmin =4 A; Si/Al=1;
4 Na" and 4 Ca*™ per cavity). The diffusivities in LTA-5A are lower
than in LTA-Si for two separate reasons. To explain these reasons,
we also carried out MD simulations using the LTA-5A framework,
but without inclusion of any cations; the results are represented
by the open square symbols in Fig. 2c. The D;gejr data for LTA-5A
(without cations) lie below that of LTA-Si, because of the lower d,y;,
of the framework; this result is in line with the data presented in
Fig. 2b. The D ¢r data for LTA-5A (with cations) is also lower than
for the same framework in which the cations are excluded. The
rationale is that the adsorption strength of CH,4 in LTA-5A is consid-
erably higher due to the interactions with cations; this results in an
increasing “sticking” tendency and a lower diffusivity, as explained
in detail in our earlier work [38].

A clearer picture of the concentration dependence is obtained
by normalizing the D, with respect to the zero-concentration
value D;seif(c; — 0); see Fig. 3a. These data show that the increase
in the Djser in the 5-20 kmol m3 range is sharpest for DDR that
has the smallest window aperture. Also, the shallowest increase
in the D sf is for LTA-Si with the largest value of d ;. We also note
that the largest peak-height in Fig. 3a is for DDR, that has the
smallest window aperture, as well as the smallest cavity volume.
The guest molecules are in closer proximity within DDR, than in
other zeolites, and this could perhaps explain the stronger influ-
ence of loading on the free-energy barrier for inter-cavity hopping.

Afurther point to note from the data presented in Fig. 3ais that the
D; seifappear to converge to the same value at a pore concentration of
¢; ~ 35 kmol m 3. This value corresponds to the saturation capacity
of CHy, as is evidenced by the Configurational-Bias Monte Carlo
(CBMC) simulations of the pure component isotherms; see Fig. 3b.

For all cavity-type zeolites investigated, the maximum in the
D; seif Occurs at a loading that lies intermediate between the first
and second inflection points in the isotherm. As illustration,
Fig. 3c presents a comparison of D; s data ITQ-29 with the ther-
modynamic factor, I'i = d1Infi/d1nc;, obtained by analytic differen-
tiation of the isotherm. There are 8 preferred sites within the
cavities of ITQ-29; when these are occupied we obtain the first
inflection point. At higher loadings the sites near the window
regions start to get occupied, and this causes a decrease in the
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Fig. 3. (a) MD simulations of the self-diffusivities, D; sei, normalized with respect to
the zero-concentration value D;sqf(0), of CHy in a variety of zeolites at 500 K. (b)
CBMC of the pure component isotherms of CH, in a variety of zeolites at 300 K. (c)
Comparison of the MD simulations of the self-diffusivities, D; sei, in ITQ-29 at 500 K
with the thermodynamic factor, I'; = dInf;/d1Inc;, obtained by analytic differenti-
ation of the isotherm in (b).

diffusivity values. Data analogous to that shown in Fig. 3c are
obtained for all other structures; see Supplementary Material
accompanying this publication.

The window dimension also influences the temperature depen-
dence of the diffusivities. Fig. 4 presents Arrhenius plots for the
self-diffusivities, Djsei, of CH, in a variety of zeolites, determined
at a concentration ¢ =2.5 kmol m—3. We note that the smaller
the value of dp;p, the higher the activation energy. This is a rational
result. The stronger the degree of confinement of the guest mole-
cules at the window regions, the stronger the free-energy barrier
for inter-cavity hopping, and the higher is the activation energy
for diffusion.

The strong dependence of the D; ;s of CH4 on the pore concen-
tration has consequences for the diffusion selectivities on CO,/CHy4
and H,/CH4 mixtures. For both these mixtures, CH, is more tightly
constrained at the window regions and therefore dependence of
the diffusion selectivity Sgi on the total mixture concentration,
Ct=C1 + Cy, is primarily dictated by the characteristics of the self-
diffusivity of CH4. From the data on Sy for CO,/CH4 mixtures
shown in Fig. 5a, three things are noteworthy. Firstly, the Sq; val-
ues exceed unity for all structures because CO, molecules jump
length-wise across the windows and are less tightly constrained.
This is best appreciated by viewing the video animations 8-10.
Secondly, the hierarchy of Sqi¢r values decreases, by one to two or-
ders of magnitude, with increasing dp;,. This is because of the in-
crease of the CH, diffusivity with increasing dn, (cf. Fig. 2b).
Thirdly, the rate of decrease of Sgir with increasing c; is higher
for structures with smaller window opening. The rationale for
the differences in the rate of decrease of Sqir can be found in differ-
ences in the steepness of the initial increase in D; sf of CHy4 as wit-
nessed in Fig. 3a.

The practical implications of the results in Fig. 5a are the follow-
ing. While, it appears advantageous to choose structures with a
smaller window aperture in the interests of increasing Sgif, the
advantage gets watered down with increased pore loading. Con-
cretely, a comparison of DDR and LTA-Si, shows that Sg;sf is two or-
ders of magnitude higher for DDR at ¢; = 1 kmol m 3. However, at
¢t =20 kmol m 3, the Sy advantage of DDR with respect to LTA-
Si is reduced to one order of magnitude. In practical applications
using zeolite membranes for CO,/CH,4 separation, both Sy and
the permeability of the membrane are important. The permeabili-
ties are related to the self-diffusivities D;ser. This implies that
though DDR will win on Sg;sr considerations, it will lose on the per-
meability yardstick [16]. A good compromise structure with the
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Fig. 4. Arrhenius plots for the self-diffusivities, D; i, of CHy4 in a variety of zeolites,
determined at a concentration ¢; = 2.5 kmol m 3.
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right combination of selectivity and permeability characteristic
could be CHA, as discussed in detail in earlier work [16].

An analogous picture to the above emerges for H,/CH; mix-
tures; see Fig. 5b. The hierarchy of Sy values is inverse to that
of the window opening d,;,. Again CHA emerges as a good choice
for Hy-selective separations.

In Fig. 5¢c and d, the Sy values at a total mixture loading ¢, =15
kmol m~3 are plotted as a function as a function of the window
dimension dp,. For both mixtures, the direct, and strong correla-
tion between Sgifr and dyyy, is evident.

In the context of the results presented in Fig. 5¢, it is important
to sound a cautionary note in extrapolating these results to zeolitic
imidazolate frameworks (ZIFs). Consider for example the diffusion
of CO,/CH,4 diffusion in ZIF-8; see Video 11. For ZIF-8 that has a
SOD topology with windows of 3.4 A in size, the measurements
of Bux et al. [45] for the CO,/CH,4 diffusion selectivity is about
two orders of magnitude lower than that obtained from the extrap-
olated trends in Fig. 5c. The precise reasons for this needs further
detailed investigation.

3. Influence of framework flexibility

Since window openings are so crucially important in determin-
ing the diffusion characteristics, the influence of lattice flexibility
on diffusivity and diffusion selectivity needs a more detailed atten-

tion. The influence of lattice flexibility on diffusion has been the
subject of several important papers and reviews [9,22-
24,28,46,47]. In order to model the lattice vibrations and frame-
work dynamics we have implemented two different force fields,
these force fields are those of: van Beest et al. [48], and Pedone
et al. [49]. The implementation of these force fields is carried out
in the same manner as described in the paper by Combariza
et al. [9] for CHA zeolite, and the simulation methodology do not
need to be repeated here. The lattice dynamics for LTA-Si, CHA,
and ITQ-29 structures obtained by incorporation of these two force
fields can be visualized in Videos animations 12-17.

First, let us consider the influence of framework dynamics on
the window dimensions. For the van Beest and Pedone force fields,
Fig. 6 presents probability distributions for the window dimen-
sions obtained for flexible framework dynamics of (a) ITQ-29, (b)
CHA, and (c) LTA-Si structures; these distributions are obtained
without the presence of any guest molecules. The first item of note
is that the van Beest and Pedone force fields yield similar distribu-
tion functions for window dimensions for all three structures
investigated, despite the quite significant differences in flexibility
descriptions.

Let us first consider the data in Fig. 6a on window size distribu-
tions for ITQ-29, that has a window opening that is practically
round, with only a small difference in the values of dmin=4 A,
and dpax = 4.22 A. Both the van Beest and Pedone force fields for
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Fig. 6. Distributions of window dimensions obtained for flexible framework dynamics of (a) ITQ-29, (b) CHA, (c) LTA-Si, and (d) LTA-5A. In (a), (b), and (c) the framework
dynamics are obtained from MD simulations using the force fields are of van Beest et al. [48], and Pedone et al. [49]; the continuous solid lines indicate the distribution of
time-averaged window dimensions using the van Beest force field. In (d) the framework dynamics is obtained from the Nicholas et al. [52] force field.

lattice vibrations yield a similar distribution of window dimen-
sions. From these distributions, the values of the minimum and
maximum window dimensions, dmin=4 A, and dma.x=4.37 A can
be obtained. This suggests that the van Beest and Pedone force
fields do not precisely represent the truly crystallographic struc-
ture on a time-averaged basis, yielding a larger value of d;,.x. Inter-
estingly, however the value of dn, is true to the original
crystallographic structure. Since it is the dn, that dictates the
magnitudes of diffusivity and diffusion selectivity, we should
anticipate that the flexibility influences on these parameters would
be negligible; we shall return to this point later in the discussions.

The situation is different for CHA, for which the window dimen-
sions for the original rigid frameworks, dmin=3.77A, and
dmax =4.23 A lead to much more asymmetric lattice vibrations.
The data in Fig. 6b for the window size distributions for CHA exhib-
its two peaks; these peaks correspond to minimum and maximum
window sizes of 4.04 and 4.42 A, respectively. Each of these values
is significantly higher than that of the original crystallographic
structure, dmin=3.77 A, and dpax =4.23 A. The results in Fig. 6b
are in agreement with those presented in Figs. 3 and 4 of Comba-
riza et al. [9]. The implication of data in Fig. 6b is that, on a time-
averaged basis, the window openings are larger. As discussed in

detail by Combariza et al. [9], the van Beest and Pedone force fields
also predict a significantly higher unit cell volume than that of the
experimentally determined crystallographic structure for CHA. Put
another way, neither the van Beest, nor Pedone force fields are
truly representative of the native crystallographic structures for
CHA. The source of this problem can perhaps be traced to the much
stronger asymmetry in the window opening of CHA, as compared
to that of the more rounded opening of ITQ-29.

For LTA-Si, the application of the van Beest and Pedone force
fields for framework flexibility again leads to two distinct peaks
in the window size distributions; see Fig. 6¢c. The distribution of
time-averaged framework atom positions yields two peaks that oc-
cur at 4.28 and 4.76 A; these peaks correspond to minimum and
maximum window dimensions. Each of these values is signifi-
cantly higher than that of the original crystallographic structure,
i.e. 4.11 and 4.47 A. Also for LTA-Si, the van Beest and Pedone force
fields do not remain faithful to the original rigid crystallographic
structure and yield larger window openings, on a time-averaged
basis.

We proceeded to investigate the self-diffusivities of CH4 in
these three structures, taking the framework dynamics into ac-
count; the results are summarized in Fig. 7a-c.



R. Krishna, J.M. van Baten /Microporous and Mesoporous Materials 137 (2011) 83-91 89

Let us first consider self-diffusion of CH, in ITQ-29. Fig. 7a
shows that the self-diffusivity of CH, is practically identical over
the entire range of concentrations, irrespective of whether the
framework is assumed to be rigid or flexible. The reason for the
coincidence of the rigid and flexible structure simulations is that
the dmin for both is the same, and equal to 4 A. The choice of the
force field, van Beest or Pedone, does not matter either; this is to
be expected in view of the almost identical window size distribu-
tions shown in Fig. 6a. Another conclusion that can be drawn is
that the D; s is not dependent on the value of d ., that is different
for the fixed (4.2 A) and flexible (4.37 A) frameworks of ITQ-29.

For both CHA and LTA-Si, for the range of pore concentrations c;
in the range 0-20 kmol m~3, both the van Beest and Pedone force
field implementations of flexible framework dynamics show D; se¢
values that are significantly higher than that of the corresponding,
original, rigid crystalline structure; see Fig. 7b and c. The reason for
this larger value for the flexible framework can be found in the sig-
nificantly larger value of d,;, for both CHA, and LTA-Si, when com-
pared to the rigid crystalline framework. MD simulations were also
carried out with a rigid framework, but with the time-averaged
framework positions as determined from lattice framework
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dynamics. For LTA-Si, the diffusivities of flexible and rigid frame-
works are the same for loadings ¢; > 25 kmol m~3; this is because
at high loadings intra-cavity hops determine the diffusivity values
and the window dimensions are irrelevant. These rigid framework
simulations correspond almost exactly with the corresponding
fully-flexible MD simulations, underlining the conclusion that
framework dynamics, per se, have no influence on the self-diffusiv-
ities. The higher diffusivity values are entirely ascribable to larger
window dimensions in the van Beest and Pedone force field imple-
mentations for CHA, and LTA-Si. These conclusions are in complete
agreement with those reached by Fritzsche et al. [23,24] for LTA
zeolite. Our results also support the conclusion reached in the the-
oretical study by Kopelevich and Chang [46] that lattice vibrations
in zeolites do not drive diffusion.

In a recent paper by Garcia-Sanchez et al. [50], the influence of
framework flexibility on the self-diffusivity, D; seir, of CH4 has been
investigated in LTA-Si, ITQ-29, and LTA-5A. Two different force
fields, those due to Hill and Sauer [51], and Nicholas et al. [52],
were used to describe the framework flexibility. These authors
did not, however, determine the window size distributions in the
manner described in the foregoing. In order to interpret their MD
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Fig. 7. Comparison of rigid and flexible framework MD simulations of the self-diffusivities, D; seir, of CHy in (a) ITQ-29, (b) CHA, (c) LTA-Si, and (d) LTA-5A.
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Fig. 8. Comparison of rigid and flexible (van Beest force field) MD simulations of the
self-diffusivities, D;jseir, normalized with respect to the zero-concentration value
Disei(0), of CH, in CHA, and LTA-Si.

simulation results in the same manner as described above we
determined the corresponding window size distributions in all
cases. For illustration purposes, let us consider the window size
distributions for LTA-5A using the Nicholas force field implementa-
tion; this information is presented in Fig. 6d. The Nicholas force
field yields the time-averaged values dmi,=4.56A, and
diax = 4.94 A, Comparison with the corresponding values for the ri-
gid framework, dmin =4 A, and dmax =4.58 A shows that the dmin
value is higher than that of the rigid framework. We should there-
fore expect that the MD simulations with a flexible framework
using the Nicholas force field to yield higher diffusivity values
when compared to the rigid framework; indeed the flexible frame-
work results of Garcia-Sanchez presented in Fig. 7d confirm this
expectation. Other flexible framework simulation results of Gar-
cia-Sanchez are amenable to a similar interpretation in terms of
the influence of diffusivities on the value of d,,; the complete
information is provided in the Supplementary Material accompa-
nying this publication.

A different way of emphasizing the fact that lattice vibrations,
per se, do not influence diffusivities is to include the data for the
flexible framework simulations in the plot shown in Fig. 2b. In
the extended plot the d,,;, values for the flexible frameworks are
obtained from the first peak values of the probability distributions
in Fig. 6. We note from Fig. 2b that the data on D; s at a concen-
tration ¢;=1 kmol m~3 are uniquely dependent on the appropri-
ately chosen value of dpp.

Since the flexible framework simulations yield higher D; g,
consonant with higher d;, as compared to the original rigid
frameworks, we should also expect the initial increases in the D; seif
with the pore concentration c; to be shallower for the flexible
frameworks. This is indeed confirmed in the comparisons pre-
sented in Fig. 8 of the normalized self-diffusivities for CHA, and
LTA-Si.

It must be remarked here that the conclusions regarding the
influence of lattice flexibility on diffusion is restricted in its validity
to the 8-ring window structures investigated. Flexibility influences
in one-dimensional channels of zeolites and metal organic frame-
works (MOFs) are of a different nature and significance [47,53,54].

For both CO,/CH,4, and H,/CH4 mixture diffusion in ITQ-29, the
diffusion selectivity is practically the same whether the framework
is assumed to be rigid or flexible; see the MD simulation results in

a
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Fig. 9. (a and b) Comparison of diffusion selectivities, Sqif, obtained for rigid and
flexible lattices, for equimolar (c; = ¢3) (@) CO2/CHy, and (b) H,/CH4 mixtures in ITQ-
29, plotted as a function of the total pore concentration c = ¢ + C>.

Fig. 9. This implies that the rigid framework simulation, such as
those presented in Fig. 5, can be used to selection of the appropri-
ate material for a specific diffusion-selective separation application
at hand.

4. Conclusions

On the basis of MD simulations of self-diffusivities Dj e, both
for unary CH, diffusion and for binary mixture diffusion in a vari-
ety of cavity-type zeolites, we can draw the following set of conclu-
sions to the four objectives set out in the Section 1.

(1) There is a direct correlation between D ser and the window
dimension, dni,. This dependence is depicted in Fig. 2b.
The value of d,.x is not relevant in the determination of
the diffusivity of the guest molecules investigated here.

(2) The variation of D;sf with the pore concentration ¢; is dic-
tated by dmi, and is best illustrated by the data presented
in Fig. 3a. Broadly speaking, the smaller the value of dy;,,
the sharper is the initial increase of D; s¢if With ¢;. The reason
for this is the free-energy barrier for inter-cavity hopping is
higher if the guest molecule is more strongly constrained at
the window regions.



R. Krishna, J.M. van Baten/Microporous and Mesoporous Materials 137 (2011) 83-91 91

(3) For CO,/CH,4 and H,/CH,4 mixtures, the diffusion selectivity,
Sdifr, 15 also dictated by dp,,. The smaller the window aper-
ture, the higher the value of Sy;; see Fig. 5.

(4) Lattice dynamics, per se, do not appear to influence diffusiv-
ities; this conclusion is in line with those already reached in
the literature [23,24,46]. This conclusion also applies to the
MD simulation results presented by Garcia-Sanchez et al.
[50], though the authors themselves did not derive this
unequivocal conclusion. Lattice vibrations also have no
influence on the diffusion selectivities for mixtures; see
Fig. 9.

The results of our investigation will be of help in deciding on the
optimum choice of window size to choose for a given separation
application.
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